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ABSTRACT

Bacterial communities can exert significant influence on the biogeochemical cycling of
groundwater arsenic (As). This has globally important implications since As in drinking water
affects the health of over 100 million people worldwide, including in the Ganges-Brahmaputra
Delta region of Bangladesh where geogenic arsenic in groundwater can reach concentrations of
more than 10 times the World Health Organization’s limit. The overall goal of this dissertation
research was to examine the relative effects of sediment geochemistry versus DOM chemistry on
the structure of bacterial communities across groundwater gradients in an aquifer affected by
geogenic arsenic contamination in Araihazar, Bangladesh. To this end, I employed
interdisciplinary methods including analytical chemistry, 16S rRNA gene sequencing to
characterize the composition and diversity of bacterial communities, and fluorescence
spectroscopy and PARAFAC modeling in order to describe the chemistry and source of DOM in
high As aquifers. My results indicate that differences in sediment grain size and geochemistry
between sites significantly influenced the structure of bacterial communities, and the relative
abundances of Deltaproteobacteria and Chloroflexi. However, my research also revealed that the
supply and chemistry of groundwater DOM might have a greater effect on the composition of
bacterial communities in aquifer sediments than site-specific differences in sediment

geochemistry. While higher DOM concentrations in incubation experiments corresponded to a
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greater proportion of Deltaproteobacteria, Chloroflexi comprised a greater proportion of bacterial
communities in environmental samples. Also, this research provided evidence suggesting that
Chloroflexi, Epsilonproteobacteria and Deltaproteobacteria may influence groundwater As
cycling through the respiratory reduction of quinone moieties in the high As aquifer
environment. The combination of fluorescence spectroscopy and PARAFAC modeling, and 16S
rRNA gene pyrosequencing was useful in deciphering novel relationships between bacterial taxa
and DOM chemistry in the environment. Future research on geogenic As contamination should
investigate the metabolic activities of Deltaproteobacteria, Chloroflexi, Epsilonproteobacteria

under environmental conditions in high As aquifer environments.
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CHAPTER 1: Introduction
1.1 Geogenic arsenic contamination

Throughout the deltaic regions of Southeast Asia the primary source of drinking water is
groundwater because surface waters contain high levels of human pathogens (Nordstrom, 2002)
due to runoff from agricultural fields and household waste. In fact, since the 1960’s residents in
rural Bangladesh and West Bengal have drilled shallow tube wells in order to access an
alternative, presumably safer, drinking water source (Mukherjee & Bhattacharya, 2001).
Unfortunately, residents began to develop a variety of ailments, including skin lesions, which
were eventually traced to arsenic (As) poisoning (Chakraborti et al., 2002; Smith et al., 2000).
Today, more than 100 million people in the Ganges-Meghna-Brahmaputra Delta (GMBD) region
in Bangladesh and West Bengal, the Red River Delta (RRD) in Vietnam, and the Mekong River
Delta (MKD) in Vietnam and Cambodia consume groundwater containing unsafe levels of As,
according to the World Health Organization regulatory guideline (10 ug/l) (Berg et al., 2007;
Nickson et al., 2011). The regular consumption of unsafe levels of As causes serious illnesses
such as lung, bladder and skin cancer, vascular disease and diabetes (Anawar et al., 2002;
Hopenhayn, 2006), and negatively affects the intellectual development of children (Wasserman
et al., 2004). Therefore understanding the processes that promote As mobilization in
groundwater aquifers is vital to managing water supplies and protecting human health.
1.2 The environmental chemistry of arsenic

Arsenic is a metalloid found in the Earth’s crust, as well as throughout the atmosphere,
biosphere and hydrosphere (Cullen & Reimer, 1989). The natural sources of arsenic to soil,
groundwater and surface water include geothermal fluids and the weathering products of arsenic-

rich minerals such as arsenopyrite. The average natural arsenic concentrations in soils are



between five and ten parts per million (equivalent to 5 to 10 pg/l) whereas soils derived from
arsenic-rich parent material can contain up to 45 parts per million of arsenic (Smedley &
Kinniburgh, 2002). Natural groundwater and surface water arsenic concentrations are generally
an order of magnitude lower than those found in soils.

The chemical behavior of arsenic (As) in the environment is primarily influenced by pH and
the oxidation-reduction (redox) state of the environment (Cullen & Reimer, 1989). The
predominant oxidation states of As, As(V) and As(Ill), form a variety of oxyanions which
significantly influence the mobility of As in aquatic environments (O’Day, 2006). Arsenate
(H3As04, an As(V) oxyanion) is the most common form of As in neutral pH environments.
Arsenate is generally immobilized under oxidizing conditions because it has a high sorption
affinity for Fe- oxide minerals (Palmer et al., 2006). Under reducing conditions, for example
anaerobic groundwater, arsenate has a slightly lower sorption affinity for Fe-oxides and can be
more readily desorbed from mineral surfaces. At neutral pH, arsenious acid (H3AsO3, an As(III)
oxyanion) is generally only observed under reducing conditions. Arsenious acid is more mobile
than arsenate since it is stable and neutrally-charged, and as a result, does not have a high
sorption affinity for Fe- oxides (O’Day, 2006).

1.3 The origin of arsenic in Southeast Asia

The As within the shallow (<100 m) unconfined aquifers of Southeast Asia originates from
As- rich metal-sulfide minerals in the Himalayas, such as arsenopyrite, which were weathered
and transported through fluvial networks during the Holocene glacial retreat (~10,000 ya)
(Stanger, 2005). The weathered material has been deposited within the GMBD, the RRD and
MKD throughout the millennia, and today, the As is sorbed to iron (Fe)-oxide minerals which

coat deltaic aquifer sediments (Charlet & Polya, 2006). Research throughout the past decade has



demonstrated that a suite of hydrologic and biogeochemical processes contributes to the release
of As from Fe-oxide mineral surfaces in high As aquifers. In general, the scientific research on
groundwater As mobilization has been conducted in the GMBD since geogenic As
contamination in Southeast Asia was first recognized there (Nickson et al., 1998). However
research from the RRD and MKD has also enhanced our understanding of groundwater As
mobilization in this region.

1.4 Hydrologic processes influencing groundwater arsenic mobilization

The deltaic aquifers in Southeast Asia are recharged from regional and local sources.
Regional groundwater recharge rates are primarily influenced by topography, and there is very
little relief in the regions surrounding these large river deltas. For example, hydraulic gradients
within the recharge zone of the GMBD are ~107* (Burgess et al., 2002; Harvey, 2002) and thus
regional recharge rates are relatively slow (Ahmed et al., 2004), with estimates ranging from 400
— 1800 cm/yr (Ravenscroft et al., 2004; van Geen et al., 2008). Local recharge rates vary
between 0.05 to 1m/yr within the GMBD (Stute et al., 2007; van Geen et al., 2006a), and the
high degree of variability is likely due to differing rates of groundwater extraction.

The primary local sources of groundwater recharge are adjacent rivers, man-made ponds, and
seasonal floods from monsoonal rains (Ahmed et al., 2004). In general, As concentrations in
surface water recharge sources, which are oxygenated, are below 10 ug/l. However, there is a
strong relationship between groundwater age and groundwater As concentrations, suggesting that
there is an accumulation of As with lateral groundwater flow (Stute et al., 2007), and a transport
of As-laden groundwater to depth (Polizzotto et al., 2008). It appears that the factors influencing
lateral and vertical flow and recharge rates, such as sediment grain size and human activities

such as irrigation pumping, are also related to groundwater As concentrations in the Southeast



Asia deltaic aquifers. For example, groundwater flow rates are slower in fine-grained, silty
sediments, which are less permeable than sandy sediments, and pore water As concentrations are
also higher within fine-grained sediments. By contrast, groundwater pumping for irrigation
increases the rate of vertical groundwater flow, and promotes the flow of organic-rich pond
water into the aquifer, which may increase rates of groundwater As mobilization (Harvey et al.,
2002; Neumann et al., 2010). Research suggests that patchiness in sediment grain size, and
hydrologic perturbations due to irrigation pumping, are partially responsible for the considerable
spatial heterogeneity in groundwater As concentrations observed in high As aquifers in Southeast
Asia.

1.5 Biogeochemical cycling of groundwater arsenic

A suite of biogeochemical processes promotes groundwater As mobilization in the deltaic
aquifers in Southeast Asia. The current paradigm is that the native Fe-reducing bacteria in
aquifer sediments cause the reductive dissolution of Fe-oxide minerals, which results in the
release of sorbed As under anaerobic, reducing conditions (Fendorf et al., 2010). In addition,
research throughout the past decade has demonstrated that the rates of bacterial Fe-reduction and
groundwater As mobilization are largely influenced by the availability of organic matter (Islam
et al., 2004; McArthur et al., 2004; Neumann et al., 2010; Pederick et al., 2007; Rowland et al.,
2007).

First, heterotrophic bacteria in the near-surface depths of the aquifer use organic matter
sources for carbon and nitrogen to synthesize biomass, and for electron donors during the
respiratory reduction of oxygen. Heterotrophic activity rapidly consumes oxygen and results in
anaerobic, reducing conditions in the saturated zone of the aquifer. Under reducing conditions,

Fe-reducing bacteria pair the oxidation of labile fractions of dissolved organic matter (DOM),



such as low-molecular weight organic acids, to the reduction of Fe(IIl) within Fe-oxide minerals
(Islam et al., 2004; Lovley, 1991). Also, it is likely that native bacteria utilize labile DOM as an

electron donor during dissimilatory As(V)-reduction in high As aquifer in Southeast Asia (Lear

etal., 2007).

More recently, research has indicated that bacteria may use more recalcitrant fractions of
DOM while mediating groundwater As cycling. In anaerobic aquatic environments, a diverse
group of bacteria generate energy by pairing the oxidation of labile DOM to the reduction of
redox-active quinone moieties within humic sustances (Cervantes et al., 2002; Coates et al.,
1998; Lovley et al., 1996; Scott et al., 1998). It is likely that quinone-reduction is
phylogenetically widespread amongst bacteria in neutral pH, anaerobic aquatic sediments
because other electron acceptors are insoluble (Lovley et al., 1996; Kappler et al., 2004), and
quinone-reduction may yield more energy than the reduction of metal-oxide minerals (Straub et
al., 2005). Bacterial quinone reduction promotes an electron cascade in which reduced quinone
moieties abiotically transfer electrons to Fe(Ill), and cause the reductive dissolution of Fe-oxide
minerals (Lovley et al., 1998). Actually, evidence from laboratory experiments suggest that
abiotic Fe(IIl)-reduction via reduced quinones is significantly faster than bacterial Fe-reduction
(Jiang & Kappler, 2008). Thus, in the high As aquifers of Southeast Asia, bacterial quinone
reduction could be responsible for accelerating rates of Fe-oxide dissolution and subsequently
the release of As into groundwater. In fact, reduced quinone moieties have been discovered in
high As groundwater in the GMBD (Mladenov et al., 2010).

1.6 The chemistry and source of dissolved organic matter
DOM is a chemically heterogeneous mixture of constituents with a wide range of chemical

and ecological properties. The break-down of plant material and microbial biomass represent the



primary sources of DOM in aquatic environments. However, recent research suggests that DOM
compounds excreted by bacteria during respiration may also constitute a significant proportion of
the total DOM pool (Guillemette & Del Giorgio, 2012; McKnight et al., 2001; Stedmon &
Markager, 2005). The labile fraction of DOM, which is rapidly degraded by bacteria in the
environment, is composed of low molecular-weight compounds such as carbohydrates, proteins,
amino acids, and lipids (Berggren et al., 2010; Coffin, 1989; Keil & Kirchman, 1991). By
contrast, humic substances, which comprise between 60% and 80% of DOM, are relatively
resistant to degradation by bacteria (Mulholland, 2003), although some estuarine and lake
bacteria can utilize humic substances for carbon and nitrogen sources (Esham et al., 2000;
Hutalle-Schmelzer et al., 2010).

In the GMBD, local groundwater recharge from ponds, rivers and seasonal flooding provides
fresh sources of DOM to aquifers. Research indicates that DOM from these sources is primarily
labile (Mladenov et al., 2010; Neumann et al., 2010). Latrine waste represents another source of
labile DOM to shallow depths within aquifers (McArthur et al., 2004), and can also introduce
human-associated bacteria including intestinal pathogens into groundwater (Knappett et al.,
2011). The release of sedimentary organic matter during the reductive dissolution of Fe-oxides
also contributes to the groundwater DOM pool. Sedimentary organic matter released from
aquifer sediments near the ground surface is generally fairly labile (Polizzotto et al., 2008).
Hence, it is likely that DOM from local surface water recharge sources and near-surface
sediments provides carbon and nitrogen sources for synthesizing biomass, and electron donors
for respiration. By contrast, organic matter released from sediments deeper within aquifers is
more aromatic and contains humic substances (McArthur et al., 2004; Mladenov et al., 2010),

and as a result, may primarily serve as an electron donor for respiratory quinone reduction.



1.7 The microbial ecology of high arsenic aquifers

The composition and activity of bacterial communities in high As aquifers appears to be
influenced by the availability of DOM. Previous research indicates that bacterial communities in
aquifer sediments are diverse, and a majority of the community is comprised of oligotrophic taxa
that have not been previously identified as Fe- or As-reducers. For example, Betaproteobacteria
were the dominant members of sediments collected from aquifers in the GMBD (Héry et al.,
2010), and the MKD (Lear et al., 2007; Rowland et al., 2007), while Gammaproteobacteria,
Alphaproteobacteria, Bacteriodetes, and Firmicutes were also relatively abundant in bacterial
communities from a number of aquifers affected by geogenic As contamination in Southeast
Asia (Gault et al., 2005; Islam et al., 2004; Lear et al., 2007; Rowland et al., 2007). In
environmental samples from high As aquifers, Deltaproteobacteria have been comparatively less
abundant than other taxa even though there are many known Fe- and As-reducers within this
bacterial class (Gault et al., 2005; Héry et al., 2010; Pederick et al., 2007; Rowland et al., 2007).
However, results from incubation experiments indicate that the abundance and activity of
Deltaproteobacteria in the environment may be hindered by a low supply of DOM in high As
aquifers.

Multiple experiments have shown that increases in labile DOM concentrations cause
significant shifts in the composition of aquifer sediment bacterial communities, and an increase
in the relative abundance of Deltaproteobacteria. For example, dramatic increases in the
proportion of taxa closely related to known Fe- and As-reducers in the Geobacter genus, and
corresponding increases in Fe-reduction and As mobilization rates, were observed in incubations
amended with sodium acetate, a proxy for labile carbon (Héry et al., 2010; Islam et al., 2004;

Pederick et al., 2007; Rowland et al., 2007). To a lesser extent, acetate additions seemed to



stimulate Clostridia related to known fermenting bacteria (Héry et al., 2010), and
Gammaproteobacteria in the Pseudomonas genus (Lear et al., 2007; Rowland et al., 2007). Also,
the relative abundances of Deltaproteobacteria and Gammaproteobacteria were higher in
incubations amended with labile carbon and a model quinone compound than in incubations
amended with just acetate (Rowland et al., 2007). Thus, results from these experiments suggest
that the chemistry and availability of DOM influences the abundance of bacterial taxa such as
Deltaproteobacteria, in addition to other subphyla within the Proteobacteria, that may promote
groundwater As mobilization in high As aquifers.
1.8 Research Objectives

Previous research findings have led to a number of questions regarding the role of bacterial
communities in mediating the biogeochemical cycling of groundwater As in Southeast Asia.
First, it is not clear what proportion of the diverse bacteria recovered in aquifer sediments (Gault
et al., 2005; Héry et al., 2010; Pederick et al., 2007; Rowland et al., 2007) are involved in
promoting groundwater As mobilization since a majority of the taxa are not related to known
respiratory Fe-, As- or quinone-reducers. In addition, although research has shown that spatial
gradients in sediment geochemistry affect abiotic As mobilization processes (van Geen et al.,
2003; van Geen et al., 2006b; Zheng et al., 2005), the influence of these gradients on the
composition and activity of bacterial communities in high As aquifers is not understood. Finally,
additional research is needed to understand how different chemical fractions of DOM, such as
labile DOM from local pond recharge (Neumann et al., 2010) or redox- active, quinone-
containing DOM from sediments (Mladenov et al., 2010), affect the composition and activity of

bacterial communities across groundwater As concentrations. Identifying the source of DOM



that fuels bacterial-mediated As mobilization in groundwater could be critical to developing
mitigation strategies for geogenic As contamination throughout Southeast Asia.

The primary goals of this dissertation research were to address these outstanding issues using
interdisciplinary methods including analytical chemistry, 16S rRNA gene sequencing (Pace,
1997) to characterize the composition and diversity of bacterial communities, and fluorescence
spectroscopy and PARAFAC modeling (Cory & McKnight, 2005) for describing the chemistry
and source of DOM in high As aquifers. To this end, the research presented in Chapter 2
investigated patterns in bacterial community composition in environmental samples collected
across geochemical gradients in an aquifer with elevated groundwater As concentrations in
Araihazar, Bangladesh. This work found that differences in sediment grain size, and sediment C,
Mn and Fe concentrations significantly influenced the structure of bacterial communities,
including the relative abundances of Deltaproteobacteria and Chloroflexi. The fact that sediment
grain size, C, Mn and Fe also influence the mobility of groundwater arsenic supports a strong
link between geochemical and biological processes in high As aquifer environments in Southeast
Asia.

I followed up on these research findings by conducting a full factorial incubation experiment
designed to evaluate the relative effects of DOM chemistry versus sediment geochemistry on
bacterial community structure and Fe- and As mobilization rates. As presented in Chapter 3, I
incubated aquifer sediment and groundwater collected from four sites that represented the range
of geochemical conditions observed within my study sites in Araihazar, Bangladesh with and
without labile and redox-active DOM. From this research I discovered that the structure of
bacterial communities from different sampling sites converged based on DOM chemistry,

suggesting that DOM chemistry had a greater influence on the composition of native aquifer



bacteria than sediment chemistry. Also, the supply of both labile and redox- active DOM
corresponded to significantly higher relative abundances of Deltaproteobacteria and Fe and As
mobilization rates, indicating that these taxa may accelerate As mobilization through respiratory
quinone reduction. Significant relationships between relative abundances of Chloroflexi and
Deltaproteobacteria and the availability of specific redox-active fluorophores in post-incubation
groundwater provided additional evidence for bacterial quinone reduction in high As
groundwater.

Next, [ was interested in comparing results from the incubation experiment described in
Chapter 3 to relationships between bacterial taxa and DOM chemistry in the aquifer
environment. Thus, in environmental samples collected from established study sites in Araihazar,
Bangladesh I characterized the chemistry and source of groundwater DOM using a combination
of fluorescence spectroscopy and PARAFAC modeling, and I employed 16S rRNA gene
sequencing in order to characterize the structure of bacterial communities. I hypothesized that
Deltaproteobacteria and Chloroflexi performed respiratory quinone reduction in the aquifer, and
thus their relative abundances would be significantly related to the availability of labile DOM
from pond recharge and quinone DOM originating from the release of sedimentary DOM. By
contrast, other taxa may primarily influence As cycling by using these labile and quinone-
containing DOM sources for carbon and nitrogen to synthesize biomass. In Chapter 4, I present
results which suggest that labile DOM and quinone moieties in humic DOM are more important
in shaping bacterial community structure than the source of DOM in high As aquifers. Also, it
appears that Chloroflexi and Espilonproteobacteria may be more involved in accelerating

groundwater As mobilization through respiratory quinone-reduction than Deltaproteobacteria.
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In total, this dissertation research has demonstrated that interdisciplinary research
approaches, such as combining analytical geochemistry, 16S rRNA gene sequencing, and
fluorescence spectroscopy with PARAFAC modeling, can provide new insights into the factors
promoting geogenic As contamination in aquifers throughout Southeast Asia. In addition, this
work has demonstrated that the comparison of experimental results to results from environmental
sampling efforts is critical for accurately characterizing biogeochemical processes. Future
research on geogenic As contamination should focus on describing the metabolic activities of
Deltaproteobacteria, Chloroflexi, Epsilonproteobacteria under environmental conditions in high

As aquifer environments.
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CHAPTER 2: Carbon, metals and grain size correlate with bacterial community structure
in sediments of a high arsenic aquifer
Legg, T.M., Y. Zheng, B. Simone, K.A. Radloff, N. Mladenov, A. Gonzalez, D. Knights, H. Siu,

M.M. Rahman, K.M. Ahmed, D.M. McKnight, D.R. Nemergut. 2012. Frontiers in Microbiology
3(82): 1-15.

2.1 Introduction

Throughout the last decade considerable research effort has focused on characterizing the
mechanisms leading to elevated groundwater arsenic (As) concentrations in aquifers throughout
South Asia. These studies have demonstrated that groundwater As mobility is affected by a
number of factors including redox conditions (Zheng et al., 2004), sediment properties (Winkel
et al., 2008), hydrology (Polizzotto et al., 2005), organic matter quality (Neumann et al., 2010;
Mladenov et al., 2010), and microbial activity (Dhar et al., 2011; Islam et al., 2004). In the
Ganges-Brahmaputra Delta (GBD) region of Bangladesh, where groundwater As concentrations
are on average about 10 times higher than the World Health Organization’s drinking water
guideline value, groundwater As concentrations are heterogeneous (van Geen et al., 2003) and
often decoupled from bulk sediment As concentrations (Dhar et al., 2008). In the GBD, areas
with high groundwater As concentrations typically share similar sediment characteristics,
hydrology and organic matter chemistry. Sediment layers within aquifers containing higher
proportions of fine-grained material such as silts generally feature higher groundwater As
concentrations than sands (van Geen et al., 2006b), which, by contrast, tend to have lower
organic matter concentrations. Silty layers have a lower permeability, thereby favoring the
accumulation of dissolved As in the groundwater (van Geen et al., 2006a). In addition, fine-

grained sediments often exhibit higher concentrations of sediment organic matter and metals
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including iron (Fe), manganese (Mn) and As (McArthur et al., 2004), which may fuel relevant
microbial processes.

