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Abstract

Nitrous oxide (N,O) is a potent greenhouse gas and ozone-depleting substance
produced by many different pathways in the nitrogen cycle, including nitrification,
denitrification, and chemodenitrification. Abiotic sources of N,O such as the chemical
reaction between nitrite (NO;") and ferrous ion (Fe[II]) are generally neglected in studies
of N turnover in soils. Abiotic controls containing nitrate (NO;3") and ferric iron (Fe[III])
fail to capture potential reactions between intermediates of N cycle pathways (e.g., NOy’
as an intermediate in NO5™ reduction to ammonium [NH; '] or nitrogen gas) or
replenishment of reactants by iron cycling. Recent studies suggest that Fe(Il) plays an
important role in N turnover through combined biotic and abiotic reactions.
Anaeromyxobacter dehalogenans strain 2CP-C is a common soil bacterium with a
versatile metabolism, including microaerobic and anaerobic respiration. A. dehalogenans
reduces Fe(IIT) to Fe(IT) and reduces NO3™ to NH," via respiratory ammonification. The
present work investigates the mechanisms by which 4. dehalogenans utilizes O, and the
synergistic effects of Fe(Ill) and NOs reduction. Evidence for respiration of 21% O, via
a low-affinity cytochrome c oxidase is presented, further expanding the respiratory
versatility of 4. dehalogenans. A previously unrecognized ecophysiological role is
revealed in which A. dehalogenans reduces NOs” to approximately 50% N, and 50%
NH," via coupled biotic-abiotic reactions, revealing a mechanism for denitrification in
the absence of nitric oxide (NO)-forming NO," reductases. Further analysis of publicly
available sequenced genomes reveal other microorganisms with the potential to couple
biotic-abiotic reactions for reduction of NOj3™ to N in the absence of NO-forming NO,
reductases. Finally, the effects of sulfide and molybdenum are tested, demonstrating that
A. dehalogenans reduces NO;™ to NH,;" and NO,™ to N,O in the presence of Fe(II) and
sulfide, due to the inhibition of NOs™ and N,O reductases by sulfide sequestration of trace
metals. Collectively, this work demonstrates an underestimated mechanism for
denitrification and expands our knowledge of the role of 4. dehalogenans in O,
respiration and Fe and N cycling. Future efforts assessing the fate of N in agricultural
soils should take into account the iron, molybdenum, and sulfide content of soils in

addition to molecular information.
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Chapter 1: Introduction



Background

The nitrogen (N) cycle exerts an incredible influence on humans and the planet,
and in return, humans have dramatically altered the N cycle over the last 100 years. After
the discovery of the Haber-Bosch process, which fixes N, into ammonia, humans
increased their production of reactive N to approximately 100 Tg per year (Fields, 2004).
The combustion of fossil fuels and overuse of N fertilizer contributes to smog, low-lying
ozone, the greenhouse gas effect, eutrophication, and drinking water contamination
(Fields, 2004). The production of nitrous oxide (N,O) is of special interest, since N,O is a
potent greenhouse gas and ozone-depleting substance. The N cycle is well studied and
microbial sources of N,O include denitrification and nitrification. Currently the presence
of key denitrification genes nirK/nirS (NO,” = NO) and nosZ (N,O-> N,) and
environmental conditions (e.g., O, concentration and pH) are used to assess the potential
for N,O production and consumption. However, these tools do not always predict N,O
flux and do not take into account the interactions between the N cycle and the iron (Fe)
cycle or the effects of sulfide.

The work in this dissertation focuses on the synergy between the Fe, N, and sulfur
cycles. Anaeromyxobacter dehalogenans strain 2CP-C was studied because this organism
reduces ferric iron (Fe[II1]) to Fe(II), NO;  to NH,", and N,O to N, (with a recently-
discovered clade Il NosZ), is widely distributed in agricultural soils where N,O emissions
are of special concern, and possesses mechanisms to thrive in both oxic and anoxic
conditions. The sections below provide a brief description of the Fe and N cycle and
Anaeromyxobacter. Further background details are contained within the appropriate

chapters.

The nitrogen cycle

As stated above, N impacts humans and the health of planet Earth more
extensively than almost every other element on Earth. Fertilizer use has increased to meet
the needs of a growing human population, and common N fertilizers in the United States
include ammonia (NH3), ammonium (NH,"), nitrate (NO5"), and urea (Nehring, 2013).

Fertilizer runoff into bodies of water cause harmful algal blooms that introduce toxins



into drinking water and create hypoxic zones that kill local fauna (Fields, 2004; Diaz and
Rosenberg, 2008). Excess fertilization can also cause nutrient leaching from agricultural
soils (Fields, 2004). Gaseous products of the N cycle, such as N,O, contribute to global
warming. N>O is a potent greenhouse gas with a global warming potential 310 times
greater than that of carbon dioxide (Finlayson-Pitts and Pitts Jr., 2000; Lashof and Ahuja,
1990), and contributes to ozone destruction (Ravishankara et al., 2009). The greatest
fraction (75%) of N,O from U.S. anthropogenic sources is from agricultural soil
management (EPA 2015). Atmospheric N,O concentrations are rising mainly due to
increased applications of nitrogenous fertilizers (Reay et al., 2012). Thus it is crucial to
understand factors that control the fate of N in agricultural soils.

The majority of Earth’s N is in the form of N gas in the atmosphere, and for use
by organisms must be fixed into organic forms. N is fixed to ammonia naturally via
lightning and microbial N fixation (via nitrogenase [Nif]) and is chemically fixed by the
Haber-Bosch process (Fields, 2004; Canfield et al., 2010). Ammonia can also be
produced by urea hydrolysis. NH," is transformed to nitrite (NO,") via a two-step process:
NH," oxidation to hydroxylamine (by NH;" monooxygenase [Amo]) and hydroxylamine
oxidation to NO;" (by hydroxylamine monooxygenase [Hao]). NO;, is oxidized by NO,
oxidoreductase (nxr). NH4" can also be oxidized via anaerobic NH," oxidation
(Anammox), in which NH," oxidation and NO5™ reduction are coupled, and N is the end
product. NOj" either undergoes reduction to NO; via dissimilatory NO;™ reductases
(NapA or NarG) or assimilatory NO;™ reductases (Nas) (Figure 1.1). NO;" can be reduced
via denitrification or respiratory ammonification. In denitrification, NO; is reduced to
nitric oxide (NO) via either a copper-containing NO,™ reductase (NirK) or iron-containing
NO; reductase (NirS) (Figure 1.1). NO can be further reduced to N,O via the nitric oxide
reductase (Nor), can be reduced to N,O via the N,O reductase (NosZ). Denitrifiers may
be capable of reducing NO; completely to Ny, or may incompletely reduce NO;/NO;" to
N;O. In respiratory ammonification (also referred to as dissimilatory NOs™ reduction to
NH," [DNRA]), NO; is reduced to NH," via the NO," reductase (NrfA) (Figure 1.1).
While NH," is retained in soils leading to N retention, the formation of gaseous products
in denitrification contributes to N loss from soils and N,O emissions.

Chemodenitrification, a non-biological process, describes the chemical decomposition of



NOs;™ and NO;" (Nelson and Bremner, 1970; Buresh and Moraghan, 1976; Moraghan and
Buresh, 1977; Ottley et al., 1997). Although NOj" is not reduced by ferrous iron (Fe[II])
in a short time scale (i.e., hours), abiotic NO; reduction to N>O by Fe(II) can quickly
occur at circumneutral pH (Buresh and Moraghan, 1976; Moraghan and Buresh, 1977).
The product of chemodenitrification depends on the iron mineral, and NH," can be
produced when wiistite or green rust is present (Hansen et al., 1996; Rakshit et al., 2005;
Picardal, 2012; Etique ef al., 2014). Although chemodenitrification was considered for
several decades to be an insignificant contributor to N flux, renewed interest in
chemodenitrification has produced several studies that suggest chemodenitrification may
play an important role in the N cycle (Zhu et al., 2013; Jones et al., 2015; Buchwald et
al., 2016). If that is the case, current assessments of the fate of N and N,O flux in
agricultural soils (often via molecular techniques) may underestimate the N,O production
potential of soils.

As described above, both dissimilatory biological pathways (nitrification and
denitrification) and abiotic decomposition contribute to N,O production. Additionally,
non-denitrifying bacteria can have nitric oxide reductases, which may serve to detoxify
NO and produce N,O. Combined biotic-abiotic reactions can contribute to N,O flux as

well; these are further reviewed in Chapter 2.

The iron cycle

Dissimilatory iron-reducing bacteria (DIRB) couple the reduction of ferric
(Fe[III]) to ferrous (Fe[Il]) iron to microbial growth, and the first isolate was described in
the late 1980’s (Lovley and Phillips, 1988), although there was abundant evidence for
microbial Fe(III) prior to isolation (Lovley and Phillips, 1986; Lovley, 1987). Fe(III) can
also be reduced abiotically by sulfide (Kappler and Straub, 2005). Fe(III) exists
predominantly in insoluble forms of iron oxyhydroxides (Cornell and Schwertmann,
2003; Kappler and Straub, 2005), creating a unique challenge for microbial reduction.
Microorganisms have developed three strategies for overcoming this obstacle, which
have been reviewed in the literature (Lovley ef al., 2004; DiChristina, 2005; Kappler and
Straub, 2005; Weber et al., 2006a). First, some microorganisms attach directly to the iron

mineral via outer membrane c-type cytochromes. Secondly, microorganisms reduce



electron shuttles such as humic acids, extracellular cytochromes, inorganic sulfuric
species, and cysteine (Doong and Schink, 2002; Flynn et al., 2014; Lohmayer et al.,
2014; Smith et al., 2014). Finally, microorganisms can produce compounds that chelate
and solubilize Fe(IlT) (Kappler and Straub, 2005). It is apparent that multiheme c-type
cytochromes play an important role in all three Fe(IlI)-reduction strategies, but the
complete suite of proteins required for Fe(III) reduction remains to be identified.

Dissimilatory iron reduction plays an important role in the environment. DIRB
contribute anywhere from 10% to nearly 100% of the organic matter oxidation in
sediments (Lovley, 2013). The production of reactive Fe(Il) minerals, such as magnetite,
contribute to degradation or reduction of contaminants, either indirectly through the
Fenton reaction (McKinzi and DiChristina, 1999) or through a direct reaction between
Fe(IT) minerals and carbon tetrachloride (Matheson and Tratnyek, 1994), technetium
(Marshall et al., 2009), or uranium (Scott et al., 2005). Additionally, Fe(IlT) minerals sorb
contaminants, and the reduction of Fe(III) can solubilize contaminants such as uranium
and arsenic (Cummings et al., 1999; Weber et al., 2006a).

Fe(IT) oxidation can also be coupled to microbial growth. Fe(Il) can be oxidized
abiotically at neutral pH by oxygen (O3), NO;’", and manganese oxide, but in microoxic
and anoxic habitats, iron-oxidizing bacteria can compete energetically with abiotic
oxidation (Kappler and Straub, 2005; Weber ef al., 2006a). Fe(I) oxidation can be
accomplished by anaerobic phototrophic Fe(II) oxidation, which is limited by light
availability, or NOs'-dependent Fe(II) oxidation (NDFO). Whether or not NDFO is truly
an enzymatic process has been questioned, since the intermediate of NO3™ reduction,
NOy', can react with Fe(Il) (Klueglein and Kappler, 2013); however, this is currently
debated and there is evidence for enzymatic involvement in NDFO (Carlson et al., 2013).
Whether NDFO is accomplished by abiotic processes or a combination of enzymatic and
abiotic processes, it demonstrates one way in which the Fe cycle and the N cycle are
linked. Denitrification, respiratory ammonification, and nitrification produce NO," as an
intermediate, and since NO;" reacts with Fe(II), these processes create the possibility for
an abiotic link between the Fe cycle and the N cycle. Klebsiella mobilis, a bacterium
incapable of Fe(IT) oxidation, reduces NO;  to NH;" and oxidizes Fe(IT) stepwise to green

rust and goethite via combined abiotic and biotic reactions (Etique ef al., 2014). Another



example of abiotic and biotic combined reactions is that of denitrification and iron
reduction. Shewanella putrefaciens strain 200, an organism that typically reduces NOs" to
NH,", was shown to reduce NO;™ to N,O when cultures were growing on both Fe(III) and
NOs" (Cooper et al., 2003). Isotope experiments demonstrated that the N,O was formed
by an abiotic reaction between NO, and Fe(II). Other potential interactions between N

and Fe cycling remain to be explored.

Anaeromyxobacter: A unique member of Myxococcales

The myxobacteria are members of the Myxococcales and have amazingly
complex behavioral patterns. Myxococcales is a class of Gram-negative, rod-shaped
Deltaproteobacteria. Myxobacteria are complex organisms that display gliding motility
and produce secondary metabolites (Reichenbach, 1999). They have a sophisticated
social life in which they form fruiting bodies, which are multicellular structures
containing myxospores (Reichenbach, 1999; Madigan et al., 2015). Myxobacteria
produce secondary metabolites and are found in a wide variety of habitats, including
Antarctica and tropical environments (Reichenbach, 1999). However, most myxobacteria
grow best around 30°C and are isolated from soil (Reichenbach, 1999). Myxobacteria
were classified as obligate aerobes until 2002, when the Anaeromyxobacter genus was
first described.

Anaeromyxobacter belong to the Anaeromyxobacteraceae the family of
Myxococcoales, and were the first myxobacteria discovered with the ability to grow
anaerobically. The first strain, 2CP-1, was isolated with 2-chlorophenol (2-CPh) from
Michigan stream sediment (Cole et al., 1994). In 2002, four more strains were isolated
and the genus Anaeromyxobacter was created to describe the new myxobacteria members
capable of anaerobic growth (Sanford et al., 2002). Strain 2CP-2 was isolated from
Michigan pond sediment, strains 2CP-3 and 2CP-5 were isolated from Michigan yard
compost, and strain 2CP-C was isolated from Cameroon rain forest soil (Sanford ef al.,
2002). The Anaeromyxobacter dehalogenans species was also described, and shown to
utilize acetate, succinate, pyruvate, formate, and H; as electron donors and O,, NOj',
fumarate, 2-CPh, 2-bromophenol, and 2,6-dichlorophenol as electron acceptors (Sanford

et al., 2002). These strains were only capable of aerobic growth with low levels of O,



and displayed a red pigment when growing anaerobically (Sanford et al., 2002). Later
strain FAc12 was isolated from rice paddy soil and was shown to utilize citrate and
glucose as electron donors (Treude et al., 2003). Rice paddies are routinely flooded and
drained, and thus cycle between anoxic and oxic conditions, conditions to which the
microaerophilic 4. dehalogenans is well-adapted. Dehalogenation of dichlorophenol was
shown to be constitutive in 4. dehalogenans strain 2CP-C cultures, but dehalogenation
proceeded more quickly after induction by chlorinated and brominated phenols (He and
Sanford, 2002). The early isolated strains of Anaeromyxobacter are able to dechlorinate
chlorinated phenols and two putative reductive dehalogenase genes are present on the
genome of A. dehalogenans strain 2CP-C (Thomas et al., 2008). However, the genome of
Anaeromyxobacter sp. Fw109-5 does not contain genes for reductive dehalogenation
(Hwang et al., 2015). A. dehalogenans strain 2CP-C can reduce ferric citrate, ferric
pyrophosphate, and amorphous ferric oxyhydroxide, and reduction of ferric
pyrophosphate is constitutive (He and Sanford, 2003). The mechanism by which
Anaeromyxobacter reduces insoluble forms of Fe(III) is unknown, but reduction rates
increased with the addition of anthraquinone 2,6-disulfonate (AQDS), a humic acid
analog, suggesting that A. dehalogenans may utilize electron shuttles. Additionally,
proteomic analysis during growth with ferric citrate (which can be reduced outside of the
cell by some organisms) and insoluble manganese oxide showed expression of
cytochromes with similarity to outer membrane cytochromes that are used by Shewanella
to reduce insoluble metal oxides (Nissen et al. 2012). As with several other dissimilatory
iron-reducing bacteria (DIRB), A. dehalogenans strain 2CP-C was later demonstrated to
reduce uranium(VI) to U(IV), coupling reduction to growth (Wu et al., 2006; Sanford et
al., 2007; Marshall et al., 2009). U(IV) was produced as extracellular precipitates,
suggesting that outer membrane cytochromes are responsible for U(VI) reduction
(Marshall et al., 2009). Strain 2CP-C was also shown to both directly reduce technetium
and to reduce technetium via coupled biotic-abiotic reactions (Marshall ez al., 2009). In
this study, strain 2CP-C reduced ferrihydrite (an Fe[IIl] mineral) to magnetite (a mixed
Fe[IIT]/Fe[II] mineral), and the magnetite subsequently reduced technetium (Marshall et
al., 2009). Anaeromyxobacter sp. strain PSR-1 was isolated from arsenic-contaminated

soil and was shown to couple arsenate reduction to growth (Kudo et al., 2013), although



respiratory arsenate reductase genes were not identified on the draft genome of strain
PSR-1 (Tonomura et al., 2015). Strains 2CP-C and 2CP-1 were shown to reduce
selenium(VI) (He and Yao, 2010), and concentrated cells of 4. dehalogenans strain K
reduced hexahydro-1,3,5-trinitro-1,3,5-triazine, an explosive that contaminates military
sites (Kwon and Finneran, 2008).

A. dehalogenans strains were shown to reduce NOs™ to NH," via NO, ™ as the
intermediate (Sanford ef al., 2002). Despite its classification as a non-denitrifier, the
sequenced genome of A. dehalogenans strain 2CP-C contains a nos operon, and strain
2CP-C reduces N,O as a terminal electron acceptor with NosZ (a N>O reductase).
Interestingly, the nosZ gene encoded by strain 2CP-C was shown to be a part of a
phylogenetically distinct clade of nosZ, coined atypical or clade Il nosZ (Sanford et al.,
2012; Jones et al., 2013). Clade II nosZ are not amplified by primers designed to amplify
clade I nosZ, and many of the organisms with clade II nosZ do not have complete NOs
reduction to N, pathways (e.g., lack nirS/nirK), suggesting that clade Il nosZ provide a
previously unknown N,O sink (Sanford et al., 2012; Jones et al., 2013). Additionally,
clade II NosZ has a higher affinity for N,O than clade I NosZ, suggesting that they are
more competitive under environmental levels (i.e., ppm) of N,O (Yoon et al., 2016), and
clade II nosZ genes are more abundant than clade I nosZ genes in many environments
(Orellana et al., 2014). Anaeromyxobacter type nosZ sequences were found to be the
most abundant nosZ genes in Illinois agricultural soils (Orellana et al., 2014), suggesting

an important role of Anaeromyxobacter in N cycling.

Habitats of Anaeromyxobacter
In accordance with the respiratory versatility of Anaeromyxobacter,

Anaeromyxobacter species are found in many different types of environments, including
contaminated environments. Anaeromyxobacter are found in tropical soils, rice paddy
soils, agricultural soils, anoxic lake sediments, and soils and sediments contaminated with
uranium, nitric acid, arsenic, and polychlorinated biphenyls. Anaeromyxobacter is
abundant in sediments contaminated with uranium and nitric acid, at numbers comparable
to the common DIRB Geobacter (Petrie et al., 2003; Thomas et al., 2009; Xu et al.,

2010). Anaeromyxobacter sequences were detected in Ohio River sediments



contaminated with polychlorinated biphenyls (D’Angelo and Nunez, 2010), in anoxic
Lake Coeur d’Alene sediments contaminated with metals (Cummings ef al., 2003), and in
Alabama freshwater wetland sediment microcosms enriched with goethite and NO5
(Weber et al., 2006b). Anaeromyxobacter species are widely distributed in Illinois soils
(Sanford et al., 2012) and appear to compose a significant portion of the N,O-reducing
community (Orellana et al., 2014). Anaeromyxobacter are frequently detected in rice
paddy soils (e.g., Treude et al. 2003) and Anaeromyxobacter sequences were detected on
rice nodal roots (Ikenaga et al., 2003). Anaeromyxobacter and other DIRB play an
important role in carbon turnover in rice paddies and oxidize and assimilate acetate (Hori

etal.,2007).



