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Abstract
New Zealand indigenous tussock grassland ecosystems are highly valued for their
biodiversity, as well as their natural and cultural heritage values. Extensive conversion
of grasslands to agricultural land through burning, grazing and oversowing has led to
calls for conservation of tussock grasslands. Areas of tussock grassland are gradually
being converted into reserves for conservation and scientific research. Grassland soils
harbour a diverse group of microorganisms that regulate and contribute to many
biogeochemical processes. To better understand and predict how soil microbial
communities will respond to environmental change, it is important to first examine the
baseline microbial communities in undisturbed grasslands. Specifically this work
assessed whether active and total microbial community composition and abundance
differed between edaphically different indigenous grassland soils dominated by two
Chionochloa tussock species. In this thesis, the abundances of nitrogen (N) cycling
genes were correlated with differences in edaphic properties of the two grassland soils.
High-throughput sequencing of the 16S rRNA gene identified significant differences in
the microbial communities between two grassland soils dominated by closely related
Chionochloa tussock grasses. These differences in composition and relative abundances
were evident in both the active (rRNA-based) and total (rDNA-based) microbial
communities. Amplicon sequencing of the nifH gene, encoding for nitrogenase gene,
also identified differences in the total nitrogen (N2)-fixing communities between the two
grassland soils. The active community was less diverse than the total community in both
soils, and many rare phyla were enriched in the active microbial community. Results
from this study showed that more than half of all operational taxonomic units (OTUs) in
the Chionochloa grassland soils could be dormant. Furthermore, transcript ratios of nifH
and amoA (encoding for ammonia-monooxygenase) to rpoB showed significant intersite variation, as quantified by RT-qPCR. This thesis showed differential abundances of
N cycling genes in the active microbial community in natural, undisturbed grassland
soils with different edaphic properties. Characterising the structure, abundance and
functional potential of microbial communities is important as they may serve as
bioindicators reflecting not only the N status of soils, but general health of soils in the
event of anthropogenic and natural disturbances.
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Chapter 1
General Introduction

A sandfly among Chionochloa teretifolia snow tussock at Takahe Valley,
Murchison Mountains, New Zealand.
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1.1 Soil microbial ecology
“We have to remember that what we observe is not nature herself,
but nature exposed to our method of questioning.” – Werner Heisenberg (1958)

In the past two decades, the ability of microbiologists to detect, quantify and describe
microorganisms has increased greatly. New high-throughput (or “next generation”)
sequencing technologies enabled large scale quantification of microbial diversity using
nucleic acid-based analyses. Much insight has been gained regarding the factors that
control the spatial and temporal variation of microbial diversity (reviewed extensively
by many, including Christen (2008); Maron et al. (2011); Gonzalez et al. (2012);
Franzosa et al. (2015)). Microbial diversity has been largely underestimated due to the
dependence on cultivation-based methods for the isolation and characterisation of
microorganisms, which does not recover fastidious or rare microbial taxa under
conventional culture conditions (Rappe & Giovannoni, 2003; Stevenson et al., 2004).
The number of bacterial and archaeal sequences being deposited into databases and the
number of new recognised taxa continue to grow at an unprecedented rate (Fierer &
Lennon, 2011). This has largely been a result of extensive research into the changes in
bacterial community composition in response to environmental factors. While most of
these studies have been conducted at large spatial scales (Fierer & Jackson, 2006; Fierer
et al., 2012b; Leff et al., 2015), local variation observed in microbial community
structure (Grayston et al., 2001) has also demonstrated the need for ecosystem- and soiltype specific analyses.
Soils are considered the most diverse natural environments on earth (Daniel,
2005), and have been estimated to harbour up to 1010 cells/cm3 (Torsvik & Øvreås,
2002). Many studies have not detected the full diversity, i.e., low sampling effort,
evident from rarefaction curves not reaching a plateau or asymptotes even after
including 10,000 sequences from a single sample (Jones et al., 2009; Wilhelm et al.,
2014; Yarza et al., 2014). Capturing the full microbial diversity requires sampling of
rare microbial taxa, which is now made possible with high-throughput sequencing
technologies. Microbial diversity is also affected by dormancy, which allows microbial
populations to persist through stressful conditions such as drought and nutrient
limitation by forming spores or by entering into a resting state (Sussman & Douthit,
1973; Roszak & Colwell, 1987). In natural ecosystems, microbial dormancy is expected
2
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to be important, and it is estimated that up to 90% of bacterial cells are inactive or
dormant in soil (Lennon & Jones, 2011). The simultaneous characterisation of active
(RNA-based) and total (DNA-based) microbial communities (Campbell et al., 2009;
Freedman et al., 2015) can be used to evaluate how dormancy shapes microbial
community structure in a particular ecosystem.

1.1.1 Soil microbes as main drivers of biogeochemical processes
From soil health and plant fertility to the cycling of carbon (C), nitrogen (N) and other
nutrients, soil microorganisms are known to play important roles in regulating these
processes (Fierer et al., 2012b). Soil microorganisms are directly involved in
decomposition and mineralisation ( Grayston et al., 2001; Baumann et al., 2012),
nutrient cycling (Forbes et al., 2009; Petersen et al., 2012), disease suppression
(Garbeva et al., 2004) and the removal of contaminants (Richardson et al., 2015).
Metagenomic sequencing was used to show that the composition and functional
capability of soil microbial communities are correlated and vary across different
terrestrial biomes (Fierer et al., 2012b). Microbial diversity is also known to be essential
for ecosystem functioning. For example, a study using serial dilutions of a soil
microbial suspension to manipulate microbial diversity found that loss of microbial
diversity of approximately 25% resulted in significant decrease (up to five-fold) of
denitrification activity in the N cycle (Philippot et al., 2013). One aspect of this thesis
will be to increase the understanding of the impact of microbial community on the N
cycle, with an emphasis on nitrogen (N2) fixation.

1.1.2 Soil microbes and their impact on plant productivity
The impact of soil microorganisms on plant productivity can be either direct, i.e., via
symbiotic associations with legumes and/or other plants, or indirect, i.e., free-living or
non-symbiotic microorganisms in soil (reviewed by Van der Heijden et al. (2008)). As
N, together with phosphorus (P) and potassium, are the main elements that limit the
productivity of plants (Chapin III et al., 1986), N2-fixing microorganisms are an
important soil component as they are able to convert atmospheric N2 into ammonia
(NH3), which is then usable by plants. Free-living N2-fixing microorganisms can
contribute significant amounts of N to terrestrial ecosystems (Reed et al., 2011) and are
discussed in Section 1.2. Through the process of mineralisation, organic matter is
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broken down by soil microorganisms into inorganic forms such as nitrate (NO3−) and
ammonium (NH4+) that are available for plant uptake (Schimel & Bennett, 2004).
Conversely, soil microorganisms can have negative effects on plant productivity,
the most obvious through the competition with plants for N in N-limited ecosystems
(Nordin et al., 2004). Furthermore, microbial uptake of N, i.e., N immobilisation, is
important for the temporal storage of nutrients (Bardgett et al., 2003). Through the
process of nitrification, available N is transformed by nitrifying microorganisms into
more mobile forms such as nitrite (NO2−) and NO3− that are more prone to leaching or
loss from soil, which can in turn increase soil acidity (Chapin III et al., 2011). The
impact of denitrifiers on the loss of N is of interest especially in agricultural soil.
Furthermore, incomplete denitrification leading to build-up of the greenhouse gas
nitrous oxide (N2O) and its destruction of the ozone layer is also of increasing concern
(Wrage et al., 2001). However, it is still unknown if shifts in the denitrifying
community composition are coupled to actual denitrification rates (Enwall et al., 2005),
which in turn can affect N availability and influence plant productivity.

1.1.3 Microbial taxa and their ecological characteristics
Linking phylogeny and function is perhaps the biggest goal in the field of microbial
ecology (Gray & Head, 2001). Many microbial (bacteria and archaeal) taxa, despite
being abundant in many ecosystems, are still not well-studied. For example,
Acidobacteria and Proteobacteria are the most abundant bacterial phyla in soil (Janssen,
2006); however, little is known about the functional characteristics of these groups. This
is mostly due to the fact that the majority of microorganisms are not readily cultured
(very slow-growing and/or require specific requirements) in the laboratory (Sait et al.,
2002). To categorise bacterial communities based on their ecological attributes, Fierer et
al. (2007) attempted to assign dominant bacteria at the phylum level to the categories of
copiotroph or oligotroph, roughly based on the r- and K-selection categories (Pianka,
1970). Microorganisms within the phyla Acidobacteria and Verrucomicrobia were
identified as oligotrophic, as they are favoured in soils with low resource (organic C and
total N) availability (Fierer et al., 2007; Bergmann et al., 2011). Copiotrophic attributes
were observed in phyla that were most abundant in soils with high concentrations of
organic C and total N, i.e., Alphaproteobacteria, Betaproteobacteria, Bacteroidetes and
Gammaproteobacteria (Fierer et al., 2007; Nemergut et al., 2010). Although this scheme
4
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has so far only been applied to predictions within the broad level of phylum (Fierer et
al., 2007), it is still useful in linking potential function with the structure of soil
microbial community.

1.1.4 Measurement and definition of microbial diversity
Apart from a small number of bacterial genera such as Actinomycetes (phylum
Actinobacteria) and Myxobacteria (Deltaproteobacteria) (Palleroni, 1997), the limited
morphological diversity in prokaryotes make it challenging to rely on cultivation-based
methods alone to enumerate microbial diversity, especially on a large scale. Despite all
the disadvantages associated with culturing, culturing is still indispensable when
describing new taxa and in discovering functions such as nitrogen fixation, nitrification,
denitrification, cellulose degradation and chemolithotrophy (Palleroni, 1997). For
example, major differences in morphological characteristics such as filament and cell
colour, shape, presence or absence of akinetes, heterocysts (or heterocytes; Komárek
and Anagnostidis (1989)) and hormogonia (motile small-celled filaments that lack
heterocysts), as well as branching pattern, enable identification of N2-fixing
cyanobacterial isolates to the genus level (Desikachary, 1959; Rippka et al., 1979;
Komárek & Anagnostidis, 1989; Anagnostidis & Komárek, 1990; Rippka & Herdman,
1992; Komárek & Anagnostidis, 2000; Komárek, 2010).
Protocols for the sequence-based assessment of microbial diversity (both
bacteria and archaea) usually involve the PCR amplification of a gene, most commonly
the gene encoding for the small ribosomal RNA subunit (16S rRNA). Different
molecular methods for investigating microbial diversity are discussed later in Section
1.3. 16S rRNA gene sequences are usually clustered into user-defined operational
taxonomic units (OTUs) or “phylotypes” based on a predetermined level of DNA
sequence similarity. Clustering of sequences is commonly done at 97% identity to
define the number of OTUs (Stackebrandt & Goebel, 1994; Schloss & Handelsman,
2005).
These OTUs are then used to determine and compare alpha diversity levels
based on either taxonomic (e.g., richness, evenness, Shannon index, Simpson’s index)
or phylogenetic (e.g., Faith’s phylogenetic diversity) measures (Faith, 1992; Lozupone
& Knight, 2008). In this thesis, diversity is defined as both richness and evenness of the
microbial community, i.e., the overall number of OTUs in a sample, and evenness as
5
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community abundance distribution using the Shannon index and Simpson’s index
(1−dominance). The Shannon diversity index (H′, also Shannon-Weiner index; Shannon
and Weaver (1949)) is a useful general diversity estimator that is positively correlated to
both richness and evenness, and is sensitive to abundances of rare taxa (Hill et al.,
2003). The Simpson’s index reflects species ‘evenness’ and indicates the probability of
selecting two sequences belonging to the same species at random (0: all species are
equally present; 1: one species dominates the entire community). Apart from measuring
individual sample diversity (alpha diversity), the diversity of microorganisms between
different sites or gradients (beta diversity) is also determined. Bioinformatic analysis
tools such as GAST (Huse et al., 2008), mothur (Schloss et al., 2009) and ‘Quantitative
Insights Into Microbial Ecology’ (QIIME; Caporaso et al. (2010)) provide the use of
beta diversity measures to estimate phylogenetic similarity between different
communities or samples. For example, the UniFrac metric (Lozupone et al., 2006),
which is implemented within QIIME, combines phylogenetic information with
multivariate techniques (e.g., principal coordinates analysis (PCoA; Gower (1967)) to
determine if communities are significantly different.

1.2 Biological nitrogen fixation
Biological N2 fixation (BNF) is an important input of available N in terrestrial
ecosystems (Boring et al., 1988). A limited number of N2-fixing microorganisms
(diazotrophs) have evolved the ability to convert the otherwise unavailable N2 into NH3.
The availability of N limits the productivity and diversity of many ecosystems
(Vitousek et al., 2002). In N-deficient terrestrial ecosystems, N2-fixers are often seen as
the initial colonisers that increase the amount of available N (Walker & Del Moral,
2003). The activity of N2-fixers, and thus N2 fixation rates in an environment can be
limited or suppressed for several reasons. N2 fixation is an energy intensive process and
the enzyme responsible for diazotrophy (nitrogenase, or dinitrogenase reductase)
consumes 15–20 µmoles of ATP for every µmole of NH3 made (Mortenson, 1964). This
requires N2 fixers to divert energy otherwise used for general cell metabolism to fix N2.
As nitrogenase proteins are rapidly and irreversibly damaged by O2, photosynthetic N2
fixers need to segregate newly produced O2 from nitrogenase by having specialised N2
fixation cells (i.e., heterocysts; Robson and Postgate (1980)). In some environments,
activity of N2-fixers can be suppressed when the requirements to build most
6
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nitrogenases, i.e., molybdenum (Mo) and iron (Fe), are limiting. N2-fixers may use
vanadium- (V) instead of Mo-nitrogenases to fix N2 when the availability of Mo is low
(Masepohl et al., 2002). Finally, diazotrophs do not perform N2 fixation when the
inorganic N levels (NO3− and NH4+) are high, whereas low N availability is correlated
with increased N2 fixation rates (Vitousek et al., 2002). The nif operon, which encodes
for the nitrogenase enzyme, is highly conserved across all diazotrophs (Raymond et al.,
2004). In particular, the nifH gene is most commonly used as a marker gene to reveal
the diversity of diazotrophs in various ecosystems. Phylogenetic analysis of nitrogenase
genes has resulted in clades being named Cluster I, Cluster II, etc. (Chien & Zinder,
1996) and will be discussed further in Chapter 4.

1.2.1 Non-symbiotic nitrogen fixation
This study focuses on free-living N2 fixation, or asymbiotic/nonsymbiotic N2 fixation,
as New Zealand natural grasslands (in particular sites in this study, see Section 1.5) are
typically lacking in legumes. Free-living diazotrophs are found in six bacterial phyla
(Actinobacteria, Chlorobi, Cyanobacteria, Firmicutes, Proteobacteria and Spirochaetae)
and in methanogenic archaea (Zehr et al., 2003). Potential diazotrophs were also
identified in seven other phyla using in silico searches of nif genes in fully sequenced
microbial genomes (Dos Santos et al., 2012). In most ecosystems, free-living N2-fixing
Cyanobacteria and heterotrophic bacteria are the major contributors of fixed N
(Vitousek et al., 2002). Nitrogen inputs via symbiotic pathways have been thought to
exceed that of free-living fixation. However, there has been evidence supporting the
contribution of free-living N2 fixation of up to 3 kg N/ha/yr (Cleveland et al., 1999) to
terrestrial ecosystems, especially in areas with low numbers of symbiotic N2-fixing
plants (Sullivan et al., 2014).

1.2.2 Nitrogen fixation in New Zealand grasslands
In New Zealand indigenous grasslands, legume populations are small and infrequent
compared with rangelands worldwide (O’Connor, 1983). There are four genera of
native woody legumes in New Zealand: Sophora, Carmichaelia (now includes former
genera Chordospartium, Corallospartium and Notospartium), Clianthus and Montigena
(Heenan, 1998a, 1998b); species found in indigenous grasslands include NZ broom
species (Carmichaelia petriei and Carmichaelia compacta) and kōwhai (Sophora
prostrata). Other genera associated with N2-fixing bacteria in New Zealand are the
7
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Frankia-associated Discaria, Pomaderris and Coriaria, and the Nostoc-containing
Gunnera; grassland species include matagouri (Discaria toumatou), which facilitates
establishment of shrub species in montane grasslands (Bellingham et al., 2001), and tutu
(Coriaria species including C. arborea, C. australis, C. plumosa and C. sarmentosa).
The earliest study on N2 fixation in New Zealand was that of Silvester and Smith
(1969), who measured N2 fixation rates by Gunnera arenaria-Nostoc symbiosis, and
estimated that up to 72 g N/m2/yr may be fixed by this symbiosis to wetland
ecosystems. Estimates of N2 fixation rates from different species vary widely, for
example, estimates of C. arborea rates of approximately 1.1 g N/m2/yr in forest soils
(Menge & Hedin, 2009) and 15 g N/m2/yr in C. arborea-dominated river terraces
(Silvester & Mcnamara, 1976). Introduced legume species include the widely
distributed gorse (Ulex europaeus) and brooms (Cytisus spp.) that have become
invasive weeds, white clover and other clovers (Trifolium spp.). High altitude or alpine
grasslands in NZ are less inhabited by non-native grasses and legumes (Craine & Lee,
2003); and it is likely that free-living N2-fixers could contribute a significant amount of
N into alpine grassland soils.
In New Zealand, earliest discoveries of putative N2-fixers were of the isolation
of macroscopic Nostoc (Cyanobacteria) colonies in soil cores near Omarama, Tekoa and
Taupo (Flint, 1958). This was followed by isolation of diazotrophic Cyanobacteria
belonging to the genera Tolypothrix, Anabaena and Nostoc from tussock grasslands
soils at Rock and Pillar Range, Otago (Line & Loutit, 1973). Heterocystous
Cyanobacteria from the genera Tolypothrix, Godleya and Scytonematopsis have also
been cultured from Mount Philistine alpine grasslands (Novis & Visnovsky, 2012). In
addition to diazotrophic Cyanobacteria, many non-symbiotic heterotrophic soil bacteria
were also isolated from these grassland soils, including species belonging to the genera
Azotobacter, Klebsiella, Bacillus, Citrobacter, Clostridium, Enterobacter and
Rhodopseudomonas (Line & Loutit, 1973). These bacteria typically fix less N2
compared with free-living N2-fixing Cyanobacteria as they are often limited by the
availability of suitable energy sources (Chapin III et al., 2011). There were few
estimates of microbial N2 fixation rates in NZ grasslands, e.g., Line and Loutit (1973)
estimated non-symbiotic N2 fixation rates to be 0–3 kg N/ha/yr at different South Island
sites dominated by tussock grasses (Chionochloa and Festuca spp.). The highest N2
fixation rates were observed at a site dominated by Chionochloa rigida; even this
8
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highest rate was at the lower end of global estimates of free-living N2 fixation of 0.1–21
kg N/ha/yr in temperate grasslands (Reed et al., 2011). Substantial variation in N2
fixation rates within a single ecosystem is not uncommon, and could be due to sampling
at different times of the year when seasonal differences in light and temperature can
produce a noticeable effect on N2 fixation rates (Reed et al., 2011).

1.3 Molecular methods for studying microbial diversity
1.3.1 The 16S rRNA gene as a molecular marker
The gene encoding the small subunit ribosomal RNA (16S rRNA) is the most frequently
used molecular marker to study microbial diversity. This gene owes its popularity to
several reasons: (1) it contains highly conserved regions that enable high quality primer
designs, (2) at the same time it also has variable regions to allow for phylogenetic
differentiation between microbial taxa, (3) has low mutation and horizontal gene
transfer rates (Stackebrandt & Goebel, 1994) and (4) can be easily compared with an
extensive and continually growing database of gene sequences.
Primer choice remains one of the most important steps for sequence-based
analysis, and using less than ideal primers could lead to inaccurate taxonomy
assignments (Liu et al., 2008). The taxonomic distribution of microbial taxa using
available universal 16S rRNA primers were tested in silico and empirically (Klindworth
et al., 2013) to evaluate the best primer pairs in amplifying from bacteria and archaea.
The primers Bakt_341F and Bakt_805R (Herlemann et al., 2011) gave the closest to
optimal phylum coverage for the domain bacteria (Klindworth et al., 2013). Other
studies have recommended the use of different primer pairs to amplify 16S rRNA gene
fragments, usually targeting different regions of the gene (Morales & Holben, 2009;
Wang & Qian, 2009; Fredriksson et al., 2013). The Earth Microbiome Project (EMP1), a
global initiative that attempts to characterise microbial communities across the globe,
has a standardised 16S rRNA amplification protocol that uses the 515F and 806Rb
primers to amplify the variable region 4 (V4) from bacteria and archaea (Caporaso et
al., 2012). This primer pair yields amplicons of approximately 290 bp, which is suitable
for paired-end sequencing on the Illumina HiSeq and MiSeq. Subsequently, many
microbial diversity studies using amplicon sequencing of the 16S rRNA gene have
1

http://www.earthmicrobiome.org/, last accessed May 5th, 2016.
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followed the protocol of using the QIIME2 open-source software pipeline to analyse raw
sequence data (Caporaso et al., 2010). Other widely used open-source high-throughput
sequence analysis tools include ‘mothur’3 (Schloss et al., 2009) and the ‘Ribosomal
Database Project’ (RDP4; Cole et al. (2005)).

1.3.2 Community fingerprinting methods
The combination of 16S rRNA gene amplification and denaturing gradient gel
electrophoresis (DGGE) have been developed to probe microbial diversity in
environmental samples (Muyzer et al., 1993). DGGE distinguishes different PCR
amplicons of similar length based on their different sequence composition. When
separated on polyacrylamide gels, different migrating patterns (“fingerprints”) (Muyzer
et al., 1993) are formed when the double stranded DNA (dsDNA) is partially denatured
during electrophoresis as a result of increasing concentrations of urea and formamide
(DNA denaturants). The different mobility rate of molecules corresponds to the
different bond strengths of A-T and G-C base pairs (Watson & Crick, 1953). Genomic
DNA from complex environmental samples are subjected to amplification of the V3–5
region of the 16S rRNA genes using recommended primer sets (Muyzer et al., 1993;
Muyzer & Smalla, 1998); and until now these remain the most commonly used primers
for microbial community DGGE-based analysis (McCaig et al., 2001; Rahman et al.,
2008). Bands of interest can then be extracted from the gel and sequenced to perform
phylogenetic analysis. The ability to obtain results from multiple samples economically
and rapidly are the main advantages to using DGGE. Temperature gradient gel
electrophoresis (TGGE) is similar to DGGE but uses a temporal temperature gradient
instead of a chemical gradient in the gel (Rosenbaum & Riesner, 1987). These methods
are unlikely to detect less abundant DNA (less than 1% of total pool) (Muyzer et al.,
1993), and smearing of discrete fingerprint patterns could result when analysing
environments with high diversity (Nicolaisen & Ramsing, 2002; Kisand & Wikner,
2003). Furthermore, lack of standards for DGGE makes accurate comparison between
gels difficult (Moeseneder et al., 1999).
The ribosomal intergenic spacer analysis (RISA) fingerprinting method targets
the intergenic spacer region between the genes encoding the 16S and 23S rRNA
2
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subunits, and relies on the variability in length and nucleotide sequence across different
bacterial taxa (Borneman & Triplett, 1997). Amplicons are denatured and separated on
gels (agarose or polyacrylamide) or by capillary electrophoresis, where each band
should correspond to at least one organism from the community sampled. Increased
resolution and efficiency have been achieved using fluorescently-tagged primers and a
laser-based automated system for amplicon detection to perform ‘automated-RISA’
(ARISA; Fisher & Triplett (1999)). Limitations of this approach are that ARISA
amplicons cannot be sequenced, which limits direct phylogenetic information, and may
underestimate diversity as unrelated microorganisms may produce spacer regions of the
same length and so be represented as a single peak (Fisher & Triplett, 1999). Despite
this, ARISA has been used to investigate microbial diversity in complex environmental
samples (Ranjard et al., 2001; Cardinale et al., 2004).
Restriction fragment length polymorphism (RFLP) analysis (Lyra et al., 1997) is
based on the principle that different sequences will differ in the frequency and location
of restriction sites and this can be used to identify genetic diversity. This method
involves restriction enzyme digestion of PCR amplicons, separation of digestion
products by gel electrophoresis and analysis of fragment banding patterns (Lyra et al.,
1997). Variations in microbial community in response to environmental changes have
been monitored using this approach (Smit et al., 1997). Taxonomic resolution depends
on the choice of restriction enzymes, and inappropriate enzyme choice may lead to
underestimation or overestimation of diversity. For example, in species-rich
communities such as soil, multiple restriction fragments may arise from a single species
resulting in complex patterns that may not reflect community structure (Ranjard et al.,
2000).
Terminal RFLP (T-RFLP; Liu et al. (1997)) is a variant of RFLP that uses
primers that are fluorescently-tagged for PCR amplification before enzymatic digestion.
Terminal restriction fragments (TRFs) of digested labelled amplicons are analysed
using an automated DNA sequencer, with each fragment pair representing each novel
PCR product (Liu et al., 1997). Advantages of this technique include its high resolution
and the ability to produce semi-quantitative information based on the intensity of
fluorescence (peak height); however, results can vary according to statistical methods
used for cluster analysis (Blackwood et al., 2003). The choice of restriction enzyme is
crucial and may result in the inability of T-RFLP to reliably assess phylotype richness
11
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in complex communities (Dunbar et al., 2000). Furthermore, non-specific amplification
and incomplete restriction digestion can produce false terminal fragments, leading to
overestimation of microbial diversity (Egert & Friedrich, 2003). Another modification
of RFLP is amplified fragment length polymorphism (AFLP; Vos et al. (1995)),
whereby adapter oligonucleotide sequences are ligated onto restricted DNA, followed
by selective amplification and visualisation of polymorphisms on a polyacrylamide gel.
AFLP can be used to reveal overall differences in community structure, e.g., different
dilution series of sewage samples changed the overall microbial community structure
using AFLP (Franklin & Mills, 2006).

