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ABSTRACT
Nitrous oxide (N2O) is a gas responsible for significant ozone layer depletion and
contributes to greenhouse effects in Earth’s atmosphere. N2O is primarily
generated by denitrification, whereby nitrate (NO3-) or nitrite (NO2-) is converted
to gaseous N2O or N2. Teragram quantities of N2O are emitted annually from
agricultural soils treated with nitrogenous fertilizers due to the activity of soil
microbiota. Although bacteria and fungi harbor genes permitting denitrification,
fungi lack NosZ, an enzyme responsible for reducing N2O into inert N2 gas.
Historically, scientists have linked fungi to soil N2O production, but uncertainty in
fungal contributions remain due to the persistent use of biased, inhibitor-based
methodologies used to assess fungal and bacterial contributions to soil N2O
emissions. In the following chapters, the application of PCR- and bioinformaticsbased techniques to detect the nitric oxide reductase gene, p450nor, are
presented. N2O-producing fungi were isolated from microcosms established with
two distinct agricultural soils amended with NO3- or NO2-. The p450nor PCR
primers identified 49 novel p450nor gene amplicons from isolate and
environmental DNA. Moreover, the PCR primer’s utility was expanded by their
incorporation into Illumina sequencing protocols, enabling analyses of 72 soil
samples from two Midwest agricultural soils. Analysis of p450nor sequences
(12,675,480 in total) revealed 69.7 and 64.6 % were classified as isolate or
environmental sequences previously acquired from these soils. Analysis of fungal
internal transcribed spacer (ITS2) sequences revealed 4,591 OTUs, of which 19
OTUs comprised 41.6 % of all fungal sequences. Importantly, ITS2 OTUs
assigned to fungal families harboring denitrifying members suggests between 2
and 67 % of the fungal community may be denitrifiers. Finally, a phylogenomics
approach was applied to explore denitrification potential across >700 fungal
genomes. These analyses demonstrated a low co-occurrence of p450nor and
other denitrification genes (narG, napA, nirK). Instead, 11 % of genomes were
predicted to contain p450nor in secondary metabolism (SM) gene clusters and
35 % were localized adjacent hallmark SM genes, suggesting an undiscovered
role for p450nor in SM. Phylogenetic analyses united p450nor with
actinobacterial sequences involved in SM, suggesting recent horizontal gene
transfer and challenging the paradigm of p450nor’s primary role in denitrification.
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CHAPTER ONE
INTRODUCTION

1

Fungi and Nutrient Cycling
Fungi are major drivers of biotic processes in aquatic and terrestrial ecosystems
(1–4). Fungi are central to the functioning of terrestrial soil habitats, where they
contribute significantly to soil health and fertility, the degradation of recalcitrant
carbon-rich compounds, and partitioning of soil resources to the benefit of other
soil biota (e.g., nutrient transport to plants by arbuscular and ectomycorrhizal
fungi) (5–7). Although fungi are touted as significant drivers of soil geochemical
processes, their cryptic morphologies and low DNA content per dry weight of cell
material compared to their bacterial counterparts, hamper some culturedependent techniques to assess the ecology, function, and genetic diversity of
fungi in soil. Moreover, these aforementioned factors combined with larger
genome sizes also can hinder current state-of-the-art culture-independent
techniques (e.g., shotgun metagenomics) from being applied to soil systems to
assess fungal function and diversity (8). For these reasons, approaches aimed at
combining the strengths of both culture-dependent and culture-independent
techniques need to be carefully utilized for investigating the role of fungi in the
soil environment (9). Despite of these limitations, our understanding of the fungal
contributions to soil nutrient cycling is advancing. An excellent example of this
enhanced knowledge can be found in the biomineralization of key soil metals and
nutrients by fungal oxalate production. Fungi produce oxalate through enzymatic
hydrolysis of oxaloacetate or glyoxylate and excrete this compound
extracellularly where it can be further mineralized to CO2 or form alter the
solubility and bioavailability of potassium, phosphorous, aluminum, copper, iron,
and other elements (10, 11). Under controlled laboratory conditions, this process
has been shown to promote plant growth, presumably by solubilization of
phosphate through ligand exchange of phosphate complexes with oxalate (12–
14). Oxalate production has been observed in a variety of fungal taxa including
the Ascomycota, Basidiomycota, and Zygomycota sensu lato, and is influenced
by the carbon (C) and nitrogen (N) ratio, as well as source of C (glucose,
glycerol, etc.) or N (ammonium, nitrate) (10, 11).
2

Many fungal species are also prodigious decomposers, and exhibit a
saprotrophic lifestyle in which organic matter is mineralized to CO2 (15). Fungal
saprotrophy is of importance in woodland habitats, as fungi are predominant
decomposers in the initial stages of complex organic matter (e.g., lignin,
hemicellulose, pectin) breakdown in wood and leaves (15, 16). The saprotrophic
fungi excrete extracellular enzymes (laccases, peroxidases) that destabilize and
decompose lignin into simpler phenolic substrates, thus providing themselves
access to the more readily metabolizable cellulose (17). At least for some fungal
taxa, organic matter decomposition has been observed to be controlled by the
observed fungal species diversity and N status of their environment (18, 19).
Fungal decomposers are also biological mediators of bulk C and N movement in
soils, the function of which has important implications for both the plant and
microbial communities inhabiting soil (20).
Finally, fungi are well known for their ability to utilize various organic and
inorganic forms of N in soil (21–23). For instance, arbuscular and
ectomycorrhizal fungi are well studied for their roles in organic and inorganic N
uptake and transport to associated host plants (24, 25). N is an essential nutrient
for fungi as it is a requirement for generating amino acids (glutamine), cell wall
precursors (N-acetylglucosamine), purines and pyrimidines in nucleosides, and a
variety of additional, important N-containing biomolecules (21, 22). Hence, fungi
possess several biochemical pathways to assimilate N and incorporate this
element into their biomass (24, 26–34). Of these sources, ammonium and amino
acids are the preferred N source, but fungi are also able to assimilate inorganic
N-oxides like nitrate into ammonium via the well-studied actions of enzymes such
as assimilatory nitrate and nitrite reductases, NiaD and NiiA, respectively, in
Aspergillus nidulans and YNR1 and YNI1, respectively, in yeasts (30, 31, 35).
Although dissimilatory N cycling pathways occur in fungi (discussed below),
assimilatory N metabolism may regulate additional N transformations depending
on the N status of the cell (32). Given the diversity of life history strategies,
metabolic pathways, and nutrient uptake capacity found in the kingdom Fungi, it
3

is no wonder that these multifarious organisms dominate soil microbial biomass
in many soils (36). As a result, the nutrient cycling activity of fungi has important
implications for climate change, as fungi directly and indirectly contribute to
greenhouse gas (GHG) emissions and their activity may regulate microbial
functional guilds that also contribute to GHG emissions (37).

Fungi and the Nitrogen Cycle
Denitrification: loss of soil nitrogen to the atmosphere
While a diversity of aerobic and anaerobic nitrogen (N) transformation pathways
exist in nature (e.g., ammonium oxidation, nitrogen fixation), all are dominated by
the activity of diverse microorganisms (38). Although N may also be transformed
abiotically (e.g., chemodenitrification), the contributions of these reactions to the
N cycle are not well understood (39, 40). More than a century of human activity
related to agricultural crop production has resulted in the N cycle becoming one
of Earth’s most disrupted biogeochemical cycles (38). Specifically, human
technology has significantly altered the N cycle, allowing for the fixation of
massive quantities of nitrogen gas (N2) via the Haber-Bosch process for use in
agricultural fertilizers (41). One drastic consequence of the increasing application
of agricultural fertilizers is enhanced microbial activity resulting in nitrous oxide
(N2O) production, which may account for up to one third of all soil N losses after
fertilizer application (42). N2O is a potent GHG that is 300-fold more effective at
trapping infrared radiation than carbon dioxide, and additionally contributes to
ozone depletion (43). Since agricultural soils are anticipated to contribute to twothirds of all N2O emissions by 2030, research investigating the sources
(microorganisms) and mitigation strategies for gaseous N loss from these
habitats is critical (44).
The process of denitrification (i.e., the formation of gaseous N products
from nitrate, NO3-, or nitrite, NO2-), is implicated as a major source of increased
N2O production from soils, with pathways such as nitrification contributing to a
lesser extent (38, 45). Microorganism typically perform denitrification when their
4

primary electron acceptor O2 has been depleted and inorganic N-oxides are
available (40). Inorganic N-oxides can serve as alternative electron acceptors
under anoxic conditions, enabling the formation of an electrochemical potential
energy gradient to drive ATP synthesis and promote microbial survival or growth
(42). N2O formation and release from soil via denitrification is controlled by a
multitude of factors, including O2 concentration, pH, temperature, moisture, soil
type and compaction, and microbial species diversity (44, 46–48). Of these
factors, O2 concentration appears to be a key driver of not only the quantities of
N2O formed, but also on the sources of the N2O (e.g., heterotrophic versus
nitrifier denitrification) (44). Not surprisingly, transcriptional regulation of microbial
genes involved in N respiration is controlled by a myriad of N- and redoxsensitive transcription factors (42).

Genes underlying canonical bacterial denitrification
Although fungi and other eukaryotes have been increasingly recognized for their
potentially important role in denitrification, members of the kingdom Bacteria (and
some Cren- and Euryarchaeota Archaea) have historically been the focus of
intense investigation on the topic (38, 49). Bacterial denitrification is thought to be
predominantly mediated by members of the diverse bacterial phylum
Proteobacteria. However, additional members of the bacterial phyla Firmicutes,
Bacteroides, Verrucomicrobia, Spirochaetes, and Actinobacteria have been
demonstrated to perform denitrification or possess the genetic components
(nar/nap, nir, nor, and nos gene operons) required for some or all reductions
within the pathway (40, 50–55) .
The first step of canonical denitrification is the reduction of nitrate (NO3-) to
nitrite (NO2-), through the activity of the Nar/Nap enzymes. The catalytic enzyme
of the nar operon is encoded by narG, and is a 126 kDa (average mass) soluble
protein containing a bis-molybdopterin guanine dinucleotide cofactor that accepts
electrons from the quinol pool to reduce NO3- to NO2- (56). Accessory subunits
encoded by the narH and narI loci are the β and γ subunits involved in electron
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transfer and anchor the Nar protein to the cytoplasmic membrane or perform
quinol oxidation, respectively (56). The periplasmic nitrate reductase, NapA, is a
variably sized enzyme (70 – 105 kDa) that also utilizes a molybdopterin cofactor,
but contains an additional iron sulfur cluster for accepting electrons involved in
nitrate reduction (57, 58). Additional loci in the nap operon encode redox related
proteins (NapBCGH) or encode proteins with functions related to protein
maturation (NapDFL) (57). Of the redox proteins encoded in the nap operon,
NapB has been extensively studied and provides electrons to NapA via the
quinol pool (57).
The reduction of NO2- to nitric oxide (NO) is carried out by enzymes
encoded by two evolutionarily distinct nir genes known as nirS and nirK in
members of Bacteria (and to some extent the Archaea). No organism has been
shown to possess both genes simultaneously (59, 60). The nirS gene encodes a
dimeric, ~60 kDa soluble enzyme containing heme c and d1 chromophore
cofactors required for electron transfer and nitrite binding and reduction (59, 61).
Other genes present in some, but not all nirS-containing microbes, are the genes
nirTBMCFDLGHJEN which encode electron transfer, cofactor and protein
maturation enzymes (59). In contrast to nirS, nirK does not appear to have
additional genes encoded in an operon and is found in a greater diversity of
microorganisms (54, 59, 60, 62). The nirK gene encodes a soluble, ~108 kDa
trimeric multi-copper oxidase that catalyzes nitrite reduction to nitric oxide (59).
NirK receives electrons from either a 14 kDa type 1 copper-containing
(pseudo)azurin or cytochrome c551; these enzymes in turn receive their electrons
from membrane-bound respiratory complexes oxidizing the quinol pool (51, 59,
63, 64).
Nitric oxide is subsequently reduced to N2O, and this is carried out by two
evolutionarily related, but distinct nitric oxide reductases, NorB and NorZ (51, 59,
65). The major distinction between the two enzymes is that the 53 kDa
membrane-bound NorB receives electrons from cytochrome c directly, whereas
the 84.5 kDa, membrane-bound NorZ contains an additional N-terminal quinol
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oxidase to generate electrons for nitric oxide reduction. This difference has
resulted in the incorrect usage of the terms cnorB and qnorB to distinguish these
genes in the literature (62, 65, 66). Additionally, the norB operon also contains
the genes norEFCQD whereas norZ is not contained in an operon (65).
The final step in canonical denitrification is the reduction of the
greenhouse has N2O to the inert and ubiquitous N2 gas. This step is carried out
by the multicopper enzyme NosZ, a ~132 kDa soluble dimer containing two
electron donating CuA and catalytic CuZ centers, each ensconced in one of either
a cupredoxin or seven-bladed beta propeller protein fold (45, 67). The canonical
nos operon is composed of nosXRDFYL, that encode transcription factors
(NosR), copper center maturation enzymes (NosDFYL), and electron transfer
reactions (NosX) (45). Recently, microorganisms not typically identified as
denitrifiers (e.g., members of the Bacteroides and Epsilonproteobacteria) were
observed to possess an atypical nosZ gene sequence, which differs from the
canonical NosZ in that most contain a Sec protein secretion signal, rather than
the twin arginine translocation, or TAT, motif (68, 69). Understanding the
function, ecology, and diversity of bacteria containing atypical nosZ gene
sequences is an area of ongoing research.

Genes underlying fungal denitrification
The genes underlying the fungal denitrification pathway largely overlap with their
denitrifying prokaryotic counterparts, but some striking differences are also
apparent (Figure 1.1, all tables and figures are located in the Appendix) (70, 71).
For example, some members of the kingdom Fungi have been demonstrated to
possess genes encoding the nitrate-reducing molybdoenzymes, NarG and NapA,
and the copper-containing multicopper oxidase NirK (71, 72). Of these enzymes,
NarG and NirK are reported to bear striking biochemical similarities to the
prokaryotic varieties of each enzyme (73–75). As discussed above, the bacterial
Nar protein complex contains β and γ subunits encoded by narH and narI,
however there are no reports of these genes in fungi. In parallel with bacterial
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systems, a heme-containing c-type cytochrome and azurin protein, both affiliated
with electron transfer to NirK, have been identified in Fusarium oxysporum (73,
74). The NarG in Fusarum oxysporum strain MT811 has been suggested to be
more similar to the Nar system of the non-denitrifying Escherichia coli, in which
mitochondrial formate dehydrogenase activity is coupled to quinol oxidation and
electron transfer to Nar (73). In contrast, fungal nirK is suggested to have arisen
from maintenance of the nirK gene in the alphaproteobacterial ancestor that was
endocytosed early on in eukaryotic evolution (76, 77). Both NarG and NirK are
reported to be targeted to the mitochondria in fungi. This may allow NarG to
generate a proton motive force and produce ATP, and NirK to act as an electron
sink (73–75, 78). Although nar and nir have been extensively studied in fungi,
little or no characterization of the periplasmic nitrate reductase protein, NapA,
exists for fungi, in spite of reports of its higher gene prevalence in fungal
genomes than narG (79). This observation is significant and should be
investigated further since most fungal isolates examined cannot utilize nitrate to
produce N2O (70, 71, 80).
Overall, fungi appear to possess components of the early enzymatic steps
of denitrification, but they lack homologs of the prokaryotic nor and nos genes
that are involved in the latter steps of denitrification in bacteria. Instead, fungi
have acquired a unique gene, p450nor, encoding a soluble, ~45 kDa hemecontaining cytochrome P450 to reduce NO to N2O (79). The p450nor gene has
been hypothesized to have been horizontally transferred from a diverse group of
actinobacterial CYP105 family cytochrome P450 sequences (79), but no critical
evaluation of this hypothesis has been investigated (see chapter four for details
of this analysis). Fungal P450nor is a member of the CYP55 family of
cytochrome P450s and is unique among all cytochrome P450s because it has
been shown to stoichiometrically convert NO to N2O and directly bind reduced
pyridine nucleotides (NADH and NADPH) (79, 81–84). These findings were
noteworthy, particularly since other P450s and cytochrome c oxidase are
inhibited in the presence of nitric oxide, and require additional flavoproteins and
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ferredoxins to bind reduced pyridine nucleotides and donate electrons for their
activity (85–88). Cytochrome c oxidase has been reported to reduce NO to N2O,
but additional reports refuted these claims, suggesting P450nor’s NO reductase
activity may be truly unique (89, 90).
Another unique feature regarding the genetic landscape of fungal
denitrification is the absence of the N2O reductase gene, nosZ, responsible for
reducing N2O to N2 (70). Despite this absence, the complete reduction to N2 can
be accomplished through codenitrification, a process in which N from nitrite or
nitric oxide is coupled with another N source (e.g., sodium azide, amines) in a
nitrosation reaction to produce N2 gas (91–93). Although codenitrification has
been reported in a variety of terrestrial and aquatic habitats, there is some
disagreement as to the environmental relevance of this process for fungi (91, 94).
Regardless, N2O produced by fungal P450nor potentially represents a significant
source of N2O in soils since fungi predominantly produce N2O as the final step in
denitrification (93) (see section on Uncertainty in fungal contributions to N2O
production for counter arguments).

Diversity of the denitrifying fungi
Five decades ago, Bollag and Tung measured N2O produced by Fusarium
oxysporum and F. solani in liquid medium, and paved the way for future
investigations underlying the mechanism of N2O production in fungi (95). It was
not until a decade later that Bleakley and Tiedje further confirmed a diverse
assemblage of organisms, including yeasts and filamentous fungi, that could
produce N2O from N oxides (96). Nevertheless, a mechanistic explanation for
fungal N2O formation evaded researchers for almost 20 years until Hirofumi
Shoun and colleagues identified additional members of the kingdom Fungi
(Phylum Ascomycota) as denitrifiers and characterized the fungal enzyme
P450nor as the sole N2O-producing agent in fungi (79, 84). Since this finding,
hundreds of fungal isolates by a multitude of research groups have been
evaluated for their ability to form N2O (72, 93, 97–100). Briefly, members of the
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fungal phyla Ascomycota, Basidiomycota, and the recently revised
Mucoromycota, have all been demonstrated to produce variable quantities of
N2O when grown in liquid medium (99). Members of a variety of fungal genera
display modest rates of N2O formation (>50 nmol N2O ∙ mL media-1 ∙ day-1)
including Fusarium, Haematonectria, Chaetomium, Coniochaeta,Cylindrocarpon,
Albonectria, Trichoderma, Aspergillus, Neonectria, Pichia, Saccharomycopsis,
Trichosporon, Trichosporiella, Trigonopsis, Yarrowia, Paecilomyces, Apiospora,
Acremonium, Fusicolla, Monographella, and Pseudallescheria (99, 101). Of note,
only members of the genera Fusarium, Gibberella, Haemonectria,
Neocomospora, Trichoderma, and Trichosporon were observed to produce N2O
at rates >1000 nmol N2O ∙ mL media-1 ∙ day-1, whereas most other fungi display
rates that are at least an order of magnitude below this value (99). Many of these
fungal genera have also been observed to produce N2O in sterilized soil, further
implicating this diverse group in soil N2O formation (97). Given that the high N2O
producers were members of the phyla Ascomycota (class Sordariomycetes) and
Basidiomycota (class Tremellomycetes), these types of fungi may be most
relevant for studies regarding climate change since they potentially represent a
source of N2O emissions in soils. These fungi also possess saprotrophic and
pathogenic life history strategies, and represent a dual threat to both the
agriculture and horticulture industries since these enterprises utilize large
quantities of N-based fertilizer and a variety of plant monocultures upon which
these fungi thrive (99).

Culture-dependent methods to assess the fungal contributions to soil
denitrification
The two principle methods used to assess the role of fungi in soil N2O formation
have historically relied on either directly cultivating fungal denitrifiers from soil
and/or applying the substrate induced respiration inhibition (SI) technique to soil
samples (72, 102–106). A variety of methods are available to cultivate fungi from
soils, but liquid dilution of soil and/or spread plating are the preferred methods
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(107). The choice of medium to cultivate fungi with specific activities is also a key
consideration, and for denitrifying fungi the most widely employed has been a
modified Czapek-Dox liquid or agar medium (99, 108). Briefly, the modified
medium (preferred due to precipitation of magnesium phosphate (109)) contains
glucose or sucrose as the main carbon source, and nitrate or nitrite as the sole N
source. Additional modifications containing organic or ammonium-N sources
have been used, depending on the purpose of the experiment (99, 110).
Although cultivation of fungal denitrifiers from a soil sample is suggestive
of their presence or activity in the soil, additional methods, like SI, have been
developed to directly observe in situ contributions of fungi to soil N2O formation.
The SI technique utilizes inhibitors of bacterial (e.g., streptomycin,
chloramphenicol) and fungal (e.g., cycloheximide) activity to partition the
contributions of each microbial group to a specific respiratory process (111).
Since its inception by Anderson and Domsch in the early 1970s, the SI technique
has been applied to assess the contribution of bacteria and fungi to carbon
mineralization in a variety of soil habitats (112–116). Hence, it was not long
before this technique was adopted to investigate the fungal contribution to N 2O
formation in agricultural (72, 117, 118), prairie/grassland (119, 120), peatland
(121), wetland sediments (122, 123), forest (124, 125), uranium and nitrate
contaminated groundwater (101), and arid soils (126). The range of fungal
contributions to N2O emissions using the SI method has been estimated to be
substantial, and reports range from 40 to 89 % of the total N2O emitted from soil
systems examined (99). The section Uncertainty in fungal contributions to N2O
production of this document reveals the inherent biases of this technique and
provides commentary suggesting that bacterial contributions to N2O production
are in fact much higher than that of fungi.

Culture-independent methods to detect fungal denitrifiers in soil
With the advent of several large scale fungal genome sequencing projects, such
as assembling the fungal tree of life and 1000 fungal genomes, an increasing
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number of completed and partial fungal genomes containing denitrification genes
are available for comparison (127, 128). Although high throughput amplicon
sequencing and shotgun metagenomics are available to query the genetic
potential of microbial communities, polymerase chain reaction (PCR) methods
continue to be the gold standard for environmental fungal research. Hence, PCRbased methodologies have recently been developed to target a diversity of fungal
denitrifiers without having to cultivate them from soils (97, 103, 129–131). Of the
four genes related to denitrification in fungi, PCR primers targeting the nirK gene
have been the preferred methodology (97, 130–132), presumably because
development of degenerate primers targeting a diversity of p450nor genes was
not feasible (refer to chapter two for additional details)(103). Moreover, the gene
encoding the membrane-bound nitrate reductase, NarG, is not prevalent in
available fungal genomes (refer to chapter four and reference (79) for additional
details). Similarly, the napA gene encoding the periplasmic nitrate reductase is
prevalent in fungi (79), but no evidence of a role for NapA in fungal denitrification
is available and limits the utility of this marker for assaying the potential
contribution of fungi to denitrification. Although widely used in fungal research,
PCR-based approaches have substantial limitations (133); for example, multiple
primer sets may be required to target a diversity of taxa to make them applicable
to different environments, and primer bias during amplification or formation of
chimeric PCR amplicons poses a challenge for downstream data analysis (134).
However, fungal sequences represented only a small fraction of shotgun
metagenomes (except for some simple communities with high fungal biomass
(135)) and PCR methodologies still represent reliable, cost-effective tools for
assessing fungal presence/absence, diversity, relative abundance, and function
in soils.

