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ABSTRACT 

Fundulus is an ecologically and geographically diverse genus of small teleost 

fishes that inhabit coastal estuaries and salt marshes from New Brunswick to Florida 

along the Atlantic Ocean and from Florida to Texas along the Gulf of Mexico, 

including the connecting inland systems. Fish in this genus possess the ability to 

occupy a wide array of habitats that span extremes in salinity, temperature, pH, 

environmental contaminants, and dissolved oxygen. Some species of Fundulus are 

able to tolerate habitat extremes by exhibiting highly plastic physiologies, whereas 

other closely related species have much narrower tolerance ranges. Of particular 

interest, strong differences in salinity tolerance among species are very apparent. For 

example, Fundulus heteroclitus, an estuarine species, is capable of tolerating a range 

of salinities from fresh water to nearly four times the salinity of seawater, whereas F. 

majalis, a seawater species, can tolerate high marine-level salinities but not fresh 

water, and F. diaphanus, a freshwater species, can tolerate salinities from freshwater 

to brackish water but not seawater levels. Salt marshes and estuaries in which 

Fundulus are found can vary daily in salinity from near freshwater to seawater, 

depending on the position in the marsh and the time in the tidal cycle. At the mouth of 

a marsh, close to the ocean, salinity ranges from brackish to seawater depending on 

the current tidal cycle and the amount of freshwater input, whereas upstream at the 

headwaters and tributaries, salinities may remain near freshwater for much of the tidal 

cycle. These transitions between salinity levels in fresh water, brackish water, and 

seawater are rare in teleost fishes, and because of this, the genus Fundulus provides an 

excellent model to study the evolution of osmotic tolerances of fishes in response to 
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differing salinities in the environment and their corresponding commensal microbes. 

Fundulus, sediment, and water were collected from multiple sites along two tributaries 

in the Chesapeake Bay that exhibit a large range of salinities from freshwater to 

brackish water to near seawater. Bacterial 16S rRNA gene sequencing was used to 

identify bacterial communities of Fundulus gill, foregut excreta and mucosa, and 

hindgut excreta and mucosa body sites and sediment and water samples from their 

surrounding environment.  

We found that differing salinity levels in the water in which F. heteroclitus 

reside alters the fish microbiome in the gills, foregut, and hindgut. These differences 

were observed in both alpha and beta diversity metrics as well as in community 

composition. We found functionally redundant taxa shifts within taxonomic levels 

such as class Gammaproteobacteria in the shift from Aeromonas to Vibrio from low 

to high salinity. Principle Coordinates Analyses (PCoA) depicted significant salinity 

based separation of the sites from which the fish were collected. Within the James 

River, all body site types (gill, foregut excreta, foregut mucosa, hindgut excreta, and 

hindgut mucosa) revealed separation at the same salinity level (~4 ppt), whereas in the 

Potomac River the level of separation changes with the body site types, other than in 

gill and foregut excreta samples where separation occurs at ~1 ppt. Likewise, we 

observed apparent bacterial differences along the salinity gradients within both 

tributaries in sediment and water. These differences were illustrated by changes in 

both alpha and beta diversity as well as community structure. A trend along the 

salinity gradients was depicted in the PCoAs, with one principal coordinate separating 

the salinity-based sites and the other principal coordinate separating sediment from 
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water. Salinity-driven clusters were also formed as illustrated by heatmaps. Based on 

significant spearman correlations, environmental factors were also found to play a 

major role in the community structure of bacterial assemblages. We also found the 

gill, foregut, and hindgut microbiomes of F. heteroclitus to be distinctively different 

from F. diaphanus in freshwater sites within both the Potomac and James Rivers and 

from F. majalis in brackish water sites in both rivers in the Chesapeake Bay. This was 

apparent in alpha and beta diversity measures and in bacterial community 

composition. Each fish species pair maintained similar microbiomes with bacterial 

genera abundances differing in large amounts for some taxa. These abundance 

differences indicated fish species-specific dominance of certain bacterial taxa over 

others. This could stem from preferential commensalism to a host species by the 

bacteria or vice versa, could be indicative of what the Fundulus species diet is and 

how it differs from the co-habituating Fundulus species, or the specific bacteria that 

occur in the niche in which a respective Fundulus species resides. Since the fish in this 

study are wild-caught fish, their diets and niche-space can be variant and diverse.  
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CHAPTER I 

INTRODUCTORY CHAPTER 

INTRODUCTION 

Fundulus is an ecologically and geographically diverse genus of small teleost 

fishes which inhabit coastal estuaries and salt marshes from New Brunswick to Florida 

along the Atlantic Ocean and from Florida to Texas along the Gulf of Mexico, including 

the connecting inland systems (Bigelow and Schroeder, 1953, Lee et al., 1980, Scott and 

Crossman, 1998). Fish in this genus possess the abilities to occupy a wide array of 

habitats of which span extremes in salinity, temperature, pH, environmental 

contaminants, and dissolved oxygen (Burnett et al., 2007). Some species within Fundulus 

are able to tolerate habitat extremes by exhibiting highly plastic physiologies, whereas 

other closely related species have much narrower tolerance ranges (Nordlie, 2006). Of 

particular interest, the strong differences in salinity tolerance among species are very 

apparent (Griffith, 1974). For example, Fundulus heteroclitus, an estuarine species, is 

capable of tolerating a range of salinities from fresh water up to nearly four times the 

salinity of seawater, whereas F. majalis, a seawater species, can tolerate high marine-

level salinities but not fresh water, and F. diaphanus, a freshwater species, can tolerate 

salinities from freshwater to brackish water but not seawater levels (Griffith, 1974). 

These transitions between salinity levels in fresh water, brackish water, and seawater are 

rare in teleost fishes (Nelson, 2006), and because of this, the genus Fundulus is an 

excellent system to study the evolution of osmotic tolerances of fishes in response to 

differing salinities in the environment (Whitehead, 2010).  
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 Salt marshes and estuaries in which Fundulus are found can vary daily in salinity 

from near freshwater to seawater, depending on the position in the marsh and the time in 

the tidal cycle (Hass et al., 2009). At the mouth of a marsh, close to the ocean, salinity 

ranges from brackish to seawater depending on the current tidal cycle and the amount of 

freshwater input, whereas upstream at the headwaters and tributaries, salinities may 

remain near freshwater for much of the tidal cycle (Schulte, 2014). Although being 

euryhaline, F. heteroclitus consists of two subspecies that handle low salinity 

environments differently. The northern subspecies, F. h. macrolepidotus, can tolerate 

very fresh water, whereas the southern subspecies, F. h. heteroclitus, are less tolerable of 

fresh water because they are less able to regulate plasma ion levels, thus resulting in 

higher mortality rates at lower salinities (Scott et al., 2004). Even though the northern 

subspecies can thrive in full fresh water, neither subspecies can reproduce well in it, as 

demonstrated by poor fertilization and hatching success. However, the northern 

subspecies exhibit better embryonic development in lower salinities than the southern 

subspecies (Able and Palmer, 1988). Both subspecies at the adult stage are able to 

maintain osmotic homeostasis and survive in salinities as low as 0.4 ppt, but divergence 

occurs at salinities below 0.1 ppt (Whitehead et al., 2012).  

Underlying mechanisms of osmoregulation in these two subspecies involve 

differing abilities of the gill to undergo transitions between seawater and freshwater 

morphologies (Scott et al., 2004, Whitehead et al., 2012). Differing from other fishes, 

when exposed to extremely low salinities, the northern subspecies of F. heteroclitus are 

able to make a transition from the seawater gill morphology to a freshwater-type gill 

morphology only if they remain in fresh water longer than a single tidal cycle (Whitehead 
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et al., 2012). In seawater, the apical surface of the gill epithelium is composed of 

pavement cells sprinkled with mitochondrion-rich chloride cells that possess apical 

graves with small surface areas (Choe et al., 2005, Wilson and Laurent, 2002). When the 

fish is exposed to fresh water, it results in a rapid transition in a gill morphology that is 

characterized by an enlargement of the apical surface of mitochondrion-rich cells 

(Whitehead et al., 2011). Whitehead et al. (2011) reported that fish upstream of the 

freshwater genetic discontinuity (<0.5 ppt salinity) in the Potomac River of the 

Chesapeake Bay system (P1), have a mixed seawater and freshwater gill morphology at 

0.4 ppt, but have fully transitioned to a freshwater gill morphology at 0.1 ppt.  On the 

other end of the Potomac River (P6), downstream from the genetic discontinuity, fish 

retain a predominantly seawater gill morphology at 0.4 ppt, but transition to a 

predominantly freshwater gill morphology at 0.1 ppt. This indicates that salinities <1.0 

ppt represent a physiological threshold (Whitehead et al., 2011). Typically, F. 

heteroclitus reside in parts of estuarine marshes that are tidally influenced and they prefer 

brackish to full seawater (Bucking et al., 2012). This suggests that they would 

behaviorally avoid fresh water in nature. However, Fundulus have capabilities to 

restructure gill morphology (Schulte, 2014) as a result of hypo-osmotic stress, although 

the gill transformation is energetically expensive at a cost of about 10% of the fishs total 

energy budget (Kidder et al., 2006a, Kidder et al., 2006b).  

The genetic discontinuity that is observed appears without any barriers to gene 

flow and contains the same salinity along parallel gradients, which is indicative of 

divergence by natural selection. Based on physiological and transcriptomic data, 

populations on either side of this salinity boundary (~0.5 ppt) have evolved adaptations 
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specific to the lower (freshwater) or higher (brackish) salinities due to the fact that 

salinities <1 ppt are physiologically stressful on the fish (Whitehead et al., 2011, Brennan 

et al., 2015). These genetic discontinuities in relationship with environmental salinity, 

without obvious barriers to gene flow, have also been observed in other estuarine species 

(Bekkevold et al., 2005, McCairns and Bernatchez, 2008). 

F. heteroclitus is the most dominant vertebrate, numerically speaking, within 

Atlantic coast estuarine habitats (Yozzo and Smith, 1997, Sweeney et al., 1998), and their 

extreme osmotic plasticity allows them to exploit novel niches of various salinities that 

span from seawater to fresh water. Salinity gradients similar to those found on the coast 

can be found in the Chesapeake and Delaware Bays, where the northern subspecies 

inhabit the lower salinities in the upper tributaries and headwaters and the southern 

subspecies inhabit the higher salinities in the more brackish water to full seawater in the 

mouths of the bays (Schulte, 2014). Salinity gradients are distributed across hundreds of 

kilometers in the Chesapeake Bay, however, no apparent barriers to gene flow exist 

across this environmental gradient.  

Salinity is one of the main factors that limits aquatic species distributions (Kolar 

and Lodge, 2002, Lee and Bell, 1999, Whitehead, 2010) and within fish, large clades are 

typically restricted to either seawater or freshwater habitats (Nelson, 2006, Vega and 

Wiens, 2012). Although, that is not always the case, as seen in Fundulus, some closely 

related species and even subspecies within the species F. heteroclitus, can inhabit 

different osmotic niches and possess divergent gill physiologies (Scott et al., 2004, 

Whitehead, 2010, Whitehead et al., 2012, Plaut, 1998, Dunson and Travis, 1991).  It has 

been hypothesized that species of which are found in variable salinity habitats are the 
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most able to invade novel osmotic niches (Lee and Bell, 1999), which suggests that in 

fishes, euryhalinity may enable the exploitation of varying osmotic niches (Bamber and 

Henderson, 1988, Schultz and McCormick, 2012). Euryhaline fishes in particular have 

specific adaptations in ion-balance that stabilize internal plasma and gut salinities at ~7 

ppt in both seawater and freshwater environments (Genz et al., 2011, Grosell, 2010). 

Fish in general are a great model for microbiome studies because their aquatic 

environment allows for sampling of both the internal and external environments and the 

microbial communities therein (Kanther and Rawls, 2010, Rawls et al., 2006, Roeselers 

et al., 2011). Even though euryhaline fish are able to live in variable salinities, the 

microbial community compositions vary considerably across salinity gradients (Caporaso 

et al., 2011, Schmidt et al., 2015, Lozupone and Knight, 2007, Sullam et al., 2012). Fish 

digestive tracts take in food and water that are populated with microbes from the 

environment in which they reside, that, without a doubt, affect the resident microflora. 

There have been some speculations that suggest that changes in the fish gut microbiome 

correlate with fish physiology and disease (Ghanbari et al., 2015).  The microbial 

community composition, metabolic activity, and functionality of a fish’s gut microbiome 

can be affected by many factors in an ecosystem, such as the fish’s lifestyle, genotype, 

physiology, immune system, environment, and/or transient microbial populations. In turn, 

these changes can affect the fish host’s phenotype, growth, health, performance, uptake 

of energy, and feeding efficiency and conversion rate (Ghanbari et al., 2015).  

Host microbiomes play a large role in health maintenance and disease resistance 

across a wide range of eukaryotes (Nayak, 2010, Cho and Blaser, 2012, Russell et al., 

2014), and the microbial composition and structure within a host can influence the 
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effectiveness at providing such benefits (Schmidt et al., 2015). The commensal 

microbiome is a necessary and useful system in performing metabolic functions and 

functional variation of host microorganisms can be mediated by introducing or removing 

particular microbial groups or by a shift in the community structure (Blaser and 

Kirschner, 2007, Petchey et al., 2008). These variations can be induced by environmental 

factors such as changes in diet or antibiotic usage (Blaser, 2006, Benson et al., 2010). The 

absence of specific symbiotic microorganisms can limit host nutritional uptake and 

fitness (Franzenburg et al., 2013) while perturbing the microbiome with antibiotics 

reduces host disease resistance (Theriot et al., 2014, Ng et al., 2013).  

Microbial differences have also been found among human ethnic groups (Li et al., 

2007). These inter-host microbial variations are very important to help determine what 

functionality these microorganisms play in their hosts with metabolism being the major 

mechanism. When examining the gut microbiome, differences among individuals or 

populations can be a result of various ecological, behavioral, and physiological factors 

such as diet, age, physical activity, and habitat. Some of these gut microorganisms play a 

pivotal role in digestion as well as other metabolic and neurological aspects. In the 

vertebrate gut, microbes play important roles in host physiology, aiding in metabolic 

processes such as fat storage (Bäckhed et al., 2004) and digestion of complex 

carbohydrates (Turnbaugh et al., 2006). In skin microbiomes, community shifts can result 

in the presence or absence of acne, eczema, atopic dermatitis, or other skin diseases. 

Some studies have also inferred distinct groupings between individuals from differing 

salinities in their environments with complete taxonomic turnover (Lozupone and Knight, 

2007, Schmidt et al., 2015, Caporaso et al., 2011, Sullam et al., 2012). It is the microbial 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

7 

community structure variation among individual hosts that holds the answers to many 

health and ecological questions. Understanding shifts in microbial communities between 

“normal” and “non-normal” hosts or hosts from two different environments (i.e. salinity 

levels) is crucial in determining the exact function of these microorganisms in living 

systems and how they can benefit or damage the host.  

The microbial composition within a single individual varies by anatomical site 

and intra-individual differences can be due to changes, for example, in diet for the 

gastrointestinal (GI) tract or a change in soap or body wash used for the skin microbiome. 

Dietary changes can rapidly change GI metagenomes substantially, with enterotypes 

clustering based on the abundance of protein vs. carbohydrate (Wu et al., 2011). 

Temporal differences are also seen intra-individually in the colon, vagina, and nose due 

to diet, menses, and seasonal allergies, respectively (Ravel et al., 2011, Wu et al., 2011, 

Bogaert et al., 2011). Intra-individual variation has also been observed in fishes among 

the gill and gut microbiomes (Schmidt et al., 2016, Lowrey et al., 2015, Brown-Peterson 

et al., 2015).  

Many hypotheses across a wide range exist to clarify the relative impact of 

stochastic versus deterministic forces in the process of community formation in general, 

and a number of these theories incorporate some collaboration of both forces (Sale, 1977, 

Huisman and Weissing, 1999, Bell, 2001, Munday, 2004, Tilman, 2004). Neutral theory 

of biodiversity and niche-appropriation are two of the hypotheses that constitute both 

ends of the spectrum from stochastic to deterministic dominated community assembly 

(Schmidt et al., 2015). Neutral theory suggests that all species are competitively equal, 

and local community structure somewhat results from stochastic processes of regional 
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pool colonization (Hubbell, 2001, Chave, 2004). Neutral theory predicts that the relative 

abundance of each species in a local community is a reflection of its abundance in the 

regional community at any given time because abundant regional species have a higher 

colonization probability (Hubbell, 2001). In contrast, niche-appropriation suggests that 

assembly is a result of competitive interactions between species for limited niche space 

(Diamond, 1978, Tokeshi, 1993, Tokeshi, 1999, Leibold and McPeek, 2006). Dominant 

niche-appropriation would suggest that a rare species that is very competitive should 

outcompete a weaker yet more abundant species, which regardless of regional pool 

structure, would result in high similarities between replicate local communities (Schmidt 

et al., 2015).  

Individual local communities in varying regional pools are frequently not true 

replicates on the grounds that controlling for species, habitat, ecological factors, or diet 

across regional pools is often impossible. For instance, because most fish live in narrow 

salinity ranges, covariation of host species and the environment has impeded endeavors 

to comprehend the impact of salinity on microbial community structure in fish, which 

means examinations across salinities are likewise looking across multiple species, 

habitats, and diets (Sullam et al., 2012). These problems are alleviated with the use of a 

euryhaline fish, such as Fundulus, that span extremely wide salinity ranges.  

In this study, we examined the differences in microbial communities in F. 

heteroclitus across the salinity gradients in the James and Potomac Rivers in the 

Chesapeake Bay. In addition, we explored the microbiome differences across 3 body sites 

within the fish, gills, foregut (mucosa and feces), and hindgut (mucosa and feces) within 

F. heteroclitus. Next, we studied the shifts in microbial communities in sediment and 
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water samples along the salinity gradients in both river systems. We also investigated the 

differences in microbial communities among three species of Fundulus, F. diaphanus, 

which prefers freshwater and lives at the upper end of the rivers where the salinity levels 

are very low, F. majalis, which prefers seawater and resides near the mouth of rivers and 

towards the coast where salinity levels are relatively high, and F. heteroclitus, which can 

tolerate a wide range of salinities and lives across the entirety of the Chesapeake Bay 

system.  

 

 

MATERIALS AND METHODS 

 

Sample Collection 

Fundulus were captured either in minnow traps or in seine nets at each location. 

The sampling locations were the same as described in Whitehead et al., (2011) (Figure 

1.1). Fish that were captured in minnow traps were only allowed to remain in the traps for 

a brief (~15-20 minutes) period before removal. Dissection of gills and intestine were 

performed on individual sterile plastic discs using scissors and forceps that were cleaned 

between each use with ethanol and RNase Zap to remove traces of DNA from previous 

dissections. Gills were placed in RNA Later after excision. Intestines were divided into 

three equal sections, proximal, medial, and distal. Medial sections were discarded, while 

proximal and distal sections were opened longitudinally and laid flat on the plastic disc. 

Fecal material from each section was removed and placed in RNA Later for analysis. The 

intestinal mucosal layer was rinsed briefly to remove any remaining fecal material and 

then scraped with sterile plastic utensils to collect the mucosa and its inhabitants. This 
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mucous layer and its true resident microbiota were preserved in RNA Later for further 

analysis. 