1.3.3 Other methods in analysing microbial diversity
Stable-isotope probing (SIP) has long been used in the field of organic geochemistry
and medical sciences, but has only recently been used to explore microbial ecology. An
environmental sample is exposed to a substrate labelled with a stable isotope to identify
active microbial communities through isotope uptake (Ginige et al., 2004; McDonald et
al., 2005).

15

N2-DNA SIP was first used to discover novel N2-fixing bacteria in soil

(Buckley et al., 2007). Despite requiring a relatively long incubation period to allow
integration of labelled substrate into newly synthesised DNA of target organisms
(Buckley et al., 2007), SIP is still a valuable tool that links potential functions to
specific microorganisms in a habitat (Chen & Murrell, 2010).
Fluorescent in situ hybridisation (FISH) has been widely used as a cultivationindependent method to analyse microorganisms (Amann et al., 1990). Since its
introduction, FISH applications have been modified to include oligonucleotide probes to
target rRNA (Franks et al., 1998) and identify single microbial cells using fluorescentlylabelled antibodies (Wallner et al., 1993). The recent improvements of FISH (reviewed
by Amann and Fuchs (2008)) include modified polynucleotide probes that allow the
detection of genes in situ (Zwirglmaier et al., 2004) and the coupling of FISH to
confocal Raman microspectroscopy in analysing uncultured microorganisms at the
single-cell level (Huang et al., 2007).
Metagenomics (or shotgun metagenomics) and metatranscriptomics involve the
direct sequencing of protein-coding gene sequences and transcripts, respectively, from
environmental samples without the requirement of prior knowledge of the taxonomic
composition of microbial communities (Daniel, 2005; Shi et al., 2011). These methods
12
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do not involve PCR amplification and thus avoid biases involved with primer choice;
however, metagenomics datasets are often only sequenced to a lower depth than is
required to adequately sample the whole community (Port et al., 2012), and analyses are
limited by the number of annotated genes and complete genomes available in public
databases (Warnecke & Hugenholtz, 2007).

1.3.4 Microarrays
The combination of high-density arrays with sequence-specific oligonucleotide probes
is available for examining environmental diversity. This includes the PhyloChip (Brodie
et al., 2007); the most recent third generation (G3) PhyloChip is a photolithographic
Affymetrix-based array with 25-mer oligonucleotide probes targeting approximately
60,000 OTUs based on 16S rRNA genes (Hazen et al., 2010). The PhyloChip is limited
to detecting only sequences represented by the probe sequences and therefore may not
detect new taxa (DeSantis et al., 2007). Concerns have been raised regarding possible
overestimation of species richness and distortion of community composition following
analysis using PhyloChip data (Midgley et al., 2012). Functional gene arrays, as
reviewed by He et al. (2012a), are microarrays that contain probes for targeting key
genes involved in microbial functional processes, enabling community-wide detection
and characterisation of microbial communities in complex environments. GeoChip
analyses (He et al., 2010) provide functional information on microbial communities
related to biogeochemical cycling of C, N, phosphorus (P) and sulphur, antibiotic and
metal resistance and organic compound degradation.

1.3.5 High-throughput sequencing
While cloning followed by Sanger sequencing has been the standard protocol for
uncovering the diversity of individuals from environmental samples, high-throughput
sequencing has made it possible to sequence DNA from multiple individuals in one
sample in parallel. In microbial ecology, sequences have been obtained from total RNA
(i.e., RNAseq or transcriptome sequencing) or from a mixture of amplified PCR
products (i.e., amplicon sequencing). Several studies have assessed microbial diversity
in soil by sequencing 16S rRNA amplicons (Nacke et al., 2011; Torres-Cortés et al.,
2012; Mao et al., 2013) and selected functional gene amplicons (e.g., nifH; Mao et al.
(2013)).

13

CHAPTER 1 General introduction

Several high-throughput sequencing platforms are currently available and
widely used, including the Illumina (e.g., HiSeq, MiSeq), Roche (e.g., 454 GS Junior+,
GS FLX+), SOLiD 5500 W Series and Ion Torrent platforms (Thermo Fisher
Scientific). The 454 GS Junior+ and GS FLX+ (a larger platform with the same
chemistry) have been popular platforms in ecological applications because of their long
read lengths (400 and ∼1000 base pairs, respectively) (Loman et al., 2012), and the
MiSeq sequencer is now also capable of producing 2 × 300 bp paired-end reads5. The
MiSeq generated the highest throughput per run and the lowest error rate with < 0.001
indels (insertion and deletion) per 100 bases, making it well suited for amplicon
sequencing. In comparison, the Ion Torrent PGM produced 1.5 indels per 100 bases and
the 454 GS Junior produced 0.38 indels per 100 bases (Jünemann et al., 2013).
Improvements in the chemistry of these instruments continually seek to minimise
sequencing error rates, but the potential for error remains. Therefore, quality filtering
post-sequencing is integral in ‘denoising’ incorrect reads that may overestimate
microbial diversity (Reeder & Knight, 2010; Bokulich et al., 2013).

1.4 Factors affecting microbial diversity in soil
The Dutch botanist and microbiologist Baas-Becking’s hypothesis ‘everything is
everywhere, but, the environment selects’ (Baas-Becking, 1934) has caused much
discussion in microbial ecology (Whitfield, 2005; De Wit & Bouvier, 2006; O’Malley,
2007; Bardgett & van der Putten, 2014; Fondi et al., 2016). The first part ‘everything is
everywhere’ reflects the ability of microorganisms to be dispersed globally, while the
rest ‘but the environment selects’ implies that only microorganisms with adaptive
capabilities can survive and thrive in certain environments (Fuhrman, 2009). Many have
challenged this statement and argued that microbial species are actually confined by
dispersal limitation (O’Malley, 2007; Burns et al., 2015). However, this statement does
not dismiss the idea that the distribution of microorganisms is driven solely by
biogeography; rather it suggests that biogeography is not the only factor that drives
species distribution. Simply put, biogeographic pattern is an interaction between
geography and environmental factors (Fondi et al., 2016). There are many factors that
can influence microbial diversity in any given soil environment, and some will be
discussed briefly in the following sections.
5

http://www.illumina.com/systems/miseq.html, last accessed May 4th, 2016.
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1.4.1 Soil pH and nutrient availability
Soil pH is a reflection of various factors of soil formation such as parent material
(material that the soil developed from), topography, climate and soil-dwelling
organisms. Studies have shown that soil pH is not only the best predictor of bacterial
richness and diversity, but also of the overall community composition (Fierer &
Jackson, 2006; Lauber et al., 2008, 2009; Rousk et al., 2010). Significantly lower
bacterial diversity is often found in acidic soils collected from a variety of biomes
(Fierer & Jackson, 2006; Rousk et al., 2010). Relative abundance of Acidobacteria (in
particular, subgroups 1 and 2, which comprise the most abundant classes) was found to
be increased with more acidic pH (within the interval pH 4–7) (Jones et al., 2009;
Rousk et al., 2010). Gammaproteobacteria was enriched with increasing soil pH (> pH
4.5; Rousk et al. (2010)). The strong influence of pH on soil bacterial community is
most likely due to the limited range of pH tolerance in bacteria (Fernández-Calviño &
Bååth, 2010; Rousk et al., 2010). When pH was increased or decreased by 1.7 units, the
growth of the bacterial community was reduced by 50% (Fernández-Calviño & Bååth,
2010). pH predicted microbial community composition at a continental scale (across the
United States; Fierer and Jackson (2006)), whereas the impact of nutrient and carbon
availability, soil moisture and vegetation type (discussed below) is stronger at a local
scale (Buckley & Schmidt, 2002; Zhalnina et al., 2014).
Soil pH can either be main factor driving the community shifts, or indirectly
affecting other edaphic properties, e.g., nutrient availability, organic C, moisture
content, texture and vegetation type. For example, pH has been shown to correlate
positively with concentrations of NO3− and NH3, and negatively with C:N ratio
(Zhalnina et al., 2014). This is because nitrification, i.e., the oxidation of NH3 to NO2−
and NO3−, is strongly affected by pH. At neutral to alkaline pH levels, NH3 is rapidly
converted to NO3− and then NO3−; NH3 is oxidised to NO3− without accumulation of
NO2− between pH 5.0 and 6.4; and in acidic soils (< pH 5.4) NH3 is oxidised to NO3− at
a much slower rate (Morrill & Dawson, 1967). Organic C availability is a limiting
factor for bacterial communities in agricultural and forest soils (Alden et al., 2001).
Hence, reduction in bacterial growth and metabolism as a result of soil acidity is
indirectly correlated to a decrease in the availability of total organic C.
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1.4.2 Soil organic matter and moisture
Soil moisture, the amount of water in a given volume or mass of soil, is highly variable
and changes with the climate (e.g., rainfall and temperature). Microbial activity
measured using soil CO2 flux was significantly reduced when exposed to manipulated
rainfall patterns in a native grassland ecosystem (Knapp et al., 2002). In fact, optimal
microbial activity occurred when approximately 60% of soil pore space is filled with
water (Linn & Doran, 1984). Moisture content in soil is closely related to the textural
class, i.e., percent of sand, silt and clay in soils, which determines soil particle size
(Cosby et al., 1984). Furthermore, soil water content is correlated with soil organic
matter due to its hydrophilic properties and positive effect on soil structure, where
organic matter in fine-textured (clayey) soils is four times that of coarse-textured
(sandy) soils (Hudson, 1994; Kay, 1998). Soil moisture content, together with soil
organic matter, have been strongly correlated with microbial community activity
(potential enzyme activities and phospholipid-derived fatty acids (PLFA); Brockett et
al. (2012)).

1.4.3 Vegetation type
Changes in vegetation can change the quality and quantity of organic matter, which
determines availability of C and N in soil. In turn, this affects the microbial community
and other soil biota (e.g., arthropods, nematodes and other soil-dwelling organisms) and
potentially changes the rates of soil nutrient cycling (Wardle et al., 2004). Variations
can also be seen between closely related plant species of the same genus, e.g., seven
species of the snow tussock Chionochloa-dominated vegetation are associated with
different soil properties, especially in inorganic P concentrations (Williams et al., 1978).

1.4.4 Other factors
Biogeography: Phylogenetic similarity of bacteria was found to be unrelated to
geographic distance at least at higher taxonomic levels (Fierer & Jackson, 2006).
However, another study observed decreased acidobacterial richness and phylogenetic
diversity with increasing elevation gradient in the Colorado Rocky Mountains (Bryant
et al., 2008). In addition, the distribution of soil microbial community was found to be
highly predictable in alpine soils down to the order level (King et al., 2010). In biofilm
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communities New Zealand-wide, bacterial communities were shown using ARISA to
exhibit predictable biogeographic patterns (Lear et al., 2013).
Soil texture: The percentage of sand, silt and clay (i.e., soil texture) that make up soils
have been shown to affect soil organic matter processes (see Section 1.4.2). For
example, clay is involved in the protection of organic matter from decomposition and
therefore increases soil organic matter (Sorensen, 1981). Sandy (coarse) soils are
predicted to contain less organic C than finer-textured soils (Burke et al., 1989). TRFLP and sequencing of 16S rRNA genes demonstrated that microbial diversity is
affected by soil texture, with smaller soil particles harbouring higher microbial diversity
than in larger soil fractions (Sessitsch et al., 2001). The influence of soil particle size is
also taxon-specific, where larger particles (sand fraction) were dominated by
Alphaproteobacteria while smaller particles were enriched with the genus Halophaga
(Acidobacteria) (Sessitsch et al., 2001).

1.5 NZ indigenous tussock grasslands as a study system
During the period following Polynesian settlement more than 750 years ago, widespread
burning and deforestation is believed to have removed the woody forests that covered
the South Island. This paved the way for tussock grassland to dominate these areas
(Wardle, 1991). Different grassland types exist based on altitude: lowland to montane
short tussock grassland (up to 800 m; e.g., Festuca and Poa spp.), lowland to montane
tall tussock grassland (approximately 800–1300 m; e.g., Chionochloa rubra, C. rigida
and C. teretifolia) and subalpine to low-alpine tall tussock grassland (up to 2000 m; e.g.,
C. macra and C. pallens) (Mark et al., 2013). At the start of the European settlement
(1840s), 31% of New Zealand was estimated to be covered by indigenous tussock
grasslands. In 2002, just 44% of the indigenous grasslands remained untouched by
conversion to agriculture and forestry (Mark & McLennan, 2005), and it was estimated
that over 95% of remaining grasslands are located in the South Island (Weeks et al.,
2013). Approximately 10% or 2.64 million hectares of New Zealand’s land is classified
as tall tussock grassland (Ministry for the Environment, 2007). These indigenous
grasslands have gained increasing attention for their conservation values, threats from
burning and over-grazing, role in water conservation and indigenous biodiversity
(McGlone, 2001).
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All soil sampling in this work was conducted in grasslands in the South Island,
New Zealand (Figure 1.1).
Figure 1.1: Map of study regions
within New Zealand. Grassland soil
samples were collected from the
following sites for each chapter:
Chapters

3–4,

Deep

Stream;

Chapters

5–7,

Takahe

Valley.

Deep Stream: The Deep Stream study site (Lammerlaw Range, Otago) is part of a
study of the impacts of tussock burning as a pastoral management tool (Barratt et al.,
2009; Payton & Pearce, 2009). The site is approximately 700 m above sea level (a.s.l.)
and the vegetation was dominated by tall tussock Chionochloa rigida grassland. Further
site description is available elsewhere (Barratt et al., 2005).
Takahe Valley: The Takahe Valley study site (Murchison Mountains) is located in
Fiordland National Park. This site is part of a series of studies into the long-term
Chionochloa flowering patterns in relation to soil nutrient status (Williams et al., 1976;
Lee & Fenner, 1989; Tanentzap et al., 2012). These studies were originally intended to
learn more about the endangered takahē and their diet, i.e., leaves of Chionochloa
tussocks (Williams et al. 1976). The flightless takahē (Porphyrio hochstetteri) was
thought to be extinct in the early 20th century but was rediscovered at the Murchison
Mountains in 1949 (Williams, 1960). Different Chionochloa species occupy and
dominate distinct communities at this site (approximately 1050 m a.s.l.), and this
delineation by soil edaphic variation is most likely due to topographic position and soil
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age (Williams et al., 1976). A research and collection permit for soil sampling at the
now protected Takahe Valley area was obtained from the Department of Conservation
(DoC) and attached in the appendix.

1.6 Thesis outline
The primary objective of this research project is to gain some insight into the microbial
community diversity and structure, including the nitrogen cycling community, in New
Zealand indigenous grassland soils associated with the endemic tussock Chionochloa.
Different Chionochloa species occupy different communities as a result of strong
edaphic segregation, and soil N limitation is known to influence vegetative growth and
flowering intensity of these tussock grasses. The paucity of legumes in NZ alpine
grasslands implies a possibility that N2-fixing microorganisms may contribute a
significant amount of N into these soils. Several approaches were used to achieve this
aim, including analyses of the total (and active) microbial and diazotrophic
communities using high-throughput amplicon sequencing and quantitative PCR,
quantification of the transcript levels of N cycling genes and analysis of soil properties.
Chapter 2: General methods and materials. This chapter covers general methods
used in Chapters 3–7. Changes to general methods are noted in individual chapters, if
applicable.
Chapter 3: Effects of burning in Deep Stream tussock grasslands on soil bacterial
communities. Prescribed burning was used widely in indigenous tussock grasslands to
convert grasslands for pastoral use. Despite known negative effects on the native
vegetation and soil quality, little is known about the effects of fire on the diversity and
composition of microbial communities, especially N2-fixing microorganisms. This
chapter investigates the use of cultured and uncultured (clone library) methods to
compare the diversity of potential N2-fixing Cyanobacteria from burnt and unburnt
grassland soils. Furthermore, this chapter aims to determine if a clone library method
will be useful for future large-scale quantification and survey of microbial diversity in
grassland soils. Results from this chapter are published as Chua JP, Orlovich DA,
Summerfield TC (2014). Cyanobacteria in New Zealand indigenous grasslands. New
Zealand Journal of Botany, 52:100–115 in the Special Issue “Algal and cyanobacterial
bioenergy and diversity”.
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Chapter 4: Evaluation of primers for amplifying nifH genes for high-throughput
sequencing-based diversity studies. Previous studies have found that the coverage of
universal nifH primers, which encodes for the nitrogenase enzyme, changes between
phylogenetic groups, and few primer pairs had high coverage of intended target groups.
However, several questions are still left to be answered regarding choosing which
primer set to amplify nifH genes from environmental samples. This chapter evaluates
the performance of selected nifH primer sets using high-throughput sequencing, and
compare the diversity and composition of bacterial and archaeal N2-fixers captured
using different primers.
Chapter 5: Contrasting total bacterial and diazotrophic communities in indigenous
Chionochloa (Poaceae) grassland soils in New Zealand. The lack of legumes in New
Zealand tussock grasslands means it is likely that N2-fixing bacteria play a significant
role in providing biologically available nitrogen into these soils. In this chapter, highthroughput amplicon sequencing of partial 16S rRNA and nifH genes provides a
comprehensive examination of the total bacterial and diazotroph community structure,
respectively, in the soils dominated by two edaphically different and closely related
Chionochloa tussock species. This chapter is presented with a combined results and
discussion section to avoid repeating of results during discussion of results. This chapter
will be submitted (in June 2016) for publication in the peer-reviewed journal PeerJ as
Griffith JC, Lee WG, Orlovich DA, Summerfield TC (in prep.).
Chapter 6: Active and total microbial communities in Takahe Valley grassland
soils. Other studies have shown that up to 90% of microbial community in soils may be
inactive or dormant. Data from Chapter 5 show that bacterial community composition is
different between the soils Chionochloa-dominated soils, but it is not known if there are
differences between the active and dormant communities. Furthermore, soil parameters
from the two grassland soils were analysed and correlated to the abundances of
dominant taxa from the total and active microbial communities.
Chapter 7: Abundances of nitrogen cycling genes in two indigenous New Zealand
grassland soils. In New Zealand, natural grasslands have received little to no research
attention despite differences in the N cycle, including smaller N input from animals and
comparatively slower N cycling rates compared to managed grasslands. The objectives
of this chapter were to characterise and quantify (using RT-qPCR) the abundance of
active microbial communities responsible for key processes in the N cycle in grasslands
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dominated by different Chionochloa communities, and use multivariate modelling to
determine the main drivers of each N cycling process.
Chapter 8: General discussion. The results from each result chapter are summarised,
and conclusions linked to the aims of this thesis. Lastly, implications and directions for
future research in this research area are discussed.
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Chapter 2
General Materials and Methods

Post-burn recovery of tussocks at Deep Stream grasslands, Otago, New Zealand.
Photo courtesy of Grant Pearce (April 2016).
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2.1 Materials
2.1.1 General labware
Consumables and equipment used in this study are listed in Table 2.1.
Table 2.1: Laboratory equipment, consumables and manufacturers.

Product
Barrier pipette tips 10, 20 and 200 µL
PCR thin wall tubes; 8 strips and domed caps (0.2 mL)
Multiplate low-profile 48-well unskirted PCR plates
Optical flat 8-cap strips (for qPCR)
Mini gel tank (30–50 mL)
Large sub gel tank (160–200 mL)
Microcentrifuge tubes (1.7 mL)
Falcon conical centrifuge tubes (15 and 50 mL)
Sterile petri dishes (90 × 15 mm)

Manufacturer
MultiMax, Labsuply, NZ
MultiMax, Labsuply, NZ
Bio-Rad Ltd., NZ
Bio-Rad Ltd., NZ
Bio-Rad Ltd., NZ
Bio-Rad Ltd., NZ
Axygen, Corning Inc., USA
BD Biosciences, USA
Labserv, NZ

2.1.2 Stock Solutions
All chemicals were obtained from Sigma Chemical Co., USA, unless otherwise
specified. All stock solutions were stored at room temperature unless otherwise stated
and solutions were sterilised by autoclaving at 15 psi, 120°C for 20 min. Solutions were
prepared using milli-Q denionised water (hereafter MQ water or dH2O) unless
otherwise stated. Percentage measures indicate weight/volume. Filter-sterilisation of
stock solutions was performed by passing solutions through a 0.22 µm pore size filter
(Millipore Corp., USA), unless otherwise specified.
Lysogeny Broth (LB) medium
1% bactotryptone, 0.5% yeast extract, 1% NaCl
Super Optimal Broth (SOB) medium
2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl
The medium is adjusted to pH 7.0 using sodium hydroxide (NaOH) pellets. Following
sterilisation and cooling of medium to approximately 55°C, filter-sterilised MgCl2 and
MgSO4 were added to final concentrations of 10 mM each.
Super Optimal Broth with catabolite repression (SOC)
Prepared according to SOB medium and supplemented with filter-sterilised glucose to a
final concentration of 20 mM.
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BG-110 (minus nitrate) medium
100× BG-110: 0.1 g/L Na2Mg EDTA; 0.6 g/L C6H8O7.H2O (citric acid); 3.6 g/L
CaCl2.2H2O; 7.5 g/L MgSO4.7H2O.
100× trace minerals: 2.86 g/L H3BO3; 1.81 g/L MnCl2.4H2O; 0.22 g/L ZnSO4.7H2O;
0.39 g/L Na2MoO4.2H2O; 0.08 g/L CuSO4.5H2O; 0.05 g/L CoCl2.6H2O.
Liquid medium: 1× BG-110; 0.6 g/L C6H8FeNO7 (ferric ammonium citrate); 4 g/L
K2HPO4.2H2O; 0.02 g/L Na2CO3; 1× trace minerals. The medium is adjusted to pH 7.5
using HCl prior to sterilisation (final pH of 7.1 after sterilisation).
Tris-EDTA (TE) buffer
10 mM Tris-HCl, pH 8.0; 1 mM EDTA
0.5 M EDTA, pH 8.0
93.06 g of ethylenediaminetetracetic acid disodium salt dihydrate (EDTA) was added to
400 mL of MQ water. The medium is adjusted to pH 8.0 using NaOH pellets
(approximately 10 g) and final volume brought up to 500 mL prior to sterilisation.
Agar plates
1.5% agar was added to LB or BG-110 media.
DNA gel electrophoresis:
Tris-acetate EDTA buffer, pH 8.0 (50× TAE)
For each L of 50× stock: 242 g/L (2.0 M) trizma base (MW = 121.1); 57.1 mL glacial
acetic acid; 50 mM EDTA, pH 8.0. A working buffer (1×) was prepared by diluting the
stock with dH2O.
6× loading dye
0.25% xylene cyanol FF; 30% glycerol; MQ to 10 mL.
Agarose gel
UltraPure™ Agarose (Invitrogen, Thermo Fisher Scientific) was added to 1× TAE
buffer to form a 1 or 2% solution as required.
RNA gel electrophoresis:
All solutions for RNA extraction and RNA gel electrophoresis were made with DEPCtreated MQ water.
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DEPC-treated MQ water
Diethyl pyrocarbonate (DEPC) was added to MQ water to form a 0.1% solution in a
fume hood. The solution was mixed by stirring overnight at room temperature, and then
autoclaved to inactivate DEPC.
10× MOPS buffer
0.2 M MOPS (MW = 209.3); 0.05 M NaOAc, pH 5.0; 0.01 M EDTA, pH 8.0; adjusted
to pH 7.0 using NaOH; sterile DEPC-treated MQ water to 1 L. Buffer was protected
from light.
2× RNA loading buffer
50% formamide; 16% formaldehyde; 10% 10× MOPS buffer; 10% glycerol; 0.025%
bromophenol blue; 0.01% ethidium bromide; sterile DEPC-MQ water to 1 mL.
Transformation:
Inoue transformation buffer
55 mM MnCl2.4H2O; 15 mM CaCl2.2H2O; 250 mM KCl; 10 mM piperazine-1,2-bis(2ethanesulfonic acid) (PIPES) from a 0.5 M stock; filter-sterilised through a 0.45 µm
pore size filter (Nalgene, Thermo Fisher Scientific).
PIPES (0.5 M, pH 6.7)
15.1 g of PIPES was dissolved in 80 mL of MQ water. pH was adjusted to 6.7 using 5
M potassium hydroxide (KOH) and brought up to 100 mL with MQ water. The solution
was sterilised through a 0.45 µm pore size filter (Nalgene) and stored at −20°C in 20
mL aliquots.
Alkaline lysis plasmid isolation:
Solution 1: 50 mM glucose; 25 mM Tris-HCl, pH 8.0; 10 mM EDTA, pH 8.0
Solution 2: 0.2 M NaOH; 1% sodium dodecyl sulfate (SDS), made fresh before use
Solution 3: 3 M potassium acetate; 2 M glacial acetic acid

2.1.3 Bacterial strains and media
Escherichia coli DH5α was purchased from Thermo Fisher Scientific, USA. E. coli
strains were grown in LB or SOB supplemented with ampicillin at 100 µg/mL when
required.
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Nostoc punctiforme ATCC 29133, also Nostoc PCC 73102, was obtained from the
Pasteur Culture Collection.