Unique characteristics of anaerobic respiration in fungi
The genetic system fungi employ to respire N-oxides is unique, and multiple
observations have been reported that separate anoxic N respiration in fungi from
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their prokaryotic counterparts (79). For example, fungi appear to have acquired
distinct genes and biochemical pathways to grow and oxidize reduced pyridine
nucleotides under anoxic conditions coupled to N-oxide reduction (136). Under
strictly anoxic conditions in the presence of nitrate and ethanol as the sole C
source, Fusarium oxysporum and Aspergillus nidulans have been observed to
perform a version of nitrate reduction to ammonium termed ammonia
fermentation (137–139). However, ammonium formation from nitrate was also
observed in Aspergillus terreus strain An4, and is thought to be an analog of the
bacterial dissimilatory nitrate reduction to ammonium (DNRA) since fermentation
of organic matter was not involved (140). Members of the Bacteria perform the
nitrite reduction step of DNRA using a pentahaem cytochrome c552 encoded by
the nrfA gene and, to date, no homolog has been identified in fungi (140, 141). In
A. nidulans, ammonia fermentation is carried out by the assimilatory nitrate and
nitrite reductases, NiaD and NiiA, respectively, with energy generation promoted
by substrate level phosphorylation via acetate kinase (137). For A. terreus strain
An4, DNRA was not connected to the fermentation of organic substrates, but
further evidence is required to demonstrate whether the dissimilatory or
assimilatory nitrate and nitrite reductases are operating in this organism (140).
Another difference between fungal and bacterial N-oxide respiration is the
coupling of nitrate reduction to formate oxidation using formate dehydrogenase
(73, 142). This pathway of nitrate reduction in fungi deviates from bacterial
denitrifiers in that the coupling of formate oxidation to nitrate reduction is similar
to anaerobic metabolism in non-denitrifying Escherichia coli (143). In
Enterobacteria, this process requires the action of pyruvate formate lyase to
produce formate and acetyl coenzyme A (acetyl-CoA), the former of which is
oxidized via formate dehydrogenase to provide NADH for nitrate reduction and
the latter is required to produce ATP and acetate from the activity of
phosphotransacetylase and acetate kinase (137, 143). In one report of ammonia
fermentation in Fusarium oxysporum strain MT811, pyruvate formate lyase is
suggested to be operating (142), yet an analysis of >100 fungal genomes
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identified genes encoding pyruvate formate lyase only in the fungal phylum
Neocallimastigomycota, a group of obligately anaerobic chytrids (144). Hence,
the relevance of pyruvate formate lyase in fungal ammonia fermentation seems
limited, especially since an alternative pathway using, alcohol dehydrogenase,
CoA-acylating aldehyde dehydrogenase, and acetyl-CoA synthetase have been
suggested to be operating in both F. oxysporum strain MT811 and A. nidulans
(137–139). Further exploration of the environmental relevance of the varying
types of fungal nitrate respiration are required, especially given that this process
has been largely observed in fungi under a limited set of conditions (in the
presence of nitrate and ethanol) (138). A recent study by Ma et al. suggested that
formate regulates the production of N2O by fungi present in cultivated and
uncultivated wetlands, presumably by stimulating nitrate reduction to nitrite with
the addition of formate (123). Overall, fungal nitrate reduction may be relevant in
anoxic systems, such as wetlands and deep sea sediments, where fungi are
prevalent but their contributions to N cycling has not been firmly established
(123, 140).
Much like denitrifying members of the Bacteria, oxygen concentration
appears to be a regulatory signal for denitrification to occur in fungi (145, 146).
However, in members of the Bacteria, N2O is produced under anoxic conditions,
whereas fungal N2O formation is inhibited by anoxia and requires low (µmole)
quantities of oxygen (95, 96, 145). Proposed explanations for the observed
oxygen requirement are the need for oxygen to biosynthesize fatty acids and
ergosterol, perform oxygenase reactions, and utilization of a dual
aerobic/anaerobic respiration in the mitochondria (145). The fungal oxygen
requirement for N2O production is only reported for pure culture studies using
fungal isolates. Enzyme assays using purified P450nor are performed under
strictly anoxic conditions and N2O production by this enzyme has been reported
to be inhibited by oxygen (81, 147–152). Hence, the effect of O2 on fungal
denitrification is complex, and requires additional investigations to explain
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discrepancies between biochemical and pure culture-based physiological
studies,
Another interesting feature of fungal denitrification is the finding that
denitrification genes are encoded within nuclear, not mitochondrial,
chromosome(s) (79). Thus, fungal denitrification genes are transcribed in the
nucleus, their mRNA presumably transported to the endoplasmic reticulum or
mitochondria, and subsequently translated by ribosomes in either the
endoplasmic reticulum or mitochondria. NarG, NirK, and P450nor activity have
been detected in mitochondrial fractions of fungal lysates, and, at least for some
P450nor, mitochondrial targeting signals have been detected at the carboxy
terminus of the amino acid sequence (74, 75, 82, 152). Of note, the p450nor
gene has been demonstrated to encode two isozymes of P450nor in Fusarium
oxysporum, Cylindrocarpon tonkiense, and Trichosporon cutaneum; one isozyme
being targeted to the mitochondria whereas the other is cytoplasmic and is
suggested to be involved in NO detoxification (147, 153, 154). No evidence of
narG, napA, or nirK encoding multiple isozymes have been reported, and the
finding that P450nor isozymes are present in multiple species of fungi suggests it
may be an important feature of P450nor function and evolution in fungi.
Uncertainty in fungal contributions to N2O production
Increasing evidence indicates that fungi are chief contributors to denitrification in
arable, grassland, and arid soils (102, 120, 155), but their contributions to Ncycling may be more widespread than is currently known. In support of these
observations, several studies have reported that members of the Fungi are
potentially significant contributors to N2O emissions from soils, especially in
agroecosystems where N input is high (38, 102, 120, 121, 123, 156). However,
these observations contradict findings that the rates of N2O production by
denitrifying fungal isolates in pure culture studies are three to six orders of
magnitude lower than rates of bacterial N2O formation (99, 157), and that a
majority of fungal isolates tested for denitrification often convert less than 20% of
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the supplied N to N2O in laboratory incubations (millimolar inputs produce nanoor micromolar outputs) (70, 72, 80, 99, 145).
Little or no evidence exists demonstrating fungal growth using N-oxides as
terminal electron acceptors in the absence of oxygen or fermentable substrates
(104, 140, 145, 157, 158), suggesting these conditions might not support fungal
denitrification activity. In fact, closely related fungi examined from N2O-forming
genera do not demonstrate growth under anoxic conditions in the presence of
glucose (159). Investigations of fungal genomes, a sample of which included
members of denitrifying fungi, failed to identify genes encoding
pyruvate:ferredoxin oxidoreductase, pyruvate:NADP+ oxidoreductase, or
pyruvate formate lyase (except in Rhizopus and obligate anaerobic chytrids), key
enzymes involved in downstream ATP synthesis and anaplerosis under anoxic
conditions (144, 159). Furthermore, Herold and colleagues did not observe a
significant relationship between a fungal fatty acid biomarker, linoleic acid, and
potential fungal denitrification rates from soils (118). This observation is
significant, given the discrepancy in contributions of fungi to N2O formation
between pure culture studies and soil incubations and the suggestion that fungal
denitrification may be a detoxification mechanism (152, 157). One possible
explanation for these conflicting observations is that fungi may differ in their
nutritional requirements to support denitrification, and current cultivation
conditions may require optimization (99). Given that denitrifying members of the
Bacteria also face this same limitation, yet do not suffer such great disparity in
rates of N2O production, suggests additional explanations may be more
plausible. For example, recent evidence supports the hypothesis that biases of
the SI technique are a major cause for the observed disparity in fungal N 2O
production between pure culture and soil incubations (115, 160). Specifically, the
recent study by Ladan and Jacinthe demonstrates that streptomycin and
cycloheximide are poor inhibitors of bacterial and fungal respiration, and that
recently developed inhibitors (e.g., bronopol, 2-bromo-2-nitro-1,3-propanediol)
may be more effective (160). Moreover, bacteria contributed 85 ± 7 % to N2O
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emissions across the different agricultural soils investigated, and strongly
suggests that fungi are only a minor contributor to N2O formation in these soils
(160). These results contrast with a majority of previously published studies, in
which fungi have been observed to contribute up to 89 % of soil N2O emissions
(99). Of note, Ladan and Jacinthe observed a significant decrease in N 2O
emissions from a soil undergoing no till management for 50 years when fungicide
was applied, and the authors hypothesize that fungal biomass, and therefore
fungal denitrifiers, may be greater under no till managed soils (160). Although
this observation is promising, no measurements of fungal or bacterial biomass or
their proxies (e.g., phospholipid fatty acid analysis, quantitative PCR) were
performed on any soils examined.
Indeed, only two studies have evaluated proxies of fungal or bacterial
biomass in relation to fungal N2O emissions (117, 118). Herold et al. utilized
ester-linked fatty acids to quantitate and monitor fungal and bacterial biomass,
whereas Chen et al. monitored the copy numbers of the internal transcribed
spacer one regions and 16S ribosomal RNA genes of fungi and bacteria,
respectively (117, 118). Although Chen et al. did not perform qPCR analysis on
antibiotic-treated enrichments, nor did they measure fungal denitrification gene
copy number, they did observe quantities of bacterial nirK and norB gene copy
numbers in no antibiotic soil amendments at approximately ≥ 2 x108 gene copies
∙ g-1 soil, suggesting a large bacterial denitrifier response to C and N additions in
the examined soils (117). Nevertheless, fungal biomass is comparable to or
greater than that of their bacterial counterparts in soils (155, 161–163), and the
inhibitor-based studies strongly suggest that fungi are important contributors to
this process in situ. Overall, there does not appear to be a single explanation for
the discrepancy in N2O formation observed between fungal pure culture studies
and those employing soil incubation experiments. However, soil type, age,
degree of management, and microbial community composition may play a role
(160), and further experiments and observations are necessary to tease apart
variations due to variability among experimental designs (i.e., differences in pH,
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moisture contents, C sources, soils used) among studies (99). Yet, it is difficult to
conceive how such long lag times and low rates of N2O formation displayed by
denitrifying fungi, recorded in a multitude of pure culture investigations with
unlimited resources, could equate to the large contributions attributed to fungi in
soil N2O emissions in situ (95, 101, 157).

Denitrifying eukaryotes other than fungi
Although evidence implicates fungi in N2O formation, additional eukaryotic
lineages (phyla Chlorophyta, Retaria and Cercozoa) of fresh water-inhabiting
green algae and the marine benthic Protists known as foraminifers, have also
been actively investigated for their capacity to perform denitrification (164–167).
A recent investigation of Chlorella vulgaris demonstrated this algal species could
produce between 4 and 23 nmol N2O ∙ mL media-1 ∙ day-1, depending on the size
of the initial cell inoculum (165). Hence, rates of N2O production by green algae
are on par with rates of N2O formation measured for fungal isolates (99).
Furthermore, both fungi and green algae mostly fail to form N2O when grown in
the presence of nitrate and may require low oxygen tensions for N2O formation to
begin (164, 165). The exact molecular mechanisms behind green algal N2O
formation have not been determined, but recent phylogenetic analysis identified a
homolog of p450nor in two green algal genera Chlorella and Chlamydomonas
(and see chapter four for additional results and discussions) (103, 165).
Moreover, Guieysse and coworkers did not detect a canonical norB by PCR in
DNA extracted from N2O-producing C. vulgaris cultures supplied with antibiotics,
supporting the hypothesis of a conserved system of N2O production by P450nor
between fungi and green algae (165).
In contrast to green algae, N2O formation by foraminifers may be the result
of a gammaproteobacterial endosymbiont (168). Partial nirK and nirS gene
sequences most closely related to gamma- and betaproteobacteria, respectively,
were amplified from DNA extracted from allogromiid foraminifer cells collected
from Santa Barbara Basin sediments off the coast of southern California (168,
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169). These findings were further confirmed with fluorescence in situ
hybridization of 16S rRNA genes suggesting active populations of Proteobacteria
are harbored by some foraminifers and that these endobionts and foraminifers
may contribute significantly to marine sediment N cycling (169–171). In spite of
these results, some foraminifera cells did not possess endobionts and still
performed denitrification (169); therefore, future genomic investigations of
foraminifers may assist in elucidating the genetic mechanisms underlying
denitrification in this diverse group of protists. Some recent evidence also points
to a role for endobionts in fungal functions related to pathogenicity (e.g., rhizoxin
toxin production in the genus Rhizopus) (172, 173), but no role for an endobiont
in fungal denitrification has been established. Of note, a member of Fusarium
has been reported to contain an endobiont involved in this species ability to
oxidize elemental sulfur, and raises the possibility that other fungal endobionts
may be involved in additional elemental cycling pathways in fungi (174). The fact
that some fungi (e.g., ectomycorrhizal fungus Paxillus involutus) have been
observed to produce N2O, yet no genes related to denitrification are harbored
within its genome (refer to chapter four for details) suggests the hypothesis that
fungi harbor denitrifying endobionts is plausible (100).
Another interesting feature of Eukaryotes related to N cycling is their
ability to store milimolar concentrations of nitrate in intracellular vacuoles (167).
For instance, fungi are on the low end of nitrate storage spectrum with an
intracellular nitrate concentration of 0.4 mM, whereas foraminifera and gromiids
store in excess of 450 mM nitrate; nitrate storage capacity in green algae,
dinoflagellates and diatoms falls somewhere within this range on the nitrate
storage spectrum (167). Therefore, eukaryotic lineages are not only capable of a
vast array of N transformations, but they may also directly control N availability in
the environment, acting as N cycle power brokers, directly affecting N acquisition
and usage by other microbial community members.
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Objectives
The first objective of this dissertation included the development and application of
degenerate PCR primers to target p450nor genes in genomic DNA from both
fungal isolates and the environment. The second objective was the modification
of these primers to an Illumina sequencing methodology for examining p450nor
biogeography in a greater number of soil samples and perform analyses thereof.
The final objective was to perform comparative genomics and evolutionary
analyses of the p450nor gene and other fungal denitrification traits in hundreds of
fungal genomes and provide a benchmark for future phylogenomic studies of
fungal denitrification.

20

CHAPTER TWO
DETECTION AND DIVERSITY OF FUNGAL NITRIC OXIDE
REDUCTASE GENES (P450NOR) IN AGRICULTURAL SOILS
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The following chapter is modified from a manuscript published in 2016 in the
journal Applied and Environmental Microbiology, volume 82, issue 10, pages
2919-2928.

Abstract
Members of the Fungi convert nitrate (NO3-) and nitrite (NO2-) to gaseous nitrous
oxide (N2O) (denitrification), but the fungal contributions to N-loss from soil
remain uncertain. Cultivation-based methodologies that include antibiotics to
selectively assess fungal activities have limitations and complementary molecular
approaches to assign denitrification potential to fungi are desirable. Microcosms
established with soils from two representative U.S. Midwest agricultural regions
produced N2O from added NO3- or NO2- in the presence of antibiotics to inhibit
bacteria. Cultivation efforts yielded 214 fungal isolates belonging to at least 15
distinct morphological groups, of which 151 produced N2O from NO2-. Novel
PCR primers targeting the p450nor gene that encodes the nitric oxide (NO)
reductase responsible for N2O production in fungi yielded 26 novel p450nor
amplicons from DNA of 37 isolates and 23 amplicons from environmental DNA
obtained from two agricultural soils. The sequences shared 54-98% amino acid
identity to reference P450nor sequences within the phylum Ascomycota, and
expand the known fungal P450nor sequence diversity. p450nor was detected in
all fungal isolates that produced N2O from NO2-, whereas nirK (encoding the NOforming NO2- reductase) was amplified in only 13-74% of the N2O-forming
isolates using two separate nirK primer sets. Collectively, our findings
demonstrate the value of p450nor-targeted PCR to complement existing
approaches to assess the fungal contributions to denitrification and N 2O
formation.
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Introduction
Denitrification is a key process responsible for loss of fixed nitrogen (N) in soils
and sediments and is mediated by both abiotic and microbial processes (38, 40).
Of the microorganisms involved in denitrification, members of the Bacteria are
well-studied and considered key contributors; however, some saprotrophic fungi
also conserve energy from the reduction of nitrate (NO3-) or nitrite (NO2-) to
nitrous oxide (N2O), the main end product of fungal denitrification (79, 93, 147).
Fungi have been implicated in N-turnover for over 30 years (40, 79, 83), but the
ecological importance of fungal contributions to denitrification remain uncertain.
Potential roles of fungi in soil N-loss and greenhouse gas (i.e., N2O) emission are
underexplored and monitoring tools (e.g., quantitative or end-point PCR) to
specifically address the presence and abundance of denitrifying fungi are largely
lacking. To date, the majority of the known denitrifying fungal isolates reside in
the phylum Ascomycota (70, 72, 156). Although some reports suggest
basidiomycete and zygomycete fungi (72, 98, 156) are denitrifiers, only a few
isolates are available, and it remains to be confirmed if members of other phyla
harbor nar, nap, nir, and nor gene clusters implicated in steps of the
denitrification pathway. Previous investigations of fungal denitrification have
relied on laboratory cultivation and substrate-induced respiration inhibition
(SIRIN) tests (70, 79, 98). The SIRIN technique applies NO3- or NO2- in concert
with broad-spectrum antibiotics (e.g., streptomycin) or fungicides (e.g.,
cycloheximide) to partition the bacterial and fungal contributions to N2O or
dinitrogen (N2) formation. These efforts suggested that fungi play a large but
unrecognized role in N-turnover and N2O flux (120, 123, 156, 175). Although the
SIRIN methodology has provided valuable insight into the fungal contribution to
denitrification, the application of SIRIN to soils can be problematic as incomplete
inhibition can bias the observations (114, 121, 176). Hence, alternative
approaches (e.g., PCR) that selectively target fungal genes involved in
denitrification are desirable to advance understanding of the fungal diversity
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contributing to N-cycling in environments such as soils, aquifers, and deep ocean
sediments where denitrifying fungi have been cultivated (70, 101, 104, 120).
Denitrifying fungi possess a unique protein of the CYP55 family of P450
cytochromes, the cytochrome P450 nitric oxide reductase (P450nor). P450nor
lacks mono-oxygenase activity and a conserved N-terminal membrane anchor
domain found in other eukaryotic P450 cytochromes (66). It directly binds the
electron donor NAD(P)H, but otherwise is structurally conserved and shares
similarity to other cytochrome P450 proteins (66). P450nor is responsible for the
reduction of nitric oxide to N2O, the dominant end product, although N2 formation
has been observed (70, 82, 93). Denitrifying bacteria and archaea are also
capable of reducing nitric oxide to N2O, but possess a distinct gene locus (norB)
that encodes two isozymes, cNor or qNor, each relying on a distinct electron
donor (c-type cytochrome or ubiquinol pool, respectively) (59, 62). Furthermore,
only bacterial and archaeal denitrifiers possess the nosZ gene that encodes the
enzyme responsible for reduction of the greenhouse gas N2O to inert N2. Thus,
the p450nor gene could serve as a diagnostic marker for fungal denitrification
potential, but the lack of molecular tools targeting p450nor currently limits efforts
to assess the contribution of fungi to N-cycling. In the present study, a translated
alignment of available p450nor sequences identified key conserved amino acid
residues within P450nor and enabled the design of p450nor-specific degenerate
primers. We demonstrated the broad utility of these new primers by performing
PCR amplification of p450nor genes from fungal isolates and environmental DNA
obtained from two agricultural soils with distinct physicochemical properties.
Metagenomic datasets derived from the same agricultural soils did not reveal the
presence of fungal denitrification genes within either soil, emphasizing the value
of cultivation-based efforts and the p450nor-targeted PCR assays for
assessments of fungal contributions to denitrification in complex environmental
systems such as soils.
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Materials and Methods
Medium preparation
A modified Czapek liquid medium containing nitrate (2 mM) or nitrite (1 mM)
(108) was utilized for fungal isolation and cultivation unless noted otherwise.
Briefly, ultrapure water (≥18.0 MΩ∙cm) (Milli-Q system, Millipore, Billerica, MA)
was combined with (in g liter-1) KCl (0.5), K2SO4 (0.35), magnesium
glycerophosphate (0.5), and FeCl2 (0.01) and the pH was adjusted to 6.8 by
adding sodium hydroxide (0.5 M) before the medium was autoclaved.

Fungal enrichment and isolation
Triplicate soil cores were collected in November 2012 from agricultural sites in
Havana, IL (latitude 40.296, longitude -89.994) and Urbana, IL (latitude 40.075,
longitude -88.242) using a soil corer with a 30 cm depth range. Soil cores were
placed in coolers and transported to the University of Illinois, Urbana-Champaign
for processing. Soil aliquots (5-10 grams) from the 0-5, 5-20, and 20-30 cm depth
ranges were shipped overnight on ice to the University of Tennessee. Soil
samples were pooled and homogenized using aseptic technique, and 5 g of soil
was added to 30 mL of oxic Czapek medium (pH 6.8) in 60-mL glass serum
bottles fitted with black butyl rubber stoppers and incubated at room temperature.
Microcosms (n=1 per treatment) were amended with either 2 mM sodium nitrate
(NO3-) or 1 mM sodium nitrite (NO2-) as electron acceptors and either sodium
acetate, sodium formate, sodium pyruvate (3 mM each), or an autoclaved, 1.5 %
(w/v) milled corn and soybean plant suspension as exogenous substrates. All
serum bottles were amended with 30 µg mL-1 of chloramphenicol (Fisher
Scientific, USA) and 100 µg mL-1 streptomycin sulfate (Fisher Scientific, USA)
from ethanolic or aqueous stocks, respectively, to inhibit bacterial growth. After 1
month of monitoring N2O production, soil microcosms were shaken vigorously by
hand, and 0.5 mL of homogenized suspension was transferred using a sterile 1mL plastic syringe fitted with a 19 gauge needle (Becton Dickinson, Franklin
Lakes, NJ) to fresh, anoxic medium containing the same carbon and nitrogen
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sources as the parent microcosms. Transfer cultures (n = 2 per treatment)
received 50 µg mL-1 each of kanamycin sulfate (Fisher Scientific, USA) and
ampicillin sodium salt (Fisher Scientific, USA) from sterile aqueous stocks to
inhibit bacteria that may have possessed natural resistance to the antibiotics
added to the initial enrichments. Cultures were then amended with 0.6 ml filtersterilized air (2% [v/v] headspace volume), and NO3-, NO2-, and N2O
concentrations were monitored. Following a 2-week incubation period, 2 mL of
culture samples were transferred to 25 mL liquid (45°C) agar medium containing
the same substrates as the parent cultures. Each tube was gently mixed and its
contents poured into individual sterile plastic plates. The plates were incubated in
the dark at room temperature and visually inspected each day for fungal growth.
After filamentous colonies were observed, approximately 1 cm 2 agar sections
containing fungal mycelia were transferred to fresh agar plates. Subsequent
transfers (at least three) used 1 cm2 agar sections of the fungal colony margins to
quarter-strength R2A agar (Fisher Scientific, USA) plates containing 100 µg mL-1
streptomycin sulfate. Contamination was monitored by microscopic observation
and avoided by routine transfer of agar sections containing hyphae of consistent
appearance to fresh R2A agar plates containing streptomycin or ampicillin and
kanamycin. Aspergillus terreus strain NRRL 255 and Aspergillus flavus strain
NRRL 3357 were obtained from the USDA Agricultural Research Service culture
collection (NRRL Collection). Both fungi were grown on quarter-strength R2A
agar (Becton Dickinson, Franklin Lakes, NJ) plates amended with 50 µg mL -1
streptomycin for tissue collection and DNA extraction (see below).

Analytical procedures
NO3- and NO2- were measured by ion chromatography with a Dionex 3000
instrument (Dionex, Sunnyvale, CA) as described (177, 178). N2O was monitored
via 1 mL headspace injections into a MicroGC 3000A (Agilent Technologies, Palo
Alto, CA) equipped with a polystyrene-divinylbenzene PlotQ column and a
thermal conductivity detector. All nitrogen species were quantified using a dilution
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series of standards prepared in medium. The instrument limits of detection for
NO2-, NO3- and N2O were 7, 4, and 3 µmoles, as determined by preparing
replicate standards (n = 20) and following established procedures (179).

Denitrification activity of fungal isolates
Fungal isolates were tested for denitrifying potential by transferring individual 1
cm2 agar sections to 1.5 mL plastic microcentrifuge tubes containing 1 mL of
sterile water, followed by brief manual homogenization with sterile steel forceps.
Then, 250 µL of the water-agar-mycelium mixture was inoculated into 26-mL
Balch tubes containing 15 mL of oxic Czapek medium amended with 5 mM
sodium acetate, 2 mM NO2-, and 100 µg mL-1 streptomycin. The headspace of
each Balch tube was monitored over a 12 day period for N2O production.

DNA extraction
Fungal biomass (~0.3 g wet weight) was placed in a 2-mL screw cap plastic tube
containing approximately 200 mg of 0.5 mm silica and zirconium beads (Fisher
Scientific, USA) and DNA was extracted following an established procedure
(180) (see SM for details). Soil DNA extraction from soil samples (0.5 g of
homogenized soil from 0-30 cm depth from Havana and Urbana and a separate
0-5 cm depth Havana sample) was performed using the FastDNA spin kit for soil
(MP Biomedicals, Santa Ana, CA) following the manufacturer’s protocol. Soil
DNA concentration and purity were analyzed with a NanoDrop 2000
spectrophotometer (Thermo Scientific) and a Qubit 2.0 fluorometer (Life
Technologies, Carlsbad, CA) using the dsDNA BR Assay Kit following the
manufacturer’s recommendations (Life Technologies).

Primer design
To design primers targeting p450nor gene sequences, primary literature
resources and the National Center for Biotechnology Information (NCBI)
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database were queried to identify available p450nor gene and protein sequences
(181). Multiple sequence alignment was used to identify conserved residues,
followed by selection of additional sequences by querying public sequence
databases (GenBank, UniProt) using BLAST (182). Overall, 38 p450nor
reference sequences were obtained and aligned using the program T-Coffee
(183) followed by manual inspection. PAL2NAL (184) was used to generate a
codon-aware nucleotide alignment and conserved sites were selected for forward
and reverse primer binding (Table 2.1, Figure 2.1). The p450nor sequences of
Aspergillus terreus strain NIH2624 and Aspergillus flavus strain NRRL 3357 were
among the 38 sequences used for primer design (Table 2.1), and p450nor
sequences derived from Aspergillus terreus strain NRRL 255 and Aspergillus
flavus strain NRRL 3357 served as positive controls in all p450nor-targeted PCR
assays (99, 140). Genomic DNA from the bacterium D. lykanthroporepellens
strain BLDC-9 (ATCC BAA-1523) was used as a negative control in PCR assays.

