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AN ABSTRACT OF A DISSERTATION

MICROBIAL COMMUNITY STRUCTURAL AND FUNCT IONAL RESPONSE
TO OPTIMIZATION OF A WATER RESOURCE RECOVERY
FACILITY FOR BIOLOGICAL NUTRIENT REMOVAL

Grace EMcClellan
Doctor of Philosophy in Civil and Environmental Engineering

As regulatorylimits on nutrient dischargérom water resource recovery facilities
(WRRFs) become more stringeafderstandinghe microbial communities biological
nutrient removal(BNR) systemscan beome beneficial for processoptimizations
Traditional BNR occurs in more than one reactoro accommodate nitrification,
denitrification andenhancedbiological phosphorus remov@EBPR) processesiowever,
unconventional BNR includeoptimizing a single reactpsuch as an oxidation ditctg
havea dissolved oxygen gradiett accommodatéhese processes simultaneously.an
emerging practice, process optimization often encouiristabilitiesthat can be averted
by understandinghe factors contribug to the structure, function, and stability of the
BNR community especially with regards to polyphosphate accumulating organisms
(PAOs). Therefore, to contribute to the body of knowledge of unconventional BNR
microbiology and procegserformancethis studyevaluatechow microbial communities
adapt to unconventional operations of oxidation ditches asgbssedvhether the
community and process stabilize over time after an optimiz&joecifically,this research
addressd whether thecommunity structure anpotentialfunction changein response to
optimization and attempted to furthecharacterizethe PAO community.Full and
laboratoryscale studies were conducted to address the research goals. T$waléull
optimized WRRF of this study modified the aeration patterns of their oxidation ditches to
accommodate BNRTwo additional facilities were investigated to estsiblihow a
microbial community might change over time without the influence of optimizaboe.
of these facilities operated a conventional oxidation ditch, while the other was designed
and operated for BNRThe optimized WRRFwas able to ecomplish simultaeous
nitrification and denitrification, while fluctuatingrtho-P concentrations were observied
the oxidation ditch. Supporting evidence provided by measureteBse and uptake rates
suggesd that tre facility has the potential taccommodate EBPRrurthermore,the
community of this facility changed differently compared to the other WRiRTpdicating
that the changes were in response to optimization and were not completely temporal.
Diversity and the core community structure of the optimized facidye more similar to
the BNRdesigned facilityFurthermore, dissolved oxygen correlated with the diversity of
the optimized facility, whereas temperature was correlated witlhefeeencefacilities.
PAOs were detected as active in the optimized oxidatitch when the facility did not
exhibit characteristics that would support PAOs. During the laboratale study,
Dechloromonasand a glycogen accumulating organism were detected as active and
possibly more important to the denitrifying EBPR process tthe welknown PAO,
CandidatusAccumulibactemphosphatisThe outcomes of this study suggest optimization
of oxidation ditches foBNR has the potential to be a successful and reliable practice.
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CHAPTER 1: INTRODUCT ION

1.1Background and Problem Statement

Eutrophication is the alteration of ecosystem structure and function by unnaturally
high nutrient pollutionNDodds & Whiles, 2010)The ecological and economic impact of
eutrophication in fresh and coastal water bodies has been athmdjng cause for
environmental concerfDodds & Smith, 2016; Nixon, 1995; Sharpley et al., 2(&#jth
et al., 2014; USEPA, 2015Hj is wellestablished that the excessive discharge of nitrogen
(N) and phosphorus (P) from both point and nonpoint sources is the primary reason for this
problem Eutrophication has resultedtime growth of harmfuhlgal blooms, hypoxia, fish
kills, andloss of biodiversity in surface water bodies, including major water systems such
asthe Mississippi River Delta, the Gulf of Mexico, and the Chesapeaké@apenter et
al., 1998; Chislock, Doster, Zitomer, & Wilson, 2013; Smil, 2000; USEPA, 201t3tgs
also significantly impacted the surrounding economy. In timted States, various
researchers have estimated that nutrient pollution in fresh and coastal waters has resulted
in annual economic losses of $2.2 billi@odds et al., 200%nd $82 million(Hoagland
& Scatasta, 2006)respectively. Therefore, to protect aquatic ecosystems and the
surrounding economy, state and federal regulatory agencies are establishing numeric
criteria to limit the discharge ™ and P, especially from point sources, such as municipal
water resource recovery facilities (WRRHY)SEPA, 2011, 2015a)Since redcing
nutrients through upgrading wastewater treatment infrastructure can be expensive, a cost
effective alternative for WRRFs that is gaining popularity is to optimize the existing
processes in order to attain the lowest possible effluent nutrient ¢atoers, before

opting for capital expenditure for new procesg€sllivignarelli & Bertanza, 1999;

1



USEPA, 2015a)in 2015, USEPA published a report highlighting twelve different WRRFs
that were successful in implementing various optimization strategies for nutrient removal.
Biological nutrient removalBNR), a set ofmicrobial processegemployedto reduce the
concentrations of ammonia, nitrite/nitrate, and phosphorus in wastewater, is commonly the
primary focus of such optimizatiof€herchi, OnnifHayden, EIShawabkeh, & Gu, 2009;
Daigger & Littleton, 2000; Grote, 2010; Onstikayden, Majed, Schramm, & Gu, 2011)
Conventional BNR, such as the anaeredmoxicoxic (A20) design shown in
Figure 11, incorporates thenitrification, denitrification and enhanced biological
phosphorus removal (EBPR) processes. Nitrification is theste biochemical oxidation
of ammonia to nitrate; denitrification is the biochemical reduction of nitrate to nitrogen
gas; and EBPR is tHaxury uptake of soluble phosphorus (or orthophosphorus) present in
wastewater by certain microorganisms followed by removing them from the facility.
Traditionally, these processes require multiple reactors to be successful. However, to
optimize an existig process for BNR, a WRRF ideally will want to avoid building new
reactors and therefore may undergo modifications such as changing dissolved oxygen
(DO) concentratios in existing aeration tank€ollivignarelli & Bertanza, 1999; Zhou et
al., 2012) adding alkalinity to stabilize pH for nitrificatio@J Environmental, 2015)
enriching the BNR microbial community by alteringet solids retention time (SRT)
(Daigger & Littleton, 2014)or by increasing readily biodegradable chemical oxygen
demand (rbCOD)that is fermented to volatile fatty acids in an anaerobic environment
through the addition of an external carbonrseCherchi et al., 2009\While there are
several ways to optimize a WRRF based on the type of reactor configurations being

implemented for the biological process, investigating WRRFs operating oxidation ditches



(Fig. 1-2) utilizing the extended aeration variant of the activated sludge process is the
primary focus of this research.

There are approximately 10,000 oxidation ditcheshie United States, most of
which are operated utilizing the extended aeration variant of the activated sludge process
(Water Environment Federation, 201@xidation ditches incorporate a ring or racetrack
configuration, utilize characteristics of complete mix and plug flow ideal reactors, and can
be operated with different types of aeration systems, which can affect t
macroenvironmentMetcalf & Eddy Inc, 2014)Such processes have a typical hydraulic
retention time (HRT) of 18 to 24 hours and an SRT ranging from 20 to 3QMaysalf
& Eddy Inc, 208; USEPA, 2000; Water Environment Federation, 2010, 2@Xigation
ditches are widelysedfor biological wastewater treatme(®rady, Daigger, Love, &
Filipe, 2011) especially in small to mediwstale facilities treating flows ranging from 0.5
to 5.0 MGD and serving communities 5,000 to 50,000 in popul@iitater Environment
Federation, 2010)This is noteworthy because smaller communities typically do not have
the resources for expensive upgrades and complex operd@emtigtt et al., 2017; Hughes
et al., 2005; USEPA, 2016leaving process optimization a more favorable option. Even
though oxidation ditches are common and their optimization to incorporate BNR is often
recommendedvery little knowledge exists on their logrm performance and process
reliability following modifications in operating procedures. In order to addresgps
over a period of three years, we investigated the performance and related microbial
communty of a full-scale oxidation ditch undergoing optimization to assess whether the
microbial community structure and function, and thereby the BNR process, stabilize over

time. Additionally, we attempted tcharacterizethe microbial community members



involved with BNR through daboratoryscalestudy. To our knowledge, this is the first
research study to investigate how the microbial community responsible for BNR responds
to process optimization of an oxidation ditch.
1.2 Current State of Knowledge

Oxidation ditches, even though traditionally operated for biochemical oxygen
demand (BOI) removaland nitrification(Metcalf & Eddy Inc, 2014)are among the
wastewater treatment reactor types commonly optimizedsimultaneous biological
nutrient removal (SBNR), which includes the simultaneous nitrification and denitrification
(SND) process and the simultaneous nitrification, denitrification and enhanced biological
phosphorus removal (SNDP) procéBsigger & Littleton, 2014; USEPA, 2015a; Zhou et
al., 2012) In order to accommodate SBNR in an oxidation ditch, aerationfivetthns
have been widely investigated since altering aeration patterns allow for a more complex
environment within a single react@hen et al., 2010; Daigger &ttlieton, 2000; Datta &
Goel, 2010; C. Guo, Fu, Chen, Peng, & Jin, 2013; Jin, Wang, Wang, Ngo, & Jin, 2015;
Zhou et al., 2012; Zhou, Han, & Guo, 2013 ccording to Daigger and Littleton (2000),
successful SBNR can be achieved in a single reactorasuen oxidation ditch, due to any
combination of the following:
(1) creating microenvironments within bioflocs, which are aggregates of biomass within
the activated sludge that contain anaerobic, anoxic, and aerobic componentsJFig. 1
(2) the bioreator macroenvironment (Fig-4), in whicha DO gradient is maintained to
create anaerobic, anoxic, and aerobic zones in a single reactor; and
(3) the presence of microorganisms such as comammox, anammox, and denitrifying

polyphosphate accumulating organs (DPAQOSs) with novel metabolic pathways, which



are each capable of performing more than one function for SBNR and for which the
aforementioned unconventional environments may provide an ecological niche.

The micro and macroenvironments generated inatiid ditches are essential for
successful SBNR as they can allow for the enrichment of functionally diverse microbial
communities and thereby encourage a more stable nutrient removal pielosess,
Cadkin, & McMahon, 2013; Mccann, 200@ew studies have investigated the operational
and chemical components of the SBNR environment in oxidation ditches and even fewer
have attempted to connect their studies to the microbial communities invéleed.
example, Daigger and Littleton investigated the mechanisms that allow SBNR by studying
seven WRRFs operating the Ofbalxidation ditch process. The OrBabxidation ditch
layout is slightly different from a traditional racetrack design, in thates uncentric
channels within the same reactor and utilizes disk aerators (B)dMetcalf & Eddy Inc,

2014) They observed N removal and EBPR in facilities that did not have defined
anaerobic, anoxicor aerobic zonegDaigger & Littleton, 200Q) thus setting th
groundwork for the possibility of successful SBNR in unconventional settings. It should
be noted that even though the Ofalocess is not typically referred to as a configuration
with defined aerobic, anoxic, or anaerobic zones, it does have sepgaatels that can
allow for a DO gradient to occur and be manipulated (Fg). ITo further explain SND
performance, Littleton et al. 2003 extended this study by attempting to identify potential
novel microorganisms, specifically the autotrophic denitsfend heterotrophic nitrifiers,

and concluded that these microorganisms did not significantly contribute to SND.
However, this study only utilized batch testing to investigate these organisms and lacked

molecular methods, therefore this approach may aee lallowed for enough analytical



depth to justify such a broad conclusion. Zhou et al. 2012 went a step further by testing a
variety of aeration patterns in an Ofbakidation ditch to generate various DO gradients
throughout the channels and were ableat¢hieve SND in the outer channel of the ditch
with a low DO concentration (0.20 mg/L) environment. While testing these aeration
patterns, they observed changes in microbial diversity even though they were only able to
look into a portion of the communitizater, Zhou et a(2015),continung with this study

found that smaller bioflocs consisted of more nitrifying bacteria than the larger flocs and
therefore allowed for better nitrification when the DO concentration was low (0.20 mg/L).
By simulating anoxidation ditch environment with aboratoryscalesequencing batch
reactor, Guo et al. 2013 investigated the different impacts on N removal in an oxidation
ditch resulting from injecting air at a single, specific location, or point aeration, and from
injecting air at multiple locations, or step aeration. They found that step aeration increased
the nitrifying population while also improving denitrification. Jin et(@015 added to
Guobs work by i mpl ement i necak bxaponditchdThggoi nt aer :
found that under step aeration, the oxidation ditch exhibited better N removal and an
increase in diversity of the denitrifying microbial community. One of the very few studies
that investigated the biological P removal microbial comnyuimitan oxidation ditch
observed PAOs performing EBPR in an Oft@tidation ditch(Zilles, Peccia, & Noguera,

2002) They found that the outer channel provided an anoxie fonRrelease and the
aerated inner channels allowed fouptake. They also determined that PAOs made up
around 22% of the total microbial community in the activated sludge. Another study on P
removal in an oxidation ditch was able to identify microkaimmunity members,

specifically the familyRhodocyclaceaand genufechloromonasbut the study did not



demonstrate the microbi al c o nfhetashima gt@ls f unc
2016)

Ammoniaoxidizing bacteria and archaea (AOB, AOA), nitriteidizing bacteria
(NOB), denitrifiers, and polyphosphadéecumulating organisms (PAOjeawellknown
classifications of microorganisms that remove either ammonia, nitrate/nitrite, or
phosphorus in SBNR. Their structure and function have been studied extensively in many
different WRRFs, with the exception of PAOs. The PAOs are primarilyesiudi either
laboratoryscaleor conventional EBPR facilities and are still not completely understood
because unlike the other microorganisms mentioned, PAOs have not been culturable. Apart
from the previously identified microorganisms, there are uniquezomiganisms being
identified that contribute to SBNR in WRRFs by processing multiple nutrients (as opposed
to a single nutrient). Due to their more recent discoveries, these microorganisms are still
not completely understood. The presence of these umgamorganisms in SBNR
environments may be due to the unusual ecological niches the wastewater process provides,
as wel |l as the microorgani smsd uniqgue met
microorganisms contribute to SBNR in an oxidation ditgfeisto be determined, however
what is known about their multifunctionality makes them potentially very useful for a
WRRF required to remove N and P. Recently, in regards to SND, has been the discovery
of complete ammonia oxidation (comammox) bacteriaaascbf microorganisms that are
individually capable of completely oxidizing ammonia into nit@aims et al., 2015; van
Kessel et al., 2015Previously, it was understoodaththe twestep nitrification process
could only be carried out by two separate groups of microorganisms (AOB/AOA and

NOB). The genuditrospira, conventionally classified as NOB, contains three bacteria,



CandidatusNitrospira inopinata, nitrosa, and niicans that have recently been observed
performing complete nitrification and therefore are now classified as comaiventeria
(Camejo, Domingo, McMaho#, Noguera, 2017; Daims et al., 2015; Kits et al., 2017; van
Kessel et al., 2015)0ther microorganisms that contributes to SND, even though less
common in oxidation ditches, are the anaerobic ammonium oxidation (anammox) bacteria.
Anammox bacteria ardoke to convert ammonium to nitrogen gas by using nitrite or nitrate
as an electron accepi@tuenen, 2008)Their activity in a WRRF can reduce aeration costs
and since they are autotrophic, as opposed to the conventional heterotrophic denitrifiers,
they can function in carbedeprived environment&eng, Li, Wang, Bai, & Peng, 2014)
Denitrifying PAOs (DPAO) are also among the microorganisms that canruadsafied

into a single functional group and have yet to be fulhderstood They have been
investigated as key players in SNDP as they can contribute to both N and P removal from
a system(Freitas, Temudo& Reis, 2005; Guerrero, Guisasola, & Baeza, 2011; Lopez
Vazquez, Hooijmans, Brdjanovic, Gijzen, & Van Loosdrecht, 2008; W. Zeng, Zhang,
Wang, & Peng, 20160ne study found that a mieeerobic environment (DO<0.2mg/L)

can allow for DPAOs to performeditrification and P removal because the low DO
encourages them to use nitrate as an electron acdgaorejo et al., 2016)DPAOs
studied so far have been classifiadhe family Rhodocyclaceaespecifically the genera
CandidatusAccumulibacter phosphati€AP) andDechloromonagCamejo et al., 2016;

Lv, Shao, Li, & Li, 2015) When onsidering their functional diversity on the clade level

in the CAP community, it is still unclear as to which CAP clades are DPAOs and which
are just PAOgCamejo et al., 2016; Mao, Graham, Tam&kiZhang, 2015; Saad et al.,

2016; StokholrrBjerregaard et al., 2017a)



Microbial communities can vary among WRRFs depending upon the operational
configurations as well as environmental factors such as climate and influent characteristics
(Griffin & Wells, 2017; LopezVazquez et al., 2008; Xia et al., 2016; Xu, Liu, Chen, & Ni,
2017) In order to correlate microbial community structure and function to these factors,
particularly those that support BNR process stability, a variety of molecular techniques
must be employed. Traditionally, nutrient removal activity of activated sludge has been
measured through batdtale kinetic studief.ittleton, Daigger, Strom, & Cowan, 2003;

R. J. Zeng, Lemaire, Yuan, & Keller, 20G8)d members of SBNR micriathcommunities

have been investigated through a variety of culindependent method@-errera &
Sanchez, 2016; Terashima et al., @)5uch as fluoresceim situ hybridization (FISH)

and community fingerprinting. These methods have been informative by providing a way
to seek out a particular microbe or take a quick measure of diversity. However, recent
technology, such as highroughput sequencing (HTS), has aléml for a deeper look into

the identity and functionality of the microbial community members of activated s{¥dge

et al. 2017; Keene et al. 2017; Guo et al. 20E@) example, Xu et af2017 used hgh-
throughput amplicon sequencing to compare the microbial communities performing SND
in six different oxidation ditch facilities and were able to determine correlations between
community members and environmental factors. Rbe genera Nitrospira,
Nitrosomonadaceae(uncultured) and Denitratisoma they found strong positive
correlationsvith the geographical location of a facility and with influent/effluent COD and
ammonia concentrations. Ftire generaDechloromonas, Thauera, Rhodocyclacemsed
Comamondaceae they found strong positive correlations with flow rate and with

temperature.



As stated above, several studies have investigated various operational
configurations to improve SBNR in oxidation ditches and some have examined the
microbial communits involved. However, there is a lack of cohesive understanding of the
relationship between the findings of these studies andtkmng BNR process reliability,
particularly in an unconventional system such as an optimized oxidation ditch. The
following section provides a more idepth discussioof such gaps.

1.3 Knowledge Gaps and Research Justification

As discussed previously, optimization for SBNR can be beneficial for WRRFs
required to remove N and P. This optimization can provide for nutrient remithalut
chemicals and, with aeration modifications for lower DO concentrations, can reduce the
consumption of electricity associated with aeration, resulting in lowered operating costs
(Daigger & Littleton, 2000; Jimenez et al., 2010:K..Ju, Huang, & Trivedi, 2007; Keene
et al., 2017) Even though optimization of an oxidation dittor SBNR has its benefits,
long-term reliability of these optimizations has yet to be established, exemplified by the
lack of literature on microbial community response to modifications for SBNR. Microbial
community stability and robustness coupled wgtltcessful SBNR performance could
indicate that optimizations can result in reliable processes. Further insight into the
environmental and meteorological factors that affect community composition is needed to
determine whether a community will stabilizeeo¥ime. Therefore, studying the activated
sludge microbial community from an ecological perspective and determining factors that
affect the community could help validate optimization as well as contribute to successful

operational practiceRittmann et al., 2006)
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Furthermore, there are still gaps in the understanding of how some microorganisms
contribute to SBNR in unconméonal systems, especially the PAO commuii@pats,
Brinkman, & Lee, 2017; Oehmen et al., 2007; Seviour, Mino, & Onuki, 2003; Stokholm
Bjerregaard et al., 2017bPAOs are traditionally found ifacilities designed for EBPR
and are commonly studied on laboratoryscale however very few studies have
investigated the structure and function of PAOs in-d$olile, norEBPR facilities
(Albertsen, Hansen, Saunders, Nielsen, & Nielsen, 2012; Mehlig et al., HEXEB)ining
this community in an unconventiorevironment is important because PAOs and DPAOs
are critical for successful optimization of SNDP. In our preliminary research, PAOs were
found in oxidation ditches of two ndeBPR facilities, in which CAP was detected in
relatively high abundance. Sinceetie facilities operate oxidation ditches for N removal,
there is a possibility that the PAOs detected could be classified as DPAOs. There has yet
to be a conclusive study as to the entire functionality of both observed and potential PAOs,
which is especi$y true for CAP. Due to diversity on the clade level, CAP can vary in
morphology, utilize a variety of carbon sources, and participate in N and P removal
(Flowers, He, Yilmaz, Noguera, & McMahon, 2009; Skennerton, Barr, Slater, Bond, &
Tyson, 2014) however it is still unclear as to which clade performs which function
(Camejo et al., 2016; Saad et al., 2016; A. N. Zhang, Mao, & Zhang,. 20te8ature has
stated that it is difficult tadentify the PAO community based solely on genomic data
because the genes that allow PAOgaédform biological P removal span more than just
the PAO community. For that reason, there is a need for studies that assess the active
microbial community through investigation of gene expression (i.e. RNA) during various

environmental conditions, incluty PAOs in unconventional environmerf@@yserman,
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Noguera, Glavina Del Rio, Tringe, & McMahon, 2016; Stokh&jarregaard et al.,
2017b) Therefore, this study also aims tharacterizethe active PAO and DPAO
community in unconventional opsronal strategies and determine environmental factors
that encourage PAOs and DPAOs to thrive. The results of our study will hopefully
contribute to the current body of SNDP knowledge, thereby allowing for biological P
removal to be expanded to facilitiesrrently thought unable to accommodate the process.
1.4 Research Objectives, Hypotheses, and Rationale

To address the aforementioned gaps and to advance the knowledge of process and
microbial stability during optimization for SNDP in oxidation ditchdg bverarching
goals for this research afE) assess whether optimizations of oxidation ditches that allow
for SNDP causehangesin he corresponding WRRF&6s microbi al
the community will eventually stabilize; (2haracterizéhe acive microbial community
during SNDP; and (3) determine environmental factors that influence microbial
composition angbutativefunction.Using the collective data from these goals we intend to
answer how microbial communities adapt to unconventional opesabf oxidation
ditches for SNDP and whether the community and process stabilize over time after an
optimization.

The overall goal of this research was addressed by integratingcéd and

laboratoryscalestudies, through the following objectives:

Objective | To understand if and how microbial community structure and putative function

shifts in response to process optimization for SNDP in oxidation ditches. If a significant
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shift is detected in response to optimization, evaluate whether variouswates
characteristics influenced the shift and their implications for-tengp process stability.

Hypothesis to be testeiicrobial community composition and function will change to

accommodate unconventional operational configurations in an oxidditicin As the
community structure shifts, so will the wastewater characteristics with respect to BNR.
Therefore, a correlation between structure stability and process stability will be observed.
Rationale It is well established that microbial communitiadapt to environmental
changes in order to surviéllison & Martiny, 2008; Vuono et al., 2014; Werner et al.,
2011) Since microbial communities are heavily influenced by DO concentrdffamk &
Noguera, 2004; Yadav, Khardenavis, & Kapley, 2014; Zhou et al., 200R2)he primary

focus of the optimization in this study is aeratiomodifications, the community
composition and functionality in the optimized WRRF will most likely shift in response
to the process optimizations for BNR. However, it should be noted that microorganisms in
any activated sludge process undergo a naturgbdeal shift(Griffin & Wells, 2017; F.

Ju, Guo, Ye, Xia, & Zhang, 2014; Kim, Jeong, Wells, & Park, 200i3¢refore, to rule out

the effects of temperature on community shift, we evaluated two other WRRFs that did not
undergo optimizations. For those two facilities, we expaay shift in microbial
composition to be due to seasonal variation. Differences in community structure between
all three WRRFs may be correlated to the operational configurations and wastewater

characteristics of each facility.

13



Objective I To evaluatewhich members of the microbial community are active in the
optimized oxidation ditch and identify those microorganisms with potential to contribute
to SNDP.

Hypothesis to be teste@ome microorganisms will be revealed to be more active during

unconventioal BNR than previously thought.

Rationale In our preliminary research, we detected unique, nutrEmbving
microorganisms in a WRRF operating an unconventional configuration for nutrient
removal. Considering this, we expect that some of these microsmgarare more
functionally involved with BNR than previously thought. For example, PAOs are not
traditionally associated with extended aeration oxidation ditches, but during our
preliminary investigation, we detected them in relatively high abundance optimized
facility of this study. Investigating which microorganisms are active in this facility during

BNR will result inadeepemunderstanding of SNDP, especially for the PAO community.

Objective lll. To better understand the presence of PAO and @ik the optimized
oxidation ditch, usindaboratoryscalebioreactorsdeterminewhether a PA@enriched
microbial community could accommodate both nitrate and P removal in the presence of
low DO concentrations armbmparethe microbial community durindheé EBPR period to

the resulting denitrifying EBPR (dEBPR) community.

Hypothesis to be testednvestigating activity during EBPR and dEBPR wi#tveal

microorganisms who are potentially contributing to each process and how the community

changed to accommdate dEBPR.
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Rationale Over the years, certain bacteria have been proposed as putative PAOs and
DPAQOs; some have been extensively investigated, while others have not. Various potential
PAOs have been found in high abundance in laboratoryscale EBPR boreactors,
including those that have not been widely investigated. The community lebtbratory
scalebioreactordhas been successfully removing P for three years and can be assumed to
have functional stability. Therefore, these bioreactors were usddvéstigate the
microbial community involved in EBPR and dEBPR. RNA analysis will provide insight as
to which bacteria are active during EBPR and which are active during dEBPR, which may
also suggest some PAOs as DPAOs.

