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ABSTRACT

Anthropogenic nitrate contamination is a serious problem in many natural environments.
Nitrate removal by microbial action is dependent on molybdenum (Mo), which is required by
nitrate reductase in denitrification and dissimilatory nitrate reduction to ammonium. The
contaminated area at Oak Ridge Reservation (ORR) is an extreme acidic environment
contaminated by nitrate, various metals, etc. In this study, it was demonstrated that Fe and Al
mineral formation that occurs as the pH of acidic synthetic groundwater is increased, decreases
soluble Mo to low picomolar concentrations, a process proposed to mimic environmental diffusion
of acidic contaminated groundwater. Analysis of ORR sediments revealed recalcitrant Mo in the
contaminated core that co-occurred with Fe and Al, consistent with Mo scavenging by Fe/Al
precipitates. ORR strain Bacillus strain EB106-08-02-XG196 isolated from contaminated
sediment is more tolerant to multiple metals (Cd, Ni, Cu, Co, Mn and U) but also exhibits more
robust growth compared to control strains under low molybdate concentrations (< 1 nM), including
Pseudomonas fluorescens N2E2 from a pristine ORR environment. Molybdate is taken up by the
molybdate binding protein, ModA, of the molybdate ATP-binding cassette transporter. ModA of
XG196 is phylogenetically distinct from those of other characterized ModA proteins. Isothermal

titration calorimetry analysis showed XG196 ModA molybdate binding constant (Kp) is 2.2 nM,



about one order of magnitude lower than those of P. fluorescens N2E2 (27.0 nM) and E. coli K12
(25.0 nM). XG196 ModA also showed higher affinity for molybdate than for tungstate (Kp 11
nM), whereas the ModA proteins from P. fluorescens N2E2 and E. coli K12 ModA had similar
affinities for the two oxyanions. This high molybdate affinity coupled with resistance to multiple
metals gives strain XG196 a competitive advantage in Mo-limited environments contaminated
with high concentrations of metals and nitrate, as found at ORR. Nitrous oxide (N2O), a greenhouse
gas, can be produced in ORR by nitrification, denitrification, chemodenitrification. Effects of ORR
environment-related metals (Mo, Cu, Cd, Co, Ni, U and metal mix) on N>O emission were

demonstrated by ORR strains Rhodanobacter R12 and Acidovorax 3H11 in this study.

INDEX WORDS: molybdenum limitation, Fe/Al precipitation, the Oak Ridge Reservation,
nitrate contamination, nitrate reduction, Bacillus sp. XG196, Illumina sequencing, high
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Nitrogen cycle

Nitrogen (N) in one of the six most important elements in living organisms, which also
includes carbon (C), hydrogen (H), oxygen (O), phosphorus (P) and sulfur (S) (1, 2). The nitrogen
cycle, which involves the processes by which multiple nitrogen chemical forms interconvert
between the environment and the living organisms, is also one of the most important
biogeochemical cycles in nature (3, 4). Microorganisms play very important roles in dinitrogen
gas fixation, nitrification, denitrification, dissimilatory nitrate reduction to ammonium and
anaerobic ammonium oxidation, which together constitute the microbial nitrogen cycle (Figure
1.1) (5-7). Dinitrogen gas fixation is the process that converts nitrogen gas, which is about 78% of
the earth atmosphere, to ammonium, nitrite and nitrate and then to organic compounds (8-10). This
is the step that converts dinitrogen to available forms for the biosphere. The majority of dinitrogen
gas fixation is carried out by microorganisms called diazotrophs (10, 11). Nitrification is the
oxidation of ammonia to nitrite and then to nitrate (3, 4, 6). This is an aerobic process performed
by some autotrophic bacteria and archaea in soil and marine environments (3, 4, 6). Denitrification
is a series of reactions that reduce nitrate to nitrite (NO2"), nitric oxide (NO), nitrous oxide (N20O)
and finally dinitrogen (N2), completing the nitrogen cycle. Denitrification in nature is mainly
carried out by facultative anaerobic bacteria under anaerobic conditions as one kind of respiration.
Dissimilatory nitrate reduction to ammonium (DNRA) is another form of anaerobic respiration
that reduces nitrate to nitrite and ammonium (3, 4, 6). DNRA happens in prokaryotes and some

eukaryotic microorganisms. DNRA only coverts nitrogen to bioavailable forms, which is different



with denitrification that reduce nitrate to dinitrogen as the end product. Anaerobic ammonium
oxidation (Anammox) is a comproportionation reaction that coverts nitrite and ammonium ions to
dinitrogen and water (12, 13). Anammox has been found in various natural ecosystems, including
freshwater sediments and marine environments (13-16). Anammox plays an important role in
removing reactive nitrogen, like gases nitrogen oxides (NOx), ammonia (NH3), nitrous oxide
(N20), nitrite (NO2") as well as nitrate (NO3") and return dinitrogen to the atmosphere (17, 18).

In the microbial nitrogen cycle, there are several processes that are dependent on
molybdenum-containing enzymes. These are nitrogenase in the dinitrogen fixation, nitrate
reductase in the reduction of nitrate to nitrite and nitrite oxidoreductase in the oxidation of nitrite
to nitrate (Figure 1.1) (19-22). Limitations of dinitrogen fixation and nitrate reduction has been
reported because of lacking bioavailable molybdenum in various environments (23-26), and this
issue will be further discussed in following sections.

Nitrate contamination in natural water systems

Nitrate comes from many sources because of natural activities and human activities. In
nature, nitrate can be produced by dinitrogen fixation performed by bacteria, decaying plants, and
human and animal manure (27). Human activities like fertilizer usage in agriculture, nitrogen
compounds emitted by industry and automobiles contribute a large amount of nitrate to soil and
natural water systems (27-29). Some bacteria are diazotrophs, together with blue-green algae and
some fungi, in that they can assimilate dinitrogen from the atmosphere and use it as their sole N
source (27). Nitrogen assimilation by microorganisms is the major natural mechanism which
converts nitrogen gas available to animals and plants. The degradation of plant and animal tissues
by microorganisms can also release ammonium or nitrate to soil and groundwater (3, 4, 6). Another
source of nitrate in nature is by the degradation of nitrate and ammonium salts, like sodium nitrate,

ammonium nitrate, ammonium chloride, etc. In addition, natural precipitations can also bring



ammonia and nitrate down to soil and water systems on earth (3, 4, 6). Ammonia from different
sources can be oxidized to nitrate by the process of nitrification and contribute to the nitrate pool
in nature.

The agricultural activities of human beings is considered as the most important
anthropogenic source of nitrate, and other activities like industry pollution and automobile
emission, etc. can also contribute to nitrate contamination to soil and groundwater (27, 30). The
main contamination source of nitrate from agriculture is overuse of nitrogen-containing fertilizers,
such as anhydrous ammonia, urea and ammonium nitrate (27, 30). Ammonia is the most basic
form of nitrogen fertilizer because it is cheap, stable in soil and has a relatively high nitrogen
content (27, 30). Between 2000 and 2014, nitrogen fertilizer consumption showed strong growth
with an increase of 35% and reached about 110.4 Tg (teragrams, 1 Tg = 1,000,000 tons), of which
China (31%), India (30%) and the United States (15%) made up about 57% of the global
consumption market share (31). In the United States, 13.0 Tg of nitrogen fertilizer was consumed

in 2015, which is about 59% of total plant nutrients based on the USDA webpage updated in 2019

(Fertilizer Use and Price, https://www.ers.usda.gov/data-products/fertilizer-use-and-price.aspx).
Nitrogen use efficiency (NUE) is an indicator of nutrient management performance in agriculture.
It is represented by the ratio of the sum of the nitrogen content in all harvested products and the
sum of all nitrogen inputs (nitrogen fertilizers, animal manure, microbial nitrogen fixation, etc.) in
certain systems (32). It has been estimated that the global average NUE was 47% in 2009 and 42%
in 2010 (33, 34). NUE generally in developed countries (USA and Canada 68%, Europe 52%) is
higher than developing countries (China 25%, India 30%) because of fertilizer best management
practices (31). These data indicate that more than 50% of applied nitrogen fertilizer does not get
utilized by plants and remains in the soil and in groundwater. Ammonia will turn into nitrate

eventually as a result of oxidation by bacterial ammonia oxidizers, which can remain in



groundwater for decades (35, 36). Many studies have pointed out that synthetic nitrogen fertilizers
are the major nitrate contamination source to groundwater (27, 30, 37).

The maximum contaminant level (MCL) for nitrate (as the nitrate ion) is 10 mg/L as N
(44.27 mg of nitrate/L) in drinking water according to the standard of the U.S. Environmental
Protection Agency’s (EPA) and 11.3 mg/L as N (50 mg of nitrate/L) in WHO guideline (38).
Nitrate concentration in natural groundwater is typically less than 2 mg/L (39). Higher nitrate
concentrations in groundwater were reported in areas of nitrogen fertilizer application in Iran (8 to
20 mg of nitrate /L) (38), in locations with N-fertilizer applied in large quantities in China (300
mg of nitrate/L) (40), in rural agricultural district in India (450 mg/L) (41), in a heavy metal
contaminated area in the United States (230 mg/L) (26). Groundwater is an important drinking
water source for human beings. It is the source of domestic water for 50% of the US population
and for 90% of the people living in rural area (27). In 2006, 1.9 million people in the US were
predicted to use drinking water from private wells with > 5 mg/L nitrate (42).

High nitrate persistence can increase nitrate eutrophication, a phenomena that water
becomes overly enriched with minerals and nutrients which induce excessive growth of algae,
death of zooplankton and fish (dead zones), and hypoxia (18, 43). Dead zones have now been
reported for more than 400 water systems, which affects more than 245,000 square kilometers
(43). Hypoxia can result in the death of fish and invertebrates, loss of habitat and enhanced
susceptibility to diseases for resident organisms, and change of predator—prey interactions in river,
lakes and marine systems (44-46). High consumption of nitrate can be detrimental to human health
and is known to cause many problems, like cancer, adverse reproductive outcomes, thyroid disease

and methemoglobinemia in infants and adults (47-49).



Nitrate reduction

Two dissimilatory nitrate reduction pathways, denitrification and DNRA, are the two major
processes in nature that can reduce nitrate from the environment, mainly carried out by
microorganisms. In denitrification, nitrate (NO3") is first reduced to nitrite (NO>") by dissimilatory
nitrate reductase, next nitrite is reduced to nitric oxide (NO) by nitrite reductase (NO-forming),
then to nitrous oxide (N2O) by nitric oxide reductase. The last step is the reduction of nitrous oxide
to dinitrogen (N2) by nitrous oxide reductase. All four reactions usually take place under anaerobic
conditions (50) but denitrification is also observed under aerobic conditions in some
microorganisms (51-53). DNRA pathway is another form of nitrate-dependent anaerobic
respiration but in this case nitrate is reduced to nitrite by nitrite reductase and then nitrite is reduced
to ammonium (NH4") by nitrite reductase (54). Assimilatory nitrate reduction also occurs in
prokaryotes, in which nitrate is reduced nitrite and then to ammonium while nitrite is the
intermediate. Assimilatory nitrate reduction is not sensitive to Oz, but can be inhibited by ammonia
and organic nitrogen (55, 56). Thus it is believed to happen mainly in aerobic habitats, where
ammonium is not high (55).

Three different types of nitrate reductase have been widely studied and described in detail.
These are respiratory nitrate reductases (NAR), periplasmic nitrate reductases (NAP), and
assimilatory nitrate reductases (NAS) (57, 58). The NARs are composed by three subunits, NarG
(112-140 kDa), NarH (52-64 kDa) and Narl (19-25 kDa), and is one kind of anaerobic nitrate
respiration (Figure 1.2 Left) (59-61). Crystal structures and other studies has revealed NarG and
NarH are anchored to the membrane side by Narl, which is a transmembrane subunit (60). NarG
is the catalytic subunit and contains a molybdenum cofactor (molybdo-bis(pyranopterin guanine
dinucleotide), Mo-bisMGD) at its active site and one iron-sulfur cluster ([4Fe-4S]). NarH is an

electron-transfer subunit, which contains three [4Fe-4S] clusters and one [3Fe-4S] cluster. The



membrane anchor subunit Narl contains two heme b cofactors (Figure 1.1). A probable electron-
transfer pathway is that menaquinol (MQH2>) is oxidized by Narl, which passes electrons to NarH
by two hemes and also release two H' to the periplasm. NarH then passes electrons via iron-sulfur
clusters to the Mo-bisMGD reactive site in NarG and reduces nitrate to nitrite (Figure 1.1 left)
(61).

Periplasmic nitrate reductases (NAP) are composed of one large subunit NapA (80-90 kDa)
and one small subunit NapB (about 17 kDa) located in periplasm (Figure 1.2 middle) (58). NapA
contains a Mo-bisMGD cofactor and an FeS center, while NapB contains two c-type cytochromes
(62, 63). NapAB also requires by NapH (with two iron-sulfur clusters), NapG (with four iron-
sulfur clusters) and NapC (with four c-type cytochromes), to enable the nitrate reduction process.
In this case, NapA is the catalytic subunit and reduce nitrate to nitrite by its catalytic Mo-bisMGD
using electrons passed from other proteins. Two electron transfer pathways have been proposed.
In the first, ubiquinol (UQH>) is oxidized by NapHGC and electrons are transferred to NapAB,
meanwhile two H' are translocated to the periplasm. This process has also been reported to
translocate two more H* out of the cell (64). In the second pathway, MQH: is oxidized by NapC
(which is unable to use UQH») and transfer two electrons to NapAB and also release two H*
(Figure 1.2 middle) (58).

Assimilatory nitrate reductases (NAS) are located in cytoplasm in different bacteria. The
catalytic subunit, like NasA in Klebsiella oxytoca and NasC in Bacillus subtilis, or NarB in
Synechococcus sp. PCC7942, all have an active site containing a Mo-bisMGD cofactor. However,
they are quite different in molecular properties and the nature of their electron transfer centers. As
shown in Figure 1.2, Nas from Klebsiella oxytoca and Bacillus subtilis are heterodimers made up
of a large catalytic subunit NasA with one Mo-bisMGD, one [4Fe-4S] and one [2Fe-2S] and a

small subunit NasC with FAD, which uses NAD(P)H as an electron donor. In contrast, the catalytic



subunit of Bacillus subtilis NasC contains the Mo-bisMGD cofactor and only one [4Fe-4S] center,
whereas its small subunit NasB has two [2Fe-2S] centers and one FAD cofactor. Monomeric NarB
in Synechococcus sp. PCC7942 only has one [4Fe-4S] besides the Mo catalytic center and uses
ferredoxin (Fd) as electron donor (57, 58). All nitrate reductase catalytic units described above
have Mo cofactors as the active sites, the nature of which will be discussed in detail in the
following sections.
Molybdenum and Mo cofactor enzymes

Molybdenum (Mo) has an atomic number of 42 and is a required trace element for most
life forms. Most molybdenum compounds have a low solubility in water but molybdate (M0QO4%)
is quite soluble and thus widely distributed (65). Mo has various oxidation states (from +2 to +6)
but only the oxidation states of +4, +5, and +6 are biologically important and used for oxidation-
reduction reactions in different enzymes (66). Mo plays an important role in biosphere as Mo
enzymes are found in bacteria, plants, and animals and are involved in a wide range of reactions
in nitrogen, carbon and sulfur metabolism (20-22). Mo is an essential element for all higher
eukaryote organisms but not in all bacteria (67). Tungsten (W), which is generally regarded as an
antagonist of Mo, is required in some enzymes rather than Mo, especially in archaea. The
physiological oxidation states of W are also +4, +5, and +6 (7). There are five distinct enzyme
families that use Mo (and in some cases W), and they are nitrogenase (Mo only, although some
can use iron or vanadium), the xanthine oxidase family (Mo only), the sulfite oxidase family (Mo
only), the DMSO reductase family (most use Mo, a few use W) and the WOR family (W only,
with one example known that uses Mo) (68).

Two main types of Mo cofactors are found in nature that have developed to control the
redox state and catalytic power of Mo (69). The first type of Mo-containing cofactor is the iron-

molybdenum cofactor or FeMo-co that contains seven iron atoms in addition to Mo (MoFe7SoC,



Figure 1.3B) and is found in nitrogenase (69). This is a critical step in the nitrogen cycle as it
converts the atmospheric dinitrogen into the bioavailable form ammonium. The second type is the
molybdenum cofactor which is mononuclear and lacks any other metal. The Mo atom bound to
the cis-dithiolene (—S—C=C—-S-) group of an organic cofactor termed molybdopyranopterin (MPT)
(Figure 1.3A). Terminal oxo or sulfur groups, or sulfur and/or selenium atoms from amino acid
side-chains complete the Mo coordination sphere (Figure 1.3B) (7). Non-nitrogenase Mo-enzymes
are grouped into three families: the xanthine oxidase (XO) family, the sulfite oxidase (SO) family
and the dimethylsulfoxide (DMSO) reductase family.

More than 50 different Mo cofactor enzymes are found in nature (19-21, 69). Members of
the XO and SO families have one MPT molecule. The difference between them is that the third
Mo-S ligand of sulfite oxidase is provided by a cysteine (Cys) and third Mo—X ligand of xanthine
oxidase is either S, Se, O or S-Cu-S (Figure 1.3B). By contrast, enzymes of the DMSOR family
have two MPT molecules coordinated to one Mo and form a Mo bis-MPT guanine dinucleotide
cofactor (Mo-bisMGD; Figure 1.3B). In addition to the four S atoms from the two MPTs, the
coordination sphere of the Mo is completed by terminal S, Se or O, or via Asp (O), Ser (O), Cys
(S), SeCys (Se) and H,O (OH) (69, 70). The XO family includes enzymes such as xanthine
dehydrogenase (XDH) from the photosynthetic bacterium Rhodobacter capsulatus. This enzyme
is cytoplasmic and catalyzes the oxidation of hypoxanthine to xanthine then to uric acid with NAD*
as the electron acceptor. XDH in R. capsulatus is composed of XdhA and XdhB subunits (a2f32).
The N-terminal domain of XdhA binds two iron-sulfur [2Fe-2S] clusters while its C-terminal
domain binds one FAD. XdhB is the Mo cofactor binding subunit, which sits between two domains
(Mol domain and Mo2 domain) (71). The electrons are transferred from the Mo cofactor to the

two [2Fe-2S] clusters then to FAD and finally to NAD™ (72).



Sulfite oxidase in Starkeya novella (formerly Thiobacillus novellus) catalyzes the oxidation
of sulfite to sulfate in some phototrophic and chemotrophic sulfur-oxidizing microorganisms. This
enzyme is located in the periplasm and is a heterodimer (af3), with one subunit (SorA) containing
the Mo cofactor while the other (SorB) contain a cytochrome (73). One type of nitrate reductase,
Nas, belongs to this family while the other two, Nap and Nar, belong to the DMSOR family (74).
Enzymes of the DMSOR family are widely spread in prokaryotes (72, 75) and can contain just one
Mo bis-(pyranopterin guanine dinucleotide) or Mo-bisPGD cofactor (as in trimethylamine- N-
oxide reductase (TorA), dimethyl sulfoxide reductase (DorA) and biotin sulfoxide reductase
(BisC)), one Mo-bisPGD cofactor and a heme (periplasmic nitrate reductase NapAB), or be even
more complex in the form of multisubunit membrane-bound proteins (formate dehydrogenase-N
(FdnGHI), dimethylsulfoxide reductase (DmsABC) and nitrate reductase (NarGHI)) (72, 76, 77).
Enzymes of the DMSOR family catalyze a number of reactions essential to the carbon, nitrogen,
sulfur, arsenic, and selenium biogeochemical cycles (75). Phylogenetic analysis showed that the
formylmethanofuran dehydrogenase subunit (FwdB/FmdB), which reduces CO; to formate in
hydrogenotrophic methanogenesis, is the most ancient lineage in DMSOR family and
selenocysteine is the ancestral ligand for the Mo atom (75).

Rather than Mo, some bacteria and many anaerobic archaea require tungsten (W) in the
form of tungstate (WO4>"). W (atomic number 74) is in the same group as Mo in the Periodic Table
and they have very similar chemical properties. W is usually regarded as an antagonist of Mo and
is typically taken up by Mo-dependent microbes leading to the production of inactive W-
containing molybdoenzymes or molybdoenzymes lacking Mo or W (78). In the earth’s crust Mo
and W are similarly abundant but molybdate is about 10,000-fold more abundant than tungstate in
seawater (W: 0.054 nM, Mo: 104 nM) (78). W concentrations in freshwater systems and generally

higher an order of magnitude higher than in in seawater (79). W is bound to W containing enzymes



as tungstate, in which two MPT molecules coordinated to one W and form a W bis-MPT guanine
dinucleotide cofactor (W-bisMGD) by the four S atoms from the two MPTs and S, Se or O, or via
Asp (0), Ser (0), Cys (S), SeCys (Se) and H,O (OH) (Figure 1.3B) (69, 70).

Representative W-containing enzymes that are unable to use Mo include the AOR family
of enzymes found in the prototypical hyperthermoophillic archaecon, Pyrococcus furiosus. This
organism contains five members of this family, all of which have been purified and characterized
to various degrees. They are aldehyde ferredoxin oxidoreductase (AOR) (80, 81), glyceraldehyde-
3-phosphate ferredoxin oxidoreductase (GAPOR) (82), formaldehyde ferredoxin oxidoreductase
(FOR) (83), the fourth tungsten-containing oxidoreductase (WOR4) (84) and the fifth tungsten-
containing oxidoreductase (WORSY) (85). AOR has a broad substrate specificity but is most active
with aldehydes derived from amino acids (86, 87). GAPOR has one known substrate, which is
glyceraldehyde-3-phosphate, and it functions in the unusual glycolytic pathway that is present in
P. furiosus (82, 88). C4 to C6 semi- and dialdehydes are the best substrates for FOR (83). No
activity has been identified for WOR4, it may play a role in S° reduction as it could not be purified
without S° in the medium (84). WORS has a broad substrate specificity and can use aliphatic and
aromatic aldehydes as substrates (85). In addition, W-specific enzymes also include G.
metallireducens benzoyl-CoA reductase (BCR) (7) and Pelobacter acetylenicus acetylene
hydratase (AH) (89). There are also a group of enzymes that are catalytically active with Mo but
are also able to incorporate W and are also active with this metal. These include formate
dehydrogenase (FDH) (90, 91), tungsten-containing formylmethanofuran dehydrogenase (FWD)
(92), thiosulfate reductase (TSR) (93), dimethyl sulfoxide reductase (DMSOR) (94), membrane-
bound nitrate reductase (NAR) (95) and periplasmic nitrate reductase (NAP) (96) found in specific

strains (70).
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Molybdate uptake and transport

Mo is taken up into microbial cells in form of molybdate (M0QO4%") and this can occur via
three different transport systems. For example, in E. coli, molybdate can enter the cytoplasm by a
high-affinity ATP-binding cassette (ABC) transporter, by a sulfate ABC transporter or by a non-
specific anion transporter (65, 66, 97). Most organisms use the high-affinity molybdate ABC
transporter as the sulfate ABC and the non-specific anion transporter have much lower affinities
for molybdate (98). There are two types of ABC system able to transport molybdate, one of which
can also transport tungstate, in addition to a tungstate-specific transporter. These are referred to as
ModABC, WtpABC and TupABC, respectively and are each composed of three proteins, a
periplasmic binding protein A, a membrane protein B and the ATPase C (97). Of these, most
microorganisms use the ModABC system and this is also the best studied. A crystal structure of
ModABC transporter complex from Archaeoglobus fulgidus has been solved to 3.1 A resolution
which has one ModA subunit, two ModB subunits and two ModC subunits (ModAB:C>, PDB:
20NK) (Figure 1.4) (99). The E. coli ModA system is encoded by the modABCDEF operon and
is well studied. ModA (275 amino acids) is a monomer and binds molybdate with a stoichiometry
of 1:1. The structure of E. coli ModA has been solved with resolution at 1.75 A (PDB: 1AMF)
(100). ModB (229 amino acids) is highly hydrophobic and forms a membrane channel. ModC (352
amino acids) which contains an ATP-binding domain and is assumed to provide energy for
molybdate transport by the ABC complex. ModE (262 amino acids) depresses the expression of
modABC by binding to its operator region when it binds Mo, while the functions of ModD (231
amino acids) ModF (490 amino acids) are unknown (97). The ModA proteins of Xanthomonas
axonopodis pv. citri 306 (PDB: 2H5Y, MoO4>), E. coli K12 (PDB: 1AMF, MoO4*), Vibrio
cholerae serotype O1 ATCC 39315 (PDB:4RXL, WO4*) and Azotobacter vinelandii (PDB:

1ATG, WO4*) have been determined, in which molybdate or tungstate was bounded (Figure 4.3
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and 3.5) (100-102). The tungsten-utilizing microorganisms take up tungstate using a transporter
(WtpA) and the structures of WtpA from Methanosarcina acetivorans ATCC 35395 (PDB: 3CFX,
WO4>), Methanocaldococcus jannaschii ATCC 43067 (PDB: 3CFZ, WO4>), Pyrococcus furiosus
ATCC 43587 (PDB: 3CG1, WO4*), Archaeoglobus fulgidus ATCC 49558 (PDB: 3CIJ, WO4%)
and P. horikoshii ATCC 700860 (PDB: 3CG3, WO4*) are known, all of which bind one tungstate
ion (103).

