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ABSTRACT

RIVER BANK INDUCEMENT INFLUENCE ON A SHALLOW GROUNDWATER
MICROBIAL COMMUNITY AND ITS AFFECT ON AQUIFER REACTIVITY

by

Natalie Gayner

The University of Wisconsin-Milwaukee, 2018
Under the Supervision of Professor Ryan J. Newton, PhD
Placing groundwater wells next to riverbanks to draw in surface water, known as
riverbank inducement (RBI), is common and proposed as a promising and sustainable practice
for municipal and public water production across the globe. However, these systems require
further investigation to determine risks associated with river infiltration especially with rivers
containing wastewater treatment plant (WWTP) effluent. Since microbes drive biogeochemical
transformations in groundwater and largely affect water quality, it is important to understand
how the microbial communities in drinking water wells are affected by river infiltration. This
study investigated if, and to what extent, the microbial community in a shallow groundwater
aquifer in southeastern Wisconsin is affected by river infiltration. The study area includes an
active RBI well, a previously active RBI well, a pristine background well, and the Fox River in
Waukesha, WI. After targeting both DNA and RNA for V4 16S rRNA gene sequencing, the
results show the microbial community compositions of the groundwater sites significantly differ
from each other and from the Fox River. Microbial community compositions correlated with

Total Dissolved Phosphorus (TDP) and Total Nitrogen (TN). Amplicon sequence variants
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(ASVs) associated with river bacteria were found in all groundwater wells, however, these taxa
were always more abundant in the active RBI well with similar distribution patterns to the river.
The aquifer microbial community composition was over 50% Unclassified organisms. Some
ASVs showed evidence of intron splicing in the 16S rRNA gene, a rarely recorded feature in
bacteria. The aquifer microbial communities also contained common subsurface organisms and
recently discovered CPR and DPANN superphyla organisms. The taxa affiliations suggest
heterotrophic, fermentative, and symbiotic lifestyles, and suggest anaerobic metabolisms related
to nitrate and sulfate reduction. Microbial affiliation results are consistent with free energy flux
predictions for the groundwater wells. Lab experiments indicated the water itself may be C
limited and that additional nitrate from river infiltration may initially accumulate in the system,

which could impact required water treatment processes.
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CHAPTER 1 - INTRODUCTION

Groundwater aquifers are an important agricultural, industrial and domestic drinking
water source, and in the U.S., they account for 25% of all freshwater used. The deep aquifer in
southeastern Wisconsin has supplied residents, like those in Waukesha, with water for the last
100 years, but it is contaminated with naturally occurring radium. Over pumping has depleted the
deep aquifer and impacted radium concentrations, sometimes reaching to more than three times
EPA radium limits. Waukesha currently treats this water by partial removal of radium and
blending deep aquifer water with radium free groundwater from a shallow aquifer. However,
given their close connection to the surface, shallow groundwater aquifers are often altered by
anthropogenic activities in the watershed and are also susceptible to depletion from over
pumping. To counter depletion, Waukesha placed two shallow groundwater wells near the Fox
River to induce flow from the river into the wells, hence they are called river bank inducement
(RBI) wells. However, the Fox River receives wastewater treatment plant (WWTP) effluent
upstream of the wells, and these RBI wells now receive river water containing WWTP effluent
with associated ions, nutrients, and chemical constituents. Since microorganisms catalyze
chemical transformations and largely influence groundwater chemistry, it is important to
understand how the additional input from the Fox River affects these shallow groundwater
aquifer microbial communities and thus water chemistry.

The purpose of this study was to determine if the microbial community of a shallow
groundwater aquifer relates to altered water composition in river-impacted RBI wells as
compared to a well that does not induce river infiltration. This study aims to investigate the first
piece of a larger question of identifying athropogenically driven changes to the metagenome of a

shallow groundwater aquifer and its effects on aquifer reactivity. Determining the metagenome



includes both 1) identifying the microbial community composition by targeting the specific 16S
ribosomal ribonucleic acid (rRNA) gene and 2) recovering and analyzing all genetic material to
determine the genetic functional potential in the groundwater environments. This study fully
addresses part (1) of this larger question by characterizing changes in the microbial community
composition and organism affiliated functional potential related to altered nutrient and ion
compositions between pristine and river-impacted RBI wells. Part (2) was not analyzed for this
study due to developing and new practices related to groundwater studies. Methods for
processing samples (i.e. sample collection, genomic DNA (gDNA) extraction, gDNA
concentration, and gDNA purification, etc.) for metagenomic analysis were still under
development and optimization due to low microbial biomass recovery from relatively high
volumes of groundwater. However, the metagenomic genetic material was recovered and
extracted for future processing, applications, and analysis. Newly established techniques were
applied, and microbial 16S amplicon sequence data was paired with geochemical data to address
the aims of this study. Furthermore, the influence of increased nitrate with varying phosphate
concentrations was examined in laboratory experiments to further characterize the microbial
response to altered nutrient conditions in previously unaffected groundwater. It is most probable
that nitrogen in the form of nitrate would be the primary macronutrient entering the groundwater
well sites due to the geology and chemistry of the river and RBI wells (Grundl, personal
communication 2018). The information acquired in this study expands the existing knowledge
of groundwater microorganisms, biogeochemical processes, and may help inform decisions for

water treatment processing.



1.2 — Background and Significance
1.2.1 Groundwater Use in the United States
Groundwater aquifers, a significant water source in the United States, supplied
approximately 43.6 million Americans with self-supplied domestic freshwater in 2010.
Groundwater withdrawals made up 22% of all US water withdrawals in 2010, and of that, 96%
came from freshwater aquifers (USGS, 2017). Out of all water withdrawals in the US in 2010,
groundwater made up:
e 19% of industrial (2,950 million gallons/day)
e 37% of public supply (15,700 million gallons/day)
e 47% of all irrigation (49,500 million gallons/day)
e 60% of all livestock (1,200 million gallons/day)

e and 73% of mining (3,900 million gallons/day) (Maupin & Kenny, 2010).

1.2.2 Groundwater in Southeast Wisconsin

In Wisconsin, almost two thirds of people get their drinking water from groundwater
(DNR, 2017), but groundwater sources in Wisconsin risk the potential of anthropogenic and
natural contamination, as well as depletion from over-use. The radioactive element radium is
found naturally in the bedrock of eastern Wisconsin and contaminates water in Wisconsin’s deep
unconfined aquifer. There are two classifications of groundwater aquifers—confined and
unconfined. Confined aquifers, deeper than unconfined, lay between two layers of impermeable
rocks (Smith et al., 2012). Unconfined aquifers, the focus of this study, are closer to the surface
than confined aquifers with permeable sediments allowing infiltration and seepage from the

surface and can be easily impacted by anthropogenic contamination (Smith et al., 2012).



Radium consumption leads to accumulation in bones and tissues resulting in cancer, teeth
deterioration, and anemia. Yet, water demands continue to rise with increasing populations
which results in deeper drilling of wells and inadequate regulation on over pumping (McCoy,
2016). This practice has depleted high capacity groundwater well supplies and impacted radium
concentrations up to three times EPA limits in some cases (CH2M HILL, 2013; Grundl and
Cape, 2006; McCoy, 2016).

Communities like Waukesha, W1, the study area of interest, have battled radium
contamination in their water for decades and need alternatives for safe and clean drinking water
especially as the population expands. Waukesha treats radium contamination by partial removal,
which can be costly, and by blending this deep contaminated water with shallow radium free
groundwater (CH2M HILL, 2013). However, shallow groundwater in unconfined aquifers risks
external contamination (Smith et al., 2012) and depletion from over-pumping.

1.2.3 River Bank Inducement Wells in Waukesha, WI

Placing groundwater wells next to riverbanks has been a common practice since the
1870’s in Europe and for the last 60 years in the United States for industrial and public water
supplies (Ray et al., 2002; Shamrukh and Abdel-Wahab, 2008). This practice allows for
riverbank filtration into pumping wells by inducing water flow from the river (Ray, 2008; Ray et
al., 2002). This method has been proposed as a promising and sustainable technology for
municipal and public water production across the globe (Ray, 2008; Shamrukh and Abdel-
Wabhab, 2008). It has largely been assumed that this practice will filter out pollutants and
contaminants for municipal and drinking water wells. However, it has been shown that river
filtration does not always produce well water that conforms to drinking water standards (Ray et

al., 2002; Singh et al., 2010). Also, effluent-dominated streams that have strong hydrologic



connections between surface and shallow-groundwater can transport contaminants into shallow
groundwater, and these systems require further investigation to determine risks associated to
contaminant infiltration (Bradley et al., 2014; Ray, 2008; Weiss et al., 2005).

Shallow wells have been drilled in Waukesha near the Fox River to induce flow from the
river. This practice was meant to increase water yields from the wells and reduce depletion by
quickly recharging the wells with river water as shown in (Fields-Sommers, 2015). Typically,
groundwater flows into surface water bodies, but if the water table is lowered by pumping, flow
is reversed and surface water is drawn into groundwater. These wells, termed River Bank
Inducement (RBI) wells, are susceptible to external pollutants entering from surface water. Two
shallow groundwater wells placed next to the Fox River in Waukesha now receive river water
input containing upstream wastewater treatment plant (WWTP) effluent (shown in Fig. 1). It is
unclear how this WWTP effluent and river water infiltration will impact microbial communities

and thus water quality in these municipal wells.

1.2.4 Microorganisms in Groundwater

Microbes carry out the majority of chemical reactions in nature and largely drive the
geochemical reactions in subsurface systems (Kirchman, 2012). Microorganisms greatly
influence elemental and nutrient cycling in groundwater by turning over matter and energy
because of the low oxygen levels, lack of sunlight, and lack of external energy sources (Smith et
al., 2012, Kirchman, 2012). These organisms and transformations can impact water quality in
surface water, groundwater and even concentrations of trace gases in the atmosphere (Long et
al., 2016).

In recent years, the use of genome sequencing technologies has discovered previously

unknown microorganisms from subsurface and groundwater environments has greatly expanded



the tree of life (Hug, Baker, et al., 2016). However, biogeochemical models lack representation
from the subsurface and relatively little is known about groundwater microorganisms (Hug et al.,
2016; Long et al., 2016). Many of these novel and recently discovered microbes show limited
metabolic capabilities suggesting many groundwater organisms perform “metabolic handoffs”
where most organisms do not singly contain machinery necessary to carry out multiple
sequential redox transformations. These microbes have ultra-small cell and genome sizes
(Anantharaman et al., 2016; Castelle et al., 2015; Long et al., 2016). It appears these microbes
drive biogeochemical cycling through symbiotic relationships. Different microbes can be
selected to implement certain redox pathways as environmental conditions alter, and thus, steps
in major biogeochemical cycles can also be altered (Anantharaman et al., 2016). Since resource
input is limited and the apparent syntrophic nature of these organisms, any change can impact or
shift microbial composition and metabolism (Hemme et al., 2015) and thus affect water quality.
It’s unclear if and how the biogeochemical cycles and microbial groups will be altered in these
shallow aquifer drinking water wells from river water infiltration containing WWTP effluent.
The overall objective of this study is to determine if the microbial community
composition, organism affiliated functional potential, and aquifer reactivity of previously pristine
groundwater is altered by river infiltration containing WWTP effluent, and then to characterize
any change related to river water infiltration. Newly established metagenomic techniques were
utilized, and microbial data was paired with geochemical data to address these questions to
expand current knowledge related to groundwater systems. It is necessary to understand
anthropogenic impact on aquifer systems to secure sustainable and high quality drinking water
resources. It is important to understand the effects of river water infiltration into RBI wells on

the native microbial communities and implications for water quality especially since RBI wells



have been proposed as promising and sustainable water supplies worldwide. This study can serve

as a model system for RBI impacts on water quality in groundwater wells.

1.3 Study System

There are three
groundwater wells in a shallow
sand and gravel aquifer located
near the Fox River in Waukesha,
Wisconsin. Up to 40% of the
Fox River’s flow comes from
upstream wastewater treatment
plant (WWTP) effluent (Fields-
Sommers, 2015). Two RBI
wells are 225 feet and 83 feet
from the Fox River and the

third well is approximately
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Figure 1: Geographic locations of the study site in Waukesha, WI along the Fox
River. Wastewater treatment plant (WWTP) effluent flows into the Fox River upstream
of the wells. W12 actively draws in river water as an RBI well. W11 previously was an
RBI well but no longer actively pumps at rate which draws in river water. Background
well W13 is considered pristine.

1,500 feet from the river. The wells are screened between 60-150 feet (18-45 meters) below

surface. The Wisconsin Department of Natural Resources (WDNR) unique well numbers are

RL255 (W11) and RL256 (W12) for the two RBI wells, and WK947 (W13) for the background

well. Throughout the rest of the text, the wells will be referred to by their Waukesha numbers—

W11, W12, W13. Previous research indicated the two RBI (W12 and W11) wells are infiltrated

by river water while the third we

11 (W13), is not impacted by river water. RBI well W12 actively

pumps and thus actively draws in river water and is currently impacted. RBI well W11 has



recently reduced its pumping, potentially drawing in less Fox River water, but was previously
impacted when it was actively pumping. The background well W13 actively pumps, but is
considered pristine compared to the other two sites with no hydrologic connection to the river

(Fields-Sommers, 2015). The layout and geography of the well sites are shown in Fig. 1.

1.4 Previous Research

The goal of previous research was to determine existing and potential influences of river
bank inducement, recharge mechanisms of the well field, and to discriminate the sources of
sodium and chloride entering the well field. Previous research indicates that the two river bank
inducement (RBI) wells W11 and W12 pump up to 40-60% Fox River water (Fields-Sommers,
2015). Artificial sweeteners, which are highly concentrated in WWTP effluent, were determined
to be the most mobile of emerging contaminants and found to be a reliable tracer and indicator of
river water infiltration in the RBI wells W11 and W12. Specifically, sucralose had substantially
higher concentrations in W12 and W11 than pristine W13 with even higher concentrations in the
Fox River and the highest concentrations in WWTP samples, demonstrating river infiltration in

the two RBI wells (Fields-Sommers, 2015). These values are displayed Fig. 2.
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Figure 2: Sucralose Concentrations (ng/L) in the Fox River, W11, W12, and background well W13 (left to right). Single
measurements froml liter single samples from the spring of 2015 were performed at UW-Steven’s Point Water and

Environmental Analysis Lab (WEAL). The detection limit was 25 ng/L and methods used are described previously (McGinley et

al., 2015). Adapted from Fields-Sommers (2015).

Also, increasing concentrations of sodium and chloride in W11 and W12 over time
indicated infiltration from the Fox River, which is sodium and chloride rich from WWTP
effluent. Chloride and sodium levels in the pristine well remained constant and lower over time
than in the RBI wells W11 and W12 which continued to rise as pumpage decreased over time.

Figure 3 displays concentrations of ions (left axis) and pumpage trends (right axis) over time in

years for each well.
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Figure 4 Heatmap illustrating the relative abundance of bacterial families (only families
present at >2% of the community composition in at least one sample depicted). Preliminary
16S rRNA gene community composition relative abundances of one sample each reveal the
dominant families between WWTP, Fox River, and RBI well W12 vary across sites.

16S rRNA gene sequencing
indicated distinct microbial
community differences between the WWTP, Fox River, and RBI well W12. This can be seen in
Figure 4 which is a heatmap of the most abundant taxa from a WWTP sample, Fox River
sample, and RBI well W12 sample. The dark purple shows a relative abundance of 0 and shows
that the RBI well microbial community is distinct from the WWTP and river sample. Also, no
fecal tracer bacteria—~Bacteroidales, E. coli, Enterococci, Lachnospiraceae, and Ruminant—
were found in the RBI well after qPCR analysis (Fields-Sommers, 2015). This preliminary
analysis suggested that microorganisms are not moving through the soil matrix from the Fox
River into the shallow groundwater. Only river water and its mobile chemical constituents would

be entering the RBI wells affecting microbial communities.
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CHAPTER 2 — RIVER INFILTRATION EFFECTS ON THE SHALLOW

GROUNDWATER AQUIFER MICROBIAL COMMUNITY

Specific Aim 1: Identify and characterize microbial communities and geochemical
reactivity in pristine and river-infiltrated portions of a shallow sand and gravel
groundwater aquifer to determine differences related to infiltration.
1a) Collect and sequence microbial RNA and DNA and analyze the V4 hypervariable
region of the 16S ribosomal RNA (rRNA) gene to identify and compare microbial
community compositions at non-river impacted groundwater, river-infiltrated
groundwater, and river sites.
1b) Determine and compare 16S ribosomal RNA:DNA ratios to infer protein synthesis
potential for specific community members and between samples and sites.
1¢) Collect and analyze geochemical data in each well to identify and determine
thermodynamically favorable reactions from free energy yield calculations.
Specific Aim 2: Characterize microbial community response to altered nutrient
additions with varying Nitrogen:Phosphorus ratios.
2a) Based on the geochemical compostion of the wells from Specific Aim 1c, perform
bottle experiments with varying N:P ratios to determine the microbial response to

increased nitrate concentrations.

2.1 Background

Microbial community composition data typically indicates which microorganisms are

present and in what relative abundances. This data essentially describes “who” is there, “who”
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may be impacting ecosystem-level element and nutrient cycles the system, and how
environmental conditions may impact community structure. Anoxic environments are unique and
contain highly specialized microbial communities (Vigneron et al., 2018). Some organisms, like
certain orders of Proteobacteria such as Burkholderiales, have been associated with nutrient
poor conditions in post-WWTP sediments (Atashgahi et al., 2015). However, if nutrient
conditions become altered, the community composition and function of the ecosystem could be
altered could change. Studies using multivariate analyses to study the relationship between
environmental parameters and microbial communities in a hyporheic zone show that microbial
community composition correlates to nutrient loads and/or oxygen concentrations (i.e. organic
carbon, nitrogen, DOC, TOC, TN, and Oxygen) (Atashgahi et al., 2015).

Subsurface microorganisms utilize, as well as generate, biogeochemical gradients.
Through genome resolution, specific microbial community members have been identified and
associated with specific transformations in nutrient and biogeochemical cycles like in carbon,
nitrogen, and sulfur cycles in the terrestrial subsurface (Brown et al., 2015; Long et al., 2016).
Environmental and nutrient alterations from the river to these low oxygen, low nutrient
groundwater ecosystems in any capacity may significantly alter the microbial community
composition, biodiversity, and resulting ecosystem-relevant functions carried out by a new
microbial community state.

Community composition can be determined using microbial 16S ribosomal RNA (rRNA)
gene sequencing (Pace et al., 1986). Ribosomal RNA mediates protein synthesis as part of the
ribosome. rRNA is found in all known living organisms and has remained highly conserved
throughout evolutionary history. In microorganisms, there are variable regions specific to

different taxa within the conserved regions of the rRNA gene, making it a good molecular
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marker to target and identify phylogeny and taxonomy. The hypervariable V4 region was
targeted to capture both archaeal and bacterial microorganisms (Parada et al., 2016; Walters et
al., 2016). By combining community composition and geochemical data from the pristine and
impacted well sites (Specific Aim 2b) we were capable of identifying parameters that impact
microbial communities in these groundwater wells.

Recently, a large set of previously unknown microorganisms have been discovered from
groundwater, and this discovery greatly expanded the tree of life (Hug, Baker, et al., 2016). Most
of these previously unknown organisms were identified using 16S rRNA gene sequencing and
shotgun metagenomic genome sequencing. These organisms, largely derived from anoxic
subsurface samples, make up the archaeal DPANN superphylum and bacterial Candidate Phyla
Radiation (CPR) in the new tree of life (Castelle et al., 2015; Eme & Doolittle, 2015; Hug,
Baker, et al., 2016; Liu et al., 2018; Rinke et al., 2013). Candidate phyla that lack isolated
representatives are expected to contribute to, and moderate nutrient cycling. It has been noted,
the rRNA genes of many CPR organisms contain self-splicing introns and encode proteins. Since
this is a rarely recorded bacterial characteristic, most of these organisms would not be detected
through common cultivation-independent methods (Brown et al., 2015), such as standard
methods of only targeting the 16S rRNA gene (i.e. the DNA encoding for the transcribed
ribosomal RNA, in 16S rRNA gene sequencing for microbial community composition surveys).
For this reason, this study targeted both the microbial ribosomal RNA (RNA) and the microbial
ribosomal RNA gene (DNA) by simultaneously extracting RNA and DNA to generate 16S
rRNA and 16S rRNA gene sequence data.

Given that many groundwater microorganisms have unusual 16S rRNA gene sequences,

the approach of targeting both the DNA and RNA captures more microbial community members
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than solely targeting the DNA alone. Also, 16S ribosomal RNA:DNA ratios can be used to
estimate and compare protein synthesis potentials (PSP) of specific taxa across temporal,
sampling, and location differences (Denef et al., 2016). In theory, comparing any change in 16S
rRNA copies to rRNA gene copies (16S rRNA:DNA ratios) within a specific organism/taxa,
indicates how a specific taxa’s PSP changes under different conditions, since 16S rRNA is part

of the ribosome, which mediates protein synthesis.