 

16S rRNA Sequencing 

Sample processing, sequencing and core amplicon data analysis were performed 

by the Earth Microbiome Project (www.earthmicrobiome.org) and all amplicon and meta 

data has been made public through the data portal (www.microbio.me/emp; Gilbert et al., 

2014). Whole genomic DNA was extracted from each sample using a MoBio PowerMag 

Soil DNA Isolation Kit (Optimized for Kingfisher; MoBio Laboratories, Carlsbad, 

California), following manufacturer’s instructions. Samples were amplified for 

sequencing using a forward and reverse fusion primer amplifying the V4 region of the 

16S rRNA gene. The forward primer was constructed with (5-3) the Illumina i5 adapter 

(AATGATACGGCGACCACCGAGATCTACACGCT), a barcode, a primer pad and 

linker (TATGGTAATT GT), and the 515F primer (GTGYCAGCMGCCGCGGTAA). 

The reverse fusion primer was constructed with (5-3) the Illumina i7 adapter 

(CAAGCAGAAGACGGCATACGAGAT), a primer pad and linker (AGTCAGCCAG 

CC), and the 806R primer (GGACTACNVGGGTWTCTAAT). Amplifications were 

performed in 25 ul reactions with Thermo Fisher Platinum Hot Start Master Mix master 

mix (Thermo Fisher Scientific, Waltham, Massachusetts), 0.5 ul of each 10 uM primer, 

and 1 ul of template DNA. Reactions were performed on ABI Veriti thermocyclers 

(Applied Biosystems, Carlsbad, California) under the following thermal profile: 94○C for 

3 min, then 35 cycles of 94○C for 45 sec, 50○C for 60 sec, 72○C for 90 sec, followed by 

one cycle of 72○C for 10 min and 4○C hold.  

http://www.microbio.me/emp
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Samples were amplified in triplicate, meaning each sample was amplified in 3 

replicate 25-µL PCR reactions. Triplicate PCR reactions were pooled for each sample 

into a single volume (75 µL). Amplicons from each sample were run on an agarose gel 

with the expected band size for 515f-806r being ~300-350 bp. Amplicons were quantified 

with Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, 

Massachusetts) following manufacturer’s instructions. An equal amount of amplicon 

from each sample (240 ng) was pooled into a single, sterile tube. The amplicon pool was 

pooled using MoBio UltraClean PCR Clean-Up Kit (MoBio Laboratories, Carlsbad, 

California) following manufacturer’s instructions. Concentration and A260/A280 ratio of 

final cleaned pool was measured for sequencing. Sequencing was performed on 2 lanes of 

an Illumina HiSeq (Illumina, Inc., San Diego, California).  

 

Bioinformatic Analysis 

All sequencing reads were run through Research and Testing Laboratory’s (RTL, 

Lubbock, TX, USA) standard microbial analysis pipeline. The data analysis pipeline 

consisted of two major stages, the denoising and chimera detection stage and the 

microbial diversity analysis stage. During the denoising and chimera detection stage, 

denoising was performed using various techniques to remove short sequences, singleton 

sequences, and noisy reads using the USEARCH (Edgar 2010) and UPARSE (Edgar 

2013) algorithms. With the low quality reads removed, chimera detection was performed 

to aid in the removal of chimeric sequences using the UCHIME chimera detection 

software in de novo mode (Edgar et al., 2011). Lastly, remaining sequences were then 

corrected per-base to help remove errors in sequencing.  
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During the diversity analysis stage, all samples were assembled into OTU clusters 

at 97% identity using the UPARSE (Edgar 2013) algorithm and then globally aligned using 

the USEARCH (Edgar 2010) global algorithm against a database of high quality 16S rRNA 

bacterial gene sequences from GenBank, compiled by RTL, to determine taxonomic 

classifications. Based upon the above OTU table and taxonomy file generated, the bacteria 

were classified at the appropriate taxonomic levels using trimmed taxa, which takes 

confidence values into account at each taxonomic level.  The percentage of sequences 

assigned to each bacterial phylogenetic level were individually analyzed for each pooled 

sample providing relative abundance information within and among the individual 

samples.  

 

Biostatistical Analysis 

All analyses were conducted in R statistical software (R Core Team 2015) and all 

figures were created with the ggplot2 package (Wickham 2009). The mean number of 

OTUs in each body site type and in each geographical site were calculated from the OTU 

tables. Other alpha diversity metrics (Chao1 richness and Shannon diversity) were 

calculated using the phyloseq package (McMurdie and Holmes 2013). Measures of alpha 

diversity were screened for group differences (geographical sites, body site types, or 

Fundulus species) using an analysis of variance (ANOVA). Bar plots were generated 

using OTU relative abundances. Bray-Curtis distances were calculated using the 

phyloseq package. Multivariate differences among groups (geographical sites, body site 

types, or Fundulus species) were evaluated with a PERMANOVA, using the 

"Permutational Multivariate Analysis of Variance Using Distance Matrices," function 
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adonis, in the vegan package (Oksanen et al., 2011). For the PERMANOVA, distances 

among samples first were calculated using Bray-Curtis dissimilarities, and then an 

ANOVA-like simulation was conducted to test for group differences in total and in 

pairwise fashions.  Then, Principal Coordinates Analyses (PCoA) were conducted with 

the vegan package and plotted from Bray-Curtis dissimilarities. Heatmaps were created 

from Bray-Curtis dissimilarities among samples and OTU relative abundances using the 

heatmap.2 function in the gplots package (Warnes et al., 2016). Spearman correlations 

between top bacterial taxa and environmental factors were calculated using the cor.test 

function within the stats package (R Core Team 2015) and then were visualized with the 

corrplot function within the corrplot package (Wei and Simko 2016) in R.  
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Figure 1.1. Figure from Whitehead et al. (2011). Map shows sampling locations along 

both the Potomac River (P1–P6) and James River (J1–J6). Heat overlay indicates 20-y 

(1986–2005) average salinity (ppt).  
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CHAPTER II 

CHANGES IN BACTERIAL COMPOSITIONS IN FUNDULUS 

HETEROCLITUS ALONG TWO SALINITY GRADIENTS  

RESULTS 

 

Alpha Diversity Analyses 

16S rRNA bacterial gene sequencing of the V4 hypervariable region yielded an 

average of 79,311.5 (± SE 1761.58) high quality, classified reads for 696 F. heteroclitus 

samples. Those 696 samples had a total of 55,200,788 classified reads and was composed 

of 102 gill, 109 foregut excreta, 201 foregut mucosa, 117 hindgut excreta, and 167 

hindgut mucosa samples. Significant differences in the number of OTUs were detected 

among all sites in both river systems for all body sites (ANOVA; P < 0.05; Table 2.1). 

Fecal samples, both foregut and hindgut, had the largest differences across sites and 

portrayed an overall decline in OTUs with an increase in salinity. Gill samples also 

showed an overall decline in OTUs as salinity increased, but without the vast differences 

among sites. Foregut and hindgut mucosa samples didn’t yield drastic changes in the 

number of OTUs across sites, however a slight increase in the number of OTUs was 

observed with an increase in salinity.  Among Potomac River sites, P1 contained the 

highest number of OTUs for foregut excreta samples (3511.82), P2 yielded the highest 

for gill, foregut mucosa, and hindgut excreta samples (2422.14, 1255.67, and 2744.5, 

respectively), and P5 had the highest for hindgut mucosa samples (1350.18). For James 

River sites, J1 yielded the highest number of OTUs for foregut excreta samples 

(4260.14), J3 had the highest for gill samples (2041), and J5 contained the highest for 

foregut mucosa, hindgut excreta, and hindgut mucosa samples (1107.85, 2850.5, and 

1273.06, respectively; Figure 2.1, Table 2.2).  
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In addition to varying OTU numbers among sites, significant differences in other 

alpha diversity metrics (Chao richness and Shannon diversity) were also observed within 

all body sites across the salinity gradients in both river systems (ANOVA; P < 0.05; 

Tables 2.3 – 2.4). In the Potomac River, site P2 yielded the highest Chao richness 

estimates in the gill, foregut mucosa, and hindgut excreta samples (3211.33, 1913.88, and 

4013.12, respectively), whereas site P6 had the highest for foregut excreta samples at 

5051.48 and site P5 contained the highest Chao richness estimate for hindgut mucosa 

samples with 2195.66 (Figure 2.2). As for Shannon diversity, site P4 had the highest for 

gill samples (4.22), site P1 yielded the highest for foregut excreta samples (4.38), site P2 

contained the highest for foregut mucosa and hindgut mucosa samples (3.77 and 3.13, 

respectively), and P5 had the highest Shannon diversity for hindgut excreta samples 

(3.72; Figure3, Table 2.5). In the James River, site P3 contained the highest Chao 

richness estimate for gill samples (2810.73), site J1 had the highest for foregut excreta 

samples (5934.76), and site J5 yielded the highest for foregut mucosa, hindgut excreta, 

and hindgut mucosa samples (1788.43, 4216.25, and 1977.84, respectively; Figure 2.2). 

Site J5 had the highest Shannon diversity for gill and hindgut mucosa samples (4.43 and 

3.29, respectively), site J3 yielded the highest for foregut excreta and hindgut excreta 

samples (5.4 and 3.63, respectively), and site J1 contained the highest for foregut mucosa 

samples at 3.28 (Figure 2.3, Table 2.5). 

 

Microbial Community Composition 

Sites across the salinity gradients for both river systems varied significantly in 

their microbial community compositions within all F. heteroclitus body site samples. At 
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the phylum level, Proteobacteria dominated all body sites within all sites for both river 

systems and shows an overall increase in abundance with an increase in salinity from P1 

(freshwater) to C1 (saltwater) and from J1 (freshwater) to C1 (Gill: P1 = 55%, J1 = 

45.2%, and C1 = 79.3%; Foregut Excreta: P1 = 36.1%, J1 = 32%, and C1 = 79.4%; 

Foregut Mucosa: P1 = 47.5%, J1 = 49.1%, and C1 = 70.3%; Hindgut Excreta: P1 = 

28.3%, J1 = 43.4%, and C1 = 88.8%; Hindgut Mucosa: P1 = 47.5%, J1 = 47.2%, and C1 

= 77.9%). Conversely, an overall decrease in abundance of the phylum Firmicutes is 

observed with an increase in salinity (Gill: P1 = 9.8%, J1 = 18.9%, and C1 = 1.5%; 

Foregut Excreta: P1 = 5.1%, J1 = 2.1%, and C1 = 3.7%; Foregut Mucosa: P1 = 5%, J1 = 

7.6%, and C1 = 3.1%; Hindgut Excreta: P1 = 17%, J1 = 14.9%, and C1 = 1.5%; Hindgut 

Mucosa: P1 = 8%, J1 = 10.2%, and C1 = 2.1%). Phylum Fusobacterium was more 

prevalent in hindgut samples (both excreta and mucosa) than in the other sample types 

and declined in abundance with an increase in salinity (Hindgut Excreta: P1 = 42.1%, J1 

= 12.9%, and C1 = 3.9%; Hindgut Mucosa: P1 = 35.1%, J1 = 21.6%, and C1 = 8.2%; 

Figure 2.4).  

At the class level, Gammaproteobacteria abundance increases along the 

increasing salinity gradient (Gill: P1 = 4.2%, J1 = 8.8%, and C1 = 32.9%; Foregut 

Excreta: P1 = 17%, J1 = 20.3%, and C1 = 48.4%; Foregut Mucosa: P1 = 15%, J1 = 

23.6%, and C1 = 49.2%; Hindgut Excreta: P1 = 21.3%, J1 = 33.9%, and C1 = 62.3%; 

Hindgut Mucosa: P1 = 5.8%, J1 = 25%, and C1 = 62.8%). Class Deltaproteobacteria was 

more common in foregut and hindgut mucosa samples than in the other types but without 

an increase or decrease trend along the gradient. Class Fusobacteriia just as at the 

phylum level, occurs more often in hindgut samples and decreases in abundance as 
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salinity increases (Hindgut Excreta: P1 = 42.1%, J1 = 12.9%, and C1 = 3.9%; Hindgut 

Mucosa: P1 = 35.1%, J1 = 21.6%, and C1 = 8.2%). Class Betaproteobacteria was found 

at high abundances in gill samples, whereas it was scarce in other body sample types 

(Figure 2.5).  

At the order level, Vibrionales is only found in brackish water sites and for the 

most part increases with salinity. This order is also found mostly in the gut samples 

(foregut and hindgut excreta and mucosa) and at a lesser abundance in the gills (Gill: P3 

= 3.1%, J3 = 0.6%, and C1 = 13.8%, Foregut Excreta: P3 = 5.5%, J3 = 1.1%, and C1 = 

44.4%; Foregut Mucosa: P3 = 10.8%, J3 = 5.9%, and C1 = 46.9%; Hindgut Excreta: P3 = 

8%, J3 = 14.7%, and C1 = 61%; Hindgut Mucosa: P3 = 13.2%, J3 = 18.7%, and C1 = 

61.4%). In addition, order Entomoplasmatales only occurs at the end of the salinity 

spectrum for the James River and the coastal site (C1) in all mucosa samples (gill, 

foregut, and hindgut). On the other hand, the order Aeromonadales was found in 

replacement at the freshwater end of the salinity gradients in both rivers. 

Desulfovibrionales was mostly seen in gut mucosa samples (with hindgut containing the 

most) and in a few excreta sites. Just like in the previous classification levels, order 

Fusobacteriales is found more often in hindgut samples and decreases in abundance with 

an increase in salinity (Hindgut Excreta: P1 = 42.1%, J1 = 12.9%, and C1 = 3.9%; 

Hindgut Mucosa: P1 = 35.1%, J1 = 21.6%, and C1 = 8.2%). Site J2.marsh contained a 

unique taxon at a relatively high abundance, order Legionellales that the other sites did 

not have (Figure 2.6).  

At the family level, Vibrionaceae occurs in higher salinity sites in both rivers and 

the in the coastal site mainly in foregut and hindgut samples (excreta and mucosa) and for 
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the most part increases in abundance with an increase in salinity (Gill: P3 = 3.1%, J3 = 

0.6%, and C1 = 13.7%; Foregut Excreta: P3 = 5.5%, J3 = 1.1%, and C1 = 41.2%; Foregut 

Mucosa: P3 = 10.8%, J3 = 5.9%, and C1 = 42.2%; Hindgut Excreta: P3 = 8%, J3 = 

14.7%, and C1 = 60.3%; Hindgut Mucosa: P3 = 13,2%, J3 = 18.7%, and C1 = 61%). 

Family Aeromonadaceae occured in the lower salinity sites in both rivers for foregut and 

hindgut sample types (excreta and mucosa). Desulfovibrionaceae is found more 

commonly in foregut and hindgut mucosa samples than the other body sample types. The 

family Fusobacteriaceae is mostly found in hindgut samples (excreta and mucosa) and 

decreases in abundance as salinity increases (Hindgut Excreta: P1 = 42%, J1 = 12.9%, 

and C1 = 3.9%; Hindgut Mucosa: P1 = 34.9%, J1 = 21.5%, and C1 = 8.2%). 

Spiroplasmataceae was found in mucosa sample types (gill, foregut, and hindgut) at high 

salinity sites in the James River and the coastal site. Coxiellaceae only occurs in foregut 

and hindgut samples (excreta and mucosa) of J2.marsh samples (Figure 2.7).  

At the genus level, Vibrio only occurs at higher levels of salinity while being 

found mostly in gut samples (foregut and hindgut excreta and mucosa), and abundance 

increases with an increase in salinity (Gill: P3 = 2.8%, J3 = 0.4%, and C1 = 12.3%; 

Foregut Excreta: P3 = 3.6%, J3= 1.1%, and C1 = 37.2%; Foregut Mucosa: P3 = 4.2%, J3 

= 4.6%, and C1 = 39.3%; Hindgut Excreta: P3 = 7.4%, J3 = 14.5%, and C1 = 50.8%; 

Hindgut Mucosa: P3 = 9.9%, J3 = 17.5%, and C1 = 54.5%). In contrast, Aeromonas is 

found in the more freshwater sites of both rivers and are found mostly in foregut and 

hindgut samples (excreta and mucosa). Genus Lawsonia is found in a high abundance 

mostly in foregut and hindgut mucosa samples. The genus Cetobacterium is mostly found 

in the hindgut (excreta and mucosa) and for the most part decreases in abundance as 
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salinity increases (Hindgut Excreta: P1 = 41.4%, J1 = 12.8%, and C1 = 2.9%; Hindgut 

Mucosa: P1 = 40.1%, J1 = 21.3%, and C1 = 6.4%).  Genus Grimontia was seen at a 

relatively high abundance in foregut and hindgut samples (excreta and mucosa) in higher 

salinity sites in the Potomac River (sites 4, 5, and 6). Spiroplasma was only found in 

mucosa samples (gill, foregut, and hindgut) at higher salinity sites in the James River and 

coastal site. Genus Desulfovibrio was only seen in the coastal site and at a relatively high 

abundance. Mycoplasma was only found in foregut mucosa samples at higher salinity 

sites in both rivers and the coastal site. Photobacterium was also only found in high 

salinity sites for foregut and hindgut samples (excreta and mucosa) mainly in the 

Potomac River and the coastal site. Genera Rickettsiella and Enterobacter for the most 

part were only seen in J2.marsh foregut and hindgut samples (excreta and mucosa). 

Genus Spirochaeta was found only in foregut mucosa samples. Methylobacterium was 

found mostly in low salinity sites and in the James River and only in gut mucosa samples. 

Shewanella was mainly found in higher salinity sites in the Potomac River and coastal 

site, and in gill samples. Genus Cyanobacterium was found in all body sample types in 

site J1. Pseudomonas was only seen in gill samples (Figure 2.8).  

 

Multivariate Community Analyses 

Comparative analyses as measured by Bray-Curtis dissimilarity yielded 

significant differences across all sites along the salinity gradient for both river systems 

and all body sites (PERMANOVA, p < 0.01) with relatively high R2 values (0.22 – 0.42). 

Pairwise permutation tests (pairwise PERMANOVA) of the Bray-Curtis dissimilarities 

also indicated significant differences among sites within body sites for both the Potomac 
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River and the James River. The only non-significant differences (more similar sites) in 

the Potomac River samples were P5 to P6.marsh (pjust = 0.066) and P6.marsh to C1 

(pjust = 0.069) in gill samples, P4 to P6.marsh (pjust = 0.333) in hindgut excreta samples, 

and P4 to P5 (pjust = 0.221) and P4 to P6.marsh (pjust = 0.121) in hindgut mucosa 

samples (Table 2.6). In the James River, the only non-significant, site pairwise 

comparisons were J1 to J2.marsh (pjust = 0.092), J2.marsh to J3 (pjust = 0.095), and J6 to 

C1 (pjust = 0.054) in gill samples (Table 2.7).  

The PCoA plots graphically represent the PERMANOVA values very well. In gill 

samples, the Potomac River sites are somewhat gradually separated with the most 

apparent difference lying in sites P1 and P2 from the others, whereas the James River 

sites show a large separation between sites J1, J2.marsh, and J3 from J5, J6, and C1 

(Figure 2.9). In foregut excreta samples, the Potomac River sites P1 and P2 cluster 

together and P4, P5, P6.marsh, and C1 cluster together separately, both from P3 and in 

the James River sites, J1, J2.marsh, and J3 show separation from J5, J6, and C1 (Figure 

2.10). In foregut mucosa samples, the Potomac River sites show very little separation in 

the PCoA, but in the James River, sites J1, J2.marsh and J3 indicate separation from J5, 

J6, and C1 (Figure 2.11). In hindgut excreta samples, the Potomac River sites illustrate a 

clear separation between P1, P2, P3, and P4 from P5, P6.marsh, and C1. In the James 

River system, J1, J2.marsh, and J3 are disconnected from J5, J6, and C1 (Figure 2.12). In 

hindgut mucosa samples, the Potomac River sites P1 and P2 are separate from C1 but 

with the other sites encompassing them. For the James River, J1 and J2.marsh are distant 

from J5, J6, and C1 with J3 joining the two groups (Figure 2.13).  
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DISCUSSION 

 

Our results indicate discernable differences in the number of OTUs across the 

salinity gradient in both river systems and in all body site types (Figure 2.1). The overall 

decrease in observed OTUs with the increase in salinity in foregut and hindgut excreta 

and gill samples suggest that dominant taxa begin to take over in more saline-rich 

environments. The more stable number of OTUs observed in the gut samples could be a 

product of one out one in taxonomic turnover from freshwater to saltwater environments. 

