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Hg contamination in riverine ecosystems is a persistent problem and clean-up 

efforts are a priority for EPA and local federal governments as potential methylation 

of Hg increases its toxicity due to its bioaccumulation and biomagnification in aquatic 

food chains. Understanding the microbial contribution to Hg contamination is of 

particular importance as microbial communities occupy the base of the food chain 

and the way they transform Hg has bottom-up effects to all trophic levels. The broad 

objective of this dissertation was to investigate the role of abiotic factors in shaping 

the composition, diversity and distribution of bacterial communities inhabiting 

floodplain soils of the East Fork Poplar Creek (EFPC), TN, and South River (SR), VA, 

chronically contaminated with Hg as a result of industrial processes. Analysis of soil 

samples from the EFPC by direct cultivation and isolation, revealed a metabolic-

dependent effect of Hg-stress on bacterial populations, with copiotrophs exhibiting 

higher mercury reduction potentials, as well as phylogenetic and functional diversity, 

than oligotrophs. As the great majority of the strains contained a merA gene in their 

genome, Hg-resistance in these isolates may have been conferred by the functions of 

the mercury resistance (mer) system. A total of 27 phylogenetic incongruencies were 

observed between this and the 16S rRNA genes of the isolates, suggesting that 
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horizontal gene transfer may play a role in Hg adaptation. The culture-independent 

method of 16S rRNA-fingerprinting was used to assess spatial distribution and 

diversity of bacterial communities along the Hg-contamination gradient in SR. Higher 

levels of diversity were obtained in communities that experience low as compared to 

high soil Hg levels. The best predictors of community diversity were pH, moisture 

and soil texture, whereas THg and geography were poor predictors. In this study a 

new merA-based t-RFLP method was designed to assess distribution and diversity of 

merA genes. Results show high levels of diversity for this gene and clustering based 

on geographical proximity. These findings highlight the impact of long-term Hg-

stress on microbial communities in riverine ecosystems and provide a micro-

ecological framework for future remedial actions in Hg contaminated sites.  
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Chapter 1 – Dissertation Introduction 

 

1. Historical Perspective – Mercury (Hg) 

-a. Global Distribution of Hg 

Hg has a global distribution, as a result of natural weathering of its primary 

deposit, the earth’s crust, and/or anthropogenic use in industries that release its 

vapor form to the atmosphere and its solid and soluble forms to the hydrosphere and 

pedosphere (Barkay, 2003). 

Hg is a heavy metal, which has a unique character in that it can exist as a 

metallic liquid and vapor and in different ionic salts at standard temperatures and 

pressures (Summers, 1986). Natural deposits of Hg result from the weathering of 

cinnabar and every class of igneous rock, which all contain trace concentrations of 

Hg, as well as from volcanic and geothermal emissions (Baldi, 1997, Osborn et al, 

1997). The abundance of Hg in the Earth’s crust, ranges from 21 to 56 ppb in the 

lower and upper crust respectively, as an element or a binary mineral in cinnabar 

(Barkay et al, 2003). Anthropogenic activity, estimated to account for approximately 

75% of the global input of Hg to the environment, has contributed to the widespread 

release of bioavailable Hg through processes such as burning of fossil fuels, the 

production of chloroalkali, electrodes and batteries, and dental restorations (Barkay 

et al, 2003, Osborn et al, 1997).  

 

-b. Hg in Antiquity 

Hg has been recognized as an element by scholars and philosophers since 

ancient times. In Greece, during the 4th century BC, the comic dramatist Phillipos 

mentioned Hg as a way to explain the movement of a wooden statue of Aphrodite, 

saying that the sculptor Dedalos had poured quicksilver (another name for Hg) into 

it.  
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As early as the 6th century BC in Greece and much earlier in Asia Minor, it was 

recognized that Hg is associated with cinnabar, a glossy red mineral that occurs 

naturally in areas of volcanic activity. And in the 3rd century BC, Theophrastus, who 

succeeded Aristotle in presiding over the Peripatetic school in Plato’s Academy, 

described the isolation of Hg from cinnabar, which is the first mention of isolating 

any metal from its ore (Theophrastus, 3 BC). The process involves using cinnabar 

mixed with vinegar and ground in a copper vessel with a copper pestle. The Hg is 

released by volatilization from cinnabar and the sulfur combines with copper to form 

copper sulfide, which was used as a treatment for leg ulcers and open wounds by 

Hippocrates. This is the first account of Hg having practical uses, until the first 

century BC, when Vitruvius, a Roman architect, described the extraction of gold from 

its ore, using an old cloth and quicksilver (Takacs, 2000).  

 

-c. Hg in the Post-Industrial Era 	  

Although Hg was recognized as an element having practical uses since 

antiquity, its toxicity was discovered about 60 years ago. By then Hg was being used 

widely as a disinfectant (thimerosal and mercurochrome) and in many industrial 

processes as a catalyst (FDA). In the early 1950’s inhabitants of Minamata Bay, 

Japan, exhibited neurological disorders such as cerebellar ataxia, dysarthria and loss 

of hearing. Scientists linked the increase in neurological disorders to the fish caught 

in the bay and consumed by the human population. Fish were found to contain high 

level of methyl Hg, a neurotoxic substance. The contamination was finally attributed 

to Nihon Chisso Hyrio Corporation, which discharged their waste effluent from the 

production of acetaldehydes, using Hg(II) as a catalyst, to the bay (Clarkson, 2002).  

These neurological disorders, distinctly named Hg poisoning, were also 

observed in the early 1970s in Iraq. This time the poisoning was attributed to the 
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consumption of rice originating from Mexico. The seed grains had been treated with 

short-chain alkyl Hg against fungal infection (Bakir, 1973).  

Soon thereafter, microbial Hg transformations in the environment were 

discovered. The bacterium Staphylococcus aureus detoxified its cellular surroundings 

from both methyl and elemental Hg in nosocomial settings (Novik and Roth, 1968, 

Richmond and Madeleine, 1964, Moore, 1960), and other bacteria methylated Hg(II) 

in aquatic sediments (Baldi, 1997, Swedish Expert Group, 1971). This was a 

landmark discovery because bacteria are at the base of the aquatic food chain. Thus 

methyl Hg produced by bacteria, bioaccumulates and biomagnifies in “higher” 

organisms from plankton to herbivores to top fish predators, such as tuna and 

sharks, and finally to humans, causing degeneration of the central nervous system 

leading to Hg poisoning as was the case in Minamata Bay and Iraq. 

Since then, Hg resistant bacteria have been isolated from various habitats 

such as water, sediment, soil, and clinical samples (Osborn et al, 1997). Hg 

resistance genes of Gram negative bacteria have been isolated from immense 

geographical distances and are virtually identical to those of the two prototype mer 

operons pKLH2 or Tn5041 representing a well defined subdivision of mer operons 

carried by Gram negative bacteria which diverged almost a billion years ago from 

mer operons of Gram positive bacteria, which also have a worldwide distribution 

(Bogdonova, 1998, Nakamura and Silver, 1994, Yurieva et al, 1997).  

 

2. The Mercury Detoxification Mechanism: mer operon 

 The most efficient Hg detoxification mechanism among microorganisms is 

conferred by the mercury resistance (mer) operon, which is comprised of genes that 

encode proteins of regulatory, transport and enzymatic functions (Osborn et al, 

1997). In a typical Gram negative mer operon there are 4-5 structural genes, 

merTPCA(B), downstream from the mer operator/promoter region. In addition, two 
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regulatory proteins are encoded by merR and merD. The protein MerP is a small 

periplasmic protein that binds Hg(II) by displacing any ligand attached to it with its 

two cysteines. It then exchanges Hg(II) to the two cysteine residues found in the 

inner membrane spanning protein MerT. MerT transports Hg(II) in the cytosol where 

it interacts with MerA, the mercuric reductase enzyme, and gets reduced to Hg0, a 

volatile, lipid soluble form, that diffuses through the membrane without the 

assistance of efflux pumps (Barkay et al, 2003, Summers, 1992). Some mer operons 

have an additional gene, merB, which encodes the organomercurial lyase (MerB), 

enabling resistance and reduction of organomercury compounds.  

Mercuric reductase (MerA) is a flavin-dependent disulfide oxidoreductase that 

shares great structural similarities, with other proteins of this family, among them, 

glutathione reductase, and thioredoxin reductase. They also share functional 

similarities, as they all protect cells from oxidative stress (Clarkson, 2002, 

Bogdonova et al, 1989, Summers, 1986). These similarities have set the foundation 

for the widely accepted hypothesis that all these proteins share a common ancestor. 

Furthermore, while structural similarities between Gram positive and Gram negative 

MerA proteins, suggest a shared common ancestor, they also exhibit certain distinct 

structural traits to infer divergence in their evolution (Bogdonova et al, 1989). 

 

3. The Soil Ecosystem and HgR Bacterial Communities  

Soil is a three-dimensional natural body comprised of 4 abiotic components: 

air, water, inorganic and organic matter. The different proportions of these 4 

components play a fundamental role in the formation of gradients in the soil, 

rendering it a highly heterogeneous environment, which supports microbial 

communities of highly diverse taxonomy and functionality. For example, the 

prokaryotic diversity is the lowest in cultivated forest soils, with 1.4 x 107 cell/g and 

35 genome equivalents, calculated by comparison to the E. coli’s 4.1 x 106 bps 
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genome, while pasture soils show the highest abundance of 1.8 x 1010 cell/g and 

3500-8800 genome equivalents (Torsvik, et al, 2002) 

Microbial cells inhabit soil micro-particles of a few micrometers diameter, 

which are sometimes thought of as islands, and respond acutely to changes in 

biotic/abiotic factors. Their fitness depends on two kinds of adaptation strategies. 

Physiological strategies, which allow microbes to properly interact with the 

immediate biotic/abiotic environment, and metabolic strategies, that enable microbes 

to sense the concentration of compounds along a gradient and “fine-tune” their 

metabolism to these locally-determined conditions (vanElsas, et al, 2007).   

Environmental stress such as climate change and heavy metal pollution 

influence the community composition as well. Short-term Hg stress, at the soil 

aggregate dimensions, caused no significant change in the abundance of the total 

heterotrophic bacterial community, while the HgR populations’ abundance increased. 

The outer fractions of soil aggregates had the most pronounced increase in the 

abundance of HgR bacteria, which were found to be taxonomically related to Gram 

negative bacteria (Ranjard et al, 1997). 

Freshly added Hg to soil microcosms on the other hand caused a significant 

change in abundance of both total heterotrophic and HgR populations. Hg-stress led 

to a 10-fold increase in the heterotrophic populations (108 CFU/g), while HgR 

communities increased by 5 orders of magnitude replacing all other heterotrophic 

populations after 18 days of incubation. The total phylogenetic diversity of the 

heterotrophic community decreased and was replaced by fast-growing HgR 

populations. In contrast, the functional diversity based on sole carbon source 

utilization by Ecoplates®, remained the same throughout the incubation and is 

indicative of Hg adaptation and selection of a few abundant HgR species capable of 

utilizing a broad variety of carbon sources (Rasmussen et al, 2001).  
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Finally, long-term Hg stress along a gradient, showed that the highest HgR 

heterotrophic community abundance is at the point source, while the highest total 

heterotrophic abundance is observed away from the point source. The phylogenetic 

diversity followed the same pattern, while the functional diversity, determined by 

sole carbon source utilization by Ecoplates®, remained undisturbed across the 

gradient (Muller et al, 2001). 

 In all these studies irrespective of the duration of Hg contamination, one can 

observe the same patterns in the phylogenetic and functional diversity of the 

heterotrophic microbial communities. Namely, in the presence of Hg stress, total 

heterotrophic populations are slightly affected, HgR-populations become more 

abundant, and the functional diversity remains the same as if not influenced by the 

stress.  

   

4. Effect of Disturbance and Stress on Diversity and Ecosystem Functions 

Little is known about the effect of Hg contamination on bacterial communities 

of floodplain ecosystems such as the East Fork Poplar Creek (EFPC), TN, and the 

South River, VA. In general, increased stress, in the form of metal contamination, 

increased competition for limited resources or a sudden change in the local 

environment of bacterial communities, leads to a decrease in diversity. This 

manifests in the loss of ecosystem functions and a decrease in species evenness, a 

measure of redundancy of ecosystem functions in a community. A selection of 

species with specialized functions, such as Hg detoxification, ensues (Kis-Papo, 

2003).  

This “purifying effect” is more pronounced at the highest end of the 

disturbance/stress gradient, similar to the 2 extremes of the r & K continuum, and/or 

in cases where the chemical conditions in the environment don’t alleviate the stress 

by reduction of its bioavailability (ie. HgS). The resistant and/or resilient populations, 
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work to detoxify their immediate environment and given enough time, the local 

environment returns to pre-disturbance conditions, where ecosystem functions and 

evenness are restored and equilibrium is reached again (Allison et al, 2008, Kis-

Papo, 2003). 

The time it takes to return to equilibrium depends on the specialization and 

redundancy of functions in a given community. These 2 factors also determine how 

stable an environment is in response to outbreak (Elton, 1958), drought (Tillman, 

1996) or any stress for that matter. The tropics exemplify a stable environment 

where diversity is high due to specialization and redundancy of functions occurring 

simultaneously (Dobzhansky, 1950).  

 

-a. Oligotrophs and Copiotrophs 

 Oligotrophs preferentially inhabit niches of low substrate concentration and 

energy flow although they tend to remain at constant levels in soil, irrespective of 

local environmental conditions (Semenov, 1991). They metabolize and reproduce 

under conditions of limited resources at relatively low growth rates (Van Elsas, 

2007), as they have effective systems for uptake of both organic and inorganic 

nutrients at low concentrations, a low energy source:biomass ratio and the O2 

uptake rate is low (Koch, 2001, Semenov 1991). 

The term oligotroph was coined by Weber in 1907, and to complement it, in 

1981, Pointdexter, invented the term copiotroph (Koch, 2001, Pointdexter, 1981). 

These heterotrophic organisms metabolize and reproduce at high growth rates, if and 

only if resources are abundant in the easily oxidizable organic form (Palijan, 2008, 

Van Elsas, 2007). 
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 -b. r & K Strategists 

Life history traits are used by theorists to shed light on the evolutionary 

forces that shape the fitness of organisms (Pianka, 1970). In microbial ecology body 

size cannot be used as a distinguishing factor as they all share the same size, yet 

microbes like “higher organisms” have evolved strategies based on other life history 

traits such as growth, metabolism and fecundity, that enable them to survive and 

successfully maintain themselves within communities. One such theory is that of r & 

K strategists, a term coined by MacArthur and Wilson (1967) as part of island 

biogeography (MacArthur and Wilson, 1967). In terms of theory, r strategists are 

ecologically equated to copiotrophs, on the grounds that they both are better fitted 

in unstable and transient environments, of no crowding, where organic nutrients are 

of the easily degradable form and metabolites are invested in biosynthesis and 

reproduction (Semenov 1991). Thus, evolution here is thought to favor productivity 

(MacArthur and Wilson, 1967).   

On the other side of the spectrum, K strategists resemble oligotrophs, as they 

share physiological responses to life in stable environments of low resources and 

high crowding conditions. In response to the increased competition for territory at 

carrying capacity, K-strategists have evolved anticompetitor adaptations in the form 

of antibiotic and toxin production (De Leij, 1993, Pianka, 1970). Interestingly 

enough, r-strategists have been shown to be sensitive to antibiotics such as 

streptomycin and cyclohexamine (Stenstrom, 2001). In K-selection evolution favors 

efficiency of conversion of food into reproduction, since resources are so limited that 

wasting them would be detrimental to fitness and survival (MacArthur and Wilson, 

1967, Dobzhansky, 1950).  

r and K strategists are always present in the environment, in a continuum, 

determined by substrate bioavailability at any given time. Under conditions of high 

substrate availability, r can reach up to 100%, while under low substrate availability, 
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r ranges anywhere from 5-20% of the total community, a shift that takes only a few 

days in a controlled lab setting (Stenstrom, 2001). The heterogeneity of the soil 

environment whose spatial structure is patchy, consisting of diverse niches, allows 

for the co-existence of r & K strategists. Which further substantiates the fact that soil 

microbiologists find consistently bacteria representing all strategies (Ettema, 2002). 

Although, historically r & K selection has been described in terms of species 

adopting these strategies, it is thought that an environment is in a K-state when it is 

pristine, undisturbed and where resource availability is limited. It follows that a 

disturbed and/or in early succession transient environment is at r-state (Deleij, 

1993). In general oligotrophic environments have higher evenness and spp. richness 

than copiotrophic environments (Torsvik et al, 2002, McCaig et al, 2001, Finkel and 

Kolter, 1998) 

 

-c. N2 fixation & Organic Matter Decomposition 

Organic matter decomposers, belonging to families of the Phylum 

Actinobacteria, breakdown complex organic compounds, such as cellulose, lignin and 

chitin releasing readily bioavailable substrates like glucose from high molecular 

weight plant and fungal polymers (Ventura et al, 2007). Other ecosystem services 

carried out by Actinobacteria include, but are not limited to, symbiotic N2 fixation, 

antibiotic and extra-cellular polysaccharide production, spore formation and 

production of probiotic secondary metabolites (Conn and Franco, 2004, Graph et al, 

1995).  

Strains of N2 fixers are found in 38 bacterial genera, mainly among divergent 

groups within the alpha Proteobacteria and the Purple Sulfur, and secondarily among 

the Green Sulfur and Green Non Sulfur groups (Dixon and Wheeler, 1986). They are 

also found among Actinomycetes, Cyanobacteria and the Archaea. They are 

metabolically diverse, partaking in autotrophy/heterotrophy/photosynthesis, and 
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they can be symbiotic or free-living, respiring oxygen or just nitrate. In nature they 

exist as filaments or single cells (Patriarca et al, 2002). In the nitrogen cycle, 

denitrifiers lead to the loss of nitrogen, and N2 fixing organisms turn it back. N2-

fixation is a highly important ecosystem service as it turns nitrogen into the 

bioavailable form, to be used for amino acid synthesis and also because the plant-

symbiont becomes autotrophic for nitrogen after colonization by the N2-fixing 

bacteria. When in symbioses with plants, N2-fixers are supplied with ample amounts 

of glucose by the host (Patriarca et al, 2002). In free-living conditions, N2-fixers 

depend on the organic matter decomposers for the supply of easily degradable 

glucose. N2-fixers of the alphaproteobacterial genus Rhizobia are able to lead a free-

living existence, but are unable to fix nitrogen in the absence of a host plant (Gadkill, 

1959).  

N2 fixers and organic matter decomposers, exemplify K strategists. Usually, 

Actinobacterial and alphaproteobacterial communities in soil remain constant in both 

species richness and composition across treatment gradients. Alphaproteobacteria 

constitute 18% on average of the total microbiota in the soil system depending on 

the soil type, while Actinobacteria constitute 13% on average of the total community 

(Spain et al, 2009, Nemergut, 2008, Jansenn, 2006). 

In environments where these two guilds co-exist, N2 fixers provide 

Ammonium (NH4
+) and decomposers provide glucose. This is an essential exchange 

as short supply of either resource limits the rate of both functions. In C-poor 

environments, the very elaborate nitrogenase complexes, essential for N2-fixation, 

cannot be produced as they are metabolically expensive, thus N2-fixers suffer losses. 

In turn, the N-limitation, affects decomposers, who make a substantial investment in 

the decay of lignin for its high N-content and in the process readily bioavailable 

compounds rich in C-content are released and used to carry out ecosystem services 

such as N2-fixation (Nemergut, 2008, Ventura et al, 2007, Craine et al, 2007). 
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-d. Hg Detoxification 

As there is no-known biological function to Hg and because of its ubiquitous 

presence in all spheres, bacterial communities have evolved a variety of resistance 

mechanisms to detoxify their cells and the surrounding environment from the toxic 

metal (Summers, 1986). It has been reported that 1-10% of all heterotrophic 

aerobic cultured bacteria in a given community are HgR, by the enzymatic activity of 

proteins encoded by the genes of the mercury resistance (mer) operon (Barkay, 

1987). This is the most efficient of all microbial Hg detoxification mechanisms thus it 

qualifies as an evolutionary stable strategy (ESS; Maynard Smith, 1974).  

Rasmussen et al, (2001) and Muller et al (2001), independently reported that 

in controlled lab experiments, addition of Hg to soil microcosms results in a ≥ 5x 

increase of the HgR populations. They explain the phenomenon in terms of r & K-

selection. HgR populations are deemed r-strategists, which replace the Hg sensitive 

(HgS) K-strategists. This explanation is contrary to observations that 

alphaproteobacteria and Actinobacteria (N2-fixers and organic matter decomposers), 

classic K-strategists, become more abundant in metal contaminated environments 

(Sandaa, 1999). It is true and well documented, that Hg addition to soil causes 

oxidative stress to cells, leading to lysis and death (Casucci et al, 2003, Barkay, 

1987, Komura and Izaki, 1971). Thus fast growing r-strategists are selected as the 

first responders to deal with disturbance caused by the nutrient rich cell exudates 

and K-strategists, a minority of the community, rip off the benefits of the service 

that r-strategists provide. Thus on the oligotrophic/copiotrophic gradient the majority 

of bacteria are indeed r-strategists (Pianka, 1970).  

In contrast, on the Hg gradient, resistant organisms, that detoxify their 

immediate environment are selected, and HgS die off or rip the benefits of the 

detoxification provided by the HgR. Lenski and Hattingh (1986) found that resistant 

and sensitive populations do co-exist in the presence of metal or antibiotic 
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contamination in model systems (Lenski and Hattingh, 1986), and Slater et al (2010) 

found that Hg stress felt in sub-millimeter scale gradients in soils selected for HgR 

populations in distances 180-350 µm away from the source, HgS populations further 

than the 350 µm mark, and no cell growth was detected closer than the 180 µm 

mark (Slater et al, 2010). 

The co-occurrence of the oligotrophic/copiotrophic and Hg-stress gradients 

may be better explained by the 3 response strategies of plants described by Grime 

(1977), as opposed to the animal-based r & K strategies (Grime, 1977). In the plant 

model, there is a ruderal (R), a competitive (K) and a stress tolerant (S) strategy, 

and in situations where the intensity of both disturbance and stress are low, the 

competitive strategy is selected. In high disturbance and low stress levels, the 

ruderal strategy outcompetes the rest. And, in low disturbance and high stress levels 

the stress-tolerant strategists dominate in the community. Finally, no viable strategy 

exists when the intensities of both disturbance and stress are high, while the 3 

coexist in intermediate levels of competition (carrying capacity), disturbance and 

stress (Grime, 1977). Indeed, Kim et al (2008), showed that spatial structure in the 

form of patchy habitats, stabilized synthetic multispecies bacterial communities of 

N2-fixers, organic matter decomposers, and antibiotic resisters in a lab setting, under 

oligotrophic conditions, and the separation distance that allowed for the stable co-

existance of the 3 species is 0.6 mm (Kim at al, 2008). 