Indeed, it is clear that microbial processes are also important in regulating As mobilization in
the GBD (Radloff et al., 2008; Islam et al., 2004). Groundwater As mobilization may be
enhanced in fine sediments, as microorganisms pair the oxidation of organic carbon (C) to the
reductive dissolution of Fe oxides (Lovley & Phillips, 1988), which liberates As from Fe oxide
mineral surfaces (Tufano & Fendorf, 2008; McArthur et al., 2001; Cummings et al., 1999). To a
lesser extent, the desorption of As from the microbial reduction of Mn oxides may also promote
elevated As concentrations (Luna et al., 2009; Inskeep et al., 2002), and the release of reduced
Mn into groundwater often occurs with the release of As (van Geen et al., 2006a; Zheng et al.,
2004). In addition, microorganisms reduce humic substances (HS) (Mladenov et al., 2010) which
promotes an electron cascade resulting in Fe oxide reduction and As desorption (Jiang &
Kappler, 2008; Kappler et al., 2004), as well as the reduction of As(V) to the more mobile
As(IIT) (Jiang et al., 2009; ). Microorganisms can also enhance As mobility in anaerobic aquifers
by mediating redox reactions with As. Specifically, the detoxification pathway encoded by the
ars operon (Macy et al., 2000; Rosen et al., 1991; Sun et al., 2004) and dissimilatory As(V)
reduction (Saltikov & Newman, 2003) results in the reduction of As(V) to the more mobile
As(IIT). Also, microorganisms transform As species during methylation (Mukhopadhyay et al.,
2002) although evidence of methylation has not been observed in the GBD environment (Islam
et al., 2004). By contrast, microbial sulfate reduction can decrease the mobility of As in
groundwater (Kirk et al., 2004; Saalfield & Bostick, 2009). Sulfide co-precipitates with As(III)
and Fe to form As trisulfide (Newman et al., 1997) under anoxic, reducing conditions (Rittle et

al., 1995). Given the diverse array of microbial metabolisms with potential affects on As cycling,
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a better understanding of the patterns in microbial community structure across sediment
characteristics could help elucidate the roles of specific taxa involved in biogeochemical
processes that affect As mobility in these anaerobic aquifers.

Recent research investigating the role of microbial communities in groundwater As cycling
has used molecular phylogenetic tools to characterize the taxonomic composition of microbial
communities in the GBD groundwater environment. The analysis of SSU rRNA gene sequences
from microcosm experiments with As-rich aquifer sediment show the addition of a labile C
source promotes bacterial community shifts characterized by an increased proportion of
Deltaproteobacteria, and corresponding increases in Fe-reduction and As mobilization (Islam et
al., 2004; Lear et al., 2007; Rowland et al., 2007), as well as bacterial sulfate reduction (Héry et
al., 2010). These microcosm results indicate that patterns in bacterial community composition
are related to changes in As cycling in groundwater environments. However, questions remain
about the types of microorganisms found in ambient conditions in the environment, and how
their distribution varies with native geochemical conditions.

Thus, the goal of this work was to advance our understanding of microbial communities in
As-rich groundwater sediments by combining high-throughput gene sequencing methods with
environmental chemistry and statistical analysis. I was especially interested in the investigation
of relationships between environmental chemistry and microbial community structure at the level
of the entire aquifer since previous research at my study site has shown that groundwater arsenic
increases with aquifer depth and location along the flowpath (Mladenov et al., 2010; Radloff et
al., 2008), and that dissolved organic matter chemistry changes with depth (Mladenov et al.,
2010). I used the natural environmental gradients created by the groundwater flowpath and depth

within the aquifer to demonstrate that patterns in bacterial community composition are correlated
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to sediment chemistry across a groundwater As concentration gradient in a GBD aquifer. The
results from this work show that bacterial community structure is significantly different between
locations in the groundwater aquifer. In addition, I demonstrate that variations in sediment grain
size, as well as sediment C, Mn and Fe concentrations correspond to variations in bacterial

community structure.

2.2 Materials and Methods
2.2.1 Site Description

This research was conducted at Site K (Radloff et al., 2008) in Araihazar, Bangladesh,
approximately 30 km northeast of Dhaka (23° 47° 34” N, 90° 37 48” E). The regional climate is
monsoonal, and receives more than 50% of the annual precipitation (average of 2354 mm)
between June and September (Immerzeel, 2008). Consequently, like similar sites in Araihazar
(Stute et al., 2007), stream and groundwater levels at Site K vary seasonally and peak during July
and August when most of the study site is flooded. Site K is located in a rural area within the
floodplain of the Old Brahmaputra River, an abandoned river channel that has been filled
through sedimentation and reduced to a small stream (Figure 2.1). Previous research at Site K
has extensively characterized the hydrology and groundwater geochemistry (Radloff et al., 2008;
Radloft, 2010). Like elsewhere in the GBD, shallow groundwater As concentrations are spatially
variable, and can exceed 400 pg/L (Radloff et al., 2008). I examined groundwater and sediment
samples from three monitoring nests along a groundwater flowpath at the study site. Well nest
K240 is located 240 m from the river within a village, whereas well nests K150 and K60, 150

and 60 m from the river respectively, are located within cultivated rice fields.
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Figure 2.1. The study area, Site K, in Araihazar, Bangladesh.
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Based on groundwater age estimates, the mean direction of groundwater flow at the study
site is from the village to the Old Brahmaputra River (Radloff, 2010). Thus, K240 is located near
the beginning of the groundwater flowpath, K150 is located in the middle, and K60 is located at
the end of the flowpath, directly upgradient of the river (Figure 2.1). During the wet season
(approximately May-October), all three well nests at Site K are completely saturated due to
groundwater table rise, with the exception of depths between 0 and 0.5 m within the village. In
February, at the height of the dry season (Stute et al., 2007), depths between 0 and 3 m below the
ground surface are unsaturated at all sampling locations at Site K.

The groundwater chemistry at Site K changes with location along the flowpath and depth
within the aquifer (Radloff, 2010). Like other sites in Araihazar (Dhar et al., 2008), there are not
marked seasonal changes in groundwater As concentrations (Radloff, 2010). Dissolved
groundwater Fe and As concentrations are lowest at shallow depths at K240, and generally
increase with depth at each well location (Radloff, 2010). In addition, groundwater As
concentrations increase along the groundwater flowpath, and peak at K60 at 15 m (429 ug/L).
Groundwater Mn, by contrast, does not show patterns with depth or position along the flowpath
(Radloff, 2010).

2.2.2 Sample Collection and Preparation

I used the natural environmental gradients created by the groundwater flowpath and depth
within the aquifer to examine the relationship between sediment chemistry and bacterial
community composition. I collected sediment cores from three different sites within the aquifer,
K240, K150 and K60 (Figure 2.1), adjacent to the monitoring well nests in July 2008. At each
location I collected cores from seven aquifer depths: 1.52 m, 3.05 m, 4.57 m, 6.10 m, 7.62 m,

10.67 m, and 15.24 m. I rinsed the sediment core liners with 100% ethanol prior to placing them
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in the coring device in order to minimize contamination. Also, I excised the top and bottom of
each core with an ethanol-sterilized saw to remove sample that had contact with drilling fluids. I
preserved the sediment cores in airtight mylar bags with oxygen-absorbing packets and placed
them on ice in the field for approximately four hours; thereafter the cores were stored at -80°C.
In the laboratory I opened each sediment core with a sterilized dremel tool, placed the sediment
in a sterile bag, and then homogenized the sediment by hand from the 21 different cores (seven
depths at three sites). During sieving, I did not observe plant roots or invertebrates such as
worms.
2.2.3 Sediment Chemical and Grain Size Analyses

I measured pH with an Accumet® AB15 pH meter (Fisher Scientific, Inc., Waltham,
Massachusetts, USA) in each of the homogenized sediment core samples after adding one gram
of the wet sediment to one milliliter of de-ionized water (Carter, 1993). In order to quantify the
percentage of C and nitrogen (N) in each sample I first dried 5 grams of homogenized sediment
at 70°C for 48 hours; dried sediments were then ground to a fine powder (Cleveland et al., 2006).
I used a Thermo Scientific FlashEA 1112 Elemental Analyzer (Thermo Fisher Scientific, Inc.)
with high temperature (950°C) dry combustion to measure the percentage C and N in each
sample (Matejovic, 1997). I estimated soil moisture in sediment samples by dividing the
difference between the mass of the wet sediment and the mass of dried sediment by the mass of
the wet sediment. The Laboratory for Environmental and Geological Studies (LEGS) at the

University of Colorado (http://www.colorado.edu/geolsci/legs/indexa.html) conducted the

analysis for determining the concentrations of Mn, As, and Fe in each oven-dried, homogenized
sediment sample. Sediment concentrations of Mn, As and Fe were determined using a protocol

modified from Farrell et al. (1980). Briefly, 5 ml of a 7:3 mixture of hydrochloric acid and
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hydrofluoric acid and 2 ml of nitric acid were added to sediment samples in digestion tubes.
Tubes were then heated to 95° C in a digestion block for 2 hours. Next, samples were cooled and
the volume of each sample was increased to 50 ml with a 1.5% by weight boric acid solution.
Samples were reheated to 95° C for about 15 minutes, and then cooled to room temperature
again. Metals concentrations were analyzed in the cooled solutions on a SCIEX inductively
coupled plasma mass spectrometer, (Elan DRC-e, Perkin Elmer, Waltham, MA) using an Indium
internal standard.

A second set of aquifer sediment samples collected at K240, K150 and K60 from depths
between 1 m and 16 m was used to investigate grain size. A modification of the USGS East
Coast Sediment Analysis Procedures protocol was used for this analysis (Poppe et al., 2000).
Sediments were freeze-dried for 48 to 72 hours and then oven-dried at 60°C for 48 hours. In
order to disaggregate the sediment, samples were suspended in distilled water for 24 hours. Then
each wet sub-sample was passed serially through 150 pm and 63 pm sieves. Sediment fractions
were dried and weighed and grain size distributions were reported as percentage sand (i.e.,
greater than 150 um in diameter), silty-sand (between 150 um and 63 um in diameter), and silt
(63 um in diameter and smaller) (Wentworth, 1922). In the statistical analyses I included data
from only one grain size class, percentage silt, since percentage sand, percentage silty-sand and
percentage silt were strongly autocorrelated.

2.2.4 Phylogenetic Data Analysis

DNA was extracted from homogenized sediment samples using the Mo Bio PowerSoil ™
DNA Isolation Kit following the manufacturer’s suggested protocol (Mo Bio Laboratories, Inc.,
Carlsbad, CA, USA). Bacterial 16S rRNA genes were PCR-amplified from the genomic DNA of

the 21 sediment samples for pyrosequencing (Margulies et al., 2005) analysis. A universal
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bacterial primer set described in Hamady et al. (2008) that included the highly conserved
bacterial primers 27F (5’-GCCTTGCCAGCCCGCTCAGTCAGAGTTTGATCCTGGCTCAG-
3’) and 338R, with a unique, error-correcting barcode that identifies the PCR product in each
sample (5’-GCCTCCCTCGCGCCATCAGNNNNNNNNCATGCTGCCTCCCGTAGGAGT-3’)
was used (Fierer et al., 2008). Each reaction contained 3 pL of genomic DNA, 30 uM (final
concentrations) forward and reverse primers, and 22.5 pL of Platinum SuperMix (Invitrogen,
Carlsbad, CA, USA). Reaction conditions were performed as described by Fierer et al. (2008).
PCRs were performed for each of the 21 samples in triplicate, and then the products were pooled
from each sample for downstream processing. No template controls were included to ensure that
sample DNA was not contaminated with foreign DNA. PCR products were cleaned with the Mo
Bio UltraClean-htp PCR Clean-up Kit (Mo Bio Laboratories, Inc.) according to the
manufacturer’s recommended protocol, and then pooled in equal concentrations. The University
of South Carolina Environmental Genomics Core Facility performed the sequencing of our 16S
rRNA gene amplicons on a Roche FLX 454 pyrosequencing machine.

First, I used QIIME (Caporaso et al., 2010a) to perform a sequence quality filter to the
original 16S rRNA gene sequence dataset based on the sequence quality log file. This quality
filter eliminated sequences that were shorter than 200 nucleotides in length, in addition to those
with 1 or more ambiguous bases, and/or had received a quality score of less than 25. After this
sequence quality filter, pyrosequencing yielded 31,517 quality short-read (average length of 231
nucleotides) 16S rRNA gene sequences total, and an average of 1500 sequences per sample (with
a standard deviation of 189). I used QIIME to conduct all of the following phylogenetic analyses
of the 16S rRNA sequences (Caporaso et al., 2010a). I defined bacterial operational taxonomic

units (OTUs) at 97% identity with the uclust (Edgar, 2010) and the cd-hit algorithm (Li and
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Godzik, 2006). As a source for comparison, I also defined bacterial OTUs at 90%, 95% and 99%
identity with the cd-hit algorithm. I conducted all of the subsequently described analyses on each
of these OTU tables in order to identify any discrepancies based on the OTU definition and
patterns between bacterial community structure and chemistry (5 tables total). Next, I filtered our
dataset to eliminate OTUs represented by only one 16S rRNA gene sequence (singletons), as
well as OTUs present in only one sample (Zhou et al., 2011). The number of sequences present
in each sample after applying filtering is included in the Appendix (Table A.1). Then, I aligned
the 16S rRNA gene sequences using the PyNAST alignment algorithm (Caporaso et al., 2010b)
with the Greengenes database (DeSantis et al., 2006). In QIIME, I used the RDP Classifier
(Wang et al., 2007) to assign the taxonomic classification to each OTU using the Greengenes
database (DeSantis et al., 2006). To create a phylogeny, I implemented the FastTree algorithm
(Price et al., 2009). I performed rarefaction analysis, and calculated collector’s curves (Schloss &
Handelsman, 2004) for many different alpha diversity metrics including the Chaol richness
estimator (Chao, 1984) and Shannon diversity index (Weaver & Shannon, 1949). To investigate
patterns in beta diversity, I calculated the pairwise distances between bacterial communities with
the UniFrac distance metric (Lozupone & Knight, 2005). Sequences and sediment chemistry
parameters were deposited in the MG-RAST database (Meyer et al., 2008) under accession
number qiime: 130 according to MIMARKS standards (Yilmaz et al., 2011).
2.2.5 Statistical Analysis

I used univariate and multivariate statistical techniques in order to elucidate relationships
between the natural gradients within the aquifer, such as depth and well location, and the
environmental chemistry and the bacterial community. I applied log transformations to

percentage sediment C concentration, and square-root transformations to sediment As and Fe
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concentrations because the raw data for these variables had non-normal distributions (Gotelli &
Ellison, 2004). Then I performed linear correlation analyses using MATLAB® 7.9.0 (2009b) and
the Pearson’s correlation coefficient (Zar, 1999). I performed permutational multivariate
ANOVA tests using the adonis function in the vegan package in R (Oksanen, 2007) in order to
evaluate the role of depth and well location in structuring the bacterial community, as
characterized by both unweighted UniFrac distances and proportions of bacterial taxa, within the
aquifer. Then, to examine the effects of sediment chemical parameters on structuring bacterial
communities I performed Mantel tests on the bacterial community structure (i.e., the UniFrac
distance matrix) and sediment chemistry data.

Next, [ performed non-metric multidimensional scaling (NMDS), an unconstrained
ordination technique, with the metaMDS function in the vegan package in R (Oksanen, 2007) on
the unweighted UniFrac distance matrix in order to further examine patterns in bacterial
community structure and environmental parameters. Then I used the envfit function in the vegan
package in R (Oksanen, 2007) to fit vectors of the environmental parameters that were
significantly related to bacterial community structure in the Mantel tests (square-root

transformed Fe, log transformed %C, Mn, and %silt) to the NMDS ordination (Oksanen, 2007).

2.3 Results
2.3.1 Sediment Grain Size and Chemistry

The percentage of the sediment classified as sand ranged from 2.5 to 96 while the percentage
silt ranged between 1.4 and 76.8 (Figure 2.2). The range in percentage silty-sand was from 1.6%

to 77.4%. The grain size distribution of the sediment samples varied based on the sample depth.
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Figure 2.2. Grain size distribution and soil moisture of sediments collected at depths of 1.52,
3.05,4.57,6.10, 7.62, 10.67, and 15.24 m at the three sampling locations along the groundwater
flowpath at Site K.
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Silt-sized grains predominated in the sediments collected at shallow depths (<7 m) within the
aquifer, whereas sediments collected at deeper depths (>7 m) were primarily composed of sands.
Sediment C ranged from 0.04 to 0.67% across all samples (Figure 2.3), while sediment N was at
or below the detection limit of the analytical method (0.01%) for 15 of the 21 samples. The
samples were all circumneutral and pH ranged from 6.9 to 7.8. Sediment Mn concentrations
ranged from ~140-1100 ppm, Fe from 10-50 ppt and As from 5-39 ppm (Figure 2.3). Sediment
Mn concentration was the only chemical parameter that showed statistically significant
differences between well sites, and was nearly twice as high at K60 than at K150 or K240
(ANOVA, p<0.05). Depth was significantly negatively correlated to percentage silt and sediment
Mn and Fe concentrations, whereas percent silt, C, Mn, and Fe were positively correlated with
one another. Sediment pH was not correlated with any other chemical parameter measured in this

study (Table 1).
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Figure 2.3. Sediment chemistry at each sampling location along the groundwater flowpath.
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Table 2.1. The correlation coefficients (R values) for the Pearson’s correlations that are
presented in this table correspond to the pairwise correlations between environmental and
bacterial community diversity data. Significance values (p-values) <0.05 for the correlations are
shown in parentheses; ‘NS’ indicates non-significant correlations. I transformed data columns if
the raw data did not follow a normal distribution. The transformation method I used is indicated
in the row and column labels.

Correlation % soil pH Log Mn VAs \Fe % Silt | Unifrac
Coefficients | moisture (%C) | (ppm) | (ppm) | (ppm)
(R)
% soil -0.05 | -0.21 | -0.17 | -0.13 -0.16 -0.01 0.003
moisture (NS) | (NS) | (NS) | (NS) | (NS) | (NS) (NS)
pH -0.05 | -0.18 | 0.09 -0.22 0.04 -0.14
(NS) | (NS) | (NS) | (NS) | (NS) (NS)
Log (%C) 0.82 0.32 0.71 0.62 0.39
(6E-6) | (NS) | (3E-4) | (0.002) (0.005)
Mn (ppm) 0.32 0.93 0.65 0.56
(NS) | (6E-10) | (0.001) | (0.001)
VAs (ppm) 0.42 0.22 -0.08
(NS) | (NS) (NS)
VFe (ppm) 0.51 0.27
(0.02) | (0.003)
% Silt 0.44
(0.007)
Unifrac
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2.3.2 Bacterial Community Characteristics

Rarefaction analysis demonstrated that there is a large variation in the total number of OTUs
between the samples. Collector’s curves for the Chaol richness estimator and Shannon diversity
index show that the overall diversity does approach an asymptote in a majority of the samples
(Appendix, Figure A.1), suggesting that the sequence coverage was sufficient to capture the
diversity of the bacterial communities. Interestingly, it appears that the alpha diversity of
samples is related to the well location: the number of OTUs per sample is highest at Well K240
and lowest at well K60.

Although 35 phyla were present in the 21 samples, only 4 phyla comprised more than 5% of
the community in every sample (Figure 2.4). Proteobacteria comprised approximately 28% of the
average community across all samples, whereas Chloroflexi and Acidobacteria each comprised
approximately 11% of the community. The proportion of Firmicutes was approximately 5%,
while other phyla represented much smaller proportions of the bacterial communities.
Acidobacteria and Firmicutes were highly variable, with ranges in proportions of two orders of
magnitude across all of the bacterial communities sampled, whereas the proportions of
Chloroflexi and Proteobacteria varied by roughly one order of magnitude across the 21 samples.
The sub-phyla Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria and
Gammaproteobacteria composed an average of 7%, 7%, 8% and 5% of the overall bacterial
community, respectively.

Bacterial community composition was not significantly related to depth (Table 1). Instead,
bacterial communities clustered by well site; a permutational multivariate ANOVA using the
adonis function in the vegan package (Oksanen, 2007) revealed that well site accounted for a

significant amount of the variation in community composition (R* = 0.23; p < 0.001).
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Figure 2.4. The bacterial communities, as characterized by the UniFrac metric, are significantly
distinct at the three well locations at our study sitt (PERMANOVA, R* = 0.23; p <0.001). The
bar graphs show the relative abundances of dominant (>5% total abundance) bacterial taxa at the
three locations (n = 7 depths for each well) and in all wells combined. Although there are
gradients in sediment texture and chemistry within the aquifer, only Mn was significantly
different between well (ANOVA, p < 0.05).
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This relationship was significant (p < 0.05) for unweighted UniFrac distance matrices calculated
from the pre-filtered and filtered datasets, and OTU tables calculated from different clustering
methods (uclust and cd-hit) and different identity thresholds (90%, 95%, 97%, and 99%). Next, |
investigated how the proportions of bacterial taxa contributed to these observed differences. The
proportions of the most common (at least 5% of the total community) bacterial phyla and sub-
phyla along the groundwater flowpath were significantly different between well locations (p <
0.05). Specifically, Deltaproteobacteria and Chloroflexi were found in higher relative abundance
while Betaproteobacteria, Alphaproteobacteria, Gammaproteobacteria and Firmicutes were in
lower proportions in K60 (near the river) than K150 (middle of the flowpath) or K240 (village
site, Figure 2.4). The proportion of Acidobacteria was highest at K150, and lowest at K60.

While roughly 30% of the OTUs in the bacterial communities at well K240 and well K60
were unique to that location, 17% of the bacterial communities at K150 were comprised of
unique OTUs (Figure 2.5). Bacteriodetes, Alphaproteobacteria, Acidobacteria and
Betaproteobacteria were the most frequently observed OTUs unique to well K240. Acidobacteria
dominated the unique OTUs at K150. The OTUs that were unique to K60, the site closest to the
river, were primarily Chloroflexi (30%), and 50% of these Chloroflexi OTUs were classified in
the Dehalococcoidetes class. All three of the well locations shared 294 OTUs; a majority of those
OTUs (22%) were classified within the Acidobacteria. The bacterial communities at K150 and
K60 had the highest number of shared OTUs, which largely belonged to the Chloroflexi,
Acidobacteria, and Deltaproteobacteria (comprising 16%, 15% and 11% of the shared OTUs,
respectively), the taxa that comprised the largest proportion of the 16S rRNA gene dataset at Site
K. Only two taxonomic groups, Acidobacteria and Alphaproteobacteria each comprised greater

than 10% of the OTUs shared between K240 and K150.
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Figure 2.5. As shown in the Venn diagram, a greater percentage of the OTUs present within the
bacterial communities at well locations K240 (village) and K60 (river) were unique than at well
K150 (mid flow path). In addition, K150 and K60 shared a greater percentage of OTUs
(approximately 30%).
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By contrast, the OTUs common to K240 and K60 were more taxonomically distributed: OTUs in
the Betaproteobacteria, Alphaproteobacteria, Acidobacteria, Firmicutes, and Bacteriodetes each
comprised greater than 10% of the shared OTUs between K240 and K60.