Similar to what was seen in Schmidt et al. (2015), where they found a complete turnover 

of dominant taxa from 0 ppt to 30 ppt salinity in black mollies (Poecilia sphenops), we 

also saw a shift in the dominant bacterial taxa from 0 – 0.5 ppt to 23 ppt. They observed a 

shift from the genus Aeromonas dominating at 0 ppt to Vibrio dominating at 30 ppt with 

Aeromonas, Cetobacterium, and Shewanella being the dominant taxa at 5 ppt, and Vibrio 

and Shewanella dominating 18 ppt (Schmidt et al., 2015). Similarly, we saw a shift from 

Aeromonas and Cetobacterium (in hindgut samples) at low salinity levels to Vibrio and 

Shewanella (in the Potomac River) at high salinity sites (Figure 2.8).  

Our data may support the idea of functionally redundant taxa shifts within 

taxonomic levels such as class Gammaproteobacteria in the shift from Aeromonas to 

Vibrio from low to high salinity. Both genera share many similar traits such as they both 

form biofilms, are facultative anaerobes, and produce proteases (Shinoda and Miyoshi, 

2011, Pemberton et al., 1997) and are opportunistic fish pathogens (Austin and Austin, 

2007). Cetobacterium, which was found in the lower salinity sites in the hindgut samples 

of F. heteroclitus, have been found in the guts of many freshwater fishes including 

crucian carp, grass carp, bighead carp, goldfish, zebrafish, and common carp (Rawls et 
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al., 2006, Tsuchiya et al., 2008, Silva et al., 2011, van Kessel et al., 2011), and are known 

to function in fermentative metabolism of peptides and carbohydrates and production of 

vitamin B12 (Larsen et al., 2014). Shewanella is a hydrogen sulfide producing bacteria 

that is commonly found on the surface of fish (Vogel et al., 2005), which makes it not 

surprising that it was found in gill samples in some sites at higher salinities. 

Pseudomonas was also only found in gill samples and species are commonly associated 

with fish (Cahill, 1990) and have been isolated from gills, skin, and intestine (Colwell, 

1962, Horsley, 1973, Trust and Sparrow, 1974).  

Similar bacterial compositions were also found in a study that investigated 

cultured and wild F. heteroclitus gut microbiomes containing Cetobacterium, 

Propionibacterium, Vibrio, Acidovorax, and Pseudomonas as the top 5 genera in cultured 

fish and Vibrio, Photobacterium, Pseudomonas, Halomonas, and Propionibacterium 

were the top 5 in wild F. heteroclitus (Givens et al., 2015). However, this study reported 

no values of the salinity levels of the environments from which they were collected. In 

our study, we also observed Photobacterium in higher salinity sites in the Potomac River 

and coastal site in all gut sample types. Photobacterium is commonly found in fish guts 

and this genus has species that are in one of two categories, bioluminescent symbionts 

(Widder, 2010) or pathogenic (Romalde, 2002) and was previously within the genus 

Vibrio. Joining Photobacterium in foregut and hindgut (excreta and mucosa) samples in 

higher salinity sites within the Potomac River and the coastal site is the genus Grimontia, 

which is also a pathogen and used to be within the Vibrio genus (Hickman et al., 1982). 

In the other river, the James, at higher salinity sites and in the coastal site in mucosa 

samples (gill, foregut, and hindgut), Spiroplasma was found instead of Photobacterium 
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and Grimontia, and is also a known aquatic pathogen (Ding et al., 2015). These 

differences in potentially pathogenic bacteria in the two rivers could be an indication of 

which bacteria strive in that specific ecosystem. Since all three of these pathogenic 

bacterial genera are seen in the coastal site, it is more than likely not due to competition. 

In the more freshwater sites of the James River, Methylobacterium was observed in gut 

mucosa samples, which is not surprising given that members of the genus 

Methylobacterium are ubiquitous in nature and can be isolated from almost any 

freshwater environment that contains dissolved oxygen (Gallego et al., 2005). This genus 

is also hypothesized as providing protection against pathogens on fish skin (Boutin et al., 

2014).  

Rickettsiella and Enterobacter were mostly only found in the gut samples (foregut 

and hindgut excreta and mucosa) from fish collected at the J2.marsh site in the James 

River. Rickettsiella is a known pathogen of arthropods (Leclerque and Kleespies, 2012), 

but no pathogenicity has been detected or studied in fish to date. Since F. heteroclitus are 

omnivorous and have a diet that includes arthropods, these bacteria are probably being 

ingested as passengers on arthropods that are specific to this site. Enterobacter has been 

reported as an opportunistic pathogen in fish (Troast, 1975, Hansen et al., 1990) and is 

more commonly found in bottom feeding fish such as brown bullhead catfish (Troast, 

1975), flathead grey mullets (Thillai Sekar et al., 2008), and the mummichog in this case. 

This is likely because the feeding habits of these fish allow for the ingestion of fecal 

deposits that contain the infectious bacteria (Troast, 1975). Cyanobacterium was found in 

all body site types of F. heteroclitus from the J1 site in the James River, which more than 

likely indicates an algal bloom at this site at the time of collection (Figure 2.8).  
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Mycoplasma was only observed in foregut mucosa samples at higher salinities in 

both rivers and the coastal site. This genus is also known to be pathogenic and is common 

in other fish guts such as Atlantic salmon (Holben et al., 2002), Silver drummer (Moran 

et al., 2005), and Long-Jawed Mudsucker (Bano et al., 2007). It was also found to be 

more prevalent in the foregut versus the hindgut in the Long-Jawed Mudsucker from 

California salt marshes (Bano et al., 2007), likewise with our study. Spirochaeta was also 

only found in foregut mucosa samples but was not limited to higher salinities. This genus 

is widespread in marine habitats, is found in sediments, and is an important component of 

the gut microbiomes of marine animals, but little is known about its ecological role 

(Munn, 2011).  

Some genera such as Lawsonia were found in our study that was not seen in 

previous studies to date. Lawsonia, is an interesting find, because it is an intracellular 

bacterial pathogen that causes intestinal hyperplasia in many mammalian and avian 

species, but mostly pigs (McOrist et al., 1995). There is no mention in the literature of 

this genus being found in any aquatic organisms, however Lawsonia intracellularis is a 

close relative to Desulfovibrio desulfuricans at 91% 16S rRNA sequence similarity 

(Gebhart et al., 1993) which could potentially cluster together in OTU selection using the 

16S region we sequenced. Desulfovibrio are sulfate-reducing bacteria that have the ability 

to produce methyl mercury, are common residents of aquatic environments (Podar et al., 

2015), and were found in the coastal site samples at high abundances (Figure 2.8).   

As described above, many of these differing taxa from freshwater to seawater 

sites are functionally redundant. This means that the microbial communities within the 

different fish body site types at ~0 ppt at the J1 and P1 sites are functionally similar to 
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those at ~23 ppt at the coastal site. The microbial community shifts are affected by 

abiotic factors such as salinity that cause subtle changes to host physiology or 

microorganism competitions for niche space, but harbor taxa that form similar duties 

within the host (Schmidt et al., 2015).  

The microbial PCoAs correlate somewhat with the population genetics’ findings 

of Whitehead et al. (2011). They suggested an environmental barrier to gene flow at ~0.5 

ppt, and we observed a similar separation, but at ~1 ppt in the Potomac River between P1 

(0.18 ppt) and P2 (0.87 ppt) and the rest of the sites from P3 (6.33 ppt) to C1 (23.43 ppt) 

in gill and foregut excreta samples. In foregut mucosa samples very little separation was 

seen, but in the hindgut excreta samples, separation was observed at ~ 8 ppt between P1 

(0.18 ppt) to P4 (8.08 ppt) and P5 (13.71 ppt) to C1 (23.43 ppt). In hindgut mucosa 

samples little separation occurred other than between P1 (0.18 ppt) and P2 (0.87 ppt) 

from C1 (23.43 ppt), with the other sites encompassing them.  On the other hand, in the 

James River, we saw separation at ~4 ppt between J1 (0.17 ppt), J2 (1.39 ppt), and J3 

(4.32 ppt) and the other sites from J5 (12.56 ppt) to C1 (23.43 ppt) in gill, foregut excreta, 

foregut mucosa, and hindgut excreta samples. In hindgut mucosa samples separation is 

observed between J1 (0.17 ppt) and J2 (1.39 ppt) and J5 (12.56 ppt) to C1 (23.43) with J3 

(4.32 ppt) joining the two distinct groups (Figures 9 – 13). Therefore, for the James 

River, overall the body site types all depict separation at the same salinity level (~4 ppt), 

whereas in the Potomac River the level of separation changes with the body site types, 

other than in gill and foregut excreta samples where it is at ~1 ppt.  

We determined that salinity concentration in the water in which the fish resides 

does in fact alter the fish microbiome and this is apparent at multiple body sites within 
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the fish. The taxonomic turnover, although some may be functionally redundant, directly 

correlates with the separation seen in the multivariate results. This also matches up fairly 

well with the previous population genetic analysis. These results confirm what was found 

in salinity gradient gut microbiota studies that were conducted in the lab on other 

euryhaline species, such as in Black Mollies (Schmidt et al., 2015), Nile tilapia, and 

Pacific white shrimp (Zhang et al., 2016). The difference in our study is that ours was 

performed on fish that were collected from different osmotic environments and have 

associations to real life habitats. This research shows that, from low to high saline 

environments, there is a large shift in microbial communities within a single fish host 

species, F. heteroclitus.  
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Potomac River 

 
James River 

 
Figure 2.1. Change in number of OTUs across sites in both the Potomac (top) and James 

(bottom) Rivers within the total microbiome data of F. heteroclitus samples for all body 

sites. The mean value (black dot) and sample density (violin box) in each site are also 

illustrated. 
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Potomac River 

 
James River 

 
Figure 2.2. Change in Chao1 richness across sites in both the Potomac (top) and James 

(bottom) Rivers within the total microbiome data of F. heteroclitus samples for all body 

sites. The mean value (black dot) and sample density (violin box) in each site are also 

illustrated. 
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Potomac River 

 
James River 

 
Figure 2.3. Change in Shannon diversity across sites in both the Potomac (top) and James 

(bottom) Rivers within the total microbiome data of F. heteroclitus samples for all body 

sites. The mean value (black dot) and sample density (violin box) in each site are also 

illustrated. 
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Figure 2.4. Bar plot of the top 30 bacterial phyla in all body sites of F. heteroclitus 

samples in all sites of both river systems.  
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Figure 2.5. Bar plot of the top 30 bacterial classes in all body sites of F. heteroclitus 

samples in all sites of both river systems.  
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Figure 2.6. Bar plot of the top 30 bacterial orders in all body sites of F. heteroclitus 

samples in all sites of both river systems.  
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Figure 2.7. Bar plot of the top 30 bacterial families in all body sites of F. heteroclitus 

samples in all sites of both river systems.  
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Figure 2.8. Bar plot of the top 30 bacterial genera in all body sites of F. heteroclitus 

samples in all sites of both river systems.  
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Potomac     James 

 
Figure 2.9. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in F. 

heteroclitus gill samples in both the Potomac and James River systems.  

 

Potomac     James 

 
Figure 2.10. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in F. 

heteroclitus foregut excreta samples in both the Potomac and James River systems.  
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Potomac     James 

 
Figure 2.11. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in F. 

heteroclitus foregut mucosa samples in both the Potomac and James River systems.  

 

Potomac     James 

 
Figure 2.12. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in F. 

heteroclitus hindgut excreta samples in both the Potomac and James River systems.  
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Potomac     James 

 
Figure 2.13. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in F. 

heteroclitus hindgut mucosa samples in both the Potomac and James River systems.  
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Table 2.1. Results of the ANOVA, testing for differences in the number of OTUs among 

geographic sites (salinity) within all body sites in both the Potomac (top) and James 

(bottom) rivers.  

 

Number of OTUs   
    

Potomac River Df  Sum Sq Mean Sq F-value P-value 

Gill 6  20636697 3439449.58 4.31 0.0013 

Foregut Excreta 6  39604897.64 6600816.27 6.12 0.0001 

Foregut Mucosa 6  6263204 1043867.33 10.79 0.0001 

Hindgut Excreta 6  25941224.6 4323537.43 6.75 0.0001 

Hindgut Mucosa 6  5961443.07 993573.84 4.84 0.0003 

  
 

    
Number of OTUs   

    
James River Df  Sum Sq Mean Sq F-value P-value 

Gill 5  11955005.44 2391001.09 2.82 0.0273 

Foregut Excreta 5  59468945.11 11893789.02 15.48 0.0001 

Foregut Mucosa 5  6398988.59 1279797.72 8.79 0.0001 

Hindgut Excreta 5  36681264.51 7336252.9 4.76 0.0010 

Hindgut Mucosa 5  6711129.82 1342225.96 14.46 0.0001 

 

 

Table 2.2. Mean number of OTUs within all body sites across the salinity gradients in 

both the Potomac (top) and James (bottom) rivers. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

  

 P1 P2 P3 P4 P5 P6.marsh C1 

Gill 709.5 2422.14 1241.78 1919.1 1283.38 903.75 700.67 

Foregut_Excreta 3511.82 3389.33 2126.55 1798.58 2094.3 3421.29 1566.9 

Foregut_Mucosa 335.05 1255.67 642.37 475.24 837.43 714.67 661.05 

Hindgut_Excreta 1302.55 2744.5 2086.29 598 2570.64 775 1181.85 

Hindgut_Mucosa 472.89 642.25 738.24 821 1350.18 616.64 855.15 

 J1 J2.marsh J3 J5 J6 C1 

Gill 1130.2 1136.6 2041 1492.1 609.86 700.67 

Foregut_Excreta 4260.14 1563.9 3194.25 3131.92 1183.5 1566.9 

Foregut_Mucosa 801.74 492.83 351.26 1107.85 665.83 661.05 

Hindgut_Excreta 2836.43 2064.45 2444 2850.5 1197.67 1181.85 

Hindgut_Mucosa 667.62 362.08 650.27 1273.06 812.35 855.15 
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Table 2.3. Results of the ANOVA, testing for differences in the Chao1 Richness among 

geographic sites (salinity) within all body sites in both the Potomac (top) and James 

(bottom) rivers.  

 

Chao1 Richness      

Potomac River Df Sum Sq Mean Sq F-value P-value 

Gill 6 29886684.03 4981114.01 3.88 0.0027 

Foregut Excreta 6 62777786.23 10462964.37 5.81 0.0001 

Foregut Mucosa 6 12691596.35 2115266.06 10.76 0.0001 

Hindgut Excreta 6 54297323.63 9049553.94 7.23 0.0001 

Hindgut Mucosa 6 12603693.98 2100615.66 4.68 0.0004 

      
Chao1 Richness      
James River Df Sum Sq Mean Sq F-value P-value 

Gill 5 16704307.79 3340861.56 2.64 0.0359 

Foregut Excreta 5 93790464.32 18758092.86 14.63 0.0001 

Foregut Mucosa 5 11449630.55 2289926.11 8.41 0.0001 

Hindgut Excreta 5 61929405.41 12385881.08 4.62 0.0012 

Hindgut Mucosa 5 12448834.16 2489766.83 12.13 0.0001 

 

 

Table 2.4. Results of the ANOVA, testing for differences in the Shannon Diversity 

among geographic sites (salinity) within all body sites in both the Potomac (top) and 

James (bottom) rivers.  

 

Shannon Diversity      

Potomac River Df Sum Sq Mean Sq F-value P-value 

Gill 6 15.65 2.61 2.47 0.0350 

Foregut Excreta 6 28.86 4.81 2.93 0.0143 

Foregut Mucosa 6 27.8 4.63 5.36 0.0001 

Hindgut Excreta 6 15.71 2.62 2.5 0.0325 

Hindgut Mucosa 6 17.94 2.99 4.93 0.0002 

      
Shannon Diversity      

James River Df Sum Sq Mean Sq F-value P-value 

Gill 5 26.68 5.34 2.84 0.0262 

Foregut Excreta 5 63.64 12.73 5.59 0.0004 

Foregut Mucosa 5 13.58 2.72 2.4 0.0425 

Hindgut Excreta 5 23.95 4.79 3.75 0.0050 

Hindgut Mucosa 5 21.82 4.36 7.53 0.0001 
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Table 2.5. Mean Chao1 richness estimates with mean standard errors and mean Shannon 

diversity indices within all body sites across the salinity gradients in both the Potomac 

(top) and James (bottom) rivers.      

 

      

Mean Chao1 Richness and Mean 

Standard Error      

 P1 P2 P3 P4 P5 P6.marsh C1 

Gill 

1040.46 

± 62.78 

3211.33 

± 81.86 

1911.12 

± 91.24 

2628.52 

± 81.54 

1911.44 

± 80.28 

1443.41 

± 87.56 

1275.66 

± 99.14 

Foregut_Excreta 

4829.84 

± 106.19 

4846.26 

± 110.88 

3544.69 

± 129.07 

2694.76 

± 96.66 

3245.73 

± 107.49 

5051.48 

± 121.9 

2532.35 

± 105.12 

Foregut_Mucosa 

598.6 ± 

67.42 

1913.88 

± 87.36 

1098.4 ± 

80.52 

918.97 ± 

85.9 

1375.64 

± 82.96 

1235.43 

± 84.13 

1167.05 

± 83.55 

Hindgut_Excreta 

20143.42 

± 92.16 

4013.12 

± 110.32 

3546.06 

± 130.85 

1064.42 

± 78.2 

3746.52 

± 100.86 

1132.62 

± 55.95 

1985.74 

± 101.48 

Hindgut_Mucosa 

944.68 ± 

94.56 

1024.71 

± 72.35 

1265.87 

± 88.92 

1437.14 

± 93.33 

2195.66 

± 96.66 

1133.93 

± 85.65 

1415.15 

± 83.39 

        
Mean Shannon Diversity       
Gill 3.6 4.05 3.54 4.22 3.55 3.06 2.64 

Foregut_Excreta 4.38 3.72 2.56 3.11 2.65 3.79 2.76 

Foregut_Mucosa 2.7 3.77 2.29 1.9 2.08 2.94 2.43 

Hindgut_Excreta 2.54 3.12 2.62 1.76 3.72 2.69 2.37 

Hindgut_Mucosa 1.72 3.13 1.96 2.08 2.74 2.03 2.57 

        
Mean Chao1 Richness and Mean 

Standard Error      

 J1 J2.marsh J3 J5 J6 C1  

Gill 

1658.33 

± 83.81 

1812.01 

± 94.82 

2810.73 

± 89.98 

2069.17 

± 82.75 

1033.54 

± 80.7 

1275.66 

± 99.14  

Foregut_Excreta 

5934.76 

± 113.9 

2438.18 

± 108.14 

4417.79 

± 112.19 

4448.75 

± 108.78 

2058.93 

± 103.9 

2532.35 

± 105.12  

Foregut_Mucosa 

1333.87 

± 91.22 

947.11 ± 

99.31 

774.49 ± 

96.16 

1788.43 

± 95.32 

1269.82 

± 98.99 

1167.05 

± 83.55  

Hindgut_Excreta 

4142.57 

± 110.5 

3073.71 

± 98.24 

3561.82 

± 108.35 

4216.25 

± 114.89 

2074.01 

± 104.74 

1985.74 

± 101.48  

Hindgut_Mucosa 

1131.96 

± 76.46 

735.85 ± 

81.93 

1191.04 

± 94.39 

1977.84 

± 89.67 

1451.21 

± 94.48 

1415.15 

± 83.39  

        
Mean Shannon Diversity       
Gill 3.78 3.55 4.12 4.43 2.47 2.64  

Foregut_Excreta 4.8 3.01 5.4 4.35 1.9 2.76  

Foregut_Mucosa 3.28 3.04 2.44 3.21 2.7 2.43  

Hindgut_Excreta 3.53 2.47 3.63 3.5 2.22 2.37  

Hindgut_Mucosa 2.82 1.85 1.95 3.29 2.41 2.57  
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Table 2.6. Pairwise PERMANOVA comparisons among sites within the Potomac River system. Significant p-values (p < 0.05) are 

indicated in bold and Benjamini-Hochberg multiple comparison correction p-values are in the pjust columns.  