 

5. Horizontal Gene Transfer (HGT)  

In Macro-ecology, environmental stress or perturbation, affect the community 

differentially, depending on the initial biodiversity exhibited by the community. In 

general, communities with high levels of phylogenetic biodiversity and redundancy in 

their ecosystem functioning (evenness), are more resilient and resistant to stress 

and they tend to return to pre-stress equilibrium fast (Wittebolle et al, 2009, 
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MCGrady-Steed & Morin, 2000, Tilman 1996, Tilman & Downing, 1994).  

In Micro-ecology, on the other hand, the positive association between 

biodiversity and resistance to stress is not as straight-forward. The primary reason 

for this disconnect is the overwhelming diversity of microorganisms that makes it 

impossible to identify individual taxa and relate them to ecosystem processes (Allison 

and Martiny, 2008). Another process that complicates the picture even more, is 

horizontal transfer of environmentally beneficial traits conferring antibiotic and metal 

resistance, xenobiotic degradation, and even photosynthesis and N2-fixation (DeLong 

et al, 2006, Tyson et al, 2004, Top and Springael, 2003). These traits are selected 

for and magnified when bacterial communities are under stress or disturbance. HGT 

results in smudging taxon barriers among members of the community since readily 

available “anti-stress” gene libraries can be shuffled around irrespective of the 

members’ phylogeny. Thus HGT improves the community’s resistance to stress at 

levels that would have been impossible had that community relied solely on its own 

“chromosomal” diversity (Gelder et al, 2008, Slater et al, 2008, Gogarten and 

Townsend, 2005).  

HGT is the exchange of genetic material among populations of donor and 

recipient prokaryotic cells that have no parent-offspring association (van Elsas and 

Bailey, 2002). HGT can be thought of as the equivalent of sexual reproduction in 

higher organisms, as both processes lead to genetic variation (Levin and Bergstrom, 

2000). The three essential mechanisms that facilitate HGT are transformation, 

transduction, and conjugation (Davison, 1999) and the newly discovered membrane 

vesicles that ferry plasmids in the nosocomial pathogen Acinetobacter baumannii 

(Rumbo et al, 2011).  

The abiotic factors that determine the effectiveness of HGT are: nutrient 

availability, presence of surfaces, clay content, water holding capacity and 

temperature (Hill and Top, 1998, Ashelford, 1997, van Elsas and Trevors, 1990). 



	   	   	  

	  

14 

HGT is accelerated, when members of the community share genome size, G+C 

content, and carbon utilization, and is independent of physical proximity of 

exchanging communities (Jain et al, 2003). The mobile genetic elements (MGE) that 

carry out these transfer processes are prophages, plasmids, integrons and 

transposons (van Elsas and Bailey, 2002). Housekeeping genes are not usually 

carried by MGE, yet there are cases such as the Rhizobium sp. NGR234 536 Kb 

megaplasmid, which carries a wide array of functional genes essential for symbiotic 

N2-fixation (Perret, et al, 1999). 

Through HGT, mer determinants get disseminated globally. mer operons 

isolated from immense geographical distances are virtually identical to those of the 

two prototypes carried on transposon (Tn5041) and in plasmid (pKLH2) (Bogdonova, 

1998, Yurieva, 1997,	  Nakamura & Silver, 1994). merA genes isolated from organisms 

affiliated to a wide range of Taxonomic groups, show phylogenetic incongruencies, 

when compared to the 16S rRNA genes, further supporting that HGT influences the 

evolution of this gene (Lal and Lal, 2010, Osborn et al, 1997).  

Also, analysis of proteins specific to Actinobacterial species, were also 

encoded by the genome of the alphaproteobacterial Magnetospirillum 

magnetotacticum, leading to the hypothesis that these genes were transferred by 

HGT (Gao et al, 2006). Finally, in members of the N2-fixing Rhizobia, genes essential 

for symbiosis with leguminous-plants are carried in both chromosomes and plasmids 

and show a mosaic structure, suggesting evolution through HGT as is the case for 

the two mer operon prototypes (Gonzalez et al, 2006, Gonzalez et al, 2003, 

Bogdonova, 1998, Yurieva, 1997).  

The specific conditions under which these elements can be maintained and 

get established in bacterial populations are still elusive (Bergstrom et al, 2000). It is 

thought that plasmids can be infectiously transmitted and maintained as a result of 

selection sweeps. Selection sweeps occur when mutation or immigration of a favored 
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gene carried in a plasmid appears in populations and through selection reaches high 

frequencies leading to reduction of populations’ genetic diversity (“purifying effect”) 	  

(Kis-Papo, 2003). Besides selective sweeps, it is thought that plasmids are 

maintained, as they provide beneficial or “exotic” genes that bacteria could not 

otherwise afford to carry since their genomes are under selective pressure to be 

small and flexible (van Elsas and Bailey, 2002,	  Lilley et al, 2000)	  

	  

6. Biogeography  

 Biogeography is the study of the distribution of taxonomic groups that is 

influenced by climate. Macroscopic plant and animal species show limited 

distributions across geographical gradients of habitat area, isolation and latitude 

(Horner-Devine at al, 2004, MacArthur and Wilson, 1967). The spatial structure of 

macrobes is thus predictable and dependent on climate, dispersal barriers, 

speciation, extinction and historical contingencies over geological and evolutionary 

times (Martiny et al, 2006, Green et al, 2004). 

 The spatial distribution of microbial taxonomic groups is not as clear, nor as 

predictable. Bacteria have a cosmopolitan distribution rather than a local one, 

because they are not affected by climatological and geological phenomena the same 

way macrobes do. Bacterial distribution is not influenced by barriers in dispersal, that 

would lead to speciation, as an estimated 1018 viable cells are transported through 

the atmosphere across continents (Escobar-Paramo et al, 2005). Bacteria also 

exhibit low negative interactions and enormous population sizes thus extinction 

events are rare, and species richness is high, based on the equilibrium theory of 

island biogeography (Falkowski et al, 2008, MacArthur and Wilson, 1967). 

Taken together, high dispersal ability and low local extinctions, attest to the 

observed cosmopolitan microbial distribution, which doesn’t always abide to the 

species/area relationship that explains so consistently all ecological patterns of 
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macrobial species (Reche et al, 2005, Horner-Devine at al, 2004, MacArthur and 

Wilson, 1967).  

Baas Becking and Beijerinck, first formulated this distinctive feature of 

bacterial species, in the famous statement “everything is everywhere, but the 

environment selects” (de Wit and Bouvier, 2006, Baas Becking, 1934, Beijerinck, 

1913). They observed that specific types of enrichments would always select for 

particular functions irrespective of active or dormant metabolic activity in their 

natural habitat, thus they concluded that bacterial distribution can be understood 

solely in terms of habitat properties and requires no historical explanation. 

 Indeed, Fierer and Jackson (2006) showed, that distribution of soil bacteria 

along a continental-wide latitudinal gradient, was not random, but showed different 

patterns than those observed in macrobes. Bacterial composition and diversity in 

soils based on t-RFLP fingerprints was highly correlated with pH and not with mean 

annual temperature and potential evapo-transpiration as is the case for plant and 

animal communities at this scale.  

 Examination of genetic divergence among taxonomic groups based on the 

16S rRNA gene found in the “island-like” hot spring environments, also agrees with 

“the environment selects” statement (Papke et al, 2003, Whittaker et al, 2003). Yet 

when greater phylogenetic resolution is employed, by examination of protein-coding 

loci, genetic distances do increase proportionally with geographic distance (DeBruyn 

et al, 2011, Whittaker et al, 2003). This finding is in accordance with the theory, that 

for bacteria, geographical patterns should be based on the core metabolic 

machineries, and not on taxonomic groups, as these machineries are maintained and 

unperturbed over evolutionary times (Falkowski et al, 2008). This type of 

examination is very attractive, as it bypasses the need for a distinct species concept 

for microbes, which do not fit the biological (Mayr, 1942), ecological (Van Valen, 

1976) and morphological (Cronquist, 1988) species concepts. 
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 Finally, another factor that contributes to the delinquent behavior of bacteria 

to geographic distribution patterns, is the horizontal transfer of genes. These events 

are independent of both taxonomic groupings and of physical proximity of 

exchanging populations, allowing bacteria to overcome constraints to genetic 

diversification and isolation mechanisms that would otherwise limit their distribution 

(Jain et al, 2003, van Elsas and Bailey, 2002, Davison, 1999).   

  	  

7. Study Scope and Objectives 

The central scope of this study is to determine the effects of long-term Hg 

contamination on the phylogenetic, functional, and metabolic diversity of HgR 

bacterial communities in riverine floodplain ecosystems. The floodplains of the East 

Fork Poplar Creek in Tennessee, and of the South River in Virginia are ideal sites for 

this study as they were contaminated with Hg, by industrial processes for about 10 

years, 60 years ago.  

 

Specific Objectives: 

1. Determine the effect of nutrient availability and Hg stress on the diversity and   

    abundance of HgR and HgS bacteria in the floodplain samples. 

2. Isolate HgR bacteria and assess their phylogenetic distribution by comparing  

    isolates’ 16S rRNA gene sequences to those of known organisms. 

3. Assess prevalence of mer determinants among the isolates to determine the  

    specific mechanism of Hg detoxification employed by the HgR community.  

4. Determine incidences of Horizontal Gene Transfer (HGT) among the HgR isolates  

    based on  

-a. phylogenetic incongruencies between 16S rRNA gene sequences and MerA   

     amino acid sequences 

-b. G+C content anomalies between 16S rRNA and merA gene sequences 
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-c. presence of plasmids in HgR bacterial genomes 

5. Determine diversity and coverage of the sampling effort based on 16S rRNA and  

    merA gene sequences. 

6. Determine ecosystem services provided by HgR bacterial isolates in the Carbon  

    and Nitrogen cycles. 

7. Design and test a culture-independent method, targeting merA genes directly  

    from environmental samples, to overcome limitations of culturing, and assess  

    their diversity. 

8. Study biogeography patterns along a gradient of Hg contamination to assess the  

    influence of climate on the distribution of taxonomic groups in the floodplain    

    ecosystem. 
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Chapter 2 - Effect of Nutrient Disturbance and Mercury Stress on Diversity of 

Floodplain Bacterial Community (EFPC Floodplain) 

 

Introduction 

The Oak Ridge Reservation (ORR) in Tennessee (TN) was built in 1942, as 

one of the many sites of the Manhattan Project, whose main purpose was to 

manufacture nuclear weapons. The ORR contained 4 industrial plants in total, among 

which, the Y-12 National Security Complex (Y-12 NSC) plant was used initially for 

the enrichment of Uranium-235 (235U) from the heavier 238U by electromagnetic 

separation processes (Figure 2.1). In the late 40s, the Uranium operations ceased in 

the Y-12 plant and were replaced by the production of Lithium isotopes 6Li and 7Li 

(Brooks and Southworth, 2011).  

Lithium-7 isotope was in increasing demand, for its potential use in molten 

salt reactors for the aircraft nuclear propulsion program, and 6Li isotope was used for 

the production of thermonuclear weapons. Lithium isotope separation, was achieved 

by the Column Exchange Process (COLEX) in the Y-12 plant, using liquid elemental 

mercury (Hg) to dissolve 6Li. It has been estimated that in the 13 years of 6Li 

production, 11 million Kilograms of Hg were used, and about 3% were released into 

the air, soil and waters of the East Fork Poplar Creek (EFPC), which originates on the 

Y-12 plant and spans 24 kilometers from East to Northwest, flowing into the Poplar 

Creek, a tributary of the Clinch river (Brooks and Southworth, 2011, Barnett and 

Turner, 2001, Campbell et al, 1998).  

Although the operations for the Lithium isotope separation in the Y-12 plant 

have ceased for 60 years now, Hg levels in the air, soil, water environments of the 

EFPC and its associated biota are considerably high (the State of TN’s Hg limit in 

water is 51 ng/L and EFPC level is ~200 ng/L). It is thought that groundwater in the 

headwaters of EFPC, heavily contaminated with dissolved Hg, enters the surface flow 
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under wet conditions, thus keeping the Hg in the EFPC at high levels (Campbel, 

1998). Inorganic Hg is subsequently used as a substrate in the formation of Methyl 

Hg (MeHg), the neurotoxic substance that poses serious health risks (Gu et al, 2011, 

Barnett and Turner, 2001). 

Mercury in EFPC soils is found primarily in the mercuric sulfide (HgS) form, 

which dissolves poorly at neutral pH (Pant and Allen, 2007). Thus, its bioavailability 

is much lower than that of the HgCl2 form. Since Hg is present in such high levels in 

EFPC neutral soils, it seems that most of it is not readily bioavailable (Gu et al, 

2011). However, recent studies showed that bioavailability of Hg from the HgS 

compound considerably increases under conditions of 1. high concentrations of the 

readily decomposable light fraction Organic Carbon (OC), 2. increased forest cover 

and 3. acidic pH, (Han, et al, 2008, Pant and Allen, 2007). It is thought that Hg binds 

to the reduced sulfur sites of humic substances in the soil, and since detrital organic 

carbon of the lighter fraction is higher and more bioavailable under the leaf litter of 

plant-covered land, Hg dissolution and bioavailability increase (Han et al, 2006). 

The percent bioavailability of Hg across the soils of EFPC was determined by 

an in vitro leaching procedure by SW-846 Methods 7470 and 7471 whereby distilled, 

deionized water is used to obtain the leachate (Ruby et al, 1993). The dissolved 

fraction of metals in the leaching procedure is termed bioavailable. The reported 

mean bioavailability was ~ 5%. The HgS form was 1% bioavailable, yet DOC and 

humic acids increased its solubility. The HgCl2 form was 100% bioavailable (Barnett 

and Turner, 2001). 

 A search of the existing literature on the effect of Hg on the soil bacterial 

communities of the EFPC site revealed a difference in findings based on the methods 

used to study these communities. Vishnivetskaya et al (2011) used pyrosequencing, 

a culture independent method, to amplify the V4 hypervariable region of the 16S 

rRNA gene, which ranges in size from 200 to 220 bps. It was shown that 11 phyla 
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were present in 6 sites (5 contaminated and 1 control), and that all the classes of 

Proteobacteria were the most abundant (23 - 59%) and present in all sites. 

Actinobacteria (0.01 to 0.8%) and Firmicutes (0.03 to 5.26%) were minorities in the 

sequence inventories and were not found in the most contaminated site (Point source 

site EFK 23.4), contrary to the alphaproteobacteria, which were positively correlated 

with contamination levels (Vishnivetskaya et al, 2011). 

A direct cultivation method was used by Rasmussen et al (2008) to isolate 

heterotrophic aerobic soil bacteria on 0.1X Tryptic Soy Agar (TSA) amended with 4 

µM of HgCl2. It was determined that only 3% of the total Colony Forming Units (CFU) 

were resistant to Hg at this concentration. Phylogenetic analyses indicated that 93% 

of the community, were Actinobacteria, 2% alpha- and 5% were betaproteobacteria 

(based on 16S rRNA sequences). A pre-incubation that mimicked natural conditions 

selected for the above plus Firmicutes and Bacteroidetes but in different proportions. 

Under these conditions betaproteobacteria were the majority (73%), Actinobacteria 

dropped to 11% and alphaproteobacteria were just 0.5%.  

In soil microbiology, oligotrophs are separated from copiotrophs on the basis 

of their inability to grow on high-nutrient media such as TSA or Nutrient Broth (NB) 

(Hashimoto et al, 2006). To select oligotrophs, the media are diluted 100-fold 

(Whang and Hitori, 1988). Even though the diluted form of NB (DNB) is widely 

accepted as the “oligotrophic” selection level, in some studies a 10-fold dilution of 

the media has been used to follow the progression of a community in the r & K 

continuum (Palijan, 2008, De Leij, 1994). Neither dilution level strictly adheres to 

Pointdexter’s oligotrophic range of organic carbon content (1-15 mg/L), yet the 100-

fold dilution is closer (88 mg/L) than the 10-fold dilution (~900 mg/L) (Pointdexter, 

1981 DifcoTM & BBLTM Manual (2nd Edition)). 
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 Study Scope 

Here I report the use of a direct cultivation method to isolate 87 bacteria, 

under both oligotrophic and copiotrophic conditions in the presence of Hg, from soil 

samples originating from the long-term Hg contaminated EFPC, and the 

characterization of the community as reflected by the properties of the selected 

bacterial strains at the phylogenetic, functional and metabolic levels.  

 

Materials & Methods 

 

Sampling Site and Historical Reference 

 Soil samples were acquired from the EFPC site in Oak Ridge, Tennessee. EFPC 

is located north of the Y-12 Plant, one of the main facilities of the U. S. Department 

of Energy on the Oak Ridge Reservation (ORR). During the mid 1950s and early 

1960s, EFPC received effluent discharges from the Y-12 Plant where Hg was used in 

a lithium isotope separation process for the production of thermonuclear fusion 

weapons (Campell et al, 1998). 

 Soil samples were collected on 8/13/07 from the top 20-30 cm layer of an 

exposed stream bank (site EFK 24.0). The soil was dry sieved to less than 1 mm. 

The Hg concentration at the time of collection was about 1000 ppm (George 

Southworth, Personal Communication). Upon receipt in the lab, the soil samples 

were stored both at 4 and -20 OC in the dark, for microbiological and chemical and 

molecular analyses, respectively. 

  

Soil Analyses 

The sequential loss on ignition (LOI) is a method commonly used to estimate 

the organic and inorganic content of soils and sediments (Santisteban et al, 2004). 

The organic carbon (OC) content has been empirically calculated as half of the 
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LOI550, while the inorganic carbon (IC) content is 0.273 x LOI950. This calculation is 

based on the assumption that ignition follows a stochiometric relationship and that 

the amount of carbonate is 1.73 x LOI950 (Dean, 1974).  

 The experimental design was based on that of Santisteban et al (2004) and 

was done in triplicate. Initially, samples were placed in crucibles and incubated at 

105 OC for 24 h, to remove water. Dried samples were placed in the furnace oven for 

4 h at 550 OC to burn the organic carbon, and at 950 OC for 2 h to burn the inorganic 

carbon.  Crucibles were weighed out empty, filled with soil, and before and after 

each of the incubations. 

To assess the ability of the soil to retain water, nutrients and other minerals, 

the water holding capacity (WHC) experiment was performed. In general, soils rich in 

organic matter have greater water holding capacities than those low in organic 

matter. Weights were taken before every step. Single dry membranes (Whatman 

Grade 2 Filter paper, Whatman Inc., Piscataway, NJ) were fitted in 3 Hilgard cups 

and they were moistened with water. Soil was added to the cups and the apparatus 

was placed in a container with the water level lower than the soil surface. When a 

wet gleam covered the whole surface of the soil, the cups were transferred and 

stored for 1 h in a dry container and incubated at 105 OC overnight (Wilke, 2005).     

To determine the pH, 20 g of soil was mixed with 20 ml of 2 mM 

pyrophosphate buffer and stirred for 30 min. The slurry was allowed to sit for 2 h to 

let the particles settle before a reading was taken using a pH meter (Hartman et al, 

2008). The texture of the soil sample was determined by the sedimentation method 

in the Rutgers Soil Testing Laboratory (Kemper and Rosenau, 1986).  

 

Abundance, isolation, identification and characterization of total and Hg 

resistant (HgR) bacteria from soil samples. 
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Isolation of HgR bacteria from soil samples 

Based on reports documenting that 1-10% of all bacteria are HgR (Barkay, 

1987), a plating efficiency protocol was designed to determine the appropriate Hg 

concentration that would select for 10% of the total culturable counts (i.e. the HgR 

bacteria) in the soil sample from Oak Ridge. The determination of HgR on the specific 

media used, is an essential step to our future analyses since Hg bioavailability and 

thus toxicity, varies depending on medium constituents (Ramamoorthy and Kushner, 

1975). In general, Hg2+ ions bind to sulfhydryl, imino nitrogens and/or carboxyl 

groups of rich full strength media constituents, such as tryptone and peptone, to 

form complexes, which decrease the Hg concentration in solution by 30-40% (Chang 

et al, 1993). To avoid the loss in Hg bioavailability observed with full strength media, 

we used BBLTM Tryptic Soy Broth (TSB) medium (Becton, Dickson & Comp., Sparks, 

MD) diluted 5 and 100 times from the original 1X recipe, to get 0.2X [(Full Strength 

(FS)] and 0.01X [Low Strength (LS)] strengths. The 0.01X TSA medium mimics 

oligotrophic conditions (total organic carbon content = 88 mg/L) and 0.2X TSA, 

copiotrophic conditions (total organic carbon content = 1763 mg/L).  

Specifically, the soil sample was incubated at 28 OC overnight to resuscitate 

bacterial activity. Five grams of soil were added to 45 ml of a 20 mM pyrophosphate 

buffer (101 dilution), stirred for 30 min and allowed to settle for 30 min. The aqueous 

phase formed was used to prepare a series of 1:10 dilutions, by adding 1 ml of the 

lower dilution into 9 ml of pyrophosphate buffer of the higher dilution until the 106 

dilution was reached. One hundred microliters of each dilution were plated on 0.01X 

and 0.2X TSA containing the fungal inhibitor Nystatin (SIGMA, Inc., Saint Louis, 

Miss.) at a final concentration of 50 µg/ml, different HgCl2 concentrations ranging 

from 0.2 – 10 µM for the 0.01X TSA and 2 – 100 µM for the 0.2X TSA, and 15 g/L 

agar. The plates were incubated in the dark at 28 OC and colonies were counted after 

six days of incubation (deLipthey et al, 2008).  
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The concentration that had about 10% of the colony forming units (CFU) as 

compared to the 0 µM HgCl2 plate was deemed the concentration that selected for 

HgR bacteria. In the case of the 0.2X TSA this concentrations was 100 µM HgCl2 and 

for the 0.01X TSA it was 10 µM HgCl2. 

Colonies were picked based on morphological uniqueness from all the plates 

regardless of Hg concentrations of the 2 different media and plated on media 

containing mercury at the concentrations that were determined to select for HgR 

bacteria irrespective of the original Hg concentration on which the colonies were 

obtained. Pure cultures resistant to 10 µM Hg (0.01X TSA) and 100 µM (0.2X TSA) 

were obtained after 3 consecutive transfers of isolated colonies on the appropriate 

medium.  

 

Genomic and plasmid DNA extractions from HgR isolates. 

