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Abstract
Dynamics of the Anaerobic Ammonium Oxidizing (Anammox) Microbial Community
by
Jennifer Elise Lawrence
Doctor of Philosophy in Engineering — Civil and Environmental Engineering
University of California, Berkeley

Professor Lisa Alvarez-Cohen, Chair

Anaerobic ammonium oxidation (anammox) is the basis for an innovative, biological treatment
process that removes reactive nitrogen from wastewater. To date, over 100 full-scale anammox
treatment processes have been installed at municipal and industrial wastewater treatment plants
across the globe. Unfortunately, the bacteria responsible for anammox are easily inhibited and
express low growth rates within the anammox treatment processes’ reactors. Often times, it can
take up to six months to initiate 2 new anammox reactor or to restore the performance of an
anammox reactor when an inhibition event occurs, which is unacceptably long for municipalities and
industries who must adhere to strict nitrogen discharge limits. Moreover, these problems are
compounded by a limited understanding of the complex microbial communities that comprise
anammox reactors. The work presented in this dissertation seeks to fill this gap by investigating the
temporal dynamics of anammox microbial communities during the start-up and continued operation
of laboratory-scale anammox reactors, as well as the spatial dynamics of anammox microbial
communities across a nitrogen-contaminated environment.

Chapter 2 begins with a review of previous literature that supports the idea of a core microbial
community within anammox reactors. This review is combined with temporal-scale data from 440
days of continuous operation of a laboratory-scale anammox reactor to identify relationships
between microbial community composition and associated reactor performance. Results suggest
that anammox, denitrifying, and dissimilatory nitrate reducing to ammonium (DNRA) bacteria are
omnipresent in the anammox reactor. Furthermore, results suggest that these three groups of
nitrogen-cycling bacteria cooperate and maximize reactive nitrogen removal under desirable
conditions, but that they compete and sabotage reactive nitrogen removal under undesirable
conditions (primarily because they share nitrite as their electron acceptor). More research must be
done to understand the conditions that support cooperation over competition among these three
groups of nitrogen-cycling bacteria in an anammox reactor.

Chapter 3 builds off Chapter 2 and delves more deeply into the relationship between anammox,
denitrifying, and DNRA bacteria in a laboratory-scale anammox reactor. The temporal dynamics of
these three groups of nitrogen-cycling bacteria and associated reactor performance are investigated
by manipulating the ratio of ammonium to nitrite in the anammox reactor’s feedstock. Results
indicate that an ammonium to nitrite ratio of 1 to 1.32 in the reactor’s feedstock favors the
enrichment of anammox bacteria, while lower ammonium to nitrite ratios (1 to 1.1 — 1 to 1.2) favor

1



the enrichment of a more-diverse bacterial community that contains denitrifying and DNRA
bacteria alongside anammox bacteria. Furthermore, results suggest that the more-diverse bacterial
community has a greater capacity to remove reactive nitrogen from the feedstock (primarily because
denitrifying and DNRA bacteria can transform nitrate, a product of anammox metabolism).
Nevertheless, more research must still be done to understand the conditions that support
cooperation among these three groups of nitrogen-cycling bacteria in an anammox reactor.

In Chapter 4, the capacity of two support media—polyvinyl alcohol-sodium alginate (PVA-SA) and
clinoptilolite zeolite—to improve biomass retention (and hence, decrease startup and recovery
times) within anammox reactors is investigated through a series of laboratory-scale anammox reactor
experiments. Corresponding shifts in bacterial community structure in the presence of clinoptilolite
zeolite are also investigated. Under the conditions provided in this study, results indicate that
neither of the support media are capable of improving the performance of the laboratory-scale
anammox reactors. Moreover, results indicate that the amendment of clinoptilolite zeolite to the
laboratory-scale anammox reactors has no impact on the structure of the bacterial community within
it. More research must be done (under different conditions) to definitively rule out the capacity of
PVA-SA and clinoptilolite zeolite to improve biomass retention within anammox reactors.

While anammox bacteria have existed in anammox reactors for less than 20 years, they have existed
for centuries (quite possibly millennia) in natural habitats. Thus, patterns found in the structure of
anammox-containing microbial communities from natural habitats may be able to inform the
structure and performance of microbial communities within anammox reactors. To this end,
Chapter 5 investigates the abundance and distribution of anammox bacteria across nitrogen-
contaminated natural habitats in New Zealand. The results of these investigations indicate that there
are many similarities between the structure of anammox microbial communities in natural habitats
and of anammox microbial communities in anammox reactors. Moving forward, more research
must be done to transfer the patterns found within the structure of anammox-containing microbial
communities in New Zealand’s natural habitats into anammox reactor conditions. Once equipped
with these results, scientists and engineers can begin to enrich an anammox microbial community
based on New Zealand’s unique natural habitats.

Ultimately, the results of the research described in this dissertation bolster the fundamental
understanding of anammox microbial communities and their performance within anammox
reactors. This understanding, in turn, will enable a more comprehensive control of the anammox
treatment process and help facilitate its widespread adoption at municipal and industrial wastewater
treatment plants across the globe.



“Nothing can be done except little by little.”

- Charles Baudelaire
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Chapter 1:

Introduction and Background



1.1 Nitrogen in the environment

Nitrogen is an essential nutrient for all life on earth (Sylvia et al. 2005). The majority of this element
exists in the atmosphere in the form of inert nitrogen gas (N2). Ironically, it is inaccessible to the
vast majority of living organisms in this form. Nitrogen gas must first be transformed (i.e., “fixed”)
into one of a variety of organic and inorganic forms collectively referred to as reactive nitrogen in
order to serve biological function (UNEP 2007).

Historically, microorganisms have been responsible for the majority of reactive nitrogen fixation
(Cabello et al. 2004; Nielsen 2005). At the turn of the twentieth century, however, a synthetic
nitrogen fixation process called the Haber-Bosch Process was invented. Since its inception, the
global rate of nitrogen gas fixation into reactive nitrogen has doubled (UNEP 2007). While these
increased volumes of reactive nitrogen are essential for meeting the food demands of an ever-
increasing world population, they can cause serious problems when released into the environment.

Coastal ecosystems are particularly vulnerable to reactive nitrogen pollution (UNSD 2018). When
excess concentrations of reactive nitrogen are released into these environments, they can spur the
proliferation of primary producers. This in turn can lead to eutrophication, the reduction of
biodiversity of aquatic plants and animals, and the production of toxins (Camargo and Alonso 20006).
Currently, large swaths of coastal ecosystems surrounding all six of the inhabited continents are at
high or very high-risk levels of eutrophication (Figure 1.1) (UNSD 2018).

® Risk level 1 (very low)
® Risk level 2 (low)

Risk level 3 (medium)
@ Risk level 4 (high)
® Risk level 5 (very high)
® No data

Figure 1.1: Eutrophication risk levels of coastal ecosystems (adapted from UNSD 2018).

Reactive nitrogen pollution originates from many sources, including agricultural runoff, septic tank
leachate, municipal and industrial wastewater streams, urban stormwater runoff, and fossil fuel
combustion (WRI 2018). To mitigate reactive nitrogen pollution in high-risk coastal ecosystems,
reactive nitrogen is generally removed from point-source loads—primarily, municipal wastewater
streams—before they are discharged to the environment. To achieve reactive nitrogen removal
from a point source, microbiologically-induced transformation processes are employed within an on-
site reactor to convert reactive nitrogen back into inert nitrogen gas, thereby completing the nitrogen
cycle (Rittmann and McCarty 2001).



1.2 Nitrogen cycling pathways

Microorganisms participating in the nitrogen cycle can be classified according to their metabolic (i.e.,
nitrogen-transforming) pathways (Figure 1.2) (Cabello et al. 2004; Nielsen 2005). Atmospheric
nitrogen gas (N») is reduced to ammonium (NH4") in nitrogen fixation. Ammonium is oxidized to
and nitrate (NO3) in nitrification. Nitrate is reduced back to nitrogen gas in denitrification.
Ammonium and nitrite react to form nitrogen gas in anaerobic ammonium oxidation (anammox).
Nitrate is reduced to ammonium in dissimilatory nitrate reduction to ammonium (DNRA) (Arrigo
2005; Sylvia et al. 2005; Tu et al. 2017).

NZ
N,O

Pathway:

N,H, _ -
Nitrogen Fixation

NO Nitrification
Denitrification
Anaerobic Ammonium Oxidation (anammox)
NOZ' NH4+ Dissimilatory Nitrate Reduction to Ammonium (DNRA)

NO,
NH,OH

Figure 1.2: Nitrogen cycling pathways.

Some pathways (e.g., anammox) are strongly, though not strictly, linked to phylogeny, while others
(e.g., nitrification/denitrification) are spread widely across the bactetial and archaeal domains
(Canfield et al. 2010). The metabolic capabilities of microorganisms are particularly important in the
design of wastewater reactors, because the microbial communities within them are typically derived
from strong selection pressure upon diverse inocula, rather than from bioaugmentation.

1.2.1 Nitrification

Nitrifying microorganisms oxidize ammonium first into nitrite, and then into nitrate, with oxygen as
their electron acceptor (Equations 1.1 and 1.2, respectively). In bacteria, the enzymes responsible
for Equation 1.1 are ammonia monooxygenase and hydroxylamine oxidoreductase, while the
enzyme responsible for Equation 1.2 is nitrite oxidoreductase. Nitrification is typically considered a
chemoautotrophic process, but a handful of heterotrophic microorganisms are capable of the
process as well. In chemoautotrophic nitrification, energy is produced for ATP synthesis. In
heterotrophic nitrification, on the other hand, no energy is produced (Sylvia et al. 2005).

(11) NH4+ + 1.50; = NO, + 2H" + H,O
(1.2) NO; +0.50, — NOs

Bacteria capable of Equation 1.1 are classified into “Nitroso-" genera within the classes
Betaproteobacteria and Gammaproteobacteria within the phylum Proteobacteria. Bacteria capable
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of Equation 1.2 are classified into “Nitro-” genera within the classes Alphaproteobacteria, Gamma-
proteobacteria, and Deltaproteobacteria within the phylum Proteobacteria, and within the class
Nitrospira within the phylum Nitrospirae. Additional, heterotrophic nitrifiers include .Akaligenes and
Anthrobacter spp., within the phyla Proteobacteria and Actinobacteria, respectively (Sylvia et al. 2005).

1.2.2 Denitrification

Denitrifying microorganisms typically harvest energy through the heterotrophic reduction of nitrite
or nitrate to nitrogen gas (Equations 1.3 and 1.4, respectively). (Some denitrifiers are autotrophic as
well.) In bacteria, denitrification—an anaerobic process—proceeds in four reductive steps: first,
nitrate is reduced to nitrite via the nitrate reductase enzyme; second, nitrite is reduced to nitric oxide
via the nitrite reductase enzyme; third, nitric oxide is reduced to nitrous oxide via the nitrous oxide
reductase enzyme; and fourth, nitrous oxide is reduced to nitrogen gas via the nitrous oxide
reductase enzyme (Sylvia et al. 2005).

(1.3) 3CH:O + 4NO; + 4H" — 2N, + 3CO, + 5H,O
(1.4) 5CH,O + 4NOs5 + 4H" — 2N, + 5CO, + 7H,O

Denitrifying bacteria represent a wide range of taxonomic groups, including members of the genera
Alcaligenes, Agrobacterinm, Aquaspirillum, Azospirillum, Blastobacter, Bradyrhigobinm, Branhamella,
Chromobacterinm, Dechloromonas, Denitratisoma, Hyphomicrobium, Neisseria, Paracoccus, Psendomonas,
Rhodoplanes, Thanera, and Wolinella within the classes Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, and Epsilonproteobacteria within the phylum Proteobacteria, members of
the genus Bacillus within the phylum Firmicutes, members of the genera Cytophaga, Flavobacterium, and
Flexibacter within the phylum Bacteroidetes, and members of the genus Propionibacterinm within the
phylum Actinobacteria (Sylvia et al. 2005; Pereira et al. 2017).

1.2.3 Anaerobic ammonium oxidation (anammox)

Anammox bacteria obtain their energy for growth from the anaerobic, chemolithoautotrophic
conversion of ammonium and nitrite into nitrogen gas (Equation 1.5). This conversion proceeds via
three coupled redox reactions with two intermediates: nitric oxide and (highly toxic) hydrazine
(Kartal et al. 2004). First, nitrite reduction is carried out by the nitrite reductase enzyme. Second,
hydrazine is synthesized by the hydrazine synthase enzyme. Third, the four-electron oxidation of
hydrazine is carried out by the hydrazine dehydrogenase enzyme (Kartal et al. 2004).

In anammox bacteria’s overall metabolism, Equation 1.5 is coupled with the oxidation of nitrite and
the reduction of bicarbonate for biomass synthesis (Equation 1.6). Nitrite plays a dual role, acting
both as an electron acceptor in the energy-generating reaction, and as an electron donor in the
biosynthesis reaction. As a consequence, anammox growth is always associated with the production
of nitrate (Strous et el. 1998; Kuenen 2008; Kartal et al. 2012).

(15) NH4+ + NO; — N, + 2H,0O

(1.6) NH," + 1.32NO, + 0.066HCO;5 + 0.13H"
— 1.02N; + 0.26NO; + 2.03H>0O + 0.066CH2005No.15
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Currently, all of the identified anammox bacteria are members of the order Brocadiales and the
phylum Planctomycetes. Within the order Brocadiales, five “Candidatus” anammox genera—
Anammoxoglobus, Brocadia, Jettenia, Kuenenia, and Scalindna—and 16 anammox species within these
genera have been identified (Sonthiphand et al. 2014; Connan et al. 2010).

1.2.4 Dissimilatory nitrate reduction to ammonium (DNRA)

DNRA microorganisms gain energy from the reduction of nitrate to ammonium, with nitrite as an
intermediate. In bacteria, nitrate is reduced to nitrite via the nitrate reductase enzyme, and nitrite is
reduced to ammonium via the nitrite reductase enzyme via anaerobic processes (Sylvia et al. 2005).
DNRA bacteria have been found to use both organic carbon and sulfur compounds as their electron
donors (Equations 1.7 and 1.8, respectively) (van de Leemput et al. 2014; Preisler et al. 2007).

(1.7) 2CH,O + NOs +2H" — NH," + 2CO, + H,O
(1.8) 4S(0) + 3NO5 + 7H,O — 480> + 3NH," + 2H"

Several genera of bacteria are capable of DNRA, including members of Clostridium, Selenomonas, and
Veillonella within the phylum Firmicutes, and members of Desulfovibrio, Wolinella, Citrobacter,
Enterobacter, Erwinia, Escherichia, Klebsiella, Photobacterium, Salmonella, Serratia, and 177brio within the
classes Gammaproteobacteria, Deltaproteobacteria, and Epsilonproteobacteria within the phylum
Proteobacteria (Sylvia et al. 2005).

1.3 Nitrogen removal technologies

Reactive nitrogen enters municipal wastewater treatment plants primarily in the form of ammonium.
The plant’s primary wastewater stream (i.e., mainstream) accounts for approximately 95% of the
plant’s overall flow and contains approximately 20-40 mg NH,*-N L' (Lackner et al. 2014; Laureni
et al. 2016). The plant’s recycled reject waters (i.e., sidestream, including supernatant liquids from
anaerobic digesters and centrate/filtrate streams from sludge dewateting processes) account for the
remaining 5% of the plant’s overall flow and contain approximately 800 — 2,500 mg NH,"-N L
(Pugh 2012; van der Star et al. 2008). Thus, 65-75% of municipal wastewater’s total nitrogen load
lies within the mainstream, while the remaining 25-35% of the load lies within the sidestreams.

Depending on the sensitivity of the receiving water body, the concentration of reactive nitrogen in
the wastewater treatment plant’s effluent can be regulated to as little as 0.4 mg N L' (EPA 2016).
To meet effluent nitrogen regulations, a wastewater treatment plant may choose to remove reactive
nitrogen from its mainstream, its sidestreams, or a combination of both. Using traditional
technologies, it costs roughly $15.00 to remove a kilogram of reactive nitrogen from mainstream,
versus $4.50 to remove a kilogram of reactive nitrogen from sidestreams (Grow and Graham 2018).

1.3.1 Biological nutrient removal (BNR)

Biological nutrient removal (BNR) is the established technology for ammonium and total reactive
nitrogen removal from mainstream and sidestreams at municipal wastewater treatment plants (Hu et
al. 2012). While there are a number of BNR process configurations available, they are all based
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around the sequencing of aerobic zones of nitrification and anaerobic zones of denitrification for
ammonium and total reactive nitrogen removal. In nitrification, the wastewater stream’s ammonium
concentration is converted to nitrate. In denitrification, the produced nitrate is cycled to nitrogen
gas. Some of the most common BNR process configurations include: the modified Ludzack-
Ettinger (MLE) process, the A*>/O process, the step feed process, the Bardenpho process, the
modified Bardenpho process, the sequencing batch reactor process, the modified University of Cape
Town process, and the oxidation ditch continuous flow process (EPA 2007).

1.3.2 Deammonification

Deammonification is a new, innovative technology that removes ammonium and total reactive
nitrogen from wastewater streams. Similar to BNR, there are a number of deammonification
process configurations available. All of the process configurations are based around the sequencing
of aerobic zones of partial nitritation (PN) and anaerobic zones of anammox (Kartal et al. 2012;
Paques 2018). In PN, a fraction of the wastewater stream’s ammonium concentration is converted
to nitrite by AOB. AOB are selected over NOB through a careful control of temperature, dissolved
oxygen concentration, hydraulic retention time, and sludge retention time (Lackner et al. 2014). The
PN process is highly sensitive to these controls (Shalini and Joseph 2012). In anammox, the
produced nitrite and remaining ammonium are cycled to nitrogen gas.