Mantel tests revealed that bacterial community composition, as characterized by the
unweighted UniFrac metric (Lozupone & Knight, 2005), was significantly related to percentage
silt, and sediment C, Mn, and Fe concentrations, but not sediment As or pH (Table 1). I
performed the Mantel tests using unweighted UniFrac distance matrices calculated from the pre-
filtered and filtered datasets, as well as OTU tables calculated from different clustering methods
(uclust and cd-hit), different identity thresholds (90%, 95%, 97%, and 99%), and different
numbers of sequences per sample (Appendix, Table A.2). I found significant relationships
between bacterial community structure and percentage silt, and sediment C, Mn, and Fe
concentrations for each of these UniFrac distance matrices (Appendix, Table A.2) suggesting
that the correlations observed are robust to issues related to sampling and OTU definition.

The results from the NMDS analysis, depicted in an ordination plot (Figure 2.6), demonstrate
the relationship between bacterial community structure and environmental parameters. Each
point on the ordination represents a bacterial community from a specific sample location and
depth. The distances between samples (points) in the ordination indicate their level of similarity,
as characterized by unweighted UniFrac distances. In order to investigate the validity of the
NMDS ordination analysis I performed a stressplot, which showed that the UniFrac distances

and the ordination distances were highly correlated (R* = 0.98).
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Figure 2.6. Thus non-metric multi-dimensional scaling (NMDS) ordination shows that the
bacterial communities cluster based on well location. Each point on the ordination is a different
bacterial community (n = 21), and the location of the points is based on UniFrac distances. The
points are colored based on well location. In addition, the vectors on the ordination represent the
gradient in the chemical variables for all the samples in the dataset.
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The NMDS ordination (Figure 2.6) demonstrates that bacterial communities, in general,
cluster based on well location, which supports results from a permutational multivariate
ANOVA. Also, the ordination shows that bacterial communities at K60 are more different from
one another than at the other well locations. Whereas bacterial communities from the deepest
depths at K60 cluster with communities from K150, bacterial communities at depths of 3.05m,
4.57m and 6.1m at K60 form a distinct cluster between 0.6 and 0.7 on NMDS axis 1 (Figure 2.6).
Similarly, the bacterial community from the shallowest depth at K60, 1.52m, is positioned at
roughly 0.55 on NMDS axis 2, far from the other communities on the ordination (Figure 2.6).
This suggests that the bacterial community structure at 1.52m at K60 is distinct from bacterial
communities at other locations at the study site. The direction and position of the environmental
parameter vectors on the ordination, calculated with the envfit function in the vegan package
(Oksanen, 2007), represent the gradient in each parameter (i.e., from lowest to highest
concentration) as well as the strength of the correlation between the environmental parameter
and the ordination (i.e., bacterial community structure, as characterized by UniFrac distances).
The vectors provide a graphical representation to identify relationships between environmental

gradients and patterns in bacterial community structure.

2.4 Discussion

Bacterial community structure at Site K is significantly related to well location, grain size
and chemical differences in groundwater sediments, including percentage silt, and sediment C,
Mn, and Fe concentrations (Table 1). Taxa such as Alphaproteobacteria, Betaproteobacteria, and
Acidobacteria were more abundant at the village site (K240), in aquifer sediments with higher

concentrations of sand and lower concentrations of C and metal. In addition, the OTUs that were
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present only at well location K240 belonged to these taxa. By contrast, OTUs classified as
Deltaproteobacteria and Chloroflexi comprised a larger proportion of the communities in silty
sediments with higher concentrations of C, Fe, and Mn. (Figure 2.4). These results suggest that
the considerable heterogeneity in sediment chemistry at Site K drives significant differences in
bacterial community structure across the three well locations.

The dominant members (greater than 5% of the community) of the bacterial communities at
Site K, Acidobacteria, Chloroflexi, Firmicutes, Alphaproteobacteria, Betaproteobacteria,
Deltaproteobacteria and Gammaproteobacteria (Figure 2.4), are abundant in many soil and
sediment environments. Recent 16S rRNA gene sequence-based analyses have found that
Acidobacteria and Proteobacteria are the dominant members of soil bacterial communities across
ecosystem types (Fierer et al., 2009). A global survey of 21 16S rRNA gene sequence libraries
found that while Proteobacteria and Acidobacteria comprised roughly 40% and 20% of the
bacterial communities respectively, Chloroflexi and Firmicutes were also relatively abundant
(greater than 5% of the community), in a range of soil environments (Janssen, 2006). Recent
research shows that although these groups are dominant across soil types, the relative proportion
of the bacterial community that each of these dominant groups comprises is influenced by factors
such as pH, depth within the soil profile, the degree of soil saturation, and anaerobiosis (Fierer et
al., 2009; Hansel et al., 2008; Jones et al., 2009). In our study, I found that shifts in bacterial
community structure were related to changes in the sediment grain size distribution and changes
in sediment C, Mn and Fe rather than soil moisture or depth (Table 1).

Our finding that bacterial community structure is significantly related to sediment grain size
is supported by other research that has shown that sediment grain size influences microbial

biomass and bacterial community structure (Sessitsch et al., 2001), and enzyme kinetics (Grandy
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et al., 2008). Silts typically have higher concentrations of organic matter (Sparks, 2003),
especially aromatic carbon compounds and humic acids (Guggenberger et al., 1995), and metals
(Murray et al., 1999; Thorne & Nickless, 1981). Sandy sediments, characterized by grain sizes
larger than 150 um, usually contain lower organic carbon and metal concentrations (Sparks,
2003). In the sandy sediments with high Si concentrations at Site K, phyla such as Firmicutes
and Alphaproteobacteria are the dominant groups in the bacterial community. By contrast,
Chloroflexi and Deltaproteobacteria were the dominant members of the bacterial community in
silty sediments with high C and metal concentrations. Heavy metal concentrations have been
shown to correlate with bacterial community structure and function in both soil and groundwater
environments (Stefanowicz et al., 2008).

Deltaproteobacteria are abundant across different soil and sediment environments (Spain et
al., 2009). There is evidence that Deltaproteobacteria are more abundant in anaerobic soils
(Hansel et al., 2008), perhaps because members of Deltaproteobacteria can use a variety of
electron acceptors. For example, organisms within the Geobacteraceae family can use labile C to
reduce Fe, Mn and HS (Lovley & Phillips, 1988; Lovley et al., 1996). There is ample evidence
that Fe-, Mn-, and HS- reducing Deltaproteobacteria are prevalent in anaerobic freshwater
sediments (Coates et al., 2002; Lovley et al., 2004), and previous research has documented that
the relative abundance and diversity of members of Geobacteraceae corresponds to Fe and Mn
concentrations in groundwater environments (Luna et al., 2009).

Although the overall community composition was not found to be correlated with sediment
As (Table 1), it is important to note that there is a poor relationship between sediment and
groundwater As concentrations in this environment (Radloff et al., 2008). However bacterial

community structure is significantly correlated to sediment characteristics, such as percent silt,
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sediment C and sediment metal concentrations in the sediment, which are related to groundwater
As concentrations (van Geen et al., 2006a). Thus, the relationship between the proportion of
Deltaproteobacteria in the bacterial community and percent silt and concentrations of C and Fe in
the aquifer sediment may have important implications for understanding how the native
microbial community influences groundwater As mobility at Site K. Fe-reducing
Deltaproteobacteria could promote the mobilization of As by mediating the reductive dissolution
of Fe- oxides, which results in the desorption of As from the Fe-oxide surface (Jiang et al., 2009;
McArthur et al., 2001). In fact, results from GBD sediment microcosm experiments
demonstrated that labile carbon additions promoted higher rates of Fe(Ill)-reduction and As
mobilization, as well as increases in the relative abundance of Deltaproteobacteria (Islam et al.,
2004). Additional evidence from sediment microcosm experiments suggests that microbial Fe-
reduction is enhanced by the presence of redox-active HS in aquifer sediments, which can shuttle
electrons to Fe(III), promoting Fe-oxide reduction and As desorption (Mladenov et al., 2010).
Thus, Fe-reducing and HS-reducing Deltaproteobacteria could play a significant role in
groundwater As mobilization.

Deltaproteobacteria could also influence groundwater As mobilization more directly. First,
as mentioned above, although the overall community composition was not related to sediment
As, it was correlated to the percent silt in the sediment. Fine-grained silts are less permeable than
sands and often have higher dissolved As concentrations. Thus Deltaproteobacteria in the silty
sediments at Site K may be more adapted to high groundwater As concentrations. Members of
the genera Desulfovibrio (Li & Krumholz, 2007), Desulfomicrobium (Macy et al., 2000), and
Geobacter (Methe et al., 2003) within the Deltaproteobacteria are known to reduce As(V) to

As(IIT) through a detoxification pathway encoded by the ars operon (Rosen et al., 1991).
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Groundwater As concentrations at Site K are highest at well K60 between 7 and 15 m, and as a
result these conditions may favor bacteria that can detoxify As. Thus, the potential for
Deltaproteobacteria to mediate the As detoxification, Fe-reduction, Mn-reduction and HS-
reduction pathways could explain their higher abundance at K60 (Figure 2.4).

Chloroflexi at Site K are also significantly more abundant in silty sediments with higher
concentrations of sediment C, Fe and Mn. Approximately 50% of the Chloroflexi OTUs at Site
K belonged to the halo-respiring Dehalococcoidetes class, and these OTUs were only present in
the C- and metal- rich silty sediments at well K60. Halorespiring Chloroflexi have also been
discovered in other pristine freshwater environments (Loffler et al., 2000), and recent research
suggests that halorespiring bacteria could also use other respiratory pathways including Se(VI)-
reduction, As(V)-reduction, Fe(IlI)-reduction, Mn(I'V)-reduction, as well as the oxidation and
reduction of a model compound for quinone-containing HS (Luijten et al., 2004). Also, two
members of the Dehalococcoides genus have the As resistance gene, arsC, within their genome
(Kube et al., 2005; Seshadri et al., 2005). Consequently, Chloroflexi may have an advantage at
well K60 over other bacteria that do not have such adaptations to the local groundwater
geochemical conditions.

Based on the phylogenetic affiliations of these taxa, it is possible that these results indicate a
shift to more Fe-, Mn-, and humic substance- reducers in the silts with high C and metal
concentrations (Lovley & Phillips, 1988; Lovley et al., 1996; Luijten et al., 2004). However,
research is needed to further elucidate the specific roles of taxa such as Deltaproteobacteria and
Chloroflexi in the groundwater environment at Site K. For example, our study suggests that
sediment C is important in structuring bacterial communities and thus, further work on the

source and chemical characteristics of the sediment C may provide insight into the dominant
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processes underlying the relationship between C and bacterial community composition. For
example, if the C is serving largely as a nutrient source, I may conclude that observed
community shifts are an example of the copiotrophic-oligotrophic continuum described by Fierer
et al. (2007). By contrast, more recalcitrant, redox-active C sources such as HS may be important

for electron shuttling that promotes Fe- reduction and As mobilization (Mladenov et al., 2010).

2.5 Conclusions

Results from this research have led to a more complete understanding of the bacterial
community structure within GBD aquifer sediments. It is well-documented that sediment grain
size, C, Mn and Fe influence the mobility of groundwater arsenic, and it is intriguing that these
constituents also structure the bacterial community. This work has also demonstrated the
importance of deeper 16S rRNA gene sequencing in identifying environmentally relevant

patterns in bacterial community structure across groundwater As gradients.
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CHAPTER 3: Labile and redox-active dissolved organic matter influence bacterial

community structure and groundwater arsenic mobilization

3.1 Introduction

Elucidating the mechanisms promoting spatial variability in groundwater arsenic (As) across
relatively small scales is key to developing mitigation strategies for the geogenic As
contamination crisis in Southeast Asia (Fendorf et al., 2010). An extensive body of research has
shown that sediment geochemistry, labile dissolved organic matter (DOM) chemistry and
availability, and the activity of native bacteria in aquifer sediments are the most important factors
in promoting groundwater As mobilization. While it is clear that ferric iron (Fe(IlI))-reducing
bacteria in aquifer sediments cause the release of As sorbed to iron (Fe)-oxide minerals (Héry et
al., 2010; Islam et al., 2004; Radloff et al., 2008), as originally proposed by Nickson, et al.
(1998), there is conflicting evidence regarding whether sediment geochemistry (Horneman et al.,
2004; van Geen et al., 2004; Zheng et al., 2005) or DOM chemistry (Harvey et al., 2002;
McArthur et al., 2004; Mladenov et al., 2010; Neumann et al., 2010) are more important for
biological groundwater As mobilization rates.

Throughout Southeast Asia differences in the grain size of sediments and in the chemistry of
the Fe-oxide minerals and As in aquifer sediments are partially responsible for the high degree of
variability in groundwater As concentrations observed across relatively small spatial scales
(Winkel et al., 2008; Horneman et al., 2004; Polizzotto et al., 2008). For example, dynamism in
the redox state of Fe on mineral surfaces results in the uneven sorption affinity and distribution
of As on Fe-oxide minerals in aquifer sediments (van Geen et al., 2004; Zheng et al., 2005). As
well, fine-grained, silty aquifer sediments generally have higher concentrations of organic

matter, Fe-oxide minerals, and sorbed As than sands (McArthur et al., 2004; van Geen et al.,
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2006a). Sedimentary organic carbon concentrations can vary by an order of magnitude or more
across gradients as small as 3 meters (Legg, et al. 2012; Rowland, et al. 2007), and organic
matter in aquifer sediments may represent an important source of carbon to fuel the activity of
heterotrophic Fe(Ill)-reducing bacteria in aquifers (McArthur et al., 2004; Mladenov et al.,
2010). Evidence suggests that the sediment grain size, and carbon (C) and Fe concentrations
significantly affect the composition of bacterial communities, and taxa related to heterotrophic
Fe(I1I)-reducing bacteria are more abundant in silty sediments (Legg et al., 2012). Thus,
sediment geochemistry may affect groundwater As mobilization by influencing the composition
and activity of bacterial communities in aquifer sediments.

The availability and chemistry of DOM also influence groundwater As mobilization in high
As aquifers. Local aquifer recharge from adjacent rivers and ponds, and seasonal flooding during
the annual monsoon rains, represent a major source of DOM to aquifers (Ahmed et al., 2004). As
well, extensive groundwater extraction for irrigation in cultivated areas throughout rural
Bangladesh increases rates of aquifer recharge from eutrophic ponds, thereby transporting more
labile DOM into the subsurface (Harvey et al., 2002; Neumann et al., 2010). Understanding the
source and supply of labile DOM is critical to predicting rates of groundwater As mobilization
because Fe-reducing bacteria use labile constituents as electron donors during reductive
dissolution of Fe-oxides, which results in the release of As (Héry et al., 2010; Islam et al., 2004;
Rowland et al., 2007). Also, heterotrophic bacteria in aquifers rely on labile DOM for sources of
C and nitrogen (N) to synthesize biomass (Lear et al., 2007).

Bacteria in high As aquifers may also utilize redox-active fractions of DOM to mediate
groundwater As cycling. Humic substances are a redox-active component of DOM that is

relatively resistant to degradation in most freshwater environments (Lovley et al., 1996). A
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phylogenetically diverse suite of bacteria can use humic substances as an electron acceptors in
anaerobic aquatic environments (Cervantes et al., 2002; Coates et al., 1998). In fact, in some
environments these taxa may be more abundant than Fe-reducing bacteria (Kappler et al., 2004).
Quinones are the moieties within humic substances that serve as electron acceptors for bacterial
humic substance-reduction (Scott et al., 1998), and reduced quinones abiotically transfer
electrons to Fe-oxide minerals, thereby reducing Fe(III) up to seven times faster than bacteria
(Jiang & Kappler, 2008). Also, quinone moieties represent perennial catalysts of Fe-oxide
reduction because they are resistant to degradation and are continually recycled through biotic
and abiotic oxidation and reduction reactions.

The recent discovery of reduced quinone fluorescence within high As groundwater
(Mladenov et al., 2010) suggests that bacterial quinone-reduction could affect rates of As
mobilization in the aquifers of Southeast Asia. It is likely that quinone-containing humic
substances are introduced into groundwater DOM during the reductive dissolution of Fe-oxide
minerals, which causes the release of organic matter from aquifer sediments (Mladenov et al.,
2010). Sedimentary organic matter in the GMBD is primarily derived from the degradation of
plant material, and is comprised of peat deposited during sediment burial (McArthur et al., 2004;
Quicksall et al., 2008). Also, it is likely that humic substances are retained in the sediment due to
sorption on Fe-oxides (Mladenov et al., 2008). Thus, there are endogenous sources of quinone
moieties in the high As aquifers of Southeast Asia.

The relative importance of labile and redox-active DOM fractions in the biogeochemical
cycling of As is unresolved. Incubation experiments with Bangladesh aquifer sediments have
clearly demonstrated that labile DOM additions stimulate up to a three-fold increase in Fe(IlI)-

reduction and As mobilization (Islam et al., 2004; Radloff et al., 2008). Also, DOM additions
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stimulate shifts in the composition of the native bacterial communities, and an increase in the
relative abundance of Deltaproteobacteria (Héry et al., 2010; Islam et al., 2004). Labile DOM
also promoted bacterial community shifts and increases in groundwater As concentrations in
Cambodian aquifer sediments (Lear et al., 2007; Pederick et al., 2007). However the addition of
a model quinone compound resulted in even higher rates of Fe(Ill)-reduction and As
mobilization, and a bacterial community shift towards Deltaproteobacteria (Rowland et al.,
2007). Results from these experiments suggest that Deltaproteobacteria may use respiratory
quinone reduction, in addition to Fe(Ill)-reduction, to mediate groundwater As mobilization in
aquifers throughout Southeast Asia.

Thus, the goal of this research was to examine the relative effects of DOM chemistry vs.
sediment geochemistry on bacterial community structure and Fe-and As mobilization rates in an
aquifer affected by geogenic arsenic contamination in Araihazar, Bangladesh. To this end, I
designed a full factorial experiment in which aquifer sediment and groundwater from four sites
with contrasting geochemical conditions was incubated with and without labile and redox-active
DOM. In addition, I employed fluorescence spectroscopy and a five-component PARAFAC
model to characterize labile and redox-active DOM constituents within pre- and post-incubation
groundwater. I found that the composition of the pre-incubation bacterial communities from
different sites was distinct; however the composition of post-incubation bacterial communities
converged according to the type of DOM treatment. Also, the addition of both labile and redox-
active DOM favored bacteria related to quinone-reducing Deltaproteobacteria and promoted the
highest rates of Fe and As mobilization. Finally, I discovered that the relative abundances of
Chloroflexi and Deltaproteobacteria were significantly related to the availability of specific

redox-active fluorophores in post-incubation groundwater.
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3.2 Materials and Methods
3.2.1 Site Description

The study sites, Site K (Legg et al., 2012; Radloff et al., 2008) and Site B (Mladenov et al.,
2010; Zheng et al., 2005), are located in Araihazar, Bangladesh, approximately 30 km northeast
of Dhaka (Figure 3.1). This research focused on four locations/depths that represent a range of
groundwater (Table 3.1) and aquifer sediment (Table 3.2) geochemical conditions, as well as a
range of DOM chemical characteristics (Table 3.3). At Site K, I focused on a shallow (8m) depth
well nest K240, which is located at the beginning of the groundwater flowpath, and a deep (14m)
depth at the end of the groundwater flowpath (well K60). At Site B, I concentrated on
groundwater at an intermediate (11m) and a deeper (14m) depth at a single well nest location. Of
these four sampling locations, the highest groundwater Fe and As concentrations are observed at
B 14m, whereas K240 8m has the lowest groundwater Fe and As concentrations (Table 3.1).
Also, at the Site B sampling locations, sedimentary Fe and As concentrations, as well as the
concentrations of carbon (C) and nitrogen (N) in aquifer sediment, are higher than at the two

sampling locations at Site K (Table 3.2).
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Figure 3.1. Aquifer sediment and groundwater was collected from Site K and Site B in order to
characterize pre-incubation conditions in the aquifer, and to obtain material for preparing
incubation experiments.



Table 3.1. The chemistry of pre- incubation groundwater collected at the four sampling location,
including dissolved organic carbon (DOC), total dissolved nitrogen (TDN), the DOC:TDN ratio,
total dissolved iron (Fe), and total dissolved arsenic (As).

SITE DOC (mg/L) | TDN (mg/L) | DOC:TDN | Fe (ppm) | As (ppb)
B 11m 2.6 1.4 1.9 1.6 132

B 14m 3.2 23 1.4 4.3 256
K240 8m 0.8 0.2 4.8 1.1 1
K60 15m 1.4 0.8 1.8 1.6 115

Table 3.2. The total concentrations of Fe and As, and the percent carbon (C) and nitrogen (N), in
pre- incubation aquifer sediment at each sampling location. The sediments from K240 8m and
K60 14m had sediment nitrogen concentrations that were below the detection limit (b.d.l.) of the
instrument.

SITE Fe (ppm) | As (ppb) %C %N
B 11m 34376 12583 0.15 0.02
B 14m 37873 8749 0.14 0.01
K240 8m 11933 5483 0.10 b.d.l.
K60 15m 19670 7428 0.07 b.d.l.
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Table 3.3. The dissolved organic matter (DOM) chemistry of pre- incubation groundwater
collected at each sampling location. The fluorescence index (FI) indicates whether the source of
DOM is terrestrially- or microbially- derived. The specific ultra-violet absorbance (SUV Ajs4)
indicates aromaticity of DOM. The fluorophore types for each of the PARAFAC model
components (C1 — C5) are listed in Table 3.4.