2.2 Methods

2.2.1 Sample Collection

Water samples were obtained through Waukesha Water municipal pump houses. Wells
were pumped prior to arrival and each system was first flushed for approximately 5-10 minutes
before sample collection in order to obtain groundwater that was not previously remaining in the
pipes. Water was collected in autoclaved 1 and 2 liter Nalgene containers that were first rinsed
with sample water and transferred to the filtration system. Samples were filtered on site and flash
frozen in liquid nitrogen due to the fast degradation/alteration rate of RNA. Two peristaltic
pumps were used to filter 2-3 L of groundwater in replicate from each of the three aquifer well
sites. The sample volume varied depending on filtration time. The filtration time was capped
after approximately 30 minutes to minimize RNA degradation and alteration. Samples were
filtered sequentially through an in-line filtration system on polyether sulfone (PES) Millipore 47
mm diameter filters with uniform pore sizes of 3 um, 0.2 pm, and 0.1 pm. Approximately 300
ml of Fox River water was filtered sequentially through 3 um, 0.2 um, and 0.1 pum filters as well.

The 3 pum filter was used as a pre-filter to reduce clogging from particles to increase water flux
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and microbial capture. The 3 um pre-filters also removed particle attached microorganisms and
the 0.2 pm and 0.1 pum filters were used for data analysis on the free-living microorganisms. 1-
10 ml of 3 um filtrate and 0.2 um filtrate were collected and fixed with 4% or 21 %
formaldehyde (final concentration 1-2% formaldehyde) for cell enumeration using DAPI
fluorescent stain and microscopy (Porter and Feig, 1980). Filters were stored in sterile pre-
labeled screw cap 2 ml tubes and placed in liquid nitrogen immediately after filtration in the
field. Upon returning to the lab at the School of Freshwater Sciences, samples were placed and

stored in the -80 °C freezer until processing for nucleic acid extraction.

2.2.2 Lab Methods

Simultaneous DNA and RNA extraction was performed with Qiagen’s AllPrep
Powerviral DNA/RNA kit with modified prerequisite and elution steps (located in Appendix B).
Promega’s RQ1 RNase-Free DNase (Cat #M6101) and GoScript™ Reverse Transcription
System were used to treat RNA samples and reverse transcribe RNA to complementary DNA
(cDNA). The reverse primer 806Rb for the v4 16S rRNA gene region was used in the cDNA
synthesis (806Rb — GGACTACNVGGGTWTCTAAT) (Apprill et al., 2015). Polymerase Chain
Reaction (PCR) was used to target and amplify the V4 16S rRNA gene region in the DNA and
cDNA samples using 515Fb (Parada et al., 2016) and 806Rb primers with Invitrogen’s™
Platinum™ Taq DNA Polymerase. Samples were run in triplicate PCR reactions and later pooled
before sequencing. 5 pl of one PCR reaction out of the three triplicates for each sample was
screened using gel electrophoresis to verify amplification and DNA fragment size. A modified
reconditioned/nested PCR protocol was used when one normal PCR cycle (25 pl reaction

volume, 1 pl template, 30 cycles) was not sufficient for sample amplification. In the
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reconditioned PCR, two consecutive PCR’s were carried out. The first PCR had a smaller
reaction volume with a shorter cycle period but still 1 ul of template (15 ul reaction volume, 10
cycles, 1 ul template). Then, 1 pl of the reconditioned PCR was used as template in the full PCR
(25 pl reaction volume, 30 cycles, 1 ul of template). A negative control was also run in all
thermocycling runs. Reaction components, volumes, concentrations are described in the table

below.

Table 1: PCR Conditions. The normal PCR conditions are listed as well as the reconditioned PCR conditions when one normal
PCR was not sufficient for amplification

Master Mix of Working Normal PCR Reconditioned
PCR Components Concentration PCR
Reaction Volume - 25 15
PCR Cycles - 30 10
10x Buffer for
Sl 10x 2.5 uL 1.5 uL
F Primer 5 uM stock 1 uL 0.6 uL
R Primer 5 uM stock 1 uL 0.6 uL
50 mM MgSO4 50 uM 1 uL 0.6 uL
10 mM dNTP Mix 10mM 0.5 uL 0.3 uL

Platinum Taq

Polymerase 5 U/uL 0.1 uL 0.06 uL

Table 2: Thermocylcer PCR Conditions for v4 16S rRNA Gene Amplification

PCR Thermocycler Conditions

1 Initial denaturation 94°C 5 minutes

2 Denature 94°C 30 seconds

3 Anneal 50°C 45 seconds

4 Extend 72°C 60 seconds
Repeat 2 — 4 30x, or 10x for first reconditioned PCR step

5 Final Extension 72°C 2 minutes

6 Hold 10°C Hold

Agencourt AMPure XP magnetic bead kit protocol was used to clean and purify pooled
triplicate PCR products before samples were library prepped. The protocol was followed per

manufacturer’s instructions with the exception that bead volume was reduced from 1.8 ul
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AMPure XP beads per 1 pl of sample to 0.8 pl AMPure XP beads per 1 ul of sample (i.e. 56 pl
of AMPure XP beads were used with 70 ul PCR samples). Samples were sequenced using the
[Mlumina MiSeq 2 x 250 bp chemistry at the Great Lakes Genomics Center (GLGC). Two plates
were run for sequencing. The first plate consisted solely of groundwater samples as well as a
mock community (Appendix I) and a blank. The second plate contained all 22 of the river
samples (11 RNA and 11 DNA) with 10 groundwater samples (5 RNA and 5 DNA). The HM-
782D Microbial Mock Community B from BEI Resources containing genomic DNA from 20
known bacterial strains consisting of equimolar rRNA operon counts (Appendix I) was
sequenced for quality control on both sequence plates. A blank, comprising of extraction and
PCR blanks, was also sequenced for quality control (McCarthy et al., 2015).

Geochemical data was collected and analyzed by Madeline J. Salo from the Department
of Geosciences, UW-Milwaukee. Parameters that change rapidly were measured in the field.
These include DO, electrical conductivity, temperature, alkalinity, ferrous iron, and pH (Salo,
2018). Major ions were analyzed utilizing an ion chromatograph for anions and atomic
absorption spectrometer for cations including: chloride, nitrate, phosphate, sulfate, calcium,
sodium, magnesium, and potassium (Salo, 2018). Nutrients including nitrogen species (nitrate,
nitrite and ammonium), total dissolved phosphorus, and H,, CH4, and CO; were analyzed as
described in Salo (2018). Thermodynamically relevant reactions and free energy yield
calculations were also performed by Madeline J. Salo. Geochemical data was paired as
environmental conditions to predict and indicate trends and variance in the microbial community

composition data.
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2.2.3 Community Composition Sequence Data Processing

16S rRNA gene sequence data was processed in-house, with Mothur (Schloss et al.,
2009), and DADAZ2 (Callahan et al., 2016). Low quality sequences, according to illumina
standards, were filtered out. [llumina primers were removed utilizing cutadapt (Martin, 2011).
DADAZ2 was used to merge reads, denoise sequence reads, and remove chimeras to create an
amplicon sequence variant (ASV) table. Mothur was used to remove primers from merged reads
that were binned incorrectly as Forward and Reverse, and these were added to the existing ASV
count table. Mothur was used to remove sequences that were 5% shorter or longer than the
median length of all sequences, which was 253 bp. Read lengths of 240-266 bps were kept.
These reads were used to produce the final ASV count table. Sequence data was classified using
SILVA v132. Taxonomy was added to sequences with the following parameters in Silva v132:
minimum identity fight query sequence 0.9, reject sequences below identity 70%, Ref NR,
SILVA taxonomy, serch-kmer-candidates 1000, ica-quorum 0.8, search-kmer-Ine 10, search-
kmer-mm 0. Once taxonomy was assigned, ASVs associated with the Mock community showing
up in the samples were removed. The negative control was used to remove any ASVs in well
samples with a lower mean count as compared to the negative control. Any taxa classified as
mitochondria or chloroplast were removed, however there were none in this case. Since two
sequence runs were performed, the second sequence run consisting of 10 groundwater samples
and all of the Fox River samples was processed as described above. At the end of processing
both sequence data sets, the ASV and count tables were merged into one matrix.

Data was analyzed and visualized using R (R Development Core Team, 2016). After
performing sequence data processing and rigorous quality control using DADA2 with an error

rate of 0%, the sequence dataset (RNA and DNA, 0.2um and 0.lum fractions, from W11, W12,
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W13, and Fox River sites) included 51,331 unique amplicon sequence variants (ASVs), or taxa.
Further processing in R removed sequences occurring at a relative abundance less than 0.01% in
each sample (a relative abundance equal to 0.0001). The threshold of 0.01% was chosen to be
stringent enough to remove cross contamination sequences (i.e. “sequence walking/migrating” in
the Illumina flow cell during sequencing), but to also allow for rare community members to be
included. Furthermore, the taxa that are in low abundances have little influence to overall
community patterns.

Subsampling all data to the lowest sample can also be done to rarefy data for comparison
(Weiss et al., 2017). However, known data is removed arbitrarily and this method can still cause
noise in the dataset rather than eliminate it (Willis, 2017). Also, a specific count number could
have been chosen as a threshold. This practice would allow the cutoff to have a different
weight/significance per sample depending on the sequencing depth of each sample. This would
cause differences across samples (i.e. a cutoff of a sequence count of 25 in one sample could be
25/25,000 or 0.1%, vs. 25/250,000 or 0.01% in another sample).

For this dataset, the highest total number of sequence counts for a given sample was
219,404 (0.1um W13 DNA 7/20/17) and the lowest total number of sequence counts for a
sample was 27,232 (0.2 um Fox River RNA 7/18/17). Given the lowest sample count in this
dataset, the lowest cutoff could be 1/27,232 (0.003%). In order to be more stringent and to
remove noise related to whether sample presence, the 0.01% threshold was chosen. This was also
done under the assumption that contamination scales with sequencing depth. In this way, the

dataset was cut down from 51,3331 to 21,910 unique amplicon sequence variants for analysis.
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2.3 Analysis, Results & Discussion

2.3.1 Chemical & Thermodynamic Results

Chemical parameters and average measured values for the period Nov. 2016 through Jan.

2018 are shown in Table 3.

Table 3: Composite Water Quality Data for the Three Shallow Groundwater Sites.

WDNR Unique Well Number
Parameter Units RL255 RL256 WK947
W11 W12 W13
Temperature °C 10.42 +£1.28 10.61 £0.21 10.5+0.14
pH 6.98 +£0.13 6.99 £0.18 7.06 +0.62
Calcium mg/L 93.12 + 25.56 90.48 +19.63 83.71 £ 12.56
Chloride mg/L 21848 +£57.18 201.28+59.36  97.24 +33.32
Magnesium mg/L 54.93 + 1.69 53.32+2.22 56.71 +3.97
Potassium mg/L 33+0.76 3.16 £0.45 2.56 £0.48
Sodium mg/L 101.43 £4.8 81.1 +£3.35 39.79 + 1.46
Dissolved oxygen mg/L 0.18+0.31 0.15+0.16 0.14+0.17
Ferrous Iron mg/L 0.1 0.1 0.1
Ammonium mg/L 0.001 £0.002 0.07+0.01 0.03 £0.01
Nitrate mg/L 1.49 +1.07 0.3+0.7 1.74 £1.15
Nitrite mg/L 0.05+£0.02 0.003 + 0.002 0.04 +£0.01
Sulfate mg/L 64.11 +£19.56 68.17 £ 14.55 96.9 £ 11.06
Sulfide mg/L 0.1 0.1 0.1
Total dissolved phosphorus mg/L 0.002 + 0.001 0.004 + 0.002 0.003 £ 0.001
Dissolved organic carbon mg/L 0.49 +0.32 0.93 +0.27 0.93 +£0.37
Bicarbonate L 420.68 + 462.25 + 411.26 £
164.44 112.14 104.72
Hydrogen umol/L  0.002 +0.0004  0.005+0.003  0.004 + 0.0004
Methane umol/L  0.007 £+ 0.002 0.417+0.19 0.043 +0.022

Free energy calculations were performed using 23 biogeochemical reactions to assess the

potential metabolic pathways being carried out by the microbial consortia. The reactions include

the groundwater constituents used in this study and are commonly driven by microorganisms in

groundwater systems (Davidson et al., 2011; Lisle, 2014). Reactions are listed in Table 4.
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Table 4: Balanced Biogeochemical Reactions

Reaction Number

Reaction

—_— —
N R R e Y N O N

VO T NG TN NG T NS T S e N e =
W N — O O 03N i W I

CH, + SO4* — H,0 + HCO5 + HS
Acetate + NO3” + H,O — 2HCO3™ + NH;
4H, + 1.6NO; + 1.6H — 0.8N, + 4.8H,0
Acetate + 1.6NOs™ + 0.6H" — 2HCO; ™ + 0.8H,0 + 0.8N,
4H, +NO; + H" — NH; + 3H,0
Acetate + SO4~ — 2HCO; + HS’
4H, + H" + SO~ — HS + 4H,0
4Acetate + 4H,0O — 4CH4+ 4HCO5”
4H, + H + HCO3 — CH4 + 3H,0
4H, + H" + 2HCO; — Acetate + 4H,0
Acetate + 8Fe(OH); + 15H" — 8Fe," + 20H,0 + 2HCO3
HS™ + 8Fe¢(OH); + 15H" — SO4* + 8Fe”" + 20H,0
4H2 + 202 — 4H20
Acetate + 20, — 2HCO; + H"
CH4 + 20, — HCO5™ + H + H,O
HS +20, — SO~ +H'
(*/3)NH; + 20, — (3)NO, + (*/3)H" + (V3)H,0
H,S + 4NO; — SO, +4NO, + 2H"
3H,S + 4NO, + 2H" + 4H,0 — 3S04> + 4NH,"
(*/5NH," + 20, — (*5)NOy + (*/5)H + (*/5)H,0
4N02- + 202 — 4NO3-
8Fe”" + 20, + 20H,0 — 8Fe(OH3) + 16H"
NOs + 4H, + H" — NH; + 3H,0
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Figure 5: Nutrient and ion chemistry ordination from NMDS and Euclidean distance matrix from nutrient and ion data for the
three wells. The length and angle of the arrow corresponds to date correlation. The groundwater samples displayed depict ion
and nutrient chemistry data as a whole. Sample well sites are displayed with each color and were determined to be significantly
different from one another based solely on chemistry data. The arrow indicates time had a correlation to the differences in the
nutrient and ion composition of the groundwater samples.

To understand how the wells compared to one another based on chemistry as a whole
(Fig. 5), a Euclidean distance matrix was developed for the nutrient and ion data (nitrate, nitrite,
ammonia, TDP, calcium, sodium, magnesium, potassium, chloride, and sulfate [mg/L]) from all
three groundwater sites (W11, W12, W13) that had corresponding samples from 2017-2018. The
data was normalized by Z-score. Non-metric Multidimensional Scaling was used to develop an

ordination of these chemistry samples using the function metaMDS() in the vegan package
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(Oksanen et al., 2013) in R. Based on the nutrient and ion data, it was determined that samples
cluster significantly by site (PERMANOVA p =0.001) and by sample date (PERMANOVA p =
0.004), i.e. location and temporal effects were significant. Overall, it was shown that based solely
on chemistry ion and nutrient data as a whole, the well sites differed significantly from each
other (Fig. 5), even though the values do not appear to vary vastly between sites (Table 3). Also,
a temporal component significantly correlated with the differences in well sites based solely on

nutrient and ion chemistry data as a whole.

2.3.1 Fox River and Groundwater Microbial Community Compositions

The complete dataset of all groundwater and Fox River samples (W11, W12, W13, and
FR) included 21,910 unique ASVs and was used to compare the microbial communities. A
community distance matrix was developed using Bray-Curtis dissimilarity in the vegan package
in R (Oksanen et al., 2013). Non-metric Multidimensional Scaling was used to develop an
ordination of all microbial communities using the function metaMDS() in the vegan package.
Essentially complex data with many dimensions is condensed down into 2D space so that it can
be visualized and interpreted in a meaningful way. The Fox River and groundwater samples
clearly cluster independently from each other as shown in Fig. 6. The microbial communities of
the groundwater wells and the Fox River are distinct from one another and cluster by site

significantly (PERMANOVA p = 0.001).
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Figure 6: NMDS Ordination of Fox River and Groundwater Microbial Community Samples. Each dot depicts the microbial
community of a sample as whole. The colors indicate the location of the sample. The samples from the Fox River and
groundwater sites significantly differed from each other shown by the large split on the x-axis.

Although the microbial communities of the groundwater and Fox River are significantly
different, some microbial community members were present in both the river and groundwater
sites (Fig. 7). Previous preliminary 16S rRNA gene sequencing found no traces of fecal bacteria
in the RBI well W12 suggesting that microorganisms were not entering the RBI well from the

river (Fields-Sommers, 2015). This may not translate for all microorganisms. Although fecal

25



tracer bacteria were not found in the RBI well previously, this could mean that they may not be
present, or they are at low enough abundances to fall below the detection limit.

An analysis of the most abundant river taxa was performed to determine similarities and
differences between the river and wells, shown in Figure 7. The most abundant river ASVs were
classified as typical fresh surface-water microorganisms, and these ASVs were used as tracers of
the Fox River water in the wells. A complete list of these taxa is included in Appendix G. Some
ASVs were not found in any of the groundwater wells, but other ASVs appeared in at least one
well and/or across all sites. All ASVs were in much higher abundances in the Fox River—
approximately 3,000x higher on average with a range of approximately 7x (W12) to 34,000x
(W13), if present at all (Figure 7).

Given that W12 is actively drawing in river water, it was our hypothesis that taxa/ASVs
more commonly associated with the Fox River would be more abundant in W12. The infiltration
results supported this hypothesis. Although all wells contained Fox River indicator ASVs, W11
contained the least with low abundances, and W12 contained the highest abundances of Fox
River indicator ASVs across the wells. W12 also followed more similar trends to the Fox River
distributions, at lower abundances, than W11 and W13, suggesting that Fox River taxa may be
transferring into W12 due to riverbank inducement.

W13 also contained river indicator ASVs in higher abundances than W11 but did not
show similar trends to the Fox River. One explanation could be that these data suggest that the
aquifer system has more of a connection to the Fox River than previously thought. W13 was
considered to have no apparent hydrologic connection to the river, however, these data suggest
that river microorganisms may enter the aquifer and be present in locations not experiencing

river inducement. Another explanation could be that the river taxa are not traveling through the
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soil matrix, but the ASVs of two considerably different microbes have similar sequences. This
would occur if the evolution of the microbe diverged from the evolution of the 16S rRNA gene
due to the slow rate of change in the 16S rRNA gene (Kirchman, 2012).

Overall, this study found evidence of the ASVs associated with river bacteria in all of the
groundwater wells with higher abundances in W12, an active riverbank inducement well. The
fate of river infiltrating microbes is unclear in these groundwater wells and whether they impact

the typical activities carried out by groundwater microbes in the wells.
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Figure 7: River Infiltration Taxa Comparison. The box plots show the total average abundant Fox River sequences for each sub-
category for each location. The Fox River data is on the left and the wells are on the right with each filter size (0.1 and 0.2 um
indicated by 1 and 2 respectively) and nucleic acid fraction (RNA and DNA indicated by R and D). The boxes in the plots show
the 25% to 75% percentiles (or the middle 50% ,called the inter-quartile range or IOR) of the average abundances. The
horizontal line through the IQR box indicates the median. The whiskers show the lowest and highest values no further than 1.5x
IOR away from the IOR, and all other points above/below the IQR are considered outliers. All data points are plotted, however.
Note the y-scales indicating sum abundance are not the same, so the Fox River has a higher abundance of these indicator
sequences. W12 had higher amounts of river indicator ASVs in each fraction of data as compared to the other two wells.

2.3.2 Groundwater Microbial Community Comparison
The dataset consisting of just the groundwater samples (W11, W12, and W13) was used
to compare groundwater microbial communities. In Figure 8, a dendrogram was generated for

the entire groundwater dataset to show similarities and dissimilarity relationships between the
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groundwater samples. The dendrogram (Fig. 8) was generated using hierarchical clustering of
pairwise dissimilarity between samples using Bray-Curtis dissimilarity and the functions
vegdist() and hclust() in the vegan package in R (Oksanen et al., 2013). Essentially the “height”
at which the branches merge at each node is relative to their similarity.

In this dataset of the groundwater sites, the first branch split (right to left) and therefore
the largest factor contributing to the variation in the dataset, or driving a difference in the dataset,
is site location—W 12 is significantly different from W13 and W11 (PERMANOVA p=0.001).
The next factor driving the second largest difference in the dataset is the size fraction
(PERMANOVA P =0.001). The 0.2 um and 0.1 pm communities differ within the dataset. The
next factor driving a difference is location of the sites between W13 and W11. Finally, the last
factor significantly contributing to a difference in the dataset is observed in the RNA and DNA
fractions (PERMANOVA p = 0.001). There was no temporal significance in the distribution of
the groundwater microbial community data shown in Fig. 8 (PERMANOVA p = 0.871).