The deammonification process can be implemented sequentially (in two separate reactors, where PN
is physically separated from anammox), or in a single reactor (where the AOB and anammox
bacteria are directly mixed) (Regmi et al. 2014). Many treatment plants have successfully applied the
two-stage deammonification process to ammonium-rich wastewaters, including the reject water from
anaerobic digestion, digested black water, and mixed agricultural-digestate (de Graaff et al. 2011;
Dosta et al. 2015; Scaglione et al. 2015). More recently, single-stage reactors have been gaining
popularity because they permit significant investment cost savings through minimized equipment,
footprint, and labor requirements (Jeanningros et al. 2010; Stinson 2018). Currently available single-
stage deammonification process configurations include: the ANAMMOX granular sludge process,
the ANITAMox attached growth moving bed bioreactor process, the DEMON suspended growth
sequencing batch reactor process, the Cleargreen suspended growth sequencing batch reactor
process, and the TerraMox hybrid suspended and attached growth process (Stinson 2018). While
these process configurations are typically applied to sidestream conditions, current efforts seek to
adapt them to mainstream conditions (Laureni et al. 2016; Li et al. 2018).

1.4 Motivation

Unlike the conventional BNR process, deammonification operates with minimal aeration and does
not require an organic carbon supplement (WWW 2015). As a result, full-scale, single-stage
deammonification consumes 60% less energy, produces 90% less waste biomass, and emits a
significantly smaller volume of greenhouse gases than its full-scale BNR counterpart (Paques 2018).
To date, just over 100 full-scale deammonification reactors have been installed across the globe
(representing a mere fraction of the number of BNR reactors) (Lackner et al. 2014; Li et al. 2018). If
deammonification could be applied on a wider scale, the energy and environmental savings would be
immense (Dodds et al. 2009).



Unfortunately, anammox bacteria have very low growth rates (doubling times ranging from 7-22
days) in deammonification reactors treating municipal wastewater streams and are easily inhibited by
a variety of factors, including: temperature, pH, and variable substrate and metabolite concentrations
(Jin et al. 2012; Carvajal-Arroyo et al. 2013; Ali and Okabe 2015a; Kallistova et al. 2016).
Furthermore, a deammonification reactor’s performance can take up to six months to recover
following an inhibition event, which is unacceptably long for municipalities who must adhere to
strict discharge limits (Klaus et al. 2010).

These problems are compounded by what is now only a cursory understanding of the microbial
communities responsible for stable and robust anammox performance (Gonzalez-Martinez et al.
2015b). In order for the widespread application of the deammonification process to be realized, a
more comprehensive understanding of the complex processes occurring both within and among the
numerous bacterial species within an anammox reactor must be attained.

1.5 Dissertation ovetview

This dissertation describes investigations into the dynamics of anammox bacterial communities. All
of the investigations share a guiding theme of informing the design of more effective anammox
reactors for the deammonification process. The remainder of this dissertation is organized into four
chapters detailing these investigations, followed by an additional chapter summarizing the results
and suggesting future directions based on these findings.

Chapter 2 begins with a review of previous literature that supports the idea of a core microbial
community within anammox reactors. This review is combined with temporal-scale data from 440
days of continuous operation of a laboratory-scale anammox reactor to identify trends in bacterial
community composition and associated reactor performance. Bacterial community members that
may be responsible for the destabilization of anammox reactors are identified.

Chapter 3 delves more deeply into the relationship between the anammox, denitrifying, and DNRA
pathways in a stable anammox reactor. Through the interpretation of performance data, nitrogen
flows through these three pathways are quantified. Results are bolstered with supporting data from
16S rRNA gene sequencing analyses.

In Chapter 4, two new support media—polyvinyl alcohol-sodium alginate (PVA-SA) and
clinoptilolite zeolite—are identified to improve biomass retention (and hence, decrease startup time)
within an anammox reactor. Their efficacies are investigated through a series of laboratory-scale
batch, column, and upflow anaerobic sludge blanket (UASB) reactor experiments. Corresponding
bacterial community shifts to new lifestyles in the presence of these support media are interpreted
through 16S rRNA gene sequencing analyses.

Chapter 5 investigates the abundance and distribution of anammox bacteria across a nitrogen-
contaminated environment. Statistical analyses are performed to draw correlations between
anammox microbial communities in engineered reactors and anammox microbial communities in
this natural environment. Implications for the enrichment of anammox bacteria from non-
traditional sources, primarily its practicality, are discussed.



Conclusions drawn from these investigations and suggestions for future work are summarized in
Chapter 6.



Chapter 2:

Temporal Dynamics of the Anammox Bacterial Community



2.1 Introduction

In anammox reactors, many different microbial species (not only the anammox species) interact with
each other to maintain reactor function and stability (van der Star et al. 2007). Most notably,
anaerobic nitrogen cycling bacteria cooperate to remove not only ammonium and nitrite, but also
nitrate—the product of anammox metabolism—from wastewater streams (Bagchi et al. 2016;
Lawson et al. 2016; Shu et al. 2016; Castro-Barros et al. 2017). When external carbon sources are
absent, the detritus secreted from actively growing anammox bacteria (including soluble microbial
products (SMPs), extracellular polymeric substances (EPSs), and volatile fatty acids (VFAs)), as well
as the decaying anammox bacterial cells themselves, support heterotrophic nitrogen removal
performed by denitrifying and DNRA bacteria (Vlaeminck et al. 2010; Ni et al. 2012; Hou et al.
2015; Castro-Barros et al. 2017).

Previous research has also suggested that a core microbial community exists within anammox
reactors (Li et al. 2009; Cho et al. 2010; Kartal et al. 2010; Park et al. 2010; Gonzalez-Martinez et al.
2014; Gonzalez-Martinez et al. 2015a; Gonzalez-Martinez et al. 2015b; Chu et al. 2015; Pereira et al.
2017). Uncultured members of the phyla Acidobacteria, Bacteroidetes, Chlorobi, Chloroflexi, and
Proteobacteria have been identified in the majority of anammox reactors. Since these phyla have
primarily been identified through 16S tRNA gene sequencing analyses, their roles in maintaining
and/or inhibiting anammox performance have yet to be elucidated (Kindaichi et al. 2012; Pereira et
al. 2017; Tang et al. 2018).

Acidobacteria, metabolically diverse heterotrophic organisms, may be capable of nitrite and nitrate
reduction (Ward et al. 2009). Similar to anammox bacteria, they may also produce EPSs to support
heterotrophic nitrogen removal processes (Kielak et al. 2016). Bacteroidetes, while commonly
known for their specialization in degrading high molecular weight compounds, may be capable of
the construction of web-like structures that contribute to anammox granule formation (Fernandez-
Gomez et al. 2013; Cao et al. 2016). Chlorobi, including the green sulfur bacteria that are capable of
oxidizing sulfide to elemental sulfur, may reduce the inhibitory effects of sulfide on anammox
bacteria (Dapena-Mora et al. 2007; Hiras et al. 2016). Chloroflexi may help to degrade microbial
products derived from biomass decay (Miura et al. 2007; Kindaichi et al. 2012). Proteobacteria, the
largest and most diverse phylum in the domain bacteria, contains many microorganisms that are
capable of heterotrophic dentrification and DNRA, including Burkholderiales, Pseudomonadales,
Rhodocyclales, Rhodospirillales, Rhizobiales, and all of the genera previously listed in Chapter 1.2.2
and 1.2.4 (Pereira et al. 2017). Additional phyla of bacteria, while not consistently present in
anammox reactors, may also play crucial roles in maintaining the stable and robust performance of
anammox reactors.

While there is a substantial body of literature describing the performance of anammox reactors in
response to various perturbations and operational conditions, very few studies have examined the
performance of anammox reactors in relation to its core microbial community. The work presented
in this chapter seeks to fill this gap by investigating the temporal dynamics of the anammox bacterial
community during the start-up and continued operation of a laboratory-scale anammox reactor.
Ultimately, the results of this investigation support the fundamental, community-level understanding
of the anammox process. This, in turn, should enable the more comprehensive control of the
promising anammox technology and help facilitate its widespread adoption at municipal wastewater
treatment plants across the globe.
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2.2 Materials and methods
2.2.1 Reactor setup and operation

A laboratory-scale, anaerobic membrane bioreactor (MBR) with a working volume of 1L was
constructed to enrich the anammox microbial community (Figure 2.1). A polyvinylidene fluoride
hollow fiber membrane module with a 0.4 um pore size and total surface area of 260 cm” (Litree
Company, China) was mounted in the MBR. An impeller was also mounted in the MBR to provide
mixing at a rate of 200 rpm. An electric heating blanket (Eppendorf, Hauppauge, NY) was fitted
around the MBR to maintain temperature at 37° C. Mixed gas (Ar:CO, = 95:5) was supplied
continuously to the MBR at a rate of 50 mL. min™' to eliminate dissolved oxygen and maintain pH at
7.2. On day 0, the MBR was inoculated with approximately 2 ¢ VSS L. of biomass collected from a
pilot-scale deammonification reactor treating sidestream effluent at San Francisco Public Utilities
Commission (SFPUC) in San Francisco, California. The MBR was re-inoculated with similar
concentrations of biomass from the same source on days 147 and 203.

The MBR was operated in a continuous flow mode. For the first 145 days, the hydraulic retention
time (HRT) was maintained at 48 hours; afterwards it was reduced to 12 hours. No solids were
removed from the MBR for the first 100 days of operation; afterwards, the solids retention time
(SRT) was reduced to 50 days.
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Figure 2.1: Configuration of the laboratory-scale anaerobic membrane bioreactor (MBR). Each letter refers to a
different component of the MBR: A — influent gas tank, Ar:CO2 (95:5), B — influent media tank, C — 1L reactor
vessel, D — power source and controller, E — flowmeter, F — influent peristaltic pump, G — level controllet,

H — impeller, I —temperature probe, | — membrane module, K — heating jacket, L. — effluent peristaltic pump, and
M — effluent media line. This figure is not drawn to scale.
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Synthetic medium containing ammonium, nitrite, bicarbonate, and trace nutrients (meant to mimic
sidestream effluent at a municipal wastewater treatment plant) was fed to the MBR (Table 2.1). For
the first 154 days of operation, the MBR was kept under nitrite-limiting conditions to prevent
inhibitory conditions. Influent ammonium and nitrite concentrations ranged from 200-300 mg N
L' and 100-300 mg N L, respectively. On day 154, influent ammonium and nittite concentrations
were adjusted to the anammox stoichiometric ratio, 1:1.32 (Kartal et al. 2013). For the remainder of
the experiment (aside from days 300 — 365), influent ammonium and nitrite concentrations were
maintained at this ratio and ranged from 200-500 mg N L. and 265-660 mg N L, respectively. On
day 353, influent concentrations of copper, iron, molybdenum, and zinc were increased based on
literature suggestions (van de Graaf et al. 1996; Chen et al. 2014; Liu et al. 2015).

Constituent Concentration Unit
(NH,),S0, 40-500 mg-N/L
NaNoO, 5-660 mg-N/L
NacCl 1000 mg/L
MgCl,-6H,0 500 mg/L
KH,PO, 200 mg/L
KCl 300 mg/L
CaCl,-2H,0 180 mg/L
KHCO, 420 mg/L
*FeCl,-4H,0 b s mg/L
CoCl,-6H,0 0.24 mg/L
MnCl,-4H,0 0.99 mg/L
*ZnCl, 0.07;0.20 mg/L
HsBO, 0.014 mg/L
*Na,Mo0,-2H,0 0.10; 0.22 mg/L
NiCl,-6H,0 0.19 mg/L
*CuCl,:2H,0 0.002; 0.17 mg/L
Na,Se0;-5H,0 0.16 mg/L
pH 6.8-7.0 -

Table 2.1: Synthetic medium composition. The concentrations of the four asterisked constituents were increased
from their low to high values on day 353.

2.2.2 Chemical analyses

Influent and effluent concentrations of ammonium, nitrite, and nitrate were measured approximately
every other day using HACH test kits (HACH, Loveland, CO), as described in the manufacturer’s
methods 10031, 10019, and 10020, respectively.

2.2.3 Biomass collection and DNA extraction

Biomass samples were extracted via syringe from the MBR every 2-10 days, flash frozen in liquid
nitrogen, and stored frozen at -80° C until use. Genomic DNA was extracted from the samples
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using the DNeasy PowerSoil Kit (Qiagen, Carlsbad, CA), as described in the manufacturer’s
protocol. The concentration and purity of extracted DNA was measured with a NanoDrop
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The concentration of genomic DNA
in all samples was normalized to 10 ng ul." with nuclease-free water (Thermo Fisher Scientific,
Waltham, MA). All genomic DNA samples were stored at -80° C until use.

2.2.4 16S trRNA gene sequencing and analysis

Genomic DNA samples were sent to the Institute for Environmental Genomics at the University of
Oklahoma (Norman, OK) for amplification of the variable 4 (V4) region of the 16S rRNA gene,
library preparation, and amplicon sequencing. The full protocol was previously described in Wu et
al. 2015. In summary, the V4 region of the bacterial 16S rRNA gene was amplified from DNA
samples using primers 515F (5-GTGCCAGCMGCCGCGGTAA-3’) and 806R
(B-TAATCTWTGGGVHCATCAGG-5%), with barcodes attached to the reverse primer.

Amplicons were pooled at equal molality and purified with the QIAquick Gel Extraction Kit
(QIAGEN Sciences, Germantown, MD). Paired-end sequencing was then performed on the
barcoded, purified amplicons with the Illumina MiSeq sequencer (Illumina, San Diego, CA).

Subsequent sequence processing and data analysis were performed in-house using mothur v.1.39.5,
following the MiSeq standard operating procedure (SOP) (Schloss et al. 2009, Kozish et al. 2013).

In summary, sequences were demultiplexed, merged, trimmed, and quality filtered. Unique
sequences were aligned against the SILVA v.132 16S rRNA gene reference alignment database
(Pruesse et al. 2007). Sequences that did not align to the position of the forward primer were
discarded. Chimeras were detected and removed. Remaining sequences were clustered into
operational taxonomic units (OTUs) within a 97% similarity threshold using the Phylip-formatted
distance matrix. Representative sequences from each OTU were assigned taxonomic identities from
the SILVA v.132 16S rRNA gene reference alignment database (Pruesse 2007). Sequences that were
not classified as bacteria were removed. Remaining OTUs were counted, and the 150 most abundant
OTUs (accounting for up to 99% of sequence reads within individual samples) were transferred to
Microsoft Excel (Microsoft Office Professional Plus 2016) for downstream interpretation and
visualization of their relative abundances. Phylogenetic distances were generated for the 150 most
abundant OTUs using Clearcut (Evans et al. 2000).

2.2.5 Statistical analyses
Statistical analyses were performed in Microsoft Excel (Microsoft Office Professional Plus 2016)
and RStudio v1.1.383 (RStudio Team 2015) using the ggplot2 and vegan packages. A significance

level of a = 0.05 was used for all analyses, unless noted otherwise. Details of statistical methods
used for additional analyses are given below.
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2.2.5.1 Microbial diversity

The Shannon index (H’) was chosen to quantify microbial diversity within each biological sample.

H’was calculated as follows:
N
H = - z piInp;
i=1

Whete {p1, p», ..., pn} are the relative abundances of the OTUs within the biological sample of
interest and IN is the number of observations in the sample (Hill et al. 2000).

2.2.5.2 Nonmetric multidimensional scaling (NMDS)

NMDS was used to collapse information across all of the biological samples onto a two-dimensional
plot for visualization and interpretation (Oksanen 2018). In summary, the original positions of each
biological sample were defined in multidimensional space based on the rank-order of the relative
abundances of OTUs at each timepoint (for simplification, OTUs that were assigned identical
taxonomies were merged). An initial, random configuration of the OTUs and timepoints was
constructed in two-dimensions. Distances in this initial configuration were regressed against the
observed (i.e., measured) distances. The stress (i.e., disagreement) between the initial configuration
and predicted values from the regression were determined. Configurations were iterated until the
stress value became less than 0.1.

2.3 Results and discussion
2.3.1 Reactor petformance

The performance of the MBR was tracked for 440 days from initial seeding, through several
performance crashes, to stable and robust anammox activity (Figure 2.2a). Differences in influent
and effluent concentrations of reactive nitrogen species were tabulated into nitrogen speciation
ratios and the nitrogen removal rate (NRR)—g-N removed, per liter, per day (Figure 2.2b).

In summary, the MBR’s performance steadily improved over the first 103 days of operation. At this
time, the effluent concentration of nitrite unexpectedly began to rise, so influent concentrations of
ammonium and nitrite were decreased to prevent process failure from nitrite toxicity (Lotti 2012).
Process failure was successfully avoided, and the MBR’s performance was quickly restored. On days
145 — 147, measures were taken to further enhance the MBR’s performance. On day 145, the HRT
was reduced from 48 hours to 12 hours, and influent ammonium and nitrite concentrations were
decreased (to maintain a stable loading rate). On day 147, the MBR was amended with a
concentrated stock of biomass from a nearby pilot-scale deammonification process. As expected,
the MBR’s performance continued to improve. Afterwards, influent ammonium and nitrite
concentrations were steadily increased until the NRR approached 2 g¢-N L' d"' on day 180.
Unfortunately, on day 189, the MBR experienced a technical malfunction and subsequent
performance crash, identified by a rapid decrease in the NRR. On day 203, the MBR was again
amended with a concentrated stock of biomass from a nearby pilot-scale deammonification process
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and the NRR quickly recovered. Influent ammonium and nitrite concentrations were again
increased until the NRR approached 2 ¢-N L' d".
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Figure 2.2: MBR performance. The upper panel (a) reports the influent and effluent concentrations of reactive
nitrogen species in the MBR over time (influent nitrate concentrations were negligible, so they were not plotted).
The lower panel (b) reports the nitrogen speciation ratios (primary y-axis) and NRR (secondary y-axis) in the MBR
over time. The dashed lines represent the stoichiometric nitrogen speciation ratios for anammox (Equation 1.6).

The MBR maintained steady performance for approximately 75 days, until day 288, when effluent
concentrations of ammonium and nitrite unexpectedly began to increase and nitrate concentrations
disproportionately decreased. Seven days later (on day 295), the NRR rapidly plummeted. No
technical malfunctions occurred, indicating that a destabilized microbial community may have been
responsible for the performance crash. At the time, the cause of the performance decline was not
understood, so the MBR was not re-seeded with biomass. For 57 days (from day 297 — day 353),
influent concentrations of ammonium and nitrite (and hence, NRR) were intentionally held at lower
values to allow the community to stabilize. During this time, less nitrite was consumed per unit of
ammonium consumed, and more nitrate was produced per unit of ammonium consumed.
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After the 50-day period of lowered performance, concentrations of copper, iron, molybdenum, and
zinc were increased in the synthetic wastewater medium based on literature suggestions, and influent
concentrations of ammonium and nitrite were ramped up (van de Graaf et al. 1996; Chen et al. 2014;
Liu et al. 2015).