The affinity of the ModABC system appears to vary with different organisms. The ModA
of E. coli has a high specificity and affinity for molybdate with Kp values reported in the range of
20-27 nM (104, 105). In contrast, the value for the ModA of Xanthomonas axonopodis pv. citri
(strain 306) is 290 = 100 nM (106) while that for the protein from Bradyrhizobium japonicum was
in the 100 nM range (107). Molybdate is also transported by tungstate transport protein A, or
WitpA, which is part of a different ABC transporter system that uses both tungstate and molybdate.
WtpA is found in organisms that lack ModA and is common in archaea. WtpA from
hyperthermophilic archaeon Pyrococcus furiosus has a much higher affinity for tungstate (Kp of
17 = 7 pM) than that for molybdate (Kp of 11 £ 5 nM) with a 1:1 stoichiometry as measured by
isothermal titration calorimetry (ITC) (108). The third transporter that transports tungstate but not
molybdate is the tungstate binding protein TupABC. TupA of Desulfovibrio alaskensis G20 has
very strong affinity for tungstate (Kp of 6.30 + 0.02 pM) (109) and its structure has also been
determined (PDB: 5SMY5) (109).

Molybdenum limitation

Mo is found at concentrations of about 1-10 mg/kg in most rocks and soils (65). Mo in
form of molybdate (MoO4?*) is the most abundant transition metal in seawater and its concentration
is a very stable in the ocean (about 100 nM) (110) but its concentration varies in different

freshwaters from several pM to several uM (78, 111, 112). The 2011 WHO Guidelines for
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Drinking-Water Quality (fourth edition) advised a health-based value of 70 pg/L (730 nM) for Mo
but it is also mentioned in the guideline that it is not necessary to set a formal guideline value as
Mo generally occurs at very low concentrations in drinking-water (65, 112). Low environmental
and/or dietary Mo can result in health problems in humans, oral, esophageal and gastric cancers
are reported because of decreased reduction of nitrate and nitrosamine (113-116). Low Mo could
affect animal or human health by affecting molybdenum enzymes like aldehyde oxidase, sulfite
oxidase and xanthine oxidase especially in early life stage, in utero stage and the postnatal
developmental period (117).

Even though Mo concentrations are naturally low in environments as described above, they
can be lower in some environments because molybdate can be further removed from the
environment. For example, molybdate is precipitated from sea water in the form of molybdenum-
iron-sulfur compounds as HS, thiols, and humic-bound thiol groups and thus Mo forms covalent
bonds to transition metals (especially Fe) and organic molecules via S bridges (118). Molybdate
is also known to bind to insoluble organic matter in top soils by plant-derived tannins and tannin-
like compounds and bind to both iron oxides and natural organic matter in deeper soils (119, 120).
Magnesium—aluminum layered double hydroxides precipitated from reaction between magnesium
chloride and synthetic sodium aluminate solution can also absorb transition metal oxyanions like
molybdate from solution into hydrotalcite (121). The precipitation of common cations magnesium
(Mg?>") and iron (Fe*") as MgFeCOs-type hydrotalcite-like layered double hydroxide has high
affinity for solute like molybdate (122). Molybdate can also adsorb directly to insoluble minerals
such as ferrihydrite (Fe>O3°xH>0) and gibbsite (Al(OH)3) as a pH-dependent process when the pH
increases from pH 3.1 to 6.3 for Fe precipitates, or from pH 5.5 to 6.7 for Al precipitates (121-
125). However, it is not clear if any of the different Mo depleting mechanisms are effective enough

to affect specific bioactivities in natural environments.
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Nitrate and metal contamination in ORR

There is a very special contaminated site at the Oak Ridge Reservation (ORR) in
Tennessee, USA. The US government disposed of millions of liters of waste containing nitric acid
and toxic metals at this site between 1951 and 1983. The waste generated from uranium operations
at the Y-12 Plant and was discarded into four unlined earthen reservoirs referred to as the S-3
ponds with ~9.5 million liters in each of the four ponds (126). Nitrate generated from nitric acid is
a major contaminant in these ponds. In 1978, the pH values of the ponds ranged from 0.8 to 5.3
and contained nitrate at concentrations up to 74 g/L (1.2 M; (126)). Metals present included iron
up to 1.2 g/L (about 21.4 mM), aluminum up to 4.8 g/L (about 177.8 mM), magnesium up to 0.67
g/L (about 27.6 mM) and uranium up to 0.32 g/L(about 1.3 mM) (126). In 1983, in an effort to
clean-up the waste site and slow the leaching of contaminants, the pH in the S-3 ponds was adjusted
to about 9 (126, 127). The precipitates and sludge that formed from this process were allowed to
settle and the liquid waste was removed, treated and discharged into a nearby river (126). In 1988
the 1-meter-thick sludge that remained contained high concentrations of aluminum, calcium, and
iron was stabilized with coarse aggregates and the S-3 ponds were filled and capped with a parking
lot (127). In 1997, an analysis of the groundwater in 46 wells surrounding the parking lot revealed
that there was a plume of nitrate that extended approximately 1 km to a depth of over 100 meters
(128, 129). In the most recent survey at ORR in 2015, groundwater from wells in the contamination
plume were still at low pH and contained high concentrations of nitrate (up to 230 mM) and various
metals measured by our laboratory. The metals included uranium (up to 580 uM), aluminum (up
to 20.7 mM), manganese (up to 3.1 mM), nickel (up to 157 uM), cobalt (up to 30 uM), cadmium
(up to 10 uM), copper (up to 15 uM), chromium (up to 11 uM), lead (up to 0.5 uM) and thorium

(up to 8 uM) (130). Interestingly, of 26 metals analyzed, molybdenum (Mo) was the metal that
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had a noticeably lower median concentration (<<1 nM) in the highly contaminated wells than in
pristine wells (up to 330 nM (26)).
Microorganisms in ORR

Many studies have been done to examine the relationships between microorganisms and
the extremely contaminated environment in ORR from various perspectives. Geochemical analysis
of groundwater samples from a total of 69 wells showed large ranges of environmental variables
including uranium from 0 to 55.3 mg/L (average, 1.5 mg/L), nitrate from 0 to 11,648 mg nitrate-
N/L (average, 641 mg NO3-N/L), pHs from 3 to 10.5 (average, pH 6.9), CO, from 0 to 29,739
mg/L (average, 476 mg/L), N>O from 0 to 1.2 mg/L (average, 0.1 mg/L), CH4 from 0 to 0.6 mg/L
(average, close to 0 mg/L), and H>S from 0 to 4.2 mg/L (average, 0.1 mg/L), cell counts from 3.5
x 10% to 1.8 x 106 cells/ml (average, 1.2 x 10° cells/ml), dissolved organic carbon (DOC) from 0.2
to 128.2 mg/L (average, 7.8 mg/L) and dissolved inorganic carbon (DIC) from 9.4 to 179.2 mg/L
(average, 58.3 mg/L) (131). Metagenome analysis indicated that the abundance of ~95% of genes
decreased in uranium and nitrate contaminated samples. For example, genes encoding enzymes
involved in sulfur (S) cycling (e.g., dsrA and sgr), cytochrome and hydrogenase decreased as
uranium increased in groundwater; some functional genes did not decrease significantly with
increasing nitrate concentrations like denitrification related genes (e.g., nirK and nosZ),
dissimilatory nitrate reduction (e.g., napA), and assimilatory nitrate reduction (e.g., nasA4) genes;
the abundance of some dsrA4-bearing uncultured sulfate reducing bacteria increased significantly
as uranium increased and increased levels of abundance of cytochrome and hydrogenase gene
variants were also observed. Also, the microbial biomass increased significantly with increased
nitrate concentrations (131). These observations suggest that sulfate and nitrate reducers may be
dominant in the ORR contaminated environment. In the nitrate-contaminated areas at ORR, nitrous

oxide (N20O) was detected (as high as 1.2 mg/L) (131), which could be produced by the nitrate
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reducers that dominant in the microbial community. N>O is a greenhouse gas and also contributes
to stratospheric ozone destruction (132, 133). N>O can be produced by 1) biotic process that reduce
nitrite produced in nitrification or denitrification and 2) abiotic process chemodenitrification. In
denitrification N>O is produced by reduction of nitrite in anoxic conditions or by nitrification in
presence of O> when NH4" present (134, 135). In chemodenitrification, reactive intermediates like
NH>OH, NO> produced in nitrogen cycle pathways may engage in chemical reactions that yield
N0, especially in the presence of Fe**/Fe**, Mn**, organic matter or at acidic pH (< 5) (134, 136,
137). However, it is unclear how contaminating metals affect NoO production in ORR.

In an in-field bioreactor study at ORR, researchers monitored the shifts of microbial
communities from uncontaminated groundwater but incubated with filtered groundwater from a
contaminated well enriched in various contaminants like chloride, nitrate, uranium, and sulfate.
The results showed a loss of members of the Bacteroidetes, Acidobacteria, Chloroflexi, and
Betaproteobacteria, but enrichment in the iron- and nitrate-reducing Ferribacterium and parasitic
Bdellovibrio (138). It has also been shown that changes in the concentrations of dissolved organic
matter (DOM) can affect microbial community significantly, tannin- and protein-like compounds
play roles in early stages of ORR groundwater microbial community incubation, while the
availability of lipid- and lignin-like compounds are more related with community composition and
development in later stages (139). Also, complex natural organic C (sediment NOM or bacterial
cell lysate) can enhance the growth of more diverse bacteria than simple organic C sources (140).
These results greatly aid in the design of experiments for microbial cultivation and isolation under
laboratory conditions.

Metal analysis of groundwater samples from contaminated wells and background wells
revealed that metal contaminants, like U, Al, Mn, Ni, Co, Cd, Cu, Cr, Pb and Th, are higher in

contaminated wells (26). Nitrate-reducing microorganisms are enriched and isolated from both
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groundwater and sediments at the Oak Ridge Reservation (ORR) using concentrations of nitrate
and metals similar to the contaminated environment at ORR, seven new metal-resistant, nitrate-
reducing strains show various pH ranges for growth, carbon source preferences, and degrees of
resistance to individual and combinations of metals (141). The one notable exception in ORR
groundwater metal analysis is Mo, which is present at lower concentrations in contaminated wells
(26). Hence, a fundamental question is, does Mo limitation affect biological nitrate reduction as
microorganisms must use Mo as a cofactor for key enzymes in nitrate reducing pathways? And
how do the contaminated metals affect the nitrate reducing organisms in ORR? These issues are
addressed in the proposed research.
Research objectives

The main goal of this work is to examine the relationship between nitrate-reducing bacteria
and the contamination in the form of metals and nitrate in the ORR environment. In particular,
what are the mechanisms that enable microorganisms to survive in this unique extreme
environment. In Chapter 2, the results of an investigation to determine if Mo availability to
microbes is a limiting factor is described. This is obviously significant because Mo is required for
biological nitrate reduction in nature. I show here that Mo limitation in the highly contaminated
groundwater is a result of precipitation of iron- and aluminium-based minerals when the pH
increases during the spreading of the acidic and contaminated groundwater into non-contaminated
environments. In addition to reproducing this in the laboratory, evidence is presented for direct
mineral-based precipitation of Mo in ORR contaminated sediments. In Chapter 3, the draft genome
of a metal resistant nitrate-reducing Bacillus strain that I isolated from ORR contaminated
sediment was described. In Chapter 4, I describe how I elucidated the mechanism by which a metal
resistant nitrate-reducing Bacillus strain that I isolated from ORR was able to survive under

extreme Mo-limitation. In Chapter 5, I describe how the effects of the essential metal Mo and of
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various contaminating metals affected N>O production by two strains isolated by our collaborators
from the ORR groundwater. Taken together, all of these results show that both essential (Mo) and

toxic metals can have very important effects on the metabolism of nitrate in natural environments.
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Figure 1.1 The microbial nitrogen cycle. (a) dinitrogen gas fixation; (b) nitrification; (c)
denitrification; (d) dissimilatory nitrate reduction to ammonium; (e) assimilatory nitrate reduction;
and (f) anaerobic ammonium oxidation. The steps catalyzed by molybdenum-containing enzymes
are highlighted with red thick arrows. The reactions catalyzed by nitrogenase, nitrate reductase

and nitrite oxidoreductase are indicated.
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Figure 1.2 Nitrate reduction by three types of nitrate reductase in representative microbial strains.
The catalytic subunits of respiratory nitrate reductases (NAR), periplasmic nitrate reductases
(NAP), and assimilatory nitrate reductases (NAS) are shown as blue ovals. Additional subunits
and related enzymes are shown as grey ovals. Cofactors of all enzymes are indicated, and electron
flow is indicated by dashed arrows. The abbreviations are: Mo bis-MPT guanine dinucleotide
cofactor (Mo-bisMGD), menaquinol (MQH»), menoquinone (MQ), Cytochrome c¢ (cyt c),
ubiquinone (UQ), ubiquinol (UQH->), flavin adenine dinucleotide (FAD), Ferredoxin (Fd). Figure

adapted from (57, 58).
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CHAPTER 2
IRON- AND ALUMINUM- INDUCED DEPLETION OF MOLYBDENUM IN ACIDIC
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Abstract

Anthropogenic nitrate contamination is a serious problem in many natural environments.
Nitrate removal by microbial action is dependent on the metal molybdenum (Mo), which is
required by nitrate reductase for denitrification and dissimilatory nitrate reduction to ammonium.
The soluble form of Mo, molybdate (M0Q4%), is incorporated into and adsorbed by iron (Fe) and
aluminum (Al) (oxy)hydroxide minerals. Herein we used Oak Ridge Reservation (ORR) as a
model nitrate-contaminated acidic environment to investigate whether the formation of Fe- and
Al- precipitates could impede microbial nitrate removal by depleting Mo. We demonstrate that Fe
and Al mineral formation that occurs as the pH of acidic synthetic groundwater is increased,
decreases soluble Mo to low picomolar concentrations, a process proposed to mimic environmental
diffusion of acidic contaminated groundwater. Analysis of ORR sediments revealed recalcitrant
Mo in the contaminated core that co-occurred with Fe and Al, consistent with Mo scavenging by
Fe/Al precipitates. Nitrate removal by ORR isolate Pseudomonas fluorescens N2A2 is virtually
abolished by Fe/Al precipitate-induced Mo depletion. The depletion of naturally-occurring Mo in
nitrate- and Fe/Al-contaminated acidic environments like ORR or acid mine drainage sites has the
potential to impede microbial-based nitrate reduction thereby extending the duration of nitrate in

the environment.

23



Introduction

Nitrate contamination has become a serious environmental issue due to the extensive use
of nitrate-containing fertilizers in agriculture as well as through the release of nitrate-containing
industrial wastes (27). The natural nitrate concentration in groundwater is typically less than 2
mg/L (39) and the U.S. Environmental Protection Agency’s (EPA) maximum contaminant level
(MCL) for nitrate (as the nitrate ion) in drinking water is 50 mg/L (0.80 mM). High nitrate
concentrations can be detrimental to health and is known to cause methemoglobinemia in infants
and adults (47, 48). In 2006, 1.9 million people in the US were predicted to use drinking water
from private wells with >5 mg/L (0.08 mM) nitrate (42). Additionally, nitrate persistence in rivers
can increase nitrate eutrophication near major river outlets resulting in algal blooms, hypoxia, and
dead zones (18, 43).

Mo is a key element in the global nitrogen cycle (Figure 2.1A). It is the catalyst in three
enzyme-based processes, Na-fixation (nitrogenase), nitrification (nitrite oxidoreductase),
denitrification (nitrate reductase) and dissimilatory nitrate reduction to ammonium (DNRA; nitrate
reductase) (20). In fact, low environmental and/or dietary Mo appears to promote oral (113),
esophageal (114, 115) and gastric (116) cancers in humans due to decreased reduction of nitrate
and nitrosamine. In natural environments, the concentration of Mo can limit the efficiency of key
Mo-dependent reactions (23, 24). Thus, natural or anthropogenic processes that deplete aquatic
environments of Mo may have profound effects on the rate of steps in the global nitrogen cycle
(20).

The major soluble form of Mo in natural environments is as the oxyanion molybdate
(Mo0O4*) (142). However, there are several ways in which soluble molybdate can be removed from
the environment, including by binding to existing insoluble minerals or by being incorporated into

insoluble minerals as they are formed. For example, molybdate is precipitated from sea water in
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the form of molybdenum-iron-sulfur compounds present in black shales and sea sediments (118).
Molybdate is also known to bind to insoluble organic matter in top soils (119). In addition,
molybdate can be incorporated into hydrotalcite minerals that are formed by the precipitation of
iron (Fe) and aluminum (Al) oxy/hydroxides (121-123). Molybdate can also adsorb directly to
insoluble minerals such as ferrihydrite (Fe>O3.xH>0O) and gibbsite (Al(OH)3) (124, 125). This Mo
depletion process caused by iron or aluminum minerals is pH-dependent where molybdate
concentration decreases as the pH increases from pH 3.1 to 6.3 for Fe precipitates, or from pH 5.5
to 6.7 for Al precipitates (121-125). However, it is not clear if these mechanisms are effective at
depleting molybdate from solution in a regime that limits Mo bioavailability in natural
environments (26).

At Oak Ridge Reservation (ORR) in Tennessee, USA between 1951 and 1983, the US
government disposed of millions of liters of waste containing nitric acid and toxic metals. The
waste generated from uranium operations at the Y-12 Plant was discarded into four unlined earthen
reservoirs referred to as the S-3 ponds (~9.5 million liters per pond) (126). In 1978, the pH values
of the ponds ranged from 0.8 to 5.3 and contained nitrate at concentrations up to 1.2 M (126).
Metals present included iron up to 21 mM, aluminum up to 178 mM and uranium up to 1.3 mM
(126). In 1983, in an effort to clean-up the waste site, the pH in the S-3 ponds was adjusted to
about 9 (126, 127). The sludge that formed was allowed to settle and the liquid waste was removed
(126). In 1988 the 1-m-thick sludge was stabilized with coarse aggregates and the S-3 ponds were
filled and capped with a parking lot (127). In 1997, an analysis of the groundwater in 46 wells
surrounding the parking lot revealed that there was a plume of nitrate that extended approximately
1 km to a depth of over 100 m (128, 129). In the most recent survey at ORR in 2015, groundwater
from wells in the contamination plume were still at low pH range (pH 3 to 5) and contained high

concentrations of nitrate (up to 230 mM) and various metals, including uranium (up to 0.6 mM)
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(26, 130). Interestingly, of 26 metals analyzed, molybdenum (Mo) was the only metal that had a
lower median concentration (<<I nM) in the highly contaminated wells compared to pristine wells
(up to 330 nM) (26). In essence, the highly contaminated wells were depleted in Mo and the reason
for Mo depletion and its possible biological effects are the focus of the present study.

In the ORR contaminated environment many factors could limit microbial activity
including low pH, fluctuations in dissolved oxygen and the availability of reduced carbon (143-
145). We previously proposed that low concentrations of Mo observed in the contaminated
environment could limit microbial nitrate reduction (26). Herein we seek to examine the cause of
Mo-depletion in the contaminated environment. We propose an environmental model in which
molybdate depletion is a result of adsorption and/or incorporation of Mo into Fe and Al minerals
that form as the pH of contaminated acidic groundwater increases through mixing with the
surrounding neutral groundwater and sediment (Figure 2.1B). Evidence supporting the Fe- and Al-
dependent Mo-depletion model is provided including synthetic groundwater studies and metal
analysis of vertical soil cores drilled in an ORR non-contaminated site and a contaminated area
near the S-3 ponds. Importantly, we demonstrate that Fe- and Al- induced Mo- depletion results in
a Mo concentration regime that limits microbial nitrate reduction by the ORR groundwater isolate

Pseudomonas fluorescens strain N2A2.

26



Results

Concentrations of nitrate, Mo, Al and Fe in ORR groundwater

In a previous study, groundwater samples from 93 ORR wells were analyzed for multiple
geochemical parameters (130). The concentrations of nitrate, Al, Fe and Mo, as well as the pH of
those groundwater samples are re-analyzed and plotted in Figure 2.2. There is a subset of
groundwater samples from wells located near the S-3 ponds that are highly contaminated with
nitrate (>1 mM) and are very acidic (pH < 4). These samples have much lower Mo concentrations
(<<1 nM) compared to samples from pristine wells, located over 3 km from the S-3 ponds, (pH>6
and nitrate concentration <0.80 mM), where Mo concentrations reach up to 300 nM (Figure 2.2A
and Figure S2.1). The groundwater samples from these highly contaminated wells have Fe
concentrations less than 3 uM while Al concentrations are as high as 20 mM (Figure 2.2B and
Figure 2.2C).
Abiotic depletion of trace MoO42 with Fe** or AI*" precipitation

To test our Mo depletion model in the laboratory, Fe or Al treatment experiments were
carried out with synthetic groundwater to determine if we could simulate Mo removal by Fe** and
Al precipitation. Specifically, the synthetic groundwater contained oxyanions that might compete
with molybdate (3.1 mM HCOs™ and 15.2 mM SO4*), together with cations (8.9 mM Mg?*) known
to promote the formation of Fe- and Al-based minerals (hydrotalcites). These oxyanions and
cations were added at concentrations mimicking what was measured in highly contaminated
groundwater samples from wells near the S-3 ponds (130). Both the Fe and Fe+Al treatments were
extremely efficient in depleting the synthetic groundwater of molybdate. As shown in Figure 2.3A,
the Fe(NO3); (20 mM) introduced a high concentration of contaminating Mo (47 nM) to the
synthetic groundwater. When the pH was adjusted from 2.3 to 4.0, almost all Fe was removed

from the solution, with only about 12 uM of the 20 mM remaining after Fe treatment and about 13
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uM after Fe+Al treatment. At the same time, the Mo was depleted to below the detection limit (<5
pM) of the ICP-MS instrument after both Fe and Fe+Al treatments. When the pH was increased
to 6.7, only 0.28 uM and 0.47 uM Fe remained in solution after Fe and Fe+Al treatments,
respectively. Correspondingly, the Mo concentrations measured were 170 pM and 556 pM. We
determined that the additional Mo was introduced as a contaminant from the trace grade NaOH
that was used to adjust the pH (Figure 2.3 A, left panel). It should be noted that the solubility of
molybdate is independent of pH over this range (pH 4.0-6.7) and is unaffected by the pH
adjustment in the control solutions (without added Fe, Figure 2.3B).