Essentially, these data indicate that the overall community in W12, the RBI well actively
drawing in river water, differs from W13 and W11, the pristine well and former RBI well that no
longer pumps at a rate that draws in river water. This result could suggest that the former RBI
well that no longer actively pumps and draws in river water is returning to a state similar to the
non-river infiltrated groundwater, assuming it was previously affected like W12 is now. The data
also show that cell size is a significant differentiator in the community and is a bigger factor in
explaining the community variation than the location of W13 and W11. This means, the 0.2 pym
communities in W13 are more similar to the 0.2 um communities in W11 than to the 0.1 pm

communities in W13—the same location—and vice versa.
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Figure 8: Groundwater Microbial Community Dendrogram. NMDS and Bray-Curtis dissimilarity were used to generate a dendrogram demonstrating the differences across
groundwater microbial community samples. The groundwater microbial communities cluster first by well location in that W12 is siginificantly different from the other two wells.
Filter size fraction then cluster together, then W13 and W11 cluster separately, and then RNA and DNA cluster together



These community differences can also be seen in Fig. 9. NMDS was utilized on separate
RNA and DNA Bray-Curtis dissimilarity community matrices to develop ordinations of the
microbial communities for the RNA and DNA groundwater communities separately to further
distinguish these differences (displayed in Figure 9). In both the RNA and DNA ordinations, the
groundwater sites distinctly and significantly cluster from each other. Also, the 0.1 um and 0.2
pum communities cluster significantly. It can be noted, that the 0.2 um communities cluster more
tightly than the 0.1 um communities, which indicates there is more variability in the 0.1 um
communities. This result is expected in that the 0.2 pm filter randomly allows 0.1 pm organisms
to pass through due to filter clogging and inconsistency of always allowing the same 0.1 pm

microorganisms to pass onto the 0.1 um filter.
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Figure 9: Ordination of DNA (left) and RNA (right) Groundwater Microbial Communities. Non-metric multidimensional scaling
(NMDS) was based on Bray-Curtis distances. Communities from 0.1 um samples are shown in triangles and communities from 0.2
um samples are showing in circles. W11 is shown in green, W12 is shown in red, and W13 is shown in blue. Significant
environmental parameters with a p value < 0.01 (Total Nitrogen mg/L and Total Dissolved Phosphorus ug/L) were plotted to
show their correlation in the data. Correlations between the environmental parameters and NMDS are shown in length and
direction of the arrows. Nitrogen correlates to samples from W1l and W13 and phosphorus correlates to W12 samples.
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Selected environmental chemical data was plotted onto the ordinations using envfit(), part
of the vegan package in R (Oksanen et al., 2013). This function plots environmental conditions
associated with the ordination samples and illustrates trends in those environmental samples.
Direction and length demonstrate correlations between the data points and the environmental
variable. Nitrogen correlates significantly with W11 and W13 (PERMANOVA p = 0.001 for
both DNA and RNA communities) as TDP correlates significantly with W12 microbial
community samples (PERMANOVA p =0.002 for DNA and p = 0.004 for RNA communities).

Nitrate appears to be a key difference between the well locations. The chemical data in
Table 3 showed that W12 measured close to the detection limit for nitrate while the other two
wells had higher levels of nitrate. This could indicate there is no nitrate present in W12, or that it
is being used by the microorganisms present. Nitrate is an important electron acceptor in
groundwater, so it is hypothesized that the nitrate pool is reduced and/or incorporated into
biomass and thus completely drawn down in W12.

Environmentally significant differences related to microbial community distribution were
determined through statistical analyses. Statistical tests (PERMANOVA) were conducted on the
four sub-datasets to parse out the differences in microbial community distributions associated
with the environmental geochemical factors without interference from the other strong factors of
nucleic acid type and filter size. Specifically nitrogen (total nitrogen, nitrate (mg/L), nitrite
(mg/L), and ammonia (mg/L)) significantly (p-values < 0.01 ) explains variation in the microbial
communities across all wells (W11, W12, W13) and all sub-datasets ( DNA 0.2 um, DNA 0.1
um, RNA 0.2 um, and RNA 0.1um). Below, Table 5 lists all p-values associated with metadata
tested on the datasets. In this table, only p-values < 0.01 are highlighted as the significant

threshold.
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Table 5: Chemical Data Significance in Groundwater Microbial Community Distribution.

Parameter DNA Ol um DNA02um RNAOIum RNA 02um
Date Number 0.968 0.922 0.911 0.943
Site 0.001 *** 0.001 *** 0.001 *** 0.001 ***
Nitrate mg/L 0.001 *** 0.001 *** 0.001 *** 0.001 ***
Nitrite mg/L 0.001 *** 0.001 *** 0.001 *** 0.001 ***
Ammonia mg/L 0.001 **%* 0.001 **%* 0.001 *** 0.001 **%*
TDP pg/L 0.012 0.014 0.103 0.017
TDP mg/L 0.014 0.029 0.181 0.039
TN mg/L 0.001 *** 0.001 *** 0.001 *** 0.001 ***
Calcium mg/L 0.904 0.971 0.809 0.204
Potassium mg/L 0.055 0.055 0.047 0.029
Sodium mg/L 0.027 0.051 0.032 0.025
Magnesium mg/L 0.641 0.487 0.681 0.869
Sulfate mg/L 0.155 0.092 0.103 0.024
Chloride mg/L 0.115 0.065 0.09 0.006 **
DOC mg/L 0.031 0.19 0.073 0.117

Signif. codes: ‘**** (.001 ‘*** (.01

2.3.3 Groundwater Microbial Community Taxa Affiliations

Unclassified Organisms Dominate the Groundwater Dataset

Taxonomic affiliations were identified for each amplicon sequence variant with SILVA
(Quast et al., 2013) as described in the methods. After identification, taxonomic affiliations were
pooled to determine the total contribution of that known phylogeny in the dataset as a whole and
are displayed in Table 6. Top taxa were also investigated across sites, filter, and nucleic acid
fractions and compared (Fig. 11 Heatmap). Over 50% of the ASVs (Table 6, Fig. 10) in the
dataset were not matched to any specific taxon and were therefore determined to be Unclassified
organisms. This identification does not represent one specific taxon, but rather many different

Unclassified taxa/ASVs.
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Table 6: Top 50 Combined Groundwater Taxa Affiliations. Known taxa affiliations from ASV taxon classification were
condensed to display the percentage of that taxon in the dataset.

%
Taxonomy Across
Dataset

1 Unclassified(100); 55.13%

) Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 6.50%
Acidiferrobacterales(100); Acidiferrobacteraceae(100); Sulfurifustis(100); R

3 Bacteria(100); Nitrospirae(100); 4-29-1(100); 6.15%

4 Archaea(100); Nanoarchaeaeota(100); Woesearchaeia(100); 4.52%

5 Bacteria(100); Proteobacteria(100); Deltaproteobacteria(100); DTB120(100); 2.91%

6 Bacteria(100); Proteobacteria(100); Deltaproteobacteria(100); MBNT15(100); 1.62%

7 Bacteria(100); Omnitrophicaeota(100); 1.56%

8 Bacteria(100); Nitrospirae(100); HDB-SIOI1093(100); 1.12%

9 Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 0.97%
Betaproteobacteriales(100); Gallionellaceae(100); TR

10 Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 0.69%
Betaproteobacteriales(100); Rhodocyclaceae(100); R

1 Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 0.55%
Betaproteobacteriales(100); Sulfuricellaceae(100); Ferritrophicum(100); =oe

12 Bacteria(100); Bacteroidetes(100); Ignavibacteria(100); Kryptoniales(100); 0.5
BSV26(100); mere

13 Bacteria(100); Elusimicrobia(100); Elusimicrobia(100); Lineage IV(100); 0.50%

14 Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 0.50%
Betaproteobacteriales(100); YR

15 Bacteria(100); Epsilonbacteraeota(100); Campylobacteria(100); 0.50%
Campylobacterales(100); Thiovulaceae(100); Sulfuricurvum(100); e
Bacteria(100); Patescibacteria(100); Parcubacteria(100); Candidatus o

16 . 0.45%
Nomurabacteria(100);

17 Bacteria(100); Gemmatimonadetes(100); Gemmatimonadetes(100); 0.43%
Gemmatimonadales(100); Gemmatimonadaceae(100); uncultured(100); e
Bacteria(100); Planctomycetes(100); Brocadiae(100); Brocadiales(100); o

18 ) 0.34%
Brocadiaceae(100);

19 Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 0329
Legionellales(100); Legionellaceae(100); Legionella(100); oere

20  Bacteria(100); Nitrospirae(100); Thermodesulfovibrionia(100); uncultured(100); 0.32%

21 Bacteria(100); Patescibacteria(100); Parcubacteria(100); UBA9983(100); 0.31%
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22

23

24

25

26

27
28

29

30

31

32

33

34

35

36

37
38

39

40

41

42

43

44

Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Nitrosomonadaceae(100); GOUTA6(100);
Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Rhodocyclaceae(100); Thauera(100);

Bacteria(100); Omnitrophicaeota(100); Omnitrophia(100); Omnitrophales(100)

Omnitrophaceae(100); Candidatus Omnitrophus(100);
Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Gallionellaceae(100); Gallionella(100);
Bacteria(100); Epsilonbacteraeota(100); Campylobacteria(100);
Campylobacterales(100); Thiovulaceae(100); Sulfurimonas(100);
Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Hydrogenophilaceae(100);

Archaea(100); Diapherotrites(100); Micrarchaeia(100);

Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Nitrosomonadaceae(100); MND1(100);
Bacteria(100); Patescibacteria(100); Parcubacteria(100); Candidatus
Azambacteria(100);

Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Gallionellaceae(100); Candidatus Nitrotoga(100);
Bacteria(100); Proteobacteria(100); Deltaproteobacteria(100);
Myxococcales(100);

Bacteria(100); Patescibacteria(100); Microgenomatia(100); Candidatus
Curtissbacteria(100);

Bacteria(100); Proteobacteria(100); Deltaproteobacteria(100);
Desulfobacterales(100); Desulfobulbaceae(100); Desulfocapsa(100);
Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Gallionellaceae(100); Sideroxydans(100);

Bacteria(100); Latescibacteria(100);

Bacteria(100); Actinobacteria(100); Thermoleophilia(100); Gaiellales(100);

Bacteria(100); Actinobacteria(100); MB-A2-108(100);

Bacteria(100); Proteobacteria(100); Deltaproteobacteria(100);
Myxococcales(100); bacteriap25(100);

Bacteria(100); Patescibacteria(100); Microgenomatia(100); Candidatus
Woesebacteria(100);

Bacteria(100); Patescibacteria(100); Microgenomatia(100); Candidatus
Woykebacteria(100);

Bacteria(100); Proteobacteria(100); Deltaproteobacteria(100);
Oligoflexales(100); 0319-6G20(100);

Bacteria(100); Bacteroidetes(100); Bacteroidia(100); Sphingobacteriales(100);
AKYH767(100);

Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100);
Betaproteobacteriales(100); Hydrogenophilaceae(100); uncultured(100);

0.29%

0.29%

0.25%

0.25%

0.23%

0.23%
0.22%

0.21%

0.21%

0.21%

0.20%

0.18%

0.18%

0.18%

0.17%

0.17%
0.17%

0.16%

0.16%

0.16%

0.16%

0.16%

0.16%
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45  Archaea(100); Diapherotrites(100); Iainarchaeia(100); lainarchaeales(100); 0.16%
Bacteria(100); Patescibacteria(100); Microgenomatia(100); Candidatus

46 Amesbacteria(100); 0.16%
47 Bacteria(100); Planctomycetes(100); Phycisphaerae(100); CCM11a(100); 0.15%
48 Bacteria(100); Acidobacteria(100); Subgroup 6(100); 0.15%
49 Bacteria(100); Chloroflexi(100); KD4-96(100); 0.14%
50 Bacteria(100); Proteobacteria(100); Gammaproteobacteria(100); 0.14%

Betaproteobacteriales(100); TRA3-20(100);

Figure 10 further demonstrates the large fraction of Unclassified ASVs found in the
groundwater dataset. All groundwater samples from this study (divided into DNA, RNA, and
filter size) have a proportionately higher amount of Unclassified ASVs compared to river

datasets. Figure 10 shows the average relative abundance of _ o
Figure 10: Proportion of
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Potential Physiological Implications of Dominant Microbial Affiliations

Although most of the groundwater ASV taxa affiliations are Unclassified, many of the
classified taxa associate with known groundwater microbes and recently discovered CPR and
DPANN organisms. Many CPR and DPANN organisms have mostly been detected through
genomic and phylogenetic analyses from mostly oxygen-limited or anaerobic environments
(Castelle et al., 2018). Here, some dominant groundwater ASV taxonomic affiliations and
potential physiological impacts will be discussed.

Woesarchaeota, a relatively large proportion of this microbial dataset (~ 4%), are part of
the recently discovered DPANN superphylum. Genomic analyses and metabolic reconstructions
suggest these are anaerobic heterotrophic organisms that may have symbiotic relationships with
other microbes, specifically methanogens (Liu et al., 2018). Some Woesarchaeota are thought to
be fermenters with iron or methane metabolisms. Others have unknown metabolisms and are
thought to be obligate symbionts (Castelle et al., 2018).

Candidatus Parcubacteria, part of the recently discovered CPR superphylum, are
suggested to have a variety of metabolisms and many may be fermenters that can produce
acetate, ethanol, lactate, and hydrogen. A number of genomes contain nitrite reductases (nirk
and nirB) which can utilize nitrite to produce nitric oxide (nirK) and ammonium (nirB). Other
genomes suggest nitrate reduction and anaerobic respiration (Castelle et al., 2018). Candidatus
Peregrinebacteria are also part of the CPR superphylum and expected to be non-respiring
anaerobes that likely ferment. Candidatus Micrarchaeota are predicted to have fermentation and
heterotrophic O, respiratory capabilities.

Melainabacteria, also found in this dataset but not displayed in Table 6, have previously

been recovered from aquifer sediment and appear to be anaerobic obligate fermenters and
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diverged from cyanobacteria ~2.5 billion years ago (Di Rienzi et al., 2013; Soo et al., 2017).
They are thought to be able to use a wide variety of carbon sources and use a FeFe hydrogenase
for H, production, but likely need syntrophic partners to sustain low partial hydrogen pressures
such as symbiotic acetogens or methanogens (Di Rienzi et al., 2013). Also, some aquifer related
Melainabacteria show nitrogen fixation capabilities with nitrogen fixation genes (nifE, nifV,
nifS, nifU, nifB, and nifB/X) and nitrogenase complexes. These microbes are believed to likely
play a key part in carbon cycling in subsurface systems.

Other taxa found in the dataset appear to have strong associations with sulfur
mechanisms. Desulfocapsa and Desulfobacca have been associated with sulfate reduction
(Goker et al., 2011; Oude Elferink et al., 1999; Tonolla et al., 2000). Desulfobacca also have
been described converting acetate through methanogenesis even in the presence of high amounts
of sulfate (Oude Elferink et al., 1999). Desulfomonile has been characterized as an obligate
anaerobe capable of growth through the use of fumarate, sulfate, sulfite, thiosulfate, and nitrate
as electron acceptors (Sun et al., 2001). Sulfurifustis from the Acidiferrobacteraceae family are
known sulfur oxidizers (Kojima et al., 2015).

Other taxa in this groundwater microbial dataset consist of previously described and
studied organisms associated with specific capabilities. Gallionellaceae have previously been
described in anaerobic groundwater environments containing ferrous iron that comes in contact
with an oxygenated environment. Hydrogenophilaceae is a family with known members that are
obligately thermophilic autotrophs that utilize molecular hydrogen while others are obligately
respiratory and use oxygen or nitrate (Boden et al., 2017). Some Nitrospirae organisms are
known to have dissimilatory sulfate reduction nitrite oxidizing capabilities. Nitrate reduction has

been characterized for members of the Bukholderiaceae family. Rhodocyclaceae have been
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described as fixing nitrogen (aerobically), degrading carbon compounds utilizing oxygen, nitrate,
chlorate, perchlorate, selenite, etc., and as anaerobes, chemoautotrophs, and methylotrophs
oxidizing sulfur and producing propionic acid from fermentation (Oren, 2014). The taxa
associated with the groundwater microbial communities in this dataset suggest the potential for
fermentation, methanogenesis, nitrate reduction, sulfate reduction, nitrite oxidation, iron
oxidation, sulfur oxidation in the groundwater wells. Overall, many of the dominant taxa
affiliations correspond to anaerobic metabolisms involving nitrate and sulfate reduction. The
affiliations also suggest fermentative lifestyles as well as sulfur, H», nitrite, and iron oxidation
capabilities.

Taxa Comparisons Between Sites

Top taxa were also investigated across sites, filter, and nucleic acid fractions and
compared (Fig. 11 Heatmap). The ten average most abundant ASV’s were determined from each
sub-category of the dataset (well site, nucleic acid type, and filter fraction). This could
potentially produce a total of 120 unique ASVs (top 10 ASVs x 2 nucleic acid types x 3 well
sites x 2 filter sizes). However, a total of 56 unique ASVs were determined to be within the top
ASVs across the dataset. A heatmap was generated using the relative abundances for these ASVs
across samples, displayed in Fig. 11, which shows ASV relationships between RNA and DNA

(activity), presence, and abundance across sites and filter sizes.
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Figure 11: Most Abundant ASVs Across All Wells. Taxon affiliations are listed on the left. Data is partitioned based on DNA (left half of the heatmap) and RNA (right half of the
heatmap), filter size with nucleic acid type (0.1 um left, 0.2 um right within DNA and RNA), and within that by site (W11, W12, and W13). The light yellow indicates an average
abundance of 0 meaning the ASV was not present for that type of sample. Dark blue indicates the highest relative abundance. The fourth root was used to display the relative
abundances to show the patterns more distinctly. Some of the most abundant groundwater ASVs are specific to location suggesting they are unique or specialized to that location.
Some ASVs that are Unclassified, i.e. 128, 18, 56, do not appear in the DNA but are of the most abundant RNA ASVs, which supports the theory of intron splicing occurring in the
16S rRNA gene.



The data of the heatmap (Fig. 11) show unique relationships between the samples. Some
ASV’s are shared across samples, yet some ASVs are only found in specific samples and well
locations suggesting these organisms may be unique or more specialized to their respective
environments. For example, ASVs found only in W13 in the heatmap include:

e ASV 64: Bacteria, Proteobacteria, Deltaproteobacteria;, DTB120,
e ASV 35: Unclassified, and
e ASV 19: Unclassified.
ASVs in the heatmap only found in W12 include:
e ASV 143: Bacteria; Proteobacteria; Gammaproteobacteria;
Betaproteobacteriales; Rhodocyclaceae,
o ASV 24: Archaea; Nanoarchaeaeota; Woesearchaeia and
o ASV 163: Bacteria; Omnitrophicaeota.

Furthermore, ASV 61 and 60 (both Rhodocyclaceae) appear to be preferential to W12
and more active since the RNA fraction is more abundant than its DNA fraction. Some anaerobic
Rhodocyclaceae have been described as fermenters of organics and as sulfur-oxidizing
chemoautotrophs, methylotrophs, and fermenters (Oren, 2014). ASV 108: Bacteria;
Proteobacteria,; Deltaproteobacteria; Desulfobacterales; Desulfobulbaceae; Desulfocapsa may
be more abundant in W12. This family has been associated with sulfate reduction.

Similarly, ASVs 3, 4, and 41 which are all Bacteria, Nitrospirae; 4.29.1 appear to be
more abundant and more active in W13 than in W12, but still found between both sites.
Nitrospirae have been associated with sulfate reduction and nitrite oxidation. ASV 23: Bacteria,

Proteobacteria;, Gammaproteobacteria, Betaproteobacteriales, Sulfuricellaceae;
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Ferritrophicum also appears to be more abundant and potentially more active, especially in the
0.1 um fraction, in W13 than W12.

Other ASVs are found throughout the sites and samples, suggesting other organisms are
present throughout the aquifer. For example, Unclassified ASV 1 is present in all subsets of the
data at a relatively high abundance across all samples. Among Unclassified, some of the other
shared ASVs relate to Woesearchaeia, Nitrospirae, Sulfuricurvum, Sulfurifustis,
Sulfuricelleceae, and Desulfocapsa.