Rationale and Hypotheses

Molecular techniques (i.e., measurements of genes, transcripts, and proteins) are
currently employed to assess the contributions of biotic pathways to N,O production and
consumption in soils. Abiotic reactions are frequently not considered, and the intersection
between biotic and abiotic processes requires further exploration. Recent studies indicate
that combined biotic-abiotic reactions yield N cycle products that cannot be predicted by
the N cycle genes of an organism. It is unknown if combined biotic-abiotic reactions can
substantially contribute to complete reduction of NOs™ to N,. Additionally, the role of
biotic-abiotic N cycle reactions in the metabolism and ecology of 4. dehalogenans is
unknown. A relationship between sulfide and NOj;™ reduction was demonstrated in several
environmental studies, but the full mechanisms behind that relationship and the
consequences for chemodenitrification remain to be uncovered. Finally, previous studies
speculated that the low affinity cytochrome ¢ oxidase (cytochrome aa;) encoded by A.
dehalogenans is utilized for O, detoxification, but further research is required to confirm
the role of cytochrome aas. It is hypothesized here that A. dehalogenans has adaptations
for survival under oxic conditions, and that through synergistic effects between NO,,
iron, sulfide, and molybdenum, 4. dehalogenans facilitates NOs™ reduction to NH4", N,O,
and N». The research presented in this dissertation addresses the knowledge gaps listed

above with the following specific hypotheses:

1. A. dehalogenans facilitates chemodenitrification through ferric iron and nitrate

reduction and produces nitrogen gas through coupled biotic-abiotic reactions.

2. Other bacteria demonstrate a chemodenitrifier potential similar to 4. dehalogenans
(i.e., have nitrate reductases, nitrous oxide reductases, and the ability to reduce ferric

iron).
3. Sulfide changes the final products of nitrate reduction in the presence of ferrous iron

due to reduced bioavailability of molybdopterin and copper (key trace metals for nitrate

reductase and nitrous oxide reductase, respectively).

10



4.a. A. dehalogenans utilizes cytochrome aaj as a non-respiratory enzyme to decrease O,

concentrations to levels at which 4. dehalogenans can respire O, with cytochrome cbbs,

4.b. Alternative hypothesis: A. dehalogenans utilizes cytochrome aaj; to couple growth to

O, respiration under oxic conditions.
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Chapter 2: Chemodenitrification by Anaeromyxobacter

dehalogenans and Implications for the Nitrogen Cycle
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This chapter is based on a manuscript draft by Onley et al.:

Onley JR, Ahsan S, Sanford RA, and Loffler FE. Complete Denitrification by the
Non-Denitrifier Anaeromyxobacter dehalogenans and Implications for the Nitrogen
Cycle.

My primary contributions to the work include (i) designing and implementing
experiments, (ii) assay troubleshooting and refinement, (iii) reviewing and summarizing
relevant literature, (iv) gathering, analyzing, and summarizing data, (v) initial writing of
the manuscript, and (vi) revising manuscript and coordinating revisions of the

manuscript.

Abstract

The metabolically versatile soil bacterium Anaeromyxobacter dehalogenans
couples growth to the reduction of NO;™ via NO, as intermediate to NH," and to N,O
reduction to N,. Consistent with the observed physiology, genomic studies identified nrf4
(NOy —NH,") and nosZ (N;O—N,) genes, but nirS and nirK (NO, —NO) genes were
absent, confirming its characterization as a non-denitrifier. A. dehalogenans also reduces
soluble and insoluble forms of Fe(III) to Fe(Il), known to chemically react with NO;".
Following the addition of 1 mM NOj3™ or NO; (i.e., 100 umoles) to 4. dehalogenans
strain 2CP-C cultures grown with Fe(III) citrate, cultures yielded 54 = 7 pumoles and 113
+ 2 umoles N,O-N, respectively. The N,O formed was subsequently consumed by 4.
dehalogenans, indicating that the organism converts NO;™ to N, in the presence of Fe(II)
through linked biotic-abiotic reactions. During NOj;™ reduction in the absence of Fe(II),
only small amounts (< 1 umole) of N,O-N were observed. A chemical reaction of NO,
with Fe(Il) (i.e., chemodenitrification) was evidenced by N,O formation in abiotic
controls containing Fe(IT) and 100 pmoles of NO,". Subsequent N>O consumption
required the presence of live 4. dehalogenans cells. Despite the absence of nirS and nirk,
A. dehalogenans cultures produced gaseous products from NO;™ and NO,, indicating that
gene content alone is insufficient to predict microbial denitrification potential. A survey
of 4,739 complete bacterial genomes revealed 51 genomes with genes encoding NOs™ and
N»O reductases but lacking nirS and nirK. Seven of these organisms are confirmed iron

reducers and 27 genomes have at least six putative c-type cytochrome genes with four or
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more predicted heme-binding domains, a characteristic of metal-reducing bacteria.
Considering the ubiquity of iron in diverse biomes and the broad distribution of
dissimilatory Fe(IlT) and NOs'-to-NO;" reducers, denitrification independent of NO-
forming NO; reductases (through combined biotic-abiotic reactions) may have

substantial contributions to N loss and N>O flux.
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Introduction

Reactive N availability limits primary production in most natural and managed
ecosystems, and to meet the demands of a growing human population for food, feed and
biofuel crops, global fertilizer usage continues to increase. The Haber-Bosch process
introduces about 100 Tg of reactive N (e.g., ammonium) each year into the environment
worldwide as fertilizer (Fields, 2004). As a consequence, no other basic element cycle
has been more perturbed than the N cycle. A substantial amount of the fixed N is lost
from the soil due to microbial nitrification (ammonium oxidation to nitrate; NH; —NOj3")
and subsequent microbial denitrification (nitrate reduction to nitrous oxide/nitrogen gas;
NO3; —N,0/N>). Both nitrification and denitrification generate N,O (Stein, 2011), a
potent greenhouse gas with ozone depletion potential (Lashof and Ahuja, 1990;
Finlayson-Pitts and Pitts Jr., 2000; Ravishankara et al., 2009). Even more troubling is that
according to the “progressive N limitation” hypothesis (Luo et al., 2004), extended N
limitation will occur under a warming scenario, requiring even more fertilizer for crop
production. To estimate N losses from soils to the atmosphere (i.e., emissions of the
gaseous denitrification products N,O and N), the measurement of the keystone
denitrification genes nirS and nirK, which both encode nitric oxide (NO)-forming nitrite
(NOy) reductases, has been applied. Some studies demonstrated a positive correlation
between the abundance of denitrification genes (i.e., nirK, nirS, and/or nosZ) and NO3
/NO;," conversion to gaseous products (Morales et al., 2010; Lee and Kang, 2015);
however, other studies failed to establish this relationship (Wallenstein et al., 2006;
Dandie et al., 2008; Ma et al., 2008; Henderson et al., 2010). Recent studies showed that
commonly used nirK/nirS qPCR primers yield poor coverage of nirK/nirS sequences in
metagenomes and underestimate the true nirK/nirS gene abundance in environmental
samples (Wei et al., 2015; Bonilla-Rosso et al., 2016). Recently, novel clade I nosZ
genes were identified, which are not amplified by all previously designed primers
targeting the typical clade I nosZ sequences (Sanford et al., 2012; Jones et al., 2013).
Metagenomic datasets revealed that clade Il nosZ genes are more prevalent in many soil
ecosystems and potential relevant contributors to N,O consumption (Sanford et al., 2012;
Jones et al., 2013; Orellana et al., 2014; Yoon et al., 2016). Separate molecular tools are

needed to account for fungal denitrification, a process that generates N,O (not N») as a
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final product (Higgins et al., 2016). Further, chemical denitrification
(chemodenitrification), a process in which NO;" is converted to N,O in a chemical
reaction with ferrous iron (Moraghan and Buresh, 1977), has not been attributed a major
role in soil N loss. However, recent studies have reaffirmed that Fe(II) reacts quickly with
NO; to form N>O under a range of NO;™ and Fe(II) concentrations (Jones et al., 2015;
Buchwald et al., 2016). In addition to information generated with molecular approaches,
abiotic factors should also be considered for improving N cycling studies, as a multitude
of environmental parameters, such as water-filled pore space, soil type, total N,
reduction-oxidation potential (Eh), and reactive iron content influence N,O emissions
(Dandie et al., 2008; Zhu et al., 2013; Fan et al., 2016).

Anaeromyxobacter are members of the order Myxococcales, commonly referred
to as myxobacteria. Anaeromyxobacter strains are found in subsurface environments,
sediments, and a variety of soil types, particularly agricultural soils (Sanford et al., 2002,
2012; Petrie et al., 2003). Anaeromyxobacter dehalogenans reduces NO3™ to NH, " with
NO;" as the intermediate via the respiratory ammonification pathway (Sanford et al.,
2002, 2012). Although Anaeromyxobacter strains possess the gene for the clade 11 N,O
reductase (nosZ) to reduce N,O to N, they are not classified as denitrifying organisms
due to the absence of nirK and nirS. The ability to utilize other growth-supporting
electron acceptors including oxygen and oxidized metal species such as Mn(I'V) and
Fe(IIT) suggest that Anaeromyxobacter strains are well adapted to fluctuating redox
conditions (Sanford et al., 2002). Remarkably, experiments with 4. dehalogenans
demonstrated that the ability of using Fe(III) as an electron acceptor is constitutive (He
and Sanford, 2003). Thus, 4. dehalogenans produces ferrous iron (Fe[Il]) as product of
Fe(IIT) reduction and NO,™ as an intermediate in respiratory ammonification. It is well-
established that Fe(I) and NO, react to form N,O (Moraghan and Buresh, 1977; Jones et
al., 2015; Buchwald et al., 2016). In addition to producing N,O through
chemodenitrification, NO;” and NO,™ can react with certain Fe(IT) minerals such as green
rust and wiistite to produce NH," (Rakshit et al., 2005; Etique et al., 2014). Several
studies have shown that microorganisms couple abiotic and biotic reactions to turn over
Fe(IIT)/Fe(IT) and N compounds (Cooper et al., 2003; Klueglein and Kappler, 2013;
Etique et al., 2014). These observations highlight that detailed knowledge about coupled
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biotic-abiotic reactions is relevant for developing a predictive understanding of N
cycling. Since little is known how organisms with incomplete NO;™ reduction to N;
pathways (e.g., with genes encoding NOs™ and N,O reductases but lacking nirK/nirS)
might bridge the iron and N cycles, the effect of iron on NO;™ and NO," reduction in pure
cultures of A. dehalogenans was tested. These experiments demonstrated that A4.
dehalogenans facilitates chemodenitrification through Fe(IIl) and NOs reduction and

ultimately produces N, through coupled biotic-abiotic reactions.

Materials and Methods

Chemicals

HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid) (>99%), L-cysteine
hydrochloride monohydrate (98.5-101.0%), anhydrous sodium acetate (>99.2%), sodium
hydroxide pellets (=99.0%), sodium nitrite (=99.6%), ammonium chloride, ferric chloride
hexahydrate (>99.7%), and ferrous ammonium sulfate hexahydrate (101.2%) were
purchased from Fisher Scientific (Fair Lawn, NJ). N,O (99%), Fe(III) citrate, and ferrous
chloride tetrahydrate (>99.0%) were purchased from Sigma-Aldrich (St. Louis, MO).
Sodium phosphate dibasic (>99.6%) and sodium nitrate (100.8%) were purchased from
J.T. Baker (Phillipsburg, NJ). Ferrozine iron reagent (>98%) and sodium sulfide
nonahydrate were purchased from Acros Organics (New Jersey). Hydrochloric acid
(36.5-38% w/w) was purchased from Aqua Solutions, Inc. Dissolved acetylene and

compressed nitrogen (ultra high purity) were purchased AirGas (Radnor, PA).

Culture Conditions

Anaeromyxobacter dehalogenans strain 2CP-C was grown in a defined mineral
salts medium (Loffler et al., 1996) with the following modifications: bicarbonate was
replaced with 50 mM HEPES, sodium sulfide was omitted (except where indicated),
phosphate was reduced from 1.47 mM to 0.29 mM, L-cysteine was decreased from 0.2
mM to 0.1 mM, and the headspace was 100% N,. Acetate (1 or 10 mM) served as the
electron donor and was added during medium preparation. The medium was adjusted to a

pH of 7.2 by the drop-wise addition of a 10 M sodium hydroxide solution. Using the
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Hungate technique to avoid oxygen contamination, the medium was dispensed in 100 mL
aliquots into 160 mL serum bottles with N, in the headspace and sealed with butyl rubber
stoppers and an aluminum crimp. Filter-sterilized vitamin stock solutions were added to
autoclaved serum bottles containing medium. Fe(III) citrate, NOs’, or N>O served as
electron acceptors and were added from anoxic, sterilized stocks (except N,O gas, which
was filter-sterilized from a gas canister). Nalgene PES syringe filters (0.2 um) were
purchased from Thermo Scientific (Rochester, NY) and used for all filter-sterilized
solutions. For growth with NOs™ as the electron acceptor, the NH," concentrations in the
medium were decreased to 3 mM to allow accurate quantification of NH4" generated
from NO;’, and moles of NH," are reported as total NH;" minus the 300 pmoles NH,"
present in the medium. In acetylene controls, 10% of the culture headspace was replaced
with acetylene to inhibit N>O conversion to N». All cultures were incubated without
shaking at 30°C in the dark. Cultures grown in the same medium with the same electron
donors and acceptors as the experimental cultures were used for the seed cultures, with
the exception of Fe(IIl) oxyhydroxide cultures, which were inoculated from cultures
grown with fumarate. All experiments used triplicate culture vessels unless indicated
otherwise, and experiments were repeated in at least two independent experiments.

The Fe(II) citrate stock solution was prepared with some modifications to
published procedures (Kostka and Nealson, 1998). A 1 M, rather than 5 M, Fe(IIl) citrate
solution was prepared in 100 mL ultrapure water. Ferric citrate (24.5 g) was added to 100
mL of a 1.7 M NaOH solution, the solution boiled until it turned dark, translucent brown,
and the solution was cooled. Then the solution was neutralized (pH 7.0) by the addition
of'a 10 M NaOH solution as described (Kostka and Nealson, 1998). The solution was
dispensed into two 160 mL serum bottles and purged with N, gas before sealing with a
rubber stopper and autoclaving. The final stock solution contained Fe(II) (approximately
0.1-0.2 M as determined by the ferrozine assay [Stookey, 1970]). Poorly crystalline
Fe(IIT) oxide was prepared from ferric chloride hexahydrate as described (Lovley, 2013)
with the exception that the Fe(IIl) oxide was centrifuged at 2,050 g and washed at least
three times to remove dissolved chloride. Fe(IIl) oxide stocks were sterilized by daily
heating in a 90°C water bath and overnight cooling at room temperature over a 5-day

period. A ferrous chloride stock solution was prepared by adding 9.9 g of ferrous chloride
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tetrahydrate to 100 mL of ultrapure water degassed with N,. The stock solution was
prepared in an anoxic chamber (Coy Laboratory Products, Grass Lake, MI) to avoid
oxidation of the Fe(Il), and was stored in N,-gassed, sealed serum bottles after filter

sterilization.

Microcosm Setup

Illinois agriculture soil was collected from an agricultural field in Havana, Illinois
at 0-10 cm in September 2014. Total extractable iron in the soil samples is approximately
145 ppm. Puerto Rico soil was collected in February 2016 from the Luquillo Long-Term
Ecological Research site in El Yunque National Forest. Microcosms were set up by
adding soil to open medium bottles in an anoxic chamber (Coy Laboratory Products,
Grass Lake, MI) with 2% hydrogen and 98% N, then sealing with a rubber stopper.
Azide controls were prepared by adding 3 mM sodium azide from an anoxic stock
solution. Heat-killed controls were by autoclaving for 40 minutes at 121°C. For
microcosms with O,, bottles were covered with a sterile aluminum foil cap instead of
sealing with a rubber stopper. All microcosms were incubated at room temperature in the

dark, and included acetylene to inhibit N,O reduction.

Analytical Methods

N»O in the headspace of cultures was quantified by injecting 1 mL headspace
samples into an Agilent 3000A Micro GC with a polystyrene-divinylbenzene Plot Q
column, a thermal conductivity detector, and helium as the carrier gas (Agilent
Technologies, Santa Clara, CA). The column pressure and temperature were 25 psi and
50°C, respectively. Culture bottles were incubated at 30°C but were removed from the
incubator during sampling. To account for cooling during sample extraction, the
temperature of an uninoculated medium bottle was measured with a glass thermometer
and the temperature was used to select the appropriate Ostwald coefficient. N,O
concentrations in the liquid phase were calculated using an Ostwald coefficient of 0.6788,
0.5937, or 0.5241 for temperatures of 20°C, 25°C, or 30°C, respectively (Wilhelm et al.,
1977). Total N,O-N (i.e., total N,O amounts divided by 2) in culture vessels (designated

as “per vessel”) is reported as the sum of the aqueous phase N,O-N mass, the headspace
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N>O-N mass, and any N,O-N that was removed during liquid and headspace sampling.
N0 production rates were calculated by finding the slope in the linear range of N,O
mass increases over time. Acetate was quantified by high-performance liquid
chromatography (Agilent Technologies 1200 series, Santa Clara, CA) using an organic
acid analysis column (Bio-Rad Aminex HPX-87H Ion Exclusion column, Hercules, CA)
heated to 30°C. The eluent was 4 mM sulfuric acid prepared in ultrapure (Milli-Q, EMD-
Millipore, Darmstadt, Germany) water and the flow rate was 0.6 mL per minute.

NH," was quantified with an ion chromatograph (Dionex ICS-1100) and a Dionex
IonPac Cation Exchange CS16 column heated to 30°C. The eluent was 20 mM sulfuric
acid and the flow rate was 1 mL per minute. NO;” and NO, were quantified with a
reagent-free ion chromatograph with eluent generation (RFIC-EG) (Dionex ICS-2100,
Sunnyvale, CA) and a Dionex lonPac® AS18 4x250mm analytical column heated to
30°C. The eluent was 10 mM potassium hydroxide and the flow rate was 1 mL per
minute. Acid-extractable Fe(IIl)/Fe(Il) were measured using an alteration of the ferrozine
assay (Stookey, 1970). Ferrozine buffer was made with 1 g/L. Acros Organics
FerroZine™ iron reagent in 50 mM HEPES buffer. Cultures were shaken vigorously by
hand, suspensions withdrawn by syringe, and 100 or 500 pL was incubated overnight in 5
mL of 0.04 M sulfamic acid. Sulfamic acid was used to avoid inaccuracies of quantifying
Fe(II) in the presence of NO;™ (Klueglein and Kappler, 2013). After shaking the vial, 20
uL were withdrawn and mixed with 1 mL of ferrozine buffer. The absorbance of the
resulting purple color was measured using the Thermo Scientific Spectronic 20D+
spectrophotometer at a wavelength of 562 nm. Samples were measured quickly after
mixing with the ferrozine buffer to avoid possible interference of Fe(IIl) (Im et al., 2013).
For total iron measurements, 200 puL of 10% (w/v) hydroxylamine-HCI in water was
added to the 5 mL sulfamic acid extractions and incubated at room temperature overnight
before mixing 20 pL with 1 mL ferrozine buffer. Absorbance measurements were
compared with standards made with ferrous ammonium sulfate hexahydrate. For
experiments in which NO;™ was added to Fe(III) citrate grown cultures, samples were
dissolved in 0.5 M HCI, and Fe(IT) concentrations are not reported when NO,™ was

present in the culture.
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Cell Enumeration

Genomic DNA was extracted using the provided protocol in the MoBio
PowerSoil® DNA Isolation kit (Carlsbad, CA). Cells were enumerated with qPCR using
the Applied Biosystems ViiA™ 7 Real-Time PCR System. Results were analyzed with
the ViiA™ 7 software (version 1.2.3). To target and enumerate the A. dehalogenans 16S
rRNA gene, an established TagMan assay was applied (Thomas et al., 2010). The
TagMan Universal PCR Master Mix without AmpErase® uracil N-glycosylase (UNG)
was used. Calibration curves were established using ten-fold serial dilutions of a plasmid
carrying the A. dehalogenans 2CP-C 16S gene. The plasmid was extracted with the
QIAprep Spin Miniprep kit. DNA concentrations were measured via the Life
Technologies Qubit dsSDNA BR Assay (Eugene, OR).