PCR conditions
PCR assays using the primer pair p450nor394F and p450nor809R (Table 2)
consisted of 9.125 µL DNase-free water (Life Technologies, Carlsbad, CA), 2.5
µL of 10 mM magnesium chloride solution (Applied Biosystems, CA, USA), 2.5
µL of Ex Taq 10X Buffer (Mg2+ free) (Clontech Laboratories, Inc., Mountain View,
CA), 2.5 µL of 2.5 mM of each dNTP (Clontech), 0.5 µL each of 100 µM primers,
6.25 µL of 200 ng/µL bovine serum albumin (BSA) solution (Fisher Scientific,
USA), and 0.125 µL of 5 U/µL TaKaRa Ex Taq DNA Polymerase (Clontech), and
1 µL DNA template (approximately 10 to 100 ng/µL) in a total reaction volume of
25 µL.
PCR conditions for p450nor amplification from soil DNA samples required
a semi-nested approach for consistent results, with initial PCR using primers
p450nor394F and p450nor1008R, followed by a second round of PCR using
primers p450nor394F and p450nor809R. The initial PCR reaction contained the
same ingredients as described above, except that 0.8 µL each of 25 µM primers
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p450nor394F and p450nor1008R were utilized in the initial amplification reaction.
Then, 1 µL of the amplicon solution was used as template DNA in a second
round of PCR with primers p450nor394F and p450nor809R employing identical
PCR reaction conditions as for fungal genomic DNA amplification.
Amplification of fungal nirK genes from isolate DNA were performed as
previously described using primers nirKfF/nirKfR and fnirK2F/fnirK1R (130, 131)
with the following modifications. The duration of the annealing and elongation
steps were increased by 15 sec (Wei et al.) or decreased by 15 sec (Long et al.),
respectively, to allow simultaneous amplification of similar sized amplicons
(~450-500 bp). A total of 35 amplification cycles were performed for both the
nirKfF/nirKfR and the fnirK2F/fnirK1R primer sets.
Amplification of the fungal internal transcribed spacer (ITS) was
performed using primers ITS4 (185) and EF3RCNL (186). Amplification and
sequencing of the nuclear small subunit ribosomal (18S rRNA) gene from fungal
isolates utilized 0.5 µL each of 10 µM primers PNS1, NS1, NS3, NS4, NS7, NS8,
SR6, NS19b (185, 187, 188) and the PCR conditions described for the
p450nor394F and p450nor1008R primers.
All DNA amplifications were carried out on a Veriti thermal cycler (Life
Technologies, Carlsbad, CA) at 95 °C for two minutes and 10 seconds, followed
by 35 cycles each of 95 °C for 30 seconds, 47 °C for 45 seconds, and 72 °C for
one minute (1.5 minutes for 18S rRNA genes), with a final extension step at 72
°C for seven minutes. For amplification of p450nor from soil DNA templates, as
well as amplification of isolate ITS regions or isolate 18S rRNA genes, the
annealing temperature was increased to 50, 53, or 55 °C, respectively. Annealing
temperatures for amplifications with nirK-targeted primer pairs nirKfF/nirKfR and
fnirK2F/fnirK1R were 54 and 50 °C, respectively (130, 131). For visualization of
amplicons, 5 µL of the PCR assay mixture was combined with 1 µL of a loading
dye solution (25 mg bromophenol blue and xylene cyanol each, and 4 g sucrose
dissolved in 10 mL of ultrapure water) and loaded onto a 1 % ([w/v]) agarose gel,
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and electrophoresis was conducted at 90 volts for 1 hour at an initial amperage
of 200 mAmps.

Cloning and sequencing
Cloning of the ITS region and p450nor amplicons from DNA obtained from
isolates and agricultural soil was performed using the TOPO TA cloning kit (Life
Technologies, Carlsbad, CA) following manufacturer protocols. Of the 60
amplicons generated from soil DNA, 23 were selected for sequencing based on
restriction digest analysis (HaeIII digest using NEBuffer 4 solution, New England
Biolabs, Ipswitch, MA). Briefly, PCR amplicons (5 µL) were incubated at 37 °C for
12 hours in a 12 µL reaction volume (5.3 µL PCR-grade water, 1.2 µL 10X
NEBuffer 4 solution, 0.5 µL HaeIII) and fragment patterns analyzed via gel
electrophoresis. Cloned amplicons were Sanger sequenced using an ABI BigDye v3.1 cycle sequencing mix on an ABI 3130 analyzer (Applied Biosystems) at
the University of Tennessee Molecular Biology Resource Facility.
Electropherograms of sequenced amplicons were manually inspected using
Geneious software (Biomatters Ltd., Auckland, New Zealand) following automatic
trimming with a 0.03 error probability limit, and overlapping regions assembled de
novo after vector sequence removal using the UniVec database within Geneious.

Fungal taxonomy
The script FungalITSPipeline.pl (189) was used to extract ITS1 and ITS2 regions
from the cloned ITS sequences of the fungal isolates, and to determine
taxonomic affiliations within the International Nucleotide Sequence Database
Collaboration (INSDC) (190). The 18S rRNA gene sequences were annotated
using the SILVA database and the SINA alignment tool (191, 192).

Metagenomic analysis
Metagenomic reads previously generated from Havana (SRR1152189) and
Urbana (SRR1153387) soils (193) were retrieved from NCBI’s Sequence Read
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Archive and unpacked with the SRA Toolkit (194). SolexaQA++ (195) was used
to trim reads with a 0.01 error probability limit (Phred score of 20) followed by
discarding reads shorter than 50 nucleotides in length. This procedure resulted in
a total of (including paired and single reads) 236,437,515 and 291,298,696 high
quality sequences from Havana and Urbana soils, respectively. Fungal presence
in the metagenomes was established by nucleotide alignment (BLASTn) against
a custom ITS database provided by the FHiTINGS ITS analysis software,
followed by analysis of the results with the same software (196). BLASTn
alignment of the metagenomic reads against the cloned ITS sequences from the
enriched fungal isolates was performed to uncover the presence/absence and
relative abundance of isolated fungi within the metagenomes. A similar analysis
was performed with cloned p450nor sequences, except a translated nucleotide
alignment (BLASTx) was used.

P450nor sequence analyses
The 38 reference P450nor sequences were combined with newly obtained
p450nor sequences from isolates and soil DNA. Following the removal of
identical sequences, all sequences were aligned to the UniRef90 database with
BLASTp (182, 197). Significant alignments (≥ 70% alignment length and ≥ 30%
sequence identity) to eukaryotic sequences were retained for each query
sequence, and hits with ≥ 90% identity to P450nor query sequences or uncertain
NCBI taxonomy were removed. MAFFT v7.130b (198) was used with default
parameters to initially align all sequences, followed by manual editing with
Jalview and SEA VIEW to retain the region amplified by the primer set
p450nor394F and p450nor809R (199–201). The resulting alignment consisted of
108 taxa with an average length of 153 amino acids (Min: 128, Max: 158). The
alignment was analyzed with ProtTest v3.4 (202) to select an optimized
evolutionary model for the aligned sequences prior to tree building. Phylogenetic
reconstruction was performed using the FastTree 2 v2.1.7 SSE3 software
package (203). Approximate maximum-likelihood tree reconstruction with
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FastTree 2 was performed using the Whelan and Goldman (204) amino acid
substitution model with gamma distributed rate heterogeneity (discrete
distribution with 4 rate categories) and the subtree-pruning-regrafting algorithm.
Support for internal nodes was assessed using 5000 replications of the
Shimodaira-Hasegawa test performed within FastTree 2. An additional alignment
was generated using MAFFT that contained full-length sequences from a subset
(n=16) of all the sequences used in phylogenetic reconstruction. This alignment
was submitted to the ESPript 3.0 web server (http://espript.ibcp.fr) (205) to
visualize key, conserved residues in a diversity of P450nor sequences.

Nucleotide sequence accession numbers
p450nor, ITS, and 18S rRNA gene sequences are available under GenBank
accession numbers KM889490-KM889526 and KT714145-KT714154,
KM889527-KM889556, and KT714155-KT714191, respectively.

Results
Fungal isolation
Fungal cultivation techniques applied to Havana and Urbana soil-derived transfer
cultures produced 214 fungal isolates. Growth experiments in medium containing
NO2- demonstrated that about two thirds of the isolates (151 out of 214)
produced N2O within a 12-day incubation period (data not shown). Based on
gross morphology of mature fungal colonies, the 214 isolates from both the
Havana and Urbana soils were divided into 15 groups. Then, thirty distinct
isolates (including at least one representative isolate of each morphological
group) were selected for further analysis (Figure 2.2). Since each morphological
grouping may not align with an underlying isolate genotype, ITS region analysis
was performed, which revealed 10 phylogenetically distinct groups, four of which
were composed of singleton ITS sequences (Table 2.3). Five additional isolates
were later selected for p450nor analysis based on consistent morphology with
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N2O-producing isolates in previously assigned groupings, but only 18S rRNA
gene identification was performed on these isolates (Table 2.3).

Fungal denitrifier morphology and taxonomy
The majority of the representative fungal isolates were assigned to the genera
Fusarium (teleomorph Giberella, 19 total) and Trichoderma (five total) based on
ITS and 18S rRNA gene sequence analysis. Microscopic observations of mature
fungal colonies corroborated these results and revealed characteristic features of
both the Fusarium (e.g., banana-shaped, septate ascospores) and Trichoderma
isolates (e.g., presence of green conidia aggregated into fascicles) (Figure 2.2)
(206). Taxonomic prediction based on 18S rRNA gene sequence classification
was successful for all but two fungal isolates. ITS sequence analysis identified
these two isolates as putative Trichoderma sp. and Fusarium sp. Morphotyping
(e.g., appearance of aerial hyphae with a white, feathery appearance on agar
plates) and 18S rRNA gene sequence analysis assigned two additional isolates
to the order Mortierellales. Other fungi isolated in this study included members of
the genera Verticillium (1 isolate), Humicola (2), Chaetomium (3), Podospora (1),
Lecythophora (1), and Guehomyces (1) (Table 2.3), which all belong to fungal
lineages known to harbor denitrifying representatives (99).

p450nor and nirK PCR amplification
Application of primers p450nor394F and p450nor809R consistently resulted in a
DNA band between 650 and 850 bp in size. Sequencing confirmed the
amplification of p450nor gene fragments in 23 out of 23 (100%) N2O-producing
fungal isolates (Figure 2.3; Table 2.3). Several non-specific amplicons were
consistently observed 100-200 bp below the predicted p450nor amplicon size of
536-890 bp (Table 2.5), requiring gel extraction and cloning of the amplicons
prior to sequencing. Sequence similarity among non-target amplicons indicated
that they originated from a putative ATPase gene and a non-coding genomic
region. Nine isolates displayed a p450nor amplicon but N2O was not detected in
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liquid culture under the conditions tested (Table 2.3). nirK amplification was
detected in 17 out of 23 (74%) N2O-producing fungal isolates using primer set
nirKfF/nirKfR. Amplification of both a p450nor and nirK gene was observed in 20
out of 37 (54%) isolates. There were two instances in which nirK was amplified
but p450nor could not be detected (isolate ID 50 and 141), and in 12 cases
p450nor was amplified but nirK was not detected (Table 2.3). Using primer set
fnirK2F/fnirK1R, nirK was only detected in three out of 23 (13%) N2O-producing
fungal isolates (Table 2.3).
The nested PCR amplification of soil DNA resulted in the recovery of a
total of 23 environmental p450nor clone sequences. Pairwise nucleotide and
amino acid identities of the 23 environmental p450nor sequences ranged from
65.8 to 100% and 63.8 to 100%, respectively. Phylogenetic analysis of the
environmental p450nor sequences revealed the presence of five distinct soil
clades (e.g., Urbana clone groups I, II and Havana clone groups I, II, III; Figure
2.4). The clone groups from both soils were affiliated with sequences of
representative Sordariomyetes denitrifiers (e.g., Fusarium and Trichoderma) and
p450nor sequences derived from N2O-producing fungal isolates recovered from
these soils (isolate ID 213 and 179; Figure 2.4). Overall, the environmental clone
sequences displayed 59-100% amino acid identity with P450nor sequences from
fungal isolates derived from the same agricultural soils. The alignment of the
amplified region of the p450nor genes (approximately 160 amino acids) and
P450nor tree reconstruction supported the monophyly of the cloned p450nor
sequences with previously reported p450nor sequences from confirmed fungal
denitrifiers (Figure 2.4). The p450nor sequences recovered from isolate DNA and
soil DNA clustered with p450nor sequences from members of the Leotiomycetes
(one sequence), Eurotiomycetes (one sequence), and Sordariomycetes (47
sequences), three diverse fungal lineages within the phylum Ascomycota that are
known to harbor denitrifying representatives (99).
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Soil denitrification activity
Previous investigations have demonstrated that most denitrifying fungal isolates
lack the capacity to reduce NO3-. Therefore, replicate microcosms received NO3or NO2- to assess denitrification activity. N2O production and visible fungal
biomass (i.e., hyphae) were observed in all microcosms (16 total) that received
antibiotics to inhibit bacterial growth (Figure 2.5); however, N2O formation in
Havana soil microcosms amended with NO3- was low (Figure 2.5, top left).
Havana transfer cultures amended with NO2- mirrored patterns observed in the
NO2--amended soil microcosms, but N2O formation was variable in the transfer
cultures that received NO3- (Figure 2.6). N2O concentrations declined in Urbana
microcosms after 2 weeks of incubation, whereas N2O production continued in
Havana microcosms (Figure 2.5). A decline in NO3- concentration in Urbana
transfer cultures was observed, but concomitant formation of N2O did not occur
(Figure 2.6).

Metagenomic analyses
BLAST analysis of the Havana and Urbana metagenomic sequences identified
5,213 and 3,373 unique reads out of 236 and 291 million reads, respectively, that
were alignable to fungal ITS database sequences. Fewer than 200 reads from
each metagenome aligned to ITS sequences amplified from the representative
fungal isolates obtained from the same soil samples. No metagenomic reads
aligned to amplified and sequenced p450nor (this study) or previously reported
p450nor sequences.

Discussion
A new means to assess fungal denitrification potential
The p450nor sequences identified in this study formed a monophyletic group with
reference p450nor sequences, and demonstrated the specificity of the
degenerate primers for p450nor genes in isolate and soil DNA (Figure 2.4). New
sequences sharing 54 to 98% amino acid identity to reference p450nor
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sequences were recovered suggesting the primers allow the recovery of novel
sequence diversity within the predicted 536-890 bp sequence region spanned by
the conserved primer binding sites (Table 2.5). Phylogenetic analysis of the
p450nor environmental clones permitted the identification of distinct groups
(Havana clone groups I, II, III and Urbana clone group I; Figure 2.4). These data
suggest that geochemical differences between Havana and Urbana soils could
be driving fungal denitrifier diversity, but additional efforts are needed to
conclusively demonstrate to what extent geochemical conditions determine
fungal p450nor diversity.
Recent investigations into fungal denitrification have relied on PCR
primers targeting the fungal nirK gene to demonstrate the NO2--reducing potential
of the fungal community (97, 130). Although a significant advance in our ability to
target fungal denitrifiers, nirK primer sets targeting the NO2--to-NO step do not
directly reveal the N2O-producing potential of the fungal community. The
application of the fungal nirK gene-targeted primer set fnirK2F/fnirK1R (131)
yielded only five positive results whereas primer set nirKfF/nirKfR (130) revealed
that many (17 out of 23) of the N2O-producing fungal isolates possessed nirK.
Apparently, the latter primer set targets a greater diversity of fungal nirK, but still
failed to amplify nirK genes from 26% of the nitrite-reducing and N2O-producing
fungal isolates. Interestingly, fungal nirK amplification was observed in two nondenitrifying isolates (no N2O production observed), in which p450nor was not
detected, and p450nor amplification occurred in 12 isolates but nirK was not
detected (Table 2.3). Of these 12 organisms, five were shown to reduce NO 2- to
N2O. These observations suggest that the characterization of fungal nirK
sequence space is incomplete, and additional sequence information from
denitrifying fungal isolates is desirable. To date, p450nor is the sole gene known
to encode the N2O-producing phenotype in fungi (79) and thus represents an
ideal target for assessing N2O formation potential. Due to substantial
heterogeneity in available p450nor sequences, primer design is challenging (99),
and the design of PCR primers that amplify all p450nor sequences, while
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excluding all other sequences of the p450 gene family, will probably not be
possible. Still, the new p450nor primers presented here represent a major
advance for assessing fungal N2O production potential.
The variable presence/absence of introns within p450nor genes can lead
to amplicon size variations and create additional difficulties in identifying p450nor
amplicons. To assist in identifying a range of expected amplicon sizes, we
analyzed the intron structure in p450nor sequences from 47 p450nor-containing
fungal genomes (Figure 2.7; Table 2.5). Overall, predicted p450nor amplicons
contained between one and four introns and varied in size from 536 to 890 bp.
Although introns or other genetic variations may prevent p450nor amplification,
their presence within a primer binding region was observed in only a single case
(Glarea lozoyensis strain ATCC 20868, Figure 2.7). The observed intron is more
likely due to low transcript coverage observed at the p450nor locus in G.
lozoyensis, since the forward primer site (present in exons of all other fungi
examined) was detected within the predicted gene sequence. Primer sequence
degeneracy contributes to non-specific amplification, and thus cloning and
sequencing was required to confirm p450nor amplification. A general limitation of
degenerate PCR primers is a diminished binding efficiency leading to uneven
amplification of target sequences (Table 2.2). Despite these obstacles, all
sequenced amplicons fell in the expected 536-890 bp size range and were
identified as p450nor. Importantly, primers p450nor394F/p450nor809R amplified
p450nor from all N2O-producing isolates indicating the utility of this approach to
target a broad diversity of fungal denitrifiers. In nine instances, p450nor was
detected but N2O was not produced by fungal isolates in liquid culture. Amplicon
sequencing ruled out false positives, suggesting that the chosen cultivation
conditions were not conducive for N2O production in these isolates.
The semi-nested PCR methodology provides additional confidence to
assay for the presence/absence of p450nor in soils where fungi may not be
abundant at the time of sampling or fungal DNA is underrepresented in soil DNA
extracts. Application of the semi-nested PCR approach on a dilution series of
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genomic DNA extracted from A. terreus strain NRRL 255, A. flavus strain NRRL
3357, and Fusarium graminearum indicated a 10 to 100-fold increase in
sensitivity over the direct (i.e., non-nested) approach. Experiments with dilutions
of genomic DNA suggested that the semi-nested PCR approach yielded positive
results when at least 3,000 to 24,000 p450nor gene copies were present per
assay (data not shown). Thus, the non-nested PCR approach may yield false
negative results (inability to detect p450nor when present), and failure to detect
p450nor amplicons in isolate or environmental DNA samples should be
interpreted accordingly.

Diversity of the denitrifying fungi
It is widely accepted that the majority of soil bacteria cannot be cultivated with
conventional methods (207). Although this issue may not be as extensive for
fungi, only 2 – 7 % of the estimated 1.5-5.1 million fungal species have been
cultivated (208, 209). Furthermore, only a few hundred of the 100,000
documented fungal species have been tested for their ability to produce N 2O
from N-oxyanions. Our knowledge of fungi capable of denitrification is constantly
expanding, and fungal representatives spanning eight orders and three phyla
have now been documented to produce N2O (97, 99) including a diversity of
organisms examined here. Therefore, it is very likely that a far greater diversity of
fungi contributing to this process exists in nature than is currently acknowledged.
The enrichment and isolation techniques utilized in the present study
resulted in the cultivation of fungal taxa largely representative of currently
classified fungal denitrifiers. For example, several members of the genera
Fusarium and Trichoderma, both known to harbor species capable of N2O
production, were cultured (72, 101, 104). Also identified were two Mortierella
isolates (Mortierellomycotina – formally Zygomycota), a genus which includes
members known to produce N2O (97, 99). Only one of the two Mortierella isolates
produced N2O in liquid culture after 12 days of incubation, indicating not all
members of the genus may share this phenotype. Several other fungal isolates
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possessed highly similar ITS regions (>99% similarity) to known denitrifiers, but
not all produced N2O under the cultivation conditions tested (Table 2.3).
Similarly, a recent study demonstrated that only 50 of 113 species in the order
Hypocreales, many belonging to the same genus (i.e., Fusarium), tested positive
for N2O production, suggesting the denitrifying phenotype varies even among
closely related fungi (97).

N2O formation in soil microcosms and enrichments
The Havana and Urbana site microcosms amended with NO2- consistently
produced N2O, but N2O formation from NO3- was limited to Urbana soil
microcosms. Possible explanations for this observation include a lack of fungal
denitrifiers possessing nitrate reductase (nar/nap) genes, inhibition of fungal
nitrate reductase activity by antibiotics intended to inhibit bacterial denitrifiers
(210), or the rapid reduction of NO3- to ammonium in Havana soils (137). Of note,
the N2O concentration either declined or N2O was never detected in Urbana
microcosms amended with NO3- or NO2- (Figure 2.5, 2.6), likely because
bacterial denitrifiers were not completely inhibited by the addition of antibiotics
and consumed available N2O. In support of this explanation, inoculation of solid
medium with suspensions from Urbana soil microcosms resulted in the formation
of colonies of presumably antibiotic resistant bacteria. Microscopic observations
corroborated bacterial growth on antibiotic-treated solid medium. Incomplete
inhibition of all or specific microbial processes is a known weakness of SIRIN
analyses and may explain the observed variation in N2O production between
sites (102, 104, 120, 211). The observed variability in NO3- reduction is
consistent with other studies describing a diversity of fungi that are incapable of
reducing NO3- to N2O (70, 98). Interestingly, most sequenced genomes of fungal
denitrifiers possess a putative napA gene encoding periplasmic nitrate reductase
(79), but a detailed understanding of the variation in fungal NO3- reduction
capacity has yet to be obtained. Overall, the observed production of N 2O in
microcosms established with Havana and Urbana soils is in line with the
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magnitude and variability observed in other studies, in which antibiotics were
employed to probe the fungal contribution to N2O production (72, 101, 120).

Low sequence depth limits detection of fungal sequences in metagenomes
p450nor was not detected in Havana and Urbana metagenomes, but fungal
presence was established by the presence of fungal ITS sequences (~ 5,200 and
3,400 reads, respectively) and alignment of >200 million metagenomic reads to
the fungal isolate ITS regions (~200 reads in both metagenomes). The newly
designed primer sets amplified p450nor genes using soil DNA extracted from the
same soil samples used for metagenomics analysis, emphasizing their utility to
screen for fungal denitrification potential. In most documented cases, a single
p450nor gene copy is found per fungal genome, although exceptions have been
noted (e.g., three p450nor gene copies were detected in Nectria haematococca)
(Figure 2.4). Not surprisingly, the detection of single copy, protein-encoding
genes in metagenomics datasets is more challenging than detecting high copy
number ribosomal operons (which includes the fungal ITS region) (212). Hence,
current metagenomics approaches may not be optimal for sequence detection
from organisms that contribute low DNA amounts (e.g., fungi) or are present in
low abundance, and increased sequencing depth of environmental DNA samples
is needed to uncover the functional potential of fungi in soils (21, 22, 213).
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CHAPTER THREE
DUAL AMPLICON SEQUENCING OF FUNGAL NITRIC OXIDE
REDUCTASE (P450NOR) AND INTERNAL TRANSCRIBED
SPACER (ITS2) REGION REVEALS FUNCTIONAL, NOT FUNGAL,
COMMUNITY STRUCTURE IS CONTROLLED BY SOIL EDAPHICS
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Abstract
Gene-targeted, high-throughput amplicon sequencing approaches are gaining
traction as tools to investigate microbial functional diversity in a variety of
environments. Fungi are increasingly recognized for their contributions to soil
N2O emissions, but culture-dependent techniques are the norm. Although
available culture-independent techniques (e.g., PCR) are high-throughput,
downstream cloning and sequencing of amplicons are not. Therefore, PCR
primers targeting the fungal nitric oxide reductase (p450nor) gene were adapted
to high-throughput sequencing with the Illumina MiSeq platform on 72 soil
samples from two Midwest agricultural soils. Sequencing and analysis of the
fungal internal transcribed spacer (ITS2) region was also performed on the same
soil samples to monitor diversity patterns in the overall fungal community. Of the
79 closed-reference p450nor OTUs, 69.7 and 64.6 % of all p450nor sequences
(12,675,480 in total) were classified as fungal isolate or environmental p450nor
sequences affiliated with these soils. Analysis of fungal ITS2 sequences revealed
4,591 OTUs from both soils, of which 19 OTUs comprised 41.6 % of all fungal
ITS2 sequences. ITS2 OTUs classified as members of fungal families known to
harbor denitrifying representatives indicates that 2 to 67 % of the fungal
community in each sample may be denitrifiers. Site was a significant predictor of
fungal p450nor and ITS2 community composition, but only location within a
transect predicted community composition only for fungal ITS2 sequences. The
environmental variables pH and moisture were significant predictors of
community composition using p450nor, but not ITS2, sequences, which suggest
these factors may be related to fungal N2O emissions in situ. Application of
p450nor PCR primers to a high-throughput Illumina sequencing methodology
revealed a wealth of novel fungal sequence diversity and highlighted the
importance of several edaphic factors that may affect fungal N2O emissions in
soils. Overall, given the limited representation of fungi in shotgun metagenomic
data sets, amplicon sequencing will continue to be the tool of choice to perform
large-scale ecological studies exploring fungal diversity and function.
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Introduction
Fungi are potentially significant contributors to N2O production in soils, but
current methods to assess the contribution of fungi to N2O emissions
predominantly rely on culture-dependent techniques (i.e., cultivation) to
understand fungal denitrifier diversity and function (99). Since fungi possess a
variety of diagnostic genes linked to the denitrification process, cultureindependent techniques (e.g., polymerase chain reaction combined with high
throughout sequencing) should be feasible, but are not routinely employed to
investigate fungal denitrification. The current state of culture-independent
techniques to investigate fungal denitrification mainly relies on PCR primers
targeting the fungal copper-containing nitrite reductase gene (nirK, also found in
many denitrifying bacteria) (97, 130–132). Recent PCR methodologies have
been developed that also target the fungal p450nor gene, encoding the sole nitric
oxide reductase in fungi linked to N2O production (103, 129). Several studies
exploring the functional diversity of fungal nirK in soils have been reported (97,
130–132), but investigation of p450nor may be preferable as nirK PCR primers
may co-amplify bacterial nirK (132), and the direct link between P450nor activity
and N2O formation by fungi (81, 214). Although fungi are reported to be
significant contributors to N2O emissions in soil, especially in agricultural soils,
data regarding p450nor’s presence/absence, relative abundance, and functional
diversity in soils are lacking (71, 99, 102). Therefore, previously published
p450nor PCR primers targeting the broadest diversity of p450nor sequences
were adapted to a high throughput amplicon sequencing methodology using the
Illumina MiSeq (103). Single-end Illumina sequencing of an ~400-900 bp region
of the p450nor gene and paired-end Illumina sequencing of the fungal internal
transcribed spacer (ITS2) region of the nuclear ribosomal RNA operon were
performed to compare/contrast fungal functional and overall community
composition. Given the previously reported prevalence and potential importance
of fungi to N2O emissions in agricultural soils, p450nor and ITS2 amplicon
sequencing was performed on DNA extracted from 70 and 72 soil samples,
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respectively, across a linear transect from two distinct agricultural soils in the
Midwest Cornbelt (Illinois). The overarching hypothesis was that fungal p450nor
and ITS2 gene diversity would differ within sites (position within a transect),
between the two sites, and that community composition would differ among time
points. Furthermore, these differences would be relatable to soil physical
parameters including moisture and pH.