Genomic DNA was extracted from the HgR isolates, using the UltraCleanTM 

Microbial DNA isolation kit, according to the manufacturer’s instructions (MoBio 

Laboratories, Solana Beach, CA, USA). The FASTBAC plasmid preparation protocol 

was used to extract plasmid DNA from the isolates (Gehr, E., Personal 

Communication). In detail, 1.5 ml of overnight cultures were harvested to obtain cell 

pellets. One hundred microliters of resuspension buffer were added to dissolve the 

pellet. Alkaline lysis followed by adding 200 µl of SDS/NaOH. After a 5 min 

incubation at room temperature, 150 µl of ammonium acetate and 150 µl of 

chloroform were added to the tubes, which were then placed in ice for 10 min and 

centrifuged for 10 min. Ammonium acetate is used to neutralize NaOH and 

precipitate DNA along with proteins that have been denatured by the addition of the 

organic solvent. The supernatant was then transferred in a clean tube that contained 

200 µl of a PEG/NaCl in order to precipitate the circular DNA. The tubes were again 
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chilled in ice for 10 min and centrifuged for 10 min. The supernatant was then 

removed, and the pellet was dissolved in 100 µl of TE buffer and stored at -20 OC.  

 

Plasmid frequency 

To determine the presence of plasmids in the LS and FS isolates, the plasmid 

preps were loaded onto 0.7 % agarose gels. The loading sample varied between 5-

50 µl depending on the ensuing analysis. The running buffer used here is called 

Bionic buffer (SIGMA, Inc., Saint Louis, Miss) and it allows for higher voltage 

applications to the gel without altering the conformational state of the plasmids. Gels 

were stained with 5 µg/ml ethidium bromide (Bio-Rad Laboratories, Hercules, CA)	  

and de-stained with dIH2O at the end because this method proved to be the most 

efficient as it allowed the development of brighter plasmid bands. 

Each band on a gel lane, was considered to be a different plasmid. The only 

exception is the chromosomal band, appearing at the same level as the top band of 

the λ Hind-III marker (linear 23 Kb piece of DNA) and the bright band near the 

bottom of the gel, which is the RNA in the plasmid prep. 

 

Identification and phylogenetic analyses of HgR bacteria based on the 16S 

rRNA gene 

To determine the phylogeny of the LS and FS isolates, the 16S rRNA gene 

was PCR amplified using the universal bacterial primer set p27F/p910R (Amann, et 

al, 1992). The PCR mastermix consisted, per reaction, of 5 µl of 10X PCR buffer, 1µl 

of 10 mM dNTPs stock, 1.5 µl of 50 mM MgCl2, 0.5 µl of Taq Polymerase (Denville 

Scientific Inc., Metuchen, NJ, USA), 1 µl of each primer at 25 pmol/µl (IDT, 

Coralville, IA, USA), 2 µl of template DNA and 38 µl of dIH2O for a final volume of 50 

µl. Amplifications were carried at 94 OC for 5 min, 35 cycles of 94 OC for 30 sec, 62 
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OC for 30 sec, 72 OC for 1 min, and a final extension cycle for 10 min at 72 OC using 

Applied Biosystems Gene-Amp PCR System 2700 (PE Applied Biosystems, 

Foster City, CA, USA).  

The PCR products were gel purified with the QIAquick Gel Extraction kit 

(QIAGEN, Valencia, CA, USA) and the 16S rRNA gene sequencing reactions for both 

strands were analyzed by an ABI Prism® 3100 Avant Genetic Analyzer (Applied 

BioSystems, Foster City, CA) as described by the manufacturer.  

Gene sequences were used as queries in BlastN searches 

(www.ncbi.nlm.nih.gov/blast.cgi) to determine the taxonomic affiliation of the OR 

HgR isolates. The 16S rRNA gene sequences of the isolates along with reference 16S 

rRNA gene sequences were aligned using ClustalX (Version 1.83) (Thompson et al, 

1997). The alignment was uploaded onto the Gblocks program which eliminates 

poorly aligned and divergent regions of the alignment, and creates blocks of highly 

conserved regions taking out gaps and segments of non-conserved positions 

(Talavera, et al, 2007, Castresana, J. 2000). The Gblocks file was re-aligned using 

ClustalX and the alignment was uploaded in Phylo_Win (Version 2.0) in order to 

construct a bootstrapped (500 replicates) neighbor-joining tree (Galtier et al, 1996). 

The phylogenetic distances were calculated using the Jukes and Cantor matrix. 

 

Rarefaction and diversity analyses based on 16S rRNA gene sequence 

similarity 

A rarefaction analysis was performed to estimate the efficiency and 

completeness of the sampling effort for the LS and FS collections of isolates using 

their 16S rRNA gene sequences (Hughes et al, 2001). In the rarefaction analysis, the 

cumulative number of types or operational taxonomic units (OTU) observed is plotted 

against the sampling effort. The relationship between these two factors sheds light 

on the total diversity of a given sample. In this study, an OTU was defined as a 16S 
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rRNA gene sequence group in which distance values of 0.03 (>97% gene sequence 

identity) differentiate at the species level, and distance values of 0.05 (>95% gene 

sequence identity) differentiate at the Genus level (Konstantinidis and Tiedje, 2004, 

Schloss and Handelsman, 2004). Specifically, an alignment of the sequences was 

created using ClustalX, and the DNADIST program of the Phylogeny Inference 

Package (PHYLIP, version 3.69, Joseph Felsestein, 

http://www.evolution.genetics.washington.edu/phylip.html) was used to create a 

distance matrix. This file was used in the MOTHUR program to create rarefaction 

curve using cutoffs of 0.03 and 0.05 and richness estimates (Schloss et al, 2009). 

The nonparametric richness estimates, ACE (Chao and Lee, 1992), Chao1 (Chao, 

1984), Shannon (H’) diversity index (Shannon, 1948) were calculated as a function 

of the sampling effort from the rarefaction curves. An evenness measure was also 

calculated based on observed and maximum H’ values.  

	  

Abundance, isolation, identification and characterization of merA genes in 

LS and FS isolates 

	  

 Isolation of merA genes 

In an effort to determine the specific Hg detoxification mechanism employed 

by these soil isolates, PCR amplifications of the merA gene were set up, using both 

genomic and plasmid DNA of the isolates. A total of 4 primer sets were used so as to 

capture the expected wide phylogenetic range of the merA genes (Table 2.5) as 

suggested by the taxonomic affiliation of the isolates (Wang et al, 2011). Primer sets 

1 & 2 target Gram negative organisms from the phylum Proteobacteria and Gram 

positive, Low G+C organisms from the phylum Firmicutes. The expected amplicon 

size is 309 bps and 1249 bps for primer set 1 and 2, respectively. Primer set 3 
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targets all the above organisms as well as Gram positive, High G+C organisms from 

the Phyla Actinobacteria and Deinococcus-Thermus. The expected amplicon size for 

primer set 3 is 1246 bps. Finally, primer set 4 targets Gram-negative organisms that 

belong to the alpha class of the Proteobacteria and the expected product is 800 bps 

(Øregaard and Sørensen, 2007). Only primer set 3 was used to PCR amplify merA 

genes from plasmid DNA. The PCR mastermixes and program cycles were followed as 

described in Wang et al (2011) for both genomic and plasmid DNA templates.  

  

Identification, phylogenetic analyses, merA diversity and rarefaction 

analysis of merA of OR HgR bacteria  

merA gene sequences were translated into amino acid sequences using the 

Expert Protein Analysis System (ExPASy) proteomics server of the Swiss Institute of 

Bioinformatics (SIB) (http://ca.expasy.org/tools/dna.html) and phylogenetic trees 

were constructed as described above for the 16S rRNA gene. merA diversity and 

rarefaction analyses were carried out as described above for the analyses of 16S 

rRNA genes. 

 

Phylogenetic incongruence and G+C comparison based on 16S rRNA and 

merA genes sequences. 

Two approaches were employed to investigate the possible evolution of merA 

by horizontal gene transfer (HGT) events among OR isolates. The first was a 

comparison of the phylogenies of the 16S rRNA gene with the deduced MerA 

sequences to determine incongruencies between the trees as reflected by cluster 

groupings (Lawrence and Ochman, 2002, Coombs and Barkay, 2004). The second 

approach was applied to the MerA sequences for which a phylogenetic incongruence 

was detected by the first approach. The ranges of the genomic G+C content of the 

recipient organisms were found in The Prokaryotes (2006) and the G+C content of 
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merA was calculated using the OligoCal tool 

(www.basic.northwestern.edu/biotools/oligocalc.html) (Kibbe, 2007). Finally the 

presence of plasmids and/or positive PCR amplifications of the merA gene using 

plasmid DNA of the isolates, was also considered evidence for HGT events.  

	  

Results 

 

Soil Characteristics: 

The Organic Carbon (OC) content of the soil sample was 4.47% (Table 2.2). 

It falls below the reported 8% OC content of Anderson County, where the ORR is 

located (Capri 1998), and in between the previously reported OC range for the EFPC 

area which was 0.62-6.4% (deLipthay, 2008). Soil moisture was 17.5% and the 

Water Holding Capacity (WHC) was 82.06%, while the field capacity was 79.3%. 

Comparing the results presented in WHC figures one can conclude that the WHC of 

the experimental soil lies in between the Loam and Silt Loam soil standards and that 

the soil was rich in organic matter as evidenced by the high WHC level 

(http://www.agviselabs.com/tech_art/whc.php). 

The pH of the Oak Ridge soil was 8.11, which lies on the higher end of known 

pH values for soils from that area ranging from 6-8 (USDA, Anderson County).   

The sedimentation technique was used to determine the texture of the soil sample.  

The exact distribution of soil particles was: 75% sand, 15% silt and 10% clay, 

characteristic texture of a sandy loam soil based on the USDA soil texture triangle 

(http:soils.usda.gov). 

 

Bacterial counts and isolations: 

Cultured bacterial counts under oligotrophic conditions (0.01X TSA medium) 

ranged from 6.4 x 105 CFU/g on the 0 µM Hg plate, to 1.8 x 105 CFU/g on the 10 µM 
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Hg plate (Table 2.3). A biphasic response to mercury stress was observed in this 

medium. The 0 µM Hg plate had lower counts than plates between Hg concentrations 

of 0.2 to 2.4 µM. This stimulation of growth may be explained by the hormetic effect, 

whereby toxic substances at low concentration stimulate rather than inhibit the 

growth of organisms (Hotchkiss, 1923). Under copiotrophic conditions (0.2X TSA 

medium), the cell counts ranged from 10.8 x 105 CFU/g to 1.9 x 105 CFU/g, on the 0 

µM and 100 µM Hg plates respectively (Table 2.4). Regression analysis determined 

that there was a significant inverse relationship between the Hg concentration and 

the CFU under both oligotrophic (r2 = 0.87, P-value = 0.0001) and copiotrophic (r2 = 

0.83, P-value = 0.0015) conditions. The counts for the HgR soil bacteria on both 

oligotrophic and copiotrophic conditions are comparable to the 2.5 ± 1 x 105 CFU/g 

reported by Rasmussen et al (2008) working with surface soil samples from the 

same area, yet the Hg concentration that they employed was only 4 µM, less than 

half of the lowest mercury concentration used in this study. 

Based on cell counts, 28% of the total culturable oligotrophic community and 

17.6% of the total culturable copiotrophic community were HgR (Tables 2.3 & 2.4). 

Finally, a total of 84 HgR bacterial isolates were obtained in this study: 37 oligotrophs 

growing on 10 µM 0.01X TSA (LS isolates), and 47 copiotrophs growing on 100 µM 

0.2X TSA (FS isolates) (Figure 2.2).  

 

16S rRNA gene sequence based analyses:  

 

Taxonomic associations. 

Based on the sequencing effort, a total of 36 and 47 16S rRNA gene 

sequences were obtained from the LS and FS isolates, respectively (Appendix Tables 

1 & 2). The size range of the sequenced 16S rRNA gene of the LS isolates was 386 to 

873 nucleotides, with the majority of amplicons in the 800s, and for the FS isolates 



	   	   	  

	  

32 

the range of the sequenced gene size was 500 to 828 nucleotides with the majority 

of amplicons in the 700s. 

BlastN queries revealed that both LS and FS isolates belonged to genera of 

the Gram-positive, High G+C phylum Actinobacteria, and the Gram-negative alpha, 

beta and gamma classes of Proteobacteria. Under oligotrophic conditions, 

Actinobacteria (75%) are selected over Proteobacteria (25%), while under 

copiotrophic conditions, the two Phyla are equally represented (53% to 47%) 

(Figures 2.3, 2.4, 2.5).  

At the genus level, the LS group is dominated by Streptomyces spp. and 

Arthrobacter spp., while in the FS group, an even distribution is observed for species 

of Streptomyces, Arthrobacter, Nocardia and Mycobacterium (Appendix Tables 1 & 

2). In the case of gene sequences affiliated with the Proteobacteria, the FS group has 

3 times more sequences belonging to the alpha, and gammaproteobacteria than the 

LS group. The FS group is dominated by species of the alphaproteobacterial 

Aminobacter spp., while the LS group contains no representatives from this genus. 

Both groups are genetically affiliated with the Sinorhizobium/Ensifer genus. The 

Rhizobium genus is found only among the LS isolates’ group and the Bradyrhizobium 

only in the FS group. The betaproteobacterial genus Alcaligenes is found in a 2:1 

ratio in the FS and LS groups respectively, and the gammaproteobacterial genus 

Lysobacter is only observed in the FS group. 

At the species level, twenty seven 16S rRNA gene sequences of the LS 

isolates that belonged to the Actinobacteria, are 98-100% similar to 7 different 

species of the genus Arthrobacter and 99-100% similar to 20 species of the genus 

Streptomyces (Appendix Table 1). As for the alpha class of the Proteobacteria, LS 

gene sequences are 97% similar to 2 species of the genus Sinorhizobium, 98-99% 

similar to 2 Rhizobium spp. and 100% similar to Ensifer adhaerans. Two LS isolate 

sequences are 99% similar to the betaproteobacterial Variovorax spp. and 
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Alcaligenes spp., and 100% similar to the gammaproteobacterium E. coli. Finally, for 

one LS strain, there is a 99% sequence similarity to an uncultured soil clone. 

The 16S rRNA gene sequences of the FS isolates most closely related to 

genera of the Actinobacteria, are 97-100% similar to 9 species of Arthrobacter, 99% 

similar to 2 Mycobacterium spp., and 96-100% similar to 10 species of the genus 

Streptomyces (Appendix Table 2). Three gene sequences are most similar by 98-

99% to an uncultured actinobacterium clone and one sequence is 98% similar to 

Nocardia alba. The 15 sequences most closely related to alphaproteobacteria are 

distributed among 8 Aminobacter spp. (97-100% sequence similarity), 2 species of 

the Bradyrhizobiacae family by 98-99%, 3 Sinorhizobium spp. by 98%, and finally to 

2 Ensifer adhaerans strains by 99%. As for the sequences most similar to 

betaproteobacteria, one is 98% similar to Stenotrophomonas maltophila by 98%, 

and 2 are similar by 99% to Alcaligenes sp. strain HI-ABCE2. Finally, there are 3 

sequences most closely related to species of Lysobacter by 99% and one to E. coli by 

100%, all belonging to the gammaproteobacterial class. 

 

Phylogenetic analyses. 

The phylogenetic tree based on alignments of the 16S rRNA gene sequences 

of LS isolates and the reference organisms they are closely related to is dichotomized 

between the Actinobacteria and the alpha, beta, and gamma Proteobacteria (Figure 

2.6). The Actinobacteria clade appears basal to the Proteobacterial clade, with the 

Streptomyces genera branching deeper than Arthrobacter in the Actinobacterial 

node. The Streptomyces group forms 7 distinct clusters. In three of them, reference 

strains cluster together with LS isolates and in 4 of them the isolates form clusters 

on their own. LS 26 and LS 4 form 2 separate clusters with Streptomyces flavotricini 

and Streptomyces gelaticus, respectively, and isolates LS 16 and 10 with its clonal 

sequence (16S rRNA sequences sharing 100% similarity) shown in parentheses, form 



	   	   	  

	  

34 

one cluster with Streptomyces scabiei and Streptomyces sp. SCP-2 (Figure 2.6). The 

Arthrobacter group contains 2 clusters, breaking in two the isolates associated with 

Arthrobacter species. LS 3 and its clonal 16S rRNA sequences cluster with 

Arthrobacter sp. HSL-2, and LS 27 and LS 14 with its clonal sequences form another 

cluster with Arthrobacter sp. 16.43.  

The deepest branching cluster in the Proteobacteria is that of gamma, and the 

alpha/beta groups branch out together at a later stage. The gammaproteobacteria, 

are represented by the reference strain E. coli which shares a single cluster with LS 

40. The reference strains Alcaligenes and Variovorax with their associated isolates LS 

21 and 8, form 2 distinct and associated clusters, and share the branch node with 

the alpha branch. Two clusters divide that branch; one of the genus Ensifer and LS 

22, and another of the reference strains belonging to the genera Sinorhizobium and 

Rhizobium with all the isolates that are most similar to the latter genera (LS 6, 9, 15, 

19) interspersed within this cluster. It is of interest that Sinorhizobium clusters with 

the Rhizobium strains instead of the Ensifer ones, since Ensifer and Sinorhizobium 

are of the same genus (780 and 821 nucleotides of the 16S rRNA gene were 

analyzed for LS 22 Ensifer and LS 6 Sinorhizobium respectively) (Chen, 1982, Young, 

2003).  

In the phylogenetic tree of the FS isolates (Figure 2.7), one can observe a 

dichotomy between the members of the 3 classes of the Proteobacteria and 4 genera 

of High G+C Actinobacteria. The High G+C Actinobacteria, are separated in well-

defined clusters of isolates belonging to the Genera Arthrobacter, Streptomyces, and 

Nocardia/Mycobacterium which form a common node. The reference strain of an 

uncultured Actinobacterial clone clusters together with other Arthrobacter reference 

strain and its associated FS isolates. The other 2 clusters contain only FS isolates. A 

similar situation is found in the Streptomyces clusters, where one cluster contains 

only FS isolates 25 and 28 with their clonal gene sequences, and the other contains 
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reference strain among the isolates (FS 1, 9, 14, 27, 36 and its clonal sequence 53). 

The Mycobacterium reference strain clusters together with FS isolate 19 and FS 

isolate forms its own cluster sharing the same node with the above sequences. 

Finally, Nocardia alba clusters together with FS isolate 4, sharing a common node 

with the Mycobacterium related sequences.  

The Proteobacterial part of the tree is divided between earlier evolving mixed 

clusters of beta and gamma genera, and genera belonging to the 

alphaproteobacteria (Figure 2.7). FS 48 and its closest relative E. coli, are basal to all 

the other Proteobacteria and form a distinct cluster. The betaproteobacterial group of 

isolates, with the reference strains of the genera Stenotrophomonas/Alcaligenes form 

one cluster and Isolate FS 2 clusters on its own. The gammaproteobacterial clade of 

Lysobacter and FS isolates 35 and 41 clusters together with a reference 

Stenotrophomonas strain. Finally, the alphaproteobacteria form 3 distinct and 

associated clades, of the earlier evolving Aminobacter, Ensifer/Sinorhizobium and 

Bradyrhizobium. 

 

Sample coverage and estimates of diversity. 

To estimate how much of the cultured bacterial diversity present in the soil 

sample was captured in the 2 groups of isolates, rarefaction or collector’s curves 

were calculated at the species and genus level distance cutoffs for the 16S rRNA 

gene sequence. The accumulation curves (Figures 2.8 & 2.9), plotted as the 

cumulative number of OTUs versus the number of sequences collected, for the 0.03 

(>97% gene sequence identity) and 0.05 (>95% gene sequence identity) cutoff for 

both groups of isolates were leveling off approaching an asymptote. The singlet 

accumulation curves, 0.00 cutoff, on the other hand, were increasing in a linear 

fashion. There is no 0.05 cutoff curve for the LS isolates because there was no 
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significant difference in the DNA sequences between the 0.04 and the 0.05 cutoff 

curves. These results taken together, demonstrate that both isolate groups were 

equally well sampled at the higher cutoffs (corresponding to species and genus 

levels) (Konstantinidis and Tiedje, 2004, Schloss and Handelsman, 2004), as 

opposed to the lower 0.00 cutoff when they are treated at the strain level  (Figures 

2.8 & 2.9). 

For the LS group, there were a total of 36 gene sequences of which 23 were 

unique phylotypes based on the operational taxonomic units (OTU) definition 

grouping of 16S rRNA sequences sharing at least 97% similarity (Table 2.4). The FS 

group had a total of 47 gene sequences of which 36 were unique phylotypes. To 

estimate the diversity for both groups of isolates, the nonparametric accumulation-

based coverage (ACE) and Chao1 estimators were used (Hughes, 2001), as well as 

the Shannon diversity index. Within group based Chao1 and ACE were in agreement, 

for both LS (13 and 12) and FS (25 and 25) groups, yet between group comparisons 

show that the FS group has higher values for these estimators. The Shannon index 

and the evenness measure show the same trend, further substantiating that a higher 

diversity and more equal distribution of species are found among the FS isolates than 

the LS isolates, which translates into greater organismal diversity supported by the 

higher nutrient content medium (Table 2.4). 

 

merA gene sequence and MerA amino acid sequences analyses. 

 

Taxonomic associations. 

Thirty merA amplification products were obtained from LS isolates while such 

products could not be obtained for 6 of the isolates. In the case of the FS isolates, 

there were 8 out of the 47 isolates for which none of the primer sets produced a 
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product with the expected size. In other words, at least 83.3 % of the HgR LS 

isolates and 85.1 % of the FS isolates have a copy of the merA gene implying a 

potential for Hg detoxification by the mer-operon mediated mechanism (Appendix 

Tables 2.3 & 2.4). The inability to obtain merA amplification products from 14 

isolates could signify that their merA genes were too divergent to be captured by the 

primers used or another equally plausible explanation could be that these isolates 

may not use the mer-mediated Hg detoxification mechanism.  

The majority of the merA genes were successfully amplified using primer set 

3, which targets merA genes common among the Proteobacteria, the Firmicutes and 

Actinobacteria/Deinococcus-Thermus phyla (Table 2.5). A total of 50 merA 

amplification products were obtained for the LS and FS isolates using this primer set. 

