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ABSTRACT

DIVERSITY OF FREE-LIVING NITROGEN FIXING BACTERIA IN THE

BADLANDS OF SOUTH DAKOTA

BIBHA DAHAL

2016

Biological Nitrogen Fixation is carried out by a highly diverse group of
members of the domains Bacteria and Archaea which express a nitrogenase enzyme
complex and are termed diazotrophs. The best known diazotrophs form symbiotic
associations with plants, but free-living nitrogen fixing bacteria also contribute a
substantial amount of nitrogen to ecosystems, including arid lands. The aim of this
study was to isolate free-living diazotrophs from the soil crusts of sod tables of South
Dakota Badlands. Samples were obtained from sod tables and the surrounding base
(matrix) in spring and fall of 2014. A culture dependent approach was used to isolate
diazotrophs on solid nitrogen free medium (NMF) under hypoxic conditions. The
16srRNA and nifH genes were amplified and sequenced. This was complemented
using a culture independent approach, amplifying nifH from soil DNA extracts. The
16S rRNA gene data indicated a diversity of putative free-living diazotrophs across 4
phyla (Actinomycetes, Proteobacteria, Bacteroidetes, and Firmicutes), but ~50% of
these clustered with Streptomyces. The Streptomyces isolates grew in liquid NFM in
an ammonia-depleted environment in a sealed container. Only 5 of these yielded a
nifH gene product using the PolF/PolR primer set. Of these four aligned with nifH of

the cyanobacterium Scytonema (NCBI BLAST) and the other one aligned with nifH of



XVi

Bradyrhizobium. All six selected Streptomyces isolates, three of which were nifH
positive, indicated °N incorporation providing strong support of nitrogen fixation.
The culture independent method yielded a low diversity. All the nifH amplicons from
soil DNA extract resembled cyanobacteria by NCBI BLAST. This is the first known
report of a Streptomyces that is diazotrophic, other than the thermophilic, autotrophic
S. thermoautotrophicus. The nifH genes of these Streptomyces were related to those
from cyanobacteria. Whether the cyanobacteria-like nifH amplicons obtained from soil

DNA were associated with Streptomyces, is intriguing to speculate.



Chapter 1

1. Literature Review

1.1. Introduction

Nitrogen is the most common factor limiting growth and productivity of plants in
aquatic as well as terrestrial ecosystems (Wagner 2011). Although dinitrogen is the most
abundant element in the atmosphere, it is biochemically unavailable for plants and most
microbes as they utilize only reduced or oxidized forms of nitrogen. The two atoms in
dinitrogen are triple-bonded, requiring a high level of energy to dissociate and reduce to
ammonia (Figg et al. 2012). Several biological systems are able to convert dinitrogen into
other useful forms of reactive nitrogen, primarily, nitrite, and nitrate, and to incorporate
ammonia into organic compounds, mainly, amino acids (Galloway 1998). There are two
natural processes for the fixation of atmospheric nitrogen into the biosphere: Lightning
and biological nitrogen fixation. Lightning makes about 1% ammonia of the net nitrogen
fixed per year (Igarashi and Seefeldt 2003). Biological nitrogen fixation (BNF) is carried
out by a group of microorganisms with sporadic distribution among the bacterial and
archaeal domains (Vitousek et al. 1997) and, fixes about 50% of the total nitrogen per
year (lgarashi and Seefeldt 2003). The remaining 50% is fixed industrially by the Haber
Bosch process (Finan 2002). In this process atmospheric nitrogen is reduced to ammonia
through reaction with hydrogen under high pressure and temperature using iron as a
catalyst (Jennings 2013; VVojvodic et al. 2014). The Haber Bosch process brought a

revolution in agricultural production as it fulfilled the immediate demands for nitrogen as



a fertilizer early in the twentieth century. However, the industrial nitrogen fixation
contributes harmful consequences leading to nitrogen oxides emission, eutrophication of
water, acidification of soil (Dixon and Kahn 2004). BNF is both economically and

ecologically effective for sustainable agricultural production (Bohlool et al. 1992).

1.1.1. Biological Nitrogen Fixation

Biological nitrogen fixation is the primary source by which plants in natural
ecosystems obtain their nitrogen for growth (Zehr et al. 2003). BNF is carried out by a
highly diverse group of Prokaryotes (Bacteria and Archaea) termed diazotrophs
(Postgate, 1987). These include free-living soil bacteria belonging to genera such as
Burkholderia, Azotobacter, Azospirillum, Bacillus, and Clostridium, bacteria that form
symbioses with legumes like Rhizobium, with actinorhizal plants such as Frankia, and
Cyanobacteria associated with cycads (Postgate 1982). Nitrogen fixation in Archaea is
restricted to methanogens (Dixon and Kahn 2004). Diazotrophs express the nitrogenase
enzyme complex, which carries out nitrogen fixation. The bacterial nitrogenase enzyme
complex is the only known natural system for reduction of N2 to NH3z (Seefeldt et al.
2009). BNF is one of the most costly metabolic processes as 16 molecules of ATP are
utilized to fix one molecule of nitrogen into two molecules of ammonia (Simpson and

Burris 1984).

1.1.2. Nitrogen cycle

Nitrogen fixation is an essential step in the global nitrogen cycle as it restores and

compensates the overall nitrogen lost as a result of denitrification (Dixon and Kahn



2004). The element nitrogen is present in all living organisms in the form of proteins and
nucleic acids (nitrogen biomolecules). Nitrogen exists either in the reduced or oxidized
forms in the global nitrogen cycle (Fig. 1.1). The conversion of ammonia into oxides of
nitrogen is called nitrification, which is carried out by nitrifying bacteria like
Nitrosomonas and Nitrobacter which is a reversible reaction. The reductive conversion of
nitrogen oxides back to dinitrogen is called denitrification and is carried out by

denitrifying bacteria like Thiobacillus denitrificans, and Micrococcus denitrificans.

N>
Nitrogen fixation
Denitrification
Assimilation
NO+ NHS < > N- Biomolecules
3 4 <
) ) Deamination

Ammonification

Nitrification Nitrification

NOy

Figure 1.1 Steps involved in global nitrogen cycle (Igarashi and Seefeldt 2003).



1.2.  The Nitrogenase enzyme

Nitrogenase is the enzyme responsible for biological nitrogen fixation, an
important step in the global nitrogen cycle (Zhao et al. 2006; Hu and Ribbe 2015). The
nitrogenase enzyme consists of two multisubunit metalloproteins: Component I,
dinitrogenase which has the active site for nitrogen reduction (consists of two
heterodimers with molecular weight ~240KDa), and Component 11, dinitrogenase
reductase (homodimer with molecular weight 60-70kDa) which couples ATP hydrolysis
to interprotein electron transfer (Zehr et al. 2003; Zhao et al. 2006; Hu and Ribbe 2015).
To date, four distinct nitrogenases have been reported (Eady 1996; Hofmann-Findeklee et
al. 2000). There are three genetically distinct oxygen sensitive nitrogenase system, and
the fourth is oxygen insensitive nitrogenase reported only for Streptomyces
thermoautotrophicus (Zhao et al. 2006). Whether any additional classes of nitrogenase

exist remains to be determined.

The three oxygen sensitive nitrogenases are: the conventional molybdenum
nitrogenase (Nif) (Wilson et al.), the alternative vanadium nitrogenase (Vnf), and the
alternative iron only nitrogenase (Anf) (Hu and Ribbe 2015). The three nitrogenases
differ in their metal content, however, they have structural, mechanical, and phylogenetic

relatedness (Dos Santos et al. 2012).

1.2.1. The Molybdenum containing nitrogenase

The molybdenum nitrogenase (Nif) is the most widely distributed and broadly

studied of all nitrogenases (Rees and Howard 2000). The genes that encode the structural



components of molybdenum nitrogenase are nifH, nifD, and nifK (Dos Santos et al.
2012). Apart from these structural genes, there are a core of nif genes (nifB, nifE, nifN,
nifX, nifU, nifS, nifV, nifW, nifZ) (Fig. 1.2), conserved across the diazotrophs and
involved in the catalysis and synthesis of nitrogenase (Zheng et al. 1998; Dixon and Kahn

2004; Rubio and Ludden 2008).

Azotobacter vinelandii nif gene regions

Minimum gene set for nitrogen fixation

H D K E N B
D i =
catalytic biosynthetic

Figure 1.2. Azotobacter vinelandii nif gene showing minimum genes required for

nitrogen fixation from (Dos Santos et al. 2012).

Mo-nitrogenase consists of two separate oxygen labile metalloproteins: MoFe
protein encoded by nifD and nifK, which is an o232 heterotetramer (~240kDa); and Fe
protein encoded by nifH, which is a homodimer (~60kDa) (Zhao et al. 2006; Hu and
Ribbe 2015). The Fe protein has a conserved N-terminal GXGXXG consensus nucleotide
binding protein, which provides the binding site for MgATP to each of its subunit (Eady

1996). As shown in Fig. 1.3, each subunit of the Fe protein is linked by a single [4Fe-4S]



cluster (Hausinger and Howard 1983) through 2 Cys residues covalently linked to the Fe-
atoms from each subunit (Eady 1996). The Fe protein is involved in the transfer of
electrons to the MoFe protein during a process of MgATP hydrolysis (Howard and Rees
1994). Moreover, the Fe protein is also involved in the biosysnthesis of FeMo cofactor
and is probably associated with the regulation of alternative nitrogenases (Burgess and
Lowe 1996). The Fe protein encoded by nifH shares ~91% (Hu et al. 2012) and 60%
(Eady 1996) sequence identities with the Fe protein encoded by vnfH and anfH
respectively. Also the study of the Fe proteins of A. vinelandii and Clostridium
pasteurianum shows that they share 69% similarity in their amino acid sequence, which

indicates that the Fe protein is highly conserved (Schlessman et al. 1998).

The MoFe protein consists of two metalloclusters: the P-cluster [8Fe-7S] and the
M-cluster or FeMo cofactor [Mo-7Fe-9S-homocitrate-X] (Seefeldt et al. 2009). The P-
cluster is situated in the interface of the o/B-subunit and linked by 6 cysteine residues
(Eady 1996) and its structure is described as two [4Fe-4S] clusters linked covalently with
a shared Sulphur atom (Kim and Rees 1992; Mayer et al. 1999). The X-ray structure of P-
cluster is thought as the mediator during electron transfer from the Fe protein to the

FeMo cofactor (Dos Santos et al. 2012).

The overall structure of the M-cluster or FeMoco is described as having two sub-
clusters: [4Fe-3S] linked to [3Fe-Mo-3S] by the X-atom at one corner and bridging
through three sulfur atoms. The X-atom was identified recently in a high resolution X-ray
(1.16 A) (Einsle et al. 2002). The X-atom still remains unidentified, however, depending

upon its diffraction properties, heavy metals have been precluded. Its density is steady



with C, N or O, with X being one of these. (Seefeldt et al. 2009). The FeMoco site is
responsible for the binding and reduction of substrate (Liang and Burris 1988; Scott et al.
1992), but how the substrate binds and reduces during catalysis is still unknown

(Christiansen et al. 2001).

The overall stoichiometry of the reaction catalyzed by Mo-nitrogenase is
represented in the following equation:

N2 + 8H" + 16MgATP + 8¢~ — 2NH3 + Hz + 16MgADP + 16Pi.

: N
A MgADP e AlF, B Hf
gé CH,
H > ‘
[Fe,Sylcluster @& —  ooeeeee > R A S
H . » » » "
* P-cluster e C,H,
M-cluster @ 7 H,
K NH,
. D
D
- .
@ M-cluster
e I D MgADP + P,

P-cluster
Q [Fe,S,] cluslter

§8

MgADP e AlF,-

H

MgATP

Figure 1.3. The Molybdenum Nitrogenase. Figure A shows the MoFe protein complex
along with P-cluster and M-cluster. Figure B shows the transfer of electron during

catalysis (Hu and Ribbe 2015).



