The Effects of Manganedeeducing Bacteria on Desorption of Manganese from Mi@oated
Media

Lindsay Ellen Swain

Thesis submitted to the faculty of the Virginia Polytechnstitute and State University in
partial fulfillment of the requirements for the degree of

Master of Science
In

Civil Engineering
William R. Knocke

Joseph O. Falkinham, IlI
Amy J. Pruden

May 4, 2016
Blacksburg, Virginia

Keywords:!

manganesenanganeseeducing bacteria, desorption vitro reduction

Copyright © 2016, Lindsay E. Swain



The Effects of Manganedeeducing Bacteria on Desorption of Manganese from Mi@oated
Media

Lindsay Ellen Swain

ABSTRACT

In the past, water treatment plants have stopped the applicationfdfgorexidants to create a
bioactive filtration procesto removesoluble Mn. After the cessation of gikter oxidants, a
Mn desorption phenomenamas seerwhere effluent Mn exceadinfluent Mn concentrations.
The reason for theudden increase in effluent Mvasnot known but it was hypothesized that
Mn-reducing bacteria on the filter media play a substantial role in this phenomenon. The primary
goal of this researcivasto asses the role of Mrreducing microorganisms the desorption of
MnO,, from coated filters onc@re-filtration chlorine ceasedA secondary objective included
the development of a rfexular detection method for Meducing microorganisms in laboratory
andenvironmental samples. Benshbale filter column studies were completednteestigate the
impacts of Mnareducing microbial populations on desorption of Mn from Ng®oatings.
Secondarily, the effects ahfluent carbon loading an¥inQ,, age onMn desorptionwere
investigated In situ vial assays were created to gain insight into the impacts of Mag@e on
Mn reducing microorganism bioavailability. Lastly, a qPCR detectiethad was developed
that targetedhe mtrB gene Results determirtethat microbially mediated Mn desorptiovas
possible whersufficient numbers of Mrreducing microorganismaere present on the MnQ)
surfaceandthat those organisms contributed to ke desorption phenomenogPCR detection
methods were abl®tshowa greatemumberof Mn-reducing microorganisms in studies where
Mn desorption was observed. Lastly, Mpage was shown to playan important but
unexplainedrole in bioavailability.
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GENERAL AUDIENCE ABSTRACT

Previously drinking water plants have stopped addoigemical oxidantdefore the filtration
process in order to grow a population of microorganisms to remove Mntlfi@nwater. After

the chemical oxidantwereremoved, a phenomenon was observed in certain water plants where
the amount of Mn exiting was greater than the amount of Mn entering the plant. The reason for
this phenomenon was not known, but it is thoudatt tbacteria that are able to biologically
reduce Mn play an important roleThe main purpose of this research was to investitjateole

of Mn-reducing bacteria in the observed increase of Mn released into the efflaesgcond
purpose for this resezh was to develop method to detect the DNA of Mreducing bacteria
environmental and laboratory samptesa molecular levelaboratory fitration columnswere
completed to research the effects of-kMaucing bacteriacarbon content and filter medage

on the release of Mn from the filtration medResults showed that whersafficientpopulation

of Mn-reducing bacteria was present, Mn released from the filter incre&sstéction of Mn
reducingbacteriaDNA was able to confirm these observago The age of the filtration media
was also shown to have an important but not -wetlerstood effect on the amount of Mn
released from the filter.This research is applicable water treatment professionals that no
longer desire to use chemical oxitiaror drinking water treatmerdut need to maintain Mn
removal capacity
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1.0 INTRODUCTION

Excess mnganesé€Mn) exposure in drinking water has been linked to a variety of health
problems including impaired neurological development and neural tube defects in fetuses
(Haynes 2015) Therefore, adequate removal of Mmatooncentration dd.05 mg/L(EPA 1979)
is often accomigshed throughconventionaloxidation and filtrationmethodsduring the water
treatmentprocess Often, water treatment plant®/TP) will desire to make their filtration
process biologically active as to allow Mn oxidation fractive site adsorption anthturally
occurring microbial population of manganese oxidizing bacteria that live on thg \n@ace
(Hoyland 2014) Microbially mediatedand surface catalyzedn oxidation becomes the primary
methodfor Mn removalwhen theapplication of apre-filter oxidant such as chlorins stopped.

The decline in chlorine usagesults in a cost savings as well as a decrease in generated
disinfection byproducts(\Womba 2000)

For variousWTPs, when prdilter free chlorine is removedyin will actually desorb
from theMnO,, surface so thatffluentMn will exceedinfluent Mn concentration$or a certain
period of time(Gabelich 2006) After that time, effluent Mn levelgypically decrease below
influent levels and reachsteady statéor Mn release The increase in effluent Mn is of concern
to WTP due to the aesthetic and health effects of ddtailedabove. The Mn desorption
phenanenon has not been widely observed, documented or studied. Mechanisms thought to
cause or contribute to the Mn desorption phenomenon are biologically mediated redsieton
2010) reduction catalyzed by contact with organic maftlesvley 1988) or an unknown
chemical mechanisifiGabelich 2006)

The goal of this research was assess the role of Mn rsng microorganisms in
desorption of MnQ), coated filtersafter free-filter chlorinationhadceased The main objectives

of this research were:

1. Attempt to quantify what proportion of Mn desorption from the laboratotgr fil
columns is attributed thin-reducing microorganism activity
2. Develop a molecular probe for the éetion and quantification of Mreducing

microorganisms



3. Determine a method to eliminate or greatly reduce Mn desorption from }InO
coated mediapinhibiting or inactivating Maredugng microorganisms present
on benchkscale filters

4. Extrapolate the method for eliminating or decreasing Mn desorption to find
operational modifications that are applicable and practical for full scale treatment

plants



2.0 LITERATURE REVIEW

2.1 Manganese Background

Manganese (Mn) is a transition metal that is used in countless biological systems and
industrial applications. Mn is a required trace metal in biological organisms that helps in
processes such as the production of enzyme cofactors that aid in detoxifafeguperoxide free
radicals and in photosynthesis for plant spe@i@ssta 2015) In natural systems, Mn is a large
component of sediments and soils and is found primarily in three oxidation states: Mn(ll),
Mn(lll) and Mn(lV). Insoluble Mn(IV) can be reduced into the soluble form, Mn(ll), either
chemically (abiotic) or by microbially mediated (biotic) reductiBardige 1993)

2.2 Health and Aesthetic Concerns Associated with Manganese

Health and aesthetic concerns are the two me&sons why Mn removal during the
water treatment process is important. It is well known that Mn is critical to many essential
biological processes necessary for life such as growth, development, oxidative defense and
enzymatic activityCosta 2015) Paradoxically, exposure of too much Mn can lead to a variety
of health problems and neurological diseases. Excessive acute dedondyln exposure has
been linked to impaired neurological development, the early ongaubsrty in females and
neural tube defects in fetus@saynes 2015) The EPA has established a Secondary Maximum
Contaminant Level (SMCL) of 0.05 mg/L MEPA 1979)

The inclusion of excess reduced Mnwater traveling through the distribution system
into a consumerOs home can also cause aesthetic concerns. Mn is oxidized through the addition
of an oxidizing agent such as chlorine bleach and during water transmission to the consumerOs
home (Cerrato 2006) Upon entering the consumerOs home, water that contains oxidized Mn
would have a blackrown color, which often leads to water discoloration complgiis 1990)
Excess Mn in consumerOs drinkingtawecan also cause an undesirable metallic t34n
2014)

2.3 Biogeochemical Cycling

Mn redudion in sediments, defined as the conversion of Mn(lV) to Mn(ll), has been
shown to be both chemically and microbially mediated in natural systems. Mn oxides found in
sediments are most often referred to as Mn&s to generalize the average oxidatitates



between Mn(ll) and Mn(lV), in which it is usually foun@urdige 1993) Mn oxides in
sediments are considered to be mostly amorphous in nature and are found in close proximity to
iron oxides. Many times these compounds are complexed with other cations andrhaeck f
crystalline lattices. Mn(lll) is generally assumed to be present, but is thermodynamically
unstable and is, therefore, a temporary intermediate in the Mn reduction péitimag12)

Mn reduction reactions lead to water gradients across the redox boundary where the
reduced form is found. This leads to an upward diffusion of reduced Mn where it is ultimately
re-oxidized (Madison 2012) The newly formed Mn oxides settle and contribute to the cycle of
burial and reduction in the redox cycle. In steatite conditions and under low turbulence, this
leads to a weltlefined fixed zone of solid Mn just above the redloxndary(Burdige 1993)

For a compound, such as MpQto be able to be utilized through a redox reaction, the
electron acceptor must have an appropriate redox potddbahson 2006) The electron
potential must be low enough to not be toxic but high enough to be energetically favorable. The
redox potential of Mn (1V), characterized as the change in Gibbs free energy, is just below the
reaction for denitrificaon (NG, to N,) and above sulfate reduction (HS€@ HS). In bodies of
water that contain stratified reduction zones, the order of preferential redox reactions is
maintained.  Denitrification occurred above Mn reduction zones, where sulfate reduction
occurred belowBurnes 2000Q)

2.4 Mn Reduction Genetics and Physiology

Microbial metal reduction is a crucial part of the geochemical cyclingdoxstratified
waters for iron, Mn and carbof@ohnson 2006) Yet, little is known about the molecular
mechanisms by which the Mn reduction praceskes place. When Mn reduction is microbially
mediated, the process is referred to as dissimilatory (heterotrojgime}duction (Burdige
1993) Where metal reducing microorganisms are found, Mn (IV) and Fe (lIl) oxides are often
the principal electron acceptors falin anoxic and anaerobic zones of freslewaind marine
sediments. Metaleducing bacteria are also critical to the oxidation and remineralization of
organic carboriSzeinbaum 2014)

At neutral pH conditions, Mn oxides are highly insoluble and can be crystalline in nature
(Yang 2013) In order for reduction to occur, microorgansare required to transfer electrons to

external Mn oxides since contact with a localized inner membrane electron transport chain is not



possible(Lovley 2004) There have been three novel respiratoechanismgdentified in metal
reducing bacteria to which electrons are transferred to Mn oxides. Heas@anisishave been
identified as direct enzymatic reduction via metal reducistgpe cytochromes on the cell
surface, reductive oxide solubilization with electron transfer from roeganic ligands and a
two-step indirect enzymatic reduction by endogenouscogenous electron shuttl€Szeinbaum
2014) Itis generally accepted that Mn(IV) reduction occurs directly at the outer membrane via
single twoelectron successive transfers, resulting in Mn(ll) as the final pradingmdrup
2000) The first electron transfer forms soluble Mn(lll) as a temporary intermediate before a
final electron transfer and reduction to Mn(ll). The first electron transfer step iesrédas
bioavailability of Mn by reductive solubilization while the second step is coupled to the
production of inorganic carbdihin 2012)

In a majority of the peereviewed published studis regarding microbially mediated Mn
reduction, Shewanella species have been used as the model organism. This is because
Shewanella is easily grown and studied under laboratory conditig8zeinbaum 2014)
Shewanella is able to use a wide variety of electron acceptors, including the capacity to transfer
electrons to many solid metal oxide compouf@sterman 2008)

The electron transport chain 8f oneidensis, shown in Figure 1lis made up of many
different types of interacting proteins and allows the utilization of extracellular electron
acceptors for Mn reductiofGzeinbaum 2014)The main outer membrane protein complex is
MtrCBA, which is an electron channel that allows the passage of electrons to extracellular metal
hydroxide complexeqBurnes 200Q) MtrCBA is mainly associated with the reduction of
Mn(IV) but not Mn(lll). Inside the cell, dehydrogenasesdize electron donors, pump protons
to the periplasmic space and then transfer electrons to the menaquinone. The reduced
menagquinone then transfers electrons tetype cytochrome CymA. CymA transfers electrons
to the periplasmic-type cytochrome MtrAAn outer membrané&-barrel protein, MtrB, allows
interaction and electron transfer between MtrA and Mtiie type Il protein secretion system
produces MtrC and-type cytochrome OmcA, which is associated with the reduction of Mn(lll)
(Szeinbaum 2014) Type |l secretion systems are responsible for the translocation of proteins to
the outer membrane which is essential for microorganisms thateretaiuble metal complexes
(Ross 2009) It has been shown that MtrB and GspD, an outer membrane porin, as well as the
terminal reductase MtrC and OmcA are required for Mn(IV) and Mn(lll) redu¢tion2012)
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Figure 1. Proteins and mechanisms necessary in the S. oneidensis MR-1 electron transport
chain for Mn Reduction (Szeinbaum 2014)

2.5 Mn Removal Through Filtration

One of the more common methods of dissolved Mn removal in water treatment facilities
is through chemicabxidation and active site adsorptiontofiltration media(Tobiason 2008)
Oxidants such as free chlorine or potassium permanganate are added prior to filtration, which
drivesthe oxidation of soluble Mn (ll) into an insoluble amorphous Mgiorm (Carlson 1999)
Through the chemical oxidation process, the filtration media physically removes inddiuble
Once an MnQ, coating begins to form on the filtration media from chemical oxidation, Mn
adsorption onto active sites is able to occur. Mn€drongly absorbs to Mn(ll) so that reduced
Mn from the filtration influent adsorbs to the oxidant fornMd oxide coating Knocke 1991,
Carlson 1999)This process has been referred to as the natural greensand effect and-is a self

regenerating process that removes additiona(Blerlein 2012)



2.6 Mn Desorption Phenomenon

In some water treatment plants where adsorption of soluble Mn to oxide coated filtration
media is the main method utilized for Mn removal, Mn desorption phenomenons have been
observed when prhilter free chlorinationis stopped(lslam 2010) In these cases, the effluent
Mn can exceed influent coentrations for extended periods of time after chlorine application
ceaseqGabelich 2006) This desorption phenomenon has been docwdeatt the Aquarion
Water Company (AWC) Stamford WTP (Stamford, GTpbiason 2008and at the Henry J.
Mills WTP (Riverside, CA)YGabelich 2006) The Stamford WTReasedre-filter chlorination
in an attempt to create a biologically active filtration process. Figdesrinstratesffluent Mn
levels exceeding influent concentrations at the Stam\\fd for several months until chlorine
was reapplied to the filters. The desorption phenomevemalso observed in a laboratory
setting usindiltration media from the AWC Lantern Hill WTP (Stonington, CT). Investigations
into the origin of additional teased Mn seen in filter effluent waters indicated Mn release was

due to desorption primarily from anthracite filtration medsdam 2010)
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Figure 2. Raw and filter effluent Mn concentrations at the AWC Stamford plant before
and after the cessation of pre-filter free chlorine (Tobiason 2008)



Mn desorption has been documented in relatively few water treatment facilities and,
therefore, minimal research to investigate the cause for this phenomenon has been completed. In
general, thre are three main hypotheses as to the cause of Mn desorption. These hypotheses
included: (1) biologically mediated reductiofislam 2010) (2) reduction through contact with
organic matte(Lovley 1988)and(3) other undefined chemical reduction mechani¢@abelich
2006) In a study using media from the Henry J. Mills WTP, biologically mediated M
desorption was discounted as a likely reason for elevated concentrations of effluent Mn
(Gabelich 2006)

Islam et, al. completed ausly with Lantern Hill WTP anthracite filtration media, using
16s rRNA to evaluate the types and abundance of microorganisms present on greensand media.
On the Lantern Hill media, approximately 45% of the total microbial population had the ability
to utilize MnQ, as theirterminal electron acceptor. Meducing microbes were also found in
the Lantern Hill WTP source ground watmsed off of 16s DNA analysibut at less than half
of the numbersseen on the greensand media. From thiglys results inttated that Mn
reducing microbes accumulated on the oxide coating of the filtration media and remained
present, even during the application of-fileation free chlorine. Researchers frahms study
hypothesized that Mreducing populations increasedantivity and number in the absence of
free chlorine. To further support this hypothesis, results from these experiments demonstrated
that the population of Mn reducing microbes decreased on the Lantern Hill WTP greensand
media by 40% when pitration chlorine resumed. This study concluded that biological
activity was a likely contributor for Mn desorption seen at the Lantern Hill WTP and in
laboratory studieislam 2010)



3.0 EXPERIMENTAL METHODS AND MATERIALS

In the context of ion exchange systentseakthrough isypically defined as thamount
of a substance that passes through a system when media exhaustion has d8eaktrough
occursin Mn-coated mediavhen active sites have adsorbed as much soluble Mn as pogdaible.
the context of this researchin release will be defined asctual desorption off of the MnQ
surface, which is then passed through the systBetause the MnQ, surface, in many of the
column studies completed for this research will be experiencing both breakthrough and release
simultaneously, the term braakough will bemostly used hrough this documerto describe

both processesuring the explanation and discussion of results

3.1 Bench-Scale Filter Column Experiments

Benchscale filter columns were set up to prodide breakthrough curves as well as
replicate manganese removal and desorption trends intermittently seen -gtalell weer

treatment plants (Figure.3

3.1.1 General Filter Column Setup

Two glass columns of,; inch ID were used for this experimentPreceding the
experiment, columngere cleaned with a mixture containing 10 g/L of a strong reducing agent,
hydroxylamine sulfate (HAS), to remove any accumulations of MnOColumns were then
triple rinsed with deionized water prior to use. Using a burette clamp, the columns vueeg sec
onto a metal rod stand. A $ x % inch plastic coupling was inserted into a $ inch ID piece of
plastic tubing approximately 2 inches in length, followed by a small piece of glass wool to keep
the media in the column. To direct the effluent flow, %hiti2 plastic tubing was attached to
the other side of the colipg and directed into a funnel. The effluent tubing \&ésched to a
separate metal rodt a height above the media depth to maintain a positive hydraulic head.
Effluent flow from the funnelvas discharged into a sink.
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Figure 3. Schematic of Bench-Scale Column Experimental Layout without the sodium
acetate feed (Hinds 2015)

Two peristaltic pumps were used to supply the main influent components to the columns.
The hydraulic loading rate (HDRfor each of the columns was 4 gpr/ftThe total flow (16
mL/min) for each column was split between two influent feed solutions to equal the desired

HLR. The main influent feed solution containing soluble Mn, aluminum, and alkalinity was
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pumped into th column at a rate of 13 mL/min. The second influent solution contained either
alkalinity and chlorine, or alkalinity onlgwhen chlorine application ceaseaf)d was fed at a

rate of 3 mL/min. If needed, according to experimental setup, a third purbpatedi to a flow

of 1 mL/min was used for the addition of sodium acetate wheodllienns were inoculated with
Mn-reducing microorganisms. The pumps were calibrated to the desired flow before the start of
each experiment. All columns and peristaltic punvpse placed inside a plastic tub for security
against accidental overflow.