Genomic and Phylogenetic Analyses

Genomes from the National Center for Biotechnology Information (NCBI) (4,739
genomes) were searched for N cycle genes (i.e., narG, napA, nirK, nirS, and nosZ) by
performing a Hidden Markov Model search with HMMER 3.1b2 (hmmer.org). Hidden
Markov Models (HMMs) for NarG, NapA, NirK, NirS, and NosZ were downloaded from
FunGene (Fish et al., 2013). The annotated proteins of available complete bacterial
genomes (i.e., labeled as “Latest” and “Complete Genome™) from the NCBI Reference
Sequence (RefSeq) database were downloaded in April, 2016 and used as the target files
when running HMMer. HMMer was run locally using a BASH script and the hmmsearch
function with a target E-value cutoff of < 1x107'°. Results were parsed and analyzed
using Python (https://www.python.org/). False positives were removed by searching for
the absence of conserved domains visually in Geneious software suite version 8.1.9
(Kearse et al., 2012) and with the Reverse Position-Specific Basic Local Alignment Tool
(RPS-BLAST) (Marchler-Bauer et al., 2002). The NCBI Conserved Domains Database
(CDD) was downloaded in September 2016 from the NCBI FTP website
(ftp://ftp.ncbi.nih.gov/pub/mmdb/cdd/little_endian/Cdd_LE.tar.gz) and used for RPS-
BLAST. Proteins that did not match conserved domains (e.g., type 1 copper site and type

2 copper site for NirK) with an E-value < 1x10™° were excluded from further analysis.
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Available bacterial 16S rRNA gene sequences containing narG/napA and nosZ
genes, but lacking nirK and nirS genes, and 4 outgroup archaeal 16S rRNA genes were
downloaded from NCBI and used to construct a phylogenetic tree. Full length 16S rRNA
gene sequences were aligned with the SILVA Incremental Aligner version 1.2.11
(Yilmaz et al., 2014) using default settings with unaligned bases removed from the
alignment ends. Aligned positions containing only gaps were manually removed in
Geneious. JModelTest 2 (Darriba et al., 2012) was used to predict the optimal
evolutionary model for tree reconstruction. A maximum likelihood tree was constructed
with 100 bootstrap replicates with PhyML 3.0 (Guindon et al., 2010) using a Generalized
Time Reversible (GTR) (Tavaré, 1986) model with gamma distributed rate heterogeneity
and a proportion of invariable sites.

The organisms represented in the phylogenetic tree were searched in the literature
for the ability to utilize Fe(III) as a terminal electron acceptor. The numbers of c-type
cytochrome genes per genome were approximated via bioinformatic analysis of genome
sequences and were not confirmed experimentally. c-type cytochromes were determined
by using a Python script modeled after a published script (Wagner et al., 2012), which
searched for the heme ¢ binding motifs CxxCH, CxxxCH, and CxxxxCH in the annotated
proteins of RefSeq genomes. Candidate c-type cytochromes were further screened by
running PSI-BLAST against the nr NCBI database (downloaded in December 2016) and
eliminating any sequences that did not match to annotated c-type cytochromes with an E-

value < 1x107'%.

Results

A. dehalogenans reduces NOj3™ to N; in the presence of Fe(II)

The addition of 100 umoles NOs™ to A. dehalogenans strain 2CP-C cultures that
had reduced 480 (£20) umoles of Fe(III) (as Fe[III] citrate) resulted in the rapid
formation of 54 (£7) pmoles N,O-N and 63 (£5) pmoles NHy" (Figure 2.1A). N>O was
subsequently consumed, but was stable in replicate cultures containing acetylene, which
inhibits N,O reduction (Figure 2.1B). Stoichiometric reduction of NO; to NH,;" was

previously observed in pure cultures of A. dehalogenans, and the organism was
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consequently classified as a non-denitrifier (Sanford et al., 2002). In the presence of
Fe(IIT) and NOs’, A. dehalogenans reduced Fe(IIl) to Fe(IT) and NOs™ to N, (Figure 2.1)
and a cell increase was observed during the Fe(IIT) and NO;™ reduction phases (Table 2.1;
Figure 2.2). A. dehalogenans couples N,O reduction with energy conservation and
growth (Sanford et al., 2012; Yoon et al., 2016), and N,O consumption occurred. gPCR
enumeration of 16S rRNA genes could not reveal the additional increase in biomass (2.6
x 107 cells/mL expected from N,O reduction after day 12) due to prior growth with
Fe(IIT) and NOs as electron acceptors (resulting in 6.0 x 107 cells/mL). A complicating
factor for precisely enumerating gene copies was the interference of iron precipitates with
DNA extraction. After Fe(III) reduction, a bright orange precipitate (Fe[Ill] formed from
reoxidation of Fe[II]) was observed in the DNA extraction tubes. Fe(III) oxides adsorb
nucleic acids thereby reducing DNA extraction efficiency (Hurt et al., 2014). In the
cultures lacking Fe(II) (i.e., only containing 750 nmoles Fe[II] introduced with the trace
metal solution), cultures of 4. dehalogenans reduced 200 (x10) pmoles NO;™ to 190
(£12) pmoles NH," (Figure 2.3), which is consistent with the 4. dehalogenans gene
content and prior reports (Sanford ef al., 2002, 2012). The amount of N,O-N did not
exceed 1 pmole in any of the incubation vessels not amended with Fe(III) as electron
acceptor (Figure 2.3). Thus, the major product of NO;™ reduction was NHy" in the
absence of Fe(I) and N in the presence of Fe(II).

A. dehalogenans reduces NO; to N; in the presence of Fe(II)

Similar to NO3;  amendment, the addition of 100 pmoles of NO,™ to 4. dehalogenans
strain 2CP-C cultures that had consumed 100 umoles of acetate and reduced 590 (£60)
umoles of Fe(III) resulted in rapid N,O formation (Figure 2.4A). N,O formation also
occurred in bottles that were heat-treated prior to NO,™ addition, indicating that the
reduction of NO,™ to N>,O was an abiotic process (Figure 2.4B). In live and killed control
incubations, 113 (£2) and 109 (£9) umoles N,O-N were produced, respectively,
indicating stoichiometric conversion of NO," to NO.

The N,O formed was not consumed because acetate (100 pmoles) had been depleted
during the initial Fe(III) reduction phase. Following the addition of 200 pmoles of acetate
on Day 18, Fe(IIl) reduction resumed and N>O consumption started (Figure 2.4A).
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During the initial Fe(IIT) and NO,™ reduction phase, 2.1 x 10° cells/mL were produced,
but only modest growth with N,O as electron acceptor (i.e., 1.2 x 107 cells/mL) was
measured due to the relative low amount of additional biomass produced (i.e., expected
increase of 4.8 x 10’ cells/mL), and interferences of iron precipitates that formed after
sampling with quantitative DNA extraction (see above) (Table 2.1; Figure 2.5). In
controls that were heat-killed following the initial Fe(IlI) reduction phase, the microbially
produced Fe(II) reacted with NO,™ leading to the formation of stoichiometric amounts of
N0, but N,O was stable even after acetate addition, indicating that live cells were
required for N,O reduction to occur (Figure 2.4B). Live and heat-killed cultures produced
N0 at similar rates of 1.9 (+0.03) and 1.9 (£0.13) pmoles h™, respectively (Figure 2.4A
and 2.4B), whereas lower N,O formation rates of 1.3 (+0.04) pmoles h™' were measured
in abiotic control incubations (800 umoles of ferrous chloride, 100 umoles of NO,", and
no cells) (Figure 2.6). These findings suggest that equimolar concentrations of
microbially produced Fe(Il) are more reactive than Fe(Il) added as ferrous chloride.

NO; reduction was also monitored in A. dehalogenans cultures that had reduced 250 (£7)
umoles poorly crystalline Fe(IIl) oxyhydroxide (Figure 2.7) or 960 (+50) umoles soluble
Fe(III) (as ferric citrate; data not shown) in medium containing 0.2 mM sulfide. With
insoluble and soluble forms of Fe(III), 35 (+4) and 47 (£8) umoles N,O-N was produced,
respectively, during the reduction of 100 pmoles NO,", but N,O was not subsequently
consumed by A. dehalogenans (Figure 2.7). Cultures of A. dehalogenans consistently
used N,O as a respiratory electron acceptor in defined, anoxic medium without sulfide
(Figure 2.8). When 0.2 mM sulfide was included in the medium as a reductant, cultures
did not reduce N,O (Figure 2.8), despite the ability of 4. dehalogenans to grow with
other electron acceptors (e.g., NO;™ and Fe[III]) in the presence of 0.2 mM sulfide.

Twenty-seven RefSeq genomes lacking NO-forming NO;™ reductases show potential
for denitrification

The term “chemodenitrifier” is proposed here to describe organisms that combine
chemodenitrification and enzymatic reactions to reduce NOs™ to N,O or N; (i.e.,
denitrification that is independent of NO-forming NO; reductases). Although the

chemodenitrifier phenotype does not exclude organisms with a full (NO3—N,) or partial
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(NO3 —=NO/N,0) denitrification pathway, a search was conducted for potential
chemodenitrifiers that encode nosZ genes and lack nirK/nirS. Chemodenitrifiers lacking
nirK/nirS and encoding nosZ would occupy the novel ecological niche of complete NO;3
reduction to N in the absence of NO-forming NO, -reductases. Translated RefSeq
genomes were searched for genomes that contain NOs™ reductase amino acid sequences
(i.e., NarG or NapA) and N,O reductase amino acid sequences (i.e., NosZ) but lack NirK
and NirS. Fifty-one genomes fit these criteria, and represent organisms from diverse
bacterial groups (Figure 2.9). The potential chemodenitrifiers were isolated from a wide
variety of habitats, including freshwater, saltwater, soil, contaminated material, and hot
springs (Figure 2.9; Table 2.2). Sixteen genomes contained clade I NosZ sequences,
while 35 genomes contained clade II NosZ sequences. At least seven organisms including
Aeromonas media, four Anaeromyxobacter strains, Desulfitobacterium hafniense, and
Rhodoferax ferrireducens were all shown to reduce Fe(III) (Figure 2.9; Table 2.2). Since
many organisms are not tested for the ability to reduce Fe(III), the genomes were
searched for c-type cytochromes with multiple heme-binding domains, a shared trait of
iron-reducing bacteria (Shi et al., 2007). All genomes contain 15 or more putative c-type
cytochromes, and in 27 genomes at least six of the c-type cytochromes have four or more

heme-binding domains (Figure 2.9).

Agricultural and tropical soils demonstrate chemodenitrification

Approximately 30 umoles NO,  was quickly reduced to N>O in microcosms
containing Illinois agricultural soil with and without O, (Figure 2.10). NO;" added to
anoxic microcosms that were simultaneously killed via autoclaving or azide addition
showed slower and non-stoichiometric N,O production (Figure 2.10). Soil-free controls
containing medium, azide, and NO;" did not show NO;" consumption or N,O production.
(Figure 2.10). NO,” was completely consumed and some NH," was produced in all
microcosms containing soil, except in the heat-killed and soil-free controls (Figure
2.10b).

Abiotic N»O production was greater in microcosms with added Fe(III) and in
microcosms with Puerto Rico soil. Stoichiometric NO,™ reduction to N,O was observed in

microcosms containing 5 g Illinois soil (Figure 2.11). Only 6 umoles N,O was produced
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in controls treated with azide before NO,™ addition. To test the effect of added iron on
N»O production, separate microcosms were provided with 5 mM poorly crystalline iron
oxides. After visible iron reduction (1.5 months), azide was added to control cultures, and
2 days later 100 pmoles NO,™ was added. Similar concentrations of N>O were produced
in microcosms with added iron as compared with soil alone (Figure 2.11a).
Approximately 50% of NO," was reduced to N,O in the azide controls with added iron
(Figure 2.11). NO," was completely consumed in microcosms without added Fe(III) and
azide (Figure 2.11b), and no NH," was produced in the presence or absence of azide
(Figure 2.11c). NO, and NH," were not measured in microcosms with added ferric
oxyhydroxide. Microcosms with 1 g Puerto Rico soil reduced approximately 50% of
NO; to N,O (54 umoles N,O-N) in azide-free treatments (Figure 2.11c). N,O production

was slower in microcosms treated with azide, and only 25 pmoles N,O was produced.

Discussion

This study reveals a novel ecological niche for 4. dehalogenans strain 2CP-C.
Previous growth studies characterized 4. dehalogenans as a NOs -reducing ammonifier
not able to reduce NO; to NO but with the ability to reduce N>O to N, (Sanford et al.,
2002, 2012). Genome analyses corroborated these observations and no genetic potential
for NO; reduction to NO (i.e., nirS or nirK) was found on the genome (Thomas et al.,
2008). Prior pure culture studies were performed with single electron acceptors and
potential synergistic effects were not considered. The results presented here demonstrate
that Fe(III) reduction profoundly affects NO3;™ and NO,™ metabolism in 4. dehalogenans.
A. dehalogenans reduced NO3™ to NO, and N,O to N, while Fe(II) abiotically reduced
NO; to N,O. Complete NOs™ reduction to N, was observed as the result of a combination
of abiotic and biotic reactions in 4. dehalogenans cultures, indicating that cultivation on
single electron acceptors and genome analysis failed to capture the full metabolic
potential of A. dehalogenans. Additionally, the present experiments were performed in
closed systems. In the natural environment, N,O may diffuse away from 4. dehalogenans
before complete reduction to N, suggesting that 4. dehalogenans may contribute to N,O

emissions.
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Due to a versatile metabolism, 4. dehalogenans is an ecologically competitive
bacterium. Previous studies uncovered a novel clade of nosZ genes (clade II) with
sequences distinct from clade I nosZ gene, and demonstrated growth of A. dehalogenans
coupled to N>O reduction via the clade II NosZ (Sanford et al., 2012; Yoon et al., 2016).
Additionally, it was shown that the clade I NosZ lends greater growth yield than clade I
NosZ enzymes and that clade II NosZ has a greater affinity for N,O than clade I NosZ,
suggesting that organisms with clade I NosZ (such as 4. dehalogenans) may outcompete
organisms with clade I NosZ (Yoon et al., 2016). The present study reveals further
ecological advantages for 4. dehalogenans. Chemodenitrification prevents A.
dehalogenans from coupling growth to NO;™ reduction in the presence of Fe(Il), but per
electron, A. dehalogenans captures more energy with N,O reduction than NO," reduction
(Table 2.3). Additionally, the reaction between NO,™ and Fe(II) yields Fe(III), and the
generated Fe(II) provides an additional electron acceptor for A. dehalogenans. 1t is
interesting to note that sulfide prevents N,O reduction (Figure 2.7; Figure 2.8), likely due
to the sequestration of copper by sulfide (Manconi et al., 2006). Thus N,O, rather than
N», may be the end product in biomes with free sulfide. Interestingly, 4. dehalogenans
did not reduce Fe(III) oxyhydroxide very well in the absence of sulfide (data not shown).
This may be due to a high redox potential of the medium, or 4. dehalogenans may
require sulfide for the reduction of insoluble Fe(III). Sulfide was shown to reduce Fe(III)
and possibly serve as an electron shuttle (Flynn et al., 2014; Hansel ef al., 2015). Further
experimentation is required to explore the possibility that 4. dehalogenans uses sulfide as
an electron shuttle. Collectively, the experiments demonstrate that the non-denitrifier 4.
dehalogenans can reduce NOj™ to N; in the presence of Fe(Il), and gain more energy than
from respiratory ammonification.

The coupled biotic-abiotic reactions in NO3™- and Fe(III)-reducing 4.
dehalogenans cultures reveal an important ecological role for organisms that have nosZ.
Fe(IT) and NO3™ co-occur in natural environments, allowing interactions between N and
iron cycling (Melton et al., 2014) and suggesting that the observation of microbially
mediated chemodenitrification is not limited to pure cultures of 4. dehalogenans. The
amount of iron in soil ranges from 100 to 100,000 parts per million (ppm), and in

addition to Fe(II) serving as an abundant electron acceptor in anoxic soils, Fe(IIl) and
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Fe(Il) cycling commonly occurs near oxic-anoxic transition zones, thus replenishing
Fe(IIT) for further dissimilatory Fe(III) reduction (Shacklette and Boerngen, 1984;
Thamdrup, 2000; Cornell and Schwertmann, 2003; Roden et al., 2012). Dissimilatory
Fe(II)-reducing bacteria such as A. dehalogenans and Geobacter spp. are abundant in
soils and subsurface environments (Petrie ef al., 2003; Lovley, 2013). NO; is released
only temporarily during NOs" reduction and ammonia oxidation (Betlach and Tiedje,
1981; Matocha et al., 2012), but NO," can accumulate for weeks to months in both
alkaline and neutral soils (Cleemput and Samater, 1996; Gelfand and Yakir, 2008).
Additionally, the enzyme kinetics of NO;™ and NO," reductases vary by organism, and for
organisms in which the NOj;™ reduction rate is greater than the NO; reduction rate,
intermediate NO;" is formed before further reduction (Betlach and Tiedje, 1981). Even in
conditions where NO,™ does not accumulate, Fe(IT) and NO;" are likely to interact. Since
Fe(II) is insoluble at neutral pH, Fe(III) reduction occurs via chelated iron, electron
shuttles, or direct contact with Fe(III), and Fe(II) is produced either outside of the cell or
in the periplasm (Lovley et al., 2004). Since Fe(II) is not produced inside the cytoplasm,
it is reasonable to assume that NO,” must be in the periplasm or outside of the cell in
order for chemodenitrification to occur. The genome of A. dehalogenans encodes two
NOs reductases: NarG (an inner-membrane bound NOj™ reductase) and NapA (a
periplasmic NOj;™ reductase). Additionally, the genome of 4. dehalogenans encodes
NarK, a NO3;/NO; transporter, so NO, produced by either NOs reductase can be located
in the periplasm. Since NO;" reductases (NrfA, NirS, and NirK) are also located in the
periplasm, chemodenitrification competes with enzymatic NO,™ reduction. The
competition between abiotic and biotic reduction of NO;" is evidenced by the mixed end
products (i.e., NoO and NH;") produced during NO3™ reduction by 4. dehalogenans
(Figure 2.1). A microbial community with Fe(IIl)- and NOs'-reducing microorganisms
could facilitate chemodenitrification, especially in conditions where NO, is not
consumed immediately after NOs™ reduction. As NO5 -reducing microorganisms generate
NO3’, NO;" can react with Fe(II) produced by iron reducing microorganisms.
Chemodenitrification may result in the loss of NO,™ as an electron acceptor; however,

organisms with N>O-reductases would be able to utilize the resulting N,O as an electron
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acceptor. The possession of the nosZ gene in Fe-rich environments would confer an
ecological advantage.