1.2.2. The Vanadium nitrogenase

The existence of the vanadium nitrogenase system was confirmed when it was
isolated from mutants of Azotobacter vinelandii and A. chroococcum that had their
structural genes of Mo-nitrogenase (nifHDK) deleted (Hales et al. 1986; Eady et al.
1987). Since the vanadium nitrogenase is only expressed in the absence of molybdenum,
it is considered the alternative nitrogenase or the “back-up” system (Rehder 2000). The
cyanobacteria, Anabaena variabilis, also possesses Vnf (Thiel 1993). It has been
suggested that V-nitrogenase works more efficiently at lower temperatures than Mo-
nitrogenase (Miller and Eady 1988). Similar to the Mo-nitrogenase, the V-nitrogenase
also contains two metalloprotein components, an Fe- protein (molecular weight ~64kDa),
and an iron-heterometal VVFe-protein (Robson et al. 1989). The Fe-protein is encoded by
vnfH and is corresponding to the Fe-protein of Mo-nitrogenase in structure and function
(Zhao et al. 2006; Hu and Ribbe 2015), sharing 91% sequence homology to the Fe
protein encoded by the nifH (Hu et al. 2012). It also has the conserved Gly-X-Gly-X-X-
Gly consensus nucleotide-binding motif, and conserved Cys ligand for subunit-linking,
like the Fe-protein of Mo-nitrogenase. A ferredoxin [4Fe-4S] links the two subunits of
the Fe protein of V-nitrogenase (Rehder 2000), and contains two binding sites for Mg2*

ATP (Thorneley et al. 1989).

The structure of VVFe protein is still unknown, however studies done so far suggest
that it is similar to Mo-nitrogenase (Crans et al. 2004). The VFe protein is hexameric
structure (02262), encoded by vnfD, vnfK and vnfG. The 3-subunit is absent in Mo-

nitrogenase (Zhao et al. 2006). The molecular weight of the VVFe protein purified from A.



chrochococcum is ~250kDa, being uniform with 23262 hexameric structure (Hu et al.
2012). The VFe protein derived from A. vinelandii is octameric (a2f2084) with molecular
weight ~270 kDa (Lee et al. 2009). The a- and B- subunits of the VFe protein show ~33%
and ~32% sequence homology with a- and - subunits of the MoFe protein, respectively
(Hu et al. 2012).

The V-nitrogenase has a similar ligand cluster as the Mo-nitrogenase. The
magnetic circular dichroism spectrum of the oxidized VFe protein shows the existence of
oxidized P-clusters (Morningstar et al. 1987). The Extended X-ray Absorption Fine
Structure (EXAFS) spectrum study of VVFe revealed that its Fe-S and Fe-Fe interactions

were similar to its MoFe cofactor (Harvey et al. 1990; Chen et al. 1993).

The utilization of ATP in vanadium nitrogenase varies for different species. The
overall reaction of nitrogen fixation catalyzed by vanadium nitrogenase for A.
chrococcum is given below:

N2 + 12e + 14H" + 4A0MgATP -> 2NHj3 + 3H2 + 40MgADP + 40Pi (Eady 2003)

In comparison to Mo-nitrogenase, V-nitrogenase produces more Hz and utilizes
more ATP in reaction with N2. There is a catalytic difference between CO and CO>
reduction properties of V-nitrogenase and Mo-nitrogenase. V-nitrogenase can reduce CO
to hydrocarbons of varying lengths: methane (CHa), ethylene (C2Ha), ethane (Cz2He),
propene (CsHs), propylene (CzHs), butylene (CsHg), and butane (CsH10), however, CzHs
is only produced when H20 is replaced by D20 (Lee et al. 2010; Hu et al. 2011; Lee et al.

2011). Mo-nitrogenase, on the other hand, cannot produce CHs, and also the amounts of
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hydrocarbons produced are very low when compared to those produced by V-nitrogenase
(only 0.1% in H2O based reactions and 2% in DO based reactions) (Yang et al. 2011).
Also the ratio of CoH4/C2Hs formation is lower in Mo-nitrogenase than V-nitrogenase

(Hu et al. 2012).

1.2.3. The Iron-only nitrogenase

The second alternative nitrogenase, the iron- only nitrogenase was first isolated by
Chisnell et al. from nifHDK deleted strain of A. vinelandii (Chisnell et al. 1988). The
iron-only nitrogenase is expressed only in the absence of molybdenum and vanadium
nitrogenases (Crans et al. 2004), and is encoded by anf genes (Joerger et al. 1989) . When
compared to the conventional Mo and the V nitrogenases, it has the lowest activity
(Hinnemann and Norskov 2004), and is unstable and very sensitive to oxygen, making it
the most difficult to study of the three nitrogenases (Chisnell et al. 1988; Crans et al.
2004). So far, the Fe-only nitrogenase has been isolated from A. vinelandii (Chisnell et al.
1988; Pau et al. 1993; Eady 1996) Rhodospirillum rubrum (Lehman and Roberts 1991;
Davis et al. 1996), and Rhodobacter capsulatus (Schneider et al. 1991). The Fe-only
nitrogenase also has the two component systems: the Fe protein, and the Fe-Fe protein.
The Fe-protein, encoded by anfH, is a homodimer (molecular weight ~32.5 kDa), linked
by a Fes-Ss4 cluster (Zhao et al. 2006; Hu and Ribbe 2015). It is responsible for the
transfer of electrons to Fe-Fe protein in Mg?*ATP reaction (Schneider and Miller 2004).
The anfH gene shares ~60% homology with the nifH and the vnfH of Mo- and V-

nitrogenases respectively (Eady 1996).
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The Fe-Fe protein of Fe-only nitrogenase, like the VVFe protein of V-nitrogenase,
is a hexamer containing three subunits: o (Mr~58kDa), B (Mr ~50kDa), and 6 (Mr~
15kDa)- subunits, encoded by anfD, anfK, and anfG (Eady 1996; Zhao et al. 2006). The
intact isolation of Fe-Fe protein still remains a challenge, even though progress has been
made towards the segregation of the FeFe protein from R. capsulatus (Eady 1996; Hu and
Ribbe 2015). The EXAFS and Mossbauer spectroscopy of R. capsulatus indicate that

FeFe cofactor has eight iron atoms giving a stoichiometry of FegSo.

1.2.4. Oxygen insensitive Streptomyces thermoautotrophicus nitrogenase

In 1992, Gadkari et al. reported that a chemolithotrophic S. thermoautotrophicus
was able to utilize nitrogen when grown in aerobic condition with CO or Hz and CO>
(Gadkari et al. 1992b). The two components of this nitrogenase differ considerably from
the three other nitrogenases. The dinitrogenase consists of a MoFeS protein, which is a
heterotrimer and the dinitrogenase reductase is not an Fe protein but a manganese-
superoxide oxidoreductase (Zhao et al. 2006). The noteworthy properties of this
nitrogenase includes its inability to reduce acetylene to ethylene; its low MgATP
requirement, and its insensitivity to Oz, however, they require Oz and O for the

complete reduction of N2 to NH3 (Zhao et al. 2006).

The overall equation of nitrogen fixation catalyzed by S. thermoautotrophicus
follows:
N2 + 4-12MgATP + 8H" + 8¢ ~ — 2NH3 + Hy + 4-12MgADP + 4-12Pi (Ribbe et al.

1997)
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The uncertainty around the ATP requirement indicates that the biochemistry of this
nitrogenase is not yet well characterized. The ATP requirement appears lower than for

Nif or Vnf, indicating that this nitrogenase is more efficient in its action.

1.3. Diversity of Nitrogen fixing bacteria

Nitrogen fixation occurs in members of Bacteria and Archaea with widely
differing growth requirements, including heterotrophs like Frankia (aerobe), Klebsiella
(facultative anaerobe), Clostridium (anaerobe); phototrophs like Anabaena and
Rhodobacter, and chemolithotrophs like Leptospirillum ferroxidans. So far, ninety
genera of diazotrophs are known to have the enzyme nitrogenase and are capable of
converting atmospheric nitrogen to ammonia (Unkovich and Baldock 2008). Diazotrophs
are found in a variety of environments: free-living in soil or in symbiotic association with
legumes or guts of termites, in associative symbiosis with grass or association between
actinorhizal plants and Frankia, and cyanobacterial association with eukaryotes (Dixon
and Kahn 2004). With the increase in use of molecular and genetic tools, the organisms
known to carry out biological nitrogen fixation have increased (Vitousek et al. 2013).
Usually, the amount of nitrogen fixed by symbiotic association is greater than by free-
living and associative nitrogen fixers (Bergersen et al. 1991). In symbiotic nitrogen
fixation, energy (carbon) source is provided by the host plant and the host plant also
protects the nitrogenase enzyme from oxidative deactivation (Bergersen et al. 1991).
Anaerobes and facultative anaerobes convert atmospheric nitrogen into ammonia only in
the absence of oxygen. Microaerophilic bacteria like Azospirillum can fix nitrogen in low

oxygen concentrations. In aerobic bacteria such as Azotobacter, nitrogen fixation occurs
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by lowering the concentration of oxygen intracellularly. In cyanobacteria nitrogen
fixation occurs inside the heterocyst. The rate of nitrogen fixation decreases with the
increase in atmospheric oxygen level (Unkovich and Baldock 2008). The division
between many free-living, and symbiotic or associative diazotrophs is not explicit. Many
symbiotic and associative nitrogen fixers are able to fix nitrogen in the free-living state,

subject to specific growth conditions (Evans and Burris 1992).

1.3.1. Life styles of nitrogen fixers

1.3.1.1. Symbiotic association

The symbiotic association for biological nitrogen fixation occurs between
heterocystous cyanobacteria and cycads, Frankia and root nodules of woody non-
legumes, and rhizobial bacteria (like Rhizobium) and leguminous plants (like alfalfa,
soybean). The symbiotic interaction between rhizobial bacteria and legumes to meet
nitrogen requirements for growth during scarcity of mineral nitrogen (Ribeiro et al. 2015)
is one of the most rigorously studied, extensively reviewed interactions (Atkins 1984;
Pauly et al. 2006; Chang et al. 2009). Briefly, flavonoids secreted by roots of many
legumes signal rhizobia, which in turn produce Nod factors. These Nod factors help in
the recognition of bacteria by the plants. As a result of the interaction of legumes with the
rhizobia, there is formation of nodules, which induce bacterial infection. The nodule
provides a favorable environment for nitrogen fixation by rhizobia by limiting oxygen
(Oldroyd 2013). The rhizobia inside the nodules exchange the fixed nitrogen for carbon

from the legumes (Nelson and Sadowsky 2015).



14

1.3.1.2. Associative nitrogen fixing bacteria

Associative nitrogen fixation is performed by a number of bacteria belonging to
the genera Azospirillum, Herbaspirillum, Klebsiella, Enterobacter, and Paenibacillus
(Haahtela et al. 1986; Van Dommelen and Vanderleyden 2007). The associative nitrogen
fixing bacteria lie between the free-living and the symbiotic nitrogen fixers with regards
to the amount of the nitrogen fixed (Dart 1986). The associative nitrogen fixers have
mainly been reported on roots of corn, wheat, and sugarcane. They produce carbon
substrates as their exudates which help the associative bacteria to get carbon source for

nitrogen fixation (Lederberg et al. 2000).

1.3.1.3. Free-living nitrogen fixers

Even though, symbiotic bacteria serve as a major group for nitrogen fixation, free-
living nitrogen fixing bacteria also contribute a substantial amount of nitrogen to various
ecosystems (Kahindi et al. 1997; Unkovich and Baldock 2008). Free living nitrogen
fixers include various heterotrophs including members of Proteobacteria, Cyanobacteria,
Firmicutes, and Archaea (Zhan and Sun 2011). They use the energy from the oxidation of
organic molecules. Free-living diazotrophs have been considered to contribute to a low
amount of total fixed nitrogen in comparison to the symbiotic nitrogen fixation (Stacey et
al. 1992; Cleveland et al. 1999); the free-living nitrogen fixers fix about one-tenth of the
total atmospheric nitrogen fixed by the symbiotic association (Unkovich and Baldock
2008). Since most nitrogenases are sensitive to oxygen, most free-living diazotrophs

show anaerobic or microaerophilic behavior when they fix nitrogen (Wagner 2011).
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To optimize conversion of limited energy source to ATP free-living bacteria
require Oz or another electron acceptor. Yet, nitrogenase requires protection from
oxygen. This apparent conundrum suggests that free-living diazotrophs have evolved

approaches to protect their nitrogenase from surrounding oxygen.