Influent flow solutions were drawn from the plastic reservoirs and delivered to the
column through % inch ID plastic tubing. The flows were then combined using a plastic tee that
was placed in the top of the columns. This allowed the influent feed solutions to combine at the
desired flow rates, 13 and 3 mL/min, and drip down to the filter sand media for a combined flow

of 16 mL/min.

3.1.2 Column Influent Solution Preparation

Influent feed solutions were prepared wittionized water ifive-gallonincrements and
stored in larger plastic reservoifBable1). A 100x stock solutiof soluble Mnwas prepared
weekly by dissolving 0.16 g of manganese chloride tetrahydrate (KkGO) into 100 mL of
deionized water. A 100RI stock solutionwas also prepared weekly by dissolving 1.09 g of
aluminum sulfate octadecahydrate (8IO,);*18H,0) into 100 mL of deionized water.A
volume of2.5 or 10 mL of the 100x solutions (KMrand AF*) along with1.52 g of sodium
bicarbonate (NaHCS were combinedwith five gallons of deionized water as the working
feedstock

During times when protocol dictated tHiege chlorine waso befed to the column at 2.0
mg/L, 0.47 mL of concentrated hai®ld chlorine bleach (Clorox, 852 available free
chlorine) was added to 5 gallons of deionized watEhnis chlorine concentration provided an
effluent concentration of approximately 1.0 mg/L. Chlorine demand across the column at a 0.2
mg/L soluble influentMn concentration was 1.0 mg/When free chlorine was being fed to the
column at 1.1 mg/L, which resulted in an effluent concentration of 0.1 mg/L, 0.24 mL of
concentrated household chlorine bleach was added to 5 gallons of deionized water. Alkalinity
was also added at a mass of 1.52 g NakEI@®D an additional 1 meq of alkalinity. Total
combined influent feed characteristics can be viewed in Table 1.
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A mass of 0.8 or 2@/L of sodium acetate was dissolved in nanopure viatprepare the
sodium acetatéeed A five-gallon volumewas prepare@very other day Spare feed lines, of
the same length, were made in order to allow for bleaching of takingeded Using a syringe,
a 50:50 Clorox bleach (8.25%) solution was pushed through the tubing to s#etrieélm

growth and carbon consumption before column entry.

Table 1. Combined Feed Characteristic Ranges for Column Influent

Influent Characteristic Value
Alkalinity (meg/L) 2.0
Free Chlorine (mg/L asCl,) 0.52.0
Manganese (pg/L) 50- 200
Aluminum (ug/L) 50- 200
pH 6.3D7.3
TOC as C* (mg/L) 05o0rk

* Required in inoculated anthracite column desorption study

3.1.3 pH Control

The pH of the influent feed solutiongas monitored and adjusted with concentrated
hydrochloric acid (HCI) as neededhe feed solutions were buffered with 2 meqg/L of alkalinity
added as bicarbonateAs the feed solutions would age, an upward drift in pH would naturally
occur due to the loss ahrbon dioxide (C¢Q to the atmosphere. Also, an increase in pH was
seen when the influent feed solutions combined. Because of this upward pH drift over time, the
pH of the stock solutions was generally made to be a little lower than the goal pH t&nsatep
for this trend. The pH meter (HACH HQA40d) that was utilized for this experiment was

calibrated daily before use.

3.1.4 Chlorine Discontinuation

For all conducted experiments, Mpgroating developed by the reaction of solubleMn
with free chlorineDuring the time period when the media was being coated, free chlorine, at a
targeted effluent concentration range of 0.1 to 1.0 mg/L, was applied to the filter depending on

the experimental setup. After a predetermined number of tlag$ree chlorineand 2 meq
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alkalinity stockwas removed from the filters and was replaced by deionized wWetestill

contained meq of alkalinity.

3.1.5 Column Backwashing Procedure

Over the time the column is operatedrtulate Mn and Al form together andare
captured by the filter media. After a period of accumulation of this particulate matter, head loss
begins to occur in the columns, reducing filter capacity, and backwashing is necessary. The
columns used wersix inches in height, which resulted in 18 ieshof free board water due to
headloss. Once head loss began to accumulate and water in the column was close to 18 inches in
height over the media bed, flow to the column was temporarily stopped and an upflow backwash
procedure was performed. The filemlumns were backwashed approximately every 24 hours of
operation. The effluent tubing from the column was attached to a peristaltic pump. Deionized
water was pumped through the bottom of the column at a rate of 100 mL/min (25)gpiifs
allowed forapproximately 30% bed expansion of the media. An additional piece of $ inch ID
tubing with a $ x % inch ID coupling was attached to the top of the column in place of the
influent feed, along with an % inch ID tube attached to the couple directing badkwvasiito
the sink. Each column was backwashed daily with a volume of 1 L of deionized water or until
particulate matter could no longer be seen leaving the fluidized bed. After backwashing was
complete, the influent tee couple was placed back in theotdhe column resuming influent
flow. The effluent tubing was detached from the peristaltic pump and was placed back over the
funnel to allow drainage to the sink at an elevated level.

3.1.6 Sample Collection

Influent and effluent samples were collected frim@ cdumns for each time point taken.
The tee coupling was placed into a clean beaker for approximétedyminutesto collect
influent samplesThe tubing was removed from the funnel in the sink and was placed into a
clean beaker fofive minutesto oltain an effluent samplelhe tubing remained elevated to

maintain positive hydraulic head in the columhile collecting effluent samples

3.1.7 HACH Sample Analysis

HACH reagent sets were utilizédr rapid results and help with daily column operation
The 1(2-pyridylazo}2-napthol PAN method analysis was use@nalyze for Mr(Hach 2016a)
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For aluminumanalysesthe eriochrome cyanine R method was perforifitch 2016h) The
DPD metlod was usedor the measurement of free chlorifldach 2016c¢) If dilution of a
sample was needed, nanopure water was used. Samples were read colormetrically using a bench

top spectrophotomet@ach DR2800Q)

3.1.8 ICP Sample Analysis

Samples were analyzed for concentration®$/af and Al in solution using a ICP-MS
(Themo Electron Corporation -$erie$. Volumes of 510 mL of sample were collected in
capped plastic ICP sample tubes. Samples were acidified by adding 2% nitric acid by volume.

Samples were analyzed using the laboratory procedure with standat815M14.

3.1.9 Experimental Conditions for the Mn Desorption Study with Coated Virgin
Sand

Column desorption studiedollowing the setup in Table)3used FilterSil 0.50 sand
media (Table 2), manufactured by Unimin Corporation (New Canaan, CT). The columns
contained aix-inch bed depth of uncoated virgin filter sand that was autoclaved oman2€e

gravity cycle for sterilizatioprior to addition into the column

Table 2. FilterSil 0.50 Virgin Filter Sand Characteristics

Parameter Value
Effective Size 0.5mm
Uniformity Coefficient 1.63
Specific Gravity 2.65
Extractable Mn < 0.001 mg/g dry medie
Extractable Al < 0.001 mg/g dry medie

Table 3. Experimental Conditions for Coated Virgin Sand Media Experiment

Influent Characteristic Value
Influent Alkalinity (meqg/L) 2.0
Influent Free Chlorine (mg/L as Cl,) 1.52.0
Influent Manganese (ug/L) 200
Influent Aluminum (ug/L) 200
pH 7.15£0.15

Duration of MnO, , Coating (days) 5o0r14
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3.1.10 Experimental Conditions for the Mn Desorption Study with Harwood Mills
Anthracite Media (May 2015)

Anthracite coal media was obtained in May 2015 from Filter 1 of the Harwood Mills
Water Treatment Plant (Newport News, VA). The filter had beeservice for approximately
28 yeas and had beemackwashed immediately before sample collection. Study details
followed the experimental set up detailed iblEa4. The columns contained a-gmch bed depth
of the collected anthracite coal. Influent Mn and Al were decreased from 20Qou§0 pg/L
after 8 days of column operation. Experimental conditions were identical in duplicate columns,
with the exception of pH. @umnA had a pH range of 8- 6.6 and Column Bhad a pH range
of 7.0D7.3for the duration of the experiment.

Table 4. Experimental Conditions for Harwood Mills Anthracite Media Experiment

Influent Characteristic Value
Influent Alkalinity (meqg/L) 2.0
Influent Free Chlorine (mg/L as Cl,) 1.52.0
Influent Manganese (ug/L) 50 or 200
Influent Aluminum (ug/L) 50 or 200
pH 6.3D6.6 or 7.0D7.3
Duration of MnO,, Coating (days) 3

3.1.11 Experimental Conditions for the Mn Desorption Study with Mn Reducer
Inoculated Harwood Mills (Newport News, VA) Anthracite Media (February
2016)

Anthracite coal media from the upper filter layers of the Harwood Mills Water Treatment
Plant (Newport News, VA), was collected in February 2016 from Filter 1. The filter had been
online approximately 5.5 hours after the last backwash cycle when the wasliaollected.

Table 5 details the experimental conditions for this column study.
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Table 5. Experimental Conditions for Harwood Mills Anthracite Media Experiment

Influent Characteristic Value
Influent Alkalinity (meqg/L) 2.0
Influent Free Chlorine (mg/L asCl,) 0.5B1.0
Influent Manganese (ug/L) 50
Influent Aluminum (ug/L) 200
pH 6.45+0.15
Duration of MnO,, Coating (days) 4
Influent TOC as C (mg/L) 0O5o0rk

One of the colums was inoculated with known Mmeducing strains, eitheft. oneidensis
MR-1 or MB4 (Bacillus pumilus) and MBG6 (Bacillus cereus) together. MB4 and MB6 were
isolated from anthracite media from a W{®errato 2008and ae discussed further in Table
The other column had no inoculum.

To prepare thé. oneidensis MR-1 inoculum,a 1GuL sterile loopfull of culture from &
agarplate was addethto 100 mL of R2A broth The flask was incubated for 48 hours in a
shaking water bath at 30 jCS. oneidensis MR-1 was therused as the inoculummto a 1 L
volume of R2A broth and again incubated for 48 hours in a shaking water bath at 30 {C. The
entire volume of culture waalowed to incubate at room temperature for an additional 24 hours
asatemperature acclimation step. The culture was centrifuged at 5,000 x g for 20 minutes to
concentrate the pellet. The pellet was suspende@ig@® mL volume of M#reduction broth,
which was poured over the anthracite media in the colufimncheck for contamination of the
inoculum, a tstreakwas completed, using standard methods techniques, onto R2A agar. This
was to verify thatS. oneidensis MR-1 was the only organism presentthre inoculum. The
culture was allowed to flow through the column for a short time, approximately 10 seconds, and
then was used to fill the column completely. The column was left undisturbed for 24 hours, at
which time it was lightly backwashed. Addiial culture was added to the column and was
again flowed through for a short time. Culture filled the column and was left undisturbed for an
additional 24 hours. After the period of column inoculation, water flow began to the filter.

To prepare the MBé&nd MB6 inoculum, a X)L sterile loop full of each culture from
agar plates were added into separate flasks of 100 mL of R2A broth. The flasks were incubated
for 48 hours in a shaking water bath at 30 {C. MB4 and MB6 wereubeth as the inoculum
for separate 1 L volumes of R2A broth and again incubated for 48 hours in a shaking water bath
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at 30 jC. The volumes of culture were allowed to incubate at room temperature for an additional
24 hours as a temperature acclimation step. The cultures weréugeatindividually at 5,000

x g for 20 minutes to concentrate the pellets. The pellets were each suspended into a 200 mL
volume of Mn reduction broth. A volume of 100 mL of the concentrated MB4 and MB6 culture
were mixed together armblded into the cotan. The cultures were allowed to flow through the
column for a short time, approximately 10 seconds to ensure full contact with all depths of the
media. The column was left undisturbed for 24 hours, at which time it was lightly backwashed.
An additional equal volume mixture dvB4 and MB6 culture were added to the column and
flowed through for a short time. The cultures filled the column and were left undisturbed for an
additional 24 hours. After the period of column inoculation, water flow began to the filter.

3.2 In Situ Mn Reduction Vial Assay

An in situ vial assay was developed to sejoantitatively evaluate th®in-reduction
capability of isolated individual bacterial strains or diverse microbial communities, such as those
found in water plant filters. Nealson et €1991)used anin siru vial assay to evaluaten-
reduction of strains isolated from the Black Sea. Various modifications, detailed in the following
sections, were made from the protocol established by Neetsdr(1991). Modifications to the
medium compositiowere completedot encompass a more diverse microbial population than

those that had been isolated from the Black Sea.

3.2.1 MnO, Synthesis

FreshMnQ,, was made for use in tha siru vial experimentsdue to concerns of
increased MnQ), stability over time, which has been thought to decrease bioavailability to
microorganismgBurdige 1992) MnCl, and 1 meq of alkalinity was reacted wiplotassium
permanganat@KMnO,) usingthe stoichioretric ratio of 1.2 mg KMnQ,/1 mg Mn In two of
the synthesized MnQ samples, 3 meq of calcium was added to discourage the formation of
colloidal MnO, . KMNnO, was dissolved into 500 mL of nanopure water and the Mn@k
dissolved in 250 mL of nanopaiwater. The KMn@solution was added in 50 mL increments to
the MnCJ,solution It can be seen by Equation 1 that this reaction is acid producing, therefore the
pH was monitored and adjusted with 50% NaOH after each incremental addition of ,KMnO

maintin a pH of 7.G: 0.1 throghout the reaction
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3Mn* + 2 KMnO, + 2 H,0 =5 MnO,, + 2 K" + 4 H" [1]

Once the reaction was complete, the supernatant was visually inspected for clarity so that it
was ensured that all KMn®ad beenreacted (Figure 4) and the MpOwas allowed to settle
and the supernatant was poured off. The Mnias centrifuged at 10,000 x g fiwe minutes
to form a pellet and remove excess supernatant. The,/lyls@mples were washebly
resuspension in napure water, and feentrifuged to form a new pellet three times. A single
MnO,, sample was dried at 10&€ overnight and, using a mortar and pestle, was then ground
into a fine powder. All other synthesized Mp@amples were left as a wet Omud.O

3.2.2 MnO,, Sample Summary

A total of five MnQ,,, samples were used in all Mn reduction soft agar vial experiments.
The MnQ,, samples were either purchased from a chemical supplier or synthesized in house
with various treatmets or chemicals added (Talélg

Table 6. Characterization of MnO,, Samples

Approximate Synthesis

Date “Name” Origin Other Notes
2008 Purchased frc;rgégm&ldnch N < micron, activated ~85%
. Dried in oven at 103C for
7-8-15 In house synthesis on&15 24 hours
7-28-15 In house synthesis onZ8-15
11-18-15 In house synthesis on 11B-15 Added 3 mEq of C&
1-11-16 In house synthesis on111-16 Added 3 mEq of C&

3.2.3 MnO, Chlorine Inactivation

During the course of trial and error whénalizing the MnQ, soft agar media, it was
hypothesized that the increased heat produced during the autoclave process altered some of the
physical properties of the MnQ After MnQ,, samples were autoclaved, it was increasingly
difficult to distribute the solid oxide evenly in the soft agar due to clumping of the ,MnO
(Figure 4. A chlorine inactivation method was electsihce sterilization via autoclave of

MnO,,was not ideal for even distribution in the vial assay
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Figure 4. Image of uneven (A-D) and even (E-H) distribution of several MnO,, samples
after autoclaving (A-D) and chlorine inactivation (E-H)

A goal of 10,000 mg/L*min Cwas targeted for inactivation ahy microorganisms that
may have ben present on tHdnO,  samples. ALO-ppmfree chlorine solution was made using
Clorox bleach (8.25% sodium hypochlorite) and deionized water. The desired mass of each
MnO,, sample being tested was weighed and placed into a sterile 15 mL Falcortubkime
of 10 mL of thel10-ppm chlorine solution was added into each tube and the samples were
vigorously vortexed. Samples were allowedrtaintain chlorine contact fapproximately 17
hoursovernight to inactivate the microorganisms presefteechlorine for each sample was
measured using HACBPD methodgHad 2016c)before and aftemicroorganisminactivation

was completed.

3.2.4 Media Composition

A manganese reduction contained the following per liter of 10 mM HEPES buffer (pH
7.4): 0.2 g yeast extract, 2 g sodium acetate and 3 g agar (0.3%). The mealidosiased on a
20-minute liquid cycle and was allowed to cool before the addition of MnQMnQ,, was
added, following chlorine inactivation, at a concentration of 0.35 or 0.7 g/L, depending on the
color and properties of the oxide. This was doneriter to target a starting transmittanof
around 48%.