SITE FI SUVAs4 C1 C2 C3 C4 Cs

B11m 1.60 3.84 0.176 0.894 0.025 | 0.134 0.036
B 14m 1.53 3.67 0.214 1.114 0.033 | 0.138 0.052
K240 8m 1.56 5.36 0.003 0.109 0.002 | 0.079 0.009
K60 15m 1.43 14.26 0.064 0.368 0.000 | 0.126 0.008

Table 3.4. The 5 components of the PARAFAC model used in this study (Ebert 2012). For each
component, the fluorophore type has been inferred based on comparisons between their EEMs
and the EEMs of components within the Cory and McKnight (2005) PARAFAC model, as well
as other similar fluorescent DOM PARAFAC models.

Component Fluorophore Type Abbreviation
1 Microbially- associated reduced quinone RQ
2 Sedimentary humic substance HS
3 Microbially- associated semiquinone SQ
4 Unidentified, Bangladesh fluorophore UB
5 Amino acid- like AA
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3.2.2 Sample Collection

In October 2009, groundwater and aquifer sediment samples were collected from the four
sampling locations in order to acquire material for preparing incubation experiments, and to
characterize the pre-incubation, ambient conditions in the aquifer. Groundwater was pumped
from K240 at 8m, K60 at 14m, and B at depths of 11m and 14m, and samples were collected in
burned, sterilized amber serum vials while maintaining anaerobic conditions, and were sealed
with butyl stoppers and an aluminum crimp seal. These unfiltered groundwater samples were
stored in the laboratory at 4'C for up to 24 hours before they were processed during incubation
experiment preparation. After collecting groundwater samples, aquifer sediments were drilled in
approximately 0.5m sections from each of the four sampling locations/depths. While collecting
aquifer sediment samples we exercised a number of precautions described previously (Legg et
al., 2012) in order to minimize contamination and maintain anaerobic conditions. Sediment cores
were stored in mylar bags with oxygen-absorbing packets on ice in the field, and then in the
laboratory at 4'C for up to 24 hours until they were processed for incubation experiment
preparation.
3.2.3 Incubation Experiment Preparation

Incubation experiments were prepared using groundwater and aquifer sediment samples
collected from our four sampling sites. First, a subset of groundwater samples from at each
location was processed in order to capture pre-incubation conditions in the aquifer. To this end,
20 ml of groundwater from each site were filtered with glass fiber filters (GF/F, 0.7 um) under an
N, atmosphere in a Captair® Pyramid glove bag, and acidified to pH 2 with 1 M HCI to prevent
the precipitation of DOM-Fe complexes. An additional 20 ml of groundwater from each site

were sterile-filtered with cellulose acetate membrane filters (0.2 pum; ADVANTEC MFS®,
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Dublin, CA) that were pre-rinsed with deionized water. These pre-incubation groundwater
samples were stored anaerobically at 4'C in burned amber serum vials sealed with butyl stoppers
and an aluminum crimp seal. Prior to preparing the incubation vials, each aquifer sediment core
was homogenized by hand in a sterilized bag under an N, atmosphere in a Captair® Pyramid
glove bag. A pre-incubation aliquot of the homogenized sediment from each core was placed in
sterile bag, and then stored in a mylar bag with oxygen-absorbing packets on dry ice for up to
one week. Thereafter the pre-incubation sediment samples were stored at —80°C in the
laboratory.

Under an N, atmosphere in the Captair® Pyramid glove bag, approximately 3.5 g of the
homogenized sediment and 18 ml of unfiltered groundwater from each sampling site were added
to 12 different 20 ml amber serum incubation vials (previously burned and sterilized; 48 vials
total). Three incubation vials from each site, hereafter called ‘control incubations’ (CL), were set
aside and sealed with butyl stoppers and an aluminum crimp seal. Then, three of the remaining
incubation vials from each site were subjected to a labile DOM treatment (LOM). To this end,
sodium acetate was dissolved in groundwater from each site, and 18 ml of a 2 mM sodium
acetate solution (final concentration) was added to triplicate vials. Next, a redox-active DOM
treatment (ROM) was prepared. First, anthraquinone-2, 6-disulfonate (AQDS) was dissolved in
groundwater from each site, and 18 ml of the AQDS solution (5 mM final concentration) was
added to each of the triplicate incubation vials from each site. Finally, a labile and redox-active
DOM treatment (LOM+ROM) was prepared by dissolving both sodium acetate and AQDS in
groundwater from each site, and then adding 18 ml of this solution to the triplicate incubation
vials from each site. In LOM+ROM incubations, the final concentration of sodium acetate was 2

mM and the final concentration of AQDS was 5 mM.
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Incubation vials were mixed thoroughly, and sealed with butyl stoppers and aluminum crimp
seals under the N, atmosphere in the glove bag. After 90 days, the post-incubation aquifer
sediment was separated from the groundwater, and processed for downstream analyses under
anaerobic conditions. An aliquot of post-incubation groundwater from each incubation vial was
filtered through glass fiber filters (GF/F, 0.7 pm) and acidified to a pH of 2 with 1 M HCl, while
another aliquot was sterile-filtered with pre-rinsed ADVANTEC MFS cellulose acetate
membrane filters (0.2 um) and remained un-acidified. These post-incubation groundwater
samples were stored anaerobically at 4°C in burned amber serum vials sealed with butyl stoppers
and aluminum crimp seals. An aliquot of post-incubation aquifer sediment was stored in 2 ml
sterile Eppendorf® tubes (Hauppauge, NY) at —80°C in the laboratory, and was later used for
bacterial community analysis. An additional aliquot of post-incubation aquifer sediment was
stored in anaerobically sealed vials at 4°C for geochemical analyses.

3.2.4 Geochemical Analyses

Aliquots of pre- and post-incubation aquifer sediment samples were dried at 70 C for 48 h,
and then ground into a fine powder with a mortar and pestle. A Thermo Scientific FlashEA 1112
Elemental Analyzer (Thermo Fisher Scientific, Inc.,) with high temperature (950°C) dry
combustion was used to measure the percentage C and N in each sediment sample (Matejovic,
1997). The Laboratory for Environmental and Geological Studies (LEGS) at the University of
Colorado (http://www.colorado.edu/geolsci/legs/indexa.html) conducted chemical digestion of
sediments with a protocol modified from Farrell et al. (1980), as described in Legg et al. (2012).
Next, concentrations of Fe, As, Mn and Si in digestion solutions on a SCIEX inductively coupled
plasma mass spectrometer (ICP-MS; Elan DRC-e, Perkin Elmer, Waltham, MA, USA) were

determined using an Indium internal standard. Concentrations of Fe and As in unacidified,
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filtered (0.2 pm) pre- and post-incubation groundwater samples were determined by ICP-MS at
the LEGS lab (SCIEX; Elan DRC-¢, Perkin Elmer, Waltham, MA, USA).
3.2.5 Dissolved Organic Matter Characterization

DOM chemistry was characterized in aliquots of pre-incubation and CL and LOM post-
incubation groundwater samples filtered through 0.7 um glass fiber filters (GF/F) and acidified
to a pH of 2 with 1 M HCI. Since the ROM and LOM+ROM post-incubation samples had very
high levels of dissolved ferrous Fe, it was not possible to accurately measure many of the DOM
variables in these samples. To maintain the redox potential of groundwater samples during the
DOM analyses, samples were processed under an N, atmosphere. The Kiowa Environmental
Chemistry Laboratory at the University of Colorado
(http://snobear.colorado.edu/Seiboldc/kiowa.html) measured concentrations of dissolved organic
carbon (DOC) and total dissolved nitrogen (TDN) using a Shimadzu TOC-V CSN Total Organic
Carbon Analyzer. Then, as described in Mladenov et al. (2010), the ultraviolet-visible (UV-vis)
absorbance was characterized on an Agilent 8453 spectrophotometer in a quartz cell with a 1cm
path-length. The UV absorbance at 254 nm was normalized to the DOC concentration in order to
calculate the specific UV absorbance (SUV Ajs4), which is an indication of the aromaticity of the
dissolved organic matter (Weishaar et al., 2003).

The filtered (GF/F, 0.7 pm), acidified pre- and CL and LOM post-incubation groundwater
samples were transferred to a sealed quartz cuvette under an N, atmosphere, and then the
fluorescence spectra of DOM in the samples was measured using a Jobin-Yvon-Horiba/Spex
Fluoromax-3 spectrofluorometer. Three-dimensional fluorescence excitation-emission matrices
(EEMs) for each sample were generated in S/R mode at excitations of 240-500 nm at 10 nm

increments, and emissions of between 350-550 nm at 2 nm increments were generated. Initially,
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the 13-component Cory & McKnight (2005) PARAFAC model was applied to the EEMs,
however there were distinct peaks in the residuals for post-incubation samples, indicating that
prominent fluorophores within the DOM were not fitted with this model. As a result, a five-
component PARAFAC model was developed which provided a better fit to the CL and LOM
post-incubation samples (Table 3.4; Ebert, 2012).
3.2.6 Bacterial community analysis

DNA was extracted from pre-and post-incubation aquifer sediment samples using the MO
BIO PowerSoil® DNA Isolation Kit following the manufacturer’s suggested protocol (MO BIO
Laboratories, Inc., Carlsbad, CA, USA). The V1-V2 region of the 16S rRNA gene was PCR-
amplified from genomic DNA using the highly conserved, universal bacterial primer set as
described in Fierer et al. (2008), Hamady et al. (2008), and Nemergut et al. (2010), with a
modification to the PCR amplification step (Stanish et al., 2012). The forward primer included
the 454 Roche Titanium primer B, a 2 base pair adapter, and the highly conserved bacterial
primer 27F. The reverse primer was comprised of the 454 Roche Titanium primer A, a unique,
12 base pair error-correcting Golay barcode, a 2 base pair adapter, and the highly conserved
bacterial primer 338R. Each PCR was performed in triplicate, with a total reaction volume of 25
ul. The PCR mixture consisted of 10 pl of 5-PRIME hot master mix (5-PRIME, Gaithersburg,
MD, USA), 10 pl of sterile water, 1 pl of the reverse primer (0.4 uM final concentration), 2 pl of
the forward primer (0.4 uM final concentration), and 2 pl of genomic DNA. Samples were
initially denatured for 3 min at 94°C followed by 25 cycles at 94°C for 45 s, 50°C for 30 s, 72°C
for 90 s and a final elongation step at 70°C for 10 min (Stanish et al., 2012). The PCR product
was quantified from each reaction, and the product from the triplicate reactions was pooled. Then

the pooled PCR products were purified using the UltraClean PCR Clean-up kit (MoBio,
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Carlsbad, CA) according to the manufacturer's protocol. 16S rRNA gene amplicons were
sequenced using Titanium chemistry (454 Life Sciences, Bradford, CT, USA) on a GS FLX
platform at the Environmental Genomics Core Facility (Engencore, University of South
Carolina, USA).

Bacterial 16S rRNA gene sequence data were processed in the QIIME pipeline (Caporaso et
al., 2010a). First, the sequence data were denoised (Reeder & Knight, 2010), and low-quality
sequences were removed, including sequences that were shorter than 200 nucleotides in length,
and/or with one or more ambiguous bases, and/or with quality scores of less than 25. After
applying these filters, there were an average of 1436 16S rRNA gene sequences per sample
(standard deviation of 503). Bacterial operational taxonomic units (OTUs) were defined at 97%
sequence identity with the uclust algorithm (Edgar, 2010), and singleton OTUs (represented by
one sequence), as well as OTUs present in only one sample were removed from the dataset
(Zhou et al., 2011). The remaining 16S rRNA gene sequences were aligned using the PyNAST
alignment algorithm (Caporaso et al., 2010b) with the Greengenes database (DeSantis et al.,
2006). The taxonomic classification of each OTU was determined using the RDP Classifier
(Wang et al., 2007), and then a phylogeny of the sequences was created using the FastTree
algorithm (Price et al., 2009). The OTU taxonomic classification data and the phylogeny were
used to calculate the phylogenetic diversity within each sample (PD; Faith, 1992), and UniFrac
distances between samples (beta diversity; Lozupone & Knight, 2005). The unweighted UniFrac
distances, which do not include information about the abundances of OTUs, were used in all of
the downstream statistical analyses. The 16S rRNA gene sequences and accompanying metadata

will be deposited in the MG-RAST database (Meyer et al., 2008) upon publication.
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3.2.7 Statistical analyses

Statistical approaches were used to evaluate whether the labile and redox-active DOM
treatments induced significant differences in aquifer chemistry and bacterial community structure
during the incubation experiment. Outlier values, which fell outside of two standard deviations
of the mean (Gotelli & Ellison, 2004), were identified and removed prior to performing statistical
analyses. The C, N, Fe and As concentrations in post-incubation aquifer sediment samples, and
Fe and As concentrations in post-incubation groundwater samples were normalized to the
sediment weight within the incubation vial prior to performing statistical analyses. Also, a log-
transformation was applied to the post-incubation groundwater Fe, sediment Fe, and sediment As
concentration data since the raw data for each variable had a non-normal distribution (Gotelli &
Ellison, 2004). Then, significant differences in post-incubation aquifer sediment C, Fe and As
concentrations and groundwater Fe and As concentrations by DOM treatment and sampling site
were evaluated using two-way ANOVA tests and Tukey’s HSD tests in R (R Core Team, 2012).
Also, biplots were used to investigate the relationship between sediment C and Fe concentrations
and groundwater As concentrations in post-incubation samples. Statistical analyses were not
performed on sediment N concentrations because samples from K240 8m and K60 14m had N
concentrations below the instrument detection limit (0.01%).

A two-way ANOVA followed by a Tukey’s HSD test performed in R (R Core Team, 2012)
was used to investigate the influence of the incubation treatments (rn = 4) and the sampling site (n
= 4) on the phylogenetic diversity (PD) within post-incubation sediment bacterial communities.
Also, a Spearman rank-order correlation test was used to evaluate the relationship between PD
and the relative abundances of bacterial taxa in post-incubation bacterial communities. To

evaluate whether bacterial community structure, as characterized by the unweighted UniFrac
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metric, was significantly different between different DOM treatments and sampling sites, a
permutational multivariate ANOVA was performed using the Adonis function in the vegan
package in R (Oksanen et al., 2012). To visualize differences between pre- and post-incubation
bacterial community structure, in addition to differences between communities subjected to
different DOM treatments, a non-metric multidimensional scaling (NMDS) analysis was
performed on the unweighted UniFrac distance matrix using the metaMDS function in the vegan
package in R (Oksanen et al., 2012). A one-way ANOVA and a Tukey’s HSD test were
performed in order to test if there were significant differences in the relative abundances of
specific taxa (>1% average relative abundance) based on DOM treatment.

The relationships between bacterial community diversity and DOM chemistry in CL and
LOM post-incubation samples were evaluated. First, the five-component PARAFAC model
loadings data for each CL and LOM incubation sample were used to calculate a Euclidean
distance matrix. Then, a Mantel test was employed in the vegan package of R (Oksanen et al.,
2012) to test the relationship between DOM chemistry, as characterized by the Euclidean
distance of the PARAFAC model loadings, and bacterial community structure (unweighted
UniFrac distances). This analysis was followed by Spearman rank-order correlation tests to
identify the taxa (>1% of the bacterial community) within the bacterial community whose
abundances were significantly related to the intensity of the five fluorophores identified in the

PARAFAC model (Table 3.4).

3.3 Results

3.3.1 DOM chemistry in pre-incubation samples
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Sampling site B 14m, where the highest groundwater As concentrations are observed, had the
highest groundwater DOC and TDN concentrations of the four sampling sites, but the lowest
DOC:TDN (Table 3.1). By contrast, the lowest groundwater As site, K240 8m, had the lowest
groundwater DOC, TDN, and the highest DOC:TDN (Table 3.1). Although B 11m and K60 14m
were similar with respect to groundwater DOC:TDN, the two sites had contrasting fluorescent
DOM (FDOM) chemical characteristics (Table 3.3). The DOM in groundwater collected at B
11m had a higher fluorescence index (FI), indicating a more microbial signature, whereas at K60
14m the DOM had a plant-derived signature (Table 3.3). In addition, the groundwater DOM at
K60 14m had a higher aromaticity than B 11m, as indicated by its higher specific UV absorbance
(SUVA;s4; Table 3.3). In general, groundwater at Site B had a greater amount of DOM
fluorophores than either of the sampling locations at Site K (Table 3.3). For example, the amino
acid-like (AA) fluorescence was more than an order of magnitude higher at Site B 11m and 14m
than at K240 8m or K60 14m (Table 3.3). Also, under ambient conditions in the aquifer the
DOM at 11m and 14m at Site had more reduced quinone fluorophores than the sampling
locations at Site K.

3.3.2 Sediment geochemistry in post-incubation samples

The percent C in post-incubation aquifer sediments was significantly different between
sampling sites (two-way ANOVA, F(3,30) =41.9, p < 1E-10; Table 3.5), and between the DOM
treatments (F(3,30) = 6.1, p = 0.003; Table 3.5); however the interaction between sampling site
and treatment was not statistically significant (#(9,30) = 1.7; p > 0.1). ROM post-incubation
sediments had significantly higher sediment C carbon concentrations than the CL (Tukey’s HSD

p=0.01) or LOM (Tukey’s HSD p = 0.006) post-incubation sediments (Table 3.5).
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Table 3.5. A) The percent carbon (C) and B) percent nitrogen (N) in post- incubation aquifer
sediment, normalized to sediment weight in each incubation vial, under the control (CL), the
labile DOM (LOM), the redox- active DOM (ROM), and the labile DOM and redox- active
DOM (LOM+ROM) treatments. Percent C and N are reported as means of the three
experimental replicates within a treatment/site + one standard deviation of the mean.

A) A two —way ANOVA test and a Tukey’s HSD test showed that there were significant
differences in percent C between DOM treatments, as shown by the italicized letters underneath
the treatment names. Also, these tests revealed that percent sediment C was significantly
different between some of the sites, as indicated by the symbols next to the site names.

B) The sediments from K240 8m and K60 14m had sediment nitrogen concentrations that were
below the detection limit (b.d.1.; 0.01%) of the instrument, and thus no statistical analyses were
performed on this data.

A) Percent C in post- incubation aquifer sediment
CL LOM ROM LOM + ROM
SITE
a a b ab
B 11m* 0.05+£0.02 0.07 £0.02 0.07 £0.01 0.06 +0.02
B 14m#* 0.07 £0.02 0.05 +£0.01 0.09 + 0.02 0.09 +£0.01
K240 8$m® 0.02+0 0.02 +£0.01 0.04 +0.02 0.03 £ 0.005
K60 14m° 0.02+0 0.03+0.002 | 0.04 +0.006 0.03 £ 0.004
B) Percent N in post- incubation aquifer sediment
SITE CL LOM ROM LOM + ROM
B 11m 0.006 £ 0.001 | 0.007 +0.001 | 0.007+6E-4 | 0.006 +0.001
B 14m 0.007 £0.001 | 0.005+3E-4 | 0.005+5E-4 | 0.005+0.001
K240 8m 0 0 0 0
K60 14m 0 0 0 0
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Also, the post-incubation sediments from different sampling sites had significantly different
percent C (p < 0.05; Table 3.5), except for K240 8m and K60 14m, which had the lowest
sediment C concentrations (p > 0.6; Table 3.5). Similarly, there were significant differences in
post-incubation sediment Fe concentrations between the sampling sites overall (F(3,30) =37.1,p
< 1E-9; Table 3.6), with significantly higher sediment Fe concentrations in post-incubation
samples from B 14m than the other sites (p < 0.01; Table 3.6). Although there were significantly
different sediment Fe concentrations in the post-incubation samples based on DOM treatment
(F(3,30) =3, p = 0.05; Table 3.6), the intra-site differences in sediment Fe concentrations were
greater than the intra-treatment differences in post-incubation samples. By contrast, there were
no significant differences in sediment As concentrations between sampling sites or OM
treatments in post-incubation sediments (p > 0.1; Table 3.6). Biplots indicated that there was a
positive linear relationship between sediment C concentrations and groundwater As
concentrations, as well as between sediment Fe concentrations and groundwater As
concentrations in post-incubation samples.
3.3.3 Groundwater geochemistry in post-incubation samples

Groundwater Fe and As concentrations in post-incubation samples were significantly
influenced by sampling site and DOM treatment, as demonstrated by two-way ANOVA tests
(Figures 3.2 and 3.3). There were significant differences in post-incubation groundwater Fe
concentrations based on sampling site (F(3,30) = 38.2, p <3E-10), DOM treatment (¥(3,30) =
96.4, p < 2E-15), and the interaction between site and treatment (#(9,30) = 6.9, p < 3E-5). Post-
incubation groundwater Fe concentrations at K240 8m were significantly higher than the other

sampling sites (Tukey’s HSD, p < 1E-7; Figure 3.2).

57



Table 3.6. A) The total Fe concentrations (ppm), and B) total As concentrations (ppb), in post-
incubation aquifer sediment under each DOM treatment. Sediment Fe and As concentrations are
reported as means of the three experimental replicates within a treatment/site + one standard
deviation of the mean.

A) A two —way ANOVA test and a Tukey’s HSD test showed that there were significant
differences in sediment Fe concentrations between DOM treatments, as shown by the italicized
letters underneath the treatment names. Also, these tests revealed that percent sediment C was
significantly different between some of the sites, as indicated by the symbols next to the site
names.

B) There were no significant differences in sediment As concentrations between sampling sites
or DOM treatments.

A) Fe concentrations (ppm) in aquifer sediment
SITE CL LOM ROM LOM + ROM
ab a b ab
B 11m* 9612 + 1189 11176 £ 1777 8536 + 1891 8649 + 1631
B 14m* 12920+ 1394 | 12627 £5053 | 12984 + 4103 15099 + 3461
K240 8$m® 7033 + 1267 7495 + 3097 4401 =574 5678 £ 1306
K60 14m° 4772 £ 36 6398 + 984 4375 + 787 5130 + 1393
B) As concentrations (ppb) in aquifer sediment
SITE CL LOM ROM LOM + ROM
B 11m 10509 + 7435 | 16968 + 4680 | 24522 + 9365 15359 £ 7916
B 14m 25206 + 10193 | 20626 +£27670 | 14474 +5907 | 45884 + 53594
K240 8m 9940 + 7044 10676 4712 | 49132 + 56666 | 8222 + 2583
K60 14m 5232 +£2123 4896 + 1058 | 16290 + 15643 10512 £376
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Figure 3.2. Average post-incubation groundwater Fe concentrations for triplicate technical
replicates (same site and treatment). Error bars represent average post-incubation Fe
concentrations + two standard deviations. Groundwater Fe concentrations in CL and LOM post-
incubation samples were significantly lower than concentrations in ROM or LOM+ROM post-
incubation samples. The LOM+ROM post-incubation samples had significantly higher
groundwater Fe concentrations than in the other treatments.
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Figure 3.3. Average post-incubation groundwater As concentrations for triplicate technical
replicates (same site and treatment). Error bars represent average post-incubation As
concentrations + two standard deviations. Groundwater As concentrations were significantly
higher in LOM+ROM post-incubation samples than in the other treatments.
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Also, post-incubation groundwater Fe concentrations were significantly higher in
LOM-+ROM post-incubation samples than the other treatments (Tukey’s HSD, p < 7E-4; Figure
3.2). Likewise, post-incubation groundwater As concentrations were significantly different
between DOM treatments (£(3,30) = 33.7, p < 1E-9), with significantly higher As concentrations
observed in the LOM+ROM post-incubation samples (p < 2E-6; Figure 3.3). There was a highly
statistically significant effect of sampling site on groundwater As concentrations (£(3,30) =
233.7, p < 2E-16). Also, the interaction between site and DOM treatment significantly influenced
post-incubation groundwater As concentrations (£#(9,30) =7, p < 3E-5).