2.1.4 Oligonucleotides
Oligonucleotides used in this study were purchased from Integrated DNA Technologies
(IDT, Singapore) with standard desalting. Lyophilised primers were resuspended in
sterile TE buffer to 100 µM, from which 10 µM working solutions were prepared with
sterile MQ water.

2.1.5 Commercial kits
NucleoSpin® Soil
For the purification of total DNA from Deep Stream soil samples, approximately 500
mg soil per sample were processed using the isolation kit with recommended amounts
of the buffer SL2 and enhancer SX. The DNA isolation kit was purchased from
Machery-Nagel GmbH & Co. KG (Germany) and stored at −20°C until use.
PowerSoil® DNA Isolation Kit
The DNA isolation kit was used for the purification of total DNA from soil samples for
high-throughput sequencing and was purchased from Mo Bio Laboratories (USA)
through GeneWorks (Australia).
RNA PowerSoil® Total RNA Isolation Kit
The RNA isolation kit was used for the isolation of total RNA from soil samples and
was purchased from Mo Bio Laboratories (USA) through GeneWorks (Australia).
LifeGuard™ Soil Preservation Solution
LifeGuard™ was used for the stabilisation of RNA by preventing RNase and DNase
activity in soil samples collecting in the field. It was purchased from Mo Bio
Laboratories (USA) through GeneWorks (Australia) and stored protected from light.
PowerClean Pro RNA Clean-Up Kit
This clean-up kit was used for further removal of humic acids and other inhibiting
substances from total RNA, and was purchased from Mo Bio Laboratories (USA)
through GeneWorks (Australia).
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PureLink® PCR Purification Kit
This PCR purification kit was used for routine purification of PCR amplicons not for
high-throughput sequencing, and was purchased from Thermo Fisher Scientific (NZ).
Agencourt® AMPure® XP Purification system
For purification of PCR amplicons intended for high-throughput sequencing, AMPure
XP beads were used in a PCR reaction volume:bead ratio of 1:1.8 (or 1:0.8 for removal
of primer dimers 200 bp and larger). The kit was purchased from Agencourt Bioscience
Corporation, Beckman Coulter (USA), stored at 4°C and mixed well before use.
Qubit® dsDNA High Sensitivity Assay
For quantitation of purified PCR amplicons, the Qubit assay kit was used with the
Qubit® 2.0 Fluorometer. The assay kit was purchased from Life Technologies (Thermo
Fisher Scientific, NZ), standards were stored at 4°C, and reagent and buffer stored at
room temperature and protected from light.

2.2 Methods
Standard microbiological aseptic techniques were used throughout this study and in
biological safety cabinets with UV light treatment for 15 min prior to setting up of
experiments. For high-throughput sequencing library preparation, separate areas and
cabinets were used for each round of PCR amplification and purification steps.

2.2.1 Working with RNA
Prior to working with RNA, pipettes and bench tops were wiped with sterile 0.1 M
NaOH solution. Pipette tip boxes were soaked in 0.1 M NaOH for 20 min, rinsed with
DEPC-treated MQ water and air-dried before the racking of tips. Glassware and
spatulas were baked at 180°C for 8 h before use. Sealing rings and lids on bottles were
removed prior to baking. Magnetic stirring fleas and lids were soaked in 3% hydrogen
peroxide (H2O2) for 20 min and rinsed with DEPC-treated MQ water.

2.2.2 Study sites
Deep Stream grasslands: The Deep Stream site (640–700 m a.s.l.), located at the
eastern end of the Lammerlaw Range, is owned and managed by the Dunedin City
Council. The site is a lower-altitude tall-tussock grassland (Chionochloa rigida) retired
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from pastoral grazing and had not been burned for over a decade prior to fire treatments
(Payton & Pearce, 2009). Soils are described as silt loams (Wehenga soils) (Payton &
Pearce, 2009), and are classed as low- to very low- natural nutrient soils (New Zealand
Soil Bureau, 1968). Soil samples were collected from 20 control (unburnt) and 20 burnt
(during spring and summer) grassland plots in January 2013 (Figure 2.1). From each 0.1
m2 plot (320 × 320 mm), approximately 1 g of soil was randomly collected from the top
5 cm. The samples from 20 plots (control and burnt) were combined to provide a
homogenous, representative sample. Soil samples were air-dried, sieved (twice, through
a 2-mm sieve), and coarse roots and stones were removed. Soil samples were stored at
4°C until extraction of DNA (the following day).

Figure 2.1: Map of the Deep Stream study site (A) and photo depicting 1 × 1 m layout squares (preburn),
from which 320 × 320 mm quadrats were later cut from (B). Map was obtained from Payton and Pearce
(2009) and the bottom photo was courtesy of Grant Pearce.
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Takahe Valley grasslands: Soil samples were collected from Chionochloa-dominated
grasslands in Takahe Valley, situated in Fiordland National Park (45°14′ S, 167°33′ E)
in March 2013 and 2014 (Figure 2.2). Permanent line transects of approximately 100 m
are marked through the Chionochloa pallens and Chionochloa teretifolia communities,
which are located approximately 1050 m above sea level (a.s.l.). Both species transects
were divided into five equal-sized, non-overlapping plots.

Figure 2.2: Study site in Takahe Valley, Fiordland National Park (A). Also shown are the line transect
across C. teretifolia-dominated tussock (B); example of C. pallens (C); and example of C. teretifolia (D).
Map was obtained from http://maps.doc.govt.nz/mapviewer/index.html?viewer=docmaps.
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For the 2013 sampling, soils from the top 5 cm of the surface were collected
from five separate locations within each plot (Figure 2.3). Approximately 1 g of soil
was collected using a spatula from each location. From each of the two Chionochloa
transects, five composite soil samples were air-dried, and coarse roots and stones
removed prior to sieving using a 2-mm sieve.
For the 2014 sampling, soil samples were collected from the top 10 cm using a
soil corer from five random locations within all ten plots and placed into sterile plastic
bags (Figure 2.3). For DNA-based analysis, approximately 1 g of soil was collected
using a spatula from each homogenised soil core sample into 1.5-mL microfuge tubes.
This made up 25 samples from each line transect (50 in total from C. pallens and
C. teretifolia soils). The remaining soil cores from each plot were then pooled together
into new plastic bags. Soil clumps were manually broken up to ensure a well
homogenised soil sample. For RNA-based analysis, approximately 2 g of the pooled
soil sample was placed using a teaspoon (sterilised with an alcohol wipe between use)
into a new 50-mL Falcon tube containing 5 mL of LifeGuardTM Soil Preservation
Solution to preserve RNA integrity. The solution and soil mixture were vortexed
vigorously. The remaining pooled soil samples were kept for soil nutrient testing.
Gloves were worn at all times and changed between each sample to prevent crosscontamination. All samples were kept in a chilly bin with ice packs before being
transported to the lab for further analysis. Samples for total (DNA-based) and active
(RNA-based) microbial community analyses were stored at −20°C until extractions
were performed (the next day for RNA analysis and 6 months later for DNA analysis).
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Figure 2.3: Illustration of soil sampling at Takahe Valley. Each Chionochloa transect was separated into
five equal, non-overlapping plots. Samples were collected from five random locations within each plot.
(A) 2013 sampling for DNA-based analysis: soil samples were pooled from each transect; (B) 2014
sampling for DNA-based analysis: individual soil samples (not pooled) forming 25 samples from each
transect; (C) 2014 sampling for RNA-based analysis: individual soil samples from (B) were homogenised
to form one composite sample for RNA-based analysis to form five samples from each transect.

2.2.3 General outline of study design
Using data obtained from Deep Stream and Takahe Valley tussock grassland soils, a
variety of methods were used to characterise the soil microbial community composition.
A general overview of the methods employed is outlined in Figure 2.4.
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methods were only used in preliminary surveys and did not generate any significant data.

Figure 2.4: Illustration of the study design and methods employed in this study. Not included in this figure are culture-dependent
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2.2.4 Soil processing and analyses
For soils that require wet sieving, soil samples were sieved through a clean and dry 4mm sieve to remove all stones and organic matter. Soils that require air-drying were
dried at 35°C for 48 h. After drying, soil samples were sieved through a clean 2-mm
sieve to remove stones and remaining organic material. Field moist and air-dried soils
were sent to an internationally accredited laboratory (Landcare Research Environmental
Chemistry Laboratory, New Zealand) for soil analyses.
Soil samples were analysed for moisture factor (water content), pH, mineral
(KCl-extractable), NO3− and NH4+, and Olsen-available P using standard methods
(Blakemore et al., 1987). Total C and total N were determined with a Leco TruMac
using the Dumas dry combustion principle (LECO Corporation, 2003). Methods
involved in the measurement of microbial biomass carbon (MBC) were done with
methods adapted from Vance et al. (1987).

2.3 Culture methods
2.3.1 Isolation of nitrogen-fixing Cyanobacteria
Dried soil samples were resuspended with sterile BG-110 liquid media in a 1:10 ratio,
then approximately 1 mL of resuspension was spread onto BG-110 agar medium
(Rippka et al., 1979) with 1% Noble agar (Difco Laboratories, USA) and 100 µg/mL of
filter-sterilised cycloheximide. Plate cultures were incubated for 2–3 weeks, or until
visible Cyanobacteria colonies were found. Single colonies were then cultured in 125mL Erlenmeyer flasks with BG-110 liquid media under the same conditions, but on a
100 rpm rotary shaker (Ratek, Australia). Cultures were maintained at 26°C under
continuous illumination at approximately 30 µmol photons/m2/s in an MLR-350 growth
cabinet (Sanyo Electric Biomedical Co. Ltd, Japan).

2.3.2 Microscopy
Putative cyanobacterial colonies were observed using a Leica DMRE microscope (Leica
Microsystems, Germany). Bright-field and epifluorescence images were acquired with a
Leica DC300 digital camera and the Leica IM50 software. Autofluorescence of
cyanobacterial cells was measured using an excitation wavelength of 559 nm to excite
the phycobilins and chlorophyll a of the photosynthetic cells (Meeks & Elhai, 2002).
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Cell dimensions were measured by the ImageJ software (version 1.47) (Abràmoff et al.,
2004). For each morphological character, ten measurements were taken of vegetative
cells and heterocysts at random.

2.4 Nucleic acid extraction methods
2.4.1 Cyanobacterial DNA extraction
DNA was extracted from isolated cultures of approximately 150 mL using a protocol
modified from Cohen et al. (1994). Cells were pelleted by centrifugation at 1000 g for 7
min. The supernatant was discarded and the cells were ground to a fine powder with a
mortar and pestle in liquid nitrogen. The resulting powder was washed twice with 5 M
NaCl and resuspended in TE buffer to give a total volume of 1 mL. After vortexing,
1 mL of a 20 mg/mL lysozyme solution was added. Following incubation at 37°C for
1 h (with regular mixing by inversion), 0.5 mL of 0.5 M EDTA (pH 8) was added. The
cells were lysed through the addition of 1 mL of 2 mg/mL Proteinase K solution and 0.1
mL of 20% SDS, mixed by inversion and incubated as above for 1 h. After the lysis
step, 0.6 mL of 5 M NaCl was added and the suspension was mixed. A further 0.45 mL
of a 10% solution of hexadecyltrimethylammonium bromide (CTAB) in 0.7 M NaCl
was added, and the suspension was mixed and incubated at 65°C for 10 min. The cell
debris was pelleted by centrifugation at 13 000 g for 5 min. The supernatant was
transferred to a clean microfuge tube, and 2 µL of 10 mg/mL RNase A was added and
incubated at 37°C for 20 min. DNA was extracted with an equal volume of chloroform,
followed by mixing and centrifugation at 13 000 g for 5 min. The aqueous phase was
transferred to another clean microfuge tube and extracted in the same way with equal
volumes of phenol:chloroform. DNA was precipitated with ethanol with a 1/10 volume
of 3 M NaOAc (pH 5.2) and two volumes of ethanol at −20°C for 30 min. DNA was
collected by centrifugation at 13 000 g for 5 min, washed in 70% ethanol, air-dried and
resuspended in 30 µL TE buffer.
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2.4.2 Total DNA extraction from soil
Deep Stream soil samples: Total microbial community DNA was extracted from
approximately 500 mg soil using the NucleoSpin® Soil DNA kit (Machery-Nagel
GmbH & Co. KG, Germany) with recommended amounts of the buffer SL2 and
enhancer SX and stored at −20°C until use.
Takahe Valley soil samples: Total microbial community DNA was extracted from 200
mg soil using the PowerSoil® DNA Isolation Kit as per manufacturer’s instructions. At
step 5, a bead beater (Mixer Mill MM301, Retsch GmbH, Haan, Germany) was used at
a maximum frequency (30.0 cycles/s) for 30 s instead of vortex agitation. DNA was
eluted in a final volume of 80 µL and stored at −20°C until use.

2.4.3 Total RNA extraction from soil
Total microbial community RNA was extracted using the RNA PowerSoil® Total RNA
Isolation Kit (Mo Bio Laboratories) preserved in LifeGuard® Soil Preservation Solution
(Mo Bio Laboratories) as per manufacturer’s instructions. Eluted RNA was cleaned up
using the PowerClean® Pro RNA Clean-Up Kit (Mo Bio Laboratories) following the
manufacturer’s instructions to remove any PCR inhibiting substances. Final RNA
extracts were eluted in 50 µL of Solution RC5 and stored at −80°C until further use.
As with extraction from any type of soil, the coextraction of humic acids and
other organic compounds complicates the high quality extraction of total RNA from
grassland soils (Wang et al., 2012). Humic acids, if not removed, may inhibit
downstream analyses including reverse transcription and PCR. The eluted RNA prior to
secondary clean-up was amber to brown in appearance and inhibited RT-PCR.
Following clean-up using the PowerClean® Pro RNA Clean-up Kit (Mo Bio
Laboratories), high quality total RNA was obtained (confirmed with A260/A230 and
A260/A280 ratios using Nanodrop).
RNA was then treated with 1 U of DNase I (Amplification Grade) and
RNaseOUTTM Recombinant Ribonuclease Inhibitor (Invitrogen, Thermo Fisher
Scientific) for 4 h at room temperature to remove any contaminating DNA. To confirm
the absence of contaminating DNA, 1 µL of DNase-treated RNA was used in a control
PCR run using primers targeting the 16S rRNA gene.
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2.5 Gel electrophoresis
DNA gel electrophoresis: Agarose gels (1 or 2%) containing 0.5 µg/mL ethidium
bromide were subjected to electrophoresis in 1× TAE buffer at a constant voltage of 90
V on a PowerPac Basic electrophoresis apparatus (Bio-Rad). DNA or PCR amplicons
were mixed with 1× loading dye. Either the 1 Kb plus DNA ladder (Thermo Fisher
Scientific) or KAPA Universal DNA ladder (Kapa Biosystems) was used to estimate
molecular weight of DNA products. Bands were viewed under ultraviolet light and
photographed using a Gel Logic 100 Imaging System (Kodak, Japan).
RNA formaldehyde gel electrophoresis: 1.5% agarose gel in 40 mL volume was
prepared by dissolving 0.6 g of agarose in DEPC-treated dH2O. Before gel
polymerisation, 4 mL of 10× MOPS buffer and 2.3 mL of formaldehyde (to 37%) were
added. RNA samples of approximately 200 ng per lane were resuspended in two
volumes of 2× RNA loading buffer with EtBr and denatured at 65°C for 10 min. The
mixture was kept on ice and loaded on the RNA gel immediately. Electrophoresis was
performed in 1× MOPS buffer at 70V for 2 h and visualised under ultraviolet light.

2.6 PCR purification
2.6.1 Silica-membrane-based column purification
PCR products were purified using PureLinkTM PCR Purification Kit or from agarose
gels with PureLinkTM Quick Gel Extraction Kit (Invitrogen, Thermo Fisher Scientific).

2.6.2 Magnetic bead-based purification
For high-throughput sequencing, amplicons from first and second round PCR (see
Section 2.13) were purified using a magnetic bead capture kit (Agencourt AMPure XP
beads, Beckman Coulter, USA) following the manufacturer’s instructions and eluted in
30 µL of UltraPure nuclease-free water (Thermo Fisher Scientific). A DNA:bead ratio
of 1:0.8 was used when adapter primer dimers of above 100 bp were present.
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2.7 Nucleic acid quantitation and quality control
2.7.1 Quantification using Nanodrop spectrophotometer
DNA from cultured isolates and DNA and RNA from soil extracts were quantified with
a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, USA). Quality of
RNA extracts was also checked by electrophoresis of 200 ng aliquots of RNA extracts
in 1.5% agarose gels.

2.7.2 Qubit and Bioanalyser quantitation assays
Amplicons were quantified using the Qubit dsDNA High Sensitivity Assay (Invitrogen,
Thermo Fisher Scientific) with the Qubit 2.0 Fluorometer (Invitrogen, Thermo Fisher
Scientific) following the manufacturer’s instructions. The integrity of all first and
second round amplicons was confirmed by visualisation on 2% DNA agarose gels. All
purified amplicons from the second round PCR were combined in equimolar amounts of
2 nM each and stored at −20°C until further required. The pooled sample was run on the
Agilent 2100 Bioanalyser (Agilent Technologies, USA) for quality control assessment.

2.8 Cloning into plasmids
PCR products were ligated into pJET1.2 (CloneJet PCR Cloning Kit, Thermo Fisher
Scientific) following the manufacturer’s instructions. Blunting of PCR products was
performed using the proprietary DNA Blunting Enzyme provided in the kit prior to
ligation following the manufacturer’s instructions.

2.9 Transformation of E. coli
2.9.1 Preparation of competent cells
The Inoue method for preparation of competent Escherichia coli DH5-α was used
(Sambrook & Russell, 2001). A single E. coli colony was used to inoculate 25 mL of
SOB medium and incubated for 6–8 h at 37°C with shaking at 200 rpm on an orbital
shaker (Ratek). This was used as a starter culture to inoculate 250 mL of SOB medium
and incubated overnight at 18°C with shaking at 200 rpm. Once an optical density of
0.55 at 600 nm was reached, the culture was kept on ice and cells were harvested by
centrifugation at 2500 g for 10 min at 4°C. The cells were resuspended in 80 mL of ice38
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cold Inoue transformation buffer by gentle swirling, followed by a second round of
centrifugation at 2500 g for 5 min at 4°C. The cells were resuspended in 20 mL of icecold Inoue transformation buffer and DMSO was added to a final concentration of 7%.
The bacterial suspension was incubated on ice for 10 min and then snap-frozen in
aliquots of 200 µL and stored at −80°C until use.

2.9.2 Heat shock transformation
Competent cells prepared as outlined above were thawed by incubating on ice for 10
min. Up to 10 µL of ligation mixture was added to 100 µL of competent cells in sterile
microfuge tubes. The cells and plasmid DNA were mixed gently and incubated on ice
for 30 min. Heat shock was performed by incubating the tubes at 42°C for 1 min and
immediately rested on ice for 2 min. To recover transformed cells, 800 µL of SOC
medium was added to each tube and incubated at 37°C with shaking at 200 rpm on a
rotary shaker for 45 min. Transformed cells were then plated onto LB agar plates with
100 µg/mL of ampicillin and incubated at 37°C for 12–16 h.

2.10 Plasmid DNA isolation
Plasmid DNA was routinely isolated from transformed E. coli cells using a modified
alkaline lysis method (Bimboim & Doly, 1979). An overnight culture (3 mL) of E. coli
was grown at 37°C with shaking at 200 rpm on a rotary shaker (Ratek). The cells were
pelleted by centrifugation at 8000 g for 2 min, and resuspended in 100 µL of ice-cold
Solution 1 (see Section 2.1.2). Following vortexing and addition of 200 µL of Solution
2, the cell suspension was mixed by gentle inversion and incubated on ice for 5 min.
Then, 150 µL of ice-cold Solution 3 was added to the cell suspension and mixed
vigorously, and incubated on ice for another 5 min. After centrifugation at 13 000 g for
5 min at 4°C, approximately 300 µL of supernatant (upper phase) was transferred to a
new microfuge tube. The supernatant was incubated with 1 µL of 10 mg/mL RNase A
at 37°C for 20 min. Plasmid DNA was then extracted with equal volumes of
phenol:chloroform (1:1) and precipitated in two volumes of 100% ethanol. Following
incubation at room temperature for 2 min, plasmid DNA was pelleted by centrifugation
at 13 000 g for 10 min at 4°C. The resulting pellet was washed in 70% ice-cold ethanol
and centrifuged for another min before being air-dried. Finally, plasmid DNA was
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resuspended in TE buffer and stored at −20°C until use. Inserts within plasmids were
sequenced using pJET1.2 forward primer to check for specificity.

2.11 Reverse transcription
To remove contaminating DNA prior to reverse transcription, 100 ng of total RNA were
treated with 0.5 U of DNAse I (amplification grade, Life Technologies) for 30 min at
room temperature. After incubation, 1 µL of 25 mM EDTA was added to the reactions
and incubated for a further 10 min at 65°C. For complementary DNA (cDNA)
synthesis, 5 µL of DNase-treated RNA was added to a master mix containing the
following: 250 ng of random primers (containing 6:2:1:1 of hexamer:octamer:nanomer:
decamer), each deoxynucleotide triphosphate at 0.5 mM and sterile DEPC-treated MQ
water to 13 µL, and incubated for 2.5 h at 50°C. The mixture was then incubated at
65°C for 5 min and on ice for 1 min. To each reaction mix, final concentrations of 1×
First-Strand Buffer, 0.05 mM dithiothreitol (DTT) and 20 U of Superscript® III Reverse
Transcriptase (Life Technologies) were added. The reactions were incubated for 10
mins at 25°C and then 50°C for 150 mins. Reverse transcriptase was inactivated by
heating the reactions to 70°C for 15 mins. cDNA samples were stored at −20°C until
further use. To test for DNA contamination of the RNA extracts, control reactions were
prepared as described above, but Superscript III reverse transcriptase was replaced with
sterile DEPC-MQ.
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2.12 Polymerase chain reaction
PCR amplification was performed in either an Eppendorf Mastercycler or Mastercycler
Gradient thermal cycler (Eppendorf GmBh, Germany). Reactions were maintained at
14°C following completion of PCR until removal from the thermal cycler.

2.12.1 Primers used in this study
Primers used in PCR and real-time quantitative PCR are listed in Table 2.2.
Table 2.2: Primers used in this study for standard and quantitative real-time PCR.
Primer

Sequence (5′ to 3′)1

Reference

Colony PCR, cloning and sequencing primers
M13 Forward

GTAAAACGACGGCCAGT

M13 Reverse

GTTTTCCCAGTCACGAC

pJet1.2 Forward

CGACTCACTATAGGGAGAGCGGC

pJet1.2 Reverse

AAGAACATCGATTTTCCATGGCAG

Thermo Fisher Scientific
CloneJET PCR Cloning
Kit manual

Cyanobacterial 16S rRNA gene primers
CYA359F

GGGGAATYTTCCGCAATGGG

CYA781Rb

GACTACAGGGGTATCTAATCCCTTT

27F1

AGAGTTTGATCCTGGCTCAG

809R

GCTTCGGCACGGCTCGGGTCGATA

740F

GGCYRWAWCTGACACTSAGGGA

1494R

TACGGCTACCTTGTTACGAC

Nübel et al. (1997)
Jungblut et al. (2005)
Neilan et al. (1997)

Universal 16S rRNA gene primers
Bakt_341F

CCTACGGGNGGCWGCAG

Bakt_805R

GACTACHVGGGTATCTAATCC

515F

GTGCCAGCMGCCGCGGTAA

806R

GGACTACHVGGGTWTCTAAT

515FB

GTGYCAGCMGCCGCGGTAA

Parada et al. (2015)

806RB

GGACTACNVGGGTWTCTAAT

Apprill et al. (2015)

Herlemann et al. (2011)
Caporaso et al. (2011)

Universal nifH gene primers
19F

GCIWTYTAYGGIAARGGIGG

407R

AAICCRCCRCAIACIACRTC

F2
R6

TGYGAYCCIAAIGCIGA
GCCATCATYTCICCIG

IGK3

GCIWTHTAYGGIAARGGIGGIATHGGIAA

DVV

ATIGCRAAICCICCRCAIACIACRTC

PolF

TGCGATCCSAARGCBGACTC

PolR

ATSGCCATCATYTCRCCGGA

nifH-F

AAAGGYGGWATCGGYAARTCCACCAC

nifH-R

TTGTTSGCSGCRTACATSGCCATCAT

Ueda et al. (1995)
Marusina et al. (2001)
Ando et al. (2005)
Poly et al. (2001)
Rösch et al. (2002)
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Primer

Sequence (5′ to 3′)1

Reference

Quantitative real-time PCR targeting:
rpoB gene
rpoB1698f
rpoB2014r
nirS gene
Cd3aF
R3cd
nirK gene
F1aCu
R3Cu
nosZ gene (clade I)
nosZ2F
nosZ2R
nosZ gene (clade II)
nosZ-II-F
nosZ-II-R
narG gene
narG571F
narG773R
napA gene
napA-3F
napA-3R
amoA gene (bacterial)
amoA-1F
amoA-2R
amoA gene (archaeal)
Arch-amoAF
Arch-amoAR
1

AACATCGGTTTGATCAAC
CGTTGCATGTTGGTACCCAT

Dahllöf et al. (2000)

AACGYSAAGGARACSGG

Michotey et al. (2000)

GASTTCGGRTGSGTCTTSAYGAA

Throbäck et al. (2004)

ATCATGGTSCTGCCGCG
GCCTCGATCAGRTTGTGGTT
CGCRACGGCAASAAGGTSMSSGT
CAKRTGCAKSGCRTGGCAGAA
CTIGGICCIYTKCAYAC
GCIGARCARAAITCBGTRC
CCCATYCCGGCVATGTCSAT
GGNACGTTNGADCCCCA
CCCAATGCTCGCCACTG
CATGTTKGAGCCCCACAG
GGGGTTTCTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTC
STAATGGTCTGGCTTAGACG
GCGGCCATCCATCTGTATGT

Hallin and Lingren (1999)

Henry et al. (2006)

Jones et al. (2013)

Chen et al. (2012)

Smith et al. (2007)

Rotthauwe et al. (1997)

Francis et al. (2005)

Y, a C/T degeneracy; M, an A/C degeneracy; V, an A/C/G degeneracy; W, an A/T degeneracy; S, a G/C

degeneracy; K, a G/T degeneracy; R, an A/G degeneracy; I, inosine (pairs with A, C, G or T); N, any
base.