1.5 Dissertation Organization
This dissertation is organized into six chapters. Chapter 1 provides a general background
on optimizations foBNR, including the putative microorganism involved. This chapter
also presents knowledge gaps in this field as well as our research goals andesbjecti
address the gaps. Chapters 2 through 5 are the four main chapters thatlaedrssarch
objectives.Each chapter is written in manuscriptformat, andincludes sections for the
introduction, methodology, results and discussion, and concluSitvagter 6 presents a
final discussion on the overall observations and conclusions made during this study and
includes recommendations for future studieeferences for the dissertation have been
placed after the appendix.
Chapter 2. Microbial Community Structure of an Oxidation Ditch Undergoing Process
Optimization for Nutrient Removd&Manuscript in preparation for submission)
Chapter 3. An Assessment ofthe Microbial Communities of Three Water Resource

Recovery Facilitied)sing Different Strategies for Nutrient Removal
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Chapter 4. An Investigation into the Potentially Active Microbial Community in an
Oxidation Ditch Optimized for Biological Nutrient Removal

Chapter 5. Monitoring a Polyphosphate Accumulating Organism Community as it
Transitions to Accommodate Denitrifying Enhanced Biological Phosphorus Removal in a
Laboratoryscale Reactor

Chapter 6. A summary of the main conclusions observed throughout this research

followed by recommendations for future work.
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CHAPTER 2: MICROBIAL C OMMUNITY STRUCTURE O F AN OXIDATION
DITCH UNDERGOING P ROCESS OPTMIZATION F OR NUTRIENT

REMOVAL

Abstract

Optimizing the secondary treatment process of a water resource recovery facility
(WRRF) can be a cosfffect strategy for meeting nutrient discharge limits. Biological
nutrient removal (BNR) is commonly the focus of such optimizations and can be
implementd in a single reactor, such as an oxidation ditch. Since it is an emerging practice,
few studies have investigated the process stability and associated microbiology of an
optimized oxidation ditch. Therefore, factors leading to H@rgn stabilityand thesuccess
of process optimization aget to be established. In this study, we investigated an oxidation
ditch of aWRRF over three yearas it underwent aeration modifications to generate a
dissolved oxygen gradient to enable simultaneous nitrificationjtrifieation, and
enhanced biological phosphorus removal (SNDP)Th e facilityos W a
characteristics, microbial community, and potential for enhanced biological phosphorus
removal (EBPRjvas evaluatedJnder theoptimizedoperationaktrategy, te WRRFwas
able to achievesimultaneous nitrification and denitrification, while fluctuating
orthophosphorus (Pgoncentrations were observéd the oxidation ditch. Supporting
evidence provided by measureddbease and-Bptake rates obtained during batcstiteg
suggests that this facility can accommodate EB&#n though evidence of EBPR in the
form of biomass P concentrations greater than synthesis requirements was not observed

(see Chapter 4 section 4.3.1.Burthermorethe microbial community structerchanged
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over time and exhibited trends indicative of community stabilizatsuggesting the
optimized process may have reached a ststatg The outcomes of this study suggest
that optimization of oxidation ditches for SNDP has the potential to beaessful and
reliable practice.

2.1 Introduction

Nitrogen (N) and phosphorus (P) from water resource recovery facilities (WRRFS)
have long been established as contributorsutrophication. Consequentlggegulatory
agenciesare enforcingtringenteffluent limitsto reduceN and Ain wastewate(Ambulkar,

2017; Carey & Migliaccio, 2009; USEPA, 201 Btricter limits are triggering increased
investments in new treatment infrastructure, and higher chemical and energy demands. As
upgrading or adding infrastructure foutrient removalcan sometimesbe an economic
burden to many utilities, optimizing the secondary treatment procgamisg popularity

as being more cosfffective (Collivignarelli & Bertanza, 1999; USEPA, 2015a)
Biological nutrient removal (BNR)is usually the primary focus of sucprocess
optimizatiors (Daigger & Littleton, 2014; Grote, 2010)

A common approach for BNRrocess optimizatigrespecially iroxidation ditches
involves altering the aeration patterns to generate a dissolved oxygen (DO) gradient
(Daigger & Littleton, 2000; Jin et al., 2015; Zhou et al.,, 201Bh)is operational
modification pernits simultaneous biological nutrient removal (SBNR), such as
simultaneous nitrification and denitrification (SND) or simultaneous nitrification,
denitrification, and enhanced biological phosphorus removal (SNDP), to occur due to the
creation of anaerobi@noxic, and aerobic conditions in the biofloc microenvironment and

the bioreactor macroenvironmditaigger & Littleton, 2000; USEPA, 2015a; Yang et al.,
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2011) The dynamic micro and macroenvironments accommodate the syntrophic
relationships necessary for the proliferation of known and novel nitrifiers, denitrifiers, and
polyphosphate accumulating organisms (PA@amejo et al., 2016; Daims et al., 2015;
Datta & Goel, 2010; C. Guo et al., 2013; Jin et al., 2015; Zhou et al.,.ZBiBhriching
a functionally diverseommuniy, these cmplex environments encouragermare stable
BNR procesgFlowers et al., 2013; Mccann, 2008 oxidation ditches are widelysed
throughout the United Statd6)SEPA, 2015a; Water Environment Federation, 2010)
establishing reliale process optimizatiostrategies by mderstanding the relationships
between the environmental nicheslahe BNR microbial communities that emerge after
establishinga DO gradientis a worthwhile endeavoMoreover, many oxidation ditches
are operated ifacilities servingpopulations less thab0,000that maynot have the
resources for expensive upgradBartlett et al., 2017; Hughes et al., 2005; USEPA, 2016;
Water Ewironment Federation, 2010)aving optimization a more favorable option.
Despite the prevalence of the oxidation ditch dimel existence of a few studiéisat
investigated SBNR in ditches, comprehensivenderstandingdf how microorganisms
adapt to optimizations and support letegm BNR process reliabilitemainselusive.
Daigger and Littleton (2000) investigated how the mierad macroenvironments
along with relevant microorganismaow SBNRby studying seven WRRFgperating the
Orbaf oxidation ditch process. Thepservedip to 90%otal N and P removah facilities
lacking defined anaerobic, anoxic, or aerobic reactors, thus providing the basis for
successful SBNR in unconventional desidngtleton et al. (208) extendedhis study by
investigating the potential contributions of novel microorganisms to SBNR in ®©rbal

oxidation ditchesPAOs were detected in one of the facilities during batch testing for
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enhanced biological phosphorus removal (EBPRihce thisstudy predated high
throughput sequencing,was limited in identifying the relevanticroorganisms involved
in SBNR. Another study that detected PAOs in an Grbzidation ditch exhibiting EBPR
found that the outer channel provided an anoxic zone-feldasewhile theaerated inner
channels allowed for-Bptake(Zilles et al., 2002)Usingfluorescence in situ hybridization
(FISH), they determined that PAOs made up around 22% of the total microbial casnmuni
in the activated sludge. Zhou et al. (2012) achieved SND in the outer channel of & Orbal
oxidation ditch by maintaining a low DO concentration of 0.20 mg/L. While testing
aeration patterns, they observed changes in microbial diversity througbBGE. Hgh-
throughput amplicon sequencings utilized by Xu et al. (20179 compare thenicrobial
communites performing SND in six different oxidation ditch faciés. They found
Nitrospira, Denitratisomaanduncultured members dfitrosomonadaceat® bestrondy
correlaed with geographical location COD, and ammonia. They also found
Dechloromoms, Thauera, Rhodocyclacegeand Comamonadaceado be strongly
correlated withflow and temperature Although these studies focused on SBNR in
oxidation ditches, and characterized some of the BNR microbial community, none
correlatel community structure antunction with BNR process stabilityAdditionally,
microbial communities can vary among WRRFs due to different operational
configurations, influent characteristics, and meteorological eleni@iffin & Wells,
2017; LopezVazquez et al., 2008; Xia et al., 2016; Xu et al., 20fliffhersupporting the
need for mordull-scale studies

Overthecourse of three years, we examined the microbial commsinitgtureof

an extendedaeration oxidation ditch as it underwent optimization for SNDP, with the

20



objectiveof evaluaing the response dhe microbial community to process optimization
and assessy whether the community stabilized over tim&'e hypothesizeé that the
microbial community will change in structure and function to accommodate
unconventional BNRand that over time, the commutyiand thereby theptimizedBNR
process, will stabilizer reach steadgtate In this study, we show thastablishinga DO
gradient in an oxidation ditch generates the environmental niches necessary to exploit
preexisting microorganisms of the actihtdudge community to accommodate SBNR.
This study is also the first of its kind to explore the kbagn response of microbial
communities to this type of optimization and could providther insight to bettgurocess
optimizationfor SBNR.
2.2 Methoddogy

2.2.1 WRRF Description and Sampling

The study was conducted attlie t y o f C o o k,docated ineniddle WRR F
Tennessee. On average, the facility receives 7 million gallons per day (MGD) wastewater
flow, and is designed to treat uptd MGD. Four oxidation ditchesvith surface aerators
are operated in parallel in an extended aeration mode for biochemical oxygen demand
(BOD) removal and nitrificationln anticipation of future nutrient effluent limitshe
facility initiated optimizing the ditobs to incorporate SNDP in April 2015, bydifying
the surface aerator operations (Figl)2Instead of operating all six aerators concurrently,
the facility alternates between pairs of aerators every four houneatea DO gradient
both laterally andrertically throughouteachditch, resulting inimpermanent anoxic and

aerobic zones.
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Influent characteristics and pollutant removal efficiencies of the WRRF over seven
years illustrate how the aforementioned operational change affected the overall process
performance (Fig.-2 and Table 2). To further evaluatethe SNDP process facilitated
through optimization, influent and effluessamplesand mixed liquor of a single oxidation
ditch were collected during seven sampling events over three years. Samelitgjveere
conductedonce every summer and winter between 2015 and 2018, to account for the
influence of temperature, except Bummer 2018. Duringummer 2018, the facility was
sampled twice to determinghethertransient microorganisms and daflyctuations in
wastewater characteristicaused the microbial community to change within a season
Dissolved oxygen, pH, and temperatwere measured at each location in the oxidation
ditch using a HACHhandheldmeter with rugged LDO and pH probes (HACH Compa
Loveland, CO, USA). The sampling locatioirs the oxidation ditch(Fig. 2-1) were
selected to represent varying DO concentratidiherefore samplesvere collected from
the surfaceand thebottom of the ditchMixed liquor collectedrom each locatiorwas
filtered onsite using 0.45 um syringe filters. Both unfiltered and filtered samples were
immediately storedn iceand transported to laboratory for further analysis.

2.2.2 Analytical Techniques

Composite influent and effluent, as well ggab mixedliquor samples from
oxidation ditch were aalyzed forammonia, nitrate, totall, orthoP, and totalP, COD,
volatile fatty acids YFA), total suspended solids (TS&hd volatile suspended solids
(VSS). Nutrients and CODwere analyzedusing Test N Tube kst (HACH Company,
Loveland, CO, USA)except for rirate, whichwasmeasured using ion chromatography

(Dionex ASDV, Thermo Scientific, Sunnyvale, CA, USA). VBAvereanalyzedby gas
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chromatography (Model 6890N; Agilent, Santa Clara, CA, USA) equippedanfitkime
ionization detector and a 0.53 mm internal diameter x 30 m AgileRED&P capillary
column. TSS and VSS were analyzedfollowing Standard MethodéAPHA, American
Water Works Association, Watd?ollution Control Federation, & Water Environment
Federation, 2012)
2.2.3 BatchActivity Tests

To confirm potential EBPRyatchkinetictests were performad the laboratory to
determine Release andP-uptake rates of the microbial community. Thestfibatch test
was conducted on mixed liquor collectedor to optimization(April 2015), while others
were conducted post optimization frominter 2017 tosummer 2018. Mixed liquor
collected from the oxidation ditch was sparged with air for 15 minutes to assure complete
soluble COD and P depletiohhe sample was then sparged with nitrogen gas for two hours
to simulatean anaerobic environment, following whiair was reintroduced for a three
hour aerobic period. A solution of sodium acetate was added at the beginning of the
anaerobic phase to attain an initial COD concentration of 130 mg/L. Samples were
collected immediately after the addition of sodium ateeind every 15 minutes thereafter.
The pH was maintained between 7.4 and 7.8. All samples were analyzed for VFA, COD,
and ortheP concentrations.
2.2.4 DNA Extraction, Library Preparation, 16s rRNA Amplicon Sequencing

Whole genomic DNAwvasextracted fran mixed liquorsamplesollected fronthe
oxidation ditch using DNeasy PowerSoll kit (Qiagen, Valencia, CA, U3&jitional
sample details can be found in Table2.2DNA library preparationand amplicon

sequencing of the v4 region of 16s rRMAscarriedout onthe lllumina MiSeq platform
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according tothe manuf act ur e n6ssMetagenonmim Seguencing Library
Preparation protocolllumina, San Diego, CA, USA). Briefly, barcoded primer sets 515f
and 806r (Integrated DNA Technologies, Coralville, IASA) wereusedto amplify the
v4 region.A second round of PCR was performed to add saisypéeific indices to each
sample. A bead cleaup was performed after each PCR reaction to remove adapter/index
dimers. Following libraryquantification using either a Qubit fluorometer (Invitrogen,
Carlsbad, CA, USAYr Pico Green assay (Invitrogen, Carlsbad, CA, US¥e normalized
and pooled libraries faequencingna MiSeq Reagent2 flow cell (2 x 250bp reads).
2.2.5 Amplicon SequenceProcessing

Amplicon proessing was performed using mothur v1.3&6hloss et al., 2009)
along with the corresponding MiSeq S@Rozich, Westcott Baxter, Highlander, &
Schloss, 2013)accessed on 1202018). Briefly, after raw pairedend readswere
assembled and primer sequences removed, sample sequeneéiered based on read
length and ambiguity. Sequencé®m 245 to 275nucleotideslong, containng no
ambiguous base callgnd no homopolymers longethan 8 nucleotides, wereejt
Representativeperational taxonomic unitfOTUSs) were aligned to the SILVAv132
reference databas@®uast et al., 2013)Sequencesvere pre-clustered based on two
nucleotide differences and chimenagre removedusing VSEARCH v24.4 (Rognes,
Flouri, Nichols, Quince, & Mahé, 2016A\fter assigning taxonomy usinttpe Microbial
Database for Activated SludgiDAS) (Mcliroy et al., 2015) sequences that were
identified aschloroplast,mitochondrial, eukaryotic or of unknown origimere removed.

Remaining sequenceaepresentingotal community structure, were then clustetetsed

on 97% similarity OTUs wit h O 3 (Keenaetal., 201)esiting i@ mo v e d
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6,208,281 remaining sequences. Samples were then subsampled at 11,842 semuences
remove heterogeneity in sequencing deffeiss et al., 2017jesulting in > 91.8%
coveragdor independent librariesdtal of 9567 OTUS.
2.2.6 BNR-RelevantMicrobial Community Selection

In this study, BNRrelevantcommnunity structurencludes microorganismaith the
potential to contribute to BNR'he putative BNRelevant OTUs were selected based on
a genudevel investigation of the total microbial community. The MIDAS taxonomic
database(Mcllroy et al., 2015)among other resourcg$ahrbach, Kuever, Meinke,
Kampfer, & Hollender, 2006; Lucker & Daims, 2014; Prosser, Head, & Stein, 2014,
StokholmBjerregaard et al., 2017ajasutilized for developing a list of microorganisms
that have been observed performing a role in N or P remdwabenerate a second
dataframe representing the BNi®evant communitywe selected 557,026 sequenfesn
the total community, identified according to the criteria above. Each -BNRant
communitywasthensubsampled at 862 sequentesyenerate a send datasetwith >
95.7% coveragéotal of276 OTUS.
2.2.7 Statistical Analysis

Microbial communitystructure was evaluated separately for the total and the BNR
relevant community to determine whether diversity and compositiangeds a result of
process optimizationThe alpha diversity for each community was characterized using R
Studioversion 1.1.463RStudio Team, 201@p calculateinverse Simpsomliversity for
each sample collectgmbst optimizatiorusing packagekne4 (Bates, Machler, Bolker, &
Walker, 2015)and brms (Burkner, 2017, 2018)Linear mixed effects models (function

Imer) were usedassuming &aussiamistribution totest for differences in alpha diversity

25



of the total communities withsurface andottom of the oxidation ditc nested within
sampling location (AF; Fig. 2-1), treated as a random effetd control for sample nen
independence. Bayesian mixed effects models (fundtion) were used to test for
differences in alpha diversity ¢fie BNR communities assuming@ausgn distribution
and sampling location (#; Fig.2-1) treated as a random effect to control for sample non
independence.

Beta diversity analyses were conducted on the OTU level utilizing RStudio with
packagerzegan(Oksanen et al., 2018ndPrimerE version 7.0.9 (Quest Research Limited,
Auckland, New Zealandp separatelyanalyze differencesiicompositionwithin the total
community and He BNRrelevant communityA Bray-Curtis dissimilarity matrixwas
generatedlor each communitfrom subsampled relative abundance datad@termine the
effect of OTU presence/absence apart from relative abundeackrelative abundance
table was transfoned into a presence/absence table and another@rdis matrix was
generated.Using Primer7, allmatrices were visualized with a nametric multk
dimensional scaling (NMDSplot and SIMPROF was performed on the clustdos
determine which sampldsad as t at i st i c al | yconsmiumity dorapositgnp O 0. 05)
The functionadonisin veganwas usedo conduct permutational multivariate analyses of
variance (PERMANOVAS) based on Br&urtis dissimilarity valuesThis tested for
global differences by seasorgar, and an interaction between season and yéatairand
BNR communitiesand accounted for possiblenindependence between samplgs
designating sampling location as a random effect usingstiiada parameterPairwise
comparisons among sampling ate and seasons were conductsthg an analysis of

similarities (ANOSIM). A SIMPER analysis was also performed to better understand
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which OTUs, and therefore genera, were contributirtbealusteringobserved in NMDS
plots Differences in the putativeeditrifier communitiesvere assessed by calculathega
diversity using theregdistfunction in the vegan package to generate a Bnanis
dissimilarity matrix. Thébetadispefunctionwas used ttest for homogeneity of variances
as a proxy f or heteveersamplingevens bysseaadn and yeary 6

Correlations between wastewater characteristieel microbial community
structures were measured withtwo-t ai | e d, Sp e ausm@g@RStudioanda n k t €
visualized with theggplot2 package(Wickham, 2016) When graphinghte wastewater
charateristicsof the oxidation ditchmeasurementsere fourthroot transformedtb reduce
skewness

2.3 Results andDiscussion

2.3.1 Proces®Optimization of Oxidation Ditch for SNDP
2.3.1.1 Improvements in Biological Nutrient Removal

Influentflow and temperature, as walkBNR efficienciesof Cityof Cook evi | | e 6
WRRF pre- and postprocess optimizatioare depicted irFigure 22. Raw data for the
winter and summer seasons, and for specific sampling events can be found in Tigbles 2
2-3, 2-4.Valuesfor the winter season were averaged across January, February, and March,
while those for the summer season were averaged across July, August, and September, to
represent typical flow and temperature characteristics during sampling events. Flew to t
facility was typically higher during the winter seasons, with the highest flow occurring
duringwinter 2018. Influent temperaturaseraged 13 and 22 for winter and summer,

respectively.
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An assessment avdrall peifaeman?éRiR Fedneving nignts
combined with a closer examination of the processes occurring in the oxidation ditch
suggested SNDP. Soon after aeration modifications were implemented, DO and nutrient
concentrationyaried throughout the ditch (Fig.-2a.). Additionally, adrop in pH was
observed athe bottom of the ditchwhere thes was typicallylower DO and elevated
ammonia and orth® concentrationgFig. 223b). Pr i or to optimization,
nitrification efficiency was above 99%, and even with a DO gradient in the ditch,
remained above 95% post optimizatidlaturally, nitrification also resulted in an increase
in nitrate concentrations (Tables32and 24), andfor most sampling events the facility
discharged more nitrate than it received. However, with the excefittomoner 2017, the
nitrate concentration in the facilityds efflu
the ditch, indicating potential denitrificatioAfter optimization, total N removal increased
from 37% to 76% during winter and from 35% to 88uring summerTotal P removal
during the winterchanged minimallyafter optimization, however during the summer
seasons it increased frof®% to 66% Fur t her mor e, samples coll ec
aerated zones had lower orfRoconcentrations than thosellected from locations with
low DO, indicating EBPR potential. The ortffoconcentrations of the less aerobic samples
frequently surpassed the amount entering the facility, suggesting PAO activity
2.3.1.2 Potential oActivatedSludge toPerform EBPR

The potential for EBPR by the activated sludge was investigated thbatihtests
to determinetrends andkinetic rates(Table 2-5, Fig. 2-4). Anaerobic Prelease was
observedmmediatdy upon the addition of acetatidAc). P-uptake, however, watelayed

after air was introduceanost likelydue to the presence BAc at the beginning of the
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aerobic phase. Once thiAc wasdepleted, Ruptake began. Trends observed during batch
testssuggestd EBPR potential anthe existene of aPAO community.

With the exception of winter 201&e ratios of Felease to HAaptake in post
optimization batch testserecomparable to findings frorull-scalestudiesconducted at
WRRFs designetbr EBPR(Gu, Saunders, Neethling, Stensel, & Blackall, 2008; He, Gu,
& McMahon, 2008; Lopex/azquez et al., 2008Winter 2018 had a-release to HAc
uptake ratio of 0.21, with-Release and uptake rates of 2.41 and 1.76 mg P/g VSS:hr,
respectively, athan HAcuptake rate of 12.34 mg HAc/g VSS-hr. Interestingly, this sample
was collected during the sampling event with the highest DO levels measured in the
oxidation ditch (> 2 mg/L, Fig2-5), due to increased flow into the facility. The highly
aerobic avironment may have affected the growth rate of PAOs, thereby imp&2iiB
performancealuring the batch test. Considering the elevated rate of HAc consumption, the
PAO microbial community may also have been starved due to being outcompeted in the
highly aerobic ditch. Therefore, in order to survive, they may have altered their metabolism
akin to that of the glycogen accumulating organisms (GAQO) by utilizing glycogen instead
of poly-P to consume HA(Acevedo et al., 2012; Welles et al., 2028hich could explain
a deterioated EBPR performancan increase in HAaiptake along witbotha decline in
P-release and uptake could also indicate a more domnodmtof denitrifiers in the
activated sludge community durimgnter 2018. Nevertheless, an immediate anaer@bic
release during the batch testseals h at C o oVRRFRhas thé mt@rgial for EBRR
even though the facility is not designed for EBPR
2.3.2 Microbial Diversity and Composition During ProcessOptimization

2.3.2.1 Total Microbial Community Structure
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The inverse Simpson index was used to quantify diversity of the total microbial
community, which exhibited an overall significant difference among sampling ge&nts
152,p<0.001, Fig2-6). The diversity was found to be relatively high, which is typada
an activated sludge procefs. Ju & Zhang, 2015; Saunders, Albertsen, Vollesen, &
Nielsen, 2016) Higher diversig during the summer seasons was also not surprising,
consideringemperature can have an impact on the community strugitaeg, Hu, Xia,
Wen, & Ding, 2012; Xu et al., A0). A decrease in microbial diversity was observed from
winter 2016 to winter 2018, with the least diverse community existing during winter 2018,
which could have been due to the high DO concentrations in the oxidation ditca%ig.

Beta diversitymeasures of the total microbial community displayed similar
clusteringpatterns for the relative abundance and the prefsismnce datasgiSig. 2-7),
indicating thatlusters were not overly affected by sampliRGR biasor DNA sequence
read abundanc&he similar patternsathersuggesthatrare taxa may be contributing to
the differences in community composition at the species levehdhges irabundances
were the driving factor, the presence/absence NMDS would not show distinct clusters
PERMANOVA results specified that community composition was significantly different
based on yeaFE 35.6,p<0.001,R? = 22.7%), seasorFE28.1,p<0.001,R?= 17.9%) and
that an interaction between year and sea$enl{.1, p<0.001,R? = 7.1%) occurred,
indicatingthat the differences in the microbial communities between seasons varied across
years. Further analysis (ANOSIM; R= 0.998 i relative abundance, 0.956
presence/absence<0.001) revealed that eagdampling event, except the two from
summer 2018displayeda distinctmicrobial composition The summer 2018ampling

events, which occurred two weeks apart, were notseghratedby the presence/absence
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dataset R=0.591,p<0.001)(Ramette, 2007)suggesting temporal clustering for the other
events in Figur@-7 was not due tohe daily dynamic conditions of the activated sludge
environment and that there may not have been a high degcbarajes within a season
Furthermore, increasecdkgaration between summer 2018 and 2018b clubtessd on
relative abundance compared toeggnce/absencenay indicate stable community
membershipvith dayto-day relativeabundance fluctuations.

The NMDS plots suggest thdied community composition may haghangedn
response to optimization, but then, after enough time, stabilized based on season. However,
it is unclear whether the transient and rare microorganisms will continue to contribute to
community separation among sampling events, thereby never fully irdjototal
community structure to stabilize, i.e. clusters will be close together but never significantly
overlap. Another possibility could be that the transient and rare microorganisms only
temporarilycontributed to community separation while the esaémniicrobes adapted to
the new niches created by the optimizatiose. clusterswill eventually overlap for each
season. Either way, the observed sample clustering patterns in conjunction with relatively
high alpha diversity suggested that the total camity structure may have been heavily
defined by the rare species during the fmsimization stabilization process and
community composition should be investigated further.

The Proteobacteria constituted the numerically dominant phylum in all samples,
averaging 40% of the total community throughout the stioallpwed by the Bacteroidetes
(23%) and Planctomycetes (7%his was consistent with other studies that investigated
microbial community composition of activated sludq@éu et al., 2019; T. Zhang, Shao, &

Ye, 2012) The top 25 most abundant genera incluHatlangiumandNitrospira, which
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are wellestablished contributors to total N remoy@kims et al., 2015; Mcllroy et al.,
2016) andCandidatusAccumulibager (CAP)andDechloromonaswvhichmay potentially
contribute to both total N and P remoy&amejo et al., 20; Islam et al., 2017()Fig. 2
8). Each of the top 25 genera only contributed anywhere from 0.7 to 5% of the total
community composition and was mostly consistent across sampling evertsermore,
a SIMPER test determined that a multitude of different species contributed to the clustering
in Figure 2-7, with the top contributors differing for each event. These outcomes
substantiate the previous assessment that rare taxa, specdtdhlygenusand species
level, may be contributing to differences in total community composition and may help
explain the lengthy timespan it took for the community composition to show signs of
stabilization(Kim et al., 2013)
2.3.2.2 BNRRelevantMicrobial Community Structure

Alpha diversity for the BNRelevant community was lower than that of the total
community. Diversity dropped significantly (p<0.05; F2g9) in winter 2018 even though
the oxidation ditch was operating under the optimized strategy. During thishighelow
into the facility generated turbulence that resulted in a highly aerated ditch grdple
thereby losing the bioreactor macroenvironments needed for the enrichment of functionally
diverse microbial communitig®aigger & Littleton, 2000; Flowers et al., 2013; Mccann,
2000) Lastly,the two summer 2018 events were not significantly different, suggesting that
the diversity of the BNRelevant community may not change much from day to day.