Materials and Methods
Soil sampling and DNA extraction
Soils were collected in April, June, September and November of 2013 from
Havana, IL (latitude 40.296, longitude -89.994) and Urbana, IL (latitude 40.075,
longitude -88.242) agricultural field sites and processed as previously described
(103). Briefly, three 30 cm depth soil cores were extracted from three centroids
along a transect at each site and promptly processed nearby at the University of
Illinois at Urbana-Champaign (Figure 3.1). From each soil core, the top 0-5 cm
depth layer was homogenized and a 0.5 g aliquot was placed into a sterile, 1.5
mL microcentrifuge tube and stored at -80 °C until further use (n = 72). Corn and
soybean were planted at both Havana and Urbana sites on a yearly rotation (i.e.,
corn in one year and soybean in the next or vice versa). In 2013, the Havana soil
was planted with soybean whereas the Urbana site contained corn crops. DNA
extraction from soil samples was performed using the FAST Spin DNA kit for soil
(MP Biomedicals, LLC, Santa Ana, CA, USA) following the manufacturer
guidelines. Following DNA extraction, contaminating soil substances (e.g., humic
acids) were removed using the OneStep PCR Inhibitor Removal kit (Zymo
Research Corp., Irvine, CA, USA) and DNA quantity determined using the Qubit
double stranded DNA broad range assay kit (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) following manufacturer’s recommendations. Soil moisture
was measured gravimetrically and pH using a standard pH probe calibrated to
standards of known pH. Air temperature was recorded at each sampling event
using an alcohol thermometer.
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p450nor amplification
A variable-sized fragment of the p450nor gene was amplified as previously
described, using the semi-nested approach required to detect this sequence
across a range of environmental DNA samples (103). Briefly, the initial PCR
amplification required primers p450nor394F and p450nor1008R, followed by a
second round of PCR cycles using primers p450nor394F and p450nor809R. The
initial PCR reaction contained the same ingredients as described (103), except
that all DNA samples were diluted to 10 ng/µL and PCR reactions were
performed in triplicate 25 µL reaction volumes for the first round of PCR, and
triplicate 50 µL reaction volumes for the second PCR amplification. In the first
phase of p450nor amplification, each reaction contained 8.525 µL DNase-free
water (Life Technologies, Carlsbad, CA), 2.5 µL of 10 mM magnesium chloride
solution (Applied Biosystems, CA, USA), 2.5 µL of Ex Taq 10X Buffer (Mg2+ free)
(Clontech Laboratories, Inc., Mountain View, CA), 2.5 µL of 2.5 mM of each
dNTP (Clontech), 0.8 µL each of 25 µM primers p450nor394F and
p450nor1008R, 6.25 µL of 200 ng/µL bovine serum albumin (BSA) solution
(Fisher Scientific, USA), and 0.125 µL of 5 U/µL high fidelity TaKaRa Ex Taq
DNA Polymerase (Clontech), and 1 µL DNA template (0.4 ng/µL final
concentration) in a total reaction volume of 25 µL. In the second amplification
reaction, 1 µL of the amplicon solution was used as template DNA in a second
round of triplicate, 50 µL PCR reactions with the same composition as above,
except ingredient volumes were doubled, and 19.25 µL DNase-free water and 1
µL each of 100 µM primers p450nor394F and p450nor809R were used in the
reactions. DNA amplifications of p450nor gene fragments from soil were carried
out on a Veriti thermal cycler (Life Technologies, Carlsbad, CA) at 95 °C for two
min and 10 s, followed by 35 cycles each of 95 °C for 30 s, 50 °C for 45 s, and 72
°C for one min, with a final extension step at 72 °C for seven min. Thermocycler
conditions for the second p450nor amplification phase were identical, except that
an annealing temperature was lowered to 47 °C. In all, p450nor genes were
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successfully amplified from 68 (94 %) soil samples, but downstream analysis was
only performed on 62 samples at this time.

ITS2 amplification
A modified, two-step PCR approach to barcode tag templates with frameshifting
nucleotide primers outlined in Lundberg et al. were employed for amplification of
fungal ITS2 rRNA regions (215). Forward and reverse primers (0.5 µM each)
were combined in the initial PCR step to maximize phylogenetic coverage of
fungi, and included primers ITS3NGS1 (F1-F6), ITS3NGS2-F1, ITS4NGS3-F2,
ITS4NGS4-F3, ITS4NGS5-F4, ITS4NGS10-F5, ITS4NGSR(F1-F6), and ARCHITS4-F1 (185, 216, Cregger et al., unpublished). Following the initial
amplification, PCR products were cleaned with 17 µL of Agencourt AMPure XP
beads (Beckman Coulter Inc., Pasadena, CA, USA) and eluted in 21 µL of
nuclease-free water. Secondary PCR amplifications contained AMPure cleaned
DNA tagged with barcoded reverse primers and forward primers listed above
included in a 50 µL reaction using 20 µL of purified DNA from the initial PCR
amplification step. Thermal cycler conditions consisted of denaturation at 95 ºC
for 45 s followed by 32 cycles of 95 °C for 15 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 30 s.

p450nor and ITS2 Illumina sequencing library construction
P450nor PCR reactions were analyzed by agarose gel electrophoresis and
positive DNA bands were excised from the gel using a sterile razorblade and
purified using the QIAquick gel extraction kit (Qiagen, Venlo, Netherlands)
following manufacturer’s guidelines. For library construction, P450nor PCR
amplicons were ligated to Illumina MiSeq sequencing adapters using the Bioo
Scientific NEXTflex Rapid DNA sequencing kit and 96 Nextflex DNA barcodes
(Bioo Scientific Corp., Austin, TX, USA) following manufacturer’s guidelines. All
libraries were individually quantified using the Kapa Sybr Fast qPCR kit (Kapa
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Biosystems, Inc., Wilmington, MA, USA) on a ViiA 7 Real-Time PCR system
(Thermo Fisher Scientific, Waltham, MA, USA) after ligation, whereas libraries
were qualitatively assessed both before and after ligation using an Agilent 2100
Bioanalyzer instrument and Agilent 1000 DNA kit and reagents (Agilent
Technologies, Inc., Santa Clara, CA, USA). Illumina MiSeq sequencing was
performed using a 17 pM library concentration with 5 % PhiX viral genomic DNA
addition recommended by the v3 Illumina MiSeq kit (Illumina, Inc., San Diego,
CA, USA). The MiSeq sequencer was run in single read mode for a full 600
cycles (1x600 bp), since most p450nor amplicons are too large to assemble with
2X300 bp sequences.
For the ITS2 rRNA region, PCR amplification was followed by pooling
replicate DNA amplicons that were then purified with Agencourt AMPure XP
beads (beads to DNA, 0.7 to 1 ratio). After purification, each library was analyzed
for quality and PCR amplicon size on an Agilent 2100 Bioanalyzer instrument
using the Agilent 7500 DNA kit and reagents. Each library was purified and
analyzed on the Bioanalyzer 2-3X prior to sequencing (Illumina, San Diego, CA,
USA) to only include high quality amplicons. The ITS2 Illumina DNA library (9
pM) included a 15% PhiX addition and was sequenced for 500 (2x250) cycles on
the Illumina MiSeq sequencing platform.

p450nor and ITS2 sequence processing
p450nor amplicons were processed using Qiime v1.9.1 and FrameBot (217,
218). Briefly, the split_libraries_fastq.py script in Qiime was operated with a
minimum phred score cutoff of 20, a 50 % fractional read length value for
retaining a read with consecutive high quality bases, and three consecutive low
quality bases required prior to trimming a read. FrameBot translates protein
coding nucleotide sequences against a reference protein database considering
sequencing errors that may cause a frameshift. This feature is ideal for analysis
of p450nor amplicons, as the region spanned by p450nor primers used in the
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present study contain intronic regions intervening the exonic regions, which may
or may not occur in the same frame. Hence, FrameBot reliably identifies exons in
the correct frame in p450nor amplicons by performing translated alignments
against reference protein sequences. In addition, the 79 P450nor sequences in
the reference amino acid database reflect predominant intron-exon structure of
high quality p450nor genes. FrameBot was operated with a 40 % amino acid
identity cutoff, gap opening penalty of -7, and could keep alignments of only the
top protein subject in the reference database for each read. In this manner,
FrameBot performs a closed-reference operational taxonomic unit (OTU) picking
procedure. The generated p450nor OTU table was rarified to the smallest sample
size of 110,440 sequences. Although closed-reference OTU-picking is sufficient
for many applications, additional OTU-picking methods, such as de novo and
open-reference, are recommended due to biases in use of a reference OTU
library for OTU picking present in a closed-reference OTU methodology (219).
Hence, additional preliminary analysis of de novo and open-reference Qiime
OTU-picking methodologies was performed using p450nor nucleotide
sequences, excluding introns, that aligned to a single region of the reference
p450nor dataset. In this manner, a nucleotide version of closed-reference, openreference, and de novo OTU-picking was performed using 50, 250 nt length
OTUs as references clustered at 95 % identity. Reference OTUs were identified
by comparison of within and among group pairwise nucleotide sequence identity
of p450nor sequences from different genera (Fusarium, Aspergillus, Ajellomyces,
etc.), and suggested 95 % nucleotide identity was a reliable cutoff for
differentiating p450nor sequences at the genus level. Next, an open-reference
OTU picking methodology using the 50 OTUs, followed by de novo clustering of
the remaining sequences at 95 % nucleotide identity was performed. The final
Qiime OTU picking strategy performed was de novo clustering at 95 %
nucleotide sequence identity. Due to concern regarding inflated OTUs predicted
using de novo clustering with Qiime, de novo clustering (95 % nucleotide identity
cutoff) was also performed using the UPARSE pipeline (220).
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ITS2 sequences were preprocessed using the PIPITS pipeline for fungal ITS
data and subsequent analyses performed in Qiime and the phyloseq package in
R (217, 221, 222). Briefly, paired-end reads were joined using PEAR (223),
quality filtered using the FASTX toolkit using a phred score cutoff of ≥ 20, ≥ 70 %
of read containing a phred score ≥ 20, and reads containing ambiguous base
calls discarded (224). Following dereplication (removal of non-unique
sequences), PIPITS extracts the ITS2 region using ITSx (225). Prior to de novo
OTU picking using a 97 % identity cutoff, the variable length ITS2 sequences
were padded with N characters to prevent spurious OTU calling by VSEARCH (a
problem previously reported with UPARSE with the USEARCH algorithm for
fungal ITS2 data). After OTUs were identified and N characters removed,
chimeric OTUs were identified and removed and total reads were mapped to
each OTU using VSEARCH, followed by taxonomic assignment using the RDP
classifier against the UNITE database version 7.0 (226–228). Prior to diversity
analyses, the ITS2 OTU table was rarified to 7,000 sequences per sample.

Statistical analyses
All statistical analyses were conducted in R using phyloseq and components of
the VEGAN package therein (222, 229, 230). The non-parametric analysis of
similarity (ANOSIM) test was performed in R with 10,000 permutations using the
Bray-Curtis distance metric.

Nucleotide sequence accession numbers
All sequences were submitted to the Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra/) under SRA accessions SRR5435236 SRR5435242 and BioProject ID PRJNA382352. Data will be released 01-162018 or upon publication, whichever occurs first.
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Results

p450nor amplicons and OTUs
Illumina sequencing of p450nor amplicons from 62 soil samples resulted in the
generation of a total of 19,444,409 total reads (601 nt median length), of which
12,675,480 (65.2 %) passed QC with a median length of 374 nt (Table 3.1).
Hence, 38.8 % of p450nor read lengths were below acceptable quality limits
when operating the Illumina MiSeq instrument in single read mode using the v3
MiSeq sequencing kit. A large increase in sequence diversity was observed in
the translated region amplified by primers p450nor394F/p450nor809R (Figure
3.2). In many cases, the new p450nor sequences displayed a ˃ 60 % drop in
sequence conservation compared to the same amino acid character in the
reference sequences. The drop in amino acid conservation is particularly relevant
for regions reference positions 15 – 30, 79 – 105, 127 – 132, and 170 – 196
(Figure 3.2). The first region corresponds to a protein-coding region only found in
two out of five Metarhizium p450nor sequences and is encoded by the amino
acid characters RQVTRPVHRFHCLTSPY. All other P450nor sequences have a
gap in the amino acid alignment in this region. Nevertheless, Metarhizium
sequences comprise 1.4 % relative abundance of all environmental p450nor
sequences, and their alignment contributes to the observed drop in sequence
conservation in this region. The regions 79 -105 and 170 - 196 encode ALPIPSHIIYDILGIPIEDFEYLSGC and PGHIEKLDVVQIAFLLLVAGNATVVSM,
respectively, in the reference P450nor sequence of Aspergillus flavus strain
NRRL 3357 and correspond to two alpha helical regions within the P450nor
protein structure.
Using the 79 closed reference OTUs identified in Havana and Urbana
soils, 69.7 and 64.6 %, respectively, of all sequences mapped to OTUs belonging
to cloned environmental or isolate p450nor sequences generated in an earlier
sampling of these soils by Higgins et al. (103) (Figure 3.3). For example, the
reference p450nor OTUs of fungal isolates 67 and 74, both of which are affiliated
50

with the genus Fusarium and were previously isolated from Urbana and Havana
soils, were observed to have a combined relative abundance of 34.9 and 26.4 %
in DNA extracted from Urbana and Havana soils, respectively (Figure 3.3).
p450nor OTUs from fungal species not derived from previous cultivation efforts in
Havana or Urbana soils possessing a relative abundance of ≥ 2 % were
members of the genera Colletotrichum, Fusarium, Ajellomyces, Trichoderma,
Paracoccidioides, Pseudogymnoascus, and Aspergillus (Table 3.2). A large
disparity in relative abundances for some reference OTUs was observed
between soils (Figure 3.3, Table 3.2). For example, some OTUs were
predominantly detected in Havana soils (clones HC C1 and A7, isolate 213, and
Metarhizium anisopliae) whereas others dominated in DNA extracted from
Urbana soils (clone UC F2, isolates 185 and 112). Overall, most p450nor
sequences identified from both soils were affiliated with OTUs belonging to
fungal class Sordariomycetes.
Preliminary OTU clustering of p450nor nucleotide sequences (250 nt
length) using Qiime closed-reference, open-reference, and de novo OTU picking
strategies resulted in the identification of 18, 16,056, and 98,528 OTUs,
respectively. De novo clustering with the UPARSE pipeline resulted in 22,180
OTUs after chimera removal. Additional analyses with nucleotide sequencebased OTUs were not performed due to the requirement of further analysis and
retesting to confirm their validity.

ITS2 amplicons and OTUs
Of the 13,262,960 paired-end ITS2 reads generated, 11,659,328 (87.9 %) were
joined and of those joined reads only 12,938 (0.1 %) were discarded. Of the
11,646,390 sequences input to ITSx ITS region extractor, 10,827,594 (92.9 %)
contained a fungal ITS2 region. Analysis of the ITS2 regions amplified from
Havana and Urbana soil DNA with the PIPITS pipeline resulted in the
identification of 4,848 OTUs, of which 4,591 (94.6 %) were classified within the
kingdom Fungi. Of these fungal ITS2 OTUs, 19 were observed to have a relative
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abundance ≥ 1 % and contributed to 41.6 % of all the fungal sequences (Figure
3.4). The two most abundant OTUs (OTU8 and OTU5) were 4.7 and 4.1 % of all
ITS2 sequences and belonged to unidentified members of the family Nectriaceae
and order Pleosporales (Figure 3.4). When inspecting relative abundance of
OTUs within each site individually, some important similarities, as well as
differences, became immediately apparent. For instance, the two most abundant
OTUs within each site are classified as an unidentified member of the family
Nectriaceae (OTU8) and Talaromyces sp. NRRL 62997 (OTU3) and are
observed to have a relative abundance of 8.2 and 8.6 % within the Urbana and
Havana soil DNA, respectively (Figure 3.5). Of note, OTU8 is also the most
abundant OTU observed across both soils, and appears to exist predominantly in
Urbana soils (0.1 % relative abundance in Havana). The Talaromyces OTU3 also
exhibited a site specific preference, and was absent (0.001 %) in Havana soil
DNA (Figure 3.5). The Havana and Urbana soils shared 8 out of a total of 43
(18.6 %) OTUs with ≥ 1 % relative abundance between both sites. Six of these
OTUs could not be classified below the rank of order, the remaining two OTUs
were classified to the genera Fusarium (OTU13) and Alternaria (OTU9). These
shared OTUs comprised 20.7 % of the OTU relative abundance observed within
the data set.

Overlapping taxonomy between p450nor and ITS2
Although one-to-one direct comparison between the OTUs in the two data sets is
not possible, the shared taxonomic ranks observed between the p450nor and
ITS2 community may be indicative of the overall fungal community’s capacity for
N2O production. For example, between 2 and 67% of the fungal community in all
samples examined may be capable of denitrification based on shared taxonomic
affiliation at the rank of family (Figure 3.6). Although the relative abundance of
p450nor and ITS2 markers overlapped considerably for some families, this was
not true for all families (top row, Figure 3.7). For example, the relative abundance
of p450nor OTUs classified as members of the Nectriaceae within each sample
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ranged between 34.1 to 88.5 % (median = 57.7 %), whereas relative abundances
of ITS2 OTUs classified as members of the Nectriaceae were between 0.45 and
65.5 % (median = 5.85 %). In contrast, p450nor and ITS2 OTUs classified as
members of the family Chaetomiaceae had median relative abundances of 0.87
and 0.98 % and ranged from 0.05 – 16.6 % and 0.09 – 18.1 %, respectively
(bottom row, Figure 3.7).

Spatial and environmental controls on fungal community composition
Non metric multidimensional scaling (NMDS) ordination performed on p450nor
and ITS2 OTU tables resulted in two punctate distributions that appeared to align
well with soil of origin (Figure 3.8). Indeed, site was a significant predictor of
fungal p450nor (ANOSIM R = 0.62, p = 0.001) and ITS2 (ANOSIM R = 0.82, p =
0.001) community composition (Figure 3.8). However, location along a transect
within each field site was not a significant predictor for the p450nor community (p
> 0.05, data not shown). In contrast, location within a site was a significant
predictor of the overall fungal community in Havana (ANOSIM R = 0.07, p =
0.001) and Urbana (ANOSIM R = 0.26, p = 0.001), but the trend was more
apparent at centroids within the Urbana soil (Figure 3.9). Analysis of diversity
among seasons within a site revealed no significant relationships among these
two variables for both p450nor and ITS2 data (p > 0.05, data not shown).
Furthermore, there was no significant relationship between soil pH and moisture
on the overall fungal community NMDS ordination values (ITS2) (Figure 3.10A).
However, a significant negative (Adjusted R2 = 0.63, p = 6.1 E-15, slope = -0.17)
and positive relationship (Adjusted R2 = 0.36, p = 1.8 E-7, slope = 0.02) of soil pH
and moisture, respectively, on values from the first axis of the NMDS ordination
from the p450nor community NMDS ordination was observed (Figure 3.10B).
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Discussion

High-throughput sequencing enables detection of novel p450nor diversity
Adapting the degenerate p450nor primers p450nor394F and p450nor809R to a
high-throughput sequencing methodology on the Illumina MiSeq platform is a
significant advancement for investigations of the fungal contributions to N2O
emissions. For example, the high-throughput Illumina sequencing developed
here resulted in the generation of >12 million p450nor sequences, whereas initial
efforts with sequencing and cloning and months of effort reported in Chapter Two
resulted in only 49 sequences (103). Given the recent identification of a large
diversity of fungi capable of denitrification and their demonstrated contributions to
N2O emissions in soil, fast and reliable, culture-independent methodologies will
enable new insights into the fungal contribution to denitrification (97, 99).
Although millions of sequences were generated using the Illumina MiSeq
platform, the closed-reference OTU picking methodology used in the present
study is limiting because OTUs are defined a priori and may not be
representative of environmental sequence diversity (218). However, closedreference OTU picking is useful for removing co-amplified, non-target sequences
present in the data set and can represent a first-pass analysis to determine a
baseline of diversity of sequences present in a sample or samples. Although only
79 P450nor amino acid sequences were used for close-reference OTU picking
with FrameBot, these OTUs are representative of the dominant N2O-producing
fungal genera currently known (99). Nevertheless, sequence databases and
culture collections will likely never represent the actual diversity present in the
environment. Therefore, attempts at additional OTU-calling using p450nor
nucleotide sequences was performed, and resulted in a much larger than
anticipated number of OTUs. For example, the de novo OTU picking in Qiime
resulted in ~100,000 OTUs, a much larger number than the 79 OTUs used for
closed-reference OTU picking with FrameBot. Qiime’s clustering methodology
has been suggested to over inflate the number of OTUs (220), and the ~16,000
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and ~22,000 OTUs predicted by open-reference and de novo OTU picking in
Qiime and UPARSE, respectively, are much more similar to one another. Hence,
there appears to be a large discrepancy in the number of OTUs determined using
different methodologies. Another factor potentially contributing to the large
number of p450nor OTUs predicted with Qiime and UPARSE are biases
propagated during amplification. More than one round of PCR amplification is
required to generate sufficient quantities of p450nor amplicon for Illumina
sequencing library preparation. This is due to presence of inhibitors, high
degeneracy of the p450nor primers p450nor394F/p450nor809R, and the low
number of p450nor copies present compared to the overall soil metagenome
content. Due to the large number of amplification cycles (70 in this two round
procedure), DNA polymerase-induced mutations and template-switching both
bias the result and lead to an inflated number of OTUs when examining P450nor
diversity (231–234). Additionally, the 95 % nucleotide identity used may be
inappropriate for identifying species-level OTUs for functional genes broadly
across the tree and additional representatives and phylogenetic methods should
be explored (e.g., aligning reads to a well curated phylogeny) (235).
Overall, we observed a strong overlap in taxonomic assignments of OTUs
between p450nor and ITS2 (Figure 3.7), suggesting that both methods are
complementary. However, caution in interpreting these comparisons is required
since both methods use different primers and target different gene regions. The
sum of the median relative abundances of OTUs belonging to fungal lineages
known to contain fungal denitirifers is 10.02 %, suggesting denitrifying fungi may
be a significant fraction of the overall fungal community. Although not every
member of a taxonomic group will share the same function, the presence of
specific taxa can be indicative of functional potential and has led to the
development of key tools to predict function from presence/absence in the overall
community (Langille et al. 2013, PICRUSt tool). Overlap in taxonomic
assignments of p450nor and ITS2 OTUs in the same samples is further support
that these methodologies, though not directly comparable, may be able to inform
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one another. Future studies addressing the application of multiple primer sets in
concert to amplify DNA from communities of known composition may help
identify strengths and limitations of the current approach.

Contrasting spatial, pH, and moisture effects on the overall
phylogenetically defined community versus functionally defined fungal
communities
Previous investigations of soil fungal communities have observed a weak or
absent effect of soil pH on fungal diversity, and may be related to the ability of
fungi to remain active under a wide range of pH conditions (6, 236). Hence, a
lack of an observed relationship between the NMDS ordination (representing the
fungal community) and pH was not surprising. Annual precipitation has been
demonstrated to have an effect on fungal diversity and GHG emissions, and
more diverse fungal communities are present under low precipitation conditions
(237). Although moisture and pH vary among sites and within months at a site
(Figure 3.11), no significant relationship between the NMDS ordination and these
variables was observed. In contrast, both pH and moisture were observed to be
significant predictors of p450nor community structure, and suggests that these
soil properties may regulate the relative abundance of fungal community
members containing p450nor. Additional research should be conducted to
explore the expressed fungal rRNA and p450nor mRNA in soil, as significant
differences in relative abundance of active community members have been
observed (e.g., high relative DNA abundance ≠ high rRNA or mRNA abundance),
and future efforts should compare both molecules for at least a few samples
when drawing conclusions about the effects of independent variables on
community composition.

Culture-dependent approaches complement amplicon sequencing studies
Based on a best hit, reference-based OTU-calling strategy, the most abundant
OTUs were those previously amplified directly from Havana or Urbana soil or
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from isolates enriched at these sites (Figure 3.3). Although other members of the
reference data set not affiliated with Havana or Urbana clones or isolate p450nor
sequences were detected, two-thirds of the sequences mapped to reference
sequences originally isolated from these soils. This observation highlights the
power of using both culture-dependent and –independent approaches to studying
function within a community. Without reference sequences derived from the soils
under investigation, it is possible that much fewer sequences would have aligned
to the reference OTUs or that community composition of p450nor could become
compromised. Furthermore, the identification of abundant reference OTUs
belonging to fungal isolates indicate that these isolates may be representative of
the overall site soil environments. These isolates may therefore prove to be
invaluable for testing hypotheses regarding factors affecting N2O emissions by
P450nor in a laboratory setting and extrapolating results to the field.