MnO,, samples that air dried over an extended amount of time or in an oven, were
typically darker in color than those left as a wet mud. Because of this, different amounts of the

2008 and 8-15 MnO,, samples were added into 10 mL of the Mg@eduction soft agar and
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transmittance 8540 nm was measured (Figures 5 aijd Again, the optimal concentration of
MnO,., for each sample was determined to be concentrations that fell with in-8e 4
transmittance range. The 2008 anr8-¥5 MnQ,,, samples were added into the media at a 0.35

g/L concentration. All other Mng) samples were added at a concentration of 0.7 g/L.
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Figure 5. Percent transmittance of 2008 MnO,, sample as a function of MnO,
concentration added
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Figure 6. Visual comparison of different concentrations (g/L) of the 2008 MnO,, sample

Various concentrations of agar were tested, ranfjorg 0.2% to 1.0%including 0.75%
agar, following the protocol established Wyealson et al(1991). The goal of the method
development was to measure Mn reduction Bgoantitatively. For this, a lower concentration
of agar was needed to allow for adequdittributionand ease of Mieducing microorganism
motility through the agar for the strains tested. The organisms initially tested in this vial assay,
Bacillus spp. (Kristoffersen 2007)and Shewanella oneidensis (Sun 2014) were known to be
motile. A 0.3% agar concentration was chosen and used in all vial experiments as it allowed easy

mixing, uniform MnQ, distribution, and motility of the microbes in the vial.

3.2.5 Negative and Positive Control Vials

A volume of 100" L of sterile deionized water was added into a vial of each \nO
sample for the negative controlA percent transmittance curve with differing massés
hydroxylamine sulfat®OHASQvere added into vials with 10 mL of 0.7 g/L Mp{soft agar
mediafor determination of the optimal HAS concentration in positive control vi&lsrcent
transmittance was measured to determine the optimal HAS dogeatfomum Mn reduction
(Figure 3. A concentration of 0.020 g HAS per 10 mL of 0.7 g Mg®@eduction soft agar
media was shown to produce the highest amount of reduction at the lowest possible dose. For

positive control vials, 0.020 g of HAS was added into each vial.
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Figure 7. Percent Transmittance for Differing HAS Masses in 10 mL Mn Soft Agar Media

3.2.6 Mn-Reducing Bacteria

One of the microorganisms used for vial and column stuslkes;anella oneidensis MR-

1, was obtained from Dr. Kenneth NealsonOs lab at theerdity of Southern California.
Several mutants of this strain, with deletions in/#heA or mtrB gene, along with the wild type
strain were received. Wild type is defined as thehenotype of the typical form of a
microorganismas it would occur in nature.

The other strains used in these experiments were isolated from various locations in the
water treatment built environment (Table (Derrato 2008) All of the environmental strains
used were able to both oxidize and m®&WMn. Mn oxidation or R2A mediurwas usedor
culture streaks or enumeratiomhe Mn oxidation mediuroontained e following per liter of
10 mM HEPES buffer (pH 7.4): 0.5 g yeast extract, 2 g baetotone, 0.001 FeSTUH,0, 0.15
g MnSQ*H,0 and 15 g agar (1.5%). The R2A agar, per liter (pH €dhtained 0.5 g proteose
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peptone, 0.5 g casamino acids, 0.5 g yeast extract, 0.5 g dextrose, 0.6lg Salch, 0.3 g
K,SQO,, 0.05 g MgSQH 0, 0.3 g GH;NaG,, and 15 g agar.

Table 7. Water Built Environmental Mn Reducing Isolates

. . Manganese
Stlr Sm nggzizgd Isolation Site Samf(')i;i%ﬁtlon oxidation
P capability
. : : Filtration Basin
MB-4  Bacillus pumilus  North Carolina Anthracite Media Yes
) Distribution System
MB-5  Bacillus cereus Honduras PipePVC Pipe Yes
) Virginia, Sedimentation
MB-6  Bacillus cereus Newport News Basin Top Sludge ves
MB-7 Lysm.lbaCll.lus Virginia, Sedimentation Basir Yes
fusiformis Blacksburg - Top Sludge

3.2.7 In Situ Vial Inoculation

Vials were inoculated from fresh cultures off of Mn oxidation or R2A agar grown
overnight. Cultures were scraped off the plate with a sterile loogw@wrended in 1.5 mL of
sterile deionized water.f serial dilutions were required, the original culture suspension was
diluted as needed by a olmg concentration for each step. If anaerobonditionswere
specified for the experimental protocol, alutions and inoculation worlwereperformed inside
a Coy laboratory anaerobahamberwith an atmosphere of 80% nitrogen, 10% carbon dioxide
and 10% hydrogenA 100-"L aliquot of the culture suspension was added into each il an
was vortexed. Each ioalumwas enumerated using standard heterotrophic pour plate methods
on R2A agabefore the addition into vials

3.2.8 Percent Transmittance Measurement

Percent transmittance using a spectrophotometer was measured on daily or periodic basis

as needed. The sgeophotometer was calibrated at the 540wawelengthoefore each use.
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3.2.9  Sampling for Molecular Detection Methods

Samples for DNA extraction and gPCR quantification were also taken from each vial
during certain experiments. After percent transmittance was measured, a sample volume of 0.25
mL was taken from each vial and placed in a sterile 1.5 mL microcentrifugarndbstored at
20 °C until samplesvere thawed for DNA extraction.

3.3 Molecular Methods Development for S. oneidensis MR-1

The ability to identify and quantif§. oneidensis MR-1 during vial and column studies
using molecular technologiesas explored. T ability to enumerate cells numbers 6f
oneidensis MR-1 in laboratory experimentould providesome insight intdhe contribution of
microbially mediated Mn reductiohy that strain

3.3.1 DNA Extraction

DNA was isolated from pure cultures and environmesaatples using the PowerSoil kit
from MoBio Laboratories, Inc(Catalog numbed288§. Samples were placed in a Vortex
Genie 2 adapter for the lysing step, according to the protocol established by WodBoo
Laboratories 2016) If there were fewer than 12 samples, aniiute vortex time was used,
however; if there were more than 12 samplesytreexing time was increased to 15 minuies
ensure adequate lysingExtraction protocols established by MoBio for the PowerSoil and
UltraClean Microbial DNA Isolation kits were followed exactly, with no modifications. Samples
were stored a20 C afteDNA isolation was complete.

3.3.2 gPCR Primers for the Detection of S. oneidensis MR-1

Previous research studying the role of #veA andmitrB genes inS. oneidensis MR-1
have demonstrated the necessity of these functional genes in the ability of a midsooitgan
reduce Mn(Schicklberger 2011) From this study, gRPCR primers were developed that were
bound in a region of theurB gene forS. oneidensis MR-1. The forward and reverse primers
from this study wer used in qPCR detection and quantificatiors obneidensis MR-1 in vial
and column studies are presented in Table 8.
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Table 8. S. oneidensis MR-1 Forward and Reverse gPCR Primers

Primer Name Sequence
MR1_Fwd 50 CGGCTTAAAACAAGCCTCTGP30
MR1_Rev 50 CCAAAGGTGGGGTTAAAAGOD30

Schickelberger et a{2011)used thes. oneidensis MR-1 primers in qRTPCR;therefore,
the methods detailed frothat study were not directly applicable tompletinga gPCR assay.
A DNA binding dye protocolwas establishedsing the SsoFast EvaGreSnopemix for g°PCR
guantification (Table 9). The total gPCR reaction volume wd$.10

Table 9. S. oneidensis MR-1 gPCR Mastermix Components

Reaction Component Volume Added per Reaction ('L)
EvaGreen 5
Forward Primer (5! M) 0.8
Reverse Primer (5! M) 0.8
Molecular Grade Water 2.4
Template 1

3.3.3 gPCR Temperature Gradient for S. oneidensis MR-1

The optimal melting temperature for teoneidensis MR-1 qPCR primer set program
was determined by a temperature gradient and melt curve. Melting temperatures that were tested
ranged from 57.0C to 51.0°C (Figure 8. The gPCR program and melt curve program can be
seen in Tables 10 and 11. The melting temperature of’&7y@elded the lowest quantification
cycles (Cqg) and the highest mass diMafter a melt curve (Figure)9 Therefore, a melting

temperature of 5°C was chosen to for use in this gPCR prot¢¢ables 10 and 11)
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Figure 8. Shewanella oneidensis MR-1 qPCR melting temperature gradient
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Figure 9. Shewanella oneidensis MR-1 qPCR melting temperature gradient from 54.5 to
57.0 C and corresponding melt peak
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Table 10. S. oneidensis MR-1 gPCR Program

Cycle Temperature Cycle Duration Number of Cycles
98.0 °C 2 minutes 1

98.0 °C 5 seconds 40

57.0°C 10 seconds 40

Table 11. S. oneidensis MR-1 Melt Curve gPCR Program

Cycle Temperature Cycle Duration Number of Cycles
98.0 °C 2 minutes 1

98.0 °C 5 seconds 40

57.0°C 10 seconds 40

82.0 °C 2 minutes 1

3.3.4 S. oneidensis MR-1 Standard Curve for Absolute Quantification

Oncea gPCR protocol was established, a standard curve.foneidensis MR-1 was
created (Figured0 and 11). This allowedabsolutequantification ofS. oneidensis MR-1 from
laboratory or environmental safep.

The wild typesS. oneidensis MR-1 was inoculated into 10 mL of R2A liquid broth, which
contained(per liten at pH 7.0:0.5 g proteose peptone, 0.5 g casamino acids, 0.5 g yeast extract,
0.5 g dextrose, 0.5 g soluble starch, 0.3,§@®, 0.05 g MgSQH,0O and 0.3 g ¢H,NaG,, and
shakerat low RPM in a 30 C water bath for 48 hours. The inoculum was then Isedduted,
stepping down in ontdg concentrations until eight total dilutions had been prepadddA was
extracted using the MoBibaboratory, IncPowerSoil kit from each of the dilutions. A standard
plate count method was used for the lowest (most concentrated) three dilutions. All of the
serially diluted DNA extractions of. oneidensis MR-1 were analyzed by the gPCR assay.
Quatrtification cycles (Cq) were correlated to actual or beakulated cell concentrations from
the plate countand translated to CHbL (Figuresl0 and 11 The standard curve was fit to
Equation 2, which could be used to calcul@EUmL based off of an nknown sample
quantification cycle value. The coefficient of variatiorf)(Ralue forthis standard curve was
0.99
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Where,

11 (! %" !")! e!!.66x

y =S. oneidensis MR-1 concentration (CFlinL)

x = Quantification cycle

[2]
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Amplification
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Figure 10. gPCR amplification RFU and quantification cycle data for standard curve

samples of S. oneidensis MR-1
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Figure 11. qPCR Standard curve of S. oneidensis MR-1 correlating plate enumeration
counts (cfu/mL) to quantification cycle (Cq)

3.4 Molecular Methods Development for Detection of the mtrB Gene

A gPCR primer that would enable the detection ofing gene in environmental and
laboratory samples was developed. A molecular method for thetideted Mn reduction
capability (tradking the presence of therB gene)in a water treatent environment would be

usefulas this gene is required fiin reduction(Szeinbaum 2014)

3.4.1 Sequence Selection

From the NCBI GenBank website, a search for the gene name/symbol OmtrBO was
conducted resulting in a total of 13 protein sequences matching the search Gigernere

chosen for the gene alignment (Table 12) based off of the targeted sequence descriptio
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Table 12. Descriptions of Selected Protein Sequences for MtrB MUSCLE Alignment

Location

Description

Genus and Species

NC-014318.1
NC-014318.1_1
NC-014318.1_2
NC-014318.1_3
NC-014318.1_4

NC-008611.1
NC-004347.2

NC-002945.3
NC-002677.1
NC-000962.3

Two-component system histidine kinas
Two-component system histidine kinas
Two-component system histidine kinas
Two-component system histidine kinas
Two-component system histidine kinas
Two-component sensory transduction
histidine kinasévitrB
Extracellular iron oxide respiratory
system outer membrane componkiitB
Two component sensory transductior
histidine kinasévitrB
Two-component system sensor kinas:
Two component sensory histidine kina:
MtrB

Amycolatopsis mediterranei U32
Amycolatopsis mediterranei U32
Amycolatopsis mediterranei U32
Amycolatopsis mediterranei U32
Amycolatopsis mediterranei U32
Mycobacterium ulcerans Agy99

Shewanella oneidensis MR- 1

Mycobacterium bovis AF2122/97

Mycobacterium leprae TN

Mycobacterium tuberculosis H37Rv

3.4.2 MUSCLE Gene Alignment

Multiple sequenceomparison by logexpectation OMUSCLEO alignméBtigar 2004)

was chosen as the method to aid in development etz primer set A nucleotide alignment

was perforred using the chosen nine sequences detailed in Tabl®egions for placement of

the forward and reverse primers were chosen based off high similarity of base pairs across the

nine sequences for a-1IB base pair length. There were no exact base pgnants for 1518

base pairs in a row for the entire length of the submitie# gene sequencé&mbiguousbase

pairs were inserted on an as needed Wastause of the variability of therB gene The

ambiguous base pair denoted V is equal parts A, G for that location. The ambiguous base

pair denoted S is equal parts C or G for that locaticable 13 details the finaksrB primer set.

Table 13. mtrB Forward and Reverse gPCR Primers

Primer Name  Sequence

mtrB_Fwd
mtrB_Rev

50 CSTTCAACVACATGGCCGP30
5@ SGAGATCTCSAGCAGGT®30
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3.4.3 DNA Extraction for mtrB Primer Testing

DNA was isolated from the pure cultures of MB4, MB5, MB6, MB7 &ndneidensis
MR-1 using a Ultra Clean Microbial Isolation kit from MoBid.aborataies, Inc. (Catalog
numberl2224. Samples were placed in a Vor&enie 2 adapter for the lysing step, according
to the protocol established by MoBio. Extraction protocols established by MoBio for the
UltraClean Microbial DNA Isolation kits were followekactly, with no modifications. Samples

were stored a20 j C after DNA isolation was complete.

3.4.4 Temperature Gradient

A temperature gradient using MB4, MB5, MB6, MB7 @h@neidensis MR-1 DNA was
completedo determine the optimal melting temperaturetf@msB gPCR primer set program
Melting temperatures were tested using DNA isolated from MB4, MB5, MB6, MB7 that ranged
from 58.0 °C down to 50.0°C (Figure 132. Melting temperatures were tested using DNA
isolated from MB4, MB5, MB6, MB7 anél. oneidensis MR-1 that ranged from 52.C down to
48.0°C (Figure 13. A melting temperature of 50 jC was chosen based off of the temperature

gradient and the data points with the lowest quantification cycle (Table 14).
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Table 14. S. mtrB gPCR Program

Cycle Temperature Cycle Duration Number of Cycles
98.0 °C 2 minutes 1
98.0°C 5 seconds 40
50.0°C 10 seconds 40

3.45 DNA Normalization

DNA was diluted and added into the wells at approximately the same concentration in
order to normalize DNA and check for PCR inhibition. Extraction efficiency of the Ultra Clean
kit was lower than that of the PowerSoil kit, so extrdctamples had a lower starting
concentration of DNA. All samples analyzed in this test were obtained from a pure colony, and
were diluted with in the range ofE ngl'L DNA. Taking into account dilution in the plate,
final DNA concentrations in each gRGeaction were between 0.5 and 1.5 ng at the start of the
program(Figure 14.
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Figure 14. Environmental isolates and S. oneidensis MR-1 gPCR quantification cycle for
the merB primer set at a 50 °C melting temperature when loaded DNA is normalized to 5-
10 ng/'L
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3.5 Shake Flask Study
A shake flask study was conducted to create an environment in which microbially
mediated Mn desorption from anthracite coated media could be evalusitedeidensis was

added into flasks with Mn coated anthracite media and desorption was monitored over time.

3.5.1 Media Preparation

A volume of 245 mL of anodified Mn reduction broth was addedo twelve 500 mL
Erlenmeyer flasks The Mn reduction broth containger liter of 10 mM HEPES buffer (pH
7.4): 0.2 g yeast extract and 2 g sodium acetate. The negative control flagG"Madzinc
sulfate added to inhibit microbial growmfNealsam 1991) One pair of flasks also contained 2.5 g
of amorphous MnQ), as a second type of negative conttol investigate spontaneous
backgroundelease of Mn into solutionFlasks were sterilized on a-b&inute liquid autoclave
cycle. After autoclamg, 2.5 +f 0.1g of anthracite from Harwood Mills (May 2015) was added
into each designated flask (Taldls).

3.5.2 8. oneidensis MR-1 Inoculation

ThreesS. oneidensis MR-1 strains, the wild typée, mrA and' mtrB were inoculated into
R2A broth. The strains were allowed to incubate in a shaking water bath at 30 jC for 48 hours.
All cultures were quantified using standard pour plate count methods on R2A agar plates. A
volume of 2.5 mL culture was added into theigiesated flasks (Tabl&5). Flasks were covered

with pasmafilm to prevent evaporation

Table 15. Shake Flask Components and Conditions

Flask Component 1 2 3 4 5* 6
Modified Mn Reduction Broth (mL) 245 245 245 245 245 245

Anthracite Media (9) 25 25 25 25 25 O

S. oneidensis, wild type (mL) 25 0 0 0 0 0

S. oneidensis, " mtrA (mL) 0O 25 O 0 0 0

S. oneidensis, " mtrB (mL) 0 0 25 0 0 0
Amorphous MnO,, (9) 0 0 0 0 0 25

*50" M zinc sulfate added
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3.5.3 Experimental Setup and Sampling

Medium, anthracite or MnQ, and cultures were combined in flasks and secured on a
tabletop shaker and rotated at 50 RP&amples were withdrawn on &, 2, 5, 7, 9, 12 and 20
in 5 mL aliquots using 10 mL ludock syringes. The samples reefiltered through a 0.45m
Wheaton glass microfiber fiber filter to remove any solid phase or colloidal Mn that may have
been sheared off during the shaking process. The filtered samples were preserved using 2%
nitric acid for Mn analysis using the ICP

3.5.4 Anthracite Media Extraction

Measuremenof the amount of MnQ), coating on the anthracite media was completed
following HAS extraction methods described by Knocke et (4B91) Adaptations and
modifications detailed below were conducted as needeaptomal performance and results.