The resulting merA gene sequences related to those from organisms representing all 

the above Phyla, except Deinococcus-Thermus, thus exhibiting high specificity of 

target groups. The case is the same for the alphaproteobacterial specific primers 

(primer set 4) which produced 10 amplifications of merA genes, all from DNA 

extracts of strains belonging to the alphaproteobacterial lineage as determined by 

16S rRNA gene similarity. Amplifications with primer sets 1 and 2, where primer set 

1 is nested within the primer set 2 product (Wang et al, 2011), which target merA of 

Proteobacteria and Firmicutes, gave 9 positive amplifications (Data not shown). The 

3 positive amplifications with primer set 1 produced a small sequence (310 bp) and 

thus no meaningful identification was possible. Based on the observation that primer 

set 2 gave positive amplifications to merA belonging to Proteobacteria, Firmicutes 

and Actinobacteria, one can conclude that this set goes beyond the specificity of its 

original design and captures a broader diversity of merA then was intended, equaling 

the diversity of merA captured with primer set 3.  

merA gene sequences were translated into amino acid sequences and used to 

carry out BLASTP searches to identify taxonomic associations between the isolates’ 
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MerA protein and those in the database. This effort revealed the same pattern to that 

observed with the 16S rRNA gene. Namely, that under oligotrophic conditions 

accompanied by Hg stress the abundance of loci common among the Proteobacteria 

was reduced (~20%) as compared to the abundances of the same loci in bacteria 

that were obtained in copiotrophic conditions (45%) (Figures 2.10, 2.11 & 2.12, 

Appendix Tables 3 & 4). The LS group contained MerA most closely related to those 

of the alphaproteobacterial genera Rhizobiales (4) and Xanthobacter sp. (1), which 

contribute ~17% of the total abundance (Figure 2.11). Loci related to 

betaproteobacteria, contribute 3.3% of the total abundance, and originate from 

Ralstonia sp. No sequences most closely related to gammaproteobacterial MerA were 

observed. The FS group, exhibits a wider variety of MerA sequences most closely 

related to the alphaproteobacteria accounting for 25% of the total abundance 

(Figures 2.10 & 2.12). Bradyrhizobium spp. MerA sequences, are closely related to 

organisms isolated from the same Oak Ridge site by other workers (Øregaard and 

Sørensen, 2007), and are more abundant in the FS group rather than the LS group 

(Appendix Table 3 & 4). MerA loci most closely related to Aurantimonas spp. are 

doubletons, and those related to Rhizobium and Oligotropha spp. are singletons. The 

betaproteobacterial class, has 4 MerA representatives in the FS group, related to 

Ralstonia spp. (1), Polaromonas sp. (1) and Stenotrophomonas sp. (1). Finally, 4 

MerA are related to gammaproteobacterial genera Pseudomonas and Salmonella. 

As for the loci most closely related to Actinobacteria, a higher abundance was 

observed for the LS group (~77%) than the FS group (50%) and MerA closely 

related to the genera Streptomyces, Arthrobacter and Acidothermus are the major 

players in both groups (Figures 2.11 & 2.12, Appendix Tables 3 & 4). In addition to 

those, the LS group has 3 singleton loci related to the Pseudonocardia, Nocardiodides 

and Micrococcus genera. The FS group contains 2 MerA sequences related to Bacillus 

cereus of the Low G+C phylum Firmicutes.  
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Sample coverage and estimates of diversity. 

For the merA genes of the LS isolates, 3 rarefaction curves were calculated 

based on 0.00, 0.01 and 0.05 cutoffs (Figure 2.13). The 0.00 cutoff accumulation 

curve has a steeper slope than the 0.01 and 0.05 cutoff accumulation curves, 

testifying to a worse sample coverage in the higher cutoffs, yet the absence of an 

asymptote in the curves signifies the need for a bigger sampling effort.   

The rarefaction curves calculated for merA genes found in the FS isolates had a 

similar trend to the LS ones (Figure 2.14). The 0.00 and 0.02 cutoffs were used, as 

there was no significant difference between the 0.02 and 0.05 cutoffs, and the 0.00 

cutoff curve had a steeper slope. Taken together, these results are indicative of the 

insufficiency of the sampling effort to estimate the actual richness of merA genes in 

either nutrient level. It is also of interest that the rarefaction curves based on the 

merA gene are steeper than those observed for the 16S rRNA genes for both groups 

of isolates which may attest to the fact that merA genes diverge faster than the 

more conserved 16S rRNA genes (Figures 2.8, 2.9, 2.13 & 2.14) 

For the LS group, there were a total of 30 merA amplification products, yet 

only 16 of these sequences could be used for the distance matrix created and further 

inputted in MOTHUR (Schloss et al, 2009) to assess diversity with the non-

parametric estimators and the Shannon diversity index (Table 2.6). A possible 

explanation is that partial gene sequences were not overlapping and thus an all-

inclusive alignment was not possible for the distance matrix to be created. Likewise, 

only 33 of the 40 merA gene sequences of the FS group were used for this analysis.   

Of the 16 LS merA gene sequences used, 8 were unique phylotypes based on 

the operational taxonomic units (OTU) definition grouping sequences sharing 99% 

similarity (Table 2.6). The FS group had a total of 33 gene sequences of which 21 

were unique phylotypes. The nonparametric Chao1 estimator (Hughes, 2001), the 

diversity index Shannon and the evenness measure, were in agreement, showing 
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higher diversities and equality in distribution of individuals achieved in the FS group 

of isolates as compared to the LS group.  

 

Horizontal gene transfer analyses. 

To investigate the role of HGT in the evolution of merA in the 2 communities 

isolated from the soil environment, gene phylogenies were examined for congruency. 

A neighbor-joining phylogenetic species tree was constructed using the isolates’ 16S 

rRNA gene sequences, with good bootstrap support for all nodes. Another neighbor-

joining tree was created with the deduced amino acid sequences of the merA gene 

sequence of the same strains. In the cases where incongruence between the gene 

phylogenies was detected, the G+C mole% content of the genomes of recipient 

organisms, as published in The Prokaryotes and Bergey’s Manual, was compared to 

the G+C mol% content of the merA genes, and used to support the identification of 

these HGT events (Dworkin et al, 2006, Holt et al, 2005, Lawrence and Ochman, 

2002). Finally, the presence of plasmids and positive merA amplifications with 

plasmid DNA of these strains as target was used as another evidence for HGT. 

This analysis revealed that HGT events are a common occurrence in the Oak 

Ridge isolates. In total, there were 27 incongruencies in the phylogenetic 

associations of the LS and FS isolates as evidenced by the difference in tree 

topologies constructed for closely related sequences of the 16 rRNA gene and the 

MerA protein (Tables 2.7, 2.8.1 & 2.8.2). In the case of the LS isolates; there were a 

total of 8 incongruencies in the gene phylogenies and of those 2 were further 

supported by G+C content differences between species’ genomes and merA genes 

and only one strain carried a plasmid (LS40) (Figure 2.15, Tables 2.7 & 2.9). In the 

other 6 cases of phylogenetic incongruence, the G+C content of the merA gene fell in 

between the known range of the recipients’ genomes and plasmids were detected in 

one strain (LS28).  
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More specifically, LS strains 7, 11 and 28 contained 16S rRNA genes, which 

cluster together with members of Streptomyces, and merA genes that cluster with 

Acidothermus celluloliticus (Figure 2.15). LS strain 24, clusters together with the 

Streptomyces in the 16S rRNA gene phylogenetic tree, but contains a merA gene 

that clusters with a Nocardioides species. These four instances of incongruence, 

suggest the possibility of intra-phylum cross-family HGT events among 3 different 

families of the Actinobacteria. The other 2 cases where probable HGT events were 

observed, involve 2 LS strains that belong to the beta and gamma classes of the 

Proteobacteria. LS strain 40, clustered with the gammaproteobacterial E. coli based 

on the 16S rRNA gene phylogeny, whereas in the MerA amino acid phylogeny, it 

clustered with the alphaproteobacterial Xanthobacter autotrophicus. The LS stain 21, 

forms a cluster with the betaproteobacterium Alcaligenes sp. in the 16S rRNA 

phylogenetic tree and in the MerA protein tree with another betaproteobacterium, 

Ralstonia pickettii. These incongruencies are corroborated with the G+C mole % 

content s of the genome and merA for these strains (Table 2.7). The genome of the 

E. coli related strain LS 40, ranges from 48.5 to 50, falling below the G+C mole % 

content of the merA gene of the donor Xanthobacter autotrophicus (61 mole%). The 

G+C content of the recipient’s genome of LS 21, is again lower than that of the merA 

gene of the donor, ranging from 56 to 60 mol% as compared to 65 mol%. These 

findings, suggest an event of an inter-class transfer from an alphaproteobacterial 

merA gene to a gammaproteobacterial recipient and an intra-class transfer between 

2 betaproteobacteria belonging to 2 different genera.  

Among the FS group, there were 19 incongruencies based on close relative 

associations between the 16S rRNA genes and MerA proteins and 13 of these were 

further supported by differences in the G+C content between the species genomes 

and the merA gene (Tables 2.8.1 & 2.8.2). There were 16 instances of plasmid 

presence and 14 positive merA amplifications with the organismal plasmid DNA 
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(Tables 2.10.1 & 2.10.2). I was unable to construct of a phylogenetic tree based on 

the deduced amino acid sequence of merA genes, as partial gene sequences 

amplified with the 4 primer sets were not overlapping and an all-inclusive alignment 

was not possible. Thus the information presented here for the FS group, is solely 

based on discrepancies between taxonomic affiliations based on the two genes.  

Isolates FS 7, 18, and 33 cluster together with the betaproteobacterium 

Aminobacter in the 16S rRNA tree, while based on MerA sequences, they are 

affiliated with Aurantimonas (an alphaproteobacterium), Bradyrhizobium (alpha) and 

Bacillus (Gram positive Firmicutes) (Figure 2.7, Tables 2.8.1 & 2.8.2). FS isolates, 17 

and 42 cluster with Alcaligenes (beta) in the 16S rRNA tree and their MerA is related 

to Ralstonia (beta). In the case of FS 7, 17, 33 and 42 but not for FS 18, the 

phylogenetic incongruencies are further supported with G+C content incongruencies 

as well as positive amplifications of the merA gene from plasmid DNA. FS 3 clustered 

with the alphaproteobacterium Bradyrhizobium in the 16S rRNA tree and with the 

MerA of betaproteobacterium Oligotropha, a discrepancy supported by positive 

plasmid merA amplification. FS 54, clustered with alphaproteobacteria in the 16S 

rRNA based tree, and with Bacillus cereus (Gram positive Firmicutes) according to 

their MerA taxonomy. All inter-phylum incongruencies between 16S rRNA gene 

sequences and MerA amino acid sequences, are supported by both G+C 

incongruencies and plasmid DNA amplifications of the merA gene. FS 4 clusters with 

Nocardia alba in the 16S rRNA tree, while its MerA is taxonomically associated with 

Streptomyces sp. FS 14, 27, and 28, cluster with Streptomyces at the species level, 

while based their MerA are closely related to Acidothermus species.   
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Discussion 
 
 

Mercury contamination in exposed floodplain banks poses a persistent stress 

to resident bacterial communities as riverine systems contaminated more than 60 

years ago, still exhibit high concentrations of the toxic metal. Through the abiotic 

processes of bank erosion and flooding events, Hg is mobilized and migrates into the 

associated soils and waters of the river system (Brooks and Southworth, 2011, 

Campbell et al, 1998). In the soils there is a metabolic potential for the reduction of 

Hg (Olson and Thorton, 1982), as amino and sulfuhydryl groups of humic acids 

essential for heterotrophic biosynthetic pathways are bound to Hg(II) (Han et al, 

2006, Grigal, 2003). 

In this study I investigated the effect of Hg contamination on the diversity 

and evenness of bacterial communities that in their natural environment inhabit 

niches of differing levels of nutrient and Hg availability. Analysis of soil samples from 

the EFPC by direct cultivation, revealed a dramatic reduction in the number of colony 

forming units of both oligotrophic and copiotrophic indigenous bacterial populations 

in response to increasing Hg levels (Tables 2.2 & 2.3). The total population numbers 

were higher for copiotrophs, which grew at nutrient levels 20X higher than the 

oligotrophs. Fifty percent mortality, a common measure of toxicity, occurred at 7.5 

µM Hg under oligotrophic conditions, which is 10X lower than the 50% mortality 

observed for copiotrophs (75 µM). At the highest concentrations of the lab-controlled 

Hg-gradient, the HgR population size was 28% of the total oligotrophs and 17.6% of 

the total copiotrophic counts.  

In comparison, de Lipthay et al (2008), working with samples from the 

floodplains of the Lower East Fork Poplar Creek, reported that only 1% of the total 

heterotrophic community was HgR at 50 µM of HgCl2. This difference in the 
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population of HgR bacteria between the two studies can be attributed to the use of 

different culture media. Rich media such as R2A (de Lipthay et al, 2008) have been 

shown to bind Hg(II), decreasing its bioavailability by 30-40% (Chang et al, 1993, 

Ramamoorthy and Kushner, 1975). Consequently, selection of HgR bacteria to 

detoxify the environment was decreased. On the other hand, in this study, to ensure 

Hg bioavailability and avoid its loss to organic carbon complexations, TSA medium 

was diluted and amended with appropriate Hg concentrations (Chang, 1993). Thus 

increased Hg availability may explain the higher selection of HgR populations 

observed in this study. 

Phylogenetic analyses based on results from PCR amplifications and 

sequencing of 16S rRNA gene, showed that the bacterial communities isolated in 

both nutrient levels were dominated by the alpha, beta and gamma classes of the 

Gram negative Proteobacteria and by members of the Gram positive Actinobacteria 

(Figures 2.6 & 2.7). At copiotrophic conditions the proportion of organisms belonging 

to the two phyla, were equally distributed, while under oligotrophic conditions, there 

was a shift in community composition and genera belonging to Actinobacteria, 

achieved 75% of total abundance (Figures 2.3 & 2.4). This is in accord with previous 

culture-dependent studies performed with soil samples of the EFPC, where 

actinobacterial isolates under oligotrophic conditions (0.1X TSA) made up 98% of the 

total community (Rasmussen, 2008), and Ranjard et al (1997) observations that 

under copiotrophic conditions (Plate Count Agar medium compares to full strength 

TSA), Hg contamination in soil samples resulted in a pronounced increase in the 

abundance of HgR isolates related to Gram negative bacteria (Ranjard et al, 1997).  

A number of diversity estimators, used to calculate the evenness and species 

richness of the communities as that is manifest in the 16S rRNA gene sequences 

similarity, showed that copiotrophic conditions supported higher levels of diversity 

and evenness (Table 2.4), and selected against the fast-growing Genus Rhizobium of 
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alphaproteobacteria, while slow-growing N2 fixers made up 32% of the total 

community (Figure 2.4). These two observations are in contrast to findings of other 

studies, where oligotrophic environments have higher evenness and spp. richness 

than copiotrophic environments (Torsvik et al, 2002, McCaig et al, 2001, Finkel and 

Kolter, 1998), and that under oligotrophic conditions in metal contaminated river 

systems, alphaproteobacteria outcompete other resident populations (Rubin 2007, 

Pinhassi 2003). A recent study profiling the communities from soil samples of the 

EFPC using a culture-independent method, showed that alphaproteobacteria did 

indeed dominate the community, and that Actinobacteria were always a minority 

across samples, and not present in the most contaminated point source 

(Vishnivetskaya et al, 2011). Taken together, these results show that description of 

community composition, even when studies are performed in the same ecosystem, 

heavily relies on the methodologies used to assess it as well as on the nature of Hg-

contamination. 

To determine the specific mechanism of Hg detoxification employed by the LS 

and FS isolates and to capture the broad diversity of the gene, 4 different primer 

sets where used that target Phyla of Actinobacteria, Firmicutes, Proteobacteria and 

Deinococcus-Thermus. It was shown that at least 83.3 % of the HgR LS isolates and 

85.1 % of the FS isolates have a copy of the merA gene, further attesting to the high 

acclimatization of these communities to life under the stress of Hg (Appendix Tables 

3 & 4). The diversity of the merA gene sequences was lower under oligotrophic than 

copiotrophic conditions, as was the case for the 16S rRNA gene sequences, further 

supporting that nutrient limiting conditions in the environment have a lower ceiling in 

the diversity of organisms that they can hold (Tables 2.4 & 2.6). Another interesting 

finding, is that between the gene pools of the LS and FS isolates, loci affiliated to 

alphaproteobacteria were a common occurrence, whereas using a culture-

independent technique to assess merA diversity in surface soils of the Lower East 
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Fork Poplar Creek, Øregaard and Sørensen (2007) observed that only one merA 

sequence was affiliated to this class. Additionally, they were the first to report an 

alphaproteobacterial-type merA gene, while Vetriani et al (2005), had isolated a HgR 

alphaproteobacterium from hydrothermal vent fluids. To date no mer system from an 

alphaproteobacterium has been characterized even though there are many merA 

homologues in complete genomes of alphaproteobacteria (Barkay, personal 

communication).  

HGT plays a major role in the enhancement of genetic diversity in bacterial 

communities, and merA determinants isolated from organisms affiliated to a wide 

range of taxonomic groups, show phylogenetic incongruencies, when compared to 

the 16S rRNA genes, further supporting that HGT influences the evolution of this 

gene (Lal and Lal, 2010, Osborn et al, 1997). In this study, I used phylogenetic 

incongruencies, G+C content anomalies, and presence of plasmid and/or positive 

PCR amplifications of merA genes using plasmid DNA, to assess the role of HGT in 

the observed diversity of merA genes and in the adaptation of 50 isolates to long-

term Hg stress. In total there were 27 phylogenetic incongruencies among LS and FS 

isolates (Tables 2.7, 2.8.1 & 2.8.2).  

In the case of LS isolates, only one phylogenetic incongruence was further 

supported by irregular G+C content between the host genome and the merA gene, 

and positive merA amplification from plasmid DNA extracted from the isolate, while 

in FS isolates 12 phylogenetic incongruencies were supported based on the same 

reasoning (Tables 2.9, 2.10.1 & 2.10.2). In the other cases, the G+C content of the 

merA genes found in these isolates were within the known G+C ranges of their 

genomes. Since the discrepancy between the recipient’s genome and the functional 

gene is only valid for recent transfer events (Lawrence and Ochman, 1997), the lack 

thereof does not necessarily contradict the HGT occurrence. It might just be 

suggestive of an early transfer event where the transferred genes have, through 
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time, ameliorated to the G+C content of the transcriptional/translational machinery 

of the new host for superior function. An additional explanation for this phenomenon 

is that members of the Actinobacteria have a very similar genomic G+C content, 

thus horizontally transferred genes cannot be distinguished based on this criterion. 

Furthermore, one of the conditions that have been shown to accelerate HGT events, 

is shared genome size, G+C content, and carbon utilization, which may mask 

molecular evidence for HGT events (Jain et al, 2003). 

Isolate LS 40 is most closely related to gammaproteobacterial E. coli at the 

species level, whereas in the MerA amino acid phylogeny, it clustered with the 

alphaproteobacterial Xanthobacter autotrophicus, suggesting an event of an inter-

class transfer from an alpha Proteobacterial merA gene to a gammaproteobacterial 

recipient (Figure 2.15). It has been shown that gammaproteobacteria preferentially 

exchange genes with alphaproteobacteria which may further support the findings of 

this study (Beiko, 2005). As for the FS isolates, there was evidence for 6 instances of 

HGT events among the classes of Proteobacteria, and one between Firmicutes to an 

alphaproteobacterium (Tables 2.10.1 & 2.10.2). Furthermore, there were 5 instances 

of intra-phylum HGT events among genera of the Actinobacteria.  

The results of this study, suggest that the response of soil bacterial 

communities to Hg stress, when that is combined with a nutrient stress, is tripartite, 

affecting phylogeny, function and metabolism of the community thus highlighting the 

complexity of the impact of Hg-toxicity on microbial communities in long-term 

contaminated soils. 	  
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Figure 2.1. Map of the Oak Ridge Reservation (ORR) in Oak Ridge, Tennessee. East 
Fork Poplar Creek (EFPC) originates at the Y-12 National Security Complex (Y-12 
NSC) and spans for 24 Km from East to Northwest flowing into the Poplar Creek, a 
tributary of that Clinch River (Taken from Brooks and Southworth, 2011). 
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Table 2.1. Summary of analyses of the physical/chemical properties of the Oak 
Ridge soil sample. 

Parameters Average StDeva 

Soil Moisture (% by mass) 17.5% ± 0.0063 
Soil Mass at Field Capacity 20.55 g ± 0.56 

Water at Field Capacity 79.3% N/Ab 

Water in Saturated Soil 52.48 g ± 0.73 
Water Holding Capacity (WHC) 82.06 % ± 0.46 

LOI550
c 8.94% ± 0.04 

Organic Carbon 4.47% ± 0.02 
LOI950

d 1.98% ± 0.09 
Inorganic Carbon 0.54% ± 0.024 

pH 8.1  
Soil Texture:   

Sand 75% N/A 
Silt 15% N/A 
Clay 10% N/A 

a ± 1 standard deviation from the mean of three replicates 
b N/A = Not Determined 
c Loss On Ignition at 550 OC 
d Loss On Ignition at 950 OC 
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Table 2.2. Bacterial counts from dilution series plated on 0.01X TSA medium 
supplemented with a range of mercury concentrations. 

HgCl2  
(µM) 0 0.2 0.4 0.8 1.2 2.4 5 7.5 10 

Averagea  
(cells g-1  

x 105) 
6.4 9.02 7.77 8.81 6.75 6.69 4.87 2.7 1.8 

Std 
Deviationb ± 0.5 ± 1.7 ± 2.6 ± 2.2 ± 0.9 ± 2.1 ± 1.3 ± 0.4 ± 0.3 

a The average of dilutions 102 and 103 were used for the cell counts for each mercury 
level. 
b  ± 1 Std Dev from the mean. 
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Table 2.3. Bacterial counts from dilution series plated on 0.2X TSA medium 
supplemented with a range of mercury concentrations. 