Organisms that combine chemodenitrification and NOy reduction in a similar
manner to A. dehalogenans fill a previously unrecognized ecological niche. The term
“chemodenitrifiers” is proposed to describe microorganisms that utilize
chemodenitrification to reduce NO3™ to N,O or N,. Chemodenitrification simply describes
an abiotic decomposition of NO,', whereas “chemodenitrifier” describes a microorganism
that reduces NOs™ to N,O or N; via multiple enzymatic steps and at least one abiotic step.
These organisms may be true denitrifiers (i.e., having NO-producing NO,™ reductases)
that reduce NO,™ to N>O in the absence of Fe(Il) and utilize chemodenitrification in the
presence of Fe(Il), or non-denitrifiers that can only denitrify in the presence of Fe(II).
Past studies have examined the co-occurrence of nirK, nirS, and nosZ in sequenced
genomes, confirming that denitrification is modular and many genomes contain nosZ but
lack nirK and nirS (Sanford et al., 2012; Graf et al., 2014). The observations of
chemodenitrification in A. dehalogenans cultures reveal a possible ecophysiological
explanation for microorganisms that possess nosZ but not nir$S and nirK. To search for
non-denitrifying microorganisms that share the chemodenitrifying trait of 4.
dehalogenans, the genome analysis performed in this study searched for non-denitrifiers
(i.e., lack nirS or nirK) that have both a N,O reductase and a NOs reductase, then further
probed for Fe(Ill)-reducing potential (Figure 2.9; Table 2.2). Since many organisms have
not been tested for Fe(IIl) reduction, the number of c-type cytochromes with multiple
heme-binding domains was used to indicate potential for Fe(IlT) reduction. In addition to
seven known Fe(IIl)-reducing bacteria (including 4. dehalogenans strain 2CP-C), 20
genomes contained six or more c-type cytochromes with at least four heme-binding
domains. Although the complete set of proteins for Fe(IlI) reduction has not yet been
characterized, it is known that a suite of c-type cytochromes (typically with four or more
hemes) play a role in Fe(II) reduction (Lovley et al., 2004; Shi et al., 2007). Organisms
with an abundance of multiheme c-type cytochromes are promising candidates for Fe(III)
reduction and should be tested for the ability to reduce Fe(IIl). Overall, at least 27
organisms from diverse branches of the phylogenetic tree have potential for the

chemodenitrifier trait. The chemodenitrifier potential is only a prediction based on
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genome sequence analysis, and further tests are needed to confirm the physiology of the
analyzed organisms. Utilizing protein prediction by sequence analysis is limited, since
some proteins with very different functions can have remarkably similar protein
sequences. For example, the active sites of NapA and formate dehydrogenase (FDH) are
very similar, but a cysteine and a methionine residue in NapA are replaced by a
selenocysteine residue and a methionine residue in FDHs, respectively (Cerqueira ef al.,
2015). Due to the similarity between Nap, Nar, and FDH, Hidden Markov Model
searches for NapA and NarG yield many hits to annotated formate dehydrogenases. To
eliminate FDH matches, proteins were analyzed with RPS-BLAST and any proteins with
better (i.e., lower E-value) matches to FDH domains than Nap/Nar domains were
removed from the analysis. However, the confirmation of the chemodenitrifier trait is
best confirmed by pure culture study.

The chemodenitrifier lifestyle was also demonstrated in NOs -reducing cultures of
Escherichia coli, Shewanella putrefaciens strain 200, and Wolinella succinogenes. NOs -
reducing cultures of E. coli were shown to abiotically produce N>O through
chemodenitrification when Fe(Il) was present in the medium (Brons ef al., 1991).
Cultures of S. putrefaciens were also shown to produce N,O during NOs™ and Fe(III)
reduction though combined abiotic and biotic reactions (Cooper et al., 2003). In contrast
to the work with A. dehalogenans, N,O was the end product in experiments with E. coli
and S. putrefaciens strain 200. N,O production and subsequent consumption was also
demonstrated with NO; -replete cultures of W. succinogenes, a respiratory ammonifier,
although NO," was the main end product and only 0.15% of the NO3™ was reduced to N,O
(Luckmann et al., 2014). Like Anaeromyxobacter, W. succinogenes lacks nirK/nirsS, and
it was speculated that N,O was produced through NO detoxification and reactions of
NO;" with medium components (Luckmann et al., 2014). When 4. dehalogenans was
grown with 200 pmoles NOj5", approximately 1 pmole N,O-N was produced (less than
1% of NO5) (Figure 2.3), which may be due to a reaction with the 750 nmoles iron
included in the medium (from the trace metal solution). In the presence of Fe(Il), 4.
dehalogenans produces substantial amounts of N>O (i.e., greater than 50%) from
available NO3™ or NO,", and has the enzymatic capability of subsequently reducing the

N0 to N; gas. In contrast to studies with E. coli, S putrefaciens, and W. succinogenes,
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the present study demonstrates that a microorganism lacking NO-forming NO,
reductases can completely denitrify a substantial percentage of NOs'.

NO;" added to soil microcosms demonstrated chemodenitrification (i.e., N,O
production from killed soil). However, N,O production was consistently slower in heat-
killed and azide-treated controls as compared to untreated soil (Figures 2.10 and 2.11).
This would suggest that biological NO,™ reduction outcompetes chemodenitrification.
Past studies have suggested that chemodenitrification does not play a significant role in
NO; turnover in soil due to the low concentration of reactive Fe(Il) (Bremner, 1997);
however, many of the studies supporting that hypothesis are performed by sterilizing soil
(Zhu-Barker et al., 2015). In addition to potentially altering soil chemistry, sterilizing the
soil by autoclaving or adding toxic substrates inhibits dissimilatory iron-reducing bacteria
(DIRB). It is well-known that Fe(IIT) and Fe(II) are cycled many times over by DIRB and
iron-oxidizing bacteria (Thamdrup, 2000; Roden et al., 2012). In the environment, Fe(III)
produced by chemodenitrification can be reduced to Fe(IT) by DIRB, thus replenishing
the Fe(II) for further chemodenitrification (Figure 2.12a). In past experiments and the
experiments presented here, DIRB were inhibited by autoclaving or azide addition; thus,
any Fe(IIl) produced by chemodenitrification cannot be recycled to Fe(II) for further
chemodenitrification (Figure 2.12b). This is supported by the fact that increased iron
content yielded greater chemodenitrification (Figure 2.11). Future experiments assessing
the role of chemodenitrification in soils should seek to use techniques that account for
Fe(III) recycling. One potential approach is to assess the isotopic fractionation of N,O or
isotopic site preference of N,O. If these values are influenced by the source of N>O (i.e.,
biotic or abiotic), they may be used as markers of N,O sources. However, the literature
contains inconsistent values between different laboratories, and further troubleshooting is
required to refine this technique (Cooper et al., 2003; Heil ef al., 2014; Jones et al., 2015;
Zhu-Barker et al., 2015).

The microcosm experiments shown here have some important limitations.
Microcosms containing O, were sealed before NO, addition and were not shaken, and
the bottles contained a thick layer of soil (i.e., 20 g in a 30 mL bottle), so full oxygenation
throughout the bottle was not ensured. It is likely that an O, gradient was established in

these cultures, and although O, was present in the headspace throughout the experiment
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(data not shown), microorganisms in the bottom of the serum bottles may have
experienced anoxia. Another shortcoming is that NH," was produced in the azide-added
soil microcosms, suggesting that respiratory ammonification still occurred (Figure 2.10c).
It is possible that the concentration of azide (3 mM) was not sufficient to fully inhibit
microbial activity, especially in the microcosms containing O,, which likely had a high
cell number. However, N,O production was observed in heat-killed microcosms that
were autoclaved in an autoclave certified for soil sterilization, lending support for N,O
production by abiotic mechanisms. Overall, these experiments demonstrate the potential
for chemodenitrification in soil, but more sophisticated techniques, such as isotopic
fractionation (Jones et al. 2015; Buchwald et al. 2016) are required to determine the
relative contribution of biotic and abiotic processes to N,O production in soils.
Collectively, the findings show complete NO;™ reduction to N, mediated by a
single organism via combined abiotic and biotic mechanisms in the absence of nirS and
nirK. Gene content is not sufficient to predict the final products of NOs reduction,
putting into question attempts to link denitrification activity with the abundance and
expression of nirS and nirK. Chemodenitrifiers represent understudied contributors to the
formation of gaseous products from NO; and NO,™ and careful study of
chemodenitrifiers may impact the current understanding of N cycling. Studies of N
cycling in soils should take into account the concentration of iron and the presence of
iron-reduction to determine the potential for chemodenitrification. Non-denitrifiers
lacking nirS or nirK but possessing nosZ and napA/narG contribute to N,O flux via
coupled biotic-abiotic processes, suggesting that iron-reducing potential should be taken

into consideration when prediction the fate of NO;™ in soils.
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Appendix: Tables

Table 2.1. Cell growth of A. dehalogenans during Fe(IIl) and NO;™ reduction. qPCR data
corresponding to Figures 2.1 and 2.4. The standard deviations of triplicate cultures are
indicated in parentheses.

Cells per mL
Corresponding
Figure itial® After Fe** After NO;/NOy After N,O
Production Reduction Consumption
LA 48X 10° 5.6X10° 6.0 X 10’ 33X 10’
(1.5 X 10%) (2.0 X 10% (2.5X 107 (1.4 X 107
7.8 X 10° 8.4X10° 44X 10
1B (32X 10°) (3.9 X 10°) (6.5 X 10°) N/A
A 22X 10 43X 10° 2.1X10° 1.4X 10
(1.4 X 10% (2.0 X 10% (6.1 X10%) (6.5 X 10%
2.1X 10 12X 10’ 53X 107
B (1.4 X 10°) (9.4 X 10°) 6.6 X 107) N/A

*Introduced with the inoculum.
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Table 2.2. Complete RefSeq genomes with narG/napA and nosZ, but lacking nirK/nirS.
These bacterial genomes contain a suite of denitrification genes similar to 4.
dehalogenans strain 2CP-C; that is, they have a NO;™ reductase gene (napA and/or narG),
a N,O reductase gene (nosZ), and do not contain a NO-producing NO,™ reductase gene
(nirK or nirS). The ability to reduce ferric iron was derived from the literature.

Reduces NosZ
Organism Accession Number Source of Isolate Reference Clade I or
Iron I+
Aer  media strain WS GCF_000287215.2_ McLeod et
eromonas media stra ASM28721v3 + Cooling water systems al. 1998 I
. . GCF_001310225.1_ Sun et al.
Algibacter sp. strain HZ22 ASMI131022v1 i Algac 2016 I
Alkalilimnicola ehrlichii strain MLHE- GCF_000014785.1 Oremland
1 ASM1478v1 - Soda lake et al. 2002 1
Anaeromyxobacter dehalogenans strain GCF_000022145.1 Sanford et
2CP-1 ASM2214v1 + Stream sediment al. 2002 I
Anaeromyxobacter dehalogenans strain  GCF_000013385.1 Sanford et
2CP-C ASM1338v1 + Rain forest soil al. 2002 I
. GCF_000017505.1 Thomas et
Anaeromyxobacter sp. strain Fw109-5 g\ 1750, +  Contaminated soils al. 2009 11
Anaer bact train K GCF_000020805.1_
naeromyxobacter sp. strain ASM2080v1 N I
. GCF_000061505.1 Rhizosphere of Kallar Hurek et al.
Azoarcus sp. strain BH72 ASM6150v1 i orass 1993 I
4 villum brasil GCF_000632475.1 Plant roots of Terrand and
zospuriitum brasiense ASM63247v2 - Crabgrass Kreig 1978 I
Campylobacter concisus strain ATCC GCF_001298465.1 Tanner et
33237 ASM129846v1 s Human mouth al. 1981 I
. . GCF_000017725.1_ Tanner et
Campylobacter concisus strain 13826 ASM1772v1 . Human mouth al. 1981 I
. GCF_000017465.1
Campylobacter curvus strain 525.92 ASM1746v1 . I
Campylobacter fetus subsp. fetus GCF_000759485.1
04/554 ASM75948v1 -k I
GCF_000015085.1 Perez and
Campylobacter fetus subsp. fetus 82-40 ASM1508v1 . Human blood Blaser 1985 I
. . GCF_000814265.1
Campylobacter fetus subsp. testudinum ASMS1426v1 . I
Campylobacter fetus subsp. testudinum GCF_000495505.1 Fitzgerald
03-427 ASM49550v1 s Human blood etal. 2014 I
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Table 2.2. Continued.

Reduces NosZ
Organism Accession Number Source of Isolate Reference Clade I or
Iron I+
Campylobacter fetus subsp. testudinum GCF_001484645.1 Fitzgerald
Sp3 ASM148464v1 - Snake etal. 2014 I
Campylobacter fetus subsp. venerealis GCF_000759515.1
97/608 ASM75951v1 -k I
Campylobacter fetus subsp. venerealis GCF_000967135.1 Bovine preputial et al. 1986;
str. 84-112 CFV s secretion Clark et al. I
Campviobacter eracilis GCF _001190745.1 Tanner et
4 graci ASM119074v1 - Human mouth al. 1981 11
Campylobacter iguaniorum strain GCF_000736415.1 _ Gilbert et
1485E ASM73641v1 - Reptile digestive tracts al. 2016 I
Campylobacter iguaniorum strain GCF_001483985.1 Gilbert et
2463D ASM148398v1 - Reptile digestive tracts al. 2016 I
Cellulophaga algicola strain DSM ~ GCF_000186265.1 Bowman
14237 ASM18626v1 - Sea ice 2000 I
Denitrovibrio acetiphilus strain DSM  GCF_000597885.1 Oil resevoir model Torsvik
12809 ASMS59788v1 - column 2000 11
Desulfitobacterium dehalogenans strain GCF_000025725.1 Sediment in freshwater al. 2010;
ATCC 51507 ASM2572v1 - pond Utkin et al. 11
Desulfitobacterium dichloroeliminans  GCF 000243155.2
strain LMG P-21439 ASM24315v3 #+  Soil NCBI 11
Desulfitobacterium hafniense strain ~ GCF_000243135.2_ n and
DCB-2 ASM24313v3 + Municipal sludge Ahring II
Desulfitobacterium hafniense strain ~ GCF_000021925.1_ Suyama et
Y51 ASM2192v1 _k Contaminated soil al. 2001 11
. G GCF_000010045.1_ DeWeerd et
Desulfomonile tiedjei strain DSM 6799 ASM1004v1 . Sewage sludge al. 1990 I
Dyadobacter fermentans strain DSM ~ GCF_000266945.1_ Triplett
18053 ASM26694v1 - Corn stems 2000 I
Flammeovirgaceae bacterium strain ~ GCF_000023125.1_ Liu et al.
311 (Cesiribacter roseus) ASM2312vl - Desert sand 2012 11
Haliscomenobacter hydrossis strain ~ GCF_000212735.1_ 1995; van
DSM 1100 ASM21273vl - Activated Sludge Veen et al. 11
. GCF_001011155.1_
Hoeflea sp. strain IMCC20628 ASMI101115v1 i I
Leisingera methylohalidivorans strain  GCF_000511355.1_ Schaefer et
DSM 14336 ASMS51135v1 - Marine/Seawater al. 2002 I
. . GCF_000968135.1 Zhu et al.
Magnetospira sp. strain QH-2 gy fo6g 131 . Seawater pond 2010 11
. ) . GCF_001266795.1_ Biocathode Wang et al.
Marinobacter sp. strain CP1 - s o\ f126679v1 - biofilm/seawater 2015 I
. . GCF_000019365.1
Methylobacterium sp. strain 4-46 ASM1936v1 i [
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Table 2.2. Continued.

NosZ

Organism Accession Number Source of Isolate Reference Clade I or
II**
Methviophaea nitratireducenticrescens GCF_000260985.3 Seawater treatment etal. 2013;
yiophag CSCENS ASM26098v2 system Mauffrey et 1
. . . GCF_000243115.2_ Weon et al.
Niabella soli strain DSM 19437 ASM24311v3 Soil 2008 I
. . . GCF_000246855.1 Weon et al.
Niastella koreensis strain GR20-10 ASM24685v1 Soil 2006 I
Psveh . hamii strain 37 GCF_000015285.1 Auman et
Sychromonas ingranamit strat ASM1528v1 Sea ice core al. 2006 I
. . GCF_000013605.1 Finneran et
Rhodoferax ferrireducens strain T118 ASM1360v1 Subsurface sediments  al. 2003 I
Rhodopseudomonas palustris strain ~ GCF_000013745.1 Dailey
BisB18 ASM1374v1 River sediment 1986; Oda 1
Rhodopseudomonas palustris strain ~ GCF_000013365.1 Dailey
HaA2 ASM1336v1 Shallow pond 1986; Oda 1
.. . GCF_000016185.1 Favinger et
Rhodospirillum centenum strain SW ASM1618v1 Hot springs al. 1989 I
. . . GCF_000218895.1 Williams
Runella slithyformis strain DSM 19594 ASM21889v1 Freshwater lake 1978 I
Sulfurospirillum cavolei GCF_001548055.1 contaminated al. 2007;
R4 ASM154805v1 groundwater Ross et al. I
Sulfurospirillum multivorans strain ~ GCF_000568815.1 Muramatsu
DSM 12446 ASM56881v1 Activated Sludge etal. 1995 I
Thioalkalivibrio paradoxus strain ARh  GCF_000227685.2 Sorokin et
1 ASM22768v3 Soda lake al. 2002 1
) C GCF_000772105.1 al. 1965;
Vibrio tubiashii strain ATCC 19109 ASM77210v1 Clam Hada et al. I
Zobellia galactanivorans GCF_000973105.1_ Barbeyron
& ‘ ASM97310v1 Red algae etal. 2001 I

*Iron reduction demonstrated by another member of the same genus.

**Clade I = Typical, clade II = Atypical (Jones et al. 2013; Sanford et al. 2012)
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Table 2.3. Theoretical growth yields per mole electrons. Growth yield on NO;,™ was
calculated by flow cytometry with Anaeromyxobacter strain R. Growth yields of A.
dehalogenans strain 2CP-C with Fe(III) and N,O were used from previously published
values (He and Sanford 2003 and Yoon et al. 2016, respectively).

Growth yield (#

Process Reduction Half Reaction 2 Reference
cells/mole e-)
- - + 5
NO,” Reduction 0.16 NO, + 1+e +4.33H 2X 10" Personal .
0.16 NH; +0.33 H,O Correspondence
Fe(IIT) Reduction Fe* +1e¢ — Fe*' 6.0X 10" 27
- + 5
N,O Reduction 0.5NO+1e'+1H 24X 10 17
1/2N, + H,O
Chemodenitrification 1.5X 10" Theoret'lcai
calculation

"Based on published numbers (1.4 mg biomass/mmole Fe(IIT) and 11.2 mg biomass/mmole N,O) and a
weight of 2.4 X 107" grams per bacterial cell.

®Personal correspondence with Rob Sanford. Determined by flow cytometry with Anaeromyxobacter strain
R.