Distinct clustering was observed for the microbial community by both season and
year (Fig.2-10), possibly suggesting that rare species may have contributed to the

differences in community composition following process optimizatkiBRMANOVA
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results indicated that BNRelevant community composition was significantly different
based on year (F= 29/150.001 R?= 17.6%), season (F= 37.5, p<0.Q0% = 22.6%), and
that an interaction between year and season (F= 16.7, ps0R@110.1% occurred
ANOSIM revealed sigificant clustering related to sampling event for relative abundance
andpresence/absence datas&s(.993, 0.835 respectivelp<0.001). However, the two
summer 2018 events for the presence/absencewtataconsidered barely separable
(R=0.169, p=0.003) (Ramette, 2007)and supports thenotion that the microbial
communites may not change smficantly on a daily basisThe microbial community
structure showed strong changes over the entire -flaa@e study period following
optimization, regardless of season (Fid.®. However,ierewasaslight separation based
on season for both datasgR=0.630, 0.493<0.001, Fig. 210), indicating some overlap
between the community structures during the summer and wintghermore, distinct
composition was observed between sampling events within the first year of optimization,
but, for more recentvents, similar composition among seasons was observed in terms of
species present and thesative abundanc@-ig. 2-10). Thus, the overlapping clusters for
winters 2017 and 2018 and for summers 2016 through 20182(EQ@), suggest that the
BNR-relevant community could be stabilizing.he composition of this community also
seems to have stabilized in earlier sampling events uthiikéotal community, possibly
due to the fact that the BNRlevant community lacked the vast number of transient
microorganisms that the total community included.

The BNRrelevant community consisted of seven phyla with Proteobacteria as the
most dominant, followed by Nitrospirae, Actinobacteria, Cyanobacteria, Firmicutes,

Chloroflexi, and Gemmatimonadet&soteobacteriaanstituted an average of 81% of the
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community across samplireyents, whereas Nitrospirae, the second most dominant phyla
averagedl4% of the communityinterestingly, the nitrifyinggenusNitrosomonaswvas
reduced from 5% to less than 0.3% of the BiRRvant community after optimization
(Fig. 211) even though the facility continuedperformsatisfactorynitrification (Fig. 2
2). This suggests that some memberblifosomonasnay not respond favorably to a DO
gradient, a observatiorsupported by othestudies with low DO condition@-itzgerald,
Camejo, Oshlag, & Noguer2015; Keene et al., 2017furthermore an OTUlevel
analysis of the putative denitrifying community (Fig.-I2) revealed a significant
difference between sampling events in terms of sample homogedretigisperF= 2.62,
p<0.05), with winter 2016 andiinter 2018 showing an increase in heterogeneity among
samples. This is noteworthy because variation in community compositiomlican
improved functional redundangpllison & Martiny, 2008) exemplifying the benefits of
implementing a DO gradient and associated bioreactor macroenvironeditsonally,
putative PAOs were detected before optimization (Fi§.ahd 211), further signifying
the possibility that a neBEBPR activated sludge process can be modified to exploit PAOs
for P-removal. PAO presence in high abundance (Fi§) Prior to optimization also
suggests they may have a larger role in the activstgie communityhan removingP.
2.3.3 WastewaterCharacteristics andMicrobial Community

Correlations between wastewater characteristics of the oxidation ditch and various
attributes of the total and BNRlevant microbial communities were evaluatedhgsi
Spear manos Rank €l8,r 14, | 245).i Adong (¢hE i wgstewater?2
characteristics, ammonia and orAovere strongly correlated with each other 0.66)

and negatively correlated with D@+ -0.46,-0.51 respectively). Since there were a&#as
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the bottom of the oxidation ditchihat lacked DO and exhibited a drop in pH, the
relationship between ammonia and orfh@oncentrations with DO indicates possible in
basin fermentation.

Inverse Simpson diversity and species richness of the total ooitynpositively
correlated with temperature£ 0.48, 0.54 respectively), however these metrics were more
negatively correlated with DOrs€ -0.54,-0.71). As for the BNRelevant community,
species richness exhibited a similar correlation with tempergts 0.79) and DOrg= -
0.64). Alpha diversity metricfor both communities were positively correlated with
temperature and negatively corteld with DO concentrationghich explainsthe drop in
species diversity observed fwinter 2018(Figs. 26 and 29).

Analysis of specific BNRelevant genereevealedrelationships with wastewater
characteristics. Many of the putative denitrifying genera had a moderate to strong
correlation with temperature, such kEsnia, HyphomicrobiumThiothrix, Candidatus
Obscuribacterand Zoogloea(rs= 0.55, 0.58, 0.74;0.56, and-0.76). The existence of
positive and negativeorrelationsbetween different denitrifying genera atamperature
affirms that functional redundancy can be beneficBdme denitrifiers thrive in cold
environments while others thrive in warm environments, allowing this community to
perform denitrification yearound. Furthermore, multiple putative denitrifying genera
were correlated with each other, illustrating potential shared @angetitive niches, such
aslamia and Bradyrhizobium(rs= 0.83) andHyphomicrobiumwith Bradyrhizobiumand
lamia (rs= 0.74). It is noteworthy that the two most abundant genera with the potential to
denitrify, Haliangiumand CAP, were negatively correlated$ -0.65).Considering CAP

is a weltknown PAO and has been studied as a denitrifying PAO (DRB&@nejo et al.,
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2016) they may compete witHaliangiumfor a similar niche, competition which may be
influenced by seasoffrig. 2-11). CandidatuObscuribacteranother potential DPAO, was
strongly correlated with flowr& 0.86) and therefore may be a transient microorganism.
2.4 Conclusion

Oxidation ditches designed for B@Bnd ammonia removal have been optimized
to incorporate a DO gradient, creating the kaster macroenvironments needed to
accommodate SNDP. However, the changes in the microbial community as a response to
this type of process optimization are not well understood or documented. To contribute
towards this knowledge gap, the primary goal of thmeeyear study was to assess the
response of the microbial community of an oxidation ditch to process optimization for
SNDP and determine whether the commusitbilizes over time. The DO gradient in the
optimized oxidation ditch allowed for successBIND without deterioration in nitrification
performance, even with changes in the microbial community. The composition of the
putative denitrifying community changed in response to the optimized bioreactor
macroenvironment, potentially becoming more furr@ity redundant and stable. Further,
even though the facility receives influent with relatively low P, the varying concentrations
of P throughouthe ditch, the kinetic rateseasuredrom batch tests, and the detection of
putative PAOs in relatively highbundance, suggest that the oxidation ditch is maintaining
an environment that could be utilized for EBPR. Shifts in microbial community
composition over timén both total and BNRelevant communities, showed a trend that
may indicate stabilization of camunity structure. These findings suggesthat
optimization of oxidation ditches for SNDP has the potential to be a successful practice.

To better understand whether these microbial community changes were due to optimization
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or a natural phenomenon of aetigd sludge, other WRRFs operating similar secondary
treatment processes as Cookeville, but did not undergo optimization, should also be
investigated. Information from this study is encouraging for municipalities that may need
costeffective solutions toneet new effluent limits, since optimizing an oxidation ditch as

previously described calls for little to no financial investment.
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CHAPTER 3: AN ASSESSMENT OFTHE MICROBIAL COMMUN ITIES OF
THREE WATER RESOURCE RECOVERY FACILITIES USING DIFFERENT

STRATEGIES FOR NUTRIENT REMOVAL

Abstract

Biological nutrient removal (BNR) is a microbidfiven process utilized by many
water resource recovery facilities and is increasingly becoming the focus of optimizations
for facilities trying to improve or accamodate total nitrogen or total phosphorus removal.
Conventionally, BNR is achieved through the use of separate reactors that allow for
anaerobic, anoxic, and aerobic environments. Simultaneous nitrification, denitrification,
andenhanced biologicgdhosphoous (SNDP) removal is a type of BNR proces#/hich
these different environments are achieved in a single reactor, such as an oxidation ditch,
through operational changes including, but not limited to, aeration modifications.
Characterizinghe microbialcommunities of the BNR process can contribute to better
strategies for efficient optimizations. However, even though many studies have
investigated these microbial communities, they are still not completely understood.
Furthermore, studies are lackingttpbartain to the response of the microbial communities
during optimizations for SNDP. In this study, we continued our investigation on how a
microbial community of the activated sludge process responded to optimizations of an
oxidation ditch for SNDP thrah aeration modifications. Two additional facilities were
investigated in order to establish how a microbial community might change over time
without the influence of major operational modifications since dynamic influent

characteristics and seasonal terapgre changes can impact community structure. One of
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these facilities conventionally operated an oxidation ditch and the other facility was
designed and operated for BNR. Wastewater characteristics and the diversity, structure,
and core members of the mabial communitieof each facility were investigated. Even
though the three facilities had similar influent characteristics, due to differences in
operational parameters, each facility exhibited different nutrient removal efficiencies.
Additionally, we faund that shifts in the microbial community were different for the
optimized facility when compared to the other two facilities. Furthermore, diversity and
the core community structure of the optimized facility were more similar to the-BNR
designed facilitythan the facility conventionally operating an oxidation ditch. The
outcomes of this study not only suppibré ideahat an oxidation ditch can be modified to
accommodate BNR, but that the microbial community of the activated sludge process can
shift in response to optimizations, further supporting the potential success of this type of
optimization strategy.
3.1 Introduction

Biological nutrient removal (BNR) is a widely used engineered process in water
resource recovery facilities (WRRFs) that employs agoganisms for nitrogen (N) and
phosphorus (P) remové\etcalf & Eddy Inc, 2014)Traditionally, this process involves
multiple, separate reactors to generate anerobic, anoxic, and aerobic environalaows to
nitrification, denitrification, and enhanced biological phosphorus removal (EBPR) to occur
efficiently. Since its first discovery, many researchers have investigated the microbial
communities of BNR and as understanding of these microorganisms @y ed, many
alternative BNR processes have been developed and implenfEeteera & Sanchez,

2016; Flowers et al., 2013; Grote, 2010; Keenal e2017; Metcalf & Eddy Inc, 2014)
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One such alternative to traditional BNR is enabling simultaneous nitrification,
denitrification, andenhanced biological phosphoresmoval (SNDP), which is a type of
BNR that is achieved in a single reactor. Thisgess has been studied extensively
however, factors that shape and impact the microbial community of SNDP and their
associated mechanisms are still not completely under¢@erdejo et al., 2016; Daigger
& Littleton, 2014; L:K. Ju et al., 2007; R. J. Zeng et al., 20@jaluatingsuch factors
can help in future designs of WRRFs and in addressing challenges operators encounter,
particularly when a WRRF plans to optimize their secondary treatment operations to
accommodate or improve BNR processes like SNDP.

Simultan@us nitrification, denitrification, an@nhanced biological phosphorus
removal (SNDP) is a processwhichaerobic, anaerobic, and/or anoxic zones are achieved
in a single reactor through implementation of a bioreactor macroenvironment and the
existence of floc microenvironmeni®aigger & Littleton, 2000, 2014ptimizations for
SNDP are useful for WRRFs operating single, secondary treatment reactors, such as
oxidation ditches, where such facilities may need to incorpdeatirification and EBPR.
Optimizing the secondary treatment process, in general, is becoming an increasingly
utilized practice because it can allow WRRFs to meet nutrient criteria while remaining
costeffective (Collivignarelli & Bertanza, 1999; USEPA, 20153 be economical and
avoid the addition of leemicals or building new infrastructure, a key focus of SNDP
optimizations is to modify operational parameters, such as aeration patterns or solids
retention time. Modifying aeration patterns, specifically, can lower operating costs due to
less energy comsnption (Daigger & Littleton, 2000; Jimenez et al., 2010; Keenalet

2017)and can allow for BNR or SNDP to occur in a single reactor, such as an oxidation
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ditch. Many studies focusing on oxidation ditches have demonstrated the potential success
of these practices for improved total N or total P rem{atta & Goel, 2010; C. Guo et
al., 2013; Zhou et al., 2012, 2019An important approach to better understanding the
treatment efficiency of SNDP in an oxidation ditch is to investigate microbial
communities involved. One study testing various aeration modes in arf @Rriddtion
ditch to improve total N removal detected aerobic and anaerobic bacteria in the outer
channel of the ditctzhou et al., 2012)This finding demonstrated that a single reactor can
be modified to simultaneously support anaerobic and aerobic microorganisms, which is
important since both tys of microorganisms are needed for SNBRother study
investigating an Orb&loxidation ditch observed the occurrence of EBPR in the ditch due
to the outer channel providing an anoxic zone foelease and the aerated inner channels
allowing for Ruptalke (Zilles et al., 2002) This study also detected polyphosphate
accumulating organisms (PAO), which is important since PAOs are crucial for SNDP.
Although these studies investigated microorganisms in BNR f#iled to reveahow the
microbial community responded to aeration optimizations, and whether the microbial
community eventually stabilized under an unconventional operational strategy.
Determining whether a microbial community has stabilized, or reacltzhey state, in
response to optimizations can help an operator to know whether their process modifications
were successful and provides encouragement for other facilities to try optimization.

A common approach toharacterizinghe microbial communitiesf the activated
sludge process is to investigate diversity and community structure, which can be useful
when tracking changes in the community over time and for determining whether the

community has reached a steady state, particularly after optimiz&t@nonly it is
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important to determine whether a community has stabilized, it is also important to
determine what community members are crucial to a particular BNR process, such as
SNDP. Identifying which microorganisms are consistently present duringessfat
nutrient removal processes can provide insight as to who may be important to the process.
Therefore, investigating the core microbial community of activated sludge can help
determine which microorganisms are potentially important to an atypicalgoifess by

either revealing microorganisms already known for contributing to BNR or by suggesting
potentially novel BNR microorganisms whose function may be unknown. Unfortunately,
there is a lack of research focusing on the core communities of BNR, andless
investigating how a facilityds core commun
studies, however, have provided the groundwork for this type of investigation. One of the
first studies to investigate the core community looked at 14 WRRF#isgaAsia and

North America(T. Zhang et al., 2012)Even though the secondary treatment process
differed, they discovered that 70 out of 744 gensesie shared among all facilities,
including the putative denitrifieoogloeaLarsen, Nielsen, Otzen, & Nielsen, 200&)d
putative denitrifying PAO (DPAO)Dechloromonas which were among the most
abundant genera for most samples. Another study investigated 13 Danish WRRFs and
detected 63 OTUs that made up the shared core community among these facilities, with
the putative DPAQOTetrasphaerdKristiansen et al., 2013as the most abundant member
(Saunders et al., 2018 more reent study focusing on 13 Chinese WRRFs, nine of which
operated oxidation ditches, found that 1757 OTUs comprised the shared core community
(Hou et al., 2019)Since the WRRFs studied are located in two different regions of China,

the higher number of core OTUs suggests that there may be a larger core community among
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similar process types, particularly among oxidation ditches. Finally/attgest core
community study thus far, investigated 269 WRRFs spanning every continent except
Antarctica and established 28 OTUs as the shared core comrfWhiigt al., 2019)They

also estimated that 99.999% of the activated sludge community has not yet been cultured,
which suggests that designing or optimizing reactors for the microiwan BNR process

is still somewhat of a black boxrfthe engineer and reinforces the need for more microbial
studies.

Establishing a core community among WRRFs designed to accommodate the BNR
process could distinguish which microorganisms are present during efficient N and P
removal and therefore providesight as to what factors may support a successful BNR
community in a facility optimizing for BNR. Furthermore, environmental disturbances in
a reactor that are temporary, such as fluctuations in pH or increased DO due to large
amounts of rain, may not peanently impact a resilient core commun{@dlison &
Martiny, 2008) However, process optimizations like aematmodifications could cause a
core microbial community to permanently chang
is longterm or permanent. Some studies, though very few, have startedesiigate
correlations between process efficiency and core aaomitias (Mielczarek, Nguyen,
Nielsen, & Nielsen, 2013; Wu et al., 2018pr example, Wu et. al 2019 observed on a
global scale that the putative DPAQechloromonagKong, Xia, Nielsen, & Nielsen,
2007) was part of the global activated sludge core community and was positively
correlated with TN removallherefore, investigating diversity, community structure, and
the core community for both the activated sludge community and the BNR community is

important for optimization purposes, because correlating these communities with
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environmental conditions and stewater characteristics can help tease out factors
important to a stable community and thereby, a reliable BNR process. Identifying the
similarities and differences between the microbial communities of optimized processes and
those of noroptimized proceses can provide information and guidance for when a facility
needs to exploit the activated sludge to improve or accommodate BNR.

In this study, we examined how the diversity, community structure, and core
community of an optimized facility changed ovemé and compared it with the
communities of two geographically similar facilities, which servedredsrencesfor
traditionally operated WRRFs. Thieferenceacilities provided a baseline &howhow
the activated sludge community shifts over time withitigt influence of a significant
operational modification. The dynamic fluctuations in influent characteristics and seasonal
temperature changes can shape the activated sludge microbial com(@uriffig &

Wells, 2017; Wu et al., 201@)nd therefore, these tweferencdacilities served as a way

to account for those types of shifts. Specifically, we investigated the microbial community
of an exended aeration oxidation ditch as it underwent optimization for SNDP. This
optimization involved modifying aeration patterns to achieve a dissolved oxygen gradient
throughout the ditch. Therefore, we were able to monitor the microbial community of the
actvated sludge as it shifted from a fully aerobic environment to a more complex
environment with anaerobic, anoxic, and aerobic zones. Additionally, we investigated the
microbial communities of the activated sludge of two other WRRFs that did not undergo
optimization. One facility operates an oxidation ditch in a traditional manner, for
nitrification and BODR removal, and represents how the optimized facility originally

operated before process modifications. The other facility operategOapracess, withra
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oxidation ditch for the aerobic zone, in order to achieve TN and TP removal, and represents
what the optimized facility was trying to achieve with the aeration modifications. Our goals
were (1) to determine whether the community structure patterns etdsarthe optimized
facility were due to a microbial response to optimization or due to a typical shift of the
activated sludge community and (2) to deter mi
community changed ancharacterizéhe core community shadebetween the optimized
facility and thereferencdacilities. We hypothesized that the microbial community of the
facility undergoing aeration modifications did change in response to optimization and that
the resulting core community will be similar tattof the AO facility.
3.2 Methodology

3.2.1 WRRFDescription and Sampling

This study was conducted at three different WRRFs located in middle and east
Tennessee. The facility undergoing optimization, located in Cookeville, TN, treats an
average of fnillion gallons per day (MGD) of wastewater flow, and is designed to treat
14 MGD. Originally designed for BOremoval and nitrification, this facility operates
four parallel oxidation ditches with brush aerators andxtended aeratiovariant of the
adivated sludge process their secondary treatment. They began modifying the aeration
patterns of their oxidation ditches to accommodate simultaneous nitrification,
denitrification, andenhanced biologicgdhosphorus removal (SNDP) in April 2015, which
resulted in a dissolved oxygen (DO) gradient laterally and vertically throughout the ditches.
The facility located in Etowah, TN operates under a 1.2 MGD design flow with an average
daily flow of 1.15 MGD and has two oxidation ditches with brush aeratorexdedded

aerationvariant of the activated sludgeocess as their secondary treatment. They are not
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designed nor optimized for SNDP and only remove ammonia andsBUOi2 facility
designed for BNR, located in Maryville, TN, operates under a 17 MGD d#sigrwith
an average daily flow of 13.2 MGIO his facility hasan AO process as their secondary
treatment, which includes separate anaerobic and anoxic chambers ahead of two oxidation
ditcheswith spindle surface aerators and extended aeration varitré attivated sludge
process

Samples were collected once every summer and winter season over a course of
three years for the Cookeville WRRF and over two years for the Etowah and Maryville
WRRFs. One exception to the sampling routine was that the Colbiefaicility was
sampled twice during the summer of 2018omposite samples were collected
representative of the influent and effluent for each facllising a HACH handheld meter
with rugged LDO and pH probes (HACH Company, Loveland, CO, USA), DOap#,
temperature were measured throughout the secondary treatment process to determine
sampling locations for mixed liquor collection (Figs123-1). These sampling locations
were selected to represent varying DO concentrations. Due to stratificatigpiesavere
collected from the surface and the bottom
Etowahdéds ditch did not have significant st
from the surface and bottom for comparison with the optimized fadyityed liquor was
collected from a single oxidation ditch for Cookeville and Etowah and from the three
reactors in a single & treatment train for Maryville (Figs.-2, 31). Mixed liquor
collected from each location was filtered onsite using 0.45 unmggyrfilters. Both
unfiltered and filtered samples were immediately stored on ice and transported to

laboratory for further analysis. All samples were analyzed for various water quality

a7



parameters and DNA was extracted from the unfiltered mixed liquor saropllected
from the locations of the secondary treatment process.
3.2.2 Analytical Techniques

Composite facility influent and effluent samples, as well as grab mixed liquor
samples from the activated sludge, were analyzedrfononia, nitrate, total Nyrtho-P,
and total P, COD, volatile fatty acids (VFA), total suspended solids (TSS) and volatile
suspended solids (VSS). Nutrients and COD were analyzed using Test N Tube kits (HACH
Company, Loveland, CO, USA), except for nitrate, which was measured igsing
chromatography (Dionex ABV, Thermo Scientific, Sunnyvale, CA, USA). VFAs were
analyzed by gas chromatography (Model 6890N; Agilent, Santa Clara, CA, USA) equipped
with a flame ionization detector and a 0.53 mm internal diameter x 30 m AgileRHAB
capillary column. TSS and VSS were analyzed following Standard MefA&d$A et al.,
2012)
3.2.3 BatchActivity Tests

To investigate and compare EBPR potential of the activated sludge of each WRRF,
batch kinetic tests were performed in the laboratory to determiete®se and-Bptake
rates by the respective microbial communities. Mixed liquor collected from the oxidatio
ditch of each facility was treated, monitored, and analyzed as described in Chapter 2 section
2.2.3.
3.2.4 DNAEXxtraction, Library Preparation, 16s rRNA Amplicon Sequencing

Whole genomic DNA was extracted from the activated sludge samples using
DNeasyPowerSoil kit (Qiagen, Valencia, CA, USA); sample details can be found in Tables

2-2 and 31. DNA library preparation and amplicon sequencing of the v4 region of 16s
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rRNA was <carried out on the 11l umina Mi Sec
protool (16S Metagenomic Sequencing Library Preparation protocol, lllumina, San
Diego, CA, USA) and briefly detailed in Chapter 2 section 2.2.4.
3.2.5 AmpliconSequenceProcessing

Amplicon processing was performed using mothur v1.89chloss et al., 2009)
along with the corresponding MiSeq SQbzich et al., 2013jaccessed on 12/30/2018).
Details are described in Chapter 2Kesnecti on
et al., 2017) resulting in 10,333,866 remaining sequences, which reprdstait
community structure. Samples were then subsampled at 11,769 sequences to remove
heterogeneity in sequencing degtieiss et al., 201 Aesulting in > 91.5% coverage for
independent libraries (total of 12,152 OTUS).
3.2.6 BNRrelevant Microbial Community Selection

BNRrelevantcommunity structure included microorganisms with the potential to
contribute to BNR. Details as to how this community was selected can be found in Chapter
2 section 2.2.6To generate a second dataframe representing therBlRant community,
we selected 1,106,954 sequences from the total community, identified according to the
criteria previously described in section 2.2.6. Each BHNIBvant community was then
subsampled at 877 sequences to generate a second dataset wifth e@kerage (total of
353 OTUS).
3.2.7 StatisticalAnalysis

Wastewater characteristics of the influent for each facility were evaluated using
either a onavay ANOVA with Tukey post hoc or KruskdVallis test depending on

distribution of data. The Shapi#Wilk test was used to determine normality. Additionally,
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batch test ratios between facilities were evaluated using-avap@ANOVA with Tukey

post hoc due to normal distribution. When graphing the wastewater characteristics of the
secondary treatment presses, measurements were fouoibt transformed to reduce
skewness.

Microbial community structure was evaluated separately for the total and the BNR
relevant communities to determine whether diversity and composition differed between
facilities. The alph diversity for each community was characterized using R Studio version
1.1.463(RStudio Team, 2016)ith veganpackage(Oksanen et al., 20199 calculate
Shannon and inverse Simpson dsrgrfor samples collected from each facility. Shannon
diversity was transformed for both community datasets using the exponexml (
function in R to attain a normal distribution; inverse Simpson diversitynsamalized
using the BoxCox powertransfamation for only the BNRrelevant community dataset.

Two diversity metrics were estimated in order to account for the bias in each; Shannon
diversity is weighted towards rare species and the Simpson index is weighted towards
dominant species. Linear mixedfects models (functiohmer) were used from thkne4
package in RBates et al., 2015assuming a Gaussian distribution, to test for differences

in alpha diversity of the total and BNielevant communities withteral sampling location

(Figs. 21, 31) treated as a random effect, to control for sampleimd&pendence.

Beta diversity among all three facilities was analyzed on the-@Veél utilizing
RStudio with packageregan and PrimeiE version 7.0.9 (Quest Reseh Limited,
Auckland, New Zealand)ot investigate differences in composition within the total
community and the BNfRelevant communitySeparate Bragurtis dissimilarity matrices

were generated for the total and BiXgtevant communities using subsamptethtive
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abundance data. To determine the effect of OTU presence/absence, each relative
abundance table was transformed into a presence/absence table and additieGaltgray
matrices were generated. All four matrices were visualized with andric nulti-
dimensional scaling (NMDS) plot using Primer7. SIMPROF was performed on the clusters
to determine which samples had a statistically simil&@@@5) community composition.