HgCl2  
(µM) 0 2 5 10 20 50 75 100 

Averagea  
(cells g-1   

x 105) 
10.8 10.64 9.65 7.69 5.28 6.18 4.03 1.9 

Std 
Deviationb ± 4.2 ± 6.1 ± 4.4 ± 4.4 ± 0.7 ± 1.4 ± 0.3 ± 0.4 

a The average of dilutions 102 and 103 were used for the cell counts for each  
mercury level. 
b  ± 1 Std Dev from the mean. 
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Figure 2.2. Bar graph of LS (black bars) and FS (grey bars) isolates indicating the 
original Hg concentration on which the isolates were obtained. Percentile distribution 
of isolates that were obtained at each Hg concentration, are displayed on top of each 
bar.  
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Figure 2.3. Pie chart of taxonomic associations of LS isolates based on 16S rRNA 
gene sequence BLASTN searches. The Actinobacteria are shown with solid perimetric 
lines. The Proteobacteria have doted lines for the alpha, dash lines for the beta, and 
double lines for the gamma. Sequences that were similar to uncultured clones are 
marked as unknown and have a solid black fill. 
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Figure 2.4. Pie chart of taxonomic associations of FS isolates based on 16S rRNA 
gene sequence BLASTN searches. The Actinobacteria are shown with solid perimetric 
lines. The Proteobacteria have doted lines for the alpha, dash lines for the beta, and 
double lines for the gamma.  
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Figure 2.5. Class and phylum level taxonomic distribution of LS (black bars) and FS 
(grey bars) isolates based on 97% 16S rRNA gene sequence similarity (species 
level). Alpha, beta and gamma, refer to classes of the Gram negative Proteobacteria. 
Actinobacteria are High G+C, Gram positive organisms.	  
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Figure 2.6. Phylogenetic tree of LS isolates and their closest relatives (accession 
numbers) based on 16S rRNA gene sequences. The Neighbor-Joining tree was 
constructed using Phylo_Win and the Bootstrap values higher than 50 are shown. Bar 
indicates 5% estimated nucleotide substitution per site. Color of bracket indicates 
taxonomic affiliation. Red: Actinobacteria, Green: gammaproteobacteria, Purple: 
betaproteobacteria, Orange: alphaproteobacteria.  Numbers in parentheses indicate 
clonal sequences. Sulfolobus solfataricus was used as an outgroup. 
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Figure 2.7. Phylogenetic tree of FS isolates and their closest relatives based on 16S 
rRNA gene sequences. The Neighbor-Joining tree was constructed using Phylo_Win 
and the Bootstrap values higher than 50 are shown. Bar indicates 4% estimated 
substitution. Color of bracket indicates taxonomic affiliation. Red: Actinobacteria, 
Green: gammaproteobacteria, Purple: betaproteobacteria, Orange: 
alphaproteobacteria.  Numbers in parentheses indicate clonal sequences. Sulfolobus 
solfataricus was used as an outgroup. 
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Figure 2.8. Rarefaction curves calculated for the LS isolates, using different 
grouping criteria. (■) 100%, (▲) 97%, (◆) 96-95% percent 16S rRNA gene 
sequence similarity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   	   	  

	  

59 

 
 
Figure 2.9. Rarefaction curves calculated for the FS isolates, using different 
grouping criteria. (■) 100%, (▲) 97%, (●) 95% percent 16S rRNA gene sequence 
similarity.  
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Table 2.4. Diversity of LS and FS isolates’ groups based on 16S rRNA gene 
sequences.  
Isolates’ 
Group 

Number of 
sequences 

Number of 
phylotypesa ACEb Chao1 H’c Jd 

LS 36 23 13 
(10-28)e 

12 
(10-26) 

2.11  
(1.81-2.42) 0.73 

FS 47 36 25 
(20-46) 

25 
(20-46) 

2.8  
(2.57-3.04) 0.81 

a Diversity indices were based on 97% sequence similarity 
b Nonparametric estimates of diversity ACE and Chao1 
c Calculated Shannon Diversity index  
d Evenness measure  
e Numbers in parentheses indicate the 95% confidence intervals 
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Table 2.5. Primer sets used to amplify the merA gene from LS and FS isolates.   

Pr
im

er
 

S
et

 Target 
Organisms 

 
Annealing1  

 
Extension Primer name: sequence 

(5’ to 3’) 
Amplicon 

size 

1a Proteobacteria, 
Firmicutes,  

59 °C, 30 s 
 

72 °C, 30 s 

Nsf: ATC CGC AAG TNG 
CVA CBG TNG G 
rev: CGC YGC RAG CTT 
YAA YCY YTC RRC CAT 
YGT 

310 bp 

2a Proteobacteria, 
Firmicutes 

61 °C, 30 s 
 

72 °C, 90 s 

Nlf: CCA TCG GCG GCA 
CYT GCG TYA A 
rev: CGC YGC RAG CTT 
YAA YCY YTC RRC CAT 
YGT 

1249 bp 

3a 

Proteobacteria, 
Firmicutes, 

Actinobacteria 
Deinococcus-

Thermus 

64 °C, 60 s 
 

72 °C, 90 s 

4 highGC-for: CGT SAA 
CGT SGG STG CGT GCC 
STC CAA G 
4 highGC-rev: CGA GCY 
TKA RSS CYT CGG MCA 
KSG TCA GGT AGG 

1246 bp 

4b Alpha-
Proteobacteria 

52 °C, 30 s 
 

72 °C, 60 s 
Al-Fw: TCC AAG GCG MTG 
ATC CGC GC 
Al-Rv: TAG GCG GCC ATG 
TAG ACG AAC TGG TC 

800 bp 

 
1 All PCR programs had 1X cycle of 95 °C, 5 min and 30 X cycles of a 95 °C 
denaturation step followed by the listed annealing and extension conditions. The 
program was completed by a final step of extension at 72 °C for 10 min. 
a Primer set designed by Wang et al, (2011). 
b Primer set designed by Øregaard and Sørensen (2007). 
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Figure 2.10. Taxonomic distribution of LS (black bars) and FS (grey bars) isolates  
based on the merA gene sequence similarity. Alpha, beta and gamma, refer to 
classes of the Gram negative Proteobacteria. Actinobacteria and Firmicutes are High 
and Low G+C Gram positive organisms, respectively.  	  
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Figure 2.11. Pie chart of taxonomic associations of LS isolates based on MerA amino 
acid sequence BLASTP searches. The Actinobacteria are shown with solid perimetric 
lines. The Proteobacteria have doted lines for the alpha, dash lines for the beta, and 
double lines for the gamma. Sequences that were similar to uncultured clones are 
marked as unknown and have a solid black fill. 
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Figure 2.12. Pie chart of taxonomic associations of FS isolates based on MerA amino 
acid sequence BLASTP searches. The Actinobacteria are shown with solid perimetric 
lines. The Proteobacteria have doted lines for the alpha, dash lines for the beta, and 
double lines for the gamma. Firmicutes are shown in solid black.  
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Figure 2.13. Rarefaction curves calculated for the LS isolates, using different 
grouping criteria. (■) 100%, (▲) 99% and (◆) 95% percent merA gene sequence 
similarity.  
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Figure 2.14. Rarefaction curves calculated for the FS isolates, using different 
grouping criteria. (■) 100%, (▲) 98% percent merA gene sequence similarity.  
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Table 2.6. Diversity LS and FS isolates’ groups based on merA gene sequences.  
Isolates’ 
Group 

Number of 
sequences 

Number of 
phylotypesa Chao1b H’c Jd 

LS 16 8 22 
(10-75) e 

1.64 
(1.1-2.2) 0.85 

FS 33 21 36 
(25-74) 

2.9 
(2.7-3.2) 0.92 

a Diversity indices were based on 99% sequence similarity 
b Nonparametric estimates of diversity Chao1 
c Calculated Shannon Diversity index  
d Evenness measure  
e Numbers in parentheses indicate the 95% confidence intervals 
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Figure 2.15. Neighbor-joining analysis of 16S rRNA gene and MerA protein 
sequences of selected LS isolates that show incongruencies and of reference strains. 
The names of the isolates in both tress correspond to organism’s phylogenetic group 
(16S rRNA gene). Bootstrap values higher than 50 are shown. Bar indicates 5% and 
7% estimated substitution. Color indicates taxonomic affiliation. Orange: 
alphaproteobacteria, Purple: betaproteobacteria, Green: gammaproteobacteria, Red: 
Actinobacteria. Sulfolobus solfataricus was used as an outgroup for the 16S rRNA 
tree and Thermus thermophilus for the MerA tree. 



	   	   	  

	  

69 

Table 2.7. Comparison of G+C mole% content between recipient strains’ genomes 
and donor merA genes among LS Isolates. 

Org.  
Name 

Recipient 16S rRNA 
gene sequence most 
closely related to: 

G+C 
mole% 
content 
genomea 

G+C 
mole% 
content 
merAb 

Donor merA gene 
sequence most 

closely 
related to: 

LS 7 Streptomyces sp.  
MJM8416  
(Actinobacteria) 

66-73 72 Pseudonocardia 
 dioxanivorans 
CB1190 pSED01 
(Actinobacteria) 

LS 11 Streptomyces 
umbrinus  
(Actinobacteria) 

66-73 70 Acidothermus 
cellulolyticus 11B 
(Actinobacteria) 

LS 14 Arthrobacter sp. 
16.43 
(Actinobacteria) 

64-73 66 Streptomyces 
lividans 
(Actinobacteria) 

LS 24 Streptomyces sp. 
SCP-2 
(Actinobacteria) 

66-73 67 Nocardioides sp. 
JS614 
(Actinobacteria) 

LS 28 Streptomyces sp. 
Lz531  
(Actinobacteria) 

66-73 70 Acidothermus 
 cellulolyticus 11B 
(Actinobacteria) 

LS 21 Alcaligenes sp. HI-
ABCE2  
(beta) 

56-60 65 Ralstonia  
picketii 12J 
(beta) 

LS 33 Streptomyces sp. 
SCP-2 
(Actinobacteria) 

66-73 67 Micrococcus luteus 
 NCTC 2665 
(Actinobacteria) 

LS 40 E. coli 
(gamma) 

48.5-52 61 Xanthobacter  
autotrophicus 
(alpha) 

a The genomic G+C mole% content ranges were found in The Prokaryotes and 
Bergey’s manual. 
b The G+C mole% content of the merA genes was calculated using the OligoCal tool 
at: www.basic.northwestern.edu/biotools/oligocalc.html 
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Table 2.8.1. Comparison of G+C mole% content between recipient strains’ genomes 
and donor merA genes among Proteobacterial FS Isolates.	  

Org. 
Name 

Recipient 16S rRNA  
gene sequence most 
 closely related to: 

G+C 
mole% 
content 
genomea  

G+C 
mole% 
content 
merAb  

Donor merA gene 
sequence most closely 
related to: 

FS 2 Aminobacter  
aminovorans  
(alpha) 

62.5 64 Bradyrhizobium sp. Is-
D308 
(alpha) 

FS 3 Bradyrhizobium 
sp. CCBAU 85057 
(alpha) 

64.1 64 Oligotropha 
carboxidovorans OM5 
(alpha) 

 FS 6  
& 21 

Sinorhizobium sp.  
CAF63 (alpha) 

57-66 64 Bradyrhizobium sp. Is-
D308 (alpha) 

FS 7 Aminobacter  
aminovorans  
DSM7048T 
(alpha) 

62.5 66 Aurantimonas 
manganoxydans 
SI85-9A1 
(alpha) 

F       FS 18 Aminobacter sp.  
MSH1 
(alpha) 

62-64 64 Bradyrhizobium 
sp. Is-D308 
(alpha) 

FS 23 Ensifer adhaerens  
S-30.7.5 
(alpha) 

62.1 66 Aurantimonas sp. SI85-
9A1 
(alpha) 

FS 33 Aminobacter 
aminovorans 
(alpha) 

62.5 57 Bacillus 
cereus 
(Firmicutes) 

FS 54 Aminobacter sp. C4 
 (alpha) 

57-63 57 Bacillus cereus 
(Firmicutes) 

FS 10 Stenotrophomonas 
maltophila 
(beta) 

66 66 Salmonella 
enterica 
(gamma) 

FS 17 Alcaligenes sp. 
HI-ABCE2 
(beta) 

56-60 69 Ralstonia 
pichettii 12J 
(beta) 

FS 42 Alcaligenes sp.  
HI-ABCE2 
(beta) 

56-60 69 Ralstonia 
pichettii 12J 
(beta) 

FS 35 Lysobacter sp. 13-1 
(gamma) 

65-70 64 Pseudomonas 
aeruginosa 
(gamma) 

FS 41 Lysobacter antibioticus 
(gamma) 

66.2- 
69.2 

68 Polaromonas sp. 
(beta) 

FS 49 Lysobacter  
sp. 13-1 
(gamma) 

65-70 64 Stenotrophomonas 
maltophilia K279a 
(beta) 

a The genomic G+C mole% content ranges were found in The Prokaryotes and 
Bergey’s manual. 
b The G+C mole% content of the merA genes was calculated using the OligoCal tool 
at: www.basic.northwestern.edu/biotools/oligocalc.html 
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Table 2.8.2. Comparison of G+C mole% content between recipient strains’ genomes 
and donor merA genes among Actinobacterial FS Isolates.	  

Org. 
Name 

Recipient 16S rRNA  
gene sequence most 
 closely related to: 

%G+C 
genomea  

%G+C 
merAb  

Donor merA gene 
sequence most 
closely related to: 

FS 4 Nocardia alba 
(Actinobacteria) 

72 67 Streptomyces sp. 
CHR28  pRJ28 
(Actinobacteria) 

FS12  Mycobacterium sp.  
MOLA 520 
(Actinobacteria) 

59-66 68 Acidothermus 
cellulolyticus 11B 
(Actinobacteria) 

FS 14  Streptomyces sp. 10-3 
(Actinobacteria) 

70-72 68 Acidothermus 
cellulolyticus 11B 
(Actinobacteria) 

FS 27  Streptomyces ederensis  
strain 174483  
(Actinobacteria) 

70-72 68 Acidothermus 
cellulolyticus 11B 
(Actinobacteria) 

FS 28 Streptomyces sp.  
HBUM87110  
(Actinobacteria) 

70-72 68 Acidothermus 
cellulolyticus 11B 
(Actinobacteria) 

a The genomic G+C mole% content ranges were found in The Prokaryotes and 
Bergey’s manual. 
b The G+C mole% content of the merA genes was calculated using the OligoCal tool 
at: www.basic.northwestern.edu/biotools/oligocalc.html	  
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Table 2.9. Indications of HGT of merA among LS Isolates.	  

Isolate Phylogenetic 
incongruencea 

 
G+C 

mole% 
content b 

 

Plasmid 
presence/Positive 

merA 
amplification 

LS 7 Streptomyces sp. 
MJM8416 
(Actinobacteria) 

+ - -/- 

LS 11 Streptomyces 
umbrinus 
(Actinobacteria) 

+ - -/- 

LS 14 Arthrobacter sp. 
16.43 
(Actinobacteria) 

+ - NDc 

LS 24 Streptomyces sp. 
SCP-2 
(Actinobacteria) 

+ - -/- 

LS 28 Streptomyces sp. 
Lz531 
(Actinobacteria) 

+ - +/ND 

LS 21 Alcaligenes sp. 
HI-ABCE2 
(beta) 

+ + ND/ND 

LS 33 Streptomyces sp.      
SCP-2 
(Actinobacteria) 

+ - - 

LS 40 E. coli 
(gamma) 

+ + +/ND 

a Phylogenetic incongruencies between the 16S rRNA gene sequences and MerA 
amino acid sequences. 
b G+C mole% content  comparison between genomic and merA gene sequences. 
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Table 2.10.1. Indications of HGT of merA among Proteobacterial FS Isolates.	  

Isolate Phylogenetic 
incongruencea 

G+C 
mole% 

content b 

Plasmid presence/ 
Positive merA 
amplification 

FS 2 Aminobacter 
aminovorans 
(alpha) 

+ + +/NDc 

FS 3 Bradyrhizobium 
sp. CCBAU 85057 
(alpha) 

+ - +/+ 

FS 6 
& 21 

Sinorhizobium sp. 
CAF63 
(alpha) 

+ - +/+ 
+/ND 

FS 7 Aminobacter 
aminovorans 
DSM7048T 
(alpha) 

+ + +/+ 

FS 18 Aminobacter sp. 
MSH1 
(alpha) 

+ - - 

FS 23 Ensifer adhaerens 
S-30.7.5 
(alpha) 

+ + - 

FS 33 Aminobacter 
aminovorans 
(alpha) 

+ + +/+ (Primer Set 2) 

FS 54 Aminobacter sp.C4 
(alpha) 

+ - ND 

FS 10 Stenotrophomonas 
maltophila 
(beta) 

+ - +/+ 

FS 17 Alcaligenes sp. 
HI-ABCE2 
(beta) 

+ + +/+ 

FS 42 Alcaligenes sp. 
HI-ABCE2 
(beta) 

+ + +/+ 

FS 35 Lysobacter  
sp. 13-1 
(gamma) 

+ + +/+ 

FS 41 Lysobacter 
antibioticus 
(gamma) 

+ - +/+ 

FS 49 Lysobacter 
sp. 13-1 
(gamma) 

+ + +/+ 

a Phylogenetic incongruencies between the 16S rRNA gene sequences and MerA 
amino acid sequences. 
b G+C mole% content  comparison between genomic and merA gene sequences. 
c ND: Not determined. 
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Table 2.10.2. Indications of HGT of merA among Actinobacterial FS Isolates.	  

Isolate Phylogenetic 
incongruencea 

 
G+C 

mole% 
contentb 

 

Plasmid presence/ 
Positive merA 
amplification 

FS 4 Nocardia alba 
(Actinobacteria) 

+ + +/+ 

FS12 Mycobacterium sp. 
MOLA 520 
(Actinobacteria) 

+ + +/+ 

FS 14 Streptomyces sp. 10-3 
(Actinobacteria) 

+ + +/+ 

FS 27 Streptomyces ederensis 
strain 174483 
(Actinobacteria) 

+ + +/+ 

FS 28 Streptomyces sp. 
HBUM87110 
(Actinobacteria) 

+ + +/+ 

a Phylogenetic incongruencies between the 16S rRNA gene sequences and MerA 
amino acid sequences. 
b G+C mole% content  comparison between genomic and merA gene sequences. 
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Chapter 3 - Biogeographical Patterns of Bacterial Communities Along the 

Mercury Contaminated Floodplains of South River, Virginia. 

 

Introduction 

Hg contamination in Virginia’s South River (SR) is attributed to the use of 

mercuric sulfate as a catalyst in the production of acetate fiber. The industrial 

process was carried out in the DuPont facility located on the banks of SR in the town 

of Waynesboro (Carter, 1977). Hg contamination in the floodplain sediments, is 

thought to have originated from unreported spills during the catalyst recycling 

process, and by virtue of flooding and bank erosion events, carried throughout the 

SR ecosystem. 

In this riverine system, Hg contamination is a persistent problem that doesn’t 

seem to attenuate with the passing of time. Sixty years after the cessation of Hg 

use, Hg concentrations are still high, severely impacting the associated aquatic and 

terrestrial food chains (Cristol et al, 2008). Fish, arthropods and birds, all were found 

to have Hg levels that exceed the EPA standards (0.3 mg/Kg) (EPA). Fish 

consumption is also prohibited as Hg exceeds the FDA action levels of 0.5 mg/Kg for 

marketed fish, restricting fishing activities to recreational catch/release (FDA). 

To indentify the causes and consequences of Hg contamination in SR, a 

consortium of scientists from different agencies and corporations, called the South 

River Science Team, was formed in 2000. The specific objectives of this team were: 

(1) to evaluate specific factors contributing to the Hg contamination, (2) to 

determine the reasons why Hg concentration in the fish and wildlife biota remains 

elevated despite the 60-year natural recovery, and (3) to identify and propose 

remedial strategies (Flanders et al, 2010, Carter, 1977).   

Understanding the microbial contribution to the Hg contamination problem in 

this riverine system is of particular importance because microbial communities 
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occupy the base of the food chain and the way they transform Hg has bottom-up 

effects to all trophic levels (Barkay et al, 2003, Clarkson, 2002). Furthermore, 

microorganisms are far more sensitive to heavy-metal stress than animals and 

plants, thus they can be used as indicators of stress in the environment (Giller et al, 

2009). Bio-indicators are a very useful tool in assessing pollution levels, especially 

when the endpoint of management is to protect and conserve biological and 

ecological resources and functions (White et al, 1998). Finally, a microbial remedial 

action is an attractive proposition as it bypasses the use of engineering or chemical 

based-remediation (Barkay and Schaefer, 2001). Simple induction of local microbial 

communities is not very likely to impact the ecosystem negatively, whereas dredging 

and capping (Wessels Perelo, 2010), removal and incineration of contaminated 

sediments disturb the environment gravely (Whicker et al, 2004).  

 For these reasons, there is a pressing need to study and understand the 

microbial contribution to the Hg contamination problem in SR. In other words, how 

does the choice of Hg transformations employed by microbes to detoxify their own 

milieu influence the bioavailability of Hg to the food chain and to the environment 

itself?  

 Bacterial resistance to methylmercury (MeHg) is encoded by the mercury 

resistance (mer) operon, which is tightly regulated by the Hg(II) bioavailability in the 

environment (Barkay et al, 2003). This mechanism involves expression and co-

ordination of the organomercurial lyase (MerB) protein, that cleaves the C-Hg bond, 

and the mercuric reductase (MerA) which further reduces Hg(II) to Hg(0), a volatile 

form that escapes to the atmosphere. This two-step detoxification process is in 

competition with Hg methylation, which converts Hg(II) into MeHg thus increasing 

Hg toxicity by virtue of transfer of the neurotoxic substance into the food chain. 

MeHg demethylation undoes methylation, as MerB degrades the MeHg reducing its 

environmental pool and accumulation in sediments and biomagnification in the food 
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chain (Schaefer et al, 2004). The reduction mechanism indirectly competes with 

methylation, as Hg(II) is a shared substrate for both processes and high reduction 

rates of Hg(II) to its volatile form (Hg[0]), by MerA, decreases its bioavailability to 

the methylation process and may lower the rates of the methylation/demethylation 

cycle. Studies performed in other aquatic ecosystems showed that Total Mercury 

(THg) concentrations are inversely proportional to MeHg concentrations (Barkay and 

Wagner-Dobler, 2005 and References therein). This trend was attributed to the 

induction of the more efficient mechanisms of detoxification, carried out by the Mer 

proteins, when THg concentrations were high (Schaefer et al, 2004).  

The contribution of microbial communities to the production of MeHg in South 

River sediments was recently studied (Yu et al, 2011). It was shown that in 

anaerobic riverine sediment incubations, the potential methylation rates were higher 

than those observed in other riverine ecosystems, and that active microbial guilds in 

sediment incubations that methylated Hg were phylogenetically related to sulfate-

reducing bacteria (SRB) and to iron reducing bacteria (IRB). The detoxification 

mechanism of MeHg-demethylation was also found to be significant, but at lower 

rates than those found in other studies, and it best correlated to MeHg as opposed to 

THg, sulfate and iron concentrations (Yu et al, 2011). Together the results suggested 

a high metabolic potential for the production of MeHg in South River sediments. 

 

Scope of study 

 

No previous research has been conducted to study the biogeographical 

patterns of bacterial communities along the contaminated SR in response to Hg and 

other abiotic factors. In this study I examined the development and composition of 

soil bacteria in samples collected from forest-covered floodplains across the SR using 

a culture-dependent method and their diversity based on culture-independent 



	   	   	  

	  

78 

methods. The specific method used was terminal restriction length polymorphism (t-

RFLP), which allows quantification of sequence variability of 16S rRNA gene 

sequences directly extracted from environmental samples (Liu et al, 1997). The DNA 

fingerprints produced from each bacterial community are based on fragment length 

representing unique phylotypes and their abundance within that community.  

This method is suited for analysis of a large number of samples and for 

quantitatively detecting differences in diversity and composition of soil bacterial 

communities (Shutte, et al 2008). This is a valuable tool providing a reliable 

assessment of bacterial abundance, and is an alternative to clone libraries, which do 

allow for a more detailed analysis of phylogenetic information, but demand large 

scale sequence efforts to capture the same levels of diversity to those captured with 

t-RFLP (Kitts, 2001 and references therein, Liu et al, 1997). Also, t-RFLP results have 

been shown to be consistent with results from clone libraries (Mannisto et al, 2009).  