Three aluminum pans were weighaad 1 gram of anthracite medieollected from the
Harwood MillsWTP (Newpat News, VA), was placed in each. The media was dried for 24
hours at 10305 jC and the dry weight of the madvas recorded. The media was placed in
250 mL of 2% nitric acid deionized water with 300 mg HAS. After 10 hours, 10 mL samples
were withdrawn from each of the triplicates and were diluted 1/50 and 1/100 to fit with in the
ICP standard curve. Sampleemn analyzed via the ICP for Mn. Dissolved Mn was back

calculated by using Equation 3.

3]

< mg metal Q _ Concentration in Extraction Solution X Volume Extraction Solution
g dry medi Dry Weight Media
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4.0 EXPERIMENTAL RESULTS

This chapter details results from the experimehn#t were described in Chapter An
breakthrough trends are discussed fromchescale filtration studies thavaluated the effects of
influent pH, the duration of Mng) coating and Mrreducing microbid populations on the
media. Then, aerobic and anaerobic vial assay resultsyédvin-reducing bacterial strains are
described, along with discussion of experimental results for bioavailability of varying MnO
samples. Finally, Mn desorption datanfran aerobic shake flask study, inoculated vith

oneidensis MR-1, are presented

4.1 Bench-Scale Column Performance of Coated Sand Media

This section provides results from a filter column test conductewkady neutral pH
values of 7.0 to 7.3, exposingpcoatedsand media téree chlorine for a period 05 or 15days
to develop a MnOy coating. After the desired exposure time, free chlorine was removed from
the filter influent andthe potential foMn breakthroughwere measured by comparing soluble
influent Mn to effluent Mn concentrations. Mn breakthrough trends for -tiey5and 15ay
MnOx, coated filters were then compared on the basis of maximum values of Mn through the

media bed and how quickly maximum breaktlgh values were reached.

4.1.1 Mn Break Through During Chlorine Discontinuation of 5-day MnO,,
Coated Virgin Sand Media

After five days, free chlorine was removed from the influent tred potential forMn
breakthrouglwasevaluatedoy comparing soluble ihdent Mn to &luent concentrations (Figure
15). An increase in effluent Mn concentration began within one hotreefchlorine removal.
The increase continued for approximately 8.4 hours@ached a maximum value of%of the
influent concentration.Manganese breakthrough values remained ar@@5%, representing
steady state conditions within 8.4 hours after chlorine was removed from the filter.

Theremaining 2% of the influent Mn that was not passing through the filter represented
soluble Mn tlat wasmost likely adsorbedonto the MnQ,, surface, where surface catalyzed
oxidation thenoccurred At neutral influent pH values (7.0 to 7.3nyaappreciableamount of
Mn oxidation due to contact with molecular oxygen found in the influent watasshighly
improbable(Morgan 1964) A majority of the soluble Mn removed by the column was most
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likely adsorbed onto active sites of the filter meaia subsequently oxidizedAs stated above,
MnO,, coating ornthe sand media for this experiment was allowed to develop in the presence of
free chlorine for a total of five days before chlorine application ceased. During chlorine
application, MnQg active sites were being continuously created and regen¢katedke 1991)

Once chlorine application stopped, the available active sites continued to adsorb some of the
influent Mnand then surface oxidize the soluble.Mn

80% 25

70%

2.0
60%

50% Manganese

15

40%

InBuent
Chlorine

30% 1.0

Influent Free Chlorine (mg/L)

20%
0.5

10%

Percentage of Soluble Mn Passing Through Media
Depth

0% 0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Cumulative Column Operation Time (Days)

Figure 15. Percentage manganese removal before and after the discontinuation of chlorine
of the 5 day MnOx coated sand filter

4.1.2 Mn Break Through During Chlorine Discontinuation of 15-day MnO,,
Coated Sand Media

After 15 days, free chlorine was removed from the influent and Mn breakthroagh w
measured by comparing soluble influent Mn to effluent concentratidiigure 16 shows
manganese breakthrough concentrations in the column effluent as a percentage of the influent.
After chlorine was removed, effluent Mn concentrations began to riseinwgne hour.
Manganese effluent concentrations increased steadily for 29.5 hours until the percent of
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manganese passing through the media depth appearecetoehatied a steady state a#6820n
the 17" day of column operation, manganese breakthrough increased sut@8%. The

reason for this large increase in mangamekasas not known.

120% 3.0
100% 25
80% 2.0
Manganese
60% 1.5 InRuent
Chlorine

Percentage of Soluble Mn Passing Through
Media Depth
Influent Free Chlorine (mg/L)

40% 1.0

20% 0.5

0% 0.0
0 5 10 15 20

Cumulative Column Operation Time (Days)

Figure 16. Percentage manganese and aluminum removal before and after the
discontinuation of chlorine of the 15-day MnOx  coated filter
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4.1.3 Comparison of Mn Breakthrough for the 5-day and 15-day MnO,, Coated
Virgin Sand Media Columns (0.2 mg/L Influent Mn)

The percentage of manganese removal after the discontinuation of chloramepared
for both the &dayand 15day MnOx, coated filtes (Figure 17). Time zero for Figure Was
set as the time chlorine was removed from each column. Results show that manganese
breakthrough occurs more quickly after chlorine was removed from-tiay Soated column.
The rate of soluble Mn removal is directly associated with surface,Meddcentration, which
impacts the amount of available active sites on a filter m@thacke 1991) The average Mn
concentration for the-Bay coated media was 1.5 mg Mn/g media compared to 4.9 mg Mn/g
media for the 1&lay coatednedia. Mn breakthrough occurred faster from theldy coating,
which was expected because fewer active sites from the, lylogating had been developed.
SinceKnocke et al. (1991) demonstrated more active sites with higher amounts qf, lsim®
there was more MnQ), coating andactive sites on the 1&ay column, there was increased
adsorption capacity on the media surface. This resulted in slghvdate&kthrough for the 15

day column.

120%
100%

80%

5-Day
60% Coating

15-Day
40% Coating

20%

Percentage of Soluble Mn Passing Through Media
Depth

0%
0 0.5 1 15 2 2.5

Cumulative Column Operation Time After Removal of Free Chlorine (Days)

Figure 17. Comparison of the percentage manganese removal (0.2 mg/L influent
concentration) after the discontinuation of chlorine of the 5-day and 15-day MnOx coated
filters
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It is important to note that the percentage of Mn passing through the media depth never
exceeded 100% for either thed&yor 15day coated columns. The cessation of fiderme to
filters in some fulscaleWTP (Gabelich 2068) and laboratory studigslam 2010)have shown
Mn desorption that results in effluent Mn concentrations exceeding the infareatperiod of
time. The cause for this Mn release phenomenon has not definitively been determined, but it has
been proposed that Mn retgais in part facilitatedyoMn-reducing microorganisms living on
filtration media(lslam 2010) It was critical to demonstrate that Mn breakthrough did not exceed
100% in sand media that had been sterilized before,Mo@atingasthe currentiypothesis was

that Mn releasenight be attributed to microbial activity

4.2 Bench-Scale Filter Column Performance of May 2015 Harwood Mills Anthracite Media
at Different Influent pH Values

This section provides results from parallel filter column experiments conducted at
influent pH values of 6.36.6 or 7.0- 7.3. The Harwood Ms anthracite media was collected in
May 2015 and was exposed to free chlorine for a periddunfdays. This exposure resulted in a
small amount of new MnQ) coating. Afterfour days, free chlorine was removed from the
influent and Mn breakthrough a8 measured by comparing soluble influent to effludnt
concentrations. Mn breakthrough trends for the two different influent pH ranges were then
compared on the basis of maximum values of Mn through the media bed and steady state Mn

breakthrough perceages.

4.2.1 Mn Break Through During Chlorine Discontinuation of Influent pH 6.3 — 6.6
(Column A)

Percentage Mn coming through the Harwood Mills anthracite media depth for column A
(pH of 6.3 D 6.6) was plotted over timeFgure 1§. As expected, gharp increse in effluent
manganese was seen aftaefichlorine was removed on day fodnitially, soluble influent Mn
was fed to the column at a concentration of 0.2 mg/L. During this time, Makthreugh
reached a peak of 82 Aftereightdays of column opetian and four days after the cessation of
the free chlorine feednfluent Mn concentration was decreased to 0.05 mg/L. With in 13 hours

of decreasing influent Mn, effluent Mn exceeded influent concentrations for several hours,
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reaching a maximum value d0%. Mn breakthrough, after the initial period of Mn
breakthrough increase, stayed below 100% for the remainder of the experiment.

A natural microbial population had been established on the nsedia the anthracite
media had been taken directly fraire Harwood Mills treatment plant filters while they were
been actively in service The ircreased Mn breakthrough of P@9could be definitively
attributed to a Mn reducing microbial population. When Mn breakthrough has occurred in a full
scale water trément plant, elevated levels of effluent Mn have been sustained for days or weeks
due to stopping the application of free chlorine to filté@abelich 2006) When the Mn
desorption phenomenon has been observed in-adalé WTP, Mn release occurs for weeks or
months at a time (Figure 2)Elevated effluent Mn levels only lasted for 2.5 hours and then
decreased below 100% bréatough,thereforemicrobial activity was most likely not the sole
reason for the increase seen.
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Figure 18. Percentage of manganese through media depth in column A with an influent pH
0of 6.3-6.6
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Flow to thiscolumn was irgrrupted on days four and fivad operation for 65 hours.
Largeincreasesn the amount of effluent Mwereseenimmediately aftemfluent flow returned
after a period of no flow Effluent Mn levels returned to expected breakthrough values after a
few hours of continuous flow.The reason for thacrease in effluent Mmvas probably due to
reductive dissolution of bioavailable Mg@by Mn-reducing microorganisms living on the
media. MnQ,, on the media surface wasducedand released into the pore waters in soluble
form. The increase in Mn released into the pore waterdet@sted in the effluent once flow

was returned.

4.2.2  Mn Breakthrough During Chlorine Discontinuation of Influent pH 7.0 - 7.3
(Column B)

Percentage Mnaming through the Harwood Mills anthracite media depth for column B
(pH of 7.0 B 7.3) was plotted over timeFgure 19. As previously noted, gharp increase in
effluent manganese was seen afteefchlorine was removed on day fou€orresponding to
column A (pH 6.3 6.6), soluble influent Mn was initially fed to the columraatoncentration of
200 ppb for eightdays. During this time, Mn ba&through reached a peak of%66 On the 8th
day of column operation, influent Mn cont¢extion was decreased to 0.05 mg/L. Within 13
hours of decreasing the influent Mn, breakthrooegched a maximum value of ®9 Effluent
Mn concentrations never exceeded influent concentrations after the applidafiea ohlorine
had ceased for foultays and when the influent Mn concentration was lowered to 0.05 mg/L.
Flow to this colum was also interrupted on days four and fWw@peration for 65 hours. Large
decreases in the amount of Mn breakthrough ween when flow was turned off for the same
reason of reductive dissolution, which was detailed in section 4.2.1.

42



Flow!"#! 0*+,)-1)!
$%&' decreased'!
10/%!1234'
'

0 2 4 6 8 10 12
Cumulative Column Operation Time (Days)

9 I
© 120% ! | 35
< 100% i ' 30 5
2 l ; S
< l | 25 £
= 80% ! 2
g’ ! : 20 'g Manganese
£ I 0 2°
N =
§ = 60% ! : O InRuent
- B 1 | 1.5 @ Chlorine
X |
20 0% I ! o
x| [ 1 10 ¢
2 | | E
ke 20% 1 =
5 | | 0.5
5 l '
b= 0% 0.0
(5]
e
&

Figure 19. Percentage of manganese through media depth in column B with an influent pH
of 70-7.3

4.2.3 Comparison of Manganese Break Through During Chlorine Discontinuation
of Influent pH 6.3- 6.6 (Column A) and 7.0 — 7.3 (Column B)

Figure 20compares thegrcentage Mn coming through media depth in columns A (pH
6.3D6.6) and B (pH 7.@7.3). Both column&ad the highest percentage breakthrough values
with the lower influent manganese loading concentration of 0.05 mg/L. Mn breakthrough trends
for both columns were similar for the first 24 hours after free chlorine removal. However, large
differences in Mrbreakthrough can be seen afterdays of column operation, where column A
demonstrated4% more manganese breakthrough than column B.

Several mechanisms includingurface regeneratioty molecular oxygen, Mng)
concentratiorandMn oxidation kinetis are mediated by pH and, therefadegectly affeced Mn
breakthrough in column studie Increases in pHhave been showto improve Mn oxidation
(Morgan 1964) Knocke et al. (1991Wwere able to demonstrate that the absorptive capacity of
the MnQ, surface increasesith pH as well. Molecular oxygen in the influent watessable to
better regenerate active sites on the Mn®urface as the pH increaseshich also helps
promote the uptake of M{Knocke 1991)
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Figure 20. Comparison of percentage manganese through media depth in Columns
Aand B

Laboratory studies have shown that manganese axidtngs on media increase as the
pH increases frorg.0 to 8.((Tilak 2013) Column A, atan influent pH of 6.3 6.6, would have
formed less of a coating during the application of free chlorine than column B with an influent
pH 7.0D7.3. As already stated, there is a direct correlation to soluble Mn absorption and the
amount of MnQ, coating that has been formed. Because column B had a higher pH, the amount
of coating and active sites formed would be greater and the soluble Mn absorptive capacity
would also be greater. This woullso result in a lower percentage of Mn breakthrough

occurring through the filter, which supports the results from this column experiment.
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4.3 Bench-Scale Filter column Performance of March 2016 Harwood Mills Anthracite
Media Inoculated with Mn Reducers

This section provides results from parallel filter column expents, with an influent pH
range from 6.3 B 6.6, that had one Mreducing microorganisninoculated and one nen
inoculated column. Thélarwood Mills anthracite mediécollected in February 20)6vas
exposed to 0.8 0.4 mg/L free chlorine for a period &fdays. After 5 days, free chlorine was
removed from the influent and Mn breakthrough was measured by comparing soluble influent
Mn to effluent concentrations. TOC was also applied to thenm at a concentration of 0.5
mg/L as C for the first 17 daysi@ increasedo 12mg/L after day 18. Mn breakthrough trends
for the inoculated and neinoculated columns were compared on the basis of maximum values
of Mn through the media bed and average steady state Mn breakthrough. Patterns of Mn

breakthrough arelso discussed in relation to TOC entering the column.

4.3.1 8. oneidensis MR-1 Inoculum Experiment

Percentage of Mn through the anthracite media filter depth for both columfi A (
oneidensis MR-1 inoculum) and B (no inoculuniy represented in Figure 21Duringthe initial
5 days when free chlorine was applied, a consistent difference in Mn breakthrough was seen in
column A when compared to column B. Columrhad a maximum difference of @3from
column B in Mn passing through the filter media while chlorine ejglied. Experimental
conditions between columns A and B remained the same through the duration of the experiment.
The difference in Mn breakthrough can be attributed to the Mn reduction activity ¢f the

oneidensis MR-1 inoculum. S. oneidensis MR-1 was exposed to a €alue of 4,400 mg/L*min.
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Figure 21. Percentage of Mn through the media depth for column A (S. oneidensis MR-1)
and B (no inoculum); Dashed line indicates an increase in influent TOC from 0.5 mg/L to
12 mg/L

TOC was added to each column for the first 17 days afatipea at a concentration off.
mg/L as C. On day five when free chlorine was removed, an increase in Mn breakthrough was
seen in both columns. Column A had a much larger percentage bregktfwothe duration of
the time after chlorine was removed than noted in column B. With in 24 hours of chlorine
removal, column Ahad a peak breakthrough of®4where column Biad a peak breakthrough
of 43%. The maximum difference in breakthrough betwte two columns occurred on day 6
with column A taving 6@% greater breakthrough than column B. After several days, steady state
Mn breakthrough for both columns was established. Columns A and B &ady sttate
breakthroughs of 76% and %4 respectivgl. Column A had a much larger amount of effluent
Mn passing through the column, which could be again attributed to the reduction activity of the
S. oneidensis MR-1 inoculum.

On day 18, influent TO loading was increased to /L as C. Mn passing throlg

the filter bed increased substantially over the established steady state value for both columns.
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Column A ha a maximum breakthrough of &6 while column B had a value of 8« of influent

Mn reaching the effluent. Both columns had similar maximum breakthrough values, with a 1%
difference in percentage of Mn passing through the filter media after the addition of additional
influent carbon. Column B had the largest increaséMim breakthroughwhen TOC was
increased from 0.5 mg/L to 1Rg/L as C. When TOC was increased in ouiuB, 326 more

Mn release over steady taconditions occurred with eight hours. After the TOC
concentration increased, Mn breakthroughcalumn A ory increased by 19%. The exact
reason as to why the increase of TOC loading into the filter columns increased the amount of Mn
seen in the effluent is unclear. The reason why the addition of TOC into column B created such
a large increase in the amouiithdn in the effluent is also uncleaitslam (2010) demonstrated

that the addition of 4L sodium acetate to filter columns facilitated Mn release. When the
sodium acetate was no longer fed into the columns, Mn release ¢séa®c2010)

A differing steady state condition occurred after theaase in TOC for both columns.

Mn breakthrough for columi\ appeared to remain around%4for several days after the
increase in TOC. Column B Mrmrrdmkthrough remained around%fter the initial increase in
TOC. These new steady state values were hitftas the steady state values achieved before
with the lower TOC concentration.

Since both of the columns contained anthracite media, which had an active natural
microbial population, it appeared that some unknown microbiological mechanisms were
occurringduring column operation. Column A had aduhtl Mnreducing microorganisms.
oneidensis MR-1) added onto the media in addition to the existing natural microbial population.
This could explain the differences in Mn removal for the first 17 days oéxperment when
TOC was loaded at 0.B1g/L. The presence . oneidensis MR-1 in column A could also
explain the elevated and sustained Mn breakthrough after the influent TOC concentration was
increased. Additional carbon, above the initial TG®.6 mg/L, may have been required for the
natually existing population of Mimeducing microorganisms to begin to actively reduce more of
the accumulated Mng present on the anthracite.