The functionadonisin veganwas used to conduct permutational multivariate analyses of
variance (PERMANOVASs) based on Br&@urtis dissimilarity valuesnd thebetadisper
function was used to tefsir homogeneity of variancés sample cluster®ERMANOVA

tested for global differenseby sampling event, season, facility, and an interaction between
season and facility in total and BNR communities and accounted for possible non
independence between samples within a fachifgydesignating sampling location as a
random effect using thgrata parameterPairwise comparisons among sampling events,
seasons, and facilities were conducted using an analysis of similarities (ANOSIM).

A core microbial community was investigated based on the total microbial dataset
following the methodology useth Wu et. al 2019. To be defined as part of the core
community, an OTU had to meet three sets of criteria. First, the overall average of relative
abundance across all samples was calculated for each OTU and those OTUs that made up
at least 0.1% of the owal average abundance were selected. Second, each of the
previously selected OTUs had to be present in at least 80% of sgi@alexlers et al.,
2016) Finally, the third set of criteria involved a tvgtep analysis. For eaclample
individually, the top 80% abundant OTUs were selected. Then, out of those OTUs, each
one had to be in at least half of all samples while still remaining among the top 80%

abundant OTUs for those samples.
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Correlations between wastewater conditioripha diversity metrics, and core
BNR-relevant genera were measuredwithatwai | ed, Spearmanédés rank te
and visualized with the ggplot2 packayeickham, 2016)Wastewater characteristics and
beta diversity measurements were correlated with a distzassd redundancy analysis
(dbRDA) using thecapscalefunction inveganand visualized witlggord (Beck, 2017)
Relationsips between core communities and wastewater characteristics were also
investigated usingapscale

3.3 Results and Discussion
3.3.1 Wastewater Characteristics
3.3.1.1 Trend©bserveduring Sampling Events

Influent and effluent characteristics varied amgohe facilities and sampling events
(Tables 23 and 32). Interestingly, ammonia was the only influent water quality parameter
that was significantly different between facilities (Kruskéllis; >=6.513, p=0.039),
wi th Maryvi |l | e shighendohcenwatian thanxhe otber ttvo facijtiesa
This suggests, perhaps, that differences observed between these facilities are defined more
by the operational conditions of each facility, instead of the influent water quality
parameters measured irigtstudy. Since the secondary treatment process configuration
and operation were slightly different for each facility, varying environmental conditions
were observed as reflected in Figure8 2nd 32. Actual water quality data for the
activated sludge saples can be found in Tables42and 33. These tables show that pH
measured at or above 7.00 for most sampling locations at Etowah and Maryville, with
Maryvilleds anaerobic zone only dropping to 6.

as low as 6.22t the bottom of the oxidation ditch and frequently exhibited pH values less
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than 7.00 (Table-2 ) . Di ssolved oxygen concentrati on:¢
are depicted in Figure-3 . Et owahdés oxidation ditch exhi
to the other facilities for each sampling event, with the exception of winter 2017. During
this sampling event, due to a mechanical malfunction, each oxidation ditch had only a
single active brush aerator. The oxidation ditches of Cookeville and Etowalienqed
an overall increase in DO for the winter 2018 sampling event, due to heavy rains
i mmedi ately prior to sampling, wdina@vrae a s Ma
increase in DOLess than 0.25 mg/L of D@ere measured at the Maryville facility both
anaerobic and anoxic zonasross all sampling everasd everdisplayeda slight lateral
DO gradient throughouits oxidation ditch. This varied DO for Maryville was observed for
all sampling events and is most likely due to the placement of niigers, which are
located at one end of the ditch and therefore the DO decreased for samples taken further
downstream. Interestingly, neither DO nor MLSS varied vertically throughout the ditch,
indicating little to no stratification. Cookeville also exgerted a DO gradient for all
sampling events, but the gradient was both lateral and vertical throughout the ditch with
stratification in the activated sludge increasing at sampling locations further downstream
from the active brush aerators.

Since the oxidigon ditches in Etowah are traditionally operated for nitrification and
BODs removal, it was not surprising that we observed close to 100% ammonia removal for
all sampling events (Tabled), except for winter 2017. During this event, the facility was
ableto achieve 87% ammonia removal, even with the reduced DO concentration in the
ditch. As a result of high nitrification efficiency, elevated nitrate concentrations were

observed i n Etowahos oxidation ditcht and e
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Total N removal was less than 35% for all events, except winter 2017. The increase in
nitrate and low total N removal suggests that little to no denitrification was occurring in
the oxidation ditch. Furthermore, with the exception of winter 2017, ssngullected

from Etowah did not demonstrate ortRdluctuations throughout the ditch, which suggests
there was no EBPR occurring. Except for winter 2017, at least 98% ammonia removal,
92% total N removal, 74% ortH® removal and 78% total P removal weteserved for
Maryville during each sampling event, as expected from a process designed for BNR. Total
N and P removaby the facility was much leskr the winter 2017 sampling event
compared to other events, which may be due to a rain event that ocuniregsampling;
therefore, the composite influent sample may have been diluted as a result of possible
infl ow and infiltration. Regardl ess, nutrien
oxidation ditch reflected the occurrence of nitrification, demi@miion, and EBPR for all
sampling events (Tabled. Cookeville achieved at least 96% ammonia removal for all
events except winter 2017. Additionallyachieved at least 89% total N removal during

the summer sampling events and 52% for the winter Eagngvents (Table -3),
demonstrating more efficient total N removal than Etowah. Furthermore, Cookeville
achieved 77% total N removal during the winter 2018 event, an event in \thich
experienced very high (>2mg/L) DO concentrations throughout the taddditch,
indicating perhaps that the DO gradient in the oxidation ditch still allowed for
denitrification to occur. Cookeville WRRF also exhibited some biological P removal
(Table 23). Fluctuations in P concentrations relative to DO concentrationsgihoot the

ditch reflect Prelease and uptake and support the potential for this facility to perform

EBPR.
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3.3.1.2 Potential oActivatedSludge toPerform EBPR

The activated sludge from each facility was investigated for EBPR potential
through batch testto determine trends and kinetic rates (Tabiés 24, Figs. 24, 34).
The batch tests from Etowah and Maryville were compared with Cookeville to assess
whet her Cookevill eds r at e-wpenatedroedatorodigharr abl e
a BNRdesgned facility. Anaerobic felease was observed immediately upon the addition
of acetate (HAc) for all three facilities, even though not as pronounced for Etowah (Figs.
2-4, 34). Puptake was also observed for all three facilities; however, it was nodimate
upon the introduction of air, most likely due to the presence of HAc at the beginning of the
aerobic phase. After the HAc was depletedipfake began. Unfortunately, HAc was not
completely consumed for either of the summer batch tests for Etthveabfore Puptake
could not be measured for these two tests
aerated environment, the microbial community is not subjected to performing feed uptake
in anerobic conditions, and therefore may be dominated byabblagrobes. Theielease
rates for Etowah were less than 0.5 mg P/ g VSS*hr amdedse/HAeuptake ratios were
less than 0.08 for all batch tests except winter 2017. During the winter 2017 batch test,
Etowah exhibited a JRelease/HAeuptake ratio of A8 mg P/mg HAc. These low
measurements, when compared to ERRRigned facilities (see below), were not
surprising since Etowah operates a highly aerobic oxidation ditchleRse rates for
Maryville batch tests ranged from 2.77 to 3.82 mg P/ g VSS*hPamrtease/HAeauptake
ratios ranged from 0.34 to 0.48 mg P/mg HAc, which is comparable to oifestAdies
(Gu et al., 2008)Batch test results for Cookeville are presented in Chapter 2 section

2.3.1.2. All batch tests exhibited trends simtlathose observed for Maryville and other
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facilities designed for EBPRGu et al., 2008; He et al., 2008; Lopéazquez et al., 2008)

In brief, Rrelease rates ranged from 2.14 to 3.54 mg P/ g VSS*hr aete&se/HAe
uptake ratios ranged from 0.20 to 0.59 mg P/mg HAcel®ase/HAeuptake ratios
calculatedfrom the batch tests for Etowah were significantly lower than Maryville and
Cookeville (ANOVA; F=11.332, p<0.01), whereas no significance was detected between
Maryville and Cookeville. The differences in activity between Etowah, Maryville, and

Cookevillesuggested that the microbial community for each facility might differ as well.

3.3.2 Microbial Community
3.3.2.1 TotaMicrobial Community Structure

The Shannon and inverse Simpson indices were used to quantify the diversity of
the total microbiatommunity in and among the WRRFs. Both indices exhibited an overall
significant difference among facilities?(= 64.9, 56.6 respectively, p<0.001) and among
seasonsd= 211.6, 146.1 respectively, p<0.001) (Figh)3 There was a significant overall
interaction between facilities and seasons for Shannon diversity.26, p<0.05),
meaning that differences were detected in Shannon diversity between facilities during the
winter and during the summer. This was not initially the case for inverse Simpsaitgiver
However, upon visualizing the diversity metrics (Figh)3 inverse Simpson trends
suggested potenti al for pair wi-lgoe testiwalsf er ences
conducted and detected significant pairwise interactions between facility aod $eas
both Shannon and inverse Simpson diversity. Investigating the pairwise test without
rejecting the null of the overall test has been supported by lite(&tsue 1996) Diversity

during the summer was generally higher than durimg winter for each facility.
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Furthermore, for each sampling event, diversity for Cookeville was typically higher than
Etowah, but similar to Maryville. This is interesting because the dynamic conditions of
Cookevill eds oxi dat i omayhave selected fiorea morediversee DO
mi crobi al community by providing a nore
process. Lastly, each facility exhibited the lowest diversity for the total community during
winter of 2018, when all three facilitiexperienced large rain events prior to sampling,
possibly causing a washout of the rare or transient microorga(&uaders et al., 2016)
Visualization of the Bray Curtis matrices displayed similar clustering patterns for
bath the relative abundance and the presence/absence datasets6jfFigd®ating that
clusters were not overly affected by sampling, PCR bias, or DNA sequence read
abundance. These similar patterns also suggest that rare species may be contribating to th
differences in community composition. If shifts in abundances were the main factor
shaping the cluster patterns, then those patterns would not be observed in the
presence/absence NMDS. Therefore, during optimization, the microbial community of
Cookevillemay have experienced major shiftsléss abundant or possibtgre species
while the community was adjusting to the new operational parameters. A global
PERMANOVA test detected significant differences in community composition based on
sampling event R=47.5, R?2 = 86.3% - relative abundanceF=12.9, R> = 63.2% -
presence/absence; p<0.001). Additional analysis for pairwise comparisons supported that
all samples clustered together based on event (ANOSIM; R= D.888tive abundance,
0.987i presence/abseacp<0.001), with one exception. The two summer 2018 sampling
events for Cookeville were not wedeparated by the presence/absence dataset (R= 0.588,

p<0.001)(Ramette, 2007)This was expected and explained in detail in Chapter 2 section
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2.3.2.1. Additionallysignificart differences in community composition based on facility
were detectedPERMANOVA; F=29.3,R? = 29.1%- relative abundancds=24.1,R? =
25.2%- presence/absencp0.001). Pairwise analysis between facilities revealed some
similarity in communitycomposition between Cookeville and Maryville by detecting slight
overlapping among sample clusteANOSIM; R= 0.76171 relative abundance, 0.613
presence/absencp<0.001). The community structure of Etowah, however, was quite
distinct from Cookeville ath Maryville (ANOSIM; R> 0.950 for all pairwise, p<0.001).
Composition across all facilities based solely on season was not distinct (ANOSIM;
R=0.3041 relative abundance, 0.19% presence/absence), but interactions detected
between season and facility (PBRNOVA; F=12.8, R> = 6.0%- relative abundance,
F=5.4,R?= 4.0%- presence/absence, p<0.001) further supported similarities in community
structure between Cookeville and Maryville. For example, the summer microbial
communities for Cookeville and Maryvillexhibited the most similar structure out of all
sample comparisons (ANOSINR= 0.689i relative abundance, 0.516resence/absence,
p<0.001). It was not surprising that the total community differed between Etowah and
Maryville since they operate theircmdary treatment process very differently. However,
since the majority of samples from Cookeville were collected after operational changes,
the response of Cookevilleds community may ha
t hat of Mar yty iTHisltimeframe forosanmple wollection could also explain
the |l ack of similarities detected between Coo
The differences in community structure between facilities for each sampling event
suggests that the operatiopalrameters and influent characteristics of each WRRF might

shape distinct communities. Furthermore, sampling events for redetencefacility
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displayed a distinct microbial community structure. The lack of overlap within each
referencefacility could bedue to sample size, in that more sampling events are needed
since wastewater activity is very dynamic due to varying parameters, such as influent water
guality and flowm(Griffin & Wells, 2017) Another explanation could be that this is a typical
trend,in that the total community structure of the activated sludge inevitably changes over
time, possibly due to the existence of rare and transient microorgafisduset al., 2014)
Hence, addressing the question posited in Chapter 2, the total microbial community is
unable to fully stabilize due to the constant influence of rare and transienbng@nisms.
Additional sampling events could help to answer these questions. However, if rare or
transient species are shaping the distinct community structures, then community
membership should be further investigated to identify potentially important
microorganisms whose presence may reflect community and process stability.
Proteobacteria was the most numerically dominant phylum, comprising of at least
35% relative abundance for each WRRF, followed by Bacteroidetes with around 20%
relative abundance feach facility (Fig. 37). These two phyla are commonly found in the
activated sludge microbial community and have been reported as dominant by other full
scale studiefNu et al., 2019; T. Zhang et al., 201Zhe top 30 abundant genera differed
slightly for each WRRF (Fig.-8). For exampleNitrospiraandDechloromonasanked &
and 7, respectively, for Maryville and Etowah, but ranked &5d 26", respectively, for
Cookeville. This was interesting becausgrospira is a weltknown nitrifier and was
expected to be more dominant in Cookeville since this facility continued successful
ammonia removal after aeration modifications and no other known nitrifier was identified

even among the top 50 genera of Cookeville. Furthernixehloromonass a putative
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DPAO and thereforé is surprising that this genwsgas more abundant in Etowah than
Cookeville.Haliangium,on the other hand, is a wddhown contributor to denitrification
with some strains exhibiting potential for sulfate reductigicliroy et al., 2015, 2016)
and wasone ofthe top ten most abundant generall three facilities, evein Etowah
which does not operate for denitrification. AdditionalBandidatusAccumulibacter was
among the top 30 genera for Cookeville and Maryville, but ranked 69 for Etowah,
indicating that this putative DPAO may thrive in an environment with varied DO
concentrations. These findings warranted a closer look into therBRant community.
Furthermore, since the rankings of egelnusshifted between WRRFs, establishing a core
community among all three facilities coudtntify microorganisms crucial to the activated
sludge process.
3.3.2.2 BNRrelevantCommunity Structure

The Shannon and werse Simpson diversity metriegere lower for the BNR
relevant community than for the total community (FigQ)3 Both indices exhibited an
overall significant difference among facilities’ € 139.2, 111.1 respectively, p<0.001),
with diversity values fothe Cookeville WRRF measuring at or higher than Etowah and
Maryville. Overall significance between seasons, however, was only detected for Shannon
diversity @@ = 39.8, p<0.001). Therefore, the inverse Simpson index was not
overallsignificantly differentbetween the summer and winter. Interactions were also
detected between seasons and facilities for both Shannon and inverse Simpson diversity
measuresd = 6.1, 11.9 respectively, p<0.001), which means that differences were
detected in diversity of the BRirelevant community between facilities during the winter

and during the summer. These interactions suppadnedbservation h a t Cookevi
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diversity was typically higher than the other facilities during summer and during winter.
This is interesting muse for the total community, Cookeville exhibited diversity values
similar to Maryville, but when focusing on just the BM&evant community, Cookeville
exhibited generally higher diversity than Maryville. Therefore, perhaps the DO gradient in
Cookevile 6s oxi dation ditch aréldvaniveemmiuroty thamthemo r e
designed AO process. Similar to the total community, diversity dropped during winter
2018 for the BNRelevant community in all three facilities. However, among all sampling
evants, the lowest BNRelevant diversity was exhibited during the summer of 2018 for

Et owahds WRRF, when the other two facild.i
Interestingly, Etowah began adding a solidducing, microbiabased agent, Revife
(Bio-ChemIndustries, Dalton, GA, USA), to their activated sludge at the beginning of
2018. Since this product is designed to reduce grease and sludge, it is very possible that it
affected the activated sludge community during the summer 2018 sampling event.
Furthemore, the total community of Etowah did not exhibit an extreme decrease in alpha
diversity for summer 2018, implicating that Reivenay have targeted some of the
members of the BNfRelevant community.

Visualizations of the Bray Curtis matrices for the BidRevant community
displayed similar clustering patterns for both the relative abundance and the
presence/absence datasets (Fifj0B indicating that clusters were not overly affected by
sampling, PCR bias, or DNA sequence read abundance. A PERMANQY Adected
significant differences in community composition based on sampling évedé(2,R?=
85.5%- relative abundancé&=14.3,R? = 65.6%- presence/absence; p<0.001). Further

analysis conducted for pairwise comparisomdicatedthat most sample clusters were
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separated based on event (ANOSIM; R= 0.998relative abundance, 0.941
presence/absence, p<0.001); the few exceptions were among the Cookeville sampling
events which are explained in Chapter 2 section 2.3.2.2. Like thlectwnhmunity, the
BNR-relevant community structure was distinct for most sampling events, which is
interesting since all three facilities have similar influent nutrient profiles. This observation
suggests that operational configurations may drive B&lBdant community structure and
that perhaps some BNRIlevant genera might be rare or transi@aunders, Albertsen,
Vollertsen, & Nielsen, 2015)Sgnificant differences in comomity structure were also
detected between facilitigPERMANOVA; F=45.1, R> = 22.9%- relative abundance,
F=37.2, R’ = 24.7%- presence/absenc@<0.001). However, even though individual
sampling events exhibited distinct community struct@wepairwise mnalysis revealed
separate, but overlapping community structiramette, 2007petween Cookeville and
Maryville when all events were grouped together (ANOSIM; R= 0.b7#elative
abundance, 0.580presence/absence, p<0.00@®mmunity composition for each sample
was not vell-separated based solely on season (ANOSIM; R=Q.38/ative abundance,
0.33471 presencel/absence), but interactions were detected between season and facility
(PERMANOVA; F=15.6, R> = 7.9% - relative abundanceF=6.2, R = 4.1% -
presence/absence, p<01). Pairwise analyses for this interactiadicatedthat samples
from Cookeville and Maryville exhibited slightly similar BNielevant community
structure during the wintefANOSIM; R=0.680 i relative abundance, 0.75#%
presence/absencp<0.00) and thesummer (ANOSIM; R=0.753 relative abundance,
0.5381 presence/absencp<0.00]). Similarities observed between these two facilities

may be a resul't of itrefeeant bommmuniy oesporeleditd thee 6 s
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aeration modifications. Since Cookevilleptomized to accommodate BNR, it is
encouraging to observe this facility exhibiting similarities in BMfRevant community
structure with a facility that is designed for BNR. Winter samples from Etowah and
Cookeville also exhibited some overlapping commurstructure based on relative
abundance (ANOSIM; R=0.676, p<0.001), which might indicate that these two facilities
have similar dominant BNHRelevant species during the winter. Lastly, Maryville exhibited
some similarities between the BNBlevant communyt structures from the summer and
winter (ANOSIM; R=0.681i relative abundance, 0.563presence/absencp<0.001),
unli ke Etowahés community which had no si gl
(ANOSIM; R>0.920). These results might implicate thatrMav i | | edbesant B N R
community structure is somewhat stable between seasons, which might be indicative of a
stable BNR process.

The BNRrelevant community composition was slightly different between each
facility (Fig. 311). Dechloromonas, Nitrospira, #&liangium, and Candidatus
Accumulibacter were among the top five BM@&evant genera for each facitityowever,
these genera differed in ranking between each facility. This was not surprising for
Maryville or Cookeville since both facilities operate fddB. However, it was interesting
for Etowah since they operate a highly aerobic oxidation ditch and therefore lack an
anerobic zone, which is usually associated with some of these gesteaaphaeraa welk
known putative DPA@Kong, Nielsen, & Nielsen, 2005; Kristiansen et al., 2013; Nielsen,
Mcllroy, Albertsen, & Nierghlo, 2019) was observed in higher abundantdlaryville
and Cookeville tham Etowah, where it was barely detected. Cookeville experienced an

increase in the relative abundance Hdliangium and a more uneven BNRlevant

63



community during winter 2@, which was also the sampling event that exhibited a
decrease in diversity. Furthermokgliangiumis a putative denitrifier and the relatively
high relative abundance of this genus during winter 2018 may explain why total N removal
was still achieved ean though DO concentrations were elevated in the oxidation ditch. For
Etowah, however, summer 2018 was the sampling event with the most uneven community,
exhibiting an increase irDechloromonas Maryville WRRF exhibited a shift in
composition for summer 4@ with an increase in the GAOgfluviicoccugLanham et al.,
2013) and the PAOs,Candidatus Accumulimonas andCandidatus Obscuibacter
(StokholmBjerregaard et al., 2017ahowever facility operations in terms of nutrient
removal did not differ from other sampling events, possibly indicating functional
redundancy among the PA@@s this facility. As mentioned previously, the rankings of the
various genera were different for each facility and even shifted among events, therefore
establishing a core community coulelvealthe potentially important microorganisms of
the activated sludge process. Furthermore, a defined core community could also be useful
to better understand which BNfelevant species or genera are shared among all three
facilities, especially since the sewary treatment process is operated differently at each
WRRF.
3.3.2.3 CoreCommunity Structure

A core community was established among the three WRRFs across all sampling
events (Fig. dL2). This community consisted of 139 OTUs, with Bkeevant members
such asDechloromonas, Nitrospira, HaliangiurmandCandidatusAccumulibacter ranking
among the top 20 genera. Observing these B&l&ant genera as core members for

Etowah is interesting because as stated previously, some of these genera are conventionally
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associated with anerobic zones. Regardless, it is promising to detect theselBNirt

genera as core members of Etowah because it demonstrates that the activated sludge of this
facility has the potential to be exploited to accommodate BNR like CotkeVie core
community structure differed between facilities when based on relative abundance
(ANOSIM; R= 0.818, p<0.001), but less so when based on presence/absence (ANOSIM;
R=0.394, p<0.001), which is to be expected considering the criteria usedrtaidetthe

core community. I nterestingly, Et owahdés co
the core structure of Cookeville (ANOSIMR= 0.9267 relative abundance, 0.791
presence/absence, p<0.001) and Maryville (ANOSR¥;0.83271 relative abundace,

0.6821 presencel/absence, p<0.00®hereasthe core community structure between
Cookeville and Maryville was less distinct and practically inseparable in terms of
presence/absence (ANOSIR:= 0.7681 relative abundance, 0.1G8presence/absence,

p<0.01). Therefore, even though a core community was established among all three
WRRFs, the two facilities that select for BNR exhibited slightly more similar core
community structure with each other than with the facility that traditionally operates an
oxidai on ditch. Agai n, Maryvilleds core c¢commi
seasons (ANOSIMR= 0.3981 presence/absence< 0. 01) , wher eas Eto
community structure did not (ANOSINMR=0.910- presence/absenges0.01). An NMDS

visualizing theoverall core community structure for each facility (Figl® shows that

the samples collected from Cookeville prior to optimization did not cluster with Maryville

like the other Cookeville samples, suggesting that the core community structure may have
been different prior to optimization. However, due to a lack of microbial data predating

optimizati on, we C a naptimizatisnagmmunity wasonwie déke i | | e 6
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Et owahos. Future studies which camtomabl | ect sa
changes could potentially contribute to a better understanding of this shift.
Additionally, the microorganisms of the winter and summer sampling events were
evaluated separately to determine whether there was a distinct core community based on
sea&on since temperature can impact the microbial community of the activated sludge (Fig.
3-14). The core community for the winter sampling events encompassed 133 OTUs and
for the summer sampling events, consisted of 134 OTUs. Interestingly, the winter and
summer core communities only shared 91 OTUs, meaning each seasonal community
consisted of roughly 45 core OTUs unique to that season. Since all three facilities
continuously achieve their respective nutrient removal efficiencies-rgead, the
differences m core communities between seasons could indicate seasonal functional
redundancy on the specievel. Furthermore, Candidatus Accumulimonas and
Haliangiumwere detected as core genera during both seasons, however both genera had
different species as cormembers in each season, which supports the idea of seasonal
functional redundancy. Moreover, the geneRseudomonasand Candidatus
Obscuribacter, both putative PACBokholmBjerregaard et al., 2017ayere only present
in the winter core community and therefore may be more important to the EBPR or SNPD
process during the winter months.
3.3.3 WastewaterCharacteristics andMicrobial Community
Correlations between wastewater characteristics of each facl 6 s secondary
treat ment process were evaluated-16,816npg Spear m
3-17). Among the wastewater characteristics, ammonia and DO were negatively correlated

for each facility, with Etowah exhibiting the highest coriielat(rs= -0.80) and Cookeville
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exhibiting the lowest & -0.45). This was expected since ammonia removal requires an
aerobic environment and the oxidation ditch of Etowah had higher DO concentrations than
the other two facilities. Ammonia and ortRowerestrongly correlated with each other for
Cookeville and Maryville g= 0.65, 0.75), but barely correlated for Etowadr ¢0.28).

This is most likely due to the lack of a DO gradient in Etowah, allowing for little variation

in orthoP concentrations throtigut the oxidation ditch to correlate with the high
ammonia removal (Table 3, Fig. 32a). Ammonia and orthB were negatively correlated

with pH for Cookeville (& -0.54,-0.65 respectively) and for Maryvillesfr-0.62,-0.54
respectively). Only orth® was correlated with pH for Etowah=r0.52). Again, since

there is little variation in pH, DO, and ord® wi t hi n Et owahdés oxi d
correlation may be due to seasonal variation, as opposed to potebaainfermentation

like Cookeville Overall, Cookeville exhibited correlations between wastewater
characteristics that were more similar to Maryville than Etowah, indicating that the
environment al conditions of Cookevill eds
dynamic conditions of May v i |20 esess Mmore than a traditionatlgerated
oxidation ditch.