2.12.2 16S rRNA gene end-point PCR
Cyanobacteria-specific PCR: The Cyanobacteria- and plastid-specific primers
CYA359F and CYA781Rb were used to generate PCR amplicons for the 16S rRNA
gene clone library. The primers targeted the V3–4 region of the gene and contained the
following final concentrations: 1× Platinum Taq amplification buffer (Invitrogen,
Thermo Fisher Scientific), 2.0 mM MgCl2, 200 µM dNTPs (dATP, dCTP, dGTP and
dTTP), 5 ng/µL of each primer, 10 ng of genomic DNA and 1.0 U of Platinum Taq
DNA Polymerase (Invitrogen, Thermo Fisher Scientific) in final volumes of 50 µL. A
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touchdown PCR program was used: initial denaturation at 95°C for 5 min, followed by
3 cycles of 95°C for 45 s and 60°C for 90 s, 3 cycles of 95°C for 45 s and 57°C for 90 s,
3 cycles of 95°C for 45 s and 54°C for 90 s, 3 cycles of 95°C for 45 s and 51°C for 90 s,
20 cycles of 95°C for 45 s and 48°C for 90 s, and a final extension of 72°C for 3 min.
The primer pairs 27F1/809R and 740F/1494R were used to amplify near fulllength 16S rRNA gene fragments from isolated Cyanobacteria samples. PCR reactions
were carried out in 25-µL reaction volumes containing final concentrations of: 1×
KAPA Buffer B with 1.5 mM MgCl2 (KAPA2G Robust Kit, Kapa Biosystems, USA),
1× KAPA Enhancer 1, 200 µM of each dNTP, 200 µM of each primer, 1 µL of genomic
DNA (different concentrations) and 0.5 U of KAPA2G Robust HotStart DNA
Polymerase (Kapa Biosystems). The reactions were held at: 95°C for 3 min, followed
by 35 cycles of 95°C for 15 s, 60°C for 30 s, 72°C for 30 s and a final extension of 72°C
for 2 min.

2.12.3 nifH gene amplification
Final PCR reaction mixes contained: 1× Platinum Taq amplification buffer (Thermo
Fisher Scientific), 2.5 mM MgCl2, 200 µM dNTPs, 1 µL of soil DNA extract, 0.05%
bovine serum albumin (BSA), 2.5 U of Platinum Taq DNA Polymerase (Thermo Fisher
Scientific), and each oligonucleotide primer at a concentration of 10 µM. Cycling
conditions for nifH primer pairs F2/R6, 19F/407R, PolF/PolR and IGK3/DVV were the
following after initial denaturation at 94°C for 2 mins: 30 cycles of denaturation at 94°C
for 30 s, annealing for 30 s and extension at 72°C for 30 s. The annealing temperatures
used were 51°C for F2/R6 and 19F/407R, 55°C for PolF/PolR and 58°C for
IGK3/DVV. A final extension step of 72°C for 2 min was performed.

2.12.4 PCR amplification of N cycling genes
To generate PCR amplicons for the standard curves, previously published primers
specific for 16S rRNA, rpoB and N cycling genes were used as listed in Table 2.2.
PCR amplifications were performed in a 25-µL mixture containing: 0.2 µL of 5
U/µL KAPA2G Robust HotStart DNA Polymerase (Kapa Biosystems, USA), 0.5 µM of
each primer, 1.25 mg/mL of BSA and 5 ng/µL of template gDNA. PCR amplifications
of nifH, nirS, nirK, nosZ (clade I) and amoA genes were performed with an initial
denaturation at 95°C for 5 min, followed by 40 cycles of 15 s at 95°C, 15 s at 60°C and
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30 s at 72°C. The reactions were completed after 2 min at 72°C. Touchdown PCR was
used for amplifications of 16S rRNA, rpoB, narG and napA genes, and the conditions
were as follows: initial denaturation 95°C for 2 min, followed by 36 cycles of
denaturation at 95°C for 30 s, annealing for 30 s and extension at 72°C for 30 s.
Annealing temperatures ranged from 60 to 48°C. Annealing was performed for three
cycles each at 60°C, 57°C, 54°C and 51°C, and 24 times at 48°C; followed by final
extension at 72°C for 5 min.
Despite multiple attempts to amplify from the second clade of nosZ denitrifiers
using recommended touchdown and gradient PCR conditions, as described in Jones et
al. (2013), no specific PCR products could be obtained. Amplification of amoA (AOB)
from genomic DNA produced an expected-sized single band; however, amplification
from cDNA resulted in smears and non-specific products.

2.13 Illumina library generation
For the first amplification step from soil DNA and/or cDNA samples, primers were
synthesised with overhang adapters that are complementary to the Illumina sequencing
primers. The sequences of the overhang adapters were 5′-ACGACGCTCTTCCGATCT3′ (forward) and 5′-CGTGTGCTCTTCCGATCT-3′ (reverse). A subsequent limitedcycle amplification step was then performed to attach 6-bp multiplexing indices and
Illumina sequencing adapters (shown in Table A.2.1 and Table A.2.2). Three technical
replicates for both first and second round PCR amplifications were achieved by
separating each 50-µL reaction into 20-, 15, and 15-µL reactions, which were pooled
following completion of amplification cycles and for separation of products by
electrophoresis on a 2% DNA agarose gel.

2.13.1 16S rRNA gene amplicon libraries
Chapter 5: Variable regions 3–4 of the 16S rRNA gene in total soil DNA were
amplified using the universal bacterial primers Bakt_341F and Bakt_805R (Herlemann
et al., 2011). This primer set was evaluated in silico to be the ‘best available’ primer
pair to amplify DNA from bacteria (Klindworth et al., 2013). PCR amplifications were
carried out in 50-µL reaction volumes containing final concentrations of: 1× High
Fidelity PCR buffer, 2.0 mM MgSO4, 200 µM of each dNTP, 200 µM of each primer,
1.25 mg/mL of BSA and 1 U Platinum Taq DNA Polymerase High Fidelity (Thermo
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Fisher Scientific). The reactions were held at 94°C for 2 min, followed by 35 cycles of
94°C for 30 s, 55°C for 30 s, 68°C for 40 s and a final extension of 68°C for 2 min.
Second round PCR was performed with 2 ng of purified amplicons as template using
the same reaction concentrations as the first round. The PCR conditions were 95°C for
20 s, followed by 10 cycles of 95°C for 20 s, 55°C for 20 s, 68°C for 20 s and a final
extension of 68°C for 40 s.
Chapter 6: The V4 region of the 16S rRNA gene in total soil DNA and cDNA samples
was amplified using bacterial and archaeal primers 515F and 806R (Caporaso et al.,
2011, 2012) as recommended by the Earth Microbiome Project. Amplification of 16S
rRNA gene from DNA and cDNA samples was carried out in 50-µL reaction volumes
containing final concentrations of: 5 ng/µL of genomic DNA or 1 µL of cDNA as
template, 1× KAPA HiFi Fidelity Buffer with 2.0 mM MgCl2 (Kapa Biosystems), 300
µM of each dNTP, 300 µM of each primer and 1 U KAPA HiFi DNA Polymerase
(Kapa Biosystems). The reactions were held at 95°C for 3 min, followed by 25 cycles of
98°C for 20 s, 60°C for 30 s, 72°C for 30 s and a final extension of 72°C for 1 min.
Second round of PCR was performed with 2 ng of purified amplicons (from first round
amplification) as template using the same reaction concentrations as the first round. The
second round PCR conditions were 95°C for 20 s, followed by 10 cycles of 98°C for 20
s, 60°C for 20 s, 72°C for 20 s and a final extension of 72°C for 1 min.

2.13.2 nifH amplicon libraries
Part of the gene encoding for the nitrogenase enzyme, nifH, was amplified using the
universal primer sets 19F/407R, PolF/PolR and IGK3/DVV (Chapter 4) and 19F/407R
(Chapter 5) that have been modified with overhang adapters complementary to the
Illumina sequencing primers (Table A.2.1). Initial testing on all available universal nifH
primers based on in silico testing and also amplification from soil DNA (Gaby &
Buckley, 2012) identified F2/R6, 19F/407R and IGK3/DVV as the three ‘best available’
primer sets. Based on results from Chapter 4, generation of nifH amplicon libraries in
Chapter 5 was achieved with amplification using the primer pair 19F/407R.
For first round PCR amplifications, the 50-µL reaction mixtures contained final
concentrations of 1× High Fidelity PCR buffer (Thermo Fisher Scientific), 2.0 mM
MgSO4, 200 µM of each dNTP, 0.2 µM each of forward and reverse primers, 0.05% of
bovine serum albumin (BSA) and 1 U Platinum Taq DNA Polymerase High Fidelity
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(Thermo Fisher Scientific). The reactions were held at 94°C for 2 min, followed by 35
cycles of 94°C for 30 s, annealing for 30 s, 68°C for 40 s and a final extension of 68°C
for 2 min. The annealing temperatures were 51°C for 19F/407R, 55°C for PolF/PolR
and 58°C for IGK3/DVV.
Second round PCR amplifications were as described for first round PCR.
Amplifications were performed with 2 ng of purified amplicons (from first round
amplification) as template. The PCR conditions were 95°C for 20 s, followed by 10
cycles of 95°C for 20 s, 55°C for 20 s, 68°C for 20 s and a final extension of 68°C for
40 s.

2.14 Real-time PCR
Quantitative real-time PCR (qPCR) assays were performed using a MJ Mini thermal
cycler and MiniOpticon™ Real-Time PCR System (Bio-Rad Laboratories, USA) with
1× SensiFAST™ SYBR® No-ROX Kit (Bioline, UK). All qPCR assays were carried
out in triplicate and included three negative (no template) controls. Data were analysed
using Bio-Rad CFX Manager (version 1.5.534.0511).

2.14.1 Quantitative PCR
To estimate total bacterial abundance in soils, the V4 region of the 16S rRNA gene was
amplified using modified Earth Microbiome Project-recommended primers 515FB and
806RB (Table 2.2). The nifH gene was targeted using the primer pair nifH-F/nifH-R as
these primers have been predicted to have a lower affinity for non-nifH sequences from
nifH cluster IV (Rösch et al., 2002; Gaby & Buckley, 2012). Reaction mixtures of 10
µL were composed of 1 µL genomic DNA template (1 in 10 dilution, ranging from 1–8
ng), 5 µL of 2× SensiFAST™ SYBR No-ROX mix (Bioline) and 400 nM of each
primer. Cycling conditions were as listed in Table 2.3. PCR efficiencies were calculated
from standard curves; these ranged from 86–91%.

2.14.2 Quantitative RT-PCR
To quantify transcript abundance of the active microbial community in soils, selected
genes were amplified using primers listed in Table 2.2. Each reverse transcription qPCR
(RT-qPCR) reaction consisted of 2:3 dilution of cDNA and SensiFAST SYBR No-ROX
mix (Bio-Rad) in a final volume of 10 µL. Inhibitory effect (if any) was tested by
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spiking cDNA samples with 107 copies/µL of the plasmid with target gene, and no
inhibition was detected. Thermal cycling conditions for target genes were as listed in
Table 2.3.
Data acquisition steps were performed at 82°C to avoid signals from primer
dimer formation. RT-qPCR assays were performed for all ten cDNA samples (nine soil
cDNA samples for assay targeting nirK and AOA amoA gene), along with no reverse
transcriptase (NRT), no template (NTC) and positive controls. Dilutions of each
corresponding insert-containing plasmid (107 copies/µL) for standard curves were used
as positive controls.
Table 2.3 Primers and thermal profiles used for real-time PCR used in this study.
mM
primer

Expected
size (bp)

BSA
(mg/mL)

16S rRNA

0.4

292

-

95°C/150 s, (95°C/10 s, 60°C/10 s, 72°C/20 s) × 40

rpoB

0.4

344

-

95°C/150 s, (95°C/5 s, 63°C/10 s, 72°C/15 s) × 40

nifH

0.4

461

-

95°C/150 s, (95°C/5 s, 60°C/10 s, 72°C/15 s) × 40

nirS

0.4

426

0.5

95°C/150 s, (95°C/5 s, 63°C/10 s, 72°C/15 s) × 40

nirK

0.05

473

0.5

95°C/150 s, (95°C/5 s, 65°C/10 s [–0.5°C/cycle], 72°C/15 s) × 8,
(95°C/5 s, 61°C/10 s, 72°C/15 s) × 36

Clade I nosZ

0.4

267

-

Clade II nosZ

1.0

690

0.5

narG

0.4

203

-

95°C/150 s, (95°C/5 s, 60°C/10 s, 72°C/15 s) × 40

napA

0.4

130

-

95°C/150 s, (95°C/5 s, 60°C/10 s, 72°C/15 s) × 40

amoA (AOB)

0.4

491

0.5

95°C/150 s, (95°C/5 s, 60°C/10 s, 72°C/15 s) × 44

amoA (AOA)

0.1

635

-

95°C/150 s, (95°C/5 s, 60°C/10 s, 72°C/15 s) × 44

Target gene

Thermal profile

95°C/150 s, (95°C/5 s, 65°C/10 s, 72°C/15 s) × 40
95°C/150 s, [95°C/10 s, 60°C/10 s (1°C/cycle), 72°C/30 s] × 5,
(95°C/10 s, 55°C/10 s, 72°C/30 s) × 41

2.14.3 Quality control
One sharp peak was observed in each of the melt curves (not shown). Melt curves were
obtained at the end of each qPCR assay using a continuous thermal gradient of 60–95°C
in increments of 0.5°C/s. To check for specificity, real-time PCR products were pooled
from triplicates and sequenced using same primers used for qPCR assays. The resulting
traces were inspected on Geneious version 9.0 (Biomatters Ltd., NZ), and sequences
were compared with either the nucleotide (nt) or non-redundant protein (nr) database in
GenBank using BLASTN or BLASTX, respectively.
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The geNorm algorithm (Vandesompele et al., 2002), which was provided within
RefFinder (Xie et al., 2012), was used to determine the most stable gene(s). Both 16S
rRNA and rpoB genes were ranked most stable. Threshold cycle (Ct) values from
technical replicates were averaged (n = 3) and standard errors were calculated. To
ensure that Ct values represent actual amplification from cDNA sequences, a Ct cut-off
value for negative controls was set to 38.

2.14.4 Generation of standards for absolute quantification
Randomly selected clones generated using previously described methods (Sections 2.8
and 2.9) were analysed by PCR and gel electrophoresis to confirm the presence of
expected-sized inserts. Circular plasmids with insert sequences purified from overnight
cultures of transformed E. coli were linearised with HindIII in SuRE/Cut Buffer B (both
from Sigma-Aldrich, New Zealand). An earlier study found circular plasmids caused an
overestimation of copy number of up to seven times and recommended linear DNA to
be used as standards in qPCR (Hou et al., 2010). Linearised plasmids were purified
using PureLink™ PCR Purification Kit (Thermo Fisher Scientific) and quantified using
Qubit dsDNA High Sensitivity Assay Kit and a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). Serial dilutions of the gene-specific standard curve in 10-fold dilutions,
ranging from 106 to 102 copies/µL, were used to quantify the copies/µL in each sample.

2.14.5 Estimation of copy numbers for plasmid standards
The formula used to estimate the number of copies of the template is:
Number of copies/µl =

amount (ng/µl) × 6.022×1023 (number mole)
length bp × 1×109 ng g × 600 g mole of bp
Where 6.022×1023 equals the Avogadro' s number,
and the average mass of a DNA nucleotide is 330 Daltons Da .
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For example, calculation of copy numbers of the pJet1.2 vector with 16S rRNA gene as
an insert:

2.14.6 Standard curves for absolute quantification
The data generated from a serial dilution of a standard curve can not only be used to
measure the level of template (absolute quantification), but also to determine the overall
efficiency and performance of a qPCR assay. Reactions for standard curves were also
performed in triplicate. The standard curve was constructed by plotting the log of the
starting quantity of the template against Ct as illustrated in Figure 2.5. The qPCR
efficiency (E) was calculated according to the equation E = 10(−1/slope) (Bustin, 2000).
The equation of the linear regression line and Pearson’s correlation coefficient (R2)
were used to evaluate the variability across assay replicates and amplification efficiency
(Taylor et al., 2010). The efficiencies of reactions were between 79–99% for all genes
and R2 values for standard curves were above 0.99 (Table 2.4). For some genes
efficiency values were lower than the recommended 90–110% (Taylor et al., 2010) due
to the inefficiency of degenerate primers used to amplify selected genes.
Table 2.4 Efficiency of individual qPCR standard curve determined by plasmid DNA.
Primer set

R2

Slope

E (%)

Linearity range
(copies/ µL)

515FB/806RB

0.999

−3.546

91.4

102–106

rpoB

rpoB1698f/rpoB2014r

0.999

−3.969

78.6

102–107

nifH

nifH-F/nifH-R

0.997

−3.559

91.0

102–107

nirS

Cd3aF/R3cd

0.996

−3.703

86.2

102–107

nirK

F1aCu/R3Cu

0.996

−3.569

90.6

104–107

nosZ2F/nosZ2R

0.997

−3.448

95.0

102–107

narG

narG571F/narG773R

0.999

−3.995

78.0

103–107

napA

napA-3F/napA-3R

0.999

−3.338

99.3

102–107

amoA (AOB)

amoA-1F/amoA-2R

0.994

−3.699

86.3

102–107

amoA (AOA)

Arch-amoAF/Arch-amoAR

0.999

−3.771

84.2

102–107

Target gene
16S rRNA

Clade I nosZ

49

CHAPTER 2 Materials and methods

Figure 2.5: 16S rRNA gene-specific standard curve, showing the raw amplification plot (upper panel) and
the resulting standard curve (lower panel). In this example, a dilution series ranging from 106 to 102
copies/µL generated a linear standard curve with a slope of −3.55, which is within the acceptable range of
−3.58 and −3.10. An efficiency value of 91.4% was considered acceptable (90–110%). RFU, relative
fluorescence units. Raw plots were generated using the CFX Manager software (Bio-Rad).

2.15 DNA sequencing
2.15.1 Cycle (Sanger) sequencing
Purified PCR amplicons or plasmid DNA were sequenced using BigDye Terminator
v.3.1 Ready Reaction Cycle Sequencing Kit (Applied Biosystems, USA) on an ABI
3730xl DNA Analyser. Sequencing service was provided by Genetic Analysis Services,
University of Otago.
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2.15.2 High-throughput amplicon sequencing
Paired-end 250 bp sequencing runs were performed with the appropriate percentage of
PhiX spike on the Illumina MiSeq platform by Otago Genomics and Bioinformatics
Facility (New Zealand Genomics Limited). The project numbers were as described in
Table 2.5. Raw sequences in fastq format were deposited in the NCBI Sequence Read
Archive under accession numbers listed in Table 2.5.
Table 2.5: Details of amplicon sequencing libraries generated in this study under Bioproject SRP053025.
NZGL project

Libraries

PhiX spike

Mentioned in:

Accession number

NZGL000783

16S rRNA
nifH

10%

Chapter 4
Chapter 5

SRX2014249–SRX2014268

NZGL01424

16S rRNA

10%

Chapter 6

SRX2012017–SRX2012076

2.16 Metagenome predictions using PICRUSt
The functional profiles of total bacterial communities were predicted using PICRUSt
(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States)
(Langille et al., 2013). The initial step involved prediction of gene family abundances
and 16S rRNA gene copy number for each organism. The gene content inference step
was skipped as the workflow had been precomputed for 16S rRNA gene data.
PICRUSt-compatible OTU tables were constructed using the closed reference OTUpicking protocol in QIIME version 1.8.0 against the Greengenes database version 13_5
(DeSantis et al., 2006). The resulting OTU table was imported into PICRUSt (version
1.0.0) for normalisation and metagenome predictions. The weighted Nearest Sequenced
Taxon Index (NSTI score) was calculated by passing the -a flag to the
metagenome_predictions.py script to indicate the reliability of the prediction. NSTI
scores were between 0.156 and 0.171 for the soil samples. Values of > 0.15 indicate that
few related references were available, but were still within the expected range for
diverse communities such as soils (mean of 0.17).
Group comparisons of data output from PICRUSt were analysed using STAMP
v2.0.6 (Statistical Analysis of Metagenomic Profiles) (Parks et al., 2014) using one-way
ANOVA. P-values were corrected for multiple tests using the Benjamini-Hochberg
method (Benjamini & Hochberg, 1995).
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2.17 Bioinformatic analysis
2.17.1 Clone library analysis
16S rRNA gene sequences were aligned using ClustalX 2.0 (Larkin et al., 2007). The
online suite CD-HIT-EST (Huang et al., 2010), a fast greedy incremental clustering
tool, was used to define clusters or molecular operational taxonomic units (OTUs) from
soil clone sequences. The sequences were analysed using a range of percentage identity
thresholds between 80–99.99% to determine a suitable cut-off point. Representatives for
each OTU were then used to identify related sequences from GenBank using the search
algorithm BLASTN.
In MEGA6 (Tamura et al., 2013), sequences were aligned using ClustalW
(Higgins et al., 1996). The alignments were used to build maximum likelihood
phylogenetic trees based on Kimura’s two-parameter (K2P) model (Kimura, 1980).
Statistical significance of the tree branches was assessed by bootstrap analysis involving
construction of 1000 resampled trees. Bootstrap values of below 30% were not shown
on phylogenetic trees.
Community composition analysis was conducted using UniFrac analysis, which
provides an estimate of the phylogenetic distance among the samples (Lozupone et al.,
2006). UniFrac significance test was performed on each pair of environments, i.e.,
bacterial communities at control (unburnt) and burnt sites, returning P-values to tell
whether each environment differs significantly from each other (Lozupone et al., 2006).