I also report the development of a new functional gene t-RFLP method, for 

the estimation and quantification of merA determinant diversity and spatial 

distribution in soil samples across the SR. merA gene encodes for MerA, a part of the 

reductive Hg detoxification mechanism. The choice of primers in the method design, 

was based on their ability to amplify merA genes from organisms belonging to a wide 

array of taxonomic groups, including but not limited to the phyla Deinococcus-

Thermus, Actinobacteria, Firmicutes and classes of the Proteobacteria (Wang et al, 

2011). To the best of our knowledge, this is the first report of a functional merA-t-

RFLP procedure, yet functional gene t-RFLP has been used successfully by other 

workers to assess the spatial variability of genes encoding functions such as 

nitrification (Siripong and Rittmann, 2006), methane oxidation (Hoffmann et al, 

2002) and chitin degradation (Ikeda et al, 2006).  

Finally, to assess biogeographical patterns of bacterial communities and 

determine which environmental variables are good predictors of diversity, I used a 
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number of univariate and multivariate ordination techniques and cluster analyses 

based on both 16S rRNA- and merA- gene fingerprints (Shutte, et al 2008, Fierer 

and Jackson, 2006). Univariate and cluster methods of analysis were used to 

determine the influence on diversity, one variable at a time. To obtain a more 

resolved picture on the interplay of abiotic and biotic variables, the multivariate 

method was used as it ordinates variables in multi-dimensional space and can infer 

cross-correlations among them at a time (Cao et al, 2006, terBraak 1986).  

 

Materials & Methods 

 

1. Hg gradient sampling site  

The South River (SR) originates south of Staunton, Virginia, and flows 

northward through Waynesboro, to the confluence with North and Middle Rivers at 

Port Republic (Figure 3.1). These three rivers are tributaries to the South Fork 

Shenandoah River. For sampling purposes, the SR has been sub-divided in six 

reaches, with each reach being the distance between 2 bridge crossings along the 24 

miles between the DuPont site in Waynesboro and the Port Republic. The DuPont site 

is the beginning of the gradient as it is thought to be the source of Hg to the SR 

ecosystem. The soil samples used in this study were collected from forested areas of 

the floodplain with an average flooding frequency (FP) of 2-years (Figure 3.2). The 

THg levels for this specific land use and flooding frequency combination are the 

highest as compared to other land uses (open space and pastureland) and flooding 

frequencies (5-year and 60-year). The THg in these samples ranged from 0.026 to 

70.7 mg/Kg (Flanders, J. R. Personal Communication).  

Samples were collected in duplicate from each reach, between 2/19/2008 to 

3/18/2008, from the surface (0 cm) to a depth of 15 cm and sieved down to 2 mm. 

Chemical analyses for THg concentration, moisture, soil texture and organic carbon 



	   	   	  

	  

80 

content (LOI), were performed by J. R. Flanders (URS Corporation and the DuPont 

Corp.) (Table 3.1). Soil samples were then dried and stored at room temperature. 

Upon receipt at Rutgers, on April 2009, the soil samples were stored at 4 °C for 

chemical, microbial, and molecular analyses. 	  

To determine the pH, 20 g of soil was mixed with 20 ml of 2 mM 

pyrophosphate buffer and stirred for 30 min. The slurry was allowed to sit for 2 h to 

allow the particles to settle before a reading was taken using a Fisher Scientific 

Accumet pH meter (Fisher Scientific Inc., Pittsburg, PA) (Hartman et al, 2008). 	  

	  

2. Day of colony appearance protocol 

To examine the viable HgR bacteria present in the soil samples of the 

gradient, soil samples were serially diluted and plated on 0.2X TSA amended with 

100 µM HgCl2. I used this nutrient and Hg concentration because these same 

conditions selected for resistant bacteria and promoted the growth of both slow and 

fast growers of the r & K continuum when applied to soil samples from the EFPC (See 

Materials & Methods section in Chapter 2).	  

 The plating protocol followed the one that is presented in the Materials & 

Methods section of Chapter 2, except for the addition of a pre-treatment step. This 

treatment, applied to two of the soil samples, relative river mile (RRM) 9.1 and RRM 

19.7, consisted of a 24 hrs exposure to 10 µg/g HgCl2 prior to plating. This step was 

included to test whether pre-treatment with Hg has an effect on the HgR bacteria 

when compared to the same sample that was not pre-treated. 	  

 Colonies were counted on day 3, 10, and 17 so as to see the progression of 

the r- and K-continuum. I used the assumption that organisms that grow after 24-48 

h are fast-growing r-strategists and those appearing on the 10th and 17th day 

readings are considered slow growing K-strategists (Deleij, 1993). Finally, all 

incubations were carried out in the dark and at 28 OC.	  



	   	   	  

	  

81 

3. 16S rRNA/t-RFLP analysis of the soil samples 

 

a- Sample preparation protocol 

 To determine the trends of the phylogenetic diversity among the microbial 

communities of the soil samples of the gradient, the culture-independent terminal 

Restriction Fragment Length Polymorphism (t-RFLP) technique was used. In general 

terms, in the t-RFLP community analysis, the chromatogram that has the most peaks 

represents the most diverse community and vice versa (Avaniss-Aghajani, et al, 

1994). 

 In more detail, total genomic DNA, from each soil sample, was successfully 

extracted, except for the RRM 1.7 sample, using the UltraCleanTM Microbial DNA 

isolation kit, according to the manufacturer’s instructions (MoBio Laboratories, 

Solana Beach, CA, USA). To quantitate the concentration of DNA, samples were 

loaded and ran in a 1% agarose gel against 100 ng of the λ HindIII marker. Ten 

nanograms of total DNA was added to a PCR reaction mix containing: 15.25 µl H2O, 

2.5 µl 10x PCR buffer, 1.5 µl of 25 mM MgCl2, 0.5 µl of 10 µM dNTPs, 0.5 µl of 

universal primer 27F carrying 6-FAM fluorescent tag on the 5’ end (Gibco Life 

Technologies, Gaithersburg, MD), 0.5 µl of universal primer 519R, and 0.25 µl of Taq 

polymerase to a final volume of 25 µl per reaction. The PCR program includes 1x 

cycle of denaturation at 95 °C for 5 min, 28X cycles of denaturation at 95 °C for 1 

min, primer annealing at 53 °C for 20 sec, extension at 72 °C for 30 sec, and a final 

cycle of extension at 72 °C for 10 min.  

 To produce a mixture of variable length, end-labeled fragments, 15 ng of DNA 

were digested with the restriction enzyme MnlI (New England Biolabs® Inc., Ipswich, 

MA) for 6 h at 37 °C in a reaction mix containing: 2 µl of NEB buffer 2, 2 µl of 10x 

BSA, 0.2 µl of MnlI, and 10.8 µl of H2O for a final volume of 20 µl per reaction. To 

clean up the digested DNA, 1.9 µl of 3 mM sodium acetate and 37 µl of 95% ethanol 
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were added to the digests and tubes were incubated at room temperature for 15 

min. The reactions were centrifuged at maximum speed for 15 min at 4 °C , the 

supernatant was removed and 125 µl of 70 % ethanol were added to wash the DNA 

pellet. The pellets were left to dry at room temperature and dissolved in 19.7 µl of 

deionized formamide and 0.3 µl of GeneScan®-500 [ROX]™ (Applied Biosystems, 

South San Francisco, CA) and denatured at 95 °C  for 2 min. The end-labeled DNA 

fragments were electrophoretically separated on a polyacrylamide gel in an ABI 

model 373 automated sequencer (Applied Biosystems, Foster City, CA) (Kerkhof et 

al, 2000).  

   

b- Analysis of 16S rRNA/t-RFLP results 

The resulting t-RFLP fingerprints of the 11 soil samples were analyzed using 

the Genescan Software (Perkin-Elmer, Foster City, CA) with a peak size detection of 

50-495 base pairs (bps) and peak area detection of ≥ 50 arbitrary fluorescent units. 

Peak presence is used as a species richness measure, and peak area as a measure of 

abundance of each peak in the sample (McGuinness et al, 2006, Scala and Kerkhof, 

2000, Liu et al, 1997). 

Peaks that differed by >0.5 bps in different fingerprints were considered 

unique operational taxonomic units (OTU) (Dunbar et al, 2001). To allow for a 

comparison among the samples, all peak areas of a fingerprint were normalized to 

the total area of that sample. Peaks contributing ≥1% of the total areas of all the 

samples were considered the most abundant/dominant peaks (Mannisto et al, 2009, 

McGuinness et al, 2006).  

 

4. Development of a merA-t-RFLP method  

To determine the trends in functional diversity among the microbial 

communities of the soil samples along the Hg gradient, the t-RFLP method was 
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applied using Primer set 3 (see Chapter 2). This degenerate PCR primer set, targets 

merA determinants of the Phyla Proteobacteria, Firmicutes, Actinobacteria and 

Deinococcus-Thermus. The resulting amplified PCR product is 1,205 bp long (Wang 

et al, 2011). The 5’-end of forward primer of this set was labeled with 6-

carboxylfluorescien (6-FAM) (Applied Biosystems, Foster City, CA) for the t-RFLP 

purposes. 

The EnzymeX program (http://www.mekentosj.com/science/enzymex) was 

used to determine which endonucleases will produce a mixture of variable length 

end-labeled fragments desired for fingerprinting. The merA sequences used to 

determine the in silico digestion were the mer operons, of the gammaproteobacterial 

Tn501 (Z00027), Tn21 (AF071413) and pPB20 (U80214) of the P. stutzerii strain OX, 

those of the actinobacterial  Rubrobacter xylanophilus (YP644538), Streptomyces 

lividans (X65467), and Streptomyces sp. CHR28/pRJ28 (AF222792), and 

Deinococcus-Thermus Thermus thermophilus HB27 (YP004762), based on which the 

Primer set 3 was designed (Wang et al, 2011). merA sequences belonging to the 

alphaproteobacteria Oligotropha carboxidovorans OM5 (NC_011386.1) and 

Xanthobacter autotrophicus Py2 (NC_009720.1), the betaproteobacteria Ralstonia 

pickettii 12J (CP001068.1) and Alcaligenes sp. pMER610 (Y08993.1), and the 

Firmicutes Bacillus cereus AH820 (CP001283.1), were also digested in silico, as it has 

been shown that they can be amplified by this primer set (See Chapter 2).  

The endonucleases MboII and MslI were selected as their combined cutting 

pattern allows distinction among the major subclasses of amplicons produced by the 

Primer set 3. The size ranges of merA sequences doubly digested with these 

restriction enzymes was 115 to 466 bps, which is within the size detection limits of 

the ABI model 373 automated sequencer (Applied Biosystems, Foster City, CA). 

Whole DNA was amplified in 50-µl reaction mixtures with 20 pmol of primer 
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set with PCR condition as follows; 95 °C for 5 min and then 30 cycles of 95 °C for 1 

min, 64 °C for 1 min, and 72 °C for 90 sec, with a final extension at 72 °C for 10 

min. Fluorescently labeled PCR products were ran on a 1% agarose gel 

electrophoresis, and the product was quantified by image analysis. Fifteen 

nanograms of PCR product were digested with MboII and MslI endonucleases (New 

England Biolabs® Inc., Ipswich, MA). All digests were in 20-µl volumes, incubated for 

6 h at 37 °C. The digested reactions were processed and the resulting merA-t-RFLP 

fingerprints were analyzed as described in section 3b. Only 3 samples were analyzed 

using this method from sites RRM 4.6, 5.2, 8.6. 

  

5. Diversity analyses of the samples based on species abundance (area 

under the peak) and species richness (number of peaks) 

 The following analyses were applied to the fingerprints of both 16s rRNA gene 

and merA-t-RFLP data to examine the taxonomic and functional diversity of the SR 

soil microbial communities:  

 

a- Shannon 

The Shannon diversity index (H’) (Shannon, 1948) was calculated as a 

function peak presence/absence and the area under the peak (Equation 1). Pi is the 

proportion that each peak area contributes to the total area in the ith  peaks and S is 

the total number of peaks. An evenness measure (J') was also calculated for each 

sample based on observed to maximum H’ ratio values (Equations 2 and 3) (Hewson 

and Fuhrman, 2004). 

 

Equation 1: 
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Equation 2: 

H´max = ln(S) 

 

Equation 3: 

J' = H'/H´max 

 

b- Sorensen and Bray-Curtis analyses with COMPAH 

The binary system of peak presence or absence was used to calculate the 

Sorensen Similarity index, and the normalized relative abundance of each peak was 

used to calculate the Bray-Curtis Similarity index. Two independent rooted trees 

(dendrograms) were constructed based on both similarity indices using the Un-

weighted Pair Group Mean Average (UPGMA). Similarity indices’ calculations and 

clustering analyses were performed using the COMbinatorial Polythetic Agglomerative 

Hierarchical clustering package 

(http://alpha.es.umb.edu/faculty/edg/files/edgwebp.htm#COMPAH) (McGuinness et 

al, 2006, Girvan et al, 2003, Scala and Kerkhof, 2001). 

 

c- Cluster Analysis: The Relationship of Nearest Neighbor- Shannon 

Diversity Index to Soil Total Hg Concentration.  

Nearest Neighbor was the clustering method used to relate community 

diversity to the soil THg concentration in South River samples. This is a single 

linkage clustering method, where clusters form based on the dissimilarity of each 

entity to each cluster and to its nearest neighbor. It is a space-conserving strategy 

and it is best used when data structure is discrete and not continuous. (McGarigal, et 

al, 2000) 
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The Shannon diversity index and the THg concentration served as the 

variables ordered based on distance away from the source of contamination. The 

SAS statistical package was used, to run the protocols modified by Peter Morin from 

the manufacturer’s manual. (Morin, 2009, Personal Communication, SAS Institute 

Inc., 1999) 

   

6. Canonical Correspondence Analysis (CCA) based on 16S rRNA-t-RFLP 

peaks and abiotic factors. 

 Canonical Correspondence Analysis (CCA) was used as the direct gradient 

analysis technique to relate and rank the abiotic factors with the 16S rRNA and 

merA-t-RFLP fingerprint patterns (Cao et al, 2006, Ter Braak, 1986). The PC-ORDTM 

software (McCune and Mefford, 1999) was used to run the analysis. The t-RFLP data 

(data not shown) were the main matrix, and the abiotic factors were the second 

matrix (Table 3.1).  

t-RFLP fingerprint data were represented as a 1 or a 0 for the presence or 

absence of the sample’s peak at a specific size (bps). Peaks that had at least one 

representative in a given size in at least one sample were used and those peaks of a 

size not represented in any of the samples’ t-RFLP fingerprints, were omitted from 

the analysis.  

The abiotic factors included in this analysis were: distance from the point 

source in miles, THg concentration, moisture content, soil texture (silt/sand/clay), 

pH, and organic carbon content (LOI) (Table 3.1). A multi-co-linearity with 

components of the soil texture (silt/sand/clay) caused no tolerance for any axis in 

999 randomized iterations, thus silt was removed from the second matrix and the 

data sets were re-analyzed. 

 To compare the % variation explained using the whole community (all peak 

abundances) and the dominant peak abundances (≥1% of the total area cutoff), two 
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additional CCA analyses were performed using relative abundances instead of the 

binary presence absence. 

 To determine the correlation between the biotic and abiotic variables, two 

correlations were used: the parametric Pearson correlation and the non-parametric 

Kendall rank correlation. The Pearson correlation assumes normal distribution of the 

linear related variables, while Kendall rank correlation ranks groups with no 

assumptions about distribution.  

 

Results  

 

Cultivation and Characterization of Bacterial Communities 

 To obtain an estimate of the HgR viable populations within the bacterial 

communities in all soil samples of the SR gradient, serially diluted soil suspensions 

were plated on 0.2X TSA amended with 100 µM HgCl2, and incubated in the dark, at 

28 OC. The specific medium strength and Hg concentration level were chosen as it 

has been shown that they indeed select for both slow- and fast-growing HgR bacteria 

(See Chapter 2). In this experiment incubation lasted for 17 days and CFU readings 

were obtained on day-3, day-10 and day-17. The intent of these 3 separate 

readings, was to monitor the development of the r & K continuum in the HgR 

populations, and thus get an insight on community assembly and structure (Deleij, 

1993). Colonies appearing on day-3 represent fast growing organisms, or r-

strategists, as they are better fitted to unstable environments of no crowding and 

high substrate availability. On the other hand, slow growers, or K-strategists, 

appeared on day-10 and day-17, as they have a competitive advantage in high 

crowding and in low substrate availability situations. 
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 HgR colony forming units (CFU) were observed on plates inoculated with soil 

suspensions from sites RRM 1.7, 3.2. 9.1, 19.7 and 23.8, on day-10 and day-17, but 

not on day-3 (Figure 3.3). The THg concentration in these sites ranges from 10.3 to 

70.7 mg/Kg, with an outlier of 3.05 mg/Kg in site RRM 23.8 (Table 3.1). 

Interestingly, the site that produced the highest HgR CFU count was the one closest 

to the source of contamination and not site RRM 3.2 in which the THg concentration 

was the highest among the samples tested. Direct cultivation of soil samples from 

sites RRM 9.2, 13.2, 14.5, 19.6 and 21.5 did not produce any HgR CFU throughout 

the 17-day incubation period. The THg concentration in these sites is lower when 

compared to sites where HgR CFU were produced, and it ranges from 0.026 to 9.16 

mg/Kg. These results suggest, that communities chronically stressed by high THg, 

are adapted to toxicity by virtue of their HgR populations, whereas these populations 

are not maintained in communities that experience chronically low concentrations of 

THg, with the exception of the indigenous communities in site 23.8.  

 As no HgR CFU appeared on day-3, it can be concluded that HgR populations 

were mainly composed of K-strategists. This may further support the adaptation to 

Hg toxicity of communities subjected to chronic Hg-stress, since K-strategists are 

indicative of late successional communities, close to carrying capacity and usually at 

equilibrium. Another factor contributing to the exclusion of HgR r-strategists in this 

setting might be decreased substrate availability as their other 2 requirements for 

growth, i.e., no crowding and environmental instability, are met. If this is true, then 

an acute “recent” stress would disrupt the equilibrium, as lysis of sensitive cells leads 

to an increase in substrate availability, and gives a competitive advantage to HgR r-

strategists. This would manifest in changes of the development and composition in 

the r & K continuum.  

To experimentally test this hypothesis, I selected 2 soil samples from sites 

RRM 9.1 and 19.7, which had produced colonies only on day-10 and day-17, 
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respectively, in the previous experiment. To mimic a “recent” Hg-stress, soil 

suspensions in water were spiked with 10 µg/g HgCl2 and incubated in the dark to 

avoid Hg photoreduction, at 28 ºC for 24 h before being serially diluted and plated. 

Upon the completion of the 17-day long incubation, it was observed that both spiked 

samples developed more total HgR CFU on earlier time points than their un-spiked 

counterparts (Figure 3.4). In the case of site RRM 19.7, the Hg-spiked sample 

showed about 30x higher HgR CFU counts on day-10, a week before the non-spiked 

control, and only on that day. As for the Hg-spiked RRM 9.1 site, HgR CFU first 

appeared again a week before the un-spiked sample, on day-3. This is the only 

sample among these tested showing r-strategists’ growth. The number of CFU that 

appeared on day-10 were comparable to those of the un-spiked sample, and neither 

sample produced colonies on day-17.  

 In summation, this experiment provides evidence to support the hypothesis 

that “recent” Hg-stress does disrupt the equilibrium attained by communities 

adapted to chronic Hg-stress. This was manifest in an earlier development of the r & 

K continuum. In terms of the continuum’s composition, r-strategists were selected by 

exposure to “recent” Hg, resulting in a 3:2 ratio with the K-strategists, whereas no r-

strategists were observed in un-spiked samples. 

  

Characterization of Bacterial Community Structure 

 

16SrRNA- and merA-t-RFLP fingerprint Analysis 

 The day of colony appearance is very fitting when it comes to understanding 

the communities’ development and composition, but it too has the inherent limitation 

shared by all culture-based methods, namely that unculturable but viable bacteria 

(UBVB) might be selected against by the controlled laboratory conditions that don’t 

necessarily reflect the conditions in their natural habitat. To circumvent this 
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limitation, I used the culture-independent method t-RFLP. DNA directly extracted 

from SR soil samples, was used as a template for PCR-amplifications of the 16S rRNA 

and merA genes. These amplicons were digested, and the resulting DNA-fingerprints 

were used to calculate soil bacterial diversity and evenness at the taxonomic- and 

functional-gene levels. Finally, I used both univariate and multivariate statistical 

models to relate biodiversity patterns to local environmental factors, and determine 

which factors are good predictors of the observed diversity.  

  T-RFLP fingerprints of the 16S rRNA gene generated were used to assess the 

composition of the overall community (all individual OTUs) as well as the composition 

of communities when only the dominant OTUs are considered. The total species 

richness (number of all the peaks) for all 9 sites analyzed, was 404 (Table 3.2). 

There were 118 peaks representing individual OTUs observed with fragment size 

range of 63-450 bps. Of those, 85 OTU were shared (≥ 2 samples) and 35 were 

unique (singletons) among sites (Data not shown). There was a high percentage of 

unique observed OTU between samples with close proximity, ranging from 84% for 

sites RRM 19.6 & 19.7 to 96% for sites RRM 21.5 & 23.8. In contrast, dominant 

OTUs, with abundance levels of >1% of the total abundance observed in all the 

samples, were evenly distributed among sites (Figures 3.5 & 3.6). Twenty-seven out 

of the 118 individual OTUs qualifying as dominant, accounted for ~ 70% of the total 

abundance observed in all the samples. Two OTUs are present in all 9 sites and 4 

OTUs in 8 sites, together accounting for 25% of the total abundance. The fact that 

these OTUs are well represented in most samples at high abundance levels suggests 

that essential functions are carried out by species represented by these OTUs in their 

natural environment.  

The t-RFLP analysis based on the 16S rRNA gene gives a snapshot of the 

diversity exhibited by the local communities at the taxonomic level. To assess the 

diversity of the community at the functional level, I designed a t-RFLP method using 
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primers that capture divergent merA determinants. Based on the merA-fingerprint 

analysis, the species richness was 153 in all 3 sites tested (Figure 3.7). A total of 93 

individual OTU were observed, of which 41 were shared among sites and 52 were 

unique. The 37 most abundant OTUs account for ~ 80% of the total abundance in all 

sites, and their size range was 56-492 bps. They were well distributed among sites 

(23.8-28.5%), with the exception of 5 singletons found in sites RRM 5.2 (56, 67 and 

492 bps) and 8.6 (439 and 482 bps) accounting for 6.1% and 3%, respectively, of 

the total abundance.  