Again, the NRR quickly approached 2 g-N I." d". The ratios of nitrite consumption and nitrate
production relative to ammonium consumption returned to stoichiometric values for anammox
(Equation 1.6). Stable and robust MBR performance was maintained for 50 days, at which point the
MBR was transitioned to another experiment, reported in Chapter 3.

2.3.2 Bacterial community structure

The V4 region of 16S rRNA genes was sequenced at 56 distinct timepoints over the lifespan of the
MBR study. These timepoints captured the initial enrichment of the anammox bacterial community
in the MBR, through two biomass amendments, a technical malfunction, an unexplained
destabilization of anammox activity, and finally to stable and robust anammox activity.

A phylogenetic tree was constructed using ITOL (Letunic and Bork 2016) to visualize the overall
diversity of the 150 most abundant OTUs in the MBR’s bacterial community (Figure 2.3; Appendix
1). Consistent with previous reports of bacterial community structure in anammox reactors,
members of the phyla Acidobacteria, Bacteroidetes, Chlorobi (i.e., Ignavibacteria), Chloroflexi, and
Proteobacteria accounted for the majority of the recovered OTUs in the MBR (Gonzalez-Martinez
et al. 2015b). These phyla accounted for 10, 10, 7, 35, and 44 of the recovered OTUs, respectively.
Members of the genus Brocadia were identified as the anammox bacteria within the MBR. Six OTUs
are associated with this genus.

The remainder of the OTUs were classified into the phyla Actinobacteria, Armatimonadetes,
Cyanobacteria, Dadabacteria, Deinococcus-Thermus, Gemmatimonadetes, Nitrospirae,
Patescibacteria, Planctomycetes, Spirochaetes, and Verrucomicrobia. Due to the current
disagreement on the classification of Ignavibacteria as a class of Bacteroidetes, as a class of Chlorobi,
or as its own phylum, it has been depicted here as its own phylum (Parks et al. 2018).

Oligoflexales, a member of the phylum Proteobacteria, appears to be misplaced on the phylogenetic

tree. This OTU's relative abundance over the lifespan of the MBR is negligible, so its misplacement
is expected to have negligible impacts on downstream analyses.
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Figure 2.3: Phylogenetic tree of all recovered operational taxonomic units (OTUs) in the MBR.
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2.3.2.1 Temporal community dynamics

The relative abundances of OTUs were averaged over three-day increments, resulting in 33 distinct
relative abundance profiles over the lifespan of the MBR study (Figure 2.4; Appendix 1). The genus
Brocadia accounted for a small fraction of bacteria in the MBR’s bacterial community at startup.
Instead, members of the phyla Acidobacteria, Ignavibacteria, and Proteobacteria dominated the
bacterial community. During the first 100 days of the MBR’s operation, Brocadia increased in relative
abundance at the expense of the three aforementioned phyla. Following the MBR’s
malperformance and subsequent biomass amendment on day 147, the MBR became dominated by a
single OTU—a member of the phylum Bacteroidetes and the order Sphingobacteriales—from the
biomass amendment. It appears that the MBR was not a favorable environment for this OTU, as its
relative abundance steadily declined over the next 100 days.

From day 150 — day 290, Brocadia again increased in relative abundance, this time at the expense of
the Spingobacteriales OTU and the phylum Proteobacteria. Brocadia remained dominant until day
290, when the relative abundances of the order Ignavibacteriales within the phylum Ignavibacteria
and the class Anaerolineae within the phylum Chloroflexi dramatically increased at the expense of
Brocadia. Shortly after this shift, the MBR experienced its unexplained destabilization of anammox
activity and subsequent performance crash. Over the next 50 days of lowered MBR performance,
the relative abundances of Ignavibacteriales, Anaerolineae, and Brocadia remained fairly constant.

After the synthetic medium’s trace metals concentrations were increased and the influent
concentrations of ammonium and nitrite were ramped up on day 353, the relative abundance of
Brocadia increased while the relative abundances of Ignavibacteriales and Anaerolineae decreased.
For the next 50 days of the MBR’s operation, the relative abundances of Brocadia, Ignavibacteriales,
and Anaerolineae (as well as the balance of the MBR’s OTUs) remained faitly constant.

The aforementioned changes in the relative abundance profiles of bacterial taxa over the lifespan of
the MBR, primarily the changes that occurred leading up to, during, and after the destabilization of
the MBR’s performance (days 290 — 440) merit further attention. In particular, the decline of the
relative abundance of Brocadia around the same time that effluent concentrations of ammonium and
nitrite unexpectedly began to increase and nitrate disproportionately began to decrease (and at least
five days before the MBR’s NRR rapidly declined) indicate that an instability in bacterial community
dynamics may have instigated the unexplained destabilization of anammox activity within the MBR.
More specifically, the deviations in the ratios of nitrite consumption and nitrate production relative
to ammonium consumption over the exact same timespan indicate that the instability in bacterial
community dynamics may be related to an imbalance among the MBR’s nitrogen removal processes
(i.e., anammox, denitrification, and DNRA).

The following sections describe the statistical analyses that were performed to further investigate the

bacterial community’s temporal dynamics surrounding the aforementioned events, and to potentially
identify a cause for the unexplained destabilization of anammox activity.
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Figure 2.4: Relative abundance profiles of bacterial taxa over the lifespan of the MBR. “Others” include taxa that
were identified, but their relative abundance profiles never reached 0.5% for any of the sequencing timepoints.
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2.3.2.1.1 Microbial diversity

The microbial diversity of each sampling timepoint was quantified using the Shannon diversity index
(H) and plotted over the lifespan of the MBR study (Figure 2.5). Over the first 230 days of the
MBR’s lifespan, H’ steadily declined from 3.06 to 2.39. Around this time, Brocadia began to
dominate the MBR’s bacterial community, so H declined even further to 1.56 on day 288. When
the MBR’s performance began to destabilize on day 288, the relative abundance of Brocadia rapidly
declined, so H’was restored to 3.01 (a value similar to that observed at the beginning of the MBR’s
lifespan).

At first glance, it appears that a decrease in the overall diversity of the bacterial community (due to
the dominance of the community by a single bacterium—DBrvcadia) may have caused the
destabilization of anammox activity. However, results from the second half of the MBR’s lifespan
tell a different story. Over the next 57 days (from day 297 — day 353), while the MBR’s performance
was limited, H’ remained high. As soon as the MBR’s NRR started to improve on day 353, H’
plummeted to values even lower than those observed during the performance destabilization on day
288 (H’bottomed out on day 374, with a value of 0.94.). While the first instance of declining
microbial diversity indicated a performance destabilization, the second instance indicated the direct
opposite—a performance stabilization.
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Figure 2.5: Microbial diversity indices over the lifespan of the MBR.

Ultimately, there seems to be no statistically-significant correlation between microbial diversity and
anammox activity (measured via NRR) (Appendix 2). While the over-dominance of the Brocadia sp.
may have been an important factor in the destabilization of the MBR’s performance on day 295, its
impact cannot be captured by H’alone.
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2.3.2.1.2 Community grouping

To further examine the correlations between bacterial community structure and anammox activity,
nonmetric multidimensional scaling (NMDS) analyses were applied to the relative abundance
profiles over the lifespan of the MBR study (Figure 2.6a; Appendix 2). The resulting NMDS
projection shows that certain bacterial taxa are associated with specific time periods over the lifespan
of the bioreactor. “Startup” taxa are clustered with the MBR’s initial sampling timepoints (days 9 —
92). “Pre-Crash” taxa are clustered with the MBR’s sampling timepoints leading up to the
performance destabilization on day 295 (days 233 — 290). “Mid-Crash” taxa are clustered with the
MBR’s sampling timepoints during the period of reduced performance (days 295 — 365). “Stable
State” taxa are clustered with the MBR’s final sampling timepoints that are associated with stable,
robust anammox activity (days 381 — 433). The Brocadia sp. can be found directly between the “Mid-
Crash” and “Stable State” clusters. While the names of the taxa associated with each of the clusters
are not plotted in Figure 2.6, they can be found in Table 2.2.

The relative abundances of the taxa associated with each of the aforementioned NMDS clusters
were summed and plotted over the lifespan of the MBR study (Figure 2.6b). The “Startup” cluster,
containing bacterial species from the phyla Acidobacteria, Bacteroidetes, and Verrucomicrobia,
accounted for 20% of the bacterial community at day 9. It appears that the MBR was not a
favorable environment for the bacteria in this cluster, as the “Startup” cluster’s relative abundance
steadily declined over the next 200 days. The “Pre-Crash” cluster, containing uncultivated bacterial
species from the phyla Bacteroidetes and Nitrospira, accounted for 10% of the bacterial community
at day 150. The bacterial species in this cluster were most likely introduced to the MBR on day 147,
when it was amended with a concentrated stock of biomass from a nearby pilot-scale
deammonification process. It appears that the MBR was not a favorable environment for the
bacteria in this cluster either, as the “Pre-Crash” cluster’s relative abundance became negligible after
two sampling timepoints. In summary, the relative abundances of the bacterial taxa associated with
both the “Startup” and “Pre-Crash” clusters became negligible well before the MBR’s performance
destabilization on day 295. The loss of the bacterial taxa associated with these clusters may have
disrupted the overall balance of the MBR’s bacterial community and subsequently caused the MBR’s
performance destabilization. If this is the case (and the bacterial taxa associated with these clusters
were performing some function(s) critical to the health of the MBR), their critical function(s) were
replaced by other taxa later on.

Of all four of the NMDS clusters, the “Mid-Crash” cluster contains the largest number of bacterial
taxa, including species from the phyla Acidobacteria, Chloroflexi, Deinococcus-Thermus,
Ignavibacteria, Proteobacteria, and Spirochaetes. While the relative abundance of the “Mid-Crash”
cluster is highest right at the MBR’s performance destabilization on day 295 (accounting for 30% of
the bacterial community on day 295), the cluster’s relative abundance is also high during the first 100
days of the MBR’s operation (indicating that the bacterial taxa within this cluster may have played
important role(s) in the pilot-scale deammonification process prior to their inoculation into the
MBR used in this study). Interestingly, the “Mid-Crash” cluster’s relative abundance accounts for at
least 5% of the MBR’s bacterial community over the entire lifespan of the MBR, including the
MBR’s final days of robust, stable anammox activity (from day 380 onwards). The bacterial taxa
associated with this cluster may have caused (and taken advantage of) the destabilized anammox
performance, but they are also present during the MBR’s final days of robust, stable anammox
activity (from day 380 onwards).
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Figure 2.6: Nonmetric multidimensional scaling (NMDS) projection of bacterial taxa and sampling timepoints.
In the upper panel (a), bacterial taxa are represented by red crosses and sampling timepoints are represented by
their values. Groups of bacterial taxa and sampling timepoints that clustered together are circled and assigned into
groups in the legend. In the lower panel (b), the relative abundances of bacterial taxa that were classified into the
NMDS groups assigned in panel (a) are plotted over the lifespan of the MBR.
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The “Stable State” cluster, containing bacterial species from the phyla Chloroflexi, Ignavibacteria,
Plantomycetes, and Proteobacteria, accounted for 10-15% of the bacterial community between days
381 —433. Similar to the “Mid-Crash” cluster, the “Stable State” cluster is represented over the
entire lifespan of the MBR. Interestingly, the relative abundance of the “Stable State” cluster first
began to rise on day 290, when the MBR’s performance began to destabilize. The bacterial taxa
associated with the “Stable State” cluster may have taken advantage of the destabilized anammox
performance, but they are also present the MBR’s final days of robust, stable anammox activity
(from day 380 onwards).

Startup Pre-Crash Mid-Crash Stable State
Bacteroidia Bacteroidetes Ardenticatenales Anaerolineaceae
Blastocatellaceae Nitrospira Betaproteobacteriales  Ignavibacteria
Pedosphaeraceae Chloroflexi Phycisphaeraceae

Gammaproteobacteria Xanthobacteraceae
Ignavibacteriae

Leptonema

Solibacteraceae

Truepera

Table 2.2: Bacterial taxa associated with each nonmetric multidimensional scaling NMDS) cluster.
2.3.3 Conclusions

The temporal dynamics of the anammox bacterial community were investigated from the start-up of
a laboratory-scale anammox MBR, through several performance crashes, to stable and robust
anammox activity. As anammox bacteria became enriched in the MBR’s bacterial community, the
relative abundances of other taxa declined, and the community’s microbial diversity decreased. An
instability in the simplified bacterial community may have caused the relative abundances of
Ignavibacteriales (within the phylum Ignavibacteria) and Anaerolineae (within the phylum
Chloroflexi) to dramatically increase at the expense of anammox bacteria. Almost immediately
thereafter, nitrogen removal deviated from anammox stoichiometry and the NRR rapidly declined.
Later into the experimental timeline, however, the simplified bacterial community achieved a robust
NRR. While the over-dominance of anammox bacteria may have caused the destabilization of the
MBR’s performance, it did not prevent robust performance further into the experimental timeline.

Interestingly, the relative abundances of bacterial taxa not only associated with the MBR’s limited
performance (days 295 — 365), but also with the stable state performance (days 381 — 433), increase
on day 295. Under desirable conditions, anammox, denitrifying, and DNRA bacteria may cooperate
to maximize nitrogen removal. Under undesirable conditions, however, anammox bacteria may
compete with denitrifying and DNRA bacteria for nitrite—their shared electron acceptor. Because
anammox bacteria grow more slowly than their heterotrophic companions, anammox bacteria may
lose this competition, leading to their out-competition and subsequent inhibition within the reactor
(Molinuevo et al. 2009). The MBR’s deviation from anammox stoichiometry indicate that
“undesirable conditions” may have caused the destabilization of the anammox reactor on day 295.
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During the MBR’s limited performance, bacterial taxa may be competing with anammox via
heterotrophic nitrogen removal processes. Then, during the MBR’s stable state performance, these
same taxa may be cooperating with anammox via heterotrophic nitrogen removal processes
(Unfortunately, several operational parameters were changed within the MBR on day 353, so a clear
story cannot be elucidated from the transition from the limited performance to stable state
performance periods.).

According to NMDS analyses, neither Ignavibacteriales nor Anaerolineae were associated with the
MBR’s periods of limited performance or stable state performance. However, other members of
these two phyla (Ignavibacteria and Chloroflexi) span the MBR’s limited and stable state
performance periods. The two remaining phyla within the core anammox microbial community—
Acidobacteria and Proteobacteria—are also present in the MBR’s stable state period, but none of
the analyses presented here help to elucidate their role(s) in the MBR.

In conclusion, the bacterial taxa associated with both limited and stable performance are present
over the entire lifespan of the MBR. It appears that these bacterial taxa can either help and hinder
the performance of the MBR through their participation in nitrogen cycling. More research must be
done to understand that conditions that support each of these conditions. This idea will be further
investigated in Chapter 3.
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Chapter 3:

The Impact of Nitrogen Speciation on the Performance and
Bacterial Community Structure of an Anammox Reactor
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3.1 Introduction

Anammox bacteria obtain energy for growth from the conversion of ammonium and nitrite into
nitrogen gas. This conversion proceeds via three coupled redox reactions with two intermediates:
nitric oxide and hydrazine (Kartal et al. 2004). First, nitrite is reduced to nitric oxide by the nitrite
reductase enzyme, NirS (Equation 3.1). Second, nitric oxide and ammonium are synthesized into
hydrazine by the hydrazine synthase enzyme, HZS (Equation 3.2). (Interestingly, HZS is unique to
anammox bacteria; there are no known homologs in other organisms (Kallistova et al. 2015).)
Third, the four-electron oxidation of hydrazine is carried out by the hydrazine dehydrogenase
enzyme, HDH (Equation 3.3) (Kartal et al. 2004).

(3.1) NO; +2H" + ¢ — NO + H,O
(3.2) NO + NH4" + 2H" + 3¢ — N;H,; + H.O
(3.3) NoHy — No + 4H' + 4e
When combined, these three redox reactions model anammox catabolism (Equation 3.4).
(3.4) NH," + NO; — N, + 2H,O

Anammox bacteria typically (although, not necessarily) utilize bicarbonate as their primary carbon
source for the synthesis of cell biomass (Kallistova et al. 2015; Castro-Barros et al. 2017). The
reduction of bicarbonate is coupled to the oxidation of nitrite to nitrate, meaning that the growth of
anammox bacteria is always accompanied by the production of nitrate (Equation 3.5) (Strous et al.
1998; Lotti et al. 2014; Kallistova et al. 2015).

(35) NO; +0.26HCO;5; — NO;3; + 0.26CH>005No.15

The widely-accepted model of the overall anammox metabolism (based on the combination of
catabolism and synthesis of cell biomass) is based on data collected in physiological experiments
performed by Strous et al. 1998 (Equation 3.0).

(3.6) NH," + 1.32NO, + 0.066HCO; + 0.13H"
— 1.02N, + 0.26NO5 + 2.03H,0 + 0.066CH,005N0 15

Recently, the stoichiometric coefficients for the overall anammox metabolism were challenged by
Lotti et al. 2014 (Equation 3.7). Lotti et al. proposed that less nitrite was consumed per mole of
ammonium and that less nitrate was produced per mole of ammonium, with similar amounts of
nitrogen gas and biomass yielded.

(3.7) NH4" + 1.146NO; + 0.071HCOs5 + 0.057H"
— 0.986N: + 0.161NO; + 2.002H,O + 0.0071CH20O031No.20

Unlike Strous et al.’s experiments which were carried out in sequential batch reactors with a
community that was 74% anammox bacteria, Lotti et al.’s experiments were carried out in an MBR
with a community that was more-highly enriched for anammox bacteria. These alterations may have

26



lifted mass transfer limitations on growth and decreased the effects of other microorganisms on the
estimation of growth parameters, resulting in more accurate stoichiometric coefficients for the
overall anammox reaction (Lotti et al. 2014; Kallistova et al. 2015). Ultimately, however, the
stoichiometric coefficients for the overall anammox metabolism in both of the aforementioned
studies are based on experimental data with mixed microbial communities. The differences in
results suggest that the actual anammox stoichiometry may yet to be elucidated.