S. thermoautotrophicus is however, the only oxygen insensitive nitrogenase. In
the presence of CO or Hz and COz, as a source of carbon and energy, it can utilize
atmospheric N2. This remains the only known autotrophic N2 fixer, and also the only

nitrogen fixing Streptomyces so far.

1.3.2. Origins and evolution of nitrogenases

The distribution of the highly conserved nitrogen enzyme across the Archaea and
Bacteria domains is sporadic (Young 1992). This distribution has driven to two
contradicting hypotheses (Gtari et al. 2012): The first hypothesis speculates that the last
universal common ancestor of Bacteria and Archaea had nitrogen fixation as an ancient
function, which was transmitted vertically (Klucas et al.). However, there was a
widespread loss of nif gene in the offspring (Fani et al. 2000; Berman-Frank et al. 2003).
The second hypothesis suggests that nitrogen fixation was an anaerobic capability which
showed up after oxygenic photosynthesis and was lost in most progeny over horizontal

gene transfer as referred to by Gtari et al (Gtari et al. 2012).

The common pattern of transfer of genetic material from parents to offspring is

the vertical gene transmission which occurs through reproduction and replication.
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Horizontal gene transfer (HGT), also called lateral gene transfer (LGT) is the transfer of
genetic material between strains, disjoining the vertical transfer. HGT was first observed
by Fredrick Griffith in 1928, when a virulence gene was transferred from Streptococcus
pneumonia to a non-virulent strain. This observation gave rise to the idea of horizontal
gene transfer between bacteria through a transformation mechanism (Griffith 1928). HGT
can be identified by a phylogenetic contradiction, irregular distribution, inconsistency in
composition, or the blend of all of these (Zhaxybayeva and Doolittle 2011). Two other
mechanisms of HGT are conjugation (transfer of genetic material by cell to cell contact)
and transduction (transfer of genetic material via bacteriophages). HGT is an
evolutionary process and has been a challenge to the study of evolutionary progeny and
species (Ravenhall et al. 2015) and the difficulty in creating a phylogenetic congruency
from distinct orthologous genes of diverse organisms (Koonin et al. 2001). The best
example of HGT is the transfer of antibiotic resistance genes across distant phylogenetic
groups (Koonin et al. 2001; Gyles and Boerlin 2014), particularly, between gram positive

and gram negative bacteria (Courvalin 1994).

Nitrogenase is one functional gene susceptible to horizontal gene transfer, and is
present in some plasmids of rhizobia (Zehr et al. 2003). Despite the presence of plasmids
in some rhizobia, the genomic analyses of nitrogenase genes show that they are not
plasmid originated (Beeson et al. 2002). Another study suggests that there was horizontal
transfer of nifHDK gene early in evolution, in the cyanobacterium Microcoleus
chthonoplastes. Furthermore, the phylogenetic analysis of nifHDK of M. chthonoplastes
shows that they cluster with Deltaproteobacteria, which are closely related to

Desulfovibrio (Bolhuis et al. 2009). Members of family Desulfovibrionaceae like D.
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vulgaris may be the donor for nif genes present in M. chthonoplastes because the nif-
genes have highest similarity with Desulfovibrio and they are found in microbial mats
habituated by Desulfovibrionaceae (Zehr et al. 1995; Sigalevich et al. 2000). The transfer
of this gene might have taken place through phages as transfer of DNA fragments via

phages are familiar in Desulfovibrionaceae (Rapp and Wall 1987).

1.4. N fixation in arid lands

Drylands constitute one-third of earth’s terrestrial biome (Pointing and Belnap
2012). Extreme climatic conditions such as dryness, heat, cold and periodic extreme
snow that prohibited higher plant and animal life in these areas must have provided a
conducive environment for the development of biological soil crusts (BSC). BSC is
colonized with diverse microbial populations depending on the soil properties over the
times of erosion and stabilization. In lands of arid vegetation, these biological soil
crusts are enriched with variety of microbial communities composed of bacteria, algae,
lichens and bryophytes (Budel et al. 2014). BSCs could be a major source of nitrogen
in arid and semiarid lands (Belnap 2002). The nitrogen fixation in arid soils occurs
generally by BSCs and free-living heterotrophic bacteria (Macgregor and Johnson
1971). Microbial communities in the BSCs perform carbon and nitrogen fixation. In
areas with low rainfall and low inputs of nitrogen from human activity, nitrogen fixed
by cyanobacteria can be a common source of nitrogen. Change in land use along with
alterations in regional climate could possibly alter the dryland ecosystems into new
ecosystems of unknown composition and function (Steven et al. 2015). Meager work

has been done regarding N2 fixing microbial communities in dry lands.
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1.5. Methods for Evaluating of Nitrogen Fixation

1.5.1. Culture Dependent Methods

Nearly 99% of the total soil bacteria are estimated to be non-culturable using
the standard techniques (Amann et al. 1995). Known species for which the cultivation
conditions are unsuitable or are in the non-culturable phase, and unknown species
which have not been cultured before due to the lack of a suitable culture approach are
present (Amann et al. 1995). However, culture dependent method is still a linchpin in
laboratories to study the metabolic properties and physiology of an organism

(Cardenas and Tiedje 2008).

Several culture based approaches are now gaining access to the non-culturable
microorganisms. A diffusion-chamber based method have led to the cultivation of
several microorganisms that were previously thought non-culturable such as the
groups of Verrucomicrobia, Acidobacteria, Spirochaetes, and Deltaproteobacteria
(Bollmann et al. 2007). Another approach is single cell encapsulation in gel micro-
droplets along with flow cytrometry, which has led to the culture of Methanococcus

thermolithotrophicus (Zengler et al. 2002).

For diazotrophs, the nitrogen deficient conditions offer a selective advantage
over other organisms that do not grow without nitrogen supply. Nitrogenase,
responsible for the biological nitrogen fixation, is irreversibly inactivated at high
concentrations of oxygen (Robson and Postgate 1980). Therefore, medium with a

steady low oxygen concentration is suitable for the growth of diazotrophs (Mirza and
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Rodrigues 2012). Diazotrophs are grown in liquid, semisolid or solid medium. Some
media used for the growth of diazotrophs are Burk’s nitrogen free medium, nitrogen
free malate medium (Dobereiner et al. 1976), Norris glucose nitrogen free medium,
Burke's Modified Nitrogen Free medium, modified Rennie medium (Atlas 2010), and

many more.

1.5.2. Culture Independent Methods

The study of microbial communities by culture-dependent approach limits the
view of microbial diversity as most microbes are not revealed with the culturing
approach (Pace 1997). Owing to the biases of culture-dependent methods towards the
microbial diversity, molecular techniques became popular since the 1980s (Su et al.
2012). The advances in molecular techniques contribute to different ways of microbial
community analysis without culturing requirement. Amplification of target genes by
polymerase chain reaction (PCR) has been invaluable for the culture-independent
analysis of microbial communities in various environments. During the past two
decades, direct amplification and analysis of small subunit ribosomal RNA (SS rRNA)
gene have been used to study the microbial diversity of environmental samples (Su et
al. 2012). This method comprises the PCR based techniques such as amplification of
gene pools followed by sequencing, quantitative PCR (Matsuki et al. 2004),
denaturing/temperature gradient gel electrophoresis (DGGE or TGGE) (Muyzer
1999), restriction fragment length polymorphisms (RFLPs) (Lee et al. 1998), and

terminal- RFLPs (Schiitte et al. 2008).
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15.2.1. The 16S rRNA gene

The molecular phylogenetic tree based on ribosomal RNA gene sequences
developed by Carl Woese provided a framework to study microbial diversity (Woese
1987). SS rRNA is present in all living cells and perform similar function in all cells.
The 16S rRNA gene is considered as the “gold standard” for determining the diversity
of microbial community from various environments: arid soils (Dunbar et al. 1999),
water (Vaz-Moreira et al. 2011), lakes and rivers (Zwart et al. 2002), deep sea and
underexplored biosphere (Sogin et al. 2006), air (Wilson et al. 2002), mammalian gut
(Muegge et al. 2011). The 16S rRNA gene is about 1.5kb in length and has highly
conserved regions, intermediate conserved regions and highly variable regions (Gray
et al. 1984). The 16S rRNA gene consists of nine hypervariable regions, spanning V1
to V9, which are flanked by conserved regions (Fig. 1.4), allowing the use of universal
primers to amplify target sequence (McCabe et al. 1999; Becker et al. 2004). The 16S
rRNA gene can be used to identify non-cultivable microorganisms using the sequences
from cultured and characterized strains (Vos et al. 2012) However, the 16S rRNA
gene sequencing is not devoid of potential limitations. The resemblance of a sequence
to a near identity species does not mean that the isolate can be characterized as the
same species (Gevers et al. 2005). Similarly, because of the variable sequence across
multiple copies of 16S rRNA gene, it may result in some degree of uncertainty in

identification (Marchandin et al. 2003).
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regions V1-V9 from (Yarza et al. 2014).
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1.5.2.2. The nifH gene to study the diversity of diazotrophs

Small subunit of ribosomal RNA gene sequencing and analysis is inadequate to
elucidate the diversity of diazotrophic microbial communities, as nitrogen fixing
ability is sporadically distributed across Bacteria and Archaea (Young 1992; Mehta et
al. 2003). The history of gene evolution suggests nifH as one of the ancient extant and
functioning genes. Earlier work indicated that the nifH tree is largely compatible with
the 16S rRNA phylogenetic tree (Young 1992). More recently, it has been found that
the genetic diversity of nifH and 16S rRNA genes differ, the strains that have >97%
similarity values in 16S rRNA genes can have up to 23% dissimilarity in nifH (Gaby
and Buckley 2014). There are five main phylogenetic clusters of nifH homologs
(Chien and Zinder 1994). Cluster | encompasses a diverse array of nifH genes and
includes the aerobes and facultative anaerobes belonging to the phyla Proteobacteria,
Actinobacteria, Firmicutes, and Cyanobacteria. Cluster Il contains the alternative
nitrogenase anfH. Cluster Il contains nifH from anaerobes such as Clostridium,
archaea (methanogens), and Deltaproteobacteria (Gaby and Buckley 2014). Clusters
IV and V are considered as paralogs of nifH, and do not fix nitrogen (Raymond et al.

2004; Staples et al. 2007).

The diversity of diazotrophic communities has been widely studied using the
culture independent methods. Among the various genes that encode the nitrogenase
enzyme, nifH is the most sequenced and has become the marker gene for the study of
diversity, phylogeny, and plethora of diazotrophs by most researchers (Gaby and
Buckley 2014). All other nif genes are less conserved than nifH. As a result, many

primers that target and amplify the nifH region of diazotrophs have been used. The
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nifH gene is highly variable at the 5° end and across the last 400 bases (Fig. 1.5).
Bases ~100- 450 are somewhat conserved but do not contain any regions sufficiently
conserved for design of universal primers. The diversity of nifH genes is, therefore,
studied using degenerate primers to cover the sequence variability of the nifH gene.
Degenerate primers were first developed by Zehr and McReynolds (Zehr and
McReynolds 1989). The degeneracy of primers allow the gene amplification of a wide
variety of organisms. However, high degeneracy can cause amplification of unrelated
sequences reducing the specificity of the PCR (Linhart and Shamir 2002). The study
of phylogeny of nifH sequences, which encodes the Fe protein of nitrogenase, allows
the identification of unknown diazotrophs (Zehr and Capone 1996). The nifH gene
diversity has been studied in a wide variety of environments, such as hindgut of
insects (Ohkuma et al. 1999), rice roots (Ueda et al. 1995), soils (Poly et al. 2001;
Izquierdo and Nsslein 2006), endophytes (Reiter et al. 2003), and oceans (Zehr et al.
1998; Langlois et al. 2008). The conserved nature of part of the nifH gene has made it
a popular molecular technique to study the diversity of biological nitrogen fixation

across diazotrophs (Zehr et al. 2003).
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15.2.3. Denaturing Gradient Gel Electrophoresis (DGGE)

DGGE is a molecular fingerprinting tool that separates double stranded DNA
fragments generated by PCR. Conventional agarose gel electrophoresis resolves DNA
of identical length into a single band, irrespective of sequence and base composition.
Different sequences of identical length will dissociate in a denaturant gradient in
relation to their base composition. A GC clamp (GC-rich sequence) is attached to the
5’ end of one of the primers that remains double stranded while the remainder
dissociates when resolved through a denaturing gradient gel (Ferris et al. 1996) (Fig.
1.6 A). The GC clamp (usually 30-50 bp length) precludes the complete dissociation
of the double stranded DNA fragments into single strands. The separation is based on
the decreased electrophoretic mobility of dissociated, clamped DNA fragments
through a polyacrylamide gel of an increasing gradient of denaturant (Muyzer and
Smalla 1998). Since, the PCR products have the same size but vary in their sequence,
the migration of the DNA fragments in the gel differ yielding a banding pattern (Fig.