2.17.2 High-throughput sequencing data analysis
Initial processing and filtering: Samples were demultiplexed using bcl2fastq script
from Illumina sequencer. Sequence data were processed and quality controls were
performed through a combination of the UPARSE (Edgar, 2013), mothur (Schloss et al.,
2009) and QIIME (Caporaso et al., 2010) pipelines. Paired-end reads were joined to
build the 16S rRNA and nifH gene sequences using the -fastq_mergepairs option of
USEARCH v7.0 (Edgar, 2013). Putative frameshifts in nifH sequences were detected
and corrected with the online FrameBot tool (Wang et al., 2013). Quality control
processing was carried out via the UPARSE pipeline using -fastq_filter command, and
sequences with more than 0.5 E expected errors for all bases per read (the sum of error
probabilities) were truncated (-fastq_maxee 0.5) (Edgar, 2013). Further processing was
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performed on mothur v.1.34.0 (Edgar, 2013) using the command screen.seqs to include
only sequences that were between 400–500 bp and 190–310 bp (for 16S rRNA genes
amplified using the Bakt_341F/Backt_805R and 515R/806R primer pairs, respectively)
and 300–400 bp for the nifH genes amplified using 19F/407R primer pair.
OTU clustering and chimera checking: Reads were clustered into OTUs using the
UPARSE pipeline based on 97% sequence identity. Chimeric sequences were identified
and removed using the uchime_ref command (Edgar, 2013) against the ChimeraSlayer
“Gold” database from the Broad Microbiome Utilities version microbiomeutilr20110519 (Haas et al., 2011) for 16S rRNA sequences and using the reference-free de
novo chimera detection mode for nifH sequences (Edgar, 2013).
Assigning taxonomy: Taxonomic assignment for the 16S rRNA sequence data were
made in QIIME against the SILVA 119 database using the Ribosomal Database Project
(RDP) Classifier (Wang et al., 2007). An aligned nifH gene database (Gaby & Buckley,
2011) using the default assignment method in QIIME (UCLUST) was used for nifH
gene taxonomic assignment. Sequences belonging to nifH clusters IV and V that code
for genes involved in bacteriochlorophyll and chlorophyll biosynthesis and are not
related to nitrogen fixation (Raymond et al., 2004) were removed.
Alpha and beta diversity analyses: Subsamples of random 16S rRNA and nifH gene
sequences to the lowest number across all samples were analysed from each sample to
compare diversity and richness between primer sets and sample sites. Alpha and beta
diversity metrics were produced using QIIME, and pairwise distances using weighted
and unweighted UniFrac matrices (Lozupone et al., 2006) were used to generate
Principal Coordinates Analysis (PCoA) plots.
Phylogenetic analyses:
16S rRNA gene sequences from Deep Stream soils (Chapter 3): Within MEGA6
(Tamura et al., 2013), 16S rRNA gene sequences amplified using the Cyanobacteriaspecific primers CYA359F and CYA781Rb from total soil DNA from Deep Stream
grassland soil samples were aligned using ClustalW. Following alignment, the
phylogenetic relationships between OTUs were inferred using maximum likelihood
analysis with 500 bootstrap replications using the Kimura 2-parameter model (Kimura,
1980). The archaea Sulfolobus shibatae (NR_044677) was set as the outgroup. All
analyses were conducted using MEGA6.
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nifH gene sequences from Chionochloa-dominated Takahe Valley soils (Chapter 4–5):
To construct nifH phylogenetic trees for Chapter 4, the top 100 most abundant OTUs in
each dataset and their closest cultured relatives were retrieved from the NCBI GenBank
database using the NCBI BLASTX search. All obtained nifH sequences were translated
within the Geneious software environment version R9 (Kearse et al., 2012) and checked
in all six reading frames for in-frame stop codons. Using MEGA6 (Tamura et al., 2013),
amino acid sequences were aligned with MUSCLE under default parameters (Edgar,
2004), then neighbour-joining (Saitou & Nei, 1987) phylogenetic trees were constructed
using Poisson-corrected distances (Zuckerkandl & Pauling, 1965) and pairwise deletion
of gaps and missing data. Bootstrap confidence values were based on 500 replications.
BchX from Rhodopseudomonas palustris (ZP_00011101) was set as the outgroup. All
analyses were conducted using MEGA6.
To construct the nifH phylogenetic tree for Chapter 5, nifH sequences were first
clustered at 97% similarity. OTUs containing > 100 sequences and their closest
sequence matches were retrieved from GenBank using the NCBI BLASTX search. All
obtained nifH sequences were aligned with MUSCLE v3.8.31 under default parameters
(Edgar, 2004) and visually inspected in Geneious software environment version R9
(Kearse et al., 2012). A phylogenetic tree of the nucleotide sequences was constructed
with Bayesian inference using MrBayes v3.2.5 (Altekar et al., 2004; Ronquist et al.,
2012) and executed in PAUP 4.0b10 (Swofford, 2003) with 72.5 million generations of
Markov chain Monte Carlo (MCMC) with four separate chains. Sampling frequency
was set to every 100 generations and initial 25% of samples were discarded (“burnin”).
The Bayesian analysis was run using a GTR + I + Γ (lset nst = 6 rates = invgamma)
model of substitution as selected by MrModeltest 2.3 (Nylander, 2008).
Other phylogenetic trees (Chapter 5–6): Phylogenetic trees of the class Ktedonobacteria
(Chloroflexi)

and

the

families

Nitrosomonadaceae

(Betaproteobacteria)

and

Enterobacteriaceae (Gammaproteobacteria) were constructed the similar way to the nifH
phylogeny with the differences outlined below. Closest sequence matches were
retrieved from GenBank using the BLASTN search. The nucleotide alignment was
visually inspected and gaps were excluded for phylogenetic analysis, and the Markov
chains were run for a total of 96, 2 and 15 million generations for Ktedonobacteria,
Nitrosomonadaceae and Enterobacteriaceae bayesian analyses, respectively.
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2.18 Statistical analysis
All statistical analyses were performed using R version 2.3-4 (R Core Team, 2014),
unless otherwise specified.
ANOVA: A one-way analysis of variance (ANOVA) was used to test for significant
differences in means of relative abundances of microbial taxa between sites,
gene/transcript abundances and soil properties. Significance was set at the 5% level (α =
0.05). Assumptions of normality for all data were tested using the Shapiro-Wilk test to
check for normal distribution. Non-normal distributed data were log transformed to
achieve normal distribution.
Alpha diversity and beta diversity: Alpha diversity was estimated by the Chao1
richness estimator, Shannon diversity index (H′) and Simpson’s index (1−dominance).
Statistically significant differences (P < 0.05) in alpha diversity were analysed using
one-way ANOVA. Beta diversity, which measures the phylogenetic similarity of OTUs
between samples, was estimated by UniFrac distances (unweighted and weighted) and
Bray-Curtis dissimilarity index. The pseudo F-statistic was calculated using
nonparametric permutational ANOVA (PERMANOVA) to assess the reproducibility of
beta diversity assigned to each sample (Anderson, 2005). Relative abundances of OTUs,
alpha diversity and beta diversity were computed using QIIME (Caporaso et al., 2010).
Regression for N cycling gene abundances: Linear regression analyses were used for
testing the relationships between the abundances of functional genes tested and soil
properties using the ‘stats’ package. Pearson’s and Spearman correlation tests were used
for identifying soil properties that correlated significantly with abundance of functional
genes using the ‘stats’ and ‘rcor’ packages.
Multivariate statistical methods: Non-metric multidimensional scaling (NMDS;
Kruskal (1964)) was used to evaluate overall differences within the nitrogen cycling
community composition based on Bray-Curtis dissimilarity distances. Detrended
correspondence analysis (DCA; Hill & Gauch Jr (1980)) was employed to determine
whether a linear or unimodal statistical model should be used (ter Braak, 1987). If the
length of the DCA axis was < 3.5, ordination was performed by redundancy
discriminate analysis (RDA), a linear constrained ordination method (van den
Wollenberg, 1977). If the length of the DCA axis was > 3.5, ordination was performed
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by canonical correspondence analysis (CCA), a unimodal ordination method was used
(ter Braak, 1987). Model selection was based on the Akaike Information Criterion
(AIC), and collinearity among soil properties was evaluated using the variance inflation
factor (VIF, ‘vif.cca’ function). Variation partitioning analysis (VPA) was conducted
using the ‘varpart’ function. The analyses, namely NMDS, DCA, VIF, RDA and VPA,
were completed using the ‘vegan’ package for R (Oksanen et al., 2015).
Data visualisation and graphics: Heatmaps were generated using the ‘heatmap.2’
function of the ‘gplots’ package (Warnes et al., 2014) for R (R Core Team, 2014).
Clustering, if applicable, was accomplished using average linkage method in the
‘hclust’ function. Phylogenetic trees were visualised in MEGA6 (Tamura et al., 2013)
and FigTree (Rambaut, 2007), and edited in Adobe Illustrator CC 2015.
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Chapter 3
Effects of burning in Deep Stream tussock
grasslands on soil bacterial communities

Top: Controlled burning at Deep Stream, Otago (2001); bottom: aerial view of burnt
plots (2006). Photos courtesy of Grant Pearce.
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3.1 Introduction
Since the arrival of European settlers to New Zealand in the late 19th century, tussock
grasslands of New Zealand’s South Island have been highly modified by land use. It
was estimated that 20% (3 million ha) of the South Island has been exploited for
pastoral use (Mark, 1994). Fire was used widely as a management practice to promote
palatable tussock growth, to improve the establishment of introduced legumes and
grasses, limit shrub encroachment and to improve pastoral access through dense
vegetation (O’Connor, 1982; Lowther & Douglas, 1992). Prescribed burning was often
implemented in spring when conditions are moist and cool to avoid the spread of
accidental fires and drying out of soil (Payton & Pearce, 2009). Serious concerns were
raised about the negative effects of fire, including the destruction of native vegetation,
encouraging weed invasion (Hieracium spp.) and increasing the risk of soil erosion
(Payton & Pearce, 2001). Other potential adverse environmental effects such as
degradation of soil quality, damage of ecologically valuable areas, and damage to
riparian vegetation (plants along river margins) and wetlands have also been noted
(Otago Regional Council, 2002). Other types of disturbances and/or modifications to
New Zealand’s native tussock grasslands include grazing, addition of nitrogen (N) and
phosphorus (P) fertilisers, liming (to increase soil pH), oversowing with introduced
grasses and legumes and invasion by weeds.
The impact of indigenous tussock burning on plant communities has been well
documented. For example, growth of the snow tussock Chionochloa rigida on the Old
Man Range (Central Otago, South Island) was increased in the first two years following
spring burning, but declined significantly and required 13 years to recover back to the
growth rate of unburned plants (Payton & Mark, 1979). Furthermore, burning at Mount
Benger (Central Otago, South Island) encouraged the establishment of introduced
grasses and herbaceous weeds that were more palatable to stock, hence increasing the
susceptibility of heavy grazing (Yeates & Lee, 1997). In the late 1990s, a large
interdisciplinary study initiated by the Department of Conservation (Payton & Pearce,
2009) on the impact of prescribed burning and grazing on tussock grasslands was
conducted at different native grassland sites: Deep Stream and Mt Benger (Otago), Cass
(Canterbury) and Tukino (central North Island) (Barratt et al., 2005, 2006). Bryophyte
species composition was shifted following burning at Deep Stream tussock grasslands,
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resulting in reduced above-ground water storage capability (Michel et al., 2013).
Considerable post-fire differences of soil fauna were also detected, including increased
number of total nematodes in response to burning, particularly in the parasitic genus
Paratylenchus responsible for root lesion disease (Yeates & Lee, 1997) and reductions
in the richness of invertebrate communities (Payton & Pearce, 2009; Barratt et al., 2009;
Wing, 2014).
Studies on burning as a management tool have been largely focused on the
impact of fire on soil nutrient availability, especially N, P and carbon (C) (Connor et al.,
1970; McSweeney, 1983; Payton et al., 1986). Total organic C, extractable C and total
N were all lower at burned sites compared to unburned sites (Ross et al., 1997). The soil
microbial community is hypothesised to play an important role in conserving N and P
following pastoral burning through immobilisation of available N. This has been
demonstrated through the lower ratios of organic matter content (microbial C:N and
microbial C:P) at burned sites (Ross et al., 1997). Burning also led to slightly higher pH
in the acidic soils and lowered moisture content (Ross et al., 1997). Despite the
importance of soil microbial biomass in nutrient availability and the functional role of
microorganisms in nutrient cycling, the effects of fire on the structure and diversity of
soil microbial communities in New Zealand grasslands have not been well studied.
Few studies have examined the impact of disturbances on soil community
structure such as burning, introduction of exotic grasses and conversion to cultivated
pasture, or compared the microbial communities between indigenous grassland soils and
developed pastoral soils (Sarathchandra et al., 2001, 2005; Wakelin et al., 2013). Of
these studies, only one used culture-independent or DNA-based methods (Wakelin et
al., 2013). A higher number of culturable bacteria was found in pastoral and agricultural
soils compared to soils in several unmodified grassland sites (Ross, 1960;
Sarathchandra et al., 2005). Across the four study sites Mount Benger and Deep Stream
(Otago), Cass (Canterbury) and Tukino (central North Island), the number of culturable
K-strategists (slow-growing bacteria) were similar to that of r-strategists (fast-growing,
opportunistic bacteria) were isolated using selective media, and results suggested that
microbial composition in indigenous soils was different compared to pastoral soils.
While this enabled the quantification of total counts of culturable bacteria on media,
bacterial identification based on morphology characteristics may not be accurate, and
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the vast majority of soil bacteria that remain ‘unculturable’ or difficult to culture may be
underestimated or undetected.
A recent study used a combination of culture-independent techniques that
targeted both phylogenetic and functional genes to investigate the effect of modifying
native tussock grasslands through fertilisation and oversowing, and conversion to
cultivated pasture on microbial communities in grassland soils including Otago (Deep
Stream and Mt Benger), Canterbury (Cass) and central North Island (Wakelin et al.,
2013). PhyloChip microarray of 16S rRNA genes showed that oversowing and
cultivating the native tussock system resulted in greater abundance of many common
phyla including Cyanobacteria, Firmicutes and Actinobacteria (Wakelin et al., 2013).
The relative abundances of the cyanobacterial orders Nostocales, Prochlorales,
Chroococcales and Oscillatoriales increased with modification of tussock grassland
(Supplementary material, Wakelin et al. (2013)). Previously, nitrogen (N2)-fixing
Cyanobacteria belonging to the genera Anabaena, Nostoc and Tolypothrix were also
isolated aerobically from tussock grassland soils in Rock and Pillar Range (Central
Otago) (Line & Loutit, 1973). However, use of GeoChip functional microarray showed
that the abundance of genes associated with N2-fixation was greater in undisturbed
grassland soil (Wakelin et al., 2013). This difference between data from PhyloChip and
GeoChip could be explained by a decrease of heterotrophic diazotrophs following
grassland cultivation and an increase in cyanobacterial N2-fixers in these disturbed
environments. The little information available is consistent with Cyanobacteria being
important N2-fixers in New Zealand indigenous grasslands and with their contribution
perhaps being altered by many parameters associated with land use. Therefore, further
work is required to establish the diversity and role of N2-fixing Cyanobacteria in New
Zealand terrestrial ecosystems.
Deep Stream is an indigenous tussock grassland site with a low-altitude (640–
700 m a.s.l.) located in the Otago region of New Zealand. The Deep Stream site had
experienced fire post European settlement, but have not been burned for more than ten
years and have not been previously cultivated (Barratt et al., 2009). Controlled fire
treatments were carried out by the Department of Conservation (DoC) on plots of 1-ha
between November 2000 and April 2006: during spring to simulate pastoral
management practice and during late summer to simulate accidental fires. The dominant
vegetation included Chionochloa rigida, Gaultheria nana, Poa pratensis and Poa
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colensoi. More information about the site and soil characteristics is available in the
official DoC reports (Barratt et al., 2009; Payton & Pearce, 2009).
To assess the effects of burning on the diversity and composition of N2-fixing
Cyanobacteria in Deep Stream grassland soils, soil samples were collected from plots
that have been previously subjected to burning and control (unburned) plots. Soil DNA
from burned and unburned plots were amplified using cyanobacterial-specific primers
that target part of the small subunit ribosomal RNA gene (16S rRNA gene). The
traditional classification method for Cyanobacteria depends on morphological
characterisation of cells and colonies; however, such techniques may not always lead to
accurate phylogenetic classification of Cyanobacteria (Castenholz, 1992). Sequence
analysis of 16S rRNA gene provides good taxonomic resolution to investigate
Cyanobacteria above the species level, albeit with low number of mismatches to
sequences from other bacterial phylum (Wilmotte, 1994; Nübel et al., 1997; Oksanen et
al., 2004; Wang & Qian, 2009). Amplification of 16S rRNA sequences through PCR
from axenic cultures and environmental samples including soil have been described in
several studies, in the latter case this is usually accompanied by denaturing gradient gel
electrophoresis (DGGE), and/or molecular cloning and screening of individual plasmid
inserts (Garcia-Pichel et al., 2001; Gundlapally & Garcia-Pichel, 2006; Brinkmann et
al., 2007; Yeager et al., 2007).

3.1.1 Chapter aims
The main objective of this study was to investigate cyanobacterial diversity and
structure in indigenous grassland soils that have and have not undergone burning.
Another objective was to assess whether culture-dependent method of analysis, 16S
rRNA gene amplification, or the combination of both methods were suitable for
capturing the diversity of Cyanobacteria in grassland soils. Specifically, the aims of this
chapter were to: (1) conduct a preliminary survey of the N2-fixing Cyanobacteria
present in the grassland soils here, (2) investigate whether culture-dependent or cultureindependent methods, or a combination or both methods, provide the best taxonomic
assignment for Cyanobacteria, (3) evaluate if these methods (mentioned above) can be
used to investigate the impact of burning on the cyanobacterial and total bacterial
community composition and (4) determine if the clone library method will be useful for
future large-scale quantification of the microbial diversity in grassland soils.
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3.2 Results
3.2.1 Morphological diversity and identification of Cyanobacteria
In Nostoc punctiforme ATCC 29133 (also PCC 73102, hereafter N. punctiforme) and
other filamentous Cyanobacteria, a small proportion of vegetative cells differentiate into
heterocysts in N-limiting conditions. Heterocysts provide a micro-oxic site for the
oxygen-sensitive nitrogenase enzyme to carry out nitrogen fixation and are
morphologically distinct from vegetative cells (Haselkorn, 1978). In order to establish
protocols to identify putative heterocysts in isolated filamentous N2-fixing
Cyanobacteria (Chapter 5), light microscopy was used to obtain bright-field and
epifluorescent images of a pure culture of the N2-fixing cyanobacterium N. punctiforme
(Rippka et al., 1979).
A filament of N. punctiforme grown in BG-11 liquid culture without N is shown
in Figure 3.1. The panel on the right shows the same field of view in epifluorescence
(excitation wavelength of 559 nm, green light-excited) with phycobiliproteins and
chlorophyll a being excited. The photosynthetically-active vegetative cells exhibited
strong autofluorescence, and the white arrow points to the location of a heterocyst (that
lacks autofluorescence due to decreased chlorophyll a) (Figure 3.1B).

Figure 3.1: Bright-field (A) and epifluorescent (B) images of N. punctiforme. Arrows indicate heterocysts.
Scale bar, 10 µm.
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Putative N2-fixing Cyanobacteria were isolated from Deep Stream grassland
soils as outlined in Chapter 2, Section 2.3.1. Three Cyanobacteria-like colonies that
exhibited different colony morphologies were selected for further culturing on agar
plates and in liquid cultures, and were observed using microscopy as described in
Chapter 2, Section 2.3.2.
The filamentous heterocystous isolate shown in Figure 3.2A–B was assigned to
the genus Nostoc of Section IV Cyanobacteria (Rippka et al., 1979). The vegetative
cells were sub-spherical, 4.75 ± 0.67 (mean ± SD; 3.54–5.85) µm wide and 5.42 ± 0.44
(4.80–6.27) µm long, while heterocysts were 4.76 ± 0.35 (4.30–5.23) µm wide and 4.61
± 0.35 (3.92–5.12) µm long. The heterocysts were similar in width compared to
vegetative cells, but were significantly shorter in length (P < 0.001, two-tailed t-test).
The lack of autofluorescence where indicated by arrows (panel B, Figure 3.2) confirmed
the presence of heterocysts. Based on the presence of chloroplasts and larger sizes (5–10
µm) in width (up to 15 µm in length), the two isolates in panels C–D were presumed to
be green algae and were not further identified. Due to the difficulty in distinguishing
heterocystous filamentous Cyanobacteria confidently beyond the order level and
obtaining pure cultures without the contamination of green algae, characterisation of
Cyanobacteria in the Deep Stream soils will also involve phylogenetic analysis of 16S
rRNA amplicons.
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Figure 3.2: Bright-field (A, C–D) and epifluorescent (B) images of phototrophic isolates from Deep
Stream soils. (A–B) Putative Nostoc sp. DS01 with heterocysts (arrows); (C) Unidentified green algae;
(D) Unidentified green algae (possibly Chloroidium). Scale bar, 10 µm.
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3.2.2 16S rRNA gene analysis
Soil DNA extracts from three different grassland plots, i.e., control (unburned), spring
and summer burn (post-burn) plots as described in Chapter 2, Section 2.4.2 were
amplified with the cyanobacterial- and plastid-specific 16S rRNA gene primer set
CYA359F/CYA781Rb following the protocol in Chapter 2, Section 2.12.2. This
resulted in PCR products of the expected size (approximately 430 bp) for all soils and
the positive control (Figure 3.3).

Figure 3.3: Amplification of partial 16S rRNA genes from Deep Stream grassland soils amplified using
primers CYA359F and CYA781Rb, separated on a 1% agarose gel. Template DNA was isolated from
soils with the following treatments: control (unburned) (lane 1), burned in summer (lane 2) and burned in
spring (lane 3). Positive control was amplified from a mixed population of Nostoc spp. from Wairepo
Kettleholes Conservation Area (SRR2537318) (lane 4) and negative no template control (sterile MQ)
(lane 5). The lanes marked M contained 1 Kb Plus DNA ladder (Thermo Fisher Scientific).

To characterise the populations amplified with the CYA359F/CYA781Rb
primers from soil DNA, 16S rRNA gene amplicons were cloned and sequenced. A total
of 94 clones were sequenced and analysed: 47 clones from control soils, 28 from
summer burn soils, 19 from spring burn soils and two negative controls. With the
exception of six sequences with low quality scores that were discarded, all sequences
were confirmed as 16S rRNA gene sequences. The 88 16S rRNA gene sequences were
submitted to GenBank, and are available under accession numbers KF728109 to
KF728196.
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An optimal similarity index was plotted as previously described (Teasdale et al.,
2013). All 88 sequences were clustered into 66 operational taxonomic units (OTUs)
with the optimal sequence identity of 0.995 as determined by the cluster analysis
(Figure 3.4), with an equal number of 33 OTUs in control and burned (spring and
summer burn) soils. Total bacterial community from Deep Stream grassland soils that
had not undergone fire treatments is suggested to be more diverse than those in the
spring and summer burned plots as calculated with Shannon diversity index, i.e., 1.7
and 1.5 for pre-burn and post-burn soils, respectively.

Figure 3.4: Plot of the number of sequence clusters obtained from 80 to 99.99% sequence similarities
using the CD-HIT-EST cluster analysis web suite, based on 16S rRNA clone libraries from Deep Stream
control (unburned) and burned soils.

The percentage similarity of clone library sequences with known sequences are
shown in Table 3.1, and a maximum likelihood phylogenetic tree showing only the
cyanobacterial clones from both control and burned plots is shown in Figure 3.5.
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Table 3.1: Summary of phylogenetic data obtained from 16S rRNA clone libraries of Deep Stream
grassland soils.

Presumed phylum
Cyanobacteria

Chloroflexi
Firmicutes

Candidatus
Saccharibacteria
Armatimonadetes
Acidobacteria
Plastid sequences
Unclassified clones
Total

No. of
clones
6
2
2
2
11
9
2
15
8
7

4
1
1
5
2
45

Pre-burn
Closest match in GenBank
(% identity)
Phormidium sp. (99%)
Synechococcus sp. (99%)
Leptolyngbya sp. (99%)
Ktedonobacter racemifer (86%)
Sphaerobacter thermophilus (83%)
Desulfotomaculum sp. (84-86%)
Gelria glutamica (83-85%)
Candidatus Saccharimonas
aalborgensis (84–87%)
Chthonomonas calidirosea (88%)
Holophaga sp. (86%)

No. of
clones
10
6
3
1
12
11
1
8
4
2
1
1
2
0
3
8
0

Post-burn
Closest match in GenBank
(% identity)
Synechococcus sp. (99%)
Phormidium sp. (99%)
Nostoc sp. (97%)
Ktedonobacter sp. (85%)
Dehalogenimonas sp. (87%)
Pelotomaculum sp. (84%)
Gelria glutamica (84%)
Shimazuella sp. (85%)
Desulfotomaculum sp. (84%)
Candidatus Saccharimonas
aalborgensis (84–87%)
Acidobacteria sp. (93–96%)