High-throughput amplicon sequencing outcompetes shotgun
metagenomics for environmental analysis of fungi
High-throughput sequencing studies using shotgun metagenomics has become a
routine method for analysis of the microbial community in a variety of
environments (193, 213, 238, 239). However, recent gene-targeted sequencing
approaches have been increasing in favor, largely due to a lack of signal from
specific functional genes of interest in shotgun metagenomic studies (232, 240,
241). This is particularly relevant for fungi, as they often constitute a low
proportion of shotgun metagenome sequence reads, and are largely absent from
shotgun metagenomes generated from DNA extracted from Havana and Urbana
soils (103). Indeed, one report of fungi dominating a shotgun metagenome
generated using environmental DNA is from a low species diversity acid mine
drainage (135), and is not representative of most environments. We are unable
to detect the p450nor gene in shotgun metagenomes generated from these soils,
but amplification using p450nor-targeted PCR primers allows their identification
and analysis. Therefore amplification-based methodologies utilizing high57

throughput technologies will continue to be advantageous for investigations of
fungal communities and functions over large spatial scales.
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CHAPTER FOUR
PHYLOGENOMIC ANALYSES REVEAL WIDESPREAD
HORIZONTAL GENE TRANSFER OF THE FUNGAL NITRIC OXIDE
REDUCTASE (P450NOR) AND SUPPORT AN UNDISCOVERED
ROLE FOR P450NOR IN SECONDARY METABOLISM
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Abstract
An expanding body of scientific literature recognizes fungi as significant
contributors to soil nitrous oxide (N2O) emissions by way of a unique fungal nitric
oxide reductase (P450nor); however, uncertainty in fungal contributions to soil
N2O emissions remain due to continued use of biased bacterial inhibitor assays,
and observations of both low rates and high variability in N2O formation by fungal
isolates grown on inorganic N sources. To reconcile these rather conflicting
observations and provide a benchmark phylogenomic analysis of fungal
denitrifiers, we sought to survey the genes underlying fungal denitrification in
>700 fungal genomes. Of 167 p450nor–containing fungal genomes identified, 0,
18, and 29 % also harbored narG, napA or nirK, respectively, additional
diagnostic markers of denitrification potential. The low co-occurrence observed
between these traits demonstrates a strong disconnect between p450nor
presence/absence and additional markers required for true denitrification.
Ancestral state reconstruction supported the monophyly of p450nor and
actinobacterial P450s involved in secondary metabolism (SM), but studies
investigating additional roles for fungal p450nor are lacking. SM cluster analysis
of genomic regions containing p450nor with antiSMASH predicted 19 (11%)
regions to be putative SM clusters. Moreover, 59 (35%) genomes harbor
hallmark SM genes adjacent to p450nor, and provides additional contextual
evidence linking p450nor to SM. These diverse, p450nor-containing gene
clusters are widespread among the Ascomycota and challenges the existing
paradigm of p450nor’s primary function in nitric oxide reduction and fungi’s
reported importance in soil N2O emissions.
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Introduction
Increased human reliance on fixed nitrogen (N) fertilizers derived from the HaberBosch process to meet the agricultural demands of an expanding global
population has greatly contributed to a 20 % rise in the atmospheric quantity of
the potent greenhouse gas, nitrous oxide (N2O), over the last half-century (38,
242). N2O is primarily formed in soil by denitrifying members of the Bacteria and
Archaea (40), a prevailing view that has been recently challenged by
experiments reporting abundant, soil-inhabiting fungi may contribute from 40 to
95% of total soil N2O emissions (99). Notably, fungi are touted as significant
sources of N2O emissions from agroecosystems (72, 102), which are landscapes
expected to contribute up to two-thirds of the total N2O emissions by 2030 (44).
N2O formation in fungi is catalyzed by P450nor, a heme-containing cytochrome
P450 (hereafter P450), that catalyzes the two electron reduction of nitric oxide
(NO) to N2O (81, 149, 243). The p450nor gene is found exclusively in fungi and
green algae, and has been exploited as a distinctive biomarker in molecular
assays to identify and quantify fungal denitrifiers in soil (103, 129, 244).
Despite these observations, fungal contributions to N2O emissions remain
uncertain. For example, investigations using pure cultures of fungal denitrifiers
have demonstrated a poor mass balance between inorganic N inputs and the
quantities of N2O formed, and display roughly three to six orders of magnitude
lower N2O production rates compared to denitrifying bacterial isolates (70, 96,
98, 99). Furthermore, no direct evidence links N respiration in fungal isolates to
increases in fungal biomass under strictly anoxic conditions (140, 145). Likewise,
no significant relationship between fungal biomass and potential denitrification
rates were observed in soil incubations under anoxic conditions (118). Above all,
the biases associated with soil respiration inhibition studies have not been
appropriately corrected or accounted for in investigations of fungal denitrification,
and may substantially inflate contributions of fungi to soil N2O emissions (115,
160). Therefore, these observations led us to question whether there might exist
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some alternative explanation for the presence and function of denitrifying traits in
fungi.
Biochemical and cultivation-based studies have provided a framework for
ongoing investigations of the microbial contributions to N2O formation in the
environment, but significant cost reductions and innovations in sequencing
technologies have enabled the generation of (meta)genomic data sets that
provide unique opportunities to study the diversity, evolution, and function of
genes encoding key N cycling processes (62, 193, 245, 246). The scientific
community has benefitted greatly from such studies, but to our knowledge no
extensive bioinformatic analyses have been undertaken to explore the genetic
determinants of fungal N2O production. Due in large part to the efforts of the
1,000 Fungal Genomes and Assembling the Fungal Tree of Life (AFTOL)
projects, there has been a steady rise in genomic sequence data for members of
the fungal kingdom (128, 247). Hence, large scale phylogenomic analyses have
the potential to uncover the genomic and evolutionary context of genetic
components of fungal N cycling that can ultimately inform the scientific
community and assist in directing research efforts. Here we present a survey of
key denitrification components present in hundreds of fungal genomes and
critically explore the evolutionary origins of P450nor, the only known P450
directly involved in N2O formation.
Fungi containing p450nor may also harbor other genes involved in
denitrification, including the copper containing nitrite reductase gene (nirK), which
is reported to possess an alphaproteobacterial origin in fungi consistent with
endosymbiotic theory (77, 79). Furthermore, genes encoding membrane bound
or periplasmic nitrate reductases (narG, napA) have been observed in Fungi
(79), but their evolutionary origins and distribution within the Kingdom Fungi have
not been examined. Although p450nor is touted as belonging solely to eukaryotic
microorganisms, previous investigations have hypothesized an actinobacterial
origin for p450nor (79, 248–250). Of note, Actinobacteria are not widely
recognized as canonical denitrifying bacteria and few studies of their
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denitrification capacity exist (55, 92, 251). Most members of the Actinobacteria
possess a truncated denitrification pathway or lack a canonical nitric oxide
reductase gene (nor) (except members of Corynebacterium and
Propionibacterium) (92, 252). Hence, both members of the Fungi and
Actinobacteria share a reduced or incomplete denitrification pathway with a
potentially limited capacity to perform denitrification. Consistent with the
horizontal gene transfer (HGT) hypothesis of p450nor is the observation of
shared amino acid similarity between fungal P450nor and actinobacterial P450s
of the CYP105 family, many of which are actively investigated for their
contributions to secondary metabolism (SM) (79, 253). For example,
Streptomyces turgidiscabies strain Car8 harbors a txtE gene encoding a novel
member of the CYP107 family (closely related to the CYP105 family) (254).
Binding of NO and O2 by TxtE results in nitration of L-tryptophan, which is
subsequently converted to the potent plant cellulose synthase inhibitor, thaxtomin
A. TxtE is also the only other P450 observed to directly utilize NO as a substrate
(254, 255). Furthermore, P450nor and TxtE are evolutionarily distinct from
bacterial nor and the possibility of P450nor possessing a role in nitration
reactions in fungal SM has not been explored. Horizontal gene transfer (HGT)
between Fungi and Actinobacteria has been reported for other SM traits, such as
the type I polyketide synthase genes (256), and begs the question: if p450nor
was acquired by HGT from Actinobacteria, is it now involved in SM or
denitrification? The present hypothesis suggests that p450nor was acquired from
Actinobacteria and evolved to fill a novel role in denitrification (79, 249). A more
parsimonious explanation is that p450nor retained its ancestral function in SM
(nitration reactions), and is now a widely conserved trait being selected for in
fungi. However, critical experimental and phylogenomic analyses of the
evolutionary origins of p450nor and its functions are lacking to support this
hypothesis.
In the present study, a evidence supporting a role for p450nor in
secondary metabolism is presented suggesting that N2O formation in fungi and
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Actinobacteria lacking the canonical bacterial nor may be incidental. Of note,
widespread HGT of p450nor was observed between and within fungal phyla that
emphasizes a greater mobility of this trait compared to other denitrification genes
in fungi. Ancestral state reconstruction analysis definitively supported the
affiliation of P450nor with a diverse clade of P450s involved in SM. Genomic
surveys of regions immediately surrounding p450nor revealed many diagnostic
SM genes encoding functions such as polyketide synthases, non-ribosomal
peptide synthases, and terpene cyclases; many of which were also corroborated
by biosynthetic gene cluster prediction tools. Taken together, these results
support the more parsimonious hypothesis of a biological role for P450nor in SM
rather than N2O production. Such findings could have significant implications for
both applied and environmental microbiology, since the prediction of novel fungal
SM clusters could directly benefit pharmaceutical and agricultural industries and
our understanding of fungal ecology as a whole.

Materials and Methods
Fungal genome acquisition
Available draft and complete fungal genomes from the National Center for
Biotechnology Information and the Joint Genome Institute (JGI) were accessed
on March 16th, 2016 and downloaded from the respective database utilities. In all,
712 fungal genomes were queried, and only 45 fungal genomes (identified to
contain p450nor) from JGI were used to circumvent disclosure issues.

Comparative bionformatic analysis
The database of 1438 amino acid sequences of fungal single copy orthologs
from the BUSCO tool v1.1b (257) were provided as queries to the tool genblastG
search tool v1.0.138 (258) to search for and identify homologous gene models of
these single copy orthologs in the genomes under investigation. The genblastG
tool performs amino acid alignment of a protein query against a six frame
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translated nucleotide subject sequence (genome) to find optimal alignment. Once
found, genblastg performs heuristic analysis to piece the appropriate gene model
back together from high-scoring segment pairs identified using blast alignment.
Of these gene models identified, 238 were used for phylogenetic tree
reconstruction (see below) and were annotated using the PfamScan (259, 260)
against the Pfam A database (261) and blastp (182) against the uniprot database
(262) with default settings. The genblastG tool was also used to perform amino
acid alignment of protein sequences involved in denitrification or NO
detoxification (NapA, NarG, NirK/NirS, NorB, P450nor, NosZ, and
flavohemoglobins (263)). Fungal denitrification proteins used in downstream
phylogenetic analysis genomes were manually curated against full length fungal
reference sequences to ensure that an accurate gene model was predicted for
each organism in which the gene was detected. After identification of these
genes in fungal genomes, queries of the fungal NapA, NirK, NarG, and P450nor
amino acid sequences, were performed against the plant, archaea, bacteria,
protozoa, and fungi RefSeq protein databases (264) to identify similar sequences
in each taxonomic group. Significant alignments (≥ 60 % query coverage and ≥
35 % amino acid identity) were combined with the fungal sequences and saved
for further phylogenetic analysis.

Analysis of SM gene clusters in fungi
Fungal gene clusters were identified with the antiSMASH tool (265) with default
settings. Additional genes +/- 20 genes up and downstream of p450nor were
evaluated using PfamScan (259) searches with default settings against the SM
profile Hidden Markov Models of antiSMASH. Protein sequences matching
antiSMASH HMM models were given an “automatic” SM function status and
were colored blue. Additional function annotation was performed by hmmscan
searches with HMMER3 against the eggNOG (266) database of orthologous
protein groups to derive functional annotations for these proteins. These
annotations were manually identified as being putatively involved in SM if they
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possessed literature entries suggesting an involvement in SM or had functions
related to methyl transfer, oxidation-reduction reactions, glycosyl transferases,
fungal specific transcription factors, and other protein functions that may be
important for SM (265). These annotations were colored light blue. All other
annotations were colored grey since there was no obvious connection to SM.

Phylogenetic analysis
Phylogenetic reconstruction of the fungal species tree was performed using
concatenated amino acid sequences from 238 single copy orthologs found in ≥
90 % of all genomes used in the analysis. The genomes of Melampsora
pinitorqua strain Mpini7, Puccinia arachidis, and Microbotryum_lychnidis-dioicae
strain p1A1 Lamole were excluded from analysis due to an insufficient number of
informative sites and inconsistent placement within the fungal tree. Alignment of
amino acid sequences was performed individually on all 238 individual BUSCO
gene models present within each organism was performed using MAFFT
v7.130b (198) with linsi alignment tuning parameters within the software (-maxiterate 1000 and –localpair settings used). Individual alignments were
subsequently concatenated using in-house python scripts, resulting in a 65,897
column alignment which was subjected to phylogenetic analyses with FastTree2
(203) using refined tree reconstruction settings for slower, more exhaustive
search of the tree space than default settings (-bionj –slow –gamma –spr 4 –lg –
mlacc 2 and –slownni settings). Individual trees from each BUSCO alignment
were also constructed using FastTree2, and the resultant alignments and trees
subjected to coalescent tree reconstruction using ASTRAL-II software (267).
The predicted amino acid and nucleotide sequences (introns removed) of
fungal napA, nirK, and p450nor gene models were aligned using the MAFFT
settings described above. The resulting alignment was subjected to further
manual refinement in JalView and SeaView software (200, 201). Maximumlikelihood (ML) and Bayesian phylogenetic inference was performed on both
nucleotide and amino acid alignments using RAxML and MrBayes 3.2 (268, 269).
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Selection of the optimal evolutionary model for ML tree reconstruction was
performed using prottest (270) (amino acid alignment) and jmodeltest (271)
(nucleotide alignment) software prior to ML tree reconstruction. Optimal
evolutionary models for amino acid alignment in Bayesian analysis were
estimated from the alignment using MrBayes software. Briefly, the alignment was
provided to MrBayes, and the software allowed to run using a mixed amino acid
model with 4 chains. The analysis was performed for 1,000,000 generations with
sampling performed everything 1,000th generation and the resulting output
evaluated with the sump command. For all amino acid ML analyses, either the
LG (272) (NapA, p450nor) or JTT (273) models (NirK) were chosen, whereas for
nucleotide sequences, the GTR (274) model with variation in rate heterogeneity
among sites was chosen as the optimal evolutionary model for each gene. Amino
acid models identified in MrBayes were the WAG (204) (NapA and P450nor) or
the JTT model (NirK). As with ML tree reconstruction of nucleotide sequences,
the GTR model with rate heterogeneity among sites was also used for Bayesian
tree reconstruction. For phylogenetic analysis of fungal NapA, NirK, and P450nor
with additional RefSeq protein sequences, the LG (ML) or WAG (Bayesian) were
selected in the respective phylogenetic software. All amino acid tree
reconstruction utilized gamma distributed rate heterogeneity among sites, and
additional tree reconstruction parameters were estimated from the alignment.
Phylogenetic analysis with RAxML was performed by sampling 20 starting
trees and performing 1,000 replicate bootstrap analyses. The tree with the best
likelihood score was compared to the 1,000 replicates in RAxML to generate the
final tree. Bayesian tree construction was performed using 3 independent runs
with 6 chains for 5,000,000 generations. Output from MrBayes was evaluated
with the sump and sumt commands within the software to ensure Markov Chain
Monte Carlo chain mixing and convergence (potential scale reduction factor of
1.0) and standard deviation of split frequencies ~ 0.01 or lower. MrBayes output
was also visualized in the program Tracer to ensure convergence was reached.
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BayesTraits software was used to perform phylogenetically informed correlations
between binary traits (i.e., the presence or absence of two denitrification
markers) and ancestral state reconstruction (275). For trait correlations, 800 ML
trees produced using FastTree2 on 800 amino acid bootstrapped alignments of
the 709 fungal taxa was used as input. An additional file containing
presence/absence data for each denitrification trait was also used as input.
BayesTraits was first operated in ML mode (100 ML tries setting) to generate
parameter estimates for dependent (trait correlation) and independent (no trait
correlation) models. These parameter estimates were then input to BayesTraits,
and three independent runs of the software in Bayesian mode using the
dependent and independent model of trait correlation between the two traits
being compared were started. The runs were performed for 1,000,000
generations with samples taken every 1,000th generation and a burn-in of 50,000
generations. A stepping stone analysis (100 stones, 10,000 samples) was
performed to generate log marginal likelihood values used in for Bayes factor
(BF) calculations to test which model (correlation or no correlation) fits the data
best. BFs are comparable to a likelihood ratio test for model selection, and the
larger the Bayes Factor the more certainty there is in the more complex,
dependent model (indicating trait correlation) fitting the data. Hence, a BF of 1 is
weak or no favor of trait correlation, but a BF of 10 indicates strong selection of
the dependent model and trait correlation. A similar analysis is performed for
ancestral state reconstruction, except that 1,875 p450nor trees from a Bayesian
analysis was used as input to the MultiState method of the software. MultiState
analyses were run for 5,500,000 generations with sampling every 2,000th
generation and a burn-in of 500,000 generations. The probability of a given
character state at a node within the tree was averaged over all generations after
the burn-in period and used to determine support for the state of a tree node.
Approximately unbiased (AU) tests were performed in the program
CONSEL (276) using default settings to test the hypothesis of monophyly of
specific clades within the phylogeny. The negative log likelihood values from of
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the observed nucleotide gene phylogenies input into CONSEL were -140,261, 37,782, -111,531 for napA, nirK and p450nor, respectively. The observed
negative log likelihood scores for amino acid phylogenies of NapA, NirK, and
P450nor were -65,158, -14,197, and -44,171, respectively. Species-tree genetree reconciliation with NOTUNG (277, 278) was performed with a duplication
cost of 2, loss cost of 1, and a variable transfer cost from 3 to 15. All other
settings were default. NOTUNG ignores incomplete lineage sorting as an
evolutionary mechanism when both a rooted species and gene tree are used as
input, and hence only provides estimations of gene duplication, loss, and transfer
events.

TxtE enzyme expression, purification, and assay
To test for N2O production by a P450 related to p450nor but known to have a
primary role in SM, a pET28b(+) plasmid containing a kanamycin resistance
marker and the txtE gene from Streptomyces scabies strain 87-22 was obtained.
The txtE gene, encoding a CYP105 family nitrating P450 monoxygenase,
previously codon optimized for expression in Escherichia coli was graciously
provided by Dr. Frances H. Arnold and was subsequently transformed into BL21
E. coli cells (255). Expression of txtE was performed as previously described
(255). Briefly, BL21 E. coli transformed with pET28b(+) containing txtE or
pET28b(+) without txtE (hereafter txtE+ and txtE-) were grown in a 37 °C
incubator overnight in 100 mL terrific broth (Merck Millipore, Billerica, MA, USA)
containing 50 μg/mL kanamycin sulfate (Sigma-Aldrich, St. Louis, MO, USA) with
shaking at 225 rpm. Cells of txtE+ and txtE- (5 % inoculum) were then added to
Hyper broth (AthenaES, Baltimore, MD, USA) containing 50 μg/mL kanamycin
sulfate and 5 % (v/v) of glucose nutrient mix (AthenaES) and were placed into a
37 °C incubator with shaking at 225 rpm for four h. The txtE+ and txtE- cultures
were then removed from the incubator and allowed to rest at room temperature
for 1 h with shaking at 225 rpm. Each culture was then chemically induced with
0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Sigma-Aldrich) and 0.25
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mM 5-α-levulinic acid (Sigma-Aldrich) was added as a precursor for heme
production, an essential cofactor in the TxtE enzyme. After induction, cultures
were placed on a room temperature shaker at 220 rpm for 24 h. After this time,
50 mL txtE+ and txtE- cell aliquots were transferred into 50 mL sterile falcon
tubes and centrifuged at 4,000 g and 4 °C for 10 min. Cell pellets were stored at 80 °C until further use.
Prior to cell lysis, the txtE+ and txtE- cells pellets were placed on ice to
thaw, and resuspended in 5 mL of 25 mM Tris buffer, pH 8.0 by vortexing. Cell
resuspensions were centrifuged at 4,000 g for 10 min at 4 °C, the supernatant
removed, and an additional 5 mL of Tris buffer was used to resuspend cells a
second time. The txtE+ and txtE- cell suspensions were then transferred to a
sterile, 25 mL borosilicate glass tube and cells were lysed by sonication in an ice
water bath using a Branson sonifier (Emerson Industrial Automation, St. Louis,
MO, USA) instrument with five rounds of 30 sec sonication, and 30 sec rest on
ice between sonication. During operation, the sonifier was set to a power setting
of 2 and constant duty cycle for the 30 sec sonication period. Following
sonication, 1.5 mL aliquots of txtE+ and txtE- cells aliquots were transferred to
prechilled 1.5 mL microcentrifuge tubes and centrifuged at 20,817 g for 25 min at
4 °C to clarify the cell lysate.
The TxtE enzyme was purified at room temperature from clarified cell
lysate using immobilized metal ion affinity chromatography on the AKTA Prime
fast protein liquid chromatography system (GE Healthcare, Little Chalfont, UK)
equipped with a 1 mL column volume HisTrap HP column cartridge (GE
Healthcare). Cell lysate from txtE+ and txtE- cells was loaded into a 5 mL
injection loop and injected onto the instrument at 1.0 mL/min for 6 column
volumes using binding buffer A (25 mM Tris HCl, 100 mM NaCl, 30 mM
imidazole). Then, a linear gradient of elution buffer B (25 mM Tris HCl, 100 mM
NaCl, 300 mM imidazole) was added over 20 column volumes at 1 mL/min until
100 % concentration of buffer B was reached. After 52 minutes, 100 % buffer A
was loaded for another 8 column volumes and resulted in a 60 min total run time.
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Eluted buffer fractions containing protein were collected in nonsterile plastic
tubes and placed on ice immediately following elution from the AKTA Prime
system. Fractions were monitored by UV absorption spectrophotometry at 280
nm wavelength on PrimeView software. Fractions expected to contain eluted
TxtE proteins were also monitored by absorption at 417 nm wavelength using a
Beckman spectrophotometer. All fractions containing ≥20 % maximal absorbance
at 417 nm were pooled (usually 8 mL total) and buffer exchanged with 25 mM
Tris buffer, pH 8.0 on a 30 kDa MWCO filter (Merck Millipore) following
manufacturer guidelines. Purified TxtE (100 µL aliquots) was stored at -80 °C
until use. Purified TxtE was quantified using the Bradford assay (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) following manufacturer’s protocols and
measuring TxtE absorbance at 417 nm and a molar absorptivity value of 91,000
M-1 cm-1 (255, 279).
The successful purification of the TxtE protein was also confirmed by
polyacrylamide gel electrophoresis using a Mini Protean 3 gel cassette assembly
and voltage source and 12 % acrylamide Protean pre-cast gels (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The 10 – 250 kDa Precision Protein Plus
Kaleidoscope prestained protein standards (Bio-Rad) were used to evaluate
purified protein mass. Briefly, the acrylamide gel was loaded into the gel cassette
system and a 1 X concentration of running buffer (Tris/Glycine/SDS, Bio-Rad)
was added to the cassette container. Then, 1:1 mixture of protein sample (as well
as standards) to laemmli sample buffer (Bio-Rad) was combined and added into
a lane of the Protean pre-cast gel. The voltage source was connected and
electrophoresis carried out at 200 V for 45 min. After the run, the gel was rinsed
with Milli-Q water and stained using coomassie brilliant blue G-250 solution
(0.125 % coomassie G-250) in destain solution (50 % methanol, 10 % glacial
acetic acid, 40 % milli-Q water) and stained for 40 min. Following staining, the gel
was rinsed with Milli-Q water and destained for one h in the destain solution.
Finally, the gel was removed from the destain, rinsed with Milli-Q water, and
allowed to soak in Milli-Q water overnight before imaging.
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TxtE enzyme assays were performed under oxic, hypoxic, and anoxic treatment
conditions. In the oxic treatment, all assay reactions were prepared and
monitored in an air atmosphere. Hypoxic conditions are defined as enzyme
reactions that were prepared in air, but added to sealed glass vessels containing
only N2 gas. Hence, some oxygen dissolved in the liquid will be present. Anoxic
conditions are defined as reactions that were prepared solely in an anoxic glove
bag (N2 and H2 gas atmosphere) and gas measurements taken by N2 flushed
syringe needles. Reactions were prepared in 1.5 mL microcentrifuge tubes and
transferred to 6 mL borosilicate glass vials sealed with a black butyl rubber
stopper. All reactions were prepared in a final volume of 500 µL in 25 mM Tris
buffer (pH 8.0) and contained 18 µL TxtE (1.9 µM or 0.09 mg/mL final
concentration), 10 µL spinach ferredoxin (0.02 mg/mL, Sigma Aldrich), 10 µL
spinach ferredoxin NADP+ reductase (0.008 U/mL, Sigma-Aldrich), 27 µL of 18.5
mM stock solution of β-nicotinamide adenine dinucleotide 2’ phosphate, reduced
in 25 mM Tris buffer (pH 8) (~1 mM, Alfa Aesar, Haverhill, MA, US), 25 µL of 10
mM diethylamine NONOate diethylammonium salt (DEANO) solution in 25 mM
Tris buffer (500 µM final conc., Sigma-Aldrich), and 10 µL L-tryptophan in 0.5 M
NaOH (5 mM final conc., Sigma-Aldrich). The reaction was started by addition of
DEANO solution. Gas measurements were taken at time zero and after 24 hours
to monitor N2O production.
N2O was monitored by manual gas injections (100 µL) into a 7890A gas
chromatograph equipped with a micro electron capture detector (Agilent
Technologies, Santa Clara, CA, USA). Dilution standards of N2O were prepared
in 6 mL glass vessels capped with black butyl rubber stoppers. Limit of detection
and limit of quantification were determined by repeated measurements (n = 7) of
N2O at a quantity (45 nanomoles total mass N2O) eliciting an output response
three to five times above the noise of the output when measuring a sample blank
(no N2O). The standard deviation of peak areas obtained from these seven
measurements was multiplied by a value of three and ten to determine the limit of
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detection (29 nanomoles) and limit of quantification (91 nanomoles) for N2O
measurements obtained during the TxtE assays, respectively (179).
The various assay components (Table 4.1), a schematic of the proposed
reactions (Figure 4.1), and images of protein purification (Figure 4.2, 4.3, 4.4)
can be found in the Appendix.