Finally, the data in the heatmap also show an interesting and unique
observation/discovery from a biological and evolutionary perspective. Some ASVs (128:
Unclassified, 18: Unclassified, and 56: Unclassified) show an abundance of 0 across the DNA
fraction. However, these ASVs were of the highest relative abundances in the RNA data. Since
RNA is transcribed from DNA, it’s likely not possible that there is no DNA encoding this
subsequent RNA. Most likely, these organisms contain introns within their 16S rRNA gene
which would not be captured from standard 16S rRNA gene surveys. This supports recent
hypotheses and discoveries that some of these unclassified and recently discovered DPANN and
CPR phyla, which vastly expanded the tree of life, may have introns and intron splicing within
their 16S rRNA genes which is a rarely described feature in Bacteria and Archaea. This finding
also suggests that typical 16S rRNA gene surveys only targeting the DNA fails to capture all 16S
rRNA phylogenetic markers from an environment.

Unique ASVs related to W12 and W13 were further investigated using Multinomial
Species Classification Method (CLAM) from the vegan package in R. CLAM was performed to
identify unique ASVs distinctly affiliated with W13 or W12. CLAM is a statistical approach for

classifying generalist and specialists from two distinct habitats (Chazdon et al., 2011). ASVs
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were separated into four groups dependent on distribution within samples (displayed in Fig. 12).
The method distinguished specialist ASVs favored for the W13 habitat, specialist ASVs favored
for the W12 habitat, ASVs with apparent equal distributions (generalists), and ASVs too rare to
consider for categorization. Stringent conditions were used to discriminate specialists to each
habitat of W13 and W12. The conditions included a specialization threshold of 5/6 which
essentially indicates a specialist organism/sequence has to occur at least 5x more in one well
versus the other, an alpha of 0.0001/(total number of sequences in that dataset), and a coverage
limit of 1. The number of ASV specialists for each well from each sub-dataset was determined to
be: W13—DNA 0.2um: 87, DNA 0.1 um: 82, RNA 0.2 um: 74, RNA 0.1 um: 78, and W12—

DNA 0.2um: 132, DNA 0.1 um: 128, RNA 0.2 um: 119, RNA 0.1 um: 112.
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Figure 12: Groundwater DNA and RNA Multinomial Species Classification Method (CLAM) for W13 and W12. The blue
triangles indicate rare sequences that were too rare to consider in the classification analysis, the black circles indicate
generalists species/sequences that occur between both samples at similar abundaces, the red squares indicate specialists for the
W12 environment, and the green diamonds indicate specialist species for W13. The numbers of specialists for each well from
each sub-dataset (DNA 0.2um, DNA 0.1um, RNA 0.2 um and RNA 0.1um) were determined to be W13: (top left to right starting
with DNA 0.2) 87, 82, 74, 78, and W12: 132, 128, 119, 112.

The ASVs and associated SILVA taxonomic affiliations were identified for the

specialists for both W13 and W12. A complete list of the unique ASVs and associated taxa can
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be found in Appendix D and E. Only the specialists overlapping in all four datasets are displayed

below. From this analysis, W13 appears to contain specialists potentially related to nitrite

reduction, fermentation (Parcubacteria), iron oxidation (Gallionellaceae), sulfur oxidation

(Sulfurifustis) across all four subsets of the dataset. W12 appears to contain some specialists that

could potentially be related to sulfate reduction and nitrite oxidation (Nitrospirae), fermentation,

and iron or methane metabolisms (Woesarchaeota).

Table 7: The specialist taxa determined for W13 occurring between all subcategories of DNA, RNA, 0.1 and 0.2 um from CLAM.
A complete list of all specialists from each subcategory can be found in Appendix E.

ASVID Unique W13 Taxa

6 Unclassified;

19 Unclassified;

35 Unclassified

42 Unclassified;

47 Bacteria; Patescibacteria; Parcubacteria; Candidatus; Nomurabacteria;

48 Unclassified;

88 Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Gallionellaceae;

89 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

102 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

104 Unclassified;

126 Bacteria; Patescibacteria; Parcubacteria; UBA9983;

232 Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales;
Acetobacterales; Incertae; Sedis; uncultured;

288 Bacteria; Patescibacteria; Parcubacteria; UBA9983;

368 Unclassified;
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Table 8: The specialist taxa determined for W12 occurring between all subcategories of DNA, RNA, 0.1 and 0.2 um from CLAM.
A complete list of all specialists from each subcategory can be found in Appendix D.

ASV ID Unique W12 Taxa

9 Unclassified;
21 Bacteria; Nitrospirae; 4; 29; 1;
53 Archaea; Nanoarchaecaeota; Woesearchaeia;
106 Unclassified;
147 Unclassified;
163 Bacteria; Omnitrophicaeota;
317 Unclassified;
330 Unclassified;
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2.3.3 16S ribosomal RNA:DNA Activity

Furthermore, Multinomial Species Classification Method (CLAM) (Chazdon et al., 2011)
was used to determine active specialists between W12 and W13. The Generalist ASVs from the
DNA CLAM tests (Figure 12 DNA 0.1 pm and DNA 0.2 um) were used to determine
differentially active ASVs between W12 and W13 among the present ASVs in both W12 and
W13. All values of 0 were set to 0.00005 (half as much as the initial threshold cutoff of 0.01%
described on page 20) in the DNA and RNA prior to taking the 16S ribosomal RNA:DNA ratio
in order to obtain a non-zero ratio value. Values were multiplied by 1,000 and rounded in order
to obtain integers for all values to use in the CLAM method. Stringent conditions were used to
discriminate active specialists from each habitat of W13 and W12. The conditions included a
specialization threshold of 3/4 which essentially indicates a specialist organism/sequence has to
be at least 3x more active in one well versus the other, an alpha of 0.0001/(total number of
sequences in that dataset), and a coverage limit of 1. W13 resulted in 29 active specialists. W12

resulted in 20 active specialists (Table 9).
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Figure 13: CLAM 168 ribosomal RNA:DNA Ratio Specialists for W12 and W13. 16S ribosomal RNA:DNA ratios indicate
activity for a specific ASV between the two sites, W12 and W13, because 16S rRNA is part of the ribosome that mediates protein
synthesis and the DNA is the 16S rRNA gene encoding for the RNA. In theory, the more 16S rRNA present indicates more
ribosomes which would indicate a more active cell as compared to less ribosomes and less 16S rRNA from the same ASV. The
black circles indicate generalists (16S ribosomal RNA:DNA ratios that occur between both samples at similar values), the red
squares indicate specialist ASVs for the W12 environment with ratios at least 3 times higher than in W13, and the green
diamonds indicate specialist species for W13 with ratios at least 3 times higher than ratios in W12 for that given ASV.

Table 9: W13 and W12 Specialists from CLAM Analysis on 16S ribosomal RNA:DNA Ratios

ASYV and Taxon Classes
32: Bacteria; Nitrospirae; HDB-SIOI1093; Specialist W13
68: Unclassified, Specialist W13

82: Bacteria; Proteobacteria; Gammaproteobacteria;
Acidiferrobacterales; Acidiferrobacteraceae; Sulfurifustis;

109: Bacteria; Patescibacteria; Microgenomatia; Candidatus
Amesbacteria;

171: Unclassified;

186: Bacteria; Proteobacteria; Gammaproteobacteria;
Acidiferrobacterales; Acidiferrobacteraceae; Sulfurifustis;

239: Unclassified;
285: Unclassified;
293: Unclassified;
344: Unclassified;

Specialist W13

Specialist W13

Specialist W13
Specialist W13

Specialist W13
Specialist W13
Specialist W13
Specialist W13
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351: Unclassified;

650: Unclassified;

771: Unclassified;

867: Unclassified;

829: Unclassified;

963: Unclassified;

980: Unclassified;

1128: Unclassified;

32: Bacteria; Nitrospirae; HDB-SIOI1093;

109: Bacteria; Patescibacteria; Microgenomatia; Candidatus

Amesbacteria;

145: Unclassified;

171: Unclassified;

182: Unclassified;

186: Bacteria; Proteobacteria; Gammaproteobacteria;

Acidiferrobacterales; Acidiferrobacteraceae; Sulfurifustis;

292: Bacteria; Omnitrophicaeota;
293: Unclassified;
441: Bacteria; Rokubacteria; NC10; Rokubacteriales;

771: Unclassified;
872: Bacteria; Proteobacteria; Gammaproteobacteria;

Betaproteobacteriales; Burkholderiaceae; Rhodoferax;

7: Bacteria; Nitrospirae; 4-29-1;

133: Unclassified;

178: Unclassified;

210: Unclassified;

360: Unclassified;

475: Unclassified;

497: Unclassified;

654: Archaea; Nanoarchaeaeota; Woesearchaeia;

7: Bacteria; Nitrospirae; 4-29-1;

125: Unclassified;

136: Bacteria; Proteobacteria; Gammaproteobacteria;
Betaproteobacteriales; TRA3-20;

133: Unclassified;
178: Unclassified;
210: Unclassified;
263: Bacteria; Proteobacteria; Gammaproteobacteria;
Betaproteobacteriales; Sulfuricellaceae; Sulfuricella;

301: Unclassified;
338: Bacteria; Proteobacteria; Gammaproteobacteria;
Betaproteobacteriales; Gallionellaceae;

360: Unclassified;

Specialist W13
Specialist W13
Specialist W13
Specialist W13
Specialist W13
Specialist W13
Specialist W13
Specialist W13
Specialist W13
Specialist W13

Specialist W13
Specialist W13
Specialist W13
Specialist W13

Specialist W13
Specialist W13
Specialist W13

Specialist W13
Specialist W13

Specialist W12
Specialist W12
Specialist W12
Specialist W12
Specialist W12
Specialist W12
Specialist W12
Specialist W12

Specialist W12
Specialist W12
Specialist W12

Specialist W12
Specialist W12
Specialist W12
Specialist W12

Specialist W12
Specialist W12

Specialist W12
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475: Unclassified; Specialist W12
523: Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Specialist W12
Xanthobacteraceae; Pseudolabrys;

To compare and compile specialist taxa between sites, taxa affiliations were compiled
from the specialist analyses previously described. Specialist presence or absence in W12 and
W13 are indicated in Table 10. It appears some taxa affiliations are present between W13 and
W12. Some families are known to be associated with certain functions. However, taxa
definitions and names can be extremely broad with specific strains differing greatly. Also, some
specialist taxa appear to be favored in certain environments. Specifically, the specialists
determined by ratio analysis, suggest those taxa/ASVs are more active in one location as
compared to the other. For example, Woesearchaeia, Gallionellaceae, and Rhodocyclaceae were
ratio specialists in W12 and Sulfurifustis, Omnitrophicaeota, and Nitrospirae HDB-SIO1093

were ratio specialists in W13.

Table 10: Compilation of Groundwater Specialist Taxa Affiliations Compared Between W12 and W13. This table shows some of
the ASV taxa affiliations as described previously and determined to be specialist in either W12 or W13 through various analyses
(Figures 11, 12, 13, Appendix J). The blue indicates presence in W13 and the red indicates presence in W12. Some taxa
affiliations are found between sites while others are more specific for each site.

Specialists Specialists
from from Highest
Mean Abundance of | RNA:DNA Ratios
Taxon % in all Affiliation DNA or RNA Ratios (Appendix J)
wells (Fig.12) (Fig. 13)

Unclassified 55.10% | 72227227727

Sulfur-oxidizer
Chemolithoautotroph

o o

Sulfurifustis 6.5% growing by oxidation of
inorganic sulfur

Nitrospirae 4-29-1 6.10% | Likely nitrite oxidizer
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Woesearchaeia

4.50%

Anaerobic lifestyle-
fermentation, likely
syntrophic, unknown
metabolisms but some
likely iron or methane
metabolisms

Omnitrophicaeota

1.60%

Found in Anoxic
environments, unknown
metabolism

Nitrospirae HDB-
S1I01093

1.10%

Likely nitrite oxidizer

Rhodocyclaceae

0.70%

Common in anoxic
environments —
members are known to
be chemoautotrophs,
methylotrophs,
fermenters

Hydrogenophilaceae

0.20%

Typically have
chemolithoautotrophic
lifestyles — sulfur or H,
oxidizers

Gallionellaceae

1.00%

Typically
chemolithoautotrophs as
iron & sulfur-oxidizers

Nomurabacteria

0.50%

Parcubacteria
superphylum (CPR) —
unknown metabolism

Sulfurimonas

0.20%

Sulfur-oxidizing
bacteria, most common
in marine environments

Parcubacteria-UBA9983

0.30%

Typically larger bacteria
(captured on 0.2 um),
diverse and varied
metabolic capabilities

Thermodesulfovibrionia

0.30%

Typically sulfate-
reduction and a
thermophile

Nitrotoga

0.20%

Nitrite-oxidizer

Gallionella

0.30%

Typically
chemolithoautotrophs as
iron & sulfur-oxidizers
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Thauera

0.30%

Typically hydrocarbon,
phenol degrader — often
found in conditions
where complex
industrial contaminants
are being degraded

Omnitrophus

0.30%

Found in Anoxic
environments, unknown
metabolism

Delta— DTB120

2.90%

Found in Anoxic
environments —
specifically when CHy
is present, unknown
metabolism

Delta — MBNTI5

1.60%

Found in Anoxic
environments, unknown
metabolism

Ferritrophicum

0.60%

Typically Fe(II)-
oxidizers

Kryptoniales-BSV26

0.50%

Unknown — typically
associated with
geothermal springs

Sulfuricurvum

0.50%

Sulfur-oxidizer with
nitrate/nitric oxide, and
possibly H, oxidation.

Brocadiaceae

0.30%

Anammox group

Thermodesulfovibrionia

0.30%

Typically sulfate-
reduction and a
thermophile

Nitrosomonadaceae-
GOUTA6

0.30%

Typically an ammonia-
oxidizing group that
also fixes CO,

Nitrosomonadaceae-
MNDI1

0.20%

Typically an ammonia-
oxidizing group that
also fixes CO,

Myxococcales

0.20%

Common soil bacterium
and known for spore
forming capability

Overall, known taxa affiliations of the groundwater dataset indicate fermentation,
methanogenesis, nitrate reduction, sulfate reduction, nitrite oxidation, iron oxidation, and sulfur

oxidation in the groundwater wells. The data also indicates anaerobic metabolisms involving
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nitrate and sulfate reduction with fermentation, sulfur oxidation, H, oxidation, nitrite oxidation,
and iron oxidation capabilities. This is also consistent with thermodynamic free energy flux
results (Salo, 2018) from the groundwater wells.

The pie charts in Figure 14 show the favorable heterotrophic and fermentation
biogeochemical reactions in the three shallow groundwater wells. Among the heterotrophic
reactions, nitrate is the primary electron acceptor. RBI well W12 and pristine W13 appear to
have the same distributions of free energy flux through all reactions. The 4 dominant reactions
include heterotrophic metabolisms (14, 2, 6), nitrate reduction (2), sulfate reduction (6), and

fermentation (8).

W13 Wil W12

| —
- -

Reaction Reaction .
Reaction
Number Number
1 CH,4 + SO, — H,0 + HCO; + HS
2 Acetate + NO5 + H,O — 2HCO3™ + NH;
s1oR2 6 Acetate + SO;> — 2HCO; + HS
L6 ug 8 4Acetate + 4H,0 — 4CH1 + 4HCOE'
11 Acetate + 8Fe(OH); + 15SH — 8Fe, +
11 =14 20H,0 + 2HCO5”
14 Acetate + 20, — 2HCO; + H"
15 15 CH, + 20, — HCO; + H" + H,0

Figure 14: Thermodynamic Free Energy Flux Distributions for Heterotrophic and Fermentation Metabolisms in the
Groundwater Wells. The reaction equations are from Table 4. The 4 dominant reactions include reactions 2, 8, 14, and 6
which are heterotrophic metabolisms (14, 2, 6), nitrate reduction (reaction 2, red), sulfate reduction (reaction 6, green),
and fermentation (reaction 8, purple). Adapted from (Salo, 2018).
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In general, major and similar biogeochemical process capabilities appear to be present
across all wells based on free energy flux calculations (Fig. 14) and from microbial taxa
affiliation analyses, suggesting that similar functions are carried about between sites. However,
these functions may be performed by different organisms specialized for their environment. The
analyses indicated W12 contains specialists related to chemoautotrophs, methylotrophs,
ferementers, sulfur-oxidizers (Rhodocyclaceae), sulfate reduction and nitrite oxidation
(Nitrospirae), iron oxidation (Gallionellaceae), fermentation, and iron or methane metabolisms
(Woesarchaeota). The analyses indicated the pristine background well W13 contains specialists
potentially related to nitrite reduction, fermentation (Parcubacteria), iron oxidation

(Gallionellaceae), sulfur oxidation (Sulfurifustis).

CHAPTER 3 -NUTRIENT EFFECTS

3.1 Background

Previous research found the RBI wells experienced river infiltration and pumped up to
40-60% river water (Fields-Sommers, 2015). Based on this previous research, it was expected
the RBI wells have altered nutrient concentrations such as nitrogen and phosphorus from river
water containing WWTP effluent. It is important to understand the microbial response and
potential water quality implications from the WWTP effluent and river water infiltration.

Groundwater sources, in general, are becoming increasingly more contaminated due to
anthropogenic activities such as WWTP processes and effluents, septic system leaks, agricultural
fertilizer runoff, and manure runoff. For example, in northeastern Wisconsin, Kewaunee County
faces extreme contamination in shallow groundwater consisting of microbial pathogens, viruses,

and high nitrate levels from manure and human waste (Leland, 2017). Some residents are forced
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to drink solely bottled water (Leland, 2017). Out of the 131 wells sampled, 40 wells had cow
manure infiltration and 29 had human wastewater contamination from sources like livestock
farms and septic systems (Zimmerman, 2017). Kewaunee County is known for having more
cows than people, but is not the only place with a large amount of Concentrated Animal Feeding
Operations (CAFOs). Wisconsin had a total of 289 Wisconsin Pollution Discharge Elimination
System (WPDES) permits for CAFOs as of January 2017 (Wisconsin Department of Natural
Resources, 2017). Contamination from agricultural/livestock practices and wastewater treatment
is not isolated to Kewaunee Count. However, it may provide a good demonstration as to why it is
essential to understand anthropogenic influences on nutrients in groundwater.

Large alterations of bioavailable nutrients can lead to drastic changes in nutrient cycling
in aquatic ecosystems. Nitrogen and phosphorous are important major biogenic elements (in the
list of: C, N, P, S, Si) necessary for microorganisms. Nutrients often are the limiting factor for
productivity and the limiting nutrient is determined by the ratio. Redfield Ratio, (C:N:P)
106:16:1, is used to describe nutrient ratios in healthy aquatic systems needed for phytoplankton
growth. It has been noted that microorganisms typically have more nitrogen and phosphorus
content relative to their size than macroscopic organisms. Heterotrophic freshwater organisms
typically have more N and more P than algae (Kirchman, 2012). This is attributed to N
contributing to all proteins and nucleic acids, and P contributing to nucleic acids and
phospholipids. Protein makes up the majority of microbial cells and is typically 55% of dry
weight of bacteria. Hence, N is important for microbial growth as it is necessary for all proteins
(Kirchman, 2012). It is important to understand how additional nitrogen, i.e. nitrate, may impact

cell growth in the aquifer.
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Major sources of nitrates include fertilizer runoff, septic tank leaks, sewage, and natural
deposit from erosion (US EPA, 2018). Nitrate can mobilize into the subsurface and groundwater
(Rivett et al., 2008). Increased nitrogen in groundwater can lead to: anoxia/hypoxia
environments, altered biodiversity that could lead to a change in overall ecosystem function,
changes in food-web structure, general habitat degradation, increase parasitic and harmful
diseases, and increased acidification in freshwater ecosystems (Bernhard, 2010). High nitrate
levels, over 10 mg/L (US EPA, 2018), can lead to serious illness or even death in infants younger
than 6 months, including shortness of breath and blue-baby syndrome (WI DNR Bureau of
Drinking Water & Groundwater, 2017).

Furthermore, nitrate is an important electron acceptor in groundwater affecting redox
conditions. Native microbes facilitate most redox reactions in groundwater, but are typically
specialized in their utilization of electron acceptors (Dinicola, 2006). Since microorganisms are
the key drivers of the biogeochemical transformations in the nutrient cycles in groundwater, it’s
important to further characterize and understand their response to altered nutrient concentrations.
In terms of water quality and health, treatment processes may need to be adjusted if the system is
overcome with additional nutrients, electron donors/acceptors, and if the microbial communities
can no longer biogeochemically process these compounds effectively or if they produce toxic or
corrosive compounds (i.e. nitrate accumulation, hydrogen sulfide, nitrogen oxides, etc.) (Iribar et

al., 2008; Vigneron et al., 2018).

3.2 Methods
Pristine groundwater from W13 was collected, and nitrate and phosphate were added to

lab experiment bottles to understand microbial responses to altered nutrient conditions, i.e.
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increased nitrate concentrations. 20 groundwater samples were collected in volumes of 1 L on
10/17/18 at well site W13. Samples were transferred to maintain low oxygen conditions by
ensuring there was no head space and using rubber butyl stoppers with screw caps. All bottles,
stoppers, and caps were acid washed for at least 4 hours in 5% HCI, rinsed with Type 1 (MilliQ)
water three times, and rinsed with sample water 3 times prior to sample collection. All bottle
surfaces were covered with aluminum foil prior to sampling to ensure a dark environment. Upon
returning to SFS, samples were purged in lab for 1-4 hours with N, gas passing through the butyl
stoppers with precision glide needles attached to 0.2 pm filters and an outlet needle to relieve
pressure. It was verified visually that the needles were submerged in the water and actively
bubbling and sparging the sample.