The columns that were inoculated wihoneidensis MR-1 showed a greater percentage
in Mn breakthrough for the duration of the experiment when compared to the column that did not
have any additional inoculum. Lovely and Phili{i®©88) showed thatS. oneidensis MR-1
coupled the oxidation of electron donosamilar to the acetate supplied in the columns, to Mn
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reduction This is the probable reason for why Mn release in both columns increased when TOC
was increased. The oxidation of TOC was coupled to and promoted the reduction gf MnO
from the mediawgface by the Mireducing microorganisms. The types andniiyof naturally
occurring Mnrreducing microorganisms residing on thenkdaod Mills WTP were not known.
Studies have shown that microorganisms have preferences for one carbon source over another
(Jones 2009) S. oneidensis MR-1 may have had a competitive advantager the naturally
occurring Mnrreducing microorganisnfer acetate as the carbon source in filter gsidi

Mn reduction kineticeand Mnreducing microbialpopulations may also have played
roles in the differences in Mn reduction seen between the inoculated anthowdated
columns. Differencesin Mn reduction kinetics are seen between differing miganisms with
some organisms able to reduce faster than otf@@esrato 2008) S. oneidensis MR-1 Mn
reduction kinetics could have been faster thde naturally occurring Mn-reducing
microorganisms on Harwood Mills WTP mediaFigure 22 shows the mtrB gene gPCR
guantification cycle values for the top, middle and bottomtitveth sections of th8. oneidensis
MR-1 inoculated Column A)and norinoculated columng§Column B) Results show that the
oneidensis MR-1 inoculated columns contained marecrobes that possess#te mtrB gene,
therefore the column containeshoreMn-reducing microorganise The increase in the number
of Mn-reducing microorganisms is likely an additional reason why increased Mn release was
seen from this Column A.lIt is not known which of the above discussed factors (TOC
concentrabn, Mn reduction kinetics or Mreducing microorganism population) has the greatest
effect on Mn release or what combination of these conditions would be necessary to see Mn
release in a fulscale WTP. Detection ofS. oneidensis MR-1 wasconfirmedat all depths in
Column A at an avege density of 3.9x16 CFU/mL and was not detected atyadepth in
Column B (Figure 2B Thedensityof S. oneidensis MR-1 in Column A appears to increase

the depth increases in the column
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Figure 22. Comparative quantification cycle number for the top, middle and top two inch
depths of Column A (S. oneidensis MR-1 inoculated) and Column B (non-inoculated) for
microorganisms that contain the mtrB gene
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Figure 23. S. oneidensis MR-1 concentration in the top, middle and top two inch depths of
Column A (S. oneidensis MR-1 inoculated) and Column B (non-inoculated)
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Figure 24 compares the average concentration of extractable Mn in mg per gram of the
anthracite media in the top and bottom twohies of Column A (inoculated with oneidensis
MR-1) and Column B (noinoculated). Results show that there & possibly significant
difference in the amount of Mn coating in the top and bottom sections in ColummhA.
amount of extractable Mn was 9Qnvin lower in the top 2nch section compared to the bottom
section for Column A.This results in a percent differenfe Column A of 236. In a study by
Tobiason et al. (2008natural variability of the concentration of Mn coatingedha standard
variation of +f 20% Mn content. The differences in Mn coating seen in Column A between the
top and bottom depths could represent real world variability in Mn coatings. Since the difference
in Mn coatingbetween the top and bottom of théuron waslarger than 20% for Column,Ahe
difference could be considersdhall to moderate bugignificant. For Column B, the amount of

Mn coated on the anthracite media is approximately the same at the top and bottom sections of
the column.
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Figure 24. Average concentration of extractable Mn (mg) per gram of anthracite media
from Column A (inoculated with S. oneidensis MR-1) and Column B (non-inoculated)
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4.3.2 MB4 and MB6 Inoculum Experiment

Figure 25 shows the percentage of Mn through the anthracite media filter depth for both
columnA (MB4 and MB6 inoculum) and B (no inoculumiror the five days wen free chlorine
was appliedpn averagel0% moreMn breakthrough was seen in column A when compared to
column B. Influent free chlorine was removed on day fauad, as expected, effluent Mn levels
increased steadily in both columns.
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Figure 25. Percentage of Mn through the media depth for column A (MB4 and MB6
inoculated) and B (no inoculum); Dashed line indicates an increase in influent TOC from
0.5 mg/L to 12 mg/L

On day seven, effluent Mn levels for both columns stopped increasing and began to reach
a steady state for Mrelease.After chlorine was removed (TOC was 0.5 mg/L as C)steady
stateMn breakthrough values were 38% and 34% for columns A and B, respect®alylay
eight, TOC was increased from 0.5 mg/L to 12 mg/L as C. A@@inpassing through the filter
bed increased substantially over the established steady state value for both coMmns.

breakthrough for both columns continued to increase until day 14 when Mn release started to
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slow and level off On average, column A had a 5% greater Mn breakthrthaghcolumn B for

the duration of the experiment. Column A had a small but consistently greater amount of Mn
breakthrough than column B, with the exception of days 16 througk@8n days 17 to 23, the
percentage of Mn breakthrough in column B exceedéann A.

After the influent TOC was increased to 12 mg/L as C, the maximum Mn breakthrough
value for both columns was 84%.The Mn breakthrough percentage for column A increased
38% after the increase in TOC, where column B Mn breakthrough incresedAd@r day 16,

Mn breakthrough for column B began to exceed column A for the remainder of the experiment
(six days). The MB4 and MB6 inoculum was exposed to a Ct of 3,400 mg/L*min.

Again, both columns contained anthracite media collected from theoddrMills WTP
(February 2016) with an active native microbial population. Column A had additional Mn
reducing organisms, MB4 and MB6, inoculated onto the media in addition to the native
microbial population. Themall increase in Mn breakthrough seem foost of this column
experiment could be contributed to the preseatdhe additional inoculated Mreducing
microorganisms. Although, the amount of sustained Mn breakthrough compared to the column
study with S. oneidensis MR-1 inoculum was much lower. The average increase in Mn
breakthrough over the nanoculated column for the S. oneidensis NMIRstudy was 21%
compared to a 5% increase in Mn breakthrough over theinoocolated column for the
MB4/MB6 column experiment. The lower amount of Mn breakthrough seen in the MB4/MB6
columns was somewhaxgected as these Meducing microorganisms were repeatedly shown
to reduce Mn at a much slower rate tSanneidensis MR-1 in thein situ vial assays.

The relative presence tie mtrB gene was also quantified from the bottom, middle and
top twoinch sections of the anthracite mediathe inoculatedColumn A) and nonrinoculated
columns (Column BJFigure 26). There weransignificantdifferences seen between Cq values
for etther column which suggestst first glancethat the amount of microorganisms that
possessed theirrB gene were similar between the columniSigure 14 demonstrates the Cq
values for ach of the built environment Mreducing microorganismavViB4 and MB6 boh had
average Cq values of 4then themsrB primer set was usedThis resultdemonstratedhat the
designedntrB primer setwas able to weakly bind thve extractednsrB gene ofMB4 and MB6
during qPCR.It is plausible that the MB4 and MB6 strains we@mpleting reductive Mn
dissolution and reducing the bioavailable fraction of the Np&urface This reductive
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dissolutionresulted in the average 5% increase in Mn breakthrough seen during the experiment
compared to the nemoculated column Snce DNA from MB4 and MB6did not bind strongly
to themtrB primer set, gPCR results did not show an increase in the presencerofBhgene

for the inoculated column

45
38.41 38.37 27 a4

40 37.23 36.65 37.26 37:84
o3
2 35
®
2 30
s
<
(=)
= 25
il
V 20
-
i
& 15

10

5
O T T T T T T 1
Column ATop ColumnA ColumnA ColumnBTop ColumnB Column B Negative
Middle Bottom Middle Bottom Control

Figure 26. Comparative quantification cycle number for the top, middle and top two inch
depths of Column A (MB4 and MB6 inoculated) and Column B (non-inoculated) for
microorganisms that contain the m#rB gene

Figure 27 compares the average concentration of extradwblin mg per gram of the
anthracite media in the top and bottom two inches of Column A (inoculate@/\Bi4hand MBG6)
and Column B (nofnoculated). Comparable to extractable Mn concentrations from She
oneidensis MR-1 inoculated column esults showhat there is a difference in the amount of Mn
coating in the top and bottom sections in Colum@viB4 and MB6 inoculum) The amount of
extractable Mn was g Mn lower in the top -2nch section compared to the bottom section for
Column A. This differenceamounts to 16% less Mn coating on the top of the media depth.

Again, in the study by Tobiason et al. (2008), real world variability of Mn coatings for media at
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the same depth was-+20%. The difference in the Mn coating seen in Column A for this
experment may or may not be significant due to the measured variability by Tobiason et al
(2008). For Column B, the amount of Mn coated on the anthracite media is approximately the
same at the top and bottom sections of the column.
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Figure 27. Average concentration of extractable Mn (mg) per gram of anthracite media
from Column A (inoculated with MB4 and MB6) and Column B (non-inoculated)

4.4 In Situ Mn Reduction Vial Assay Results

Vial assays were completed that confirmed and evaluated anaerobic and aerobic Mn
reduction capability of five different Mn reducing strains (MB4, MB5, MB6, MB7 &nd
oneidensis MR-1). MnQ,, reduction and bioavailability experiments using five diffefdntO,
samples of various dates of synthesis were also completed. Corresponding inoculum was added
into semisolid agar vials with MnQ, samples adh light transmittance at 540 nwas measured
over time. Percent transmittance was used as a measurtoénh the vial assays for
evaluatingthe extent of observedn reduction.
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441 8. oneidensis MR-1 Inoculum Concentration Correlation

The purpose of this study was to determine relatipssbetween Mn reduction and Mn
reducing microorganism concentratioh. oneidensis MR-1 inoculum was added into the Mn
reduction agar vials and incubated anaerobically at 30 jC for 7 days before light transmittance
was measured. The starting inoculum was quantified by plate count methods and was' 50.5x10
CFU/mL. This inoclum was serially diluted as needed and the desired CFU/mL added into
each vial was back calculated from the undiluted inoculum value. The final cell countsfor the
oneidensis MR-1 inoculum added into vials was 50.5%1680.5x10, 50.5x16, 50.5, and 0
CFU/mL. Mn reduction in the vial resulted in MpQ clearing, which increased light
transmission. Visually, an increase in Mpf@learing was seen as the inoculum @ntcation

increased (Figure 28

Positive 50.5x16 50.5x10 50.5x1G 50.5 Negative
Control

C.antrol CFlI/mI CFlU/mI CFELI/mI CFlU/mI

Figure 28. Visual inspection of Mn reduction anaerobic vial assay results from differing
concentrations of S. oneidensis MR-1 inoculum after 7 days of incubation

S. oneidensis MR-1 inoculum concentrations in each vial were graphed against the
percent light transmittaecmesured at 540 nm in Figure.2® direct correlation between the
concentration of the. oneidensis MR-1 inoculum andapparent extent of Mn reducti was

seen
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Figure 29. Correlation of S. oneidensis MR-1 inoculum concentration to percent light
transmittance at 540 nm in the Mn vial assay after 7 days of incubation

4.4.2 Anaerobic Mn Reducing Bactria Inoculum Concentration Correlation

The first purpose of this study was to verify that the five Mn reducing strains being tested
in this research study were able to reduce Mn under anaerobic conditions. This experiment also
determined if there were any correlations of Mn reductio Mn reducing microorganism
concentration. For this study, Mn reduction vials were inoculated with MB4, MB5, MB6, MB7
or S. oneidensis MR-1 in an anaerobic chamber and then incubated at 30 |C iFP&as
anaerols jars. Figure 3@hows the increase percent light transmittance over time for various
inoculum concentrations of MB4 in anaerobic vials. The MB4 vials were inoculated with
6.95x10, 6.95x106, 6.95x10 and 0 CFU. As expected, the vials with the highest concentration of
inoculum were able teeduce Mn more quickly. Percent light transmittance for the highest
inoculum concentration, 6.95x10FU, was 2%.
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Figure 30. Percent light transmittance in anaerobic vial assay for MB4 based on inoculum
concentration (CFU)

Figure 31lrepresents the increase in percent light transmittance over time for
differing inoculum concentrations of MB5 in anaerobic vials. The MB5 vials were inoculated
with 1.20x10, 1.20x10, 1.20x16, and 0 CFU. The vials with the highestncentration of
inoculum did not reduce Mn faster, as predicted. Before the last time point at 22 days, the
1.20x10 inoculum surpassed the higher inoculum concentration light transmittance,
demonstrating higher Mn reduction. Percent light transmittémcé.20x10 CFU inoculation
concentration was 18%, where as for the 1.20€F it was only 15%. The negative control
for the MBS5 strain increases slightly over time and has a slightly greater percent light
transmittance than the 1.20%XDFU vials. This can be attributed to possible contamination with

a low level of MB5or variability in this testing procedure
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Figure 31. Percent light transmittance in anaerobic vial assay for MB5 based on inoculum
concentration (CFU)

Increase in percent light transmittance over time for differing inoculum
concentrations of MB6 in anaercbwials is depicted (Figure 32 The MB6 vials were
inoculated with 4.60x10 4.60x10, 4.60x16, and 0 CFU. As predicted, the vials with the
highest concentration of inoculum were able to reduce Mn more quickly. Percent light

transmittance for the highest inoculum concentration, 4.6@#&0, was 28%.
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Figure 32. Percent light transmittance in anaerobic vial assay for MB6 based on inoculum
concentration (CFU)

Figure 33shows the increase in percent light transmittance over time for various
inoculum concentrations of MB7 in anaerobic vials. The MB7 vials were inoculated with
1.35x106, 1.35x10, 1.35x16, and 0 CFU. Theials with the highest concentration of inoculum
were able to reduce Mn more quickly. Percent light transmittance for the highest inoculum
concentration, 1.35x2@FU, was 2%. For the MB7 inoculum, it appeared that Mn reduction

capability was hindered #éhe 1.35x10CFU or lower concentrations of inoculum.
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Figure 33. Percent light transmittance in vial assay for MB7 based on inoculum
concentration (CFU)

The percent light transmittance over time for various inoculum comdiemis of
S. oneidensis MR-1 in anaeroig vials is $iown in Figure 34 TheS. oneidensis MR-1 vials were
inoculated with 5.05x1905.05x10, 5.05x16, and 0 CFU. As expected, the vials with the highest
concentration of inoculum were able to reduce Mnertprickly. Percent light transmittance for
the highest inoculum concentration, 5.05XX0FU, was 61%. The highest inoculum
concentration was able to reach the maximum amount of Mn reduction after 7 days. After 22
days of incubation, the 5.05X10FU vids were able to reach a maximum light transmittance
value of 60% and reduce as much Mn as the highest inoculum concentration. The increase in
light transmittance for the 5.05X1.CFU vials appeared to be linear in nature, with a peak
transmittance value of 54% after 22 days incubation.
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Figure 34. Percent light transmittance in anaerobic vial assay for S. oneidensis MR-1 based
on inoculum concentration (CFU)

4.4.3 Aerobic Mn-Reducing Bacteria Vial Assay

This experiment investigated the li#li of the five Mnreducing strains to reduce Mn
aerobically. Mn reduction vials were inoculated aerobically with MB4, MB5, MB6, MBY. or
oneidensis MR-1 and incubated aerobically at 30 j&ial inoculum counts for the Mneducing
strains MB4, MB5, MB6, MB7 and. oneidensis MR-1 can be found in Tabl&6. The 72815
MnO,, sample was used to make the agar media for this experimentdaldneeprsented in
Figure 35shows thatS. oneidensis MR-1 had the highedevel of reduction for the duration of
the experiment, with a p& percent transmittance of%6 MB4 had the next highest final peak
transmittance value fo22%, followed by MB5 at 1%. MB6 and MB7 had final peak
transmittance values of 12% and 14%, respectively. This vial assay derteahgtied all of the
Mn-reducing strains tested were able to reduce Mn aerohiedllgast to some extenferobic
Mn reduction was demonstrated by raaer percent transmittance value when compared to the
negative control. Results demonstrated thsliB4, MB5, MB6 and MB7 appeared to reduce at

rates significantly less than what was observed Svitieidensis MR-1
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Table 16. Manganese Reducing Bacteria Vial Inoculum Count

Inoculum Counts Final CFU in Vial

MB4 7.50x10
MB5 1.20x10
MB6 2.80x16
MB7 1.00x10
S. oneidensis MR-1 7.33x16
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Figure 35. Percent light transmittance in aerobic vial assay for inoculated Mn reducing
bacteria

4.4.4 Aerobic Mn Reducing Bactria Vial Assay

S. oneidensis MR-1 and MB5 aerobic reduction performance was comparéble
anaerobic results (Table 17 The percent light transmittance 18r oneidensis MR-1 in the
aerobic vials surpassed anaerobic vials by 2.5%. The MB4, MB6 and MB7 strains were all able
to reduce Mn aerobically, but at a lowerel than that seen anaerobically. The aerobic vials
were albwed to incubate for eighthore days than the anaerobic vials and all of the strains,

exceptsS. oneidensis MR-1, still had lower amounts d¥in reduction. This demonstratdiat,
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while aerobic Mn rduction is possible, the kinetics and mechanisms for microorganisms to do

would probably belower than when in an anaerobic environment.