1.6. B).
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1.5.3. The Acetylene Reduction Assay

The acetylene reduction assay (ARA) has been widely used as a method for
quantifying nitrogen fixation when Dilworth (Dilworth 1966) and Schollhorn and
Burris (Schéllhorn and Burris 1967) suggested the reduction of acetylene to ethylene
by nitrogenase enzyme. It is a sensitive assay, and suitable for analysis of lab and field
samples to measure biological nitrogen fixation (Stewart et al. 1967; Mague and
Burris 1972). The principle of ARA is based on the reduction of triple bonded

hydrocarbon, acetylene (C2H>) to double bonded hydrocarbon ethylene (C2Ha) by the

Direction of electrophoresis
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nitrogenase enzyme, and ethylene is detected by gas chromatography. The studies by
Hardy et al. and Klucas et al., showed that the reduction of acetylene to ethylene and
the reduction of dinitrogen to ammonia by nitrogenase were parallel when nitrogenase
was purified from free-living bacteria as well as from legume nodule bacteroids
(Hardy et al. 1968; Klucas et al. 1968). Such studies validated the use of ARA for
measuring nitrogenase activity. However, ARA does not give the direct measure of
nitrogen fixation, rather it is an indirect method of measurement of nitrogen fixation
(Turner and Gibson 1980). Theoretically, for each molecule of dinitrogen reduced to
ammonia, three molecules of acetylene are reduced to ethylene (Buresh et al. 1980).
However, there are many controversies with the 3:1 ratio as this range may vary from
310 6.9 in soils, and for anaerobic soils the value may reach up to 25 (Hardy et al.
1973). Although, acetylene and nitrogen are iso-electronic, and have similar molecular
dimensions, the difference may be because acetylene is 65 times more soluble than
nitrogen (Bergersen 1970). It has been suggested by Shah et al. that the 3:1 ratio of
acetylene reduction assay depends upon the ratio of the two components of
nitrogenase as well as the concentration of acetylene. If the component I: component
Il ratio is increased, the ARA: N fixation ratio decreases to 3.4 and then increases.
Also, acetylene shows substrate inhibition during nitrogenase activity (Shah et al.

1975).

1.5.4. Detecting nitrogen incorporation using stable isotope *°N2

Nitrogen has fifteen highly unstable and radioactive isotopes and two stable

nitrogen isotopes: 24N and ®N,. °N is the heavier isotope and rare in the atmosphere
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(0.3663% of global nitrogen), whereas N is abundant (99.6637% of global nitrogen)
(He et al. 2009). The heavy isotope °N was first used in 1941 by Burris and Miller to
determine the N2 fixation process in bacteria (Wood and McNeill 1993). However, the
requirement for mass spectrometry and the need for nitrogen gas enriched with N
limited its use for about three decades (Herridge et al. 2008). The measurement of
nitrogen fixation by °N, is a direct method as it quantifies the total incorporation of
nitrogen into the biomass over a predetermined incubation period (Bergersen 1980;
Glibert and Bronk 1994). The lower detection limit of °N; versus acetylene reduction
assay has made it a suitable method for oligotrophic marine environment. The
feasibility of the >N tracer method is due to the high precision isotopic ratio mass
spectrometry (Montoya et al. 1996). The use of °N; stable isotope for measurements
of ®N;, fixation are very common nowadays in the study of marine ecosystems with
increasing use of mass spectrometry (Ryabenko 2013). The N2 fixation rate yield with
15N, tracer addition method is generally lower when compared to the AR assay
(Mulholland 2007). Also, **N; incorporation requires longer incubation periods when
compared to ARA to attain significant 1°N, atom % in soils or plant tissues (Buresh et

al. 1980).

Mass spectrometry (MS) is a powerful analytical technique for precise
determination of mass. Many permutations of MS have been developed, for example,
for determination of unknown compounds, or quantitative analysis of known
compounds by measuring their mass to charge ratio (m/z). MS determines the mass of

the individual molecules by transforming them into ions in vacuum, and measures the
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response of their path to magnetic or electric fields (Fenn et al. 1989). A mass
spectrometer consists of the following parts: a sample inlet, through which the sample
to be analyzed is kept; an ion source, which generates ions from the
sample/compound; mass analyzer (one or more) that selects or separates the ions; a
detector that detects the ions coming from the analyzer; and lastly, a data processor

that generates the mass spectrum (Hoffmann 1996).

The mass spectrometry works by measuring the composition of isotopes of
nitrogen produced by combustion, carried in a helium gas stream to an open stream
interface introducing a portion of gas stream to the ion source for measurement

(Ryabenko 2013).

1.6. Aim of Study

The aim of this study was to characterize the diversity of free-living putatively

diazotrophic bacteria in South Dakota Badlands by:

1. Isolating free living diazotrophs into culture using solid nitrogen free medium
» Determining the diversity of putative diazotrophs using 16S rRNA gene
sequencing.
» Determining the diversity of putative diazotrophs using nifH sequencing.
2. Full length 16S rRNA gene sequencing of isolates allocated to Streptomyces.
3. Determining the diversity of putative diazotrophs using culture independent

methods.
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4. Evaluating whether the putative diazotrophs fix nitrogen using °N; stable isotope
labelling.

5. Toisolate and characterize fungi able to grow in nitrogen free medium.
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Chapter 2

2. Diversity of Free-Living Nitrogen Fixing Bacteria in the Badlands of

South Dakota

2.1. Introduction

Nitrogen is the most common limiting factor for growth and productivity of
plants in aquatic as well as terrestrial ecosystems (Wagner 2011). Although dinitrogen
is the most abundant element in the atmosphere, it is biochemically unavailable for
plants and most microbes as they utilize only reduced (ammonium) or oxidized
(nitrate) forms. The two atoms in dinitrogen are triple-bonded, requiring a high level
of energy to dissociate and reduce to ammonia (Figg et al. 2012). The bacterial
nitrogenase enzyme complex is the only known natural system for reduction of N2 to
NHs. Biological Nitrogen Fixation is sporadically distributed across the Archaea and
Bacteria domains (Young 1992). Biological nitrogen fixation (BNF) is the primary
source by which plants in natural ecosystems obtain their nitrogen for growth (Zehr et
al. 2003). The best known diazotrophs form symbiotic associations with plants, but
free-living nitrogen fixing bacteria also contribute a substantial amount of nitrogen to
ecosystems (Unkovich and Baldock 2008), including arid lands (Belnap 2002; Yeager
et al. 2007). Among the genes that encode the nitrogenase enzyme complex, nifH is
the most sequenced and highly conserved gene(Gaby and Buckley 2012). The
captured genetic diversity of diazotrophs is based mainly on the N-terminal part of

nifH sequences. However, nifH is less conserved than the 16srRNA gene, which
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necessitates the use of degenerate primers to cover the sequence variability of nifH

gene.

Drylands such as arid, semiarid, alpine, and polar regions constitute one-third
of earth’s terrestrial biome (Pointing and Belnap 2012). Much of these lands contain
Biological Soil Crusts (BSCs) (Bowker et al. 2002). Extreme climatic conditions such
as dryness, heat, cold and extreme snow that limit higher plant and animal life in these
areas allow for the development of BSCs. BSCs are the primary contributors of
organic carbon and nitrogen sources (da Rocha et al. 2015). BSCs play an important
role in nutrient cycling and maintain the stability of soil in arid land ecosystems (West
1990; Belnap and Gardner 1993). In lands of arid vegetation, biological soil crusts
contain a variety of microbial community composed of bacteria, algae, lichens and

bryophytes (Belnap 2002; Bidel et al. 2014).

The Badlands of South Dakota, are located in an arid to semiarid region of the
high Great Plains in south western South Dakota. Badlands were formed through
differential erosion of the soil, exposing the ancient sedimentary layers. South Dakota
Badlands feature highly eroded badland formation regions with sparse vegetation,
undisturbed mixed prairie grass, and spires with an elevation up to 992 m above sea
level (Graham 2008). In areas with low rainfall and low inputs of nitrogen from
human activity, nitrogen fixed by cyanobacteria can be a common source of nitrogen
(Rychert and Skujins 1974; Belnap 1996). Change in land use along with alterations in

regional climate could possibly alter the dryland ecosystems into new ecosystems of
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unknown composition and function (Steven et al. 2015). The BSCs are generally
dominated by cyanobacterial populations (Belnap and Gardner 1993; Tirkey and
Adhikary 2005; Yeager et al. 2007). However, more recently, diverse group of
heterotrophic bacteria affiliated to the phyla Proteobacteria, Actinobacteria,
Firmicutes, and Bacteroidetes have been isolated from BSCs (da Rocha et al. 2015),

some of them with the potential of nitrogen fixation (Abed et al. 2010).

Till now, there is no information available to know the microbial diversity of
badlands soil of South Dakota. Since badlands are a land of distinct geological and
landscape features, it is important to understand the dryland nitrogen dynamics and the
bacterial diversity, particularly the free living nitrogen fixing bacterial population. The
focus of this study was with the soils of sod table of SD badlands. Sod tables are the
isolated and eroded remains of the once higher plains, and are usually covered with
grass contributing a protective layer to the underlying soft soil, providing evidence to

an earlier wetter period (Stoffer 2003).

In this study, we have evaluated the diversity of free-living nitrogen fixing
bacteria from the soils of the sod table and the matrix of south unit of South Dakota,
Badlands National Park, using both culture dependent and culture independent

approaches.
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2.2. Materials and Methods

2.2.1. Study Area:

The study was conducted using soil samples obtained from sod tables of South
Dakota Badlands. The climate in the study area is continental featuring extreme cold
winters and hot summers. The temperature during winters may fall below -18 °C (0 °F) to
more than 38 °C (100 °F) during summers. The average annual precipitation is 40 mm,
with May and June getting the highest (~70%) precipitation in total (Amberg et al. 2012).
The harsh climatic condition and low amount of rainfall make the growth conditions

challenging for most plants (Graham 2008).

2.2.2. Sampling

Soil samples were collected from the top of sod tables and matrix, the
surrounding base. Soil samples were collected from each site to about 5cm depth.
Samples were collected at the end of the spring (May, 2014) and end of the fall
(November, 2014) from eight and nine sod tables respectively. Sampling locations,
determined by GPS tracker, are listed in Appendix 1. The samples were kept in clear
sterile Ziploc bags to avoid loss of moisture and any outside contamination, and kept
at 4°C until processing in the laboratory. The pH of the soil samples ranged from 8.1

to0 9.8.



Figure 2.1. Map showing different units of Badlands National Park. The red circled

area shows the sample collection site (Stoffer 2003).