“Based on the reduction of 0.5 moles Fe** and 0.25 moles N,O (produced by reaction between NO,™ and

Fe[II]).
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Appendix: Figures
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Figure 2.1. Abiotic production of N,O after NOs™ addition to A. dehalogenans cultures.
Error bars represent the standard deviation of three replicate cultures. Ferrous iron
(closed squares), N,O-N (open circles), and NH, " (open triangles). (A) 4. dehalogenans
grown on 1,000 umoles acetate and 700 umoles ferric citrate. NOs™ (100 pmoles) was
added on Day 10 (indicated by arrow). (B) Same as (A) except acetylene (10% of
headspace) was included.
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Figure 2.2. Cell numbers of 4. dehalogenans cultures grown with ferric citrate and NO;'.
Corresponds to Figure 2.1. Error bars represent the standard deviation of three replicate
cultures. 4. dehalogenans was grown on 1,000 pmoles acetate and 700 pmoles ferric
citrate. 100 umoles of NO;” were added on Day 8. Corresponds to Figure 1A (closed
circles) and Figure 1B (gray triangles).
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Figure 2.3. Cultures of 4. dehalogenans grown with 1,000 umoles acetate and 200
umoles NOj in the absence of ferric citrate. Averages of three replicate cultures are
shown. Bars indicate the standard error. Small amounts (approximately 2 umoles per
vessel) of N2O-N were measured after four days (not shown). Only duplicate cultures
were measured after four days. NO; ™ (closed circles); NO, (gray triangles); NH4" (open
squares).
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Figure 2.4. Abiotic production of N,O after NO,™ addition to A. dehalogenans cultures.
Error bars represent the standard deviation of three replicate cultures. Ferrous iron

(closed squares) and N>O-N (open circles). (A) Cultures of A. dehalogenans were grown

on 100 pmoles acetate and 900 pmoles ferric citrate. On Day 14, 100 umoles NO, was
added (indicated by the first arrow). On Day 18, an additional 200 umoles acetate was
added (indicated by the second arrow). (B) Cultures treated the same as A except they
were autoclaved prior to NO;™ addition. H.K., heat-killed.
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Figure 2.5. Cell numbers of 4. dehalogenans cultures grown with ferric citrate and NO, .
Corresponds to Figure 2.4. Error bars represent the standard deviation of three replicate
cultures. (A) Closed circles: Cultures of A. dehalogenans were grown on 100 pmoles
acetate and 900 umoles ferric citrate. On Day 14, 100 pumoles NO;” was added. On Day
18, an additional 200 umoles acetate was added. (B) Gray triangles: Cultures treated the
same as A except heat-killed prior to NO," addition.
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Figure 2.6. Abiotic reaction between NO;™ and Fe(II). Abiotic (no inoculum) control
consisting of 800 umoles ferrous chloride in the same medium and with the same NO,
and acetate additions as in Figure 2A and 2B.
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Figure 2.7. Cultures of 4. dehalogenans grown with 1,000 umoles acetate and ferric
oxyhydroxide. 100 umoles NO,  was added on Day 9 (indicated by the arrow). Ferrous
iron (closed squares) and N,O-N (open circles). Error bars represent the standard
deviation of two replicate cultures.
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Figure 2.8. N,O reduction by A. dehalogenans in the presence and absence of 0.2 mM
sulfide. N,O shown for cultures with (gray triangles) and without (closed circles) 0.2 mM
sulfide. The average of three replicates are shown for the treatment with sulfide, and the
average of two replicates is shown for the treatment without sulfide.
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Figure 2.9. Maximum likelihood phylogenetic tree of the 16S rRNA genes from selected
RefSeq bacterial genomes with NOs™ reductase and N,O reductase genes, but lacking
nirK/nirS. All intergeneric nodes with bootstrap values < 50% are marked with red
circles. Branches are colored by class. Four archaeal sequences were included as
outgroups. Each node is labeled with the estimated number of c-type cytochromes (with
the number of c-type cytochromes with more than four heme-binding domains in
parentheses), a plus sign if that organism is capable of Fe(III) reduction, which nosZ
clade the genome contains (I or II), and a symbol representing the source of the isolate.
The absence of a plus sign for iron reduction indicates that it is unknown (most
frequently, untested) and the absence of a symbol for the source indicates that the source
is unknown. The scale bar corresponds to the number of nucleotide substitutions per site.
References for the isolation of the organisms are located in Table 2.2. The Venn Diagram
shows the proportion of the analyzed RefSeq genomes containing nirK/nirS, napA/narG,
and/or nosZ. Out of the 4,739 genomes analyzed, 2,567 had either a napA or a narG gene,
634 had a nirK or a nirS gene, and 394 had a nosZ gene. *Isolated from an alkaline lake.
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—— Archaeoglobus fulgidus strain DSM 8774

[—— — Cenarchaeum symbiosum

Thermococcus nautili strain 30-1
Nanoarchaeum equitans

Fed* nosZ
#cCyts Red. Clade Source

Algibacter sp. HZ22 15(2) I A
Zobellia galactanivorans strain DsiJT 34(3) I A&
Cellulophaga algicola strain DSM 14237 19(3) ] A
Cesiribacter roseus strain 311 33(5) Il A
Runella slithyformis strain DSM 19694 ——————————63(2)—II—@—
Dyadobacter fermentans strain DSM 18053 63(2) Il N
Haliscomenobacter hydrossis strain DSM 1100 60(1)~ I O—
Niastella koreensis strain GR20-10 31(1) I n—
Niabella soli strain DSM 19437 29(4) Il N—
Desulfitobacterium dehalogenans strain ATCC 51507 20(6) [
Desulfitobacterium dichloroeliminans strain LMG P-21439 —17(7) Il A—
Desulfitobacterium hafniense strain Y51 32(11) I O—
Desulfitobacterium hafniense strain DCB-2 ————————————————25(9) + I—0—
Desulfomonile tiedjei strain DSM 6799 30(17) Il O —
Anaeromyxobacter sp. Fw109-5 62(35)—+ I—0—
Anaeromyxobacter sp. K —66(41)—+ =
Anaeromyxobacter dehalogenans strain 2CP-C ——————————64(40)—+ I—aA—
Anaeromyxobacter dehalogenans strain 2CP-1 ——————————63(40)—+ @
0.5 Thioalkalivibrio paradoxus strain ARh 1 ————————————52(8)——|——@*—
) Alkalilimnicola ehrlichii strain MLHE-1 ———— 24(1) I — o
Rhodoferax ferrireducens strain T118 —————————58(18)—* I—®—
A Ocean/Sea 4 Azoarcus sp. BH72 41(1) | yAw
. Methylophaga nitratireducenticrescens strain JAM1 21(0 |
@ Freshwater/Sediment Marinobacter sp. GP1 23(0) |
i Aeromonas media strain WS 18 |
‘ Human/Animal Vibrio tubiashii strain ATCC 19109 ——————————————22, |
A Soil/Roots/Plant Psychromonas ingrahamii strain 37 ——— 16 |
Magnetospira sp. QH-2 48(
O Manmade/ Leisingera methylohalidivorans strain DSM 14336 17
i i Hoeflea sp. IMCC20628 36
Contaminated Material Methylobacterium sp. 4-46 39
< Hot Springs Rhodopseudomonas palustris strain HaA2 27
Lo Rhodopseudomonas palustris strain BisB18 27(6)
. Rhodospirillum centenum strain SW 23(2
B Deferribacteres Azospirillum brasilense strain Az39 36(3
. Clostridia || Campylobacter fetus subsp. fetus strain 04/554 23
Campylobacter fetus subsp. fetus strain 82-40 ——— 23
. Betaproteobacteria Campylobacter fetus subsp. venerealis strain 97/608 ——23|
. Campylobacter fetus subsp. venerealis strain 84-112 ——23,
[ | Gammaproteobacteria Campylobacter iguaniorum strain 1485E 25
i Campylobacter iguaniorum strain 2463D 27
. FIaVObaCt_er“a Campylobacter fetus subsp. testudinum strain Sp3 27
. Cytophagia Campvlobacter fetus subsp. testudinum strain 03-427 —27
e Campylobacter fetus subsp. testudinum strain pet-3 ——27
. Saprospiria Cam,;)}}//lobacter concisus strain 13826 ——— 19
. Chitinophagia Campylobacter concisus strain ATCC 33237 16
. . Campylobacter curvus strain 525.92 23
M Epsilonproteobacteria Campylobacter gracilis strain ATCC 33236 19
i Sulfurospirillum cavolei strain UCH003 37
] Deltaproteobacteria Sulfurospirillum multivorans strain DSM 12446 40(7)
M Alphaproteobacteria L—— Denitrovibrio acetiphilus strain DSM 12809 —— -41(26)—
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Figure 2.10. Chemodenitrification in Illinois soil microcosms. The reduction of 30
umoles NO,™ in microcosms containing 20 g Illinois agricultural soil. All were incubated
two weeks before NO,™ addition, and acetylene was added 1-2 days before NO,". The
average of two replicate cultures are shown for each point/bar, and error bars show
standard deviation. (A) N,O-N. (B) NO,". (C) NH,". H.K. indicates microcosms that were
heat-killed before NO,™ addition. +Azide indicates that 3 mM sodium azide was added
before NO,™ addition. +O, indicates that microcosms were exposed to O, until NO,
addition; after NO, addition cultures were sealed.
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Figure 2.11. Chemodenitrification in Illinois and Puerto Rico soil microcosms. The
reduction of 100 pmoles NO;™ in microcosms containing 5 g Illinois (A-C) or 1 g Puerto
Rico (D) soils. All were incubated at least two weeks before NO,™ addition, and acetylene
was added 1-2 days before NO,". The average of 2 replicate cultures is shown for each
bar/point, and error bars show the standard deviation. +Azide indicates that 3 mM sodium
azide was added before NO,™ addition. (A) N,O production in microcosms containing
Illinois soil with or without 5 mM poorly crystalline ferric oxyhydroxide. (B) NO, mass
for no-iron added microcosms from A. (C) NH4" mass for no-iron added microcosms
from A. (D) N,O production in microcosms containing Puerto Rico soil.

65



A

Y Fe3+1\/ NO, \

Di ilat
lréflgéj C(I)Ill.y Chemo- Denitrifying
g denitrification bacteria

bacteria
S Fe2* / \ N,O 4/
Y Fe3+1\ / NO,

Di il
1r(1)n rm 1ucm Chmo- De { g
Ao & denitrification

\‘Fe%/\’ NO/

Figure 2.12. Schematic of NO; reduction to N,O in the presence (A) and absence (B) of

live cells. Processes affected by killing live cells (i.e., by azide or autoclaving) are

indicated by a red X.

66



Chapter 3: Sulfide Inhibition of Nitrate and Nitrous
Oxide Reduction by Anaeromyxobacter dehalogenans
strain 2CP-C and Ramifications for

Chemodenitrification Potential
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Abstract

N turnover in natural environments is important to climate change, eutrophication,
agriculture, and human health. N fertilizers (e.g., ammonium [NH, '] and nitrate [NO3])
are converted to nitrous oxide (N,O) by microorganisms in agricultural soils, and the
overuse of N-fertilizers has led to N,O becoming the dominant greenhouse gas.
Understanding the mechanisms for NOs™ removal and retention is important for
predicting the fate of N fertilizers and guiding climate change models and agricultural
practices. Extensive research has focused on the fate of NOs’, especially on
environmental and biological factors that influence denitrification and respiratory
ammonification. Multiple studies have shown that sulfide slows NOj;™ reduction and
causes an accumulation of intermediates, such as nitrite (NO;"). Additionally, trace metals
are known to influence the extent of NO3™ reduction. Abiotic factors that influence N flux
affect the retention of N in soils, as NO3", N,O, and N are lost from soil but NH, " is
retained in soil. Further research is needed to understand the mechanisms behind the
effects of sulfide and trace metals on NOj;™ reduction, and the potential synergistic effects
of sulfide and trace metals. In the present study, the effects of sulfide and molybdenum
(an essential cofactor for NOj3™ reductases) on NOs', NO;', and N,O reduction and
intermediate accumulation were tested in pure cultures of the common soil bacterium
Anaeromyxobacter dehalogenans strain 2CP-C. NOj;™ reduction rates and intermediate
NO; concentrations decreased with increasing sulfide concentrations, and NO;3™ reduction
was completely inhibited by 0.4 mM sulfide. N>O reduction was inhibited by 0.2 mM
sulfide. Increasing the molybdenum (Mo) concentration from 0.15 uM to 1.5 mM
partially alleviated the inhibition of NOs™ reduction by sulfide, and experiments
performed at the optimal concentration of 1.5 mM Mo revealed that sulfide sequestration
of Mo was responsible for decreased NO;™ reduction rates. Finally, the presence of 0.2
mM sulfide was demonstrated to prevent the reaction between intermediate NO,™ and
ferrous iron during NO; reduction, due to decreased release of NO, . These findings
show that sulfide and trace metals are important for abiotic and biotic processes in the N-

cycle and influence the end products of NOs™ reduction.
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Introduction

The N cycle is highly modular; i.e., while many organisms contain complete
pathways, others only perform single pathway steps (Graf et al., 2014; Stein and Klotz,
2016). This modularity may be advantageous if an organism specifically benefits from a
single process (Stein and Klotz, 2016) or if an intermediate is toxic, since segregating
pathway steps into different cells relieves that toxicity by decreasing the accumulation of
intermediates (Lilja and Johnson, 2016). NO;" is a key intermediate in several N cycling
pathways: denitrification, nitrification, respiratory ammonification and anaerobic NH,"
oxidation (Figure 1.1). Some respiratory ammonifiers and denitrifiers release NO,
temporarily before complete reduction to NH4" or gaseous products (i.e. N, or N,O),
respectively, while others do not release measurable concentrations of NO, (Betlach and
Tiedje, 1981; Tiedje, 1988). The release of NO;" can have important ecological impacts,
since it is toxic (Kliiber and Conrad, 1998; Philips ef al., 2002), can be utilized by other
organisms (e.g., denitrifiers, respiratory ammonifiers, and nitrifiers) and can react
abiotically with other compounds (e.g., with ferrous iron) (Moraghan and Buresh, 1977).
The amount of NO, accumulated during NO;3™ reduction may influence the extent to
which these phenomena occur.

A variety of abiotic factors influence the end products and the rate of
dissimilatory NO;™ reduction and denitrification. These abiotic factors include oxygen
concentration, pH, sulfide content, the NO3;:NO, ratio, the carbon:nitrogen ratio, and soil
moisture (i.e., water-filled pore space) (Broadbent and Clark, 1965; Stevens et al., 1998;
Acelion and Warttinger, 2009; Yoon et al., 2014, 2015). NO," accumulates in some natural
environments under alkaline and neutral conditions (Cleemput and Samater, 1996; Kelso
et al., 1997; Philips et al., 2002; Shen et al., 2003; Gelfand and Yakir, 2008). High pH,
high NH," concentrations, and a variety of other environmental factors were shown to be
correlated with NO,™ accumulation (Stevens et al., 1998; Philips et al., 2002; Shen et al.,
2003). One hypothesis for the cause of NO, accumulation is that different steps of
denitrification and nitrification have different enzymatic rates (Gelfand and Yakir, 2008;
Betlach and Tiedje, 1981; Philips et al., 2002). Additionally, the N-cycle is highly
modular and organisms with NOj™ reductases but lacking NO; reductases likely

contribute to NO," accumulation as well (Tiedje, 1988; Philips ef al., 2002).

69



The trace metals molybdenum (Mo), copper, and iron are essential to the function
of enzymes involved in respiratory ammonification and denitrification (Figure 3.1) and
thus have the ability to influence NO,™ accumulation in the environment. Recently, Mo
concentrations was shown to correlate with NO3;” removal and NO,” accumulation at a site
contaminated with high concentrations of NOs™ and in Pseudomonas cultures (Thorgersen
et al., 2015). Mo is the key element for the molybdopterin cofactor in both the
periplasmic and membrane-bound NO; reductases (Moreno-Vivian ef al., 1999;
Gonzalez et al., 2006) and molybdenum is actively transported into the cell as molybdate
by a molybdate transporter (Hagen, 2011). Studies show that the concentration of trace
metals (including Mo) in the environment are much lower (i.e., nanomolar
concentrations) than that which is optimal for microbial growth (i.e., uM concentrations)
(Glass and Orphan, 2012; Glass et al., 2012). Increased concentrations of Mo increase
NOs™ reduction rates, and if the Mo concentration is high enough (i.e., 0.1-120 mM for
Pseudomonas strains), toxic concentrations of NO, accumulate (Thorgersen et al., 2015).
This further supports the hypothesis that enzyme kinetics plays a role in intermediate
NO;" accumulation, and suggests that trace metal concentration is a limiting factor in
natural environments.

Sulfide contributes to the shortage of trace metals that are integral to N-cycling
reactions. Sulfide forms metal-sulfide complexes that are less bioavailable than free
metal, decreasing the activity of N-cycling enzymes (Gonzalez-Gil et al., 1999; Jansen et
al., 2007). The addition of sulfide slows denitrification and causes an accumulation of
NO;" and/or N,O (Serensen et al., 1980; Gould and McCready, 1982; Senga et al., 2006;
Tugtas and Pavlostathis, 2007). The addition of copper overcomes sulfide inhibition of
N0 reduction, suggesting that sulfide precipitates copper and reduces the bioavailability
of copper (Manconi et al., 2006). The concentration of sulfur in US soils is 800-48,000
ppm (Shacklette and Boerngen, 1984), and oxidized sulfur compounds can be reduced to
sulfide under reducing conditions; thus sulfide may be present in reduced soils and
precipitate important trace metals.

Less is known about synergistic effects of sulfide and Mo on NO," reduction and
NO;" accumulation. It is known that sulfide negatively impacts NO;3™ reduction rates and

leads to accumulation of denitrification and respiratory ammonification intermediates,

70



whereas Mo enhances NOs™ reduction rates (Thorgersen et al., 2015). However, the
literature lacks clear evidence linking the effects of sulfide and Mo. Considering what is
reported about trace metals and sulfide, and the relationship between copper
bioavailability and sulfide, it was predicted that a similar phenomenon would be observed
with Mo and sulfide. The present study tests the hypothesis that the presence of sulfide
slows or inhibits NO;™ reduction because sulfide reacts with Mo, which becomes
biologically unavailable either for molybdate entry into the cell or for incorporation in the
NOs reductase. A. dehalogenans, a common soil bacterium, was chosen for study due to
its ability to reduce NOs™ to NH," via NO;™ as an intermediate, and the role 4.
dehalogenans plays in chemodenitrification. Since the NO," reductase in 4. dehalogenans
uses an iron-containing cofactor, it was also hypothesized that sulfide would affect NO,"
reduction. However, iron is more abundant in the growth medium used to cultivate A4.
dehalogenans, so the NO; reductase should be less affected by sulfide than the NO5
reductase (Figure 3.1; Table 3.1). Thus it was predicted that a decrease in NO;™ reduction
rate (rate;) and a lesser or nonexistent decrease in NO,™ reduction rate (rate;) would cause
an accumulation of NO,™ (Figure 3.2). Furthermore, the effects of sulfide on
chemodenitrification were studied, to test if the abiotic reaction between Fe(Il) and NO,
depends on the transient accumulation of NO,".

To address these hypotheses, A. dehalogenans strain 2CP-C was cultivated with
NOs' in the presence of a range of Mo and sulfide concentrations and monitored NOs™ and
NO;" concentrations. The effects of sulfide on N>O reduction were also tested. In Chapter
2, chemodenitrification was demonstrated when NO;” was added to iron-reducing
cultures of A. dehalogenans. Here, the effects of sulfide on chemodenitrification were
tested by repeating some of the experiments from Chapter 2 in the presence of sulfide.
The following results demonstrate an inhibitory effect of sulfide on NOj3", NO,’, and N,O
reduction, an increase in intermediate (i.e., NO,") accumulation, and a resulting decrease
in chemodenitrification potential. This chapter reveals potential environmental controls
on the chemodenitrifier phenomena observed in Chapter 2, and further areas for study are

suggested in the discussion.
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Materials and Methods

Culture Conditions

Anaeromyxobacter dehalogenans strain 2CP-C was grown anaerobically in a
defined mineral salts medium (Loffler et al., 1996) with the following modifications:
bicarbonate was replaced with 50 mM HEPES (4-[2-hydroxyethyl]-1-
piperazineethanesulfonic acid), phosphate was reduced from 1.47 mM to 0.29 mM, L-
cysteine was decreased from 0.2 mM to 0.1 mM, and the headspace was 100% N,.
Sulfide was omitted except where indicated. The medium was adjusted to a pH of 7.2 by
the drop-wise addition of a 10 M sodium hydroxide solution. The medium was dispensed
in 100 mL aliquots into 160 mL serum bottles, sealed with rubber stoppers, then
autoclaved. Although autoclaving HEPES buffer is unadvisable due to the production of
radicals, 4. dehalogenans grew robustly in this medium, and no difference in NOy’
accumulation was observed when bicarbonate-buffered medium and HEPES-buffered
medium was compared directly (data not shown). For chemodenitrification experiments,
unmodified bicarbonate-buffered medium was utilized (Loffler et al., 1996). For
experiments in which NH4" was quantified, NH;" concentrations were adjusted to 3 mM
to allow accurate measurement. Sulfide was added from filter-sterilized, anoxic sodium
sulfide stock solutions that were prepared with washed crystals, with the exception of a
few experiments. In experiments where sulfide was not added from stocks solutions,
sulfide concentrations are indicated with the ‘<’ symbol since concentrations were likely
lower than that reported due to the presence of other sulfuric compounds on the surface
of the sodium sulfide nonahydrate crystals. The concentration of sulfide was measured in
experiments testing the optimum concentration of Mo, and confirmed to be between 0.08
and 0.11 mM in all “0.1 mM” sulfide treatments. Mo was added as sodium molybdate
dihydrate from anoxic, autoclaved stock solutions made in milliQ water with 79 mM
hydrochloric acid. The pH of medium after adding the stock solution was checked and
ensured to be unaffected by the HCI in the stock solution. Acetate (10 mM) was included
in the medium preparation and vitamins (Wolin et al., 1963) were added from a filter-
sterilized, anoxic stock solution to individual bottles after autoclaving. NOs’, ferric
citrate, and/or N,O were included in medium preparation or added from sterile, anoxic

stocks (with the exception of N,O, which was added from an Aldrich Chemistry N,O
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[99%] gas canister). The ferric citrate stock solution was prepared as described in Chapter
2. Anaerobic culture techniques were utilized in all experiments. The same conditions
used for cultures were used to grow the seed cultures (i.e., cultures used to inoculate
experimental cultures). All experiments were done in triplicate unless indicated

otherwise.