Al was not as efficient as Fe or Fe+Al at removing low concentrations of Mo from synthetic
groundwater at pH 4.0 or at 6.7. Addition of Al (as the nitrate salt) introduced only 3.5 nM Mo as
a contaminant. When the pH was increased to 4.0 after Al addition (from pH 3.8), only a small
fraction of the Al precipitated changing the concentration from 19.7 mM to 15.3 mM. Accordingly,
the Mo concentration decreased from 3.5 to 2.2 nM. Increasing the pH to 6.7 dramatically
increased Al precipitation with only 6.1 uM remaining in solution (from 15.3 mM), but the Mo
concentration only decreased to 1.7 nM (from 2.2 nM; we estimate that 10% of this difference was
introduced as a contaminant from the NaOH) (Figure 2.3A, middle panel). As shown in Figure
2.3A, when both Al and Fe were present in synthetic groundwater, the results appeared to be
additive and there were no dramatic synergistic effects caused by both metals precipitating from
the same solution, especially at pH 4.0, only about 1.0 mM Al precipitated out of 10.3 mM present
in the synthetic groundwater.

Several anions, including NOs, HCOs", SO4* and CI', are present in the ORR groundwater
(130) and were added to the synthetic groundwater in the experiments above. In this case, the
synthetic groundwater contained one of the following ions: sulfate (15.2 mM), bicarbonate (3.0

mM), phosphate (5.0 mM) or chloride (10.5 mM) or a combination of sulfate (15.2 mM),
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bicarbonate (3.0 mM) and chloride (10.5 mM) (Table S2.1). As shown in Figure S2.2A, depletion
of Mo by Fe treatment was more or less independent of the presence of the anions, as all Mo
concentrations decreased from approximately 50 nM to less than 400 pM. However, sulfate
inhibited molybdate depletion in Al treatment as the Mo concentration was 2.2 nM (sulfate only)
and 3.4 nM (combination of sulfate, carbonate and chloride, SCC). Hence, sulfate interferes with
Mo removal by Al precipitation, but not Fe precipitation which explains why nM levels of Mo
remained in Al-treated synthetic groundwater even at pH 6.7 (Figure 2.3A).

We next addressed the question of whether molybdate could also be adsorbed by pre-
formed Fe or Al precipitates from synthetic groundwater. As shown in Figure 2.3B, at pH 4.0 the
pre-formed Fe-precipitates scavenged Mo from solution and decreased soluble Mo from 10 nM to
200 pM. At pH 6.7 the Mo concentration decreased further to less than 5 pM (below the detection
limit). The pre-formed Al-precipitates were less effective in removing Mo, decreasing the
concentration to 6.9 nM at pH 4.0 and to 3.7 nM at pH 6.7. Importantly, the pre-formed Al
precipitate did not impede Mo uptake by the pre-formed Fe-precipitate at pH 4.0 but they did
prevent Mo adsorption by the pre-formed Fe-precipitate at pH 6.7, resulting in a concentration of
remaining Mo 5-fold higher (2.0 nM) in samples with both Fe and Al precipitates (Figure 2.3B).
Fe precipitation in synthetic groundwater at low pH is more efficient than Al precipitation, which
is consistent with the observation that no significantly high concentrations of Fe (>10 uM) were
detected in any of the contaminated wells while much higher concentrations of Al were measured
(up to ~20 mM; Figure 2.2). The data presented here therefore suggest that Mo depletion in ORR
groundwater is predominantly a result of both incorporation and adsorption to Fe-based
oxyhydroxides precipitates, but that Al-based precipitates could also play a role.

Co-occurrence of recalcitrant Mo with Fe and Al in contaminated ORR sediment
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In order to analyze Mo concentrations and its bioavailability in ORR sediment, a sediment
core adjacent to the S-3 ponds contamination source (EB-106) and a sediment core not
contaminated by the S-3 plume (EB-271) were obtained. The cores were divided into 23 cm
segments by depth (800 cm and 450 cm total), which were extracted and analyzed for metals using
the modified BCR three step sequential extraction procedure (144) that involves a series of
increasingly harsh treatments to release metals from the sediment. As shown in Figure. S2.3A and
Figure S2.3C, Mo was not detected in the weak acid extracted fractions (pH 3.0) of the first
extraction step or in the reducible extraction fractions for either core. Low amounts of Mo (< 2
mg/kg and <0.7 mg/kg, respectively) were released in this final and much harsher extraction step
of the contaminated and non-contaminated cores. There was some Mo in the vadose zone of both
wells (100 cm depth and 194 cm depth) of the cores that may have been associated with organic
matter. There were also three Mo concentration maxima centered at 501, 583 and 674 cm depth in
the saturated zone of the contaminated core (Figure S2.3A and Figure S2.3B) and a feature of Mo
extending into the saturated zone of the non-contaminated core from 331-444 cm depth (Figure
S2.3C and Figure S2.3D).

Total metals were also measured for both sediment core segments using a separate
microwave digestion procedure by nitric acid (Figure S2.3A and Figure S2.3C). Importantly, for
the non-contaminated core, similar amounts of Mo were measured by the two different procedures
(Figure S2.3C). Conversely, for the contaminated core, ~60% more Mo was measured in the
vadose zone and approximately 2-3 fold increased Mo was measured in the 3 saturated zone
maxima by the total digestion method compared to the oxidizing step of the sequential extraction
procedure (Figure S2.3A). This result suggests that there is a population of highly recalcitrant Mo
in the contaminated core that is only observable with total digestion of the sediment in nitric acid

that is not present in the non-contaminated core.
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The concentrations of Fe and Al found in the contaminated ORR sediments by the total
extraction method are shown in Figure S2.3B, along with those for Mo. The Fe data show that
there is one major maximum and several minor ones, and while the Al data show more variation
between the triplicate environmental samples, there are clearly several major concentration
maxima. Interestingly, of the three major Mo maxima in the saturated zone, two of them (501 and
583 cm) correspond to major (501 cm) and minor (583 ¢cm) maxima for both Fe and Al. The major
Mo concentration maximum at 674 cm does not appear to correlate with either of the other metals.
For the non-contaminated core no significant maxima of Mo correspond to those of Fe or Al
(Figure S2.3D).

Nitrate removal limited by Mo depletion

To test the impact of Fe- and Al-dependent Mo depletion on microbial action (Figure
2.1A), the nitrate removal activity of a denitrifying microorganism isolated from ORR
groundwater, Pseudomonas fluorescens N2A2, was investigated after its growth medium was
depleted of Mo by Fe- or Al-based precipitation (Table S2.1). The measured Mo concentrations in
the growth media decreased from 32.7 nM to 400 pM as a result of Fe treatment and from 13.7
nM to 800 pM as a result of Al treatment (Table S2.2). Strain N2A2 grew very poorly in both of
these Mo-depleted media compared to the standard medium containing 10 nM Mo (Figure 2.4A).
However, growth was almost fully restored upon the subsequent addition of 10 nM MoO4*,
showing that the Fe- and Al-induced precipitation did indeed inhibit growth by removing soluble
Mo (Figure 2.4A). However, Mo addition did not restore growth completely (Figure 2.4A), so it
is possible that the Fe- and Al-treatments decreased the concentration of one or more of the other
medium components required for optimal growth of strain N2A2 (Figure 2.4A).

While removal of soluble Mo by Fe- or Al-induced precipitation clearly impacts microbial

growth, a more fundamental question is whether these processes also lead to a decrease in the
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ability of the ORR microorganism to catalyze nitrate removal with nitrate reductase, a Mo
dependent enzyme that also contains Fe (146). As shown in Figure 2.4B and 2.4C, this conjecture
proved to be the case. N2A2 cells in the Fe-treated medium (containing 400 pM Mo) removed
only 16% of the nitrate that was initially present (60 mM), while more than 95% of the nitrate was
removed by cells in the untreated medium (containing 10 nM Mo). About 40% of the nitrate was
removed by cells in the Al-treated medium (containing 800 pM Mo). When Mo was added back
to both the Fe- and Al-treated media, more than 80% of the nitrate was removed showing that Mo
depletion was the cause of the nitrate removal deficiency in Fe and Al treated media (Figure 2.4B).

Molybdenum is part of the catalytic site of nitrate reductase and the catalytic activity of the
enzyme is directly related to its Mo content (69, 147). Consequently, one would expect the amount
of nitrate removed by N2A2 in a given environment to be directly related to the catalytic activity
of its nitrate reductase and hence its Mo content. As shown in Figure 2.4C, this expectation was
the case. The total catalytic activity (units/mg of total cellular protein) of nitrate reductase was
initially proportional (in early log phase, 28 h) to the Mo concentration in the medium. That is,
cells had up to four-fold higher nitrate reductase activity in media that had not been Mo depleted,
or that had been supplemented with Mo after Fe- or Al- treatment (Figure 2.4C). For example, the
highest nitrate reductase activity is about 60 units/mg in Fe-treated media with Mo
supplementation while only about 15 units/mg activity was detected in Fe-treated media at 28 h.
However, the cellular production of the nitrate reductase protein is dependent upon the nitrate-
content of the medium (148, 149) so in Mo-sufficient media the specific activity of the enzyme
decreases as the nitrate is removed (at middle log phase, 53 h, and early stationary phase, 73 h,
Figure 2.4C). In contrast, in the Fe- and Al-depleted media, the specific activities of the enzyme
do not change dramatically and remain low over time. Hence, with abundant Mo, the specific

activity of the nitrate reductase reflects the amount of nitrate reductase protein that is produced. In
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contrast, in Fe- and Al-treated media, the measured nitrate reductase activity reflects the prevailing
Mo-depletion conditions, independent of the nitrate concentration or the amount of nitrate
reductase protein. Mo is therefore the key to catalytic activity and thus to efficiency in the nitrate

removal process.
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Discussion

This study combines Mo depletion in acidic and metal contaminated ORR groundwater
and nitrate reduction by microorganisms into one environmental model. The liquid in the S-3
ponds was highly acidic (pH < 0.8) as a result of the high concentrations of contaminating nitric
acid present. The results presented herein show that Fe** and AI’* are effective at removing
molybdate from solution, even at the extremely low (<10 nM) starting concentrations found in the
ORR environment. Mo removal at ORR appears to occur as a result of either adsorption onto pre-
formed Fe- and Al-based oxy/hydroxides or by incorporation into Fe- and Al-based minerals that
form as the pH of the acidic groundwater gradually increases (to pH > 3) as it flows into the
surrounding sediment (126, 127, 130).

The sediment at ORR is rich in Fe-oxides (150, 151) and acidic dissolution of magnetite
occurs in nitric acid at pH < 2.0 (152, 153). This Fe** in turn would precipitate when the pH
increases as a result of dilution with fresh groundwater or by interactions with carbonated soils
thereby scavenging soluble Mo (127). We show here that Fe** is extremely effective at removing
soluble Mo from synthetic groundwater at pH values as low as 4.0, while a pH closer to neutral is
required for AI** to scavenge Mo. That iron rather than aluminum is the primary driver of Mo
depletion in the ORR environment is consistent with our elemental analyses of the contaminated
ORR wells (pH <5.0), in which the Fe concentrations are extremely low (WM range) but Al persists
(mM range) and Mo is virtually undetectable. We contend that Fe precipitation at low pH has
already removed Mo from the groundwater of the highly contaminated wells near the S-3 ponds.
In addition, the measurement of a recalcitrant population of Mo that could only be observed when
sediment was completely digested in nitric acid that was present in the contaminated but not the

non-contaminated core supports our environmental model. That several of the Mo concentration
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maxima (at 501 cm and 583 cm depth) observed in the contaminated core coincide with Fe and Al
maxima also supports the model.

We show here that pH-induced precipitation of Fe-oxy/hydroxides, and to a lesser extent
those that are Al-based, cause depletion of soluble Mo resulting in Mo concentrations in the low
pM range and in many cases beyond the detection limit (<5 pM). While such low Mo
concentrations are consistent with those measured in the highly contaminated groundwater at
ORR, they are also at the limits of experimental design, particularly when attempting to grow
microorganisms in the laboratory. Mo is a contaminant in virtually all chemicals used in microbial
growth media, especially in SO4*, PO4*, Fe*" and HCOs", which are added to Mo-depleted media.
Even though we used trace grade chemicals, Mo was still introduced to the media as a contaminant
at concentrations greater than 100 pM. In other words, it was nearly impossible to reproduce the
extent of Mo limitation in the highly contaminated ORR groundwater in the laboratory because of
unavoidable Mo contamination in commercial chemicals.

Thus, the lowest Mo concentrations we could prepare experimentally for growth
experiments involving the ORR-denitrifying strain Pseudomonas fluorescens N2A2 were in the
100 pM range, which was sufficient to demonstrate a negative impact on nitrate reduction. Yet,
the Mo concentration in highly contaminated ORR groundwater is less than 10 pM, which is at
least one order of magnitude lower than what we can simulate in the laboratory. Mo availability
consequently has the potential to be a major limitation for the removal of nitrate by
microorganisms in the ORR environment. Other potential barriers to nitrate reduction in the
contaminated ORR environment include sources of reductant for denitrification (either organic or
inorganic), the acidic conditions and the effects of heavy metal contaminants. Oxygen in sediments
and groundwater can also affect denitrification, because oxygen is known to inhibit the

transcription or the metabolic activity of related enzymes in most denitrifying microorganisms
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(146, 154). Natural microbiota can affect major geochemical cycles like the nitrogen cycle (155,
156), however inadequate metagenomic studies on sediment microbial communities in the ORR
contaminated area leave unanswered questions about the relationships between these microbial
communities and the environment. While denitrifiers or denitrifying communities that can survive
at low pH or in the presence of certain heavy metal contaminants have been studied (157-160),
conditions at the ORR site are extreme because of the complex contamination of multiple heavy
metals combined with high concentrations of anions like nitrate, sulfate and chloride, as well as
low pH (3 to 5). From the results presented herein, we contend that Mo limitation is another factor
that could be impacting microbial nitrate reduction at ORR. Isolation of a nitrate-reducing
microorganism able to grow in the presence of the high concentrations of a range of heavy metals
found in some of the ORR wells, such as FW-126 (130), that is also able to utilize Mo at low pM
or even fM concentrations would be of great interest.

Natural Mo concentrations in groundwater are rarely seen in the pM range like they are in
the ORR contaminated groundwater. Typically, Mo concentrations range from several nM to
hundreds of nM (65). However, low Mo concentrations have been observed, such as in the Wadden
Sea and Boston Harbor (< 20 nM) and the Yorkshire Chalk aquifer (< 10 nM). The low Mo
concentrations at these sites were proposed to be the result of Fe sedimentary mineralization and/or
Mn oxide immobilization under sulfate-reducing conditions (161-163). Low Mo concentrations (<
5 nM-70 nM) resulting from the lower solubility of molybdate at low pH have also been reported
in naturally acidic groundwater (pH 2.4-2.9) (164). While the ORR environment can be considered
unique, acid mine drainage (AMD) forms a similar highly acidic, metal-rich environment, which
is generated from the drainage of pyrite oxidation and results in sulfuric acid and ferric iron

contamination (165). Like the ORR plume, AMD is neutralized by mixing and dilution with nearby
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soils and groundwater. AMD can also dissolve aluminum, iron and other metals from various
minerals and in general has high concentrations of Fe** and/or AI** (165, 166).

To date, most remediation studies of AMD have focused on how to decrease the
concentrations of Fe**, AI**, SO4> and various toxic metals (167). However, we propose that
anthropogenic neutralization of AMD will also deplete Mo as Fe- and/or Al-based minerals form,
as occurred at the ORR site. This process could disrupt the nitrogen cycle at the AMD site by
decreasing nitrate removal and/or nitrogen fixation (Figure 2.1) (23, 24, 151). In a previous study,
the denitrification rate of sediment and surface water microcosms from AMD-impacted sediment
decreased significantly when Fe**/Fe** was added, the pH values of which were between 3.17 to
4.52 (168). Based on the Mo depletion model proposed in our study, soluble MoO4* in the tested
microcosms from the AMD-impacted environment would have been depleted by Fe precipitation
that occurred when the pH increased, thus inhibiting nitrate reduction in the AMD-community.
The lack of soluble and available Mo may decrease the rate of natural nitrate removal from
contaminated groundwater via denitrification, particularly when appropriate electron donors are
present. In addition to limiting nitrate reduction by a single organism as shown in this study, a lack
of Mo may shift the microbial community structure such that other growth modes are more
energetically favorable and become dominant, similar to what was found in estuarine environments
(25). It might be expected to take longer to re-establish nitrate to non-contaminant concentrations
in these Mo-depleted environments (169).

The depletion of Mo in groundwater and freshwater environments could have additional
environmental consequences. For example, Mo depletion in agricultural soils containing nitrate-
based fertilizers could decrease denitrification rates compounding nitrate contamination issues
(23). In addition, release of nitrate contaminated freshwater into the ocean results in eutrophication

of nitrogen-limited estuarine and coastal ecosystems causing the spread of dead zones and hypoxia
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at affected river outlets (43, 170). Moreover, limitation of nitrogen fixation by Mo availability
could be relevant in areas without nitrate contamination. While environmental acid and metal
contamination are clearly critical environmental concerns, it is important to also consider what
nutrients are depleted as these contaminants are removed. The depletion of Mo in metal-rich acidic
environments may be a key concern that needs to be considered in returning nitrate-contaminated

environments to their natural state.
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Experimental Procedures

Molybdate depletion by iron or aluminum active precipitation

The synthetic groundwater composition was based on the previously published data (130)
on the major inorganic ions measured in the highly contaminated well FW-126 (located 11.3
meters down gradient from the S-3 ponds, see Table S2.1). Synthetic groundwater contained
Mg(NO3)2 (8.9 mM), Na;SO4 (15.2 mM), NaHCOs (3 mM) and NaCl (10.5 mM). This data was
based on the ion concentrations measured from contaminated groundwater (well FW-126; Table
S2.1). It is important to note that Mo was not added to any of these solutions. The Mo that was
present (up to approximately 50 nM in Fe(NO3); (20mM)) originated as a contaminant in the
various chemicals that we added to the solutions. Synthetic groundwater was acidified to pH 2.3,
3.8 or 2.6 by addition of trace metal grade Fe(NO3); (20mM) (99.995% trace metal basis,
MilliporeSigma, Missouri, USA), AI(NO3); (20 mM) (99.997% trace metal basis, MilliporeSigma)
or a combination of Fe(NO3); (10 mM) and AI(NOs3); (10mM), respectively, to give a final
concentration of 60 mM nitrate in each case. These acidifications were followed by precipitation
of Fe or Al at pH 4.0, which was chosen to mimic the pH of the contaminated groundwater in well
FW-126, or pH 6.7, which was used to simulate the neutralization of the contaminated
groundwater by mixing with soils and neutral uncontaminated groundwater, induced by the
addition of trace grade NaOH (99.99% TraceSELECT, Honeywell Fluka, Michigan, USA) and
samples were allowed to settle for 30 min at room temperature. These procedures will be referred
to as “Fe treatment”, “Al treatment” or “Fe+Al treatment”. Aliquots were taken prior to and after
the pH adjustment, centrifuged (5,000 x g, 20 min) and the concentrations of dissolved Fe, Al and
Mo before and after Fe treatment, Al treatment and Fe+Al treatment were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) to determine the effect of the treatment on Mo

concentrations.
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To investigate the effects of different anions on Mo depletion by Fe or Al precipitation,
single anions Na>SO4 (15.2 mM), NaHCO3 (3 mM), NaH2PO4 (5 mM) or NaCl (10.5 mM) or
anion combinations of NaxSO4 (15.2 mM), NaHCO3 (3 mM) and NaCl (10.5 mM) (SCC) were
included exclusively in Fe(NO3)3 (20 mM) or AI(NO3)3 (20 mM) solutions with Mg(NO3)> (8.9
mM), as Mg?* is the major divalent cation in the ORR monitoring well FW-126 groundwater.
Where indicated, molybdate was added as (NH4)>Mo0O; at final concentrations of 50 nM and 10
nM prior to the Fe or Al treatments, respectively, to provide a Mo concentration where changes
could be easily measured. Then different solutions were adjusted to pH 6.7 to induce the
precipitation of Fe and Al in 15 ml acid washed falcon tubes. Samples were incubated at room
temperature for 30 min. Samples before the treatments and supernatants after treatments were
collected for metal analysis by ICP-MS in order to determine the effect of anion interferences on
Mo depletion at starting trace levels (pM to nM) of Mo concentration.

Molybdate adsorption to aluminum or iron precipitates

Fe(NO3)3 (20 mM), AI(NO3)3 (20mM) or a 1:1 ratio thereof (10 mM Fe(NO3); and 10 mM
AI(NO3)3) were added to synthetic groundwater solutions. The pHs of the mixtures were adjusted
to either pH 4.0 or pH 6.7 by addition of NaOH (99.99% TraceSELECT). The solutions were then
centrifuged at 5,000 x g for 20 min to remove the Fe and/or Al precipitates and 10 nM (NH4)>MoO4
was added to the supernatant fractions and these were divided into two parts. One was mixed with
the precipitate obtained from the prior centrifugation step and the other served as a control (with
added Mo but with no precipitate). After equilibration for 16 hours, the solutions were centrifuged
at 5,000 x g for 20 min, and the supernatants were analyzed by ICP-MS.