Alpha diversity metrics for the total and BNRlevant communities were also
investigated for correlations with wastewater characteristics (Fig$5, 3316).
Interestingly, diversit measurements for the total community in Cookeville were more
strongly correlated with DO than temperature, unlike Etowah and Maryville. Cookeville
exhibited a strong negative relationship between alpha diversity and DO, especially for
Shannon and invers8impson metrics {r= -0.72, -0.64 respectively), and only a

moderately positive relationship with temperature, wgt®.51 for Shannon ang=0.49
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for inverse Simpson. The tweferencdacilities, however, were very strongly correlated
with temperature; Shannon diversity exhibited rho values of 0.94 and 0.91 for Etowah and
Maryville, respectively, and inverse Simpson exhibited rho values of 0.92 and 0.91,
respectively. As to the relatiship with DO, rho values for all alpha metrics were less than
-0.20 for Etowah and less thaf.40 for Maryville. Therefore, the alpha diversity of
Cookevill eds microbi al community, whi ch
gradient, exhibited a stroag relationship with DO than the communities of the two
facilities that did not modify their DO patterns. Since there was a moderate relationship
detected with temperature, it is possible that given enough time, the alpha diversity of
Cookeville WRRF mighshift and exhibit a stronger relationship with temperature like the
referencdacilities, possibly indicating that the community has stabilized in response to the
optimization.

The BNRrelevant community exhibited slightly different correlatiahsin the

total community (Fig. 3l6). Richness and Shannon diversity for the BfdRvant

expe

community were correlated with temperatugg(r 0. 70, 0. 48 respectively)

WRRF, but inverse Simpson was nog=(0.16). Since Shannon diversity is weighted

towards rare species, these findings could reflect that a higher number oefdBNBnNt

species exist during the summer than the winter, and that rare species contribute more to

BNR diversity during the summer. Furthermore, inverse Simpson was only slightly
correlated with DO ¢ -0.36), and Shannon diversity and richness were moderately
correlated with DO &= -0.48,-0.60 respectively), indicating that BNR diversity may have
been affected by DO concentrations, but less so than the total community diGnsikyr

to Cookeville, the BNR diversity of Etowah exhibited correlations for richness and
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Shannon diversity with temperaturesr0.88, 0.38 respectively). Unlike the total
community of Etowah, evenness, Shannon diversity, and inverse Simpson divetfsity
BNR-relevant community had moderate to strong correlations with BOQ158,-0.48,-
0.69 respectively), suggesting perhaps that
BNR diversity. Considering Etowah added the ReViagent to its activatesludge at the
beginning of 2018, the observed differenc
correlations may have been due to this chemical specifically altering the BNR community
structure. Alpha diversity of the BNRlevant community for Maryville antinued to
exhibit strong relationships with temperature and weak relationships with DO. Specifically,
temperature was positively correlated with richness, Shannon and inverse Simpson
diversity (&= 0.85, 0.77, and 0.64, respectively). These findingshéurindicate that
Maryville may have a stable community and that Cookeville may eventually exhibit these
correlations detected in Maryville, which
community.

The BNRrelevant OTUs detected in the core comnyumiere selected, grouped
by genera, and then correlated with various wastewater characteristics for each WRRF in
order to determine environmental conditions that may be linked to potentiar&iiied
microbial function (Fig. 3L7). In the Cookeville WRRFCandidatusAccumulimonas was
positively correlated with temperature<10.60), wherea€andidatusObscuribacter was
negatively correlated with temperature=(r0.56). Furthermore, these putative PAOs
(Nielsen et al., 2019; StokholBjerregaard et al., 2017a)ere also negatively correlated
with each other § -0.71), suggesting they could potentially share the same niche but

thrive indiffermt seasons. Their presence as core m
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combined with these correlations supports a potentially dynamic and resilient PAO
communi ty. | n [Eethmramaoha@sd CdndidatusAdcumulimonas were

positively correléed with temperature & 0.73, 0.83 respectively) and nitrate=(0.57,

0.87 respectively), whiclsuggestghat CandidatusAccumulimonas may thrive better

during the summer. Furthermor€andidatusAccumulibacter, a weléstablished PAO

(Nielsen et al., 2019; StokhotBjerregaard et al., 2017ayas negatively correlated with
Dechloromonas CandidatusAccumulimonas, and nitrate s -0.75, -0.74, and -0.77

respectively), begging the question of what is the functionality Caindidatus

Accumul i bacter in a highly aer o@Gandidatusxi dat i on
Obscuribacter, was correlated with two other DPADschloromonagqrs= 0.70) and
CandidatusAccumulibacter = 0.55), suggesting these three genera may rely on each

ot her to perform v anrQO posess. AdditlomakyNitiospirakar yvi | | e d s
unclassified members dflitrosomonadaceaehoth of which are part of thaitrifying
community,exhibited strong relationships with temperatuge {0.86, 0.80 respectively).

These correlations reflect thggreater abundance abre Nitrospira OTUs detected in

Maryville during the winter and thgreater abundance obreNitrosomonadacea®TUs

during the summer.

Beta diversity based on relative abundance was also correlated with environmental
parameters using theapscalefunction in R for the total, BNRelevant, and core
communities (Figs.-38, 319, 320). The steqvise modéwith the lowest AIC value and
overall significancf ANOVA; F=10.15, p=0.001¥or the total community includedll
water qualityparameters except for ammonvahich was not surprising since all three

facilities operate for ammonia removahdditionally, each of these water quality
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parameters were also individually significantly correlated with the total community
structure (ANOVA; p<0.01)This model detected strong correlations fmta diversity

with temperature and nitrate (ANOVA,; F=19.15, 6.E&&petively, p=0.001).The strong
temperature correlation was expected since we sampled each facility during the winter and
the summer and microbial community structure is influenced by tempetaterestingly,

nitrate and DO were both positively correlateith the total community structure of
Etowah, the facility operating a highly aerobic secondary treatment process and not
selecting for denitrificationSince this facility did not operate for BNR, it was not
surprisingthat higher levels of nitrate and D&@ncentrations were more associated with
variations in Etowahods total community str
have potentially shaped the community, as is further supported by the additional capscale
analyses (Fig.-39, 320). Additionally, the communities from two sampling events for
Cookeville that occurred within the first year of optimization exhibited slightly more
positive correlation with nitrate than the communities from other Cookeville sampling
events. This may have been dte the community still adapting to performing
denitrification. Interestingly, the total community capscale analysis was the only dataset to
demonstrate this correlation. The BN&evant capscale analysis displayed a few similar
correlations to that of thtotal community, except this stepise modelwith the lowest

AIC and overall significancBANOVA; F=11.99, p=0.001lincluded allparameters except

DO and ortheP. Each of these water quality parameters were also individually
significantly correlated witthe BNRrelevant community structure (ANOVA; p<0.01).

Like the total community, temperature and nitrate were strongly correlated to the beta

diversity of the BNRrelevant community (ANOVA; F=24.69, 7.2D respectively,
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p=0.001). The BNRelevant communitystructure for the first two sampling events for
Cookevillewasnot explained by nitrate (Fig-B9) as was the case ftre total community
(Fig. 318) . The | ack of correlati on -releeabtween ni t
community was surprising. Thisuld indicate that more microorganisms contribute to
BNR than are currently known, and that our BNfRevant list may be lacking. Lastly, like
the total community, the stepise modelwith lowest AIC and overall significance
(ANOVA; F=12.10, p=0.001)comparing water quality parameters with the core
communityincludedall parameters except for ammartitowever, like the BNRelevant
capscal e, the core microbial structure of Coc
correlate with nitratef-or all three capscale analyses, temperature explained over 50% of
the clustering patterns and nitrate explained over 20%.
3.4 Conclusion

The outcomes from the aeration modificati ol
demonstrate that an oxidation ditch can beroid to accommodate BNR. Comparing
the microbial community of Cookeville with other facilities also demonstrated that the
corresponding microbial community can respond favorably to this type of optimization.
Since influent water quality characteristicsartularly in regard to nutrient
concentrations, were mostly similar between facilities, this suggests that perhaps the
operational conditions of each facility weee strongerdeterminantof the resulting
microbial communities. Cookeville exhibited a D@dient that accommodated total N
removal more like the BNfesigned facility in Maryville rather than the traditional
oxidation ditch in Etowah. Additionally, EBPR

activated sludge exhibited-reélease/HAc uptakeatios more similar to Maryville than
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Etowah, which was also supported by findings from other studies on -#B§igned
facilities. Shifts in the microbial community for Cookeville were different when compared
to the other two facilities, suggesting that tbommunity responded to optimization.
Furthermore, diversity and core community structure of the optimized facility exhibited
more similarities with the BNRIesigned facility than the facility conventionally operating

an oxidation ditchLastly, dissolvedxygen was strongly correlated with the diversity of
the optimized facility, but not with the diversity of the tvaferencdacilities, which were
strongly correlated with temperature. Since aeration modifications were the key focus of
Co ok ev i |skaptnszatiprranttere was a moderate relationship detected between
diversity and temperature for this facility, it is possible that given enough time, the alpha
diversity of Cookeville WRRF might shift and exhibit a stronger relationship with
temperatee like thereferencdacilities. This could possibly indicate that the Cookeville
microbial community has stabilized in response to the optimizatiois. study provides
evidence that the microbial community of the activated sludge process has thalpiatenti
shift to accommodate BNR and therefore promotes this type of operational strategy as a

possibility for other WRRFs to incorporate.
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CHAPTER 4: AN INVESTIGATION INT O THE POTENTIALLY AC TIVE
MICROBIAL COMMUNITY IN AN OXIDATION DITC H OPTIMIZED FOR

BIOLOGICAL NUTRIENT REMOVAL

Abstract

Microbial communities of the biological nutrient removal (BNR) process in water
resource recovery facilities have been extensively studied using-ti2idé&d methods.
Through this type of workflow, researchers have bdsa ta identify the microorganisms
present during the BNR process and identify their putative contribution based on genetic
potential. While DNAbased studies are a useful starting point for evaluating the
community of BNR, gene expression, or RIWAsed,nvestigations allow for detection of
microorganisms who are potentially active during BNR processes. This study combines
both DNA and RNAbased approaches ¢haracterizeéhe active microbial community of
an activated sludge process and the potential ibationhs to BNR. Specifically, over a
course of two weeks, we evaluated the microbial community of an oxidation ditch that had
been optimized with aeration modifications to accommodate simultaneous nitrification,
denitrification, and enhanced biologicalgsphorus removal (SNDP). In this study, we
focused on how the resulting DNA and RRMsed communities differed and correlated
the active community with various wastewater characteristics in ordedettify
microorganisms with potential importance to ®lDP process and that warrant further
investigation. One such group that warrants further investigation are the polyphosphate
accumulating organisms (PAOs). We detected active PAOs in high abundance during both

sampling events, however the wastewater atarestics of the facility did not reflect the
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traditional conditions for these microorganisms to contribute to SNDP. Furthermore, the
DNA and RNAbased communities were correlated differently with the various wastewater
characteristics considered in tBisidy, suggesting that further investigations are needed to
truly establish the active community of the BNR process and the corresponding
relationships with environmental conditions.
4.1Introduction

Many studies have posited that linking the microbialtire and function of the
activated sludge community could improve design and optimization of a water resource
recovery facilityods ( WRRF) operational proce
removal (BNR)(Carvalho, Lemos, Oehmen, & Reis, 2007; Kong et al., 2007; Mao et al.,
2016; Xia, Wen, Zhag, & Yang, 2018; Yu & Zhang, 2012p0 far, most studies have
primarily investigated structure apdtentialfunction of the activated sludge community
through DNAbased analyses, which has become easier and accessible with modern high
throughput sequencing workflowgerrera & Sanchez, 2016; Goodwin, McPherson, &
McCombie, 2016; Wu et al., 2019High-throughput sequencing has contributed to
estimating community diversity, identifying unknown microorganisms with potentially
important roles in the activated sludge process, and helping to reveal correlatiogenbetw
diversity or abundance with wastewater characterigiés et al., 2018) One study, for
example, used this method to assess the abundance and distributi@ypbiogphate
accumulating organisms (PAOs) across Danish enhanced biological phosphorus removal
facilities and found the most abundant PAO td'baasphaergStokholmBjerregaard et
al., 2017a) Additionally, Keene et al(2017, used highthroughput sequencing during

their study on the impacts of low dissolved oxygen during BNR and were able to detect
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shifts in the nitrifying microbial community on the species level. Nonetheless, while DNA
based investigtions are quite useful for identifying microorganisms present in the
secondary treatment process and proposing their genetic potential to contribute to various
processes, such as BNR, studying RNA can reveal the microorganisms that are active or
soonto-be active during BNRBlazewicz, Barnard, Daly, & Firestone, 2013; Metch et al.,
2019; Vuono et al., 2016)ewer studies, howerehave investigated the activity of the
activated sludge community, in other words, RN&sed analyses. This process can be
more challenging than DNAased workflows due to the tirsensitive nature of RNA
degradation and handling fragility, however Ri¥Ased studies are becoming more
attainable through recent technologies, such as preservation solutions and kits with
streamlined workflowgKarst et al., 2018b; Liu et al., 2019; Sato et al., 2019; Vieira et al.,
2018) One method fortadying microbial activity involves synthesizing a coerpéntary

strand of DNA (cDNA) from RNA sequences, which can then be treated like a DNA
sequence. One downfall with RNA investigations is that output can be misleading due the
variation in gene countlor different bacteria and due to differing RNA synthesis and
degradation rate¢Blazewicz et al., 2013; Klappenbach, Dunbar, & Schmidt, 2000)
However, proposing microorganisms that are active during a certain set of environmental
condtions or operational parameters could be useful for determining characteristics of a
productive activated sludge process. Furthermore, by revealing which functionally
relevant microorganisms are active, this type of investigation can also help narrow down
which functional genes may warrant further examination. One example of an activated

sludge process that could benefit from cDN&sed analyses is BNR, particularly when
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trying to establish the microorganisms that are active during unconventional BNR
proceses that result from optimization.

Biological nutrient removal is a widely studied, microkdaiven activated sludge
process. This process has been explored considerably bylaskd studie€C. Guo et
al., 2013; Keene et al., 2017; Saunders, Larsen, & Nielsen, 2013; SteRfjehegaard et
al., 2017a; T. Zhang et al., 2012)owever, there is still a need foentifying acive
microorganisms during optimal performance and after operational modificgBatts et
al., 2019; Yasong et al., 201%urthermore, the active microbial community associated
with a successful BNR process might slightly shift from-ttagay for a single WRRF due
to the dynamiaonditions of wastewater. Additionally, the active BNR community may
also differ depending upon a facilityds opera
for more studies that link the active community with environmental conditions of the
activatedsludge. There have been a few studies that looked at microbial activity during
BNR and illustrated the usefulness and application of a cbiiged approach. One study
assessed the response of the activated sludge microbial community to arsitaueathon
periods while exposed to various temperatudetch et al., 2019)They found that the
relative abundances of detected phyla détebetween the cDNAased and DNAased
community structures. The DNBased dataset portrayed Bacteroidetes as a prominent
phylum during the starvation period, but the cDNA dataset showed this phylum as not very
active throughout the study. Furthermorejative abundance for the cDN#ased
community showed Planctomycetes and Cyanobacteria as more active during the
starvation periods than the DN#ased communitindicated Another study investigated

microbial activity during operational modifications opi¢ot-scale AO process, including
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carbon source supplementation and multipoint nitrification liquor recy€agong et al.,
2019) They focused on functional gene expression edlato nitrification and
denitrification. They found that modifying the carbon source improved nitrogen removal
in the shorterm and increased nitrifier and denitrifier abundance. However, over time they
observed inhibited gene expression from the nitdtedizers and the denitrifiers,
eventually making this modification unfavorable. These stuplieside encouragement
thatinvestigatingthe active microorganisms during BNR can provide new insight on the
factors that may enable a stable and resilmitrobial community and thereby an
improved secondary treatment process.

In this study, we looked at a ftdcale WRRF operating an oxidation ditch under
an optimized strategy. This facility was optimizing their oxidation ditch to accommodate
simultaneousnitrification, denitrification, and enhanced biological phosphorus removal
(SNDP) in order tamprove nutrient removal capability without adding or upgrading
infrastructure. This optimized strategy involved modifying aeration patterns that allowed
for a desolved oxygen (DO) gradient, both laterally and vertically, in the oxidation ditch.
This gradient generated aerobic, anoxic, and anaerobic zones throughout the ditch. Since
it is well established that microbial communities are affected by variationssolded
oxygen(Daigger & Littleton, 2014; Keene et al., 2017; Zhou et al., 204tbidying the
active community of this oxidation ditch will hetp better understarttow the community
responds to such dynamic conditions. We previously conducted aliaNéd study and
now turn to a cDNAbased investigation to determine which microorganisms were active
during two summer sampling events. These two events took place three years after the

WRRF began aeration modifications and were selected for cb@é&d analysis with the
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hope that the community had stabilized enough to gather information that would reflect
active microorganisms during unconventional BNR in an oxidation ditch. We hypothesized
that the active community will exhibit differences from the DNR&sed community, hu
that the similarities that are detected will also support observations from the previous study
on this facility (see Chapter 2). Our goals were (1) to compare the composition and
structure of the community established from cDBN&sed analysis to the coranity
established from DNAased analysis and (2) to correlate these communities with various
wastewater characteristics. This stugyeals somenicroorganisms and environmental
conditions that warrant a closer look for future investigations regardimtjdnal activity
during BNR.
4.2 Methodology

4.2.1Sampling, Analytical Techniques, and DNA Extraction

This study focused on two sampling events that occurred over the course of two
weeks during the summer of 2018 at the WRRF located in Cookeville, TédeTdvents
took place three years after the facility implemented aeration modifications in the oxidation
ditch. This facility and the two corresponding events were selected for diaNéd
analysis in order to better understand the microbial community aptamized oxidation
ditch. Investigating activity may support the interesting observations from thel2iNéd
analysis, such as whether the PAOs that were detected in such high abundance during
previous events are active. This type of investigation caem ptovide suggestions for
further investigation. Summer 2018, specifically, was chosen as it was the last season to
sample for this study and it was our hope that the community had stabilized enough that

the information gathered would reflect active manganisms during unconventional BNR
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in an oxidation ditch. A detailed description of the facility, sampling strategy, analytical
techniques, batch kinetic tests, and DNA extraction and sequencing protocol can be found
in Chapter 2 sections 2.2.1 througB@.2.

Due to the high abundance of PAOs detected in previous-Ba$&d investigations
of Cookeville WRRF, the facility was additionally sampled to assess the possibility of
enhanced biological phosphorus removal (EBPR) during sludge wasting and whether
facility influent provided enough readily biodegradable carbonaceous oxygen demand
(rbCOD) to support traditional PAO activity. Samples for this analysis were collected in
May and November of 2019. Composite samples representing the influent and effluent of
the facility were collected over the-2¥ur sampling period. Using a sludge judge, samples
were also collected from two clarifiers, number 3 and 4; since only clarifier 4 was used for
wasting, clarifier 3 was used ageferencdor comparison. Before wtsg could begin,
the return activated sludge (RAS) pump to clarifier 4 was turned off forre@dperiod
to allow solids to build up for a more efficient wasting process. Samples from both clarifiers
were collected prior to the RAS pump shutdown and ta#lected again the next day prior
to the waste activated sludge (WAS) pump being turned on. Samples from the clarifiers
were analyzed for total and volatile suspended solids following Standard Mégtiida
et al., 2012) and for total P, orthd?, and soluble COD using Test N Tube kits (HACH
Company, Loveland, CO, USA). Composite samples were also analyzed for total P and
orthoP and were used to measure rbCOD of the facility following the flocculation
filtration method(Mamais, Jenkins, & Prrr, 1993; Metcalf & Eddy Inc, 2Q14)

4.2.2RNA Extraction, cDNA Synthesis andSequencing
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The activatedsludge samples that were collected from each sampling location in
the oxidation ditch for DNA extractions were also used for RNA extractions (HFig. 2
Table 22). Immediately after collecting each sample, 1ml of sludge was transferred to a
clean tube andentrifuged for 1 minutat 3300 gAfter supernatant was decanted, 1mL of
RNAlatef® Stabilization Solution (Thermo Fisher Scientific, Sunnyvale, CA) was added
and the tube was inverted to resuspend cells in solution. The tube was then placed on ice
for transportation to thiaboratorywhere samples were stored in 4 deg C for up to a week,
as suggested by RNAlafemanufacturer. Tubes were then placed8id deg C for long
term storage.

Once both sampling events were complete, RNA was extracted from agllesam
foll owing the manufacturerds protocol for t h
RNeasy MinElute Cleanup kit (Qiagen, Valencia, CA), which helped to remove DNA
contamination. Concentrations of RNA were quantified for each sample using a NanoDrop
Spectophotometer (Thermo Fisher Scientific, Sunnyvale, CA). Reverse transcription for
cDNA synthesis was then carried out ® ol l owing
Reverse Transcription System (Promega, Madison, WI). During cDNA synthesis, a blank
wastaken through the process and included all components except reverse transcriptase.
This blank served as a negative control to verify the absence of DNA contamination. After
cDNA synthesis was complete, the v4 region of the 16s rRNA gene was targetgd usin
515F/806R primers and amplified using endpoint PCR. Each amplified sample was
visualized by gel electrophoresis to detect the presence of 250bp-bBd&dl amplicons.

The absence of ampliconsmn the negative controlkconfirmed the lack of DNA

contamination or if there was contamination, it was at a 4u@tectable level. After
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verifying the presence of cDNA, library preparation and sequencing were conducted
following the same protocol for DNA, as described in Chapter 2 section 2.2.4.
4.2.3Amplicon SequenceProcessing

DNA and cDNA amplicons were processed together using mothur viSs$himss
et al., 2009)along with the corresponding MiSeq S@®zich et al., 2013faccessed on
12/30/2018). Details are describech Chapt er 2 section 2. 2.5.
removedKeene et al., 2017jesulting in 3,315,354 remaining sequences, which represent
total community structure. Samples wehen subsampled at 26,064 sequences to remove
heterogeneity in sequencing degtieiss et al., 201 Aesulting in > 96.5% coverage for
independent libraries (total of 7026 OTUS).
4.2.4BNR-relevant Microbial Community Selection

BNRrelevantcommunity structure includes microorganisms with the potential to
contribute to BNR and details as to how this comityuwas selected can be found in
Chapter 2 section 2.2.60 generate a second dataframe representing therBidRant
community, we selected 392,092 sequences from the total community, identified according
to the criteria previously described in Chaptersection 2.2.6. Each BNRlevant
community was then subsampled at 1850 sequences to generate a second dataset with >
98.2% coverage (total of 245 OTUs).
4.2 .5Statistical Analysis

Differences between cDNBAased and DNAased microbial community
structures were evaluated for the total and the B&lBvant communities. Beta diversity
was analyzed on the OTFldvel utilizing RStudio version 1.1.4GRStudio Team, 2016)

with packagevegan(Oksanen et al., 201%nd PrimeiE version 7.0.9 (Quest Research
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Limited, Auckland, New Zealand)ot investigate differences in cDNA and DNA
composition within the total community and kit the BNRrelevant community.
Separate Bragurtis dissimilarity matrices were generated for the total and-BNd&¥vant
communities using subsampled relative abundance data. To determine the effect of OTU
presence/absence, each relative abundance tablé&ransformed into a presence/absence
table and additional Bragurtis matrices were generated. Matrices were visualized with a
nortmetric multidimensional scaling (NMDS) plot using Primer7. SIMPROF was
performed on the clusters to determine which sasnpéel a statistically similar (90.05)
community compositionThe functionadonisin veganwas used to conduct permutational
multivariate analyses of variance (PERMANOVA) based on fastis dissimilarity
valuesandthe betadisperfunctionwas used ttest for homogeneity of varianciessample
clusters PERMANOVA tested for global differences by sequence type (cDNA v DNA)
and sampling event in total and BNR communities while accounting for possible non
independence between samggesignating sampig location as a random effect using
the strata parameter Pairwise comparisons were conducted using an analysis of
similarities (ANOSIM). Additionally, a SIMPER analysis was performed to better
understand which OTUs, and therefore species and genera,camributing to the
clustering observed in NMDS plots.