3.3.4 DOM incubation treatments significantly influenced bacterial community structure

The DOM incubation treatments significantly influenced the composition of post-incubation
bacterial communities (F(3,32) = 5.4, p < 0.001). The average proportion of Betaproteobacteria
and Gammaproteobacteria in pre-incubation aquifer sediments was 20%, yet these taxa
comprised a much lower proportion of post-incubation bacterial communities (Figure 3.4). The
average relative abundance of Betaproteobacteria in CL post-incubation samples varied between
2 and 6%, whereas Gammaproteobacteria comprised an average of 1-5% of CL post-incubation
samples. In LOM post-incubation samples, the average relative abundance of Betaproteobacteria
ranged from 2% to 12%, while the average relative abundance of Gammaproteobacteria ranged
from 0% to 27% of bacterial communities. Betaproteobacteria comprised between 4% and 21%
of ROM post-incubation bacterial communities, and 1% to 9% of bacterial communities in
LOM+ROM post-incubation samples. In ROM post-incubation samples, the average relative
abundance of Gammaproteobacteria varied between 1% and 27%, whereas their average relative

abundance ranged from 0% to 20% in LOM-+ROM post-incubation samples.
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The average relative abundance of Chloroflexi in pre-incubation samples ranged from 0.1%
to 12.5%, yet in CL post-incubation samples Chloroflexi only comprised 0.5% to 1.5% of the
bacterial community. The average relative abundance of Chloroflexi in LOM, ROM and
LOM+ROM post-incubation samples varied from 0.5% to 1%. By contrast, the average relative
abundance of Deltaproteobacteria was considerably lower in pre-incubation samples than in
post-incubation samples (Figure 3.4). Deltaproteobacteria comprised between 0% and 8% of pre-
incubation bacterial communities; however, their average relative abundance in CL post-
incubation samples varied between 24% and 54%. In LOM and ROM post-incubation samples,
the range in the average relative abundance of Deltaproteobacteria was from 14% to ~70%. The
average relative abundance of Deltaproteobacteria in LOM+ROM post-incubation samples
ranged between 17% and 90%.

The relative abundance of Deltaproteobacteria in post-incubation samples was significantly
different between DOM treatments (two-way ANOVA, F(3,32) =25, p < 2E-8), but not between
sampling sites (F(3,32) = 2.5, p > 0.05). The average relative abundance of Deltaproteobacteria
(~80% of the bacterial community) was significantly higher in the LOM+ROM post-incubation
samples than in the other DOM treatments (Tukey’s HSD, p < 1E-4). In LOM~+ROM post-
incubation samples, OTUs classified within the Desulfuromonadales order of the
Deltaproteobacteria were significantly higher than in any other treatments (p-value < 0.0003). In
ROM post-incubation sediments, Desulfuromonadales comprised an average of 95% of
deltaproteobacterial OTUs, while in CL and LOM post-incubation samples 80% of
Deltaproteobacteria were Desulfuromonadales OTUs. By contrast, Desulfobacterales, the second

most abundant Deltaproteobacteria order, comprised approximately 6% of CL and LOM post-
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incubation bacterial communities, and less than 1% in the ROM and LOM+ROM post-
incubation samples.

Bacterial community diversity was significantly influenced by DOM incubation treatments.
The phylogenetic diversity (PD) within bacterial communities was substantially higher in pre-
incubation aquifer sediment samples than in post-incubation samples (Table 3.7). The PD of
post-incubation bacterial communities was significantly different between DOM treatments
(two-way ANOVA, F(3,32) =27.7, p < 6E-9; Table 3.7). The PD of bacterial communities in
ROM and LOM+ROM post-incubation sediments was significantly lower than the PD of CL and
LOM bacterial communities (Table 3.7). Also, there was a significant negative relationship
between bacterial community PD and the relative abundance of Deltaproteobacteria in post-
incubation samples (Rho = -0.68, p < 5E-7). In addition, a permutational MANOVA test using
the adonis function (Oksanen et al., 2012) showed that the beta diversity of post-incubation
bacterial communities, as characterized by UniFrac distances, was significantly different
between DOM treatments (F(3,32) = 5.4, p <0.001; Figure 3.5), sampling sites (F(3,32) =3.8, p
<0.001), and the interaction between DOM treatment and sampling site (F(9,32) = 1.6, p <
0.001). The UniFrac distances between the initial bacterial communities from the four different
sampling sites (mean = 0.78) was greater than the UniFrac distances between bacterial
communities within the same treatment group (mean = 0.59, standard deviation = 0.05; Figure
3.5). Also, the average UniFrac distance between the CL and LOM post-incubation bacterial
communities was smaller than the distances between the communities from the other DOM
treatments (Table 3.8), indicating that the structures of CL and LOM post-incubation bacterial

communities were the most similar.
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Table 3.7. The phylogenetic diversity (PD) of bacterial communities in the initial aquifer
sediments (pre-incubation) and in post-incubation samples. A two-way ANOVA test and a
Tukey’s HSD test showed that there were significant differences in PD between DOM
treatments, as shown by the italicized letters underneath the treatment names (initial samples
were not included in the statistical analyses). There were no significant differences in PD
between sampling sites.

CL LOM ROM LOM+ROM
SITE Initial
a a b c
B1llm 34 18+5 18+2 12+4 10+1
B 14m 13 15+2 15+2 15+4 8+0.5
K240 8m 32 18+1 17+2 13+£3 12+1
K60 15m 49 19+1 17+1 11+1 8+2

Table 3.8. The mean and standard deviations for UniFrac distances between post- incubation
bacterial communities in samples under different DOM treatments.

Mean + St. Dev. CL LOM ROM LOM+ROM
CL —
LOM 0.62 +0.048 -—--
ROM 0.69 +0.036 0.69 £0.031 -
LOM+ROM 0.72 £0.037 0.70 £ 0.041 0.65 +0.054 -
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Figure 3.5. This non-metric multidimensional scaling (NMDS) ordination shows that bacterial
communities cluster based on DOM treatment. In addition, the pre-incubation bacterial
communities from the four sampling sites are more different from one another than the post-
incubation bacterial communities within a DOM treatment. Each point on the ordination
represents a different bacterial community (n = 52). The black points represent bacterial
communities in pre-incubation samples (n = 4). The circle-shaped points represent bacterial
communities from Site B 11m, while the square-shaped points represent bacterial communities
from Site B 14m. The diamond-shaped points represent bacterial communities from Site K240
8m, and the triangle-shaped points represent bacterial communities from Site K60 14m. Bacterial
communities in CL post-incubation samples are represented by grey points (n = 12), whereas
yellow points represent LOM post-incubation bacterial communities (nz = 12). The red points
represent ROM post-incubation bacterial communities (z = 12), and orange points represent
LOM-+ROM post-incubation bacterial communities (n = 12).
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Finally, ROM and LOM+ROM post-incubation bacterial communities were more similar to one
another than to the other post-incubation bacterial communities (Table 3.8).
3.3.5 Relationships between bacterial community structure and fluorescent DOM constituents

DOM chemistry, as characterized by the five PARAFAC model loadings, varied between
sampling sites (Table 3.9). Bacterial beta diversity, as characterized by unweighted UniFrac
distances, was significantly related to the Euclidean distance matrix of the five PARAFAC
model components in CL and LOM post-incubation samples (Mantel test, ry = 0.38; p < 0.001).
In CL and LOM post-incubation groundwater, the relative abundance of Chloroflexi was
positively correlated to RQ fluorescence (Rho = 0.34, p = 0.001), HS fluorescence (Rho = 0.30,
p =0.007), and the fluorescence of UB, an unknown fluorophore that was unique to these
incubation samples (Rho = 0.27, p = 0.01). In addition, the relative abundance of
Dehalococcoidetes, a class within Chloroflexi, was significantly correlated with the intensity of
the RQ (Rho =0.52; p = 0.001) and the HS (LC2; Rho = 0.38; p = 0.01) fluorophores in post-
incubation groundwater. The relative abundance of Deltaproteobacteria was significantly
correlated with the SQ (Rho = 0.45; p < 0.04), but none of the other fluorescent DOM
components. The relative abundances of other abundant taxa (>1%) were not significantly
related to any of the five PARAFAC model components in the post-incubation samples.

In addition, the source (FI) and aromaticity (SUV Ajs4) of groundwater DOM in CL and
LOM post-incubation samples (Table 3.10) were significantly related to the beta diversity of
bacterial communities. There was a significant relationship between the unweighted UniFrac
distance matrix and the FI (Mantel test, r; = 0.38; p = 0.001) and the SUVA (Mantel test, rs =

0.27; p = 0.002) of post-incubation groundwater.
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Table 3.9. The loadings for each component in the PARAFAC model in A) Control (CL), and B)
labile DOM (LOM), post- incubation groundwater samples. PARAFAC model loadings are
reported as means of the three experimental replicates within a treatment/site + one standard
deviation of the mean.

A) Post- incubation groundwater in CL incubations

SITE RQ HS SQ UB AA
B 11.3m 0.17+0.01 | 1.32+0.08 0 0.83+0.10 | 0.02+0.02
B 13.1m 037+0.07 | 426+1.33 0 1.51+0.23 0
K240 7m | 0.05+0.01 | 0.34+0.06 | 0.001 £0.001 | 0.59+0.08 0
K60 12.8m | 0.05+0.01 | 0.34+0.06 | 0.001 £0.001 | 0.59+0.08 0

B) Post- incubation groundwater in LOM incubations

SITE RQ HS SQ UB AA

B 11.3m 0.19+0.03 | 1.60+0.16 | 0.006 +0.007 | 0.47+0.09 | 0.03 +0.04

B 13.1m 0.17+0.02 | 1.32+0.10 0.01 £0.01 0.96+0.21 | 0.02+0.02

K240 7m | 0.06 +£0.01 | 0.43+0.02 | 0.001£0.002 | 0.95+0.09 0

K60 12.8m | 0.11 +£0.006 | 0.70+0.10 0 1.13+£0.45 0

Table 3.10. The fluorescence index (FI) and specific UV absorbance (SUV Ajs4) of post-
incubation groundwater. The FI and SUVA values are reported as means of the three
experimental replicates within a treatment/site + one standard deviation of the mean.

FI SUVA
SITE CL LOM CL LOM

B 11.3m 146 +£0.01 | 1.46+0.01 | 3.65+2.11 | 1.56 +0.26

B 13.1m 145+0.02 | 1.47+0.05 | 1.45+0.02 | 1.02+0.56

K240 7m 1.28+0.02 | 1.24+0.01 | 0.71+£0.49 | 0.27 +£0.27

K60 12.8m | 1.11+0.25 | 1.33+0.01 | 2.09+1.38 | 0.78 £0.19
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The FI was positively correlated with the relative abundance of Chloroflexi in CL and LOM
post-incubation samples (Rho = 0.22; p = 0.02). Also, Gammaproteobacteria and Bacteriodetes
were more abundant in CL and LOM post-incubation groundwater with higher SUVA values

(Rho = 0.25; p = 0.03).

3.4 Discussion

This experiment examined the relative effects of DOM chemistry vs. sediment geochemistry
on bacterial community structure and Fe and As mobilization rates in an aquifer affected by
geogenic arsenic contamination in Araihazar, Bangladesh. Specifically, this research investigated
whether labile DOM (LOM) and redox-active DOM (ROM) treatments had a greater influence
on bacterial community structure and Fe and As mobilization than site-specific geochemical
differences. My results indicate that although site had a greater effect on sediment C, Fe and
groundwater As in post-incubation samples, the type of DOM treatment had a greater effect on
post-incubation groundwater Fe concentrations and bacterial community composition and
diversity. Additionally, the ROM and LOM+ROM treatments promoted a decrease in bacterial
community diversity, which coincided with a marked increase in the relative abundance of
Deltaproteobacteria and groundwater Fe and As concentrations. Thus DOM additions promoted
significant shifts in bacterial community structure that may result in an acceleration of the
reductive dissolution of Fe-oxide minerals and the subsequent release of As into groundwater.

This incubation experiment confirmed previous research findings that show that the
geochemistry of aquifer sediments display considerable variability, even across small spatial
scales (Horneman et al., 2004; Radloff et al., 2008; van Geen et al., 2004). The variability

between sites observed in post-incubation sediment geochemistry was consistent with the
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patterns observed in pre-incubation sediments. For example, sediment C and Fe concentrations
were significantly higher at B 11m and B 14m than at K240 8m or K60 14m in pre-incubation
and post-incubation aquifer sediments (Tables 3.5 and 3.6). Nevertheless, the magnitude of
variability within technical replicates (i.e., sediment samples within the same homogenized
sediment core) was remarkable. Sediment C varied by an average of 40% among post-incubation
technical replicates, whereas the average variation in sediment Fe and As concentrations within
technical replicates was 78% and 120%, respectively. Hence, the geochemical shifts induced by
DOM treatments in post-incubation sediment chemistry were muted by the significant spatial
heterogeneity in sediment geochemistry.

Previous research has shown that differences between sites in the geochemical characteristics
of aquifer sediments, including the grain size and the C and Fe content, is partially responsible
for the spatial variability in groundwater As mobilization observed in incubation experiments
(Radloff et al., 2008; van Geen et al., 2004), as well as under ambient conditions in Bangladesh
aquifers (Dowling et al., 2002; Zheng et al., 2005). My results suggested that site had a greater
influence than DOM treatment on post-incubation sediment C and Fe concentrations, as well as
groundwater As concentrations, providing additional support for this concept. Groundwater As
concentrations in post-incubation samples were positively correlated to sediment C and Fe
concentrations, but not sediment As concentrations. The decoupling between sediment As and
groundwater As has been observed previously (Dhar et al., 2008), and is likely due to the fact
that only a fraction of sediment As is mobilizable in the aquifer environment (Zheng et al.,
2005).

Sediment geochemistry also significantly influences the structure of bacterial communities in

aquifer sediments (Legg et al., 2012), which represent another key control factor on groundwater
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As mobilization. Since bacteria in the high As aquifer environment rely on organic matter for
carbon to build biomass and electron donors for respiration, and on Fe(IIl) as an electron
acceptor for dissimilatory Fe-reduction (McArthur et al., 2004; Rowland et al., 2007), it is not
surprising that sediment C and Fe influence the composition and diversity of bacterial
communities. Although the initial bacterial communities at each of the sampling sites were
distinct, the DOM treatments significantly affected the structure of post-incubation bacterial
communities (Figure 3.5). In general, all of the incubation treatments catalyzed decreases in
bacterial community diversity across sampling sites (Table 3.7). In CL post-incubation samples,
it is likely that an increase in the groundwater to sediment ratio from ~1:8 in the environment
(Islam et al., 2004) to 5:1 in the incubation experiments substantially increased the DOM
concentrations since there are generally higher concentrations of organic matter in groundwater
than in aquifer sediments at our sites. Also, high organic C concentrations could have been
maintained during the incubation through the release of sedimentary organic matter, as indicated
by the lower FI in post-incubation samples (Table 3.10) compared to the pre-incubation
groundwater (Table 3.3).

The structure of bacterial communities in CL post-incubation samples was most similar to
that of LOM post-incubation samples (Table 3.8; Figure 3.5), suggesting that the native
groundwater DOM was relatively labile. Thus, the artificially high labile DOM concentrations in
CL and LOM samples may have provided a competitive advantage to copiotrophic taxa while
negatively affecting more oligotrophic taxa (Fierer et al., 2007; Hu et al., 1999), which comprise
the majority of low-nutrient aquifer sediment communities (Chapelle, 2001; Legg et al., 2012).
In fact, organisms related to copiotrophic, human-associated Bacteriodetes (Krieg et al., 2011),

which could have been transported to aquifer sediments through latrine and pond recharge
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(Knappett et al., 2011), were more abundant in CL and LOM post-incubation bacterial
communities than in the initial aquifer sediments. In addition, the average relative abundance of
Deltaproteobacteria was an order of magnitude greater in CL and LOM post-incubation bacterial
communities than in pre-incubation communities (45% vs. 4.5%), which corroborates prior
research suggesting that these taxa respond to organic matter availability in the high aquifer
environment (Legg et al., 2012). Together, these results demonstrate that native bacterial
communities are sensitive to shifts in organic matter concentrations in the high As aquifer
environment.

Likewise, the diversity and composition of post-incubation bacterial communities were
sensitive to the supply of redox-active DOM. The ROM and LOM+ROM post-incubation
bacterial communities were significantly less diverse (Table 3.7), and more similar to one
another (Table 3.8; Figure 3.5), than the CL and LOM post-incubation communities. The lower
PD of ROM and LOM-+ROM post-incubation bacterial communities coincided with a marked
increase in the relative abundance of Deltaproteobacteria (Figure 3.4), especially in LOM+ROM
communities where Desulfuromonadales OTUs closely related to Geobacter species comprised
nearly 80% of the bacterial community. Additionally, the relative abundance of
Deltaproteobacteria in CL and LOM post-incubation samples was positively related to the
availability of the SQ fluorophore, a reduced quinone moiety associated with microbial activity
(Ebert, 2012). Laboratory studies have demonstrated that multiple Geobacter species can respire
by pairing the oxidation of labile DOM to the reduction of redox-active quinone moieties within
humic substances (Coates et al., 1998; Lovley et al., 1998, 1996; Luijten et al., 2004), and that
bacterial quinone reduction may accelerate the reductive dissolution of Fe-oxide minerals, and

thus the mobilization of As, in aquifers (Jiang & Kappler, 2008; Mladenov et al., 2010). Results
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from this experiment showed that Fe and As mobilization rates within each sampling site were
highest in LOM+ROM post-incubation samples (Figures 3.2 and 3.3) where Deltaproteobacteria
is the predominant taxon. This incubation experiment provides further evidence that
Deltaproteobacteria may be the primary mediator of groundwater As mobilization in aquifers
affected by geogenic As contamination (Héry et al., 2010; Islam et al., 2004; Lear et al., 2007;
Rowland et al., 2007).

However, other bacterial taxa may also perform dissimilatory quinone reduction in the
aquifer environment. Although Chloroflexi comprised a relatively small proportion of post-
incubation bacterial communities (~1%), there was a positive correlation between the relative
abundance of Chloroflexi and the intensity of RQ, a reduced quinone moiety (Ebert, 2012), as
well as a humic substance-like moiety (HS; Ebert, 2012) in CL and LOM post-incubation
samples. It is possible that Chloroflexi also produce fluorescent DOM, since they were more
abundant in samples with a microbial signature (high FI; Rho = 0.22, p = 0.02) and with a greater
intensity of UB (Rho = 0.27, p = 0.01), a fluorophore produced during the incubations (Ebert,
2012). Consequently, Chloroflexi could influence groundwater As cycling in the aquifer
environment by producing additional sources of DOM and by reducing quinone moieties,
thereby fueling the bacterially-mediated reductive dissolution of Fe-oxide minerals.

Despite the spatial variability in sediment geochemistry, DOM chemistry had a profound
effect on bacterial community structure and the mobilization of Fe and As. This research
confirms that native bacteria in high As aquifers posses the metabolic potential to accelerate
groundwater As mobilization through respiratory quinone reduction. Yet, this experiment
favored copiotrophic taxa since DOM concentrations in the incubation experiments were two to

three orders of magnitude greater than DOM concentrations in the aquifer environment.
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Research investigating the distribution and metabolic activity of Deltaproteobacteria, as well as
oligotrophic taxa such as the Chloroflexi, under ambient conditions could elucidate the relative

importance of these taxa in the biogeochemical cycling of As in the aquifer environment.
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CHAPTER 4: Novel relationships between dissolved organic matter chemistry and
bacterial community composition in a high arsenic aquifer: Implications for groundwater

arsenic cycling in Bangladesh

4.1 Introduction

Dissolved organic matter (DOM) chemistry and concentration control ecosystem processes
such as nutrient mineralization rates (Bernhardt & Likens, 2002; Judd et al., 2006; Stelzer et al.,
2003), light attenuation and primary productivity (Jackson & Hecky, 1980), and the mobility of
contaminants (Bauer & Blodau, 2006; Kalbitz & Wennrich, 1998; Ravichandran, 2004) in
aquatic ecosystems. DOM originates from the degradation of plant material and microbial
biomass, and it encompasses an array of constituents with unique chemical and ecological
properties. The activity and composition of microbial communities are tightly coupled with
DOM chemistry (Eiler et al., 2003; Judd et al., 2006; Pinhassi et al., 1999) since microorganisms
are both consumers and producers of DOM (Guillemette & Del Giorgio, 2012; Kawasaki &
Benner, 2006; Ogawa et al., 2001). As DOM consumers, microorganisms use various DOM
fractions to mediate the mobility and redox state of nutrients, metals and contaminants in river,
lake and groundwater environments.