Growth of Pseudomonas fluorescens N2A2 in molybdate-depleted media
The standard growth medium contained 1.3 mM KCI, 2 mM MgSOs, 0.1 mM CaCl,, 0.3

mM NaCl, 30 mM NaHCO3, 5 mM NaH;PO4 and 20 mM NaNOs; with vitamins and minerals as
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described by Widdel and Bak (171) except that molybdenum and tungsten were omitted.
Glutamine (20 mM) was used as carbon source. Mo limited media were generated based on the
standard medium and by using the Fe- or Al-treatments described above. Glutamine (20 mM),
which is neutral, was used as carbon source instead of lactate to avoid interference with Mo
depletion. Mo depleted medium solution which contained 1.3 mM KCI, 2 mM MgSQO4, 0.1 mM
CaClz, 0.3 mM NaCl and 20 mM glutamine, 10 nM (NH4)>MoO4 with vitamins and minerals was
mixed with either Fe(NO3); (20 mM) or AI(NO3)3 (20mM). The solutions were adjusted to pH 6.7
from pH 2.1 for Fe and pH 3.5 for Al to induce their precipitation. Then the supernatants were
supplemented with Fe(NO3)s (7.4 uM), Na,SO4 (2 mM), NaHCO3 (30 mM) and NaH>PO4 (5 mM)
which are required for N2A2 growth. NaNO; (60 mM) was used in untreated media to introduce
nitrate. Untreated media, Fe/Al treated media and replete Fe/Al treated media with 10 nM MoO4*
added back in were inoculated with 1% (vol/vol) of Pseudomonas fluorescens N2A2 previously
grown anaerobically in medium without added Mo on glutamine at 28 °C. Samples were collected
from pre-Fe/Al treatment solutions, post Fe/Al treatment solutions, post Fe/Al treatment solutions
with N2A2 cells and post Fe/Al treatment solutions with N2A2 cells and replete Mo for ICP-MS
metal analysis. Growth of N2A2 in untreated, Fe- or Al- treated, and Fe- or Al- treated and
supplemented with 10 nM MoO4* media were compared as indicated. Each growth was performed
in triplicate and samples were collected every 5 h for the analyses described below.
Nitrate and nitrite measurements

Nitrate and nitrite were measured by the Griess colorimetric assay as previously described
(172). Samples were removed from growing cultures, centrifuged in a microcentrifuge to remove
cells, and were assayed directly. Typically, 100 uL of diluted samples were mixed with 100 pL
Griess reagents (MilliporeSigma) and incubated at 37 °C for 1 h to determine the concentrations

of nitrite produced during growth. To reduce the remaining nitrate to nitrite, 50 uL of diluted
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samples were mixed with 40 pL saturated VCl; (400 mg VCIz in 50 mL 1M HCI). 100 pL of the
Griess reagent was added and the mixture was incubated at 37 °C for 4 h before measuring
absorption at 540 nm.
Nitrate reductase activity

Samples (5 ml) were removed from N2A2 cultures and cells were harvested by
centrifugation (10,000 x g for 5 min). The pellet was re-suspended in 100 pL of water and lysed
by sonication. The assay mixture (1.0 mL) consisted of 50 mM Tris/HCI buffer, pH 7.5, containing
0.5 mM methyl viologen and 1 mM potassium nitrate in an anaerobic sealed cuvette at 25 °C.
Sodium dithionite (4 mg/ml in 50 mM Tris-HCI buffer, pH 7.5) was added until an absorption at
578 nm of approximately 1.5. The reaction was initiated by the addition of the cell-free extract and
nitrate reduction was monitored by the oxidation of reduced methyl viologen (173). One unit of
total nitrate reductase activity catalyzed the reduction of 1 pmol of nitrate /min.
Metal analysis

Synthetic groundwater samples, processed sediment samples or culture samples were
vortexed then diluted into 2% (vol/wt) trace-grade nitric acid (VWR, Pennsylvania, USA) in acid-
washed polypropylene tubes and stored overnight at 4 °C. Samples were analyzed using an Agilent
7900 ICP-MS fitted with MicroMist nebulizer, UHMI-spray chamber, Pt cones and an Octopole
Reaction System (ORS) collision cell (Agilent Technologies, California, USA). The external
calibration standards, [V-ICPMS-71A (Inorganic Ventures, Virginia, USA) and IV-ICPMS-71B
(Inorganic Ventures, Virginia, USA), were used to create an 11-point curve from 0 — 500 (or 1000)
ppb for each element and the internal calibration standard, IV-ICPMS-71D (Inorganic Ventures,
Virginia, USA), was added to each sample. The data were collected as a 3-point peak pattern, 3
replicates, 100 sweeps/rep and various integration times (all > 0.3 s) with either no gas or He gas

in the ORS collision cell. Data was processed using the nearest internal standard by mass and fitted

42



to a linear curve though the calibration blank. Where indicated, environmental or biological
replicates where averaged and reported with standard deviations (SD). The detection limits (DL)
were calculated as three times the standard deviation of the calibration blank. All sediment data
are reported in mg/Kg (i.e. ppm) and other data are reported in molar concentrations (i.e. mM -
pM).
ORR sediment coring

The 800 cm vertical sediment core, EB-106, was located 21.1 m downstream from the
southern corner of the S-3 pond, in an extremely contaminated region referred to as Area 3 (174,
175). The contaminated core (EB-106) is located 21.1 meters from the edge of one of the ponds
and 10.2 meters from well FW-126. The sediment core spanned the vadose (0-300 cm), capillary
fringe (300-350 cm) and saturated (350-800 cm) soil zones. The sediment was cored using a
Geoprobe 6610 DT (Geoprobe, Salina, KS) dual tube hydraulic push continuous coring machine.
The DT 350 that takes 8.9 cm diameter cores using PVC liners. The filled liners were cut in to ~22
cm segments at the field site and each end was immediately capped.
Metal extraction from ORR sediment core

The sediment core was cut into 23 cm sections, the end portion of each 22 cm segment was
discarded, and an internal sample was manually homogenized. The moisture content and dry mass
of three approximately one gram samples of homogenized sediment were obtained by drying
overnight in an oven at 102 + 2°C. Selected samples were then sequentially extracted for
bioavailable metals by the BCR three-step sequential extraction procedure (144), where the soil
was sequentially extracted with a weakly acidic (0.11 M acetic acid) solution, a reducing agent
(0.5 M hydroxylammonium chloride) and an oxidizing agent (8.8 M hydrogen peroxide at 85°C).
The first step involves extraction of the sediment with a weak acid (0.11 M acetic acid), which

removes any porewater metals as well as metals that are precipitated with carbonate and are easily
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solubilized (176). The second step is the subsequent reductive extraction by incubation with 0.5
M hydroxylammonium chloride, which will release metals bound to metal oxides (176). The third
step is oxidative extraction and involves digesting the sediment remaining from the reductive
extraction using 8.8 M H20O; at 85°C. This extraction also releases metals from organic matter,
such as high molecular weight humic compounds (176). Supernatants from the three extraction
steps were diluted 1:40 in 2% (vol/vol) nitric acid for ICP-MS analysis. An additional one gram
of soil (dry weight) from each segment was microwave digested in 10 mL of concentrated nitric
acid as described in EPA protocol 3051A (177) to determine the total metal content of sediment.
After microwave digestion, samples were diluted to 100 mL total volume with ddH20O. For ICP-
MS analysis, a one mL portion was diluted with 4 mL of ddH»O resulting in 2% (vol/vol) nitric
acid in the samples. These samples were further diluted 1:5 and 1:50 in 2% (vol/vol) nitric acid

before being analyzed by ICP-MS.
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Tables and Figures
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Figure 2.1 Mo in the nitrogen cycle and at ORR. (A) Mo-dependent steps in the nitrogen cycle
are indicated by bold black arrows while dashed arrows are independent of Mo (dissimilatory
nitrate reduction to ammonium, DNRA). (B) Model of Mo depletion at the ORR contaminated
site. The large background arrow indicates pH change of contaminated groundwater from lower
pH (red) to higher pH (pink to white). Two mechanisms of Mo depletion by Fe and/or Al

precipitates are proposed: incorporation and adsorption as indicated by blue arrows.
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Figure 2.2 Nitrate, Fe, Al and Mo concentrations in ORR groundwater samples at various pH

levels. (A) Nitrate and Mo concentrations in groundwater samples from different ORR wells. Each

data point represents a groundwater sample from a well. A total of 93 samples were taken from 80

wells. Different colors represent the pH of each well from low (in red) to high (in blue). The X

axis indicates the nitrate concentration of each sample in mM, while the Y axis indicates the Mo

concentration detected of each sample in nM. The concentrations are plotted on logarithmic scales.

Similar plots are drawn to show the relationship between Fe and Mo concentrations (B) as well as

Al and Mo concentrations (C) in groundwater from different ORR wells. All samples were

measured in duplicate and average values are reported. Wells that are pH>6 and have nitrate

concentrations <0.80 mM are considered pristine wells.
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Figure 2.3 Mo depletion in synthetic groundwater. (A) Mo depletion in synthetic groundwater
induced by Fe, Al or a combination of Fe and Al precipitation at pH 4.0 and pH 6.7. Mo
concentrations of three groups of samples at different pH are indicated by grey bars. The first bars
indicate Mo concentrations in synthetic groundwater before pH adjustment with the following bars

indicating Mo concentrations after pH adjustment and the pH for each sample is indicated below
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each bar. The concentrations of free Fe (red lines) and free Al (blue lines) are also indicated in this
figure in mM. (B) Mo adsorption to Fe-, Al- or a Fe+Al-precipitates at pH 4.0 (left) and pH 6.7
(right). Samples were first Mo depleted by the given treatment and pH to generate precipitates.
Then half of the supernatant for each sample was removed for the control (white bar), and the
remaining supernatant and precipitate was used as the sample (black bar). Additional Mo was
added to the control and sample, incubated overnight and then the soluble Mo was measured. *Mo

concentrations below the detection limit of ICP-MS
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Figure 2.4 Growth and nitrate consumption of ORR isolate N2A2 in Mo depleted and replete
media. (A) Growth curves of N2A2 in no treatment media (black line), Mo depleted media
resulting from Fe treatment (pink line) or Al treatment (light grey line), and in Mo replete media
after Fe treatment (red line) or Al treatment (dark grey line). Mo concentrations in different
cultures were measured by ICP-MS and indicated in Table S4.2. (B) Nitrate remaining during the
growth of N2A2 in Mo depleted and replete media. (C) Nitrate reductase activity of N2A?2 at early
log phase (28 h), middle log phase (53 h) and early stationary phase (73 h) under various growth
conditions. The total nitrate reductase activity is expressed as units/mg, where 1 unit equals to 1
pumol nitrate reduced/min. The colors of different samples in (B) and (C) are consistent with those

in (A). Arrows indicate the time points for enzyme activity assays.
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Figure S2.1 pH and dissolved Mo concentrations in groundwater samples from ORR.
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Figure. S2.2. Mo depletion by Fe- and Al-based precipitants with different anions. (A) Removal
of soluble Mo by Fe precipitation and inhibition of this process by environmentally relevant
anions: sulfate, bicarbonate, phosphate, chloride and a combination of sulfate, bicarbonate and
chloride (SCC). pH of the solutions was adjusted from about 2.5 (white bars, before treatment) to
6.7 (black bars, after treatment). (B) Depletion of soluble Mo by Al precipitation and inhibition of
this process by environmentally relevant anions: sulfate, bicarbonate, phosphate, chloride and a
combination of sulfate, bicarbonate and chloride (SCC). pH of the solutions was adjusted from

about 3.5 (white bars, before treatment) to 6.7 (black bars, after treatment).
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Figure S2.3. Mo, Fe and Al analysis in contaminated ORR sediment. (A)(C) Mo concentrations
extracted by different solubilization steps. Soil samples collected from EB-106 (A) and EB-271
(C) covered vadose (pink shading), capillary (light yellow shading) and saturated (blue shading)
zones. All extracted samples at various depths were prepared in triplicate and analyzed by ICP-
MS. Mo concentrations in acid fractions (pink line with triangles), reducing fractions (green line
with diamonds) and oxidizing fractions (tan line with squares) from sequential extraction of every
other segment are plotted. Total metal by microwave digestion (blue) is plotted for from every
segment. The dotted lines indicate the depths (501 cm and 583 cm) that Mo, Fe and Al peaks

overlap. (B)(D) Total Mo, Fe and Al concentrations in contaminated ORR sediment EB-106 (B)
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and non-contaminated sediment EB-271 (D). Mo (left, blue), Fe (middle, red) and Al (right, grey)

concentrations in total extraction samples from every segment.
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Table S2.1 Comparison of ion concentrations. lons added to the synthetic groundwater used in the
abiotic Al or Fe precipitation experiments (left panel). Ions added to standard medium for strain

N2A2 growth experiments (right panel).

Synthetic N2A2
Added Ions (mM) Added Ions (mM)
Groundwater Medium
"APY, Fe*'or AP + Fe** 20 AP or Fe** 0
Mg** 8.9 Mg** 2
Cr 10.5 Cr 1.7
HCOs 3 "HCO5 30
PO 5 PO 5
SO4* 15.2 'SO4* 2
*NO3 77.8 NOs 20

* Added to synthetic groundwater as 20 mM Al(NO3)3, 20 mM Fe(NO3)3, or 10 mM Al(NO3)s plus
10 mM AI(NOs); based on the precipitation experiment. YAdded post-Al/Fe treatment. SNot

detected. All concentrations are indicated in mM.

55



Table S2.2 Mo concentrations in different media. Mo concentrations in media with no treatment,
Fe treatment and Al treatment were analyzed by ICP-MS. NaNO; was used to supply nitrate to no
treatment media, while Fe(NO3)3/Al(NOs)3; was used to supply nitrate to Fe/Al treatment media.
Samples without treatment or before treatment are named “None” or “Pre”, samples after treatment
are named “Post”. “None + cell” or “Post + cell” represent non-treated medium or Fe/Al-treated
medium inoculated with N2A2 cells, and “Post + cell + Mo” samples represent Fe/Al-treated

medium inoculated with N2A2 cells plus 20 nM Mo.

Mo [nM | Mo [nM] SD
None 11.7521 0.2807
No treatment
None + cell 11.9598 0.2444
Pre 32.6553 0.9035
Post 0.2730 0.0775
Fe treatment
Post + cell 0.3927 0.0562
Post + cell + Mo 19.4673 0.5473
Pre 13.7253 0.6952
Post 0.6758 0.0683
Al treatment
Post + cell 0.7543 0.0859
Post + cell + Mo 19.3019 0.2657
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CHAPTER 3
DRAFT GENOME SEQUENCE OF BACILLUS SP. STRAIN EB106-08-02-XG196,

ISOLATED FROM HIGH-NITRATE-CONTAMINATED SEDIMENT 2
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Chandonia, Pavel S. Novichkov, Paul D. Adams, Adam P. Arkin, Terry C. Hazen, and Michael
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Abstract
Bacillus sp. EB106-08-02-XG196 was isolated from a high nitrate- and heavy metal-contaminated
site at the Oak Ridge Reservation (ORR). We report the draft genome sequence of this strain to

provide insights into the genomic basis for surviving in this unique environment.

The Oak Ridge Reservation (ORR) in Tennessee, USA, contains a site termed the S-3 ponds that
has been used for the disposal of waste liquids produced from the Y-12 nuclear plant and is
contaminated with nitrate and heavy metals (126). The groundwater at this site has a pH as low as
3.0 and contains up to 230 mM nitrate and high concentrations of over twenty different metals (26,
127, 130). In contrast, the concentration of the metal molybdenum, which is essential for nitrate
reduction by microorganisms, is lower in highly contaminated groundwater than it is in the
uncontaminated pristine groundwater (142, 178).

Strain EB106-08-02-XG196 (hereafter, referred to as XG196) was isolated from highly
contaminated ORR sediment core EB106 located 21 meters downstream of the S-3 ponds (178).
It was identified as a Bacillus sp. by 16S rRNA gene sequencing. The ORR sediment sample was
collected and processed under anaerobic conditions (178). Sediment samples (1 g) were incubated
anaerobically in 5 ml of a defined medium described (171). Mixed carbon sources (formate,
acetate, ethanol, lactate, succinate and glucose, 2 mM each) and 0.1 g/L yeast extract were used
for the enrichment. Cultures were incubated at room temperature for 2 — 7 days and then streaked
out on agar plates of defined medium. A single colony of strain XG196 was isolated and cultivated
for genomic DNA preparation.

XG196 genomic DNA was prepared using a ZymoBead genomic DNA kit (Zymo Research, CA,
USA). The Illumina sequencing library was made by shearing DNA to ~800 bp (Covaris, MA,

USA) and the KAPA HyperPrep kit (Roche, Basel, Switzerland) was then used to add Illumina-
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compatible adapters to the library. The genome was sequenced using Illumina HiSeq2500
platform. This generated 10,798,254 paired end reads of 151 bp each, totaling 1,630,536,354 bp,
with a genome coverage of 215x and an Nso value of 283,772 bp. The sequencing reads were
trimmed using Trimmomatic 0.36 (179) and assembled de novo using SPAdes v3.12.0 (180). An
initial genome annotation was performed using Prokka v1.12 (181) executed using KBase (182).
The KBase apps kb _trimmomatic version 1.2.13, kb SPAdes version 1.1.3, ProkkaAnnotation
version 2.0.3 were used for the corresponding steps in the pipeline. Default parameters were used
for all software unless otherwise specified. Species trees were built for the XG196 genome using
two KBase software packages, GTDB-Tk Classify v1.3.0 and Insert Genome Into Species Tree
2.1.10. Both rely on phylogenetic marker genes other than 16S rRNA and both identified Bacillus
niacini as having the most similar genome to XG196 (182). Finally, the KBase-derived assembly
was deposited into GenBank. Due to compatibility isues, the GenBank PGAP annotation pipeline
was re-run on the assembly to produce the final draft genome. We ran the RAST annotation
pipeline in KBase (version 0.1.1) on the GenBank-derived genome to classify features. The final
draft genome of strain XG196 contained 6,010,169 bp in 55 contigs longer than 500 bp with a
38.35% G+C content. A total of 5721 coding genes and 234 non-coding features were annotated,
which included 78 non-coding RNA genes, 42 non-coding regulatory features and 114 other non-

coding features.
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Data Availability

This Whole Genome Shotgun project has been deposited in GenBank under the accession number
JABWSY000000000 (https://www.ncbi.nlm.nih.gov/nuccore/ JABWSY000000000). The version
described in this paper is the first version (JABWSY000000000). The raw sequence reads have
been deposited in the SRA database under accession number PRINA633127

(https://www.ncbi.nlm.nih.gov/sra/PRJINA633127). All KBase analyses and data objects are

available in the KBase static narrative https:// kbase.us/n/60201/86.
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Abstract
A nitrate- and metal-contaminated site at the Oak Ridge Reservation (ORR) was previously shown
to contain the metal molybdenum (Mo) at picomolar concentrations. This potentially limits
microbial nitrate reduction, as Mo is required by the enzyme nitrate reductase, which catalyzes the
first step of nitrate removal. Enrichment for anaerobic nitrate-reducing microbes from
contaminated sediment at the ORR yielded Bacillus strain EB106-08-02-XG196. This bacterium
grows in the presence of multiple metals (Cd, Ni, Cu, Co, Mn and U) but also exhibits better
growth compared to control strains, including Pseudomonas fluorescens N2E2 isolated from a
pristine ORR environment under low molybdate concentrations (< 1 nM). Molybdate is taken up
by the molybdate binding protein, ModA, of the molybdate ATP-binding cassette transporter.
ModA of XG196 is phylogenetically distinct from those of other characterized ModA proteins.
The genes encoding ModA from XG196, P. fluorescens N2E2 and Escherichia coli K12 were
expressed in E. coli and the recombinant proteins were purified. Isothermal titration calorimetry
analysis showed that XG196 ModA has a higher affinity for molybdate than other ModA proteins
with a molybdate binding constant (Kp) of 2.2 nM, about one order of magnitude lower than those
of P. fluorescens N2E2 (27.0 nM) and E. coli K12 (25.0 nM). XG196 ModA also showed a 5-fold
higher affinity for molybdate than for tungstate (11 nM), whereas the ModA proteins from P.
fluorescens N2E2 (Kp (Mo) 27.0 nM, Kp (W) 26.7 nM) and E. coli K12 (Kp (Mo) 25.0 nM, Kp
(W) 23.8 nM) had similar affinities for the two oxyanions. We propose that high molybdate affinity
coupled with resistance to multiple metals gives strain XG196 a competitive advantage in Mo-
limited environments contaminated with high concentrations of metals and nitrate, as found at

ORR.
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Introduction

Molybdenum (Mo) is an essential metal for the growth of virtually all known life forms,
including humans, plants and microorganisms, as it is required for the function of several key
enzymes involved in the cycling of N, C and S (7, 183, 184). Tungsten (W), an antagonist of Mo,
is more uncommon in nature but required in some enzymes, most notably in archaea.
Physiologically-relevant oxidation states of Mo and W are +4, +5, and +6 (7). There are five
distinct enzyme families that use Mo and/or W, represented by nitrogenase (Mo only, although
some use vanadium), xanthine oxidase (Mo only), the sulfite oxidase (Mo only), DMSO reductase
(most family members use Mo, a few use W) and tungsten-containing oxidoreductase (WOR, W
only) (7, 68). In most microorganisms, molybdate is taken up into the cell by the molybdate ATP-
binding cassette or Mod transporter (ModABC), which can also take up tungstate (97, 185).

In the nitrogen cycle, Mo is utilized in three key steps, No-fixation (by nitrogenase), nitrite
oxidation (by nitrite oxidoreductase) and nitrate reduction (by nitrate reductase) (20). Hence Mo
is required for the biological removal of nitrate from contaminated environments as the reductase
is a key enzyme in both the denitrification (yielding N2) and dissimilatory nitrate reduction to
ammonium (DNRA) pathways (20). Consequently, in natural environments, the availability of Mo
can limit nitrate removal (23, 24). Mo limitation can also negatively impact nitrate removal in
contaminated environments, which can be caused by the extensive use of nitrate-containing
fertilizers, the release of nitrate-containing industrial wastes, as well as mining and other
anthropogenic activities leading to problems for human health and natural environments (18, 26,
35,43,47, 186, 187).

The Oak Ridge Reservation (ORR) in Tennessee, USA contains a nitrate-contaminated
waste site - the S-3 ponds. These are four adjacent (~9.5 million liters each) earthen reservoirs

used for the disposal of waste liquids that had been produced from the Y-12 nuclear plant for more

63



than 30 years (126). The waste liquids contained high, and potentially toxic, concentrations of
nitrate (up to 1.2 M) and a wide variety of metals, such as iron (up to 21 mM), aluminium (up to
180 mM), magnesium (up to 28 mM), and uranium (up 1.3 mM) (126). In 1983, the waste liquids
in the S-3 ponds were adjusted to about pH 9, and the precipitates formed were allowed to settle
before the liquid was removed (126, 127). In 1988, the S-3 ponds were filled and capped and now
serve as a parking lot (127). However, the area is still heavily contaminated and groundwater in
the contamination plume emanating from the former S-3 ponds is at low pH (as low as 3.0) and
contains high concentrations of nitrate (up to 230 mM), much higher than the surrounding pristine
groundwater (less than 32 uM) (39, 178). In addition, the contaminating plume has elevated
concentrations of over 20 metals, including uranium (up to 580 uM) (26, 130). In stark contrast,
extremely low concentrations of Mo (in the picomolar range) were measured in this highly
contaminated groundwater. It was demonstrated experimentally that the pM concentrations of Mo
in ORR contaminated groundwater were likely a result of molybdate adsorption and incorporation
into Fe- and Al-based minerals that are formed as the groundwater from the highly contaminated
area (pH < 1) mixes with the surrounding groundwater (142, 178).

Hence, a fundamental question is whether microorganisms that thrive in the unique ORR
environment contaminated with high concentrations of metals and nitrate, yet containing only
picomolar levels of Mo, have unique features that enhance Mo utilization. Herein, we describe the
characterization of a novel nitrate-reducing Bacillus, designated strain EB106-08-02-XG196
(hereafter X(G196), that was isolated from a sample of nitrate- and metal-contaminated ORR
sediment (EB-106) located 21 meters downstream of the S-3 ponds area (178). XG196 is resistant
to high concentrations of a metal mixture that was designed to mimic the ORR contaminated
groundwater. More importantly, it is also much less sensitive to Mo-limitation than other ORR

isolates, including four other EB-106 strains and a microbe obtained from a non-contaminated
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ORR environment. The molecular basis for the ability of XG196 to thrive under Mo-limited

conditions was investigated.
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Methods and Materials

Sampling and isolation of strains

An 8-meter-deep borehole of 8.9 cm diameter (designated EB-106) located 21.1 meters
downstream from the S-3 ponds area was drilled at ORR. The sediment was collected and cut into
22 cm segments under anaerobic conditions, as reported elsewhere (178, 188). For microbial
enrichment, sediment samples (1 g) were incubated anaerobically in 5 ml of a defined medium
(pH 7.0) containing 1.3 mM KCI, 2 mM MgS0O4, 0.1 mM CaCl,, 0.3 mM NaCl, 30 mM NaHCOs,
5 mM NaH;PO4 and 20 mM NaNOs, with added vitamins and minerals as described (171). A
mixture of 2 mM of different carbon sources (formate, acetate, ethanol, lactate, succinate and
glucose) and 0.1 g/L yeast extract was used as carbon sources. Metal mix (MM) was used to mimic
the metal contamination in the groundwater near the ORR S-3 ponds. MM (1x) resulted in final
concentrations in the media of 5 pM cadmium acetate (Cd(CH3COO),-2H,0), 100 uM manganous
chloride (MnCl>-2H20), 30 puM cobalt chloride (CoCl-6H>O), 100 puM nickel chloride
(NiCl2-6H20), 10 uM cupric chloride (CuCly:2H20), 10 pM ferrous ammonium sulfate
(Fe(NH4)2(SO4)2 -6H20) and 100 uM uranyl acetate (UO2(CH3COO),:2H>0) (Table S4.1). For
enrichment, all cultures were incubated anaerobically in anaerobic chamber (filled with 95% argon
and 5% hydrogen) at room temperature for 2 to 7 days in media containing either 1x, 0.5x or no
MM of final concentrations. Cultures with turbidity were streaked out on plates (1.5% agar) using
the same medium and were incubated at room temperature for single colony isolation. For purified
microbial strains, the sequences of their 16S rRNA genes were determined as described below and

compared with those in the BLASTN suite (https://blast.ncbi.nlm.nih.gov) using default

parameters (189).
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Nitrate reductase activity

Nitrate reductase activities of the EB-106 isolates were determined using whole cell suspensions
(190). Strains were grown anaerobically in Hungate tubes and cells were collected at mid-log phase
and early stationary phase, then 15 pL of 5 mg/ml chloramphenicol was added to 1.5 ml of culture
to inhibit protein synthesis. Cells were washed twice and re-suspended in buffer (50 mM phosphate
buffer, pH 7.2) and the ODsso was determined. 200 puL of cells were mixed with 25 pL of methyl
viologen (0.5 mg/ml) in an anaerobic sealed cuvette at 25 °C. 100 pL of reaction solution (4 mg/ml
NazS204, 4 mg/ml NaHCO3 and 100 mM KNO3) was added to start the reaction. In control reaction
buffer, NaxS>04 was replaced with water. After incubation at room temperature for 5 min, the
mixtures were vortexed in air to stop the reaction by oxidizing the electron donors (Na»S>04 and
reduced methyl viologen). The amount of nitrite produced was measured by adding 100 pL of
sulfanilic acid (1% w/v in 20% HCI) to 30 pL of each reaction mixture followed by 100 pL of N-
(1-naphthyl)ethylenediamine-HCl (1.3 mg/ml). The ODss of each sample supernatant was
measured and the amount of nitrite was calculated according to nitrite standards. The ODa42o of the
samples was also measured to account for light scattering by residual cells and cell fragments.
Nitrate reductase specific activity is expressed as units/ODgso, in which units are calculated using
the formula 100 X [ODs40- (0.72 x OD420)]/(T x V), T is time in minutes and V is reaction volume
in milliliters (141, 190).