Correlations between wastewater conditions and the -BN#vant community
were measured withatwoa i | e d, Spearmands rank test
the ggplot2 packagéwWickham, 2016) Wastewater characteristics and beta diversity
measurements were cowrtdd with a distanebased redundancy analysis (dbRDA) using

the capscaldunction inveganand visualized witlggord (Beck, 2017)
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4.3 Results and Discussion

4.3.1Wastewater Characteristics
4.3.1.1 Facility Influent and Oxidation Ditch

The influent characteristics of the WRRF significantly differed between the two
samplirg events of this study (Wilcoxon; p = 0.018) (Tabl8)2The composite influent
sample from Summer 2018a measured unusually high nutrient concentrations due to
maintenance on the waste reactor in which waste activated sludge residue was recycled
back thraigh the facility. This maintenance resulted in an increase in nitrogen and
phosphorus loading into the facility. Most measurements taken from the oxidation ditch,
however, reflected typical variations in chemical parameters when compared to other
sampling events (Table -2). Nitrate was the exception where concentrations varied
throughout the ditch, but the actual measurements for Summer 2018a were at least twice
as much as other summer sampling events. This was most likely due to the influx of nitrate
from the waste reactor considering nitrate in the facility influent was more than five times
that of Summer 2018b. Temperature and soluble COD concentrations were relatively
consistent throughout the oxidation ditch for each event. Dissolved oxygen, pH, anmoni
and ortheP concentrations showed similar trends throughout the ditch, fluctuating between
sampling locations laterally and vertically. Like other events, eRHluctuations in the
ditch suggested the possibility of EBPR where increases in -Brtlhorcentrations
corresponded with decreases in DO concentrations.
4.3.1.2 Potential for Facility to Support EBPR

Phosphorus required for cellular maintenance measures approximately 1.5 to 2.5%

of dried biomasgMadigan, Martinko, Bender, Buckley, & Stahl, 2015; Metcalf & Eddy
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Inc, 2014) If phosphorus is detected in excess of what is needed for cellular growth, then
it is consi de rlewn &Bhapiro,ul®6%)Iin copverdidnal &BPR, dried
biomass can consist of 4 to 8% P in{&dlale systems and over 10%laboratoryscale
systemgGebremariam, Beutel, Christian, & Hess, 20The waste activated sludge from
Cookevill eds WRRF measured onl yrstbam@liago P of
event and 2.15% P for the second event (Takl¢, 4ndicating that luxury uptake, and
therefore EBPR, was not exhibited based on this analysis during the wasting process at this
facility. Furthermore, traditionally, an roCOD/TP ratio of atdel5 is needed to support a
productive EBPR proce¢Barnard, Dunlap, & Steichen, 2017; Mdfc&aEddy Inc, 2014)
and composite samples from these events revealed that only 7.6 and 7.9 roCOD/TP was
entering the facility (Table-4). This additional investigation, while limited in data points,
further supports the need to better understanddiets of PAOs in noREBPR secondary
treatment processes, such as oxidation ditches.
4.3.1.3Potential of Activated Sludge to Perform EBPR

Kinetic batch tests to determinerélease and uptake rates were conducted on the
activated sludge collected fronoth sampling events in this study (Tabl&)2 Summer
2018b exhibited the slowest acetate (HAc) uptake rate of 6.01mg HAc/dhW&aRl the
highest Prelease/HAc uptake ratio 0.59 when compared to all othergpishization
batch tests. The batch test fSBummer 2018a, on the other hand, resulted in-a P
release/HAc uptake ratio of 0.31, the second lowest among all sampling events. The lower
rates and ratios for Summer 2018a could be due to the high concentrations of nitrate in the
oxidation ditch. Some stigs have reported that nitrate can be inhibitory for EBPR

(Guerrero et al., 2011; Zheng et al., 2Q1at)least until the ecomunity adapts, which it
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may not have had ample time to do since this was a relatively recent shock to the system
for this sampling event. Nevertheless, these ratios were still comparable to batch tests from
studies focused on EBP@Rsigned facilitiegGu et al., 2008; Lope¥Yazquez et al., 2008)
Interestingly, even though batch testing and eRhftuctuations in the oxidation ditch
show EBPR potenti al of the activated sl udg
WRRFregarding the possibility of EBPR during sludge wasting and rbCOD in the influent
depicted a slightly different story in that these parameters did not reflect the wastewater
characteristics supportive of EBPR (Tabl&}4However, as presented in ChaptdPR0s
were detected in high abundance for all sampling events based on DNA analysis, therefore
RNA was evaluated to determine whether these PAOs were active in this unconventional
environment.
4.3.2Microbial Community
4.3.2.1CommunityCompositionBasedon DNA andPotential Activity

The community composition differed between the DNA and cDNA datasets for
both the total and BNfRelevant communities. However, it should be noted that, like DNA
based analyses, cDNBased analyses can also result in mislepadutput. This can be
attributed to the variation in gene counts for different bacteria and the different rates among
bacteria for RNA synthesis and degradatiBfazewicz et al., 2013; Klappenbach et al.,
2000) Nevertheless, detecting microorganisms that are active entmily active can
support or suggest differences in observations made from-bd$&d analysis as well as
provide information regarding microorganisms that may warrant further examination.
Proteobacteria was the most dominant phyla for all samples andwuties (Fig. 41),

which was expected since other studies on the activated sludge community in an oxidation
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ditch have also reported this trefdih et al. 2015; Xu et al., 2017However, for the total
community, Bacteroidetes was the second largest phyla detected in the DNA samples,
whereas Planctomycetes was the second largest phyla detected in the cDNA samples. This
is interesting because even thoughroles of Planctomycetes in the activated sludge
process are not yet completely understood, some members contribute to the global nitrogen
and carbon cycles and this plwyl harbors anaerobic ammonium oxidation bactéCiae

et al., 2017; Chiellini et al., 2013; J. Guo et al., 20Edythermore, Metch et. al 2019 also
observed more Planctonstes in the active community than were represented in the DNA
based analysis, which could be due to biases mentioned above or the possibility that they
are more active and important to the activated sludge process than currently thought.
Additionally, thenitrifying phylum, Nitrospirae, made up less than 2% for the DNA and
cDNA-based datasets, which was slightly lower than the idged observations from

Xu et. al, 2017, which detected closer to 4% Nitrospirae among the studied Carrousel
oxidation ditches vth anaerobic, anoxic, and aerobic zones. The top 25 genera for the total
community showHaliangium a weltknown denitrifier(Mcllroy et al., 2016)as the most

active genera duringné studied sampling events, as opposed to the unclassified members
of Comamonadaceaayhich have been listed as the most dominant genera in previous
DNA-based total community datasets (Fig8$, 3-8, 42). Other BNRrelevant genera that
differed betweenhte cDNA and DNA samples were the putative denitrifiéo®gloea,
CandidatuPromineofilum, andamia, which were revealed as more active than the BNA
based dataset indicated (Fig3% The putative nitrifietA0837 glycogen accumulating
organism (GAOYXCM193a denitrifierSulfuritaleg and PAOCandidatusAccumulimonas,

on the other hand, were found to be less activewlard be predicted bthe DNA-based
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communityanalysis It is interesting to observe a mix of BNBlevant genera as active or
soonto-be active in an unconventionaibperated oxidation ditch because it niragicate
that the modifications of aeration patterns allowed for a community with potential to
contribute to BNR or SNDP in an oxidation ditch. Furthermore, for these sampling events,
CandidatusAccumulibacter was ranked fifth in relative abundance for the total active
community but 3% for the DNAbased community. Interestingly, other putative PAOs
such agCandidatusAccumulimonasCandidatusObscuribacter, andetrasphaeravere
alsodetected as active. Considering this facility is not designed for EBPR, functional gene
expression by the PAO community should be investigated in future studies to better
understand their roles in the activated sludge process.
4.3.2.2BetaDiversityBasal on DNA and Potential Activity

Visualizations of the Bray Curtis matrices for the total and BHIRvant
communities displayed separation between the Bidded and the cDNBased dataset
(Fig. 44, 45). A global PERMANOVA test detected a significant eiffnce based on
sequence type (cDNA or DNA) for the total communfg{21.4,R?= 61.7%, p=0.001
relative abundancés=10.1,R?= 18.3%, p=0.001presence/absencahd BNRrelevant
community £=83.0, R? = 52.9% relative abundanceF=13.3, R?> = 25.5%
presence/absence, p=0.000jhen including both DNA and cDNA datasetserte was a
significant difference between sampling events for the total community (PERMANOVA;
F=27.3,R?= 13.9% relative abundancds=3.9, R’ = 6.9% presence/absence, p=0.001)
and BNRrelevant community (PERMANOVAE=31.5,R?>= 20.0% relative abundance,
F=2.6, R?= 4.6% presence/absence, p<0.0Bpirwise analysis using ANOSIM further

revealed that the active total community structure strongly differed between sampling
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eventswhen based on relative abundanBe= (1.0, p=0.001), but were overlapping for
community membership when assessing the presence/absence Bat@se9d71, p=0.00)L
(Ramette, 2007)Like the active community, the DNBased structure exhibited the same
pattern between eventANOSIM; R= 1.0 relative abundance, 0.55presence/absence,
p=0.001). As mentioned in Chapter 2, these two events were nesepatated by the
presence/absence dataset, especially when compared to other sampling events for
Cookeville, for which ANOSIM values reflected complete separation. Transient

mi croorganisms entering the activated sludge
contributed to differences in the total community structure. Similar to the -BDa$&d
community, the active community diffetemore between these two events based on
relative abundance compared poesence/absence, which supports the idea of stable
community membership for a season, with -tlagay relative abundance fluctuations.
Furthermore, the active BNRelevant communitytsucture was slightly similar between
events based on relative abundanbet almost completely inseparable based on
community membership (ANOSIM; R= 0.835 relative abundance, 0.150
presence/absence, p<0.05heT DNAbased BNRrelevant structure was cotegely
separated based on relative abundance, but inseparable based on community membership
(ANOSIM; R= 1.0 relative abundance, 0.12@resence/absence, p<0.0%hese results

reflect that the potentially active BNRlevant community structure may alsbifs
somewhat like the active total community, in that abundances may fluctuate, but
community membership remains relatively the same within a season. This idea warrants
further investigation because presence/absence of community members may be more

definitive of a stable community than relative abundance. Studying an activated sludge
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process with ample time before and after optimization for BNR, may help to establish
whether this metric is useful for determining stability of the microbial community and
therefore, the BNR process.

Since the active and DNBased community structures differed, yet exhibited
similar clustering patterns, a SIMPER analysis was conducted to better understand which
OTUG6s had the most i mpact . Tlarit betwegncDONAU c o nf
and DNAbased total community structures belonged to the geBandidatus
Accumulibacter, which contributed 1.49%, followed by OTUs belonginga®(1.47%)
and Terrimonas(1.35%). The OTU belonging t6andidatusAccumulibacter was more
abundant in the cDNAased dataset, whereas the OTUs belongiB§3andTerrimonas
were more abundant the DNA-based dataset. Additional contributors to the top 25%
dissimilarity between the cDNA and DNBased total communities included OTUs
belonging to BNRrelevant generhlitrospira, Haliangium, Zooglea, Dechloromonasd
lamia. These BNRrelevant OTUs wre all detected in higher abundairtéhe active total
community than inthe DNA-based total community. When assessing just the -BNR
relevant community dataset, only three OTUs contributed to the top 25% dissimilarity.
Those OTUs belonged to gen&andicatusAccumulibacter (11.5%)0837(7.7%), and
Sulfuritalea(5.4%), all of which have potential to contribute to total N rem¢\valliroy
et al., 2015)It is interesting thaCandidatusAccumulibacter, a anmonly classified PAO
or DPAO (Camejo et al., 2016; Flowers et al., 200Bad the most impact on the
dissimilarity between the active community ané tbNA-based community, especially

since this facility did not exhibit strong properties indicative of the EBPR process.
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Even though characteristics of Cookevillebo
of EBPR, the kinetic batch tests revealed that the aetivsludge of this facility has the
potential to perform EBPR. However, since the rates resulting from these tests differed
between the two sampling events, another Bray Curtis dissimilarity matrix based on
relative abundance was generated for the cEfdged and the DNAased putative PAO
communities (Fig. 46). The PAO community structure was found to be significantly
different based on sequencing type and sampling event when evaluated on thev&TU
(PERMANOVA; F=267.8,R? = 71.9% type, F=37.5, R = 10.1% event, p=0.001)
Pairwise analysis revealed that the DiRAsed PAO community was completely separated
between events but that the active putative PAO community was slightly overlapping
(ANOSIM; R=0.995 DNA, 0.527 cDNA, p=0.001).This demonstrateghat the active
community with potential to perform EBRRfferedbetween the two sampling events and
mightbe relatedo thediffering EBPR activityseen irthe batch tests. A SIMPER analysis
comparing the 43 OTUs in the active putative PAO communitydalat only two OTUs
contributed to 56.1% of the dissimilarity between sampling events and they belonged to
the generaCandidatus Accumulibacter (34.4%) andDechloromonas(21.7%). This
observation again supports the need for more stud@mtacterizéhe role ofCandidatus
Accumulibacter and other PA@enera in activated sludge processes outside of the
conventional EBPRlesigned facility.
4.3.3Correlations BetweenWastewaterCharacteristics andMicrobial Communities

Correlations between the BNfelevant community and wastewater characteristics
of the oxidation ditch were evaluated using S|

DNA-based communities (Figs:#4 4-8). The outcomes of these analyses differ in many
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respects, in that some correlagowere detected or weighted differently for the DNA
dataset than the cDNA dataset. Nitrate was very strongly negatively correlated with the
putative denitrifying and PAO communities £ -0.82,-0.85, respectively) based on the
DNA dataset, whereas the NIB. dataset showed these relationships less correlated (r
0.61,-0.44, respectively). The putative denitrifying community was strongly correlated
with pH for the cDNA datasets(x 0.79) suggesting that as pH increased, so did the active
denitrifiers. This is interesting because literature has reported that as pH increases, so can
denitrification rates, such as nitrate reduction, until the optimal point is reéched h e | et
al.,, 2010; Glass & Silverstein, 28). However, this correlation between putative
denitrifiers and pH was weaker for the DNbMased datasets@x 0.43). Considering pH is

an important and manageable environmental factor at a WRREF, this relationship for the
active community suggests itsrves further consideration, however it might have been
overlooked when based solely on the DNA dataset. On the other hand, the denitrifiers were
correlated with orthd? in the DNAbased datasets@ 0.56), but not at all for the cDNA

based datas€Fig. 4-7). Additionally, the putative denitrifier and PAO communities were
very strongly correlated with each other for the DN#sed datasets(* 0.93), but less so

for the cDNAbased datasets(x 0.60) (Fig. 47). However, sincehis correlationwas
detecedfor both datasets, there may be an important relationship between the denitrifiers
and PAOs during BNR in an oxidation ditch. Therefore, future studies investigating
functional genes of these BNielevant communities may reveal meaningful correlations
with the varying wastewater characteristics in an oxidation ditch; correlations that could

help diagnose and solve SNDP process failure.
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Specific BNRrelevant genera from the cDNA and DNv&sed communities were
also analyzed for correlations with wastewatbaracteristics. The DNAased dataset
showedCandidatusAccumulibacter andulfuritaleastrongly negatively correlated with
nitrate (s = -0.88,-0.79, respectively), however the cDMNased dataset only showed
moderate to weak correlationss & -0.49, -0.12, respectively). This correlation is
interesting since botiCandidatusAccumulibacter andSulfuritalea have potential to
contribute to denitrificatiorfMcliroy et al., 2015) Furthermore, since highebandance
was strongly correlated with lower nitrate concentrations for the Diiged community,
perhaps these two microorganisms contributed to nitrate reduction in the oxidation ditch,
especiallyCandidatusAccumulibacter since there was a moderate caticel with nitrate
detected in the cDNAased dataset. Additionally, the DNAased dataset detected very
strong correlations betwee@andidatus Accumulibacter andSulfuritalea, Zoogloea,
Haliangium,and the putative GAGQZandidatuContendobacterdx 0.81, 0.80, 0.72, 0.83,
respectively), all of which have potential to contribute to denitrificaidnollroy et al.,
2015) However, none of these correlations were detected as more than moderate in the
cDNA dataset @= 0.47, 0.29, 0.45, 0.52, respectivel{hhauera Haliangium, and
Skermaniaall putative denitrifiergMcllroy et al., 2015) were correlated with pH in the
cDNA dataset g= 0.59, 0.70;0.47, respectively) and less correlated with pH in the DNA
dataset g= 0.32, 0.49, 0.03, respectively), which was not surprising since the overall
putative denitrifying community also reflected this differen&8837,a genus linked to
ammonia oxidatiofProsser et al., 20148xhibited moderate correlations with ofR@nd
nitrate in the cDNA datasets( 0.47,-0.66, respectively), but these relationships were

dwarfed in the DNA datasetsé 0.01,-0.04, respectively). Furthermore, this genus was
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positively correlated witlNitrospira, a weltknown nitrifier (Pester et al., 2014)n the
active community g= 0.47), but negatively correlated in the DNbAsed community {¢
-0.37). Conversely, the putative denitrifieRenitratisomaandLautropia(Fahrbach et al.,
2006; Mcllroy et al., 208), were found to have more significant relationships in the DPNA
based dataset than the cDNAbased dataset. Most notewortlyenitratisomahad
moderate to strong correlations witiCandidatus Accumulibacter, Candidatus
Accumulimonas, and nitratesé& 0.59, 0.65-0.59, respectively), however none of these
relationships were detected in the active community (.17, 0.01;0.1, respectively).
Lautropiaalso exhibited a moderate relationship with nitrate in the Bildéed community
(rs=-0.53), but ot the cDNAbased community {F -0.1). These results illustrate how
different and potentially misleading DNBased and cDNAased correlations can be for
genuslevel investigations, further supporting the need for mordejoth investigations
into thesamicrobial communities.

Beta diversity based on relative abundance from the cDNA and DNA datasets was
also correlated with environmental parameters usingahscaldunction in R for the total
and BNRrelevant communities (Figs-9, 410). The stepwise models with the lowest
AIC value for the total community included wastewater characteristics nitrate anePortho
for the cDNA dataset and ammonia, nitrate, and eRttior the DNAbased dataset, with
overall significance detected (ANOVA; F= 1e&cDNA, 8.7-DNA, p=0.001). Nitrate and
orthoP were significantly correlated with the total cDNsed community structure
(ANOVA; p<0.01), whereas nitrate and ammonia were &antly correlated with the
total DNA-based community (ANOVA; p<0.05). Both datasets showed nitrate as the

strongest explanatory variable for total community structure, explaining at least 80% of the
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clustering patterns for the studied sampling events. siépwise models with the lowest
AIC value for the BNRrelevant community included wastewater characteristics nitrate and
COD for the cDNA dataset and ammonia, nitrate, and pH for the-Dab&d dataset, with
overall significance detected (ANOVA; F= 6cDNA, 10.2DNA, p=0.001). Nitrate and
COD were significantly correlated with the BNBlevant cDNAbased community
structure (ANOVA,; p<0.05), whereas nitrate and ammonia were significantly correlated
with the BNRrelevant DNAbased community (ANOVA; p<0.05)Again, nitrate
explained more that 80% of the BNBlevant structure for both cDNA and DNA datasets.
Within the context of the variables chosen for evaluation, it was not surprising that nitrate
explained a large percentage of the total and B&lBvantcommunity structures for each
dataset since nitrate concentratiovereunusually high for the summer 2018a sampling
event. This is further illustrated in the capscale plots, where the samples from summer
2018a cluster around the positive nitrate vectorarsm than the samples from summer
2018b (Figs. @, 4-10). Overall, these observatiomsght suggest that sintke evaluated
wastewater characteristiemry throughout the oxidation ditch, activity of the total and
BNR-relevant communities masisoshift throughout the ditchhowever more sampling
events are needed to confirdinalyzing BNRrelevant functional gene expression of the
community and the corresponding environmental parameters ceuthl how this
community changes throughout the ditch tocamemodate SNDP in the various zones of
the DO gradient.
4.4Conclusion
Utilizing cDNA-based methods toharacterizehe active microbial community

during BNR can reveal potentially important microorganisms that may contribute to the
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process by demonstratitigose that are active or setmbe active whereas DNAbased
methods capture active, potentially active, and deceased microorganisms. This is crucial
when attempting to decipher the roles of BNfRevant microorganisms that are present,
especially in hig abundance, in an unconventional BNR process, like SNDP in an
optimized oxidation ditch. In this study, we detected a high abundance of active putative
PAOs, some with the potential to denitrify, in the oxidation ditch of Cookeville WRRF, a
facility thatdid not exhibit the traditional conditions for supporting such microorganisms.
Batch testing of the activated sludge fordRease and uptake from both summer events
resulted in ratios that were comparable to a typical, designed EBPR process. However, the
rbCOD of the facility influent along with intracellular P estimated from the wasting process
did not indicate the occurrence of EBPR at the Cookeville WRRF. These outcomes suggest
that the detected PAOs can survive in an unconventional BNR process, ibubldse

during these conditions warrant further investigation. Additionally, the active putative
denitrifiers were strongly correlated with pH in that they were more abundant when pH
increased. This was a relationship not detected with the -Das&d datat and is one
example of potentially important information for an operator when diagnosing a failed
BNR process. The results of this study further illustrate the need for more investigations
into the active microbial community of the activated sludge m®ae order to provide

useful information for a WRRF operator as well as provide suggestions for further research

related tanvestigatingunusual roles of microorganisms, especially during SNDP.
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CHAPTER 5: MONITORING A POLYPHO SPHATE ACCUMULATING
COMMU NITY AS IT TRANSITIO NS TO ACCOMMODATE DE NITRIFYING
ENHANCED BIOLOGICAL PHOSPHORUS REMOVAL IN A LABORATORY -

SCALE REACTOR

Abstract

Identifying the microorganisms that contribute to biological nutrient removal
(BNR) in water resource recovery facilities (WR$ can provide useful information for
operators during daily management of the facility as well as for engineers when designing
or optimizing a secondary treatment process for BNR. To contribute to this body of
knowledge, we previously investigated thecrabial community of a fulscale oxidation
ditch that underwent aeration modifications to accommodate simultaneous nitrification
denitrification, and enhanced biological phosphorus removal. During that study, we
detected active, putative polyphosphate uawglating organisms (PAOs) in high
abundance, but did not observe the traditional conditions associated with these
microorganisms. These outcomes warranted a closer investigation into the PAO
community. Therefore, for this study, we enriched activatedyslud alaboratoryscale
bioreactor for PAOs by subjecting the reactor to a traditional enhanced biological
phosphorus removal (EBPR) environment. The reactor was then transitioned to incorporate
anerobic and anoxic/microaerobic stages to represent dislsokygen conditions of the
full-scale optimized oxidation ditch. The nutrient removal performance and the microbial
community was monitored throughout the study to evaluate whether the community could

perform satisfactory nutrient removal under these itmms and toassesghe shifts in
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community to better understand which microorganisms thrive in the new environment. The
goal of this study was to better understand the PAO community during denitrifying EBPR
(dEBPR). We found thaDechloromonasand the ptative glycogen accumulating
organismCPB_C22&F32 exhibited more potential importance during the dEBPR process
than the welknown PAO,CandidatusAccumulibacter.
5.1Introduction

Excessive discharge of nitrogen (N) and phosphorus (P) from both point and
nonpoint sources contribute to eutrophication of receiving water bodies and has been an
environmental concern for some tinfPodds & Smith,2016; Sharpley et al., 2014;
USEPA, 2015h)To address the impact from point sources, specifically water resource
recovery facilities (WRRF)egulatory agencies have been implementing stricter limits on
nutrient dischargg USEPA, 2011, 2015a)ln response to this, optimizing existing
processes for biological nutrient removal (BNR) has become increasingly popular since it
has beenlown to reduce nutrients in effluent without expensive upgrgdi@svignarelli
& Bertanza, 1999; USEPA, 2015&Biological nutrient removal is a microbidtiven
process that is traditionally achieved through the use of multiple reactors where activated
sludge is cycled through anerobic, anoxic, andlaerzones in order to remove N and P.
However, unconventional implementations of BNR have emerged in facilities operating
single reactors for their secondary treatment process, like an oxidation ditch. One strategy
for optimizing a single reactor for BN to modify aeration patterns in a way that
generatsa dissolved oxygen gradient, providing the anaerobic, anoxic, and aerobic zones
that BNRdesigned facilities achiey®aigger & Littleton, 200Q) Creating this complex

environment can allow for the activated sludge to carry out simultaneous nitrification,
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denitification, and enhanced biological phosphorus removal (SNDP) in an oxidation ditch.
This unconventional application of the BNR process has been successful for some facilities
(Daigger & Littleton, 2014)however process failures still occur ahd microorganisms
involved, along with their corresponding roles, still remain elusive. Since BNR is a
biological process, understanding the microbial community structure and potential
function, and how it relates to wastewater characteristics and iopatatonditions is
relevant to improving process efficiency.

Investigating the microbial community responsible for BNR in the activated sludge
process can provide insight to i mprove o0pe
treatmentCarvalho et al., 2007; Xia et al., 2018urthermore, as WRRF move towards
optimization for BNR(USEPA, 20153)understanding how these communities might
respond to various new conditions dsnuseful knowledge to have before implementation
in the field. Our current knowledge of the BNR microbial community is based on many
studies that have proposed various microorganisms as nitrifiers, denitrifiers, and PAOs
(Guerrero, Guisasola, & Baeza, 2015; Mcllroy et al., 2016; Mielczarek et al., 2013;
Oehmen et al., 2007; Siripong & Rittmann, 2007; Yao & Peng, 204dvever, most of
these studie$ocus on WRRFs designed for BNR with separate anaerobic, anoxic and
aerobic zones. Studies are lacking that have specifically looked at this community during
an unconventional application of the BNR process, like SNDP in an oxidation ditch. As
more WRRFsegspecially the small to mediusized facilities operating oxidation ditches,
are evaluating optimization to incorporate SNDP instead of designing for BNR, the
mi crobial communitiesbdé response with respe:

well understood and needs to be addressed. Understanding the microbial communities of
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BNR processes like SNDP is important since the goal of many optimizations is to add or
improve total nitrogen (N) and total phosphorus (P) rem@vaigger & Littleton, 2014;
USEPA, 2015a)To address this, the previous three chapters have focused-soalell
WRRFs. An observation from these chapters were the high relative abundance of known
PAOs, which were also demonstrated to be active in the igptihoxidation ditch. Very
few studies, however, have investigated their role in sstidle, norfEBPR facility, even
when found in relatively high abundand®ehlig et al., 2013) Therefore, these
observations suggested that the roles of PAOSs in this atypicabement may be more
encompassing then currently known. We do know, however, @atdidatus
Accumulibacter phosphatis (CAP), which was detected in high abundance in the optimized
oxidation ditch, is a PAO that has been the focus of mamgdalle and lalbratory-scale
studies performing EBPR and has also been suggested as a contributor to denitrification
during EBPR(Camejo et al., 2016; Coats et al., 2017; Flowers et al., 2008) this in
mind, we decided to investigate the PAO and DPAO communitydgir®@NA and RNA
analysis to shed light on which members might be important to EBPR or denitrifying EBPR
(dEBPR).

Evaluating the microorganisms of activated sludge through b&ged analysis
can provide insight as to the potential of a microbial commuhityvever RNAbased
studies are also useful since they can reveal which microorganisms are active. In order to
study RNA transcripts, one approach is to synthesize RNA into complementary DNA
(cDNA), allowing those sequences to then be processed and anbkg&NA. This
workflow can be slightly more challenging than traditional DNA methods due to the

sensitivity and instability of RNA, however advances in this field have made this process
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more accessible through the advent of stabilization solutions asmdvith simplified
workflows (Karst et al., 2018a; Liu et al., 2019he output from RNA investigations can

be misleading due the variation in gene counts among bacteria and due to differing RNA
synthesis and degradation rat@lazewicz et al., 2013; Klappenbach et al., 2000)
However, identifying microorganisms that are active in theRBptocess can provide
direction for future studies. Even though studies on cEMd8ed, or active, microbial
communities in the activated sludge are currently limited, a few have shown the usefulness
of this approach when investigating the BNR proceswbaratoryscalestudy analyzed
cDNA using gPCR and higtinroughput sequencing to focus on the active microorganisms
of dEBPR and observed that CAP and the denitrifieauerawere the main nitrite
reducers in their syste(Vieira et al., 2018)FurthermoreCompetibacterelated species

were observed to be highly active and largely contributimgttous oxide reduction. This

is interesting since som@ompetibacterspecies are known as glycogen accumulating
organisms (GAO) and traditionally thought to be a PAO compédehmen et al., 2007)

This study suggested th@bmpetibactespecies and CAP might actuallyprk together to
achieve efficient dEBPR under the proper conditions. Another study that also investigated
denitrification and EBPR originally used a DNsased approach tdeterminehow
different clades of CAP responded to the electron acceptors oxygetenand nitrite
(Camejo et al., 2016 hrough DNAbased analysis, they were able to characterize these
close taxonomicallyelated groups of CAP based on shifts in abundances throughout the
study, but it wlased ivestigation thdt theyere ebler teevialhate
actual activity(Camejo, Oyserman, McMahon, & Noguera, 201y analyzing cDNA,

they were able to establish that a specific strain of CAP-UD®-IC, is capable of
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simultaneously reducing oxgg and various nitrogen species. These studies support the
usefulness of RNAased microbial investigations, as well as the need for further study
into the BNR community, particularly the PAO members, to decipher links between
structure and function. Coteting wastewater characteristics with structure and function
of the active community can help to establish parameters that allow for a productive BNR
microbial community.