Results

Fungi harbor a minimal set of evolutionarily correlated denitrification traits
The two overarching aims of the present study were to enhance our
understanding of the evolution and comparative genomics of denitrification traits
in fungi, and to provide additional lines of evidence to assist in resolving
uncertainty surrounding fungal contributions to N2O emissions. At present, a
combination of advances in sequencing technologies and collaborative fungal
sequencing efforts have yielded a wealth of genomic resources ripe for
bioinformatic investigations regarding fungal denitrification. Therefore, we began
by performing bioinformatic surveys of 712 fungal genomes to identify homologs
of canonical bacterial and fungal denitrification genes (narG, napA, norB, nirK,
nosZ, p450nor) (Figure 4.5A). Of the complete gene set investigated, only narG,
napA, nirK, and p450nor were detected in the fungal genomes analyzed (Fig.
4.5A). The gene encoding the membrane bound respiratory nitrate reductase
(narG) was detected in only three fungal genomes (0.42 %), In contrast, the
genes predicted to encode the periplasmic nitrate reductase, napA, and the
copper containing nitrite reductase, nirK, were detected in 75 (10.5 %) and 82
(11.5 %) of the 712 fungal genomes analyzed, respectively (Figure 4.5B).
P450nor gene sequences were observed in 167 (23 %) of the fungal genomes
analyzed, and lends support to the claim that P450nor-mediated N2O production
is widespread in fungi (Figure 4.5) (97). Of note, p450nor homologs were also
detected in three genomes of freshwater inhabiting green algae, Chlorella
variabilis, Chlamydomonas reinhardtii, and Monoraphidium neglectum,
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expanding the known distribution of p450nor to this enigmatic group of
photosynthetic microbes.
Not only did the genomic surveys demonstrate a disparity in the
abundances observed among distinct denitrification traits, but they also revealed
a remarkably limited co-occurrence between p450nor and other denitrification
traits in the fungal genomes. Since p450nor is the sole trait known to encode
N2O formation in fungi, the co-occurrence of these genes should be indicative of
the capacity for true, or complete, dissimilatory denitrification processes by fungi
and not alternative processes (e.g., N oxide detoxification). For example, no cooccurrence of the genes narG, nirK, and p450nor were observed, while cooccurrence of napA, nirK, and p450nor was observed in only 10.8 % of 167
fungal genomes possessing p450nor. Sets of at least two co-occurring
denitrification traits narG and p450nor, napA and p450nor, and nirK and p450nor
were 0, 18 and 29 % of the 167 p450nor-containing fungi investigated. The lack
of observed co-occurrence between narG and p450nor was mirrored by
Bayesian trait evolution analysis using BayesTraits software that suggests no
correlation between p450nor and narG (average log Bayes Factor 0.11 ± 0.29).
However, correlated evolution between napA and p450nor and nirK and p450nor
were strongly supported by the observed data, with average log Bayes Factor
values of 12.2 ± 0.11 and 31.3 ± 0.04, respectively.

On the origins of fungal p450nor
Ancestral character state reconstruction strongly supported the monophyly of
p450nor with three orthologous sequences from members of the green algal
phylum Chlorophyta and a diversity of P450 enzymes classified within the P450
family CYP105 (Figure 4.6) (280). Representative sequences of the bacterial
CYP105 family of P450s include diverse actinobacterial genera such as
Streptomyces, Frankia, Nocardia, Saccharopolyspora; however, a sizeable
number (n = 5) of these sequences were determined to be of proteobacterial
origin with sequences representing members from the genera Paracoccus,
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Burkholderia, and Halomonas. Alignment of fungal P450nor amino acid
sequences to the NCBI RefSeq protein database identified 230 bacterial
sequences with significant alignment (≥ 65 % query coverage, ≥ 35 % amino acid
identity), of which ~6 % (n = 13) were of proteobacterial origin (Figure 4.7). Gene
tree-species tree comparisons of 60% identity clustered P450 amino acid
sequences (n = 57) and cognate 16S rRNA genes (n = 55) supported HGT of
one or more actinobacterial P450s to members of the Alpha-, Beta-, and
Gammaproteobacteria (Figure 4.8). Furthermore, ancestral character state
reconstruction overwhelmingly supported Actinobacteria as the root (P Root
(Actinobacteria) = 0.99 ± 0.06). When forcing the root state of the P450
phylogeny to be Proteobacteria (simple model) and comparing to the complex
model where the root is allowed to vary, the simple model with a proteobacterial
root was not supported (average log Bayes Factor = 0.03 ± 0.18).

Evolutionary forces acting upon denitrification traits within fungi
Examination of a cophylogenetic plot of p450nor gene and species trees
provided evidence for many HGT events, examples of which included support for
HGT between different fungal phyla (Ascomycota and Basidiomycota) and
potential transfer within and among classes of the Ascomycota (Figure 4.9). For
example, the monophyly of five fungal classes (Dothideomycetes,
Eurotiomycetes, Leotiomycetes, Sordariomycetes, and Tremellomycetes),
represented by both amino acid and nucleotide p450nor phylogenies, were not
supported by AU tests (Table 4.2, p ≤ 0.05), and provides additional support for
widespread HGT of p450nor within these fungal lineages. Additional gene tree
species tree reconciliation using NOTUNG software was also performed to detect
and quantify duplication (GD), transfer (GT), and loss (GL) events. Of the three
denitrification traits analyzed, the p450nor phylogenies had the greatest
predicted number of GT events, ranging from 4 to 15 GT events predicted using
strict GT costs (11 and 15, Table 4.3). At GT costs below 9, no temporally
consistent optimal solutions were reached. Using the same stringent GT costs,
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the predicted number of GT events detected for napA and nirK were much lower,
and ranged from 1 to 3 and 0 to 1 GT events for each gene, respectively. The
reduced number of detectable GT events for napA and nirK were also apparent
from cophylogenetic plots of each gene compared to cophylogenetic plots for
p450nor (Figure 4.10, 4.11). GD and GL appear to be significant forces shaping
the evolution of nirK in fungi, and may explain the failure of the AU test to reject
the monophyly of nirK lineages despite visual discord between fungal lineages
within the species and gene trees (Figure 4.11, Table 4.2). Although GT events
detected for napA were lower than p450nor at high GT costs, GT may still
represent a significant evolutionary force contributing to the observed distribution
of napA in extant fungal lineages. For example, at a more modest GT cost of 7,
the number of napA GT events detected in the amino acid phylogeny
substantially increased to 14, whereas no temporally consistent optimal solutions
were reached for the napA nucleotide phylogeny. Moreover, AU tests rejected
the monophyly of three Ascomycota (Dothideomycetes, Leotiomycetes, and
Sordariomycetes) and one Basidiomycota (Pucciniomycetes) lineage within the
napA phylogeny (Table 4.2, P ≤ 0.05).

Evidence for a role of p450nor in secondary metabolism
To assess these genomes for evidence of a potential role for p450nor in SM,
genes encoded within genomic regions approximately 50 kb up and downstream
of p450nor were queried for functions related to SM (see Materials and
Methods). Analysis of the genomic regions from 167 p450nor-containing fungal
genomes using the popular biosynthetic gene cluster prediction tool antiSMASH
resulted in the detection of putative biosynthetic gene clusters containing
p450nor in 19 (11 %) of the 167 genomes analyzed. The number of open reading
frames in a predicted SM cluster ranged from 34 to 97, spanning 21,086 to
55,473 nucleotides along the DNA sequence provided to antiSMASH. Of the 19
clusters, a diversity of products were predicted to be produced that included
nonribosomal peptides (7), polyketides (5), terpenes (2), hybrid terpene76

polyketide-indoles (2), indole (1), and other (2) categories. Interestingly, the fact
that antiSMASH was able to flag 11% of p450nor-containing genomic regions as
putative biosynthetic gene clusters suggests these may be more closely related
to well characterized clusters, and that the other 89% of p450nor-containing
genomic regions may harbor novel, previously undiscovered gene regions
potentially involved in the production of uncharacterized secondary metabolites.
Further inspection of genes surrounding p450nor predicted to encode hallmark
SM features (e.g., polyketide synthases, terpene cyclases, dimethylallyl
tryptophan synthases) detectable by curated antiSMASH profile Hidden Markov
Models increased this number to 59 (35 %) of the 167 genomes analyzed. The
observed distribution of automatic and manually curated protein-coding genes
surrounding p450nor in 32 additional p450nor-containing fungi reveals that
manual annotation efforts are helpful in uniting SM clusters in diverse fungi
(Figure 4.12A, 4.12B).
Ortholog clustering of 3484 protein coding genes surrounding p450nor
resulted in the identification of 1364 orthologous groups (OGs). The 100 most
abundant OGs contained an average of 11.9 ± 7.7 proteins per cluster, of which
21 OGs (343 proteins, 9.8 % of total) were predicted by antiSMASH profile
Hidden Markov Models to possess significant alignment to curated proteins or
domains demonstrated to be involved in SM. The other 1264 OGs contained an
average of 1.5 ± 1.2 proteins per cluster, of which 60 OGs (139 proteins, 3.9 % of
total) were also predicted to be involved in SM. As protein membership within an
OG decreased, taxonomic diversity of the proteins within that cluster also
declined (Figure 4.13 A). Of note, the OG comprised of P450nor was predicted to
be involved in SM by significant alignment (average alignment bit score 124.5 ±
20.7, n=178) to the antiSMASH profile Hidden Markov Model of the CYP105
NovI, responsible for the formation of the beta-hydroxy-tyrosine intermediate of
the aminocoumarin antibiotic novobiocin (data not shown). Functional
annotations of proteins in the top 50 OGs were representative of hallmark SM
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functions, and suggests additional fungi possess related protein functions but
may not be predicted by antiSMASH to be involved in SM (Figure 4.13B).
Analysis of eight C-type condensation domains and 10 ketosythase (KS)
condensation domains identified with NaPDoS (281) in non-ribosomal peptide
and polyketide synthases, respectively, enabled the prediction of potential
product classes that could be produced from fungal p450nor-containing SM
clusters (Figure 4.14A, 4.14B).

p450nor duplications and gene transfer events may enhance diversity of
produced SMs
Of the 178 p450nor sequences identified, 11 (6%) were detected as additional
gene copies within the 167 p450nor-containing fungal genomes examined. Of
these 11 sequences, one sequence each from Pseudogymnoascus sp. strain
VKM F-4517 and Nectria haematococca strain mpVI 77-13-4 appear to be
xenologs, or horizontally acquired, and the other eight sequences appear to be
duplications occurring prior to (six) or following (three) a speciation event. One
p450nor gene from Pseudogymnoascus sp. strain VKM F-4517 appears to have
been laterally acquired from organisms related to Thelebolus microsporus strain
ATCC 90970 since all p450nor from Pseudogymnoascus sp. form a
monophyletic assemblage except for this sequence. An alternative, though less
parsimonious, explanation would be that a duplication of p450nor occurred prior
to the split of Pseudogymnoascus and Thelebolus (both Leotiomycetes) and
subsequent gene loss in all Pseudogymnoascus examined except for
Pseudogymnoascus sp. strain VKM F-4517. The p450nor xenolog in Nectria
haematococca strain mpVI 77-13-4 is most closely related to five p450nor gene
sequences of Aspergillus species in the fungal class Eurotiomycetes.

TxtE does not mediate NO reduction to N2O
The enzyme assays performed with purified TxtE under anoxic conditions did not
demonstrate N2O production by this member of the CYP107 family of P450s
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(Figure 4.15). No detectable quantities of N2O were produced under oxic and
hypoxic assay conditions (data not shown). Treatments without NO donor or
NADPH did not produce N2O, and suggests a reaction between NADPH and NO
may occur to form N2O under anoxic conditions (Figure 4.15). Of note, no
detectable N2O was formed in the L-4-nitrotryptophan-producing control
(containing all assay components) under anoxic conditions.

Discussion

Shared ancestry unites P450nor with P450s involved in SM
Of the p450nor gene sequences identified, most were detected in members of
the Ascomycota (n = 164) and only a few Basidiomycota (n = 3). N2O production
has also been reported for fungal isolates assigned to the recently revised
phylum Mucoromycota (99, 282); hence, N2O production may be restricted to the
Dikarya, and not all Fungi as has been previously reported (97) Importantly, the
p450nor gene was the most abundant denitrification trait detected in the sample
of fungal genomes investigated, with more than two-fold higher abundance than
other denitrification traits examined. Previous sequence analyses of p450nor
have suggested a shared ancestry of p450nor with a large group of cytochrome
P450s of the CYP105 family from the bacterial phylum Actinobacteria (79, 249).
The main rationale for a bacterial origin of p450nor was the observation of a
shared amino acid identity of P450nor with these bacterial proteins and initial
phylogenetic comparisons of P450nor with other P450s (79, 248–250). Although
these analyses invoke horizontal gene transfer as a potential mechanism
explaining the observed discrepancy in p450nor presence in fungi, critical
phylogenetic investigations were not performed, and thus little evidence was
available to support a gene transfer hypothesis of p450nor. Ancestral state
reconstruction analysis directly linked p450nor to the bacterial phylum
Actinobacteria. Members of the Proteobacteria also possess CYP105 P450s, but
additional phylogenetic analysis demonstrated that these too, likely originated
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from members of the Actinobacteria (Figure 4.8). These results indicate that the
evolutionary history of CYP105 P450s and fungal-actinobacterial interactions are
complex, and may have led to the acquisition of a gene from a novel cytochrome
P450 family (250, 253).

An undiscovered role for P450nor in SM?
p450nor encodes the only P450 reported to enable NO reduction to N2O in fungi,
and phylogenetic analyses reported here strongly supported the acquisition of
fungal p450nor by horizontal transfer from one or more actinobacteral P450s in
the CYP105 family. Of note, a recent investigation identified a related P450,
TxtE, shown to catalyze the nitration of L-tryptophan using NO, which is
subsequently modified to form the cellulose synthase inhibitor thaxtomin A (254,
255). NO has long been known to be an inhibitor of cytochrome activity in
general (88), and the finding that two related enzymes with strikingly different
functions related to NO was unexpected. Hence, the observation that p450nor
likely originated from a diverse clade of actinobacterial genes encoding TxtE and
other P450s involved in SM (253) led to the hypothesis that P450nor is involved
in SM as well. P450nor has been previously suggested to act as an electron sink
for respiratory denitrification, provide a novel mechanism for NO detoxification,
and now comparative genomic and phylogenetic evidence links P450nor to a
previously undiscovered role in SM (71, 79). Although a role for P450nor in NO
detoxification cannot be definitively ruled out, additional mechanisms of NO
detoxification are present in a majority (75 %) of p450nor-containing fungi, and
suggests that P450nor is not required for NO detoxification to occur in these
fungi. The hypothesis that P450nor may play a respiratory role as an electron
sink in denitrification is also unlikely since P450s are not involved in respiratory
processes (85). Furthermore, production of N2O by P450nor in a majority of fungi
does not demonstrate signs of a respiratory function (e.g., low mass balance
between N species added and the N species produced). The SMs predicted to
be produced by biosynthetic clusters predicted to involve P450nor are diverse
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and include terpenoids, nonribosomal peptides, polyketides, and other complex
metabolites (Figure 4.14). Moreover, a sizeable proportion (35 %) of gene
regions surrounding p450nor also contained gene predicted to encode hallmarks
of SM. Although automated methods for identifying SM clusters in fungi were
employed, they clearly are limited since only 11 % of p450nor-containing
genomic regions were predicted compared to those identified with expert
annotation. Therefore, manual curation efforts are still required for mining
valuable novel biosynthetic gene clusters in fungi.
Although purified enzymes assays with TxtE, a related P450 known to
bind NO, failed to demonstrate fortuitous N2O formation by this SM enzyme, a
variety of metabolites containing nitro functional groups are being identified in
fungal genera known to harbor denitrifying representatives (283). Furthermore,
nitration of chemical species may represent a novel mechanism to enhance
toxicity or specificity of a metabolite (284). It is suspected that P450nor may have
a similar role in either nitration (NO2 addition) or nitrosylation (NO addition)
reactions with metabolites produced in SM. Therefore, the acquisition of p450nor
and incorporation nearby additional SM features may be adaptive and have been
selected for in fungal lineages where it occurred. This is supported by the
widespread distribution of p450nor across the phylum Ascomycota, and is
supported by additional reports of HGT between members of the Actinobacteria
and Fungi in enhancing SM (285). Another unknown related to P450nor’s role in
SM is a putative substrate. To date, P450nor is only known to bind electron
donors NADH or NADPH, and has no additional substrate other than NO. Two
related P450s, TxtE and NovI, both share some similarity in substrate scope in
that L-tryptophan and L-tyrosine are intermediates in the final SMs produced in
their respective pathways (thaxtomin A and novobiocin production, respectively)
(254, 286). Therefore, it seems plausible that P450nor may also bind or use
aromatic amino acids as a substrate during SM production. Interestingly, TxtE
requires an NO synthase to produce NO for use in the nitration of L-tryptophan
by TxtE (254). Since nirK and p450nor are evolutionarily correlated, and few
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reports exist of NO synthases in fungi, it is tempting to suggest that NirK may be
an NO donor for P450nor activity in SM. Importantly, 14 genes predicted to
encode nitrite reductases have been found nearby p450nor and supports the
idea that NO donation to P450nor may be important for a potential function in
SM.
The finding that TxtE did not produce N2O was surprising given the shared
function of these enzymes in NO binding (254). However, given the large amount
of sequence divergence separating P450nor from its closest actinobacterial
relative (Figure 4.6), it is plausible that P450nor may have acquired mutations
permitting N2O formation following its transfer from an actinobacterial donor.
P450s in general exhibit a low degree of sequence similarity, but have
remarkably identical structures that may confer substrate specificity (85, 287,
288). Since most CYP105 P450s examined to date all share a functional role in
SM, P450nor evolving a novel function related to NO reduction is less
parsimonious. Given that rates and quantities of N2O formed by fungal isolates is
low compared to denitrifying bacterial isolates, it seems likely that NO reduction
might not be a primary function of P450nor, though further experimentation is
required to support this claim. Enzyme assays of P450nor NO reduction have
largely been performed by a single laboratory group (79, 81, 289), and further
experimentation by independent laboratories is required to exclude the possibility
that N2O production by P450nor is not a secondary outcome of a primary SM
role, or an artifact of in vitro experimental conditions.

The complex evolution of denitrification traits in fungi
Although much emphasis has been placed on understanding the biochemical
basis of N2O formation in fungi (71, 147, 289), less attention has been afforded to
the evolution of p450nor, the sole trait postulated to be responsible for conferring
N2O production in fungi. The presence of gaps in our understanding of p450nor
evolution represents a significant deficiency in our knowledge of fungal
denitrification. For example, N2O production from closely related fungal isolates
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has been observed to be highly variable (80, 97, 103, 175), but the underlying
evolutionary forces (e.g., HGT, gene gain/loss, and incomplete lineage sorting)
that may account for the observed variability in fungal N2O production had not
been previously examined. Therefore, a multiple lines of evidence approach to
investigate and quantify the forces shaping the evolution of denitrification traits
present within fungi was undertaken. Many HGT events between distantly related
fungal lineages was observed using gene tree species tree comparisons of both
nucleotide and amino acid phylogenies constructed using ML and Bayesian
methods. Exact numbers of HGT events may be challenging to quantify given the
level of uncertainty in deeply branching nodes of the functional genes trees
reported here and under sampled nature of the phylogenetic diversity of fungal
genomes, but nonetheless a clear signal indicating tens of HGT events was
observed using gene tree-species tree reconciliation. Gene loss and duplication
events were also high (Table 4.3), and closely related fungal species display a
high degree of variability in their presence/absence of denitrification traits. While
a growing number of studies have implicated fungi in N2O emissions in the soil
environment, few if any studies have attempted to quantify the abundance,
activity, and distribution of these gene markers across a variety of environments
and none have linked them to fungal growth. Therefore, significant doubt and
room for further investigations utilizing a variety of methods to correlate fungal
growth with dissimilation of inorganic N-oxides would be instructive and provide
additional support for or against a role for fungi in denitrification.
Although a significant disparity was observed in the co-occurrence
between denitrification traits within fungal genomes, interaction among fungal
species containing parts of the pathway to perform denitrification may explain
these findings. For example, the genes of the denitrification pathway in Bacteria
are known to be modular, and mutualistic interactions by microbial species
harboring discrete steps in denitrification may suffice to perform this process in
the environment (54, 59, 290). However, in bacterial and archaeal denitrifiers,
investigators have been able to demonstrate growth linked to dissimilation of N83

oxides, which has not been conclusively demonstrated for fungi. Furthermore, a
distinct correlation was detected between p450nor and additional denitrification
traits, and although gene co-occurrence is not overwhelming within genomes, the
presence of p450nor and additional denitrification traits within similar fungal
lineages is largely correlated. However, trait correlation between p450nor and
other denitrification traits should be interpreted with caution. Other undisclosed
factors (e.g., shared ecological niche, selection pressures) related to the life
history strategies of the fungi sharing these traits may explain their shared
distribution equally well.

Nitrate reductases in fungi were not created equal
The low number of narG genes observed within fungal genomes reinforces
observations of a limited capacity for dissimilatory NO3- reduction in fungi (70, 96,
98). Interestingly, reports of dissimilatory nitrate reduction in fungi began as early
as the1960s (291, 292), yet relatively little is known about the capacity of fungi to
perform nitrate reduction coupled to respiration under anoxic conditions. Most
investigations demonstrate N2O formation by fungi in the presence of NO2-, but
much lower or no N2O formation when grown in the presence of NO3-. Several
investigations of select fungi containing NarG have been conducted and suggest
fungi perform dissimilatory NO3- reduction when narG is present, but biochemical
evidence regarding a role for NapA in fungal NO3- dissimilation are unavailable.
The observation that napA is more abundant in fungal genomes compared to
narG may suggest an overlooked yet important function for NapA in fungi.
Nevertheless, the fact that a multitude of fungal genera harboring napA
demonstrate low or no production of N2O when grown in the presence of NO3- is
perplexing (70). One potential explanation for the observed disparity in the
abundance of different genes encoding NO3- and NO2- reducing enzymes is the
modularity of genes present within the ancestral bacterial operon; genes
encoding modular enzymatic processes may be acquired and maintained at a
higher rate in the recipient genome than less modular, larger genes systems
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(293). In some members of the Bacteria, NapA and NirK are thought to function
in the absence of other genes of the nap and nir operon, and suggests
modularity as a plausible explanation for the observed abundance of napA and
nirK genes in fungi. In addition, preexisting genes encoding compatible or
promiscuous protein chaperones and electron transfer proteins present in the
fungal ancestor in which nap or nir genes were acquired may have led to the
stabilization and selection of these key denitrification traits in fungi. Although
modular genes may be acquired at higher rates than genes with complex
associations, acquisition or maintenance of modular genes does not necessarily
guarantee correct functioning of the encoded products.