Carbon sources utilization for anaerobic growth analysis

Growth on various carbon sources was determined at 25 °C under anaerobic conditions using the
standard medium lacking yeast extract and the organic mixture but containing either formate,
acetate, ethanol, lactate, succinic acid, fumarate, xylose, xylitol, glucose, fructose, maltose, sodium
benzoate, sodium 4-hydroxybenzoate, potassium sodium tartrate, proline, phenylalanine, arginine,

threonine, leucine, glutamate or glutamine (all at 2 mM) with and without nitrate (KNO3, 20 mM).
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Growth was measured in 400 pl wells on a 100-well plate (Bioscreen sterile plates
HONEYCOMB, Thermo Fisher Scientific, Massachusetts, USA) using a Bioscreen C (Thermo
Labsystems, Thermo Fisher Scientific, Massachusetts, USA) placed in a PLAS LABS anaerobic
chamber under a 5% H; and 95% Ar atmosphere. Optical density (ODeoo) of cultures in each well
were measured every 5 mins, after the plate was shaken using the Bioscreen C to resuspend cells.
Mo accumulation analysis

EB-106 isolates were grown in 500 ml of defined media with 1 uM Mo ((NH4)2MoQO4) and
harvested at mid log phase, washed three times with 10 ml of Tris buffer (Tris 50 mM, pH 8.0,
containing 100 mM NaCl) and then resuspended in Tris buffer. Cells were lysed by sonication,
then were spun down at 10,000xG for 15 min and the supernatants were used for further
centrifugation. The cytoplasmic extract (S100) was obtained after centrifugation at 100,000 x G
for 1 hour in a Beckman Coulter Optima L-90 ultracentrifuge. The membrane fraction was
resuspended in 2 ml of Tris buffer. Both S100 and membrane fractions were diluted (1:40) with
trace grade 2% nitric acid (VWR, Pennsylvania, USA) and incubated overnight prior to analysis
by inductively coupled plasma mass spectrometry (ICP-MS) analysis to quantify Mo (191, 192).
Protein concentrations were measured using the Bradford assay (Bio-Rad protein assay kit, Bio-
Rad, California, USA). The amount of Mo accumulated is expressed as nmoles per gram of protein
(nmol/g).

Molybdenum-limited growth

For the Mo-depleted medium, a solution was prepared that contained 1.3 mM KCI, 2 mM MgSOs4,
0.1 mM CaClz and 0.3 mM NaCl together with the vitamins and minerals described above except
that molybdenum and tungsten were not added (171). Fe(NOs)3 (20 mM) was then added, which
acidifies the solution to pH ~ 2.5. The pH was then adjusted to pH 6.7 using trace grade NaOH (2

M) to induce precipitation of ferric hydroxide. As previously described (178), the Fe precipitates
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any contaminating Mo present in the medium components. The Mo-depleted growth medium was
prepared by adding trace grade Fe(NO3); (7.4 uM), Na,SOs (2 mM), NaHCO; (30 mM) and
NaH;PO4 (5 mM) and inoculated with 1% (vol/vol) washed XG77, XG146, XG95, XG201 or
XG196 cells grown in media with no Mo added. Growth in this medium with and without added
Mo (0.1 nM, 0.5 nM, 1 nM, 5nM, 10 nM, 50 nM or 500 nM Na,MoQO4) was measured in quadruplet
using the Bioscreen C described above. Mo and W competition analysis of XG196 and P.
Sfluorescens N2E2 under nitrate reducing conditions were performed using the same media with
added Mo (0 nM, 5 nM, 50 nM, 500 nM, 5000 nM or 50000 nM NaxMoOs) and added W (0 nM,
50 nM, 5 uM or 500 uM Na, WOs).

Metal tolerance assay

Each EB-106 isolate (XG77, XG146, XG95, XG201 and XG196) was incubated with individual
metals at multiple concentrations, including manganous chloride (MnClz-2H>0, 0 ~ 6 mM), cobalt
chloride (CoCl2-6H20, 0 ~ 600 uM), nickel chloride (NiCl>-6H>O, 0 ~ 250 uM), cupric chloride
(CuCly-2H>0, 0 ~ 250 uM), cadmium acetate Cd(CH3COO),-2H»0, 0 ~ 200 uM) or uranyl acetate
(UO2(CH3CO0)2-2H20, 0 ~ 2 mM), or with the MM (0 ~ 2 X) described above (Table S4.1).
Cultures were grown in defined medium described above containing 0.1 g/L yeast extract using
the Bioscreen C described above and growth data were analyzed using R with Grofit package
(193). The average half maximal inhibitory concentration (ICso) was used to reflect the tolerance
of each EB-106 isolate to each individual metal and the MM.

Genome sequencing

The ZymoBead Genomic DNA kit was used to extract genomic DNA from strain XG196 and
XG77. More than 1 pg of purified gnomic DNA from each strain was used for Illumina
sequencing. The Illumina sequencing reads were trimmed using Trimmomatic 0.36, with

parameters "-phred33 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36
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ILLUMINACLIP:TruSeq3-PE.fa" (179). The trimmed reads were assembled de novo using
SPAdes v3.12.0 with parameters "-k 21,33,55,77" (180). Genes were identified using Prokka
v1.12, with default parameters (181). This pipeline was executed using the Department of Energy

KnowledgeBase software platform (KBase; http://www.kbase.us, (182)). The genome of XG196

was submitted to GenBank (accession number: JABWSY000000000).

16S rDNA sequencing and phylogenetic analysis

The 16S rDNA of isolate XG196 was amplified by PCR using universal bacterial primers 27F (5°-
AGA GTT TGA TCC TGG CTC AG-3’) and 1492R (5’-ACG GCT ACC TTG TTA CGA CTT-
3’) from Integrated DNA Technologies, IA, USA. DNA sequencing was carried out by
GENEWIZ, NJ, USA. The sequence was first analyzed by BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (189), which indicated that XG196 is a Bacillus strain.

The sequence was uploaded to the Ribosomal Database Project (RDP; http://rdp.cme.msu.edu/)

(194). The RDP tool Seqmatch was run to find the closest relatives of isolate XG196 and the
Bacillus type strains with high quality 16S rDNA sequences (>1200 bp). The two closest relatives
of XG196 and a total of 187 Bacillus type strains with one out group strain were selected to build

the 16S rRNA phylogenetic tree by IQ-TREE using maximum likelihood (http://www.igtree.org/;

(195)). GTR+F+R6 model was selected by ModelFinder (196) and 1000 times of bootstrapping
was run using UFBoot (197).
Phylogenetic analysis of molybdate and tungstate binding proteins

Accession numbers of ModA (family IPR005950) and WtpA (family IPR022498) were

downloaded from the InterPro database (https://www.ebi.ac.uk/interpro/) (198). Information, such
as sequence, mass, protein name, gene name, taxonomic lineage, cross-reference in PDB, cross-
reference in KEGG, PubMed ID, etc. were all downloaded together. Proteins with

candidadus/candidate organisms, uncultured organisms, fragment proteins, wrong/poorly-labelled
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organisms, and duplicates were removed from the list. Two lists (A and B) of strains were selected
from downloaded candidates for ModA phylogenetic analysis. List A uses strains with ATCC
(American Type Culture Collection) or DSM (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH) reference IDs. For list B, all downloaded protein sequences were clustered

by CD-HIT (http://weizhongli-lab.org/cd-hit/) at 60% sequence identity (199). In both lists, all

archaea, eukaryote sequences and sequences with KEGG cross-reference or 3D structures were
kept. Several Bacillus type-strains and the top two closest isolate XG196 ModA relatives and ORR
isolate Pseudomonas fluorescens N2E2 from non-contaminated area were also kept. ModA/WtpA
sequences from list A (617 sequences, supplemental material list A) and B (4623 sequences,
supplemental material list B) were all used for tree building. Multiple sequence alignment was

done by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) (200). [Q-tree were used to

build the phylogenetic tree by maximum likelihood (195). LG+F+R10 model and WAG+R9 model
were selected for list A and B ModA tree building by ModelFinder (196). 2000 and 3000 times of
bootstrapping was run for list A and B ModA tree using UFBoot (197). Signal peptide prediction
analysis was performed for all list A sequences by SignalP5.0

(http://www.cbs.dtu.dk/services/SignalP/) (201).

Multi-alignment and structural modeling analysis of ModA
Multiple sequence alignments of XG196 ModA and selected proteins were first run by Clustal

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) (200) and further analyzed with selected

ModA proteins with structural data from the PDB (https://www.rcsb.org/) using ESPript 3.0

(http://espript.ibcp.fi/ESPript/ESPript/) (202). The structures of the ModA proteins from
Pyrococcus furiosus ATCC 43587 ModA (PDB: 3CG1) and Escherichia coli K12 ModA (PDB:
1AMF) were used for comparison with XG196 ModA. Mean identity and mean similarity of

protein  sequences were also calculated by ESPript 3.0. SWISS-MODEL
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(https://swissmodel.expasy.org/) (126) was used to predict the model of XG196 using template

ModA (PDB: 2HS5Y) from X axonopodis pv. citri 306. UCSF Chimera

(http://www.cgl.ucsf.edu/chimera) (203) was used to visualise the model.

Expression and purification of recombinant ModA proteins

ModA genes were amplified by PCR from the genomes of XG196, P. fluorescens N2E2 and E.
coli K12. The primers are listed in Table S4.2. The forward primer for the ModA gene of XG196
was designed to omit the N-terminal 20 amino acids, which include a signal peptide and a putative
lipoprotein-attachment sight (Cys20). The forward primers for ModA genes of P. fluorescens
N2E2 and E. coli K12 were designed to omit the N-terminal signal peptides, the first 23 and 25
amino acids, respectively. Signal sequences and lipoprotein-attachment site were predicted by
SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP-5.0/) (201). The PCR amplicons were cloned
into the pET24a (+) plasmid (Novagen). ModA proteins were expressed in E. coli Rosetta 2
(DE3)pLysS (Novagen) cells in LB media supplemented with kanamycin (50 pg/ml).
Recombinant gene expression was induced at an ODgoo ~ 0.6 with 0.5 mM IPTG and the growth
temperature was reduced from 37 to 25 °C. Cells were harvested after 16 hours and resuspended
in start buffer (Tris 20 mM, pH 7.6, 100 mM NaCl, 5 mM imidazole). Cells were lysed by
sonication and centrifuged to remove unlysed cells. The supernatant fractions were loaded onto a
HisTrap FF crude column (GE health care) pre-equilibrated with start buffer and washed with two
column volumes of wash buffer (Tris 20 mM, pH 7.6, 100 mM NaCl, 30 mM imidazole) and the
recombinant ModA proteins were then eluted with elution buffer (Tris 20 mM, pH 7.6, 100 mM
NaCl, 300 mM imidazole). ModA proteins were further purified by gel filtration using a Superdex
200 HiLoad 16/60 prep grade column (GE health care) equilibrated with Tris 20 mM, pH 7.6,
containing 250 mM NacCl. Fractions containing the purified ModA protein as determined by SDS-

PAGE were buffer exchanged to a low salt buffer (Tris 20 mM, pH 7.6, 90 mM NaCl) using an
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Amicon Ultra-15 10K centrifugal filter device at 4 °C for 16 hr for further ITC analysis. Mo in 40
UM of protein samples before and after dialysis were measured by ICP-MS. Trace grade of Tris
(MilliporeSigma, Missouri, USA) and NaCl (MilliporeSigma, Missouri, USA) were used in
protein purification and dialysis.

Isothermal titration calorimetry (ITC) analysis

Molybdate (100 mM NaMoO4) and tungstate (100 mM Na>xWOs) stock solutions were prepared
in trace grade ITC buffer (Tris 20 mM, pH 7.6, 90 mM NaCl) and then diluted to a final
concentration of 0.3 or 0.4 mM using ITC buffer. ITC analysis was performed using a Malvern
MicroCal PEAQ-ITC (Malvern Panalytical, Malvern, UK) at 25 °C. Molybdate or tungstate were
injected into the sample chamber (300 pL) containing 30 uM or 40 uM ModA to give a final molar
ratio of oxyanion to ModA of 2:1. Displacement titrations were carried out by titrating molybdate
or tungstate with chromate-saturated ModA (containing 2-fold of chromate from Na,CrOs) (204).
Data were analyzed by Malvern MicroCal PEAQ-ITC analysis software (Malvern Panalytical,
Malvern, UK). Each test was done twice and the average data were used.

ICP-MS analysis

Samples were vortexed and then diluted (at various concentrations depending on sample type) into
2% (vol/wt) trace-grade nitric acid (VWR, Pennsylvania, USA) in acid-washed 15 mL
polypropylene tubes. Samples were analyzed by an Agilent 7900 ICP-MS fitted with MicroMist
nebulizer, UHMI-spray chamber, Pt cones, x-lens and an Octopole Reaction System (ORS)
collision cell with He-mode (Agilent Technologies, California, USA) as described in (178).
Metagenome annotation and analysis of nitrate-reducing bacteria in ORR

Previously published metagenome sequence reads of samples from ORR groundwater were
obtained from the NCBI database under BioProject PRINAS513876 (205). Metagenomic reads

were preprocessed using BBtools version 38.60 (no references known, https://jgi.doe.gov/data-
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and-tools/bbtools/) to remove Illumina adapters, perform quality filtering and trimming, and
remove PhiX174 spike-ins. The script bbduk.sh was run with parameters ktrim=r k=23 mink=11
hdist=1 ref=adapters.fa tho tpe 2 to remove any remaining standard Illumina adapters given in
adapters.fa. The script was run again with parameters bfl k=27 hdist=1 qtrim=rl trimq=17
cardinality=t ref=phix174_Illumina.fa to perform quality filtering and trimming, and to remove
[llumina PhiX174 spike ins given in the file phix174 Illumina.fa. We assembled the reads using
SPAdes version 3.13.0 (180) with parameters --meta -k 21,33,55,77,99,127. We predicted protein-
coding genes using Prodigal v 2.6.3 (206) with parameters -n -p single.Predicted protein-coding
genes were annotated on the contigs using eggNOG mapper (v2) with default parameters (207).
The number of predicted genes for each protein of interest was normalized by the number of raw

reads obtained from metagenome sequencing.
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Results

Isolation and physiological characterization of Bacillus strain XG196

In order to isolate nitrate-reducing microbes with a high affinity for molybdate from the
metal- and nitrate-contaminated ORR site, sediments from the contaminated EB-106 vertical core
were used for enrichment and isolation. This 8-meter core, taken about 21 meters downstream of
the contamination source (the S-3 ponds), was cut into 22 cm segments under anaerobic conditions
(178, 188). The EB-106 core covered the vadose zone (0—300 cm, the area between the land surface
and water table), the capillary fringe (300-350 cm, the subsurface layer between vadose zone and
the water table), and saturated zone (350—800 cm, the region below the water table) of the soil
(Figure 4.1A). The groundwater passing through the saturated zone of the EB-106 core flows from
the contamination site and is considered to be highly contaminated. A total of 88 unique nitrate-
reducing bacteria were isolated from EB-106 sediment samples under nitrate-reducing conditions
in a medium containing a combination of carbon sources (2 mM of formate, acetate, ethanol,
lactate, succinate and glucose, together with 0.1g/L yeast extract) and various levels of metal
contaminants (no, 0.5 x or 1.0 x MM). Five strains, XG77, XG95, XG146, XG196 and XG201,
were selected for further characterization based on their ability to grow anaerobically on nitrate,
their nitrate reductase activities and metal resistance properties. XG77, XG95 and XG196 were
identified as Bacillus strains, while XG146 and XG201 were identified as FEnsifer and
Enterobacter strains, respectively, by 16S rDNA sequences (Figure 4.1B). All five were isolated
from the contaminated saturated zone (below 350 cm) (Figure 4.1A and 1B).

As shown in Table S4.3, all five isolates use various carbon sources (2 mM) for nitrate-
reducing growth. Isolate XG196 exhibited more robust growth on maltose (ODgoomax = 0.95),
glucose (0.63), xylose (0.48), fructose (0.48), proline (0.47), glutamate (0.47), lactate (0.33),

arginine (0.29) and fumarate (0.25), than other tested carbon sources (formate, acetate, ethanol,
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succinic acid, xylitol, benzoate, 4-hydeoxybenzoate, tartrate, phenylalanine, threonine, leucine and
glutamine, ODsoomax < 0.11). Xylose, glucose, fructose, maltose, proline and glutamine also
support the growth of isolate XG196 by fermentation. Lactate was selected as the carbon source
for further characterization of strain XG196, as it supported robust nitrate-reducing growth and
did not support fermentative growth. Xylose was selected for the other four EB-106 isolates as
they exhibited good growth (XG77, ODeoomax 0.22; XG95, 0.22; XG146, 0.20; and XG201, 0.18)
on xylose under nitrate-reducing conditions but did not use xylose for fermentation. Higher
biomass yields were obtained with 20 mM of the preferred carbon source (lactate for isolate
XG196 or xylose for strains XG146, XG201, XG95 and XG77). The maximum ODsoo values for
XG146, XG201, XG95 and XG77 increased from 0.20, 0.18, 0.22 and 0.22 to 0.5, 0.7, 0.25, and
0.4 respectively. XG196 reached the highest cell density under nitrate-reducing conditions, with
ODeoo reaching 1.5 when lactate was increased to 20 mM (Figure 4.1B). Nitrate reductase activities
of XG146, XG201, XG95, XG77 and XG196 were determined using whole cell suspensions from
cultures collected under anaerobic nitrate-reducing conditions using 20 mM nitrate (190, 208).
Strains XG77 and XG196 showed higher nitrate reductase activities than the other three isolates
(Figure S4.1).

Growth of the EB-106 isolates was determined under nitrate-reducing growth conditions
in the presence of increasing concentrations of a single metal (Cd, Ni, Cu, Co, Mn or U) or the
MM metal mixture containing all six metals, which mimics the concentrations of metals found in
the ORR contaminated groundwater (Table S4.1). The effects of the metals on growth was
determined by calculating the ICso values. Generally, strain XG196 had the highest metal tolerance
of the five stains to the metal contaminants in the EB-106 sediments. Specifically, isolate XG196
had the highest ICsy values when grown with Ni** (119 pM), Co*" (220 uM), Mn?* (> 900 uM),

U% (2,000 uM) and the metal mixture (1.2 x) and the second highest ICso value when grown with
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Cu?* (94 uM) (Figure S4.2). Strain XG196 also grew in the presence of very high concentrations
of nitrate and nitrite, with ICso values of 299 mM and 99 mM, respectively (Figure S4.2).

To analyze the dependence of growth under nitrate-reducing conditions on Mo, the five
EB-106 strains and one strain previously isolated from non-contaminated ORR groundwater
(Pseudomonas fluorescens N2E2) were grown with increasing concentrations of molybdate in Mo
depleted media prepared with trace metal grade chemicals in order to lower the amount of
contaminating Mo to picomolar concentrations in cultures (~ 400 pM, (178)). As shown in Figure
4.2A, strain XG196 showed the highest percentage of maximum growth (84% of highest ODsoo)
even when no Mo was added to the medium, while the other EB-106 sediment strains tested
required at least 1 nM Mo to reach > 74% of maximum growth. P. fluorescens N2E2, which has
been used as a reference strain in other ORR contamination studies (26, 178), had the lowest
percentage (as low as 43%) of maximum growth when less than 1 nM Mo was added.

Tungstate is a competitive inhibitor of molybdate transport (97, 100, 185). A Mo/W
competitive growth analysis of isolate XG196 and P. fluorescens N2E2 under nitrate reducing
conditions showed that low concentrations of W (up to 50 nM) do not affect the nitrate-dependent
growth of XG196 but limits the growth of P. fluorescens N2E2 to only 20% of the maximum
(Figure 4.2B). At higher W concentrations, W inhibits nitrate-dependent growth of both isolate
XG196 and P. fluorescens N2E2. However, strain XG196 requires the addition of less Mo to
resume maximal growth. For example, when 5 pM W was added to their media, XG196 only
required 50 nM Mo to reach maximum growth, but P. fluorescens N2E2 required at least two
orders of magnitude more Mo (5,000 nM; Figure 4.2B). Our hypothesis is that XG196 has a much
higher affinity for molybdate than the other strains tested, especially that of strain N2E2. The
environment from which strain N2E2 was isolated has much higher molybdate concentrations

(approx. 10 nM) than the contaminated groundwater (Mo < 1 nM) (26, 130). A higher affinity for
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molybdate could give a growth advantage to XG196 by nitrate reduction under Mo-limited
conditions.
Genomic and 16S rDNA analysis of XG196

The draft genome of strain XG196 contained 6,010,169 bp in 55 contigs longer than 500
bp with a 38.35% G+C content. A total of 5721 coding sequences were predicted. The genome
sequencing information from strain XG196 was submitted to the National Center for
Biotechnology Information (NCBI) genome database and the accession number is
JABWSY000000000. Nitrate reduction-related genes were annotated in the XG196 genome,
including for nitrate reductase (napA and napB), copper-containing nitrite reductase (anid) and
nitrous-oxide reductase (nosZ), while the gene encoding nitric oxide reductase (nor) was missing.
Some assimilatory nitrate reduction-related genes (nasC, nasD and nasE) were also present in the
genome. Genes encoding the molybdate ABC transport system (modA and modB) were also
identified. The 16S rDNA sequence (1487 bp) of strain XG196 identified the organism as a
member of the Bacillus genus. In order to characterize it at the species level, a total of 190 16S
rDNA sequences, which include those of two XG196 close relatives, 186 Bacillus type strains and
one out group strain, were used to build a phylogenetic tree using maximum likelihood by IQ-
TREE (Figure S4.3). Strain XG196 is closely related to B. niacini RB-113 (non-type, 99.176%),
B. sp. LMG20241 (non-type, 99.663%), B. niacini IFO15566 (type, 99.193%) and B. drentensis
LMG 21831 (type, 99.084%).
Phylogenetic analysis of the molybdate binding protein (ModA) of XG196

ModA is the molybdate-binding protein component of the molybdate ModABC
transporter. We hypothesize that the ability of XG196 to grow by nitrate reduction using an
extremely low concentration of Mo (< 1 nM in contaminated groundwater close to S3 ponds area

(178)) is because its ModA has an unusually high affinity for molybdate. Phylogenetic analysis of
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XG196 ModA based on protein sequences of about 600 ATCC and DSM strains, including those
from Archaea, Bacteria and Eukaryota, showed that it is, indeed, distinct from those of the ORR
isolate P. fluorescens N2E2 (N2E2) and of E. coli K12 (Figure 4.3). The same conclusion was
reached by a similar analysis using over 4,000 strains (Figure S4.4). Most ModA proteins in
proximity to XG196 ModA on the phylogenetic tree originate from other Bacillus strains, most of
which were also isolated from soil, but their sequence identities are only about 50% (Table S4.4).
The two closest relatives of XG196 ModA are from Rhodococcus qingshengii (entry:
A0A4R6A6KY, 85.9% identity) and Bacillus sp. 7884-1 (entry: AOA268JZS1, 85.9% identity) by
UniProt BLAST (Figure 4.4 and Table S4.4).