While additional studies have continued to debate the stoichiometry of anammox bacteria’s
metabolism, few have investigated its translation into the greater stoichiometry of the overall
anammox community’s metabolism (Strous et al. 1998; Puyol et al. 2013; Lotti et al. 2014; Yao et al.
2015; Alejo-Alvarez et al. 2016; Zhu et al. 2017). As discussed in Chapter 2, nitrate—a product of
anammox metabolism—can be reduced to nitrite by both denitrifying and DNRA bacteria, and can

then be further reduced to nitrogen gas by anammox and denitrifying bacteria, or to ammonium by
DNRA bacteria (Figure 3.1).

Denitrification

Dissimilatory Nitrate Reduction to Ammonium (DNRA)

Anaerobic Ammonium Oxidation (anammox)
NO, NH,*

NO;-
3 Figure 3.1: Anaerobic nitrogen cycling pathways.

Most studies simply assume that nitrate is removed through denitrification, if at all (Seitzinger 1988;
Cornwell et al. 1999). In reality, nitrate has a much more complex fate under various reactor
conditions (Figure 3.2) (Burgin and Hamilton 2007).

H,S
> S-driven
Sulfidic
FeS, S°
. . > S-driven
High Cinputs
Low C:N
> Respiratory
Not Sulfidic
High C:N
> Fermentative
Low C:N
> Respiratory ;
Low Fe
Low Cinputs High C:N > Respiratory
High Fe
> Fe-driven

Figure 3.2: Dissimilatory pathways of nitrate removal (adapted from Burgin and Hamilton 2007).
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Under the majority of reactor conditions reported in Figure 3.2, nitrate is indeed removed through
denitrification (Burgin and Hamilton 2007). However, there are a few exceptions. When an
anammox reactor’s organic carbon inputs are low, ambient concentrations of iron are low, and
ambient ratios of C:N are low, it is expected that nitrate will be reduced to nitrite by denitrifying
bacteria, and then further reduced to nitrogen gas by anammox bacteria. This recycle of nitrite into
an anammox reactor without a corresponding infusion of ammonium for the anammox process may
lead to the accumulation of nitrite to levels that are inhibitory to the anammox process (Lotti et al.
2012). Additionally, when an anammox reactor’s organic carbon inputs are high, it is expected that
nitrate will be reduced to ammonium by DNRA bacteria, rather than reduced to nitrogen gas by
denitrifying bacteria. This recycle of ammonium into an anammox reactor without a corresponding
infusion of nitrite for the anammox process may lead to the accumulation of ammonium to levels
that are toxic to microorganisms (EPA 2017). In all of the aforementioned scenarios, the fate of
nitrate will impact not only the performance of the anammox reactor, but also the stoichiometry of
the overall anammox community’s metabolism.

The work presented in this chapter investigates the stoichiometry of anammox metabolism within
the greater context of anaerobic nitrogen cycling by anammox, denitrifying, and DNRA bacteria.
Through the manipulation of a stable-state anammox reactor, nitrogen flows through these three
pathways are hypothesized. The hypotheses are bolstered with supporting data from 16S rRNA
gene sequencing analyses. Ultimately, the results of this investigation support the fundamental,
community-level understanding of the anammox process. This, in turn, should enable the more
comprehensive control of the promising anammox technology and help facilitate its widespread
adoption at municipal wastewater treatment plants across the globe.

3.2 Materials and methods
3.2.1 Reactor setup and operation

A laboratory-scale, anaerobic MBR with a working volume of 1L was maintained as reported in
Chapter 2 (Figure 2.1). A polyvinylidene fluoride hollow fiber membrane module with a 0.4 um
pore size and total surface area of 260 cm” (Litree Company, China) was mounted in the MBR. An
impeller was also mounted in the MBR to provide mixing at a rate of 200 rpm. An electric heating
blanket (Eppendorf, Hauppauge, NY) was fitted around the MBR to maintain temperature at 37° C.
Mixed gas (Ar:CO2 = 95:5) was supplied continuously to the MBR at a rate of 50 mIL. min™ to
eliminate dissolved oxygen and maintain pH at 7.2. The MBR was operated in a continuous flow
mode. The HRT was maintained at 12 hours; the SRT was maintained at 50 days.

Synthetic medium containing ammonium, nitrite, bicarbonate, and trace nutrients (meant to mimic
sidestream effluent at a municipal wastewater treatment plant) was fed to the MBR (Table 3.1) (van
de Graaf et al. 1996; Chen et al. 2014; Liu et al. 2015). In order to investigate the stoichiometry of
anammox metabolism within the MBR, the influent ratio of ammonium:nitrite was varied between
the ratios proposed by Strous et al. 1998 and Lotti et al. 2014. For the first 60 days of operation,
influent concentrations of ammonium and nitrite were maintained at 500 mg N L' and 660 mg

N L7, respectively. During this time, the influent ratio of ammonium:nitrite was 1:1.32, following
the stoichiometry proposed by Strous et al. 1998. From day 61 — day 142, influent concentrations of
ammonium were increased to 600 mg N L' while influent concentrations of nitrite remained the
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same. During this time, the influent ratio of ammonium:nitrite was reduced to 1:1.1, a ratio slightly
lower than that proposed by Lotti et al. 2014. Over the next 60 days, influent concentrations of
nitrite were slowly increased from 660 mg N L' to 720 mg N L' to increase the influent
ammonium:nitrite ratio from 1:1.1 to 1:1.2. After this adjustment period, influent concentrations of
ammonium and nitrite were slowly increased to 640 mg N L' and 768 mg N L, respectively
(maintaining the ammonium:nitrite ratio at 1:1.2).

Constituent Concentration Unit
(NH,),S0, 500-640 mg-N/L
NaNO, 660-768 mg-N/L
NaCl 1000 mg/L
MgCl,-6H,0 500 mg/L
KH,PO, 200 mg/L
KCl 300 mg/L
CaCl,-2H,0 180 mg/L
KHCO, 420 mg/L
FeCl,-4H,0 17.9 mg/L
CoCl,-6H,0 0.24 mg/L
MnCl,-4H,0 0.99 mg/L
ZnCl, 0.20 mg/L
H,BO, 0.014 mg/L
Na,Mo0O,-2H,0 0.22 mg/L
NiCl,-6H,0 0.19 mg/L
cucl,-2H,0 0.17 mg/L
Na,Se0,-5H,0 0.16 mg/L
pH 6.8-7.0 .

Table 3.1: Synthetic medium composition.
3.2.2 Chemical analyses

Influent and effluent concentrations of ammonium, nitrite, and nitrate were measured approximately
every other day using HACH test kits (HACH, Loveland, CO), as described in the manufacturer’s
methods 10031, 10019, and 10020, respectively.

3.2.3 Biomass collection and DNA extraction

Biomass samples were extracted via syringe from the MBR every 2-10 days, flash frozen in liquid
nitrogen, and stored frozen at -80° C until use. Genomic DNA was extracted from the samples
using the DNeasy PowerSoil Kit (Qiagen, Carlsbad, CA), as described in the manufacturer’s
protocol. The concentration and purity of extracted DNA was measured with a NanoDrop
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The concentration of genomic DNA
in all samples was normalized to 10 ng/uL with nuclease-free water (Thermo Fisher Scientific,
Waltham, MA). All genomic DNA samples were stored at -80° C until use.
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3.2.4 16S rRNA gene sequencing and analysis

Genomic DNA samples were sent to the Joint Genome Institute (Walnut Creek, CA) for
amplification of the variable 4 (V4) region of the 16S rRNA gene, library preparation, and amplicon
sequencing. The full protocol was previously described in the Earth Microbiome Project (Kirton
2017; Barth Microbiome Project 2018). In summary, the V4 region of the bacterial 16S rRNA gene
was amplified from DNA samples using revised primers 515FB
(5>-GTGYCAGCMGCCGCGGTAA-3) and 806RB (3-TAATCTWTGGGVNCATCAGG-5),
with barcodes attached to the forward primer. Amplicons were pooled at equal molality and
purified with the MoBio UltraClean PCR Clean-Up Kit (MoBio Laboratories, Carlsbad, CA).
Paired-end sequencing was then performed on the barcoded, purified amplicons with the Illumina
MiSeq sequencer (Illumina, San Diego, CA).

Subsequent sequence processing and data analysis were performed in-house using mothur v.1.39.5,
following the MiSeq standard operating procedure (SOP) (Schloss et al. 2009, Kozish et al. 2013).

In summary, sequences were demultiplexed, merged, trimmed, and quality filtered. Unique
sequences were aligned against the SILVA v.132 16S rRNA gene reference alignment database
(Pruesse et al. 2007). Sequences that did not align to the position of the forward primer were
discarded. Chimeras were detected and removed. Remaining sequences were clustered into
operational taxonomic units (OTUs) within a 97% similarity threshold using the Phylip-formatted
distance matrix. Representative sequences from each OTU were assigned taxonomic identities from
the SILVA v.132 16S rRNA gene reference alignment database (Pruesse 2007). Sequences that were
not classified as bacteria were removed. Remaining OTUs were counted, and the 150 most abundant
OTUs (accounting for up to 99% of sequence reads within individual samples) were transferred to
Microsoft Excel (Microsoft Office Professional Plus 2016) for downstream interpretation and
visualization of their relative abundances. Phylogenetic distances were generated for the 150 most
abundant OTUs using Clearcut (Evans et al. 2000).

3.2.5 Statistical analyses

Statistical analyses were performed in Microsoft Excel (Microsoft Office Professional Plus 2016)
and RStudio v1.1.383 (RStudio Team 2015) using the ggplot2 and vegan packages. A significance
level of a = 0.05 was used for all analyses, unless noted otherwise. Details of statistical methods
used for additional analyses are given below.

3.2.5.1 Microbial diversity

The Shannon index (H’) was chosen to quantify microbial diversity within each biological sample.

H’was calculated as follows:
N
H' = — Z piInp;
i=1

Whete {p1, p», ..., pn} are the relative abundances of the OTUs within the biological sample of
interest and N is the number of observations in the sample (Hill et al. 20006).
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3.3 Results and discussion
3.3.1 Reactor petformance

The performance of the MBR was tracked for 215 days, through several manipulations (i.e., phases
of experimentation (P)) of the ratio of influent concentrations of ammonium:nitrite (Figure 3.3a).
Differences in influent and effluent concentrations of reactive nitrogen species were tabulated into
nitrogen speciation ratios and the nitrogen removal rate (NRR)—g-N removed, per liter, per day
(Figure 3.3b). For simplification of downstream analyses, effluent concentrations of ammonium,
nitrite, and nitrate were averaged over each phase of experimentation (Appendix 3). These averaged
concentrations were then used to calculate the performance of the MBR for each phase of
experimentation, including the ratio of ammonium consumed to nitrite consumed in the MBR and
the ratio of ammonium consumed to nitrate produced in the MBR (Table 3.2).

During phase 1, ammonium and nitrite were fed to the MBR in a 1:1.32 ratio. Ammonium and
nitrite were consumed in a similar (1:1.31) ratio within the MBR, and little ammonium and nitrite
remained in the effluent. Additionally, 0.31 moles of nitrate were produced for every mole of
ammonium fed to the MBR. During phase 2, ammonium and nitrite were fed to the reactor in a
1:1.1 ratio. Almost instantly, ammonium and nitrite consumption changed to a 1:1.21 ratio.
Roughly half of the additional ammonium added to the MBR was consumed, while the other half
remained in the effluent. Additionally, 0.23 moles of nitrate were produced for every mole of
ammonium fed to the MBR. While the ratio of ammonium consumed to nitrate produced in the
MBR decreased between phases 1 and 2, the corresponding decrease in the concentration of nitrate
in the MBR’s effluent was statistically insignificant.
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Figure 3.3: MBR performance. The upper panel (a) reports the influent and effluent concentrations of reactive
nitrogen species in the MBR over time (influent nitrate concentrations were negligible, so they were not plotted).
The five phases (P) of the experiment are delineated on the secondary x-axis. The lower panel (b) teports the
nitrogen speciation ratios (primary y-axis) and NRR (secondary y-axis) in the MBR over time. The solid purple line
indicates the ratio at which nitrite an ammonium wete fed to the reactor, while the blue line, connected by data
points, indicates the ratio at which nitrite and ammonium were actually consumed within the reactor. The dashed
lines represent the stoichiometric nitrogen speciation ratios for anammox presented in Equations 3.6 and 3.7.

32



During phases 3 — 5, the ratio of ammonium:nitrite fed to the reactor was steadily increased from
1:1.1 to 1:1.2. At first, the ratio of ammonium:nitrite consumed in the reactor jumped up to 1:1.25,
but as the influent ratio of ammonium:nitrite approached 1:1.2, the consumption ratio of
ammonium:nitrite decreased to 1:1.22. Additionally, the ratio of ammonium consumed to nitrate
produced in the MBR followed a similar pattern: at first, the ratio of ammonium consumed to
nitrate produced jumped up to 1:0.29, but as the influent ratio of ammonium:nitrite approached 1:1.,
the ratio of ammonium consumed to nitrate produced decreased to 1:0.23. While the ratio of
ammonium consumed to nitrate produced decreased during phases 3 — 5, the corresponding
decrease in the concentration of nitrate in the MBR’s effluent was (again) statistically insignificant.

Parameter P1 P2 P3 P4 P5
NLR (g N/L-d) 2.32 2.52 2.56 2.60 2.64-2.82
Influent NH,* (mg N/L) 500 600 600 600 600-640
Influent NO, (mg N/L) 660 660 680 700 720-768
Influent NH,*: NO, 1:1.32 1:1.1 1:1.13 1:1.16 1:1.2
NRR (g N/L-d) 2.00 2.15 2.13 2.26 2.35-2.50
Effluent NH,* (mg N/L) 1 55 59 32 9
Effluent NO, (mg N/L) 6 3 2 2 2
Effluent NO; (mg N/L) 152 125 156 138 139
NH,*: NO, 12931, 1:1.21 1:4.:25 1:1.23 1:1.22
NH,*: NOy 1:0.31 1:0.23 1:0.29 1:0.24 1:0.23

Table 3.2: Performance of the MBR during each phase (P) of experimentation.

In summary, the microbial community within the MBR was capable of consuming ammonium and
nitrite anywhere between a 1:1.21 and a 1:1.31 ratio. Accordingly, when less nitrite was consumed in
relation to ammonium in the MBR, less nitrate was produced in relation to ammonium in the MBR.
An influent nitrogen speciation ratio of ammonium:nitrite of 1:1.2 minimized the concentrations of
ammonium and nitrite in the MBR’s effluent (and hence, maximized the MBR’s overall nitrogen
removal performance).

Additionally, the almost instantaneous changes in ammonium:nitrite consumption ratios following
changes in influent ammonium:nitrite speciation ratios (most notably, between phases 1 and 2)
indicate that the existing bacterial community was able to manage the environmental changes by
altering its metabolisms, rather than by altering its relative abundance dynamics. The relative
abundances of bacterial taxa may have subsequently changed in response to the environmental
changes, but such dynamics did not impact the overall function of the MBR.

At the end of phase 5, the concentrations of ammonium and nitrite became negligible in the MBR’s
effluent, so the MBR was transitioned to another experiment (not included in the scope of this
dissertation).
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3.3.2 Bacterial community structure

The V4 region of 16S rRNA genes was sequenced at 35 distinct timepoints over the lifespan of the
MBR study. These timepoints captured all five phases of experimentation, from the initial influent

ammonium:nitrite speciation ratio of 1:1.32; to the final influent ammonium:nitirite speciation ratio
of 1:1.2.

A phylogenetic tree was constructed using ITOL (Letunic and Bork 2016) to visualize the overall
diversity of the 150 most abundant OTUs in the MBR’s bacterial community (Figure 3.4; Appendix
4). The resulting OTUs were very similar to those reported in Chapter 2. The few, small
discrepancies can be accounted to the use of updated primers during the amplification process.
Members of the phyla Acidobacteria, Bacteroidetes, Chlorobi (i.e., Ignavibacteria), Chloroflexi, and
Proteobacteria accounted for the majority of the recovered OTUs in the MBR (Gonzalez-Martinez
et al. 2015b). These phyla accounted for 7, 13, 13, 35, and 57 of the recovered OTUs, respectively.
Members of the genus Brocadia were identified as the anammox bacteria within the MBR. Six OTUs
are associated with this genus.

The remainder of the OTUs were classified into the phyla Actinobacteria, Armatimonadetes,
Chlamydiae, Cyanobacteria, Deinococcus-Thermus, Dependentiae, Patescibacteria, Planctomycetes,
Spirochaetes, and Verrucomicrobia. Due to the current disagreement on the classification of
Ignavibacteria as a class of Bacteroidetes, as a class of Chlorobi, or as its own phylum, it has been
depicted here as its own phylum (Parks et al. 2018).
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Figure 3.4: Phylogenetic tree of all recovered operational taxonomic units (OTUs) in the MBR.
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3.3.2.1 Temporal community dynamics

The relative abundances of OTUs were averaged over three-day increments, resulting in 23 distinct
relative abundance profiles over the lifespan of the MBR study (Figure 3.5; Appendix 4). The genus
Brocadia accounted for 45% of the bacteria in the MBR’s bacterial community at the beginning of
experimentation. Additionally, members of the phylum Ignavibacteria and of the class Anaerolineae
within the phylum Chloroflexi accounted for 11% and 16% of the bacteria in the MBR’s bacterial
community at the beginning of experimentation, respectively. Over the course of phase 1, the
relative abundance of Brocadia rose to 73%, while the relative abundances of Ignavibacteria and
Anaerolineae decreased to 8% and 8%, respectively. It appears that the influent ammonium:nitrite
speciation ratio of 1:1.32 encouraged the enrichment of Brocadia at the expense of Ignavibacteria and
Anaerolineae, as well as the phylum Proteobacteria.