Are green algae an enigmatic source of N2O emissions?
A variety of green algae have been reported to produce N2O, the production of
which could, at least in part, be attributed to the presence of p450nor within this
lineage (164, 165). A recent study by Plouviez et al. linked P450nor to N2O
production in Chlamydomonas reinhardtii and observed lower N2O production
from cultures subjected to RNA interference of p450nor transcripts (294).
Although this is a novel finding, the total amounts (nanomoles) and rate of N2O
produced by green algae is on par with fungal production, and is hence three to
six orders of magnitude lower than bacterial rates of N2O production (99). Green
algae also display a poor mass balance between the N added and the N formed
as N2O, and suggests that N2O formation within Chlamydomonas reinhardtii is
not a respiratory process (294). Furthermore, genes encoding NapA or NirK were
not detected in the algal genomes; however, a 295 amino acid long NirK-like
protein domain (54% identity to bacterial NirK) contained in an 1,868 amino acid
length ERD4-related membrane protein (NCBI accession XP_001702327.1) is
encoded by the Chlamydomonas reinhardtii genome (77). More recent analysis
has shown that Early Responsive to Dehydration 4 proteins are upregulated in
response to dehydration and other stresses and contain a DUF221 domain,
which at least for Arabidopsis thaliana, has been demonstrated to be a calcium
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permeable stress-gated cation channel and is found in a large diversity of
eukaryotes, including fungi (295, 296). Hence, it is tempting to posit that nitriteinduced stress detected by the NirK domain may induce a calcium-mediated
regulatory cascade in Chlamydomonas. Alignment of this protein to the Chlorella
and Monoraphidium proteomes resulted in the identification of significant hits
only to the N-terminal calcium permeable stress-gated cation channel, and no
significant alignments to the C-terminal cupredoxin domains related to NirK were
detected, and suggests this domain is unique to ERD4 proteins in
Chlamydomonas reinhardtii. The presence of a NirK-like region contained within
the Chlamydomonas ERD4 protein may indicate either an altered function for
NirK, or possibly a poor gene call, and suggestions that green algae contain a
nirK gene should be tempered until further experimentation and analysis are
conducted (77). Green algae have been demonstrated to produce NO during
nitrite assimilation, and suggests that P450nor may be part of an alternative
mechanism for NO detoxification or possess an alternative function in green
algae (297). Given the evidence linking p450nor to SM and the low amounts of
N2O observed to be formed by green algae suggests an alternative role for
P450nor in either detoxification or SM within this lineage.
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The two predominant groups of microorganisms implicated in N2O emissions
from soil are denitrifying members of the Bacteria and Fungi (40). The denitrifying
activity of microorganisms is particularly robust in agroecosystems due to large
inputs of reactive nitrogen into the soil (298). Agricultural soils pose a significant
challenge for management decisions related to climate change due to trade-offs
in crop productivity related to fertilizer addition and greenhouse gas emissions
(44). Fungi have gained significant attention for their potential contributions to soil
N2O emissions mainly due to observations of their large contributions to N2O
emissions (40 – 89 %) in antibiotic treated soil incubations, and that fungi have
no known ability to convert N2O to inert N2 (except see codenitrification) (79, 99).
Despite these observations, molecular tools targeting p450nor, a fungal gene
encoding a nitric oxide reductase, were lacking even though the development of
such tools could enhance the detection of fungal denitrification potential in soils.
Development of a successful degenerate p450nor PCR primers was made
possible by previous investigations on structural studies of P450nor (288), and
careful alignment and inspection of both nucleotide and amino acid sequences
for suitable regions for primer design (103). The primers p450nor394F and
p450nor809R enabled the detection of p450nor genes from a diversity of fungal
isolates and environmental samples, thus streamlining the process of detecting
fungal denitrification potential. Although additional PCR methodologies are
available, p450nor PCR primers are a significant advance in the molecular
biologist’s toolkit since this is the sole trait posited to be directly responsible for
N2O formation in fungi.
The p450nor gene is twice as abundant as other denitrification markers
(e.g., nirK) in fungal genomes based on genomic investigations, and further
supports the utility of p450nor-targeted PCR primers for querying fungal
denitrification potential. A limitation of the p450nor PCR primer set is that they
are not applicable to quantitative PCR due to the size of the amplified region and
their degeneracy. However, these limitations may be balanced by our successful
recent application of these primers to gene-targeted metagenomics. The
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complexity of microbial communities present in environmental samples limits the
application of shotgun metagenomics for studies of functional diversity (241).
Hence, gene-targeted, high-throughput amplicon sequencing is currently the
most practical method to investigate the functional diversity of one or more
functional genes within environmental samples (232). Application of p450nor
PCR primers to an Illumina MiSeq sequencing methodology enabled the
identification of novel sequence diversity present within two agricultural soils.
Importantly, it demonstrated that fungal communities containing p450nor are
spatially stratified over large distances (kilometers), but not so at small spatial
scales (meters). Comparison of the p450nor community with environmental
variables revealed that soil pH and moisture are related to p450nor-containing
fungi community structure. Hence, these findings provide a foundation for future
controlled experiments investigating how pH and moisture truly affect p450nor
abundance, diversity, and function. Comparison of direct amplification and
sequencing of p450nor sequences from soils also revealed that our cultivation
efforts also were representative of fungal denitrifiers based on the large number
of sequences aligning to previously amplified p450nor sequences from these
isolates. These isolates will also allow additional opportunities to explore p450nor
function and activity in a controlled setting and enabling extrapolation to the
environment due to the large relative abundance these organisms possess in the
soil. Although an advancement, the application of degenerate p450nor primers to
high-throughput sequencing presents issues in interpretation of downstream
analyses (e.g., OTU inflation using de novo clustering), and future investigations
should explore how amplification conditions impact the results of p450nor
amplicon sequencing.
In addition to environmental sequencing, genomic sequencing efforts
aimed at fungal isolates have paved the way for investigations into comparative
genomics and phylogenetic analysis of fungal denitrification traits. The
exploration of p450nor and additional denitrification markers in fungal genomes
revealed that fungal denitrification traits have a complex evolutionary history
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marked by gene duplications, loss, and abundant gene transfer events between
distantly related fungal lineages (e.g., between Ascomycota and Basidiomycota).
Furthermore, denitrification traits were observed to be largely restricted to the
phylum Ascomycota. The ancestral state reconstruction of p450nor supported
the affiliation of p450nor with cytochrome P450s found in members of the
Actinobacteria that are well known for their roles in secondary metabolism (SM).
This observation, coupled with observations that fungal isolates demonstrate a
poor capacity for N2O formation, spurred genomic investigations of gene regions
surrounding p450nor and the resulting identification of SM hallmarks nearby
p450nor genes as a potential alternative functional role for these proteins. The
predictive SM cluster tool antismash supported these observations, but could
only predict 11 % of the 167 p450nor-containing gene regions to be involved in
SM, while additional manual curations increased this number to 35 %. Additional
support for a role for p450nor in SM comes from the discovery of TxtE, an
additional cytochrome P450 related to P450nor that is capable of using NO as a
substrate. Taken together, these findings suggest an ancestral horizontal transfer
of a cytochrome P450 involved in SM from members of the Actinobacteria to the
Fungi, which subsequently radiated, through a multitude of complex evolutionary
events, into a majority of members in the largest, most diverse phylum of fungi
the Ascomycota. The identification of a role for P450nor in SM is transformative
because it challenges the prevailing view that P450nor is a significant contributor
to denitrification, a process in which several studies have suggested is
dominated by fungi in soils (99). Furthermore, a role for P450nor in SM provides
a more plausible, alternative explanation to optimization of culture conditions as
an explanation for observations that fungi in controlled settings convert only very
small quantities of supplied nitrate or nitrite to N2O (299). The observation that
the related TxtE enzyme performs a nitration reaction using L-tryptophan as a
substrate enabled the hypothesis that P450nor performs a similar nitration or
NO-related reaction, and lays the groundwork for future liquid chromatography

90

mass spectrometry methodologies to detect such substrates in p450norcontaining fungi.
A growing number of observations recorded by scientists using
biochemical, physiological, molecular, and environmental systems all indicate
that fungi are nitrous oxide forming microorganisms (71, 79, 99). The evidence is
overwhelming and few arguments can be mustered against the observation that
fungi produce N2O. That being said, there is a striking difference between
observations of N2O-forming activity of fungal isolates in the lab, and those made
in soils where a portion of the fungal activity has been partitioned using
bactericides (72, 99, 120). Laboratory studies using isolates would suggest that
NO reduction to N2O by fungal isolates is largely cometabolic, involved in
detoxification, or perhaps in some rare instances, linked to N-oxide respiration
(see Neocomospora vasinfecta (72)). Observations from substrate-induced
respiration inhibition (SI) studies of soils would suggest that fungi are prodigious
N2O-producing microorganisms, and has received attention in the climate arena
due to their inability to reduce N2O further to inert N2 gas. Rather than continue to
identify weaknesses in both laboratory incubations and respiration inhibition
studies, the adoption of low bias, alternative methodologies should be adopted to
investigate the fungal contribution to N2O emissions in soil. For example,
methodologies using stable isotopes, of which several are reported for fungal
denitrification (299, 300), combined with targeted omics or quantitative PCR
methodologies might be one strategy to correlate biogeochemical activity with
fungal relative abundance. Alternatively, a multiple lines of evidence approach
could be utilized when performing SI studies that account for uncertainty in the
success of inhibition by a selected antimicrobial compound. For example, fungal
biomass could be monitored using fatty acid esters and ergosterol or leucine
incorporation and acetate into ergosterol methodologies could be performed to
investigate bacterial and fungal growth in the presence of inhibitors (115, 118).
Furthermore, the relative abundance of bacterial and fungal nirK or p450nor
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genes or transcripts may be investigated due to recent advances in PCR primer
methodologies for targeting these sequences (103, 129, 130, 132).
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Figure 1.1: Comparison of fungal and bacterial denitrification pathways. The red
X indicates that the nosZ gene is absent in Fungi. Note that Fungi only possess
nirK, encoding the nitrite reductase, and that Bacteria possess alternative nitric
oxide reductases, NorB and NorZ.
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Table 2.1: NCBI identifiers and species designations for p450nor sequences
used in PCR primer design.
Gi Number

Accession Number

Protein Name

14456620

BAB60855.1

85095006

XP_959999.1

115399458

XP_001215318.1

cytochrome P450nor
cytochrome P450
55A2
cytochrome P450
55A3

116203985

XP_001227803.1

hypothetical protein
CHGG_09876

154283207

XP_001542399.1

169776776

XP_001822854.1

cytochrome P450
55A3
cytochrome P450
55A3

171678885

XP_001904391.1

hypothetical protein

193735592

ACF20287.1

cytochrome P450

225561727

EEH10007.1

cytochrome P450
benzoate 4monooxygenase
cytochrome P450,
putative

238502137

XP_002382302.1

240275331

EER38845.1

258565261

XP_002583375.1

cytochrome P450
cytochrome P450
55A2

261189587

XP_002621204.1

295670523

XP_002795809.1

cytochrome P450
55A3
cytochrome P450
55A1

302502800

XP_003013361.1

hypothetical protein
ARB_00546

302667715

XP_003025438.1

hypothetical protein
TRV_00378
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Organism

Trichosporon
cutaneum
Neurospora
crassa OR74A
Aspergillus
terreus NIH2624
Chaetomium
globosum CBS
148.51
Histoplasma
capsulatum
NAm1
Aspergillus
oryzae RIB40
Podospora
anserina S mat+
Metarhizium
anisopliae
Histoplasma
capsulatum
G186AR

Aspergillus flavus
NRRL3357
Histoplasma
capsulatum H143
Uncinocarpus
reesii 1704
Blastomyces
gilchristii
SLH14081
Paracoccidioides
lutzii Pb01
Arthroderma
benhamiae CBS
112371
Trichophyton
verrucosum HKI
0517

Table 2.1: (continued)
Gi Number

Accession Number

Protein Name

302880623

XP_003039249.1

hypothetical protein
NECHADRAFT_89386

302887052

XP_003042415.1

predicted protein

302887494

XP_003042635.1

predicted protein

315039865

XP_003169310.1

317030133

XP_001391967.2

hypothetical protein
MGYG_08858
cytochrome P450
55A3

322696467

EFY88259.1

cytochrome P450

322702031

EFY93779.1

Cytochrome P450
55A2

322704284

EFY95881.1

Cytochrome P450
CYP55A20

325091167

EGC44477.1

cytochrome P450

326475328

EGD99337.1

cytochrome P450
55A3

327292715

XP_003231055.1

cytochrome P450

336259849

XP_003344723.1

hypothetical protein
SMAC_06378

EGO55372.1

cytochrome P450
55A2

EGS22316.1

hypothetical protein
CTHT_0018400

336467208

340966809

129

Organism

Nectria
haematococca
mpVI 77-13-4
Nectria
haematococca
mpVI 77-13-4
Nectria
haematococca
mpVI 77-13-4
Microsporum
gypseum CBS
118893
Aspergillus niger
CBS 513.88
Metarhizium
acridum CQMa
102
Metarhizium
acridum CQMa
102
Metarhizium
robertsii ARSEF
23
Histoplasma
capsulatum H88
Trichophyton
tonsurans CBS
112818
Trichophyton
rubrum CBS
118892
Sordaria
macrospora khell
Neurospora
tetrasperma
FGSC 2508
Chaetomium
thermophilum
var.
thermophilum
DSM 1495

Table 2.1: (continued)
Gi Number

342872713

Accession Number

EGU75027.1

Protein Name

hypothetical protein
FOXB_14464

342882391

EGU83079.1

358383911

EHK21571.1

hypothetical protein
FOXB_06423
hypothetical protein
TRIVIDRAFT_186579

367048355

XP_003654557.1

hypothetical protein
THITE_2117644

893699238

EGE85793.2

719932114

EEH22787.2

699750017

EEH49581.2

cytochrome P450
55A3
hypothetical protein
PABG_04998
hypothetical protein
PADG_05660

734840173

EFY96295.2

Cytochrome P450
CYP55A19
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Organism

Fusarium
oxysporum
Fo5176
Fusarium
oxysporum
Fo5176
Trichoderma
virens Gv29-8
Thielavia
terrestris NRRL
8126
Blastomyces
dermatitidis
ATCC 18188
Paracoccidioides
brasiliensis Pb03
Paracoccidioides
brasiliensis Pb18
Metarhizium
robertsii ARSEF
23

Table 2.2: Characteristics of the p450nor gene-targeted primers.

Primer1

Primer Sequence
(5’ 3’)

Melting
Temperature
Range (°C)2

GC
(%)2

Fold
Degeneracy3

p450nor394F

SCIACITTYGTIGAYATGGA

45.6 – 55.9

3560

8 (256)

p450nor809R

ATCATGTTIACBAIIGTIGCIT

45.5 – 56.7

2755

3 (3072)

p450nor1008R

GMSGCRATKATNCCYTC

42.2 – 54.3

4171
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1Numeric

positions of primers are based on Aspergillus terreus strain NIH2624
p450nor gene sequence.
2Ranges were calculated using OligoCalc (301).
3Numbers in parentheses indicate fold-degeneracy if the IUPAC symbol “N” had
been used instead of an inosine nucleoside.
S = G or C, Y = C or T, B = C, G, or T, M = A or C, R = A or G, K = G or T, N = A,
G, C, or T, I = inosine
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Table 2.3: Fungal isolate N2O production and PCR amplification of p450nor and
nirK genes.
Isolate
ID

Isolate
source1

Taxonomic
affiliation2

N2O
production3

30
179
213
138
210
184
185
67
31
63
8
74
209
112
93
107
111
134
142
192
194
195
205
H2
136
72
48
75
174
89
149
50
212
211
141
AT*
AF*

H
U
U
H
U
U
U
U
U
H
H
H
U
H
H
H
U
H
H
H
H
U
H
H
H
U
U
U
U
H
H
U
H
H
H
USDA
USDA

Helotiales
Trichoderma
Gibberella
Fusarium
Hypocreales
Hypocreales
Hypocreales
Fusarium
Verticillium
Hypocreales
Gibberella
Gibberella
Gibberella
Trichoderma
Fusarium
Bionectria
Trichoderma
Hypocreales
Hypocreales
Hypocreales
Eurotiales
Fusarium
Humicola
Hypocreales
Trichoderma
Guehomyces
Humicola
Mortierellales
Gibberella
Podospora
Mortierellales
Chaetomium
Hypocreales
Lecythophora
Fusarium
Aspergillus
Aspergillus

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

1H

Targeted PCR
nirK
nirK
primer
primer
p450nor 4
set 15
set 26
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

and U refer to Havana and Urbana soils, respectively, and USDA refers to the Agricultural
Research Service culture collection.
2Lowest taxonomic rank based on 18S rRNA gene classification (see Materials and Methods for
more information). In some cases, the internal transcribed spacer sequence was used for
classification when 18S rRNA gene classification was unsuccessful.
3N O production was determined in defined mineral salts medium using nitrite as electron
2
acceptor (see Materials and Methods).
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4p450nor

was classified as detected (+ symbol) when a visible band was confirmed between 536
and 890 bp by electrophoresis on a 1% (w/v) agarose gel (see Materials and Methods).
5nirK amplification with primer set nirKfF/nirKfR (130). nirK positive detection (+ symbol) was
indicated by a visible band at 480 bp by electrophoresis on a 1% (w/v) agarose gel (see Materials
and Methods).
6nirK amplification with primer set fnirK2F/fnirK1R (131). nirK was classified as detected (+
symbol) when a visible band was confirmed at 468 bp by electrophoresis on a 1% (w/v) agarose
gel (see Materials and Methods).
* AT, Aspergillus terreus strain NRRL 255 and AF, Aspergillus flavus strain NRRL 3357.
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Table 2.4: The SILVA 18S rRNA gene classification of 37 fungal isolates.
ID

Phylum

Class

138
213
30
179
112
210
184
185
31
8
63
74
209
67
93
111
134
142
174
192
194
195
205
H2
50
89
211
48
72
75
149
107
136
141
212
AF*
AT*

Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Mucoromycotina
Mucoromycotina
Ascomycota
N/A
N/A
Ascomycota
Ascomycota
Ascomycota

Sordariomycetes
Sordariomycetes
Leotiomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Eurotiomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes
Tremellomycetes
N/A
N/A
Sordariomycetes
N/A
N/A
Sordariomycetes
Eurotiomycetes
Eurotiomycetes

Lineage
Order
Hypocreales
Hypocreales
Helotiales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Glomerellales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Hypocreales
Sordariales
Hypocreales
Sordariales
Eurotiales
Hypocreales
Sordariales
Hypocreales
Sordariales
Sordariales
Sordariales
Sordariales
Cystofilobasidiales
N/A
N/A
Hypocreales
N/A
N/A
Hypocreales
Eurotiales
Eurotiales

Family

Genus

Nectriaceae
Nectriaceae
N/A
Hypocreaceae
Hypocreaceae
N/A
N/A
N/A
Plectosphaerellaceae
Nectriaceae
N/A
Nectriaceae
Nectriaceae
Nectriaceae
Nectriaceae
Hypocreaceae
N/A
Chaetomiaceae
Nectriaceae
Chaetomiaceae
N/A
Nectriaceae
Chaetomiaceae
N/A
Chaetomiaceae
Lasiosphaeriaceae
Coniochaetaceae
Chaetomiaceae
Cystofilobasidiaceae
N/A
N/A
Bionectriaceae
N/A
N/A
N/A
Trichocomaceae
Trichocomaceae

Fusarium
Gibberella
N/A
Trichoderma
Trichoderma
N/A
N/A
N/A
Verticillium
Gibberella
N/A
Gibberella
Gibberella
Fusarium
Fusarium
Trichoderma
N/A
Chaetomium
Gibberella
Chaetomium
N/A
Fusarium
Humicola
N/A
Chaetomium
Podospora
Lecythophora
Humicola
N/A
N/A
N/A
Bionectria
N/A
N/A
N/A
Aspergillus
Aspergillus

*AF = Aspergillus flavus NRRL 3357, AT = Aspergillus terreus NRRL 255, N/A = not assigned
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Table 2.5: p450nor amplicon lengths and number of introns found in amplified
regions using primer set p450nor394F/p450nor809R.
Organism
Uncinocarpus reesii 1704
Trichoderma virens Gv29-8
Trichophyton verrucosum HKI 0517
Trichophyton tonsurans CBS 112818
Trichophyton rubrum CBS 118192
Sordaria macrospora k-hell
Sclerotinia sclerotiorum 1980 UF-70
Podospora anserina S mat+
Paracoccidioides brasiliensis Pb18
Paracoccidioides lutzii Pb01
Neurospora tetrasperma FGSC 2508
Neurospora crassa OR74A
Nectria haematococca mpVI 77-13-4
Nectria haematococca mpVI 77-13-4
Nectria haematococca mpVI 77-13-4
Metarhizium robertsii ARSEF 23
Metarhizium robertsii ARSEF 23
Metarhizium acridum CQMa 102
Marssonina brunnea f. sp. 'multigermtubi'
MB_m1
Macrophomina phaseolina MS6
Glarea lozoyensis ATCC 20868*
Geomyces destructans 20631-21
Gaeumannomyces graminis var. tritici R3111a-1
Fusarium oxysporum MT-811
Fusarium oxysporum Fo5176
Fusarium oxysporum f. sp. cubense race 4
Fusarium oxysporum f. sp. cubense race 1
Fusarium lichenicola
Fusarium graminearum
Fusarium fujikuroi IMI 58289
Coniosporium apollinis CBS 100218
Colletotrichum gloeosporioides Nara gc5
Bipolaris sorokiniana ND90Pr
Chaetomium thermophilum var.
thermophilum DSM 1495
Chaetomium globosum CBS 148.51
Aspergillus terreus NIH2624
Aspergillus oryzae RIB40
Aspergillus oryzae 3.042
Aspergillus oryzae
Aspergillus flavus NRRL3357
Microsporum gypseum CBS 118893
Arthroderma benhamiae CBS 112371
Blastomyces gilchristii SLH14081
Histoplasma capsulatum NAm1
Histoplasma capsulatum H143
Histoplasma capsulatum H88
Histoplasma capsulatum G186AR*

Genome Accession
Number
NW_003052497
NW_003315617
GG698521
GG700661
ABDF02000069
CABT02000035
NW_001820835
NW_001914839
NW_011371363
NW_003217283
GL891306
NC_026507
NW_003315852
NW_003315850
NW_003315753
NW_011942182
NW_011942182
NW_006916718

Amplicon
Length
661
685
798
787
785
613
657
658
765
772
615
617
648
649
688
662
666
666

Number of Introns in
Amplicon1
3
3
4
4
4
2
3
3
4
4
2
2
3
3
3
4
2
2

NW_006763048

563

1

AHHD01000221
NW_007360999
GL573369

612
587
693

2
1(2)
4

NW_008804545

621

2

D14517
AFQF01003581
KB726480
KB730401
D78511
HG970332
HF679033
NW_006913289
NW_006762233
NW_006911899

649
651
649
649
648
652
647
684
628
603

3
3
3
3
3
3
3
3
2
3

NW_006383031

669

2

NT_165982
NT_165931
NW_001884671
AKHY01000120
AB055659
NW_002477247
NW_003345192
NW_003315100
NW_003101659
NW_001813981
GG692430
DS990638
GG663364

662
715
673
673
673
673
800
800
776
890
854
865
861

3
3
3
3
3
3
4
4
4
4
4
4
3(4)

1 The

number in parentheses indicates genetic potential for an additional coding region (and
additional intron) present within the gene but additional expressed sequence tags are unavailable
to support the alternative gene model.
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Figure 2.1: Alignment of P450nor sequences from select organisms displaying
primer binding sites (pink), and key residues involved in cofactor (NAD(P)H)
binding. The N-terminal region of the alignment has been removed for clarity.
Stars below the alignment (blue, red, black) indicate positive, negative and
charged amino acids and key residues involved in NAD(P)H binding,
respectively. Sites outlined in black with all bold amino acid characters indicate
100% amino acid identity. Columns highlighted yellow and outlined in black
indicate ≥ 80% amino acid similarity. Stars with a white "S" and "H" indicate
involvement in a salt bridge and proton channel, respectively. PP stands for a
residue believed to be involved in binding pyrophosphate on the NAD(P)H
molecule. The B' helix (helix 3α above) is a hypervariable region of P450 proteins
and represents an area of NAD(P)H recognition by P450nor. P450nor secondary
structure is provided by the PDB accession 1JFB and was added using the
ESPript 3.0 web server. F_oxysorum = Fusarium oxysporum, F_lichenicola =
Fusarium lichenicola, C_globosum = Chaetomium globosum, T_virens =
Trichoderma virens, S_macrospora = Sordaria macrospora, G_graminis =
Gaeumannomyces graminis, A_terreus = Aspergillus terreus NRRL 255,
A_flavus = Aspergillus flavus NRRL 3357, U_reesii = Uncinocarpus reesii,
C_apollinis = Coniosporium apollinis, M_gypseum = Microsporum gypseum,
M_brunnea = Marssonina brunnea, M_phaseolina = Macrophomina phaseolina,
T_cutaneum = Trichosporon cutaneum, C_reinhardtii = Chlamydomonas
rheinhardtii, C_variabilis = Chlorella variabilis.
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Figure 2.1: (continued)
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Figure 2.2: Stereoscopic images of isolate fungal groups (A) and singleton
isolates (B).
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Figure 2.3: PCR amplification of p450nor in fungal isolates.
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Figure 2.4: Phylogeny of full length p450nor and p450nor amplicon sequences
generated using PCR primers p450nor394F/p450nor809R.
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Figure 2.5: N2O production in soil microcosms amended with streptomycin and
chloramphenicol to inhibit bacterial activity. The symbols indicate a carbon
source of either acetate (●), pyruvate (▲), formate (□), and milled corn and
soybean plant residues (◊, dashed line).
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Figure 2.6: NO3- (▲), NO2-(■), and N2O (○) quantities measured in Havana and
Urbana soil transfer cultures.
143

Figure 2.7: Intron structure of the region amplified by primer set
p450nor394F/p450nor809R in 47 p450nor sequences.
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Table 3.1: Number of p450nor sequences generated per DNA sample and other
quality control statistics per sample.
Sample ID

No.
sequences

US2S
US2J
HW2S
HW2J
UN3J
HW2N
HW2A
US1A
UN3N
HM1N
HM3A
HE3J
HM1J
HE1S
HE3N
US2A
UN1J
HE3A
HM3J
UN1N
HM3N
HM1A
UM1A
UN1S
HM3S
UM3N
HE1A
HE1N
HE3S
HE1J
HM1S
UM1N
UN2N
UM3J
US1S
HW3S
HW3N
HW1A
HW3J
US1N