Analytical and Statistical Methods

N»O, acetate, NOs', NO,", and ferrous iron were measured as described in Chapter
2. Total accumulated NO,™ was determined by plotting NO,™ mass vs. time, and finding
the area under the curve in SigmaPlot 12. NOj™ reduction rates were determined by
plotting NO3™ mass vs. time and finding the slope (the absolute value was used). Sulfide
was measured with a colorimetric assay (Cord-Ruwisch, 1985). Anoxic samples (500 pL)
were withdrawn with a syringe and added immediately to 500 pL of a copper reagent
consisting of 50 mM HCI and 5mM CuSO,. The reaction produced the blue-colored CuS,
which was measured on a spectrophotometer at 480 nm. Standards were prepared by
adding washed crystals of sodium sulfate nonahydrate to anoxic water, and performing
serial dilutions in anoxic water. All statistical comparisons were done by performing a
paired 2-tailed student t-test. Significance values are indicated by asterisks, and the

number of asterisks corresponds to the P-value (as indicated in figure legends).

Results

Sulfide slows NO;™ reduction and increases NO, accumulation

To test the effect of sulfide on NO3;” and NO,™ reduction, cultures of 4.
dehalogenans strain 2CP-C were grown with 10 mM acetate and 1 mM NOs™ with or
without 0.1 mM sulfide. Cultures completely reduced NOs™ with measurable
concentrations of NO;" as the intermediate (Figure 3.3). When sulfide was excluded from
the medium, nearly all (91% £ 4%) of the NO;™ accumulated as NO," before NO,” was
consumed. However, when approximately 0.1 mM sulfide was included, NOs™ removal
took more time (over two days longer) and less NO, accumulated. The rate of NO5”

reduction during logarithmic growth was 49 + 1 umoles/day for sulfide-free cultures and
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39 £ 10 umoles/day for sulfide+ cultures. After the maximum NO," levels were reached
for both the sulfide+ and sulfide- amended treatments, subsequent NO; reduction was
slower in cultures containing sulfide (Figure 3.3a). The area under the NO,™ curve
indicates that although NO, removal was slower in the presence of sulfide, the total
accumulated NO,™ was still less than in the controls without sulfide (Figure 3.3b). In
several repeats of this experiment, NO, accumulation was also observed to be lower or
sometimes non-existent in the presence of sulfide (data not shown). The addition of
approximately 0.4 mM sulfide completely inhibited NO;” reduction (data not shown).
The age of the seed culture (i.e., early log phase, late log phase, and late stationary
phase) was tested to determine if that also influenced NOs™ reduction rates and NO»’
accumulation rates. Although cultures reduced NO; faster when inoculated from late log
phase, similar concentrations of NO,™ accumulated in each treatment (data not shown).
The type of buffer (bicarbonate or HEPES buffer) also did not affect NO,™ accumulation
(data not shown). 4. dehalogenans requires a reduced source of sulfur in order to grow,
so the effect of adding other sulfur sources was tested. The addition of 0.4 mM cysteine
did not affect the level of NO, accumulation, indicating the effects seen with sulfide
additions were not caused by an increase in sulfur sources in the medium (data not
shown). Additionally, A. dehalogenans strain 2CP-C does not grow in the absence of
cysteine even when sulfide is included in the medium indicating that sulfide may not be

utilized for sulfur assimilation (personal observation).

The optimal concentration of Mo for NO;3™ reduction is 1.5 mM

Cultures of 4. dehalogenans strain 2CP-C were grown on NO;™ with 0.15, 15,
150, or 1500 pM sodium molybdate dihydrate. The Mo concentration typically used in
studies with A. dehalogenans strain 2CP-C is 0.15 uM (Sanford et al., 2002, 2012).
Sulfide was either excluded or included at a concentration of 0.1 mM. In cultures both
with and without sulfide, the time for full NO;™ reduction decreased as Mo concentrations
increased (Figure 3.4a). NOs™ reduction rates were not calculated due to the coarse time
course. The addition of 0.1 mM sulfide consistently increased the time for full NO;™ as
compared to the sulfide-free controls (Figure 3.4a). Sulfide measurements confirmed the

presence of 0.1 (£0.02) mM sulfide in the sulfide treatments (data not shown). The
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maximum NO, accumulated appeared to be lower for sulfide treatments; however, no
statistics are shown since the timescale of measurements is too coarse for such an
analysis (Figure 3.4b). To test if concentrations higher than 1.5 mM molybdate further
enhance NOj;™ reduction, an additional experiment was performed in which 1.5 mM and
15 mM molybdate was tested. 4. dehalogenans strain 2CP-C cultures grown with either
1.5 mM Mo or 15 mM Mo did not show a significant difference in time for NO3
reduction or maximum NO," accumulation (Figure 3.5). Based on the data shown in
Figures 3.4 and 3.5, 1.5 mM molybdate was chosen for subsequent experiments testing

the effects of sulfide and Mo on NO;3™ reduction and NO, accumulation.

The addition of Mo alleviates NO3™ reduction inhibition by sulfide

In order to test if the effects of sulfide on NOs™ reduction are caused by an
interaction with Mo, the following experiments were performed at an optimal
concentration (1.5 mM) of Mo. This was done so that two concentrations of Mo could be
tested alongside a range of sulfide concentrations, without any effects from Mo (i.e., two
concentrations of Mo that yielded the same NO;™ reduction rates were utilized). Sulfide
was added in varied concentrations (0, 0.1, 0.3, and 0.6 mM) and Mo was increased to
3.0 mM in some cultures in order to assess if increasing Mo concentrations could remove
negative effects caused by sulfide. The addition of 0.1 mM sulfide did not affect NO;
reduction rates or NO," accumulation in the presence of 1.5 mM Mo (data not shown).
The addition of 0.3 mM sulfide and 0.6 mM sulfide to cultures of 4. dehalogenans
resulted in decreased NOj;™ reduction rates (Figure 3.6). Increasing the concentration of
Mo to 3.0 mM reduced the amount of time needed for complete NO3;™ consumption by 1.5
days in the 0.6 mM sulfide treatment, but had little effect in the 0.3 mM sulfide treatment.
The NO;™ reduction rate was significantly slower than the sulfide-free control in both the
0.3 mM sulfide treatment (P < 0.01) and the 0.6 mM sulfide treatment (P < 0.05) (Figure
3.6Db). Increasing Mo from 1.5 mM to 3.0 mM significantly increased the NO;™ reduction
rate in the 0.3 mM sulfide treatments (P < 0.05) but did not significantly affect the 0.6

mM sulfide treatments or control.
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Interactions between Mo and sulfide increase NO, accumulation

In sulfide-free controls, increasing the Mo from 1.5 mM to 3.0 mM did not affect
NO;" accumulation (Figure 3.7a). Since adding 0.3 or 0.6 mM sulfide delayed NOs
reduction (Figure 3.6a), the appearance of NO,™ was also delayed in sulfide treatments
(Figure 3.7a). The addition of 0.6 mM sulfide significantly decreased the maximum
concentration of NO, measured (P < 0.005) (Figure 3.7b). Both 0.3 mM and 0.6 mM
sulfide significantly decreased the total amount of accumulated NO,™ as measured by
determining the area under the NO; curve (Figure 3.7b). Increasing Mo from 1.5 mM to
3.0 mM did not significantly affect NO, accumulation in sulfide-free controls, but
significantly increased NO," accumulation in both 0.3 and 0.6 mM sulfide treatments

(Figure 3.7b).

Sulfide inhibits N,O reduction by A. dehalogenans strain 2CP-C

Like molybdenum, copper is also present in trace concentrations (0.01 uM) in the
media used to culture 4. dehalogenans strain 2CP-C. The N,O reductase requires copper
as a cofactor. To test if sulfide affects N,O reduction similarly to NOs™ reduction, cultures
of A. dehalogenans strain 2CP-C were grown with N>O as the electron acceptor in the
presence and absence of approximately 0.2 mM sulfide. N,O was consumed in the
absence but not in the presence of sulfide (see Figure 2.8 in Chapter 2). This consumption
was observed in a number of replicate experiments (data not shown) and anecdotally

described by other lab members.

Sulfide prevents chemodenitrification during NO;3™ reduction

To determine the effect of sulfide on chemodenitrifier denitrification (i.e.
denitrification as a result of combined abiotic and biotic reactions), NO3 or NO, was
added to 4. dehalogenans cultures that had reduced ferric citrate as an electron acceptor
in the presence of approximately 0.2 mM sulfide. Cultures of 4. dehalogenans strain
2CP-C with 10 mM acetate and 12 mM ferric citrate were incubated until 1,000 pmoles
ferric iron was reduced to ferrous iron, at which point NO3;™ or NO, was added to the
cultures. Cultures that received NO;™ reduced NO5™ to NHy4', but did not produce N,O
(Figure 3.8a). Acetylene was added to controls to inhibit N,O reduction. NO,™ addition
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resulted in non-stoichiometric reduction to N>O both in the presence and absence of
acetylene (Figures 3.9b and 3.9¢). N,O was not consumed even in the absence of

acetylene (Figure 3.8Db).

Discussion

Sulfide decreases NO; reduction rates and NO, accumulation due to an interaction
with Mo

Previous literature indicates that sulfide affects NOs™ reduction rates and end
products. Sulfide is known to sequester trace metals, rendering them less biologically
available. In the studies described above, the sulfide reduces the rate of NO3™ reduction by
the respiratory ammonifier A. dehalogenans strain 2CP-C and is ultimately inhibitory at
concentrations of approximately 0.4 mM sulfide when only 0.15 uM Mo is present
(Figure 3.3; data not shown). At higher concentrations of Mo (e.g., 1.5 mM), 4.
dehalogenans can reduce NOs™ in the presence of 0.6 mM sulfide (Figure 3.6a).

Increasing concentrations of Mo increased the NO;™ reduction rate, while
increasing the concentration of sulfide decreased the NO;™ reduction rate (Figure 3.4a).
The concentration typically used to culture A. dehalogenans is 0.15 uM (Table 3.1) and is
shown here to be suboptimal for NO;™ reduction. This evidence alone does not
demonstrate an interaction between Mo and sulfide (i.e., it does not rule out independent
effects of Mo and sulfide). In order to determine if the effects of sulfide and Mo were
independent or if sulfide interacts directly with Mo, the Mo concentration was adjusted to
an optimal concentration for NO3™ reduction. When the tested Mo concentration range has
no effect on NOj3™ reduction alone, combined Mo and sulfide treatments can be tested to
determine their synergistic effect on NO;™ reduction. Surprisingly, the NOs™ reduction rate
increased with Mo concentration until Mo was at a millimolar (1.5 mM) concentration
(Figure 3.4), at which increased concentrations of Mo (i.e., 15 mM Mo) did not affect the
NOs" reduction rate (Figure 3.5). This concentration is surprisingly high; however, the
bioavailability of Mo after addition of Mo to the medium was not tested, and further

research is required to determine if a component in sulfide-free medium also sequesters
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Mo. It seems likely the concentration of bioavailable Mo was in actuality less than 1.5
mM.

When Mo was adjusted to an optimal concentration (1.5 mM), 4. dehalogenans
was able to grow in the presence of sulfide concentrations that otherwise inhibited growth
(Figure 3.6). The addition of 0.6 mM sulfide decreased the NO;3™ reduction rate, but
increasing Mo to 3.0 mM decreased the amount of total time for NO3™ reduction (Figure
3.6). This indicates that the decreased NOs™ reduction rates were caused by a removal of
bioavailable Mo by sulfide. The accumulated NO;" (as measured by maximum NO,
observed and area under the NO;™ curve) decreased with increasing sulfide
concentrations, but increased with added Mo (Figure 3.7). The decrease in bioavailable
Mo resulted in a slower rate; (Figure 3.2) but did not impact rate; (or at least, impacted
rate; less than rate;). Interestingly, the NO;3™ reduction rate was not significantly higher in
the 3.0 mM Mo and 0.6 mM sulfide treatment than in the 1.5 mM Mo and 0.6 mM sulfide
treatment, even though the time to complete NO;™ consumption was much lower.
However, with more frequent measurements, the NO;3™ reduction rate could have been
more accurate and possibly reflected a significant difference.

It is important to note that in the presence of 0.6 mM sulfide, NO,™ reduction rates
were also affected (Figure 3.7a). Iron is required for the NH, -forming NO,  reductase
(NrfA) encoded on the genome of 4. dehalogenans (Figure 3.1). Since the concentration
of trace iron is a magnitude higher than Mo in the medium used for these experiments
(Table 3.1), it was hypothesized that sequestration by sulfide would not affect NO,
reduction as greatly as NOs reduction. Although sulfide decreased NO,™ reduction rates,
NO;" accumulation was still significantly lower in sulfide treatments (Figure 3.7b).

The ability of sulfide to complex Mo and decrease NO, accumulation during
respiratory ammonification has important consequences for N turnover in the
environment. Since the experiments described here were performed in pure cultures, any
NO;  released into the medium was subsequently utilized by A. dehalogenans. However,
it is possible that in a natural environment, a competing microorganism may be able to
utilize the NO;” more quickly than A. dehalogenans. Additionally, NO," serves as a

regulator between denitrification and respiratory ammonification (Yoon et al., 2015) and
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the amount of NO, " released from the cell may influence the extent of

chemodenitrification, as discussed in the following section.

Sulfide determines the potential for chemodenitrification

Previous experiments demonstrated that A. dehalogenans completely reduces
NOs" to N; in the presence of ferrous iron due to an abiotic reaction between NO,™ and
ferrous iron (Chapter 2; Table 3.2). However, if NO, is not released from the cell, it may
not react as readily with ferrous iron. When sulfide was included in the medium, NOs’
was reduced to NH," rather than reacting with ferrous iron (Figure 3.8a), suggesting that
sulfide prevents chemodenitrification. Thus the presence or absence of ferrous iron and
sulfide dramatically changed the final product of NOs™ reduction by A. dehalogenans
(Table 3.2). When NO, was added directly to iron-reducing cultures, N,O was still
produced, indicating that NO;" still reacts with ferrous iron under these conditions
(Figures 3.9b and 3.9¢). N,O was stable both in the presence and absence of acetylene
(Figures 3.9b and 3.9¢), which is consistent with the observation that sulfide inhibits N,O
reduction by A. dehalogenans (Figure 2.8).

Although decreased NO;™ reduction rates in the presence of sulfide is consistent
with previous observations, the decreased NO, accumulation contradicts several
environmental studies that observed increased NO,™ accumulation in the presence of
sulfide (Tugtas and Pavlostathis, 2007; Aelion and Warttinger, 2009). There are several
possible explanations for the contradiction. First of all, the ability to quickly remove NO,
by A. dehalogenans may not be shared by all soil communities. This explanation does not
seem likely, considering the wide diversity of bacteria found in soils. Alternatively, those
environments may have limiting concentrations of bioavailable iron (which is limited in
natural environments) and limited copper for assimilation into NarK NO, reductases,
thus decreasing rate, (Figure 3.1). In the present experiments, 7.5 uM iron chloride was
included in the medium, and additional ferrous iron was available in iron reduction
experiments, so iron was assumed to not be limiting. Additionally, 4. dehalogenans does
not depend on copper for NO,™ reduction. Copper is at a low concentration (0.01 uM) in
the medium, and thus is presumed to be more sensitive to sulfide sequestration, as

evidenced by the inhibition of N,O reduction in the presence of 0.2 mM sulfide (Figures
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2.8 and 3.8). This suggests that environments containing low concentrations of
bioavailable iron and copper would see an increase in NO;™ accumulation due to
sequestering of iron and copper by sulfide. In Chapter 2 it was demonstrated that gene
content and the presence of iron reduction are important factors determining
chemodenitrification potential. In this section, it is shown that the concentrations of
sulfide and bioavailable Mo, copper, and iron are also important (Figure 3.9). Each step
in denitrification and respiratory ammonification is affected by specific metal-containing
cofactors that are limiting in different environments. The findings presented here
demonstrate a mechanism by which sulfide alters both N-turnover rates and end-products
of NO;™ reduction, suggesting that sulfide plays an important role in N-turnover in the

environment.

Limitations and future directions

The experiments described above tested the effects of sulfide on copper-
dependent processes (i.e., NoO reduction) and Mo-dependent processes (i.e., NO3
reduction) but did not test the effect of sulfide on NO,™ reduction in detail. Although the
concentration of iron is a magnitude higher than that of Mo and copper (Table 3.1), the
amount of sulfide (0.6 mM) added should theoretically be enough to sequester the iron in
the medium. Indeed, negative effects of sulfide on NO,™ reduction rates were observed
when 0.6 mM sulfide was added to NO; -reducing cultures (Figure 3.7a). Further
experiments with 4. dehalogenans growing on NO,™ as the sole electron acceptor are
recommended to distinguish the effects of sulfide on NO; release from cells and on NOy’
reduction rates by the NO,™ reductase.

When testing the effect of sulfide on microbial-mediated chemodenitrification,
bicarbonate buffer was utilized (Figure 3.8). Since other experiments were performed
with HEPES buffer (Figures 3.3-3.8), it would be most thorough to repeat the
chemodenitrification experiment shown in Figure 3.8 with a HEPES-buffered medium.
However, since buffer type did not affect the amount of NO,™ accumulated (data not
shown), it is not expected that buffer type will cause a different outcome. Additionally,
the experiments in Figure 3.8 were performed with non-optimal analytical techniques

(i.e., there was an overlapping peak with NOs’), leading to inaccurate quantification of
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NOs concentrations. It would also be interesting to grow 4. dehalogenans with ferric
iron in the presence of sulfide and elevated levels of Mo, then add NOj’, to see if the
inhibition of chemodenitrifier denitrification by sulfide can be relieved by added Mo.
This is expected, since added Mo alleviated the effects of sulfide inhibition of NO,
accumulation in cultures without ferric citrate (Figure 3.6).

The genome of A. dehalogenans strain 2CP-C encodes the genes for two NO3
reductases: narG (encoding a membrane-bound NOs reductase) and napA4 (encoding a

periplasmic NOs reductase. It is possible that the relative expression of each of these

affects the concentration of NO;" released into the medium. If that is the case, measuring

the protein expression of NarG and NapA and determining what conditions influence
their expression will shed further light on environmental conditions that influence the

chemodenitrifier lifestyle.
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Appendix: Tables

Table 3.1. Concentration of trace metals in medium. Trace metals shown in Figure 3.1
are highlighted by orange (iron), blue (molybdenum), and green (copper).

Conc.
Compound (uM)
FeClz x 4 HQO 7.54
CoCl; x 6 H,O 0.69
Ml’lClz x 4 Hzo 0.51
ZnCl, 0.51
H;BO; 0.10
Na2M004 X2 HzO 0.15
NiCl; x 6 H;O 0.10

CuC12 X2 HQO

Table 3.2. End products of NO3;/NO;" reduction in 4. dehalogenans strain 2CP-C
cultures under different iron and sulfide conditions.