On day 61, the influent ammonium:nitrite speciation ratio was decreased to 1:1.1. Over the next 35
days, the relative abundances of Brocadia, Ignavibacteria, and Anaerolineae remained fairly constant.
Then, on day 117, roughly one SRT after the alteration of the influent ammonium:nitrite speciation
ratio, the relative abundance of Brocadia began to decrease, while the relative abundances of
Ignavibacteria and Anaerolineae began to increase. By the end of phase 2 (day 130), the relative
abundance of Brocadia had fallen to 27%, while the relative abundances of Ignavibacteria and
Anaerolineae had risen to 29% and 28%, respectively. It appears that the influent ammonium:nitrite
speciation ratio of 1:1.1 discouraged the enrichment of Brocadia in favor of the enrichment of
Ignavibacteria and Anaerolineae.

From day 143 to day 193, the influent ammonium:nitrite speciation ratio was steadily increased from
1:1.1 to 1:1.2. Over this 50-day period, the relative abundance of Brocadia continued to decline. By
the commencement of phase 5 (day 194), roughly two and a half SRTs after the initial alteration of
the influent ammonium:nitrite speciation ratio, the relative abundance of Brocadia had fallen to 27%,
while the relative abundances of Ignavibacteria and Anaerolineae had risen to 29% and 28%,
respectively.

Interestingly, while the alteration of the influent ammonium:nitrite speciation ratio had minimal
impacts on the overall performance of the MBR, it had significant impacts of the relative abundance
dynamics of the bacterial community within the MBR. It appears that an influent ammonium:nitrite
speciation ratio of 1:1.32 favors the enrichment of the anammox bacterium, Brocadia, while lower
ammonium:nitrite speciation ratios (1:1.1 — 1:1.2) favor the enrichment of bacteria that are not
capable of anammox (here, Ignavibacteria and Anaerolineae). Over the course of the experiment,
the community composition and its microbial diversity varied greatly, yet all compositions were
consistently capable of robust nitrogen removal performance within the MBR (Appendix 3).

In the following sections, these conflicting results are combined with previous knowledge of

nitrogen cycling in attempts to explain the dynamics occurring among anammox, denitrifying, and
DNRA bacteria in this experiment.
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Figure 3.5: Relative abundance profiles of bacterial taxa over the lifespan of the MBR. “Others” include taxa that
were identified, but their relative abundance profiles never reached 0.5% for any of the sequencing timepoints.
The five phases (P) of the experiment are delineated on the secondary x-axis.
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3.3.3 Hypothesized dynamics of the anaerobic nitrogen cycling pathways

In this study, the MBR’s influent medium was optimized for the anammox bacterium. It contained
ammonium, nitrite, and bicarbonate, the main substrates for anammox metabolism. Thus, it was
assumed that anammox was the predominant nitrogen removal pathway in the MBR. Additionally,
the influent medium did not contain any form of organic carbon, nor did it contain a significant
amount of iron. Under these conditions, previous research predicts that nitrate will be reduced to
nitrite by denitrifying bacteria, and then further reduced to nitrogen gas by anammox bacteria
(Burgin and Hamilton 2007). This recycling of nitrate into nitrite for anammox metabolism has
been coined the “nitrite loop” (Winkler et al. 2012).

As a baseline for anaerobic nitrogen cycling dynamics in the MBR, it was assumed that anammox
bacteria convert ammonium and nitrite to nitrogen gas, with a small amount of nitrate produced.
Denitrifying bacteria convert the produced nitrate back to nitrite, which can then be cycled back into
anammox metabolism via the “nitrite loop” (Figure 3.6).

NZ
Denitrification

Dissimilatory Nitrate Reduction to Ammonium (DNRA)
Anaerobic Ammonium Oxidation (anammox)

NO, NH,*

N03-
Figure 3.6: Preferred anaerobic nitrogen cycling pathway in the MBR

During phase 1 of experimentation, ammonium and nitrite were supplied to the reactor in a 1:1.32
ratio, and consumed in the reactor in a 1:1.31 ratio. Additionally, 0.31 moles of nitrate were
produced per mole of ammonium consumed in the reactor. The observed stoichiometry during
phase 1 of experimentation aligned very closely with the stoichiometry proposed by Strous et al.
Also during phase 1 of experimentation, Brocadia was enriched in the bacterial community. In
combination, these two sets of results indicate that the species of anammox bacteria in the MBR
follow the model of anammox metabolism proposed by Strous et al. When ammonium and nitrite
are supplied in the ratio required for anammox metabolism, anammox bacteria are able to dominate

the overall anaerobic nitrogen cycling community in the MBR, leaving little room for denitrifying
and DNRA bacteria to flourish.

During phases 2 — 5 of experimentation, ammonium and nitrite were supplied to the reactor in
ratios lower than 1:1.32. If the species of anammox bacteria in the MBR were indeed following the
metabolism proposed by Strous et al., then excess ammonium was supplied during these phases.
The excess ammonium was consumed in the MBR, resulting in an ammonium:nitrite consumption
ratio of 1:1.22 — 1.25. Additionally, 0.23 — 0.29 moles of nitrate were produced per mole of
ammonium consumed in the reactor. The observed stoichiometry during phases 2 — 5 deviated
from the stoichiometry proposed by Strous et al., yet did not align with the stoichiometry proposed
by Lotti et al. Also during phases 2 — 5 of experimentation, the relative abundance of Brocadia
declined in favor of Ignavibacteria and Anaerolineae. In combination, these results indicate that the
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“nitrite loop” may be at work. When ammonium is supplied in excess of the requirement for
anammox metabolism, not all of it can initially be consumed by anammox bacteria. Dentrifying
bacteria must first reduce some of the nitrate produced by anammox bacteria back into nitrite.
Then, the excess ammonium can be combined with the nitrite produced by denitrifying bacteria in
anammox metabolism. This additional round of anammox produces more nitrate, and the “nitrite
loop” continues. Such a loop explains the deviation from the model of anammox metabolism.

Heterotrophic organisms that are capable of reducing nitrate to nitrite are generally able to grow
more rapidly than autotrophic organisms (such as anammox) (Madigan et al. 2006). In the MBR, the
reduction of nitrate to nitrite was most likely performed by Ignavibacteria and Anaerolineae, as their
increases in relative abundances aligned with the instances of increased reliance on the “nitrite loop”
for the overall function of the MBR (One previous metagenomic study of unclassified Ignavibacteria
found that the genome encoded the respiratory nitrate reductase (Nar) gene, which is responsible for
the reduction of nitrate to nitrite (Bhattacharjee et al. 2017). Potentially, the unclassified
Ignavibacteria encode the Nar gene here as well.). More work must be done to elucidate
Ignavibacteria’s and Anaerolineae’s roles in nitrogen cycling in an anammox reactor.

3.3.4 Conclusions

The performance and temporal dynamics of an anammox MBR were investigated through several
manipulations of the ratio of influent concentrations of ammonium:nitrite. It appears that an
influent ammonium:nitrite speciation ratio of 1:1.32 favors the enrichment of the anammox species
in the MBR, while lower ammonium:nitrite speciation ratios (1:1.1 — 1:1.2) favor the enrichment of a
more diverse bacterial community in the MBR, including the enrichment of bacteria that are
potentially capable of heterotrophic nitrogen cycling (i.e., Ignavibacteria and Anaerolineae). Both of
these enrichments are capable of robust nitrogen removal performance within the MBR.

Ultimately, the more diverse anammox community with heterotrophic nitrogen cycling bacteria (and
a “nitrite loop”) has a greater capacity to remove reactive nitrogen species from an influent
wastewater stream. Yet, in Chapter 2, results indicated that an over-dominance of heterotrophic
nitrogen cycling bacteria can cause the overall performance of the MBR to collapse. So, where is the
tipping point between the positive and negative roles of heterotrophic nitrogen cycling bacteria in an
anammox reactor? More work must be done to elucidate the precise mechanisms that control the
interactions among anammox, denitrifying, and DNRA bacteria within the MBR. Understanding
nitrogen cycling (and other metabolic interactions) among anammox, denitrifying, and DNRA
microorganisms within an anammox reactor will enable better operation and control of this
important process for effective removal of reactive nitrogen in wastewater streams.
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Chapter 4:

The Impact of Biomass Retention Strategies on the Performance and
Bacterial Community Structure of an Anammox Reactor
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4.1 Introduction

The slow growth rate of anammox bacteria is one of the greatest hindrances to the widespread
adoption of the anammox technology (Zhu et al. 2014). While efforts have been made to increase
anammox growth rates under typical wastewater conditions, advancements in the retention of
anammox biomass within a reactor have proven to be more effective at overcoming the challenges
associated with the bacteria’s slow growth rate (Lotti et al. 2015; Stinson 2018). Most notably,
advancements in reactor configuration, such as the moving-bed biofilm reactor (MBBR), the gas-lift
or upflow reactor (i.e., the upflow anaerobic sludge blanket (UASB)), the sequencing batch reactor
(SBR), and the membrane bioreactor (MBR) have been successful in minimizing anammox bacterial
washout (van Dongen et al. 2001; Wett 2007; Jin et al. 2008; van der Star et al. 2008; Tang et al.
2011; Kowalski et al. 2018; Stinson 2018).

Additional research efforts have also revealed that anammox bacteria are capable of attaching to
biomass support media, such as inorganic salts and plastic, and developing robust biofilms upon
them (Fernandez et al. 2008a; Klaus et al. 2016). Many of the aforementioned reactor configurations
have exploited this property of anammox bacteria by including biomass support media within their
reactor vessels (Christensson et al. 2013; Veolia 2018). As a result, the surface area for biomass
attachment and subsequent biofilm formation within the reactor is dramatically increased, and
anammox bacterial washout can be even further reduced.

Currently, new anammox reactors are seeded with 10% of their desired operational biomass
concentration (Stinson 2018). As a result, it can take several months for biomass to accumulate
within a new reactor and for the reactor’s nitrogen removal to reach its desired operational
performance. If strategies can be developed to better retain biomass within an anammox reactor,
the duration of the startup phase can be decreased. The research presented in this chapter
investigates the efficacy of two novel biomass support materials—polyvinyl alcohol-sodium alginate
(PVA-SA) and zeolite—to further improve biomass aggregation and retention (and ultimately,
performance) within anammox reactors. Particular emphasis is placed on the startup phase.

PVA-SA is a polymer-based material that has been widely used to artificially aggregate biomass
(Figure 4.1) (Rouse et al. 2005; Ge et al. 2009). When biomass becomes entrapped within a PVA-SA
matrix, the volume occupied by the biomass becomes larger and the biomass becomes less likely to
wash out of a reactor. While this technology has been around for several decades, its application has
only recently been extended to anammox bacteria within anammox reactors (Zhu et al. 2014; Ali et
al. 2015b). As a result, the behavior of anammox bacteria and associated community members in
PVA-SA is not yet well understood (Date et al. 2008; Manonmani and Joseph 2018).

a) b) oH
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Figure 4.1: Molecular structure of polyvinyl alcohol-sodium alginate (PVA-SA). PVA is depicted in panel (a),
while SA is depicted in panel (b).
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Zeolites are naturally-occurring, aluminosilicate minerals of a porous structure (Figure 4.2). They are
characterized by their ability to lose and gain water reversibly, sorb molecules of appropriate cross-
sectional diameter, and exchange their constituent cations without a major change in structure
(Tsitsishvili et al. 1992). Because of these unique properties, zeolites are used in a variety of
agricultural, industrial, and municipal applications (Chung et al. 2000; Kallo 2001; Wang and Peng
2010; Gupta et al. 2015; Delkash et al. 2015; Zhao 2016; Huang et al. 2018). In the past few years,
zeolites’ applications have extended to wastewater treatment processes (Fernandez et al. 2008a;
Fernandez et al. 2008b; Widiastuti et al. 2008). In particular, clinoptilolite, a type of zeolite with a
strong sorption affinity for ammonium, has been used to physically remove ammonium from
wastewater streams (Montalvo et al. 2012; KMI Zeolite 2018). While recent research has begun to
investigate the ability of clinoptilolite to sorb ammonium in anammox reactors, the research
described in this chapter is the first to investigate clinoptilolite’s efficacy as a growth support media
for the anammox bacterial community in typical sidestream conditions (Grismer and Collison 2017;
Collison and Grismer 2018).

Figure 4.2: Molecular structure of clinoptilolite zeolite. The partial substitution of AI3* for Si** in the
aluminosilicate building block results in a permanent, excess negative charge that can be offset by alkali and earth
alkaline cations. The aluminosilicate building blocks ate arranged into rings, leaving channels and cavities to
accommodate the mineral’s sorption and ion exchange capacities (Coldstream Industries 2015; Grismer and
Collison 2017).

4.2 Materials and methods
4.2.1 Chemicals and seed biomass

All chemicals used in the synthesis of PVA-SA, as well as the chemicals used in the creation of
synthetic wastewater, were obtained from Millipore Sigma (St. Louis, MO) and used as received
without further purification. Clinoptilolite zeolite was obtained from KMI Zeolite (Pahrump, NV)
as crushed gravel. Concentrated anammox biomass was obtained from the in-house MBR described
in Chapters 2 and 3. Prior to all downstream uses, the anammox biomass had been extracted from
the MBR and stored anaerobically at 4° C for up to three months.
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4.2.2 Synthetic medium preparation

Synthetic medium was designed to mimic sidestream effluent at a municipal wastewater treatment
plant (Table 4.1) (van de Graaf et al. 1996; Chen et al. 2014; Liu et al. 2015). In summary, it
contained ammonium, nitrite (added as (NH4):SO4 and NaNO., respectively), bicarbonate, and trace
nutrients—the substrates for anammox growth. Concentrations of ammonium and nitrite varied
quite dramatically, depending on the synthetic medium’s application. The pH was adjusted to 6.8
+/- 0.1 with IN HCl and 1N NaOH.

Constituent Concentration Unit
(NH,),S0, variable mg-N/L
NaNO, variable mg-N/L
NacCl 1000 mg/L
MgCl,-6H,0 500 mg/L
KH,PO, 200 mg/L
Kcl 300 mg/L
CaCl,-2H,0 180 mg/L
KHCO; 420 mg/L
FeCl,-4H,0 17.9 mg/L
CoCl,-6H,0 0.24 mg/L
MnCl,-4H,0 0.99 mg/L
ZnCl, 0.20 mg/L
H4BO, 0.014 mg/L
Na,Mo0,-2H,0 0.22 mg/L
NiCl,-6H,0 0.19 mg/L
CuCl,-2H,0 0.17 mg/L
Na,Se0;:5H,0 0.16 mg/L
oH 6.8 +/- 0.1 -

Table 4.1: Synthetic medium composition.
4.2.3 Preparation and characterization of biomass retention materials

4.2.3.1 PVA-SA preparation

Anammox biomass immobilization was carried out as previously described by Zhu et al. 2009, with a
few modifications. In summary, a 2% PVA — 6% SA (w/v) solution was prepared by dissolving the
PVA and SA powder chemicals into ultrapure water from a Milli-Q system (Millipore Sigma, St.
Louis, MO). To ensure full dissolution, the solution was left in a 60° C water bath overnight.
Separately, anammox biomass was washed with a 20% (v/v) phosphate buffered saline (PBS)
solution and its concentration was measured following standard methods for volatile suspended
solids (VSS) quantification (APHA 2005).
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Next, the PVA-SA solution was cooled and mixed with the proper amount of washed and quantified
anammox biomass to achieve a biomass concentration of 10 g VSS/L within the solution. A
peristaltic pump (Cole-Parmer, Vernon Hills, IL) was used to drip the PVA-SA-anammox solution
into a 4% (w/v) solution of calcium chloride at a rate of 0.02 mI. min". Anaerobic conditions were
maintained in the calcium chloride solution by constant bubbling with argon gas. Through the
dripping process, the PVA-SA-anammox solution crystallized into spherical beads, roughly 4 mm in
diameter (Appendix 5). The beads were stored overnight at 4° C to ensure sufficient curing. Finally,
the beads were washed with a 20% PBS solution before transferal to downstream experimentation.

4.2.3.2 Zeolite preparation

Zeolites were pulverized via mortar and pestle and sorted into various sizes by sifting through a
series of sieves. Particles falling between 0.3 — 1.4 mm were chosen for all downstream analyses.
Subsets of the zeolites were subjected to pretreatments previously outlined in Inglezakis et al. 2003,
to eliminate any potential contaminants from the zeolites’ surfaces. During pretreatments, the
subsets of the zeolites were washed three times with deionized (DI) water, 1M NaCl in DI water, or
0.IN HCl in DI water. Then, the subsets of the zeolites were stored overnight on a shaking table at
room temperature in their respective pretreatment solutions. Finally, the subsets of zeolites were
washed three times with DI water and dried at 100° C before transferal to downstream
experimentation.

4.2.3.2.1 Quantification of zeolites’ sorption capacity

In order to quantify the ammonium sorption capacity of the zeolites, batch sorption experiments
were conducted in 25 mL glass serum bottles that were prepared with an argon headspace, capped
with butyl rubber septa, and sealed with aluminum crimp caps. 10 mL of nitrogen-free media and
0.2 g of zeolite were added to each bottle. Concentrated solutions of ammonium and nitrite were
added in a 1:1.32 stoichiometric ratio to produce initial concentrations ranging from 0:0 — 2000:2640
mg N L, respectively. A seties of control bottles without zeolites were also prepared, following the
same procedure. The bottles were stored overnight on a shaking table at 37° C. The following
morning, samples were withdrawn from the bottles and the aqueous concentrations of ammonium
and nitrite were quantified via ion chromatography (IC) (Dionex ICS-1100, Thermo Fisher
Scientific, Waltham, MA). The concentrations in the control bottles were used to calculate the
amount of ammonium and nitrite that was sorbed onto the zeolites.

4.2.4 Reactor setup and operation

Before moving into longer-term anammox biomass attachment and retention experiments, the
biomass support materials were screened for any potential inhibitory effects on anammox bacteria.
These initial screening experiments were performed in batch reactors. The biomass support
materials that passed the initial screening advanced to the longer-term anammox biomass
attachment and retention experiments. These longer-term experiments were performed in UASB
reactors.
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4.2.4.1 Batch reactors

All batch reactor experiments, including the live anammox microcosms and the support-material-
only controls (i.e., no biomass), were conducted in 125 mL glass serum bottles that were prepared
with an argon headspace, capped with butyl rubber septa, and sealed with aluminum crimp caps.