Initial nutrient measurements were performed on separately collected samples at the
School of Freshwater Sciences (the Analytical Lab with the aid of Patrick Anderson and in Dr.
Harvey Bootsma’s Lab by Rae-Ann MacLellan-Hurd). The Auto Analyzer 3 HR SEAL was used
to measure ammonium with the molybdate blue method, the Ion Chromatograph was used to
measure nitrate, and SHIMADZU TOC-TN-L was used to measure TN. TDP was measured
using photo-oxidation to break down dissolved organic phosphorus compounds into
orthophosphate, which was then measured using the molybdate method as described in Appendix
K. SRP was measured on filtered water with the molybdate method. All nutrient samples were
pre-filtered with a 0.2 um filter prior to analysis. Experiments were run in four replicates per
condition for W13 water.

Based on the initial measurements just described, 16 1L bottle experiments were set up
(10/18/18) at various N:P ratios: 4 bottles in replicate as controls, 4 bottles in replicate as an N:P

of 500, 4 bottles in replicate as an N:P 50, 4 bottles in replicate as an N:P of 5. 4 initial 1 L bottle
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samples were used for initial cell counts and filtering. Samples were spiked with nitrogen in the
form of nitrate (from a stock of 1000ppm NaNOs) up to 6 mg/L total nitrate in experiment
bottles to mimic previously measured Fox River nitrate concentrations. In this way, the
experiments could serve as an indicator of how the groundwater communities may respond if the
groundwater nitrate concentrations ever reached those of the Fox River, the most likely nutrient
constituent to mobilize from the river to aquifer. Samples were spiked with phosphorus in the
form of phosphate (from stocks of 1000 ppm, 60 ppm, and 2.5 ppm NaH,POj) to set the N:P
ratios to 500, 50, and 5 to mimic WWTP effluent, the Fox River, and manure N:P ratios
respectively. Sodium was chosen as the cation for both nutrient spikes to maintain consistency
between the two factors and because sodium is already at relatively high levels in the
groundwater and it would largely not affect sodium concentrations, unlike the cation potassium.

Upon spiking and setting up the experiments, initial samples (4 1 L bottles not treated
with nutrient additons) were used to take initial cell counts using DAPI fluorescent stain and
microscopy. After spiking, samples were placed in an incubator at 10° C to mimic groundwater
temperature conditions and were gently mixing at the lowest setting of 50 RPM. Experiments
were left to incubate for ~7.5 days.

After the incubations, final nutrient measurements were taken similarly to initial
measurements as described previously. Approximately 50 mls of each sample was obtained and
filtered through a 0.2 um filter for nutrient measurements. The remaining volume was filtered
sequentially through a 3 um pre-filter onto a 0.1 um filter in the inline filtration system as
described previously. Samples were stored in the -80 °C freezer immediately after filtration.
Filtrate from the 3 um filter was obtained during filtration for cell enumeration with DAPI

fluorescent stain.
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The purpose of the experiment was to observe the effects of increased nitrate
concentrations. N:P ratios were varied to mimic potential sources of contamination such as
manure, WWTP effluent, and river contamination, but also to ensure the system was not P
limited in order to see a response in increased nitrate levels. The nitrogen was held constant as to
only adjust one parameter—phosphorus. Also, phosphorus in the form of phosphate is more
likely to adsorb in the soil matrix or be used prior to reaching the aquifer, where nitrate is more
likely to migrate into the groundwater. Samples were collected, sparged, and spiked in a random
order.

3.3 Results & Discussion

The bottle experiments aimed to determine the effects of increased nitrate in the pristine
groundwater well W13. Nitrate was spiked to the same concentration (6 mg/L) in all treatments
except the control, and phosphate was spiked at various concentrations to ensure that the systems
were not P limited in order to see a response in increased nitrate. The N:P ratios were chosen to
mimic environmentally relevant ratios related to infiltration including manure, the Fox River,
and WWTP effluent N:P ratios. These ratios can vary but were chosen as follows: a manure N:P
ratio of 5:1, a Fox River N:P ratio of 50:1, and a WWTP effluent N:P ratio of 500:1. Manure
ratios can range from 2:1 to 4:1(M. B. Vanotti et al., 2003; USDA, 2001), the Fox River N:P
ratio was measured at approximately 48:1 (Salo, 2018), and WWTP effluent N:P ratios are
highly variable depending on location ranging from around 5 to 900 (Waukesha City, 2013;
Ferrell et al., 2014; Foster et al., 2016; Lambert et al., 2017; Peterson et al., 2012; Spiteri et al.,
2007; Welskel and Howes, 1992). The pristine W13 N:P ratio was measured at approximately

200:1 at the time of the experiments.
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Overall, there were minimal microbial effects from increased nitrate in these bottle
experiments. Results are displayed in the tables below (Tables 11-16). The biological response
measured in these experiments were cell counts and they were not significantly different between
treatments and the Controls. The difference in nitrate (initial — final nitrate concentrations) did
not significantly change between treatments. This result was not expected as the hypothesis was
that with increased nitrate, the microbes would utilize more nitrate.

There were small changes in the removal of some of the nutrient pools. The TDP ng/L
difference, or removal and loss of TDP, significantly differed from the difference in the Control
results (post hoc Tukey test, p = 0). The percentage of the nitrate nutrient pool that was removed
differed significantly in the 5 and 50 N:P ratio experiments as compared to the Control, but the
difference in nitrate removal was not significantly different between treatments and the Control.
The percentage of the SRP nutrient pool differed in the 50 N:P ratio compared to the Control,
and the DOP nutrient pool percentage differed in the N:P ratio 5 compared to the Control. Cell
counts were not significantly different between the N:P ratios and the Control. All final
ammonium concentrations were below the detection limit. Only initial Total Nitrogen
measurements were able to be measured because the TOC-TN-L machine used to measure TN

was under repair at the end of the experiments.

Table 11: Ammonium Average Results from Nutrient Experiments

N:P Ratio Initial Final
[Ammonium] [Ammonium]
mg/L mg/L
Control 0 NA
5 0.0095 NA
50 0.0095 NA
500 0.0095 NA
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Table 12: Nitrate Average Results from Nutrient Experiments

N:P Ratio Initial Final STDEV  Difference Percent
[Nitrate] [Nitrate] [Nitrate] Remaining
mg/L mg/L mg/L
Control 2 0.91 0.30 1.18 43%
5 6 4.88 0.52 1.12 81%
50 6 342 1.95 2.59 57%
500 6 4.08 1.43 1.92 68%

Table 13: Total Dissolved Phosphorus Average Results from Nutrient Experiment. The detection limit was 0.5 ug/L.

N:P Ratio Initial Final STDEV Difference Percent
[TDP] pg/L [TDP] [TDP] pg/L. Remaining
ng/L
Control 4 0.70 0.42 3.0 18%
5 537.7 247.8 20.62 247.8 46%
50 53.7 49.0 3.6 4.78 91%
500 5.0 0.7 0.47 1.0 13%

Table 14: Soluble Reactive Phosphorus Average Results from Nutrient Experiments. The detection limit was 0.5 ug/L.

N:P Ratio Initial Final STDEV  Difference Percent
[SRP] pg/L [SRP] [SRP] Remaining
ng/L ng/L
Control 3.0 <0.5 0.2 2.6 14%
5 537.5 160.8 9.8 376.7 30%
50 53.0 472 4.9 6.0 88%
500 49 <0.5 <0.5 4.6 7%

Table 15: N:P Average Ratio Results from Nutrient Experiments. The initial measurements were based off of TDP umol/L from
the Bootsma Lab's measurements and TN umol/L from the TOC-TN L machine in the Analytics Lab. The final ratios were derived
Jfrom TDP umol/L and Nitrate concentrations.

N:P Ratio Initial Final N:P STDEV  Difference

N:P Measured pmol/L
Measured
500 500.0 893.3 667.4 -393.3
Control 184.7 5334.7 4949.1 -5150.0
5 5.0 7.1 4.2 -2.1
50 50.0 42.0 15.9 8.0
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Table 16: Cell Count Results from DAPI Fluorescent Stain and Microscopy for Nutrient Experiments.

Sample Initial Average
NL N:l:” Cell Cell
Number Ratio Counts Count
cells/ml cells/ml
647 Control 2.10E+05  2.57E+05
636 5 2.10E+05  6.35E+05
638 50 2.10E+05  7.13E+05
642 500 2.10E+05  7.82E+04

Since the nitrate removal difference (initial — difference nitrate concentration) was similar
across treatments and the control, the experiments could have been electron donor limited, i.e.
carbon (C) limited. We were working under the assumption C was available in the form of DOC
or CO,. However, referring back to Table 3, the DOC was relatively low in W13 (DOC from
Table 3: 0.93 £ 0.37 mg/L in W13). Then, referring to reaction 2 in Table 4 (Acetate + NO3™ +
H,0 — 2HCOs5™ + NHj3) assuming it is a predominant metabolism occurring, which
thermodynamic calculations suggest, then the lab bottle experiments would be carbon limited

and only allow up to ~2.4 mg/L of nitrate to be utilized as shown in the equations:

0.93mg DOC 1mol C 1g 3.875E7%mol
DOC => Acetate: * * = Acetate
L 2C 1000mg L
12 g C = i
cetate

6mg 1mol NO, 1g 9.7E~%mol
NOj: * * =
L " 62gNO, 1000 mg L

NO,

Here, Acetate would be limiting because it is less than nitrate based on molar coefficients from

reaction 2 in Table 4 (Acetate + NOs;™ + H,O — 2HCO;3™ + NH3).

3.87 E~%mol Acetat 1molNO;  62gNO0, 0.00240N0- = 2.4™ No
- * * = U. = 4.4 —
L cetate 1molAcetate molNO, gNs L 3
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This could explain the consistent difference in nitrate loss between all bottle experiments.
Assuming acetate was the predominant carbon source and equal to previous DOC measurements,
only approximately 2.4 mg/L of nitrate could be utilized regardless of nitrogen or phosphate
availability due to a C limitation. If experiments were repeated, DOC should also be measured.
Also, more time may be necessary in order to see a full response from the microbial community
in the pristine groundwater W13 system.

However, C can be available in a vast variety of useful forms for microorganisms and some
microbes are more specialized for certain sources. If we selected a specific carbon source, this
could select for specific microbial community members and processes. We intended to mitigate
multiple variable effects. We aimed to observe increased nitrate effects in the non-river
infiltrated well by only increasing the nitrate concentration and varying the N:P ratio to allow a
response to occur without P being a limiting factor. However, if most carbon was not dissolved
in the water, but is in the sediment or is particle attached, then the water incubations could have
eliminated primary C sources and thus developed a C limitation.

Although there was little response in these experiments likely due to Carbon limitation, this
may not be representative of natural conditions if increased nitrate became prevalent. There are
likely more C sources in the sediment of the groundwater which the microbes could utilize. With
this in mind, W13 could also not be primed for nitrate use as well as W12. Nitrate levels had
been measured in W13 at relatively higher concentrations compared to W12. This could indicate
that W12 microbes are able to utilize nitrate and therefore it is removed from the W12
environment. This is probable in the sense that W12 receives infiltration from the river and

would likely have incoming nitrate from the river and WWTP effluent. W13 may contain
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microbes not primed for as much nitrate utilization, and a week-long experiment may not have
allowed the community to shift or adapt to this altered environment.

With that said, additional nitrate entering the wells could initially result in an accumulation
of nitrate in the wells. This experiment showed that environmentally relevant concentrations of
nitrate and N:P ratios could affect the wells and lead to nitrate accumulation, which can affect
water management practices. The background well W13 may not be primed to handle additional
nitrate initially. However, overtime, the aquifer microbial community may be able to shift and
adjust to altered conditions as in W12, assuming nitrate is entering W12 and being utilized
immediately by the present microbial consortia.

If these experiments were repeated, more information could be determined about this aquifer
system and potential effects of nitrate accumulation in the wells. DOC should be measured and if
the experiments are C limited, experiments should be run again with a carbon source addition
such as acetate. Also, performing experiments using both W13 and W12 water could indicate if

the microbial communities are primed for nitrate utilization in W12 and not W13.

CONCLUSIONS

Overall, microbial community compositions were clearly distinct and significantly
different between sites. The Fox River and groundwater microbial community compositions
were significantly different. The groundwater sites differed significantly both in the ion and
nutrient chemistry composition as a whole and in microbial community composition. TDP and
TN were significant drivers in community differences in the groundwater microbial
communities. Overall, the chemistry compositions and microbial community compositions

between groundwater sites were significantly different.
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This study found evidence of indicator river bacteria ASVs in all of the groundwater
wells, however these ASVs were always more abundant in the RBI well W12 with similar
distribution trends as the Fox River. These data suggests that river microbes may be entering the
aquifer through riverbank inducement, and can potentially then transfer through the aquifer
system. However, the river bacteria indicator ASVs’ distribution in the background well W13
were not similar to the patterns of distribution in the river, indicating that potentially these ASVs
could be from different organisms entirely but their 16S rRNA genes diverged and evolved
similarly.

Based off V4 16S rRNA gene sequence data from microbial RNA and DNA, most
groundwater microbial community members were Unclassified and those consistent with
recently discovered microorganisms from the CPR and DPANN superphyla. Having such a large
proportion (~55%) of the groundwater microbial dataset as Unclassified is not common for most
microbial environments, indicating a vast amount of knowledge is still to be learned from these
largely unexplored groundwater systems. This study also found evidence of the rarely recorded
bacterial and archaeal feature of intron splicing in Unclassified groundwater microbial 16S
rRNA genes from RNA sequences that had absent corresponding DNA sequences, which is a
relatively novel discovery in the field in recent years (Brown et al., 2015; Castelle et al., 2018).
This finding suggests that typical 16S rRNA gene surveys only targeting the DNA fail to capture
all 16S rRNA phylogenetic markers from an environment.

The taxa associated with the groundwater microbial communities in this dataset suggest
anaerobic metabolisms involving nitrate and sulfate reduction with fermentation, sulfur
oxidation, H; oxidation, nitrite oxidation, and iron oxidation capabilities. This was consistent

with thermodynamic free energy flux results from the groundwater wells. Based on free energy
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flux calculations, favorable biogeochemical reactions included heterotrophic and fermentative
metabolisms in the three shallow groundwater wells. Among the heterotrophic reactions, nitrate
was found to be the primary electron acceptor. 3 of the 4 dominant reactions included
heterotrophic metabolisms with nitrate reduction and sulfate reduction, and the fourth dominant
metabolism was fermentation.

In general, major biogeochemical process capabilities appeared to be present across all
wells based on free energy flux calculations and from microbial taxa affiliation analyses,
suggesting that similar functions are carried about between sites. However, these functions may
be performed by different organisms specialized for their environment. The analyses indicated
W12 contains specialists related to chemoautotrophs, methylotrophs, ferementers, sulfur-
oxidizers (Rhodocyclaceae), sulfate reduction and nitrite oxidation (Nitrospirae), iron oxidation
(Gallionellaceae), fermentation, and iron or methane metabolisms (Woesarchaeota). The
analyses indicated the pristine background well W13 contains specialists potentially related to
nitrite reduction, fermentation (Parcubacteria), iron oxidation (Gallionellaceae), sulfur
oxidation (Sulfurifustis).

Nutrient experiments of spiked nitrate additions in non-river infiltrated groundwater
suggest that nitrate accumulation may initially occur under these circumstances. Environmentally
relevant concentrations of nitrate and N:P ratios could affect the groundwater wells and lead to
nitrate accumulation, which could affect water management practices. However, the nutrient
experiments were carbon limited and should be performed again measuring for C and spiking
with C as necessary. Nutrient experiments should also be performed again with pristine W13
groundwater and RBI well W12 groundwater to determine if W12 is primed for nitrate utilization

and if W13 is not, which could result in nitrate accumulation in the wells. Further investigation
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of the metabolic capabilities of the groundwater microorganisms is necessary as much is still

unknown in these subsurface environments and the associated microbial consortia.

CHAPTER 4 - FUTURE RECOMMENDATIONS

This study demonstrated the vast amount of unknown microbes and their unknown
functions in a shallow groundwater aquifer. This study also indicated, if disturbed or impacted,
previously non-river infiltrated groundwater could initially accumulate environmentally relevant
concentrations of nitrate. Accumulation of nitrate or other foreign constituents could impact
water quality, water management practices and human health. It could be important to learn more
about the unknown microbes in groundwater, their functional potential, and their ability to

handle altered environmental conditions.

4.1 RATIONALE

Subsurface microorganisms utilize, as well as generate, biogeochemical gradients. These
microbial metabolisms and transformations affect changes to important biogeochemical species,
impacting things like water quality and human health (i.e. harmful levels of nitrate in
groundwater). Specific microbial community members have been identified and associated with
specific transformations in nutrient and biogeochemical cycles like in carbon, nitrogen, and
sulfur cycles in the terrestrial subsurface through genome resolution (Brown et al., 2015; Long et
al., 2016). Furthermore, due to selection under altered environmental conditions, microbial
metabolic capabilities and steps in major biogeochemical cycles can be altered (Anantharaman et
al., 2016). When dominant reactions are determined, they can be incorporated in reaction
networks and models to better understand life strategies and overall functioning. Knowledge

gained from pairing geochemical data with potential functional capabilities found in groundwater
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metagenomes can aid in understanding and managing different environmental impacts and
perturbations (Long et al., 2016).

Standard practices to study microorganisms long depended on lab culturing techniques.
Incomplete knowledge and understanding of microbial distribution, diversity, composition, and
functional capabilities were greatly due to inherent limitations of standard culturing practices, as
lab conditions are not conducive for the growth and recovery of most microorganisms (Delmont
& Eren, 2016). Now, the capability to recover genetic material from a natural environment for
sequencing provides far broader knowledge of the diversity and composition of all the
microorganisms present in a system and their functional capabilities from a specific environment
(Delmont & Eren, 2016; Sharon & Banfield, 2013; Vanwonterghem, Jensen, Rabaey, & Tyson,
2016). This method, termed metagenomics, does not rely on cultivation and allows for further
investigation of the physiological prediction of microbial environmental roles (Sharon &
Banfield, 2013b). In short, biomass is recovered from the environment from its natural setting
and the DNA is extracted and sequenced, skipping PCR bias. The subsequent data is then
analyzed utilizing computational tools. In this way, this metagenomics method tackles two
specifically important needs: the capability of analyzing 99% of microbes in nature which have
not been cultivated and enables the study of microbes in the context of their natural environment
and community (Eisen, 2011; Handelsman, Tiedje, National Research Council (US) Committee
on Metagenomics: Challenges and Functional, & Applications, 2007; Sharon & Banfield,
2013a).

In recent years, sequence studies have provided insight into the magnitude and variety of
little known to unknown microbes that mediate nutrient cycling in subsurface environments

(Anantharaman et al., 2016). In other environments, associating 16S rRNA gene sequence data
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with reference genomes has been used to assume functions for specific microorganisms. This
practice is not applicable in groundwater systems because they lack reference genomes and
contain microbes that evade detection through standard 16S rRNA gene surveys as mentioned
previously (Brown et al., 2015; Long et al., 2016). There’s a need to discover reference genomes
in groundwater through metagenomics to extensively study subsurface microbial communities
and subsurface biogeochemical processes to fill this gap of knowledge (Long et al., 2016).
Metagenome-assembled genomes (MAGs) can be used to study microbial systems where
researchers depend on functional annotations, phylogenetically conserved gene families, or
distribution patterns to determine metabolic pathways, evolved relationships, and/or co-
occurrence of genomic collections (Delmont & Eren, 2016). Establishing groundwater
metagenomes will be essential for understating potential and possible subsurface metabolic
reactions. Groundwater metagenomes will lay the backbone for metatranscriptomic and
proteomic data which would show the actual metabolic functions occurring at a given time or
under specific conditions (Long et al., 2016).

Recent studies also suggest the importance of metabolic byproduct exchanges between
interacting organisms in groundwater. It appears many of the novel and recently discovered
microbes in groundwater show limited metabolic capabilities and do not singly contain
machinery to carry out sequential redox transformations (Anantharaman et al., 2016; Castelle et
al., 2015a; Eme & Doolittle, 2015; Liu et al., 2018; Long et al., 2016; Probst et al., 2018; Waters
et al., 2003) and have ultra-small cell and genome sizes (Luef et al., 2015). Due to the expected
syntrophic behavior of many groundwater microorganisms, it is important to survey and examine
all possible genes and pathways across the entire ecosystem and metagenome to fully understand

all possible metabolic and biogeochemical capabilities. Then, comparing the metagenomes from
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the three groundwater sites will indicate metabolic capabilities at each location and indicate any
possible biogeochemical reactions or metabolic differences related to river water and WWTP

effluent infiltration.