6-8 mM 0.2 mM
Compound | Ferrous Iron Sulfide End Product
NO; + + NH4"
NOy + + N,O
NO; + - No/NH,~
NOy + - N»
NO3;/NO,’ - +/- NH,'
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Appendix: Figures

RA —
Respiratory

Ammonification NH,*

A
‘ Metal cofactors e @ M
NO,, ——> NO—>N,0—>N,
— Genes 4
encoded on
genome of A. NO;
dehalogenans

Denitrification

Figure 3.1. NO;™ reduction pathways and required trace metals for N-cycle enzymes.
Genes on the genome of 4. dehalogenans strain 2CP-C are indicated by red arrows. Note:
NO;" reduction to nitric oxide can be performed by NirS (which contains iron) or NirK
(which contains copper).

rate, rate,
NO,, —> NO, —> NH,*

Figure 3.2. NO; reduction by 4. dehalogenans and associated rates.
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Figure 3.3 A. dehalogenans strain 2CP-C cultures with 10 mM acetate and 1 mM NOj in
the presence or absence of <0.1 mM sulfide. (A) Total NO3™ and NO; per vessel. (B)

Area under the NO;™ curves from part A. Each point and bar represents the average of
three replicate cultures, and error bars show the standard deviation.
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Chapter 4: Oxygen Detoxification and Utilization by

Anaeromyxobacter dehalogenans
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Abstract

Microoxic concentrations of oxygen (O) occur naturally in many environments,
and microorganisms have evolved mechanisms to utilize a range of O, concentrations.
Aerobes possess low-affinity cytochrome ¢ oxidases (e.g., cytochrome aas) to respire
high levels (i.e., 21%) of O,, while microaerophiles possess high-affinity oxidases (e.g.,
cytochrome cbbs) to respire low levels of O,. Many facultative anaerobes possess both
high- and low-affinity oxidases, enabling them to utilize both low and high levels of O,.
Anaeromyxobacter dehalogenans is a microaerophilic soil bacterium that is well adapted
to fluctuating redox conditions, as this organism utilizes many different electron
acceptors including microoxic concentrations of O,. The genome of A. dehalogenans
encodes both cytochrome aas and cytochrome cbbs, and A. dehalogenans was classified
as a facultative anaerobe due to the ability to grow in microoxic and anoxic conditions.
The presence of cytochrome aa; genes on the genomes of organisms incapable of
respiration with 21% O, suggests another role for cytochrome aas, such as O,
detoxification. In the present study the role of cytochrome aa; is examined and previous
O, growth studies are expanded upon with 4. dehalogenans strain 2CP-C. 4.
dehalogenans was cultured with varying concentrations of O, (2-21%) and growth rates
were measured by optical density measurements. Proteins were extracted from cells
grown with 5, 15, and 21% O; and analyzed via LC-MS/MS. Contrary to past studies,
robust aerobic growth by 4. dehalogenans with classical aerobic growth methods (i.e.,
rapid shaking in baffled flasks) was observed. The subunit II of cytochrome aas subunit
was expressed under all three concentrations of O,, suggesting that 4. dehalogenans
utilizes low-affinity cytochrome ¢ oxidases for aerobic growth. Several reactive oxygen
species (ROS)-detoxifying proteins were detected, including a relatively high abundance
of rubrerythrin. Additionally, a number of other c-type cytochromes were expressed in all
three conditions, including the two hypothetical proteins Adeh 2966 and Adeh 2967,
which were not detected during growth with other electron acceptors (except NOs’) and
warrant further investigation. The findings presented here support the classification of 4.
dehalogenans as a facultative anaerobe, and demonstrate further metabolic flexibility

(i.e., growth with 21% O,) in this versatile microorganism.
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Introduction

The Earth’s atmosphere is composed of 21% oxygen (i.e., 0.21 pO,), and oxygen
(Oy) is essential to many organisms on Earth. However, O is poorly soluble in water, and
many natural environments have a gradient of O, concentrations from 21% O, to anoxia
(Brune et al., 2000; Morris and Schmidt, 2013). Examples of O, gradients include marine
snow, soil particles, plants, digestive tracts of mammals and insects, sediments, and plant
roots (Morris and Schmidt, 2013; Brune et al., 2000). The interface between oxic and
anoxic environments is crucial to biogeochemical processes and contaminant turnover,
because reduced compounds (e.g., Fe[II], Mn[II], and U[IV]) can be reoxidized at the
oxic/anoxic interface (Wu et al., 2007; Roden et al., 2012). The ability of an organism to
survive the influx of O, may lend an ecological advantage in these environments. For
example, hexavalent uranium (U[VI]) can be reduced to U(IV) by a number of iron-
reducing bacteria such as Anaeromyxobacter and Geobacter species. However,
Anaeromyxobacter dehalogenans species are able to tolerate O, and increase in numbers
after the influx of O, , whereas Geobacter lovleyi cell numbers remain constant or
decrease (Thomas et al., 2010). Further studies under microoxic conditions will shed
light on the ecophysiology of microorganisms that thrive in oxic gradients.

Microorganisms have a variety of relationships to O, and are frequently
categorized as obligate aerobes, microaerophiles, facultative anaerobes, nanaerobes,
aerotolerant anaerobes, and obligate anaerobes (Ludwig, 2004; Morris and Schmidt,
2013). Generally speaking, aerobes have a positive relationship between growth substrate
turnover and O, concentration, while anaerobes have a negative relationship.
Microaerophiles have a peak substrate turnover rate at a microoxic concentration of O,
and decreasing substrate turnover as O, concentrations increase or decrease (Ludwig,
2004). These terms are sometimes used incorrectly or with different definitions; this
dissertation will use the definitions as outlined in Morris and Schmidt 2013. Many
microorganisms have enzymes that defend against reactive oxygen species (ROS). These
can include superoxide dismutase (O, + O, + H™ = H,0, + O»), peroxidase (H,0, +
NADH + H" = 2H,0 + NAD"), catalase (H,0, + H,0, = 2H,0 + O,), rubrerythrin
(H,0, + NADH +H" - 2H,0 + NAD"), and rubredoxin (Polyglucose + NADH + H" >
glucose + NAD' [i.e., for D. vulgaris]) (Thomas et al., 2008; Madigan et al., 2015). A
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key defining feature between aerobes, facultative anaerobes, and microaerophiles is the
terminal electron accepting enzyme utilized by these organisms. The final enzyme in the
electron transport chain is a c-type cytochrome, which catalyzes the reduction of O, to
water. The type of terminal enzyme distinguishes the type of respiration of an organism.
Before an explanation of cytochrome types is made, however, the nomenclature of
cytochromes must be made clear. A cytochrome is a heme-containing protein that
transfers electrons. In a “c-type cytochrome,” the heme is covalently bound to the protein
via the CxxCH motif (Meyer, 1996). However, the CxxCH motif is also found in many
other types of proteins and the presence of a CxxCH domain alone does not indicate that
a protein is a cytochrome (Meyer, 1996). Heme is a prosthetic group that has an iron
atom (which undergoes oxidation-reduction reactions) in a porphyrin, and can have a
variety of functional groups. Depending on the different functional groups, heme has
different designations. Cytochromes are named after these hemes, such that “cytochrome
¢” contains heme C, cytochrome aa; contains two of heme A, cytochrome chb; contains
two of heme C and a heme B, and so forth (although some contain additional hemes not
included in the name). Aerobic organisms utilize low-affinity terminal oxidases such as
cytochrome aas, whereas microaerophiles utilize high-affinity terminal oxidases such as
cytochrome cbb; and cytochrome bd (Morris and Schmidt, 2013). Cytochrome cbb; has a
high affinity for O, and appears to have evolved within the Proteobacteria for the purpose
of microaerophilic metabolism; however, it has been hypothesized to serve as a redox
sensor as well (Pitcher and Watmough, 2004). On the other hand, cytochrome aaj is used
for O, respiration at ambient concentrations of O,, and its presence in the genome of
anaerobes is sometimes unexplained. Some facultative anaerobes have both high- and
low-affinity oxidases, allowing growth in oxic and microoxic conditions.

Anaeromyxobacter dehalogenans strains have been classified several different
ways since their description in 1994. Before the genus was described, the first isolate
(later to be named A. dehalogenans strain 2CP-1) was described as a “facultative
anaerobe” due to its ability to grow with approximately 0.07 pO, (Cole et al., 1994). The
inability of strain 2CP-1 to grow in open containers was speculated to be caused by a
dependency on CO; in the headspace (Cole et al., 1994). Later the genus

Anaeromyxobacter was described along with 4. dehalogenans strains 2CP-1, 2CP-3, and
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2CP-C, and these strains were also described as facultative anaerobes that utilize low
levels of O, (i.e., 0.05 pO, on plates and 0.006 pO; in broth) and grow poorly with air
(Sanford et al., 2002). A myxobacterium capable of anaerobic growth was a novel
finding, since members of the myxobacteria were previously shown to be obligate
aerobes. Since Anaeromyxobacter branches deeply in the Myxococcales order, Thomas et
al. proposed that the anaerobic lifestyle is due to convergent evolution (2008). Further
studies with A. dehalogenans strain 2CP-C showed growth at up to 18% O, and a
negative correlation between growth and O, concentration (Thomas et al., 2010). Growth
was inconsistent at a pO; of 0.21, and strain 2CP-C was classified as a microaerophile
(Thomas et al., 2010). Interestingly, the genome of 4. dehalogenans strain 2CP-C
contains the genes for both cytochrome aa; and cytochrome cbbs (Figure 4.1).
Cytochrome aajs is associated with an aerobic lifestyle, yet A. dehalogenans did not grow
with ambient levels of O, (Thomas et al., 2008, 2010). It was suggested that cytochrome
aas may be utilized as a non-respiratory enzyme for detoxification of O, and ROS
(Thomas et al., 2008, 2010); however, currently the function of cytochrome aas in 4.
dehalogenans is unknown. Further research is needed to determine if A. dehalogenans
expresses cytochrome aas and if 4. dehalogenans utilizes cytochrome aas for aerobic
respiration.

The genome of another facultative anaerobe, Shewanella oneidensis MR-1,
encodes cytochrome aas, cbbs, and bd, and the role of these cytochrome ¢ oxidases were
examined. Studies of Shewanella oneidensis MR-1 showed different abundance patterns
of transcripts and proteins for O, respiration genes (Zhou et al., 2013; Le Laz et al., 2014,
2016). When transcript abundance was measured, cytochrome cbhbs and a bd-type oxidase
were expressed under oxic conditions, while cytochrome aa; was only present at low
levels in all conditions tested and not considered to be physiologically important (Zhou et
al., 2013). Measurements of protein abundance showed expression of cbb; and the bd-
type oxidase and the absence of cytochrome aas as well (Le Laz et al., 2014). Transcript
measurements showed greater expression of cytochrome cbbs at low levels of O, than in
high levels of O, (Zhou et al., 2013), while protein measurements demonstrated similar
levels of cytochrome cbhb; protein at both low and high concentrations of O, (Le Laz et

al., 2014). Differences in the bd-type oxidase expression observed with transcript
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abundance under oxic and microoxic conditions were more significant when measured by
protein abundance than with transcript abundance. A later study demonstrated the
expression of cytochrome aas under carbon-limiting and oxic conditions (Le Laz et al.,
2016). These studies demonstrated that while cytochrome cbhbs; may be utilized for
microaerophilic growth, it also appears to play a role in aerobic growth, and cytochrome
aas may only be expressed during aerobic growth with carbon is limiting. Whether this is
specific to S. oneidensis or if it applies to other microorganisms remains to be seen.
These studies also demonstrate that the measurement of transcript and protein
abundances yield different results; since transcripts are not always translated into protein,
measuring proteins directly may give a more accurate snapshot of the metabolic potential
in a cell. Proteomic analyses have been employed at contaminated sites, lending insight
into the strategies used by microbial communities to respond to toxic contaminants
(Lacerda et al., 2007; Halter et al., 2011; Chourey et al., 2013; Yun et al., 2016). As
mentioned previously, O, plays an important role in contaminant turnover at
contaminated sites. Identifying the conditions in which cytochromes aas and cbb; are
expressed and measuring their abundance at contaminated sites may reveal the
relationship between O, and microbial community responses to contaminants. If
microbial communities express cytochrome aas is under oxic conditions and cytochrome
cbbs is under microoxic conditions, these cytochromes could serve as molecular markers
for O, intrusion into a site. A. dehalogenans serves as a useful model organism for
studying the expression of cytochromes aas and cbbs since A. dehalogenans is adapted
for life in fluctuating redox conditions (Thomas ef al., 2010) and proteomic studies have
been successfully conducted with A. dehalogenans (Chao et al., 2010; Nissen et al.,
2012).

Based on the ability of 4. dehalogenans strain 2CP-C to respire O; in microoxic
but not oxic conditions, it was hypothesized that A. dehalogenans utilizes cytochrome aa;
as a non-respiratory enzyme to decrease the level of O, to a lower concentration at which
A. dehalogenans can use cytochrome cbhbs for oxygen respiration (Figure 4.2). An
alternative hypothesis is that 4. dehalogenans utilizes cytochrome aas to respire O, under
oxic conditions, and that aerobic growth has not yet been recognized in this organism.

Other alternatives include the utilization of cytochrome aas for microaerophilic growth,
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or the possibility that the cytochrome aas gene is a remnant from an ancestor in the
Myxococcales and no longer functions to respire O,. In order to test the hypothesis that
A. dehalogenans does not couple growth to respiration of 21% O, and uses cytochrome
aas in a non-respiratory fashion to lower the O, concentration, pure-culture studies with
varied concentrations of O, were performed and growth and protein expression were

measured. This chapter reveals new metabolic capabilities for 4. dehalogenans.

Materials and Methods

Culture Conditions

Anaeromyxobacter dehalogenans strain 2CP-C was grown in a defined mineral
salts medium (Loffler ez al., 1996) in which bicarbonate was replaced with 50 mM
HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid) and sulfide was omitted.
The medium was adjusted to a pH of 7.2 by the drop-wise addition of a 10 M sodium
hydroxide solution. The medium was dispensed in 100 mL aliquots into 160 mL serum
bottles, sealed with rubber stoppers, then autoclaved. For open vessel experiments (i.e., in
Erlenmeyer flasks with or without baffles) with 5, 10, or 15% O,, bottles and flasks were
taken into a microoxic chamber (Coy Laboratory Products, Grass Lake, MI) with an
atmosphere of 5, 10, or 15 % O, (£0.1%) and bottles were opened and poured into sterile
flasks. Flasks were capped with sterile aluminum foil, and media were allowed to
equilibrate for at least one hour while shaking before inoculation. Cultures were
inoculated from cultures growing on the same concentration of O,. Cultures grown with
5-21% O, were slowly transferred with increasing concentrations of O,. All “open”
cultures were grown at room temperature and with shaking at 160 rpm. For “closed”
cultures that received O, flushing, fish pumps were connected to the headspace via 22
gauge needles to actively flush ambient air into the bottles (Figure 4.3), and cultures were

incubated at 30°C with shaking at 110 rpm.
Protein extraction and SDS-PAGE

To extract proteins for sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE), 6 mL of cultures were removed and placed on ice. Samples were
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centrifuged at 2,050 g at 4°C for 20 minutes. Cell pellets were resuspended in 300 uL.
Laemmli buffer, boiled for 5-10 minutes, and briefly centrifuged. A 12% polyacrylamide
gel was prepared by pouring a separating gel and a stacking gel into a large format Bio-
Rad electrophoresis chamber. The separating gel was allowed to solidify under a layer of
butanol-saturated water before pouring the separating gel. The separating gel was
prepared by mixing 12 mL of 30% acrylamide/0.8% bisacrylamide, 7.5 mL of 4x Tris-
Cl/SDS (pH 8.8), 10.5 mL milliQ water, 100 pL 10% w/v ammonium persulfate, and 20
pL tetramethylethylenediamine (TEMED). The stacking gel was prepared by mixing 1.3
mL 30% acrylamide/0.8% bisacrylamide, 2.5 mL of 4x Tris-Cl/SDS (pH 6.8), 6 mL
milliQ water, 50 pL of 10% ammonium persulfate, and 10 uL TEMED. Solutions for the
stacking and separating gels were degassed under a vacuum before pouring. 50-100 pL of
samples were ran on the gel for 4-5 hours at 150-200 V. To stain heme-containing
proteins, gels were slowly shaken in the dark in a 30 mL 3,3',5,5'-tetramethylbenzidine
(TMBZ) solution for 1 hour, then developed for 5 or more minutes with 204 puL of 30%
H,0,. The TMBZ solution was prepared by vigorously vortexing 0.013 g TMBZ and 9
mL methanol, then mixing with 21 mL of 0.25 M sodium acetate (pH 5.0).

Analytical and bioinformatic procedures

Acetate was measured as described in Chapter 2. Optical density was measured
by removing 300 pL of culture and measuring in a Biotek Synergy 2 microplate reader at
a wavelength of 600 nm. Growth rate was calculated by plotting the natural log-
transformed optical density versus time, and calculating the slope of the linear portion. O,
in the headspace of cultures was quantified by injecting 1 mL gas headspace samples into
an Agilent 3000A Micro GC with an Agilent Molecular Sieve 5A column (Agilent
Technologies, Santa Clara, CA), a thermal conductivity detector, and argon as the carrier
gas. The column pressure and temperature were 30 psi and 110°C, respectively. O,
concentration in the headspace is reported as percentage or partial pressure (e.g. 21% or
pO, of 0.21 for atmospheric air). Standards were made by injecting pure O, into sealed,
anoxic bottles at concentrations of 0-25%. Cells for protein analysis were removed from
cultures during log phase at an O.D. of approximately 0.12 to 0.16. Proteins were

analyzed via coupled liquid chromatography and mass spectrometry (LC-MS/MS) as
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previously described (Sharma et al., 2012; Chourey et al., 2013) and are normalized to
total protein (normalized spectral counts [nSpc]). Protein BLAST and Conserved Domain
Database (CDD) searches were performed via the online interfaces
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins and
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, respectively).

Results

A. dehalogenans grows under oxic (21% O,) conditions

It was hypothesized that 4. dehalogenans does not gain growth at 21%, but rather
expresses proteins that lower the concentration of O, to a tolerable concentration (Figure
4.2). To test the first part of this hypothesis, closed cultures of A. dehalogenans were
grown with 10% O, in closed bottles, and subjected to 21% O, during log phase for 2
hours, 5 hours, or continuously (Figure 4.4). No apparent interruption in growth (as
measured by optical density) or acetate utilization was observed. O, was consumed and
growth was observed until acetate was depleted (Figure 4.4b, c, and d), with the
exception of a control that was not subjected to 21% O, (Figure 4.4a). Independent,
replicate experiments showed similar trends (data not shown). The expression of heme-
containing proteins was measured by SDS-PAGE and heme-staining before and after
exposure to 21% O, and differences in band patterns were not observed (data not
shown); however, an abundance of bands were visible and were difficult to count or
distinguish.

Since no growth defect was observed after the addition of 21% O,, the growth of
A. dehalogenans under oxic conditions (i.e., with 21% O,) was further tested by growing
cultures in open vessels (i.e., Erlenmeyer flasks rather than serum bottles). 4.
dehalogenans grew with 5, 10, 15, and 21% O, coupled to the oxidation of acetate
(Figure 4.5). Cultures grown in flasks with and without baffles did not show stark
differences, although cultures grown with 5% O, grew faster in baffled flasks than in
non-baffled flasks (Figure 4.5a). When growth curves were adjusted to remove
differences in lag phase (i.e., graphed with lag phase adjusted to equal time periods),

different growth patterns were observed. Growth rates were similar, ranging from 0.012 +
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0.001 h™ to 0.018 + 0 (Figure 4.6b). The maximum O.D. ranged from 0.20 to 0.36 (Figure
4.6a). Cultures grown with 10 and 15% O, grew to a lower overall O.D. (0.238 + 0.063
and 0.247 + 0.012, respectively) than cultures grown with 5 or 21% O, (0.337 = 0.012
and 0.365 + 0.002, respectively) (Figure 4.6¢). Independent replicate cultures grown with
10% O, demonstrated a maximum O.D. of 0.201 £ 0.025, confirming a lower maximum

0O.D. for growth with 10% O, (data not shown).

A. dehalogenans expresses cytochrome aa; oxidase subunits during aerobic growth
Protein abundances were measured for cultures grown at 5, 15, and 21% O,. 806
proteins were detected for 5% O,-grown cultures, 1,628 proteins were detected for 15%
O,-grown cultures, and 1,357 proteins were detected for 21%-grown cultures. 4.
dehalogenans has two gene clusters encoding cytochrome aa; (4 subunits each) and one
gene cluster encoding cytochrome cbb; (2 subunits) (Figure 4.1). The expression of genes
(as measured by protein abundance) in the cytochrome oxidase gene clusters for
cytochrome aas and cytochrome cbb; was examined more closely. The gene clusters as
previously described in Figure S8 of Thomas et al. 2008 were used as a reference and
only the cytochrome ¢ oxidase subunits are shown in Figure 4.1. For the first cytochrome
aas gene cluster, 8 out of 12 proteins was expressed in at least one of the three O,
concentration treatments, and three proteins were expressed with 5, 15, and 21% O,
(Figure 4.7a). For the second cytochrome aa; gene cluster, 9 of the 14 proteins were
expressed, and 7 proteins were expressed in all three O, treatments (Figure 4.7b).
Although expression of other genes in the cytochrome aas; gene clusters was observed, of
the genes encoding cytochrome aas subunits (Adeh 0803-Adeh 0806 and Adeh 2272-
Adeh_2275), only Adeh 0803 (subunit IT) and Adeh 2275 (subunit I) were detected, and
only Adeh 0803 was detected in all three treatments (Figure 4.7a and b). Adeh 2275 was
only detected with 21% O,, and only at an abundance of 8.05 spectral counts (Figure
4.7b). Three other putative c-type cytochromes in these gene clusters, Adeh 0795,
Adeh 2285, and Adeh 2277 were also expressed. No proteins in the cytochrome cbbs
gene cluster were detected in any of the conditions tested. In a separate study, proteins
were assessed in anoxic A. dehalogenans cultures with ferric citrate, manganese oxide,

NOs’, or fumarate, or microoxic cultures with 2.5%, 5%, or 9% O, (Silke Nissen, ORNL,
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personal communication) Cultures were grown in closed serum bottles, and cells were
removed for protein analysis when substrates had been depleted. Since these experiments
were performed in closed systems, the concentration of O, was much lower during
protein sampling than the initial starting O, concentration (i.e., much lower than 2.5, 5, or
9% 0O3). Adeh 1172 (cytochrome cbb; oxidase subunit IT) was expressed in all
conditions, including closed cultures of A. dehalogenans grown with 2.5, 5, and 9% O,
(Nissen, personal communication).