To determine whether community composition exhibits spatial patterns at the 

taxonomic level, a dendrogram was constructed with similarity values generated with 

Sorensen index based on species richness (peak number per fingerprint), along the 

miles gradient (Figure 3.8). This analysis revealed no clustering based on geography, 

as the highest similarity values were observed between sites separated by 5 miles 

(RRM 3.2 and 19.7) and 16 miles (RRM 14.5 and 19.6). Instead, these 4 sites 

clustered based on identical species richness, a trend that was not observed in any of 

the other clusters. An analogous dendrogram was constructed with Bray-Curtis 

similarity values generated from normalized peak abundances, and this time 2 sites 

(RRM 1.7 and 3.2) did cluster based on geography, albeit at medium similarity levels 

(Figure 3.9). Sites RRM 14.5 and 19.6, clustered together in this dendrogram as 

well, as their diversity levels were the same. Thus, these findings further 

substantiate that community composition is not dictated by the spatial structure of 

these sites. In the case of merA-t-RFLP fingerprints, dendrograms constructed based 

on similarity values generated with Sorensen index based on species richness and 

Bray-Curtis index based on OTU abundance, show that sites do cluster based on 

geography, with sites located 0.6 miles apart showing higher similarity values 

(Figure 3.10). 
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To investigate how other factors affect the diversity of these communities, I 

calculated Shannon diversity index (H’), and evenness (J’) based on the 16S rRNA-t-

RFLP OTU abundance results and ran univariate models to correlate them (Table 

3.2). As was the case for species richness, H’ and J’ followed the same trend: the 

highest values were found in sites RRM 9.2, 14.5, 19.6, where no HgR CFU developed 

(Table 3.2, Figure 3.3). Site RRM 21.5 is the only exception, exhibiting low S and H’, 

but high evenness. Percent moisture and silt were the only environmental factors 

that showed low levels of correlation (r2 = 0.34 and r2 = -0.33, respectively) only 

with HgR CFU counts, but with none of the other measures of heterogeneity tested 

(Table 3.3). Interestingly, soil THg concentration was not a good predictor of 

heterogeneity either. This was exhibited both in the univariate model and in the 

clustering analysis generated using H’ and THg. Nearest neighbor cluster analysis, 

separated the sites into 2 distinct clusters (Figure 3.11). One cluster is made up of a 

single site (RRM 3.2), which had the highest THg (~ 70 mg/Kg), and all the rest, 

whose THg ranged from 0.027 to 15.6 mg/Kg, into another cluster. This observation 

is contradictory to findings of Hg gradients created in laboratory settings, where 

measures of heterogeneity and HgR CFU counts are highly correlated to Hg levels in 

the culture medium (See Chapter 2). Finally, it was shown that Shannon diversity 

index and evenness measures calculated based on merA-t-RFLP fingerprints were 

high and at very similar levels among the sites tested (Table 3.2).  

Since my study is ecologically-based, where not all factors can be efficiently 

controlled as in a lab setting, I used multivariate statistics to obtain a better resolved 

picture on the interplay of biotic and abiotic variables. The method used, CCA, is a 

direct gradient analysis technique combined with ordination, whereby environmental 

variables are optimally summarized into axes, in as many dimensions as the 

variables studied, and species are ordered against these variables based on 

correlation values. Thus one can determine simultaneously the pattern of variation in 
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community composition accounted by each environmental variable and the 

distribution of species along these variables. This multidimensional space, can be 

better visualized as an aleph (Borges, 1970), where all the different variables co-

exist at one given moment, and species are distributed at the interface of the niches 

that allow for optimal growth.   

The CCA analysis performed using environmental variables and the dominant 

16S rRNA-t-RFLP OTUs (≥ 1% of total abundance), which contribute ~ 70% of the 

total OTUs observed (see above), indeed gave better correlations between 

environmental variables and community composition as compared to the univariate 

models of analysis (Table 3.4). The 3 environmental variables that could best predict 

community composition were: pH, moisture content, and clay content. The 

parametric Pearson Correlation and the Kendall Rank Correlation for the species-

environment correlation are high for all three axes, ranging from 0.944 to 1.  

The highest variance (29%) is explained by Axis 1, representing a pH 

gradient, with a correlation coefficient of - 0.33. Only one community from site RRM 

21.5 aligns to this Axis, and it is the one that shows the lowest similarity value to all 

the other sites based on the Sorensen and Bray-Curtis indices (Figures 3.8 & 3.9). 

Sites RRM 1.7 and 3.2, which are the closest to the source, aligned on a moisture 

gradient (Axis 2), which explains 17.6% of variance with a correlation coefficient of 

0.71. These are the only sites that show a spatial pattern based on the Sorensen and 

Bray-Curtis indices. Except for site RRM 21.5, all other sites where no HgR CFU 

developed (Table 3.2), aligned to the clay-Axis 3 (RRM 9.2, 14.5, 19.6), which 

explains 15.6% of variance with a correlation coefficient of – 0.55. In terms of 

individual OTUs within the communities, the majority aligned to pH-Axis 1 (55.5%), 

and 22.2% and 30% aligned with the moisture-Axis 2 and clay-Axis 3, respectively. 

Even though distance away from the source of contamination and THg 

concentration are not good predictors of community composition, they show high 
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associations with the variables that do explain variation, and they are negatively 

correlated to each other (-0.61) (Table 3.5). Moisture is positively correlated to THg 

(0.54) and negatively correlated to distance from the source (-0.85). THg shows a 

weak correlation to pH (0.29), but no significant correlation to clay content (0.057), 

and intermediate negative correlation with distance away from the source (-0.61). 

The variable that correlates best with THg is LOI (0.78), and distance away from the 

source correlates well but negatively (-0.8) with this variable. Thus, LOI, and 

moisture can be used as proxies to THg concentrations in the environment. When the 

statistical analysis was expanded from the most abundant peaks (≥ 1% of total 

abundance) to include all peaks observed in all the sites, the % variance explained 

decreased by ~ 20% (Data not shown). This may be an indication that peaks 

contributing ≤ 1% of the total abundance create a background noise that masks 

trends that explain the total variation in the SR ecosystem. 

 

Discussion  

 

Many riverine ecosystems across the United States have been contaminated 

as a result of gold mining operations, where Hg was used for the amalgamation of 

gold from its ore, and/or from disposal of toxic effluents from industrial operations 

where Hg was used as a catalyst (EPA). Mercury contamination in riverine 

ecosystems doesn’t attenuate with the passing of time and clean-up efforts are a 

priority for EPA and local federal governments as potential methylation of Hg 

increases its toxicity due to bioaccumulation and biomagnification in aquatic food 

chains, thus posing a public health risk and leading to the deterioration of 

ecosystems’ health (Barkay and Wagner-Dobler, 2005). The remedial actions that 

are usually proposed and studied for Hg contaminated systems are of an engineering 

nature, whereby contaminated sediments are capped on site or removed and 
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incinerated in a different location. At present, microbial remedial actions are not 

employed, as our understanding of the microbe-Hg interactions is not sufficient (Yu 

et al, 2011, Barkay and Schaefer, 2001).  

 In this study I investigated the impact of Hg on microbial communities and 

their potential to reduce Hg(II) to Hg(0) in floodplain soil samples taken along a 24-

mile reach of the South River in Virginia. As is the case for other riverine ecosystems 

with Hg contamination legacy, in the SR Hg levels remain high, especially close to 

the source of contamination (Flanders et al, 2010, Carter, 1977). Direct cultivation of 

soil samples from the Hg gradient showed that the highest HgR CFU were found in 

samples closest to the source and that bacterial communities that experience THg at 

low levels in their natural environment did not contain any HgR CFU (Table 3.1, 

Figure 3.3). This finding is in accordance with previous studies where increased 

occurrence of HgR bacteria was highly related to Hg concentration (Muller at al, 

2001), and indicative of the communities’ adaptation to chronic Hg-stress (Barkay, 

1987).   

 Investigation on HgR community assembly and development (DeLeij, et al, 

1993), revealed that HgR communities from the highly contaminated samples of the 

gradient (RRM 1.7-9.1) were exclusively composed of K-strategists (Figure 3.3), and 

that “recent” Hg-stress changed the development and composition in the r & K 

continuum, selecting for r-strategists as well (Figure 3.4). Furthermore, sites within 

1.7-9.1 miles away from the source exhibited lower levels of species richness, 

evenness and diversity than sites RRM 9.2-19.6, which experience low THg levels 

and where no HgR CFU developed (Tables 3.1 & 3.2). These findings further support 

the acclimation of soil bacterial communities to chronic Hg-stress in the SR 

ecosystem, since K-strategists are indicative of late successional communities, close 

to carrying capacity and usually at equilibrium (Sandaa, 1999, Pianka, 1970, 

Dobzansky, 1950), and suggest that community composition is influenced by the 
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nature and intensity of Hg-stress to which it is exposed (Muller et al, 2001, Ranjard 

et al, 1997). 

While it has been shown in both laboratory and field experiments that 

bacterial species can react differently over temporal and spatial gradients (Riemann 

& Middleboe, 2002), the physical, chemical, and biological drivers, which influence 

microbial diversity and activity are still unclear. Furthermore, a heated debate exists 

in microbial ecology on whether factors that determine geographical patterns are 

shared between macro- and microorganisms (Falkowski et al, 2008, Whittaker et al, 

2003, Fenchel et al, 1997). In this study, clustering analyses based on both species 

richness (Sorensen index) and diversity (Bray-Curtis) generated using 16S rRNA-

fingerprints, showed that sites do not cluster based on geographical proximity 

(Figures 3.8 & 3.9). Thus, the soil microbial communities didn’t exhibit 

biogeographical patterns at a scale of 24 miles. The best predictors of diversity in 

these communities are pH, moisture and soil texture, together explaining 62.3% of 

the total variance observed (Table 3.4). These results suggest that soils that share 

environmental characteristics and not geography, support similar bacterial 

communities, and corroborate the findings of previous studies where these 3 factors 

were the best predictors of the observed diversity in soil bacterial communities 

(DeBruyn et el, 2011, Fierer and Jackson, 2006, Girvan et al, 2003). Interestingly, 

THg was not a good predictor of diversity, even though it was clearly shown that 

chronic high levels of Hg influence the abundance of HgR culturable bacteria (see 

above) (Table 3.5).  

To determine functional composition and diversity of communities in samples 

from the SR, a new t-RFLP method was designed using primers that target a broad 

range of merA genes of both Gram positive and negative microorganisms (Wang et 

al, 2011). Clustering analyses based on both species richness (Sorensen index) and 

diversity (Bray-Curtis) of the merA-t-RFLP-fingerprints, revealed that SR 



	   	   	  

	  

97 

communities do cluster based on geographical proximity (Figure 3.10). A 

geographical pattern of functional diversity, estimated based on the diversity of 

another mer-determinant (merA encoding for the mer operon major regulator, MerR) 

has been shown in communities from another riverine system along a 6 meter 

gradient (Bruce, 1997), while denitrification in aquatic systems shows spatial 

patterns at the centimeter scale (Scala and Kerkhof, 2000). Also, both the diversity 

and evenness was similar among sites and comparable to diversity and evenness 

levels observed at the taxonomic species level determined with 16S rRNA-

fingerprints (Table 3.2). These findings corroborate with the hypothesis that 

environments chronically contaminated with Hg, can maintain a high diversity of 

mer-determinants similar to my observations for the 16S rRNA gene (see Chapter 2), 

as long-term selective pressure allows for divergence (Øregaard and Sørensen, 

2007). Finally, the data suggest that the newly created merA-based t-RFLP method 

is a promising tool for rapid and reliable detection of mer-determinants in soil 

samples, and for assessing functional composition and diversity of HgR communities.  

In summation, my results show that bacterial communities in the SR 

ecosystem are adapted to chronic Hg-stress and that the Hg-reduction potential, as 

suggested by the number of HgR CFU, is the highest closest to the source. Spatial 

patterns in bacterial communities, based on 16S rRNA-fingerprints, were best 

predicted by local environmental factors and not by geography. The lack of 

geographic patterns may indicate that the 24-mile scale used in this study was not 

appropriate to discern geographical distribution of the soil bacterial communities, 

which live in pores of microsites and respond more acutely to changes in the 

environment as compared to animals and plants (Giller et al, 2009, vanElsas et al, 

2007). Thus investigation on spatial patterns of distribution of microbes in soils 

should be conducted at the micro-scale (1-3 mm) (Nunan et al, 2003). Alternatively, 

lack of observable spatial patterns, may imply that interpretation of taxonomic 
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patterns in terms of how they are affected by geographical patterns is difficult, as 

microorganisms sharing 16S rRNA genes have a broad variation in the functions they 

perform in the environment, thus use of functional genes (trait-based analysis) 

would allow for a better resolution (Green et al, 2008). Indeed, functional analysis 

based on merA-fingerprints, performed here on a small number of samples, showed 

biogeographical patterns at a 4-mile scale and may further support the notion that 

geographical patterns should be based on core metabolic machineries as these are 

maintained and unperturbed over evolutionary times (Falkowski et al, 2008, Weiher 

and Keddy, 1995). This function-based investigation of microbial spatial patterns is 

especially attractive for it bypasses the need for a distinct species concept for 

prokaryotes, which do not fit the biological (Mayr, 1942), ecological (Van Valen, 

1976) and morphological (Cronquist, 1988) species concepts. 
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Tables & Figures 
 
 

 
 
 
 
Figure 3.1. Map of the South River, which originates south of Staunton, Virginia and 
flows northward through the town of Waynesboro where the DuPont site sits, to the 
confluence with North River at Port Republic. These rivers are tributaries to the 
South Fork Shenandoah River (Reproduced from Flanders et al, 2010). 
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Figure 3.2. THg Concentrations in floodplain surface soil samples of 2-year (●), 5-
year (●) and 62-year (●) flooding frequency (FP) along the South River as compared 
with the EPA Residential Soil Screening Value (−) (23 mg/Kg). At the point source 
the THg levels are the highest in all FP and the 2-year (●) (FP) exhibits the highest 
THg across the 26-Km of the gradient (Jordan et al, 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   	   	  

	  

101 

Table 3.1. Physical and chemical characteristics of South River, VA, floodplain 
surface soils collected in February and March 2008. Samples were collected in 
forested areas of the floodplain with an average flooding frequency (FP) of 2-years. 

RRMa  THg 
(mg/kg)  

Moisture 
(%)  LOI (%)  % Sand  % Silt  % Clay  pH 

1.7 15.6 23.7 4.2 53 32 15 7.93 

1.8 20.4 26.4 4.5 51 34 15 7.97 

3.2 70.7 22 5.9 38 46 16 7.7 

9.1 13.9 18.3 4.2 52 35 13 6.77 

9.2 6.98 20.5 4.8 56 35 9 6.91 

13.2 4.79 13.8 2 66 26 8 7.62 

14.5 0.0267 16.6 3.5 41 30 29 7.33 

19.6 9.16 17.2 3.3 58 25 17 7.41 

19.7 10.3 15.2 4 66 29 5 8.01 

21.5 2.52 10.7 1.9 85 10 5 7.53 

23.8 3.05 17 2.7 81 10 9 7.15 
a RRM refers to River Relative Mile distance away from the DuPont plant facility in 
Waynesboro, VA, which is the point source of Hg contamination in the SR. 
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Figure 3.3. Number of HgR colony forming units per g-1 soil that appeared on day 10 
(grey bar) and day 17 (black bar) on 0.2X TSA amended with 100 µM HgCl2 and 
inoculated with 100 µL of serially diluted soil suspensions of South River floodplain 
samples across the gradient. THg concentration at sampling is indicated below each 
site. 
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Figure 3.4. Comparison of HgR CFU per gram of soil-1 between non-spiked and 
spiked samples from sites RRM 9.1 and 19.7, that appeared on day 3 (white bar), 
day 10 (grey bar) and day 17 (black bar) on 0.2X TSA amended with 100 µM HgCl2 
and inoculated with 100 µL of serially diluted soil suspensions. Spiked samples were 
exposed to 10 µg/g HgCl2 for 24 hrs prior to plating. THg concentration at sampling 
is indicated below each site. 
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Table 3.2. Measures of heterogeneity for 16S rRNA gene- and merA gene-t-RFLP 
fingerprints and direct plating methods. 

Sites 
(RRM) 

Species 
Richnessa 

Shannon 
Diversity 
Indexb  

Evennessc  
Total HgR 

CFU (10-2/g 
of soil)d 

16S rRNA-t-RFLP fingerprints 

1.7 35 3.1 0.88 390 

3.2 37 3.2 0.89 8.8 

9.1 26 2.8 0.86 41.6 

9.2 43 3.3 0.88 0 

14.5 59 3.8 0.94 0 

19.6 59 3.8 0.94 0 

19.7 37 3.1 0.85 2.4 

21.5 21 2.8 0.93 0 

23.8 34 2.9 0.83 17.6 

merA-t-RFLP fingerprints 

4.6 52 3.7 0.94 NDe 

5.2 47 3.6 0.93 ND 

8.6 54 3.7 0.93 ND 
a Species Richness (S) is the number of observed peaks per site   
b Shannon Diversity Index (H’) was calculated based on total abundance of peaks per 
site (Shannon, 1948) 
c Evenness measure (J’) for each site was calculated based on observed to maximum 
H’ (LN(S)) ratio values 
d Total HgR CFU x 10-2 per gram of soil-1 of each site, is the sum of HgR CFU 
appearing on days 3, 10 and 17 of incubation on 0.2X TSA medium amended with 
100 µM HgCl2 and inoculated with 100 µL of serially diluted soil suspensions. 
e ND: Not Determined 
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Figure 3.5. Percentile contribution of the most abundant OTUs to the total relative 
abundance observed in all sites. Only peaks contributing >1% of the total relative 
abundance in all sites based on 16S rRNA gene-t-RFLP fingerprints are included. The 
black circles (●) indicate the number of sites that contained this OTU in their 
fingerprints. Colors indicate the environmental variable, which influences their 
distribution. Brown bar: clay content, yellow bar: pH, and blue bar: moisture 
content. 
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Figure 3.6. Percentile distribution of the most abundant OTUs per site (colors in 
each bar) along the mile gradient based on 16S rRNA-t-RFLP fingerprints. Only OTUs 
that represent >1% of the total relative abundance in all sites are included.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

1
0
3
 

1
0
8
 

1
2
0
 

1
2
1
 

1
2
3
 

1
2
5
 

1
6
2
 

1
6
5
 

1
6
8
 

1
7
8
 

2
0
2
 

2
0
4
 

2
0
5
 

2
0
7
 

2
0
8
 

2
1
0
 

2
1
3
 

2
4
0
 

2
4
3
 

2
4
4
 

2
4
7
 

2
4
9
 

2
5
9
 

2
7
4
 

2
7
6
 

2
8
0
 

2
8
3
 

T
o

ta
l 
A

b
u

n
d

a
n

ce
  

(%
 o

f 
e
a
ch

 O
T
U

 i
n

 a
 g

iv
e
n

 s
it

e
) 

OTU (Fragment size in bps) 

RRM 1.7 RRM 3.2 RRM 9.1 RRM 9.2 RRM 14.5 RRM 19.6 RRM 19.7 RRM 21.5 RRM 23.8 



	   	   	  

	  

107 

 

 
 
 
 
 
 
 
 
Figure 3.7. The percentile contribution of the most abundant OTUs. Only peaks 
contributing >1% of the total relative abundance in all sites based on merA-t-RFLP 
fingerprints are included. The black circles (●) indicate the number of sites that 
contained this OTU in their fingerprints.  
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Figure 3.8. Rooted dendrogram of similarity values for South River samples. 
Similarity levels are indicated on each node. The Sorensen Similarity index was used 
to calculate similarity values based on peak presence/absence on the 16S rRNA 
gene-t-RFLP fingerprints. Clustering was done using the Un-weighted Pair Group 
Mean Average (UPGMA). The type of gradient refers to the variable that best 
explains the variation observed in these sites, based on the CCA. 
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Figure 3.9. Rooted dendrogram of similarity values for South River samples. 
Similarity levels are indicated on each node. The Bray-Curtis index was used to 
calculate similarity values based on the normalized relative abundance of each peak 
on the 16S rRNA-t-RFLP fingerprints. Clustering was done using the Un-weighted Pair 
Group Mean Average (UPGMA). The type of gradient refers to the variable that best 
explains the variation observed in these sites, based on the CCA. Shannon Diversity 
Index (H’) was calculated based on total abundance of peaks per site. 
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Figure 3.10. Rooted dendrogram of similarity values for South River samples. 
Similarity levels are indicated on each node. The Bray-Curtis index was used to 
calculate similarity values based on the normalized relative abundance of each peak 
on the merA-t-RFLP fingerprints. Clustering was done using the Un-weighted Pair 
Group Mean Average (UPGMA).  
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Table 3.3. Univariate analysis predicting diversity as a function of site and soil 
characteristics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In each case a fitted linear regression (y = a + bx) was used.  
a Shannon Diversity Index was calculated based on total abundance of peaks per site 
(Shannon, 1948) 
b Evenness measure (J’) for each site was calculated based on observed to maximum 
H’ (LN(S)) ratio values 
c Total HgR CFU x 10-2 per gram of soil-1 of every site are the sum of HgR CFU 
appearing on days 3, 10 and 17 of incubation on 0.2X TSA medium amended with 
100 µM HgCl2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  Measures of Diversity 

 
Variable 

 
Species 

Richnessa 

Shannon 
Diversity 
Indexa 

 
Evennessb 

Total HgR CFU 
(10-2/g of 

soil)c 

THg (mg/Kg) 0.029 0.018 0.02 0.002 
Distance 
(miles) 0.0014 0.0001 0.0007 0.16 

Silt (%) 0.03 0.034 0.001 -0.33 

LOI (%) 0.011 0.018 0.14 0.031 

Moisture (%) 0 0.013 0.12 0.34 

pH 0 0.018 0.035 0.13 
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Figure 3.11. Cluster diagram of similarity values for South River samples. Similarity 
values were calculated based on Shannon diversity index values and THg 
concentration in each sample. Clustering was performed using the Nearest Neighbor 
method. THg concentrations present in each site are also listed as well as calculated 
Shannon index (H’) based on total abundance of peaks per site 
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Table 3.5. Weighted correlations among tested environmental variables 
representing the SR contamination gradient. Variables were extracted from Canonical 
Correspondence Analysis.  