Table 17. Maximum Light Transmittance for Anaerobic and Aerobic Mn Reduction Vial

Assays
Maximum Light Maximum Light
Inoculum Name Transmittance, Transmittance,
Anaerobic (22 days) Aerobic (30 days)
MB4 27% 22%
MB5 18% 16%
MB6 28% 12%
MB7 21% 14%
S. oneidensis MR-1 60% 63%

4.45 8. oneidensis MR-1 MnO,, Age Study Results

The purpose of thistudy was to investigate bioavailability of MpOsamples for Mn
reducing microorganisms, starting wihoneidensis MR-1. S. oneidensis MR-1 was added into
Mn reduction vials containing five different MpQsamples of various ages and treatments. The
2008 sample had presumably lost waters of hydration due to age an@-fttesample had lost
waters of hydration due to drying at 103 {C for 24 hours in an oven. The othgf Ma@ples
had similar properéis and relative aggasdenoted by date synthesized.

Figure 36represents the raw percent light transmittance data, which correlates to Mn
reduction over time for all five different MnQ samples. For the initial 50 hours, th&&15
and 111815 sampts had the highest amount of Mn reduction. After 150 hours, all samples had
similar transmittance values around 58%, with the exception of the 2008 \da@ple. After
50 hours, the 2008 MnQ sample had consistently lower Mn reduction, with a trattance

value of 45%, compared to all of the other vials for the remainder of the study.
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Figure 36. Percent transmittance at 540 nm of different MnOXx(s) samples over time with S.
oneidensis inoculum

Figure 37normalized the percent transmittance data to the equivalent transmittance for a
1 g/L MnQ,,, sample vial. Because the 2008 an8-¥5 MnQ,, samples were significantly
darker in color than the other samples, they were mixed into the agar at 0.35tgédiaf 0.7
g/L. Normalization of the data was completed in an attempt to compare reduction capacity, as a
measure of change in transmittance, at equal Mn@ncentrations. When the data was
normalized, significant differences in Mn reduction carseen between certain samples. The
2008 and -15 samples had an overall lower amount of Mn reduction for the duration of the
study. All of the other MnQ, samples were comparable in Mn reduction orcest
transmittance. Figure 3dso demonstratetthat the percent transmittance of the negative controls

remained constant and did not increase through this study.
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Figure 37. Percent transmittance data normalized to 1 g/L of different MnO, samples over
time with S. oneidensis inoculum
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Figure 38. Percent transmittance negative control data normalized to 1 g/L of different
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Averages. oneidensis MR-1 cell countsfor each viawere compared through thewse
of this study (Figure 39 The cell concentrations found were very similar at each time point in
all of the vials for the duration of the experiment. Figur@2 3hrough 26 shows. oneidensis
MR-1 concentrations with normalized 1 g/L Mp{percent transmittance data. Digfuishable
differences in Mn reduction can be seen, even thdugheidensis MR-1 counts are similar in
all vials (Figure 322). For the 2008 and-&15MnQ,, samples, even though teoneidensis
MR-1 count increases over time, Mn reduction is muoWwer than the other samples. The@&
15, 131815 and 111-16 MnQ,, samples havéhe same concentration 8f oneidensis MR-1
but are able to reduce more MpQ Because the 2008 and8715 vials have similars.
oneidensis MR-1 counts but lower Mn reduction, this points to a lack of bioavailability of the
more agedMnO, samples.
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Figure 39. Average S. oneidensis MR-1 count (CFU/mL) of triplicate vials via q°PCR
analysis
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446 Aerobic MB4 and MB6 MnO, Age Study Results

The purpose of this study was to investigate bioavailability of Mg€amples for Ma
reducing microorganisms isolated from the water treatment built environment. MB4 and MB6
were inoculated into Mn reduction vials that contditliee 2008, 228-15 and 111-16 MnQ
samples. To measure Mn reduction, the percent light transmittanceeessired over time.
Figure40 shows the raw percent light transmittance data for three different ys#tples with
MB4 inoculum. For the initial 7 hours, Mn reduction for all of the samples are similar. After 30
days, the 111-16 sample had the greatest percent light transmittance value at 14%-281& 7
sample had the nextdhest light transmittancat 10% and the 2008 saple had the lowest value
at &%.

The percent transmittance data was normalized to the equivalent transmittance for a 1 g/L
MnO,, sample vial (Figure 41 When the data was normalized, a greater difference in Mn
reduction was seenetween the three samples. The 2008 sample consistently had the lowest
amount of Mn reduction for the duration of the study, while #id4-16 sample had the highest
amount of Mn reduction for the entire studyhe #2816 sample had been dried at I'@3for
24 hours which promoted aging. A decreaseMiB4 Mn reduction capability was seen due to
aging that occurred due to the heating processseresuls help tosupport the hypothesis that
agedMnO,, sampls havelower bioavailability and directly dect theMn reduction capability

of microorganisms.

67



[N
»

H
I

=
N

[N
o

2008
7/28/15

o]

1/11/16

N

Percent Transmittance (540 nm)
(ee]

N

o

0 5 10 15 20 25 30 35
Time of Data Point (Days)

Figure 40. Percent transmittance at 540 nm of different MnO, samples over time with
MB4 inoculum
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Figure 41. Percent transmittance data normalized to 1 g/L of different MnO,, samples
over time with MB4 inoculum
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The raw percent light transmittance data was graphed for three differenf/da@ples
with MB6 inoculum (Figure 4R After 30 days, the-11-16 sanple had the greatest percaght
transmittance value at ¥d The 728-15 sample had the nextghiest light transmittance a¥8
and the 2008 saple had théowest vale at 7%. Figure 4Bormalizes the percent transmittance
data to the equivalent trangtance for a 1 g/L MnQ, sample vial. As with the MB4 sample
vials, when the data was normalized, a larger difference in Mn reduction was seen between the
three samples. Again, theZB-15 sample was dried, which promoted aging, therefore a lower
Mn reduction was seen in the vials. The 2008 sample consistently had the lowest amount of Mn
reduction while the -1L1-16 sample had the highest amount of Mn reduction for the entire study.
The MB6 results further supported the hypothesis that thesagepleshad low bioavailability

and affected the Mn reduction capability of microorganisms.
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Figure 42. Percent transmittance at 540 nm of different MnO, samples over time with
MB6 inoculum
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Figure 43. Percent transmittance data normalized to 1 g/L of different MnOXx(s) samples
over time with MB6 inoculum

It can also be noted that MB6 was able to reduce less,Mh@n MB4 in this study. For
the normalized percent transmittance trials, the MB4swiahched a maximum percent light
transmittance of 10% compared to 8% for MB6.

Before each time point was measured on the spectrophotometer, each vial was visually
inspected. Clearing zones formed on the top of tB8-5 and 111-16 Mn reduction vialshiat
wereinoculated with MB4 (Figure 44and MB6 (not shown). From these resultgppeared
that MB4 and MB6 prefer to reduce Mn at the top of the vial. Sefid agar forms a dissolved
oxygen air gradient and the highest concentration of dissolwggkeoxs found at the surface of
the agarClaus 1989) Because the agar used was very fluidature, MB4 and MB6 were able
to locate to preferential areas with higher oxygen content with in theMi&ce is no immediate
explanation as to why these microorganisms would prefer to reduce Mn in an area where higher
oxygen concentrations are probab8ince previous results showed a lower amount of aerobic
Mn reduction when compared to anaerobic Mn redudfi@ble 17) these findings seem to be

contradictory to previous experiments.
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Figure 44. Visual inspection of clearing zones at the top of the Mn reduction vials

4.5 Shake Flask Study

This study evaluated microbially mediated Mn desorption from anthracite media in an
aerobic environment using shake flasks inoculated Wittoneidensis MR-1 and two S.
oneidensis strains with mutations in genea#(A andmrB) required for Mn reduction. Soluble
Mn releasevas monitoredrom the anthrate media in the bulk liquid Mn extraction results of
the May 2015 Harwood Mills anthracite media showed that 36.5 mg Mn/mg anthracite was
previously coated onto the mediatla¢ water treatment plant. 2.5 g of the anthracite media was
added into each flask, resulting in a total of 91.1 mg Mn/mg anthracite available for biological
Mn reduction. The amount of inoculum added into each flask, enumerated from the plate count
metod, is represented in Table.18he volume removed for each sampling point was recorded
so the total volume in the flask would be known at all timesveasiconsiderednass balanced
related tosoluble Mn released
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Table 18. Inoculum Concentrations for Shake Flask Study

Inoculum Counts Final CFU in Flask
S. oneidensis MR-1 2.12x10

S. oneidensis MR-1'mtrA 1.9x10

S. oneidensis MR-1'mtrB 3.6x10

The amount of Mn released during the shake flask study from the May 2015 Harwood
Mills anthracite media is presentad Figure 45 Datawas analyzed as a percentage of Mn
released from thanthracite media as soluble Nimthe bulk liquid. The yaxis for Figure 41
was scaled to have a maximum value of 0.5% desorption to depicghgilvle release antok

place in the shake flask study.
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Figure 45. Soluble Mn mass release (sized 0.45! m or less) as a fraction of Harwood Mills
WTP accumulated Mn anthracite coating
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5.0 DISCUSSION

The main objective of thisresearb was to examine the role of Meducing
microorganisms in desorptiaf soluble Mn fromMnO,, -coated filters once free chlorited
been removed from the filter influenThis was accomplished through the completion of bench
scale filter colum studiesalong withdevelopment od gPCR detection method for Maducing
organisms. In addition to benciscale laboratory filter studies, in situ Mn reduction vial assays
were completed to investigate Mn reduction capacity of several strains in amndamaerobic
conditions. Vial assays were also usedletermine the effects of Iheducing microorganism
populations on the kinetics of Mn reduction and to investigate the bioavailabiligrmus
MnO,, samples.

The beginning of the discussionagiter will detail the pieces of research that most
appropriately relte to examining the role of Meducing microorganisms in benshale filter
studies. Other notewortlgxperimental outcomesat tangentiallyelateto microbially related
Mn reductionwill then be discussed towards the end of the chapter.

5.1 Evidence for Microbially Mediated Reductive Dissolution of Mn in Bench-Scale Filter
Column Studies

5.1.1 8. oneidensis MR-1 Inoculated Bench-Scale Column Studies

Evidence of reductiveMn dissolution was seen in the berstale filter column
experiment where the Harwood Mills anthracite mddllected March 2016) was inoculated
with S. oneidensis MR-1 (Figure 21) For examplea 10% increase in effluent Mn was seen in
the S. oneidensis MR-1 inoculatedcolumn over the nofinoculated columreven while free
chlorine was applied to the filteAfter free chlorine was removed from the column, the average
concentration oéffluent Mn seen in thé. oneidensis MR-1 column was 20% greater than the
noninoculated column.The observed Mn breakthrough for the finaculated column could
have been due to exhaustion of active sites on the media combined with a low amduant of
reduction from the native Mreducing nicroorganism present on the mediBhe differences in
Mn release between the inoculated and-mmculated release can be attributed to the true
reductive Mn dissolution of the MnQsurface byS. oneidensis MR-1.
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From gPCR analysis, qualitatively tlkewere more organisms that contained rtheB
gene on the columns inoculated wihoneidensis MR-1 than on the nemoculated column.
The average Cq value for tSeoneidensis MR-1 inoculated columns was Zbmpared to non
inoculated column, whicthad an average Cqg value of 3@igure 22) These findings
demonstrated that there were more microorganisms that had the ability to reduce Mn on the
inoculated column.S. oneidensis MR-1 was also recovered and quantiffeain all sections of
the anhbracite mdia in the laboratorgcale columnandwas not detected via qPCR methods
from the norinoculated medidFigure 32) These findings verified the presenceSobneidensis
MR-1 on the inoculated filter media for the duration of ¢éxperiment. Thereforeh¢ increase
in Mn breakthrough can be attributed to the presencg& oheidensis MR-1, a Mn reducing
organism.

The correlation of increased Mn in the column effluent and demonstrationSthat
oneidensis MR-1 was presenin the MnQ surface at the enaf experiment indicatethat Mn-
reducing microorganismseremost likelyresponsible for the additional Mtesorption Results
are in agreemenwith the study by Islam (2010yhich concluded that Mn release from filter
media was caused by microbial attiv This researchprovided additional evidence thathe
presence of Mimeducing microorganismsn MnQ,, media in afull-scale WTP could likely be

contributing to the observed Mn desorption phenomenon when free chlorine is removed.

5.1.2 MB4 and MB6 Inoculated Bench-Scale Column

For the column thatvas inoculated witiMiB4 and MB6 cultures a small amounbf
increased Mn breakthrough compared to theiinonulated columnvasseen(Figure 25) This
increase in Mn breakthrough again demonstrates &dective Mn dissolutin caused by the
presence of Miteducing microorganismslhe percent differences in Mn breakthrough were not
as large when compared to theneidensis MR-1 inoculum study(Figure 21) On averagethe
inoculated column witiiB4 and MB6 hada 3% greater Mn breakthrough percentage when
compared to the neimoculated columnwhen free chlorine was being appliedWhen the
application of free chlorinstopped, an average increase of 4% Mn breakthrough was seen in the
MB4/MB6 inoculated ctumn compared to the nanoculated column. Similar to thesS.
oneidensis MR-1 inoculated column experimerthe observed Mn breakthrough for the Ron

inoculated column was likely due to exhaustion of active sites on the media combined with a low
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amount of Mn reduction from the native Mn reducing microorganism present on the media.
Event thoughdifferences in Mn relgse between the inoculated and-nmoculatedcolumns were
small, the increase in Mn breakthroughsattributed to the true reductive Mn dissolution of the
MnO,, surface byMB4 and MB6

The gPCR analysis for this column study was less conclusive whapaced to
molecular results from th&. oneidensis MR-1 study. Evidence of increased concentrations of
themtrB gene (Mn reducing microorganisms) was not seen. The Cq valuestfocolumns at
all three depths were very similar in value. This resultcceither denonstrate that the amount
of Mn-reducing microorganisms were the same in both columns or that/tBgrimer set was
not able to adequately bind to therB genesequencef MB4 and MB6. It is more probable
that that the latter is true baseffl of prior gPCR analyses (Figure 14), where the Cq values for
both MB4 and MB6were low. Experimental evidence of an increase in reductive Mn
dissolution in the columns inoculated with MB4 and MB6 helps to support this hypothesis.

It is also notewolty to comment on the fact that MB4 and MB6 both have Mn oxidation
capability in addition to theapacityto reduce Mn. The environmental conditions, mechanisms
and reasons behind whether a microorganism chooses to oxidize or redace ndh known.
During the MB4 and MB6 inoculated column experiment, for the last five days the non
inoculated column had consistently greater Mn breakthrough values. The possibility that the
inoculated MB4 and MB6 microorganisms began to oxitifieent Mn or Mn adsorbed to the

MnO,,surfaceshould not be ruled out.

5.1.3 Kinetic Differences in Bench-Scale Column Reductive Dissolution

The reasons fothe largedifferences seen in Mn breakthrough results betweers$.the
oneidensis MR-1 and MB4/MB6 inoculated coins are uncledgFigures 21 and 25)Sizeable
differences in the amount of Mn reduction betw8ewneidensis MR-1, MB4 and MB6were
alsoobserved in thén situ vial assaygTable 17) S. oneidensis MR-1 reduced a much larger
amount of Mn(both aerobically and anaerobicallghd in a shorter time frame when compared
to MB4 and MB6. The dissimilatory Mn reduction mechanisms of MB4 and MB6 have yet to be
studied and it could be possible that those mechanisms are distinctive fromShetdiflensis
MR-1. Organic carbon oxidation isften linked to Mn reduction(Lovley 1988)and some

microorganisms may prefer one carbon source over andfhefieidensis MR-1 may havéhad a
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competitive advantage or preference over MBAMBG6 for acetate as the carbon source in filter
studies. More research is needed to discern why and under what conditions that certain
microorganisms are able to reduce®gfrom filter media.

5.1.4 Mn-Reducing Microorganism Viability in the Presence of Chlorine

For the column study withs. oneidensis MR-1 inoculum, theinoculum and any
organisms present on the media were exposed fi@ea chlorineCt of 4,400 mg/L*min.
Shewanella species are @m negative andare thereforenonsporeforming (Venkateswaran
1999) This isin contrast to MB4 and MB6, which ageampositive Bacillus sp. thatare spore
formers There was a-tog reductionin qPCR detectable cell courdts. oneidensis MR-1 from
the time of inoculation until the end of the stud®nly 3.9x16 CFU/mL of S. oneidensis MR-1
remained on théinO, surfaceat the end othat study even thougHarge differences in Mn
breakthrough are still seen wheompared to the column with no additional inoculufhis
leads to the conclusion thamall numbersof Mn-reducing microorganisms, even if not able to
form spores, are able to remain viable on the lgdrface and reduce detectable amount of
Mn in the presence of free chlorinét should be noted that the average amount ofiftes free
chlorinetypically applied to the Harwood Mills WTP filters is 2.9 mgawkins 2016) This
concetration of free chlorine is about five timgseater thathe amount ofree chlorine applied
to the filter in the benckcale filter column studies with added Mn reducer inoculuhine
presence of Mimeducing microorganisms on the Harwood Mills WTP Mg@edia coating
was confirmed witha low level ofdetection of thentrB gene via §CR. It is notable that the
Mn-reducing microbes present on the Mp®urface were able to remain viabWile the filter
was in servican the presence of much highemlorine Ct values The formation of biofilms
protects microorganisms from the effects of chloiibeChevallier 1988) The formation of a
biofilm on the surface of the anthracite meciald have helped to promote the viability of some
of theinoculatedS. oneidensis MR-1 organisms.