 

Potomac 

River Gill     Foregut Excreta   Foregut Mucosa   Hindgut Excreta   Hindgut Mucosa  

 Fval R2 P pjust Fval R2 P pjust Fval R2 P pjust Fval R2 P pjust Fval R2 P pjust 

C1 to P1 2.81 0.14 0.001 0.002 6.28 0.25 0.001 0.001 7.59 0.17 0.001 0.001 9.67 0.31 0.001 0.003 13.17 0.31 0.001 0.001 

C1 to P2 2.90 0.17 0.001 0.002 5.19 0.27 0.001 0.001 7.97 0.23 0.001 0.001 9.92 0.37 0.001 0.003 7.31 0.28 0.001 0.001 

C1 to P3 2.56 0.14 0.002 0.002 10.80 0.36 0.001 0.001 11.63 0.24 0.001 0.001 12.57 0.31 0.001 0.003 7.44 0.21 0.001 0.001 

C1 to P4 2.65 0.13 0.001 0.002 6.08 0.23 0.001 0.001 12.67 0.27 0.001 0.001 2.81 0.18 0.009 0.017 4.45 0.17 0.001 0.001 

C1 to P5 2.49 0.14 0.002 0.002 2.57 0.12 0.001 0.001 4.46 0.12 0.001 0.001 5.42 0.20 0.001 0.003 3.66 0.14 0.001 0.001 

C1 to 

P6.marsh 1.43 0.09 0.069 0.069 3.25 0.18 0.001 0.001 6.42 0.16 0.001 0.001 2.64 0.17 0.064 0.067 3.85 0.13 0.001 0.001 

P1 to P2 2.69 0.15 0.004 0.005 3.18 0.17 0.006 0.006 6.04 0.19 0.001 0.001 3.52 0.19 0.003 0.006 9.43 0.27 0.001 0.001 

P1 to P3 3.11 0.15 0.001 0.002 12.93 0.39 0.001 0.001 8.53 0.19 0.001 0.001 10.06 0.28 0.001 0.003 8.52 0.20 0.001 0.001 

P1 to P4 3.63 0.17 0.001 0.002 7.98 0.28 0.001 0.001 10.30 0.23 0.001 0.001 2.49 0.18 0.028 0.037 4.76 0.15 0.002 0.002 

P1 to P5 3.80 0.19 0.001 0.002 5.86 0.24 0.001 0.001 5.03 0.14 0.001 0.001 7.70 0.28 0.002 0.005 7.60 0.21 0.001 0.001 

P1 to 

P6.marsh 2.74 0.15 0.001 0.002 5.57 0.26 0.002 0.002 4.96 0.13 0.001 0.001 3.25 0.23 0.014 0.021 5.25 0.14 0.001 0.001 

P2 to P3 3.05 0.18 0.002 0.002 13.38 0.47 0.001 0.001 11.05 0.30 0.001 0.001 10.11 0.33 0.001 0.003 6.32 0.22 0.001 0.001 

P2 to P4 3.50 0.19 0.002 0.002 6.71 0.30 0.001 0.001 13.21 0.35 0.001 0.001 4.19 0.41 0.037 0.041 5.60 0.25 0.001 0.001 

P2 to P5 4.72 0.27 0.001 0.002 4.99 0.26 0.001 0.001 5.58 0.21 0.001 0.001 9.17 0.38 0.001 0.003 5.01 0.23 0.001 0.001 

P2 to 

P6.marsh 3.12 0.19 0.001 0.002 5.85 0.35 0.002 0.002 7.47 0.25 0.001 0.001 8.43 0.58 0.037 0.041 5.26 0.21 0.001 0.001 

P3 to P4 2.05 0.11 0.005 0.006 13.52 0.39 0.001 0.001 14.62 0.30 0.001 0.001 3.18 0.16 0.037 0.041 4.01 0.13 0.001 0.001 

P3 to P5 3.26 0.18 0.001 0.002 10.04 0.35 0.001 0.001 7.49 0.19 0.001 0.001 8.53 0.25 0.001 0.003 3.91 0.13 0.001 0.001 

P3 to 

P6.marsh 2.28 0.13 0.001 0.002 9.52 0.37 0.001 0.001 7.29 0.19 0.001 0.001 4.84 0.22 0.013 0.021 3.31 0.10 0.004 0.005 

P4 to P5 2.64 0.14 0.001 0.002 3.48 0.15 0.002 0.002 7.61 0.21 0.001 0.001 2.51 0.19 0.014 0.021 1.30 0.06 0.221 0.221 

P4 to 

P6.marsh 2.42 0.13 0.001 0.002 5.14 0.23 0.001 0.001 4.07 0.12 0.001 0.001 2.08 0.51 0.333 0.333 1.54 0.06 0.115 0.121 

P5 to 

P6.marsh 1.55 0.10 0.063 0.066 3.02 0.17 0.001 0.001 3.67 0.12 0.001 0.001 2.53 0.19 0.018 0.025 1.93 0.08 0.027 0.030 
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Table 2.7. Pairwise PERMANOVA comparisons among sites within the James River system. Significant p-values (p < 0.05) are 

indicated in bold and Benjamini-Hochberg multiple comparison correction p-values are in the pjust columns. 
 

 
 

James 

River Gill     Foregut Excreta   Foregut Mucosa   Hindgut Excreta   Hindgut Mucosa  

 Fval R2 P pjust Fval R2 P pjust Fval R2 P pjust Fval R2 P pjust Fval R2 P pjust 

C1 to J1 3.39 0.17 0.001 0.002 7.40 0.33 0.001 0.002 7.47 0.17 0.001 0.001 10.82 0.30 0.001 0.002 7.77 0.24 0.001 0.001 

C1 to 

J2.marsh 2.25 0.16 0.008 0.012 3.91 0.18 0.001 0.002 6.14 0.17 0.001 0.001 10.19 0.32 0.001 0.002 8.54 0.27 0.001 0.001 

C1 to J3 3.24 0.17 0.001 0.002 4.13 0.26 0.003 0.003 7.18 0.16 0.001 0.001 4.38 0.23 0.001 0.002 7.20 0.22 0.001 0.001 

C1 to J5 2.36 0.12 0.001 0.002 4.50 0.18 0.001 0.002 7.25 0.16 0.001 0.001 4.78 0.16 0.001 0.002 6.99 0.20 0.001 0.001 

C1 to J6 1.70 0.11 0.047 0.054 3.69 0.19 0.001 0.002 4.04 0.10 0.001 0.001 5.21 0.18 0.001 0.002 3.91 0.12 0.001 0.001 

J1 to 

J2.marsh 1.54 0.11 0.086 0.092 4.59 0.23 0.001 0.002 3.30 0.10 0.001 0.001 3.88 0.14 0.001 0.002 2.82 0.11 0.004 0.004 

J1 to J3 2.91 0.15 0.001 0.002 6.12 0.40 0.003 0.003 3.53 0.09 0.001 0.001 2.40 0.13 0.020 0.021 4.03 0.13 0.002 0.002 

J1 to J5 4.57 0.20 0.001 0.002 9.15 0.34 0.001 0.002 7.98 0.18 0.001 0.001 7.17 0.22 0.001 0.002 6.89 0.20 0.001 0.001 

J1 to J6 3.55 0.19 0.001 0.002 8.61 0.40 0.001 0.002 6.33 0.15 0.001 0.001 10.92 0.31 0.001 0.002 5.61 0.17 0.001 0.001 

J2.marsh 

to J3 1.57 0.12 0.095 0.095 3.20 0.21 0.002 0.003 3.55 0.11 0.001 0.001 2.32 0.15 0.035 0.035 4.84 0.16 0.001 0.001 

J2.marsh 

to J5 3.34 0.20 0.001 0.002 5.25 0.20 0.001 0.002 6.27 0.17 0.001 0.001 6.44 0.22 0.001 0.002 7.78 0.22 0.001 0.001 

J2.marsh 

to J6 2.01 0.17 0.032 0.040 4.34 0.21 0.001 0.002 4.99 0.15 0.001 0.001 10.42 0.33 0.001 0.002 6.36 0.19 0.001 0.001 

J3 to J5 4.30 0.20 0.001 0.002 4.74 0.24 0.002 0.003 8.06 0.18 0.001 0.001 2.36 0.13 0.008 0.009 7.31 0.20 0.001 0.001 

J3 to J6 2.99 0.18 0.007 0.012 5.40 0.35 0.003 0.003 6.18 0.15 0.001 0.001 4.28 0.23 0.003 0.004 3.95 0.12 0.001 0.001 

J5 to J6 2.32 0.13 0.011 0.015 4.34 0.19 0.004 0.004 3.46 0.09 0.001 0.001 4.28 0.15 0.002 0.003 4.15 0.11 0.001 0.001 
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CHAPTER III 

CHANGES IN BACTERIAL COMPOSITIONS IN SEDIMENT AND 

WATER ALONG TWO SALINITY GRADIENTS  

RESULTS 

 

Alpha Diversity Analyses 

16S rRNA bacterial gene sequencing of the V4 hypervariable region yielded an 

average of 145,427.55 (± SE 3897.85) high quality, classified reads for 85 sediment and 

water samples. Those 85 samples had a total of 12,361,342 classified reads and were 

composed of 45 sediment and 40 water samples. Significant differences in the number of 

OTUs were observed in both sediment and water across sites in the Potomac River 

(ANOVA; P < 0.05; Table 3.1), whereas in the James River, significant differences were 

only seen among sites in sediment samples (ANOVA; P < 0.05; Table 3.1). In the 

Potomac River, an overall decrease was seen with an increase in salinity in sediment 

samples, whereas an overall increase was observed in water samples. In the James River, 

we found an overall increase in sediment samples with increasing salinity and although 

small, we saw an overall increase in water samples, but as mentioned before was not 

significant (P = 0.24; Table 3.1). Among Potomac River sites, P4 yielded the highest 

average number of OTUs (11459) in sediment and P6.marsh contained the highest (7407) 

for water samples. For the James River system, J6 had the most average number of OTUs 

(13643.67) for sediment samples and J2.marsh had the highest (3543.33) in water 

samples (Table 3.2).  

Along with differing OTU counts across the salinity gradient, we also identified 

significant differences in other alpha diversity indices (Chao richness and Shannon 
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diversity) in both sediment and water samples in both river systems (ANOVA; P < 0.05; 

Tables 3.3 – 3.4) other than James River water samples for Chao richness (ANOVA; P = 

0.21; Table 3.3). In the Potomac River, similar to the number of OTUs, an overall 

decrease in Chao richness was observed in sediment samples and an overall increase was 

seen in water samples. In the James River system, just as in the number of OTUs, an 

overall increase in Chao richness was seen in sediment and water samples, with miniscule 

and non-significant changes in the water type (ANOVA; P = 0.21; Table 3.3). Among the 

Potomac River sites, P4 contained the highest mean Chao richness estimate (14844.24) 

and mean Shannon diversity (7.78) in sediment, and in water samples, P6.marsh yielded 

the highest mean Chao Richness estimate (9525.28) and mean Shannon diversity (6.21; 

Table 3.5). Among sites in the James River, site J6 yielded the highest mean Chao 

richness estimate (18634.21) and J5 contained the highest mean Shannon diversity (7.91) 

in sediment samples. In James River water samples, J3 had the highest mean Chao 

richness (4630.98) and J7 contained the highest mean Shannon diversity (6.21; Table 

3.5).  

 

Microbial Community Composition 

Microbial community composition shifts were identified among sites along the 

salinity gradient within both river systems in both sediment and water samples. At the 

phylum level, Proteobacteria dominated overall and decreased as salinity increased in the 

Potomac River system from P1 (freshwater) to C1 (saltwater) in sediment but fluctuated 

in water samples with no trend, whereas an increase in Proteobacteria abundance was 

observed in the James River system from J1 to C1 in both sediment and water samples 
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(Sediment: P1 = 38.4%, J1 = 29%, and C1 = 30.7%; Water: P1 = 47.3%, J1 = 20%, and 

C1 = 46.2%). Actinobacteria showed a decrease in abundance with an increase in salinity 

in water samples for both river systems, whereas Actinobacteria wasn’t very prevalent in 

the sediment (Water: P1 = 19.6%, J1 = 23.2%, and C1 = 7.8%). Phylum Bacteroidetes 

increased in abundance as salinity increased in both sediment and water samples in the 

James River, however in the Potomac River the increase was only observed in sediment 

samples with Bacteroidetes fluctuating among sites in water samples (Sediment: P1 = 

5.1%, J1 = 3%, and C1 = 5.8%; Water: P1 = 14.1%, J1 = 7.5%, and C1 = 10.4%). 

Cyanobacteria showed a decrease in abundance as salinity increased in the James River 

system for both sediment and water and in Potomac River sediment samples, whereas it 

increased in abundance in Potomac River water samples (Sediment: P1 = 7%, J1 = 

12.1%, and C1 = 0.9%; Water: P1 = 1.5%, J1 = 16%, and C1 = 5.5%). Verrucomicrobia 

decreased in abundance as salinity increased for both rivers and both sample types 

(Sediment: P1 = 4.6%, J1 = 3%, and C1 = 1%; Water: P1 = 1.1%, J1 = 7.5%, and C1 = 

0.9%). Acidobacteria was mostly only found in sediment samples and decreased in 

abundance with an increase in salinity for the James River and fluctuated across the 

gradient in the Potomac River (Sediment: P1 = 2.8%, J1 = 8.6%, and C1 = 2.4%). 

Phylum Chloroflexi for the most part is only found in sediment samples and increases in 

abundance as salinity increases for both river systems (Sediment: P1 = 3.7%, J1 = 1.5%, 

and C1 = 5.3%; Figure 3.4).  

At the class level, Gammaproteobacteria increased in abundance as salinity 

increased in both sediment and water for both river systems with P5 (48%) and J5 

(33.3%) yielding the highest abundances in water samples (Sediment: P1 = 7.6%, J1 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

61 

=3.6%, and C1 = 7.8%; Water: P1 = 5.1%, J1 = 2.1%, and C1 = 19%). 

Alphaproteobacteria increased in abundance with increasing salinity in both rivers in 

water samples, whereas it fluctuated with no trend in sediment samples (Sediment: P1 = 

4%, J1 = 7.1%, and C1 = 3.3%; Water: P1 = 12.2%, J1 = 9.3%, and C1 = 14%). Class 

Deltaproteobacteria was found mostly in sediment samples and increased in abundance 

as salinity increased in both river systems (Sediment: P1 = 11%, J1 = 9%, and C1 = 

12.1%). Class Actinobacteria was mostly found in water samples and decreased in 

abundance as salinity increased in both rivers (Water: P1 = 19%, J1 = 20.1%, and C1 = 

4.8%). Betaproteobacteria for the most part decreased as salinity increased in both 

sediment and water for both river systems (Sediment: P1 = 13.1%, J1 = 6.5%, and C1 = 

0.9%; Water: P1 = 26.8%, J1 = 5.2%, and C1 = 3.6%). Class Flavobacteriia was mostly 

found in water samples and increased in abundance with an increase in salinity in both 

rivers (Water: P1 = 3.5%, J1 = 0.8%, and C1 = 6.3%). Class Verrucomicrobiae decreased 

in abundance as salinity increased for both rivers and both sediment and water (Sediment: 

P1 = 3.2%, J1 = 1.8%, and C1 = 0.7%; Water: P1 = 0.8%, J1 = 5.1%, and C1 = 0.4%). 

Class Acidobacteriia was only found in sediment samples and decreased in abundance 

with an increase in salinity in the James River, but fluctuated in the Potomac River 

(Sediment: P1 = 2%, J1 = 5.4%, and C1 = 1.9%). Epsilonproteobacteria was mostly 

found in the higher salinity sites of both rivers in both water and sediment. Class 

Acidimicrobiia was only found in water samples in both river systems and was less 

abundant in higher salinity sites in the James River. Class Anaerolineae for the most part 

was only found in sediment samples in both river systems. Class Nitrospira was also 
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mostly found in sediment samples in both rivers and preferred lower salinity 

environments (Figure 3.5).  

At the order level, Burkholderiales was more common in lower salinity sites for 

both sediment and water samples in both rivers and decreased in abundance as salinity 

increased in Potomac River samples (Sediment: P1 = 4.3%, J1 = 2%, and C1 = 0.2%; 

Water: P1 = 22.6%, J1 = 2.3%, and C1 = 1.9%). Flavobacteriales was found in both river 

systems and in both sediment and water but was more prevalent in water samples and 

increased in abundance with an increase in salinity in the James River whereas it 

fluctuated in the Potomac River (Sediment: P1 = 0.5%, J1 = 0.2%, and C1 = 1.3%; 

Water: P1 = 3.5%, J1 = 0.6%, and C1 = 6%). Chroococcales was only found in water 

samples from both river systems. Desulfobacterales for the most part was only found in 

the sediment of both rivers and abundance increased as salinity increased (Sediment: P1 

= 1.4%, J1 = 0.3%, and C1 = 6%). Rhodospirillales occurred in both sediment and water 

in both river systems but was much more prevalent in water samples and decreased in 

abundance with an increase in salinity (Water: P1 = 8.6%, J1 = 7.3%, and C1 = 0.9%). 

Rhodobacterales was also more commonly found in water samples than in sediment and 

preferred more saline environments. Rhizobiales increased in abundance with an increase 

in salinity and was found in both rivers and in both sediment and water (Sediment: P1 = 

1.8%, J1 = 3.2%, and C1 = 1.3%; Water: P1 = 1.6%, J1 = 0.9%, and C1 = 0.7%). 

Micrococcales was mostly found in water samples from both river systems and showed a 

decrease in abundance in the Potomac River and an increase in abundance in the James 

River with increasing salinity (Water: P1 = 7.9%, J1 = 0.1%, and C1 = 3.2%). 

Chromatiales was more prevalent in sediment samples and was found to increase in 
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abundance overall as salinity increased (Sediment: P1 = 0.4%, J1 = 0.6%, and C1 = 

1.9%). Sphingobacteriales decreased in abundance from low to high salinity in water 

samples from both rivers and fluctuated in abundance across the gradient in both rivers 

for sediment samples (Sediment: P1 = 0.9%, J1 = 1%, and C1 = 0.4%; Water: P1 = 2.5%, 

J1 = 2.6%, and C1 = 0.4%). Pelagibacterales almost exclusively occurred in water 

samples from both rivers and depicted an overall increase in abundance with an increase 

in salinity (Water: P1 = <0.1%, J1 = <0.1%, and C1 = 4.2%). Acidobacteriales was 

mostly found in sediment samples in both rivers but showed no trend in abundance. 

Verrucomicrobiales indicated a decrease in abundance as salinity increased for Potomac 

River sediment and water samples and James River water samples, whereas James River 

sediment samples fluctuated in abundance across the gradient (Sediment: P1 = 2.4%, J1 = 

1.1%, and C1 = 0.3%; Water: P1 = 0.3%, J1 = 3.2%, and C1 = 0.3%). 