DOM is an important source of carbon (C) and nitrogen (N) in aquatic environments.
Heterotrophic bacteria scavenge labile constituents from DOM such as amino acids, carboxylic
acids and carbohydrates (Berggren et al., 2010; Coffin, 1989; Keil & Kirchman, 1991) to acquire
the building blocks for synthesizing biomass. Also, some aquatic bacteria use extracellular
enzymes to break down larger polysaccharides for C and N acquisition (Arnosti, 2002). A
diverse group of bacterial taxa in the Firmicutes, Bacteriodetes, Gammaproteobacteria and

Alphaproteobacteria can use more recalcitrant fractions of natural humic substances (HS) as
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carbon and nitrogen sources (Esham et al., 2000; Hutalle-Schmelzer et al., 2010). In many
environments, bacteria produce sources of DOM, for example, protein-like and humic-like
products during growth in lakes (Cammack et al., 2004; Guillemette & Del Giorgio, 2012) and
streams (Williams et al., 2010). In some freshwater environments, microbially-derived DOM
may constitute a significant fraction of the carbon and nitrogen sources used by bacterial
communities.

Bacterial communities also utilize many fractions of DOM during dissimilatory processes.
Bacteria pair the oxidization of proteins, low molecular weight organic acids, and other classes
of labile DOM to the reduction of oxygen (Amon & Benner, 1996), as well as a range of other
electron acceptors (Lovley & Coates, 2000), during respiration. In fact, bacteria support growth
by pairing the oxidation of labile DOM to the reduction of redox-active moieties within the
humic fraction of DOM under anaerobic conditions (Lovley et al., 1996; Coates et al., 1998). In
addition, it appears that taxa within the Proteobacteria can support growth by pairing the
oxidation of humic substances to the reduction of electron acceptors such as nitrate (Coates et al.,
2002). Previous work has shown that quinone moieties, which are not easily degraded and can
alternately cycle between a range of oxidized and reduced states (Cory & McKnight, 2005), are
the predominant electron donors and electron acceptors within humic substances (Scott et al.,
1998). In anaerobic aquatic sediments, microbially-reduced quinones abiotically donate electrons
to oxidized species within metal- oxide minerals (Lovley et al., 1998), thereby shuttling electrons
between bacteria and insoluble electron acceptors. Indeed, it is likely that bacterial quinone
respiration is ubiquitous in many anaerobic sediments because other electron acceptors are
insoluble at neutral pH (Lovley et al., 1996; Kappler et al., 2004), and in some cases the energy

yield from quinone-reduction may be higher than from the reduction of crystalline iron (Fe)-

76



oxide minerals (Straub et al., 2005). More recently, research has found that halorespiring
bacteria, including Dehalococcoides spp. within a trichloroethylene (TCE)-degrading
community, may perform dissimilatory quinone reduction (Zhang et al., 2011; Luijten et al.,
2004).

Given the tight links between DOM and bacterial metabolisms, it is not surprising that DOM
chemistry and source influences the structure of bacterial communities. In marine environments,
researchers have extensively documented how spatial and temporal differences in DOM
chemistry promote compositional and functional shifts within bacterial communities (Azam &
Malfatti, 2007; McCarren et al., 2010; Mou et al., 2008). Less is known about DOM-bacteria
dynamics in freshwater ecosystems, although the use of molecular techniques to characterize
bacterial community structure, such as 16S rRNA gene sequencing (Pace, 1997), has facilitated
new discoveries. For example, the average molecular size of constituents within DOM exerts a
significant influence on the structure of bacterial communities in freshwater environments
(Docherty et al., 2006; Lin et al., 2012). In fact, DOM-manipulation experiments have shown
that the composition of labile DOM-amended bacterial communities is distinct from bacterial
communities amended with high molecular weight DOM (Foreman & Covert, 2002; Findlay et
al., 2003). It is likely that the source of DOM is an important factor in bacterial community
structure since microbially-derived DOM supports bacterial communities that are taxonomically-
and functionally-distinct from communities utilizing plant-derived DOM in riverine (Judd et al.,
2006; Kirchman et al., 2004; Koetsier et al., 1997) and lake (Jones et al., 2009) ecosystems. In
contrast to other freshwater ecosystems, little is known about the relationships between the
chemistry and source of DOM and bacterial community structure across groundwater

environments, although evidence suggests that DOM concentration may influence bacterial
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community activity (Foulquier et al., 2011) and composition (Shirokova & Ferris, 2013) in
aquifers.

Fluorescence spectroscopy paired with parallel factor analysis (PARAFAC) represents a
reliable tool for characterizing the lability, the redox- reactivity, the redox-state and source of
DOM (DOM) in aquatic environments. Although not all constituents within DOM fluoresce, this
technique has been effective in identifying the relative contributions of labile and redox- active
moieties in aquatic environments. Using this approach, researchers extract the unique spectra of
DOM fluorophores from three- dimensional fluorescence excitation and emission matrices
(EEMs), and then relate the distinct fluorophores to known DOM constituents, such as
tryptophan and oxidized quinone moieties. For example, the Cory and McKnight (2005)
PARAFAC model identified 13 components, including two amino acid-like and seven quinone-
like fluorophores, in 355 water samples collected from a range of freshwater ecosystems.

Research throughout the past decade has demonstrated the utility of the EEM-PARAFAC
approach to reveal details about DOM chemistry in pristine (Cawley et al., 2012; Miller et al.,
2009; Pautler et al., 2012), human-influenced (Cawley et al., 2012; Tedetti et al., 2012), and
engineered (Beggs et al., 2009; Murphy et al., 2011; Yu et al., 2010) ecosystems. For example,
the percentage of tryptophan-like (C8 in Cory & McKnight, 2005) and tyrosine-like fluorescence
(C13 in Cory & McKnight, 2005) is correlated with total hydrolysable amino acids
concentrations (Yamashita & Tanoue, 2003) and biodegradable dissolved organic carbon
(BDOC; (Fellman et al., 2008), and consequently these components can be used as proxies for
labile DOM. The potential redox reactivity of DOM can be represented by the relative
abundance (percentage) of quinone moieties (Cory & McKnight, 2005), while the redox index, a

ratio of oxidized to reduced quinones, describes the redox state of DOM (Miller et al., 2006).

78



The fluorescence index (FI) (McKnight et al., 2001), a ratio of emission intensity at 470nm to
520nm at an excitation wavelength of 370nm (Cory & McKnight, 2005), provides an indication
of the source of DOM in aquatic environments. For instance, the FI has been used to capture
seasonal and spatial shifts in DOM source from a plant to a microbial source (Hood et al., 2003;
Jaffé et al., 2008), and to demonstrate the role of sedimentary DOM in groundwater arsenic (As)
mobilization in Southeast Asia (Mladenov et al., 2010).

Hence, fluorescence spectroscopy and EEM-PARAFAC produce information that can
resolve the relative importance of different DOM fractions in the biogeochemistry of aquatic
environments. The purpose of this research was to employ EEM-PARAFAC and bacterial
community characterization via 16S rRNA gene pyrosequencing to improve our understanding
of the biogeochemical controls on geogenic groundwater As contamination in Southeast Asia,
which currently impacts over 100 million people in South and Southeast Asia (Ravenscroft et al.,
2009). There is a consensus in the literature that native bacteria promote groundwater As
mobilization by pairing the oxidation of labile DOM to the reductive dissolution of Fe-oxides,
which desorb As from the mineral surface in the affected aquifers of Southeast Asia (Fendorf et
al., 2010). Additionally, recent research has illustrated the potential for the bacterial reduction of
quinone moieties within humic substances to accelerate groundwater As mobilization rates in
Bangladesh and West Bengal, India (Jiang & Kappler, 2008; Mladenov et al., 2010). However,
there is debate in the literature regarding the source of the labile and humic DOM to the
subsurface. While some research demonstrates that microbially-derived DOM in recharge from
eutrophic ponds fuels bacterial Fe- and As-reduction (Neumann et al., 2010), there is also
evidence supporting the role of sedimentary DOM, which has a more plant-derived signature, in

groundwater As mobilization (McArthur et al., 2004; Mladenov et al., 2010). In addition, results
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from laboratory incubation experiments indicate that a relatively small group of bacterial taxa
within the Deltaproteobacteria (Islam et al., 2004; Héry et al., 2010; Lear et al., 2007; Rowland
et al., 2007), and to a lesser extent those within the Betaproteobacteria (Pederick et al., 2007),
utilize DOM sources to mediate the biogeochemical cycling of As in anaerobic zones of
Southeast Asian aquifers. However, research has also indicated that Deltaproteobacteria
comprise a small percentage of the bacterial community relative to other taxa under
environmental conditions (Héry et al., 2010; Rowland et al., 2007; Pederick et al., 2007; Legg et
al., 2012; Islam et al., 2004), and that high As aquifer sediments harbor diverse communities of
bacteria containing other taxa related to known Fe-, As- and quinone-reducers (Legg et al.,
2012).

Thus, the aim of this research was to improve our understanding of the factors promoting
groundwater As concentrations exceeding the WHO regulatory limit of 5 pg/L (Fawell &
Mascarenhas, 2011) by characterizing the links between the chemical constituents and sources of
DOM and native bacterial taxa in an affected aquifer environment. To this end, DOM chemistry
and bacterial community structure were characterized in environmental samples collected from
aquifers at established study sites in Araihazar, Bangladesh. I hypothesized that the chemistry
and source of DOM shape the composition of bacterial communities across groundwater As
concentration gradients. Some members of the bacterial community may use DOM to directly
promote groundwater As mobilization by oxidizing labile DOM during Fe- and quinone-
reduction, while other bacterial taxa indirectly influence As cycling as competitors for labile and
quinone-containing DOM sources. This research provides evidence suggesting that labile DOM
and quinone moieties in humic DOM may be more important in shaping bacterial community

structure than the source of DOM in high As aquifers. In addition, my research findings suggest
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that Chloroflexi and Espilonproteobacteria, in addition to Deltaproteobacteria, are important in

promoting groundwater As cycling through respiratory quinone- reduction.

4.2 Materials and Methods
4.2.1 Site Description

The research was conducted in the shallow (<20 m) Holocene aquifer at two established
sites, Site K (Legg et al., 2012; Radloff et al., 2008) and Site B (Mladenov et al., 2010; Stute et
al., 2007), approximately 30 km northeast of Dhaka in Araihazar, Bangladesh. Site K (23" 47’
34" N, 90°37"' 48" E) is located south of a village within the floodplain of the Old Brahmaputra
River, which borders the site to the east, south and west (Figure 4.1). The focus of the research at
Site K was on well nests located along a groundwater flowpath from the village to the river
because these wells represented the range of groundwater As concentrations observed at the site.
Groundwater As concentrations generally increase with depth at each well location, and with
distance along the groundwater flowpath (Table 4.1). At well nest K240, located 240 meters
from the Old Brahmaputra River and within the village (Figure 4.1), groundwater As
concentrations increase with depth from 2 ug L™ at 7.6m to approximately 90 ug L™ at 15.2 m
(Table 4.1; Radloff et al., 2008). The highest As concentrations at Site K, approximately 400 ug
L, occur at K60 at the end of the groundwater flowpath (Radloff et al., 2008). At Site B (23" 46’
51" N, 90°38" 18" E), located approximately 2 km southeast of Site K (Figure 4.1), research was
conducted at single well nest where groundwater As concentrations increase from 37 pg L™ at 8

m depth to 555 ug L™ at 14 m (Table 4.1; Zheng et al., 2005).
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Figure 4.1. The study sites at Site K and Site B in Araihazar, Bangladesh.
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Table 4.1. Water chemistry for groundwater collected at each sampling location. Data points
followed by an asterisk (*) represent long-term average values (Radloff, 2010; Zheng et al.,
2005), whereas the other data points were measured in October 2009. The locations/depths that
are shaded were used in the incubation experiments, as well as the environmental data analysis.

SITE DOC (mg/L) TDN (mg/L) C:N Fe (ppm) | As (ppb)
B 8m 5.5 1.1 5.0 13.1%* 37*
B 11m 2.6 1.4 1.9 1.6/8.3* | 132/366*
B 14m 3.2 2.3 1.4 4.3/14.2% | 256 / 555*
K240 8m 0.8 0.2 4.1 1.1/0.5% 1/2%
K240 11m 0.9 0.4 2.1 8.9% 20%
K240 14m 1.0 0.4 2.6 13%* 92%
K150 8m 1.7 1.3 1.4 5.0% 112*
K150 11m 1.0 0.5 2.0 3.5% 69*
K150 14m 1.2 0.6 2.1 18.9% 86*
K60 8m 2.0 1.8 1.1 8.1* 149*
K60 11m 1.7 1.7 1.0 9.2% 415%
K60 14m 1.4 0.8 1.8 1.6/10.8% | 115/363*
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4.2.2 Sample Collection

Groundwater and sediment samples were collected at Site K and Site B in October 2009.
Groundwater samples were collected at Site K from 8 m, 11 m and 14 m depth at well nests
K240, K150 and K60 (located 240 m, 150 m and 60 m upgradient of the Old Brahamaputra
River, respectively), and at Site B from depths of 8 m, 11 m and 14 m. Anaerobic conditions
were maintained while collecting groundwater samples in amber serum vials capped with butyl
stoppers. Within 24 hours of collection, groundwater samples were filtered with glass fiber
(GF/F) filters (0.7 pm) under a N, atmosphere in a Captair® Pyramid glove bag, acidified to pH
of 2 with 1 M HCI to prevent the precipitation of DOM-Fe complexes, and stored at 4°C in
anaerobically sealed amber serum vials. Multiple sediment cores were collected from depths of 8
m, 11 m and 14 m adjacent to K240, K150, K60 and the well nest at Site B. As described in
Legg et al. (2012), sample contamination was minimized by rinsing the sediment core liners with
100% ethanol prior to coring, and removing sections of sample cores that had contact with
drilling fluids with an ethanol-sterilized saw. Immediately after sampling, sediment cores were
stored in airtight mylar bags with oxygen-absorbing packets and placed on ice in the field. The
sediment samples were stored on dry ice for approximately one week, and then at —80°C
thereafter.
4.2.3 Dissolved Organic Matter Analyses

DOM chemistry was characterized in all groundwater samples. The redox potential of
groundwater samples was maintained by preparing samples for analyses under an N, atmosphere
and transferring samples to anaerobically sealed cuvettes for spectroscopic analyses. First,
concentrations of dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were

measured by the Kiowa Environmental Chemistry Laboratory at the University of Colorado
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(http://snobear.colorado.edu/Seiboldc/kiowa.html) using a Shimadzu TOC-V CSN Total Organic
Carbon Analyzer. Three-dimensional excitation-emission matrices (EEMs) were generated by
running three-dimensional fluorescence scans on a Jobin-Yvon-Horiba/Spex Fluoromax-3
spectrofluorometer equipped with Datamax software in S/R mode at excitations of 240-500nm at
10nm increments, and emissions of between 350-550nm at 2nm increments. These EEMs were
processed using the Cory and McKnight (2005) PARAFAC model. Using this model, it was
possible to calculate the relative contributions of 13 different fluorescent DOM components
(Table 4.2) and the Fluorescence Index (FI). Although all 13 components in the Cory and
McKnight (2005) PARAFAC model are observed within DOM from a range of aquatic
environments, the fluorescence spectra of four of the components have not yet been matched to a
specific compound (e.g., oxidized quinone) are referred to as ‘unidentified’ fluorophores (Table
4.2).
4.2.4 Bacterial Community Analysis

DNA was extracted from homogenized aquifer sediment samples using the MO BIO
PowerSoil® DNA Isolation Kit following the manufacturer’s suggested protocol (MO BIO
Laboratories, Inc., Carlsbad, CA, USA). Next, the V1-V2 region of the 16S rRNA gene was
PCR-amplified from genomic DNA using the highly conserved, universal bacterial primer set as
described previously (Hamady et al., 2008; Fierer et al., 2008; Nemergut et al., 2010), with a
modification to the PCR amplification step (Stanish et al., 2012). Briefly, the forward primer
included the 454 Roche Titanium primer B, a 2 base pair adapter, and the highly conserved
bacterial primer 27F whereas the reverse primer was comprised of the 454 Roche
Titanium primer A, a unique, 12 base pair error-correcting Golay barcode, a 2 base pair adapter,

and the highly conserved bacterial primer 338R.
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Table 4.2. The 13 components of the Cory & McKnight (2005) PARAFAC model. The
‘Unidentified’ components have not been matched to specific compound however, these
fluorophores consistently occur in DOM samples from a range of environments. The
‘microbially- associated” components were identified in an Anatarctic dataset (plant- free) and

consequently these are considered to be associated with microbially- produced dissolved organic
matter (Cory & McKnight 2005).

Component Fluorophore Type Abbreviation

1 Unidentified C1

2 Oxidized Quinone Q2

3 Unidentified; Microbially- associated | C3

4 Hydroquinone; Microbially- HQ
associated

5 Semiquinone SQ1

6 Unidentified; Microbially- associated | C6

7 Semiquinone; Microbially- associated | SQ2

8 Amino Acid- like: Tryptophan; TR
Microbially- associated

9 Semiquinone; Microbially- associated | SQ3

10 Unidentified C10

11 Oxidized Quinone Ql

12 Oxidized Quinone; Microbially- Q3
associated

13 Amino Acid-like: Tyrosine TY
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Each PCR, which was performed in triplicate, consisted of 10 pl of 5-PRIME hot master mix (5-
PRIME, Gaithersburg, MD, USA), 10 pul of sterile water, 1 uL of the reverse primer at 10 uM
(final concentration of 0.4 uM), 2 pL of the forward primer at 5 uM (final concentration of 0.4
uM) of the forward primer, and 2 pl of genomic DNA. As described in Stanish et al. (2012),
samples were initially denatured for 3 min at 94°C followed by 25 cycles at 94°C for 45 s, 50°C
for 30's, 72°C for 90 s and a final elongation step at 70°C for 10 min. PCR product from each
reaction was quantified, and then the product from triplicate reactions was pooled. The pooled
PCR products were purified using UltraClean PCR Clean-up kits (MoBio, Carlsbad, CA),
according to the manufacturer's protocol. 16S rRNA gene amplicons were sequenced using the
Titanium chemistry (454 Life Sciences, Bradford, CT, USA) on a GS FLX platform at the
Environmental Genomics Core Facility (Engencore, University of South Carolina, USA).

The QIIME pipeline (Caporaso et al., 2010a) was used to process the bacterial 16S rRNA
gene sequence data. An average of 1416 16S rRNA gene sequences per sample (standard
deviation of 463) was obtained after denoising the sequence data (Reeder & Knight, 2010) and
applying quality filters, which eliminated sequences shorter than 200 nucleotides in length,
sequences with one or more ambiguous bases, and sequences with quality scores of less than 25.
Bacterial operational taxonomic units (OTUs) were defined at 97% sequence identity with the
uclust algorithm (Edgar, 2010), and then our dataset was filtered to eliminate OTUs represented
by only one 16S rRNA gene sequence (singletons), as well as OTUs present in only one sample
(Zhou et al., 2011). The PyNAST alignment algorithm (Caporaso et al., 2010b) with the
Greengenes database (DeSantis et al., 2006) was used to align a representative set of 16S rRNA
gene sequences that included the most abundant sequence within each OTU. Next, the RDP

Classifier (Wang et al., 2007) assigned a taxonomic classification to each OTU using the
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Greengenes database. The FastTree algorithm was used to create a phylogeny of the
representative sequences (Price et al., 2009) which was used to calculate the phylogenetic
diversity (PD; Faith, 1992) within each sample, as well as the differences between communities
using the UniFrac distance metric (Lozupone & Knight, 2005). The unweighted UniFrac distance
matrix, which does not consider the abundances of OTUs in calculating the distances between
samples, was used for any statistical analyses investigating patterns in bacterial community beta
diversity. The 16S rRNA gene sequences and accompanying environmental data have been
deposited in the MG-RAST database (Meyer et al., 2008) upon publication.
4.2.5 Statistical Analyses

Prior to performing statistical analyses, outlier data points that fell outside of two standard
deviations from the mean were removed from the dataset (Gotelli & Ellison, 2004). The
relationships between DOM parameters (DOC, TDN, C:N, FI, and PARAFAC model loadings)
and groundwater Fe and As concentrations were visualized in biplots. Also, relationships
between bacterial community alpha diversity (phylogenetic diversity, PD) and DOM parameters
were visualized using biplots. The differences in bacterial community structure between samples,
as characterized by the unweighted UniFrac distance matrix, were visualized by performing a
principal coordinates analysis (PCoA; Gotelli & Ellison, 2004) and plotting the scores for each
sample on the first and second PCoA axes in the vegan package of R (Oksanen et al., 2012).
Spearman rank- order correlations between the PCoA axis 1 scores and the 13 PARAFAC model
loadings (Table 4.2) were performed to evaluate the statistical significance of relationships
between bacterial community structure and DOM chemical characteristics. In addition,
Spearman rank- order correlations were performed between the PCoA axis 1 scores and DOC,

TDN, and C:N in order to test if the concentration and stoichiometry of DOM were significantly
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related to bacterial community structure. Next the correlations between bacterial community
structure and the source of DOM were evaluated using Spearman rank-order correlation tests
between PCoA axis 1 scores and the FI. Then, to investigate if specific bacterial taxa were
driving relationships between bacterial community structure and DOM chemistry, Spearman
rank- order correlations were performed between the relative abundances of bacterial phyla
comprising, on average, greater than 1% of the bacterial communities in the dataset and each of
the DOM parameters. To investigate how shifts in the abundance of operational taxonomic units
(OTUs) within each abundant phyla (>1%) were related to shifts in the DOM chemistry, Bray-
Curtis distance matrices of the OTU-abundance tables within each phyla (i.e., Chloroflexi OTUs)
were compared to distance matrices of PARAFAC model loadings within each chemical
classification (i.e., Oxidized Quinones) using Mantel test in the vegan package of R (Figure 4.2;

Oksanen et al. 2012).