43

Figure 3.5: Maximum-likelihood tree based on analysis of partial cyanobacterial 16S rRNA gene
sequences from Deep Stream control (DS_C) and burned (DS_B) samples, showing the position of the
sequences obtained in this study (in blue and red, respectively). Cyanobacterial orders are shown on the
right. Numbers near nodes indicate bootstrap values, GenBank accession numbers are indicated in
parentheses.
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Sequences from these clone libraries identified a cyanobacterial community of
six OTUs comprised of 21 sequences in the indigenous grassland soils including strains
belonging to the order of Chroococcales, Oscillatoriales and Nostocales. Eight clones
exhibited at least 98% similarity to potential N2-fixing cyanobacterial genera
Leptolyngbya and Nostoc; this included one OTU (DS_B16) that exhibited 97%
similarity to N. punctiforme, a known heterocystous N2-fixer (Figure 3.5).
The difference in cyanobacterial community composition between the burned
and unburned sites was determined from UniFrac analysis (Lozupone et al., 2006) based
on a maximum-likelihood tree of the 16S rRNA gene sequences (Figure 3.5). This
analysis indicated that the cyanobacterial populations were different between the burned
and unburned soils (UniFrac significance P = 0.01). It is important to note here that
being a preliminary study, the bacterial communities in these grassland soils were not
exhaustively sampled. Therefore, it remains inconclusive that fire had an actual impact
on the diversity and structure of Cyanobacteria in these soils.
3.2.2.1 Other bacterial phyla detected in 16S rRNA clone libraries
In addition, the sequences recovered from the 16S rRNA clone library were related to
five other phyla, i.e., Chloroflexi (26.1%), Firmicutes (26.1%), Candidatus
Saccharibacteria (6.8%), Acidobacteria (4.6%) and Armatimonadetes (1.1%) (Table
3.1). The majority of these OTUs were closely related to heterotrophic bacteria
including

the

genera

Desulfotomaculum

(Firmicutes),

Ktedonobacter,

and

Dehalogenimonas and Sphaerobacter (Chloroflexi). The maximum likelihood
phylogenetic trees based on 16S rRNA clone sequences from control (Figure 3.7),
burned (Figure 3.8) and both plots (Figure 3.6) are shown. The low percentage
similarity (£ 86%) with sequences in the GenBank database observed for these clone
sequences reflects the abundance of as-yet-uncultured and unknown soil bacteria. A
further 13 sequences were classified as plastid sequences. Among the clones analysed,
two sequences (DS_C40 and DS_C27) could not be classified with confidence.
BLASTN searches compared to the Genbank database showed 84–94% similarity
matches to cyanobacterial genera such as Calothrix sp., Pseudanabeana sp. and Nostoc
sp., and also 84% similarity to Kineococcus sp. (Actinobacteria), but these clones
appeared to form a deep branching cluster within the Firmicutes cluster (Figure 3.6 and
Figure 3.7).
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Unlike the cyanobacterial population, the community composition in other phyla
(Firmicutes and Chloroflexi) did not appear to change (UniFrac significance P = 0.34
and P = 0.12, respectively). However, the overall UniFrac distance between the total
bacterial communities at the different sites was significant (P = 0.04). Again, the
number of clones obtained in these grassland soils was low, and these results should
therefore be treated with caution.
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Figure 3.6: Maximum-likelihood tree based on analysis of partial 16S rRNA gene sequences from both
Deep Stream control (DS_C) and burned (DS_B) plots, showing the position of the sequences obtained in
this study (in red and blue, respectively). Numbers near nodes indicate bootstrap values, GenBank
accession numbers are indicated in parentheses.
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Figure 3.7: Maximum-likelihood tree based on analysis of partial 16S rRNA gene sequences from Deep
Stream unburned (control) plot, showing the position of the sequences obtained in this study (in bold).
Numbers near nodes indicate bootstrap values, GenBank accession numbers are indicated in parentheses.
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Figure 3.8: Maximum-likelihood tree based on analysis of partial 16S rRNA gene sequences from Deep
Stream burned plot, showing the position of the sequences obtained in this study (in bold). Numbers near
nodes indicate bootstrap values, GenBank accession numbers are indicated in parentheses.
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3.3 Discussion
Nutrient cycles in terrestrial ecosystems may be altered by fire, resulting in lowered C
and N inputs, reduced decomposition and turnover of soil organic matter (PrietoFernandez et al., 1993; Fernández et al., 1997; Gimeno-Garcia et al., 2000). Worldwide,
studies have shown that inoculation with N2-fixing Cyanobacteria improved plantavailable N levels, crop yield and even promoted the growth of heterotrophic bacteria in
soils (Yanni & El-Rahman, 1993; Ghosh & Saha, 1997; Maqubela et al., 2009).
Furthermore, Cyanobacteria have been known to survive and even exhibited enhanced
growth in burned soils over time (Vázquez et al., 1993). In New Zealand snow tussock
grasslands, pastoral fire was found to result in higher microbial N values (determined by
fumigation-extraction methods described by Ross and Täte (1993)) in burned soils,
which was hypothesised to be caused by the immobilisation of available N following
burning (Ross et al., 1997). Hence, Cyanobacteria may indirectly promote N
immobilisation by stimulating the growth of heterotrophic microorganisms in burned
soils. To partially fill this knowledge gap, the aim of this study was to discern the effect
of burning on cyanobacterial diversity in tussock grasslands.
While 16S rRNA clone libraries do provide an initial survey into the diversity of
a given environment, studies have shown that 16S rRNA clone libraries of < 400
sequences provide an incomplete view of species diversity in soils (Janssen, 2006). This
study by no means attempt to generate a complete picture of the cyanobacterial diversity
in the Deep Stream grassland soils, but is a preliminary survey of the N2-fixing
Cyanobacteria present in the grassland soils here, and at the same time elucidate if the
clone library method will be useful for future large-scale quantification of the microbial
diversity in grassland soils.
The phylogenetic tree based on 16S rRNA sequences amplified from Deep
Stream grassland soils in this study showed distinct phylogenetic groups: the
cyanobacterial strains were grouped based on the orders Chroococcales, Oscillatoriales
and Nostocales, with separation of 16 sequences (or six OTUs) based on the
morphology, i.e., filamentous (orders Nostocales and Oscillatoriales) or unicellular
(Chroococales). However, sequences within the order Oscillatoriales, which are
filamentous Cyanobacteria that do not form heterocysts (Rippka, 1988), were not
monophyletic. Putative N2-fixing Cyanobacteria belonging to the genera Leptolyngbya
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and Nostoc, and a further two with no known N2-fixing ability (Synechococcus and
Phormidium) were identified. Compared to the other orders, Cyanobacteria within the
order of Oscillatoriales were more evenly distributed across the two types of soils, and
had high sequence similarity with non-heterocystous genera (Leptolyngbya and
Phormidium). Phormidium is most commonly found in New Zealand flowing waters
(Biggs & Price, 1987), and is often associated with benthic mats and the production of
toxins in New Zealand rivers (Wood et al., 2007). Phormidium is a known N2-fixing
genera (Zehr et al., 2003), although the N2-fixing ability of the strain closely related to
those found in Deep Stream grassland soils, Phormidium cf. uncinatum (99%
similarity), which was isolated from New Zealand benthic freshwater mats (Harland et
al., 2014), is currently unknown. Furthermore, other Oscillatoriales sequences were
closely related (99% sequence similarity) to a Leptolyngbya strain isolated from a
subaerial wet wall from Grand Staircase-Escalante National Monument, USA
(Perkerson et al., 2011). Results from this study show that Phormidium and
Leptolyngbya are not only abundant in NZ freshwater, but also in grassland soils.
Overall, despite the small clone library, this confirms a diverse cyanobacterial
community in NZ grasslands.
Disturbance in the form of burning impacted the composition of the grassland
soil microbial communities, especially the N2-fixing cyanobacterial population. Despite
the small sample size, this study showed that cyanobacterial populations were different
between the control and burned sites, with those from the order Chroococcales being
more abundant in burned plots, and the only OTU (DS_B16) within the order
Nostocales was found only in burned soils. These observations are in agreement with
previous studies showing that modification of indigenous tussock grasslands had
increased the relative abundances of the cyanobacterial orders Nostocales,
Chroococcales and Oscillatoriales (Wakelin et al., 2013). The structure and abundance
of cyanobacterial communities has been found to be particularly sensitive to
disturbance, where the abundance of Cyanobacteria had decreased in fields that had
been converted to vineyards and corn fields (Zancan et al., 2006).
While the culture-dependent technique of culturing identified putative N2-fixing
heterocystous Cyanobacteria belonging to the genus Nostoc, only two strains were
successfully cultured into axenic media. This is in part due to difficulties in isolating
and culturing Cyanobacteria from environmental samples without contaminants
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including fungal and green algal cells. Even with the use of anti-fungal antibiotics, the
slow-growing cyanobacterial colonies were often outcompeted by other microorganisms
on agar plates. The difficulty in isolating and culturing cyanobacterial strains have also
been noted in the literature (Katoh et al., 2003; Sarchizian & Ardelean, 2010). In order
to identify as-yet-uncultured bacteria, estimated to consist 99% of all microbial
diversity (Kyrpides, 2009), future studies should employ culture-independent methods
including the phylogenetic analysis of 16S rRNA gene and/or other protein-coding gene
sequences to allow the assessment of microbial diversity without the difficulty of
culturing.
Community composition in other phyla did not appear to be significantly
different between pre-burn and post-burn soils according to UniFrac analysis. Again,
the relatively small sample size may not identify the full impact of fire on
cyanobacterial and/or diazotrophic diversity. This was in part because even though the
cyanobacterial- and plastid-specific primers described by Nübel et al. (1997) did
amplify partial 16S rRNA sequences from Cyanobacteria, these sequences only
constituted approximately 18% of total bacterial sequences. An in silico study examined
the coverage rate of these cyanobacterial-specific primers for all bacteria, and found that
98% and 92% of cyanobacterial sequences in their database were detected using the
primers CYA359F and CYA781Rb, respectively (Wang & Qian, 2009). The 16S rRNA
clone library in this study detected a large number of Firmicutes sequences (26% of all
sequences); this is in agreement with a previous study that found the CYA359F primer
targeted up to 9% of Firmicutes sequences (Wang & Qian, 2009). To overcome the
potential biases of diversity towards other bacterial phyla using these cyanobacterialspecific primers, and to provide a wider survey of all bacteria and archaea, the later
chapters will adopt two strategies to overcome this problem and allow analysis of N2fixing communities as well. Firstly, universal primers that target part of the 16S rRNA
gene for all bacteria and archaea will provide a broader picture of all microbial
communities within the grassland soils. Concurrently, the nifH gene, which encodes for
the nitrogenase enzyme, will be targeted for amplification in future chapters to
investigate the N2-fixing or diazotrophic communities in grassland soils.
The traditional method of relying on morphological data to describe
cyanobacterial diversity has proven to be insufficient and subjective (Eckert et al.,
2014). Due to uncertainties and limited resolution attached to using morphology to
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characterise Cyanobacteria, it has been proposed that more emphasis be directed
towards using molecular markers such as the 16S rRNA gene to estimate total
cyanobacterial biodiversity (Dvořák et al., 2015). On the other hand, ecological and
morphological data in combination with molecular identification (i.e., polyphasic
approach) still provides great analytical power and has revealed that the structure of
terrestrial cyanobacterial communities can be correlated with environmental factors
including pH (Stibal et al., 2006), organic C (Wood et al., 2008), N content (Davey &
Rothery, 1992), tillage (Zancan et al., 2006) and fire (Johansen et al., 1993).
Furthermore, fingerprinting methods, construction of clone libraries based on 16S
rRNA gene sequences, followed by phylogenetic analysis of sequences have become a
well-established approach to the study of Cyanobacteria in environmental samples. This
approach has provided extensive insight into cyanobacterial diversity in a range of
environments (McCaig et al., 2001).
More recently, high-throughput sequencing technologies have provided a depth
of taxonomic coverage and phylogenetic detail that is greatly enhanced compared with
Sanger sequencing-based techniques. These methods provide new insight into bacterial
community structures and their sensitivity to change. Microarray approaches using
functional gene arrays enable investigation of metabolic potential and functional
processes as well as community diversity (Wang et al., 2009; He et al., 2010; Wakelin
et al., 2013), e.g., GeoChip 3.0 (a functional gene array) combined with PhyloChip (16S
rRNA-based microarray chip) detected the increase in the relative abundance of
Cyanobacteria following disturbance of New Zealand tussock grassland soils
(Supplementary information, Wakelin et al. (2013)). Nonetheless, the use of
predetermined thresholds in genetic distances especially in amplicon sequencing studies
to define units of diversity, i.e., OTUs, is not without drawbacks. While this study had
used 99.5% identity to define an OTU at the species level, most studies in microbial
ecology employ 97% as the default OTU clustering level. Recommendations for use in
prokaryotic analyses vary from 97.5% similarity (corresponding to 70% in DNA
similarity) (Stackebrandt & Goebel, 1994) to 99.0% (Stackebrandt & Ebers, 2006). It is
important to note that in spite of the potential diversity and richness discrepancy that
may result (Eckert et al., 2014), the aims of this thesis particularly in the next chapters
are not to solve taxonomic problems in any particular genera or to identify
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cyanobacterial species, but to determine patterns and compare total microbial and N2fixing communities from two different soils.

3.4 Conclusions
Major advances in the methods of studying microbial diversity have been made since
the diversity of Cyanobacteria and their role in nitrogen fixation were first investigated
in New Zealand tussock grassland soils (Flint, 1958; Line & Loutit, 1973). The use of
16S rRNA gene clone library in the present study confirmed the presence of diverse
cyanobacterial communities in these grassland soils. This study showed that the N2fixing cyanobacterial communities were different between burnt and control grassland
soils. Furture work is now required to confirm these results and establish in detail the
effects

of

burning

on

soil

microbial

communities.

Measurements

of

soil

physicochemical properties before and after burning would also generate a better picture
of the links between soil properties and differences in microbial community structure.
The Cyanobacteria-specific primers CYA359F and CYA781Rb, while still
useful in the research of cyanobacterial diversity, may impart a bias when determining
relative abundance especially in high-throughput amplicon sequencing studies. Results
demonstrated that 16S rRNA gene sequences of Firmicutes and other phyla were also
amplified by the CYA359F/CYA781Rb primer pair. Based on these results, it is clear
that instead of being phylum-specific, it is better to employ a universal 16S rRNA gene
PCR primer that amplifies the majority of all bacterial phyla and archaea that has been
evaluated in silico and empirically. Furthermore, rather than targeting just N2-fixing
Cyanobacteria and to obtain a more complete picture of the N2-fixing community,
universal primers that target the nifH gene (which encodes for the nitrogenase Fe
protein) will be used in later chapters. Determining which universal PCR primers to
target the nifH gene is best suited for high-throughput amplicon sequencing will be
investigated in the next chapter.

77

78

Chapter 4
Evaluation of primers for amplifying nifH
genes for high-throughput sequencing-based
diversity studies

The many faces of Cyanobacteria.
Top images: Nostoc spp. on agar plate; bottom left and middle: Nostoc sp. filaments;
bottom right: mixed population dominated by Calothrix sp.
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4.1 Introduction
The terrestrial availability of nitrogen (N) in natural ecosystems is largely dependent
upon N inputs from biological nitrogen fixation (BNF) (Cleveland et al., 1999).
Anthropogenic activities through the widespread application of N fertiliser, cultivation
of leguminous N2-fixing crops, intensive grazing, land clearing and the combustion of
fossil fuels to release nitrogen oxides have led to changes in species composition,
biodiversity and ecosystem functioning (Isbell et al., 2013). Grassland ecosystems are
projected to experience the greatest biodiversity change resulting from land-use change,
N deposition and the introduction of exotic species (Sala et al., 2000; Fierer et al.,
2013). Efforts to increase the availability of this major limiting nutrient, even at low
levels, resulted in the reduction of grassland plant species numbers (Stevens et al., 2004;
Clark & Tilman, 2008). Furthermore, N addition and the resulting soil acidification and
alteration of carbon (C) allocation weakened plant-soil-microbe interactions and
decreased soil microbial respiration (Wei et al., 2013). Understanding and forecasting
the effects of N deposition will require the identification of organisms with the potential
to fix N2 and understand how BNF is affected by the availability of N and other
resources, e.g., phosphorus (P) and iron (Fe).
Known N2-fixing organisms (diazotrophs) are prokaryotes that are distributed
across both bacterial and archael domains. The ability to fix N2 relies on the nitrogenase
enzyme, which carries out one of the most metabolically expensive processes by
hydrolysing a minimum of 16 molecules of ATPs (20–30 ATP molecules under many
conditions) per N2 fixed (Hardy & Burns, 1968). The most common molybdenum (Mo)containing nitrogenase enzyme is composed of two alpha and two beta subunits
(forming component I, dinitrogenase, MoFe protein), which are encoded by the nifD
and nifK genes, respectively, and a dimer encoded by nifH (component II, dinitrogenase
reductase, Fe protein). Alternative nitrogenases that contain either iron (Fe) or
vanadium (V) instead of the conventional Mo (encoded by the anfHDK and vnfHDK
genes, respectively) in the active site cofactor are found in a selected number of
diazotrophs, and are expressed presumably only in Mo-limiting environments
(Raymond et al., 2004).
Cultivation-based studies to document and isolate diazotrophs have been limited
due to their phylogenetic diversity and their difficulty to be cultured under laboratory
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conditions (Hugenholtz et al., 1998). However, by targeting the nifH gene, which is
highly conserved among all diazotrophs and hence a good molecular marker, the
abundance and diversity of uncultured diazotrophs can be studied. Published nifH
sequences have been made available through conventional cloning and sequencing of
nifH genes from environmental samples containing N2-fixing organisms and sequenced
genomes of known diazotrophs. Hence, the nifH gene database is one of the most
comprehensive non-ribosomal gene datasets for uncultured microorganisms (Zehr et al.,
2003). Technological advances in DNA and RNA sequencing have allowed much
progress to be made in the characterisation of diazotroph communities in a variety of
terrestrial ecosystems, including grasslands (Zhang et al., 2006; Xu et al., 2013), forests
(Widmer et al., 1999; Rösch et al., 2002), glacier (Duc et al., 2009), rhizospheres (Ueda
et al., 1995; Lovell et al., 2000), pasture and agricultural soils (Wakelin et al., 2010;
Pereira e Silva et al., 2013), and the Arctic and Antarctic tundra soils (Olson et al.,
1998; Niederberger et al., 2012). The advent of high-throughput sequencing and the
sheer number of increased nifH gene sequences deposited into the NCBI GenBank
database (an estimated addition of > 300 sequences per month (Heller et al., 2014)) has
also made it increasingly important to have a well-described, aligned and annotated nifH
database.
The first aligned nifH database was reported in 2003 when the nifH sequences
deposited in the GenBank database exceeded 1500 (Zehr et al., 2003). The authors used
HMMER (profile hidden Markov model software) to generate a selection of aligned
NifH protein sequences (Fer4_NifH, PF00142), which was later imported into ARB
(Ludwig et al., 2004). In February 2009, Gaby and Buckley (2011) constructed a
comprehensive aligned database of 16,989 nifH sequences6. Sequences were retrieved
from the non-redundant nucleotide database (nr/nt) in GenBank. An updated database
with 32,943 aligned nifH sequences present in the GenBank database as of May 16th,
2012 was later released 7 (Gaby and Buckley, 2014). An aligned collection of nifH
sequences curated from public databases is also provided by the Functional Gene
Pipeline and Repository (FunGene8; Fish et al. (2013), but lacks useful phylogenetic

6

http://www.css.cornell.edu/faculty/buckley/nifH_database_2010_07_14.arb
http://www.css.cornell.edu/faculty/buckley/nifH_database_2012.arb
8
http://fungene.cme.msu.edu/
7
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and sequence-associated metadata. The Zehr research group maintains another aligned
nifH database in ARB format9 (last updated April 4th, 2014).
Phylogenetic analyses have shown that functional nitrogenases form three or
four (depending on the describing author) major NifH phylogenetic clusters (Figure 4.1)
(Young, 1992; Chien & Zinder, 1996; Zehr et al., 2003; Raymond et al., 2004; Gaby &
Buckley, 2011). Cluster I consists of the conventional MoFe nitrogenases, including
genes from most Proteobacteria, all Cyanobacteria, some Firmicutes (Paenibacillus)
and Actinobacteria (Frankia). Cluster II contains a small number of diazotrophs that
have the alternative nitrogenases (FeV and FeFe active site cofactors but lack Mo),
including several methanogens. Cluster III is dominated by Mo-containing nitrogenases
from anaerobic bacteria and archaea, including methanogens (Methanosarcina),
acetogens (Clostridium), spirochaetes (Treponema and Spirochaeta), sulfate reducers
(Desulfobacter and Desulfovibrio (Deltaproteobacteria)) and green sulfur bacteria
(Chlorobium) (Zehr et al., 2003). The fourth and fifth cluster contains paralogous genes
encoding for protochlorophyllide reductase subunits (BchL and ChlL) and
chlorophyllide a reductase (BchX) (Raymond et al., 2004).
Degenerate primers to target diverse nifH sequences were first designed by
(Zehr & McReynolds, 1989). Since then, it is estimated that a total of 42 universal and
19 group-specific primer sets have been designed and published (Gaby & Buckley,
2012). Using an aligned database of all publicly available nifH sequences (Gaby &
Buckley, 2011), the first comprehensive comparison of performance of known universal
and group-specific nifH primers was conducted (Gaby & Buckley, 2012). As noted by
Gaby and Buckley (2012), many supposedly universal nifH primers were found to have
low coverage for certain taxonomic groups. For example, the PolF/PolR primer set,
which has been frequently used to assess nifH diversity (330 citations since 2001, last
checked 15th October 2015), was found to have only 2% and 11% coverage of
cyanobacterial and cluster III nifH sequences, respectively. Due to the shared conserved
regions between the nifH gene with paralogous genes in clusters IV and V, most of the
nifH primers tested will amplify these genes that are not involved in N2 fixation, some
with greater affinity to cluster IV and V genes than others (Gaby & Buckley, 2012).

9

http://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/, last accessed May 19th, 2016.
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Figure 4.1: Phylogeny of NifH and paralogous proteins. Clusters I to III are functional nitrogenases, while
Cluster IV includes the subunits of protochlorophyllide reductase (BchL and ChlL) and chlorophyllide
reductase (BchX) involved in photosynthetic pigment biosynthesis. Amino acid sequences were aligned
using MUSCLE. The tree was constructed using the neighbour-joining method, with 500 bootstrap
replicates (>50% bootstrap support percentages are shown). Both alignment and phylogenetic tree were
created within the Geneious software package.

Although it is possible to filter out these sequences prior to clustering of OTUs
in amplicon sequencing studies, the presence of these cluster IV and V sequences may
greatly reduce the number of nifH sequences, thereby skewing the real alpha diversity
(phylogenetic diversity, richness and evenness) of nifH genes in environmental samples.
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Table 4.1: Selection of universal nifH primers, in silico coverage (%) for specific groupings and
amplification efficiency from soil DNA. Data modified from Gaby and Buckley (2012).

Name

Coverageb (%)

Sequencea

Amplificationc

Pr

Cy

III

IA

IV

Soil

F2

TGYGAYCCIAAIGCIGA

94

98

98

99

37

94

R6

TCIGGIGARATGATGGC

97

99

86

99

15

94

19F

GCIWTYTAYGGIAARGGIGG

89

100

100

100

76

78

407R

AAICCRCCRCAIACIACRTC

PolF

GCIWTHTAYGGIAARGGIGGIATHGGIAA
ATIGCRAAICCICCRCAIACIACRTC
TGCGATCCSAARGCBGACTC

PolR

ATSGCCATCATYTCRCCGGA

IGK3
DVV

92

95

85

90

71

87

87

100

98

96

78

72

93

94

94

96

52

91

51

12

26

41

3

54

36

15

19

40

0

55

Soil

E. coli

Ref.

+

−

Marusina
et al.
(2001)

+

0

Ueda et
al. (1995)

+

−

Ando et
al. (2005)

NA

NA

Poly et
al. (2001)

a

Y, a C/T degeneracy; I, inosine (pairs with A, C, G or T); R, an A/G degeneracy; B, a C/G/T degeneracy.
Pr, Alpha, Beta and Gamma Proteobacteria; Cy, Cyanobacteria; III, Cluster III; IV, paralogous
sequences in Cluster IV; Soil, coverage against sequences recovered from soils.
c
+, visible band of the expected size; 0, band of other size; −, no visible band; NA, data not available as
PCR was not performed.
b

While in silico or theoretical tests are helpful in estimating the amount of
coverage and can be done for many different primer sets, actual primer performance on
environmental samples may vary (Morales & Holben, 2009). As mentioned by Gaby
and Buckley (2012), the specificity and coverage between in silico predictions and
actual amplification from samples vary depending on the formation of dimers and
hairpins (Chou et al., 1992; Singh et al., 2000), GC content (Aird et al., 2011) and
location of degeneracy (Polz & Cavanaugh, 1998). Furthermore, amplification from soil
DNA may be inhibited by the presence of environmental compounds such as humic
acids and phenolic compounds (naturally occurring in soil and/or carried over from
DNA extraction procedures) (Wilson, 1997). The Buckley group tested primer sets with
in silico coverage of > 90%, namely F2/R6 (Marusina et al., 2001), IGK3/DVV (Ando
et al., 2005), 19F/407R (Ueda et al., 1995), 19F/univ463r (Ueda et al., 1995; Widmer et
al., 1999) and nifH1/nifH2 (Zehr & McReynolds, 1989) on a range of genomic DNA
templates, agricultural and lawn soil DNA, and E. coli genomic DNA (gDNA) (to test
for specificity). The primer combinations that produced an expected-sized band were
F2/R6, IGK3/DVV and 19F/407R, although the latter was found to amplify a
nonspecific product from E. coli gDNA (Table 4.1).
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Gaby and Buckley (2012) found that the coverage of universal nifH primers
changed between phylogenetic groups, and few primer pairs had high coverage of
intended target groups. However, several questions are still left to be answered
regarding choosing which primer set to amplify nifH genes from environmental
samples. The first relates to the performance of these nifH primer sets in a highthroughput sequencing run: how will in silico results compare to amplification from soil
DNA? Will the diversity of different bacterial and archaeal groups be captured as
predicted? Finally, what is the proportion of cluster IV and V genes that will be
amplified from recommended nifH primer pairs?

4.1.1 Chapter aims
The main objective of the present study was to empirically assess the performance of
commonly used and recommended universal nifH primers in high throughput amplicon
sequencing of soil-derived DNA. This objective was achieved by collecting soil DNA
from tussock grasslands and performing high-throughput sequencing regions of the nifH
gene using a variety of universal primers. In particular the aims of this chapter were to:
(1) compare the coverage of specific groups/clusters of diazotrophs by the different nifH
primers, (2) determine the observed coverage of different nifH primers to
bacteriochlorophyll and chlorophyll synthesis genes and (3) compare these empirical
results to those obtained from in silico tests (Gaby & Buckley, 2012).
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4.2 Results
4.2.1 Sample preparation
DNA extracts from control (unburnt) and burnt (summer and spring burn) plots from
Deep Stream grassland soils (refer to Chapter 2, Section 2.4.2) were used as template
for initial PCR tests. For high-throughput sequencing, DNA extracts from each
Chionochloa transect, one from Chionochloa pallens (CP-1) and one from Chionochloa
teretifolia soils (CT-1) collected from Takahe Valley grassland soils (see Section 2.2.2),
were used as templates for PCR amplification.
DNA extracts of Deep Stream soils and genomic DNA of N. punctiforme ATCC
29133 (as a positive control) were amplified with all candidate nifH primer sets. Both
primer sets 19F/407R and IGK3/DVV resulted in PCR products of the expected sizes
(389 and 383 bp, respectively) for all soils (Figure 4.2). Due to the absence of
amplification products from all soils with F2/R6 (Figure 4.2), this primer set was
excluded from further analysis. PCR products amplified from Deep Stream grassland
soils with primers 19F/407R and IGK3/DVV were purified and directly sequenced to
confirm that the sequences were nifH genes. Sequences retrieved and consequent
BLASTX searches showed that the amplicons were indeed nifH (results not shown).
The DNA extracts from Takahe Valley grassland soils ranged from 25.9 to 83.0
ng/µL with good A260/A280 ratios (1.84–1.95) as quantified by Nanodrop
spectrophotometer. However, low A260/A230 ratios (< 1.5) were obtained for all samples,
and could be indicative of humic acid contamination from soils or phenolic compounds
(Yeates et al., 1998). To assess the quality of DNA extracted, the 19F/407R primer set
was used to amplify partial nifH genes from all ten samples. The PCR products were of
expected size (approximately 390 bp). Representatives of these PCR products were then
purified and sequenced by Sanger sequencing; this confirmed that amplicons were nifH
fragments (results not shown).
To compare differences in the phylogenetic distribution of nifH genes resulting
from three different universal primer sets (19F/407R, IGK3/DVV and PolF/PolR),
genomic DNA extracted from C. pallens and C. teretifolia grassland soils (samples
CP-1 and CT-1) were used as templates. The primer pair F2/R6 was excluded from
further analysis as it failed to amplify nifH genes from soil samples (Figure 4.2). The
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PolF/PolR primer set (Poly et al., 2001a) was included as it is widely used in nifH
diversity studies despite scoring poorly in in silico tests (Gaby & Buckley, 2012). Other
samples, CP-2 to CP-5 and CT-2 to CT-5, were not used as templates in this project, but
will be discussed later in Chapter 5.