Desulfuromonadales for the most part was only found in sediment samples from both 

river systems (Figure 3.6).  

Not many of the top taxa were classified down past the order level, but at the 

family level, Rhodobacteraceae was found in both sediment and water samples from both 

rivers and preferred higher saline environments. Flavobacteriaceae was found in both 

rivers in both sediment and water samples and preferred higher salinity sites in the James 

River, whereas it occurred in all sites in the Potomac River samples. Microbacteriaceae 

was only found in water samples in both rivers and in the James River it was only found 

in higher salinities from J3 – J6. Comamonadaceae was found in both water and 

sediment in both rivers and was most abundant in P1 water samples (15.5%). 
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Cytophagaceae was also found in most sites of both rivers for both sediment and water 

samples (Figure 3.7).  

At the genus level, Cyanobacterium was found in both river systems and in both 

sediment and water and its highest abundance was found in J1 sediment samples (10.1%). 

Synechococcus was mainly found in water samples in both rivers and was found in a few 

sites of sediment samples. Genera Flavobacterium and Candidatus Planktophila were 

mostly only found water samples in both river systems (Figure 3.8).  

 

Multivariate Community Analyses 

Comparative analyses as measured by Bray-Curtis dissimilarity yielded 

significant differences across sites along the salinity gradient for both sediment and water 

samples in both river systems (PERMANOVA, p < 0.01) and very high R2 values (0.74 – 

0.84). However, pairwise permutation tests (pairwise PERMANOVA) of the Bray-Curtis 

dissimilarities only yielded significant differences between the coastal site and all of the 

river sites in both river systems and only in sediment samples, although they were non-

significant after multiple comparison correction.  Water samples yielded no significant 

differences in pairwise comparisons in both river systems (Tables 3.6 – 3.7). The low 

number of samples was likely the cause of non-significance, therefore pairwise 

PERMANOVA comparisons were conducted on both sediment and water samples 

combined for each site. These combined sediment and water pairwise tests yielded many 

significant differences among sites within both river systems (Table 3.8). The only non-

significant differences in the Potomac River samples were P1 to P2 (pjust = 0.088), P3 to 

P4 (pjust = 0.094), and P3 to P5 (pjust = 0.088). In the James River, the non-significant 
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pairwise comparisons were C1 to J6 (pjust = 0.097), C1 to J7 (pjust = 0.244), J1 to 

J2.beach (pjust = 0.097), J1 to J2.marsh (pjust = 0.097), J1 to J7 (pjust = 0.057), J2.beach 

to J2.marsh (0.097), J2.beach to J7 (pjust = 0.057), J2.marsh to J3 (pjust = 0.097), 

J2.marsh to J7 (pjust = 0.069), J3 to J5 (pjust = 0.057), J5 to J7 (pjust = 0.141), and J6 to 

J7 (pjust = 0.244).  

The PCoA plots based on Bray-Curtis dissimilarities depict differing microbial 

communities across the salinity gradient. In sediment samples, the Potomac River sites 

are very separate with salinity-specific groups showing form, such as P1 and P2 grouping 

together, P3 and P4 lying in the same plane, and P5, P6.beach, P6.marsh, and C1 in the 

same plane. In sediment samples in the James River, J1, J2.beach, and J2.marsh are on 

the same plane, J3 and J5 are grouped together, and J6 and C1 are clustered together 

(Figure 3.9). In Potomac River water samples, P1 and P2 are in the same plane, P3 and 

P4 are clustered near each other, and P5, P6.marsh, and C1 are in a group. In water 

samples in the James River system, J1, J2.beach, and J2.marsh lie in the same plane, 

followed by J3 to J5 to J6 in a gradient-like relation, and J7 and C1 in a group (Figure 

3.10). The combined sediment and water PCoAs depict a salinity gradient very well for 

both rivers. In the Potomac River, P1 and P2 group together, then P3 and P4, followed by 

P5, P6.beach, P6.marsh, and C1. In the James River, J1, J2.beach, and J2.marsh group 

together, followed by J3, then J5, and afterwards J6, J7, and C1 clustered together. In this 

sediment and water combined analysis, Axis 1 correlates strongly with sample type 

(sediment or water) and Axis 2 correlates strongly with the river sites (Figure 3.11).  
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Microbial Hierarchical Clustering Analysis 

Hierarchical clustering analysis illustrated in heatmaps portrayed sites along the 

salinity gradients in both river systems in both sediment and water to be distinct based the 

formation of site-specific groupings. Also, larger clades contained sites from salinity-

similar areas (fresh water to brackish to marine water). Among sediment samples in the 

Potomac River, all sites clustered into their own small clades with three larger clades, one 

containing P1 and P2, one with P3, P4, and P5, and one containing P6.beach, P6.marsh, 

and C1 (Figure 3.12). Among sediments in the James River, all sites clustered into their 

own groups and 3 major clades fell out, one with J1 and J2.beach, one containing 

J2.marsh, J3, and J5, and the other having J6 and C1 (Figure 3.13). Among water samples 

in the Potomac River, all sites fell into their own groups with 3 major clades comprising 

them, one containing P1 and P2, one with P3 and P4, and one with P5, P6.marsh, and C1 

(Figure 3.14). Among water samples in the James River system, sites fell into their own 

groups other than J7 containing one C1 sample, which is appropriate being that they are 

similar in salinities, and 4 major groups with one containing J1 and J2.beach, one with 

J2.marsh and J3, one with J5, and the last one containing J6, J7, and C1 (Figure 3.15).  

 

Correlation Analysis 

Based on the spearman correlation analysis between the top 30 bacterial orders 

and the environmental measures (Table 3.9), many statistically significant correlations 

were found in both sediment and water sample types for all sites in both river systems. In 

sediment samples, the measures that showed the most significant correlations with 

bacterial orders were water dissolved calcium, potassium, magnesium, and sodium, and 
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water sulfate with 25 of the 30 top bacterial orders showing either a positive or negative 

significant correlation. Water salinity had 23 correlations with the top 30 bacterial orders. 

Only one environmental measure yielded no significant correlations to any of the top 30 

bacterial orders, sediment total kjeldahl nitrogen (Figure 3.16). In water samples, the 

environmental measures that had the most significant correlations with the top 30 

bacterial orders were water dissolved potassium and magnesium, and water sulfate and 

salinity with 22 of the top 30 bacterial orders revealing either a positive or negative 

significant correlation. The measurements with the lowest number of significant 

correlations in the water samples were water ORP and sediment total kjeldahl nitrogen 

(Figure 3.17).  

 

DISCUSSION 

 

Our results revealed significant differences in the number of OTUs along the 

salinity gradients of both the Potomac and James Rivers for sediment samples and water 

samples in the Potomac River (Figure 3.1). The water samples from the James River only 

showed a slight overall increase in the number of OTUs with up and down fluctuations 

across the sites. Similarly, no trend in the number of OTUs was found along the 2000 km 

salinity gradient of the Baltic Sea (Herlemann et al., 2011). No other studies to date have 

reported changes in the observed numbers of OTUs across a salinity gradient in sediment 

and/or water samples, thus making this the first study to do so. The observed decrease of 

OTUs in sediment samples of the Potomac River implies that certain taxa are becoming 

more dominant and thus removing some of the rare taxa from the community as seen in 

the relative abundance bar plots, specifically in the lower taxonomic levels from order 
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down to genus (Figures 6 – 8). On the other hand, the overall decrease in observed 

number of OTUs in Potomac River water samples and James River sediment samples 

indicates that the communities at higher salinities have less dominant taxa and more rare 

taxa than those at lower salinities.  

Chao richness estimates yielded similar trends to the observed number of OTUs 

(Figure 3.2). Shannon diversity gave similar trends in everything other than water 

samples in the James River in which Shannon diversity increased overall as salinity 

increased along the gradient. This points out that when not only accounting for the 

richness in the samples, but also incorporating the evenness (abundance) of those OTUs, 

an increasing trend emerges. Herlemann et al., (2011) observed no marked shifts in 

Shannon diversity along the salinity gradient of the Baltic Sea, whereas we did in the two 

rivers of the Chesapeake Bay (Figure 3.3).  

The sediment communities along the salinity gradients of both the Potomac and 

James River systems were dominated by Proteobacteria, Bacteroidetes, Acidobacteria, 

Chloroflexi, Cyanobacteria, Verrucomicrobia, Planctomycetes, Actinobacteria, 

Fimicutes, and Spirochates at the phylum level (Figure 3.4), Deltaproteobacteria, 

Gammaproteobacteria, Alphaproteobacteria, Betaproteobacteria, Acidobacteria, 

Plactomycetia, Verrucomicrobiae, Sphingobacteriia, Flavobacteriia, and Actinobacteria 

at the class level (Figure 3.5), and Desulfobacterales, Rhizobiales, Chromatiales, 

Chroococcales, Acidobacteriales, Burkholderiales, Desulfuromonadales, 

Flavobacteriales, Verrucomicrobiales, and Rhodobacterales at the order level (Figure 

3.6). We identified an increase in Proteobacteria (in the James River), Bacteroidetes, and 

Choroflexi and a decrease in Proteobacteria (in the Potomac River), Cyanobacteria, 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

69 

Verrucomicrobia, and Acidobacteria (only in the James River, whereas in the Potomac 

River, Acidobacteria fluctuated along the gradient) at the phylum level.  At the class 

level, we observed an increase in Gammaproteobacteria, Deltaproteobacteria, and 

Epsilonproteobacteria and a decrease in Betaproteobacteria, Verrucomicrobiae, 

Acidobacteriia, and Nitrospira, and a fluctuation along the salinity gradients in 

Alphaproteobacteria. We detected an increase in Flavobacteriales, Desulfobacterales, 

Rhizobiales, Chromatiales and a decrease in Burkholderiales, Verrucomicrobiales (in the 

Potomac River, but a fluctuation in Verrucomicrobiales along the gradient in the James 

River), and a fluctuation in Sphingobacteriales, Acidobacteriales, and 

Desulfuromonadales across the gradient in both rivers at the order level.   

Very little research has been conducted on sediments along salinity gradients 

identifying the bacterial communities, but we found similar community structure in our 

study as to what has been found in the small amount of previous research with some 

differences. One study observed an increase in Deltaproteobacteria and 

Gammaproteobacteria, and a decrease in Alphaproteobacteria and Betaproteobacteria 

(Bolhuis and Stal, 2011) and another study observed a decrease in Gammaproteobacteria 

with increasing salinity (Pavloudi et al., 2016). In research that investigated marine 

sediments from the Pacific and Atlantic Oceans, they found Firmicutes, Chloroflexi, 

Deltaproteobacteria, Actinobacteria, Alphaproteobacteria, Gammaproteobacteria, 

Cyanobacteria, Epsilonproteobacteria, Bacteroidetes, and Betaproteobacteria as their 

top 10 bacterial taxa (Hamdan et al., 2013).  

The water communities along the salinity gradients of the Potomac and James 

Rivers were dominated by Proteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, 
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Verrucomicrobia, Planctomycetes, Firmicutes, Chloroflexi, Acidobacteria, Tenericutes at 

the phylum level (Figure 3.4), Actinobacteria, Gammaproteobacteria, 

Alphaproteobacteria, Betaproteobacteria, Flavobacteriia, Deltaproteobacteria, 

Verrucomicrobiae, Sphingobacteriia, Cytophagia, Acidimicrobiia, 

Epsilonproteobacteria, and Planctomycetia at the class level (Figure 3.5), and 

Burkholderiales, Flavobacteriales, Chroococcales, Rhodospirillales, Micrococcales, 

Rhodobacterales, Pelagibacterales, Cytophagales, Acidimicrobiales, and 

Methylophilales at the order level (Figure 3.6).  At the phylum level, we detected an 

increase in Proteobacteria (in the James River), Bacteroidetes (in the James River, 

whereas Bacteroidetes fluctuated along the salinity gradient in the Potomac River), and 

Cyanobacteria (in the Potomac River), and a decrease in Actinobacteria, Cyanobacteria 

(in the James River), and Verrucomicrobia. We observed an increase in 

Gammaproteobacteria, Alphaproteobacteria, Flavobacteriia, Epsilonproteobacteria and 

a decrease in Actinobacteria, Betaproteobacteria, Verrucomicrobiae, and Acidimicrobiia 

(in the James River) at the class level. At the order level, we found an increase in 

Flavobacteriales (in the James River, whereas Flavobacteriales fluctuated in the 

Potomac River), Rhodobacterales, Rhizobiales, Micrococcales (in the James River), and 

Pelagibacterales and a decrease in Burkholderiales, Rhodospirillales, Micrococcales (in 

the Potomac River), Sphingobacteriales, and Verrucomicrobiales.  

In similar studies along salinity gradients in other water systems had similar 

findings to our study such as an increase in Alphaproteobacteria and 

Gammaproteobacteria and a decrease in Actinobacteria and Betaproteobacteria 

(Herlemann et al., 2011), an increase in Alphaproteobacteria and a decrease in 
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Verrucomicrobiales and Betaproteobacteria with a fluctuation in Gammaproteobacteria 

(Crump et al., 1999), an increase in Alphaproteobacteria and Gammaproteobacteria and 

a decrease in Betaproteobacteria and Cytophaga-Flavobacterium group (Cottrell and 

David, 2003), an increase in Alphaproteobacteria and a decrease in Betaproteobacteria 

and Actinobacteria (Kirchman et al., 2005), an increase in Alphaproteobacteria and a 

decrease in Betaproteobacteria (Bouvier and Del Giorgio, 2002). One study conducted in 

a lab setting form 0 to 30 ppt salinity in tank water found an increase in Flavobacteria, 

Gammaproteobacteria, and Alphaproteobacteria and a decrease in Betaproteobacteria 

(Methyloversatilis) and Actinobacteria (Microbacteriaceae) with Sphingobacteria 

preferring the intermediate levels (5 and 18 ppt) (Schmidt et al., 2015). Research on 

marine water samples from the Pacific and Atlantic Oceans detected 

Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, 

Firmicutes, Cyanobacteria, Deferribacteres, Actinobacteria, Betaproteobacteria, and 

Aquificae as their most abundant bacterial taxa (Hamdan et al., 2013).  

The PCoA plots (Figures 9 – 11) illustrate an almost perfect trend along the 

salinity gradients from fresh water to seawater in both the Potomac and James Rivers, 

especially in the water and sediment combined analysis (Figure 3.11). We found that one 

principal coordinate separated sediment from water samples and the other principal 

coordinate separated salinity from freshwater to seawater environments just as what was 

seen in (Lozupone and Knight, 2007). A similar trend was found in the PCoA of the 

water samples along the Baltic Sea salinity gradient (Herlemann et al., 2011). Pavaloudi 

et al., (2016) also depicted a clear separation between a-mesohaline (5 – 8 ppt) and b-

mesohaline (8 – 18 ppt), but no separation between b-mesohaline and polyhaline (18 – 30 
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ppt) sediment samples, indicating a difference between brackish and brackish to marine 

environments.  

Hierarchical clustering analysis revealed that sites’ microbial compositions are 

independent of one another in both water and sediment from both river systems. In 

addition, the individual sites do cluster into larger clades of similar salinities indicating 

that salinity plays a large role in the clustering of these sites. Similar clustering based on 

salinity have been published in other studies in either sediment (Bolhuis and Stal, 2011) 

or water samples (Herlemann et al., 2011) and a combination of both (Lozupone and 

Knight, 2007). The correlation analysis between the environmental factors and the top 30 

observed bacterial orders within either sediment or water sample types from both river 

systems revealed many statistically significant positive and negative correlations, 

implying that environmental factors play a major role in the community structure of 

bacterial assemblages and, in turn, these communities influence the composition of their 

environment.  

In conclusion, the significant differences in the PERMANOVA based on Bray-

Curtis dissimilarities signify a large difference in the presence and absence of OTUs 

among the sites in both river systems as well as a large difference in the abundance of 

those OTUs. These significant differences strongly correspond to what was seen in the 

bar plots, in the shifts in dominant taxa and the presence or absence of rare taxa among 

sites across the salinity gradients in both rivers. The same community shifts are also 

illustrated in the PCoA plots as they show a trend along the gradients. Further 

confirmation of differences and trends along the salinity gradients are displayed in the 

clustering of the heatmaps, which portray individual site differences as well as larger 
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clades that encompass salinity-similar groupings. The observed differences in the number 

of OTUs and Chao richness estimates add to the changes in the presence or absence of 

OTUs along the salinity gradient and the differences in Shannon diversity further add to 

the differences in abundance identified across the gradients. The many statistically 

significant correlations between the top 30 bacterial orders and the environmental 

measurements indicate that the many variables, not just salinity (even though salinity was 

one of the highest correlated measurements to the taxa), could possibly be playing a role 

in microbial community shifts across the salinity gradients in these two river systems. All 

of these factors together indicate discernable shifts in the microbial communities of both 

sediment and water along the salinity gradients of these two rivers (Potomac and James) 

in the Chesapeake Bay. This study is the first that has examined the sediment and water 

microbial composition along the vast salinity gradients of the Potomac and James Rivers 

and this is also one of only a few studies that have examined the sediment microbiomes 

along salinity gradients to date.  

 

LITERATURE CITED 

 

Bolhuis, H. and Stal, L. J. (2011) Analysis of bacterial and archaeal diversity in coastal 

microbial mats using massive parallel 16S rRNA gene tag sequencing, ISME J, 

5(11), pp. 1701-1712. 

Bouvier, T. C. and Del Giorgio, P. A. (2002) Compositional changes in free‐living 

bacterial communities along a salinity gradient in two temperate estuaries, 

Limnology and Oceanography, 47(2), pp. 453-470. 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

74 

Cottrell, M. T. and David, K. L. (2003) Contribution of major bacterial groups to 

bacterial biomass production (thymidine and leucine incorporation) in the 

Delaware estuary, Limnology and Oceanography, 48(1), pp. 168-178. 

Crump, B. C., Armbrust, E. V. and Baross, J. A. (1999) Phylogenetic Analysis of 

Particle-Attached and Free-Living Bacterial Communities in the Columbia River, 

Its Estuary, and the Adjacent Coastal Ocean, Applied and Environmental 

Microbiology, 65(7), pp. 3192-3204. 

Hamdan, L. J., Coffin, R. B., Sikaroodi, M., Greinert, J., Treude, T. and Gillevet, P. M. 

(2013) Ocean currents shape the microbiome of Arctic marine sediments, The 

ISME journal, 7(4), pp. 685. 

Herlemann, D. P. R., Labrenz, M., Juergens, K., Bertilsson, S., Waniek, J. J. and 

Andersson, A. F. (2011) Transitions in bacterial communities along the 2000 km 

salinity gradient of the Baltic Sea, Isme Journal, 5(10), pp. 1571-1579. 

Kirchman, D. L., Dittel, A. I., Malmstrom, R. R. and Cottrell, M. T. (2005) Biogeography 

of major bacterial groups in the Delaware Estuary, Limnology and Oceanography, 

50(5), pp. 1697-1706. 

Lozupone, C. A. and Knight, R. (2007) Global patterns in bacterial diversity, Proc Natl 

Acad Sci U S A, 104(27), pp. 11436-40. 