This study is a continuation of research investigating the microbial community of
an oxidation ditch that underwent aeration modifications to generate a DO gradient for
SNDP. The previous RNAased study of this WRRitggestethat CAP was an abundant
active microorganism in the activated sludge community. This was an interesting
observabn since nitrification and denitrification were confirmed for this facility (Tables
2-3, 2-4), but the amount of total P in the waste activated sludge along with influent roCOD
did not indicate the occurrence of EBPR (Tablé)4However, orthé® fluctuatons
t hroughout the oxidation ditch and kinetic ba
sludge is capable of immediater&ease and uptake, especially when subjected to a
traditional laboratoryscale EBPR environment. These outcomes warrantedhédu
investigation as to the function of CAP and other PAOs during an activated sludge process
outside of the traditional EBRBesigned facility, particularly in oxidation ditches where
they have been understudied. Furthermassessingshifts in the CAPand PAO
community when the sludge is subjected to an environment that allows for denitrification
and EBPR, can provide insight as to the functionality of these microorganisms and a better
understanding on how to exploit them for BNR. Since it was notilges® conduct a

PAO-focused analysis in a fuficale WRRF, we relied on a laborat@gale study to
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address this objective. Here we seed&baratoryscalebioreactor with activated sludge
from the Cookeville WRRF and enriched the sludge with PAOsutyesting it to a
traditional EBPR environment. We then transitioned the bioreactor environment to an
anerobic and anoxic/microaerobic environment to better mimic the variations in DO
concentrations that were observed in the optimized oxidation ditche aCdlokeville
facility. The bioreactor was monitored throughout this transition with the gdal$)
assessg whether the microbial community could accommodate both nitrate and
phosphorus removal in the presence of low DO concentrations ankaf@)cterizinghe
microbial community during the EBPR periadd comparing ito the resulting dEBPR
community. By utilizing both DNA and cDNA data, the total and BiRevant microbial
communities were investigated and allowed for a closer look intoputative PAOs and
denitrifying PAOs (DPAOSs) shifted throughout the study.
5.2Methodology

5.2.1Reactor Setup and Operation

Two laboratoryscale2L. sequencing batch reactors, one as the test reactor and the
other as the control, weseeded with activatesludge from an oxidation ditch located at
the Cookeville WRRF. The period covered by this study spanned 242 days, including
periods of stable EBPR and dEBPR. Both reactors werapséo continually run four
cycles per day at room temperature and werdirmoously mixed except during settling
and decanting. Each cycle was six hours long and included mimde feeding time, two
hour anaerobic stage, a thiieeur aerobic or anoxic/microaerobic stage, and ahoue
settling stage in which 800 mLofeacghact or 6s supernatant was

five minutes.The reactors were fed with synthetic wastewater, including a carbon source
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and a nutrient sourcé&.he carbon source included sodium acetate trihydrate and yeast
extract and the nutrient sourcéncluded ammonia chloride, potassium phosphate,
magnesium chloride, calcium chloride, trace mingtdesselmann, Werlen, Hahn, van der
Meer, & Zehnder, 1999and allylthiourea to suppress nitrification. The synthetic feed in

the influent resulted in 150 mg/L COD, 4 mg/L £B, and 15 mg/L NEtN in eah reactor

at the beginning of each cycle. During the anaerobic stage, each reactor was sparged with
nitrogen gas and the subsequent aerobic stage was achieved by sparging air back into the
reactors. The pH was maintained between 7.4 and 7.8 sudfingic acid (1 N HSQy) and

sodium hydroxide (1 N NaOHY.he aforementioned programs were automated using the
computer software LABVIEW 2010 (National Instruments, Austin, TX, USA).

For the first 86 days-Niotfr atheed ,s thuodtyh, rdeeaf ci tnc
operated for classic EBPR with an anaerobic stage-feteddse and an aerobic stage for
P-uptake. During this period, 125mL of mixed liquor was wasted each day which resulted
in a solids retention time (SRT) of 16 d4is et al., 2014; R. J. Zeng et al., 2009n day
87, the test reactor was modified to incorporate an anoxic/microaerobic stage in place of
the aerobic stage by removing the air pump and adding sodium nitrate after the anaerobic
stage, resulting in 20 mg/L NN in the reacto(Camejo et al., 2016; Keene et al., 2017)
Since the cotinuous mixing alone did not generate the desired low DO concentrations (<
0.25 mg/L) in the test reactor, on day 96, the air pump wagregluced and nitrate input
was lowered to 10 mg/L N&N in the reactor. Dissolved oxygen was measured daily at
theend of the anoxic/microaerobic phase in order to maintain concentrations less than 0.25
mg/L. The period involving adjustments to DO and nitrate concentrations is referred to as

the ATransitional 06 phase and s paonsigedtlyf rom day
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low DO concentrations, on day 146, nitrate was increased back to 20 mg/N hQhe
reactor. The period spanning-Tdanwsl46 onal D4:
During the post phase, only 150 mL of mixed liquor was wasted the test reactor each
week due to the low growth rate of the microbial community, resulting in an SRT of 93.5
days, which was comparable to a similar laboratory study that maintained an SRT of 80
days(Camejo et al., 2016FEven though both studies utiliz2t reactors, our reactors may
have required a longer SRT since they received 300mg/L COD in the influent, whereas
Camejo et al. had a 500 mg/L COD influent concentration. Since the optimized facility
from our fullscale study receives low soluble COD urht, averaging 62.3 mg/L across
sampling events, leaving the COD as low as possible while maintaining the PAO
population in the laboratory reactors was more desirable than lowering the SRT.

Both reactors were monitored weekly during this study. Once la, wamples were
collected at the beginning of a cycle after the feed was introduced, then at the end of the
anaerobic stage, and then again at the end of the aerobic stage. Once nitrate was introduced,
additional samples were collected from the test reaeto the beginning of the
anoxic/microaerobic stage. A sample was collected immediately following nitrate input
and then again fifteen minutes later. Samples were analyzed for total and volatile
suspended solids (TSS/VSS), COD, orthoammonia, and nitrat Samples were also
collected on monitoring days for DNA and RNA extractions. Lastly, DO was measured
daily at the end of the aerobic or anoxic/microaerobic stage and pH probes and meters were
periodically checked and calibrated.

5.2.2Kinetic Study Procedures
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Four kinetic studies were conducted in order to check performance of the mixed
liquor to remove nutrients. The first was conducted in 2016 to determine whether the
microbial communities of the reactors were performing EBPR comparahk ibesribed
in theliterature. This kinetic study is being reported here to illustrate that the reactors had
shown productive EBPR over a long period of time. The next kinetic investigation was
conducted in 2018 on day 86 of this study after three monthsarbtig monitoring and
continual observations of productive EBRRiringwhich the reactors were deemed at a
steadystate. The third kinetic study only included the test reactor and occurred on day 88,
the day after nitrate was introduced and air pump rechdvi@ally, the last kinetic study
for both reactors was conducted on day 199, which occurred after three weeks of productive
dEBPR for the test reactor and included four monitoring days. Samples were collected
every fifteen minutes throughout an entireley The kinetic study for the test reactor on
day 88 and the control reactor on day 199 were the exceptions in which samples were
prioritized and only collected for rate calculations. Samples were filtered using a 0.45um
syringe filter and analyzed for etic acid (HAc), COD, orthd#, ammonia, and nitrate,
where applicable. Mixed liquor was also collected for TSS/VSS measurements and for
DNA and RNA extractions. Dissolved oxygen and temperature were measured every
fifteen minutes using a HACHboratoryscale LDO probe (HACH Company, Loveland,

CO, USA); pH was also recorded every fifteen minutes. The oxidation/reduction potential
(ORP), however, was measured at various time intervals due to lengthy stabilization period
of probe.

5.2.3Analytical Techniques
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Nutrients and COD were analyzed using Test N Tube kits (HACH Company,
Loveland, CO, USA), except for nitrate, which was measured using ion chromatography
(Dionex ASDV, Thermo Scientific, Sunnyvale, CA, USA). Acetic acid (HAc) was
analyzed by gas chromataghy (Model 6890N; Agilent, Santa Clara, CA, USA) equipped
with a flame ionization detector and a 0.53 mm internal diameter x 30 m AgileRHAB
capillary column. TSS and VSS were analyzed following Standard MefA&d$A et d.,

2012)
5.2.4DNA and RNA Extractions, cDNA Synthesis,Sequencing

A detailed description on DNA extraction and sequencing can be found in Chapter
2 sections 2.2.1 through 2.2a#d for information pertaining to samples collected for DNA
and RNA extrations, refer to Table-&. Briefly, samples for DNA extractions were
collected monthly prior to the introduction of nitrate in the test reactor. Once the
Transitional phase began, samples for DNA extraction were collected weekly during
monitoring. Samplefor RNA extraction were not collected until day 86 during the EBPR
kinetic study and were then collected weekly during monitoring. RNA was extracted from
samples collected at the end of the anaerobic stage and from the end of the
anoxic/microaerobic stagen order to determinewhether any differences in active
community structure existed between the two stages. Immediately after collecting each
sample, 1ml of sludge was transferred to a clean tube and centrifuged for 1ahBR@e
g. After supernatant as decanted, 1mL of RNAlafeiStabilization Solution (Thermo
Fisher Scientific, Sunnyvale, CA) was added and the tube was inverted to resuspend cells
in solution. The tube was then storat4 deg C for up to a week, as suggestedhey

RNAlatef® manufactuer. Tubes were then placatt80 deg C for longerm storage. Once
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the last monitoring day was complete, RNA was extracted and reverse transcribed into
cDNA following the protocol described in Chaptesettion 4.2.2Library preparation and
sequencing fothe cDNA was conducted following the same protocol for DNA, as
described in Chapterszctions 2.2.1 through 2.2.4
5.2.5Amplicon SequenceProcessing

DNA and cDNA amplicons were processed using mothur v1.&xbloss et al.,
2009) along with the corresponding MiSeq S@Rozich et al., 2013)accessed on
12/30/2018). Details are described in Chaptse@ion 2.2.5Two different datasets were
generated, one from processing just DNA amplicomsfboth reactors and the other from
processing cDNA and DNA amplicons from the test reactor, with four cONA samples from
the control reactor. For the cDNA dataset, both anaerobic and anoxic/microaerobic samples
were included. OT Us ved (Kdene @t al3 201 &resudting inve r e
4,131,081 remaining sequences for the Db&sed dataset and 4,625,717 for the cBNA
based dataset, which represgral community structure. Sartgs were then subsampled
at 46,949 sequences for the DNA dataset and 48,866 for the cDNA dataset to remove
heterogeneity in sequencing defitieiss et al., 2017)This resulted in > 99.5% coverage
for each independent library with a total of 953 OTUs for the DNA dataset and 1189 OTUs
for the cDNA dataset.
5.2.6BNR-relevant Microbial Community Selection

BNRrelevantcommunity structure includes microorganisms with the potential to
contribute to BNR and details as to how this community was selected can be found in
Chapter Xection 2.2.6To generate additional dataframes representing the-ENRant

community, we selected sequences from the total community. For thelhiddéd dataset,
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1,350,972 sequences were selected and for the elbddAd dataset, 2,165,532 sequences
were selected. These sequences were identified according to the criteria previously
descibed in Chapter 8ection 2.2.6Each BNRrelevant community was then subsampled
at 5781 for the DNA dataset and 19,143 for the cDNA dataset with > 99.8% coverage and
a total of 68 and 100 OTUs, respectively.
5.2.7Statistical Analysis

Differences betweaethe microbial communities of each reactor based on DNA and
cDNA samples were evaluated for the total and the B&l&ant communities. The alpha
diversity for each community was characterized using R Studio version 1(R86&lio
Team, 2016yith packageregan(Oksanen et al., 2019) calculate inverse Simpson and
Shannon diversity for each sample collected.-tAst in R was used to compare alpha
diversity between phases of each readBta diversity was analyzed on the Olevel
utilizing PrimerE version 7.0.9 (Quest Research Limited, Auckland, New Zealand) t
investigate differences between reactors for the total community and therdd®N@nt
community.Separate Bragurtis dissiniarity matrices were generated for the total and
BNR-relevant communities using subsampled relative abundance data. To determine the
effect of OTU presence/absence, each relative abundance table was transformed into a
presence/absence table and additi@nal-Curtis matrices were generated. Matrices were
visualized with a nometric multidimensional scaling (NMDS) plot using Primer7.
Analysis of similarities (ANOSIM) was used to determine how similar or different
community structures were between reactand sequence type (DNA and cDNA).
Additionally, a SIMPER analysis was performed to better understand which OTUs, and

therefore genera, were contributing to the clustering observed in NMDS plots. Linear
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regression using thHe function in R was used to ogare the relative abundance of various
genera between reactors during each phase.

Correlations between wastewater conditions and the -BN#vant community
were measured withatwoai | ed, Spearmandés rank test wu
the ggplot2 package (Wickham, 2016) Characteristics included-f@moval, nitrate
removal, COD removal, DO concentrations measured at the end of the aerobic or
anoxic/microaerobic stages, and nitrate concentrations due to feed input at the beginning
of the anoxic/microaerobic stage. Wastewater characteristics and beta diversity
measurments were correlated with a distasii@sed redundancy analysis (dbRDA) using
the capscalgunction inveganand visualized witlygord (Beck, 2017)

5.3 Results and Discussion

5.3.1Sequencing Batch Reactor Performance

Weekly monitoring of each reactor prior to the introduction of nitrate reflected
conventional EBPR characteristics, with high COD and eptmasphorus removal
efficiencies (Fig. §1). COD consumption and ortH® release was observed during the
anaerobic stge, with ortheP concentrations at the end of the anaerobic stage typically
measuring more than three times that of the concentrations measured at the beginning of
the anaerobic stage. During the figrate EBPR phase, orti® removal for both reactors
consistently exceeded 97%. For the control reactor, @*themoval remained above 97%
except for a couple days when dissolved oxygen was low during the aerobic stage. This
periodically occurred due to clogged stones used for sparging air. Once the ssone wa
cleaned or replaced;f@moval efficiency was restored. During the Transitional phase, the

test reactor did not simultaneously achieve high efficiency é?tlamd nitrate removal.
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Nitrate removal higher than 98% was achieved shortly after the introdwdtrotrate and
removal of air pump, but-Removal dropped to around 32%. After themoduction of
DO, which averaged 1.76 mg/L for a week before it was maintained at <0.25 mg/L, and
lowering nitrate concentration in the reactor to 10 mg/LsMNO P-removal was
immediately restored to 99% but nitrate removal dropped to 30%. Interestingly, once
nitrate removal returned to 100% (day 115)emoval dropped again and remained at less
than 30% until nitrate was increased to 20 mg/LsMOon day 146. Followig this last
adjustment, there were a few more weeks of acclimatization until day 177 when productive
dEBPR was first observed with nitrate removal at 96% areh#®val at 100%.
5.3.2Kinetic Studies

Throughout this study, tests were conducted lastireptire sixhour cycle in order
to determine kinetic rates, such as P release and uptake, of the microbial community in
each reactor. Measuring kinetic rates allows for us to compare the performance of these
reactors to other laboratory and fatlale studis, which can support the potential of the
observed microorganisms and associated characteristics in these reactors to be applicable
to the field. Specifically, we wanted to better understand which microorganisms are present
and potentially active duringrpductive EBPR compared to productive dEBPR and the
calculated rates were utilized to confirm a productive process. Kinetic tests conducted
during the PreNitrate period further illustrated that both reactors exhibited typical EBPR
characteristics (Table-3, Fig. 52). During the anaerobic stage, ORP measurements
reached104.2mV for the test reactor ari31.6mV for the control reactor, which supports
an anerobic environmenfDabkowski, 2012; Gerardi, 20070rthoP release was

immediate upon the addition of acetate and plateaued once acetate was completely
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consumed, which was within thirty minutes. Once DO was introduced into each reactor,
the uptalk of ortheP began and was completely consumed within ninety minutes. Rates
calculated for this kinetic test (day 86) were similar for both reactors, wigheRse/HAc
uptake of 0.30 and 0.29 anduptake rates of 10.20 and 8.37 mg P/g VSS*hr for the test
and control, respectively. The ratios were comparable to what has been reported in other
laboratoryscale studiegBrdjanovic et al., 1998; Hesselmarwvipn Rummell, Resnick,
Hany, & Zehnder, 2000; Oehmen, Vives, Lu, Yuan, & Keller, 20@8)er productive
EBPR was confirmed for both reactors, nitrate was introduced into the test reactor on day
87.

The kinetic test conducted on the test reactor, afteate was introduced and the
air pump removed, served as a baseline for comparison of how nitrate anrB oethoval
subsequently failed or improved (Table25Fig. 53). The control reactor was not
monitored on this particular day since this kinetisttwas conducted two days after the
PreNitrate kinetic study and the control reactor had not been subjected to any operational
changes. Acetic acid was still completely consumed in the anaerobic stage; but P
release/HAc uptake drastically decreased fi Glong with an almost neexistent P
uptake rate of 0.92 mg P/gVSS*hr. The test reactor then went through the Transitional
phase, undergoing various DO and nitrate adjustments before settling on concentrations of
0.25 mg/L DO and 20 mg/L NEN. After a ew weeks of consistent productive dEBPR
observations, another kinetic test (day 199) was conducted on both reactorstijFHQRP
measurements supported the anaerobic stage with measurements rd&3mmg for the
test reactor anell46.8mV for the contil reactor. The anoxic/microaerobic stage for the

test reactor was also supported by ORP measurements, which did not gec&baveln
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contrast, the control reactor exhibited an ORP measurement of +43.5mV during this time,
which was expected. During theaxic/microaerobic stage of the test reactor, cRhand
nitrate uptake rates measured 26.4 mg P/gVSS*hr and 6.4 rgdgN\NgUISS*hr, whereas
rates from a similalaboratoryscalestudy(Camejo et al., 2016nheasured almost half as
much at 14 mgP/gVSS*hr and 2rig NO:-N/gVSS*hr. This difference may have been a
result of a slightly different reactor sa@p. Camejo et al., 2016 did not suppress nitrification
for the daily operation of their reactors, therefore it is very likely their microbial community
differed fom our study. Interestingly, for this kinetic test (day 199), the test reactor
exhibited a Prelease/HAc uptake ratio of 0.59, which was the highest among all the kinetic
tests conducted for this study.
5.3.3Microbial Community Diversity and Structure

DNA sequencing conducted throughout this study prior to the transition to dEBPR,
confirmed the high abundance of various putative PAOs, such as CArRahidromonas
during the EBPR period. Specifically, these reactors averaged 46% putative PAO
abundance wt of the total community during the Pkgtrate phase, compared to the
optimized fultscale WRRF which averaged 2.8% putative PAd@snonstratinghat the
laboratoryscale reactors were enriched. Therefore, in conjunction with monitoring data
and the kintc studies, these resusbowedthat an enriched PAO bioreactor performing
productive EBPR is capable of accommodating dEBPR in the presence of nitrate and low
DO. If and how the community changed to adapt to the new environmental conditions,
including whether the putative PAOs shifted in abundance, was next to be investigated.

Inverse Simpson and Shannon diversity metrics were calculated for both the total

and BNRrelevant microbial communities during productive EBPR in theNtmate
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phase and productive dEBPR in the Pbhsinsitional phase. These metrics were only
measured for the DNAased datasets due to the lack of cDNA samples collected during
the EBPR phase. Both metrics revealed a significant incretesst;(t= 3.9 inv. Simpson,

3.51 Shannon, p<0.05) in diversity between the two periods for the total community of the
test reactor (Figure-5). These metrics were also calculated for samples collected from the
control reactor for the same timespan as the test reactor, bignifecant difference was
detected for the total community between periods. This was interesting since we also
observed a higher diversity for the Cookeville WRRF when compared to Etowah WRRF,
suggesting that perhaps the mix of anoxic and raembic zoms in the secondary
treatment process allow for a more diverse microbial community. Contrary to this finding,
however, both reactors exhibited a significant increase in diversity between the two periods
for the BNRrelevant community {test; inverse Simms: t=3.9test, 2.5control,
Shannon: t=54est, 3.4control; p<0.05) (Fig. ). This observation might not be as
meaningful as the outcome for the total community since the-BéRant dataset may

not include all OTUs that contributed to EBPR or dEBRhis study, whereas the total
community dataset included all OTUs that passed quality filtering.

The presence/absence NMDS showed similar patterns to the relative abundance
NMDS for the DNAbased total and BNHRelevant communities, therefore only relat
abundance NMDS plots are shown (Fig7)5 Specifically, both plots depicted the
communities of the reactors clustering together during theNRrate period and then
separating over the duration of the study. For the total community, no signififargrtce
was detected between the test and control reactors during thitfate phase in terms of

relative abundance or presence/absence. However, the total community structure started to
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exhibit differences between reactors during the Transitionasephdth separate but
overlapping clusterRamette, 2007)ANOSIM; R= 0.641i relative abundance, 0.561
presence/absence, p=0.001). Finally, during the last phase, these communities were
considered completely separate between the reactors (ANOSIM; R=0D.92ative
aburdance, 0.999resence absence, p=0.001). Interestingly, the total community structure
significantly shifted from the PfHitrate phase to the Pestansitional phase for both the

test and control reactors (ANOSIM; R> 0.950, p=0:O@élative abundance and
presence/absence datasets for each reactor). In other words, the total community was
similar between reactors before the introduction of nitrate, then the community changed
over time for both reactors, but changed differently for the test reactor thaorttrel
reactor. The control reactor may have shifted due to the amount of mixed liquor that was
removed during the PiMitrate kinetic study. A SIMPER analysis revealed that the top two
OTUs (OTU 2 and 5) contributing to dissimilarity between reactorsdtine Transitional

phase both belonged Brechloromonaswhich contributed to 22.5% dissimilarity. The test
reactor had more average abundance of OTU 5 (6430) than the control reactor (74),
however both reactors had similar average abundances for OF6b@Q). The average
abundance for OTU 5 was much less during theN#rate phase for the test reactor (7)

and about the same for the control (43), suggesting this particular species of
Dechloromonasnay be important for dEBPR since it increased so @wdltiduring the
Transitional phase. Also noteworthy for the Transitional phase, OTU 3, a member of CAP,
contributed to 5.24% dissimilarity between reactors during this period, with the control
reactor exhibiting more average abundance of this OTU (2[A88)the test reactor (275).

This was a considerable decrease in abundance when compared toNhgaRrgphase
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for both reactors (18,298 control, 22,769test). During the Poskransitional phase, the
top OTU contributing to dissimilarity again belomgé DechloromonagOTU 2) and
contributed to 11.1% dissimilarity. This OTU exhibited similar abundances for the Pre
Nitrate and Transitional periods, but was more than twice as abundant for the test reactor
(9451) than the control (3497) during the Pbsinsitional phase. These observations for
Dechloromonason the speciekevel suggest that these two OTUs may have adapted
differently during this study, but their increase in abundance during dEBPR suggests they
have potential to be important to the pracesdditionally, CAP member, OTU 3,
continued to decrease for both reactors, but more so in the test reactor (142) than the control
(1815). These observations were further supported when SIMPER was utilized to compare
differences within each reactor ovené. CAP andechloromonagontributed to 43.7%
dissimilarity in the test reactor between the-Rigate EBPR and the Pe$tansitional
dEBPR periods, and contributed to 29.3% dissimilarity between these periods for the
control reactor.

Upon seeing the ipact that members from the BNBlevant community had on
the total community structure, the BNBlevant dataset was analyzed to better understand
how this specific community changed. The BidRevant community dataset exhibited
similar trends as the totabmmunity, however there were a few differences. Similar to the
total community, there was no significant difference in BiRvant community
structures between the reactors during theNfrate phase. For the Transitional phase,
the communities of thevo reactors exhibited an increase in separation, but still had some
overlap (ANOSIM; R=0.54+elative abundance, 0.3ftesence absence, p=0.001).

However, the BNReommunity differed from the total community in that during the Post
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Transitional phase, étwo reactors remained somewhat alike based on relative abundance
(R=0.671, p=0.001), but completely separate based on presence/absence (R=0.966,
p=0.001). This suggests that during the Plaansitional phase, some of the dominant
species may have coritited to the similarities between the reactors and the rare species
contributed to the differences. Furthermore, the BWIRvant community of the test
reactor was significantly different during the P#rate phase compared to the Rost
Transitional phase (ANOSIM; R=l-relative abundance, 0.93itesence/absence,
p<0.005). However, the control reactor exhibited some overlap between the two phases
based on relative abundance (R=0.595, p=0.001), but not presence/absence (R=0.994,
p=0.005). These observatiomsrh analyzing the BNRelevant dataset suggest that rare
species may impact the ability of the community to perform different BNR processes and
that further investigation into their activity, specifically their functional activity, could
revealmicroorgansms important to dEBPR.