5.2 Factors that Affected Mn Breakthrough in Bench-Scale Filter Column Studies

5.2.1 MnOx(s) Coating Age and Bioavailability

Much is still unknownabout the forms and phases of Mp@hat are present in filter

media coatingsfurther this might affect thebioavailability of Mn for reductive dissolution.
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Typical anthracite or sand filtration media beds have a long service life due to mediatgurabil
(Edzwald 2011)which allows for a large amount of MgQcoating to form during many years

of operation. MnQ,, coatings on anthracite medmave been shown to form a treeg-like
structure(Tobiason 2008) Little is known about the differing characteristics of the O
coating layers, as agingevitably occursthrough in service use. As in the Harwood Mills WTP,
the anthracite medi@om Filter 1 hadbeen in operatioand accumulating an MnQcoatingfor

28 years. Differing rates ofMn reactivity have been seen in laboratory testiegause of
variations in MnQ,, crystalline structure and surface a(&one 1987) Burdige et al(1992)
showed thatS. oneidensis MR-1 was able to reduce a greater amount of two less OagedO
crystalline forms of Mn oxidgbirnessite and -81n0O,) when compared to a highly crystalline
form MnOZ,, pyroluste.  The conclusion from th&urdige et al. (1992)study was that
mineralogy,crystalline structure and surface area all play an important role in the bioavailability
of Mn oxides and the rate of biotic Mn reduction.

When the Mn desorption phenomenon hasnbebserved in a fulcale WTP, typically
there is a period of effluent Mn concentrations exceeding influent Mn. Over time, the amount of
Mn released in the effluent ceases to exceed the influeng\addnce of outrighMn release
from the media is no longer evideit comparison to this trend, the column studies that utilized
the Harwood Mills WTP filter media did experience a periodic increase in effluent Mn and an
eventual return to a steady state condition of Mn release. teeigh, effluent Mn never
exceeded the influent concentration, microbially mediated Mn reduction of bioavailablgyMnO
from the anthracite media was taking place. An acceptable working hypothesis is that the MnO
layers present on the coatihgdundergone changes in chemistry such that progression towards
a more crystalline structurgasseenthe longer that the coating hbden present in the system.
The Mnreducing microorganisms wegtentially able to reduce the less crystalline less
Oagedfrms of MnQ,on the media surface, which caused the initial rise of effluent Tis
result is supported by the demonstratihat Mn reduction of the more aged 2008 MpQ
samplewas substantially lowem the in siru vial assays (Figures 36 and)37Once the
bioavailable forms of MnQ), had beerexhaustedthe MnQ that was left on the surface was
hypothetically morecrystalline in natureand was less bioavailableEfluent Mn levelsthen
decreaseffom a decline in microbially mediated Mn reduction of the Mg&urfacedue to lack
of bioavailability.
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It is possilke that the concentration of Mmeducing microorganismand forms of
bioavailable MnQy, that were present during the inoculated filter owtustudies were not
suitable for the observation of the Mn desorption phenomera@rethe effluent Mn exceeds
influentMn concentration Thekinetics or concentration of Mreducing bacterianay not have
been high enough testablishconditions where @tient Mn exceeded the influent.

It is notable that the amount of extractable Mn sigsificantlylower in the top Anches
of the anthracite media for both tBeoneidensis MR-1 and MB4/MB6 inoculated columnAs
noted in Chapter 4, natural variability of Mn coating concentration can be as grea28%o+/
(Tobiason 2008) It is knownMnQO, deposition is a function of depth, with the greatest MnO
concentrations being found at the top of a column déptiviason 2008) This presumably
means that the MngQ) formed there is less aged and would be more bioavailabiece this
trend was seen in both column studies,could be hypothesized that the Mn reducing
microorganisms were able to readily reduce the less aged, Mfu@med at the top of the
column. This resulted the decrease in extractable Mn at the top &f dhe&densis MR-1 and
MB4/MB6 inoculated columns. Thaecrease in extractable M the top of th columnwasnot
observed ireither of the noninoculated columngor both S. oneidensis MR-1 and MB4/MB6

experiments

522 pH

MnO,, surface regeneration by molecular oxygenthe absence of free chlorinaid
microbial processes are both affected by @éme of thechangesn abiotic release of Mn from
the media can be attributed to the effects of pH omeabeneration of active siteBheimpact of
pH dependencen microbially mediated Mn reduction is not knownd should be considered
evaluation 6 observed increases or decreases in Mn reled3ee behavior of Mn oxidizing
microorganisms that are present on filtration mduk&e been shown tde effected by pH
(Hoyland 2@4). The authorshowed that Mn oxidizing microorganisms were ablédgin to
oxidize Mn earlier at pH conditionsbetween 6.3 6.7 when compared to 7.8 7.3, which
demonstrated that pH was directly tied to mobal Mn oxidation mechanismand possible
enzymatic activity Therefore, the possibility of increased or decreased Mn reduction due to pH

conditions should not be ruled out.
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523 TOC

Bioavailable DOC loading into a filtration process is typically aroundBdZ%0 mg/L
(Yapsakli 2010) All of the carbon loadingacetate¥or experiments in this researfdr column
studieswas considered 100% BDOC. For the Harwood Mills Wihe, average TOC demand
across Hter 1 was 0.59 mg/L TO@Hawkins 2016) Consequently,hte initial TOC loading of
0.5 mg/L as C was considered a represent®&DOC across a WTP filter during operation.
When0.5 mg/L as Gvas added into the inocwéal filter, maximum Mn breakthrough values of
54% were seen. A large increase in Mn breakthrough in the inoculated dol@®¥was seen
when TOC loadingvas increased to 1ghg/L as C. Thesurgein Mn breakthrough, which
correlated to the increase in TOcould becredited to thencreasedeductiveMn dissolution
activity of S. oneidensis MR-1 on the media. Simple carbon containing compounds, like sugars
or amino adls, can be fully oxidized by Mreducing microorganisms in a reducing environment
(Lovley 2004) Lovely and Philips showed that oneidensis MR-1 coupled the oxidation of
electron donors, similar to the acetate supplied in the columns, to Mn redultttisimould be
noted that the environment with in the column would probably not be considered reducing since
oxygen entrained in the influent waters would be presexdditionally, alarge majority of
organic matter that is oxidized in sedimentary environments is direckgd to Fe or Mn
reduction(Burdige 1992) The columns that were inoculated wWithvoneidensis MR-1 showed a
greater percentage in Mn breakthrough for the duration of the experiment when compaged to th
column that did not have any additional inoculum.

It is plausible that the influent concentration of 0.5 mg/ and 11 mg/L TOC as C were not
at high enougtcarbonconcentrations to see evidengt effluent Mn exceeding influent Mn
concentrations In the lench scale laboratory study by Isld&010)where Mn desorption was
seen, carbon dosing wds'M sodium acetatés6 mg/L as ¢ As stated above, typical influent
TOC loading in a treatment plant is 25 to 100 times lower than the carbon concentradion us
IslamOs laboratory studyrue Mn desorption was seen in the study by Islam, but application of
the results in a fulbcale WTP could be questioned. InterestinglislamOs study, when carbon
was removed from the filter, Mn desorption ceased.

It is apparent that some amount of bioavailable carbon is required for Mn desorption to
be seen in laboratory experiments and-$ckle treatment facilitiesEffluent concentrations of
Mn did not exceed influent concentratiansresearch conducted fdni$ thesis where 0.5 or 11
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mg/L as C was added into the columns. This leads to the assumption that bioavailable carbon
may be incorporated into observed Mn desorption phenomenons but the nature and role of
carbon concentration amdn bioavailability is urclear.

5.2.4 Mn Reducing Microorganisms and Required MnO,, Contact

Results from the shake flask study faileddemonstrateéeductiveMn dissolution from
MnO,, coated Harwood MillsO anthracite filter me@iure 45) The shake flask environment
into which theS. oneidensis MR-1 were placed did not force the organism to attackthé¢o
MnO,, media surface. In contrast fan benchscak laboratory filter column studieshe
naturally occurring microbes or added inoculnofeidensis MR1 or MB4/MB6) wereforced
to adhere to th#InQ,  surfaceor be washed out through downflow offlepy hydraulics. Fof.
oneidensis MR-1 to reduce Mnthe organismmustbe in direct contact with the oxide surface
(Meyers 1988) This experiment most likely dlinot succeed becauSeoneidensis MR-1 was
not required to stay attached to the surface of the anthracite media and could reside in the bulk
liquid media.

5.3 Molecular Detection Methods

A gPCR detection methodas createdo qualitatively compare amownof themsB
gene in laboraty and environmental samplesOverall, this detection method was able to
relatively compare the amount of microorganisms in a sample that containedrthgene
(Figures 23 and 26) Consequently, this gPCR method was alecompare samples to
determine which contained higher quantities of Mn reducing microorganibnis. method
appearedio detect certain Mineducing organisms at greater levels than otheFbe mrB
primersdemonstratedtrong detection fo§. oneidensis MR-1 and MBS5 Bacillus cereus). The
mtrB primers did not detect MBA4BGcillus pumilus), MB6 (Bacillus cereus) or MB7
(Lysinibacillus fusiformis) well. The reason for the preferential binding of primfmscertain
microorganismseven when identified afi¢ same genus and sps (MB5 and MB6) is not
known The most likely reason for this would be due to sequence dissimilaritiesrninrthgene
for those organismsSequences for the mtrB gene from the NCBI GenBank database contained
a moderate level oYariability, which could demonstrate low conservation of that gene or
uncertainty in gene sequence.ori¢ of the sequences found frahe NCBI GenBank were

Bacillus sp. which could be another reason why detection for some Bacillus sp. iAlomuch

80



larger subset ofitrB gene sequences would be requiredddditional MUSCLE alignmens to

strengthen the binding of tlw@rB primers to Bacillusp. and others

5.4 Mn Desorption Prevention for Full-Scale WTP

This research demonstrates that the-Midwcing microorganism population residing on
the MnQ, surfaceplay an important role in desorption of Mn from filter medid.a WTP
desires tocease prdilter chlorinationand maintain a biologically active filter process instead,
the occurrence of th®n desorption phenomenon could be of concefine application of a
sustained high dose of chlorine as a shock treatment to the filter media cqule metduce
viability of the Mnreducing microorganisms on the media. Outright replacement of the filter
media couldalso be an option. The cost of the replacement of the media would have to be

considered in lieu of a shock chlorine treatmeurttich would be the most cost effective option

81



6.0 CONCLUSIONS

6.1 Conclusions

Benchscale filter columnstudies have demonstrated the potential of Mn reducing
microorganisms to contribute to the Mn desorption phenomenon seen in WTPs when pre
filtration free chlorine is removedThe exact conditions under which effluent will Mn exceed
influent Mn concentrabns are not known but the following conclusions can be made from the
experimental results:

1. Microbially mediated desorption is possible when sufficient Mreducing
microbial populations are present on Mpurfaces in column setups

2. Microbially mediated desorption is likely a major contributor to the Mn
desorptiorphenomenoseen in fullscale WTPs

3. Mn-reducing microorganism population and reduction kinetics affect how,MnO
is desorbed from filter media

4. Both gran positive and gram negative Maducingmicroorganisms residing on
the MnQ, surface are able to remain viable and reduce Mn after contact with free
chlorine

5. MnQ,, age and crystalline structure péagn importanrole in bioavailability to
Mn-reducing organisms

6. MnQ,, bioavailability could affect the duration oélevated effluent Mn during
times of observetn desorption

6.2 Future Research

This research provided ewdce that Mfreducing microorganisms do play an important,
but undefined role, in the Mn desorption phenomeriime operationaind plant conditions that
causeghe Mn desorption to occur are still not known. Investigation into these following areas
would help to further understand the causes of Mn desorption seen in WTPs whikargree
chlorine is removed:

1. Isolation of a variety of Mnareducing microorganisms in order to collect
numerousmrB sequences for anore complete and encompassikgSCLE
alignment

2. Development of molecular methods for detecting the expression afitBegene
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. Further investigation of the raethat pH, carbonloading and Mnreducing
bacteria concentratigplay in microbially mediatedMnO, reduction
. Advancedanalysis and identificatioaf the structure and bioavailability of coated

MnO,,on a media as to predict Mn desorption patterns

83



7.0 WORKS CITED

Bierlein, K. A. (2012). Modeling manganese sorption and surface oxidation during filtration.
Blacksburg, Va University Libraries, Virginia Polytechnic Institute and State University.

Burdige, D. D., Surya; Nealson, Kenneth (1992). "Effects of manganese oxide mineralogy on
microbial and chemical manganese reduction." Geomicrobiology Journal 10(1): 27-48.

Burdige, D. J. (1993). "The biogeochemistry of manganese and iron reduction in marine
sediments." Earth-Science Reviews 35: 249-284.

Burnes, B. S. (2000). Identification and Characterization of Genes Required for Mn(IV)
Reduction by Shewanella putrefaciens, Georgia Institute of Technology. Doctor of Philosophy.

Carlson, K. H. K., William R. (1999). "Modeling Manganese Oxidation with KMnO4 for
Drinking Water Treatment." Journal of Environmental Engineering 125(10): 892-896.

Cerrato, J. M. F., Joseph O.; Dietrich, Andrea M., Knocke, William R.; McKinney, Chad W.;
Pruden, Amy (2008). "Manganese-oxidizing and reducing microorganisms isolated from
biofilms in chlorinated drinking water systems." Water Research 44: 3935-3945.

Cerrato, J. M. R., Lourdes P.; Alvarado, Carmen N.; Dietrich, Andrea M. (2006). "Effect of PVC
and iron materials on Mn(II) deposition in drinking water distribution systems." Water Research
40(14): 2720-2726.

Claus, W. (1989). Understanding Microbes: A Laboratory Textbook for Microbiology. New
York, NY, W. H. Freeman and Company.

Costa, L. G. A., Michael (2015). Manganese in health and disease. Cambridge, The Royal
Society of Chemistry.

Edgar, R. C. (2004). "MUSCLE: multiple sequence alignment with high accuracy and high
throughput." Nucleic Acids Research 32(5): 1792-1797.

Edzwald, J. (2011). Water Quality and Treatment: A Handbook of Drinking Water.

EPA (1979). National Secondary Drinking Water Regulations. 143.3.

Gabelich, C. G., Fredrick W; Knocke,William R.; Connie C. Lee (2006). "Sequential Manganese
Desorption and Sequestration in Anthracite Coal and Silica Sand Filter Media." American Water
Works Association 98(5): 116-127.

Hach (2016a). "Determination of Low Range Manganese by the PAN method." from
http://www.hach.com/manganesegagentsetir-pan10-ml/product?id=7640180304

84



Hach (2016b). "Aluminum by the Eriochrome Cyanine R (ECR) Method." from
http://www.hach.com/aluminusreagentseteriochromecyaniner-ecrmethod50-
ml/product?id=7640178472

Hach (2016c). "Free chlorine determination by the DPD Free Chlorine method." from
http://www.hach.com/dpdree-chlorinereagenipowderpillows-10-ml-pk-
300/product?id=7640187689&callback=qs

Hawkins, R. (2016). L. Swain.

Haynes, E. N. S., Heidi; Kuhnell, Pierce; Alden, Jody; Barnas, Mary; Wright, Robert O.;
Parsons, Patrick J.; Aldous, Kenneth M.; Praamsma, Meredith L.; Beidler, Caroline (2015).
"Manganese Exposure and Neurocognitive Outcomes in Rural School-Age Children: The
Communities Actively Researching Exposure Study (Ohio, USA)." Environmental health
perspectives 123(10): 1066-1071.

Hinds, G. (2015). The Impact of Aluminum on the Initiation and Development of MnOx(s)
Coatings for Manganese Removal. Virginia Polytechnic Institute and State University Master of
Science, Environmental Engineering.

Hoyland, V. K., William; Falkinham, Joseph III; Pruden, Amy; Singha, Gargi (2014). "Effect of
drinking water treatment process parameters on biological removal of manganese from surface
water " Water Research 66: 31-39.

Islam, A. A. (2010). Manganese removal by media filtration: Release and Complexation. Civil
and Environmental Engineering, University of Massachusets. Doctor of Philosophy.

Johnson, K. S. (2006). "Manganese Redox Chemistry Revisited." Science 313(5795): 1896-
1897.

Jones, S. N., Ryan; McMahon, Katherine (2009). "Evidence for structuring of bacterial
community composition by organic carbon source in temperate lakes." Environmental
Microbiology 11(9): 2463-2472.

Knocke, W. R., Occiano, Suzanne C., Hungate, Robert (1991). "Removal of Soluble Manganese
by Oxide-coated Filter Media: Sorption Rate and Removal Mechanism Issues." Journal
(American Water Works Association) 83(8): 64-69.

Knocke, W. R. O., Suzanne C.; Hungate, Robert (1991). "Removal of Soluble Manganese by
Oxide-coated Filter Media: Sorption Rate and Removal Mechanism Issues." American Water
Works Association 83(8): 64-69.

Kristoffersen, S. M. R., Solveig; Tourasse, Nicolas J.; Okstad, Ole Andreas; Kolstg, Anne-Brit;
Davies, William (2007). "Low concentrations of bile salts induce stress responses and reduce
motility in Bacillus cereus ATCC 14579 [corrected]." Journal of Bacteriology 189(14): 5302-
5313.

85



LeChevallier, M. C., C; Lee, R (1988). "Factors promoting survival of bacteria in chlorinated
water supplies." Applied and Environmental Microbiology 54(3): 649-654.

Lin, H. S., Nadia H.; DiChristina, Thomas J. ; Taillefert, Martial (2012). "Microbial Mn(IV)
reduction requires an initial one-electron reductive solubilization step." Geochimica et
Cosmochimica 99: 179-192.

Lovley, D. H., Dawn.; Nevin, Kelly (2004). Dissimilatory Fe(IIl) and Mn(IV) Reduction.
England, Elsevier Science & Technology. 49: 219-286.

Lovley, D. P., E. (1988). "Novel mode of microbial energy metabolism: organic carbon
oxidation coupled to dissimilatory reuction of iron or manganese." Applied Environmental
Microbiology 51: 683-689.

Madison, A. S. (2012). Biogeochemical cycling of soluble manganese(Ill) in marine
(pore)waters. University of Delaware. Doctor of Philopsophy.