Pavloudi, C., Oulas, A., Vasileiadou, K., Sarropoulou, E., Kotoulas, G. and Arvanitidis, 

C. (2016) Salinity is the major factor influencing the sediment bacterial 

communities in a Mediterranean lagoonal complex (Amvrakikos Gulf, Ionian 

Sea), Marine Genomics, 28, pp. 71-81. 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

75 

Schmidt, V. T., Smith, K. F., Melvin, D. W. and Amaral-Zettler, L. A. (2015) 

Community assembly of a euryhaline fish microbiome during salinity 

acclimation, Mol Ecol, 24(10), pp. 2537-50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

76 

Potomac River 

 
James River 

 
Figure 3.1. Change in number of OTUs across sites in both the Potomac (top) and James 

(bottom) Rivers within the total microbiome data of sediment and water samples. The 

mean value (black dot) and sample density (violin box) in each site are also illustrated. 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

77 

Potomac River

 
James River 

 
Figure 3.2. Change in Chao1 richness across sites in both the Potomac (top) and James 

(bottom) Rivers within the total microbiome data of sediment and water samples for all 

body sites. The mean value (black dot) and sample density (violin box) in each site are 

also illustrated. 
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Potomac River 

 
James River 

 
Figure 3.3. Change in Shannon diversity across sites in both the Potomac (top) and James 

(bottom) Rivers within the total microbiome data of sediment and water samples for all 

body sites. The mean value (black dot) and sample density (violin box) in each site are 

also illustrated. 
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Figure 3.4. Bar plot of the top 30 bacterial phyla in sediment and water samples in all 

sites of both river systems.  

 

 
Figure 3.5. Bar plot of the top 30 bacterial classes in sediment and water samples in all 

sites of both river systems.  
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Figure 3.6. Bar plot of the top 30 bacterial orders in sediment and water samples in all 

sites of both river systems.  

 

 
Figure 3.7. Bar plot of the top 30 bacterial families in sediment and water samples in all 

sites of both river systems.  

 

 
Figure 3.8. Bar plot of the top 30 bacterial genera in sediment and water samples in all 

sites of both river systems.  
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Potomac River     James River 

 
Figure 3.9. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in 

sediment samples in both the Potomac and James River systems.  

 

Potomac River     James River 

 
Figure 3.10. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in water 

samples in both the Potomac and James River systems.  
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Potomac River     James River 

 
Figure 3.11. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in 

sediment (circle) and water (triangle) samples in both the Potomac and James River 

systems.  
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Figure 3.12. Heatmap of relative abundances of the top 30 bacterial orders by sites in the 

Potomac River system for sediment samples. Samples and bacteria are sorted based on 

Bray-Curtis and Euclidean distances, respectively. 
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Figure 3.13. Heatmap of relative abundances of the top 30 bacterial orders by sites in the 

James River system for sediment samples. Samples and bacteria are sorted based on 

Bray-Curtis and Euclidean distances, respectively. 
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Figure 3.14. Heatmap of relative abundances of the top 30 bacterial orders by sites in the 

Potomac River system for water samples. Samples and bacteria are sorted based on Bray-

Curtis and Euclidean distances, respectively. 
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Figure 3.15. Heatmap of relative abundances of the top 30 bacterial orders by sites in the 

James River system for water samples. Samples and bacteria are sorted based on Bray-

Curtis and Euclidean distances, respectively. 
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Figure 3.16. Correlation matrix plot of the significant spearman correlations with FDR 

correction between the top 30 orders in sediment samples and the collected 

measurements. Positive correlations are displayed in green and negative correlations in 

red color, with intermediate colors in between. Color intensity and the size of the circle 

are proportional to the correlation coefficients. 
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Figure 3.17. Correlation matrix plot of the significant spearman correlations with FDR 

correction between the top 30 orders in water samples and the collected measurements. 

Positive correlations are displayed in green and negative correlations in red color, with 

intermediate colors in between. Color intensity and the size of the circle are proportional 

to the correlation coefficients. 
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Table 3.1. Results of the ANOVA, testing for differences in the number of OTUs among 

geographic sites (salinity) in sediment and water samples in both the Potomac (top) and 

James (bottom) rivers. 

 

Number of OTUs      

Potomac River Df Sum Sq Mean Sq F-value P-value 

Sediment 7 26157467.46 3736781.07 7.26 0.0003 

Water 6 81398194.48 13566365.75 18.71 0.0001 

      

Number of OTUs      

James River Df Sum Sq Mean Sq F-value P-value 

Sediment 6 95470057.46 15911676.24 10.75 0.0001 

Water 7 5233688.61 747669.8 1.52 0.2395 

 

 

Table 3.2. Mean number of OTUs in both sediment and water samples across the salinity 

gradients in both the Potomac (top) and James (bottom) rivers. 

 

 

 

Table 3.3. Results of the ANOVA, testing for differences in the Chao1 Richness among 

geographic sites (salinity) in sediment and water samples in both the Potomac (top) and 

James (bottom) rivers. 

 

Chao1 Richness      

Potomac River Df Sum Sq Mean Sq F-value P-value 

Sediment 7 56986796.45 8140970.92 10.61 0.0001 

Water 6 123513809.2 20585634.86 21 0.0001 

      

Chao1 Richness      

James River Df Sum Sq Mean Sq F-value P-value 

Sediment 6 220566306.8 36761051.13 15.52 0.0001 

Water 7 6551287.87 935898.27 1.62 0.2095 

 

  

Mean Number of 

OTUs        

 P1 P2 P3 P4 P5 P6.beach P6.marsh C1 

Sediment 10853.33 10414.33 9785.67 11459 10626.33 8037 9213 9337.83 

Water 1700.33 1910.67 2143 5401.33 3276.67 N/A 7407 2727 

         

 J1 J2.beach J2.marsh J3 J5 J6 J7 C1 

Sediment 9191 7281 11546.33 12202.67 12295.33 13643.67 N/A 9337.83 

Water 2684.67 2096.33 3543.33 3520.67 2730 2319 2915 2727 
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Table 3.4. Results of the ANOVA, testing for differences in the Shannon Diversity 

among geographic sites (salinity) in sediment and water samples in both the Potomac 

(top) and James (bottom) rivers. 

 

Shannon Diversity      

Potomac River Df Sum Sq Mean Sq F-value P-value 

Sediment 7 1.85 0.26 5.29 0.0018 

Water 6 7.18 1.2 39.14 0.0001 

      

Shannon Diversity      

James River Df Sum Sq Mean Sq F-value P-value 

Sediment 6 1.87 0.31 6.62 0.001 

Water 7 3.17 0.45 12.4 0.0001 

 

 

Table 3.5. Mean Chao1 richness estimates with mean standard errors and mean Shannon 

diversity indices in both sediment and water samples across the salinity gradients in both 

the Potomac (top) and James (bottom) rivers. 

 

 

Mean Chao1 Richness and Mean Standard 

Error      

 J1 J2.beach J2.marsh J3 J5 J6 J7 C1 

Sediment 

11832.17 

± 132.17 

9110.59 

± 109.56 

15349.91 

± 164.83 

16819.83 

± 186.13 

16508.07 

± 174.79 

18634.21 

± 191.54 N/A 

12076.83 

± 135.9 

Water 

3463.32 

± 84.58 

2925.11 

± 99.48 

4423.66 

± 80.81 

4630.98 

± 99.98 

3907.57 

± 119 

3238.68 

± 100.06 

3743.6 

± 85.64 

3738.4 ± 

104.3 

         
Mean Shannon 

Diversity        
Sediment 7.09 7.24 7.78 7.6 7.91 7.4 N/A 7.22 

Water 5.38 4.83 5.5 5.37 5.38 5.79 6.21 5.91 

 

  

Mean Chao1 Richness and Mean Standard 

Error      

 P1 P2 P3 P4 P5 P6.beach P6.marsh C1 

Sediment 

14794.45 

± 171.42 

14171.24 

± 166.34 

13046.85 

± 151.16 

14844.24 

± 152.48 

14646.43 

± 173.32 

10486.56 

± 128.55 

12294.63 

± 146.94 

12076.83 

± 135.9 

Water 

2689.39 

± 118.07 

2463.57 

± 71.36 

3034.56 

± 99.22 

6900.73 

± 101.25 

4127.78 

± 78.85 N/A 

9525.28 

± 119.71 

3738.4 ± 

104.3 

         
Mean Shannon 

Diversity        
Sediment 7.18 7.53 7.48 7.78 7.5 7.07 6.87 7.22 

Water 4.9 4.95 4.68 5.97 4.98 N/A 6.21 5.91 
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Table 3.6. Pairwise PERMANOVA comparisons among sites within the Potomac River 

system. Significant p-values (p < 0.05) are indicated in bold and Benjamini-Hochberg 

multiple comparison correction p-values are in the pjust columns. 

 

 

 

  

Potomac River            

Sediment Fval R2 P pjust Water Fval R2 P pjust 

C1 to P1 7.411 0.51 0.008 0.093 C1 to P1 9.667 0.71 0.100 0.100 

C1 to P2 8.351 0.54 0.011 0.093 C1 to P2 11.56 0.74 0.100 0.100 

C1 to P3 5.866 0.46 0.015 0.093 C1 to P3 8.965 0.69 0.100 0.100 

C1 to P4 4.819 0.41 0.019 0.093 C1 to P4 5.286 0.57 0.100 0.100 

C1 to P5 3.675 0.34 0.031 0.100 C1 to P5 6.371 0.61 0.100 0.100 

C1 to P6.beach 4.038 0.37 0.018 0.093 C1 to P6.marsh 6.075 0.60 0.100 0.100 

C1 to P6.marsh 4.080 0.37 0.020 0.093 P1 to P2 10.33 0.72 0.100 0.100 

P1 to P2 4.963 0.55 0.100 0.100 P1 to P3 16.90 0.81 0.100 0.100 

P1 to P3 10.90 0.73 0.100 0.100 P1 to P4 10.82 0.73 0.100 0.100 

P1 to P4 6.782 0.63 0.100 0.100 P1 to P5 18.50 0.82 0.100 0.100 

P1 to P5 13.05 0.77 0.100 0.100 P1 to P6.marsh 23.78 0.86 0.100 0.100 

P1 to P6.beach 10.52 0.72 0.100 0.100 P2 to P3 21.94 0.85 0.100 0.100 

P1 to P6.marsh 16.85 0.81 0.100 0.100 P2 to P4 12.46 0.76 0.100 0.100 

P2 to P3 15.98 0.80 0.100 0.100 P2 to P5 26.51 0.87 0.100 0.100 

P2 to P4 7.389 0.65 0.100 0.100 P2 to P6.marsh 37.96 0.90 0.100 0.100 

P2 to P5 18.42 0.82 0.100 0.100 P3 to P4 6.076 0.60 0.100 0.100 

P2 to P6.beach 14.10 0.78 0.100 0.100 P3 to P5 20.82 0.84 0.100 0.100 

P2 to P6.marsh 25.57 0.86 0.100 0.100 P3 to P6.marsh 30.35 0.88 0.100 0.100 

P3 to P4 5.859 0.59 0.100 0.100 P4 to P5 8.722 0.69 0.100 0.100 

P3 to P5 10.33 0.72 0.100 0.100 P4 to P6.marsh 10.35 0.72 0.100 0.100 

P3 to P6.beach 8.264 0.67 0.100 0.100 P5 to P6.marsh 21.30 0.84 0.100 0.100 

P3 to P6.marsh 15.15 0.79 0.100 0.100      
P4 to P5 6.746 0.63 0.100 0.100      
P4 to P6.beach 6.709 0.63 0.100 0.100      
P4 to P6.marsh 10.23 0.72 0.100 0.100      
P5 to P6.beach 7.741 0.66 0.100 0.100      
P5 to P6.marsh 10.91 0.73 0.100 0.100      
P6.beach to P6.marsh 5.722 0.59 0.100 0.100      
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Table 3.7. Pairwise PERMANOVA comparisons among sites within the James River 

system. Significant p-values (p < 0.05) are indicated in bold and Benjamini-Hochberg 

multiple comparison correction p-values are in the pjust columns.  

 

 

 

  

James River           
Sediment Fval R2 P pjust Water Fval R2 P pjust 

C1 to J1 7.040 0.50 0.011 0.067 C1 to J1 10.74 0.73 0.100 0.112 

C1 to J2.beach 9.470 0.57 0.014 0.067 C1 to J2.beach 11.84 0.75 0.100 0.112 

C1 to J2.marsh 8.807 0.56 0.016 0.067 C1 to J2.marsh 9.074 0.69 0.100 0.112 

C1 to J3 7.724 0.52 0.015 0.067 C1 to J3 7.962 0.67 0.100 0.112 

C1 to J5 6.902 0.50 0.009 0.067 C1 to J5 4.556 0.53 0.100 0.112 

C1 to J6 3.491 0.33 0.030 0.100 C1 to J6 1.995 0.40 0.200 0.215 

J1 to J2.beach 8.139 0.67 0.100 0.100 C1 to J7 1.400 0.32 0.300 0.311 

J1 to J2.marsh 6.028 0.60 0.100 0.100 J1 to J2.beach 5.293 0.57 0.100 0.112 

J1 to J3 9.764 0.71 0.100 0.100 J1 to J2.marsh 5.332 0.57 0.100 0.112 

J1 to J5 8.579 0.68 0.100 0.100 J1 to J3 11.87 0.75 0.100 0.112 

J1 to J6 14.54 0.78 0.100 0.100 J1 to J5 16.10 0.80 0.100 0.112 

J2.beach to J2.marsh 20.83 0.84 0.100 0.100 J1 to J6 14.30 0.83 0.100 0.112 

J2.beach to J3 29.16 0.88 0.100 0.100 J1 to J7 12.67 0.81 0.100 0.112 

J2.beach to J5 23.05 0.85 0.100 0.100 J2.beach to J2.marsh 3.417 0.46 0.100 0.112 

J2.beach to J6 50.23 0.93 0.100 0.100 J2.beach to J3 12.27 0.75 0.100 0.112 

J2.marsh to J3 14.04 0.78 0.100 0.100 J2.beach to J5 18.03 0.82 0.100 0.112 

J2.marsh to J5 12.03 0.75 0.100 0.100 J2.beach to J6 17.73 0.86 0.100 0.112 

J2.marsh to J6 32.66 0.89 0.100 0.100 J2.beach to J7 16.00 0.84 0.100 0.112 

J3 to J5 10.94 0.73 0.100 0.100 J2.marsh to J3 6.986 0.64 0.100 0.112 

J3 to J6 29.27 0.88 0.100 0.100 J2.marsh to J5 12.67 0.76 0.100 0.112 

J5 to J6 22.50 0.85 0.100 0.100 J2.marsh to J6 10.98 0.79 0.100 0.112 

      J2.marsh to J7 10.57 0.78 0.100 0.112 

      J3 to J5 10.72 0.73 0.100 0.112 

      J3 to J6 8.566 0.74 0.100 0.112 

      J3 to J7 9.782 0.77 0.100 0.112 

      J5 to J6 5.121 0.63 0.100 0.112 

      J5 to J7 6.416 0.68 0.100 0.112 

      J6 to J7 3.125 0.61 0.333 0.333 
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Table 3.8. Pairwise PERMANOVA comparisons among sites within the Potomac and 

James River systems for sediment and water samples combined. Significant p-values (p < 

0.05) are indicated in bold and Benjamini-Hochberg multiple comparison correction p-

values are in the pjust columns. 
 

 

 

 

Sediment and 

Water           
Potomac River Fval R2 P pjust James River Fval R2 P pjust 

C1 to P1 5.212 0.29 0.001 0.008 C1 to J1 5.259 0.29 0.001 0.006 

C1 to P2 5.228 0.29 0.001 0.008 C1 to J2.beach 5.990 0.32 0.001 0.006 

C1 to P3 3.772 0.22 0.002 0.008 C1 to J2.marsh 5.237 0.29 0.002 0.006 

C1 to P4 3.511 0.21 0.001 0.008 C1 to J3 4.971 0.28 0.001 0.006 

C1 to P5 2.598 0.17 0.036 0.044 C1 to J5 3.697 0.22 0.002 0.006 

C1 to P6.beach 2.945 0.23 0.013 0.021 C1 to J6 1.965 0.14 0.074 0.097 

C1 to P6.marsh 3.693 0.22 0.002 0.008 C1 to J7 1.465 0.14 0.244 0.244 

P1 to P2 1.925 0.16 0.082 0.088 J1 to J2.beach 1.916 0.16 0.083 0.097 

P1 to P3 3.584 0.26 0.003 0.009 J1 to J2.marsh 1.808 0.15 0.087 0.097 

P1 to P4 3.691 0.27 0.004 0.009 J1 to J3 3.557 0.26 0.002 0.006 

P1 to P5 4.405 0.31 0.002 0.008 J1 to J5 4.053 0.29 0.002 0.006 

P1 to P6.beach 5.017 0.42 0.013 0.021 J1 to J6 5.403 0.38 0.006 0.012 

P1 to P6.marsh 7.715 0.44 0.005 0.009 J1 to J7 3.579 0.37 0.037 0.057 

P2 to P3 3.370 0.25 0.005 0.009 J2.beach to J2.marsh 2.076 0.17 0.087 0.097 

P2 to P4 3.266 0.25 0.004 0.009 J2.beach to J3 4.038 0.29 0.002 0.006 

P2 to P5 4.388 0.30 0.005 0.009 J2.beach to J5 4.715 0.32 0.002 0.006 

P2 to P6.beach 5.203 0.43 0.018 0.027 J2.beach to J6 6.330 0.41 0.003 0.008 

P2 to P6.marsh 7.758 0.44 0.002 0.008 J2.beach to J7 4.347 0.42 0.038 0.057 

P3 to P4 1.828 0.15 0.094 0.094 J2.marsh to J3 2.513 0.20 0.078 0.097 

P3 to P5 2.710 0.21 0.085 0.088 J2.marsh to J5 3.299 0.25 0.006 0.012 

P3 to P6.beach 3.656 0.34 0.040 0.047 J2.marsh to J6 5.329 0.37 0.003 0.008 

P3 to P6.marsh 4.870 0.33 0.005 0.009 J2.marsh to J7 3.557 0.37 0.049 0.069 

P4 to P5 2.535 0.20 0.042 0.047 J3 to J5 2.955 0.23 0.038 0.057 

P4 to P6.beach 3.815 0.35 0.021 0.028 J3 to J6 4.439 0.33 0.006 0.012 

P4 to P6.marsh 5.218 0.34 0.004 0.009 J3 to J7 3.678 0.38 0.039 0.057 

P5 to P6.beach 3.236 0.32 0.025 0.032 J5 to J6 3.553 0.28 0.020 0.037 

P5 to P6.marsh 3.800 0.28 0.018 0.027 J5 to J7 2.719 0.31 0.131 0.141 

P6.beach to 

P6.marsh 4.487 0.39 0.021 0.028 J6 to J7 2.346 0.32 0.240 0.244 
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Table 3.9. Environmental measures from all sites in the Potomac River, James River, and the coastal site.  
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J1 29.5 2.27 1.42 <0.0767 899 814 644 10.9 33.1 <34.6 24.6 3.49 1.74 28.8 33.5 0.297 <0.0139 <0.131 38 4.1 20.6 7.34 321 0.17 8.89 23.6 

J2.beach 91.9 1.88 0.69 1.49 49.2 28.3 48.5 3.55 29.6 <34.6 33.9 13 39.8 333 533 1.26 0.851 <0.655 103 3.7 23.5 7.53 1508 0.78 8.62 46.9 

J2.marsh 269 <0.941 48.2 1.45 894 426 177 301 211 140 31.4 8.45 25.2 228 392 0.428 <0.0278 <0.262 61.9 6.7 23.6 7.59 2608 1.39 8.46 56.7 

J3 1560 <0.941 14.5 <0.0767 798 1020 585 1300 180 84 74.4 47.3 156 1390 2200 0.958 <0.0695 <0.655 396 4.5 20.7 5.96 7149 4.32 8.03 105.8 

J5 2360 2.9 6.75 <0.0767 1130 1190 1480 1710 354 42 145 111 389 3350 5310 1.17 0.736 <0.655 1270 4.6 21.6 6.08 19567 12.56 8.02 54.6 

J6 4440 3.11 4.59 <0.0767 815 2320 1300 3380 673 56 185 169 571 5460 7640 1.23 <0.0695 <0.655 1600 4.3 23.3 7.16 24109 15.17 8.14 68.4 

J7 3520 2.81 0.58 <0.0767 235 479 223 2160 555 <34.6 225 209 698 6040 10400 1.3 0.739 <0.655 1930 3.8 23.4 7.17 33176 21.49 8.02 31.4 

P1 45 3.21 26.2 <0.0767 922 432 237 22.4 29.3 70 31.2 4.67 6.6 23.6 39.5 0.52 0.284 <0.262 27.8 4.4 14.2 3.92 291.1 0.18 8.22 19.2 

P2 215 2.19 37.2 1.85 1310 670 291 236 61.5 140 26.5 9.54 28.5 221 362 0.502 <0.0278 <0.262 66.7 4.2 19.6 10.67 1529 0.87 9.03 95.3 

P3 1130 2.48 2.77 <0.0767 2050 684 248 1060 134 <34.6 89.9 69.3 242 2010 3330 1.08 <0.0695 <0.655 551 4.4 19.9 6.44 10016 6.33 8.32 77 

P4 2420 3.67 24.3 4.82 1410 1390 745 745 429 168 106 85.6 295 3010 4080 1.1 <0.0695 <0.655 676 3.9 20.1 4.43 12627 8.08 8.22 56.8 

P5 5100 2.92 30.5 <0.0767 624 767 272 3380 763 406 185 166 572 4710 7360 1.3 <0.0695 <0.655 1570 3.5 20.2 7.35 20607 13.71 7.53 191.2 

P6.beach 2020 2.75 0.3 <0.0767 72.2 108 50.2 1070 285 154 197 178 615 5600 8720 1.26 <0.0695 <0.655 1720 3.2 20.3 8.02 23175 15.55 7.8 30.8 

P6.marsh 1720 <0.941 0.45 <0.0767 58 119 46.1 814 264 406 197 178 615 5600 8720 1.26 <0.0695 <0.655 1720 3.2 18.8 6.32 22560 15.65 7.45 1.6 

C1 3920 6.59 4.29 <0.0767 388 751 320 3170 552 56 265 253 852 7410 12700 1.36 <0.0695 <0.655 2210 3.8 21.9 5.19 34790 23.43 8.22 69.1 
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CHAPTER IV 

SPECIES DIFFERENTIATION AMONG FUNDULUS SPECIES 

FROM WITHIN THE SAME ENVIRONMENTS 

RESULTS 

 

Alpha Diversity Analyses 

16S rRNA bacterial gene sequencing of the V4 hypervariable region yielded an 

average of 73,619.96 (± SE 2569.7) high quality, classified reads for 437 fish samples. 