34



35

Figure 2.2. A sod table from Badlands of South Dakota

2.2.3. lsolation of free-living putative diazotrophs from soil:

Putative diazotrophs were isolated using solid nitrogen-free medium (NFM).
NFM was defined by comparing 20 published nitrogen free medium composition and
generating a consensus medium, KoHPO4 (0.29/1), KH2PO4 (0.59/1), MgS0O4.7H20
(0.2g/1), FeS0O4.7H20 (0.1g/l), Na2M00O4.2H,0 (0.005¢/1), noble agar (15.0g/1, Difco,
Catlog No. 214230), NaCl (0.2g/1), and Glucose (10g/l). Serial dilutions were spread

on triplicate freshly prepared solid NFM. Plates were incubated for 5-7 d at 28°C
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rendered microaerophilic using a gas-pack (Gaspack EZ Campy, BD). Colonies were

selected based on morphology and streaked for isolation on NFM three times to ensure

purity.

2.2.4. DNA Extraction and PCR Amplification of 16S rRNA and nifH from pure

cultures

DNA was extracted from pure culture using the Zymo Research Kit (Quick-
gDNA™ Miniprep), and stored at -20°C. Hypervariable regions V1-3 of the 16S
rRNA gene were amplified by PCR using universal primers 27F (AGA GTT TGA
TCM TGG CTC AG) (Weisburg et al. 1991) and 518 R (GTATTA CCG CGG CTG
CTG G) (Muyzer et al. 1993). The PCR was performed in 30pl reactions consisting of
0.2ul (5000U/ml) Taq polymerase (NewEngland BioLabs), 3ul (10X) PCR Buffer,
0.6pl dNTP (each 10mM), 0.6pl (10mM) each Primer, and 2.4ul (25mM) MgCl». The
PCR conditions were initial denaturation at 95 °C for 4 min, 30 cycles at 95 °C for 30
s, 50 °C for 45 s, and 72 °C for 1 min, and a final elongation at 72 °C for 10 min. The
DNA sequence of PCR amplicons was determined by Sanger sequencing (Bekman
Coulter, Inc). The sequences were aligned using Omega Clustal (McWilliam et al.
2013), and a phylogenetic tree with maximum likelihood (500 bootstraps) was
constructed using MEGA 6.0. (Tamura et al. 2013). Reference sequences were
selected from GenBank (Benson et al. 1993) by determining phylogenetic relatedness
using the Ribosomal Database Project (Wang et al. 2007), and using NCBI BLAST

(Altschul et al. 1997).
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The nifH PCR was performed using primer sets PolF and PoIR (Poly et al.
2001), IGK3 and DVV/(Gaby and Buckley 2012), and Uedal9F and Ueda407R (Ueda
et al. 1995) (Table 2.1). PCR was performed in 30l reactions consisting of 0.2l
(5000U/ml) Taqg polymerase (NewEngland BioLabs), 3ul (10X) PCR Buffer, 0.6l
dNTP (each 10mM), 0.9ul (10mM) each Primer, and 2.4ul (25mM) MgCl». For PolF
and PolR primers, touch down PCR was performed. The first 5 cycles had the
annealing temperature of 63 °C with a decrement of 1°C for the subsequent increasing
cycles and 55 °C was set as the annealing temperature for the next 30 cycles,
extension at 72°C for 1 min, and final extension 72 °C for 7 min. For IGK3/DVV and
Ueda 19F/Ueda407R, the annealing temperatures were 59 °C and 52 °C respectively.
Amplification using PolF/PolR primers gave a product size of ~360bp, and for
IGK3/DVV and Uedal9F/Ueda407R primer sets the product sizes were ~400bp. The
DNA sequences were aligned using Muscle (Edgar 2004a; Edgar 2004b), and a
phylogenetic tree was constructed with Maximum Likelihood (500 bootstraps) using

MEGA 6.0.

Table 2.1. Primers used for nifH gene amplification.

Primers 5°-3°

PolF TGC GAY CCS AARGCB GAC TC

PoIR ATS GCC ATC ATY TCR CCG GA

IGKS3 GCIWTH TAY GGI AAR GGI GGI ATH GGl
DVvV ATI GCR AAI CCI CCR CAIACIACRTC
Uedal9F GCIWTY TAY GGI AAR GGI GG

Ueda407R | AAICCR CCR CAIACIACRTC
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2.2.5. DNA Extraction and PCR Amplification of nifH gene from soil samples and

DGGE analysis:

DNA extraction from soil samples was performed in triplicate using the Power
Lyzer Power Soil DNA Isolation Kit (MoBio). The nifH pool was amplified by PCR
using PolF/PolIR primers as described above. Bands of ~360 bp were excised from
agarose gels, extracted using the Wizard® SV Gel and PCR Clean-Up System
(Promega), and used as template for generating GC-tailed amplicons by PCR using
PolIR and PolF with a 40 base GC clamp (CGC CCG CCG CGC CCC GCG CCC
GGC CCG CCG CCC CCGCCCCTCG GAY CCSAARGCBGACTCQ)
(Rettedal et al. 2010). The nifH community of the soil was analyzed using DGGE. The
resulting PCR products were resolved in 35-65% denaturing gradient with a DCode
Universal Mutation Detection System (BioRad, US) as described previously (Muyzer
et al. 1993; Rettedal et al. 2010). Electrophoresis was carried out in 1X TAE (Tris-
acetate-EDTA) buffer providing a constant voltage of 70V at 60 °C for ~16 h. The gel
was stained using SYBR Gold (Molecular Probes) and de-ionized (DI) water with

gentle agitation for 30 min and the gel images were acquired.

2.2.6. Determination of nifH sequences in soil samples

PCR products generated using PolF and PolR primers were cloned for
sequencing. Amplicons were cleaned (DNA Wizard® SV Gel and PCR Clean-Up
System (Promega), ligated into the pGEMR-T Vector System | (Promega) following
the manufacturer’s instructions, transformed into competent E. coli JIM109 cells, and

plated onto LB agar with Ampicillin (100ug/ml), XGal (100ul of 2100mM), and IPTG
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(20ul of 50mg/ml). All the putative clones were selected, grown in LB/Ampicillin
broth, and plasmid DNA extracted using the Zyppy ™ Plasmid Miniprep Kit (Zymo
Research). Sequences were determined using Sanger sequencing (Beckman Genomic
Coulter Inc.). The sequences were aligned using Muscle, and a phylogenetic tree for

nifH sequences was constructed as described in section 2.2.4.

2.2.7. PCR amplification of Cyanobacterial 16S rRNA genes from soil samples

The soil DNA extract was amplified using cyanobacterial 16S rRNA gene
specific primers. Forward primer used was CYA359F (GGG GAATYT TCC GCA
ATG GG) and the reverse primer used were the equimolar mixture of CYA781R(a)
(GAC TAC TGG GGT ATC TAATCC CAT T) and CYAT781R(b) (GAC TAC AGG
GGT ATC TAATCC CTT T) (Nubel et al. 1997). The PCR was performed in 30 pl
reactions consisting of 0.12ul (5000U/ml) Taqg polymerase (NewEngland BiolLabs),
3ul (10X) PCR Buffer, 0.6ul dNTP (each 10mM), 0.8ul (10mM) each Primer, and
2.4ul of 2.4ul (25mM) MgCl2. The thermo-cycling conditions were: initial
denaturation of 95 °C for 4 min, followed by 30 cycles of 93 °C for 1 min, 57 °C for 1

min, and 72 °C for 1 min, with a final extension of 72 °C for 7 min.

2.2.8. Acetylene Reduction Assay

Some selected isolates that we were interested (S7-008, M4-104, M7-122, and
S9A-218) were inoculated onto NFM medium slants in glass tubes and were sealed
with stoppers. For each tube, the headspace was flushed with 2 percent oxygen, 10

percent of the total headspace was exchanged with an equal amount of acetylene, and
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the cultures were incubated for 4 weeks. Reduction of acetylene to ethylene was
measured with a gas chromatograph (Agilent Technologies 7890A) using a flame
ionization detector and an Agilent CP7348 column. Non-inoculated slants injected

with acetylene served as a negative control.

2.2.9. Incorporation of 15N2 isotope in pure cultures

In order to confirm nitrogen fixation, isolates pre-cultured in liquid nitrogen-
free medium (no agar added) were transferred to fresh liquid NFM (10 ml) ina 60 CC
syringe. After drawing in 5 ml of air through a filter (0.2um), 45ml of N, was added.
The syringes were incubated at 28 °C for ~2 weeks, when cells were harvested by
centrifugation and dried at 55 °C for 4 h. The isotope ratio was determined by mass

spectrometry (UC Davis, Stable Isotope Facility, Davis, California).

2.2.10. Confirming nitrogen fixation in an ammonia free atmosphere

All the isolates allocated to Streptomyces by the V1-3 region of 16S rRNA
gene were inoculated into liquid NFM in Erlenmeyer flasks. These were placed into a
desiccator containing clinoptilolite, an ammonia scavenging zeolite (Wang et al. 2006;
Liao et al. 2015). The container was then sealed using petroleum jelly, and kept at
room temperature (22-26 °C) for ~10 d, and cultures were inspected visually to

confirm growth.
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2.2.11. Determination of 16S rRNA gene sequence of putative Streptomyces isolates

The 16S rRNA genes (V1-V9) of all putative Streptomyces isolates were
amplified by PCR using universal primers 27F and 1492R (CGG TTA CCT TGT
TAC GAC TT) (Jiang et al. 2006). The PCR was performed in 30ul reactions
consisting of 0.2ul (5000U/ml) Taqg polymerase (NewEngland BioLabs), 3ul (10X)
PCR Buffer, 0.6l dNTP (each 10mM), 0.7ul (10mM) each Primer, and 2.4ul (25mM)
MgCl». The thermo-cycling conditions were: initial denaturation of 94 °C for 5 min,
followed by 30 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min, with final
extension of 72 °C for 10 min. PCR amplicons were cloned as described above.
Plasmid DNA was extracted using the QlAprep Spin Miniprep Kit (QIAGEN)
following the manufacturer’s instructions. Sequences were determined by Sanger
sequencing (Beckman Genomics Coulter, Inc.) using primers 27F, 358F, 536F, 926F,
and 1241F (Coenye et al. 1999) (Table 2.2). Sequences were assembled and a
consensus sequence created using Sequencher (GeneCodes). The consensus sequences
generated were aligned using Muscle, and a phylogenetic tree was constructed as

described in section 2.2.4.

Table 2.2. Primers used for 16S rRNA gene (V1-9) sequences determination.

Primers | Sequences (5°- 3°)

27F AGA GTT TGATCM TGG CTC AG
358F CTC CTA CGG GAG GCAGCAGT
536F CAG CAG CCG CGG TAATAC
926F AAC TCA AAG GAATTG ACG
1241F GCT ACACACGTG CTACAATG




42

2.3. Results

2.3.1. Diversity of free-living putative nitrogen fixing bacteria

The density of culturable diazotrophs was higher in sod table than in matrix
soil (Fig. 2.3). Analysis of variance (ANOVA) supported a significant difference
between sod table and matrix soil (p = 0.0124). The 91 bacterial isolates were
allocated to 40 Operational Taxonomic Units (OTUs) when using the V1-3 region of
their 16S rRNA genes. These OTUs fell into twenty bacterial genera across four phyla
according to the Ribosomal Database Project (RDP) tool. The majority of the bacterial
isolates resembled Actinobacteria (69%), followed by a-Proteobacteria (23%), -
Proteobacteria (5%), Bacteroidetes (2%), and Firmicutes (1%) (Figs. 10 &11). Forty-
six isolates clustered with Streptomyces. Maximum Likelihood method based on the
Tamura-Nei model was used to analyze the evolutionary history (Kumar et al. 2008;
Tamura et al. 2013), and the bootstrap consensus tree inferred from 500 replicates was
taken to represent the evolutionary history of the taxa analyzed. However, the putative
Streptomyces, clusters based on VV1-3 had poor bootstrap support (45) based on 500
replicates, taken to represent the evolutionary history of taxa analyzed. In order to

confirm relatedness, full 16S rRNA sequencing was conducted (section 2.3.3).