4.2 RECOMMENDATIONS

e Determine metagenomes, functional potential, and geochemical reactivity in pristine and
WWTP/river-infiltrated portions of a shallow sand and gravel groundwater aquifer and
determine patterns related to infiltration and geochemistry.

¢ Once metagenomes are determined, determine metatranscriptomes through RNAseq to
further understand occurring functions in the systems. Also, pair proteomic samples with
metagenomic samples to further understand occurring microbial functions in the
groundwater.

e Investigate temporal affects associated with chemical data and also microbial community
shifts.

e Perform nutrient experiments again using W12 water to determine any response
differences specifically related to nitrogen in a system that, in theory, is primed for nitrate
utilization.

e Perform nutrient experiments with W13 water again with the addition of a carbon source,

such as acetate.
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Table 17: Coordinates in Decimal Degree for Describe Sample Sites

APPENDIX A: SAMPLING SITE COORDINATES

Sampling Name Unique Site ID Latitude Longitude
W11 RL255 42.959938 -88.279256

W12 RL256 42.961012 -88.279063

W13 WK947 42.961236 -88.289167

FR Fox 2 42.977690 -88.264797

WK WWTP Waukesha WWTP 42.998190 -88.249151
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APPENDIX B: DETAILED LAB METHOD AND PROTOCOLS

DNA/RNA Extraction for 16S rRNA Gene Sequencing

The 0.2 and 0.1 pm pore size filters will be cut within their collection tubes using
sterilized small dissection scissors. DNA and RNA will simultaneously be extracted from the
same sample using Qiagen’s AllPrep Powerviral DNA/RNA kit. Zirconian beads will be added
to the sample tubes after cutting the filters into small pieces and vortexed in a bead beater for 2
minutes and 30 seconds and placed on ice for 5 minutes and repeated for a total of 2 bead beating
(Smith et al., 2012) steps. The extraction will be followed according to manufacturer’s
instructions except for elution in three volumes up to 100ul. Extracted DNA and RNA will be in

the same sample tube and stored in the -80 °C freezer.

DNase Treatment

Promega’s RQ1 RNase-Free DNase (Cat #M6101) kit for DNase Treatment of RNA
Samples Prior to RT-PCR was used. Promega’s DNase protocol calls for 1-8ul of RNA sample
in elution buffer. Since the groundwater samples are low biomass systems with low nucleic acid
yields, the full 8 pl of sample was used. A total of 16 pl of RNA sample were used per sample
per DNase treatment in order to have enough for two reactions (one positive with reverse
transcriptase, and one negative without reverse transcriptase) in subsequent steps in the RT-PCR.
1 ul of DNase (the protocol calls for 1 unit or ul per 1 ug of RNA), and 2 pl of Buffer were used

in the 16 pl sample reactions.
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Reverse Transcription PCR (RT-PCR)

RNA was reverse transcribed using the Promega’s GoScript™ Reverse Transcription
System. The reverse primer 806Rb for the v4 16S rRNA gene region will be used in the cDNA
synthesis (§06Rb — GGACTACNVGGGTWTCTAAT). 8.5 ul of DNase treated RNA was used
with 1.5 pl of primer for each reaction. Each sample had two reactions: one positive reaction
including the reverse transcriptase and one negative reaction without the reverse transcriptase.
The two reactions were used to ensure the DNase treatment worked correctly and no carryover-
over of initial DNA remained in the RNA/cDNA sample for the subsequent 16S rRNA gene

PCR.

v4 16S rRNA gene Polymerase Chain Reaction (PCR)
Polymerase Chain Reaction (PCR) was used to target and amplify the v4 16S rRNA gene region
in the DNA and cDNA samples using Invitrogen’s™ Platinum™ Taq DNA Polymerase.
Forward and reverse primers 515Fb and 806Rb with Illumina adapters were used:
515Fb-illumina —
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA
806Rb-illumina —
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTCTAAT
Reactions were ran in triplicate for each sample and then pooled prior to cleanup with the
AMPure Bead cleanup system. One PCR reaction out of the three triplicates for each sample will
be screened using gel electrophoresis to verify amplification and DNA fragment size. A modified
reconditioned/nested PCR protocol will be used when one normal PCR (25ul reaction volume, 1

ul template, 30 cycles) is not sufficient for sample amplification. In the reconditioned PCR, two
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consecutive PCR’s will be carried out. The first PCR will have a smaller reaction volume with
and shorter cycle period but still 1 pl of template will be use (15ul reaction volume, 10 cycles, 1
ul template). Then 1 pl of the reconditioned PCR will be used as template in the full PCR (25 pl
reaction volume, 30 cycles, 1 pl of template). A negative control was run each time. Reaction

components, volumes, and concentrations are described in the table below.

Table 18: PCR Mastermix Conditions

Master Mix of Working Normal PCR Reconditioned
PCR Components Concentration PCR
Reaction Volume - 25 15
PCR Cycles - 30 10
10x Buffer for
e, U 10x 2.5 uL 1.5 uL
F Primer 5 uM stock 1 uL 0.6 uL
R Primer 5 uM stock 1 uL 0.6 uL
50 mM MgSO4 50 uM 1 uL 0.6 uL
10 mM dNTP Mix 10mM 0.5 uL 0.3 uL

Platinum Taq

Polymerase 5 U/uL 0.1 uL 0.06 uL

Table 19: PCR Thermocycler Conditions

PCR Thermocycler Conditions

1 Initial denaturation 94°C 5 minutes
2 Denature 94°C 30 seconds
3 Anneal 50°C 45 seconds
4 Extend 72°C 60 seconds
Repeat 2 — 4 30x, or 10x for first reconditioned PCR step
5 Final Extension 72°C 2 minutes
6 Hold 10°C Hold
Sequencing

Sequencing will be performed on the [llumina MiSeq at the Great Lakes Genomics Center
(GLGC). An extraction blank will be run as a negative control and a mock community will be

sequenced as a positive control for quality control and processing. Data will be processed in-

81



house through GLGC support (Aurash Mohaimani). Data will be further processed through
Mothur (Schloss et al., 2009), DADA?2 (Callahan et al., 2016), and SILVA classification (Quast
et al., 2013). R and RStudio will be used to visualize and statistically analyze (Willis, 2017)

processed data along with the vegan package in R(Oksanen, 2005; Oksanen et al., 2013).

DAPI Sample Processing Instructions for Groundwater Samples
Note to wear gloves throughout processing in order to avoid contaminating the sample and to
avoid skin contact with formaldehyde fixative and DAPI stain.

DAPI Sample Prep

1. Measure the sample volume exactly.
a. 1 mlor 5 mls for groundwater samples into a new labeled tube
2. Add fixative to the sample and mix (swirl, invert), allow the fixative to sit in the sample
for at least 30 minutes before adding DAPI stain.
a. 21% formaldehyde in PBS solution is 111ul fixative per 1 ml sample.
b. 4% formaldehyde in PBS solution is 1:2 proportion,
i. 2.5 mls fixative 4% formaldehyde in 5 mls of sample
ii. 5 mls of fixative at 4% into 10 mls of sample
3. If the sample volume is 1 ml, add 10 pl of DAPI (1mg/ml) stain directly to
sample/fixative solution in the dark. Allow the sample to incubate at room temperature in
the dark for 15 mins with DAPI stain.
a. DAPI stain is light sensitive and will fade over time when exposed to light.

DAPI Filtering

1. Set up vacuum filtration apparatus
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a. Note: Be sure to use a secondary container/vacuum flask so no moisture passes
into the vacuum system.

2. Pour sterile water into the column and turn on the vacuum to rinse the system/apparatus.

a. Rinse up to at least the volume of your total sample (fixative + DAPI), but best
practice would be to rinse the entire column fully.

3. Addthe 0.1 um (or 0.2 um) filter to the apparatus.

a. Note: keep the filter face up by keeping it in the same direction as it comes in the
box/package. Essentially whichever side of the filter is face-up in the
box/packaging, keep that side face-up for filtering (cells will be on the face-up
side after filtering).

b. Use forceps from freshly prepared 70% ethanol to transfer and apply the filter.

i. Ethanol will evaporate if it is left out. 70% ethanol has been shown to be
the most effective concentration for coagulating protein all the way
through entire cells to kill microorganisms.

4. Replace the filter column/clamp. Add your sample to the filter column and slowly
vacuum the sample through. Turn off vacuum when it is fully filtered.

5. Add PBS up to the volume that the sample reached and filter through to rinse the sides of
the filter column and bring down any cells.

6. Do not filter the PBS entirely through if DAPI stain has not been applied to the sample
already (>1ml samples). Leave a small amount of PBS covering the filter so that 10 pl of
the DAPI stain can be pipetted directly into the PBS covering the filter. Pipette up and
down and make sure the DAPI is thoroughly spread and mixed well in the PBS covering

the filter.
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7.

8.

9.

a. To reduce use of DAPI stain resources (i.e. scaling DAPI up by 5 to 10 x for 5 ml
and 10 ml samples respectively), add the 10 ul of DAPI stain directly onto the
fitler with enough PBS so that it is evenly distributed on the filter. In this way, the
same volume of DAPI will be used and will stain the cells already on the filter
rather than staining the cells in solution in 1 ml sample volumes.

Leave DAPI on the filter for at least 15 mins in the dark.
Filter DAPI through the filter.
Apply PBS to rinse the DAPI from the filter.
a. Ifyou just let the DAPI filter through without rinsing with PBS after, auto

fluorescence from DAPI can occur, so it is important to rinse DAPI after filtering.

gDNA Extraction for Future Shotgun Metagenomic Sequencing

Modified Qiagen DNeasy PowerMax Soil Kit combined with Qiagen AllPrep Powerviral

DNA/RNA DNA Extraction Protocol:

1.

Turn on water bath, 60°C (place solution Cl1 if it has precipitated in water bath while
cutting filters).

Thoroughly disinfect bench, working area, Bunsen burner area, pipettes, scissors, ice
bucket, dissection scissors etc. (70% ethanol)

Get ice, turn on rotisserie incubator to 65° C

Obtain 4 screw top (2ml) tubes per sample and fill with zirconian beads (similar to
volume of powerviral bead tubes).

Take out one filter from -80° C at a time, place on ice, and label new whirl pak with

sample info adding current date.
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10.

11.

12.

13.

14.

15.

After partial thawing of the filter (just until it’s no longer rigid), using sterilized (large)
scissors, cut the filter in half. Place the unused half in the new labeled whirl pak and
place back on ice and into the -80° C freezer as soon as possible. Cut the half for
extraction into 4 portions dividing up between 4 screw caps with zirconian beads. Keep
on ice throughout protocol.
Using sterilized (ethanol and flame) dissection scissors, cut filter portions into tiny pieces
in screw top 2 ml tubes.

a. Steps 5-7 take ~20-30 minutes per half of a filter.
Add 300 pl of PowerBead Solution into each tube.

a. This is buffer for dispersion, dissolving humic acids and nucleic acid degradation

protection.

Add 300 pl of solution C1 (1.2 mls altogether for one full half filter sample).

a. Lysis buffer with SDS is the disruption agent which begins to break down fatty

acids and lipids in membranes of some organisms.

Add 6 pl of Proteinase K.
Bead beat for 30 seconds only!
Pour/dump contents of the 4 tubes into 50 ml conical tube.
Rinse 2 ml tubes with PowerBead solution 2-3 times with ~2 mls to transfer all contents
from small screw cap tube into the conical tube. Then add PowerBead Solution to the 50
ml conical tube to bring up the volume to 15 mls.
Rotisserie incubator, tape tubes perpendicular to rod to increase mixing. Ensure all caps
are fully close and be careful removing tape as to not catch and screw off the caps.

Incubate at 65° C spinning and mixing for at least 30 minutes.
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16. Centrifuge at 2500x g for 3 mins room temp in the large centrifuge.
a. Make weights/balances for large centrifuge (~50.5 g).
17. Transfer supernatant to clean collection tube.
a. ~13 mls, may still have “soil” particles but subsequent steps get rid of it.
18. Add 5 mls of solution C2, invert twice to mix, incubate 2-8° C (fridge) for 10 mins.
19. Centrifuge 2500 x g 4 mins at room temp.
a. This step may not pellet well.

20. Avoiding pellet, transfer supernatant to clean collection tube.

sk ok 3 sk o ok sk ook sk skoskeosk kosk sk

21. Add 4 ml of solution C3 and invert twice to mix, incubate 2-8 C for 10 mins.
22. Centrifuge tubes at 2500 x g for 4 mins at room temp.
23. Avoiding the pellet, transfer to a clean collection tube.

a. Completely avoid all pellet.

skokskokskskokskskokskskoskskskksk repeat 21_23
24. Shake to mix C4 solution.

25. Add 30 mls of solution C4 and invert twice.
a. Salt solution increases salt concentrations so DNA binds to silica membrane.
b. Serological pipette or eyeball it.

Proceed to Qiagen’s PowerViral Allprep DNA/RNA Extraction Kit Step 12

26. Load 625 ul of supernatant onto a Spin Filter and centrifuge at 13,000 g for 1 minute.
a. Use two spin columns per sample.
b. This should take ~50 loads (split between 2 columns, 25 loadings and 25 1 minute

centrifugations).
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27.

28.

29.

30.

31.

32.

33.

Shake to mix solution PV5, add 600 pl of solution PVS5 to the spin filter, and centrifuge at
13,000 x g for 1 minute.
Discard flow through and add 600 pl of solution PV4 and centrifuge at 13,000 x g for 1
minute.

a. Pv4 and PvS5 are isopropanol and ethanol washes.
Discard flow through and centrifuge again at 13,000 x g for 2 minutes to remove any
residual was solution.
Place spin filter basket into clean 2 ml collection tube.
Add 50 pl of solution PV6 directly onto column and let it incubate for 2-5 mins.
Centrifuge 13,000xg for 1 minutes.

Repeat 50 pl elution (31-32) and discard spin filter basket.
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APPENDIX C: NUTRIENT EXPERIMENT RAW DATA RESULTS

Nitrate Results

Table 20: Raw Data Nitrate Results from Nutrient Experiments

Sample N:P Initial Nitrate Final Difference Percent
NL Ratio mg/L Nitrate Nitrate Remaining

Number mg/L mg/L
646 Control 2.08 0.45 1.63 22%
647 Control 2.08 1.08 1.00 52%
648 Control 2.08 1.04 1.04 50%
649 Control 2.08 1.05 1.03 50%
634 5 6 4.11 1.89 69%
635 5 6 5.24 0.76 87%
636 5 6 5.01 0.99 84%
637 5 6 5.16 0.84 86%
638 50 6 3.37 2.63 56%
639 50 6 4.28 1.72 71%
640 50 6 5.28 0.72 88%
641 50 6 0.73 5.27 12%
642 500 6 2.43 3.57 41%
643 500 6 5.36 0.64 89%
644 500 6 3.34 2.66 56%
645 500 6 5.18 0.82 86%
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Total Dissolved Phosphorus Results

Table 21: Raw Data Total Dissolved Phosphorus Results from Nutrient Experiments.

Sample N:P Ratio Initial TPD pg/L Final Difference Percent
NL TPD TPD pg/L Remaining

Number pg/L
646 Control 3.93 1.01 292 26%
647 Control 3.93 BDL 3.72 5%
648 Control 3.93 0.57 3.36 15%
649 Control 3.93 1.11 2.82 28%
634 5 537.72 238.41 299.31 44%,
635 5 537.72 236.20 301.52 44%,
636 5 537.72 237.93 299.79 44%,
637 5 537.72 278.72 259.00 52%
638 50 53.77 48.28 5.49 90%
639 50 53.77 51.25 2.52 95%,
640 50 53.77 52.15 1.62 97%,
641 50 53.77 44.28 9.49 82%
642 500 5.38 BDL 5.07 6%
643 500 5.38 1.04 4.34 19%
644 500 5.38 BDL 5.10 50,
645 500 5.38 1.16 4.22 229
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Ammonium Results

Table 22: Raw Data Ammonium Results from Nutrient Experiments. All final values were below detection limit.

Sample N:P Initial Ammonium Final Difference Percent
NL Ratio mg/L Ammonium Ammonium Remaining

Number
646 Control 0.0095 NA 0 NA
647 Control 0.0095 NA 0 NA
648 Control 0.0095 NA 0 NA
649 Control 0.0095 NA 0 NA
634 5 0.0095 NA 0 NA
635 5 0.0095 NA 0 NA
636 5 0.0095 NA 0 NA
637 5 0.0095 NA 0 NA
638 50 0.0095 NA 0 NA
639 50 0.0095 NA 0 NA
640 50 0.0095 NA 0 NA
641 50 0.0095 NA 0 NA
642 500 0.0095 NA 0 NA
643 500 0.0095 NA 0 NA
644 500 0.0095 NA 0 NA
645 500 0.0095 NA 0 NA
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Soluble Reactive Phosphorus Results

Table 23: Raw Data Soluble Reactive Phosphorus Results. Detection limit for Phosphorus was 0.5 ug/L.

Sample N:P Initial pg/L Final Difference pg/L Percent
NL Ratio pg/L Remaining

Number
646 Control 3.0 0.6 24 19%
647 Control 3.0 0.4 BDL 2.7 12%
648 Control 3.0 0.5 2.5 17%
649 Control 3.0 0.2 BDL 2.8 7%
634 5 537.5 151.7 385.8 28%
635 5 537.5 155.4 382.1 29%
636 5 537.5 174.0 363.5 32%
637 5 537.5 162.2 375.3 30%
638 50 533 46.3 7.1 87%
639 50 533 49.6 3.7 93%
640 50 533 52.1 1.2 98%
641 50 533 40.7 12.6 76%
642 500 4.9 0.2 BDL 4.7 4%
643 500 4.9 0.3 BDL 4.6 6%
644 500 4.9 0.1BDL 4.8 1%
645 500 4.9 0.7 4.2 15%
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Table 24: Nitrogen to Phosphorus Ratios Raw Data for Nutrient Experiments. The ratios are based on molar ratios. The initial
N:P ratios were based off of TDP (Bootsma Lab) and TN (TOC-TN L machine) values. The final N:P ratios are from final TDP
(Bootsma Lab) and final nitrate-N (IC). The TOC-TN L machine was out of order at the end of the experiments.

N:P Ratio Initial Final N:P
N:P Measured

Measured
Control 185 2043
Control 185 12592
Control 185 4378
Control 185 2325
5 5 7
5 5 9
5 5 11
5 5 1
50 50 25
50 50 52
50 50 32
50 50 58
500 500 723
500 500 519
500 500 1879
500 500 452

92



Nutrient Experiment Cell Counts

Table 25:Raw data cell counts from nutrient addition experiments. Values of NA mean there were not cell counts available for

those samples. Note NL 640 and NL 634 were not included in the final average results due to sample discrepancies.