Those 437 samples had a total of 32,171,924 classified reads and were composed of 

70 freshwater F. heteroclitus (Fh) from the Potomac River, 50 freshwater F. 

heteroclitus from the James River, 62 Potomac River F. diaphanus (Fd), 44 James 

River F. diaphanus, 46 brackish water F. heteroclitus from the Potomac River, 65 

brackish water F. heteroclitus from the Coastal site, 52 Potomac River F. majalis 

(Fm), and 48 James River F. majalis samples. Within the same site locations, there 

were both similarities and differences in the number of OTUs between species, 

depending on the site. Between F. heteroclitus and F. diaphanus, a large difference 

was observed in the Potomac River (P1: Fh = 1077.2, Fd = 2201.47; ANOVA, P < 

0.001), whereas they were very similar in the James River (J2.marsh and beach: Fh = 

1085.8, Fd = 1040.11; ANOVA, P = 0.76; Figure 4.1, Tables 4.1 – 4.2). Between F. 

heteroclitus and F. majalis, a large difference was seen in the James River/Coastal site 

(J7 and C1: Fh = 948.88, Fm = 1445.83; ANOVA, P < 0.001), and in the Potomac 

River the number of OTUs was more similar between the two species but still differed 

by ~173 OTUs (P6.marsh and beach: Fh = 1132.22, Fd = 959.42; ANOVA, P = 0.2; 
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Figure 4.2, Tables 4.1 – 4.2). Differences in the number of OTUs across body site 

types are depicted in Figures 4.3 and 4.4.  

Similar trends were found in Chao1 richness between the species from the 

same geographical sites. Between F. heteroclitus and F. diaphanus, a large difference 

was observed in the Potomac River (P1: Fh = 1647.61, Fd = 3104.38; ANOVA, P < 

0.001), whereas they were similar in the James River (J2.marsh and beach: Fh = 

1748.96, Fd = 1651.64; ANOVA, P = 0.62; Figure 4.5, Tables 4.3 – 4.4). Between F. 

heteroclitus and F. majalis, differences were seen in both the James River/Coastal site 

(J7 and C1: Fd = 1605.49, Fm = 2167.9) and in the Potomac River (P6.marsh and 

beach: Fh = 1816.94, Fm = 1583.61; Figure 4.6, Table 4.4), however significance was 

only observed in the James River/Coastal site (ANOVA; P < 0.01; Table 4.3). 

Differences in Chao1 richness across body site types are depicted in Figures 4.7 and 

4.8. Differences were also observed in Shannon diversity between species at the same 

river sites. Between F. heteroclitus and F. diaphanus, significant differences were 

observed in both the Potomac River (P1: Fh = 2.8, Fd = 4.12; ANOVA, P < 0.001) 

and the James River (J2.marsh and beach: Fh = 2.67, Fd = 3.47; ANOVA, P < 0.001; 

Figure 4.9, Tables 4.5 – 4.6). Between F. heteroclitus and F. majalis, a significant 

difference was seen in the James River/coastal site (J7 and C1: Fh = 2.52, Fm = 3.5; 

ANOVA, P < 0.001), whereas they were very similar between the two species in the 

Potomac River (P6.marsh and beach: Fh = 2.8, Fm = 2.83; ANOVA, P = 0.87; Figure 

4.10, Tables 4.5 – 4.6). Differences in Shannon diversity across body site types are 

depicted in Figures 4.11 and 4.12. 
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Microbial Community Composition 

Apparent differences in the microbiome community were found between 

Fundulus species at the same geographical sites at all taxonomic levels (Figures 4.13 – 

4.32). At the freshwater sites of both rivers where both F. heteroclitus and F. 

diaphanus reside, fairly large differences were seen in both the Potomac and James 

Rivers. At the genus level specifically, Aeromonas was lower in F. heteroclitus than in 

F. diaphanus in both river systems (P1: Fh = 7.8%, Fd = 11.2%; J2: Fh = 5.7%, Fd = 

22.9%), whereas Cetobacterium was more abundant in F. heteroclitus than in F. 

diaphanus for both rivers (P1: Fh = 17.4%, Fd = 3.9%; J2: Fh = 14.8%, Fd = 2.1%). 

Lawsonia was only found in F. heteroclitus from both rivers (P1: Fh = 18.3%; J2: Fh 

= 2.9%). Genus Rickettsiella was only found in F. heteroclitus from the James River 

and it was at a high abundance (J2: Fh = 19%). Clostridium was lower in F. 

heteroclitus than in F. diaphanus in both river systems (P1: Fh = 2.6%, Fd = 7.1%; J2: 

Fh = 0.9%, Fd = 3.1%). Streptococcus was also at a lower abundance in F. 

heteroclitus compared to F. diaphanus in both river systems (P1: Fh = 2.1%, Fd = 

3.4%; J2: Fh = 0.8%, Fd = 4.6%). Genus Spirochaeta was more abundant in F. 

heteroclitus compared to F. diaphanus in the Potomac River site, but was less 

abundant in the James River (P1: Fh = 2.3%, Fd = 0.2%; J2: Fh = 2.3%, Fd = 4.2%). 

Enterobacter for the most part was only found in F. heteroclitus from the James River 

and at a fairly high abundance (J2: Fh = 8.8%). Phormidium was mostly only found in 

the Potomac River and was more abundant in F. heteroclitus than in F. diaphanus (P1: 

Fh = 3.9%, Fd = 1.2%). Prevotella was less abundant in F. heteroclitus than in F. 

diaphanus for both rivers (P1: Fh = 1.1%, Fd = 1.5%; J2: Fh = 0.3%, Fd = 2.5%). 
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Streptomyces was more abundant in F. heteroclitus compared to F. diaphanus in the 

Potomac River site, but was less abundant in the James River (P1: Fh = 1.2%, Fd = 

0.6%; J2: Fh = 1%, Fd = 2.7%). Plesiomonas was less abundant in F. heteroclitus than 

in F. diaphanus for both rivers (P1: Fh = 0.7%, Fd = 1.1%; J2: Fh = 0.1%, Fd = 2.7%). 

Methylobacterium for the most part was only found in the James River and was less 

abundant in F. heteroclitus compared to F. diaphanus (J2: Fh = 1.2%, Fd = 2.4%). 

Serratia was pretty much only found in F. diaphanus from both rivers (P1: Fd = 2.1%; 

J2: Fd = 1.7%). Rothia was less abundant in F. heteroclitus than in F. diaphanus for 

both rivers (P1: Fh = 0.5%, Fd = 1.1%; J2: Fh = 0.2%, Fd = 1.5%). Acidovorax was 

also found to be less abundant in F. heteroclitus than in F. diaphanus for both rivers 

(P1: Fh = 0.3%, Fd = 1.8%; J2: Fh = 0.3%, Fd = 0.8%). Cyanobacterium was also less 

abundant in F. heteroclitus than in F. diaphanus for both rivers (P1: Fh = 0.3%, Fd = 

0.8%; J2: Fh = 0.1%, Fd = 2.2%). Genus Bacillus too was less abundant in F. 

heteroclitus compared to F. diaphanus for both rivers (P1: Fh = 0.2%, Fd = 0.5%; J2: 

Fh = 0.1%, Fd = 2.1%), whereas Acinetobacter was more abundant in F. heteroclitus 

than in F. diaphanus for both rivers (P1: Fh = 0.4%, Fd = 0.2%; J2: Fh = 1.4%, Fd = 

0.8%; Figure 4.29).   

In the brackish water sites of both rivers where both F. heteroclitus and F. 

majalis inhabit, substantial differences between the Fundulus species at the same sites 

were also noted. At the genus level specifically, Vibrio was higher in abundance in F. 

heteroclitus than in F. majalis in both river systems (P6: Fh = 18.9%, Fm = 12%; 

C1/J7: Fh = 40.6%, Fm = 7.6%), whereas Grimontia was less abundant in F. 

heteroclitus than in F. majalis in both river systems (P6: Fh = 9.9%, Fm = 27.5%; 
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C1/J7: Fh = 0.1%, Fm = 31.7%). Lawsonia mainly only occurred in the Potomac River 

and was at a higher abundance in F. heteroclitus compared to F. majalis in both river 

systems (P6: Fh = 15.9%, Fm = 12.9%; C1/J7: Fh = 0.8%, Fm = 0%). Desulfovibrio 

for the most part was only found in F. heteroclitus in the coastal site and at a high 

abundance (C1/J7: Fh = 17.4%). Photobacterium was more abundant in F. 

heteroclitus than in F. majalis in both river systems (P6: Fh = 7.3%, Fm = 2.5%; 

C1/J7: Fh = 3.1%, Fm = 1.7%). Mycoplasma was less abundant in F. heteroclitus than 

in F. majalis in the Potomac River, but was more abundant in the coastal site/James 

River (P6: Fh = 0.2%, Fm = 2.9%; C1/J7: Fh = 4.5%, Fm = 2%). Cetobacterium was 

at a higher abundance in F. heteroclitus compared to F. majalis in both river systems 

(P6: Fh = 4.4%, Fm = 0.4%; C1/J7: Fh = 2.7%, Fm = 0.2%). Spiroplasma for the most 

part was only found in F. heteroclitus at the coastal site at a fairly high abundance 

(C1/J7: Fh = 5%). Genus Shewanella was more abundant in F. heteroclitus than in F. 

majalis in the Potomac River, but was similar in abundance in the coastal site/James 

River (P6: Fh = 2.7%, Fm = 0.3%; C1/J7: Fh = 1.3%, Fm = 1.3%). Endozoicomonas 

was at a lower abundance in F. heteroclitus than in F. majalis in the Potomac River, 

but was more abundant in the coastal site/James River (P6: Fh = 0%, Fm = 2.4%; 

C1/J7: Fh = 1.9%, Fm = 0.4%). Streptococcus was less abundant in F. heteroclitus 

than in F. majalis in the coastal site/James River, but was very similar between the 

two species in the Potomac River (P6: Fh = 0.9%, Fm = 0.8%; C1/J7: Fh = 0.4%, Fm 

= 2.6%). Methylobacterium was lower in abundance in F. heteroclitus than in F. 

majalis in the Potomac River, but was very similar between the two species in the 

coastal site/James River (P6: Fh = 0.6%, Fm = 1.7%; C1/J7: Fh = 0.4%, Fm = 0.4%). 
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Clostridium was less abundant in F. heteroclitus than in F. majalis in both river 

systems, but only by a tiny margin in the coastal site/James River (P6: Fh = 0.1%, Fm 

= 1.5%; C1/J7: Fh = 0.5%, Fm = 0.6%). Genus Spirochaeta was mainly only found in 

F. majalis in the James River (C1/J7: Fm = 2.5%). Cloacibacterium was lower in 

abundance in F. heteroclitus in comparison to F. majalis in both river systems (P6: Fh 

= 0.2%, Fm = 1%; C1/J7: Fh = 0.2%, Fm = 1%). Prevotella was less abundant in F. 

heteroclitus than in F. majalis in the coastal site/James River, but was very similar 

between the two species in the Potomac River (P6: Fh = 0.4%, Fm = 0.4%; C1/J7: Fh 

= 0.1%, Fm = 1.4%). Pseudomonas was at a higher abundance in F. heteroclitus than 

in F. majalis in the Potomac River, but was less abundant in the coastal site/James 

River (P6: Fh = 1.5%, Fm = 0.4%; C1/J7: Fh = 0.1%, Fm = 0.4%). Rothia also was at 

a higher abundance in F. heteroclitus than in F. majalis in the Potomac River, but was 

less abundant in the coastal site/James River (P6: Fh = 1%, Fm = 0.2%; C1/J7: Fh = 

0.1%, Fm = 0.9%; Figure 4.30).  

 

Multivariate Community Analyses 

Bray-Curtis dissimilarity comparative analyses resulted in significant 

differences between species within all similar geographical sites (PERMANOVA, p < 

0.01). PCoA plots of the Bray-Curtis dissimilarities indicated that the species in the 

Potomac River sites, F.  heteroclitus and F. diaphanus in fresh water and F. 

heteroclitus and F. majalis in the brackish water, are fairly similar to each other. On 

the other hand, the species in the James River sites are quite distinct from one another 

(Figures 33 and 34). The body site types that are more similar between the two species 
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(F. heteroclitus and F.  diaphanus) in the Potomac River fresh water are gill mucosa, 

foregut excreta, and foregut mucosa, whereas all body site types are fairly similar in 

both F. heteroclitus and F. majalis in the Potomac River brackish water.  

 

Microbial Hierarchical Clustering Analysis 

Hierarchical clustering analysis as depicted by the heatmaps based on Bray-

Curtis dissimilarities showed clustering within each geographical site. In freshwater 

Potomac River samples, both F. heteroclitus and F. diaphanus are intermingled for the 

most part with some species-specific clustering (Figure 4.35). In the James River 

freshwater site, more species-specific clustering is seen, separating F. heteroclitus 

from F. diaphanus with little mixing of the two species in the clusters (Figure 4.36). In 

brackish water Potomac River samples, the two species (F. heteroclitus and F. 

majalis) are mostly blended together, but with a few distinct species-specific clusters 

(Figure 4.37). Samples from brackish water James River and the coastal site show 

very distinct clusters separating F. heteroclitus and F. majalis with only a few samples 

intermixed (Figure 4.38).  

 

DISCUSSION 

 

Our results indicated that there are distinguishable differences between F. 

heteroclitus and F. diaphanus in the fresh water of both the Potomac and James Rivers 

and between F. heteroclitus and F. majalis in the brackish water of both river systems 

and this was portrayed in many different tests of diversity. Exploring the differences in 

the mean number of OTUs and Chao1 richness between the two species of Fundulus 
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in both fresh water and brackish water from both river systems revealed some 

interesting findings. Differences were found between F. heteroclitus and F. majalis at 

both brackish water sites (P6: F. heteroclitus > F. majalis; C1/J7: F. heteroclitus < F. 

majalis), whereas only the Potomac River contained substantial differences between 

F. heteroclitus and F. diaphanus in fresh water with F. diaphanus being higher 

(Figures 4.1 – 4.2, 4.5 – 4.6, Tables 4.1 – 4.4). The similarity in the mean number of 

OTUs and Chao1 richness between F. heteroclitus and F. diaphanus in the James 

River fresh water could be a result of one in, one out taxonomic turnover that could be 

functionally redundant, similar to what was observed in (Schmidt et al., 2015). 

Another study looking at the gut microbiome differences among 3 fish species, 

although not close relatives from the genus as in our study, also noticed small, 

insignificant differences in the mean number of observed OTUs and Chao1 richness 

between fish species collected from the same geographical sites although their 

numbers were much lower than ours (OTUs: 129 – 149; Chao1 richness: 175 – 208) 

(Larsen et al., 2014). Research examining the gut microbiomes of 12 bony fish and 3 

shark species revealed both similarities and differences among the fish species 

observed OTU numbers and Chao1 richness, but they were also much lower than our 

values (OTUs: 14 – 165; Chao1 Richness: 22.7 – 243), with wild mummichog 

(Fundulus heteroclitus) yielding the highest mean number of OTUs of the 12 fish 

species (Givens et al., 2015). The lower number of observed OTUs and Chao1 

richness estimates found in both of those studies are likely due to much lower 

sequencing depth per sample because they were sequenced on the Roche 454 

sequencing platform as opposed to the Illumina HiSeq platform.  
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When incorporating evenness along with richness, a couple of the species 

comparisons within sites switched directions.  In the freshwater sites of both rivers, 

there were large differences in Shannon diversity between F. heteroclitus and F. 

diaphanus (Figure 4.9, Tables 4.5 – 4.6), whereas in the brackish water sites, a 

difference was observed in the James River/coastal site between F. heteroclitus and F. 

majalis, but the two species were very similar in the Potomac River (Figure 4.10, 

Tables 4.5 – 4.6). This indicates that similarities that were seen between F. 

heteroclitus and F. diaphanus in the James River freshwater site were no longer 

similar once the abundances of those OTUs were taken into account.  

Examining the differences in the top bacterial taxa between the two respective 

species at their respective sites, fresh or brackish water, Potomac or James River, 

elucidate some interesting findings. In the freshwater sites (Figure 4.29), Aeromonas 

was identified as the top bacterial genus found in F. diaphanus, whereas F. 

heteroclitus contained Aeromonas at lower abundances than F. diaphanus, and instead 

they had two dominant players depending on the river in which they were collected, 

with one being Cetobacterium. The other dominating genus for F. heteroclitus was 

Lawsonia in the Potomac River and Rickettsiella in the James River. Aeromonas is a 

facultative anaerobe that forms biofilms and produces proteases which function to 

breakdown proteins (Pemberton et al., 1997) and have previously been found in fish 

(Schmidt et al., 2015, Skrodenytė‐ Aarbačiauskienė et al., 2008, Larsen et al., 2014, 

Roeselers et al., 2011, Zarkasi et al., 2014, Milligan-Myhre et al., 2016, Zhang et al., 

2016, Pakingking et al., 2015, Schmidt et al., 2016). Similarly, Cetobacterium are 

known to function in fermentative metabolism of peptides and carbohydrates and 
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produce vitamin B12 (Larsen et al., 2014) and have been found in many freshwater 

fishes such as channel catfish, largemouth bass, bluegill, zebrafish, goldfish, bighead 

carp, common carp, crucian carp, black mollies, mummichog, mahi-mahi, king 

mackerel, red drum, and grass carp (Rawls et al., 2006, Tsuchiya et al., 2008, Silva et 

al., 2011, van Kessel et al., 2011, Schmidt et al., 2015, Larsen et al., 2014, Givens et 

al., 2015, Roeselers et al., 2011). These two bacterial genera are similar enough based 

on functionality and help explain the differences in abundances of these two bacteria 

in the two fish species.  