A difference in diversity was observed in the sod table and matrix samples
(Fig. 2.4). Actinobacteria and a-Proteobacteria were distributed in soils of both sod
table and matrix, while, s-Proteobacteria were found only in matrix. Similarly,
Bacteroidetes and Firmicutes were found only in sod table soil. Bacterial diversity was

higher in spring than in fall samples (Fig. 2.4). Representatives of all five phyla were
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isolated from spring samples, whereas fall samples yielded only Actinobacteria and o-

Proteobacteria.
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Figure 2.3. Culturable counts of putative diazotrophs obtained by incubating dilutions
of sod table and matrix soil samples on solid nitrogen free medium in microaerophilic
atmosphere at 28 °C for ~7d. Counts are the average of 17 different samples and error

bars depict standard error of the mean.
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Figure 2.4. Maximum likelihood phylogenetic tree of 16S rRNA gene (V1-3) of
putative diazotrophs isolated from sod table and matrix soils of the badlands of South
Dakota based on Tamura Nei-model. Numbers represent bootstrap values of (%) 500

analyses. Bootstrap values lower than 60 are not shown.
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Figure 2.5. Community composition of putative diazotrophs from sod tables and

matrix soil samples.

2.3.2. The nifH gene amplification and growth in liquid NFM with clinoptilolite

The presence of nifH in the bacterial isolates was tested using the primers PolF
and PoIR (Poly et al. 2001), and IGK3/DVV (Gaby and Buckley 2012). Of the 91
isolates, 21 showed amplification of nifH with the PolF/PolR primers, along with
some non-specific bands. No samples yielded positive results with the IGK3/DVV
primers, other than Bradyrhizobium japonicum USDA 110 used as the positive
control. Of 17 isolates allocated to Rhizobium, 13 yielded nifH amplicons but no close
homologs of nifH were found using BLAST (Altschul et al. 1990). Of 46 isolates
allocated to Streptomyces by 16S rRNA gene sequence, five yielded nifH amplicons.
Of these, four aligned and clustered with the nifH of the cyanobacterium Scytonema

which has been allocated to Cluster | of nifH gene database. One amplicon aligned
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with the nifH of B. japonicum, also allocated to Cluster I, in the maximum likelihood

phylogenetic tree of nifH (Fig. 2.6).

S2A-207
4|;|: Scytonema sp. FGP-7A clone 1
%3 M3-104

66 — M7-122

f S7-008
99! Scytonema sp. DC-A clone 2

Anabaena variabilis ATCC 29413

—— M8-115
00— Bradyrhizobium japonicum

0.05

Figure 2.6. Maximum likelihood phylogenetic tree of nifH gene from cultures based
on Tamura-Nei model. Numbers represent bootstrap values of 500 analyses

represented as percentage.

Five Streptomyces isolates yielded nifH amplicons with homology to strains
known to fix nitrogen. Because no mesophilic Streptomyces have been reported to fix
nitrogen, we sought to confirm their diazotrophic nature. All 46 isolates were able to
grow on NFM agar and also in NFM liquid medium. Some bacteria are able to grow in
nitrogen-free medium, possibly through scavenging ammonia from atmosphere
(Yoshida et al. 2014). In order to exclude growth using atmospheric ammonia, we
incubated liquid cultures in a sealed atmosphere container with the zeolite
clinoptilolite, previously shown to bind residual ammonia (Wang et al. 2006; Liao et
al. 2015). The fungus Aureobascidium pullulans was able to grow in NFM, but not in

the ammonia depleted atmosphere with clinoptilolite. Yet, all but one of the
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Streptomyces isolates in liquid NFM, in the ammonia depleted atmosphere indicating
the ability to fix nitrogen. Growth appeared as distinct clumps against clear

background. These clumps grew when plated on NFM.

2.3.3. V1-9 region 16S rRNA gene amplification of isolates allocated to

Streptomyces

Of forty-six isolates that were allocated to Streptomyces by 16S rRNA gene
(V1-3) sequencing, two did not yield amplification using the 27F and 1492 R primers,
despite multiple attempts. Of these, 40 yielded good quality sequences, and all of these
aligned to Streptomyces and were allocated to 16 OTUs (Fig. 2.7). The putative
Streptomyces that yielded nifH amplicons homologous to previously described isolates
are highlighted with a triangle (Fig. 2.7). It is unclear how the other 35 isolates were
able to grow in a medium free of combined nitrogen and an ammonia-depleted

atmosphere.
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Figure 2.7. Maximum likelihood phylogenetic tree of 16S rRNA gene (V1-9) of putative
diazotrophic Streptomyces based on Tamura-Nei model. Numbers represent bootstrap
values of (%) 500 analyses. Bootstrap values lower than 60 are not shown. Triangles
indicate isolates yielding nifH amplicons homologous to known nifH gene.

Mycobacterium peregrinum was kept as an out group.
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2.3.4. DGGE analysis of microbial community and sequencing of cloned DNA

DNA extraction from matrix soil was arduous, with no DNA obtained using
the standard Power Soil DNA Isolation Kit (MoBio), although plating of soil on agar
yielded colonies (Fig. 1). Therefore, the Power Lyzer Power Soil DNA Isolation Kit
(MoBio) was used for DNA extraction. Visual inspection of DGGE analysis revealed
a moderate diversity for the sod table soil samples (data not shown). A total of thirty-
five clones affiliated to the Cyanobacterial dinitrogenase reductase genes were
revealed (Fig. 2.8). The clones were related to three genera of cyanobacteria: Nostoc,

Tolypothrix, and Scytonema.

2.3.5. Nitrogen fixation by bacterial isolates

The incorporation of stable °N; isotope into the bacterial biomass in our
selected isolates confirmed nitrogen fixation (Table 2.3). Three of these selected
isolates had nifH gene homologous to Scytonema, and all of them grew in an ammonia

depleted environment in a sealed container.

Table 2.3. Nitrogen fixation by the isolates indicated by incorporation of °N; into

biomass.
Isolates Sequence Resemblance BN (at-%0)
S2A-207 Streptomyces (V1-9) 63.99243
S7-008 Streptomyces (V1-9) 66.34482
M7-122 Streptomyces (V1-9) 55.94804
S3A-212 Streptomyces (V1-9) 78.11928
M5-103 Streptomyces (V1-9) 77.42546
S8A-217 Streptomyces (V1-9) 73.18217
S1A-201 Rhizobium (V1-3) 65.41973
B. japonicum USDA 110 | Positive control 52.42142
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Figure 2.8. Maximum likelihood phylogenetic tree of cloned nifH sequences from soil
DNA based on Tamura-Nei model. Numbers represent bootstrap values of 500 analyses

represented as percentage. Bootstrap values lower than 50 are not shown.
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2.4. Discussion

We obtained a diverse collection of putative nitrogen fixing bacteria from sod
table and matrix soils of the South Dakota Badlands belonging to Actinobacteria,
Proteobacteria, Bacteroidetes, and Firmicutes. As these isolates were obtained from
seventeen different sod table and matrix soil sample pairs, they were not unique to a
particular location, but spread across the area. The putative diazotrophs were closely
related to genera previously reported to fix nitrogen including Rhizobium,
Sphingomonas (Videira et al. 2009), Paenibacillus (Xie et al. 2014), Phyllobacterium
(Rojas et al. 2001), and Dyadobacter fermentans (Chelius and Triplett 2000). These
nitrogen fixers are known to contain nifH genes. However, nitrogen fixation is not
universal across any genus. None of our isolates other than Streptomyces yielded nifH
when using PolF/PolR primer set. The sequence variability of nifH sequences has
posed challenges to primer design. Analysis of all available nifH sequences pointed to
IGK3/DVV as the primer set for highest probability of recovery, followed by
Uedal9F/Ueda407R (Gaby and Buckley 2012). We were unable to obtain PCR results
when using these highly degenerate primers, even after evaluation with various
annealing temperatures and Mg2+ concentrations. Only B. japonicum USDA 110 as a
positive control yielded amplicons. We report that most recent progress report use of
PolF/PolR, the only primers yielding amplicons sod table DNA and a small numbers
of Streptomyces isolates. There are currently no PCR primers that can cover the
sequence variability of the nifH gene and capture the full diversity (Gaby and Buckley

2012; Mirza and Rodrigues 2012).
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Over 50% of our isolates clustered with Streptomyces based on their partial
16S rRNA gene (V1-3). Currently, there are no known nitrogen fixing Streptomyces,
other than the thermophilic, autotrophic S. thermoautotrophicus (Gadkari et al. 1992a;
Ribbe et al. 1997). To our knowledge this is the first report of putative nitrogen fixing
heterotrophic Streptomyces. Although five of the 46 Streptomyces isolates yielded
nifH gene amplicons by PCR, none displayed detectable acetylene reduction activity.
This may be due to the experimental conditions, as factors including oxygen
concentration, solidifying agent and incubation time all influence the level of nitrogen
fixing activity (Desnoues et al. 2003; Hara et al. 2009; Mirza and Rodrigues 2012)
Even some Rhizobium strains known to nodulate and fix nitrogen effectively do not
indicate acetylene reduction activity from pure cultures (Kuklinsky-Sobral et al.
2004). Incubation with °N; of the seven selected isolates lead to ~55- 77% of N into
bacterial biomass. Our results of **N incorporation provides strong support for

nitrogen fixation.

The growth of these Streptomyces isolates in liquid NFM in an ammonia-
depleted environment and incorporation of the °N into pure cultures argue for their
ability to fix nitrogen. Nitrogen fixing genes in actinobacteria have been presumed to
have a narrow distribution, mostly restricted to the genus Frankia (Gtari et al. 2012).
More recently, molecular studies have shown the presence of nifH genes in other
actinobacteria besides Frankia. (Villegas et al. 1997; Valdés et al. 2005; Gtari et al.
2007). Growth in extremely oligotrophic environment is well known in actinomycetes,

especially isolates belonging to the genus Streptomyces (Yoshida et al. 2007).
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Recently, Yoshida et al. demonstrated that Rhodococcus erythropolis is able to grow
on nitrogen free medium without fixing nitrogen by scavenging residual ammonia
from the atmosphere using a high affinity uptake system (Yoshida et al. 2014). While
it is possible that some of our isolates possess the ability to scavenge traces of
combined nitrogen, their growth in an ammonium-depleted environment argues for

nitrogen fixation.

The homology of nifH from Streptomyces isolates to Scytonema nifH is
unclear. No cyanobacteria could be cultured on BG11 agar from Streptomyces
cultures, indicating that the nifH gene produced were from Streptomyces. Our culture
independent approach indicated predominance of nifH belonging to cyanobacteria.
The presence of cyanobacteria in soil samples was confirmed using cyanobacterial
16S rRNA gene specific PCR supporting the nifH findings. Biological soil crusts are
dominated by cyanobacteria (Belnap and Gillette 1998; Belnap 2002; Tirkey and
Adhikary 2005; Yeager et al. 2007). It is tempting to speculate that the nifH genes
could have transferred laterally from cyanobacteria to Streptomyces. nifH is a
functional gene and is susceptible to horizontal transfer (Zehr et al. 2003). Horizontal
transfer of nifHDK genes early in evolution, has been reported for the cyanobacterium
Microcoleus chthonoplastes. The nifHDK phylogenetic tree of M. chthonoplastes
clusters with the Deltaproteobacterium, Desulfovibrio (Bolhuis et al. 2009). D.
vulgaris may be the donor for nif genes present in M. chthonoplastes because its nif-
genes have highest similarity with Desulfovibrio and they are found in microbial mats

habituated by Desulfovibrionaceae (Zehr et al. 1995; Sigalevich et al. 2000). The nifH
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and 16S rRNA gene trees in the genera Rhizobium and Sinorhizobium, are
incompatible in many facets (Eardly et al. 1992), indicating a possibility of horizontal
transfer of nifH genes (Haukka et al. 1998). Members of the phyla Cyanobacteria and
Actinomycetes coexist together in nature, mainly in places of primary soil formation
processes (Elena et al. 2006) and microbial soil crusts (da Rocha et al. 2015). The long
term close associations support the notion of HGT of nifH between cyanobacteria and

Streptomyces.