Initial Difference  Average
Sample N:P Cell Cell Cell Cell
NL . Counts
Number Ratio Counts cells/ml Count Count
cells/ml cells/ml cells/ml
647 Control 2.10E+05 1.45E+05 -6.50E+04 2.57E+05
648 Control 2.10E+05 3.68E+05 1.58E+05
634 5 2.10E+05 1.41E+06 1.20E+06
635 5 2.10E+05 3.71E+05 1.61E+05 ¢.35E+05
636 5 2.10E+05 1.24E+05 -8.60E+04
637 5 2.10E+05 NA NA
638 50 2.10E+05 NA NA
639 50 2.10E+05 1.75E+05 -3.50E+04  7.13E+05
640 50 2.10E+05 1.74E+06  1.53E+06
641 50 2.10E+05 2.25E+05 1.50E+04
642 500 2.10E+05 NA NA
643 500  2.10E+05 3.99E+04 -1.70E+05 /-82Et04
644 500 2.10E+05 6.88E+04 -1.41E+05
645 500 2.10E+05 1.26E+05 -8.40E+04
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APPENDIX D: W12 UNIQUE DNA AND RNA TAXA SPECIALISTS

Table 26: Unique W12 Specialists from DNA and RNA CLAM Results

ASV  Unique W12 Taxa

ID

9 Unclassified;

21 Bacteria; Nitrospirae; 4; 29; 1;

24 Archaea; Nanoarchaeaeota; Woesearchaeia;

44 Bacteria; Epsilonbacteracota; Campylobacteria; Campylobacterales; Thiovulaceae
Sulfuricurvum;

60 Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae

53 Archaea; Nanoarchaeaeota; Woesearchaeia;

61 Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae
Thauera;

68 Unclassified;

100  Unclassified;

106  Unclassified;

108  Bacteria; Proteobacteria; Deltaproteobacteria; Desulfobacterales; Desulfobulbaceae;
Desulfocapsa;

156  Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae

143  Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae

147  Unclassified;

144  Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae;
C39;

163  Bacteria; Omnitrophicaeota;

170  Unclassified;

206  Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

252  Unclassified;

251  Bacteria; Armatimonadetes; Chthonomonadetes; Chthonomonadales;

231  Unclassified;

267  Unclassified;

290  Bacteria; Proteobacteria; Gammaproteobacteria; Chromatiales; Sedimenticolaceae;
uncultured;

255  Unclassified;

277  Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Hydrogenophilaceae; uncultured;

278  Bacteria; Epsilonbacteracota; Campylobacteria; Campylobacterales; Thiovulaceae;
Sulfuricurvum;

291  Unclassified;

302  Unclassified;

317  Unclassified;

94



318
316
309

343
329
330
407
402
366

395
379

445
443
436
481
435
439
466
474
580
567
562
616
595
637
587
652
615

668
611
646
675
681
682
705
731

Unclassified;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Hydrogenophilaceae;
Unclassified;

Archaea; Thaumarchaeota; Marine; Benthic; Group; A;
Unclassified;
Unclassified;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Gallionella;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Sideroxydans;
Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; MSB; 3CS;

Unclassified;

Bacteria; Verrucomicrobia; Verrucomicrobiae; LD1; PB3;
Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Nitrospirae; HDB; SIOI1093;

Bacteria; Elusimicrobia; Elusimicrobia; Lineage; I'V;
Bacteria; Acidobacteria; Subgroup; 22;

Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Gallionella;
Bacteria; Omnitrophicaeota;

Unclassified;
Unclassified;
Unclassified;
Unclassified;
Unclassified;
Archaea; Nanoarchaeaeota; Woesearchaeia;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Nitrosomonadaceae; GOUTAG;

95



730

750

746
776
792
844
828
840
814
849
870
890
820
951
963
903
916
955
928
961
997
1027
1012
1033
1020
1054
1153
1135
1114
1365
1137
1265
1172
1280
1260
1412
1239

1222

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Gallionella;

Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

Bacteria; Elusimicrobia; Elusimicrobia; Lineage; I'V;

Unclassified;

Unclassified;

Bacteria; Actinobacteria; Acidimicrobiia; IMCC26256;

Bacteria; Omnitrophicaeota;

Bacteria; Patescibacteria; Gracilibacteria; Candidatus; Peregrinibacteria;
Bacteria; Omnitrophicaeota;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Bacteria; Fibrobacteres; Chitinivibrionia; uncultured;

Unclassified;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria;

Unclassified;

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfobacterales; Desulfobacteraceae;
Bacteria; Elusimicrobia; Elusimicrobia; Lineage; I'V;

Unclassified;

Unclassified;

Bacteria; Zixibacteria;

Bacteria; Acidobacteria; Subgroup; 22;

Unclassified;

Bacteria; Actinobacteria; MB; A2; 108;

Bacteria; Planctomycetes; Phycisphaerae; MSBL9; GWC2; 45; 44;
Bacteria; Acidobacteria; Subgroup; 6;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Chitinophagaceae;
Sediminibacterium,;
Bacteria; Omnitrophicaeota;
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1449
1317
1345
1313

1275

1576
1361
1425
1364

1473
1566
1507
1500
1501
1577

1539
1578
1776
1835
1592

1793

1804
1560
1921
1971
1889
2202
2290
2198
33
51
70
95
107
129
127

Bacteria; Omnitrophicaeota;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Syntrophus;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Syntrophus;

Bacteria; Bacteroidetes; Bacteroidia; Sphingobacteriales; SISA; MNO1;

Archaea; Crenarchaeota; Bathyarchaeia;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Syntrophus;

Unclassified;

Bacteria; Omnitrophicaeota;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; MBNT15;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Syntrophus;

Archaea; Crenarchaeota; Bathyarchaeia;

Unclassified;

Unclassified;

Bacteria; Actinobacteria; WCHBI; 81;

Bacteria; Omnitrophicaeota; Omnitrophia; Omnitrophales; Omnitrophaceae; Candidatus;
Omnitrophus;

Bacteria; Omnitrophicaeota; Omnitrophia; Omnitrophales; Omnitrophaceae; Candidatus;
Omnitrophus;

Bacteria; Omnitrophicaeota;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Schekmanbacteria;
Bacteria; Omnitrophicaeota;
Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; MBNT15;
Unclassified;

97



145
146
160
183
173
164
185
203
199
242
283
296
314
322
409
388
414
404
413
411
437
485
502
556
577
547
569
584
596
606
613
633
655
660
695
674
688
711
717
761

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;
Bacteria; Omnitrophicaeota;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;
Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;
Unclassified;

Unclassified;

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;
Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;
Unclassified;

Unclassified;

Bacteria; Spirochaetes; Spirochaetia; Spirochaetales; Spirochaetaceae; uncultured;
Unclassified;

Unclassified;

Unclassified;

Bacteria; Firestonebacteria;

Unclassified;

Unclassified;

Unclassified;
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747
758
721
763
753
817
786
822
816
810
830
865
866
853
850
855
896
897
874
936
971
940
1007
1031
987
974
1018
1041
989
1080
1040
1071
1077
1154
1115
1103
1148
1105
1151
1382

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;

Unclassified;

Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;
Unclassified;

Unclassified;

Bacteria; Patescibacteria; Parcubacteria; Candidatus; Ryanbacteria;
Unclassified;

Unclassified;

Unclassified;

Bacteria; Patescibacteria; Microgenomatia; Candidatus; Woesebacteria;
Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Patescibacteria; Parcubacteria; Candidatus; Yanofskybacteria;
Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;
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1243
1422
1162
1240
1293
1314
1278
1444
1286
1285
1318
1375
1528
1857
128

138

386

428

487

462
492

582
543
575

586

626
661

636
659

769
785
749
832
841

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Patescibacteria; Microgenomatia; Candidatus; Amesbacteria;
Unclassified;

Unclassified;

Unclassified;

Bacteria; Firestonebacteria;

Bacteria; Patescibacteria; Microgenomatia; Candidatus; Woesebacteria;
Bacteria; Patescibacteria; Microgenomatia; Candidatus; Woesebacteria;
Unclassified;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Hydrogenophilaceae; uncultured;

Bacteria; Proteobacteria; Deltaproteobacteria; Desulfobacterales; Desulfobulbaceac;
MSBL7;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Burkholderiaceae; Polynucleobacter;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Desulfomonile;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Hydrogenophilaceae; uncultured;

Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Sideroxydans;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Gallionella;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae;
C39;
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843

894

985
981
977
979
991
1101
1136
1070
1241

1170
1272
1495

1514
1544
1552

1532
1641
1643

1655
1608

1691

1850
1873
2084
2073

2118
2487

2412
2395

2491

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Sideroxydans;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Burkholderiaceae; Limnobacter;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;

Unclassified;

Bacteria; Planctomycetes; BD7; 11;

Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Xanthobacteraceae;
Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Sva0485;

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; UASB; TL25;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Desulfomonile;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Bacteria; Calditrichaeota; Calditrichia; Calditrichales; Calditrichaceae; SM23; 31;
Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Hydrogenophilaceae; Thiobacillus;

Unclassified;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae;
Denitratisoma;

Unclassified;

Unclassified;

Bacteria; Rokubacteria; NC10; Methylomirabilales; Methylomirabilaceae; Candidatus;
Methylomirabilis;

Bacteria; Proteobacteria; Gammaproteobacteria;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Desulfobacca;

Bacteria; Proteobacteria; Gammaproteobacteria; Beggiatoales; Beggiatoaceae;
uncultured;

Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;

Bacteria; Lentisphaerae; Lentisphaeria; Victivallales; PRD18COS;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Sideroxydans;

Unclassified;

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae;
Maritimimonas;

Bacteria; Omnitrophicaeota;

Bacteria; Proteobacteria; Deltaproteobacteria; Syntrophobacterales; Syntrophaceae;
Desulfomonile;

Unclassified;
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2561
2689
2714
3613
4697

105
125
136
202
230
263

301
357
387
463
433
434
447
506
523

491
521
666
826
777
766
788
1014
1022
1056
1204
1245
1409
1438
1465
1662

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; Eel; 36e1Do6;
Bacteria; Planctomycetes; Phycisphaeraec; MSBL9; SGS; 4;

Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales; Bacteroidetes; BD2; 2;
Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

Bacteria; Nitrospirae; 4; 29; 1;

Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; TRA3; 20;
Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Bacteria; Spirochaetes; Spirochaetia; Spirochaetales; Spirochaetaceae; Treponema;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Sulfuricellaceae;
Sulfuricella;
Unclassified;

Unclassified;
Unclassified;
Unclassified;
Unclassified;
Unclassified;
Bacteria; Nitrospirae; 4; 29; 1;
Unclassified;

Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Xanthobacteraceae;
Pseudolabrys;
Bacteria; Spirochaetes; Spirochaetia; Brevinematales; Brevinemataceae; Brevinema;

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; Blrii41;
Unclassified;

Unclassified;

Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;
Bacteria; Spirochaetes; Spirochaetia; Spirochaetales; Spirochaetaceae; Spirochaeta; 2;
Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;
Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Archaea; Nanoarchaeaeota; Woesearchaeia;

Unclassified;

Unclassified;
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1790 Bacteria; Firmicutes; Bacilli; Lactobacillales; Streptococcaceae; Lactococcus;
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APPENDIX E: W13 UNIQUE DNA AND RNA TAXA SPECIALISTS

Table 27: Unique W13 Specialists from DNA and RNA CLAM Results

ASYV Unique W13 Taxa

ID

1 Unclassified;

2 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

3 Bacteria; Nitrospirae; 4; 29; 1;

6 Unclassified;

14 Bacteria; Nitrospirae; HDB; SIOI1093;

19 Unclassified;

26 Unclassified;

34 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

37 Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

35 Unclassified;

41 Bacteria; Nitrospirae; 4; 29; 1;

40 Unclassified;

42 Unclassified;

47 Bacteria; Patescibacteria; Parcubacteria; Candidatus; Nomurabacteria;

48 Unclassified;

52 Unclassified;

64 Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

59 Unclassified;

75 Unclassified;

73 Unclassified;

74 Bacteria; Epsilonbacteracota; Campylobacteria; Campylobacterales; Thiovulaceae;
Sulfurimonas;

82 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

85 Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Candidatus; Nitrotoga;

84 Bacteria; Proteobacteria; Deltaproteobacteria; DTB120;

78 Unclassified;

88 Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;

89 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;

97 Unclassified;

102  Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;

Acidiferrobacteraceae; Sulfurifustis;
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104
117
116
141
126
139
148

166
168
188
167
220
217
232

236
282
288
312
313
334
345
358
336
359
367

393
375
355
368
444
459
451
458

539

554
531

Unclassified;

Unclassified;

Unclassified;

Bacteria; Planctomycetes; Brocadiae; Brocadiales; Brocadiaceae;
Bacteria; Patescibacteria; Parcubacteria; UBA9983;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Unclassified;

Unclassified;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; mlel; 27;

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacterales;
Incertae; Sedis; uncultured;
Unclassified;

Unclassified;

Bacteria; Patescibacteria; Parcubacteria; UBA9983;

Bacteria; Planctomycetes; Brocadiae; Brocadiales; Brocadiaceae;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;

Bacteria; Actinobacteria; Thermoleophilia; Gaiellales;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Unclassified;

Unclassified;

Bacteria; Latescibacteria;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Nitrosomonadaceae; MND1;
Archaea; Diapherotrites; Micrarchaeia;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Bacteroidetes; Bacteroidia; Sphingobacteriales; env; OPS; 17;

Bacteria; Omnitrophicaeota;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacterales;
Incertae; Sedis; uncultured;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;
Nitrosomonadaceae; MNDI ;

Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales;
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558  Unclassified;
535  Archaea; Nanoarchaeaeota; Woesearchaeia;

570  Bacteria; Acidobacteria; Blastocatellia; ; Subgroup; 4; ; Blastocatellales;
Blastocatellaceae;
563  Bacteria; Acidobacteria; Subgroup; 6;

619  Unclassified;

598  Unclassified;

608  Unclassified;

631  Bacteria; Omnitrophicaeota;

691  Bacteria; Chloroflexi; KD4; 96;

698  Bacteria; Patescibacteria; Parcubacteria; UBA9983;

737  Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;
Sideroxydans;
752  Unclassified;

793  Bacteria; Planctomycetes; Brocadiae; Brocadiales; Brocadiaceae;
791  Unclassified;

877  Archaea; Nanoarchaeaeota; Woesearchaeia;

900  Unclassified;

941  Unclassified;

1006 Unclassified;

1189 Bacteria; Patescibacteria; ABY1; Candidatus; Uhrbacteria;
1231 Archaea; Nanoarchaeaeota; Woesearchaeia;

1435 Bacteria; Bacteroidetes; Bacteroidia; Sphingobacteriales;
1702 Bacteria; Latescibacteria;

20 Unclassified;

25 Unclassified;

27 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;
50 Unclassified;

81 Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;
137  Unclassified;

151  Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;
142  Unclassified;

157  Unclassified;

175  Unclassified;

182  Unclassified;

212  Unclassified;

214  Unclassified;

244  Bacteria; Patescibacteria; Parcubacteria; Candidatus; Nomurabacteria;
246  Unclassified;

259  Unclassified;
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260  Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;
274  Unclassified;

323  Bacteria; Elusimicrobia; Lineage; Ilc;

353  Unclassified;

408  Unclassified;

406  Unclassified;

401  Unclassified;

432  Unclassified;

448  Unclassified;

442  Unclassified;

449  Bacteria; Patescibacteria; Microgenomatia; Candidatus; Woykebacteria;
454  Unclassified;

513  Unclassified;

498  Unclassified;

529  Unclassified;

515  Archaea; Nanoarchaeaeota; Woesearchaeia;

549  Unclassified;

532  Unclassified;

540  Unclassified;

641  Unclassified;

693  Unclassified;

696  Unclassified;

736  Unclassified;

727  Unclassified;

744  Unclassified;

783  Unclassified;

813  Unclassified;

879  Bacteria; Patescibacteria; Microgenomatia; Candidatus; Woykebacteria;
889  Unclassified;

885  Unclassified;

911  Unclassified;

1001 Unclassified;

1025 Bacteria; Patescibacteria; Parcubacteria; Candidatus; Vogelbacteria;
1058 Unclassified;

1083 Unclassified;

1258 Bacteria; Patescibacteria; Microgenomatia; Candidatus; Amesbacteria;

23 Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Sulfuricellaceae;
Ferritrophicum;
31 Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;

Acidiferrobacteraceae; Sulfurifustis;
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83

155
218
247
303
346
344
503
478
510
495
724
703
684

835
880
893
939

950

972

1185
1251
1236
1140
1288
1279
1404
1377
1634

1696
1670
79
171
340
374
603
643
610

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Unclassified;

Bacteria; Nitrospirae; Thermodesulfovibrionia; uncultured;
Unclassified;

Bacteria; Bacteroidetes; Ignavibacteria; Kryptoniales; BSV26;
Unclassified;

Unclassified;

Unclassified;

Bacteria; Chloroflexi; Anaerolineae; RBG; 13; 54; 9;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae;
Unclassified;

Unclassified;
Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Acidiferrobacterales;
Acidiferrobacteraceae; Sulfurifustis;
Unclassified;

Unclassified;

Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcaceae;

Unclassified;

Bacteria; Planctomycetes; Brocadiae; Brocadiales; Brocadiaceae;

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; Blfdil9;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales;

Unclassified;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Gallionellaceae;

Bacteria; Proteobacteria; Deltaproteobacteria; Bdellovibrionales; Bdellovibrionaceae;
Bdellovibrio;
Unclassified;

Bacteria; Proteobacteria; Deltaproteobacteria; MBNT15;
Unclassified;
Unclassified;
Unclassified;
Unclassified;
Unclassified;
Unclassified;
Unclassified;
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704  Unclassified;
751  Unclassified;
839  Unclassified;
852  Unclassified;
924  Unclassified;
992  Unclassified;
1069 Unclassified;

1421 Bacteria; Proteobacteria; Gammaproteobacteria; Alteromonadales; Shewanellaceae;
Shewanella;
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APPENDIX F: TOP AVERAGE RATIOS USED IN VIOLIN RATIO ANALYIS ACROSS WELLS (FIG. 13, PG 44)

Table 28: Top Average RNA:DNA Ratios from each Well

ASYV 209: Bacteria;

ASYV 593: Bacteria;

ASYV 103: Bacteria;

ASYV 82: Bacteria;

ASV 4 Proteobacteria; . Gan}i:r?::)(:'?)fec(::;i:t;eria Proteobacteria; . ASV 3 ASV 35.4: Proteobacteria; .
Sample Factel:la; Gammaproteobacteria : Gammaproteobacteria Factel:la; Factel:la; Gan}n}aproteobacterla
Nitrospirae; ; . Betaproteobacteriales; ; . Nitrospirae; Nitrospirae; 5 A.c1.dlferr0bacterales;
4;29;1; Betaproteobacteriales; . Betaproteobacteriales; 4;29; 1; 4;29;1; Acidiferrobacteraceae;
Gallionellaceae; Burkhold(?r.laceae; Hydrogenophilaceae; Sulfurifustis;
Massilia;
1W11R248 7.151074796 Inf NA Inf 5412180143 Inf Inf
1W11R627 13.93044991 Inf 95.82218913 Inf 6.505658645 Inf NA
1W11R629 4.451353435 Inf NA Inf 4.124882005 Inf Inf
1W11R706 7.385440915 Inf NA Inf 9.708840184 Inf Inf
1W11R713 4.717108303 51.01800849 NA Inf 3.273864735 Inf Inf
1W11R718 8.37435036 Inf NA Inf 6.985757192 Inf Inf
1W11R720 9.236385136 Inf NA Inf 8.230537959 Inf Inf
1W11R725 15.03044829 Inf Inf Inf 7.010421361 NA Inf
1W11R829 11.0962172 6.521591856 NA Inf 17.70055219 Inf Inf
2W11R259 2.678383826 9.291355915 NA 13.04802559 2925580947  8.286586589 Inf
2W11R627 3.060980986 Inf NA 14.865831 2.349438372 Inf Inf
2W11R629 2.319927152 4.801989909 NA 10.66844569 1.779173567  7.812166523 Inf
2W11R706 2.881343381 8.228651108 NA 10.74435725 3.302665079 10.2901402 Inf
2W11R713 3.548100879 4.251041972 NA 8.345373085 3.044646086 Inf NA
2W11R720 2.800887897 5.599493696 NA 19.17796641 2.525152451 Inf Inf
2W11R829 3.10858451 8.61150735 NA 14.89240616 2.704483562 Inf 4.600339283
1W12R829 2.501709364 Inf NA 10.50914292 3.625236129 Inf 0.839909434
1W12R255 Inf NA Inf Inf Inf Inf NA
1W12R627 7.125437667 Inf NA Inf Inf Inf NA
1W12R629 8.105195951 NA NA Inf 5.187201535 Inf Inf
2W12R629 2.18182886 Inf NA Inf 2.680261648 Inf 0.964410593



ITI1

1W12R706
1W12R713
1W12R725
2W12R829
2W12R627
2W12R706
2W12R713
2W12R718
2W12R720
1W13R627
1W13R629
1W13R706
1W13R713
1W13R718
1W13R720
1W13R725
1W13R829
2W13R160
2W13R627
2W13R629
2W13R706
2W13R713
2W13R718
2W13R720
2W13R725
2W13R829

0.949450606
4.0674289
4.177556196
1.563813589
2.341489196
1.934944291
7.106628811
2.849181599
3.352472509
8.610416973
11.16170251
16.28428893
18.73345451
4.046184257
20.00538215
7.468561011
6.824961396
3.470939804
2.84132288
3.45800882
3.181557146
2.720286187
3.516404556
3.253387461
2.74710245
2.932128743

NA

Inf

NA
1.107932626
2.847664687
1.438907799

0

NA

NA

NA

NA

NA

NA

NA

NA

Inf

NA

Inf

Inf

Inf

Inf

Inf

Inf

Inf
2.097350543

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Inf
12.15070862
Inf
9.811595657
5.99080822
9.930855351
12.4463247
7.414991004
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
11.46150258
Inf
8.392528938
9.984504624
9.32078152
10.52707809
7.572275949
7.881642512
16.99535981

0
5.881024797
1.881281448
1.782764316
1.390760873
2.562027492
18.37078063
4.122102303
3.991949532
7.969515242
6.882996547
68.31440633
8.979848408

0.66678961
4.596836535
6.056428205
5.627744002
2434607211
2.903002927
2.598490955
2.322942497
3.141154533
2.612586197

2.27286084
2.469764182
2.679389154

NA

Inf

Inf
3.358420772
5.096795301

Inf

NA
7.708331307

Inf

Inf

Inf

Inf

NA

NA

NA

Inf

NA
11.49659597
21.33225399
12.47533767
14.78648961
15.06454428
16.77619161
18.21025066
15.64202899

Inf

NA
Inf
NA
0.432093724
NA
NA
NA
NA
NA
5.948928268
5.874952272
9.301665384
8.559162372
34.9133339
9.773629163
7.03702443
3.785954143
1.802290119
1.046815413
2.155746478
2.349007935
1.819089557
2.378091792
3.30073567
1.873405797
2.495264095




48!