100 mL of nitrogen-free media was added to each bottle. Where appropriate, 10 g ! of support
materials and/or anammox biomass were added to achieve final concentrations of 10 g I and/or
10 g VSS I, respectively, within the bottle. At the beginning of incubations, concentrated solutions
of ammonium and nitrite were added to produce initial aqueous concentrations of 100 mg N L and
132 N L', respectively, within the bottle. When aqueous concentrations of nitrite dipped below 10
mg N L' within the bottle, ammonium and nitrite were reamended in a 1:1.32 ratio. For the
duration of all experiments, all bottles were stored on a stir plate at 37° C. Additionally, neutral
pressure was maintained in the bottles by releasing produced nitrogen gas via syringe two or three
times per day, and pH was maintained at 6.8 +/- 0.1 with petiodic amendments of 1IN HCl and 1N
NaOH.

4.2.4.2 Upflow anaerobic sludge blanket (UASB) reactors

Two laboratory-scale UASB reactors with working volumes of 1.2 L. each were constructed to study
the performance of the anammox microbial community with and without zeolite support material
during the initial startup phase (Figure 4.3). An electric heating jacket (HTS/Amptek, Stafford, TX)
was fitted around each reactor vessel to maintain temperature at 37° C. Media was supplied
continuously to the UASBs at a rate of 50 mL ht"', which corresponds to a 24-hour HRT. Mixed
gas (ArCO; = 95:5) was supplied continuously to the UASBs at a rate of 180 mL min" +/- 10 mL
min" to eliminate dissolved oxygen and maintain pH at 7.2. Media and gas were mixed prior to their
delivery to the reactor vessel. A spherical air stone, 3 cm in diameter, was mounted at the inlet of
each reactor vessel to diffuse gas being fed into the UASB.

On day 0, each UASB was inoculated with approximately 1 g VSS L' of anammox biomass (meant
to mimic the initial 10% biomass inoculation in a full-scale anammox reactor) (Stinson 2018). Also
on day 0, 10 g L" of zeolite was added to one of the UASBs as a support material (this
concentration was chosen based on literature recommendations) (Fernandez et al. 2008; Wang and
Peng 2010). Ammonium and nitrite were fed to the UASBs in a 1:1.2 ratio, in order to maintain
nitrite-limiting conditions and prevent performance inhibition from the accumulation of nitrite
(Lotti et al. 2012). Initial ammonium and nitrite concentrations were 100 mg N L' and 120 mg N
L, respectively. If the effluent concentration of nitrite dipped below 10 mg N L, the influent
concentrations of ammonium and nitrite were increased by 100 mg N L' and 120 mg N L,
respectively. Conversely, if the effluent concentration of nitrite rose above 70 mg N L, the influent
concentrations of ammonium and nitrite were decreased by 50 mg N L' and 60 mg N L',
respectively. This pattern was continued for a minimum of 30 days, the minimum amount of time

required for a new, full-scale anammox reactor to reach its desired operational performance (Stinson
2018).
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Figure 4.3: Configuration of the laboratory-scale upflow anaerobic sludge blanket (UASB) reactor. Each letter
refers to a different component of the UASB: A — influent gas tank, B — influent media tank, C — 1.2L reactor
vessel, D — heating jacket, E — heating jacket power source and temperature controller, IF — flowmeter, G — influent
peristaltic pump, H — phase separator, and I — effluent media line. This figure is not drawn to scale.

4.2.4.3 Chemical analyses

Concentrations of ammonium, nitrite, and nitrate were measured using HACH test kits (HACH,
Loveland, CO), as described in the manufacturer’s methods 10031, 10019, and 10020, respectively.
For the batch reactors, concentrations of the aforementioned compounds were measured
immediately before and after infusions of ammonium and nitrite. For the UASB reactors, influent
and effluent concentrations of the aforementioned compounds were measured approximately every
other day.

4.2.5 Biomass collection and DNA extraction

Biomass samples were extracted via syringe from the bottom third of the UASBs every 2-10 days
and stored frozen at -80° C until use. Genomic DNA was extracted from the samples using the
DNeasy PowerSoil Kit (Qiagen, Carlsbad, CA), as described in the manufacturer’s protocol. The
concentration and purity of extracted DNA was measured with a NanoDrop Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). The concentration of genomic DNA in all samples was
normalized to 10 ng/pL with nuclease-free water (Thermo Fisher Scientific, Waltham, MA). All
genomic DNA samples were stored at -80 °C until use.
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4.2.6 16S rRNA gene sequencing and analysis

Genomic DNA samples were sent to the California Institute for Quantitative Biosciences (qb3)
(Berkeley, CA) for amplification of the variable 4 (V4) region of the 16S rRNA gene, library
preparation, and amplicon sequencing. The full protocol was previously described on the gb3
website (qb3 2018). In summary, the V4 region of the bacterial 16S rRNA gene was amplified from
DNA samples using revised primers 515FB (5-GTGYCAGCMGCCGCGGTAA-3) and 806RB
(B-TAATCTWTGGGVNCATCAGG-5), with barcodes attached to either side of the molecule (A
dual unique indexing strategy was employed to reduce the occurrence of data bleed within samples.).
Amplicons were pooled at equal molality and purified via solid phase reversible immobilization.
Paired-end sequencing was then performed on the barcoded, purified amplicons with the Illumina
MiSeq sequencer (Illumina, San Diego, CA).

Subsequent sequence processing and data analysis were performed in-house using mothur v.1.39.5,
following the MiSeq standard operating procedure (SOP) (Schloss et al. 2009, Kozish et al. 2013).

In summary, sequences were demultiplexed, merged, trimmed, and quality filtered. Unique
sequences were aligned against the SILVA v.132 16S rRNA gene reference alignment database
(Pruesse et al. 2007). Sequences that did not align to the position of the forward primer were
discarded. Chimeras were detected and removed. Remaining sequences were clustered into
operational taxonomic units (OTUs) within a 97% similarity threshold using the Phylip-formatted
distance matrix. Representative sequences from each OTU were assigned taxonomic identities from
the SILVA v.132 16S rRNA gene reference alignment database (Pruesse 2007). Sequences that were
not classified as bacteria were removed. Remaining OTUs were counted, and the 150 most abundant
OTUs (accounting for up to 99% of sequence reads within individual samples) were transferred to
Microsoft Excel (Microsoft Office Professional Plus 2016) for downstream interpretation and
visualization of their relative abundances. Phylogenetic distances were generated for the 150 most
abundant OTUs using Clearcut (Evans et al. 2000).

4.2.7 Statistical analyses
Statistical analyses were performed in Microsoft Excel (Microsoft Office Professional Plus 2016)
and RStudio v1.1.383 (RStudio Team 2015) using the ggplot2 and vegan packages. Average

concentrations and amounts are reported as the mean +/- standard deviation (SD) for three
replicates, unless noted otherwise. SD was calculated as follows:

N-1

where {x1, x, ..., xn} are the observed values of the sample items, M is the arithmetic mean of these
observations, and [N is the number of observations in the sample.

A significance level of a = 0.05 was used for all analyses, unless noted otherwise. For all analyses

involving multiple comparisons, p-values were adjusted using the Sidak correction to maintain a
significance level of a = 0.05. The correction is given by:
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n
Padjusted = 1- (1 - punadjusted)

where 7 is the number of comparisons performed (Sidak 1967; Brisson 2015). Details of statistical
methods used for additional analyses are given below.

4.2.7.1 Microbial diversity

The Shannon index (H’) was chosen to quantify microbial diversity within each biological sample.

H’was calculated as follows:
N
H = — Z piInp;
i=1

Whete {p1, p», ..., pn} are the relative abundances of the OTUs within the biological sample of
interest and N is the number of observations in the sample (Hill et al. 20006).

4.3 Results and discussion
4.3.1 Efficacy of biomass retention materials

Before moving into longer-term anammox biomass attachment and retention experiments, the
biomass support materials were first screened in attempts to understand their potential interactions
with the anammox microbial community in a reactor setting. The results of these initial screenings
are detailed in the sections below.

4.3.1.1 Sorption capacity

The capacity of the clinoptilolite zeolite to sorb ammonium and nitrite from the synthetic medium
under expected reactor conditions was investigated (PVA-SA was not selected as a biomass support
material for its sorption capacity, so its sorption capacity for ammonium and nitrite was not formally
investigated) (Papageorgiou et al. 2006; Cheraghali et al. 2013; Yu et al. 2017).

The zeolite’s sorption capacity was quantified in its natural state (as received from KMI Zeolite), as
well as after various pretreatment conditions. Batch sorption tests revealed that the zeolite was able
to sorb ammonium, but not nitrite (Figure 4.4; Appendix 5). In its natural state, the zeolite’s
sorption capacity was roughly 15 mg NH," per g zeolite. After all three of the pretreatments (DI
washing, NaCl washing, and HCl washing), the zeolite’s sorption capacity was increased to roughly
30 mg NH," per g zeolite. Because clinoptilolite zeolite has such a strong preferential sorption
capacity for ammonium (the order of preferential sorption for clinoptilolite is delineated in Equation
4.1), it is likely that the zeolite already contained ammonium in its natural state (Tsitsishvili et al.
1992; KMI Zeolite 2018). All three of the pretreatments successfully exchanged the ammonium
ions for other constituent ions (most likely H" in the case of the DI washing, Na" in the case of the
NaCl washing, and H" in the case of the HCI washing).

41) Cs>Rb>K>NH;>Pb>Ag>Ba>Na>Sr>Ca>Li>Cd>Cu>Zn
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Figure 4.4: Zeolite’s ammonium sorption capacity after vatious pretreatments.

4.3.1.2 Inhibition

The capacity for PVA-SA and zeolite to inhibit anammox performance were investigated in a series
of batch anammox reactor experiments. The performances of the reactors were tracked for a period
of 10 — 14 days. Differences in influent and effluent concentrations of reactive nitrogen species for
each of the batch reactors were then tabulated into the nitrogen removal rate (NRR)—g-N removed,
per liter, per day—and used to compare performances across the reactors (Figure 4.5).
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Figure 4.5: Inhibitory effects of biological support materials on anammox performance.
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Within the first two days of operation, the anammox control reactor (containing anammox biomass
only; no PVA-SA, no zeolite) achieved a NRR of 140 mg N " d". This NRR was sustained for the
duration of the experiment, and was considered the performance baseline for all experimental
reactors. The abiotic PVA-SA control reactor (containing biomass-free PVA-SA beads only; no
anammox biomass, no zeolite) initially displayed a capacity to remove ammonium and nitrite, but
the NRR dropped to zero by the fifth day of the experiment. The abiotic zeolite control reactor
(containing zeolite only; no anammox biomass, no PVA-SA) initially displayed a capacity to remove
ammonium, but the NRR also dropped to zero by the fifth day of the experiment. The initial
nitrogen removal seen in both of these abiotic reactors is most likely due to physical removal from
solution: entrapment in the PVA-SA matrix in the case of the abiotic PVA-SA control, and sorption
via ion exchange in the case of the abiotic zeolite control.

The PVA-SA experimental reactor (containing anammox biomass entrapped within PVA-SA beads;
no zeolite) achieved a NRR of 110 mg N L' d"! within the first two days of the experiment.
However, the NRR dropped to 50 mg N L' d" by the sixth day of the expetiment, and 25 mg N L."!
d" by the tenth day of the experiment. Within PVA-SA, the diffusion of substrates to
microorganisms entrapped within can limit the microorganisms’ capacity for growth (Manonmani
and Joseph 2018). This factor was expected to be the reason for the limited anammox performance
in the PVA-SA experimental reactor. Follow-up experiments were performed to verify that
diffusion limitations were indeed the cause of inhibition seen here (Appendix 5). Because the PVA-
SA support material did not pass this initial inhibition screening, it did not advance to the longer-
term anammox biomass attachment and retention experiments performed in UASB reactors.

The untreated zeolite experimental reactor and the NaCl pretreated reactor (both containing
anammox biomass and their respective zeolites; no PVA-SA) achieved and sustained NRRs
comparable to the NRR of the anammox control reactor. It appears that zeolite, in its natural form
or after the NaCl pretreatment, had no inhibitory effect on anammox performance. The DI
pretreated zeolite experimental reactor initially displayed a NRR higher than that of the anammox
control reactor, but the DI pretreated zeolite reactor’s NRR dropped off quite dramatically by the
tenth day of the experiment. The HCI pretreated zeolite experimental reactor displayed a limited
NRR from the outset of the experiment. In the case of these two zeolite experimental reactors (i.e.,
the DI and HCI pretreated zeolites), it is hypothesized that a change in pH was the cause of
inhibition seen here.

In summary, NaCl pretreated zeolites not only displayed a higher capacity for ammonium sorption,
but they also did not display any inhibitory impacts on anammox performance. As a result, NaCl
pretreated zeolites were chosen and the most ideal biomass support material to advance to the
longer-term anammox biomass attachment and retention experiments performed in UASB reactors.

4.3.2 UASB reactor performance

The performances of two UASBs, one zeolite-free and another containing 10 g L of NaCl
pretreated zeolite, were tracked for 50 days to investigate the zeolites’ impact on the UASB’s startup
performance (Figure 4.6a,b). Differences in influent and effluent concentrations of reactive nitrogen
species were tabulated into the nitrogen removal rate (NRR)—¢-N removed, per liter, per day—and
nitrogen speciation ratios (Figure 4.6c).
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Figure 4.6: Pancls (a) and (b) report the influent and effluent concentrations of reactive nitrogen species and the
NRR in the zeolite-free and the zeolite-amended UASBs, respectively. Panel (c) reports the nitrogen speciation
ratios for both UASBs. The dashed lines represent the stoichiometric nitrogen speciation ratios for anammox.
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In summary, the performances of the UASBs steadily improved over the first 26 days of operation.
The NRR rose in each UASB, and the ratios of nitrite consumption and nitrate production relative
to ammonium consumption converged to the values predicted by anammox stoichiometry
(Equation 1.6). The performances of the UASBs over this timespan are practically identical. On
day 26, the concentrations of ammonium and nitrite began to rise in the effluents of each of the
UASBEs, so influent concentrations of ammonium and nitrite were decreased to prevent process
failure from nitrite toxicity (Lotti 2012). Process failure was successfully avoided, and the UASBs’
performances were quickly restored. After this performance upset, the NRRs of the two UASBs
began to diverge. For the last 15 days of the experiment, the UASB without zeolites performed
slightly better than the UASB with zeolites. By the conclusion of the experiment, the NRR of the
UASB without zeolite was greater than the NRR of the UASB with zeolite by roughly 100 mg N L.
d’, and the nitrogen speciation ratios had also diverged from the values predicted by anammox
stoichiometry (Equation 1.0).

The NRRs of both UASBs declined over the last 15 days of the experiment, indicating that the
community may not have fully recovered from the process upset around day 26. Ultimately, it
appears that the zeolites had no impact on the UASB’s startup performance under the conditions
provided in this expetiment. Additionally, neither of the reactors reached a NRR of 1 kg N L. d"
within 30 days—the NRR (and time timeline to achieve it) expected from a full-scale anammox
reactor.

This same experiment was repeated again, with one small modification. NaCl was removed from
the influent synthetic medium to encourage more sorption of ammonium onto the zeolites. The
results from the second iteration of the experiment were similar to the results from the first iteration
of the experiment (Appendix 5).

4.3.3 Bacterial community structure

The V4 region of 16S rRNA genes was sequenced at five distinct timepoints over the lifespan of the
reactor performance study detailed in Section 4.3.2. These timepoints captured the differences
between the zeolite-free and zeolite-amended environments, and also the bacterial community’s
transition from a controlled washout environment (within the MBR) to an uncontrolled washout
environment (within the UASBs).

The resulting OTUs were very similar to those reported in Chapters 2 and 3 (Appendix 6). The few,
small discrepancies can be accounted to the use of an updated DNA extraction kit (as the previous
kit had been discontinued). Members of the phyla Bacteroidetes, Chlorobi (i.e., Ignavibacteria),
Chloroflexi, and Proteobacteria accounted for the majority of the recovered OTUs in the MBR
(Gonzalez-Martinez et al. 2015b). These phyla accounted for 19, 13, 23, and 44 of the recovered
OTUs, respectively. Members of the genus Brocadia were identified as the anammox bacteria within
the MBR. 27 OTUs are associated with this genus.

The remainder of the OTUs were classified into the phyla Acidobacteria, Actinobacteria,
Cyanobacteria, Firmicutes, Patescibacteria, Planctomycetes, Spirochaetes, and Verrucomicrobia.
Due to the current disagreement on the classification of Ignavibacteria as a class of Bacteroidetes, as
a class of Chlorobi, or as its own phylum, it has been depicted here as its own phylum (Parks et al.
2018).
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4.3.3.1 Temporal community dynamics

The relative abundances of OTUs within each UASB were tabulated into five relative abundance
profiles over the lifespan of the reactor performance study detailed in Section 4.3.2 (Figure 4.7;
Appendix 0).
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Figure 4.7: Relative abundance profiles of bacterial taxa over the lifespans of the UASBs. Panel (a) refers to the
zeolite-free UASB, while Panel (b) refers to the zeolite-amended UASB. “Others” include taxa that were
identified, but their relative abundance profiles never reached 0.5% for any of the sequencing timepoints.
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At the beginning of experimentation, members of the genus Brocadia accounted for 20% of the
bacteria in each of the UASB’s bacterial communities. Instead, members of the phylum
Ignavibacteria were most abundant; they accounted for 30% of the bacteria in each of the UASB’s
bacterial communities. Over the course of experimentation, the relative abundance profiles of the
two UASBs (one zeolite-free, and the other zeolite-amended) evolved fairly similarly. By the end of
experimentation, the relative abundance of Brocadia rose to 40% in each of the UASB’s bacterial
communities, and the relative abundance of the phylum Ignavibacteria decreased to 15% in each of
the UASB’s bacterial communities.

It appears that the addition of zeolite to a UASB anammox reactor had minimal impact on the
evolution of the bacterial community. Additionally, it appears that the majority of the bacterial taxa
were able to survive the transition from a controlled washout environment (within the MBR) to an
uncontrolled washout environment (within the UASBs). The genus Psexdomonas was washed out of
the zeolite-amended UASB, but all other bacterial taxa that were present at the beginning of
experimentation were also present at the end of experimentation.