Figure 4.2: Amplification of nifH genes using universal primer sets IGK3/DVV, F2/R6 and 19F/407R.
Agarose gels (1%) separated PCR products from Deep Stream soil samples. The lanes marked M
contained 1 Kb+ DNA ladder. +, positive control (N. punctiforme ATCC 29133); −, no template control
(sterile water in place of template).

Figure 4.3: Trial amplification of nifH genes from Takahe Valley grassland soils using primer pair
19F/407R, separated on a 1% agarose gel. The lanes marked M contained 1 Kb+ DNA ladder. +, positive
control (N. punctiforme ATCC 29133); −, no template control (sterile water in place of template).
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Figure 4.4: Schematic representation of the nifH gene, indicating primer sites used in this study and
resulting PCR products. The positions refer to Azotobacter vinelandii (M20568) numbering.

First round amplification of nifH genes with overhang adapters resulted in
fragments of ~ 430, 450 and 410 bp using the primer sets 19F/407R, IGK3/DVV and
PolF/PolR, respectively (Figure 4.5). Amplification resulting from IGK3/DVV
produced less intense bands compared to the other primer sets. Second round
amplification with indices and adapters yielded fragments of expected sizes (Figure
4.5). Purified second round products were pooled and assessed on Agilent 2100
Bioanalyser to confirm appropriate amplicon sizes and ensure the absence of primer
dimers and other non-specific products (Figure A.5.1).

Figure 4.5: First (A) and second (B) round amplification of nifH genes using primer sets 19F/407R,
IGK/DVV and PolF/PolR, separated on 2% agarose gels. Gel photos have been cropped to exclude lanes
of samples not used in this study.
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4.2.2 Initial sequence processing
Altogether from two samples (CP-1 and CT-1) and three nifH primer sets, 1,880,685
high-quality reads were obtained. After filtering steps and clustering at 97% sequence
similarity, 55–76% of sequences remained (Table 4.2), comprising a total of 1384
unique OTUs. The percentage of cluster IV and V reads, i.e., genes coding for
protochlorophyllide reductase subunits (KEGG EC:1.3.7.7) bchL and chlL, and
chlorophyllide reductase (KEGG EC:1.3.99.35) bchX varied between primer pairs
(Table 4.2).
Table 4.2: Number of nifH sequences before and after initial processing and filtering steps.

Primer set

Sample

Paired-end
reads

UPARSE
filtering

Percent passed
merging &
filtering

Actual nifH
reads

% non-nifH
reads

CP-1

175,934

142,752

58.5%

10,277

92.8%

CT-1

280,524

226,856

55.8%

74,821

67.0%

CP-1

284,552

228,043

61.9%

55,379

75.7%

CT-1

329,288

262,032

63.3%

129,562

50.6%

CP-1

427,682

344,074

68.3%

291,397

15.3%

CT-1

382,705

321,758

76.3%

251,906

21.7%

19F/407R

IGK3/DVV

PolF/PolR

4.2.3 Alpha diversity
Using the C. pallens (CP-1) and C. teretifolia (CT-1) grassland soil community
libraries, alpha diversity using different nifH primer sets was compared (in one
sequencing run). After the removal of cluster IV and V sequences that encode genes
involved in bacteriochlorophyll synthesis, all samples were rarefied to the shallowest
sample (10,277), and rarefaction curves showing Faith’s phylogenetic diversity and
number of observed OTUs were plotted (Figure 4.6).
Rarefaction curves showed that both samples reached their plateau when
amplified using all primer sets, with the exception of CT-1 sample using PolF/PolR
primer set (Figure 4.6). Diversity and number of observed OTUs were lower with
19F/407R and IGK3/DVV primer sets compared to those achieved by PolF/PolR primer
pair. For all primer sets, alpha diversity was higher in the CT-1 sample compared to
CP-1 according to the same matrices (Figure 4.6). Following random sub-sampling of
sequences to 132,932 (the lowest number of sequences across six datasets), four alpha
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diversity indices, i.e., Faith’s phylogenetic diversity, number of observed OTUs,
Shannon (H′) and Simpson’s (1−D) indices of diversity were used to estimate diversity
and species richness in the two Chionochloa soil samples. Prior to the removal of
cluster IV and V sequences, species richness estimate (observed OTUs) using the
primer pair 19F/407R was the highest, followed closely by IGK3/DVV, and was the
lowest with PolF/PolR primer pairs for C. pallens (CP) sample. The opposite results
were seen for the C. teretifolia (CT) sample (Table 4.3). Simpson’s and Shannon
diversity index results for C. pallens sample were consistent with species richness
estimate, while diversity of C. teretifolia sample did not seem to change regardless of
primer.

Figure 4.6: Rarefaction curves indicating Faith’s phylogenetic diversity (A) and number of unique OTUs
(B) in C. pallens (CP) and C. teretifolia (CT) soils according to different nifH primers. CP-1 and CT-1
samples were analysed in this study. Rarefaction was performed at a depth of 10,277 randomly subsampled nifH gene sequences.
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Table 4.3: The effect of different primers to amplify the nifH gene on alpha diversity indices across two
Chionochloa grassland soils in the Takahe Valleya.

Without Cluster IV & V

With Cluster IV & V

Primer pair

a

19F/407R

IGK3/DVV

PolF/PolR

19F/407R

IGK3/DVV

PolF/PolR

Samplea

Phylogenetic
diversityb

Observed
OTUs

Shannon
diversity

Simpson’s
diversity

CP

23.1

725

7.4

0.985

CT

24.3

816

7.7

0.990

CP

19.1

570

7.1

0.986

CT

25.1

893

7.7

0.987

CP

13.7

467

6.0

0.950

CT

24.4

1088

7.8

0.987

CP

6.6

128

5.2

0.952

CT

8.3

244

6.2

0.978

CP

7.3

143

5.6

0.966

CT

9.4

304

6.7

0.982

CP

9.6

333

6.0

0.952

CT

17.0

743

7.7

0.987

C. pallens grassland soil sample CP-1 (CP); C. teretifolia grassland soil sample CT-1 (CT).
Faith’s phylogenetic diversity index.

b

After the removal of sequences that do not encode for the nifH gene (cluster IV
and V sequences) and random sub-sampling to 10,277, the species richness estimates
(observed OTUs) were more than double compared in samples generated using the
primer pair PolF/PolR compared to those obtained using 19F/407R and IGK3/DVV
primer pairs for both C. pallens and C. teretifolia samples (Table 4.3).
Diversity according to the Shannon diversity index was highest using PolF/PolR
primer pair, followed by IGK3/DVV and 19F/407R for both C. pallens and
C. teretifolia samples. The Simpson’s diversity index yielded different results, with the
primer pair IGK3/DVV achieving the highest diversity for C. pallens sample, followed
by comparable diversity estimates from 19F/407R and PolF/PolR primers pairs.
PolF/PolR primer pair had the highest Simpson’s diversity index in C. teretifolia
sample, although the values between the primers did not vary by much (Table 4.3).
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4.2.4 Principal coordinates analysis using UniFrac distances
Principal coordinates analysis (PCoA) plots of weighted and unweighted UniFrac
distance metrics were used to illustrate beta diversity differences in samples generated
using the different universal nifH primer sets. Unweighted UniFrac (which considers
phylogenetic distance and OTU presence or absence only) and weighted UniFrac
metrics (takes into account phylogenetic distances between samples and read
abundance) were used for beta diversity comparisons, which explained 66.7% and
62.1% of variability, respectively (Figure 4.7).

Figure 4.7: Principal Coordinate Analysis (PCoA) plots illustrating beta diversity of nifH gene sequences
in two different Chionochloa grassland soils at Takahe Valley using different universal nifH primers.
Unweighted plot (A) is based on the presence or absence of OTUs; weighted plot (B) is based on the
relative abundance of OTUs. Red squares represent datasets amplified from C. pallens soil and blue
circles are from C. teretifolia soil.

Primer choice did not seem to yield significant clustering of putative
diazotrophic composition based on both weighted (ADONIS: R2 = 0.50, P = 0.138) and
unweighted (ADONIS: R2 = 0.42, P = 0.526) UniFrac distances (Figure 4.7).
Community beta diversity was slightly significant between soil types (C. pallens
compared to C. teretifolia) based on primer choice using weighted (ADONIS: R2 =
0.31, P = 0.087) and unweighted (ADONIS: R2 = 0.35, P = 0.094) UniFrac distances
(Figure 4.7).
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4.2.5 Effect of primer choice on nifH communities
To compare the putative diazotrophic (and paralogous nifH) community structures in
datasets obtained using three different nifH primer pairs, OTUs (97% identity) were
assigned to nifH clusters as previously designated by Chien and Zinder (1996) and
Raymond et al. (2004). The relative abundance of nifH clusters varied drastically
according to the nifH primer pair used to amplify nifH from two samples, CP-1 and
CT-1 (C. pallens and C. teretifolia grassland soils, respectively) (Figure 4.8).

Figure 4.8: Relative abundance and composition of nifH sequences in two different grassland soil samples
at Takahe Valley, as amplified by primer pairs 19F/407R, IGK3/DVV and PolF/PolR. CP-1 = C. pallens
sample 1; CT-1 = C. teretifolia sample 1. Relative abundances are shown with (A) and without (B) nifH
cluster IV sequences.
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After discarding sequences classified as cluster IV and V, the nifH library
amplified with 19F/407R primer set was dominated by nifH cluster I Proteobacteria
sequences (Figure 4.8, Table 4.4). This was followed by nifH cluster III sequences,
cluster I Cyanobacteria, cluster IA, cluster I other (could not be classified beyond
cluster I) and a further 0.08% that could not be classified in CT-1 sample (Figure 4.8,
Table 4.4). The relative abundance of nifH cluster I Proteobacteria amplified using
PolF/PolR was higher compared to the other primer pairs, followed by nifH cluster III
sequences. All other nifH clusters had relative abundances of less than 1%, including
cluster I Cyanobacteria, cluster IA and cluster II (Table 4.4).
Similarly, the nifH library amplified with IGK3/DVV primer pair was
dominated by nifH cluster I Proteobacteria sequences (Table 4.4). The relative
abundances of nifH cluster II and III sequences were relatively low, ranging from 0.2–
1.1% for cluster II and 1.3–5.5% for cluster III (Table 4.4). The nifH cluster I
Cyanobacteria sequences were less common. Interestingly, no cluster IA sequences
were present in the dataset amplified using IGK3/DVV primer pair (Figure 4.8, Table
4.4).
Table 4.4: Coverage of nifH primers for phylogenetic and environmental groupings in the nifH database
compared to actual relative abundances of nifH in C. pallens and C. teretifolia grassland soils at Takahe
Valley.
Coveragea (%) according to
Gaby and Buckley (2012)
Primer

Pr

Cy

III

IA

IV

Soil

19F

89

100

100

100

76

78

407R

92

95

85

90

71

87

IGK3

87

100

98

96

78

72

DVV

93

94

94

96

52

91

PolF

51

12

26

41

3

54

PolR

36

15

19

40

0

55

a

Relative abundance (%) according to this study
Pr

Cy

II

III

IA

IV

CPb

CTb

CP

CT

CP

CT

CP

CT

CP

CT

CP

CT

5.7

27.0

0.2

0.4

0

1.0

1.7

6.3

0.01

0

92.5

65.3

26.1

47.8

0.05

0

1.1

0.2

1.3

5.5

0

0

61.4

46.5

79.2

87.9

0.9

0.5

0

0.1

19.2

11.5

0.7

0.1

0.02

0

Pr, Alpha, Beta and Gamma Proteobacteria; Cy, Cyanobacteria; III, Cluster III; IV, paralogous sequences
in Cluster IV; IA, Cluster IA; Soil, coverage against sequences recovered from soils.
b
CP, C. pallens sample 1 (CP-1); CT, C. teretifolia sample 1 (CT-1).
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In order to obtain better taxonomic resolution, the 100 most abundant OTUs
from each dataset (nifH library amplified using different nifH primer pairs), excluding
any cluster IV and V OTUs, were searched against the NCBI-nr database using
BLASTX (Altschul et al., 1997). The relative abundances of reads were then grouped
into the phylum or proteobacterial class level (Figure 4.9). Phylogenetic trees were
generated for the translated nifH sequences that were generated using each of the three
different primer pairs (Figure 4.10 to 4.12). All three datasets consisted of nifH genes
most

commonly

Betaproteobacteria,

associated

with

Deltaproteobacteria

Proteobacteria
and

(Alphaproteobacteria,

Gammaproteobacteria)

and

Verrucomicrobia (Figure 4.9).

Figure 4.9: Putative diazotroph community structure at phylum or proteobacterial class level of two
grassland soils (C. pallens (CP-1) and C. teretifolia (CT-1) at Takahe Valley. Frequency distribution of
nifH sequences recovered from the top 100 most abundant OTUs identified at a sequence dissimilarity
cut-off of 3%, obtained by different nifH universal primers.
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The PolF/PolR primer pair had amplified more alphaproteobacterial OTUs and
less betaproteobacterial OTUs compared to the 19F/407R and IGK3/DVV primer pairs.
Higher relative abundance of Deltaproteobacteria was identified in C. teretifolia sample
using 19F/407R and IGK3/DVV primer pairs, while the opposite was found with
PolF/PolR dataset. The relative abundance of Gammaproteobacteria across all three
datasets were generally consistent, with higher levels detected in C. teretifolia (1.1–
2.5%) compared to C. pallens sample (4.7–13.2%). The same pattern was observed for
Verrucomicrobia across all three datasets, whereby increased relative abundance were
found in CP-1 samples (6.2–12.1%) compared to CT-1 (0.4–3.2%) (Figure 4.9).
Sequences related to Gammaproteobacteria were absent from the top 100 most
dominant OTUs in the IGK3/DVV dataset, while in 19F/407R and PolF/PolR datasets
higher levels were detected in C. teretifolia (1.1–2.5%) compared to C. pallens sample
(12.3–13.2%). Likewise, no cyanobacterial sequences were present in the IGK3/DVV
dataset (Figure 4.11), while the 19F/407R dataset identified more cyanobacterial
sequences (3.2 and 1.2% in CP-1 and CT-1, respectively). No sequences associated with
Firmicutes were found in the IGK3/DVV dataset, but were identified by 19F/407R
(0.2% in CT-1) and PolF/PolR (1.5% in CP-1) primer pairs. NifH sequences distantly
related to Chloroflexi (89% identity match using BLASTX) were only found in the
19F/407R dataset (Figure 4.9).
The 100 dominant nifH OTUs were represented by 26, 19 and 23 genera in the
19F/407R, IGK3/DVV and PolF/PolR datasets, respectively. Eight genera were
detected in all three datasets, namely Bradyrhizobium, Azospirillum, Azorhizobium,
Gluconacetobacter (of the class Alphaproteobacteria), Burkholderia, Rubrivivax
(Betaproteobacteria) and Opitutaceae (Verrucomicrobia) (Table 4.5). The 19F/407R
and IGK3/DVV datasets have more genera in common amongst their 100 most
dominant OTUs (14 genera) compared to either dataset with PolF/PolR dataset (nine
genera in common) (Table 4.5).
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Table 4.5: Relative abundances (%) of the 100 dominant OTUs (at the genus level) derived from different
nifH primer sets, recovered from C. pallens and C. teretifolia grassland soils at Takahe Valley.
Genus

19F/407R

Genus

IGK3/DVV

Genus

PolF/PolR

Bradyrhizobium

35.70

Bradyrhizobium

41.43

Azospirillum

28.12

Syntrophobacter

16.68

Gluconacetobacter

12.95

Bradyrhizobium

22.37

Methyloglobulus

10.20

Azospirillum

7.73

Sphingomonas

21.89

Azospirillum

9.20

Syntrophobacter

6.33

Stenotrophomonas

4.91

Opitutaceae

4.21

Sphaerotilus

4.48

Desulfovibrio

2.43

Sphingomonas

3.55

Burkholderia

3.92

Rhodoplanes

2.23

Sphaerotilus

3.31

Rhizobium

3.46

Azorhizobium

2.05

Burkholderia

2.80

Opitutaceae

2.64

Desulfonatronovibrio

1.64

Rhizobium

2.15

Azoarcus

2.40

Roseiarcus

1.60

Aquabacterium

1.97

Methyloversatilis

1.78

Diplospaera

1.54

Azorhizobium

1.20

Sphingomonas

1.75

Burkholderia

1.42

Gluconacetobacter

1.15

Rubrivivax

1.43

Desulfomicrobium

0.95

Beijerinckia

1.11

Methylocystis

1.34

Opitutaceae

0.83

Rubrivivax

1.04

Aquabacterium

0.94

Methylocella

0.70

Calothrix

0.97

Leptothrix

0.70

Bacillus

0.65

Herbaspirillum

0.76

Methylocella

0.56

Verrucomicrobium

0.61

Dehalogenimonas

0.56

Herbaspirillum

0.54

Calothrix

0.50

Nostoc

0.54

Novosphingobium

0.36

Marinobacter

0.49

Diplosphaera

0.44

Azorhizobium

0.33

Gluconacetobacter

0.35

Azoarcus

0.41

Halorhodospira

0.32

Achromatium

0.41

Rubrivivax

0.30

Stenotrophomonas

0.40

Methylomonas

0.27

Desulfatitalea

0.35

Thiorhodospira

0.35

Methyloversatilis

0.35

Clostridium

0.20
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Figure 4.10: Phylogenetic tree of translated nifH OTUs grouped at 97% DNA sequence similarity for the
top 100 most abundant OTUs in the 19F/407R dataset. The neighbour-joining tree was constructed from a
total of 130 amino acids with 500 bootstrap replicates and BchX of Rhodopseudomonas palustris
(ZP_00011101) as the outgroup. Bootstrap values of > 50% are indicated at branch points. The scale bar
represents number of amino acid substitutions per site.
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Figure 4.11: Phylogenetic tree of translated nifH OTUs grouped at 97% DNA sequence similarity for the
top 100 most abundant OTUs in the IGK3/DVV dataset. The neighbour-joining tree was constructed from
a total of 130 amino acids with 500 bootstrap replicates and BchX of R. palustris (ZP_00011101) as the
outgroup. Bootstrap values of > 50% are indicated at branch points. The scale bar represents number of
amino acid substitutions per site.
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Figure 4.12: Phylogenetic tree of translated nifH OTUs grouped at 97% DNA sequence similarity for the
top 100 most abundant OTUs in the PolF/PolR dataset. The neighbour-joining tree was constructed from
a total of 99 amino acids with 500 bootstrap replicates and BchX of R. palustris (ZP_00011101) as the
outgroup. Bootstrap values of > 50% are indicated at branch points. The scale bar represents number of
amino acid substitutions per site.
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Figure 4.13: Target sites for IGK3/DVV and PolF/PolR primer pairs in selected nifH sequences in
Chloroflexi, Cyanobacteria and Firmicutes. The numbers below the primer names indicate positions in the
nifH gene of Azotobacter vinelandii (M20568). Gaps indicate that only partial nifH sequences were
available. DNA sequences were aligned using Geneious alignment and visualised within Geneious v9.0
(Biomatters). Mismatches in target sequences are shaded in grey; nucleotide positions in primer
sequences where mismatches occurred are shaded in dark grey.

Alignments between the IGK3/DVV primer pair and nifH sequences of known
Chloroflexi and Firmicutes N2-fixers revealed several mismatches (1–4 mismatches per
primer; Figure 4.13). The less degenerate PolF and PolR primers had mismatches of up
to eight in the primer-binding sites for Chloroflexi nifH sequences.
The putative diazotroph communities identified in all datasets were analysed
using a Venn diagram. Out of the 1384 OTUs representing sequences generated from
three nifH primer pairs, only 206 OTUs (15.9%) were shared between the different data
sets. The 19F/407R library contained the lowest number of unique OTUs (25), followed
by the IGK3/DVV (69) and PolF/PolR (810) libraries (Figure 4.14A). Similarly, only
five OTUs were shared between datasets amplified from all primer pairs, with
19F/407R and IGK3/DVV sharing more OTUs compared to PolF/PolR with either
19F/407R or IGK3/DVV (Figure 4.14B).
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Figure 4.14: Venn diagrams illustrating overlap of putative diazotrophic communities recovered using the
primer pairs 19F/407R, IGK3/DVV and PolF/PolR. Overlap of nifH OTUs (3% sequence dissimilarity
cut-off) are shown at the following levels: (A) all OTUs and (B) top 100 OTUs for each primer pair.