Table 28: Continued : Top Average RNA:DNA Ratios from each Well

ASYV 60: Bacteria;

ASYV 290: Bacteria;

ASYV 61: Bacteria;

ASYV 143: Bacteria;

ASYV 44: Bacteria;

ASV 118: Bacti.arla; Proteobacteria; Proteobacteria; Proteobacteria; . Proteobacteria; Epsilonbacteraeota
Proteobacteria; . . Gammaproteobacteria . . ..
Sample Gammaproteobacteria Gammaproteobacteria Gammaproteobacteria R Gammaproteobacteria ; Campylobacteria;
5 ; Chromatiales; ’ . 5 Campylobacterales
H sl . . . Betaproteobacteriales; sl . Tht .
Betaproteobacteriales; Betaproteobacteriales; Sedimenticolaceae; Rhodocyclaceae; Betaproteobacteriales; ; Thiovulaceae;
’ Rhodocyclaceae; uncultured; > Rhodocyclaceae; Sulfuricurvum;
Thauera;
1W11R248 3.822991842 Inf NA Inf NA NA
1W11R627 Inf NA NA NA NA NA
1W11R629 Inf NA NA Inf Inf NA
1W11R706 Inf NA NA NA NA NA
1W11R713 Inf 0.558351595 NA NA NA Inf
1W11R718 Inf Inf NA NA NA NA
1W11R720 Inf Inf NA Inf NA NA
1W11R725 Inf Inf NA NA NA NA
1W11R829 Inf Inf NA Inf Inf NA
2W11R259 20.51293627 Inf NA Inf NA Inf
2W11R627 Inf Inf NA Inf NA Inf
2W11R629 9.837760906 Inf NA Inf NA Inf
2W11R706 11.89579301 Inf NA Inf NA Inf
2W11R713 Inf Inf NA Inf NA 1.188658481
2W11R720 Inf Inf NA Inf Inf Inf
2W11R829 10.77315818 Inf NA Inf NA NA
1W12R829 8.645251376 10.09111233 9.788870413 28.15941467 10.25250218 6.739948558
1W12R255 NA Inf Inf Inf Inf Inf
1W12R627 Inf 86.30132545 77.89955949 Inf Inf 15.6899194
1W12R629 11.67519361 71.11653305 Inf 8.783152717 Inf 36.55172838
2W12R629 9.344854997 11.05425251 7.511476841 Inf 13.31264819 3.904345064
1W12R706 Inf Inf NA Inf Inf 27.6040713



el

1W12R713
1WI12R725
2W12R829
2W12R627
2W12R706
2W12R713
2W12R718
2W12R720
1W13R627
1W13R629
1W13R706
1W13R713
1W13R718
1W13R720
1W13R725
1W13R829
2W13R160
2W13R627
2W13R629
2W13R706
2W13R713
2W13R718
2W13R720
2W13R725
2W13R829

6.605742387
Inf
10.96214108
6.231753276
5.813253363
3.136081815
6.327960066
7.634271556
Inf
Inf
Inf
Inf
Inf
NA
Inf
Inf
9.373332414
10.85325203
7.938924872
22.96436063
6.77968603
11.34656968
10.58662426
7.394143744
8.877438213

33.69633329
23.48285294
7.890172971
6.343844604
5.712355774
2.395618053
5.066354773
11.23878674

Inf

Inf

Inf

Inf

Inf

Inf

Inf

Inf
8.605440182

Inf
8.520731643

Inf

7.09670705

8.833208102
9.902207011
10.65113043
9.585509058

Inf

Inf
8.553891596
7.006474069
5.133400797
32.58040553
10.33617153
11.17363864

NA

NA

NA

NA

NA

NA

NA

NA

Inf

Inf

NA

NA

Inf

Inf

Inf

NA

Inf

Inf

Inf
21.76015417
20.32293589
16.81784744
8.534389315
25.19635033

Inf

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

38.40426675
Inf
6.150655386
11.55266784
6.776877074
18.70048787
10.16785235
11.36972086
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

13.37342144
Inf
2.28962707
1.370637715
1.302452402
3.284355114
2.482578322
1.804153815
Inf
Inf
Inf
Inf
Inf
Inf
Inf
Inf
2.850907896
5.855912861
5.690102375
5.793624562
5.012753392
4.001037868
4.28149725
2.933314871
8.94647512




APPENDIX G: RIVER INFILTRATION INDICATOR TAXA

Table 29: FOX River Infiltration Indicator ASV Taxa

River Infiltration Indicator Taxa

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Rhodocyclaceae;
C39;

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Crocinitomicaceae; Fluviicola;
Bacteria; Bacteroidetes; Bacteroidia; Cytophagales; Spirosomaceae; Pseudarcicella;
Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Polynucleobacter;

Bacteria; Actinobacteria; Actinobacteria; Frankiales; Sporichthyaceae; hgcl clade;
Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Chitinophagaceae;
Sediminibacterium;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Limnohabitans;

Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae;
Aurantimicrobium;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Polynucleobacter;

Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae; Rhodoluna;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Limnohabitans;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Limnohabitans;

Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae; Rhodoluna;
Bacteria; Epsilonbacteraeota; Campylobacteria; Campylobacterales; Arcobacteraceae;
Arcobacter;

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Flavobacterium;

Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae; Candidatus
Planktoluna;

Bacteria; Epsilonbacteraeota; Campylobacteria; Campylobacterales; Arcobacteraceae;
Arcobacter;

Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae;

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Crocinitomicaceae; Fluviicola;
Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae;
Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Flavobacterium;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Limnohabitans;

Bacteria; Actinobacteria; Actinobacteria; Frankiales; Sporichthyaceae;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Polynucleobacter;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Methylophilaceae;
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Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Rhizobiales Incertae Sedis;
uncultured;

Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Chitinophagaceae;
Sediminibacterium;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;

Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae; Candidatus
Aquiluna;
Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;

Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Chitinophagaceae;
Sediminibacterium;
Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Crocinitomicaceae; Fluviicola;

Bacteria; Epsilonbacteraeota; Campylobacteria; Campylobacterales; Arcobacteraceae;
Arcobacter;
Bacteria; Bacteroidetes; Bacteroidia; Sphingobacteriales; NS11-12 marine group;

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; NS9; marine; group;

Bacteria; Actinobacteria; Actinobacteria; Frankiales; Sporichthyaceae; hgcl clade;
Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Crocinitomicaceae; Fluviicola;
Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Microbacteriaceae;

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteriales; Burkholderiaceae;
Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Flavobacterium;
Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Flavobacterium;
Bacteria; Actinobacteria; Actinobacteria; Frankiales; Sporichthyaceae; hgcl clade;
Bacteria; Actinobacteria; Actinobacteria; Frankiales; Sporichthyaceae; hgcl clade;
Bacteria; Proteobacteria; Alphaproteobacteria; SAR11; clade; Clade; I11;

Bacteria; Proteobacteria; Gammaproteobacteria; Diplorickettsiales; Diplorickettsiaceae;
Rickettsiella;
Bacteria; Proteobacteria; Gammaproteobacteria; Diplorickettsiales; Diplorickettsiaceae;
Rickettsiella;
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APPENDIX H: HEATMAP CLOSE UP AVERAGE MOST ABUNDANT TAXA OF INTEREST

56: Unclassified. -

35: Unclassified. -

7: Bacteria.Nirospirae.4.25.1-1 I - - - I' " - - -

25: Unclassified. - - . .
.Nanoarchaeaeota.Woesearchaeia. - FourthRoot(RelAbun)
‘Acidiferrobacteraceae.Sulfurifustis. - - - I I

19: Unclassified. -

18: Unclassified. - . . -

163: Bacteria.Omnitrophicaeota. - -
128: Unclassified. -
125: Unclassified. -

11: Unclassified.

1: Unclassified. I I I II - I -

0.1um 0.1um 0.1um 0.2um 0.2um 0.2um 0.fum  0.fum 0.1um 0.2um 0.2um  0.2um

Figure 15: Selection of Most Abundant ASVs Across All Wells. Taxon affiliations are listed on the left. Data is partitioned based on DNA (left half of the heatmap) and RNA (right
half of the heatmap), filter size with nucleic acid type (0.1 um left, 0.2 um right within DNA and RNA), and within that by site (W11, W12, and W13). The light yellow indicates an
average abundance of 0 meaning the ASV was not present for that type of sample. Dark blue indicates the highest relative abundance. The fourth root was used to display the
relative abundances to show the patterns more distinctly. Some of the most abundant groundwater ASVs are specific to location suggesting (ASVs: 163, 19, 35) they are unique or
specialized to that location. Other ASVs show higher abundances comparatively across all wells (ASV1: Unclassified, ASV 2: Sulfurifustis) suggesting the aquifer shares specific
microbes between the wells. Some ASVs that are Unclassified, (ASVs 128, 18, 56) do not appear in the DNA but are of the most abundant RNA ASVs which supports the theory of

intron splicing occurring in the 16S rRNA gene.
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Genomic DNA from Microbial Mock
Community B (Even, Low Concentration),
v5.1L, for 16S rRNA Gene Sequencing

Catalog No. HM-782D
For research use only. Not for human use.

Contributor and Manufacturer:

Sarah K. Highlander, Associate Professor, Department of
Molecular Virology and Microbiology; Baylor College of
Medicine, Houston, Texas

Product Description:

HM-782D contains genomic DNA from 20 bacterial strains
containing equimolar (Even) ribosomal RNA operon counts
(100,000 copies per organism per pL). This mock community
is recommended for 16S rRNA gene sequencing by Sanger
or amplicon sequencing methods. The recommended
amount to use per experiment is 1 uL.' The bacterial strains
that DNA was extracted from are listed in Table 1.

Note: The label for HM-782D is incorrect. HM-782D
contains genomic DNA from microbial mock community B
and not microbial mock community A.

Table 1. Microbial Mock Community B

APPENDIX I: MOCK COMMUNITY DATASHEET

Product Information Sheet for HM-782D

Organism Ncgl:::::eence
Rh(;?;?:ﬁ‘iﬁgl;afromes NC_007493, NC_007494
Sla!;g{ik:%(;%cus aureus, strain NC_010079
Stagg};mu;gf{ld;)?ldls' NC_004461
Str?t)lfaoi(r;lozcggg f/?slac”ae’ NC_004116
S”‘iﬁ?;%ccus mutans, strain NG_ 004350
i e NC_003028

Organism NCBI Reference

A _ Sequence
Ac:ggggastg% baumannii, NC_009085
Act;n;;rir;‘yﬁfﬁdomofyﬁw& NZ_AAYI02000000
Bacziﬁtés cereus, strain NRS NC_003909
Bai{‘i’é’.’é’ff.Xg’git“s’ strain NC_009614
Cm;%’?ﬁéne%(gfnnm' strain NC_009617

Deinococcus radiodurans,

strain R1 (smooth) NC_001263, NC_001264

Enterococcus faecalis, strain

papas NC_17316
e bstran MG1655 i
Helé?gglef pylori, strain NC_000915
Lacstgb::‘:’{ﬂus gasser, strain NC_008530
List:g; r:né)cr?l))cé'togenes, NC_003210
Nei:nsggsa meningitidis, strain NC_003112
T Gin KPATT 1207 NC_006085
N PAGILAG NC_002576

BEI Resources
www.beiresources.orq

HM-782D has been qualified for PCR applications by
amplification of approximately 1500 base pairs of the 16S
ribosomal RNA gene.

Material Provided:

Each vial contains approximately 20 pL of the bacterial
genomic DNA mixture suspended in Tris-HCI, pH ~ 7.5. The
concentration is shown on the Certificate of Analysis. The
vial should be centrifuged prior to opening.

Packaging/Storage:

HM-782D was packaged aseptically in screw-capped plastic
cryovials. The product is provided frozen on ice and should
be stored at -20°C or colder immediately upon arrival.
Freeze-thaw cycles should be minimized.

Citation:

Acknowledgment for publications should read “The following
reagent was obtained through BEI Resources, NIAID, NIH as
part of the Human Microbiome Project: Genomic DNA from
Microbial Mock Community B (Even, Low Concentration),
v5.1L, for 16S RNA Gene Sequencing, HM-782D."

Biosafety Level: 1

Appropriate safety procedures should always be used with
this material. Laboratory safety is discussed in the following
publication: U.S. Department of Health and Human Services,
Public Health Service, Centers for Disease Control and
Prevention, and National Institutes of Health. Biosafety in
Microbiological _and _Biomedical _Laboratories. 5th ed.
Washington, DC: U.S. Government Printing Office, 2009; see
www cdc.gov/biosafety/publications/bmbl5/index.htm.

Disclaimers:
You are authorized to use this product for research use only.
It is not intended for human use.

Use of this product is subject to the terms and conditions of
the BEI Resources Material Transfer Agreement (MTA). The
MTA is available on our Web site at www beiresources.org.

While BEI Resources uses reasonable efforts to include
accurate and up-to-date information on this product sheet,

E-mail: contact@beiresources.orq
Tel: 800-359-7370

Fax: 703-365-2898

© 2012 American Type Culture Collection (ATCC). All rights reserved. HM-762D_18DEC2012
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neither ATCC® nor the U.S. Govemment makes any
warranties or representations as to its accuracy. Citations
from scientific literature and patents are provided for
informational purposes only. Neither ATCC® nor the U.S.
Government warrants that such information has been
confirmed to be accurate.

This product is sent with the condition that you are
responsible for its safe storage, handling, use and disposal.
ATCC® and the U.S. Government are not liable for any
damages or injuries arising from receipt and/or use of this
product. While reasonable effort is made to ensure
authenticity and reliability of materials on deposit, the U.S.
Govemnment, ATCC®, their suppliers and contributors to BEI
Resources are not liable for damages arising from the
misidentification or misrepresentation of products.

Use Restrictions:

This material is distributed for internal research, non-
commercial purposes only. This material, its product or its
derivatives may not be distributed to third parties. Except as
performed under a U.S. Government contract, individuals
contemplating commercial use of the material, its products or
its derivatives must contact the contributor to determine if a
license is required. U.S. Government contractors may need
a license before first commercial sale.

References:
1. S.K. Highlander, Personal Communication.

ATCC® is a trademark of the American Type Culture
Collection.

BEI Resources
www.beiresources.org

E-mail: contact@beiresources.orq
Tel: 800-359-7370

Fax: 703-365-2898

© 2012 American Type Culture Collection (ATCC). All rights reserved. HM-762D_18D
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APPENDIX J: SUPPLEMENTARY 16S RIBOSOMAL RNA:DNA ACTIVITY RATIOS

Violin plots (Fig. 15), similar to box plots that demonstrate data distribution with the
thickest part of the plot showing the mode average, were developed in R to compare the
ASVs that had the highest RNA:DNA ratios from each site. The ratios of all corresponding
RNA to DNA samples were determined for each ASV. To determine the top 5 average ratio
ASVs for each well, data values that were Infinity (dividing by 0 in the DNA) and Not a
Number (0 in the RNA) were set to 0 in order to take the averages for each ASV. The 5
highest average ratio and their corresponding ASVs from each well were compiled for a final
list of 13 ASVs.

The data plotted in the violin plot analysis included RNA values of 0 which would be
indicative of a true ratio value of 0. Calculations returning infinite values were excluded from
the analysis (i.e. division by 0 from DNA values of 0). Although no DNA values were
measured for these ASVs, it is likely that these ASVs represent organisms that have the
rarely recorded bacterial phenomenon of intron splicing in their 16S rRNA gene, and thus
were not detected from targeting the DNA. ASVs with an abundance value of 0 in the DNA
that have corresponding abundance measurements of RNA could not be used in this ratio
analysis since the RNA could not be compared to a quantitative DNA abundance value.

Figure 15 includes some overlap in taxa used in the heatmap (Fig. 11) that were
previously discussed. Additional taxa in the ratio violin plots include ASVs: 354, 209, 82,
118, 103, and 291. ASVs 3, 4, and 354 are related to the phylum Nitrospirae and have
similarly active ratios between all sites. Hydrogenophilaceae (ASV 103) was also similarly

active across all sites, which has been associated with molecular hydrogen, oxygen, or nitrate
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utilization. Sulfurifustis (ASV 82) appears to be more active in W13 than W12. It should also

be noted that ASVs had highly variable ratios for any given site.
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Figure 16:Top Average RNA:DNA Ratio ASVs from each Well. Violin plots comparing the top 5 average RNA:DNA ratio ASV'’s
from each well resulting in 13 ASVs. Violin plots, similar to box plots, show the distribution of data values, with the mode
average as the thickest part of the plot. Centered data points were plotted to show sample distribution. W11 is show in green,
W12 in red, and W13 in blue. Each plot displays an individual ASV and the ratios for each well and each has its own scaled ratio
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APPENDIX K: MEASURING SOLUBLE REACTIVE PHOSPHOROUS PROTOCOL

SOLUBLE REACTIVE PHOSPHORUS

PRECISION
Level - 100 ¥ g P/liter
Standard deviation - 1 ¥ g P/liter
OPERATING RANGE - 5-250 ¥ g P/liter

SAMPLE CONDITION

- Filtered through Whatman GF/F filter; stored at 5°C.
- Unacidified.

- Less than 24 hours old.

-Lessthan5 ¥ g AsO43/L

METHOD PRINCIPLE

Phosphate, silicate, arsenate and germanate ions react under acidic conditions with molybdate to
form heteropoly acids which can be converted, by suitable reducing agents, to blue compounds
of uncertain composition.

Using appropriate acid and molybdate strength, ascorbic acid as reductant and antimony as a
color enhancing species, an intensely blue coloured complex is formed with PO, and AsO,”
having an absorbance maximum at 885 nm.

It should be noted that, while the formation of the blue complex is specific to PO4~, some
observers feel that the reaction conditions are capable of hydrolysing labile organic phosphorus
compounds. This would give an overestimate of PO, and hence an unreliable estimate of
biologically available phosphorus.

REAGENTS
A. Acid molybdate-antimony

- Distilled water: 500 ml
- Ammonium paramolybdate (NH4)sMO7024'4H,0 : 7.5 g
- Antimony potassium tartrate: 0.14 g (140 mg)
- Sulphuric acid (S.G. = 1.84): 88 ml
- Mix in order given, cool and make to 1000 ml.
Keep in dark glass bottle.
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B. Ascorbic acid

- Dissolve 2.5 g of L-ascorbic acid in 100 ml of
distilled water. This reagent is stable for a
few days if kept refrigerated.

C. Mixed molybdate for natural colour determination.

- Mix 4 parts of reagent A with 1 part of
distilled water.

D. Mixed molybdate for orthophosphate determination

- Mix 4 parts of reagent A with 1 part of reagent
B. Stable for 1 day.

E. Phosphate standard stock solution.

- Dissolve 0.2197 g potassium dihydrogen phosphate (KH,POy4) in
100 ml of water and make to 1000 ml with water saturated with
chloroform. 1.00 ml of stock solution contains 50.0 ¥ g PO,>", so the
P concentration in this stock solution is 50,000 ¥ g/L, or 50 mg/L.

PROCEDURE

1. Prepare in duplicate 100 ml of orthophosphate standards having a concentration
approximating that of the samples to be analyzed. (See separate instructions for preparation of
standards).

2. Place 25 ml of each standard and 25 ml of distilled water into 125 ml Erlenmeyer flasks.
Also place 25 ml of distilled water into 125 ml Erlenmeyer flask. Add 5.0 ml of mixed
molybdate reagent D to each flask.

3. Place 25 ml of sample into a 125 ml Erlenmeyer flask. Add 5.0 ml of mixed molybdate
reagent C.

4. Place 25 ml of sample into a second 125 ml Erlenmeyer flask. Add 5.0 ml of mixed
molybdate reagent D.

5. After 5 minutes and within 3 hours measure:
Eg; = Absorbance of distilled water + reagents
E, = Absorbance of sample without reductant

E; = Absorbance of standards or sample with
reductant.
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Absorbance is measured at 885 nm using a 10.00 cm path length.

Note: The above analysis can be carried out with samples of any volume, as long as the volume
of reagent added is 1/5 of the sample volume.

CALCULATIONS
1. Unit extinction factor for PO4-P is calculated as follows:
Standard concentration (¥ g P/liter)
F =

E; (standard) - Ep,
This should be around 170 ug PO4-P/liter for a 10 cm path length.
Concentration of soluble reactive phosphorus [SRP] in sample is calculated as:

[SRP] =F X (E; sample - (E, + Eg1))

SELECTED REFERENCE

Murphy, J. and J.P. Riley. 1962. A modified single solution method for the determination of
phosphate in natural waters. Anal. Chim. Acta 27: 31-36.

Stainton, M. P. 1980. Erros in molybdenum blue methods for determining orthophosphate in
freshwater. Can. J. Fish. Aqaut. Sci. 37: 472-478.
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