Rickettsiella which was also found in James River F. heteroclitus at a high 

abundance, is a known pathogen of arthropods (Leclerque and Kleespies, 2012), 

however no pathogenicity of fish has been declared or studied to date. Due to the fact 

that F. heteroclitus are omnivorous, they could be obtaining these bacteria from 

consuming arthropods that specifically occur at only the James River freshwater marsh 

site, but may not be occurring in the beach location or F. diaphanus may not feed on 

those specific arthropods that harbor Rickettsiella. Lawsonia was found as the other 

top bacterial genus in F. heteroclitus from the freshwater Potomac River site. 

According to the literature, these bacteria are not commonly found in aquatic species, 

but instead are mostly found in pigs and some other mammalian and avian species 

(McOrist et al., 1995). However, Lawsonia intracellularis is related to a common 

aquatic environment bacterium, Desulfovibrio desulfuricans (Podar et al., 2015), at 

91% sequence similarity in the 16S rRNA gene (Gebhart et al., 1993) and could 

possibly cluster together in OTU selection in the particular 16S region we targeted for 

sequencing. There was only one bacterium that was present in one species but absent 
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in the other species in both rivers in the freshwater sites. Serratia was only found in F. 

diaphanus at ~2% abundance in both rivers. Serratia are opportunistic pathogens that 

form biofilms and have been found in soil, water, plants, and many animals, including 

fish (Grimont and Grimont, 1978, Baya et al., 1992, Akoachere et al., 2009, 

Skrodenytė‐ Aarbačiauskienė et al., 2008, Milligan-Myhre et al., 2016).  

In the brackish water sites of which both F. heteroclitus and F. majalis inhabit, 

bacterial composition disparities were observed (Figure 4.30). Vibrio was the most 

abundant bacterial genus in F. heteroclitus in both rivers, whereas Grimontia was the 

most abundant genus found in F. majalis. Vibro is composed of several pathogenic 

species to humans and other animals and are regularly found in marine environments 

(Schmidt et al., 2014). Not only are they important in human health, but they are also 

important in the aquaculture industry, in which they cause costly losses on farmed 

fish, shrimp, and mollusks (Austin and Austin, 2007). Vibrio is very well studied and 

has been identified in many fish (Schmidt et al., 2014, Schmidt et al., 2015, Smriga et 

al., 2010, Bano et al., 2007, Givens et al., 2015, Brown-Peterson et al., 2015, 

Roeselers et al., 2011, Zarkasi et al., 2014, Milligan-Myhre et al., 2016, Svanevik and 

Lunestad, 2011, Pakingking et al., 2015). Conversely, Grimontia was found to be the 

most abundant taxa in F. majalis. Grimontia is interesting in the fact that it was 

previously classified within Vibrio and is also known to be pathogenic (Hickman et 

al., 1982). Grimontia hollisae and Vibrio cholerae have a 16S rRNA sequence 

similarity of 91% (Thompson et al., 2003). The third most abundant genus in both 

Fundulus species in the Potomac River was Lawsonia. F. heteroclitus at the coastal 

site had a high abundance of Desulfovibrio, whereas F. majalis in the similar site or 
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either fish species in the Potomac River, for the most part did not contain any. As 

stated earlier, Desulfovibrio desulfuricans is closely related to Lawsonia 

intracellularis with a 16S rRNA sequence similarity of 91% (Gebhart et al., 1993). 

Desulfovibrio are sulfate reducers that have the capability of producing methyl 

mercury and are commonly found in marine environments (Podar et al., 2015).  

Two other bacteria were only found in one fish species at one geographical 

site, Spiroplasma in F. heteroclitus at the coastal site and Spirochaeta in F. majalis in 

the James River. Spiroplasma is a known aquatic pathogen (Ding et al., 2015), and 

Spirochaeta is commonly found in marine sediments and is an important component 

of the gut microbiomes of marine animals, however little is known about its ecological 

role (Munn, 2011). Cetobacterium was preferential to F. heteroclitus even in the 

brackish water just as in the fresh water. Photobacterium was at higher abundances in 

F. heteroclitus in both rivers, which was also previously classified under Vibrio and, 

depending on the species, are either pathogenic (Romalde, 2002) or bioluminescent 

symbionts (Widder, 2010). For the most part, both fish species in both the freshwater 

and brackish water sites and in both river systems maintained similar bacterial 

communities, although they were at times differing in abundance. This inter-specific 

variability could be indicative of slightly differing diets that could possibly be due to 

competition for the same niche spaces. The fish that are consuming more diverse diets 

could support a more complex gut microbial community structure as a result of the 

broader range of possible substrates available for nutrients for the core microbiome 

and the increased diversity of bacteria added to the gut from the different sources of 

food (Givens et al., 2015). The host microbiome is often a direct result of the diet 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

107 

consumed due to nutrient availability and neediness of bacterial metabolism of certain 

substrates within the host.  

According to the PCoAs, Bray-Curtis dissimilarities found the two species in 

both of the James River sites (fresh water and brackish water) to be vastly different, 

whereas the two species found in both of the Potomac River sites were still 

significantly different based on the Bray-Curtis PERMANOVA, but showed quite a 

bit of overlap in the PCoAs (Figures 4.33 – 4.34).  In the freshwater Potomac site, 

based on the PCoA, the microbial communities are more similar between F. 

heteroclitus and F. diaphanus in the more anterior body site types that come into 

contact more with the exterior environment. Once the bacteria travel past the foregut 

into the hindgut, the composition changes slightly and more away from each other in 

reference to the two fish species (F. heteroclitus and F. diaphanus). However, in the 

brackish water of the Potomac River, both F. heteroclitus and F. majalis have 

similarities at all body sites. The heatmaps displaying hierarchical clustering based on 

the Bray-Curtis dissimilarities portrayed similar results as the PCoAs.  

Other studies have shown that the microbial composition of fish is not a basic 

resemblance of the environment of which they live, instead it is the host-related 

factors that play more of a role in shaping the community structure (Roeselers et al., 

2011, Larsen et al., 2014, Ye et al., 2014, Li et al., 2015). In a study performed by (Li 

et al., 2012), distinguishable differences were observed in dominant bacterial gut taxa 

in four fish species, grass carp (Ctenopharyngodon idella), silver carp 

(Hypophthalmichthys molitrix), bighead carp (Hypophthalmichthys nobilis), and blunt 

snout bream (Megalobrama amblycephala), that were reared in the same environment. 
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Another study also found species-specific differences in gut microbiomes of bighead 

carp (Hypophthalmichthys nobilis) and paddlefish (Polyodon spathala) that were 

reared in the same pond (Li et al., 2014). On the other hand, (Roeselers et al., 2011) 

found a core set of bacterial genera (Aeromonas, Shewanella, Pseudomonas, 

Stenotrophomonas, Vibrio, Burkholderia, Diaphorobacter, Cetobacterium, 

Streptococcus, Bacillus, Cloacibacterium, and Propionibacterium), present in both 

wild-caught and cultured zebrafish, which is what we observed in this study. The core 

microbiota remained very similar between the two fish species in their respective sites, 

however the abundances differed tremendously in some bacterial taxa.  

In conclusion, we found the gill, foregut, and hindgut microbiomes of F. 

heteroclitus to be distinctively different from F. diaphanus in freshwater sites within 

both the Potomac and James Rivers and from F. majalis in brackish water sites in both 

rivers in the Chesapeake Bay. Each fish species pair maintained similar core 

microbiomes with bacterial genera abundances differing in large amounts for some 

taxa. These abundance differences indicate fish species-specific dominance of certain 

bacterial taxa over others. This could be preferential commensalism to a host species 

by the bacteria or vice versa or could be indicative of what the particular fish species’ 

diet is and how it differs from the co-habituating fish species. Since the fish in this 

study are wild-caught fish, their diets can be varying and very diverse. Therefore, 

more than likely the environment is not directly affecting the fish microbiomes, but 

the diet organisms within the given environment are likely the key players.  
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P1      J2.marsh and beach 

 
Figure 4.1. Change in number of OTUs across species (F. heteroclitus and F. 

diaphanus) in both the Potomac (left) and James (right) Rivers within the total 

microbiome data of fish samples for all body sites. The mean value (black dot) and 

sample density (violin box) in each site are also illustrated. 

 

P6.marsh and beach    C1 and J7 

 
Figure 4.2. Change in number of OTUs across species (F. heteroclitus and F. majalis) 

in both the Potomac (left) and James (right) Rivers within the total microbiome data of 

fish samples for all body sites. The mean value (black dot) and sample density (violin 

box) in each site are also illustrated. 
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P1      J2.marsh and beach 

 
Figure 4.3. Change in number of OTUs across body sites among species (F. 

heteroclitus and F. diaphanus) in both the Potomac (left) and James (right) Rivers 

within the total microbiome data of fish samples. The mean value (black dot) and 

sample density (violin box) in each site are also illustrated. 

 

P6.marsh and beach    C1 and J7 

 
Figure 4.4. Change in number of OTUs across body sites among species (F. 

heteroclitus and F. majilis) in both the Potomac (left) and James (right) Rivers within 

the total microbiome data of fish samples. The mean value (black dot) and sample 

density (violin box) in each site are also illustrated. 
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P1      J2.marsh and beach 

 
Figure 4.5. Change in Chao1 richness across species (F. heteroclitus and F. 

diaphanus) in both the Potomac (left) and James (right) Rivers within the total 

microbiome data of fish samples for all body sites. The mean value (black dot) and 

sample density (violin box) in each site are also illustrated. 

 

P6.marsh and beach    C1 and J7 

 
Figure 4.6. Change in Chao1 richness across species (F. heteroclitus and F. majalis) in 

both the Potomac (left) and James (right) Rivers within the total microbiome data of 

fish samples for all body sites. The mean value (black dot) and sample density (violin 

box) in each site are also illustrated. 
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P1      J2.marsh and beach 

 
Figure 4.7. Change in Chao1 richness across body sites among species (F. heteroclitus 

and F. diaphanus) in both the Potomac (left) and James (right) Rivers within the total 

microbiome data of fish samples. The mean value (black dot) and sample density 

(violin box) in each site are also illustrated. 

 

P6.marsh and beach    C1 and J7 

 
Figure 4.8. Change in Chao1 richness across body sites among species (F. heteroclitus 

and F. majalis) in both the Potomac (left) and James (right) Rivers within the total 

microbiome data of fish samples. The mean value (black dot) and sample density 

(violin box) in each site are also illustrated. 
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P1      J2.marsh and beach 

 
Figure 4.9. Change in Shannon diversity across species (F. heteroclitus and F. 

diaphanus) in both the Potomac (left) and James (right) Rivers within the total 

microbiome data of fish samples for all body sites. The mean value (black dot) and 

sample density (violin box) in each site are also illustrated. 

 

P6.marsh and beach    C1 and J7 

 
Figure 4.10. Change in Shannon diversity across species (F. heteroclitus and F. 

majilis) in both the Potomac (left) and James (right) Rivers within the total 

microbiome data of fish samples for all body sites. The mean value (black dot) and 

sample density (violin box) in each site are also illustrated. 
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P1      J2.marsh and beach 

 
Figure 4.11. Change in Shannon diversity across body sites among species (F. 

heteroclitus and F. diaphanus) in both the Potomac (left) and James (right) Rivers 

within the total microbiome data of fish samples. The mean value (black dot) and 

sample density (violin box) in each site are also illustrated. 

 

P6.marsh and beach    C1 and J7 

 
Figure 4.12. Change in Shannon diversity across body sites among species (F. 

heteroclitus and F. majilis) in both the Potomac (left) and James (right) Rivers within 

the total microbiome data of fish samples. The mean value (black dot) and sample 

density (violin box) in each site are also illustrated. 
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Figure 4.13. Bar plot of the top 30 bacterial phyla in all body sites (combined) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.14. Bar plot of the top 30 bacterial phyla in all body sites (combined) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.15. Bar plot of the top 30 bacterial phyla in all body sites (separated) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.16. Bar plot of the top 30 bacterial phyla in all body sites (separated) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.17. Bar plot of the top 30 bacterial classes in all body sites (combined) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.18. Bar plot of the top 30 bacterial classes in all body sites (combined) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.19. Bar plot of the top 30 bacterial classes in all body sites (separated) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.20. Bar plot of the top 30 bacterial classes in all body sites (separated) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.21. Bar plot of the top 30 bacterial orders in all body sites (combined) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.22. Bar plot of the top 30 bacterial orders in all body sites (combined) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.23. Bar plot of the top 30 bacterial orders in all body sites (separated) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.24. Bar plot of the top 30 bacterial orders in all body sites (separated) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.25. Bar plot of the top 30 bacterial families in all body sites (combined) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 

 



Texas Tech University, Jeremy E. Wilkinson, May 2017 

134 

 
Figure 4.26. Bar plot of the top 30 bacterial families in all body sites (combined) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.27. Bar plot of the top 30 bacterial families in all body sites (separated) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.28. Bar plot of the top 30 bacterial families in all body sites (separated) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.29. Bar plot of the top 30 bacterial genera in all body sites (combined) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.30. Bar plot of the top 30 bacterial genera in all body sites (combined) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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Figure 4.31. Bar plot of the top 30 bacterial genera in all body sites (separated) from 

both F. heteroclitus and F. diaphanus in both the Potomac and James Rivers. 
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Figure 4.32. Bar plot of the top 30 bacterial genera in all body sites (separated) from 

both F. heteroclitus and F. majalis in both the Potomac and James Rivers. 
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P1      J2.marsh and beach 

 
Figure 4.33. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in all 

body site types of F. heteroclitus and F. diaphanus samples in both the Potomac and 

James River sites in which they reside.  

 

P6.marsh and beach    C1 and J7 

 
Figure 4.34. Principal Coordinates Analysis based on Bray-Curtis dissimilarities in all 

body site types of F. heteroclitus and F. majalis samples in both the Potomac and 

James River sites in which they reside.  
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Figure 4.35. Heatmap of relative abundances of the top 30 bacterial genera by species 
(F. heteroclitus (red) and F. diaphanus (blue)) in the Potomac River site P1 for all 

body site types.  Samples and bacteria are sorted based on Bray-Curtis and Euclidean 

distances, respectively. 
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Figure 4.36. Heatmap of relative abundances of the top 30 bacterial genera by species 

(F. heteroclitus (red) and F. diaphanus (blue)) in the James River sites J2.marsh and 

beach for all body site types.  Samples and bacteria are sorted based on Bray-Curtis 

and Euclidean distances, respectively. 
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Figure 4.37. Heatmap of relative abundances of the top 30 bacterial genera by species 

(F. heteroclitus (red) and F. majalis (blue)) in the Potomac River sites P6.marsh and 

beach for all body site types.  Samples and bacteria are sorted based on Bray-Curtis 

and Euclidean distances, respectively. 
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Figure 4.38. Heatmap of relative abundances of the top 30 bacterial genera by species 

(F. heteroclitus (red) and F. majalis (blue)) in the James River sites C1 and J7 for all 

body site types.  Samples and bacteria are sorted based on Bray-Curtis and Euclidean 

distances, respectively. 
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Table 4.1. Results of the ANOVA, testing for differences in the number of OTUs 

among Fundulus species (F. heteroclitus vs. F. diaphanus (top) and F. heteroclitus vs. 

F. majalis (bottom)) in both the Potomac and James rivers. 

 

Number of OTUs      

F. heteroclitus vs. F. diaphanus Df Sum Sq Mean Sq F-value P-value 

P1 1 41558063.08 41558063.08 69.43 0.0001 

J2.marsh and beach 1 48850.39 48850.39 0.09 0.7618 

      

Number of OTUs      

F. heteroclitus vs. F. majalis Df Sum Sq Mean Sq F-value P-value 

P6.marsh and beach 1 728775.89 728775.89 1.69 0.1965 

C1 and J7 1 6818875.24 6818875.24 11.98 0.0008 

 

 

Table 4.2. Mean number of OTUs in both freshwater (top) and brackish water 

(bottom) locations in both the Potomac and James rivers. 

 

Mean Number of OTUs   
  F. heteroclitus F. diaphanus 

P1 1077.2 2201.47 

J2.marsh and beach 1085.8 1040.11 

   
  F. heteroclitus F. majalis 

P6.marsh and beach 1132.22 959.42 

C1 and J7 948.88 1445.83 

 

 

Table 4.3. Results of the ANOVA, testing for differences in the Chao1 Richness 

among Fundulus species (F. heteroclitus vs. F. diaphanus (top) and F. heteroclitus vs. 

F. majalis (bottom)) in both the Potomac and James rivers. 

 

Chao1 Richness      

F. heteroclitus vs. F. diaphanus Df Sum Sq Mean Sq F-value P-value 

P1 1 69774689.92 69774689.92 65.74 0.0001 

J2.marsh and beach 1 221686.29 221686.29 0.24 0.6242 

      

Chao1 Richness      

F. heteroclitus vs. F. majalis Df Sum Sq Mean Sq F-value P-value 

P6.marsh and beach 1 1328918.27 1328918.27 1.64 0.2034 

C1 and J7 1 8733450.24 8733450.24 8.32 0.0048 
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Table 4.4. Mean Chao1 richness estimates with mean standard errors in both 

freshwater (top) and brackish water (bottom) locations in both the Potomac and James 

rivers. 

 

Mean Chao1 Richness and Mean Standard Error 

  F. heteroclitus F. diaphanus 

P1 1647.61 ± 84.1 3104.38 ± 88.56 

J2.marsh and beach 1748.96 ± 96.22 1651.64 ± 90.35 

   
  F. heteroclitus F. majalis 

P6.marsh and beach 1816.94 ± 89.71 1583.61 ± 94.41 

C1 and J7 1605.49 ± 92.58 2167.9 ± 86.52 

 

 

Table 4.5. Results of the ANOVA, testing for differences in the Shannon Diversity 

among Fundulus species (F. heteroclitus vs. F. diaphanus (top) and F. heteroclitus vs. 

F. majalis (bottom)) in both the Potomac and James rivers. 

 

Shannon Diversity      

F. heteroclitus vs. F. diaphanus Df Sum Sq Mean Sq F-value P-value 

P1 1 57.56 57.56 46.37 0.0001 

J2.marsh and beach 1 14.95 14.95 13.9 0.0003 

      

Shannon Diversity      

F. heteroclitus vs. F. majalis Df Sum Sq Mean Sq F-value P-value 

P6.marsh and beach 1 0.02 0.02 0.03 0.8743 

C1 and J7 1 26.15 26.15 25.08 0.0001 

 

 

Table 4.6. Mean Shannon diversity in both freshwater (top) and brackish water 

(bottom) locations in both the Potomac and James rivers. 

 

Mean Shannon Diversity  
  F. heteroclitus F. diaphanus 

P1 2.8 4.12 

J2.marsh and beach 2.67 3.47 

   
  F. heteroclitus F. majalis 

P6.marsh and beach 2.8 2.83 

C1 and J7 2.52 3.5 

 

 

 