 

 
 
 

 
 

 
 

 
	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 
Variable 

 
THg 

(mg/Kg) 

 
Distance 
(miles) 

 
Clay 
(%) 

 
LOI 
(%) 

 
Moisture 

(%) 
pH 

THg 
(mg/Kg) 1 - 0.61 0.057 0.78 0.54 0.29 

Distance 
(miles) - 0.61 1 -0.29 -0.8 -0.85 -0.052 

Clay (%) 0.057 -0.29 1 0.13 0.25 -0.12 

LOI (%) 0.78 -0.8 0.128 1 0.77 0.1 

Moisture 
(%) 0.54 -0.85 0.25 0.77 1 0.014 

pH 0.29 -0.052 -0.12 0.1 0.014 1 
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Chapter 4 – Dissertation Conclusion 

 

The broad scope of this dissertation was to determine the effects of Hg-stress 

on bacterial communities inhabiting floodplain soils in rivers contaminated chronically 

with Hg as a result of industrial processes. I incorporated microbiological, molecular, 

ecological and statistical methods, to investigate the consequences of the stress at 

resolution levels from genes to species to ecosystems. This dissertation 

demonstrates that soil bacterial communities are highly adapted to Hg-stress by 

virtue of the mercury resistance (mer) operon and that HGT plays a crucial role in 

the evolution of mer-determinants. It also demonstrates that local environmental 

factors play a critical role in shaping bacterial communities’ diversity and composition 

rather than geography. 

To estimate the abundance of culturable bacteria from soil samples of the 

EFPC (Brooks and Southworth, 2011), I set up Hg gradients using two different 

dilutions of the TSA medium to mimic oligotrophic and copiotrophic conditions, 

amended with appropriate concentrations to maintain bioavailability of Hg in the two 

media (Chang et al, 1993, Whang and Hitori, 1988). The total population counts 

under copiotrophic conditions in the absence of Hg, were higher than those achieved 

under oligotrophic conditions without Hg, suggesting that higher abundances are 

possible with increased nutrient availability. At the highest Hg-stress level (10 µM) 

under oligotrophy, 72% of the total community went extinct, and the cell counts 

were 2 – 6X lower than those observed under copiotrophic conditions at the same 

level of Hg. Copiotrophic communities suffered 82.5% losses in their populations at 

the highest Hg concentration (100 µM). A total of 37 HgR oligotrophic (LS) isolates 

and 47 HgR copiotrophic (FS) isolates were obtained from the highest Hg-gradient 

concentrations, based on phenotypic examination of their unique morphological 

characteristics.  
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 The differential effect of Hg-stress concomitant with different nutrient levels 

was also apparent at the phylogenetic trends of the isolates assessed by PCR 

amplifications of the 16S rRNA gene. Although, both groups of isolates were 

taxonomically associated with genera of the Proteobacteria and the Actinobacteria, 

HgR copiotrophic community composition shows an even distribution among species 

belonging to these genera, while at oligotrophic conditions there is a selection for 

species of the Actinobacteria in a 3:1 ratio with the Proteobacteria. Further 

investigation on the functions performed by these species in the ecosystem, revealed 

that the majority of the Actinobacteria are organic matter decomposers and the 

alphaproteobacteria are N2-fixers. This is in accord to previous research findings 

whereby free-living N2-fixers rely on decomposers for readily available carbon 

sources and C-limitation selects for decomposers (Nemergut, 2008, Ventura et al, 

2007, Craine et al, 2007). Finally, the species diversity was calculated using a 

number of diversity estimators based on 16S rRNA gene sequence similarity, and it 

was shown to be higher under copiotrophic conditions (Chao and Lee, 1992, Chao, 

1984, Shannon, 1948). Taken together, these findings attest to the fact that Hg-

stress affects the abundance, composition and diversity of communities isolated from 

soil samples of the EFPC environment, and that the stress is more pronounced under 

oligotrophic conditions. These observations expand our knowledge and corroborate 

with findings of previous researchers working with soil bacterial communities from 

the same ecosystem (Vishnivetskaya et al, 2011, Rasmussen et al, 2008).  

To provide insight on the Hg detoxification mechanism employed by the HgR 

bacterial communities and to overcome primer limitations to capturing the whole 

gene diversity as is observed in many studies, I used a total of four primer sets that 

target mer-determinants from the phyla of Actinobacteria, Firmicutes, 

Proteobacteria, and Deinococcus-Thermus (Wang et al, 2011). It was shown that the 

vast majority of both LS (83.3%) and FS (85.1%) isolates contained a copy of the 
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merA gene, which further supports that these communities are acclimatized to 

chronic Hg-stress. merA gene diversity was lower than that observed for species-

level diversity based on 16S rRNA gene sequences, yet the same trend was 

observed, whereby loci most closely related to the alphaproteobacteria are selected 

against under oligotrophic conditions. 

Another goal of this study was to elucidate the effect of Hg-stress on the 

communication between bacterial communities, by investigating Horizontal Gene 

Transfer (HGT) events. HGT enhances the genetic diversity of bacteria as it promotes 

the spread of functional loci that increase fitness and survival under adverse 

conditions (DeLong et al, 2006, Tyson et al, 2004, Top and Springael, 2003). 

Twenty-seven phylogenetic incongruencies were observed between the 16S rRNA 

and merA genes from a total of fifty LS and FS isolates. In the case of the LS 

isolates, 1/8 phylogenetic incongruencies was further supported by anomalies in the 

G+C %mole content between the host genome and the merA gene as well as by the 

positive amplification of merA from plasmid DNA extracted from that isolate (Kibbe, 

2007, Lawrence and Ochman, 2002, Coombs and Barkay, 2004). This was an inter-

class transfer event, from an alphaproteobacterial locus to a gammaproteobacterial 

recipient. As for the FS group, based on the above reasoning, 12/19 phylogenetic 

incongruencies were supported. Six HGT events occurred among classes of the 

Proteobacteria, one between a Low G+C Firmicutes merA to an alphaproteobacterial 

recipient, and five inter-phylum transfers among genera of the Actinobacteria.      

In summation, long-term Hg-stress has a strong impact on soil bacterial 

communities’ composition, abundance, species and gene diversity. The stress is 

differentially felt in communities depending on their metabolic potential, 

corroborating with studies that observed Hg-resistance to be niche dependent 

(Chatziefthimiou et al, 2007, Vetriani et al, 2005). Hg-resistance was conferred by 
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the enzymatic activities of MerA, and copiotrophic conditions supported higher 

reduction potentials and they were more conducive to HGT events.  

In the second part of this dissertation, I investigated the precise factors that 

influence the development, structure and distribution of bacterial communities at the 

ecosystem level. To that end, samples were obtained from the Hg-polluted South 

River in Virginia, along a gradient spanning 24 miles, starting at the DuPont facility 

in Waynesboro which is the point source, up to its confluence with the Middle and 

North Rivers at Port Republic (Flanders et al, 2010, Carter, 1977). Direct cultivation 

under copiotrophic conditions (0.2X TSA) in the presence of Hg-stress (100 µM 

HgCl2), showed that HgR bacterial communities developed only in samples exposed 

to high Hg concentration levels (RRM 1.7-9.1), and that their abundance was higher 

closest to the source. It was also observed that the HgR communities were composed 

exclusively of K-strategists, while growth of r-strategists was promoted only when 

samples received an overnight spike of Hg (10 µg/g HgCl2) that mimicked a “recent” 

Hg-stress (Deleij, 1993). These results demonstrate that selection pressure of Hg 

has led to the emergence and maintenance of HgR bacterial populations and provide 

evidence that the resident communities are in late successional stages and possibly 

close to equilibrium (Sandaa, 1999, Pianka, 1970). 

A primary objective of this study was to assess the composition and diversity 

of soil bacterial communities using a culture independent method, thus bypassing the 

limitations of direct cultivation techniques (Pace, 1997). Diversity and evenness 

measures calculated based on 16S rRNA-fingerprints, revealed that higher levels of 

diversity were achieved in communities experiencing low levels of THg, 9.2-19.6 

miles away from the source, where no HgR CFU developed. Clustering analyses based 

on both species richness (Sorensen index) and diversity (Bray-Curtis) generated 

using 16S rRNA-fingerprints, showed that sites cluster based on geochemical 

characteristics rather than geographical proximity (Girvan et al, 2003). The 
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environmental factors that accounted for ~62% of the variation observed were pH, 

moisture and soil texture. On the other hand, functional diversity and evenness were 

comparable among sites, based on merA-fingerprints, and communities clustered 

based on geographical proximity. These findings provide evidence to support Baas-

Becking’s theory that in the case of microorganisms “everything is everywhere” but 

the local environmental conditions select and limit global species diversity (de Wit 

and Bouvier, 2006, Fenchel et al, 1997, Baas Becking, 1934, Beijerinck, 1913).     

The findings of this study highlight the complexity of long-term Hg-stress on 

the development, composition and diversity of microbial communities inhabiting the 

floodplain ecosystems. The present study also provides further evidence to support 

the enrichment of mer-determinants in chronically contaminated environments and 

further our knowledge on the role of HGT in the evolution of this gene. Moreover, the 

new merA-based t-RFLP method can be employed as a tool by other workers in the 

field for rapid and reliable detection of mer-determinants in environmental samples. 

Finally, the results of this dissertation add to our understanding of the environmental 

factors that shape bacterial communities and provide a micro-ecological framework 

for future remedial actions in Hg contaminated sites. 
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Appendix – Supplementary Information on Phylogenetic and Functional Analyses in 
Chapter 2 

  
 
Table A.1. LS isolates’ phylogenetic associations based on 16S rRNA gene 
sequences. 

Isolate Closest relative 

16S rRNA 
gene 

sequence % 
similarity 

GenBank 
Accession 
number 

Phylogenetic 
grouping 

LS 1 Streptomyces 
spororaveus 100 AB184682 

LS 3 Arthrobacter sp. 
HSL-2 98 AY714235 

LS 4 
Streptomyces 
gelaticus strain NRRL 
B-2928 

99 DQ026636 

LS 7 Streptomyces sp. 
GS11 100 GQ914733 

LS 10 Streptomyces sp. 
SCP-2 99 AM889486 

LS 11 Streptomyces 
umbrinus 99 AB184305 

LS 12 
Streptomyces 
phaeochromogenes 
strain 174440 

99 EU593667 

LS 13 
Streptomyces 
flavotricini strain 
173520 

99 EU593749 

LS 14 Arthrobacter sp. 
16.43 100 DQ157988 

LS 16 Streptomyces scabiei 99 AB301486 

LS 17 Streptomyces sp. 
SCP-2 99 AM889486 

LS 18 
Streptomyces 
phaeochromogenes 
strain 174440 

100 EU593667 

LS 20 
Streptomyces 
lavendulae strain  
7-1 

99 FJ517747.1 

LS 23 Streptomyces sp. 
SCP-2 99 AM889486 

LS 24 Streptomyces sp. 
GS11 99 GQ914733 

LS 25 Streptomyces sp. 
FXJ2.004 100 EU677780 

LS 26 Streptomyces sp.  
3-8 99 EU054350 

LS 28 Streptomyces sp. 
Lz531 99 EF125929 

LS 30 Streptomyces 
nojiriensis 99 AB184485 

A
ctinobacteria (H

igh G
+

C
) 
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LS 31 Streptomyces 
spororaveus 99 AB184682 

LS 32 Arthrobacter sp. 
16.43 99 DQ157988 

 

LS 33 Streptomyces sp. 
SCP-2 99 AM889486 

LS 34 Arthrobacter sp. 
16.43 99 DQ157988 

LS 35 Arthrobacter sp. 
HSL-2 98 AY714235 

LS 36 Arthrobacter sp. 
HSL-2 98 AY714235 

LS 38 Arthrobacter sp. 
16.43 99 DQ157988 

  LS 
41 

Streptomyces sp. 
SCP-2 99 AM889486 

A
ctinobacteria 
(H

igh G
+

C
) 

LS 6 Sinorhizobium sp. 
9702-M4 97 AF357225 

LS 9 Rhizobium sp. 25.13 99 DQ499524 

LS 15 Sinorhizobium sp. 
9702-M4 97 AF357225 

LS 19 Rhizobium sp.  
Mad-2 98 EF364379 

LS 22 Ensifer adhaerens 
strain P43 100 AY972201 

α 

LS 8 Variovorax sp. 
KS2D-23 99 AB196432 

LS 21 Alcaligenes sp.  
HI-ABCE2 99 DQ205295 

β 

LS 40 
Escherichia coli 
O157:H7 EDL933 100 AE005174 

γ 

Proteobacteria 
 

LS 27 Uncultured soil clone 
W4Ba99 99 DQ643759 Unknown 
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Table A.2. FS isolates’ phylogenetic associations based on 16S rRNA gene 
sequences. 

Isolate Closest relative 
16S rRNA gene 

sequence % 
similarity 

GenBank 
Accession 
number 

Phylogenetic 
grouping 

FS 1 Streptomyces 
spororaveus strain 
173981 

99 EU593748 

FS 4 Nocardia alba 98 AY222321 
 

FS 5 Arthrobacter sp. 16.43 100 DQ157988 

FS 9 Streptomyces avidinii 
strain 173656 

100 EU570450.1 

FS 12 Mycobacterium sp. 
MOLA 520 

99 AM990744 

FS 13 Arthrobacter sp. 
HSL-2 

96 AY714235 

FS 14 Streptomyces sp.10-3 99 EU054378 

FS 16 Arthrobacter sp. MH30 99 EU182858 

FS 19 Mycobacterium sp. 
D9-7 

99 AM403216 
 

FS 24 Arthrobacter sp. Pi4 97 AM905949 

FS 25 Streptomyces sp. Lz531 99 EF125929 

FS 27 Streptomyces ederensis 
strain 174483 

99 EU593692 

FS 28 Streptomyces sp. 
HBUM87110 

99 EU119192 

FS 29 Arthrobacter sp. HX2 99 EF601814 

FS 30 Uncultured 
actinobacterium 

99 AM114429 

FS 31 Arthrobacter sp. OS-13 98 EF612312 

A
ctinobacteria (H

igh G
+

C
) 

FS 34 Arthrobacter sp. 16.43 98 DQ157988 

FS 36 Streptomyces sp. 
MJM8416 

99 EU603366 

FS 37 Streptomyces sp. 
HBUM87110 

98 EU119192 

FS 44 Uncultured 
actinobacterium 

98 AM114429 

FS 45 Arthrobacter sp. OS-13 99 EF612312 

FS 51 Uncultured 
actinobacterium 

99 AM114429 

FS 53 Streptomyces sp. 
MJM3179 

99 AY371246 

A
ctinobacteria (H

igh G
+

C
) 
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FS 56 Arthrobacter sp. CL11 98 EF125929 

FS 57 Streptomyces sp. Lz531 96 EF125929 

 

FS 2 Aminobacter 
aminovorans 

97 AF329835 

FS 3 Bradyrhizobium sp. 
CCBAU 85057 

99 EU256463 

FS 6 Sinorhizobium sp. 
CAF63 

99 EU399910 

FS 7 Aminobacter 
aminovorans strain 
DSM7048T 

99 AJ011759 

FS 15 Bradyrhizobiaceae 
bacterium HTCC407 

98 AY429694.1 
 

FS 18 Aminobacter sp. 
MSH1 

99 DQ401867 
 

FS 21 Sinorhizobium sp. 
CAF63 

98 EU399910 
 

FS 23 Ensifer adhaerens 
strain S-30.7.5 

99 DQ140416 
 

FS 26 Aminobacter 
aminovorans 

100 AF329835 
 

FS 33 Aminobacter 
aminovorans 

99 AF329835 
 

FS 38 Ensifer adhaerens strain 
REG34 

99 EU647697 
 

FS 46 Sinorhizobium meliloti 
strain KYA71 

98 EU603721 
 

FS 50 Aminobacter sp. C4 99 AJ622941.1 

FS 54 Aminobacter sp. C4 98 AJ622941.1 

FS 55 Aminobacter sp. C4 98 AJ622941.1 

α 

FS 10 Stenotrophomonas 
maltophilia strain A1Y15 

98 AY512626 
 

FS 17 Alcaligenes sp. HI-
ABCE2 

99 DQ205295 

FS 42 Alcaligenes sp. HI-
ABCE2 

99 DQ205295 

β 

FS 35 Lysobacter sp. 13-1 99 DQ188260 

FS 41 Lysobacter antibioticus 
strain Q-2 

99 EF108304 

FS 48 Escherichia coli strain 
PM-11 

100 HQ326791.1 

FS 49 Lysobacter sp. 13-1 99 DQ188260 

γ 

Proteobacteria 
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Table A.3. LS isolates’ phylogenetic associations based on MerA amino acid 
sequences. 

Isolate Closest relative  % 
similarity 

GenBank 
Accession 
number 

Phylogenetic 
grouping 

LS 1 Streptomyces sp. 
CHR28  pRJ28  72 AAF64138 

LS 2 Acidothermus 
cellulolyticus 11B 56 YP_872449 

LS 3 Arthrobacter 
chlorophenolicus A6 100 ACL42462 

LS 4 Streptomyces sp. 
CHR28  pRJ28  71 AAF64138 

LS 7 
Pseudonocardia 
dioxanivorans 
CB1190 pSED01 

79 AEA28805.1 

LS 10 Streptomyces sp. 
CHR28  pRJ28  69 AAF64138 

LS 11 Acidothermus 
cellulolyticus 11B 68 YP_872449 

LS 13 Streptomyces sp. 
CHR28  pRJ28  69 AAF64138 

LS 14 Streptomyces 
lividans 72 CAA46460.1 

LS 16 Streptomyces sp. 
CHR28  pRJ28  80 AAF64138 

LS 17 Streptomyces sp. 
CHR28  pRJ28  71 AAF64138 

LS 18 Streptomyces sp. 
CHR28  pRJ28  68 AAF64138 

LS 24 Nocardioides sp. 
JS614 83 ABL79525 

LS 25 Streptomyces sp. 
CHR28  pRJ28  78 AAF64138 

LS 26 Streptomyces sp. 
CHR28  pRJ28  75 AAF64138 

LS 27 Arthrobacter 
chlorophenolicus A6 80 ACL42462 

LS 28 Acidothermus 
cellulolyticus 11B 65 YP_872449 

LS 31 Streptomyces sp. 
CHR28 pRJ28 77 AAF64138 

LS 32 

Arthrobacter 
phenanthrenivorans 
Sphe3 plasmid 
pASPHE301 

90 ADX75145.1 

LS 33 Micrococcus luteus 
NCTC 2665 77 ACS30152 

LS 34 

Arthrobacter 
phenanthrenivorans 
Sphe3 plasmid 
pASPHE301 

84 ADX75145.1 

A
ctinobacteria (H

igh G
+

C
) 
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LS 36 Arthrobacter 
chlorophenolicus A6 82 ZP_02836069               

 

LS 41 Streptomyces sp. 
Is-BDOE1 86 ABO45911.1 

 

LS 6 Rhizobiales 
bacterium Is-B040 79 ABO45919  

LS 9 Rhizobiales 
bacterium Is-B040 99 ABO45919  

LS 15 Rhizobiales 
bacterium Is-B040 81 ABO45919  

LS 19 Rhizobiales 
bacterium Is-B040 87 ABO45919  

LS 40 Xanthobacter 
autotrophicus Py2 63 YP_001417797  

α 

LS 21 Ralstonia picketii 
12J 85 ACD26925.1 

β 

Proteobacteria 
 

LS 8 Uncultured 
bacterium merA 73 FN678311.1 Unknown 
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Table A.4. FS isolates’ phylogenetic associations based on MerA amino acid 
sequence. 

Isolate Closest relative  % 
similarity 

GenBank Accession 
number 

Phylogenetic 
grouping 

FS 1 Streptomyces sp. 
CHR28  pRJ28 72 AAF64138 

FS 4 Streptomyces sp. 
CHR28  pRJ28 72 AAF64138 

FS 5 Arthrobacter 
chlorophenolicus A6 83 ZP_02836069 

FS 9 Streptomyces sp. 
CHR28  pRJ28 72 AAF64138 

 

FS 12 Acidothermus 
cellulolyticus 11B 67 YP_872449 

FS 13 Arthrobacter 
chlorophenolicus A6 86 ZP_02836069 

FS 14 Acidothermus 
cellulolyticus 11B 64 YP_872449 

FS 19 Streptomyces sp. 
CHR28 pRJ28 72 AAF64138 

 

FS 25 Streptomyces sp. 
CHR28  pRJ28 83 AAF64138 

FS 27 Acidothermus 
cellulolyticus 11B 64 YP_872449 

FS 28 Acidothermus 
cellulolyticus 11B 66 YP_872450 

FS 29 Arthrobacter 
aurescens TC1 pTC1 83 ABM10430 

FS 30 

Arthrobacter 
phenanthrenivorans 
Sphe3 plasmid 
pASPHE301 

72 

 
ADX75145.1 

 

FS 36 Streptomyces sp. 
CHR28  pRJ28 70 AAF64138 

FS 37 Streptomyces sp. 
CHR28  pRJ29 68 AAF64138 

A
ctinobacteria (H

igh G
+

C
)                                                                                                                                                

FS 44 Arthrobacter sp. FB24 
plasmid 1 96 YP_829216 

 

FS 45 Arthrobacter 
aurescens TC1 pTC1 70 YP_950110 

FS 51 Arthrobacter 
aurescens TC1 pTC1 78 ABM10430 

FS 56 Arthrobacter 
chlorophenolicus A6 99 ZP_02836069 

FS 57 Streptomyces sp. 
CHR28 pRJ29 66 AAF64138 

 

FS 33 Bacillus cereus AH820 43 ZP_02262558 

FS 54 Bacillus cereus AH820 45 ZP_02262558 
Firmicutes 
(Low G+C) 

FS 2 Bradyrhizobium sp. Is-
D308 88 EF455065 α 
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FS 3 Oligotropha 
carboxidovorans OM5 78 EDT32092 

FS 6 Bradyrhizobium sp. Is-
D308 95 EF455065 

FS 7 Aurantimonas sp. 
SI85-9A1 72 ZP_01227191.1 

FS 18 Bradyrhizobium sp. Is-
D308 83 EF455065 

 

FS 21 Bradyrhizobium sp. Is-
D302 97 ABO45915 

 

FS 23 Aurantimonas sp. 
SI85-9A1 72 ZP_01227191 

 

FS 38 Rhizobium sp. Is-
B203a 100 ABO45917 

 

FS 50 Bradyrhizobium sp. Is-
D254 87 ABO45913 

FS 55 Bradyrhizobium sp. Is-
D271 83 ABO45914 

 

  

FS 17 Ralstonia pickettii 12J 89 YP_001899357 
 

FS 41 Polaromonas sp. 
JS666 78 YP_549052 

 

 FS 42 Ralstonia pickettii 12J 88 YP_001899357 
 

FS 49 Stenotrophomonas 
maltophilia K279a 92 YP_001972199 

 

β 

FS 10 
Salmonella enterica 
subsp. enterica 
serovar Kentucky 

100 
 

ABQ57371 
 

FS 35 Pseudomonas 
aeruginosa 81 YP_001427358 

 

FS 46 
Pseudomonas 
aeruginosa D2 
 

100 
GU595062 

 

FS 48 
Salmonella enterica 
subsp. enterica 
serovar Kentucky 

81 
 

ABQ57371 
 

γ 

Proteobacteria 
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