4.3.4 Conclusions

In Chapter 4, two new support media—PVA-SA and zeolite—were identified to improve biomass
retention (and hence, decrease startup time) within an anammox reactor. Their efficacies were
investigated through a series of laboratory-scale batch, column, and upflow anaerobic sludge blanket
(UASB) reactor experiments. Sodium alginate interfered with the performance of anammox
bacteria, so its capacity to enhance anammox reactor performance was not fully investigated here.
Only zeolite was amended to UASB reactor experiments. Bacterial community shifts to new
lifestyles in a UASB in the presence of zeolite were interpreted through 16S rRNA gene sequencing
analyses.

None of the reactors reached a NRR of 1 kg N L' d"' within 30 days, the NRR (and timeline to
achieve it) expected from a full-scale anammox reactor. Additionally, it appears that the zeolites had
no impact on the UASB’s startup performance under the conditions provided in this experiment,
nor the evolution of the bacterial community within the UASB during the startup period. More
research must be done to verify the efficacy (or lack, thereof) of zeolite amendments to an anammox
UASB reactor. Perhaps a different reactor configuration would allow zeolites to play a more active
role in shaping reactor performance and bacterial community structure during the startup of an
anammox reactor.
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Chapter 5:

Analysis of Co-Occurrence Patterns in Anammox Bacterial Communities

55



5.1 Introduction

In the past decade, freshwater and groundwater supplies in New Zealand have become increasingly
contaminated with reactive nitrogen (Figure 5.1) (NZ ME 2015). The issue has spread across both
urban and rural water supplies, with urbanization acting as the main culprit in urban areas and the
intensification of dairy farming acting as the main culprit in rural areas (Morton 2017; Shaddad 2017,
Wright 2017). As a direct result, 60% of the country’s rivers and lakes have become unswimmable,
and groundwater supplies have become no longer fit to drink (NZ ME 2015; The Economist 2017).

Median Concentration (ug N L)

35-156
157-339
340-557
558-970
971-15,004

Qe 6 6C

Figure 5.1: Total nitrogen concentrations in New Zealand rivers (adapted from NZ ME 2015).

The anammox technology stands out as a viable option to manage the reactive nitrogen pollution
originating from wastewater treatment plants across New Zealand. Unfortunately, current laws ban
the import of new organisms into the country: any organism that was not documented to be within
New Zealand on or before July 29, 1998 is considered a new organism and cannot be introduced
into the country (NZ ME 2017; EPA TMRT 2018). All species of anammox bacteria are considered
new organisms under this law, so anammox biomass cannot be purchased and imported from any of
the leading anammox technology providers to seed a new reactor. If decision-makers in New
Zealand decide to pursue the anammox technology, the anammox biomass for the country’s initial
reactor must be enriched from an indigenous source (Suneethi et al. 2014).

Across the globe, anammox bacteria have been detected in almost every habitat, from freshwater
sediments to marine water columns to geothermal hotsprings to the intestinal tracts of fish (Jaeschke
et al. 2009; Sonthiphand et al. 2014; Chan et al. 2016). Their role in some of these natural habitats
can be quite extensive: anammox bacteria may be responsible for up to 30% of the reactive nitrogen
conversions in marine environments, and up to 36% of the reactive nitrogen conversions in
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freshwater environments (Moore et al. 2011; Babbin et al. 2014). Thus, it is extremely likely that
anammox bacteria not only exist, but also play crucial roles, in New Zealand’s natural habitats. The
work presented in this chapter supports the development of the anammox technology within New
Zealand by investigating a catalogue of microbial diversity within New Zealand’s stream habitats for
the presence of indigenous species of anammox bacteria. Once anammox bacteria have been
identified, scientists and engineers can begin to enrich an indigenous anammox microbial
community to seed New Zealand’s first anammox reactor (Perez-Garcia et al. 2018).

As previously discussed in Chapter 2, one opportunity to improve the functionality of anammox
reactors lies in the identification of patterns in microbial community structure that support the
proliferation of anammox bacteria. The resulting patterns can then be used to inform targeted
strategies to improve the performance the anammox reactor. In this chapter, previous analyses of
microbial community structure will be extended to include the freshwater habitat samples from New
Zealand that contain anammox bacteria. This extended investigation will support the fundamental,
community-level understanding of the anammox process, not only within New Zealand, but also
across the rest of the globe.

5.2 Materials and methods
5.2.1 Database collation

A catalogue of microbial diversity within New Zealand’s stream habitats, recorded as unprocessed
16S rRNA gene sequences and accompanying metadata, was provided for this investigation by Dr.
Gavin Lear from the University of Auckland. The samples that comprised this catalogue were
collected from biofilms growing on submerged rocks in 244 rivers and streams across New Zealand.
The samples spanned a north-south gradient of 1000 km, an elevation gradient of 750 m, and were
collected from a variety of catchment types (Appendix 7) (Lear et al. 2013). Additional information
regarding sample locations, sample processing, and sequencing can be found in Lear et al. 2013.

5.2.216S rRNA gene sequence processing

16S rRNA gene sequence processing and data analysis were performed in-house using mothur
v.1.39.5, following the MiSeq standard operating procedure (SOP) (Schloss et al. 2009, Kozish et al.
2013). In summary, sequences were demultiplexed, merged, trimmed, and quality filtered. Unique
sequences were aligned against the SILVA v.132 16S rRNA gene reference alignment database
(Pruesse et al. 2007). Sequences that did not align to the position of the forward primer were
discarded. Chimeras were detected and removed. Remaining sequences were clustered into
operational taxonomic units (OTUs) within a 97% similarity threshold using the Phylip-formatted
distance matrix. Representative sequences from each OTU were assigned taxonomic identities from
the SILVA v.132 16S rRNA gene reference alignment database (Pruesse 2007). Sequences that were
not classified as bacteria were removed. Remaining OTUs were counted, and the 2500 most
abundant OTUs (accounting for a minimum of 76% of sequence reads within individual samples)
were transferred to Microsoft Excel (Microsoft Office Professional Plus 2016) for downstream
interpretation and visualization of their relative abundances.
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Representative sequences were extracted from each of the 2500 most abundant OTUs. Separately,
nine anammox sequences, spanning all five of the currently recognized anammox genera, were
identified and downloaded from the National Center for Biotechnology Information (NCBI)
database (Appendix 7) (NCBI 2018a). The representative sequences and anammox sequences were
combined and re-aligned against the SILVA v.132 16S rRNA gene reference alignment database.
Phylogenetic distances were generated using Dendroscope to identify the representative sequences
from the OTUs that aligned with the anammox sequences (Huson and Scornavacca 2012). Average
nucleotide sequence identities between representative sequences from the OTUs and anammox
sequences were calculated using the NCBI average nucleotide identity tool (NCBI 2018b).

5.2.3 Statistical analyses

Statistical analyses were performed in Microsoft Excel (Microsoft Office Professional Plus 2016)
and RStudio v1.1.383 (RStudio Team 2015) using the igraph, ggplot2, and vegan packages. A
significance level of o = 0.05 was used for all analyses, unless noted otherwise. Details of statistical
methods used for additional analyses are given below.

5.2.3.1 Nonmetric multidimensional scaling (NMDS)

Relative abundance profiles of bacterial taxa from select samples within the catalogue of microbial
diversity in New Zealand’s stream habitats were combined with previously reported relative
abundance profiles of bacterial taxa within anammox reactors, and nonmetric multidimensional
scaling (NMDS) was used to collapse information across all of these samples onto a two-
dimensional plot for visualization and interpretation (Oksanen 2018). In summary, the original
positions of each sample were defined in multidimensional space based on the rank-order of the
relative abundances of bacterial taxa within the sample. If relative abundance data was provided at
the OTU-level, OTUs that were assigned identical taxonomies were merged. An initial, random
configuration of the bacterial taxa and samples was constructed in two-dimensions. Distances in
this initial configuration were regressed against the observed (i.e., measured) distances. The stress
(i.e., disagreement) between the initial configuration and predicted values from the regression were
determined. Configurations were iterated until the stress value became less than 0.1.

5.2.3.2 Network analysis

Network analysis was used to investigate co-occurrence patterns of bacterial taxa within the samples
that contained (potential) anammox sequences, as identified in section 5.2.3.1 (Barberan et al. 2012;
Sonthiphand et al. 2014). In summary, Spearman’s rank correlations were calculated between all
bacterial taxa with a relative abundance of at least 0.5% in one of the samples. Bacterial taxa that did
not meet this requirement were excluded from all downstream analyses. A correlation was
considered valid if the Spearman’s correlation coefficient was both greater than 0.6 and statistically
significant (a < 0.05) (Junker and Schreiber 2008). Valid correlations were then transferred to
Gephi v.0.9.2, where co-occurrence network properties were calculated and visualized in accordance
with previous studies (Bastian et al. 2009; Ju et al. 2014; Ma et al. 2016; Shu et al. 2018).

58



5.3 Results and discussion
5.3.1 Potential anammox bacterial taxa within New Zealand

A phylogenetic tree was constructed using Dendroscope to identify OTUs within New Zealand’s
stream habitat samples that aligned with anammox sequences (Appendix 7) (Huson and Scornavacca
2012). One OTU—number 262—was clustered with the anammox sequences on the resulting
phylogenetic tree. Average nucleotide sequence identities between OTU 262 and the anammox
sequences were calculated using the NCBI average nucleotide identity tool (Table 5.1) (NCBI
2018b). Thresholds for bacterial taxonomic boundaries, based on the identities of 16S rRNA gene
sequences (97% for species, 94.5% for genus, 86.5% for family, 82.0% for order, 78.5% for class,
and 75% for phylum), were used to classify OTU 262 against the known anammox genera (Fox et al.
2012; Yarza et al. 2014). OTU 262 fell just below the threshold for the family Brocadiaceae, but
within the threshold for the order Brocadiales. Currently, all of the species identified within this
order are capable of anammox metabolism (van Niftrik and Jetten 2012). Of course, deeper
analyses are required to verify this particular OTU's capacity for anammox metabolism.

Genus Average nucleotide identity  Shared classification level
Anammoxoglobus  83% Order

Brocadia 85% Order

Jettenia 83% Order

Kuenenia 85% Order

Scalindua 79% Class

Table 5.1: Classification of OTU 262.

OTU 262 was identified in 48% of the samples analyzed in this study. The magnitude of its relative
abundance was greatest within sample AKID2.10, at 0.5% (Figure 5.2; Appendix 7). AKID2.10 was
collected from a grassland catchment area near Auckland, New Zealand, 20 m above sea level
(Appendix 7). At the time of sampling, the stream’s pH at sample site AKID2.10 was 6.1, and the
total nitrogen concentration was 1.9 mg L.

Members of the phylum Proteobacteria accounted for the majority of the recovered OTUs in
AKD2.10. The remainder of the OTUs were classified into the phyla Acidobacteria, Actinobacteria,
Bacteroidetes, Chlorobi, Chloroflexi, Cyanobacteria, Firmicutes, Gemmatimonadetes, Nitrospirae,
Planctomycetes, and Verrucomicrobia.
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Figure 5.2: Relative abundance profiles of bacterial taxa within AKID2.10 (the select New Zealand habitat sample).

5.3.2 Database structure

In order to draw correlations between the bacterial community structure in New Zealand habitat
samples and the bacterial community structure in established anammox bacterial communities,
previously reported relative abundance profiles of bacterial taxa from anammox reactors were
collected and synthesized, along with their supporting metadata (Figure 5.3; Table 5.2; Appendix 7)
(Gonzalez-Martinez et al. 2014; Chu et al. 2015; Gonzalez-Gil et al. 2015; Gonzalez-Martinez et al.
2015a; Bagchi et al. 2016; Gonzalez-Martinez et al. 2016; Agrawal et al. 2017; Liu et al. 2017; Wang
et al. 2017; Ding et al. 2018; He et al. 2018; Tang et al. 2018; Xu et al. 2018).
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Figure 5.3: Relative abundance profiles of bacterial taxa within anammox reactors. Bacterial taxa that were found

Phylum

Unclassified
Acidobacteria
Acidobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Armatimonadetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Chlorobi
Chlorobi
Chlorobi
Chlorobi
Chlorobi
Chloroflexi
Chloroflexi
Chloroflexi
Cyanobacteria
Fibrobacteres
Firmicutes
Firmicutes
Firmicutes

Classification

Chloracidobacteria
Acidimicrobiia
Actinomycetales
Cytophagia
Cryomorphaceae
Flavobacteriales
Sphingobacteriales
Chitinophagaceae
Flexibacteraceae
Sphingobacteraceae
Chlorobiales
lgnavibacteria
Ignavibacteriales
Melioribacterales
Anaerolineae
Caldilineae

Bacillales
Clostridiales

Deferribacteres

Gemmatimonadetes -

Nitrospirae
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Proteobacteria
Protoebacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Protoebacteria
Proteobacteria
Proteobacteria
Proteobacteria
Protoebacteria
Proteobacteria
Proteobacteria
Proteobacteria
Verrucomicrobia

Nitrospira
Brocadiaceae
Brocadia

Jettenia

Kuenenia
Phycisphaerales
Alphaproteobacteria
Caulobacterales
Rhizobiales
Rhodobacteraceae
Betaproteobacteria
Burkholderiales
Limnobacter
Comamonadaceae
Nitrosomonadales
Rhodocyclales
Azoarcus
Denitratisoma
Methyloversatilis
Deltaproteobacteria
Gammaproteobacteria
Alteromonadales
Pseudomonadales
Xanthomonadales

in at least 50% of the reactors are plotted in the last column, “Shared by 50%.”
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Only members of the phyla Bacteroidetes, Planctomycetes, and Proteobacteria were found in all of
the anammox reactor samples. Aside from the order Brocadiales, no other higher classifications
were found in all of the anammox reactor samples. The majority of the reactors (i.e., > 50%)
contained members of the phylum Acidobacteria, the order Sphingobacteriales within the phylum
Bacteroidetes, the phylum Chlorobi and the class Ignavibacteria within it, the phylum Chloroflexi,
the phylum Firmicutes, the genus Brocadia within the phylum Planctomycetes, the classes
Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria within the phylum
Proteobacteria, the orders Burkholderiales, Nitrosomonadales, and Rhodocyclales within the class
Alphaproteobacteria, and the order Xanthomonadales within the class Gammaproteobacteria.

Aside from the class Ignavibacteria within the phylum Chlorobi and the genus Brocadia within the
phylum Planctomycetes, all of the aforementioned bacterial taxa were also found in AKD2.10.

Reporting Authors Configuration Vessel Size (L) Temperature (°C) pH HRT (hrs)
This study (Chapter 3) MBR 1 37 7.2 12
Gonzalez-Martinez et al. 2014 MBR 10 30 7 40

Liu et al. 2017 stirred-tank 2.4 15-17 75-78 2

Ding et al. 2018 stirred-tank 2.4 30 73-76 72

He et al. 2018 UASB 2.5 33 7.5-79 24

Bagchi et al. 2016 SBR 4 21 6.8-7.2 16

Tang et al. 2018 SBR 3 37 6.8-7.0 18

Xu et al. 2018 SBR 6 35 7.5-83 24
Gonzalez-Gil et al. 2015 SHARON 70,000 31-37 75-8 194

Chu et al. 2015 SBR 2 33 7.5 24
Gonzalez-Martinez et al. 2016  SBR 2.7 21 71-75 7

Wang et al. 2017 SBR 2 33 7.8-8.2 16
Gonzalez-Martinez et al. 2015a DEMON 24,000 30 6.7 8

Agrawal et al. 2017 MBBR 10 10 7-7.6 36
Reporting Authors Medium Source Nitritation Included? Influent TN (mg N/L) NH4 : NO2
This study (Chapter 3) synthetic no 1260 1:1.1
Gonzalez-Martinez et al. 2014 synthetic no 1680 1:1
Liu et al. 2017 synthetic no 50 1:1
Ding et al. 2018 synthetic no 700 1.5:1
He et al. 2018 synthetic no 600 1:1.32
Bagchi et al. 2016 synthetic no 220 1:1.3
Tang et al. 2018 synthetic no 600 11
Xu et al. 2018 synthetic no 138 1:1.3
Gonzalez-Gil et al. 2015 digested sludge liquor no 1200 1:1
Chu et al. 2015 synthetic yes 250 N/A
Gonzalez-Martinez et al. 2016 synthetic yes 160 N/A
Wang et al. 2017 synthetic yes 200 N/A
Gonzalez-Martinez et al. 2015a digested sludge liquor yes 1208 N/A
Agrawal et al. 2017 synthetic yes 50 N/A

Table 5.2: Metadata for the anammox reactors. “SHARON” and “DEMON” ate both proptiety names of full-
scale anammox reactor configurations (van Dongen et al. 2001; WWW 2015).
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Aside from the SHARON and DEMON full-scale reactors, all of the reactors were laboratory-scale.
The full-scale reactors were fed digested sludge liquor from municipal wastewater treatment plants,
while the laboratory-scale reactors were fed synthetic medium. In general, the anammox reactors
were maintained at mesophilic temperatures and circumneutral pH.

5.3.2.1 Community grouping

To examine overall similarities in bacterial community structure between the New Zealand stream
samples that contained (potential) anammox sequences and established anammox reactors, NMDS
analyses were applied to the relative abundance profiles of the New Zealand stream samples that
contained (potential) anammox sequences and the anammox reactor samples collected from the
literature (Figure 5.4; Appendix 7). The resulting NMDS projection shows that AKID2.10 falls right
in the center of the anammox reactor samples. While the bacterial community structure of
AKIDD2.10 is not identical to any of the bacterial community structures within the anammox reactor
samples, it does share a significant number of similarities with all of the anammox reactor samples.
Ultimately, these similarities suggest that the anammox bacterial community typical of a successful
anammox reactor may be successfully enriched from New Zealand’s stream habitat.
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Figure 5.4: Nonmetric multidimensional scaling (NMDS) projection of bactetial taxa and biological samples.
Bacterial taxa are represented by red crosses, and biological samples ate represented by open, black circles.