4.3 Results
4.3.1 DOM chemistry

The concentration of DOC in groundwater ranged from 0.8 mg L™ to 5.5 mg L™ while TDN
concentrations ranged from 0.2 mg L™ to 2.3 mg L™ (Table 4.1). The C:N ratio in groundwater
varied between 1.0 at K60 11m and 5.0 at B 8m (Table 4.1). FI ranged from 1.05 at K150 11m to
1.60 at B 8m and 11m (Table 4.3). The FI at K150 11m was identified as an outlier value since it
fell outside of two standard deviations from the mean for each variable. The percentage of amino
acid- like fluorescence varied between 4% and 13% (Table 4.3). As shown in Table 4.4, the total

range in PARAFAC model loadings was 0.006 — 2.05.
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Figure 4.2. A schematic describing the steps involved in performing a Mantel test evaluating the
statistical relationship between the OTU composition of bacterial phyla and PARAFAC model
loadings. First, Bray-Curtis distance matrices were calculated for OTU tables for each relatively

correlation

N

Rho; p-value ‘

Oxidized Quinone
Operational Taxonomic Unit (OTU) PARAFAC model loadings
Sample |OTU.1 |OTU.2 |OTU.3 |OTU4 Sample Q1 Q2 Q3
1 2 1 5 3 1 0.175 0.456 0.339
2 1 3 1 5 2 0.211 0.516 0.330
3 6 2 4 10 3 0.254 0.640 0.442
4 3 3 6 15 4 0.123 0.375 0.229
5 10 8 7 12 5 0.139 0.498 0.965
Bray- Curtis distance matrix Euclidean distance matrix
calculation calculation
Sample |1 2 3 4 5 Sample (1 2 3 4 5
1 0 0.43 0.39 0.42 0.54 1 0 0.07 0.23 0.15 0.63
2 043 |0 0.44 |046 |0.57 2 0.07 |0 0.17 |0.19 |0.64
3 039 044 |0 022 |0.25 3 0.23 |0.17 |0 0.36 [0.55
4 042 |046 |022 |0 0.25 4 015 |0.19 [0.36 |0 0.75
5 0.54 0.57 0.25 0.25 0 5 0.63 0.64 0.55 0.75 0
Mantel Test
calculates the

abundant (>1%) phyla. Also, a Euclidean distance matrix was calculated for the PARAFAC
model loadings data. Then, a Spearman rank-order correlation was performed to evaluate the
relationship between the two distances matrices.
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Table 4.3. Chemistry of dissolved organic matter (DOM) in groundwater collected at each
sampling location in October 2009. The fluorescence index (FI) indicates whether the source of
DOM is terrestrially- or microbially- derived. Amino acid (AA)- like fluorescence is a measure
of the protein content, and the lability of the DOM pool for microbial assimilation. Data values
followed by the pound sign (#) are outliers, and were removed from the dataset prior to
performing statistical analyses.

Sample FI AA-like
fluorescence

B 8m 1.6 5

B 11m 1.60 4

B 14m 1.53 4

K240 8m 1.56 9

K240 11m 1.52 6

K240 14m 1.49 6

K150 8m 1.42 3

K150 11m 1.05"

K150 14m 1.44 4

K60 8m 1.48 13°

K60 11m 1.46 4

K60 14m 1.43 5
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Table 4.4. The PARAFAC model loadings data for groundwater collected in each of the

sampling locations. Loadings values presented in this table have been rounded to the nearest
hundredth decimal place. Data values followed by the pound sign (#) are outliers, and were
removed from the dataset prior to performing statistical analyses.

SITE Cl | Q2 | C3 | HQ | SQ1 | C6 [SQ2| TR [SQ3 |C10| Q1 | Q3 | TY
B8m | 024 |0.46|0.19| 0.45 | 0.09 | 0.11 | 0.14 | 0.07 | 0.16 | 0.08 | 0.18 | 0.34 | 0.06
B1lm | 0.26 | 0.52 | 0.17 | 0.49 | 0.09 | 0.15| 0.17 | 0.07 | 0.14 | 0.08 | 0.21 | 0.33 | 0.06
B14m | 034 | 0.64 | 0.22 | 0.61 | 0.12 | 0.17 | 0.18 | 0.08 | 0.17 | 0.10 | 0.25 | 0.44 | 0.06
:3(240 0.02 | 0.04|0.03 | 006 | 0.0 |0.01]0.01 | 0.03 |0.02]0.01]0.01 |0.04]0.00
m
1(12:10 0.04 | 0.08 |0.04 | 0.10 | 0.02 | 0.02]0.03 | 0.03 | 0.03 ]0.02]0.04|0.07]0.00
1(42:10 0.07 | 0.14 | 0.07 | 0.20 | 0.04 | 0.02 | 0.04 | 0.03 | 0.05|0.03 |0.05|0.11 | 0.02
:3(111150 0.17 1038 0.09 | 046 | 0.10 | 0.13 ] 0.10 | 0.02 | 0.08 | 0.06 | 0.12 | 0.23 | 0.03
1(11:10 0.07 | 0.50 | 0.26 | 2.05# | 0.22# | 0.01 | 0.05 | 0.47# | 0.22 | 0.09 | 0.14 | 0.97 | 0.00
1(41:10 0.08 | 0.16 | 0.06 | 0.21 | 0.05 | 0.05| 0.05 | 0.01 | 0.05 |0.04|0.07 | 0.11 | 0.03
:;(11610 024 1 0.62|0.17 | 057 | 0.12 | 0.14 | 0.13 | 0.20 | 0.10 | 0.10 | 0.22 | 0.27 0;9
1(161?1 0.18 {037]0.12 | 042 | 0.10 | 0.13 ] 0.11 | 0.03 | 0.09 | 0.07 | 0.15 | 0.24 | 0.06
1(461?1 0.09 | 0.20|0.07 | 022 | 0.04 | 0.05| 0.06 | 0.03 | 0.04 | 0.03 | 0.08 | 0.15 | 0.02
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There was a positive linear relationship between oxidized quinone fluorescence and reduced
quinone fluorescence (R*> 0.91, p < 0.00006) across study sites. Also, the intensities of the
PARAFAC model loadings increased linearly with DOC and As concentrations, with the
exception of the tryptophan- like fluorophore (Table 4.5). However, there was no discernable
relationship between PARAFAC model loadings and groundwater Fe concentrations.
4.3.2 Bacterial Community Characteristics

There were 747 OTUs in the dataset after eliminating singletons, with an average of 183
OTUs per sample (standard deviation = 85). The alpha diversity of bacterial communities in
aquifer sediments, as measured by the Phylogenetic Diversity metric (PD), ranged from 13 to 49
(Figure 4.3). Between 42% and 90% of the OTUs in aquifer sediments belonged to the
Proteobacteria (mean = 70%, standard deviation = 19%; Table 4.6). Five classes within the
Proteobacteria, including the Alphaproteobactria, Betaproteobacteria, Deltaproteobacteria,
Epsilonproteobacteria, and Gammaproteobacteria, displayed average relative abundances greater
than 1% across the aquifer sediment samples (Table 4.7). The Bacteriodetes, Chloroflexi and
Firmicutes each comprised approximately 5% of the bacterial communities, and their relative
abundances in samples varied by two orders of magnitude (Table 4.6). The proportions of
Acidobacteria and Actinobacteria in the bacterial community were less variable, and these phyla
each comprised 2% of bacterial communities sampled, on average (Table 4.6). On average, 65%
of the Epsilonproteobacteria belonged to the Campylobacterales order, whereas
Campylobacterales comprised 100% of the Epsilonproteobacteria OTUs in nine of the 12 aquifer
sediment samples. The Dehalococcoidetes class constituted an average of 52 of the OTUs in the

Chloroflexi phyla, and more than 80% of the OTUs in three aquifer sediment samples.
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Table 4.5. The linear relationships observed in biplots (linear fit equation, R?), and Spearman
rank-order correlation results (Rho, p- value; shaded grey), between the intensity of the
PARAFAC model loadings for each component (after removing outlier data points) and A) DOC

or B) groundwater As concentrations.

A) Loadings vs. DOC concentration

B) Loadings vs. As concentrations

Component | Equation R’ | Rho | p-value Equation R’ Rho | p-value
Cl 0.13x—-0.07 | 096 | 0.94 | 2E-05 | 1178x+12.3 | 042 | 0.76 0.009
Q2 0.27x—-0.13 | 0.85 | 0.94 | 2E-05 498x +37.7 032 | 0.71 0.020
C3 0.08x—-0.03 | 093 | 097 | 5E-07 | 1592x+23.4 | 0.31 | 0.68 0.030
HQ 0.23x—-0.06 | 0.81 | 0.90 | 2E-04 546x +13.1 031 | 0.74 0.010
SQ1 0.05x—-0.01 | 0.73 | 0.79 | 4E-03 | 2692x+13.4 | 0.34 | 0.78 0.007
C6 0.07x —0.04 | 0.83 | 0.85 | 8E-04 | 2005x +27.7 | 043 | 0.86 0.002
SQ2 0.08x—-0.04 | 0.95 | 0.96 | 2E-06 2050x + 8.7 041 | 0.73 0.020
TR 0.03x 0.20 | 0.67 0.02 403x+178.7 | 0.01 | 0.47 0.15
SQ3 0.06x—0.03 | 096 | 0.95 | 1E-05 | 1849x+46.5 | 0.27 | 0.62 0.050
C10 0.04x—0.01 | 0.81 | 0.94 | 2E-05 | 3189x+20.1 | 0.29 | 0.66 0.030
Q1 0.11x-0.05| 090 | 0.93 | 4E-05 1441x + 6.4 037 | 0.75 0.010
Q3 0.16x—-0.07 | 098 | 0.97 | 5E-07 943x +1.3 0.40 | 0.68 0.030
TY 444x+0.54 | 0.56 | 0.89 | 3E-04 | 5348x+325 | 049 | 0.62 0.040
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Figure 4.3. The phylogenetic diversity of bacterial communities in each aquifer sediment sample.
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Table 4.6. The relative abundances (%) of phyla comprising greater than 1% of bacterial
communities in aquifer sediment samples.

SITE ACIdO.- Actlnq- Bacteriodetes | Chloroflexi | Firmicutes Proteq-
bacteria | bacteria bacteria

B 8m 0.5 0 25 12 12 91.4

Bllm | 12 31 14 5.2 5.9 67.0

Bldm | 15 53 3.9 12.6 6.3 53.4

K240 1.7 3.6 16.8 0.5 20.6 46.2

8Sm

K240 1.6 2.5 2.4 0.9 9.7 79.1

11m

K240 12 0.9 5.6 0.6 43 85.3

14m

K150 0.5 18 5.4 0.4 0.4 89.7

8Sm

K150 0.7 0.5 43 5.4 0.6 80.4

11m

K150 6.6 3.8 5. 15 12 73.5

14m

K60 5.4 0.62 4.9 12.8 4.6 422

8Sm

K60 12 0.37 0.6 0.6 0.9 89.9

11m

K60 2.9 0.20 25 12.0 6.7 443

14m
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Table 4.7. The relative abundances of classes within the Protoebacteria phyla that comprise, on

average, greater than 1% of the bacterial communities in aquifer sediment samples.

SITE Alpha- Beta- Delta- Epsilon- Gamma-
proteobacteria | proteobacteria | proteobacteria | proteobacteria | proteobacteria

B 8m 0.2 26.4 0.3 39 60.7

B1lm 35 19.5 3.7 0.4 39.7

B 14m 44 18.0 73 1.0 21.8

K240 8Sm 3.0 15.4 1.3 0.6 25.8

K240 25 59.6 1.7 0.2 15.1

11m

K240 0.5 753 2.0 0.4 7.0

14m

K150 11 715 0.2 0.1 16.9

Sm

K150 0.2 548 18 20.2 3.1

11m

K150 3.8 64.4 1.8 0.1 33

14m

K60 Sm 1.3 27.9 5.0 0.7 6.9

K60 1.6 86.0 1.0 0.5 0.9

11m

K60 438 26.1 6.2 0.1 6.6

14m
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An average of 61% of the Gammaproteobacteria were classified in the Pseudomonadales order,
whereas the Alteromonadales and Aeromonadales comprised an average of 3% and 12% of the
Gammaproteobacteria OTUs, respectively.
4.3.3 DOM — Bacterial Relationships

The significance of relationships between bacterial community diversity and composition
was investigated in order to test the hypothesis that the chemistry and source of DOM shapes the
composition of bacterial communities across groundwater As concentration gradients. Bacterial
community alpha diversity in aquifer sediments was not significantly related to any of the DOM
chemical parameters measured in the 12 groundwater samples (p > 0.05), however, bacterial
community beta diversity was significantly related to multiple aspects of DOM chemistry.
Spearman rank- order correlations between the axis 1 scores from the PCoA based on UniFrac
distances and the C:N of groundwater demonstrated that bacterial community structure was
significantly related to the stoichiometry of DOM in groundwater samples (Rho = 0.63, p =
0.04), but not the concentration of DOC or TDN (p > 0.05). Also, bacterial community structure
was significantly related to the labile, tryptophan- like fluorophore (TR; [Rho| = 0.62, p = 0.05;
Figure 4.4). Additional Spearman rank- order correlation tests identified statistically significant
relationships between bacterial community structure and the loadings of three oxidized quinone
(0.73 <|Rho| <0.78, p < 0.005; Figure 4.5) and three reduced quinone (0.74 <|Rho| <0.78, p <
0.008; Figure 4.6) fluorophores. Bacterial community structure was also significantly correlated
with an unidentified microbially- associated fluorophore (C3; |[Rho| = 0.83, p < 0.001; Figure
4.7), and an unidentified fluorophore found in a range of aquatic environments (C10; |[Rho| =

0.80, p <0.002; Figure 4.7).
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Figure 4.4. A Spearman rank-order correlation test showed that there was a statistically
significant relationship between bacterial community structure (PCoA axis 1 scores) and
tryptophan-like fluorescence (|[Rho| = 0.62, p = 0.05).
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Figure 4.5. Spearman rank-order correlation tests showed that bacterial community structure
(PCoA axis 1 scores) was significantly related to the three oxidized quinone fluorophores in the

Oxidized quinone fluorescence
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Cory & McKnight (2005) PARAFAC model (0.73 <|Rho| <0.78, p <0.005).
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Figure 4.6. Spearman rank-order correlation tests showed that bacterial community structure
(PCoA axis 1 scores) was significantly related to the three reduced quinone fluorophores in the
Cory & McKnight (2005) PARAFAC model (0.74 < |Rho| <0.78, p <0.008).
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Figure 4.7. Spearman rank-order correlation tests showed that bacterial community structure
(PCoA axis 1 scores) was significantly related to an unidentified microbially- associated
fluorophore in the Cory & McKnight (2005) PARAFAC model (C3; |Rho| = 0.83, p <0.001),
and an unidentified fluorophore found in a range of aquatic environments (C10; |Rho| = 0.80, p <
0.002).
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Additional statistical analyses revealed evidence that specific bacterial taxa were driving the
observed relationships between bacterial community structure and DOM chemistry. The relative
abundance of the Chloroflexi phyla was significantly correlated to the fluorescence of two
oxidized quinone moieties (Q1 and Q2), a reduced quinone (HQ), a tryptophan-like moiety (TR),
and an unidentified DOM fluorophore (C10) (Table 4.8). In addition, the relative abundance of
Dehalococcoidetes, a class within Chloroflexi, was significantly correlated to all of the 13
PARAFAC model loadings (Table 4.8). The relative abundance of the Epsilonproteobacteria was
significantly correlated to the loadings of microbially- associated fluorophores, including C3,
Q3, SQ3, and TR (Table 4.8).

Mantel tests identified significant relationships between the composition of OTUs within a
phyla and DOM chemistry. For example, the composition of Chloroflexi OTUs in aquifer
sediment samples was significantly related to oxidized quinone (rs = 0.37, p = 0.02), reduced
quinone (rs = 0.33, p = 0.05) and tryptophan- like (rs = 0.60, p = 0.05) fluorescence. Also, Mantel
tests detected significant relationships between the structure of OTUs in the Deltaproteobacteria
and oxidized quinone (s = 0.37, p = 0.02), as well as reduced quinone (r; = 0.33, p = 0.03),
fluorescence. The OTU composition of the Bacteriodetes phyla was significantly related to
oxidized (rs = 0.26, p = 0.03) and reduced (r; = 0.23, p = 0.05) quinone fluorescence, as well as
the fluorescence of amino acid- like (r; = 0.33, p = 0.01) and unidentified microbially- associated
(rs=0.28, p = 0.02) moieties.

The stoichiometry of DOM, as described by the C:N, was significantly related to bacterial
community structure, and Spearman rank- order correlation tests indicate that the relative
abundances of Epsilonproteobacteria and Gammaproteobacteria are significantly correlated to

this aspect of DOM chemistry (Table 4.9).
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Table 4.8. The Rho and p- values are shown from Spearman rank- order correlations between the
relative abundances of bacterial taxa in aquifer sediment samples and Cory and McKnight (2005)
PARAFAC model loadings in groundwater samples. Correlation results yielding p-values greater
than 0.05 are denoted with ‘NS’.

Component Chloroflexi Chloroflexi class Proteobacteria class
Dehalococcoidetes Epsilonproteobacteria
C1 0.55; 0.07 (NS) 0.74; 0.006 0.21; 0.51
(NS)
Q2 0.67;0.02 0.85; 0.0004 0.45;0.15
(NS)
C3 0.55; 0.06 0.75; 0.005 0.63; 0.03
(NS)
HQ 0.61; 0.04 0.81; 0.001 0.46; 0.13
(NS)
SQ1 0.52; 0.09 0.73; 0.007 0.46; 0.14
(NS) (NS)
Ceé 0.43;0.17 0.62; 0.03 0.01; 0.97
(NS) (NS)
SQ2 0.50; 0.10 0.71, 0.01 0.22; 0.49
(NS) (NS)
TR 0.64; 0.03 0.68; 0.01 0.83; 0.001
SQ3 0.48;0.11 0.65; 0.02 0.64; 0.02
(NS)
C10 0.66; 0.02 0.82;0.001 0.57; 0.05
Q1 0.64; 0.03 0.83; 0.001 0.45;0.15
(NS)
Q3 0.55; 0.06 0.75; 0.005 0.63; 0.03
(NS)
TY 0.43;0.16 0.63, 0.03 0.21; 0.51
(NS) (NS)
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Table 4.9. The Rho and p- values are shown from Spearman rank- order correlations between the
relative abundances of Epsilonproteobacteria and Gammaproteobacteria and the C:N of
groundwater. Campylobacterales is a class within the Epsilonproteobacteria while
Pseudomonadales, Aeromonadales, and Alteromonadales are classes within the
Gammaproteobacteria.

DOM C:N
Variable

Epsilonproteobacteria 0.65; 0.03
Campylobacterales 0.73; 0.008
Gammaproteobacteria 0.67; 0.02
Pseudomonadales 0.59; 0.04
Aeromonadales 0.84; 0.0005
Alteromonadales 0.82; 0.001
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By contrast, the source of DOM, as characterized by the FI, was not significantly related to

bacterial community structure, as characterized by the UniFrac distance.

4.4 Discussion

This research provides support for my hypothesis that DOM chemistry significantly
influences bacterial community structure across groundwater As gradients, and suggests that
DOM is important to bacterial communities as carbon and nitrogen sources, as well as a source
of electron donors and acceptors for respiration in aquifer environment. These analyses have
demonstrated that the concentration of groundwater DOM was not a significant factor in
structuring of bacterial communities, which was surprising given the relationship previously
observed between bacterial community structure and sediment C concentrations at Site K (Legg
et al., 2012). Instead, my results indicate that the availability of labile, tryptophan-like
fluorophores and redox- active, quinone fluorophores was closely liked to the structure of
bacterial communities across groundwater As gradients. Although previous research has shown
that Deltaproteobacteria were the taxa most likely to mediate groundwater As mobilization
(Islam et al., 2004; Héry et al., 2010; Lear et al., 2007; Rowland et al., 2007), my research
suggests that Chloroflexi and Epsilonproteobacteria may also have important roles in the
biogeochemical cycling of As through respiratory quinone- reduction. Also, it appears that
Chloroflexi, Epsilonproteobacteria and Bacteroidetes were influenced by the availability of labile
DOM. However, the source of DOM (plant vs. microbial) does not appear to be an important
control on the overall composition of bacterial taxa in aquifer sediment communities, although it

may be important in understanding the mechanism through which DOM comes into the aquifer.
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Numerous studies have suggested that labile DOM fuels microbially-mediated groundwater
As mobilization throughout Southeast Asia (Rowland et al., 2007; Pederick et al., 2007;
Neumann et al., 2010; Lear et al., 2007; Islam et al., 2004; Héry et al., 2010; Harvey et al.,
2002); yet, to date, there is little known about the chemical composition and biological
availability of labile DOM in the high As aquifer environment (Fendorf et al., 2010). To
characterize the chemical composition of labile DOM, I measured tryptophan- and tyrosine-like
fluorophores in groundwater collected across As gradients in the aquifer. Since there is no
evidence that tryptophan is an electron donor for relevant bacterial respiratory pathways in
anaerobic groundwater sediments, such as dissimilatory Fe- or quinone-reduction, it is likely that
tryptophan is a carbon and nitrogen source for bacteria in the high As aquifer environment.
Amino acids represent one type of labile DOM which can be assimilated by phylogenetically
diverse bacteria (Mayali et al., 2012), and previous research indicates that amino acid- like
fluorescence provides a estimate of the biodegradability of DOM in the environment (Fellman et
al., 2008). Although results from previous work at Site B found a decrease in amino acid- like
fluorescence with increasing groundwater As concentrations (Mladenov et al., 2010), there was
no discernable relationship between tryptophan- like fluorescence and groundwater As
concentrations in this dataset. By contrast, tryptophan- like fluorescence was significantly related
to bacterial community structure, suggesting that bacterial communities respond to labile DOM
availability.

Bacterial taxa within the Dehalococcoidetes class and the Campylobacterales order may
drive the observed relationship between bacterial community structure and tryptophan-like
fluorescence since they comprised a significantly higher proportion of communities in

groundwater with higher tryptophan- like fluorescence intensities. In addition, there was a
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significant compositional shift at the OTU-level within the Bacteriodetes phyla in concert with
increases in tryptophan-like fluorescence, suggesting that some Bacteriodetes taxa may utilize
tryptophan-like constituents. There is a dearth of information available on the utilization of
tryptophan by bacteria in the environment, however biochemical and genomic studies have
shown that tryptophan is used by taxa that synthesize Nicotinamide Adenine Dinucleotide
(NAD") from tryptophan using the NAD biosynthesis II pathway (Kurnasov et al., 2003). In fact,
the genomes of taxa within the Dehalococcoidetes, Campylobacterales, and Bacteriodetes
contain genes encoding the NAD biosynthesis Il pathway (Caspi et al., 2012). Also, higher
concentrations of tryptophan may alleviate the need for members within the Dehalococcoidetes
to synthesize tryptophan using the tryptophan synthesis pathway (trp; Gutiérrez-Preciado et al.,
2007; West et al., 2008), which is energetically expensive. It is interesting to note that the
genomes of multiple Dehalococcoidetes and Campylobacterales contain the genes encoding the
arsenate detoxification pathway (arsC; Uchiyama et al., 2012), which would confer an additional
competitive advantage for taxa in groundwater with high As concentrations. Thus, this research
indicates that a combination of 16S rRNA gene pyrosequencing and detailed DOM chemical
characterization through EEM-PARAFAC can provide novel insights into how bacterial taxa
may respond to labile DOM fractions in the high As environment.