The structures of the ModA proteins of Peptoclostridium difficile 630, also known as
Clostridium difficile 630 (PDB: 4KD5), Xanthomonas axonopodis pv. citri 306 (PDB: 2H5Y,
Mo0O4*), E. coli K12 (PDB: 1AMF, MoO4*), Vibrio cholerae serotype Ol ATCC 39315
(PDB:4RXL, WO4*) and Azotobacter vinelandii (PDB: 1ATG, WO4*) have been determined
(Figure 4.3 and 3.5) (100-102). Each binds a single molybdate (or tungstate) ion. In addition, some
archaea are able to utilize tungsten, a metal seldom used in biology, in their pyranopterin-
containing enzymes (other than Mo-dependent nitrate reductase) (108, 209). These tungsten-
utilizing microorganisms take up tungstate using a transporter (WtpA) that is highly homologous
to ModA (Figure S4.5), and the structures of WtpA from Methanosarcina acetivorans ATCC
35395 (PDB: 3CFX, WO4*), Methanocaldococcus jannaschii ATCC 43067 (PDB: 3CFZ, WO.*
), Pyrococcus furiosus ATCC 43587 (PDB: 3CG1, WO4*), Archaeoglobus fulgidus ATCC 49558
(PDB: 3C1J, WO4*) and P. horikoshii ATCC 700860 (PDB: 3CG3, WO4?) are known, all of which
bind one tungstate ion (Figure S4.5) (103).

XG196 ModA was modeled using ModA (PDB: 2H5Y) from X. axonopodis pv. citri 306

as the template, which has 37% sequence identity with XG196 ModA and contains molybdate as
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the ligand in the crystal structure. Based on the residues invoved in molybdate binding in X.
axonopodis pv. citri 306 ModA, Ser36, Ser63, Alal49, Vall76 and Tyr194 of XG196 ModA are
predicted to directly bind molybdate via hydrogen bonds (Figures 4.5 and S4.6). However, from
the modeling it is not clear why the X(G196 protein has increased affinity for the metal. Although
archaeal and bacterial WtpA/ModA proteins are evolutionally distant, the residues involved in
metal binding are partially conserved, suggesting a similar ligand binding mechanism (Figures 4.3
and S4.5). Multi-alignment analysis of the ModA proteins from E. coli K12, XG196, two close
relatives of XG196 ModA (from Rhodococcus qingshengii and Bacillus sp. 7884-1), other Bacillus
ModA proteins from phylogenetic analysis (Figure 4.3 and Table S4.4) and of EB-106 isolate
XG77, isolated from sediments of similar depth with isolate XG196 (Figure 4.1A and 4.1B), are
shown in Figure S4.7. The mean sequence identity and similarity of these ModA sequences is
about 12.2% and 65.4%, respectively. The sizes of these ModA proteins are similar (about 250
residues) and their sequences are conserved at 11 out of 12 the molybdate binding residues found
in E. coli K12 ModA (Ala34, Ala35, Ser36, Ser63, Ala82, Vall47, Pro148, Alal49, Aspl75,
Vall176 and Tyr/Phe194), the exception being position Ser/Gly/Ala62. It seems that ModA proteins
are quite similar, particularly XG196 ModA and other Bacillus ModA proteins, and novel
attributes of the XG196 protein are not obvious, especially in the deduced oxyanion binding site.
ITC analysis of ModA proteins

To determine their molybdate-binding properties, the genes encoding the ModA proteins
from XG196, N2E2 and E. coli were expressed in, and the recombinant proteins were purified
from, E. coli. ICP-MS analysis showed that XG196 ModA (40 uM) can naturally bind about 67
nM of Mo even when trace grade chemicals were used, higher than what N2E2 ModA (15 nM)
and E. coli ModA (9 nM) can bind (Figure S4.8). After dialysis in low salt ITC buffer, all ModA

proteins can pick up a little bit more Mo from the ITC buffer (XG196 ModA to 82 nM, N2E2
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ModA 19 nM and E. coli ModA 10 nM). On average, XG196 ModA, N2E2 ModA and E. coli
ModA bound 0.002, 0.0005 and 0.0003 of molybdate per protein, respectively, which are far away
from being saturated. ITC analysis showed that these proteins contain a single binding site for
molybdate (values were 1.10 £ 0.01, 0.95 + 0.08 and 0.92 £ 0.01, respectively). However, the
molybdate binding curves showed that XG196 ModA had a Kp value for molybdate of 2.21 +1.03
nM, which is about one order of magnitude lower than those of N2E2 (27.0 = 6.2 nM) and E. coli
(25.01 £3.7 nM) ModA (Table 4.1, Figure S4.9). Hence, XG196 ModA has a much higher affinity
for molybdate, consistent with results from the physiological study showing that XG196 is able to
grow by nitrate reduction using Mo concentrations (< 1 nM) that limit the growth of other bacteria,
including N2E2. The tungstate-binding affinity of XG196 ModA was about five-fold higher than
that for molybdate (Kp 11.15 + 1.34 nM), and about half of the tungstate dissociation constent
values for the ModA proteins of N2E2 and E. coli (26.6 £ 2.0 nM and 23.7 = 0.6 nM, respectively;
see Table 4.1, Figure S4.9). The stoichiometry of tungstate binding to each of these proteins was
also 1:1, as found for molybdate. Hence, the lower binding affinity for molybdate than tungstate
of XG196 ModA is consistent with the better growth of the organism under nitrate-reducing
conditions than N2E2 when tungstate is present (Figure 4.2B).

The Kp value of XG196 ModA for molybdate was extremely low (< 2 nM), which is only
just within the confidence range of the direct ITC approach. Hence, another approach known as
displacement titration analysis was used (204, 210). Chromate (CrO4*) was use as the weak
binding ligand. ITC analysis of XG196 ModA binding chromate gave the following results: Kp =
1.56 uM + 0.05 uM, N = 0.83 + 0.09, and AH = -1.71 + 0.26 kcal/mol. XG196 ModA saturated
with chromate was then titrated with molybdate or tungstate. The results for molybdate (Kp = 2.04

+0.19, N=10.84 + 0.02, AH = -3.76 £ 0.49 kcal/mol) and tungstate (Kp = 10.6 + 2.6, N = 0.87 +
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0.02, AH = -4.01 £ 0.49 kcal/mol), are similar to those obtained using ITC analysis of direct
molybdate or tungstate titrations (Table 4.1).
Gene abundance of Mo-related proteins in ORR groundwater

To better understand the utilization of Mo in the ORR environment, the abundances of
ModA genes and genes encoding representative proteins from the four families of Mo proteins
were analyzed in ORR groundwater samples from both contaminated and background wells. As
shown in Table 4.2, the abundance of Mo-related genes are generally higher in ORR contaminated
groundwater samples. In particular, the abundance of modA (encoding ModA) and napA/narG
(encoding dissimilatory nitrate reductase Mo-containing subunit) are significantly higher in
contaminated well FW021, FW104 and FW106 (modA 27 to 39.9 copies per 108 reads, napA 11.2
to 32.5 copies per 108 reads and narG 26.4 to 42.6 copies per 108 reads) than in background well
FW300, FW301 and FW305 (modA 4.1 to 27 copies per 10® reads, napA 1.6 to 8.9 copies per 108
reads and narG 1.8 to 10.5 copies per 108 reads). In contrast, the abundance of nasA4 (encoding
assimilatory nitrate reductase Mo-containing subunit), dmsA4 (encoding DMSO reductase Mo-
containing subunit), xdhB (xanthine oxidase/dehydrogenase) and sord (encoding sulfite
oxidoreductase Mo-containing subunit) were only slightly higher in contaminated wells, while the
abundance of nifK (encoding nitrogenase) is similar in both contaminated and background wells
(Table 4.2). The higher abundance of modA, napA and narG relative to other Mo-related protein
genes in the contaminated wells is likely an adaptive advantage given the high nitrate
concentrations (0.02 — 13.3 mM), which are about 1000-fold higher than in the background wells

(0.1 1.8 uM).
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Discussion

The ORR S-3 ponds contamination plume is unique as it contains high concentrations of
nitrate (up to 230 mM in groundwater) and various metals (Cd, Ni, Cu, Co, Mn, U, etc.) at low pH
(~3) (126, 127). Yet, we previously showed that in this unique environment, Mo is generally
limiting for microbial nitrate reduction (26). Previous studies have revealed that complex microbial
communities survive in this contaminated site (211, 212). The overall goal of this research was to
elucidate the molecular mechanisms that give certain microorganisms competitive advantages in
these extreme habitats. Bacillus strain XG196 was isolated from contaminated core EB-106 that
was drilled adjacent to the origin of the contamination (the S-3 ponds). XG196 was shown to grow
by nitrate reduction in the presence of an exceedingly low concentration of Mo that contaminated
its defined medium from the inoculum and the chemicals that make the media (to which no Mo
was added). The ability to grow with limited Mo appears to be due to its molybdate-binding
protein, ModA, which has a very high affinity for molybdate (Kp ~ 2 nM). This is the lowest Kp
value yet reported for any ModA to date and it is also the first ModA characterized from a Bacillus
strain. Previous studies have typically reported molybdate affinities with ModA proteins that are
more than an order of magnitude lower (105, 108, 213, 214). A similarly high affinity but for
tungstate was reported for the Wtp protein of W-dependent P. furiosus, a member of the archaea
domain. Its binding affinity of molybdate is about five-fold lower (Kp= 11 + 5 nM) than that found
here for XG196 ModA (108).

The molybdate binding affinity of E. coli ModA measured in this study (~25 nM) is
consistent with what has been reported by others (Kp =20 - 26 nM; (104, 213)). The Kp value for
molybdate of N2E2 ModA is about 27 nM, consistent with the poor nitrate-reducing growth
observed in Mo-limited media compared to XG196. In addition, the ModA proteins of E. coli and

N2E2 have very similar Kp values for both molybdate and tungstate, hence, neither protein is able
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to distinguish between these two oxyanions, consistent with what has been reported for £ coli
ModA (104, 215). In contrast, XG196 ModA has a five-fold higher affinity for molybdate
compared to tungstate, which could give the organism a selective advantage in scavenging
molybdate for growth in the presence of tungstate as seen in the Mo/W competition growth studies
herein (Figure 4.2).

Phylogenetic analysis showed that XG196 ModA is distinct from previously described
ModA proteins, including that of E. coli K12 (105, 213), the WtpA/ModA proteins from the
bacterium Azotobacter vinelandii (102), and the archaea P. horikoshii (103) and P. furiosus (108).
Multi-alignment analysis indicates that XG196 ModA is quite similar to those of other Bacillus
species based on their sequence (65.4% mean similarity) and their deduced oxyanion binding sites
(Figure S4.7). However, it is hard to conclude that all of these Bacillus ModA proteins have
molybdate affinities as high as that of XG196 ModA since the molybdate-binding residues are
highly conserved. Unfortunately, modeling of XG196 ModA (Figure S4.6) did not shed light on
why it has a much higher affinity for molybdate than structurally-characterized proteins. ModA
proteins contain a signal peptide at the N terminus that enables the protein to be transported across
the membrane. ModA signal peptides fall into one of four different groups: Sec/SPI, Sec/SPII,
Tat/SPI and other (216). Surprisingly, the ModA from XG196 grouped with the ModA proteins
from archaea, and these are all predicted to be lipopeptides and belong to the Sec/SPII group, while
N2E2 and E. coli ModA proteins belong to the Sec/SPI group with non-lipopeptides (Figure 4.3).
Substrate-binding lipoproteins are widely observed in gram-positive bacteria (217, 218). It is
believed that the lipopeptides can tether substrate-binding proteins in order to prevent their loss
into the growth environment because of the absence of the retentive outer membrane in gram-
positive bacteria (217). At present, not enough information is available to distinguish “high”

affinity molybdate transporters (like XG196 ModA) from “low” affinity ones (like those of N2E2
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and E. coli ModA) based only on sequence similarity or the deduced molybdate-binding residues.
Structural determinations of high affinity ModA proteins in addition to that of XG196 will be
required to elucidate the molecular basis as to why these particular proteins bind molybdate so
tightly.

Strain XG196 exhibited higher nitrate reductase specific activity than the other EB-106
strains XG95, XG146 and XG201 (Figure S4.1) and accumulated more Mo in its cytoplasm than
XG77,XG95, XG146 and XG201 (Figure S4.10). This could be the result of the higher molybdate
affinity of its ModA, which must provide more than sufficient Mo for the biosynthesis of functional
pyranopterin cofactor in nitrate reductase (219) when Mo is limited in the environment. XG196
also accumulated the second highest concentration of Mo in the membrane fractions compared to
the other EB-106 strains, which might be the result of a high nitrate reductase concentration in the
membrane because of more than sufficient Mo taken up from environment. However, these results
might not be directly related to the high affinity of ModA for molybdate. Nitrate reductases with
high specific activities or high affinity molybdate storage proteins described in previous studies
(185, 220) could also contribute to XG196 being able to grow robustly under nitrate reducing
conditions with limited Mo. Further study is required to clarify this issue.

Mo is removed from groundwater in the ORR contaminated area but not from the non-
contaminated area as a result of Fe and Al precipitation (178). The low Mo concentrations
(picomolar range) in the ORR contaminated environment is unusual but not unique. Low Mo
concentrations (5 - 70 nM) occur in naturally-acidic groundwater (pH 2.4 to 2.9) (164), in an acid
mine drainage (< 10 nM) (165), in harbors (< 20 nM) as a result of sedimentary processes (161),
and in various aquifers, including the Yorkshire Chalk aquifer (<10 nM) due to co-precipitation
with or adsorption to sulfide minerals under strong reducing conditions (221). These environments

have significantly lower Mo concentrations than most freshwater and open seawater systems,
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which are typically > 300 nM (65). Limiting Mo concentrations in natural water systems could
lead to other environmental problems, for example, by affecting critical steps in the nitrogen cycle,
such as nitrate reduction, leading to nitrate accumulation or to slowing down of nitrate removal
from contaminated water or soil systems.

There are several factors that affect nitrate reduction in the ORR contaminated environment
besides lack of the essential metal Mo. These include the acidic conditions, high nitrate
concentrations, the presence of heavy metal contaminants, and limited availability of carbon
sources to serve as electron donors for nitrate reduction (26, 130, 178). Other factors, such as O
concentrations in the soil and groundwater (146, 154), temperature and denitrifier community
composition (222), can also affect the efficiency of nitrate reduction. Meanwhile, the higher
abundance of genes encoding the molybdate transport protein (modA) and assimilatory nitrate
reductase Mo-containing subunits (napA/narG) in nitrate-contaminated wells indicates enhanced
nitrate reduction in the ORR contaminated groundwater. The high abundance of modA could result
in a greater uptake of molybdate into cells for the biosynthesis of dissimilatory nitrate reductase,
enabling microorganisms to survive in the nitrate-contaminated and Mo-limited ORR
environment. These numerous complex environmental factors make it difficult to study the
relationships between nitrate reduction and natural microbial communities. There are therefore
many unanswered questions at present that can be addressed in part by characterizing novel
microbial stains with unique molecular mechanisms, as reported here for XG196 and its ModA
protein. Such microorganisms could also be instrumental in developing novel methods to remove

contaminating nitrate in complex waste environments.
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Tables and Figures
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XG146 373 Ensifer adhaerens strain WJB133 0.5
XG201 373 Enterobacter amnigenus strain PY23 0.7
XG95 433 Bacillus sp. strain F-10 0.3
XG196 661 Bacillus sp. strain 30.1 1.5
XG77 674 Bacillus cereus strain ES103 0.4

Figure 4.1. Five EB-106 sediment isolates used in this study. (A) Sketch of core EB-106.
Subsurface layers: vadose zone (diagonal), capillary zone (horizontal) and saturated zone
(vertical). Each point represents average Mo concentration at different depths. Depths of EB-106
sediments where XG146, XG201, XG95, XG196 and XG77 were isolated are indicated. (B)
Properties of the ORR strains. Max ODsoo was determined under nitrate reducing conditions with

20 mM carbon sources (lactate for XG196 and xylose for the other strains).
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Figure 4.2. Strain XG196 is resistant to Mo limiting growth conditions. (A) Percentage of
maximum growth (ODsoo) of ORR strains XG196 (Bacillus, circle), XG77 (Bacillus, cross),
XG201 (Enterobacter, diamond), XG95 (Bacillus, square), XG146 (Ensifer, plus sign) and
Pseudomonas fluorescens N2E2 (triangle) under nitrate-reducing conditions in Mo depleted media
with the indicated concentration of added Mo. (B) Percentage of maximum growth of XG196 (left)

and P. fluorescens N2E2 (right) under nitrate reducing conditions with tungstate at the indicated

concentration competing with molybdate.
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Figure 4.3. Phylogenetic analysis of ModA. Rooted phylogenetic tree of ModA and WtpA from
Bacteria (pink, inner circle), Archaea (green, inner circle) and Eukaryota (blue, inner circle). Outer
circle indicates different signal peptide type (LIPO_Sec/SPII in purple, TAT-Tat/SPI in yellow,
SP_Sec/SPI in blue and other in grey). ModA proteins with PDB 3D structure data were indicated
as black stars. Clades where XG196 ModA (blue clade), N2E2 ModA (purple clade) and Ecoli

ModA (green clade) belong to were also labeled in different colors.
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Figure 4.5. Multi-alignment analysis of ModA proteins with crystal structures. Proteins are from

Peptoclostridium difficile 630 (ModA, UniProt Entry: Q18A64, PDB: 4KDS5), Xanthomonas

axonopodis pv. citri 306 (ModA, UniProt Entry: QSPHA1, PDB: 2H5Y, MoQ4?), Escherichia coli

K12 (ModA, UniProt Entry: P37329, PDB: 1AMF, MoQO4?), Vibrio cholerae serotype O1 ATCC

39315 (ModA, UniProt Entry: Q9KLL7, PDB:4RXL, WO4>), Azotobacter vinelandii (ModA,

UniProt Entry: Q7SIH2, PDB: 1ATG, WO4*) and Bacillus sp. XG196. Identical residues are in

white and boxed in red, while similar residues are in red and boxed in blue. Molybdate/tungstate

binding residues of ModA proteins resolved by crystal structures were indicated in black squares.

Molybdate binding residues of XG196 ModA identified by protein modeling using X. axonopodis

pv. citri 306 ModA (PDB: 2H5Y) are indicated in green squares.
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Table 4.1. Molybdate and tungstate binding properties of ModA proteins determined by isothermal

titration calorimetry and displacement titration.

Molybdate Tungstate
ModA AH AH
Kp (nM) N* Kp (nM) N
(kcal/mol) (kcal/mol)
2.2£1.0 1.1£0.0 -4.0+0.3 11.2+1.3 1.1£0.1 -4.2+0.3
XG196
2.0+0.2° 0.8+0.0° -3.840.5° 10.6+2.7° 0.9+0.0° -4.0+0.1°
N2E2 27.0+6.2 1.0+0.1 -5.0+0.3 26.7£2.1 0.9+0.1 -4.4+0.3
E. coli 25.0£3.7 0.9+0.0 -5.9+0.0 23.8+0.6 0.9+0.0 -4.9+0.2

“N=measured stoichiometry (oxyanion per protein)

®Data obtained by displacement titration using chromate (CrO4>) as the weak binding ligand.
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Table 4.2. Gene abundance of Mo-related proteins in ORR groundwater. The values represent gene

copies per 108 reads in samples from contaminated wells (orange) and background wells (blue).

The pH and nitrate concentration of each sample is also indicated. The higher values for gene

abundance and nitrate are indicated in red.

Xanthine | Sulfite
Mo Nitrate
Well DMSO Reductase Family Oxidase | Oxidase | Nitrogenase | pH
Transport (mM)
Family Family
modA napA narG nasA dmsA xdhB sorA nifK
27 27 26.5 20.5 9.3 6 13.5 10.2 6.67 0.02
325 - 255 133 16.5 122 6.4 6.6 0.06
11.2 26.4 20 9.4 21.7 53 1.8 6.48
8.9 10.5 253 5.3 13.8 6.9 11.2 6.59  0.0001
1.6 1.8 4 0.9 2.4 0.9 1.6 6.08  0.0018
5.6 6.7 19.6 1.1 15.1 2.2 2.2 7.28  0.0015
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Figure S4.1. Nitrate reductase activities of EB-106 isolates.
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cd* Niz* Cu? Co?* MnZ s+ Metal Nitrate Nitrite

SR M) M) M) M) M) (M) M) (mM) (m)

XG77 43.33 58.14 70.82 63.72

XG146 27.48 69.53 - 50.55 0.422 197.99 71.62

| By

0.69 413.34 167.92

XG196 23.10 299.15 99.01

Figure S4.2. ICso values for individual metals, Metal Mix, nitrate and nitrite for EB-106 strains.

Gradient colors from red to green represent lower to higher values.
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Figure S4.3. Rooted phylogenetic tree of 16S rRNA gene sequences from Bacillus sp. XG196 and

other type Bacillus strains. Bootstrap data were labelled at the middle of each branch. Zoomed-in

figure shows the close relatives of XG196.
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Figure S4.4. Rooted phylogenetic tree of ModA and WtpA. Proteins are from Bacteria (pink part
of circle), Archaea (green part of circle) and Eukaryota (blue part of circle). Clades to which
XG196 ModA (blue clade), N2E2 ModA (purple clade) and Ecoli ModA (green clade) belong

are labeled in different colors.
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Figure S4.5. Multi-alignment analysis of WtpA/ModA proteins with crystal structures. Proteins
are from Methanosarcina acetivorans ATCC 35395 (WtpA/ModA, UniProt Entry: Q8TTZS,
PDB: 3CFX, WO4*), Methanocaldococcus jannaschii ATCC 43067 (WtpA/ModA, UniProt
Entry: Q58586, PDB: 3CFZ, WO4*), Pyrococcus furiosus ATCC 43587 (WtpA/ModA, UniProt
Entry: Q8U4K5, PDB: 3CG1, WO4*), Archaeoglobus fulgidus ATCC 49558 (WtpA/ModA,
UniProt Entry: 030142, PDB: 3CIJ, WO4%), Pyrococcus horikoshii ATCC 700860 (WtpA/ModA,
UniProt Entry: 057890, PDB: 3CG3), Peptoclostridium difficile 630 (ModA, UniProt Entry:
Q18A64, PDB: 4KD5), Xanthomonas axonopodis pv. citri 306 (ModA, UniProt Entry: QSPHAI,
PDB: 2H5Y, MoO4*), Escherichia coli K12 (ModA, UniProt Entry: P37329, PDB: 1AMEF,
MoO4%), Vibrio cholerae serotype Ol ATCC 39315 (ModA, UniProt Entry: Q9KLL7,
PDB:4RXL, WO4%), Azotobacter vinelandii (ModA, UniProt Entry: Q7SIH2, PDB: 1ATG, WO4*
) and Bacillus sp. XG196. Secondary structure of Pyrococcus furiosus ATCC 43587 WipA/ModA
(UniProt Entry: Q8U4K5, PDB: 3CG1, WO4?*) was listed on top. Identical residues are in white
and boxed in red, while similar residues are in red and boxed in blue. a- and n-helixes are displayed
as squiggles, B-strands are displayed as arrows, strict B-turns are indicated by TT Iletters.
Molybdate/tungstate binding residues of ModA/WtpA proteins resolved by crystal structures were

indicated in black squares.
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Figure S4.6. The 3D structure of XG196 ModA modelled from the Swiss Model server. Template
ModA (PDB: 2H5Y) from X. axonopodis pv. citri 306 has a sequence identity of 36.96% with
XG196 ModA. (A) The overlap of template (PDB: 2H5Y, pink) and XG196 ModA model (tan).
Molybdate is labelled in red. (B) Predicted molybdate binding residues in XG196 ModA model
overlapped with template ModA (PDB: 2H5Y) molybdate binding residues. XG196 ModA model
residue numbers match the multi-alignment result in Figure 4.5. Predicted hydrogen bonds were

indicated in yellow lines.
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Figure S4.7. Multi-alignment analysis of ModA proteins from Escherichia coli K12, Bacillus sp.
XG196, close relatives and selected Bacillus strains. Proteins are from Escherichia coli K12
(ModA, UniProt Entry: P37329, PDB: 1AMF, MoO4>"), EB-106 isolates Bacillus sp. XG196 and

Bacillus sp. XG77 (genome accessible on KBase https://narrative.kbase.us/narrative/61518), two

close relatives (Rhodococcus gingshengii and Bacillus sp. 7884-1) and other Bacillus strains
from phylogenetic analysis (Figure 4.3) and listed in Table S4.4. Secondary structure of E. coli
K12 ModA was listed on top. Identical residues are in white and boxed in red, while similar
residues are in red and boxed in blue. a- and n-helixes are displayed as squiggles, B-strands are
displayed as arrows, strict B-turns are indicated by TT letters. Molybdate binding residues of E.

coli K12 ModA were indicated in black squares.
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Figure S4.7. Continued
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Table S4.1. Metals used to mimic ORR contamination.