AKD2.10, the New Zealand stream sample, has been highlighted.
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5.3.2.2 Co-occurrence patterns

To identify co-occurrence patterns among bacterial taxa within anammox-containing microbial
communities, network analyses were applied to the relative abundance profiles of the New Zealand
stream samples that contained (potential) anammox sequences and the anammox reactor samples
collected from the literature (Figure 5.5; Appendix 7). The resulting co-occurrence projection shows
that the majority of bacterial taxa within these samples do not have statistically significant
connections to other taxa. A few connections can be seen between a handful of the minor taxa, but
none of these connections included any of the anammox bacteria. A lack of input data may
potentially be responsible for the lack of statistically significant connections among bacterial taxa
(Berry and Widder 2014).
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Figure 5.5: Co-occurrence patterns among bacterial taxa within the biological samples. Each circle represents a
bacterial taxon. Bacterial taxa that do not have any statistically significant connections to other taxa are colored in
yellow, and are disconnected from neighboring taxa. Bacterial taxa that do have statistically significant connections
to other taxa are colored in varying shades of green/blue, and are connected to their co-occutring taxon(a).

5.3.3 Conclusions

The anammox technology stands out as a viable option to sustainably manage the rising levels of
reactive nitrogen pollution across New Zealand. Because national laws prohibit the import of new
microorganisms (including anammox) into the country, anammox-containing biomass for New
Zealand’s initial anammox reactor must be enriched from an indigenous source (Suneethi et al.
2014). This initial investigation into a catalogue of microbial diversity within New Zealand’s stream
habitats revealed that anammox bacteria may indeed be present within the country. Further

64



investigations into the overall bacterial community structure of a select New Zealand stream habitat
sample revealed that the sample’s bacterial community structure shared many similarities with the
overall bacterial community structure of established anammox reactors.

Ultimately, the results of these investigations suggest that the bacterial community typical of an
anammox reactor may be successfully enriched from New Zealand’s stream habitats. Moving
forward, more experimentation must be done to verify the capacity for anammox metabolism within
New Zealand’s stream habitats. If these experiments are successful, then scientists and engineers
can begin to enrich an indigenous anammox microbial community to seed New Zealand’s first
anammox reactof.
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Chapter 6:

Conclusions and Suggestions for Future Work
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Since the inception of the Haber-Bosch Process, the global rate of nitrogen gas fixation into reactive
nitrogen has doubled (UNEP 2007). Excess concentrations of reactive nitrogen are escaping into
aquatic environments surrounding all of the inhabited continents, primarily through agricultural
runoff and wastewater effluent (UNSD 2018). As world populations continue to grow, these excess
concentrations of reactive nitrogen will grow as well. If left unchecked, these rising concentrations
of reactive nitrogen will wreak havoc on the health of aquatic environments and the communities
that depend upon them. Moving forward, it will only become more important for municipalities and
industries to protect the health of their nearby aquatic environments by removing reactive nitrogen
from their wastewater streams before they are discharged to the environment. A new technology,
anammox, shows promise as energy-efficient treatment process that removes reactive nitrogen from
wastewater. Unfortunately, the bacteria responsible for anammox have very low growth rates within
engineered conditions, and are easily inhibited by a variety of factors including temperature, pH, and
variable substrate and metabolite concentrations. These problems are compounded by what is now
only a cursory understanding of the microbial communities that are responsible for the stable and
robust performance of the anammox treatment process.

While there is a substantial body of literature describing the performance of the anammox treatment
process in response to various perturbations and operational conditions, very few studies have
examined anammox bacteria’s performance on a molecular level or the roles of other bacteria within
anammox reactors. The work presented in this dissertation seeks to fill this gap by investigating the
temporal dynamics of the anammox bacterial community during the start-up and continued
operation of laboratory-scale treatment processes, as well as the spatial dynamics of the anammox
bacterial community across a nitrogen-contaminated environment. The results of this work have
bolstered the fundamental, community-level understanding of the anammox treatment process.
This, in turn, will enable more comprehensive control of this promising technology and help
facilitate its widespread adoption at municipal wastewater treatment plants across the globe.

Chapter 2 began with a review of previous literature that supports the idea of a core microbial
community within anammox treatment process reactors. This review was combined with temporal-
scale data from 440 days of continuous operation of a laboratory-scale anammox reactor to identify
trends in bacterial community composition and associated reactor performance. Results indicate
that anammox, denitrifying, and DNRA bacteria are omnipresent in the laboratory-scale anammox
reactor. Results also suggest that these bacteria may cooperate and maximize nitrogen removal
under desirable conditions, but that they may compete and sabotage nitrogen removal under
undesirable conditions (primarily because they share an electron acceptor—nitrite). More research
must be done to understand and control the conditions that support cooperation versus competition
between these three groups of nitrogen-cycling bacteria in an anammox reactor. Moving forward,
more in-depth metagenomic and metatranscriptomic analyses of the microbial community within
anammox reactors are recommended. These analyses will provide insight into the actual nitrogen-
cycling capabilities of individual microorganisms within the anammox community, and the
conditions that support and suppress their metabolic functions.

Chapter 3 built off Chapter 2 and dug more deeply into the relationship between anammox,
denitrifying, and DNRA bacteria. The performance and temporal dynamics of these three groups of
nitrogen-cycling bacteria was investigated through manipulations of the ratio of ammonium to
nitrite concentrations in the influent wastewater stream provided to a laboratory-scale anammox
reactor. Results indicate that an influent ammonium to nitrite concentration ratio of 1 to 1.32 favors
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the enrichment of the anammox species in the laboratory-scale anammox reactor, while lower
ammonium to nitrite concentration ratios (1 to 1.1 — 1 to 1.2) favor the enrichment of a more
diverse bacterial community (that may include denitrifying and DNRA bacteria) in the laboratory-
scale anammox reactor. Results also suggest that a more diverse bacterial community (containing
denitrifying and DNRA bacteria alongside anammox bacteria) has a greater capacity to remove
reactive nitrogen species from wastewater, as it is capable of removing not only ammonium and
nitrite, but also nitrate—the product of anammox metabolism—from wastewater. Nevertheless, still
more research must be done to elucidate the precise mechanisms that control the interactions
among these three groups of nitrogen-cycling bacteria within an anammox reactor. Again, more in-
depth metagenomic and metatranscriptomic analyses of the microbial community within anammox
reactors are recommended. These analyses will provide insight into the actual nitrogen-cycling
capabilities of individual microorganisms within the anammox community, and the conditions that
support and suppress their metabolic functions.

In Chapter 4, the capacity of two new support media—PVA-SA and clinoptilolite zeolite—to
improve biomass retention (and hence, decrease startup time) within an anammox reactor was
investigated through a series of laboratory-scale batch, column, and UASB reactor experiments.
Corresponding bacterial community shifts to new lifestyles in the presence of these support media
were also interpreted through 16S rRNA gene sequencing analyses. Results indicated that neither of
the support media were able to improve the performance of the laboratory-scale anammox reactors
under the conditions provided in this study. Moreover, results indicated that the amendment of
zeolite to a laboratory-scale UASB reactor had no impact on the structure of the bacterial
community within it (again, under the conditions provided in this study). More research must be
done to rule out the capacity of PVA-SA and clinoptilolite zeolite to improve the performance of
the anammox treatment process. Perhaps these support media were not prepared and supplied to
the reactors in the appropriate ways. Moving forward, more efficient ways to combine anammox
bacteria and PVA-SA are recommended. Since diffusion of substrates through the PVA-SA matrix
was identified as a barrier to the success of anammox bacteria within the PVA-SA matrix, more care
should be taken to ensure that the anammox bacteria fall near the exterior of the PVA-SA matrix.
Additionally, more efficient ways to combine anammox bacteria and zeolite are recommended.
Because the zeolite particles were significantly denser than the synthetic wastewater media, the
majority of them fell to the bottom of the UASBs during experimentation. Strategies should be
identified to allow the zeolites to become more buoyant with the reactor of choice. In future
iterations of experimentation, perhaps the zeolite could also be entrapped within the PVA-SA
matrix.

Chapter 5 investigated the abundance and distribution of anammox bacteria across nitrogen-
contaminated stream habitats in New Zealand. The results of these investigations suggested that the
bacterial community typical of an anammox reactor may be successfully enriched from New
Zealand’s stream habitats. Moving forward, more experimentation must be done to verify the
capacity for anammox metabolism within select locations in New Zealand’s stream habitats. To
achieve this, metagenomic analyses of the microbial communities within select locations in New
Zealand’s stream habitats are recommended. These analyses will provide insight into the actual
nitrogen-cycling capabilities of individual microorganisms within the anammox community, and the
conditions that support and suppress their metabolic functions. If these experiments successfully
verify the presence of anammox activity within select locations in New Zealand’s stream habitats,
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scientists and engineers can begin to enrich an indigenous anammox microbial community to seed
New Zealand’s first anammox reactor.

Ultimately, the results of the research described in this dissertation bolster the fundamental
understanding of the bacterial communities that exist within the anammox treatment process. These
results, in turn, should enable the more comprehensive control of the promising anammox
technology and help facilitate its widespread adoption at municipal and industrial wastewater
treatment plants across the globe.
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Appendix 1:

Full taxonomic classifications of all recovered operational taxonomic units (OTUs) in the
anaerobic membrane bioreactor (MBR)
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Comparison between the nitrogen removal rate (NRR) and the Shannon index of microbial
diversity (/) over the lifespan of the membrane bioreactor (MBR).
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Shepard’s plot for Figure 2.6 (Lefcheck 2012).
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Figure 2.6, with bacterial taxa’s names ascribed.
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Appendix 3:

Supplementary materials for Chapter 3
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Figure 3.3a, with all data averaged over each phase of experimentation.
Influent and effluent concentrations of reactive nitrogen species are plotted against the primary y-

axis, and corresponding nitrogen removal rates (NRR) are plotted against the secondary y-axis.
Error bars indicate standard deviation over respective phases.
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Comparison between the nitrogen removal rate (NRR) and the Shannon index of microbial
diversity (/) over the lifespan of the membrane bioreactor (MBR).
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Appendix 4:

Full taxonomic classifications of all recovered operational taxonomic units (OTUs) in the
anaerobic membrane bioreactor (MBR)
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Appendix 5:

Supplementary materials for Chapter 4
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Photograph of PVA-SA beads.

The bottle on the left contains PVA-SA beads with anammox biomass entrapped, while the bottle
on the right contains PVA-SA beads with anammox biomass and zeolite entrapped. (The beads in
the bottle on the right were not used in any of the experiments reported in this dissertation.)

Nitrite sorption capacity of NaCl-treated zeolites (or, lack thereof).
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Impact of substrate diffusion through PVA-SA beads on anammox performance.

The initial consumption of ammonium and nitrite by the anammox microbial community within
three batch reactor conditions is plotted in panels (a) and (b), respectively. All three conditions,
prepared in triplicate, were initially inoculated with the same concentrations of ammonium, nitrite,
and anammox biomass. The relationship between anammox biomass and PVA-SA beads was
investigated by varying the application of the PVA-SA beads across the three conditions:

1) No PVA-SA beads were supplied; anammox biomass was amended independently of the
PVA-SA beads (grey),

2) PVA-SA beads were prepared without biomass and supplied; anammox biomass was
amended independently of the PVA-SA beads (blue), and

3) PVA-SA beads were prepared following the standard procedure (i.e., all anammox biomass
added to the batch reactor was entrapped within the PVA-SA beads) (orange).

There was little difference between conditions 1 and 2. However, ammonium and nitrite were
consumed at a slower rate in condition 3. This indicates that there is no inhibitory impact from the
PVA-SA beads themselves, but a diffusion limitation of substrates through the beads impedes
anammox performance.

a) 120

100 A
80 -

60 . e Anammox

40 _' —e—Anammox & Beads

Anammox Inside Beads

Ammonium (mg N/ L)

20 ~

0 T T T T
0 10 20 30 40 50

Time (hours)

b) 160

140 A
120 7
100
80
60

40 - I

20 -

4

Nitrite (mg N / L)
l.

0 T v T o T T =

0 10 20 30 40 50

Time (hours)

109



UASB Performance, reproduced with lower influent concentrations of Na* and CI.

Panels (a) and (b) report the influent and effluent concentrations of reactive nitrogen species
(primary y-axis) and the NRR (secondary y-axis) over time in the zeolite-free and the zeolite-
amended UASBs, respectively (influent nitrate concentrations were negligible, so they were not

plotted). Panel (c) reports the nitrogen speciation ratios for both UASBs over time. The dashed
lines represent the stoichiometric nitrogen speciation ratios for anammox (Equation 1.6).

NaCl was removed from the influent synthetic medium for this iteration of the UASB startup
experiment (to encourage more sorption of ammonium onto the zeolites). This iteration was only

performed once, but from the results below it appears that the addition of zeolites had a negative

impact on anammox performance in a UASB.
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Appendix 6:

Full taxonomic classifications of all recovered operational taxonomic units (OTUs) in the
upflow anaerobic sludge blanket (UASB) reactors
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Appendix 7:

Supplementary materials for Chapter 5
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Stream sampling locations within New Zealand (Lear et al. 2013).

Here, only samples from the “AK” region were investigated.

Anammox sequences downloaded from the National Center for Biotechnology Information
(NCBI) database.

Bacterium (genus, species)

NCBI accession number

Anammoxoglobus propionicus

Brocadia caroliniensis
Brocadia fulgida
Brocadia sinica

Jettenia asiatica
Jettenia caeni

Kuenenia stuttgartiensis
Scalindua marina
Scalindua wagneri

DQ317601.1
KF810110.1
DQ459989.1
KT023578.1
KF810104.1
AB057453.1
KP663624.1
EF602039.1
AY254882.1
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Phylogenetic tree of the 2500 most abundant OTUs within the stream sample database.
The alignment of OTU 262 with the anammox sequences has been highlighted.

0ZZ5L bLEB T

I

V' ESH2503Y IUaRDEIUSNAP

V010 184¥ BIljRIS FRIuaya

| 1092 LEOA snauoidoigsngojBoxounueuy
| $Z9E99dH SisuapEbniSeIuaUSNy

JBHW'¥000000000_ 05

1" SAHYY000000000 277 | 68665+0Q BpIBINJepE20Ig
ol FOLI0I2 SISUBIIRJERESRE —
V' 9L5EZ0L BOLISEIPEI0I] J
1 Z88FSTAY HaUBRMENpUIedS —

00000000_05 |_¢
100

| 6E0Z0943 BuLeenpuedss ——

000000_051_€
) 0%

1Zlzazoomo

i

= = T.JJJLL

Q

[

n

|

q“

122







Full classifications of bacterial taxa plotted in Figures 5.2 and 5.3.

Phylum Class Order Family Genus
Unclassified
Acidobacteria - - - -

B Acidobacteria Chloracidobacteria - - -
Actinobacteria - - - -

B Actinobacteria Acidimicrobiia - - -

B Actinobacteria Actinobacteria Actinomycetales - -
Armatimonadetes - - - -

B Bacteroidetes - - - -
Bacteroidetes Cytophagia - - -

B Bacteroidetes Flavobacteria Cryomorphaceae - -

B Bacteroidetes Flavobacteria Flavobacteriales - -

B Bacteroidetes Sphingobacteria Sphingobacteriales - -
Bacteroidetes Sphigobacteria Sphingobacteriales  Chitinophagaceae -

B Bacteroidetes Sphingobacteria Sphingobacteriales  Flexibacteraceae -
Bacteroidetes Sphingobacteria Sphingobacteriales  Sphingobacteraceae -
Chlorobi - - - -
Chlorobi Chlorobia Chlorobiales - -
Chlorobi Ignavibacteria - - -
Chlorobi Ignavibacteria Ignavibacteriales - -
Chlorobi Ignavibacteria Melioribacterales - -

®  Chloroflexi - - - -
Chloroflexi Anaerolineae - - -

B Chloroflexi Caldilineae - - -

B Cyanobacteria - - - -

B Fibrobacteres - - - -

B Firmicutes - - - -

B Firmicutes Bacilli Bacillales - -

B Firmicutes Clostridia Clostridiales - -
Deferribacteres - - - -

B  Gemmatimonadetes - - - -
Nitrospirae Nitrospira - - -
Planctomycetes - - - -

B Planctomycetes Planctomycetia Brocadiales Brocadiaceae -
Planctomycetes Planctomycetia Brocadizales Brocadiaceae Brocadia

B Planctomycetes Planctomycetia Brocadiales Brocadiaceae lettenia
Planctomycetes Planctomycetia Brocadiales Brocadiaceae Kuenenia

B Planctomycetes Phycisphaerae Phycisphaerales - -

B Proteobacteria - - - -
Protoebacteria Alphaproteobacteria - - -

B Proteobacteria Alphaproteobacteria Caulobacterales - -
Proteobacteria Alphaproteobacteria Rhizobiales - -

B Proteobacteria Alphaproteobacteria Rhodobacteraceae - -
Proteobacteria Betaproteobacteria - - -

B Proteobacteria Betaproteobacteria Burkholderiales - -
Proteobacteria Betaproteobacteria Burkholderiales Burkholeriaceae Limnobacter

B Proteobacteria Betaproteobacteria Comamonadaceae - -
Proteobacteria Betaproteobacteria Nitrosomonadales - -

B Proteobacteria Betaproteobacteria Rhodocyclales - -
Protoebacteria Betaproteobacteria Rhodocyclales Rhodocyclaceae Azoarcus

B Proteobacteria Betaproteobacteria Rhodocyclales Rhodocyclaceae Denitratisoma
Proteobacteria Betaprotoebacteria Rhodocyclales Rhodocyclaceae Methyloversatilis
Proteobacteria Deltaproteobacteria - - -

B Protoebacteria Gammaproteobact. - - -
Proteobacteria Gammaproteobact. Alteromonadales - -

B Proteobacteria Gammaproteobact. Pseudomonadales - -

B Proteobacteria Gammaproteobact. Xanthomonadales - -

Verrucomicrobia
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Additional scientific journal articlers were identified that discussed the microbial community within

anammox reactors, but did not fully report the relative abundances of the various taxa within them.
These journal articles include:

Yang et al. 2006 (only classified the anammox OTUs)

Ke et al. 2015 (only classified nitrogen-cycling OTUs)

Zheng et al. 2016 (only classified anammox OTUs)

Cho et al. 2018 (only classified anammox OTUs)

Tang et al. 2018 (classified all OTUs, but did not report their relative abundances)
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Shepard’s plot for Figure 5.4 (Lefcheck 2012).
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Figure 5.5, with bacterial taxa’s names ascribed.
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