This study suggests that the arid Badlands of South Dakota harbors diverse
free-living nitrogen fixing bacteria with the potential of novel nitrogen fixing

Streptomyces.
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Chapter 3

3. Fungal Isolates on Nitrogen Free Medium

3.1. Introduction

The ability to fix nitrogen is sporadically distributed across the domains
Archaea and Bacteria (Young 1992). Biological nitrogen fixation is carried out by
only one system known, the nitrogenase enzyme complex, which is believed to be
conserved through evolution (Howard and Rees 1996). There are three variants of
oxygen sensitive nitrogenases, the molybdenum nitrogenase, the vanadium
nitrogenase, and the iron-only nitrogenase (Zhao et al. 2006). More recently, a fourth
variant, oxygen insensitive nitrogenase has been reported in Streptomyces
thermoautotrophicus, which is a chemolithotroph, and whose nitrogenase is distinct in
structure and function from the other three nitrogenases (Gadkari et al. 1992a; Ribbe
et al. 1997). The discovery of this distinct nitrogenase raises the prospect of further

variants of nitrogenase different from what we know so far.

Eukaryotes can only utilize nitrogen in combined forms or in symbiotic
associations with the nitrogen fixing prokaryotes (Kneip et al. 2007). Fungi have been
observed in several nitrogen deficient environments (Paustian and Schnirer 1987).
The ability to grow in nitrogen depleted environment (oligonitrophy) has been
observed in some wood decomposing fungi (Dighton et al. 2005). The potential for
atmospheric nitrogen fixation by eukaryotes, particularly the fungi, has been revisited

periodically over one hundred years (Lipman 1911; Duggar and Davis 1916; Metcalfe
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and Chayen 1954; Brown and Metcalfe 1957; Ginterova and Maxianova 1975;
Rangaswami et al. 1975; Jayasinghearachchi and Seneviratne 2004). None of these
studies provided experimental support for nitrogen fixation affiliated to fungi and the
methods used were not sufficiently accurate to be conclusive. This lack of definite

evidence leaves the status of fungal nitrogen fixation unresolved.

The fungus Pleurotus spp. is able to fix nitrogen, but how it does so, is unclear
(Ginterova and Maxianova 1975; Rangaswami et al. 1975). The nitrogenase activity of
Pleurotus spp. can be detected due to an association with a diazotrophic bacteria at
maximum myecelial colonization by a bradyyrhizobial strain (Jayasinghearachchi and
Seneviratne 2004). Similarly, Ruiz-Herrera et al. isolated a fungus Ustilago maydis
that grew in nitrogen free medium and showed nitrogenase activity. Later, they proved
that the bacterium Bacillus pumilus was present intracellularly and was responsible for

nitrogen fixation (Ruiz-Herrera et al. 2015).

The aim of this study was able to isolate and characterize fungi able to grow in
the absence of combined nitrogen. Our study illustrates the possibility of biological

nitrogen fixation in fungi.
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3.2. Materials and Methods

3.2.1. Isolation of microbial communities from soil rhizosphere, root, and stem

Plant samples (Bromus inermis) along with the rhizospheric soil were collected
from a native Prairie near Volga, SD (N 44° 22' 33.226"W 96° 57' 54.147"). The
samples were brought to the laboratory, plants were kept at room temperature at 4°C

before processing.

For the isolation of fungi, plant roots were soaked in water and soil removed
gently. The roots were cut off and placed into 50ml pre-sterilized conicals and
phosphate buffered saline Tween 20 (PBST) was added and sonicated for 10 minutes
for the isolation of rhizosphere communities (White et al. 2015).The roots were then
transferred to new conicals (50ml), and rhizosphere communities harvested at 7,000 g

for 10 min. The pellets were then suspended in sterile tap water.

Roots were surface sterilized by immersion in 10% H20; for 5 min, washed 3
times in sterile distilled water. The roots were then transferred to pre-sterilized
blender, covered with sterile distilled water and ground for 1 min. The green part of
the plant was treated as the roots. Serial dilutions were made for all three sample types
viz. rhizosphere soil, roots, and green part, and pour plates and spread plates prepared
using nitrogen free medium (NFM) and spread plated on to R2A agar. NFM composed
of KaHPO, (0.2g/1), KH2PO4 (0.5g/1), MgS04.7H20 (0.2¢/l1), FeS04.7H20 (0.1g/1),
Na>Mo004.2H,0 (0.005g/1), noble agar (15.0g/l, Difco, Catalog No. 214230), NaCl

(0.2g/1), Sucrose (10g/1), oxalic acid (2g/l), and citrate (2g/1). Spread plates of NFM
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were incubated for 5-7 d at 28°C aerobically and microaerophically using a gas-pack
(Gaspack EZ Campy, BD). NFM pour plates and R2A spread plates were incubated
aerobically for 5-7 d at 28°C. Fungal-like colonies were selected based on morphology

and streaked for isolation and purity on NFM and R2A plates.

Two fungal isolates obtained on NFM (glucose) in a previous study of soil

crusts of SD Badlands (Chapter 2) were included in this study.

3.2.2. DNA Extraction and PCR Amplification of internal transcribed spacer (ITS)

region, 16S rRNA gene and nifH gene

DNA was extracted from pure culture using SDS extraction buffer as described
by (Arnold and Lutzoni 2007). PCR amplification of the internal transcribed spacer
region (ITS) using primers ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-3') and
ITS4 (5'-TCCTCCGCTTATTGATATGC-3") (White et al. 1990). The PCR was
performed in 30pl reactions consisting of 0.2ul (5000U/ml) Taqg polymerase
(NewEngland BioLabs), 3ul (10X) PCR Buffer, 0.6ul dNTP (each 10mM), 0.8ul
(10mM) each Primer, and 2.4pl (25mM) MgCl,. The PCR conditions were initial
denaturation of 95 °C for 10 min, 30 cycles of 95 °C for 15s, at 52 °C for 30s, and at

72 °C for 2s, and a final elongation at 72 °C for 10 min.

The 16s rRNA gene amplification was done spanning V1-9 region using
universal primers 27F (AGA GTT TGA TCM TGG CTC AG) (Weisburg et al. 1991)

and 1492R (CGG TTA CCT TGT TAC GAC TT) (Jiang et al. 2006). PCR was
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performed in 30l reactions consisting of 0.2ul (5000U/ml) Tag polymerase
(NewEngland BioLabs), 3ul (10X) PCR Buffer, 0.6ul dNTP (each 10mM), 0.7ul
(10mM) each Primer, and 2.4pl (25mM) MgCl. The PCR conditions were initial
denaturation at 95 °C for 4 min, 30 cycles at 95 °C for 30 s, 50 °C for 45 s, and 72 °C
for 1 min, and a final elongation at 72 °C for 10 min. Similarly, 16S rRNA gene
amplification of the VV1-3 region was done using universal primers 27F and 518R.
PCR was performed as described in chapter 2, section 2.4. Bands of ~500bp were
excised using Wizard® SV Gel Purification and Clean-Up System (Promega) and re-
amplified using the same primers. The nifH PCR was performed using primers PolF

and PolR as described in chapter 2.

The DNA sequence of PCR amplicons was determined by Sanger sequencing
(GenScript). The sequences were aligned using Muscle (Edgar 2004a; Edgar 2004b),
and a phylogenetic tree with maximum likelihood (500 bootstraps) was constructed
using MEGA 6.0. (Tamura et al. 2013). Reference sequences were selected from

GenBank (Benson et al. 1993) using NCBI BLAST (Altschul et al. 1997).

3.2.3. Culture of fungi-like isolates on various media

The fungi-like isolates were cultured on Malt Extract Agar (MEA) and MEA
with 30ug/ml cycloheximide (10mg/ml), and incubated at 28 °C for 2-3 d. They were
also cultured on NMF plates, NFM plus 30ug/ml chloramphenicol (10mg/ml stock
solution) plates, in liquid NFM and in liquid NFM in a desiccator containing
clinoptilolite, an ammonia scavenging zeolite (Wang et al. 2006; Liao et al. 2015).

The container with clinoptilolite was then sealed using petroleum jelly, and kept at
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room temperature (22-26 °C) for ~10 d. NFM plates were incubated at 28 °C for ~7 d
both aerobically and microaerophilically and cultures were inspected visually to

confirm growth (Table 3).

3.2.4. Isolation of bacterial endophytes

Each fresh fungi-like isolate was scrapped off from NFM medium and placed
into a sterile centrifuge tube. Filtered autoclaved sterile water was added to each
centrifuge tube and the fungi-like isolates were crushed with a sterile pestle. This
suspension was plated onto MEA and MEA plus cycloheximide (10mg/ml) plates and

incubated at 28 °C for 5 d aerobically. Cultures were inspected visually for growth.

3.2.5. Microscopy

Fresh cultures of fungi were stained using SYTO 9 (Invitrogen), and
fluorescence was observed using an Olympus BX53 microscope, with GFP filter for

fluorescence, with excitation 460/480 and emission 495/540.

3.2.6. Incorporation of N2 isotope in pure cultures

In order to confirm nitrogen fixation, isolates pre-cultured in liquid nitrogen-
free medium (no agar added) were transferred to fresh liquid NFM (20 ml) ina 60 CC
syringe. After drawing in 5 ml of air through a filter (0.2um) to supply 2 % oxygen,
and 30ml of **N (Sigma-Aldrich, Catalog No. 364584) was added. The syringes were

incubated at 28 °C for 2 weeks, when cells were harvested by centrifugation and dried



at 55 °C for 4 h. The isotope ratio was determined by mass spectrometry (UC Dauvis,

Stable Isotope Facility, Davis, California).

3.3. Results

Eight fungal isolates grown on nitrogen free medium were allocated to five
Operational Taxonomic Units (OTUs) using ITS5 and ITS4 primers as a universal
DNA barcode marker for fungi. All the OTUs belonged to the phylum Ascomycota,

and all the fungal isolates had a query cover of 100- 96%, and had similarity >96%.

99 1 Beauveria_bassiana_ CCTu0007
_I—V—Rz3

50 L———— V-Rz4

V-Rzl

83 100 | Gibellulopsis_nigrescens_KCY1(1)
62'V-Rz2

| Aspergillus_versicolor_ H1Pb
100! V-Rt2

100 I: Pleosporales_sp._JPK_78
V-L1

o7 BL-302
499{ Alternaria_alternata_ RHY54411
BL-117

Agaricus_campestris_H2

99

0.05

Fig. 3.1. Maximum likelihood phylogenetic tree of the ITS region of fungi based on
Tamura-Nei model. Numbers represent bootstrap values of 500 analyses represented

as percentage. A. campestris represents the out group.

Table 3.1. Source and characteristics of putative nitrogen fixing fungal isolates.

61
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PCR amplification Growth in various environments
Isolates Source 16S nifH NFM | MEA | Lig. NFM+
16SrRNA | rRNA (PolF/ NFM | + + Clinoptiloli
(V1-9) (V1-3) | PolR) plates | Cm? | Chx? te

BL-302 Badlands matrix 0 -* - + + + +
soil

BL-117 Badlands matrix 0 -* - + + + +
soil

Rt2 Bromus inermis 0 -* - + + ) +
(smooth brome)
(root)

L1 B. inermis (leaf) 0 0 - + + - +

Rz1 B. inermis 0 -* - + + - )
(rhizosphere)

Rz2 B. inermis 0 +* - + + - +
(rhizosphere)

Rz3 B. inermis 0 0 - + + + +
(rhizosphere)

Rz4 B. inermis 0 0 - + + + +
(rhizosphere)

A. pullulans | Fungi used as a 0 -* - + + _
control

3Cm= Chloramphenicol, °Chx= Cycloheximide, + = positive, (+) = slightly inhibited, -
= negative/ no growth, 0= no amplification, -*=sequence of 500bp band not

homologous to 16S, +*= sequence of 500bp band homologous to 16S.