Final Conc.
Metal (1x) Compound added
(nM)

Mn?* MnCl,-2H>0O 100
Fe?* Fe(NH4)2(S04)2 -:6H20 10
Co? CoCL-6H,O 30

Ni?* NiCl>-6H20 150
Cu** CuCl,-2H,O 10
Cd* Cd(CH3COO0),-2H,0 5

ust UO»(CH3COO0)2-2H,0 100
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Table S4.2. Primers for modA amplification.

Restriction
Primer ID Primer Sequence

Enzyme Site
XG196-modA-F  GGAATTCCATATGCACCACCACCACCACCACTCGCCCGAAGAATCACAAC Ndel
XG196-modA-R  CAGCTCGAGTCAATCCAATACTATAAAGCC Xhol
N2E2-modA-F  GGAATTCCATATGCACCACCACCACCACCACGAGGTGCAGGTGGCGGTC Ndel
N2E2-modA-R  GTATGGATCCTTAGCGTTGGTAACCGTAGGCTTGG BamHI
Ecoli-modA-F  GGAATTCCATATGCACCACCACCACCACCACGAAGGGAAAATCACGGTGTTCG Ndel
Ecoli-modA-R  CAGCTCGAGTTACTTGATTGTAAATCCGTAACGTTTAAAG Xhol
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Table S4.3. Maximum ODgoo of EB-106 isolates grown under different conditions. Isolates were

grown with 2 mM of each carbon source anaerobically with or without nitrate (20 mM).

Growth of XG196 Growth of XG146  Growth of XG201 Growth of XG77 Growth of XG95

Metabolite
Carbon sources i N ; N i N i N i N

class

nitrate nitrate nitrate nitrate nitrate nitrate nitrate nitrate nitrate nitrate

Formate organic acid - - - - - - - - - -
Acetate organic acid 0.11 - 0.11 - - - - - - -
Ethanol alcohol - - 0.1 - - - - - - -
Lactate organic acid 0.33 - 0.17 - - - 0.15 - - -
Succinic acid organic acid - - 0.17 - - - 0.10 - 0.09 -
Fumarate organic acid 0.25 - 0.17 - - - 0.12 - 0.13 -
Xylose pentose 0.48 0.13 0.20 - 0.18 - 0.22 - 0.22 -
Xylitol sugar alcohol - - 0.27 - - - - - - -
Glucose hexose 0.63 0.29 0.27 - 0.23 0.13 0.28 - 0.27 -
Fructose hexose 0.48 0.22 0.25 - 0.23 0.12 0.25 - 0.27 -
Maltose dihexose 0.95 0.15 0.37 - 0.38 0.11 0.20 - 0.18 -

aromatic
Benzoate compounds - - - - - - - - - -
4- aromatic
hydroxybenzoate compounds - - - - - - - - - -

aromatic
Tartrate compounds - - 0.15 - - - - - - -
Proline amino acid 0.47 0.08 0.19 - - - 0.10 - 0.14 -
Phenylalanine amino acid - - - - - - - - - -
Arginine amino acid 0.29 - 0.19 - - - - - 0.14 -
Threonine amino acid - - 0.15 - - - - - - -
Leucine amino acid - - - - - - - - - -
Glutamate amino acid 0.47 0.11 0.19 - - - 0.09 - 0.08 -
Glutamine amino acid 0.08 - 0.2 - - - 0.09 - 0.15 -

* -, no growth (ODg0omax < 0.07)
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Table S4.4. ModA proteins in ModA tree closely related to XG196 ModA.

Alignme %
UniProt % E Bit
ModA Origin Strain nt positive Origin/type*
Entry Identity Value Score
Length s
AOA4R6A6 3.92E-
Rhodococcus qingshengii 85.938 256 446 93.75 Soil*
K9 164
8.91E-
A0A268JZS1 Bacillus sp. 7884-1 85.938 256 444 93.36 Unknown
164
Bacillus methanolicus MGA3 ATCC 1.74E-
I3E8R5 52.652 264 270 71.21 Soil (223)
53907 94
5.41E-
C2PQ60 Bacillus mycoides 52.344 256 265 71.88 Soil**
93
9.43E-
ATGKA9 Bacillus cytotoxicus DSM22905 50.373 268 263 69.4 Food-borne pathogen (224)
92
4.89E-
KOFWHO Bacillus thuringiensis MC28 51.55 258 261 70.16 Forest (225)
91
AOAOB6AU 6.41E-
Bacillus megaterium ATCC14581 48.473 262 258 67.94 Soil **
R2 90
3.04E-
D5DNAI1 Bacillus megaterium DSM319 48.473 262 253 67.56 Soil***
88
Paenibacillus larvae subsp. larvae 9.43E-
VOW849 50.936 267 253 64.04 Honey bee pathogen (226)
DSM25430 88
1.01E-
A7Z8Q5 Bacillus velezensis DSM23117 50.202 247 252 68.42 Soil*
87
4.54E-
Q65LK2 Bacillus licheniformis ATCC14580 49.042 261 250 65.52 Soil*
87
AO0A1X7ED 2.55E-
Bacillus filamentosus 46.591 264 243 67.42 Sediment*
U8 84
6.04E-
032208 Bacillus subtilis 168 48.016 252 242 68.25 Lab mutant(227, 228)
84
Batrachochytrium dendrobatidis 6.34E-
F4PFO1 50.413 242 242 67.36 Frog****
JAMS1 84
1.42E- Spacecraft assembly clean
A8FHD9 Bacillus pumilus SAFR-032 48.846 260 234 63.46
80 room (229)
6.80E-
QI9K7N2 Bacillus halodurans ATCCBAA-125 47.107 242 217 66.94 Soil*
74

*Information from https://bacdive.dsmz.de/

** Information from https://microbewiki.kenyon.edu/index.php/Microbe Wiki

*** Information from http://bacmap.wishartlab.com/organisms/1082

*#%* Eukaryota, information from https://mycocosm.jgi.doe.gov/Batde5/BatdeS.home.html
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Table S4.5. Properties of characterized ModA proteins.

AA (Putative signal MW (Da) Putative lipoprotein-

Proteins
peptide removed) with His¢  attachment site
XG196 ModA  21-260 (240 AA) 27233.86  Cys20
N2E2 ModA 24-250 (227 AA) 24890.04  none
E. coliModA  26-257 (232 AA) 25624.07  none
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CHAPTER 5
EFFECTS OF ESSENTIAL AND TOXIC METALS ON NITRATE AND NITROUS OXIDE

METABOLISM BY KEY ORR STRAINS*

“Xiaoxuan Ge, Michael P. Thorgersen, Farris L. Poole II, James Wilson, Jake Valenzuela, Nitin
Baliga, Adam P. Arkin, and Michael W. W. Adams. To be submitted to Applied and

Environmental Microbiology.
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Abstract
Nitrous oxide (N20) is an important greenhouse gas that can be produced by biotic (nitrification,
denitrification) and abiotic (chemodenitrification) mechanisms in nature. Anthropogenic activities
such as fertilizer usage in agriculture as well as nitrate contamination contribute largely to N>O
emissions. NoO has been detected in the contaminated area at ORR, which is an acidic area
containing high levels of nitrate and various types of metals. In order to investigate the effects of
essential (molybdenum, Mo) and toxic metals (Cu, Ni, Co, Cd and U) on nitrate and nitrous oxide
metabolism in complex ORR microbial communities, ORR isolates Rhodanobacter R12 and
Acidovorax 3H11 were selected to form a synthetic nitrate-reducing community. The co-culture
can decrease the amounts of both nitrite and N2>O that accumulate compared with a culture of either
R12 or 3H11 alone. Mo addition did not show any significant effects on the nitrate-reducing
growth of R12, 3H11 or the co-culture as more than sufficient Mo was present in the growth media
as a contaminant. A mixture of metals at concentrations that mimic the ORR contaminated
environment inhibit the growth of R12 and of the co-culture under nitrate reducing conditions,
although 3H11 was unaffected. Ni is proposed to play the most important role in growth inhibition
as its determined inhibition constant value (ICso) was comparable to environmental concentrations
whereas the values for other metals (Cu, Cd, Co and U) were much higher than the concentrations

found in contaminated groundwater.
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Introduction

Nitrous oxide (N20) is a greenhouse gas, the global warming potential is about 300 times
higher than carbon dioxide over a 100 year time period (132, 133). N>O also contributes to
stratospheric ozone destruction (132, 133). Figure 5.1 shows the main pathways of N>,O
production: nitrification, denitrification and chemodenitrification (230, 231). N>O is produced by
reduction of nitrite under anoxic conditions by denitrification or by nitrification in presence of O
when NHy" present (134, 135). In chemodenitrification, reactive N intermediates like NH,OH and
NO> produced in nitrogen cycle pathways may engage in direct chemical reactions that yield N>O,
especially in the presence of Fe**/Fe**, Cu?*, Mn?*, organic matter or at acidic pH (< 5) (134, 136,
137). However, it was estimated that abiotic N>O production contributes less than 3% of total NoO
production, while biotic N>O production contributes about 97% to total N>O emissions in typical
nitration reactor systems (pH 6.5 to 8) (134). Other side pathways like the DNRA pathway that
produce nitrite and NH3/NH4", can also contribute to N>O production (231). About 50% of global
anthropogenic N>O emissions is from the microbial processes of nitrification and denitrification
in agriculture (132).

Nitrate is a main contaminant (up to 230 mM) in the acidic contaminated area at ORR. This
area is also contaminated by various metals, including uranium (up to 580 uM), aluminum (up to
20709 uM), manganese (up to 3150 uM), nickel (up to 157 uM), cobalt (up to 30 uM), cadmium
(up to 10 uM), copper (up to 15 uM), chromium (up to 11 uM), lead (up to 0.5 uM) and thorium
(up to 8 uM) (26, 130). The emission of NoO was measured in the contaminated area at ORR (as
high as 1.2 mg/L) (131).

In this work, ORR strains Rhodanobacter R12 and Acidovorax 3H11 were selected to
generate a synthetic nitrate-reducing community in order to investigate the effects of ORR-related

metals on nitrate-reducing growth and N2O production. Rhodanobacter was the most abundant
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genus in ORR environment and can reduce nitrate at low pH (< 4) (232) while Acidovorax was
found in all contaminated sites, and was one of the dominant species in high nitrate sites in ORR
(150). The genes encoding nitrous oxide reductase (NosZ) and nitrite reductase (NirK/NirS) were
not found in the draft genomes of ORR strains R12 and 3H11, respectively (Figure 5.2), and
whether they are present in the complete genomes is not known. We investigated the effects of the
ORR-related metals Mo, U, Cd, Mn, Co and Cu on microbial N>O production. Mo is essential for
environmental nitrate reduction as it is a cofactor for nitrate reductase (68) while U, Cd, Mn, Co,
Cu are present in unusually high concentrations in the ORR contaminated area (26). The following
questions were addressed in this study: 1) Does increased Mo availability increase NO>™ and N>O
production by R12? 2) Do environmentally-relevant concentrations of toxic metals inhibit nitrate-
reducing growth of R12, 3H11, and R12/3H11 co-cultures? 3) Do environmentally-relevant
concentrations of toxic metals inhibit biotic N2O production and consumption by R12, 3H11, and

R12/3H11 co-cultures?
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Results
Effects of Mo and toxic ORR metals on the nitrate reducing growth of R12, 3H11 and
R12/3H11 co-culture

In order to investigate the effects of Mo on the nitrate reducing growth of Rhodanobacter
R12, Acidovorax 3H11 and R12/3HI11 co-culture, all strains were inoculated in the medium
described by Widdel and Bak (171) except that Mo was omitted. In this medium, acetate is the
carbon source and energy is obtained by nitrate reduction. As shown in Figure 5.3, the growth of
R12, 3H11 and the co-culture did not show significant differences if Mo was added or not. This
indicates that more than sufficient Mo is already present in the media as a contaminating metal to
support nitrate reduction as carried out by the nitrate reductases in these two organisms, which use
Mo as cofactor.

Potentially toxic metals were also tested on the growth of R12, 3H11 and the co-culture
under nitrate reducing conditions. As shown in Figure 5.4, the ORR metal mixture (MM) contains
Cu?* (10 uM), Cd** (5 uM), Co** (30 uM), Ni%* (150 uM), U®* (100 uM), Fe** (10 uM) and Mn?*
(100 uM) at concentrations found in the most contaminated ORR well FW126 (Table S4.1, (26))
can inhibit the nitrate reducing growth of R12, 3H11 and R12/3H11 co-culture as shown in Figure
5.4 with ICso values of 0.4x, 0.6x and 0.5x, respectively (Table 5.1). 0.25x of MM can inhibit R12
growth by about 60%. MM can extend the log phase of 3H11 growth under lab conditions but did
not affect the final cell density significantly. MM can affect the nitrate reducing growth of
R12/3H11 co-culture growth significantly; 0.5x MM inhibits the co-culture growth by about 38%
while 1x MM inhibits its growth by about 57%.

Cu?, Cd*, Co*" and Ni*" inhibited the nitrate-reducing growth of the RI12/3H11
cocultures, affecting both growth rates and final cell densities, as shown in Figure 5.5. The 1Cso

values were 47.0 uM, 37.8 uM, 72.3 uM and 67.6 pM, respectively (Table 5.1). U%* did not show
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inhibition (ICso > 500 uM). Cd*" has the lowest ICso of 18.4 uM for the R12/3H11 co-culture,
which compares with only 5 uM Cd?* detected in the ORR environment (well FW126) so growth
inhibition is minimal at these concentrations. ORR environmental concentrations of Cu?* (10 uM)
and Co** (30 uM) do not inhibit the nitrate-reducing growth of the co-culture but Ni** is present
in the ORR contaminated well FW126 at 125 uM and this inhibits growth of the co-culture by
about 45%.

Cu?", Cd?*" and Ni*" inhibited R12 growth in terms of growth rate and final cell density with
ICso values of 75.8 uM, 16.9 uM and 114.9 uM, respectively (Table 5.1), while Co** (ICso > 200
uM) and U (ICsp > 500 uM) did not inhibit growth of R12 at tested concentrations. Cd** has the
lowest ICso (16.9 pM) and is the most toxic among these five metals tested. However, the highest
concentration of Cd*" detected in the most contaminated well (FW126) in ORR is about 5 uM,
which inhibited the growth of R12 by only about 12% under lab conditions (Figure 5.6A). The
highest concentrations of Cu?" and Ni?* detected in well FW126 are about 10 pM and 150 pM,
respectively, which inhibited R12 growth by about 26% and 100%, respectively (Table S4.1 and
Figure 5.6A). Therefore, ORR environmental levels of Cu?* and Ni?>* may play a major role in
inhibiting the growth of the nitrate reducing bacterium R12 in the contaminated area at ORR.

Cu?*, Cd**, Co*" and Ni?" also inhibited the nitrate-dependent growth in terms of growth
rates and maximum cell densities of Acidovorax 3H11with ICso values of 77.2 uM, 18.4 uM, 53.7
uM and 26.3 uM, respectively (Figure 5.7 and Table 5.1). However, U*" (IC50>500 uM) did not
show significant inhibition on 3H11. Cd*" is the most toxic metal among these five metals for
3H11 with the lowest ICso (18.4 uM). Under environmental concentrations of Cd**, Cu®*, Ni** and
Co?" as detected in the highly contaminated well FW126 (26), the growth of 3H11 was inhibited
23%, 6%, 23% and 11%, respectively (Table S4.1 and Figure 5.7A). ORR environmental

concentrations of Cd*" and Ni?* therefore inhibit the nitrate reducing growth of 3H11 significantly.
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Effects of toxic ORR metals on nitrate consumption and nitrite and N>O production of R12,
3H11 and the co-culture

To investigate the effects of ORR metals on the nitrate reduction, nitrite and N>O
production by R12, 3H11 and the R12/3H11 co-culture, nitrate, nitrite and N2O were quantified at
the end point (240 h) of cell growth. In terms of a combination of metals as the ORR MM, as
shown in Figure 5.4, when R12 was grown with increasing concentrations, higher concentrations
of nitrate and decreased amounts of N2O were detected. 30 to 45 pmoles of nitrogen was mainly
detected as nitrate or N2O, 15 to 30 umoles of nitrogen was not recovered and must be released as
another product (NO or Ny, as described above). Increased concentrations of MM didn’t affect
nitrite or N2O production of 3H11. About 50 umoles of nitrate nitrogen was reduced to nitrite
nitrogen and about 10 pmoles was detected as N2O in 3H11 with MM. Co-culture reduced nitrate
and nitrite more efficiently than R12 or 3H11 single cultures. Less than 10 pmoles of nitrogen
were detected in the form of nitrate, nitrite or NoO when up to 0.25x MM was added to the co-
culture, about 50 pmoles of nitrogen were detected mainly in form of nitrite, with some N2O as
well, when the co-culture grew with between 0.5x to 1.2x MM. No nitrite detected in R12 cultures
meanwhile no nitrate remained in 3H11 cultures, indicating R12 and 3H11 have high-efficient
nitrite reductase and nitrate reductase, respectively, which contribute to the efficient nitrate and
nitrite reduction in R12/3H11 co-culture.

Low concentrations of nitrate, nitrite or NoO were detected in R12/3H11 cocultures when
grown with no ORR metals, low concentrations of Cu?* (5 and 10 uM), Cd** (5, 20 and 40 uM),
Co?" (30 uM), Ni** (25 and 50 uM) or U%" (as high as 1000 uM). High concentrations of Cu®* (50,
100 and 150 uM), Co*" (60, 100, 150 and 200 uM) inhibited nitrate reduction significantly,
indicating their repression on nitrate reductases of R12 and 3H11. High levels of Cd** (60 and 100

uM), Ni** (100, 125 and 150 pM) inhibited nitrite reduction significantly, indicating they may
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inhibit the nitrite reductase activities of R12 and/or 3H11. However, various concentrations of five
tested metals did not have any effect on low N>O accumulation of co-culture (Figure 5.5).

As shown in Figure 5.6B, 40 pmoles out of 60 pmoles of nitrogen were recovered when
R12 was inoculated with no metal, where 30 umoles were reduced to N>O, about 10 pmoles
remained as nitrate, while no nitrite was detected. Concentrations of Cu?* above 5 uM inhibited
nitrate reduction in R12 significantly and also reduced N>O production. Cd** (above 5 uM) inhibits
nitrate reduction of R12 but did not affect N>O production. Co?" (above 30 uM) did not have much
effect on nitrate reduction of R12 but there was an accumulation of about 10 pmoles of nitrogen
(from 60 pumoles of nitrate) as N2O compared with the no metal added control. High concentrations
of Ni?* (more than 100 uM) inhibited nitrate reduction significantly, while Ni increased nitrate
reduction at low concentration (25 pM). 30 pmoles of nitrogen was detected as nitrite (from 60
umoles of nitrate) when R12 was incubated with 100 pM Ni?*, indicating more than 100 pM Ni?*
can inhibit nitrite reductase activity of R12. U%" at the concentrations used (up to 0.1 mM) did not
have much effect on nitrate reductions or N>O accumulation by R12. Between 5 and 30 umoles of
nitrogen was missing in R12 cultures depending on the concentration of the ORR metal that was
present. This might be released as N> or as NO by an uncharacterized nitrous oxide reductase
(NosZ). Neither of these compounds were measured in these experiments.

As shown in Figure 5.7B, 60 pmoles of nitrate nitrogen was reduced to 30 pmoles of
nitrogen as nitrite and about 30 umoles of nitrogen as N2O when 3H11 was inoculated with no
ORR metals. Increased concentrations of Cu?* (between 5 to 50 puM) resulted in higher
accumulation of nitrite and lower production of N>O, which could be the result of Cu?* inhibition
of the nitrite reductase activities of 3H1 1. Higher concentrations of Cu?* (above 100 uM) interfered
with nitrate reduction. This is the result of Cu?" toxicity on 3H11 biomass and possibly on the

activity of 3H11 nitrate reductase. The majority of nitrate was reduced to nitrite in 3H11 cultures
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in the presence of Cd?*, Co** and Ni**, which instead affected nitrite consumption compared with
no metal added. About 50 umoles of nitrogen existed as nitrite and 10 pmoles as N>O in cultures
with Cd*" and Ni**. About 50 umoles of nitrogen existed as nitrite and 10 pmoles as N,O when

3HI11 grew with higher than 60 uM of Co**. U has no influence on nitrate reduction of 3H11.
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Discussion

The greenhouse gas N>O is detected in the ORR contaminated area (131). It is assumed to
be the result of denitrification by nitrate-reducing microbial communities. The ORR contaminated
area is a complex environment which is not only acidic and Mo-limited but also contaminated by
high nitrate and various metals (26, 130). To investigate the effects of ORR related metals (Mo,
U, Cd, Mn, Co, Cu) on N>O production at ORR, ORR strains Rhodanobacter R12 and Acidovorax
3H11 were selected and co-cultured as an artificial nitrate-reducing community. The nitrate-
reducing growth, nitrate consumption, and nitrite and N>O production with environmentally-
relevant concentrations of ORR metals were studied. Increased Mo availability did not
significantly increase nitrate reducing growth of R12, 3H11 or the R12/3H11 co-culture. But Cu,
Co, Cd and Ni inhibited nitrate-reducing growth of R12, 3H11, and the R12/3H11 co-culture very
significantly. Meanwhile, nitrate consumption, and nitrite and N2O production by R12, 3H11 and
the co-culture were also inhibited by these four metals.

Mo did not have much effect on nitrate reducing growth of the ORR strains likely because
of the presence of 1 to 2 nM of Mo in the growth media as contamination without any added Mo.
This low concentration of Mo appears to be more than sufficient for nitrate-reducing growth of
these strains. Mo is essential as it is a cofactor of the enzyme nitrate reductase. In future work, the
media could be specifically depleted of Mo to the picomolar level by Fe** precipitation (178). This
would simulate the Mo limited conditions that naturally occur in the ORR contaminated area where
the Mo concentration is in the pM range as a result of depletion by Fe3*/AI** precipitation when
the pH of the acidic groundwater increases as it mixes with neutral groundwater (178).