Meyers, C. a. N., K. (1988). "Bacterial manganese reduction and growth with manganese oxide
as the sole electron acceptor." Science 240: 1319-1321.

MoBio  Laboratories, 1.  (2016). "PowerSoil = DNA  Isolation Kit."  from
https://mobio.com/powersednaisolationkit.html.

Morgan, J. S., Werner (1964). "Colloid-Chemical Properties of Manganese Dioxide." Journal of
Colloid Science 19: 347-359.

Nealson, K. H. M., C. R. ; Wimpee, B. B. (1991). "Isolation and identification of manganese-
reducing bacteria and estimates of microbial Mn(IV)-reducing potential in the Black Sea." Deep-
Sea Research 38(2): S907-S920.

Osterman, A. L. R., Jennifer L; Beliaev, Alexander S; Zhulin, Igor B; Auchtung, Jennifer M;
Driscoll, Michael E; Tiedje, James M; Pinchuk, Grigoriy; Romine, Margaret F; Serres,
Margrethe H; Rodionov, Dmitry A; Saffarini, Daad A; Spormann, Alfred M; Gardner, Timothy
S; Rodrigues, Jorge L. M; Nealson, Kenneth H; Fredrickson, James K (2008). "Towards
environmental systems biology of Shewanella." Nature Reviews Microbiology 6(8): 592 - 603.

Ross, D. E. (2009). Kinetic and biochemical analysis of electron transfer in dissimilatory metal
reduction by Shewanella oneidensis MR-1. Biochemistry and Molecular Biology, Pennsylvania
State University. Doctor of Philosophy.

Sain, A. G., Ashley; Dietrich, Andrea M. (2014). "Assessing taste and visual perception of
Mn(II) and Mn(IV)." Journal of the American Water Works Association 106(1): E32-E32.

Schicklberger, M. B., Clemens; Schuetz, Bjoern; Heide, Heinrich; Gescher, Johannes (2011).
"Involvement of the Shewanella oneidensis Decaheme Cytochrome MtrA in the Periplasmic

86



Stability of the Alpha-Barrel Protein MtrB." Applied and Environmental Microbiology 77(4):
1520-1523.

Sly, L. 1., M. C. Hodgekinson and V. Arunpairojana (1990). "Deposition of manganese in a
drinking water distribution system." Applied and Environmental Microbiology 56(3): 628-639.

Stone, A. (1987). "Microbial metabolites and the reductive dissolution of manganese oxides:
Oxalate and pyruvate." Geochimica et Cosmochimica Acta 51(4): 919-925.

Sun, L. D., Yangyang; Shi, Miaomiao; Jin, Miao; Zhou, Qing; Luo, Zhao-Qing; Gao, Haichun
(2014). "Two residues predominantly dictate functional difference in motility between
Shewanella oneidensis flagellins FlaA and FlaB." The Journal of biological chemistry 289(21):
14547-14559.

Szeinbaum, N. J. L. B. a. T. J. D. (2014). "Electron transport and protein secretion pathways
involved in Mn(III) reduction by Shewanella oneidensis." Environmental Microbiology Reports
6(5): 490-500.

Thamdrup, B. (2000). "Bacterial manganese and iron reduction in aquatic sediments." Advances
in Microbial Ecology 16: 41 - 84.

Tilak, A. S. O., S.; Williford, C. W.; Fox, G. A.; Sobecki, T. M.; Larson, S. L. (2013).
"Formation of Manganese Oxide Coatings onto Sand for Adsorption of Trace Metals from
Groundwater." JOURNAL OF ENVIRONMENTAL QUALITY 42(6): 1743-1751.

Tobiason, J. E. ., A.A.; W..R. Knocke; J. Goodwill; P. Hargette; R. Bouchard; and L. Zuravnsky
(2008). "Characterization and Performance of Filter Media for Manganese Control." Water
Research Foundation.

Venkateswaran, K. M., Duane; Dollhopf, Michael; Lies, Douglas; Saffarini, Daad; MacGregor,
Barbara; Ringelberg, David; White, David; Nishijima, Miyuki; Sano, Hiroshi; Burghardt, Jutta;
Stackebrandt, Erko; Nealson, Kenneth (1999). "Polyphasic taxonomy of the genus Shewanella
and description of Shewanella oneidensis sp. ." International Journal of Systematic Bacteriology
49: 705-724.

Womba, P. P., David; Bellamy, Bill; Kjartanson, Kelly (2000). "Biological Filtration for Ozone
and Chlorine DBP Removal." Ozone: Science & Engineering: The Journal of the International
Ozone Association 22(4): 393-413.

Yang, W. Z., Zhen; Zhang, Zhongming; Chen, Hong; Liu, Jin; Ali, Muhammad; Liu, Fan; Li,
Lin (2013). "Population Structure of Manganese-Oxidizing Bacteria in Stratified Soils and
Properties of Manganese Oxide Aggregates under Manganese-Complex Medium Enrichment."
PLoS One 8(9).

Yapsakli, K. C., Ferhan (2010). "Effect of type of granular activated carbon on DOC
biodegradation in biological activated carbon filters." Process Biochemistry 45(3): 355-362.

87



8.0 APPENDIX A

Figure 46. Alignment Sequences for the mtrB gene qPCR primers

1 10 20 30 40 50 60
[

Shewanella MR1 TCGCTGATGGGA -----------m-nmmmnmmme- CAGTACAACGATGGCAGCAACGCAC
Amycolatopsis mediterranei U32 TCGCGCGGGGCGACCTCTCGG CCCGCCTGCCCGATCAGGCCGACCCGGACCTCGCCCeGL
Mycobacterium leprae TN  TCGCCGAGGGGCACCTGTCGGAACGGATGCCGGTGCGTGGCGAGGACGACATGGCCCGGT
Mycobacterium ulcerans Agy99 TCGCCGAGGGACACCTGTCCGAACGGATGCCGGTGCGTGGTGAGGATGACATGGCGCGGT
Mycobacterium tube rculosis H37Rv. TCGCCGAGGGACATCTGTCCGAACGCATGCCGGTGCGCGGCGAGGACGACATGGCCAGGC
Mycobacterium bovis AF2122/97 TCGCCGAGGGACATCTGTCCGAACGCATGCCGGTGCGCGGCGAGGACGACATGGCCAGGC
Amycolatopsis mediterranei U32 TCGGCGCGGGCGCGCTCGAAACACGTGTCCCGGTCAAGGGCCGGATGAGGTCGCCGCCC
Amycolatopsis mediterranei U32 TCGCCGGCGGCGACCTCGACCAGCGGCTCGCCGTGCTCGGCGAAGACGACCTGGCGAAGC
Amycolatopsis mediterranei U32 TCGGCCGCGGCCGGCTGGACGTGCGGCTGCCCGCCAAGGGGTCCGACGAGCTCGCGCAGC

Amycolatopsis mediterranei U32 TGGCC GGCGGCGACCTCGACGCCCGGTCGCCGCCCCAGGGCGCCGACGAGCTGGCCGAAC
Shewanella MR1 TGTCGGGTCGT ATTCTGACCGGACAAMGCCAAGATCAGGCGTTAGTGACGGATAACT
Amycolatopsis mediterranei U32 TGGCCA -- CCAGCTTCAACACGACCG@Gs------ CAGCTCGAGCAGCGGE6ET
Mycobacterium leprae TN TGGCGG -- TGTCGTTCAACGACATGGGE:- AGCTTGTCTCGGCAGAT
Mycobacterium ulcerans Agy99 TGGCGC -- TGTCGTTCAACGACATGGRG6- AGCCTGTCTCGTCAGAT
Mycobacterium tuberculosis H37Rv  TGGCGG -- TGTCGTTCAACGACABECBG------- AGCCTGTCCCGACAGAT
Mycobacterium bovis AF2122/97 TGGCGG -- TGTCGTTCAACGACATGGRGS------ AGCCTGTCCCGACAGAT
Amycolatopsis mediterranei U32 TGGCCG -- TCTCCTTCAACACGATGGCIIEs- CGGCF-- CGGCGAGT-
Amycolatopsis mediterranei U32 TCGCGG -- TGTCCTACAACGGGATGGCGS----- AGCATCCAGCGCCAGAT
Amycolatopsis mediterranei U32 TGGTCA -- CGAGTTCAACCACACCGEIZs------ GAGCTGGAGCGCACGGTGGGC
Amycolatopsis mediterranei U32 TGACCG -- TCACCGTCAACGAALGCCBHG------- TCGGTGCAGACGTCGATGCTG

Forward primer 50- CSTTCAACVACATGGGCCBO

Shewanella MR1 ACCGTTATGCTAATCAGCTC ----- AATACCGATGCCGTCGATGCCAAAGTCGATCTACT
Amycolatopsis mediterranei U32 - CCGCCG--mmmmmmmmmmmn GGACGGG----- CGGFmmmmmmmmmen
Mycobacterium leprae TN - CACCCAGCTCGAGGAATIC GGTAACCTACAACGCCGTF

Mycobacterium ulcerans Agy99 - CACCCAGCTCGAGGAGFTG GGCAACCTGCAGCGTCGGT----------
Mycobacterium tuberculosis H37Rv - CGCCCAGCTGGAGGAGTTC GGCAACCTACAGCGCCGGT----------
Mycobacterium bovis AF2122/97 - CGCCCAGCTGGAGGAGTFC GGCAACCTACAGCGCCGGET-----------
Amycolatopsis medi terranei U32 - CCATCGAGGAGCTGCACGCCAAAGACCGCCAGCAACGGEEET--
Amycolatopsis mediterranei U32 - CCGCCAGCTCGAGGAGTFC GGCGGCCTGCAGCGCGGGT---------

Amycolatopsis mediterranei U32 ACCCTGCGCGCGATGGAGGC - GGACGG-- GCGGCGGT---mmmmmmmmmmmn

Amycolatopsis mediterranei U32 GCCATGGAACAGATGCAGGC ---- GGACGGE-- CGGCGGF----

Shewanella MR1 GGGTATGAACCTGAAAGTCGTTAGCAAAGTGAGCAATGATCTTCGCTTAACAGGTAGTTA
Amycolatopsis mediterranei U32 TCGCCTCCGACGTCAGTCACGAGCTGEGCTCTTGACGA
Mycobacterium leprae TN TTACGTCCGACGTCAGCCACGAACTCGCEIXISCTGACCA
Mycobacterium ulcerans Agy99 TCACCTCCGATGTCAGTCATGAGCTGCGIIATGCTGACCA
Mycobacterium tuberculosis H37Rv TCACCTCCGACGTCAGCCACGAACTGCGINISGCTGACCA
Mycobacterium bovis AF2122/97 TCACCTCCGACGTCAGCCACGAACTGCGINISCTGACCA
Amycolatopsis mediterranei U32 TCGTCGCCABTCGCCCACGACCTGCGEIGCTCGCCT
Amycolatopsis mediterranei U32 TCACCTCCGACGTCTCGCACGAGCTGCGGCAGCTGACCA
Amycolatopsis mediterranei U32 TCGTCGCCGACGTCTCCCACGAGCTGEGGBGCTGGCGG
Amycolatopsis mediterranei U32 TCGCCGCCGACGTCTCGCACGAGCTGECGOBGCTGAGCA

Shewanella MR1 CGATTATTACGACCGTGACAATAATACCCAAGTAGAAGAATGGACTCAGATCAGCATCAA

Amycolatopsis mediterranei U32 CCATGGTCAACGTCA = —----- memmmmmmemmmme e GCGAGGTACT
Mycobacterium leprae TN CCGTGCGGATGGCCG CCGACTTGAT
Mycobacterium ulcerans Agy99 CGGTCCGGATGGCCG CCGACCTGAT
Mycobacterium tube rculosis H37Rv  CGGTGCGGATGGCGG CCGACTTGAT
Mycobacterium bovis AF2122/97 CGGTGCGGATGGCGG CCGACTTGAT
Amycolatopsis mediterranei U32 CGATGATCGCCACCG = —--m-mmmmmmmmmmmmmmmmomeeee e TCGACACCCT
Amycolatopsis mediterranei U32 CTGTCCGGATGGCCG CCGACGTGCT
Amycolatopsis mediterranei U32 CGATGAACGCGGTCA CCGACGTCCT
Amycolatopsis mediterranei U32 CGCTG ACGGCCGTGCG TGGAGGTCCT
ShewanellaMR1 CA - ATGTCAACGGTAAGGTGGTTATAACACCCCTTACGATAATCGTACGCAACGCTT
Amycolatopsis mediterranei U32 GGAACGCCGCCAGGACGCCATG  -- CCGGAAACCGCACAACGGE- CCTGCG----
Mycobacterium leprae TN CT - ACGACCACAGETCCGAT- CTCGATCCTACGTTGCGGCGERTCGA----
Mycobacterium ulcerans Agy99 CT - ATGACCACAGGGCCGAEG CTGGATCCGACGCTGCGGCGCACCGA----
Mycobacterium tuberculosis H37Rv CT - ATGACCACAGGGCCGAEG CTCGACCCCACGCTGCGGCGGRCCGA----
Mycobacterium bovis AF2122/97 CT - ATGACCACAGGGCCGAEG CTCGACCCCACGCTGCGGCGGACCGA----
Amycolatopsis mediterranei U32 ---- CGACCACGCCGAGCCCGCCACCCGCACCCGCGCCGGCTQECGHFE--
Amycolatopsis medite rranei U32 GC - ACGCGTCCCGCGAGCAGTTCCCGGCCGGCCTEGCGCTEGACGGA---
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Amycolatopsis mediterranei U32 CG - ACGAGGACGCCGAGCAGUOGCCGCCGGACACCGCGGTCGLGEEEEG

Amycolatopsis mediterranei U32 GG -- CGACCACGGCGGACGGGB/GAGGCCGACCGUGGGAATACGCGCA---
Shewanella MR1 TAAAGTTGCCGCAGATTATCGCATTACCCGCGATATCAAACTCGATGGTGGTTATGACTT
Amycolatopsis mediterranei U32 - GCTGCTGCGGTGCGG----------- AACTGCGGCGGTTCCAGCGGAT
Mycobacterium leprae TN~ -=----- ACTGATGGTCAGEG----------- AACTCGATCGATTCGAGACACT
Mycobacterium ulcerans Agy99 GTTGATGGTCAAGG-- AACTGGACCGGTTCGAGTGCTT
Mycobacterium tuberculosis H37Rv. =~ - GTTGATGGTTAGEG------------- AGCTGGACCGATTCGAGAGGTT
Mycobacterium bovis AF2122/97 ~ ------- GTTGATGGTTAGEG------------ AGCTGGACCGATTCGAGAGGTT
Amycolatopsis mediterranei U32 ~ —-emeemeeeeeee- CACCG- - AGGCCCGCCGGCTGGCCAAGCT
Amycolatopsis medi terranei U32 ACTGCTGGTCGAEG- - AGCTCGACCGGTTCGAGGGGCT
Amycolatopsis mediterranei U32 - GCTGGTGTCGGGEEG----------- AGACGCGGCGGCTGACCCG&GCT
Amycolatopsis mediterranei U32 - GCTGGCGATCGTEG----------- AGACGCATGGCTGGTCCGGCT

Shewanella MR1 CAAACGTGAC CAACGTGATTATCAAGAGTGAAACCACGGATGAAAATACCGTTTGGGC

Amycolatopsis mediterranei U32 ---- GGTCGTGACCTGCTGGAGATCRAGBGCCGACCAGGACGAGGG---
Mycobacterium leprae TN --- - GCTCARGACCTGCTCGAGATCTUB&ECACGACGCCGGCGTHEE6---
Mycobacterium ulcerans Agy99 ---- GCTCARGACCTCCTCGAGATCTBECACGACGCCGGTGFeGE---
Mycobacterium tuberculosis H37Rv ---- GCTCARGACCTGCTGGAGATCUG&CATGACGCCGGGGTFEEE---
Mycobacterium bovis AF2122/97 ---- GCTCARGACCTGCTGGAGATCUG&CATGACGCCGGGGTFEEE---
Amycolatopsis mediterranei U32 --—-- CGTGGBGACCTCCTCGAAATCEGBGTTCGACGCCGGCAAGGE---
Amycolatopsis mediterranei U32 ---- GCTCGGGACCTGCTGGAGATCAGGCTCGACGCCGGTGTGGA---
Amycolatopsis mediterranei U32 --—-- GGTGCBGACCTGATCGAGATCTBGTTCGACGCCGGGCGGEEE6---
Amycolatopsis mediterranei U32 ---- CGTCGBGACCTGATGGAGGTGGGCTTGGACGCCGGCAGEGE---

Reverse primer 50- SGAGATCTCSAGCAGGT® 30

Shewanella MR1 CCGTTTACGTGTAAACAGCTTCGATACTTGGGACATGTGGGTAAAAGGCAGTTACGGTAA

Amycolatopsis mediterranei U32 C ACCGGCTCGGTGAGCTGGTCGATIG
Mycobacterium leprae TN C GAACTCTCTGTCGAGGCGGTTGATTTGC
Mycobacterium ulcerans Agy99 C GAGCTGTCGGTGAGGCGGTCGACCTGC
Mycobacterium tuberculosis H37Rv C GAGTTGTCGGTGAGGCGGTCGACTTGC
Mycobacterium bovis AF2122/97 C GAGTTGTCGGTGAGGCGGTCGACTTGC
Amycolatopsis mediterranei U32 C GACCTGAGGGBEGCGCCCGTCGACCTCG
Amycolatopsis mediterranei U32 G GAGCTGTCCGGGAGTACATCGACGTCC
Amycolatopsis mediterranei U32 G GAGCTGCGCEGGAGGAGCTGGACGTCG
Amycolatopsis mediterranei U32 G CAGCTGCGGGGGAGGAGGTCGACGTGG
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