For the cDNAbased microbial community, an NMDS was generated for the test
reactor based on the dataset that included DNA and cDNA samples-@igdéwever,
upon visualization, the cDNA samples from the anaerobic and anoxicémioluc stages
were tightly clustered for each day they were collected. An ANOSIM test showed that the
two stages, anaerobic and anoxic/microaerobic, did not significantly differ for the total or
BNR-relevant communities. Therefore, the cDNA samples deltbcduring the
anoxic/microaerobic stage were selected for further analysis since the DNA samples were
also collected at that time. Since there was only one cDNA sample for tiMitRte
phase, we were unable to run a statistical test to compare tisaettphather samples. The

active total community exhibited some similarities in structure between the Transitional
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and Posflransitional phases (ANOSIM; R=0.44élative abundance, 0.691
presence/absence, p<0.05). The active BBIRvant community also exhited similarities

in structure between the transitional and Plasinsitional phases (ANOSIM; 0.363
relative abundance, 0.5qitesence/absence, p<0.05). The cDNA and DNA datasets in the
PostTransitional phase for the test reactor were more similar to@her when based on
relative abundance (ANOSIM; R=0.368, p=0.005) than presence/absence (ANOSIM;
R=0.669, p=0.001), indicating that perhaps some of the active dominant species were
adequately represented in the DidAsed dataset, whereas some of theectire species

were not.

The DNA-based analysis revealed that Proteobacteria was the most dominant
phylum throughout the study for both reactors, averaging 64.1% of the total community
for the test reactor and 55.4% for the control reactor. Bacteroiesethe seconthost
dominant phylum, averaging 26.8% relative abundance for the test reactor and 28.9% for
the control reactor. These observations were not surprising since they havmteekm
other laboratonscale studieg¢Coats et al., 2017; Lv et al., 2015; Vieira et al., 2018)
Proteobacteria also made up the vast majority of the-BN#vant community, averaging
over 99% for both reactors. The top 35 most abundant genera for the total community was
visualized to get a glimpse of whether dominant members shifted over timg-@idoth
reactors showed similar community composition for samples collected during the Pre
Nitrate phase, which is supported by the beta diversity analysis. During this time, CAP
comprised 48.8% of the total communitythe test reactor and 39.08he control reactor,
whereasDechloromonasnade up 0.6% and 1.3%, respectively. It was not surprising to

observe CAP in such high abundance since these reactors were fed with acetate to enrich
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for PAOs and they are considered prominent PAOs in literatyreciedly for laboratory

scale studie@Carvalheira, Oehmen, Carvalho, & Reis, 2014; He, Gu, & McMahon, 2006;
Oehmen, Yuan, Blackall, & Keller, 2005; Tu & Schyl2913) The microbial community
composition for both reactors changed after theNfmate phase (Figs.-3, 59), even
though the test reactor was the only one to receive the addition of nitrate and the control
reactor had no changagroduced Theshift in the control reactor may have been due to
the amount of sludge removed during the kinetic study. Either way, even though both
reactors shifted, they each shifted differently, which is also supported by the beta diversity
analysis. Notalyl, during he Pos{Transitional phase, CAP decreased to 0.3% of the total
community in the test reactor and 5% for the control realbechloromonason the other

hand, increased to 29.0% in the test reactor and 7.6% in the control reactor.

Upon observing these $ts in potential denitrifying PAOs (DPAO), the BNR
relevant dataset was further analyzed to increase resolution for comparing phases and
reactors (Fig. 8.0). BothDechloromonasnd CAP exhibited significant shifts between
phases (Linear Regression?=R29%, 91.8%, F=21.1, 87.24espectively; p<0.01).
Pairwise comparisons confirmed that neither CAPD@chloromonasveresignificantly
different between reactors during the-Rlierate phase, however significance (p<0.05) was
detected between reactors dgrithe Transitional and Pe$tansitional phases.
Additionally, Defluviicoccus a known GAO with potential to reduce nitrgddcllroy et
al., 2015) shifted from 3.3% to 0.08% of the BNfelevant community ithe test reactor
but increased from 5.9% to 15.9% in the control reactor. This was interesting because the
control reactor performance throughout most of the study was characteristic of typical

EBPR, whereas the test reactor transitioned to accommodatte meduction (Fig.-8).

121



This suggests perhaps tizfluviicoccuss more outcompeted in a dEBPR environment
than in an EBPR environments. AdditionallyThauera which can contribute to
denitrification (Thomsen, Kong, & Nielsen, 20Q7and CPB_C22&F32 another GAO
(StokholmBjerregaard et al., 2017d)oth increased in the testactor from <0.1% to 14.8
and 2.2%, respectively. In the control reactor, these genera made up less than 0.5% of the
BNR community and did not increase over time. The detection of these two genera during
productive dEBPR in the test reactor is interggbrcaus€PB_C22&F32belongs to the
family Competibacteraceaewnhich includesCandidatusCompetibacter, the genus that
Vieira et al., 2018 detected in their study along Witlauera In their study, they concluded
that these two genera contributed to tididation and thaCompetibacterelated species
might have a symbiotic relationship with PAOs during dEBPR.

Even though both reactors showed signs of changes in the community composition,
these observations did nestablishwhether there was a chanigethe active community
The cDNAbased dataset can provide insight as to which microorganisms are active or
soonto-be active, however due to disproportionate RNA production/degradation rates
among bacteria, this approach can anulggespossible comparisons with the DN#ased
community (Blazewicz et al., 2013; Klappenbach et al., 2000)e active community
composition of the test reactor was investigated from day 86 until the end of the dEBPR
phase on day 242 (Fig-BL). On the phylum level, the actiecemmunity was comprised
of 82.2% Proteobacteria and 10.9% Bacteroidetes, which was only slightly different from
the DNA-based dataset. There was only one cDNA sample collected from thétiate
phase, however, for this samgdechloromonasind CAP showd similar activity to what

was represented in the DNA dataset, comprising 1.7% and 43.6% of the total community,
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respectively. For the Pe3transitional phase, actii@echloromonaicreased to 27% like
in the DNAbased community, but active CAP only deased to 4.5% instead of 0.3%.
Further investigation into the active BNBlevant community of the test reactor (Fig. 5
11) revealedefluviicoccusas active in the sample collected during the Witeate phase,
making up 25.5% of the BNR community, butsaaarely detectable (0.1%) during Rost
Transitional phase. Additionallyihaueraand CPB_C22&F32were not detected in the
PreNitrate sample, but were both observed as active during theTRositional phase,
comprising 16.4% and 9.8% of the BNBlevantcommunity, respectively.

The active BNRrelevant community was also investigated fmth reactors
specifically on days 86 (EBPR) and 199 (dEBPR) to see who was active during the kinetic
studies conducted on those days (Fid2». The active BNRelevantcommunity during
the first kinetic study exhibited similar community composition between reactors.
However, the composition differed between the two reactors during the dEBPR kinetic
study, where CAP made up 30.6% of the BNR community in the controbrehat only
4.2% in the test reactor. Furthermdpefluviicoccusvas barely detectable (0.04%) in the
test reactor during the dEBPR study, whe@B8 C22&F32made up almost a quarter of
the active BNR community (21.5%). Lastechloromonasnade up lesthan 5% of the
BNR-relevant community in each reactor during the first kinetic study but increased to
more than 50% during the second kinetic study. These observations feutgest
DechloromonasndCPB_C22&F32may be important to the dEBPR process.
5.3.4Correlation of Reactor Characteristics with Microbial Community

Spear manos rank correlation t est was

environmental characteristics of the reactors with the microbial community. Only samples
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collected after the initisdddition of nitrate (day 87) were analyzed due to lack of samples
(n<5) for the PreNitrate phase. Each of the DN#ased analyses included alpha diversity
measurements from the total community and selected-&NRant genera that exhibited
moderate to stmg correlations with the other factors. For the test reactor (Fi§ah
nitrate input from feed and-Rmoval were positively correlated£0.52), supporting the
observed improvement inf@moval when nitrate was added at 20 mg/LsMOnstead of

10 mg/L NOs-N. Inverse Simpson and Shannon diversity metrics were negatively
correlated with nitrate removalsfr -0.43, -0.40, respectively), meaning better nitrate
removal was correlated with a less diverse total community. The putative DPAO,
Dechloromonaswas positively correlated with nitrate removai=(.53), whereas the
putative GAO,Propionivibrio, which has potential to reduce nitrgfdbertsen, Mcllroy,
StokholmBjerregaard, Karst, & Nielsen, 20168)as negatively corrated with nitrate
removal (&= -0.59). Interestingly, two putative PAOS§andidatusObscuribacterand
Gemmatimonasyere negatively correlated withri@moval in the test reactor during the
time that nitrate was preseni{r0.59,-0.74, respectively). Sae the improvement in-P
removal was correlated with increased nitrate, it may be that these two PAOs do not
perform Rremoval well in an anoxic environment, even thoGgimdidatusObscuribacter

has the genetic potential for nitrate reduct{@woo et al., 2014)Furthermore, another
putatve GAO that has been observed reducing nitréiieliroy et al.,, 2015)
Defluviicoccus was negatively correlated with-removal in the test reactors€r-0.74).

This is interesting because in the controttes which maintained EBPMefluviicoccus

was among the top 4 BNRlevant genera throughout the study period (Fid0B).

However, in the test reactor, it was barely detectable during dEBPR, a time when an
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increase in nitrate resulted in recoveRegemoval performance, which theoretically seems
as it would be an ideal environment for this GAO. On the other hand, the putative GAO,
CPB_C22&F32which as previously mentioned is in tBempetibacteraceaamily, was
positively correlated with ffemoval(rs= 0.55), further supporting the possibility for it to
contribute to, instead of inhibit, dEBPRPB_C22&F32was also positively correlated
with Dechloromonagrs=0.63). Lastly, two putative denitrifierslaliangiumandThauera,

were positively correlad with Rremoval (5= 0.53, 0.54, respectively) and negatively
correlated withDefluviicoccus(rs= -0.71,-0.59, respectively), suggesting they may not
compete with the DPAOs during denitrification, but perhaps contribute differently.

The control reactadid not exhibit as many strong correlation measurements as the
test reactor and most were typical of an enriched EBPR environment {E&ip) 5For
example, Femoval and DO concentrations had a positive correlatign0(#9), which
was not surprising sge this reactor was operated at high DO conditions (>2 mg/L) and
achieved successful EBPR throughout the study period. CAPrendgerawere positively
correlated with COD removalsér 0.64, 0.51, respectively), which is interesting to observe
for Thauerabecause of the lack of nitrate in the reactor. Ladilgfluviicoccusand
Dechloromonasvere positively correlated with each other in the control reacto®(55),
but not for the test reactors£r-0.09). This observation in conjunction with observations
from SIMPER, suggest that a spediegel investigation may help toharacterizethe
relationship between these two genera. Lastly, the two putative GAQ@spnivibrioand
CPB_C22&F32 were strongly negatively correlated with each other in the coetotar

(r<=-0.68), but were not significantly correlated in the test reactor@r33).
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The active BNRrelevant microbial community in the test reactor was also analyzed
for the period following the introduction of nitrate (day 87) and only includedkksm
collected from the aerobic stage (Figl3c). Like the DNAbased community of the test
reactor, Gemmatimonasnd CandidatusObscuribactemwere also negatively correlated
with P-removal (k&= -0.64,-0.64). Interestingly, the denitrifiel,hauera,was negatively
correlated with nitrate removalk$r-0.41), unlike with the DNAbased datasetsfr 0.01).
However, like the DNAbased datasefThaueraalong with Haliangium were both
positively correlated with femoval (,= 0.72, 0.61) andefluviicoccuswas negatively
correlated with Femoval (&= -0.78). Dechloromonaswas positively correlated with-P
removal for the cDNAbased datasetstr0.61), but was not for the DNBased datasets¢r
0.15). Additionally,Dechloromonasand CPB_C22&F32were strongly coelated with
COD removal (&= 0.80, 0.75, respectively) and were very strongly correlated with each
other (=0.94). Also, just in the active communitidechloromonaswas negatively
correlated withThauera (rs= -0.69) andDefluviicoccus(rs= -0.77). Not surprisingly,
CPB_C22&F32 was also negatively correlated witbefluviicoccus (rs= -0.87).
Interestingly, the putative DPAQOTetrasphaera exhibited negative correlations with
Dechloromonaqrs= -0.51) andCPB_C22&F32(rs= -0.64), but a verytsong positive
correlation with the putative denitrifier lamia<r0.85). Sincél etrasphaeras a putative
PAOQ, it may compete witBechloromonasn the presence of nitrate.

Beta diversity calculated from the cDNA and DNA relative abundance datasets was
correlated with environmental parameters usingdiescalefunction in R for the total
community of the test reactor (Fig:18). The control reactor was also investigated, but

none of the environmental variables exhibited a significant relationship @antimanity
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structure. Both DNA and cDNAased datasets from the test reactor showed similar
clustering patterns with the environmental paramgeterike what was observed for the
full-scale study described in Chapter 4 section 4Th@ similarities betwaethe DNA
and cDNAbased datasets for the laboratscale sampleare most likely due to the
controlled environment in the reactomshereas samples collected frodookevi | | e 6
WRRFwere exposed to a dynamahangingenvironmentThe stepwise model withthe
lowest AIC value included influent nitrate, ortRoremoval, COD removal, and DO
concentration and was overall significantly correlated with the total community structure
(ANOVA; F= 3.05, p=0.001). Orth® and COD removal had the strongest correlation
with total community structure (ANOVA; p<0.01). The total community structure during
the PosfTransitional phase, when productive dEBPR occurred, corresponded with higher
P-removal and influent nitrate, whereas the transitional community was assoc@ted m
with lower Rremoval and influent nitrate. This outcome is not surprising since nitrate was
added at 10mg/L N&N during most of the Transitional phase and there was frequently
poor Rremoval.Therefore, the Posktransitional community was most likeshaped by
the higher nitrate concentrations and performed more efficiergmi@val than the
Transitional communityThese observatiordemonstrate tha combination of nitrate and
DO can support productive dEBPR.
5.4 Conclusion

Elucidating the microbialcommunity responsible for denitrifying EBPR can
contribute to better design and optimizat.i
process when implementing or improving BNR. Since the functionality of many

microorganisms is still not understood, ma@tudies are needed to help contribute to this
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knowledge gap, especially in the wastewater field. Our primary goal ofathosatory
scalestudy was to investigate changes in the PAO microbial community as it transitioned
from performing traditional EBPRo dEBPR in an anoxic/microaerobic environment.
Using both DNAbased and cDNAvased analyses, we were able to track the community
alongside changes to the bioreactor, which provided some insight into the shifts in
community structure as well as which n@organisms were active throughout the study.

We observed that the test reactor was able to accommodate dEBPR once the community
acclimated to the presence of nitrate and low DO. Nitrate armmBval was observed
during the last weeks of this study. Duritigs time, there was a significant decrease in
CAP abundance and an increaseDiechloromonasand CPB_C22&F32 for both the
DNA-based and cDNAased communities. This study had the original intention to further
characterizeCAP, but found the putative DR® Dechloromonasand putative GAO,
CPB_C22&F32 to potentially be more important in the dEBPR environment. The shifts
observed in these three genera suggest they warrant a much closer investigation into their
actual function during all BNR processes. Rartnore, the decrease in CAP abundance in

the presence of nitrate was unexpected since it was detected in such high abundance in the
previously studied oxidation ditch at the Cookeville WRRF, where the DO gradient
allowed for anaerobic, anoxic, and aerolzicnes and varied nitrate concentrations

throughout the ditch. Further study into the BiR#Revant community, including functional

gene expression studies, could hektablishCAP 6 s presumably diverse

activated sludge process.
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CHAPTER 6
6.1 Summary and Conclusions

The goals of this research were to §ksess whether optimizations of oxidation
ditches that allow for simultaneous nitrification, denitrification, and enhanced biological
phosphorus removal (SNDP) causkangesin the correspond;n. WRRFOSs mi cr ok
community and whether the community will eventually stabilizeg2yacterizéhe active
microbial community during SNDP; and (3) determine environmental factors that
influence microbial composition and function. Using the collectata drom these goals,
we were able to contribute knowledge to how microbial communities adapt to
unconventional operations of oxidation ditches for SNDP and propose that the microbial
community and process can stabilize over time after an optimization.

The overall goals of this research were addressed by integratingcalé and
laboratoryscale studies and the individual objectives were accomplished through the
following:

In Chapter 2, we investigated a water resource recovery facility (WRRF) located in
Cookeville, TN that was originally designed to operate an oxidation ditch designed for
BODs and ammonia removal. This facility underwent optimization that involved
modifying the aeration patterns of the oxidation ditches to incorporate a DO gradient,
creding the bioreactor macroenvironments needed to accommodate SNDP. Changes in
wastewater characteristics and the microbial community of the activated sludge were
monitored for three years following this operational modification. We assessed the
response athe microbial community in an oxidation ditch to this process optimization for

SNDP and evaluated whether the community stabilized over time. The DO gradient in the
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optimized oxidation ditch allowed for successful SND without deterioration in nitrification
performance, even though there were changes in the microbial community. Furthermore,
the composition of the putative denitrifying community changed in response to the
optimized bioreactor macroenvironment, potentially becoming more functionally
redundantand stable. This facility receives influent with relatively low roCOD and P,
however the varying concentrations of P throughout the ditch, the kinetic rates measured
from batch tests, and the detection of putative polyphosphate accumulating organisms
(PAO) in relatively high abundance, suggest that the oxidation ditch is maintaining an
environment that could be utilized for EBPR. Additionally, changes were observed in the
microbial community composition for both total and BiX#tevant communities,
indicating a trend that maguggesstabilization of community structure. Also, the diversity

of the microbial community correlated with DO concentrations, implicating that this
environmental parameter most likely shaped the community during the stabilization
process. This was a noteworthy observation since the optimization for this facility focused
on changing the DO patterns throughout the oxidation ditch.

In Chapter 3,we continued to investigate how a microbial community of the
activated sludge process responded to optimizations of an oxidation ditch for SNDP. Two
other WRRFs were additionally investigated, which servekf@senceto demonstrate
how a microbial commity might change over time without the influence of a major
operational modification since dynamic influent characteristics and seasonal temperature
changes can impact community structure. One facility, located in Etowah, TN,
conventionally operated anidation ditch and the other facility, located in Maryville, TN,

was designed and operated for BNR. All three facilities had similar influent characteristics,
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but due to differences in operational parameters, each facility exhibited different nutrient
remowal efficiencies. The optimized oxidation ditch exhibited a DO gradient that
accommodated total N removal more like the Bi#signed secondary treatment process
rather than the traditionalgperated oxidation ditch. Comparisons between the microbial
commurity of the Cookeville WRRF and the other facilities demonstrated that the
corresponding microbial community responded favorably to this type of optimization in
that the community exhibited characteristics similar to the BlBigned facility. EBPR
batch tets demonstrated that the activated sludge from Cookeville WRRF exhibited P
release/HAc uptake ratios more similar to the Maryville facility tioetheEtowahfacility,
which was also supported by findings from other studies on ERRR)ned facilities.
Furthermore, diversity and core community structure of the Cookeville WRRF exhibited
more similarities with the BNHRlesigned facility tharto the facility conventionally
operating an oxidation ditclghifts in the microbial community for Cookeville WRRF
were different when compared to the other two facilities, suggesting that the changes in the
Cookevillebds community were in response t
optimized facility was moderately correlated with temperature but stronglyatedeavith
DO. This was not the case for the diversity of the tef@rencefacilities, which were
strongly correlated with temperature. This observation suggests that given enough time,
the diversity of Cookeville WRRF might shift and exhibit a stronger relationship with
temperature like theeferencdacilities, which could possibly indicate that the Cookeville
microbial community has stabilized in response to the optimization.

In Chaper 4, we evaluated the active or potentially active microbial community in

Cookevillebs oxidation ditch three years a
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accommodate SNDP. DNA and cDN#ased methods were utilized toeveal
microorganisms and emenmental conditions that warrant a closer look for future
investigations regarding functional activity during SNDP. We detected active putative
PAOs and DPAOs in relatively high abundance in the oxidation ditch of Cookeville
WRRF, a facility that did notexhibit the traditional environmental conditions or
wastewater characteristics for supporting such microorganisms. For example, the rboCOD
of the facility influent along with intracellular-&ptake estimated from the wasting process

did not indicate the @uirrence of EBPR at the Cookeville WRRF. However, batch testing
of the activated sludge forelease and uptake resulted in ratios that were comparable to
a typical, designed EBPR process. These outcomes suggest that the detected PAOs and
DPAOs can survie in an unconventional BNR process, but their roles or possible
contributions to SNDP during these conditions warrant further investigation. Additionally,
the active putative denitrifiers were strongly correlated with pH, a relationship that was not
dete¢ed with the DNAbased dataset. This is one example of potentially important
information an operator could use when diagnosing a failed BNR process.

The laboratoryscale study was addressed in Chapter 5 and was conducted in order
to better understand theicrobial community of SNDP, particularly putative PAOs and
denitrifying PAOs (DPAO). In this chapter, we utilized sequencing batch reactors to
investigate microorganisms that potentially contribute to denitrifying EBPR in the presence
of low DO concentrabns. Using both DNA and cDNAased analyses, we monitored the
community alongside changes to the bioreactor, which provided insight into the shifts in
community structure as well as which microorganisms were active throughout the study.

The activated slugk of the test reactor was able to accommodate dEBPR once the
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community acclimated to the presence of nitrate and was reflected by the nitrate and P
removal observed during the last weeks of this study. During this taedidatus
Accumulibacter abundancggnificantly decreased for both the DNA and cDiNased
dataset. This decrease in abundance during the presence of nitrate was unexpected since
Candidatus Accumulibacter was detected in such high abundance in theschili
oxidation ditch at the Cookeldd WRRF, where the DO gradient allowed for anaerobic,
anoxic, and aerobic zones and fluctuations in nitrate concentrations throughout the ditch.
Also during productive dEBPR, abundances increased for the putative DPAO
Dechloromonasnd putative GACCPB_C22&F32, for both the DNAbased and cDNA

based communities. This observation suggestsDbeahloromonasand CPB_C22&F32

are potentially more important in the dEBPR environment than previously thought. The
shifts observed in these three genera warrant fuiriiestigation into their BNRelevant
functional gene expression to establish their actual function in unconventional BNR
processes. Elucidating the microbial community responsible for denitrifying EBPR can
contribute to better design and optimizatiomt&gies for the secondary treatment process

of a WRRF.

In conclusion, these observatiodesmonstratéhat optimization of an oxidation
ditch for SNDP has the potential to be a successful practice. Information from this study
may encourage WRRFs that ararehing for coseffective solutions to meet new effluent
limits to try optimization, especially for an oxidation ditch as previously described since
this application calls for little to no financial investmefRtirthermore, we demonstrated
that the microtal community of the activated sludge can be exploited to accommodate

different BNR processe3his study provides evidence that the microbial community of
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the activated sludge process has the potential to shift to accommodate BNR and therefore
promotes tts type of operational strategy as a possibility for other WRRFs to incorporate.
Additionally, it is interesting to observe a diverse group of Bi¢Revant genera as active
or soonto-be active in an unconventionalbperated oxidation ditch because it
denonstratesthat the aeration modifications allow a community with potential to
contribute to various BNR or SNDP processes to exist in an oxidation Hitelresults of
this study demonstrate how investigating the microbial community of the activated sludg
process can provide useful information for a WRRF operator or an engineer when
optimizing or designing a BNR process.

6.2 Recommendations for Future Studies

1 The microbial community of the activated sludge prior to optimization of the
oxidation ditch inthis study was nadequately characterizetiherefore, a similar
study should be conducted that is able to monitor an oxidation ditch at least a year
before optimization and include multiple sampling events per season. This would
allow for better compargns to be made of the community before and after process
modifications. Sampling multiple times within a single season can help track the
impact of transient microorganisms.

1 There were not enough facilities sampled during this study to thoroughly assign a
core community to a wastewater operational process. Future studies that can sample
many WRRFs operating oxidation ditches for some form of BNR would be
beneficial to establish whether our observations at Cookeville WRRF are

duplicated among other optimizedidation ditches.
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1 As mentioned,many times throughout the study, more RN#sed studies are
needed that investigate BNRIevant functional genes. Specifically, this could help
characterizeghe activity and roles of PAOs and DPAOSs, especi@iyndidatus
Accumulibacter andechloromonasObserving these two genera as active in an
unconventionallyoperated oxidation ditch is interesting, however it does not
resolve what their function is in the activated sludge or BNR process. This is
especially interestingince they were detected in a facility that did not exhibit
characteristics of EBPR. Since this facility has low rbCOD concentrations in the
influent, future studies could investigate this parameter specifically in relationship

with these genera and detene if it impacts their metabolic function.
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APPENDIX A: FIGURES
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Figure 1.2 Traditionaloxidationditch (from: Metcalf & Eddy)
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Figure 1.3 Microenvironment of diological floc (from: Metcalf & Eddy)
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Figure 1.4 Macroenvironment of aoxidationditch with brushtype aeration operating to
generate dissolvedoxygengradient
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Figure 1.5 Orbaf oxidationditch (from: Metcalf & Eddy)

Figure 21: Aerial schematic o€ o0 o k e woxidatloredifick during sampling events.
Green indicates the pair of surface aerators in operation during sampling. Resmts (
represent sampling locations. Samples were collected from the surface and the bottom of

the dich.
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pre- and posoptimization. cBOD5 = fiveday carbonaceous biochemical oxygen demand,
TN = total nitrogen, TP = total phosphorus
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Figure 25: Dissolvedoxygen concentrations for each sampling event measured in the
oxidation ditchof Cookevlle WRRF.Boxplots show the median value as a black bold bar,
the upper and lower limits of the box being the third and first quartile of the data, the
whiskers extendp to1.5 times the interquartile range, and open circles are outlier points
with stas denoting extreme outliers
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Figure 27: NMDS on species level for total microbial commuriityn Cookeville WRRF
based on A.) relative abundance and B.) gmes/absence. Red circles indicate samples
that are significantly similar (p<0.05) in regards to community composition. Purple arrows
depict the order of sampling events.
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A) Effluent

Influent

B ) Influent

Figure3-1: Aerial schematic of the secondary treatment processes for A.) Etowah WRRF
and B.) Maryville WRRF during sampling events. Green indicates the pair of surface
aerators in operation during sampling. Red de#»{ represent sampling locations.
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Figure 312 Core community among all three WRRFs on A.) the phylum level and B.) the
top 20 core genera. Genera with hatch markings indgldi-relevant microorganisms.
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Figure 313: NMDS on species level for total core community across all facilities based
on A.) relative abundance and B.) presence/absence.
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Figure 314: Top 20 core genera among all three facilities for A.) summeBandinter.
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Figure 315: Correlation of wastewater characteristics to alpha diversity measurements of
the total community for A.) Cookeville, B.) Etowah, and C.) Maryville.
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