Bacterial communities may also respond to the availability of quinone moieties. Based on
previous research findings, quinone moieties may promote groundwater As mobilization when
bacteria within the aquifer sediments reduce quinones through dissimilatory quinone- reduction,
and the reduced quinones abiotically donating electrons to Fe(IIl) within Fe- oxide minerals,
resulting in re-oxidized quinones and the release of sorbed As (Figure 4.8; Jiang & Kappler,

2008; Scott et al., 1998; Mladenov et al., 2010; Klapper et al., 2002; Lovley et al., 1996). In fact,
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I found that groundwater with higher oxidized quinone fluorescence also had greater levels of
reduced quinone fluorescence, indicating that quinone moieties are alternately cycling between
oxidized and reduced states in the aquifer environment. Further support that quinone moieties
serve as an intermediary between bacteria and As-bearing Fe- oxide minerals in aquifer
sediments lies in the fact that there was no direct relationship between bacterial community
structure and groundwater As concentrations, even though quinone fluorescence was
significantly related to both bacterial community structure (Figure 4.5 and 4.6), and groundwater
As concentrations (Table 4.5). Bacterial quinone reduction could considerably accelerate Fe-
oxide mineral dissolution (Jiang & Kappler, 2008), and thus the desorption of As. As such,
evidence of bacterial quinone reduction in this high As environment is very relevant for
elucidating the mechanisms causing geogenic arsenic contamination throughout Southeast Asia.
Previous laboratory experiments have found that Deltaproteobacteria, and specifically
Geobacter spp., are the predominate taxa promoting groundwater As mobilization in Southeast
Asian aquifers through the reductive dissolution of Fe-oxide minerals (Islam et al., 2004; Héry et
al., 2010; Rowland et al., 2007). Although bacterial quinone-reduction appears to be
phylogenetically widespread in anaerobic environments (Cervantes et al., 2002), our
understanding of this metabolism is primarily based on results from incubation experiments
(Rowland et al., 2007) and laboratory experiments with cultured members in the Geobacter and
Shewanella (Gammaproteobacteria) genera (Scott et al., 1998; Newman & Kolter 2000; Lovley
et al., 1996; Jiang & Kappler, 2008). In this study I observed OTU-level shifts in the composition
of Deltaproteobacteria with increases in quinone fluorescence, however there was not an increase
in Geobacteraceae OTUs concurrent with a greater availability of quinone fluorescence. Instead,

OTUs throughout the Deltaproteobacteria phylogeny appeared to respond to quinone
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fluorescence. The incongruence between my research findings and results from laboratory
experiments could be due to a variety of factors, including that the groundwater at my study sites
feature markedly lower DOM concentrations (1-2 orders of magnitude) than the DOM
concentrations used in laboratory experiments (Islam et al., 2004; Héry et al., 2010; Rowland et
al., 2007). Thus, a wider diversity of Deltaproteobacteria, which are competitive under the
oligotrophic conditions typical of the aquifer, may be involved in the biogeochemical cycling of
As in the environment.

This research has revealed support for novel roles for Chloroflexi and Epsilonproteobacteria,
taxa that appear to be competitive for labile and quinone-containing DOM fractions under
oligotrophic conditions, in groundwater As mobilization. The relative abundances of Chloroflexi
and Epsilonproteobacteria were significantly related to the availability of oxidized and reduced
quinone fluorophores in groundwater, in addition to tryptophan-like fluorescence (Table 4.8).
Taxa in the Dehalococcoidetes are primarily driving the relationships between quinone
fluorescence and the abundance and OTU- level composition of Chloroflexi. In high As aquifer
sediments, Dehalococcoidetes may be quinone-reducing generalists, given that their relative
abundance is significantly correlated to the loadings of each of the oxidized and reduced
fluorophores in the Cory & McKnight (2005) PARAFAC model (Table 4.8). Respiratory
quinone-reduction has not been previously characterized within the Dehalococcoidetes class,
whose members are primarily known for respiring halogenated organic contaminants, though
previous research indicates that halorespiring Firmicutes perform quinone-reduction (Cervantes
et al. 2002). More recently, researchers discovered that the addition of a model quinone
compound, anthraquinone-2,6-disulfonate (AQDS), stimulated the degradation of TCE by a

Dehalococcoides spp.- containing enrichment culture, although the mechanism has not been
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definitely characterized (Zhang et al., 2011). Hence, additional research is needed to elucidate
the role of Dehalococcoidetes as respiratory quinone-reducing generalist taxa in high As
aquifers.

By contrast, Epsilonproteobacteria may be quinone-reducing specialists. The relative
abundance of Epsilonproteobacteria is significantly related to the availability of one microbially-
associated oxidized quinone moiety (Q3), and the fluorescence of a microbially-associated
reduced quinone (SQ3). Epsilonproteobacteria could specialize in reducing microbially-derived
quinone moieties during dissimilatory quinone-reduction. This metabolism has not been
previously identified for representatives within the Epsilonproteobacteria, although there are
dissimilatory Fe- and As-reducing Campylobacterales that would be well-adapted to the neutral
pH, high As aquifers of Southeast Asia (Stolz et al., 1999), and other known Fe-reducers can also
reduce quinone moieties (Coates et al., 1998; Straub et al., 2005; Lovley & Coates, 2000; Lovley
et al., 1998). An alternative hypothesis is that Epsilonproteobacteria are producing the Q3 and
SQ3 fluorophores. Laboratory experiments have demonstrated that bacteria produce quinones
(Newman & Kolter, 2000), and numerous environmental studies have documented the bacterial
production of humic substances, which contain quinone moieties (Yamashita & Tanoue, 2004;
Stedmon & Markager, 2005; Shimotori et al., 2009). Nevertheless, these results introduce the
potential importance of Epsilonproteobacteria in mediating the reductive dissolution of Fe-oxide
minerals, and groundwater As release, through the respiration or production of quinone moieties.

This research has identified novel relationships between bacterial community structure and
DOM chemistry. Bacterial community structure is significantly influenced by the availability of
labile DOM and quinone moieties, as well as the intensity of two unidentified fluorophores (C3

and C10; Figure 4.7, Table 4.8). The identification of these unidentified fluorophores, and
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additional research on the interactions between chemically- distinct DOM fractions and bacterial
taxa in the environment, could refine our understanding of how diverse bacterial communities
mediate the groundwater As cycling. My research suggests that it is the chemistry, but not the
source of DOM (plant vs. microbial, surface water vs. sedimentary), that influences bacterially-
mediated groundwater As mobilization. Still, identifying the source of DOM could lead to
designing effective strategies for ceasing the supply of these labile and quinone fluorophores to
bacterial communities, and potentially decreasing rates of groundwater As in the environment. It
is clear that investigating the biogeochemistry of groundwater As cycling under environmental
conditions is essential to progressing our understanding of the factors promoting geogenic

arsenic contamination in Southeast Asia.

112



CHAPTER 5: Conclusions

5.1 Research Summary

In this dissertation I presented research that refined our understanding of how sediment
geochemistry and groundwater dissolved organic matter (DOM) chemistry affect groundwater
arsenic (As) mobilization through their influence on the composition of native bacterial
communities in aquifer sediments. This work built upon extensive research indicating that native
bacteria promote groundwater As mobilization by pairing the oxidation of labile DOM to the
reductive dissolution of iron (Fe)-oxide minerals in high As aquifers throughout Southeast Asia
(Dowling et al., 2002; Harvey et al., 2002; Héry et al., 2010; Islam et al., 2004; McArthur et al.,
2004; Neumann et al., 2010; Nickson et al., 1998; Radloff et al., 2008; Rowland et al., 2007; and
others). More recently, research indicated that bacterial quinone-reduction, and the resulting
rapid electron transfer between reduced quinones and Fe-oxide minerals (Jiang & Kappler,
2008), may be occurring in high As zones of aquifers (Mladenov et al., 2010). Despite the broad
scope of literature available on the factors promoting geogenic As contamination, many aspects
of the biogeochemical cycling of groundwater As are still not well-understood. My dissertation
research contributes new information suggesting that both sediment geochemistry and
groundwater DOM chemistry influence the composition, and potentially also the activity, of
bacterial communities, although the availability of specific DOM fractions may have the greatest
influence on bacterial community structure and rates of bacterially-mediated groundwater As
mobilization.

Previous research on the microbial ecology of high As aquifers in Southeast Asia has
discovered an unexpectedly high degree of taxonomic diversity within bacterial communities

from single location (Islam et al., 2004), and between bacterial communities from different

113



depths at a single location (Gault et al., 2005; Héry et al., 2010; Pederick et al., 2007; Rowland et
al., 2007). The results presented in Chapter 2 suggest that characterizing bacterial communities
from different locations within a high As aquifer is key to understanding links between the
biological and geochemical processes that promote groundwater As mobilization. At my study
site in Araihazar, Bangladesh, ‘Site K’, there were significant differences in the structure of
bacterial communities between locations along the groundwater flowpath, yet it appeared that
depth gradients did not have a sizeable effect on the composition of bacterial communities.
Hence, my dissertation research has demonstrated the importance of designing sampling schemes
that capture the heterogeneity observed across small spatial gradients in aquifers (Fendorf et al.,
2010; van Geen et al., 2003; van Geen, Zheng, et al., 2006a) in order to understand the role of
bacterial communities in groundwater As mobilization.

Additionally, results presented in Chapter 2 suggest that Deltaproteobacteria and Chloroflexi
may be involved in groundwater As mobilization through respiratory Fe-, Mn- or quinone-
reduction. This conclusion was based on the finding that Deltaprotebacteria and Chloroflexi were
more abundant in fine-grained sediments with higher concentrations of carbon (C), manganese
(Mn) and Fe, and previous research has identified a positive relationship between these
geochemical characteristics and groundwater concentrations (McArthur et al., 2004; van Geen, et
al., 2006a; van Geen, et al., 2006b). It was not surprising to discover that Deltaproteobacteria
may mediate groundwater As mobilization in silty sediments since results from multiple
incubation studies have highlighted the Fe-oxide reducing activity of Deltaproteobacteria in the
Geobacter genus (Héry et al., 2010; Islam et al., 2004; Rowland et al., 2007). Bacteria in the
Geobacter genus are well-known for their ability to respire using a variety of electron acceptors,

including oxidized metals like Fe(III), Mn(IV) and uranium (VI) (Lovley et al., 1993), and
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quinones within humic substances (Cervantes et al., 2003; Coates et al., 1998; Lovley et al.,
1996) which are generally present in silty sediments (Guggenberger et al.,, 1994). By contrast,
there has not been any prior mention of the involvement of Chloroflexi, or taxa within the
Dehalococcoidetes, in mediating groundwater As mobilization in Southeast Asia.
Dehalococcoidetes are primarily known for reductively dehalogenating organic contaminants
such as trichloroethylene (TCE) and tetrachloroethene (PCE) (He et al., 2012; Maymo6-Gatell et
al., 2001), but there is evidence that other halorespiring bacteria may respire using alternative
electron acceptors such as Fe(Ill), Mn(IV), and As(V) (Luijten et al., 2004). In addition, previous
research has found that genes encoding the As detoxification pathway (arsC) have been detected
within the genomes of Dehalococcoides spp. and Geobacter spp. (Kube et al., 2005; Meth¢ et al.,
2003; Seshadri et al., 2005), therefore indicating that these taxa may be able to tolerate the high
As concentrations observed in the deltaic aquifers in Southeast Asia.

The research presented in Chapters 3 and 4 expanded upon the potential roles for
Deltaproteobacteria and Chloroflexi in the biogeochemical cycling of groundwater As. In
Chapter 3, I present results showing that the addition of both labile and redox- active DOM
promoted significantly higher relative abundances of Deltaproteobacteria closely related to
Geobacter spp., and corresponding increases in the flux of Fe and As from aquifer sediments to
groundwater. In addition, the relative abundance of Deltaproteobacteria was significantly
correlated with the availability of a reduced quinone fluorophore in control incubations, as well
as in incubations amended with labile DOM. Chloroflexi comprised a considerably lower
proportion of the post-incubation bacterial communities than Deltaproteobacteria, yet their
relative abundance was positively correlated to the fluorescence of a reduced quinone moiety and

a humic substance moiety in post-incubation samples. Likewise, the relative abundance of
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Chloroflexi was significantly related to the availability of oxidized quinone and reduced quinone
fluorophores in environmental samples (Chapter 4). These results strongly support the hypothesis
that Deltaproteobacteria and Chloroflexi accelerate As mobilization through respiratory quinone
reduction in deltaic aquifers throughout Southeast Asia (Jiang & Kappler, 2008; Rowland et al.,
2007).

In comparing the results from Chapters 3 and 4, it is clear that the relative abundances of
Chloroflexi and Deltaproteobacteria are sensitive to groundwater DOM concentrations. In
incubation experiments Deltaproteobacteria are generally the dominant taxa; however, they
comprised a significantly smaller fraction of bacterial communities in environmental samples
(Chapters 3 and 4; Héry et al., 2010; Islam et al., 2004; Rowland et al., 2007). On the other hand,
Chloroflexi appear to be oligotrophic taxa that are out-competed in incubation experiments with
higher DOM concentrations. The research presented in Chapter 4 suggests that in the aquifer
environment Chloroflexi may be more involved in accelerating groundwater As mobilization
through respiratory quinone- reduction than Deltaproteobacteria. These results show that
comparing experimental results with results from environmental sampling efforts can lead to a
more accurate depiction of how bacterial taxa influence groundwater As mobilization in aquifers
affected by geogenic As contamination.

5.2 Future Research Directions

This dissertation research provided new insights into the potential for bacterial quinone
reduction to accelerate groundwater As mobilization in aquifers throughout Southeast Asia. In
addition, this work identified novel relationships between Chloroflexi, Epsilonproteobacteria and
Deltaproteobacteria and the availability of specific DOM fractions. To build upon the findings

presented in this dissertation, the priorities for future research on geogenic As contamination in
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Southeast Asia include: 1) identifying the source of quinone moieties in high As aquifers; 2)
performing a wider range of chemical analyses to characterize the abundance and distribution of
non-fluorescent labile and redox-active DOM constituents; and 3) further investigating the
metabolic activities of Chloroflexi, specifically Dehalococcoidetes, as well as
Epsilonproteobacteria and Deltaproteobacteria, under environmental conditions in high As
aquifers.

Previous research suggested that quinone moieties in high As groundwater originate from
DOM released during the reductive dissolution of Fe-oxide minerals in aquifer sediments
(Mladenov et al., 2010). However, it is also possible that DOM-rich local recharge from ponds,
rivers and seasonal monsoonal floods could contain quinone-containing humic substances. Also,
bacteria in aquatic environments produce quinone-like and humic substance-like moieties (Ebert,
2012; Guillemette & del Giorgio, 2012; Stedmon & Markager, 2005), and thus could represent a
significant source of electron acceptors for respiratory quinone reduction in the high As aquifer
environment. The first step in identifying the source(s) of quinones to high As groundwater
would be a more comprehensive survey of the quinone fluorescence in recharge sources, aquifer
sediments, and groundwater across As concentration gradients using fluorescence spectroscopy
and the Cory and McKnight (2005) PARAFAC model. In addition, the fluorescence index (FI;
McKnight et al. 2001) could be used to define the signature (plant-derived vs. microbially-
derived) of DOM within ponds and rivers, sediment leachates, and groundwater collected from
numerous locations throughout areas impacted by geogenic arsenic contamination.

Employing a wider range of chemical analyses to measure concentrations of non-fluorescent
DOM constituents in high As groundwater could improve our understanding of the range of

constituents available to bacterial taxa in the aquifer environment. I did not discover any
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significant relationships between the relative abundances of bacterial taxa and the fluorescence
of tryptophan- or tyrosine-like moieties (Chapter 4), the labile constituents captured by
fluorescence spectroscopy and the Cory & McKnight (2005) PARAFAC model. However,
bacterial communities rely on labile DOM for sources of carbon and nitrogen to synthesize
biomass, and for electron donors in anaerobic respiratory pathways such as Fe- and quinone-
reduction. Thus techniques such as high performance liquid chromotagraphy (HPLC) could be
used to measure the concentrations of other labile moieties including organic acids. In addition,
HPLC could be used to measure the concentrations of non-fluorescence redox-active moieties
such as phenazines (Ferndndez & Pizarro, 1997). Phenazines behave similarly to quinones in the
environment, and they are produced by multiple bacteria taxa including Pseudomonas spp.
(Pierson & Pierson, 2010). Bacteria can utilize phenazines as electron acceptors for respiration,
and bacterially-reduced phenazines transfer electrons to, and thus abiotically reduce, metal oxide
minerals (Hernandez et al., 2004). Additional information on the DOM sources available to
bacterial communities in aquifer sediments could help researchers design experiments that more
closely reflect the conditions in the high As aquifer environment.

My dissertation research has demonstrated that future experiments targeted towards
clarifying the respiratory pathways used by Dehalococcoidetes, Epsilonproteobacteria and
Deltaproteobacteria in aquifer sediments should utilize DOM concentrations which are reflective
of conditions in the high As aquifer environment. Experimental evidence confirming that
Dehalococcoidetes and Epsilonproteobacteria support growth through respiratory quinone-
reduction is essential to understanding the correlations I observed between the relative
abundances of these taxa and quinone fluorescence (Chapters 3 and 4). Experiments comparing

the rates of respiratory quinone-reduction between Chloroflexi, Epsilonproteobacteria and
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Deltaproteobacteria under environmental DOM concentrations could elucidate their relative
impact on the mobilization of As in aquifers affected by geogenic As contamination in Southeast

Asia.
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APPENDIX 1

Table A.1. The range and mean of the number of sequences in each sample after applying the following
filtering regime to the sequence dataset: removing OTUs represented by a single sequence, and removing
OTUs present in only one sample.

OTU-picking Method/Identity Threshold Number of Sequences after Filtering
uclust/97 590-1392; mean: 889.8

cd-hit/97 575-1375; mean: 858.3

cd-hit/90 994-1734; mean: 1301.1

cd-hit/95 741-1542; mean: 1039.3

cd-hit/99 334-1009; mean: 550.7
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Table A.2. Results from Mantel tests evaluating the relationship between bacterial community
structure (UniFrac) and environmental variables. The UniFrac distances were calculated two

different OTU-clustering methods (uclust and cd-hit), and for four different OTU identity

thresholds (90%, 95%, 97% and 99%) for the cd-hit method. In addition, UniFrac distances were

calculated for rarified datasets within each cluster method and identity threshold (i.e., 100

sequences from the each sample for cd-hit at 97%). In the table the 7 statistics are listed,
followed by the p- value.

Mantel r Statistic and Corresponding p-value
Unweighted Unifrac vs. Environmental Variables
(r Statistic; p-value)

OTU-picking
method/ 0/ Qs
OTU threshold/ M/O"ift"lilre i |Lee%o| MI‘;) (VAI;) Fe (ppm) | %siit
No. sequences PP PP
sampled
uclust/97%/100 -0.05; -0.17, 0.38; 0.59; -0.10; 0.28; 0.004 § 0.48;0.01
0.55 0.96 0.002 0.001 0.71
uclust/97%/280 -0.05; -0.17; 0.43; 0.59; -0.09; 0.27; 0.010 § 0.49;0.01
0.55 0.96 0.003 0.001 0.65
uclust/97%/580 0.003; -0.14; 0.39; 0.56; -0.08; 0.27; 0.005 § 0.49;0.01
0.36 091 0.002 0.001 0.61
cd-hit/97%/100 -0.05; -0.15; 0.42; 0.59; -0.10; 0.28; 0.007 § 0.44;0.01
0.53 0.92 0.004 0.001 0.71
cd-hit/97%/290 -0.04; -0.17; 0.40; 0.56; -0.11; 0.24; 0.008 § 0.41;0.02
0.48 0.96 0.003 0.001 0.73
cd-hit/97%/575 -0.04; -0.12; 0.35; 0.53; -0.08; 0.25;0.006 § 0.39; 0.02
0.54 0.87 0.008 0.003 0.63
cd-hit/90%/100 -0.07; -0.17; 0.43; 0.58; -0.15; 0.27; 0.006 § 0.42;0.01
0.67 0.97 0.004 0.001 0.92
cd-hit/90%/360 -0.05; -0.16; 0.38; 0.57; -0.06; 0.27;0.007 § 0.43;0.02
0.55 0.93 0.007 0.001 0.55
cd-hit/90%/630 -0.04; -0.13; 0.38; 0.55; -0.07; 0.25;0.008 § 0.45;0.01
0.52 0.88 0.004 0.001 0.60
¢d-hit/90%/990 -0.03; -0.11; 0.35; 0.53; -0.07; 0.26; 0.008 § 0.42;0.01
0.47 0.84 0.009 0.002 0.62
cd-hit/95%/100 -0.01; -0.15; 0.41; 0.58; -0.16; 0.25;0.006 § 0.38; 0.03
0.40 0.92 0.005 0.001 0.92
cd-hit/95%/420 -0.01; -0.18; 0.41; 0.56; -0.03; 0.27; 0.007 § 0.42;0.02
0.40 0.97 0.005 0.001 0.43
cd-hit/95%/740 -0.03; -0.13; 0.39; 0.56; -0.07; 0.28; 0.005 § 0.42;0.02
0.49 0.87 0.003 0.001 0.57
cd-hit/99%/100 -0.11; -0.19; 0.39; 0.58; -0.06; 0.29; 0.003 0.50;
0.81 0.97 0.005 0.001 0.57 0.004
cd-hit/99%/210 -0.06; -0.15; 0.36; 0.54; -0.09; 0.24;0.011 0.49;
0.59 091 0.009 0.001 0.67 0.003
cd-hit/99%/320 -0.04; -0.13; 0.35; 0.55; -0.09; 0.26; 0.011 § 0.46;0.01
0.48 0.87 0.003 0.001 0.68
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Figure A.1. Collector’s curves for the Chao 1 richness estimator and Shannon diversity index for
two different OTU-picking methods. These curves show that the alpha diversity of a majority of
the samples approaches an asymptote, and there is a wide range in the alpha diversity of the
samples.
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