In R12 cultures, generally not much nitrite was produced from nitrate while with 3H11
cultures most of the nitrate was reduced to nitrite and this was released into the medium (Figure

5.6 and 5.7). This indicates that R12 can reduce nitrite efficiently and 3H11 can reduce nitrate
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efficiently. In the R12/3H11 co-culture, nitrate, nitrite and NoO were barely detectable in the
presence of low concentrations of ORR metals, indicating that the two organisms worked well
together and removed nitrate more efficiently and decreased the accumulation the greenhouse gas
N20 under lab conditions. This could be of significance if the same occurs in the contaminated
ORR environment, although this a much more complex system and has other potential inhibition
factors, such as low pH, limiting carbon sources and fluctuating temperatures.

The ORR metal mixture (MM) inhibited nitrate reducing growth and nitrate consumption
of R12 very significantly. Metal mix as high as 1.2x affected the growth rate of 3H11 but not the
final cell density. The inhibition by ORR metal mix on the co-culture should be the result of growth
inhibition of R12 as the growth curve with 1.2x MM matched the growth curve of 3H11 with 1.2x
MM. Even though Cu, Cd, Co and Ni inhibited the denitrifying growth of R12, 3H11 and the co-
culture, Ni should have the most effect of the ORR metals as it is at a high concentration (150 pM)
in the metal mix and showed significant inhibition to the growth of both R12 and the co-culture.
This indicates that Ni should be the main toxic metal that limits the nitrate removal and might
affect nitrite and N>O levels in the ORR environment.

The inhibition by metals of nitrate, nitrite or N2O production by R12, 3H11 or the co-
cultures could be due to several reasons. First, the metals could directly inhibit denitrification
enzymes (nitrate reductase, nitrite reductase, nitric oxide reductase, and nitrous oxide reductase).
For example, high nitrate concentration remained when R12 was incubated with high Cu** and
Ni?* and when 3H11 was incubated with high Cu?*, suggesting that their nitrate reductases were
inhibited. R12 accumulated about 30 umoles of nitrite when 100 puM Ni** was added, which
indicates that Ni**inhibited the nitrite reductase activity of R12. Second, metals could affect the
activities of enzymes in other essential pathways that are not directly related to denitrification but

could result in growth inhibition, thus inhibiting nitrate or nitrite reduction indirectly. Third, nitrite
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is also toxic, and so the accumulation of nitrite in cultures could also play a role in inhibiting its
nitrate-reducing growth. Further biochemical analysis of the enzyme activities of the
denitrification pathways of R12 and 3H11 should be performed to address which is the dominant
process by which the ORR-relevant metals affect their metabolisms.

N20 emissions in the high nitrate and low pH environment of the Oak Ridge Reservation
can be very complex. Biotic (nitrate reducing community components, nitrate reducing enzyme
activities, bacteria interactions, etc.) and abiotic aspects (pH, carbon source availability,
temperature, metals, etc.) could independently perturb emissions. In order to investigate NoO
emissions at ORR, we are collaborating with other researchers on the ENIGMA project
(Ecosystems and Networks Integrated with Genes and Molecular Assemblies,

https://enigma.lbl.gov/) and try to answer the following questions: 1) How does low pH affect the

nitrous oxide reductase (NosZ) activity of denitrifying microbes that have all of the enzymes of
the denitrification pathway? 2) How does the low pH affect organisms that don’t have the full
denitrifying pathway but have NosZ? 3) How do Fe, Mn, and organic compounds affect the abiotic
production of N>O by abiotic chemodenitrification? These questions will be addressed using
selected ORR isolates and/or artificial microbial communities from ORR isolates to develop
quantitative and predictive models for gene regulatory and metabolic networks related to NoO
production. The models can then be used to explain or predict ORR field-observed phenomena

related with N>O emissions, such as the effects of rainfall on N>O production at ORR.
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Experimental Procedures
Growth and culture conditions
ORR strains Rhodanobacter R12 and Acidovorax 3H11 were first cultured aerobically in R2A
media at 30 °C until their cell density (OD680) reached 0.8 to 1.0. Cultures were normalized to
the same cell density and 0.12 ml of each or 0.06 ml of each for the co-culture were transferred to
Hungate tubes (average volume 16.6 ml). All cultures were grown in the standard medium which
contained 1.3 mM KCI, 2 mM MgSO4, 0.1 mM CaClz, 0.3 mM NaCl, 30 mM NaHCOs3, 5 mM
NaH>POy4, 0.1g/L YE, and 10 mM NaNOs with vitamins and minerals as described by Widdel and
Bak (171). Molybdenum and tungsten were omitted in Mo-related experiments. Acetate (20 mM)
was used as carbon source, the gas phase was No/CO: (80/20%, v/v) and cultures were incubated
at 30 °C in triplicate. Mo as NaxMo0QOs, Cu as CuCl,-2H,0, Cd as Cd(CH3COO)-2H,0, Co as
CoCly'6H20, Ni as NiCl,'6H,0 and U as UO2(CH3COO),-2H,0, and metal mix (MM) as
described in Table S4.1, were added to cultures as indicated and the cell density (OD680) was
measured over time. Spent media at the end time point (240 hours) were collected and used for
nitrate and nitrite measurements, and the gas phase in the Hungate tubes were used for N>O
measurements.
Nitrate and nitrite measurement
Nitrate and nitrite were measured by the Griess colorimetric assay (172). 100 pL of diluted samples
were mixed with 100 pL the Griess reagent (MilliporeSigma) and incubated at 37 °C for 1 h to
determine the concentrations of nitrite produced during growth (data A). To reduce the remaining
nitrate to nitrite, 50 pL of diluted samples were mixed with 40 pL saturated VCl; (400 mg VCl;
in 50 mL 1M HCI). 100 pL of the Griess reagent was added and the mixture was incubated at 37
°C for 4 h before measuring absorption at 540 nm, which measures nitrite of original nitrite and

nitrite reduced by VCI3 from nitrate in samples (data B). Nitrite concentrations were calculated
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based on standards using data A and nitrite+nitrate concentration based on standards using data B.
Subtracting nitrite concentration from nitrite+nitrate data gives nitrate concentration in tested
sample.

N20 measurement by Gas Chromatography

A gas chromatograph (GC, Agilent Technologies 7890A GC system, Santa Clara, CA, USA)
equipped with an electron capture detector (GC-ECD) was used to quantify N>O in the gas phase
of R2A, 3H11 or the co-culture in Hungate tubes. N>O standards (5, 10, 20, 30, 50 umoles) were
prepared in duplicate using the same Hungate tubes containing 6 ml of medium described above
and filled with N2/CO> (80%/20%, v/v), 100 ul of gas phase in each tube was transferred to a
Hungate tube with 6 ml of fresh media and filled with N»/CO> (80%/20%, v/v) to dilute the gas.

100 pl of diluted gas was injected into GC to quantify N>O production of each sample.
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Tables and Figures
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Figure 5.1 Main pathways of N2O production. (a) nitrification (from NH3); (b) denitrification (from

NOs3); (¢) chemodenitrification (directly from NO>  or NH,OH).
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Figure 5.2 Denitrification pathways predicted from draft genome sequences in ORR strains

Rhodanobacter R12 and Acidovorax 3H11.
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Figure 5.3 Nitrate-reducing growth of Rhodanobacter R12, Acidovorax 3H11 and the R12/3H11

co-culture with added Mo.
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Figure 5.4 Nitrate reducing growth of Rhodanobacter R12, Acidovorax 3H11 and R12/3H11 co-

culture with metal mix. (A) Growth curves of R12 with increasing concentrations of Cu, Cd, Co,

Ni and U, (B) nitrate, nitrite and N>O measured in spent media or in the gas phase of R12 cultures

in Hungate tubes. The amounts of nitrate (orange bars), nitrite (grey bars) and N»>O (blue bars) are

given in terms of pmoles of N.
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Figure 5.5 Nitrate reducing growth of Rhodanobacter R12 and Acidovorax 3H11 co-culture with
Cu, Cd, Co, Ni and U. (A) Growth curves of Co-cultures with increasing concentrations of Cu,
Cd, Co, Ni and U, (B) nitrate, nitrite and N>O measured in spent media or in the gas phase of Co-
cultures in Hungate tubes. The amounts of nitrate (orange bars), nitrite (grey bars) and N>O (blue

bars) are given in terms of pmoles of N.
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Figure 5.6 Nitrate reducing growth of Rhodanobacter R12 with Cu, Cd, Co, Ni and U. (A) Growth
curves of R12 with increasing concentrations of Cu, Cd, Co, Ni and U, (B) nitrate, nitrite and N>O

present in spent media or in the gas phase of R12 cultures in Hungate tubes. The amounts of nitrate

(orange bars), nitrite (grey bars) and N2O (blue bars) are given in terms of pmoles of N.
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Figure 5.7 Nitrate reducing growth of Acidovorax 3H11 with Cu, Cd, Co, Ni and U. (A) Growth
curves of 3H11 with increasing concentrations of Cu, Cd, Co, Ni and U, (B) nitrate, nitrite and
N20 measured in spent media or in the gas phase of 3H11 cultures in Hungate tubes. The amounts

of nitrate (orange bars), nitrite (grey bars) and N>O (blue bars) are given in terms of pmoles of N.
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Table 5.1 ICso values of the ORR metal mix (MM) and individual metals on Rhodanobacter R12,

Acidovorax 3H11 and the Rhodanobacter R12 and Acidovorax 3H11 co-culture.

Metal Mix
Strain  Cu?** (uM) Cd**(uM) Co?** (uM) NiZ"(uM) U (uM)
()
R12 75.8 16.9 > 200 114.9 > 500 0.4
3H11 77.2 18.4 53.7 26.3 > 500 0.6
Co-culture 47.0 37.8 72.3 67.6 > 500 0.5
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CHAPTER 6
DISCUSSION AND CONCLUSIONS
The contaminated site at the Oak Ridge Reservation (ORR) in Tennessee, USA, is very
special. Millions of liters of waste containing nitric acid and toxic metals were disposed at this site
by the US government for 32 years from the nuclear developing facilities at the Y-12 Plant (126).
There are two locations that are highly acidic and contain high concentrations of nitrate and
uranium (U) (Area 1 and Area 3), a site with much lower nitrate and U (Area 2) (233). As a major
contaminant, nitrate is present at concentration as high as 74 g/L (1.2 M; (126)) and remains at a
high level (up to 230 mM)) in some heavily contaminated wells even after the remediation in 1980s

(127). Various metals still remain at high levels after the remediation (uranium up to 580 puM,
aluminum up to 20709 uM, manganese up to 3150 uM, nickel up to 157 uM, cobalt up to 30 uM,
cadmium up to 10 uM, copper up to 15 uM, chromium up to 11 uM, lead up to 0.5 uM and thorium

up to 8 uM) in the most contaminated well FW126 (26, 126, 130). Meanwhile, the pH of the
groundwater in the contaminated area range from very acidic about 2 to neutral level about 7, many
of the contaminated groundwater samples are in the low end below pH 5 (26). A large plume of
nitrate that extended approximately 1 km to a depth of over 100 m was detected in this area (128,
129). However, molybdenum (Mo), required by nitrate reductase to remove nitrate, was present at
a lower median concentration (<<1 nM) in highly contaminated wells compared to those in pristine
wells (up to 330 nM (26)).

In the research for this thesis, geochemical, microbiological, phylogenetic and biochemical
analyses have been carried out to investigate why Mo is present at extremely low concentrations

in contaminated ORR groundwater, the relationship between nitrate-reducing bacteria and the
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heavy metal and high nitrate environment, and to determine mechanisms that enable
microorganisms to survive in this unique and extreme environment. In chapter 2, analysis in the
laboratory showed that Mo limitation in the highly contaminated groundwater is because of Fe/Al-
precipitation when pH increases above 3 as the acidic and contaminated groundwater mixes with
the surrounding groundwater. At the same time, it was shown that Mo depletion by Fe/Al-
precipitation can dramatically inhibit nitrate reduction by microorganisms. This is important
because Mo is required for biological nitrate reduction in nature. The environmental model
described in this study can also be applied to other acidic, nitrate and/or metal-contaminated
environments, such as acid mine drainage.

In chapter 3, the mechanism that enables a metal resistance nitrate-reducing Bacillus strain, isolated
from ORR sediment, to survive in Mo-limited ORR environment was elucidated. Bacillus sp. EB106-08-
02-XG196 was more resistant to heavy metals and much less sensitive to Mo-limitation under nitrate
reducing conditions than other environmental strains from ORR. Its genome was sequenced, annotated and
published (234). It was shown in this study that the molybdate binding affinity of the XG196 molybdate
ABC transporter is very high (Kp ~ 2 nM) and is proposed to be the reason why XG196 readily takes up
Mo. Its Kp value is the lowest reported for any ModA to date by about an order of magnitude. This is also
the first ModA characterized from a Bacillus strain.

It was also shown experimentally in this study that Fe** and AI** are effective at removing
molybdate from solution. However, Fe3* rather than AI** is the main driver of Mo depletion in the
ORR contaminated area because, based on our elemental analysis, Fe** precipitation induced Mo
depletion happened when pH < 5.0, consistent with the pH in many contaminated ORR wells, in
which the concentrations of Fe are low (uM range) but Al are still high (mM range) and Mo is
virtually undetectable. The sediment at ORR is rich in iron oxides (150, 151) and several of the
highest concentrations of Mo (at 501 cm and 583 cm depth) that were measured are also rich in Fe

in the contaminated core EB-106. We assume that these represent the pathways through which the
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contaminated S-3 ponds liquids flowed leading to iron-based precipitation at these depths. Mo
limitation is clearly another factor that could be impacting microbial nitrate reduction at ORR,
besides the low pH and high concentrations of metals and nitrate, as well as of other anions such
as sulfate and chloride. Bacillus strain XG196 isolated from EB-106 saturated zone is of great
interest because it is both metal resistant and has a very high affinity for molybdate. XG196 was
isolated from the EB-106 sediment at the depth that corresponds to the third Mo peak in the depth
profile(235). However, strains like XG196 with a high molybdate binding ability can help it
survive in an environment extremely limited for Mo (sub-pM levels) when nitrate is available as
an electron acceptor. XG196 is only one representative of what are assumed to be many strains
with special properties that enable them to survive in the extreme environment of the ORR
sediments. Future enrichment and isolation and characterization should be carried out in the future
to determine how such strains compare with XG196.

Many studies have been carried out to investigate the relationships of microbes and the
special environment at the ORR contaminated area to search novel strains, mechanisms,
bioproducts and other resources from, including by field geochemical analysis (127-129, 150, 188,
236, 237), metagenome analysis (138, 205, 238) and microbial isolation and characterization (26,
141,234, 239). Community characterization of groundwater and sediment samples from ORR area
2 and area 3 by a suite of DNA- and RNA-based molecular tools revealed that denitrifying bacteria
from the genus Rhodanobacter dominate at low pH (near 3; (232)). Relative abundance of
Rhodanobacter in acidic groundwater from Area 3 can be more than 90% (232) and this was
positively correlated with low pH conditions. Members of this genus were abundant and active in
the most highly contaminated area 3, and their distribution was not affected by other factors, such
as the concentration of nitrogen species, oxygen level, and sampling season (232). The role that

Rhodanobacter plays in nitrogen related metabolism in high nitrate contaminated area at ORR is
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currently being studied in depth by our collaborators on ENIGMA project (Ecosystems and
Networks Integrated with Genes and Molecular Assemblies, https://enigma.lbl.gov/) in order to
reveal the efficiency of nitrate reduction, N>O emission under conditions that simulate the ORR
environment, their interactions with other microbes (e.g. Acidovorax 3H11) in nitrate reducing
under various pH levels, ORR levels of metal concentrations. There is no doubt that laboratory
work using ORR strains is critical to revealing what is happening in the field, although relating the
results to what is actually happening in the field is a big challenge.

Seven nitrate-reducing strains that can grow in the presence of metals at concentrations
found in the contaminated ORR environment were recently isolated in our laboratory (141). Of
these, four (MTO049 (Serratia), MTO058 (Pantoea), MT066 (Bacillus), MT094 (Bacillus), and
MTI123 (Castellaniella).) were mapped back geographically to both non-contaminated and
contaminated wells at ORR using exact sequence variant (ESV) analysis of metagenome data
(141). These strains have the potential to be the model strains for understanding nitrate metabolism
and related activities in the presence of various metals in this extremely contaminated ORR
environment. The study of ORR-related microbes also faces other challenges, in particular, carbon
source limitation and fluctuation. Enrichment and isolation work are fundamental and also
important in environmental microbiology studies, but cultivation of diverse microorganisms from
the field can also be very challenging because of what are termed ‘unculturable’ microbes. One
key to isolate strains from their environment is to mimic their natural conditions in the laboratory,
but the challenging part is reproducing the complex natural environment, for example, containing
natural organic matter (NOM) and potential microbe-microbe interactions. One recent study
showed that natural organic carbon sources such as NOM and bacterial cell lysates are very

effective in enriching diverse bacteria (240). Future enrichment and isolation work using ORR
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samples should focus on this but with an additional focus on both essential (Mo) and toxic metals
at environmentally-relevant concentrations.

Metagenome analysis provides a comprehensive view of the composition of microbes in
environments such as ORR, but genome annotations are sometimes not as precise as expected. For
example, metagenome analysis uses the EggNOG mapper (EggNOG is evolutionary genealogy of
genes: Non-supervised Orthologous Groups) and database, part of the international consortium
Quest for Orthologs (241), was shown to work better at annotating genes than two widely used
homology-based approaches: BLAST and InterProScan. For example, EggNOG mapper reduced
by 7% the rate of false positive assignments and increased by 19% the ratio of curated terms
recovered over all terms assigned per protein compared to BLAST and increased by 26% the rate
of curated terms recovered over total term assignments per protein than InterProScan. In addition,
the EggNOG-mapper is faster than BLAST(~15x) and InterProScan (> 2.5x) (207). In the research
presented in this thesis, EggNOG mapper (v2) was used to identify annotated Mo-related proteins
in metagenome data (234).

The ability to study soil microbial diversity and soil processes also requires technologies
that differentiate active microbes from extracellular DNA fragments and non-active cells (238).
Bioorthogonal non-canonical amino acid tagging (BONCAT) revealed that the phylogenetic
composition of the active fraction is distinct from the total population of extractable cells in ORR
sediments (238) and similar studies have been done in marine sediments (242, 243). This approach
uses homopropargylglycine (HPG), a water-soluble analog of methionine containing an alkyne
group which can be incorporated into newly synthesized proteins. Fluorescent dyes are then linked
to HPG-containing proteins by azide-alkyne reaction. As a result, active cells are fluorescently
labeled and can be sorted out by fluorescence-activated cell sorting (FACS) (238). It was revealed

that in ORR sediments, the composition of active cells, which is about 25—70% of the extractable
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cells, is different from the total extractable cells using BONCAT (238). BONCAT-FACS is an
effective method to study the active population in microbial communities in situ and provides a
more efficient way to uncover the relationship between soil activities and microbial communities.
Proper enrichment and isolation work can identify many environmental strains relatively quickly
and easily with the help of modern sequencing technologies. In addition, the work described here
shows that the environmental conditions must play an important role in designing the appropriate
experimental conditions for enrichments, in particular, the presence of essential and toxic metals.

One of the main obstacles is to assign phenotypes or functions to genes in a strain isolated
from environments such as the ORR. RB-Tnseq (random bar code transposon-site sequencing) is
a powerful tool to annotate gene functions in bacteria on a genome-wide basis (244-246). RB-
Tnseq combines the advantages of TnSeq and DNA bar coding. First, a large transposon mutant
population of each strain containing a unique DNA bar code is generated. Tnseq is then applied to
generate corresponding a randomly bar-coded transposon mutant library of this strain. DNA
barcodes are amplified and sequenced by Illumina sequencing. Competitive mutant fitness assays
can then be carried out by comparing the abundance of the DNA bar codes with BarSeq before
and after growth under selective conditions to reveal genes that show higher or lower fitness (245).
Using this method, our laboratory showed that several proteins of unknown function are involved
in resisting zinc and copper toxicity of Pseudomonas stutzeri RCH2, a model strain used in ORR
related studies (246). RB-Tnseq is therefore a powerful tool that can definitely enable gene
characterization work using ORR strains in the future.

Tungsten (W) and molybdenum (Mo) are chemically similar metals. The physiologically-
relevant oxidation states of both W and Mo are +4, +5, and +6, and they are taken up and utilized
by microbial cells in form of tungstate and molybdate, respectively (7). Mo-containing enzymes

are usually absolutely exclusive in utilizing Mo for active catalytic processes, for example,
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xanthine oxidase and sulfite oxidase can only use Mo. Similarly, the WOR family of enzymes only
use W based on the studies to date (7, 68). However, some enzymes in DMSO reductase family
are able to use W as well as Mo and the W-DMSOR found from Rhodobacter capsulatus is
significantly more active than Mo-DMSOR in catalyzing the reduction of DMSO (247). An active
W-containing nitrate reductase (Nar) has also been characterized from the hyperthermophilic
denitrifying archaeon Pyrobaculum aerophilum when grown with tungstate concentrations that are
completely inhibitory to nitrate-reducing bacteria, which is thought to be a result of this organism
adapting to the high tungstate environments of volcanic vents (95). Heterologously expressed
arsenate respiratory reductase (Arr) and thiosulfate reductase (Tsr) from the crenarchaeon
Pyrobaculum aerophilum (Top: ~ 100°C) in the euryarchaeon Pyrococcus furiosus (Top: ~ 100°C)
are proved to be active with both Mo and W, and both enzymes that contains Mo are more active
than those with W (93, 248). Interestingly, both W- and Mo-forms produced are by Pyrococcus
Sfuriosus, which itself have five members of the WOR family, none of which will incorporate Mo,
only W (80-86).

One question is whether in the Mo-limited ORR environment, are W-containing enzymes
present that either substitute for Mo in certain Mo-enzymes (like DMSOR and nitrate reductase)
or have completely new metabolic roles in the function and diversity of ORR microbes. In the
study of the abundance of Mo-related proteins in the ORR environment, we also analyzed for genes
representing the W-containing WOR family and also the tungstate transporter (TupABC) and were
surprised to find that they were as abundant in ORR groundwater and sediment metagenomes as
the genes representing Mo-enzymes and transporters (234). Uncharacterized members of the WOR
family could therefore also be present in ORR microbes and this very intriguing topic should be

the focus of a future study in the unique ORR environment.
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The Archaea represent one of the three domains of cellular life and play important roles in
biogeochemical cycles (249). Archaea are also widespread and diverse at ORR. About 60% of the
archaea groups detected from ORR surface stream sediments were not similar to any cultivated
isolate (250) and at least one archaeal 16S sequence was found in every 100-well survey well, a
study in which groundwater samples were collected from about 100 ORR wells, including
contaminated and non-contaminated ones, to study the effects of ORR contamination to the
microbial communities, and over 20 families observed spanning all major branches (130). In
addition, some of the archaeal 16S sequences have close relatives in the Thermoproteales that have
been characterized but these grow at extreme temperatures (> 80°C) and no mesophilic member
of the group, which is presumably present in the ORR environment, is known at present. Interesting
anaerobic or facultatively anaerobic archaea that have uncharacterized metabolic pathways and
have high resistance to metals or produce interesting bioproducts might survive in the extreme
contaminated ORR environment, but no representative has yet been isolated. Enrichment and
characterization of novel archaea strains could involve 16S rRNA sequencing using archaea-
specific primers and archaeal specific fluorescent single cell probes can be used to screen
groundwater and sediment samples in ORR (251, 252). In addition, as has been emphasized in the
work presented in this thesis, isolation procedures for novel archaea should also take into account
the availability of essential (Mo, and perhaps W) as well as toxic metals and do so at concentrations

that these metals are present in the ORR environment.
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