375276
356555
344991
249300
349710
208481
275646
151872
293994
331054
340192
342718
268611
231610
286300
254026
686406
265195
230583
276288
310208
329288
402009
339853
301130
525576
330560
412558
463551
280207
285196
409264
207384
323423
275204
259547
317028
275162
161406
283562

No.
Sequences
passing
QC
222853
183884
170986
184002
184307
158684
193260
110440
209438
260737
203511
238613
190749
159893
191337
172433
487490
189826
167776
204966
214040
239502
276365
190900
209778
159095
186578
203666
221388
211346
214772
267196
153469
230360
188536
195610
140184
204809
117462
207574

% Passed
QC

% Failed
QC

Median
sequence
length

59.38
51.57
49.56
73.81
52.7
76.11
70.11
72.72
71.24
78.76
59.82
69.62
71.01
69.04
66.83
67.88
71.02
71.58
72.76
74.19
69
72.73
68.75
56.17
69.66
30.27
56.44
49.37
47.76
75.42
75.31
65.29
74
71.23
68.51
75.37
44.22
74.43
72.77
73.2

40.62
48.43
50.44
26.19
47.3
23.89
29.89
27.28
28.76
21.24
40.18
30.38
28.99
30.96
33.17
32.12
28.98
28.42
27.24
25.81
31
27.27
31.25
43.83
30.34
69.73
43.56
50.63
52.24
24.58
24.69
34.71
26
28.77
31.49
24.63
55.78
25.57
27.23
26.8

367
366
379
374
362
377
375
371
364
377
375
374
378
375
377
367
364
375
375
374
377
376
374
370
379
374
373
376
378
379
375
367
364
363
367
379
374
375
372
367
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Table 3.1: (continued)

Sample ID

No.
sequences

UN2A
HW1J
HW1N
HW3A
US3A
HE2J
UM2J
UM1J
UN3A
HE2N
UM2N
US1J
HM2J
HE2A
UN2J
UM3S
UN2S
UM2A
HE2S
UM2S
UM3A
UM1S
Total

253884
338814
300709
318371
173747
214519
355664
313865
403442
255423
343988
193129
269836
241666
422669
425594
507596
329276
249595
267955
222130
431613
19444409

No.
Sequences
passing
QC
168261
200519
223735
196595
110893
150814
240991
208201
234581
162118
227130
139518
195227
155642
288888
312184
289313
235042
170553
185095
156675
305690
12675480

% Passed
QC

% Failed
QC

Median
sequence
length

66.27
59.18
74.4
61.75
63.82
70.3
67.76
66.33
58.14
63.47
66.03
72.24
72.35
64.4
68.35
73.35
57
71.38
68.33
69.08
70.53
70.83
65.19

33.73
40.82
25.6
38.25
36.18
29.7
32.24
33.67
41.86
36.53
33.97
27.76
27.65
35.6
31.65
26.65
43
28.62
31.67
30.92
29.47
29.17
34.81

365
376
378
377
358
373
371
368
362
375
365
372
375
376
365
365
373
364
374
366
367
371
374
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Table 3.2: Relative abundance of p450nor sequences aligned to reference OTUs
in DNA extracted from Havana or Urbana soils.
Organism
Isolate 74
Isolate 67
Isolate 213
Isolate 179
Clone HC C1
Clone HC A7
Colletotrichum gloeosporioides Nara
gc5
Fusarium oxysporum f. sp. cubense
race 4
Ajellomyces capsulatus NAm1
Isolate L
Trichoderma virens Gv29-8
Paracoccidioides sp. Pb01
Pseudogymnoascus destructans
20631-21
Clone D
Aspergillus terreus NRRL 255
Isolate 112
Fusarium oxysporum Fo5176
Metarhizium anisopliae
Clone R
Paracoccidioides brasiliensis Pb18
Trichophyton tonsurans CBS 112818
Fusarium lichenicola
Isolate 209
Clone UC H3
Ajellomyces dermatitidis SLH14081
Marssonina brunnea MB m1
Clone M
Isolate 184
Aspergillus flavus NRRL 3357
Isolate 185
Fusarium fujikuroi IMI 58289
Ajellomyces capsulatus G186AR
Trichophyton rubrum CBS 118892
Aspergillus oryzae RIB40
Microsporum gypseum CBS 118893
Isolate 31
Arthroderma benhamiae CBS
112371
Aspergillus oryzae 3.042
Clone HC B10

Relative abundance (%)
Havana
Urbana
13.43
12.09
12.99
22.81
9.30
0.88
8.21
5.41
8.06
0.98
5.79
1.80
3.44

3.85

3.39

6.38

3.34
3.08
2.82
2.67

1.78
0.31
2.11
0.51

2.43

1.97

2.10
2.06
1.59
1.55
1.46
1.36
1.26
1.15
1.14
1.10
1.02
0.70
0.66
0.42
0.41
0.36
0.34
0.34
0.28
0.23
0.19
0.16
0.15

0.87
2.05
7.37
0.50
0.16
0.51
0.50
2.14
1.59
1.23
1.28
1.84
0.63
0.07
0.37
0.62
3.96
0.55
0.07
1.84
0.58
0.44
0.07

0.12

1.17

0.11
0.10

0.03
0.01
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Table 3.2: (continued)
Organism
Thielavia terrestris NRRL 8126
Chaetomium globosum CBS 148.51
Uncinocarpus reesii 1704
Clone O
Clone HC B3
Clone U
Clone HC A5
Nectria haematococca mpVI 77-13-4
A
Ajellomyces capsulatus H143
Trichophyton verrucosum HKI 0517
Bipolaris sorokiniana ND90Pr
Clone UC F2
Aspergillus terreus NIH2624
Nectria haematococca mpVI 77-13-4
B
Podospora anserina S mat+
Nectria haematococca mpVI 77-13-4
Metarhizium acridum CQMa 102 B
Fusarium oxysporum
Metarhizium anisopliae ARSEF 23 B
Clone H
Macrophomina phaseolina MS6
Metarhizium acridum CQMa 102 A
Metarhizium anisopliae ARSEF 23
Fusarium oxysporum f. sp. cubense
race 1
Clone UC F1
Glarea lozoyensis 74030
Chaetomium thermophilum DSM
1495
Neurospora crassa OR74A
Sordaria macrospora k-hell
Trichosporon asahii CBS 2479
Ajellomyces capsulatus H88
Clone UC G2
Neurospora tetrasperma FGSC 2508
Isolate 210
Trichosporon cutaneum
Aspergillus oryzae
Glarea lozoyensis ATCC 20868
Clone UC G8
Clone UC H1
Aspergillus flavus NRRL 3357 B
Thielavia terrestris NRRL 8126
Chaetomium globosum CBS 148.51

Relative abundance (%)
Havana
Urbana
0.09
0.49
0.08
0.17
0.07
0.06
0.06
1.10
0.04
0.01
0.04
0.01
0.04
0.29
0.03

0.21

0.02
0.02
0.02
0.02
0.02

0.00
0.21
0.00
2.97
0.03

0.02

0.08

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.53
0.01
0.03
0.13
0.00
0.00
0.06
0.04
0.00

0.01

0.01

0.00
0.00

0.01
0.19

0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.09
0.08

0.64
1.18
0.00
0.00
0.12
0.00
0.00
0.00
0.04
0.00
0.02
0.01
0.00
0.49
0.17
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Figure 3.1: Schematic of the locations of soil sampling sites within Havana and
Urbana, IL. The large brown rectangle represents the agricultural field at each
site. The transect and the associated centroid sampling locations are marked by
a line with arrows and circles with an X, respectively. This figure is courtesy of
Drs. Allana Welsh, Joanne Chee-Sanford, and Robert Sanford (University of
Illinois at Urbana-Champaign).
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Figure 3.2: Plot of amino acid conservation of translated and aligned P450nor
amplicon sequences (red) compared to amino acid conservation in the reference
(black).

151

Figure 3.3: Phylogenetic tree of amino acid sequence alignment of P450nor
OTUs identified in DNA extracted from Havana (gold) and Urbana (purple) soils.
Relative abundances of each OTU in the soil DNA are indicated by bars on the
right. OTUs colored red are either P450nor soil clones from Havana and Urbana
or fungal isolates previously isolated from each site. Tree scale represents amino
acid substitutions per site.
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Figure 3.4: Relative abundance of ITS2 OTUs identified in DNA extracted from
soil samples collected at Havana and Urbana, IL sites. The lowest taxonomic
affiliation for a given OTU is presented on the x axis and the OTU label (for
reference purposes) is located above each bar.
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A

B

Figure 3.5: ITS2 OTUs with ≥ 1 % relative abundance in (A) Urbana and (B)
Havana soils. Relative abundances of OTUs between sites are displayed for
comparison purposes. The OTU label is displayed above each bar as a reference
and the lowest taxonomic rank assigned to an OUT is provided on the x-axis.
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Figure 3.6: Relative abundance of fungal OTUs at the family rank within the ITS2
(above) and p450nor (below) amplicons. Potential for denitrification within the
entire fungal community is suggested by shared taxonomic classifications
between data sets. The grey bar color (top image) indicate fungal families not
matching those fungal families detected in the p450nor data set.
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Figure 3.7: Distribution of OTU relative abundances for p450nor (gold) and ITS2
(purple) based on family rank classifications. OTU relative abundance
distributions of OTUs within Ajellomycetaceae, Nectriaceae, Aspergillaceae (top
row) display little overlap, whereas OTUs within Hypocreaceae, Chaetomiaceae,
and Lasiosphaeriaceae display more similar distributions.
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Figure 3.8: Non-metric multidimensional scaling ordination of Bray-Curtis
dissimilarity matrix of p450nor and ITS2 OTU relative abundances for Havana
and Urbana soils. Stress values are reported to indicate goodness-of-fit of the
ordination. Stress values ≤ 0.2 indicate suitable fit, and values ≤ 0.05 indicate a
good fit (302).
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Figure 3.9: NMDS ordination of Bray-Curtis pairwise distances computed for
fungal ITS2 OTU relative abundances observed in Havana and Urbana soil DNA
samples (top). Points within the NMDS plots are colored by centroid location
within the site. Pie charts (below) detail class level taxonomic ranks of ITS2
OTUs within each centroid. Black arrows highlight specific shifts in class relative
abundance between centroids that are likely driving separation between the
points. Class level designation (right) for the pie charts, with black boxes
highlighting classes in the pie charts that change in relative abundance between
centroids.
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Figure 3.10: Regression of NMDS ordination values (first axis) against measured
pH and moisture of Havana and Urbana soil samples for the (A) ITS2 NMDS
ordination and (B) p450nor NMDS ordination.
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Figure 3.11: pH and moisture measurements by month within Havana (gold) and
Urbana (purple) soil samples.
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Table 4.1: TxtE enzyme assay reaction components and final concentrations.
Ingredient

Stock
concentration

Stock
solution

Volume
(µL)

Final
concentration

Purified TxtE

53 µM

25 mM Tris
buffer, pH 8

18

1.9 µM

L-tryptophan

250 mM

0.5 M NaOH

10

5 mM

Ferredoxin NADP+
reductase

4 U/mL

1 M Trizma
solution

10

0.08 U/mL

Ferredoxin

1-3 mg/mL

10

0.02-0.06 mg/mL

25

0.5 mM * 1.5 mol
NO per mol
DEANO = 0.75 mM
NO produced

25 mM Tris
buffer, pH 8
10 mM NaOH,
diluted to 10
mM DEANO in
25 mM Tris
buffer prior to
addition

DiethylamineNONOate
diethylammonium salt

10 mM

β nicotinamide adenine
dinucleotide 2’ phosphate,
reduced

18.5 mM

25 mM Tris
buffer

27

0.99 mM

Tris buffer

25 mM, pH 8

--

343

17.2 mM
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Table 4.2: Results from AU tests (see Materials and Methods) for the monophyly
of fungal classes within napA, nirK, and p450nor gene trees. Where indicated,
the monophyly of two lineages was also assessed. Bold font data indicate that
the AU test rejected the monophyly of the taxa. Test significance was evaluated
at p ≤ 0.05.
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AU test of Monophyly
Gene

napA

Lineage

No.
Genes

No.
Taxa

No.
Genera

Nucleotide

Diff lnL

P
value

Diff lnL

P
value

-

-

-

Agaricomycetes

2

1

1

Yes

Yes

-

7

7

6

No

No

40

0.015

40

0.001

550

4.00E04

36

34

14

No

No

753

2.00E06

1

1

1

Yes

Yes

-

-

-

-

2

2

2

Yes

Yes

-

-

-

-

4

4

1

Yes

Yes

-

-

-

-

Pucciniomycetes

2

2

2

No

No

1303

Sordariomycetes
(S)

23

23

18

No

No

806

Tremellomycetes

1

1

1

Yes

Yes

-

Eurotiomycetes

L+S share
MRCA
Lec+E share
MRCA

No

No

908

No

No

75

9.00E05
7.00E61
2.00E71
3.00E05

1088
770
973
257

2.00E08
9.00E56
6.00E74
9.00E06

Dothideomycete
s

1

1

1

Yes

Yes

-

-

-

-

Eurotiomycetes

52

52

17

No

No

19

0.142

33

0.003

Leotiomycetes

10

9

1

Yes

Yes

-

-

-

-

Sordariomycetes

20

20

8

Yes

Yes

-

-

-

-

No

No

15

0.042

30.1

0.004

No

No

18

0.142

35.3

0.001

D+E share
MRCA
L+S share
MRCA
p450
nor

Amino acid

Nucleot
ide

Dothideomycete
s

Lecanoromycete
s (Lec)
Leotiomycetes
(L)
Microbotryomyce
tes

nirK

Monophyletic
Amino
acid

Dothideomycete
s (D)
Eurotiomycetes
(E)
Leotiomycetes
(L)
Sordariomycetes
(S)

28

28

26

No

No

1153

36

35

17

No

No

891

37

36

16

No

No

465

72

63

32

No

No

1159

Tremellomycetes

3

3

2

No

No

125

Atractiellomycete
s

1

1

1

Yes

Yes

-

Pezizomycetes

1

1

1

Yes

Yes

L+S share
MRCA
D+E share
MRCA
Ascomycota (A)
Basidiomycota
(B)
A+B share
MRCA
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4.00E05
1.00E32
2.00E39
5.00E10
3.00E04

1294
917
694
1206
125

-

-

-

-

-

3.00E43

1420

0.001

1481

No

No

1386

No

No

1481

No

No

139

No

No

139

No

No

139

5.00E05
4.00E56
3.00E11

140
139
140

8.00E51
2.00E37
4.00E40
5.00E15
3.00E08
5.00E72
2.00E63
6.00E06
1.00E39
3.00E04

Table 4.3: Results from species-tree gene-tree reconciliation using NOTUNG
software for napA, nirK, and p450nor genes in fungi. Values are averages of
solutions with standard deviations reported in parentheses.
Ge
ne

Phylo
geny

Duplica
tions

Codiverg
ences

Trans
fers

Loss
es

Duplicati
on cost

Transfe
r cost

Loss
cost

Soluti
ons

p450
nor

amino
acid

-

-

-

-

2

3

1

0

-

-

-

-

2

5

1

0

-

-

-

-

2

7

1

0

-

-

2

9

1

0

2

11

1

1000

2

13

1

180

2

15

1

420

p450
nor

nap
A

nap
A

nucleoti
de

amino
acid

nucleoti
de

-

-

15.0
(0.0)
6.0
(0.0)
5.4
(0.5)

253.0
(0.0)
333.0
(0.0)
339.3
(5.4)

49.0 (0.0)

0.0 (0.0)

61.0 (0.0)

0.0 (0.0)

62.1 (1.0)

0.0 (0.0)

-

-

-

-

2

3

1

0

-

-

-

-

2

5

1

0

-

-

2

7

1

0

2

9

1

1000

2

11

1

1000

2

13

1

100

2

15

1

60

2

3

1

1000

2

5

1

1000

2

7

1

36

2

9

1

20

2

11

1

1

2

13

1

1

2

15

1

2

-

-

16.0
(0.0)
8.2
(0.4)
6.0
(0.0)
4.0
(0.0)
30.8
(0.8)
19.8
(1.4)
14.0
(0.0)
7.8
(1.0)
3.0
(0.0)
3.0
(0.0)
0.5
(0.5)

215.0
(0.0)
277.6
(2.8)
299.0
(0.0)
319.0
(0.0)
14.9
(1.7)
43.7
(4.3)
64.0
(0.0)
100.8
(6.4)
135.0
(0.0)
135.0
(0.0)
165.5
(5.5)

45.0 (0.0)

0.0 (0.0)

53.6 (0.8)

0.0 (0.0)

56.0 (0.0)

0.0 (0.0)

60.0 (0.0)

0.0 (0.0)

1.4 (0.5)

0.0 (0.0)

9.2 (1.4)

0.0 (0.0)

15.0 (0.0)

0.0 (0.0)

22.0 (1.3)

0.0 (0.0)

28.0 (0.0)

0.0 (0.0)

28.0 (0.0)

0.0 (0.0)

31.0 (1.0)

0.0 (0.0)

-

-

-

-

2

3

1

0

-

-

-

-

2

5

1

0

-

-

-

-

2

7

1

0

-

-

-

-

2

9

1

0

-

-

-

-

2

11

1

0

2.5
(0.5)
1.0
(0.0)

142.5
(4.5)
159.0
(0.0)

2

13

1

2

2

15

1

1

28.0 (1.0)

0.0 (0.0)

30.0 (0.0)

0.0 (0.0)
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Table 4.3: (continued).
Ge
ne

Phylog
eny

Duplicati
ons

Codiverge
nces

Transf
ers

Losses

Duplication
cost

Transfer
cost

Loss
cost

Sample
size

nirK

amino
acid

0.0 (0.0)

0.0 (0.0)

3

1

1000

0.0 (0.0)

2

5

1

1000

24.3 (0.5)

0.0 (0.0)

2

7

1

3

25.5 (0.5)

0.0 (0.0)

2

9

1

2

26.0 (0.0)

0.0 (0.0)

2

11

1

1

28.0 (0.0)

0.0 (0.0)

2

13

1

1

28.0 (0.0)

0.0 (0.0)

2

15

1

1

-

-

19.0
(0.0)
71.8
(3.3)
101.7
(2.4)
108.5
(3.5)
112.0
(0.0)
120.0
(0.0)
120.0
(0.0)
-

2

16.6 (1.1)

31.0
(0.0)
10.4
(1.1)
2.7
(0.5)
1.5
(0.5)
1.0
(0.0)
0.0
(0.0)
0.0
(0.0)
-

2

3

1

0

-

-

-

-

2

5

1

0

21.0 (0.0)

0.0 (0.0)

7

1

2

0.0 (0.0)

2

9

1

1

24.0 (0.0)

0.0 (0.0)

2

11

1

1

24.0 (0.0)

0.0 (0.0)

2

13

1

1

24.0 (0.0)

0.0 (0.0)

90.0
(0.0)
100.0
(0.0)
100.0
(0.0)
100.0
(0.0)
100.0
(0.0)

2

24.0 (0.0)

2.0
(0.0)
0.0
(0.0)
0.0
(0.0)
0.0
(0.0)
0.0
(0.0)

2

15

1

1

nirK

nucleotid
e
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Figure 4.1: Schematic of the proposed TxtE nitration reaction of L-tryptophan that
has been demonstrated to occur in vitro (254) (top) and the hypothesized side
reaction of TxtE in N2O formation (bottom). In some cases, presumably without
the substrates for nitration (L-tryptophan, O2) present, TxtE may react with two
NO molecules to produce N2O as demonstrated for P450nor.
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Figure 4.2: BL21 Escherichia coli cell pellets following induction of cells with
IPTG. Both sets of cells contain a pET28b(+) vector with or without the txtE gene,
encoding a nitrating cytochrome P450. The darker red color of induced E. coli
containing plasmid with the txtE gene suggests a large production of hemecontaining protein.
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Figure 4.3: Plot of absorbance of eluted protein fractions from metal ion affinity
chromatography. An increasing absorbance at 417 nm indicates a hemecontaining protein, possibly the target protein TxtE, was eluted from the column
in the collected fractions. Peaks at 280 nm represent absorbance of aromatic
amino acid moieties of proteins present within these fractions.
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Figure 4.4: SDS-PAGE gel of purified TxtE protein (20 μL) produced in IPTGinduced BL21 Escherichia coli cells containing the txtE gene in a pET28b(+)
vector. Lanes contain his-tagged protein-containing fractions eluted from a nickel
ion embedded affinity chromatography column. Lane labeled “Concentrate”
shows the pooled fractions (13-17) after concentration using a 30 kDa cutoff
MWCO filter. Outer most lanes are precision protein plus kaleidoscope protein
standards. kDa, kilodalton.
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Figure 4.5: Maximum likelihood phylogeny of the kingdom Fungi inferred from a
concatenated alignment of 238 single copy marker gene amino acid sequences
(see Materials and Methods). The presence/absence of key denitrification genes
within fungal phyla queried in the present study (A) and within individual
members (B). Black squares marking branches indicate nodes with bootstrap
percentages below 90%. The scale bar in (A) represents amino acid substitutions
per site. The outer black bars in (B) represent the percentage (out of 1438) of
conserved single copy genes in kingdom Fungi that were detected in the fungal
genomes queried in the present study. Additional colored markers surrounding
the tree indicate presence or absence of each gene within a fungal genome.
Flavohb, flavohemiglobin genes involved in NO detoxification to NO 3-.
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Figure 4.6: Midpoint-rooted Bayesian phylogeny of select families of cytochrome
P450 amino acid sequences from fungi, algae, and bacteria. Ancestral state
reconstruction was performed using CYP55 (orange), CYP105 (green), and other
CYPs (purple) to uncover the shared ancestry of algal and fungal N2O-producing
cytochrome P450s with their most recent common bacterial ancestor. The scale
bar indicates substitutions per site and values above branches are posterior
probabilities of the Bayesian MCMC analysis. Numbers in parentheses next to
collapsed clades indicate the number of sequences in the clade. Values in pie
charts are average probabilities of each character across a representative
Bayesian MCMC analysis.
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Figure 4.7: Midpoint rooted Bayesian (left) and Maximum-Likelihood phylogenies
(right) of 301 cytochrome P450 sequences demonstrating the affiliation of
P450nor with other sequences belonging to members of the bacterial phyla
Actinobacteria and Proteobacteria. Black squares on branches (left tree) indicate
≥0.95 posterior probability or ≥90 % bootstrap replication (right tree). The colored
legend indicates the cytochrome P450 family specified by shared amino acid
identity of ≥40 % (280).
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Figure 4.8: Bayesian tree reconstruction of actinobacterial and proteobacterial
16S rRNA gene (left) and cytochrome P450 family 105 amino acid sequences
(right). Both phylogenies represent 50% majory-rule consensus trees. The tree
on the left is rooted with proteobacterial sequences as outgroup to the
Actinobacteria. The tree on the right is midpoint rooted. Nodes with posterior
probabilites ≥ 0.95 are indicated by black circles on an adjacent branch.
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Figure 4.9: Maximum-likelihood phylogenies connecting fungal species with their
respective nitric oxide reductase (p450nor) gene sequence(s). On the left, an
amino acid phylogeny of 238 concatenated single copy orthologues from fungal
species in which one or more p450nor gene(s) were detected. The p450nor
nucleotide phylogeny (right) demonstrates many instances of incongruence with
the fungal species phylogeny. Black dots in each phylogeny represent bootstrap
percentages greater than or equal to 90%. Scale bars represent substitutions per
site.
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Figure 4.10: Cophylogenetic plot of napA-containing fungal species (left) and the
napA nucleotide tree (right). Both are ML trees where blacks dots represent
bootstrap percentages ≥90 %. Scale bars indicate substitutions per site for the
concatenated amino acid species phylogeny and nucleotide phylogeny,
respectively.
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Figure 4.11: Cophylogenetic plot of nirK-containing fungal species (left) and the
nirK nucleotide tree (right). Both are ML trees where blacks dots represent
bootstrap percentages ≥90 %. Scale bars indicate substitutions per site for the
concatenated amino acid species phylogeny and nucleotide phylogeny,
respectively.
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Figure 4.12: ML phylogeny of a concatenated set of 238 amino acid sequences
(A) and zoomed in view of genes surrounding p450nor in five of the 32 fungi (B).
Black stars at the tips of the phylogeny in (A) indicate the zoomed in gene
regions are depicted in (B). Fungi predicted to have p450nor contained within an
SM cluster are indicated with a blue square at the end of the phylogeny. Arrows
at the tips of the phylogeny represent the genomic arrangement of p450nor (blue
asterisk) and surrounding genes. Distance between arrows are scaled
representations of actual genomic distances within the genomes. Grey, light blue,
and dark blue arrows represent no SM annotation, manual SM annotation, and
automatic SM annotation (see Materials and Methods for details). The scale bar
indicates amino acid substitutions per site and black circles indicate bootstrap
percentages ≥90 %.
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Figure 4.13: Taxonomic representation of the top 50 orthologous groups (A) and
their functional annotations (B). Bars in (A) are colored by fungal class. Data
points in (B) are colored according to whether they were automatically (dark
blue), manually (light blue), or were not predicted (grey) to be involved in SM.
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Figure 4.14: ML phylogenetic trees of amino acid sequences corresponding to
non-ribosomal peptide synthase (A) and polyketide synthase domains (B).
Domains identified in fungal genomes nearby p450nor are indicated by a black
star. Reference domains from the NAPDOS database and their corresponding
chemical products are indicated by colored sections. Scale bars indicate amino
acid substitutions per site. Values along branches indicate bootstrap support for
the adjacent node.
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Figure 4.15: N2O formation at time 0 and 24 h after incubation of TxtE under
anoxic conditions.
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