The primers 27F and 518R used for 16S rRNA (V1-3) gene gave rise to the PCR
products corresponding to 500 bp of Streptomyces used as a positive control (Fig. 3.2).
The sequence of the 16S rRNA gene (V1-3) from Rz2 implicated the presence of a
bacterial endophyte. The sequencing result showed 100% query cover and 98%
identity, E value=0 with Bacillus koreensis, B. beringensis, and B. korlensis (Fig. 3.3).
None of the other fungal isolates yielded 16S rRNA gene products, indicating absence
of intracellular bacteria. Fluorescence microscopy of isolate, Rz2 stained with SYTO

9, indicated cytoplasmic bodies resembling intracellular bacteria (Fig. 3.4).
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117
No template control

A. pullulans
Positive control
Ladder (100bp)

N
j=3
[ag}

Rt2

Figure 3.2. Electrophoretic pattern of the PCR products obtained using primers for the
V1-3 region of 16S rRNA gene. The 500bp band and the bacterial positive control

correspond to the band obtained using genomic DNA from fungi.

Bacillus_koreensis KTSMBNL
94

100

Bacillus _beringensis AL-40
Bacillus_korlensis M8
Rz2

Bacillus _cereus
444‘— Bacillus pumilus

Paenibacillus_polymyxa

0.02

Figure 3.3. Maximum likelihood phylogenetic analysis of VV1-3 region of thel16S

rRNA gene using MEGA 6.0. Bootstrap value of 500 replicates was used.
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Figure 3.4. Fluorescent microscopy of fungal isolate (Rz2) stained with SYTQO9 at

1,000X. (A) Fungal mycelium. (B) Bright field. (C) Inset showing presence of

fluorescent cytoplasmic bodies inside the fungi.

Table 3.2. Nitrogen fixation by fungal isolates indicated by incorporation of °N; into

biomass.
Isolates Sequence resemblance N, (at-%)
B. japonicum USDA 110 Positive control 52.42142
BL-302 B. bassiana (ITS) 74.28161
V-Rt2 A. versicolor (ITS) 73.81134
V-Rz4 A. alternata (ITS) 75.59134

3.4. Discussion

Biological nitrogen fixation is one of the most expensive metabolic processes
requiring a huge amount of energy to break the triple bond of dinitrogen, and has been
reported only in prokaryotes. No eukaryotes have been reported to fix nitrogen
independently or without any bacterial associations. Nitrogen fixing ability in

arbuscular mycorrhizal fungi (Glomus spp., Giagaspora gilmorei, and Endogone
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dusii) was ascribed to endophytic Azospirillum spp. detected in the spores of these
fungi (Tilak et al. 1989). Bertaux et al. reported ectomycorrhizal fungi containing
endophytic Paenibacillus spp. (Bertaux et al. 2003) having genes homologous to nif
genes (Choo et al. 2003). A study of nitrogen fixation in the fungus Pleurotus spp.
suggested that the fungi alone cannot fix nitrogen but can do so in the presence of a
diazotrophic bacterium (Jayasinghearachchi and Seneviratne 2004). Ruiz-Herrera et
al. isolated a pathogenic fungus Ustilago maydis that grew on nitrogen free medium
and possessed nitrogenase enzyme. They provided first evidence for the intracellular
nitrogen fixing Bacillus pumilus through 16S rRNA gene amplification (VV1-9) and

microscopy (Ruiz-Herrera et al. 2015).

Some microorganisms are able to grow in nitrogen deficient medium by
scavenging ammonia or traces of combined nitrogen sources (Yoshida et al. 2007;
Yoshida et al. 2014). Oligotrophic growth has been observed in some soil fungi on
silica gel media without carbon and nitrogen sources (Parkinson et al. 1989;
Wainwright 2012). It was intriguing to isolate fungi that grew on nitrogen free
medium and even in liquid NFM in an ammonia depleted environment in a sealed

container.

Despite rigorous DNA extraction by an SDS buffer extraction method, we
were unable to obtain 16S rRNA gene amplification (\V1-9 region), through multiple
attempts and varying annealing temperatures. However, we obtained VV1-3 region 16S
rRNA gene amplification from Rz2 only, homologous to three Bacillus spp. B.
koreensis, B. korlensis, and B. beringensis. In order to isolate bacteria present inside

the fungi, we vigorously crushed the fresh fungal mycelia and plated on to MEA and
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NFM. However, this did not yield any bacterial isolates. Further, we cultured the
fungal isolates on NFM plus chloramphenicol, assuming that chloramphenicol inhibits
bacterial cells, however, all the fungal isolates grew on NFM plus Cm plates.
Resistance to cycloheximide was observed in some isolates (BL-302, BL-117, V-Rz3,
and V-Rz4), but some fungi are resistant to cycloheximide (Ali-Shtayeh et al. 1998).
Our results indicate that fungal isolate Rz2 contains an endophytic Bacillus. None of
the other fungi growing in the absence of combined nitrogen contained detectable
bacteria. All of our fungal isolates gave no nifH amplification but grew in nitrogen

free and ammonia depleted environment which is not likely due to scavenging.

Incubation with °N; of the three selected isolates, lead to ~75% of *°*N in
biomass. As fungi generally produce ethylene, (llag and Curtis 1968; Dasilva et al.
1974; Chagué et al. 2002; Chagué 2010) we did not perform acetylene reduction
assay. Our results of N incorporation provides strong support for nitrogen fixation
by these three fungal isolates, none of which contained detectable bacterial
endophytes. This indicates a nitrogen fixing mechanism unrelated to the nitrogenase

enzyme family.

Our preliminary findings indicated putative nitrogen fixing fungi that do not
rely on endophytic diazotrophic bacteria. Our other finding indicated the
endosymbiotic association with Bacillus spp. in one of the fungal isolates, Rz2,

allocated to Gibellulopsis nigrescens.
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Chapter 4

4. Conclusions and Questions for future study

4.1. Conclusion

The density of free-living culturable dizotrophs in the badlands of South
Dakota was higher in sod table than in matrix soil. The culture dependent study
suggested a diversity of free-living diazotrophs across 4 phyla (Actinobacteria,
Proteobacteria, Bacteroidetes, and Firmicutes), but ~50% of these clustered with

Streptomyces, as determined by the 16S rRNA gene sequence.

Out of three different primer sets used to test the nifH gene amplification only
the PolF and PolR set yielded nifH amplicons. Five of our isolates, allocated to
Streptomyces by 16S rRNA gene sequence, indicated the presence of a nifH gene.
Four of these aligned with nifH of Scytonema and one aligned with nifH of
Bradyrhizobium. All the isolates allocated to Streptomyces by V1-3 16S rRNA gene
sequence indicated a close similarity to Streptomyces by the full 16S rRNA gene
sequence. These Streptomyces grew in liquid NFM in an ammonia-depleted
environment in a sealed container. All of our selected Streptomyces isolates were able
to incorporate °N; into their biomass indication nitrogen fixation. The culture
independent approach indicated predominance of nifH belonging to cyanobacteria,
which was also confirmed by cyanobacterial 16S rRNA gene specific primers.
Whether the cyanobacteria-like nifH amplicons obtained from soil DNA were

associated with Streptomyces is intriguing to speculate. This is the first known report
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of diazotrophic Streptomyces, other than the thermophilic, autotrophic S.

thermoautotrophicus.

In our study of fungal isolates on nitrogen free medium, we isolated eight
fungi, allocated to five OTUs using a universal DNA barcode marker for fungi, ITS5
and 1TS4 primer set. All the OTUs belonged to the phylum Ascomycota. There was no
amplification of 16S rRNA gene using primers 27F and 1492R despite multiple
attempts, however one fungus indicated presence of endosymbiont related to Bacillus
spp. when using 27F and 518R primers to amplify 16S rRNA gene (V1-3) indicating a
possible endosymbiont of the fungus. All the fungal isolates grew in liquid NFM in
ammonia depleted atmosphere in a sealed container. Three of our selected fungal
isolates incorporated *°N into their biomass leading to the assumption of putative

nitrogen fixing fungi.

4.2. Questions for future study

The studies conducted in this thesis have opened a new realm for further
investigation of free-living nitrogen fixing systems. Some questions for further

investigation include:

1. Are there any other variants of nitrogenases other than the three oxygen sensitive

(Nif, Vnf, Anf)?

2. Are there any other enzyme systems besides the Nif, Vnf, Anf family and the and

the one oxygen insensitive S. thermoautotrophicus nitrogenase?
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Is the discovery of primers that are universal to all the nitrogen fixing bacteria

possible

a) For nifH?

b) For all nitrogen fixing systems?

How can we distinguish between a true nitrogen fixer and a scavenger of traces of

combined nitrogen sources?

Can we develop a selective and differential medium for nitrogen fixers?

Does the lateral gene transfer of nif genes provide the ability of nitrogen fixation

or are they non-functional?

. What are the limitations of currently used methods to evaluate nitrogen fixation?

Do fungi fix nitrogen without diazotrophic association?
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1.

Appendix

Appendix 1. GPS locations from sod table and matrix soil samples

Samples GPS Locations
S1 & M1 N 43°42.889' W102°32.644', Elevation-2823
S2 & M2 N 43°42.967 W102°32.370' Elevation-2813
S3 & M3 N 43°42.721' W102°32.388' Elevation-2823
S4 & M4 N 43°42.669' W102°32.476' Elevation- 2835
S5 & M5 N 43°42.736' W102°32.487" Elevation- 2831
S6 & M6 N 43°42.412' W102°31.944' Elevation- 2820
S7 & M7 N 43°43.413' W102°32.008' Elevation- 2814
S8 & M8 N 43°43.409' W102°32.167" Elevation- 2817
SIA & M1A N 43°45.503' W102°30.564' Elevation- 2786
S2A &M2A N 43°45.507' W102°30.572" Elevation- 2786
S3A & M3A N 43°45.513' W102°30.565' Elevation- 2787
S4A & M4A N 43°43.411' W102°31.947' Elevation- 2776
S5A & M5A N 43°43.425' W102°31.953" Elevation- 2776
S6A & M6A N 43°43.454' W102°32.027" Elevation- 2777
S7TA & MT7A N 43°42.889' W102°32.644' Elevation- 2787
S8A & MEA N 43°43.425' W102°31.953" Elevation- 2803
SOA & M9A N 43°42.968' W102°32.371" Elevation- 2786
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2. Appendix 2. Standards analyzed with our samples

100

Name N (ug) 15N (at-%0) 815N (air)
Glutamic Acid (GLU) 4.5 0.11859
Glutamic Acid (GLU) 8.0 0.11639
Glutamic Acid (GLU) 19.0 0.11815
Glutamic Acid (GLU) 47.1 0.11811
Glutamic Acid (GLU) 95.3 0.11758

Nylon5 81.0 0.11605

Nylon5 89.1 0.11638

Nylon5 75.9 0.11624

Nylon5 87.4 0.11628

Nylon5 84.0 0.11630

Nylon5 85.3 0.11627

Nylon5 83.3 0.11623

Nylon5 85.5 0.11619

Nylon5 88.7 0.11668

Nylon5 84.2 0.11579

Nylon5 81.4 0.11635

Bovine Liver 104.0 0.12462
USGS-41 (Glutamic Acid) 100.9 0.14100
USGS-41 (Glutamic Acid) 99.1 0.14085
REF5 (FIVER) 73.1 5.77333
REF5 (FIVER) 72.7 5.79482

REF10 24.9 11.13502

REF10 23.6 11.15819

REF20 36.9 20.96322

REF20 37.7 20.97780

REF39 18.8 36.21128

REF39 19.6 38.56760

REF51 19.7 51.50692

REF51 19.9 52.57343
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Standards- Known values

Name 15N (at-%0) d15N (Air) %N
Glutamic Acid (GLT) 0.36475 -4.3 9.52
Glutamic Acid (GLU) 0.36382 -6.8 9.52

Peach Leaves 0.36701 2.0 2.88

Nylon 0.36274 -9.8

Nylon5 0.36254 -10.3

Bovine Liver 0.36908 7.7
USGS-41 (Glutamic Acid) 0.38367 47.6 9.52
REF5 (FIVER) 5.19925
REFS5 (original) 5.24850

REF10 10.13810

REF20 19.89340

REF39 39.42007

REF51 51.32540
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