The expression of other c-type cytochromes was also assessed in cultures with 5,
15, and 21% O,. Adeh 2966 and Adeh 2967 were expressed in higher abundance (over
2-fold) in the 21% O, treatment as compared to the 5% treatment (Figure 4.7¢).
Interestingly, in experiments performed by Silke Nissen, Adeh 2966 was only detected
in NOs™- and O,-grown cultures, and Adeh 2967 was only detected in O,-grown cultures
(personal communication). Both are annotated as hypothetical proteins. A protein
BLAST search with Adeh 2966 yielded hypothetical proteins, and the best match in the
NCBI Conserved Domain Database (CDD) was to the TIGR03805 model (an
uncharacterized protein family). Adeh 2967 matched hypothetical proteins and
cytochromes, and did not match any conserved domains in the CDD.

A. dehalogenans in the three treatments expressed proteins utilized for ROS
detoxification. While expression of most ROS-detoxification proteins was below 16
normalized spectral counts (nSpc), Adeh 1952 (superoxide dismutase), Ade 0828 (thiol
peroxidase), Adeh 2075 (rubrerythrin), and Adeh 0765 (rubrerythrin) were all more
highly expressed (i.e., above 100 nSpc) (Figure 4.8). Most notable was the expression of
Adeh_ 0765, which encodes rubrerythrin; expression in the 5% O, cultures was above

5,000 nSpc, and expression in 15% and 21% O, cultures was above 1,000 nSpc.

Discussion

Contrary to past studies, 4. dehalogenans respires 21% O,
A. dehalogenans strain 2CP-C has been classified as both a facultative anaerobe
(Sanford et al., 2002) and as a microaerophile (Thomas et al., 2010). Previously 4.

dehalogenans demonstrated inconsistent growth with 21% O,, and growth was dependent
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on limiting mixing (i.e., with slow shaking or stationary cultures). The data here show
growth coupled to the respiration of Oy at 5, 10, 15, and 21% O, concentrations, with no
observable growth defects at 21% O, (Figures 4.4 and 4.5). The ability to grow both
anaerobically with alternative electron acceptors and with ambient levels of O,, coupled
with the presence of both low- and high-affinity cytochrome ¢ oxidases, supports the
classification of 4. dehalogenans as a facultative anaerobe as defined by Morris and
Schmidt (2013). The classification of “facultative anaerobe” typically includes
microorganisms that can respire oxic concentrations of O,, and is perhaps a more
appropriate description of 4. dehalogenans than “microaerophile.” Past studies
demonstrated that A. dehalogenans increased in numbers in soil exposed to water
containing 281-375 uM dissolved O, (Thomas et al., 2010), further evidence for aerobic
growth. The data presented here demonstrate that organisms that respire 21% O, may
have long lag phases or take long periods of time to adjust to fully ambient levels of O..
It is possible that previous experiments showing growth defects of A. dehalogenans under
oxic conditions did not provide enough time for 4. dehalogenans to adjust to increased
O, concentrations. When newly discovered bacteria are tested for growth on ambient
concentrations of Oy, cultures are not always allowed to slowly adjust through
incremental increases of O, concentration (as was done in the present study). Continual
cultivation in anoxic conditions may cause an organism to adapt to anoxia. Gradual
reintroduction of O, to other microorganisms with cytochrome aas that are classified as

strict anaerobes or microaerophiles may reveal other unknown facultative anaerobes.

A. dehalogenans expresses a low-affinity oxidase subunit (cytochrome aas) during O,
respiration

While growing with 5, 15, and 21% O, 4. dehalogenans expressed the
cytochrome aas subunit IT (Adeh 0803) (Figure 4.7), suggesting that A. dehalogenans
uses low-affinity cytochrome ¢ oxidases for O, respiration. Interestingly, Adeh 0803 was
also expressed with 2, 5, and 9% O in closed vessels (Silke Nissen, personal
communication), suggesting that cytochrome aas; may be expressed even when low O,
concentrations are present. It is not clear if a fully functional cytochrome aaj is formed,

however, since only subunit IT was expressed, and the other three subunits (Adeh 0804,
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Adeh 0805, and Adeh 0806) were not expressed, including the catalytic subunit I
(Adeh_0804). Further evidence is required to definitively support the hypothesis that
cytochrome aaj is expressed and functional. However, cytochrome aaj; is typically
associated with aerobic O, respiration. While the possibility that A. dehalogenans utilizes
cytochrome aaj; for O, detoxification cannot be ruled out, the utilization of cytochrome
aas to respire O, is a more parsimonious theory.

In comparison, none of the subunits of cytochrome cbhbs were expressed in the
conditions tested. However, previous studies by Silke Nissen demonstrated expression of
cytochrome cbbs in closed cultures with O,. This suggests that in the present study, the
headspace concentrations of O3 (5, 15, and 21% O;) and thorough mixing (i.e., shaking
cultures) created high enough dissolved O, concentrations that a high-affinity oxidase
was not required. Cytochrome cbbs; was also expressed by ferric citrate-, manganese
oxide-, NOj3™-, and fumarate-reducing cells (personal communication; Nissen et al. 2012),
indicating that this protein is expressed under anoxic and microoxic conditions.
Furthermore, fumarate-grown cells quickly reduce microoxic concentrations of O,
(Thomas et al., 2010), demonstrating that 4. dehalogenans is primed for microoxic O,
reduction even while growing under anoxic conditions. The constitutive anaerobic
expression of cytochrome chb; shows that 4. dehalogenans is adapted to life at oxic-
anoxic interfaces. However, it is not known if cytochrome chbs expressed by A.
dehalogenans has another function, and further research is required to determine if
cytochrome chb; reduces other electron acceptors.

In addition to known O,-reducing cytochromes, the expression ROS-
detoxification proteins and of the cytochromes Adeh 2966 and Adeh 2967 was
observed. It is not surprising that ROS-detoxification proteins were expressed under with
5, 15, and 21% O,; however, it is interesting to note that 4. dehalogenans expresses a
high abundance (over 60x compared to the cytochrome ¢ oxidase abundance) of
rubrerythrin. Rubrerythrin catalyzes the reduction of hydrogen peroxide to water. It
appears that rubrerythrin is especially important to ROS detoxification under oxic
conditions; however, it is unknown why this ROS-detoxification protein would be more
highly expressed during growth with 5% O, than with 15 and 21% O, (Figure 4.8b).
Adeh 2966 and Adeh 2967, two hypothetical proteins, were also expressed in the
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presence of O, in Silke Nissen’s studies, and with the exception of Adeh 2966
expression with NOj", were only expressed under oxic conditions. Further research is
needed to determine the role of these proteins of unknown function.

Overall, it was demonstrated that A. dehalogenans is a facultative anaerobe that
respires 21% O, and expresses cytochrome aas subunit II in oxic conditions. The data fail
to support the hypothesis that cytochrome aaj is utilized for O, detoxification or to lower
the O, concentration in a non-respiratory fashion; the most parsimonious hypothesis is
that A. dehalogenans possesses a cytochrome aas oxidase for the purpose of 21% O,
respiration coupled to growth. Over 1,300 proteins were expressed during growth with
21% O3, and further data analysis may reveal other interesting protein expression
patterns. For example, Adeh 2966 and Adeh 2967 were expressed under oxic
conditions, and have unknown functions. The role of expressed proteins with unknown

functions may inspire future studies with 4. dehalogenans.

Limitations and future directions

Some important considerations limit the impact of this study. Proper controls
(e.g., oxygen-free controls) were not included, so accurate comparison of protein
abundance in the absence and presence of O, is not possible. However, previous protein
analysis by Silke Nissen (which included many O,-free treatments) was compared to the
present analysis to provide insight. Additionally, although replicate cultures were
sampled for protein analysis, only one replicate each of 5, 15, and 21% cultures were
fully analyzed by LC-MS/MS. Pending further funding and collaborative opportunity, the
remaining replicates should be analyzed in order to determine the statistical power of the
observations.

Our results conflict with previous studies that reported inconsistent growth under
ambient levels of O, (Sanford et al., 2002; Thomas et al., 2010). There are several
possible explanations as to why observed robust growth of 4. dehalogenans was
observed at 5-21% O,. Since 4. dehalogenans cultures were transferred slowly with
increasing concentrations of O, the possible selection for a mutant of 4. dehalogenans
cannot be ruled out. If that mutation was in cytochrome aas subunit I (Adeh 0804) or

cytochrome cbbs, it may explain why these proteins were not detected, since the
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identification of proteins via LC-MS/MS relies on a known sequence of each protein. It is
also possible that A. dehalogenans loses unnecessary traits during long cultivation in the
lab, and that continual cultivation in anoxic conditions in past experiments yielded
mutants of 4. dehalogenans incapable of aerobic growth. Alternatively, it may take
extensive time for A. dehalogenans to adjust to oxic conditions. Initial long lag phases
have been observed in cultures of A. dehalogenans with other electron acceptors such as
N,O (Figure 2.8) and 21% O, (personal observation; Thomas et al. 2010), suggesting that
with some electron acceptors, A. dehalogenans is slow to express the necessary proteins
for growth. After further electron acceptor addition, lag phases decrease (e.g., Figure
2.8). Thomas et al. inoculated O, cultures from dense fumarate-grown cultures, so the
cells utilized in that study were not likely metabolically geared for 21% O, respiration at
ambient concentrations of O, (2010).

Another surprising result was the absence of cytochrome cbb; expression during
growth with lower (i.e. 5%) concentrations of O,. It is possible that cytochrome cbb; was
expressed but not detected by LC-MS/MS. However, this seems unlikely, since subunit II
of cytochrome chb; (Adeh 1172) was detected in previous studies employing the same
LC-MS/MS techniques (Nissen et al., 2012). Another potential explanation is that the
lowest concentration of O, tested was not low enough for the expression of a high-
affinity cytochrome c oxidase. Previous studies demonstrated a Michaelis constant (Kw)
0f 0.1-1.0 uM for the cytochrome aas from Escherichia coli and 7 nM for the cytochrome
cbbs from Bradyrhizobium japonicum (Morris and Schmidt, 2013; Ludwig, 2004; Pitcher
and Watmough, 2004); thus it has been suggested that “microaerobic growth conditions”
are below 1 uM (Ludwig, 2004). The lowest concentration of O, tested here was pO, of
5%, and the highest concentration tested was 21%, equivalent to approximately 68 and
285 uM dissolved O in the liquid phase, respectively. The possibility that cytochrome
cbbs is expressed at lower concentrations is supported by other studies in which
Adeh 1172 was expressed during growth with lower concentrations of O, (Nissen,
personal communication). However, several studies have demonstrated that cytochrome
cbb; may play a role in nitric oxide turnover (Forte et al., 2001; Hamada et al., 2014).

Since Adeh 1172 is expressed under anoxic conditions (e.g., during metal respiration
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[Nissen et al. 2012]), further detailed studies are required to elucidate the function of
cytochrome cbbs in A. dehalogenans.

LC-MS/MS was chosen to enumerate proteins since the SDS-PAGE and heme
stain did not demonstrate any difference in protein band patterns. The lack of band
changes may be due to the over abundance of c-type cytochromes (i.e., 64 c-type
cytochromes) possessed by 4. dehalogenans, since many bands were observed and it was
difficult to distinguish individual bands. Additionally, SDS-PAGE was performed with
proteins from closed cultures that were exposed to 21% O, by fish pumps. Despite the
presence of 21% O; in the headspace, these cells may not have been fully exposed to
21% O, since they were in sealed serum bottles and slowly shaken, in contrast with the 5-
21% O, experiments (in which open baffled flasks were used). Future studies should

continue to use more targeted approaches, such as LC-MS/MS or Western blotting.
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Appendix: Figures

A Adeh 0803 > [ Adeh 0804 > [ Adeh 0805 > [ Adeh 0806 >

ctaC. Cytochrome ctaD. Cytochrome ctaE. Cytochrome
aa; subunit 1. aas subunit | aas subunit Il
(Catalytic subunit).

B Adeh_2275 > [ Adeh_2274 > [ Adeh_2273 > [ Adeh 2272 >

ctaC. Cytochrome ctaD. Cytochrome ctaE. Cytochrome
aa; subunit Il aa; subunit | aa; subunit Il
(Catalytic subunit).

C | Adeh 1171 >\ Adeh 1172 >

fixN. Cytochrome fixO. Cytochrome

cta4. Cytochrome
aa; subunit IV.

cta4. Cytochrome
aa; subunit IV.

cbb, oxidase cbb; oxidase
subunit | (Catalytic subunit II.
subunit).

Figure 4.1. Cytochrome ¢ oxidase subunits gene locus identities and description. (A) and
(B) show genes with similarity to cytochrome aas. genes (C) Genes with similarity to

cytochrome chbs; genes. Arrow size is not proportionate to gene size. Adapted from
Thomas et al. 2008 Figure S8.
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Figure 4.2. Schematic of the hypothesis that A. dehalogenans utilizes cytochrome aaj; as
a non-respiratory enzyme to decrease the level of oxygen to a lower concentration of
oxygen at which A. dehalogenans can respire oxygen with cytochrome cbbs.
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Figure 4.3. Setup of cultures with fish pump. Fish pumps were connected to a stopcock
via plastic tubing, which was connected to a 22 gauge needle. The needle was inserted
into the stopper. A stopcock and needle was utilized as the outflow.

116



25 0.30
0 L 1025
1020 ¢

1 0.15

(wu 009) "a'o

Acetate (mM) and Oxygen (%)

(wu 009) "A'O
Acetate (mM) and Oxygen (%)

0 2 4 6 8 10
Time (days) Time (days)

0.30 25 0.30

? l
4025 | 4025

20

(wu 909) "o
(wu 909) "a-o

Acetate (mM) and Oxygen (%)

Acetate (mM) and Oxygen (%)

0.10 0.10
0.05 3 0.05
0.00 o3 0.00
0 2 4 6 8 10 0 2 4 6 8 10

Time (days) Time (days)
Figure 4.4. Effect of 21% O, exposure on 4. dehalogenans growth. Closed cultures of A4.
dehalogenans grown with 10% O,. On day 4.8, air (21% oxygen) was pumped into the
bottles (as indicated by the red arrows) for 0 hours (A), 2 hours (B), 5 hours (C), or
continuously (D). Acetate (gray triangles), oxygen (closed circles), optical density (open
squares).
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Figure 4.5. Aerobic growth of A. dehalogenans. Open cultures of A. dehalogenans in
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atmosphere of 5% O3 (A), 10% O, (B), 15% O, (C) or 21% O, (D). Acetate (triangles)

and optical density (squares).

118



0.40

0.35
0.30
£ 0.5
>
20.20
20.15
0.10

0.05

0.00

0 5 10 15 20 25
Time (days)

0.03

B
0.02 r

1h 1l

5% 10% 15% 21% 5% 10% 15% 21%
Time (days) Time (days)

e
o
™)

Growth Rate (h")
(=]
2

(=]
(=]
—_

Figure 4.6. Acrobic growth rates. Open cultures of A. dehalogenans in Erlenmeyer flasks
with baffles from Figure 5.4. (A) O.D. values from Figure 5.4, with values adjusted to
remove differing lag phases. (B) Growth rate corresponding to A. (C) Maximum O.D.
observed in 4. dehalogenans cultures.
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Figure 4.7. c-type cytochrome protein expression. Protein abundance from the
cytochrome aa; gene clusters of A. dehalogenans strain 2CP-C (A and B) and other c-
type cytochromes (C). Average normalized spectral counts (nSpc) are from two
independent runs of individual samples. Note the scale difference for C.
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Adeh_ 2193 (rubrerythrin-rubredoxin fused protein). (B) Adeh 0765 (rubrerythrin). Note

the scale difference for B.
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Chapter 5: Conclusions, Perspectives, and Future

Directions
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N affects human health and the health of the environment more dramatically than
almost any other element, and has been studied extensively. Remarkably, the knowledge
of the N cycle continues to expand, and with it, a growing list of N,O sources and sinks.
Although the mechanism of chemodenitrification has been known for over 50 years, it
has long been regarded as an insignificant process in soils. However, recent interest has
emerged regarding chemodenitrification, and evidence of the significance of this process
is building (e.g., Zhu et al., 2013; Zhu-Barker et al., 2015; Ostrom et al., 2016). The
work presented in this dissertation demonstrates that Anaeromyxobacter dehalogenans
strain 2CP-C facilitates chemodenitrification, combining abiotic and biotic processes to
completely reduce NOs™ to N,. This reveals a novel ecophysiology for 4. dehalogenans,
in which 4. dehalogenans transforms NOs to N by reducing Fe(IIl) and NO;™ and by
employing a clade II N,O reductase to utilize N>O produced by chemodenitrification.
Additionally, this work demonstrates abiotic factors that alter the outcome of
chemodenitrification, namely sulfide and molybdenum concentrations. Although NO;" is
reduced to NH," by 4. dehalogenans in pure culture, synergistic effects occur when
Fe(IT) and/or sulfide is present, resulting in NOs™ reduction to NH4", N,O, or N (Table
3.2). Combined biotic-abiotic reactions have been observed with other microorganisms,
and the effects of chemodenitrification, sulfide, and molybdenum are expected to be
observed in the future with other members of the soil microbial community. Thus the
prediction of NOs™ reduction end products in both pure cultures and by a microbial
community must take into account not only the genetic content of the organisms (i.e.,
their N-cycle genes), but also the iron, sulfide, and molybdenum concentrations and
speciation. The present work suggests that current techniques inaccurately describe and
predict the fate of N fertilizers in soils. Furthermore, the work presented here
demonstrates that A. dehalogenans can couple growth to O, respiration at ambient
concentrations (i.e., 21%), and provides evidence that a low-affinity oxidase, cytochrome
aas, is expressed during O, respiration. The ability to grow robustly under fully oxic
conditions is one of the many ways 4. dehalogenans is metabolically versatile and well-
equipped to flourish at oxic-anoxic interfaces, where Fe(Ill)/Fe(Il) and a variety of

contaminants undergo redox cycling. Additionally, the inconsistency of the present study
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with past studies (which demonstrated a lack of aerobic growth with A. dehalogenans)
suggests that other facultative anaerobes may be mischaracterized as microaerobes.

The new term “chemodenitrifiers” is proposed to describe microorganisms that
combine biotic and abiotic reactions to fully reduce NOs™ to N,. Potential
chemodenitrifiers were identified by analyzing sequenced genomes for the presence of
NOs reductase genes (napA and narG), N,O reductase genes (nosZ), and c-type
cytochromes and by searching the literature for the ability of organisms to reduce iron.
Future studies searching for chemodenitrifiers can start with promising organisms
identified by this analysis. For example, Desulfitobacterium hafniense strain DCB-2,
Rhodoferax ferrireducens strain T118, and Aeromonas media strain WS fit the profile for
potential chemodenitrifiers. Future studies should test these organisms for the ability to
facilitate chemodenitrification in a similar manner to 4. dehalogenans. Organisms that
have not been identified as iron-reducing bacteria but contain a large number of multi-
heme c-type cytochromes should be tested for their ability to utilize Fe(III) as an electron
acceptor. As the field moves forward, the prevalence of chemodenitrification and the role

of chemodenitrifiers will continue to be uncovered.
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