Further analysis using manual BLASTX searches to obtain better taxonomic
classification was done on representative sequences of the unique OTUs obtained for
each dataset. Due to the presence of some OTUs with low sequence similarity (< 90%)
to known nitrogen-fixing organisms, the unique OTUs and their relative abundances
were grouped at the class level. Primer choice had a big effect on the nifH composition
of unique OTUs. For all three primer pairs, particularly for 19F/407R and PolF/PolR,
unique OTUs were most commonly associated with Alphaproteobacteria (Figure 4.15).
The other proteobacterial classes were also abundant among the unique OTUs, although
the relative abundance of Betaproteobacteria and Gammaproteobacteria unique to the
IGK3/DVV dataset was higher compared to the other datasets. Sequences closely
related to Dehalococcoidia (Chloroflexi) were only found in the 19F/407R dataset and
not by other primer pairs. In contrast, unique nifH sequences closely related to Opitutae
and Verrucomicrobiae (Verrucomicrobia) were only detected in the IGK3/DVV and
PolF/PolR datasets. Similar amounts of Clostridia (Firmicutes) sequences were found to
be unique to the 19F/407R and IGK3/DVV datasets. A number of Nostocales
(Cyanobacteria) sequences were unique to the PolF/PolR dataset (Figure 4.15).
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Figure 4.15: Comparison of class-level composition of unique nifH OTUs identified at 3% sequence
dissimilarity cut-off for the different primer pairs. Percent relative abundance per dataset are shown.
Others: classes with < 1% in relative abundance.
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4.3 Discussion
Gene-targeted metagenomics, or amplicon high-throughput sequencing, of genes
directly responsible for important biogeochemical cycles to assess gene populations in a
specific community, has proven to be more effective than shotgun metagenomics
approaches (Iwai et al., 2010). The specificity of PCR primer sets and coverage of target
gene are especially crucial for functional genes (Iwai et al., 2010). Hence, degenerate
nifH primer pairs that perform well theoretically (in silico) should be further tested for
amplicon sequencing studies, paying attention to their coverage for groups important to
habitats of interest (Penton et al., 2013). The present study compared the performance of
primer pairs in capturing the nifH gene diversity and community structure of soil N2fixing bacteria in New Zealand indigenous grasslands. Instead of using a mock
community approach, nifH primer pairs were tested with DNA extracted from two
Chionochloa grassland soils. This is to account for the potential effects of PCR
inhibitors commonly found in soil, including humic acids, phenolic compounds and
heavy metals (Wilson, 1997) that may not be present in a mock community sample.
Studies on the efficacy of various nifH primers have been tested on pure cultures and
environmental DNA, but no further verification had been performed on the phylogenetic
diversity of environmental amplicons resulting from these primers (Rosado et al., 1998;
Poly et al., 2001a; Gaby & Buckley, 2012).
There were large variations in the richness between datasets generated by
different nifH primer pairs. Compared with 19F/407R and IGK3/DVV, the PolF/PolR
primer set obtained higher numbers of unique OTUs in both samples. This suggests that
the primer set PolF/PolR was able to amplify a larger set of nifH sequences than the
other primers. However, studies have shown that shorter 16S rRNA amplicons generate
higher richness estimates than longer ones, especially for amplicons < 400 bp in length
(Huber et al., 2009; Engelbrektson et al., 2010). Shorter products are known to be
amplified more efficiently by polymerases (Suzuki & Giovannoni, 1996; Becker et al.,
2000), resulting in the accumulation of shorter amplicons, and this may inhibit their
own amplification in the earlier cycles. In the later cycles of amplification, rarer
templates could proliferate and result in a false increase of amplicon richness (Suzuki &
Giovannoni, 1996). Also, richness estimates were higher in the IGK3/DVV dataset
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compared to the 19F/407R dataset even though the primer binding sites were similar
(IGK3/DVV producing amplicons approximately 6 bp longer).
Different diversity indices were used to estimate diversity of the datasets
generated by different primer pairs. Shannon diversity index (H′) is a widely used and
general diversity index that accounts for both the number and evenness of species
present (Shannon & Weaver, 1949). The Faith’s phylogenetic diversity metric (PD) is
based on phylogenetic distances and uses the sum of branch lengths to calculate
diversity. The Simpson’s index (1−D) is a measurement of evenness of a community,
ranging from 0 to 1 (the closer to 1, the greater the sample diversity). Both PD and the
Shannon index increased from the 19F/407R < IGK3/DVV < PolF/PolR dataset while
the Simpson’s index showed more constant values across the three datasets. The primer
pair with the highest amount of primer degeneracy, IGK3/DVV (72- and 8-fold for
IGK3 and DVV, respectively), did not necessarily result in the highest diversity
estimates. Furthermore, I found no evidence that more artefacts were found in the
IGK3/DVV library, as indicated by the percentage of sequences that passed UCHIME
and mothur filtering. The Simpson’s index, which gives more weight to common or
dominant species, suggested that community evenness was not affected by primer
choice. Studies have shown amplicon size may result in sequencing bias, with longer
amplicons capturing less diversity (Huber et al., 2009). The primer pairs tested in this
study generated similar amplicon sizes, the biggest difference with PolF/PolR
amplicons being ~30 bp shorter than the ~390 bp 19F/407R and IGK3/DVV amplicons.
A single sequencing run was also used to generate all libraries to reduce bias due to
sequencing kinetics. Thus, the observed differences in diversity matrices were not likely
to be caused by these mentioned variables, but by the different regions targeted by
PolF/PolR primer pair compared to the other two primer pairs.
These data suggest that the primer binding sites targeted by the different nifH
primers plays a major role in determining the coverage and affinity to specific groups
and/or clusters, with the overall composition of diazotrophic community differing
between the primers used to generate the datasets. However, the relationship between
the sites did not change, with PCoA still separating communities from C. pallens and
C. teretifolia soils into distinct groups. After the removal of non-nifH sequences, cluster
I Proteobacteria was the consistently dominant nifH cluster across all datasets. The
IGK3/DVV dataset had higher numbers of cluster I Proteobacteria and cluster II
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sequences compared to the other two datasets. The 19F/407R dataset had higher
abundances of cluster I Cyanobacteria and cluster III nifH sequences. Although it was
originally designed to amplify nifH genes from Alpha-, Beta- and Gammaproteobacteria, Actinobacteria and Firmicutes, the PolF/PolR primer pair also amplified
nifH sequences closely related to Deltaproteobacteria, Verrucomicrobia and
Cyanobacteria. Similar observations were made when the PolF/PolR primer pair was
used to amplify nifH genes from grassland and forest soil samples (Penton et al., 2013;
Wang et al., 2013; Zhang et al., 2015). The PolF/PolR top 100 OTU dataset consisted of
greater relative abundance of verrucomicrobial sequences (11.8%) compared to other
studies where verrucomicrobial sequences only consisted 1.3–3.1% of total nifH
sequences (Penton et al., 2013; Zhang et al., 2015).
Comparisons were also performed on the 100 most dominant OTUs on the
higher (phylum and class) and lower (genus) taxonomic levels to determine the effects
of primer choice on diazotroph community composition. Some differences were
obvious between datasets generated by the primer pairs; the most prominent being the
absence of sequences related to Cyanobacteria, Firmicutes and Chloroflexi in the
IGK3/DVV ‘top 100’ dataset. This meant that PCR would need to tolerate up to three
mismatches to amplify from these sequences, thereby introducing further bias to the
actual microbial diversity (Sipos et al., 2007). Despite only having one mismatched
nucleotide sequence to known cyanobacterial N2-fixers, it is undetermined why
IGK3/DVV primer pair missed nifH sequences from Cyanobacteria. Sequences related
to Chloroflexi were also absent from the top 100 OTUs in the PolF/PolR dataset. The
PolF/PolR alignments with selected Chloroflexi nifH sequences revealed many
mismatches (up to 8 in the reverse primer), suggesting that it is not suitable to amplify
diazotrophs within the Chloroflexi phylum. Within the top 100 OTUs, the relative
abundance of Alphaproteobacteria was greater in the PolF/PolR compared to the others,
while the abundance of Betaproteobacteria was the lowest. In both 19F/407R and
IGK3/DVV datasets, deltaproteobacterial sequences were more abundant in the
C. pallens sample; however, the opposite result was seen in the PolF/PolR dataset,
whereby more Deltaproteobacteria were observed in the C. teretifolia sample.
Unsurprisingly, differences were also recorded in the genus level, with only 8 out of 42
genera being represented in all datasets. In view of these differences, caution must be
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heeded when directly comparing results between studies that were generated using
different primer sets.
Paralogous or non-nifH (cluster IV and V) genes pose a problem when their
presence are not being screened for prior to OTU clustering, or when low sequencing
depth affects patterns in alpha and beta diversity (as a result of high ratio of non-nifH to
nifH reads). According to in silico analysis by Gaby and Buckley (2012), primers
having the highest coverage to nifH sequences in their database also have the theoretical
ability to amplify a high number of non-nifH sequences from clusters IV and V. This
study confirmed that the highest relative abundance of non-nifH sequences were
detected in the 19F/407R (86% coverage) database, while PolF/PolR (25% coverage)
had only a small fraction (up to 0.02%) of nifH-like paralogs. Low percentage of cluster
IV and V reads were also achieved in other nifH-based amplicon sequencing studies
using the PolF/PolR primer pair, e.g., average of 0.004% in 222 different soil types
(Wang et al., 2013) and 0.1% in Argentinian soils (sandy loam, silty loam and silty
clay) (Collavino et al., 2014). A few studies using the same primers did not mention the
percentage (if any) of cluster IV and V sequences identified (Mao et al., 2011, 2013;
Pereira e Silva et al., 2013). Studies using other primer combinations not tested in this
study also reported amplification of nifH paralogs. For example, a clone library analysis
using 19F (Ueda et al., 1995) and nifH3 (Zani et al., 2000) found 6.4–21.0% of nonnifH sequences amplified from forest soils (Berthrong et al., 2014). Paralogous nifH
sequences have also been found using the primer pair nifH1/nifH2 by Zehr and
McReynolds (1989) in marine environments (Farnelid et al., 2011).
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4.4 Conclusions
In summary, the effect of using different nifH primers in amplicon sequencing studies is
significant. While the dominant diazotrophic community members remained constant,
others were under-represented with different primer pairs. The PolF/PolR primer pair
yielded the highest nifH richness and diversity compared to the 19F/407R and
IGK3/DVV primers despite having low in silico sequence coverage of known nifH
sequences as reported by Gaby and Buckley (2012). The PolF/PolR primer pair also
amplified the least amount of paralogous nifH sequences (clusters IV and V). Due to the
reliability of amplifying from soil DNA (Zhang et al., 2015), shorter PCR product size
(approximately 360 bp) and lower read length capabilities of sequencing platforms
several years ago (Loman et al., 2012), PolF/PolR has emerged as the most commonly
used primer pair used in nifH amplicon sequencing studies (Penton et al., 2013; Wang et
al., 2013; Collavino et al., 2014; Ferrando & Fernández Scavino, 2015; Zhang et al.,
2015). However, empirical and alignment results confirmed that its low degeneracy
caused the PolF/PolR primer pair to miss much of nifH cluster II sequences in the soil
samples tested. The IGK3/DVV primer pair had the best performance empirically when
previously tested (Gaby & Buckley, 2012); however, closer investigation that its longer
length (compared to 19F/407R) and multiple mismatches in primer-binding sites caused
under-representation of nifH sequences from Firmicutes and Chloroflexi. According to
these findings, the use of 19F/407R primer pair (Ueda et al., 1995) to target the nifH
gene is recommended in amplicon sequencing studies, though screening and exclusion
for non-nifH sequences will need to be done thoroughly prior to OTU clustering and
further analysis. However, due to high coverage to paralogous nifH sequences, the
19F/407R primer pair is not recommended for use in whole community nifH expression
levels through quantitative PCR (qPCR) assays alone. Primers that have been predicted
in silico to produce high amounts of non-specific amplification are not recommended
for qPCR studies as this introduces bias (Morales & Holben, 2009), and should be
validated empirically before being used in biodiversity studies, especially when using a
high throughput sequencing approach.
This work showed that primer pairs that performed well in silico and empirically
might not necessarily have the best coverage and specificity for certain phylogenetic
groups. Future tests could include using mock communities to elucidate specific biases
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by different primer pairs to certain microbial taxa. Future studies investigating the
effects of using multiple primer pair combinations to produce a single pooled library
that is less biased and more diverse (Herbold et al., 2015) are warranted.
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Chapter 5
Contrasting total bacterial and diazotrophic
communities in indigenous Chionochloa
(Poaceae) grassland soils in New Zealand

Takahe Valley, looking down to Lake Orbell, New Zealand.
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5.1 Introduction
The diversity of soil microbial communities influences nutrient cycling and therefore
impacts a range of ecosystem processes (Torsvik & Øvreås, 2002; Wagg et al., 2014). A
variety of factors can alter the bacterial community structure as different taxa exhibit
different sensitivities to conditions including pH (Zhalnina et al., 2014), C:N ratio (Wan
et al., 2014), moisture (Ma et al., 2015) and nutrient addition (Koyama et al., 2014; Pan
et al., 2014). Changes in the bacterial community in response to environmental factors
(such as fertiliser addition, elevated temperature and/or CO2) have been linked to altered
bacterial activity at the community level (reviewed in Bier et al. (2015)).
Characterising indigenous grassland soil bacterial communities has been the
focus of extensive research as widespread agricultural development of grasslands has
made them among the most threatened ecosystems (White et al., 2000; Blair et al.,
2014; Leff et al., 2015). Cultivation of grasslands has been shown to modify bacterial
community structure, as well as C and N cycling (Steenwerth et al., 2002; Lauber et al.,
2008; Wakelin et al., 2013). Worldwide studies have identified consistencies in the
response of grassland bacterial communities to nutrient addition (Fierer et al., 2012a;
Ramirez et al., 2012; Leff et al., 2015). However, these studies have also shown local
variation in bacterial community structure that demonstrates the need for ecosystem and
soil-type specific bacterial community analyses.
Approximately 3.6 million hectares (13.4%) of New Zealand land is classified as
tussock grassland (as of September 2002), these areas have significant conservation
value as they support indigenous biodiversity (Mark & McLennan, 2005). Burning,
grazing and introduction of exotic vegetation of native tussock grassland increased the
density of exotic invertebrate species (Barratt et al., 2009, 2012), and fire reduced
indigenous plant species diversity (Espie & Barratt, 2006) and the abundance of gene
families involved in nitrogen fixation in grassland soils (Yeager et al., 2005). Legumes
and nitrogen-fixing actinorhizal plants are rare in New Zealand indigenous tussock
grasslands; therefore, the contribution of free-living nitrogen-fixing bacteria to the N
reserves is predicted to be ecologically significant (O’Connor, 1983).
Global estimates of free-living nitrogen fixation in temperate grasslands vary
between 0.1–21 kg/ha/yr and these rates can exceed N inputs via symbiotic nitrogen
fixation in environments with few symbionts (Reed et al., 2011). Worldwide,
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fertilisation with both organic and inorganic N decreased N fixation rates (Crews et al.,
2000; Barron et al., 2008; Cusack et al., 2009) and higher N concentrations have been
linked to a lower copy numbers of the nifH gene involved in nitrogen fixation (Lindsay
et al., 2010). In New Zealand, abundance of genes associated with nitrogen fixation as
measured by a functional gene array (GeoChip) was more abundant in native tussock
grassland soil compared to cultivated pasture soil, indicating the diazotrophic
community is likely to be sensitive to cultivation (Wakelin et al., 2013). The
significance of potential changes in diazotrophs in response to land use is difficult to
assess without a better knowledge of the variation of these organisms in different
undisturbed grasslands.
In New Zealand long-lived perennial snow tussock grasses (bunchgrasses) of the
largely endemic genus Chionochloa dominate the tall-tussock grasslands, while the
short tussock grasslands is generally comprised of Festuca and Poa (Mark &
McLennan, 2005). These indigenous grasslands provide ecologically important services
such as water regulation and erosion control, and are culturally significant (McAlpine &
Wotton, 2009). The alpine zone (800–2000 m) in the Murchison Mountains, Fiordland
(South Island, NZ), is dominated by Chionochloa (Mark, 1969; Connor, 1991).
Diversification within this group resulted in more than ten species in the region
segregated according to altitude, soil conditions and snow lie (Williams et al., 1976;
Mark et al., 2013). The edaphic segregation of species influences temperature cues,
flowering intensity, costs of seed production and vegetative growth (Lee & Fenner,
1989; Tanentzap et al., 2012). Soil N limitation is a critical component differentiating
nutrient-rich from nutrient-poor sites in this system (Tanentzap et al., 2012). The lack of
legumes in these grasslands (Mark, 2012) means it is likely that nitrogen-fixing bacteria
play a significant role in providing biologically available N into the soils, impacting on
Chionochloa resource allocation and flowering.
The objective of this chapter is to characterise the bacterial community
composition of two indigenous grassland soils in Takahe Valley, Murchison Mountains,
which are dominated by Chionochloa snow tussock species that occupy different
communities as a result of strong edaphic segregation (Pirie et al., 2010). Chionochloa
teretifolia occupy total N-poor and poorly drained peaty soils, and C. pallens occupy Nrich and well drained fertile soil. These soils also differ in the proportion of organic
carbon (C), which is much higher in C. teretifolia soils (Tanentzap et al., 2012), and
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C-rich soils have been proposed to favour the growth of copiotrophs, whereas higher
relative abundance of oligotrophs would be expected in soils with lower organic C
(Fierer et al., 2007). Both soils were generally acidic, i.e., 4.7 ± 0.1 and 4.5 ± 0.0 for
C. pallens and C. teretifolia soils, respectively (Tanentzap et al., 2012). It is expected
that the difference in soil nutrients between the two Chionochloa-dominated grassland
soils would result in different bacterial community compositions and structures. The
amount of soil C has been highly correlated to diversity of the nifH gene (measured by
PCR followed by DGGE) in Australian agricultural soils (Wakelin et al., 2010). As
changes in diazotroph diversity are thought to be an indicator of ecosystem function
(Hsu & Buckley, 2009), research is therefore warranted to investigate whether diversity
of N2-fixing bacteria through the detection of the nifH gene is affected by differences in
soil nutrients in natural ecosystems.

5.1.1 Chapter aims
High-throughput 16S rRNA gene sequencing will enable in-depth analysis of soil
bacterial communities and their phylogenetic diversity (Nacke et al., 2011; Coolon et
al., 2013; Weber et al., 2014). A similar approach sequencing part of the nifH gene
(encoding nitrogenase subunit) and comparing these sequences to the extensive database
for the nifH gene (Zehr et al., 2003; Gaby & Buckley, 2014), enables study of N2-fixing
microbial communities in C. teretifolia and C. pallens-dominated grassland soils. This
study will also provide a baseline dataset on the diversity of soil bacterial community in
these indigenous grassland soils. In particular, the aims of this chapter were to (1)
characterise the bacterial community composition (BCC) in the two grassland soils in
Takahe Valley, (2) identify bacterial taxa and/or species that are differentially abundant
between these soils, (3) investigate whether diazotroph diversity was greater in the site
with lower nutrient availability, i.e., in C. teretifolia soils, (4) examine whether there
was an increase in the relative abundance and actual abundance (using qPCR) of
diazotrophic community in soils with less available NO3− and NH4+, (5) identify the
putative diazotrophic community composition in New Zealand indigenous grassland
soils using culture-based and culture-independent approaches and (6) use metagenomic
prediction to test whether predicted functions in the N cycle differed significantly
between communities in different grassland soils.
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5.2 Results and Discussion
5.2.1 Sample preparation and initial sequence processing
First round amplification of 16S rRNA and nifH genes with overhang adapters using
Bakt_341F/Bakt_805R and 19F/407R primers, respectively, resulted in fragments of
approximately 500 and 430 bp, respectively (Figure A.5.1). Second round amplification
yielded amplicons with attached indices and sequencing adapters of approximately 550
and 500 bp for 16S rRNA and nifH genes, respectively. Higher molecular weight bands
were present (900–1000 bp), but were not found in bioanalyser traces (Figure A.5.2)
and therefore presumed to be secondary structures involving single-stranded template.
For the ten soil samples from C. teretifolia and C. pallens-dominated grasslands,
a total of 4,893,446 and 2,024,357 reads were obtained through high-throughput
sequencing of the 16S rRNA and nifH genes, respectively. Following the removal of
singletons, low-quality sequences and nifH sequences belonging to clusters IV and V,
434,260 sequences remained for downstream analyses (Table 5.1). This resulted in a
total of 19,219 and 547 OTUs based on 16S rRNA and nifH genes, respectively.
Rarefaction analyses at 97% similarity clustering showed that both 16S rRNA and nifH
gene libraries reached their plateau (Figure 5.1). Sub-samples of 198,769 and 9658
random 16S rRNA and nifH gene sequences, respectively, were analysed from each
sample to compare diversity and richness across sample sites.
Table 5.1: Number of sequences before and after initial processing and filtering steps.

Sample
CP-1

16S rRNA gene sequences
Paired-end
UPARSE
Chimera and other
reads
filtering
filtering
698,861
382,378
324,918

nifH gene sequences
Paired-end
UPARSE
reads
filtering
175,934
142,752

CP-2

1,003,265

562,480

325,435

317,846

259,464

CP-3

1,111,352

589,083

260,222

196,708

156,718

CP-4

879,370

483,973

248,486

323,850

265,199

CP-5

813,025

423,323

301,802

281,577

228,701

CT-1

1,008,689

562,667

315,173

280,524

226,856

CT-2

992,716

554,601

275,539

301,630

243,382

CT-3

887,986

495,277

304,017

315,781

241,587

CT-4

738,240

399,343

365,588

306,520

243,382

CT-5

1,200,054

645,323

198,769

350,927

281,890
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Figure 5.1: Rarefaction curves of sub-sampled datasets indicating the observed number of OTUs within
the 198,769 random 16S rRNA gene sequences (A and B) and 9658 random nifH gene sequences (C and
D). Clustering was performed at 97% similarity cut-off. The error bars indicate the standard deviations of
the mean for the number of OTUs.

5.2.2 Alpha diversity and richness based on 16S rRNA and nifH
gene sequences
The soil alpha diversity measures indicate that 16S rRNA and nifH gene variation
between C. pallens and C. teretifolia sites (inter-site) was greater than variation within
either site (intra-site). The alpha diversity of the bacterial community based on 16S
rRNA gene sequences was higher in C. pallens soils compared to C. teretifolia soils
according to the number of OTUs (6667.2 ± 453.4 (mean ± SD) versus 4852.4 ± 443.6;
ANOVA, P < 0.001) and the Shannon diversity index (9.9 ± 0.2 versus 9.1 ± 0.3; P =
0.001) (Figure 5.2A). Conversely, the alpha diversity of the diazotroph community
based on nifH sequences was significantly greater in the C. teretifolia soils compared to
C. pallens soils based on the number of unique OTUs (205.2 ± 16.5 versus 115.0 ±
20.2; P < 0.001) and Shannon diversity index (5.9 ± 0.1 versus 4.9 ± 0.4; P < 0.001)
(Figure 5.2B). Clustering of nifH sequences into OTUs has been based on either DNA
or amino acid sequences, and using 90, 95 or 97% sequence similarity (Dang et al.,
2013; Pereira e Silva et al., 2013; Wang et al., 2013; Collavino et al., 2014). To
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determine if alpha diversity differs with percentage identity used in clustering, nifH
sequences were also clustered at 90% identity. Using 90% clustering, Shannon diversity
was not significantly different between the grassland soils (P = 0.4); however, the
number of unique OTUs was still greater in C. teretifolia soils compared to C. pallens
soils (65.0 ± 10.1 versus 80.2 ± 6.7; P = 0.02). The higher levels of available N in
C. pallens soils could have resulted in lower numbers of nifH-based OTUs, but had little
effect on the diversity of nitrogen-fixers according to Shannon index.

Figure 5.2: Sample richness and diversity at a genetic distance of 3% in Chionochloa pallens and
Chionochloa teretifolia grassland soils based on (A) 16S rRNA and (B) nifH gene sequences. Number of
unique OTUs and Shannon diversity indices were calculated at 97% similarity for 198,769 and 9658
subsampled 16S rRNA and nifH gene sequences, respectively.
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5.2.3 Bacterial community structure in C. pallens and C. teretifolia
soils
Principal coordinates analysis (PCoA) based on the unweighted UniFrac distances of
the 16S rRNA gene sequences showed that the C. pallens samples were distinct from
C. teretifolia samples (Figure 5.3A). Similarly, when the relative abundance of OTUs
was accounted for, bacterial communities separated depending on site (Figure 5.3B).
The five C. pallens soils were separated from the C. teretifolia soils in the unweighted
UniFrac analysis, while the diazotrophic community in C. pallens soils did not form a
distinct group using weighted UniFrac (Figure 5.3C–D). Bray-Curtis dissimilarities for
intra-site samples were significantly lower than inter-site samples (P < 0.0001, twotailed t test) (Table A.5.1).

Figure 5.3: Principal coordinate analysis plots illustrating beta diversity of bacterial communities based
on 16S rRNA gene sequences (A and B) and nitrogen-fixing community based on nifH gene sequences
(C and D) at C. pallens (CP) and C. teretifolia (CT) sample sites. Unweighted plots (A and C) are based
on the presence or absence of OTUs; weighted plots (B and D) are based on the relative abundance of
OTUs. Red dots, C. pallens samples; blue dots, C. teretifolia samples.
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The classifiable 16S rRNA gene sequences were grouped into 27 bacterial phyla
(Table 5.2). The same bacterial phyla dominated all samples, with Proteobacteria,
Acidobacteria, Actinobacteria, Planctomycetes, Chloroflexi, Verrucomicrobia and
Bacteroidetes accounting for almost 94% of all sequences (Figure 5.4).

Figure 5.4: Taxonomic assignments of sequences from Chionochloa pallens (CP) and Chionochloa
teretifolia (CT) grassland soils based on (A) 16S rRNA and (B) nifH gene sequences. Only dominant
bacterial phyla (over 1%) of 16S rRNA gene sequences are shown. The nifH clusters are shown as
previously designated (Chien & Zinder, 1996).
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**P < 0.05 and ***P < 0.001 denote significant differences between C. pallens and C. teretifolia samples (one-way ANOVA).

Table 5.2: Relative abundances of bacterial phyla and proteobacterial classes in Chionochloa pallens and Chionochloa teretifolia grassland soils. *P < 0.1,
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The bacterial phyla observed in Chionochloa grassland soils were also the most
abundant phyla in a study of grassland soils worldwide (Leff et al., 2015). Sequences
belonging to Proteobacteria consisted 31.5 ± 2.5% (mean ± SD) of total classifiable
sequences. Rare phyla (< 1% of all classified sequences) included WD272, Candidate
divisions TM7, OD1 and WS3, Cyanobacteria, Armatimonadetes, Chlamydiae,
Gemmatimonadetes, WCHB1-60, Elusimicrobia, Firmicutes, Chlorobi, TM6, SM2F11,
Nitrospirae, SHA-109, Fibrobacteres, Spirochaetes, BH180-139 and BD105 (Table 5.2).
The nifH gene sequences identified putative diazotrophs as mainly
Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria belonging to nifH
cluster I (70.5 ± 15.0%). The second most represented cluster was nifH cluster III (18.1
± 8.9%), which includes anaerobic nitrogen-fixers from Deltaproteobacteria and
Firmicutes. In both sites, nifH sequences belonging to cluster I Cyanobacteria (4.6 ±
3.3%), alternative nitrogenase cluster II (5.5 ± 8.9%) and anaerobic Deltaproteobacteria
(cluster IA; 0.6 ± 0.9%) were less common (Figure 5.4). A similar high proportion of
nifH sequences belonging to Cluster I Proteobacteria was reported in Argentinian soils
(Collavino et al., 2014), although the relative abundances of the nifH clusters II and III
were lower than what was observed in this study.

5.2.4 Differences in abundance of bacterial phyla and diversity
within phyla in the two Chionochloa grassland soils
The same seven phyla were most abundant in both sites; however, the order of
abundance of phyla differed between sites (Figure 5.4A). In C. teretifolia sites, there
was greater abundances of Acidobacteria and Actinobacteria and lower abundances of
Proteobacteria, Planctomycetes, Chloroflexi, Bacteroidetes and Verrucomicrobia
compared to C. pallens sites (Table 5.2). Several of the differences between the
C. pallens and C. teretifolia sites were consistent with other findings that have reported
an increase of copiotrophic (or K-selected), faster-growing bacterial taxa under
increased available N (Fierer et al., 2007; Leff et al., 2015). This included increased
abundance of putative copiotrophic taxa Alphaproteobacteria, Betaproteobacteria and
Bacteroidetes in the C. pallens sites compared to C. teretifolia sites (Table 5.2).
In addition, the increased relative abundance of Acidobacteria in the
C. teretifolia sites was consistent with identification of this phylum as oligotrophic (or
r-selected). The increased abundance of Acidobacteria in N-poor soils has been
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suggested to be due to their ability to metabolise less fertile and recalcitrant organic C
that is largely unavailable to other bacteria (Ramirez et al., 2010, 2012; Fierer et al.,
2012b). This distribution of phyla supports the model of ecological shift from
oligotroph to copiotroph communities based on low to high resource availability (Fierer
et al., 2007, 2012a). However, Actinobacteria, which have also been identified as
copiotrophic (Fierer et al., 2012a; Leff et al., 2015), exhibited higher relative abundance
in C. teretifolia soils (13.8 ± 3.9%) compared to C. pallens soils (8.1 ± 1.0%) (Table
5.2). Many other soil characteristics that differ between the two sites may contribute to
the differences in bacterial community. For example, actinobacterial relative abundance
in soil was positively correlated with total microbial biomass and C:N ratio (Will et al.,
2010; Nacke et al., 2011). Similarly, greater relative abundance of Actinobacteria was
found in C. teretifolia soils, which has a higher C:N ratio compared to C. pallens soils
(18.4 and 16.2, respectively; Tanentzap et al. (2012)).

5.2.5 Differences in OTU distribution between grassland soils
Comparative analysis of the bacterial community in both grassland soils revealed 1118
and 334 of the 16S rRNA gene OTUs (≥ 10 sequences) that were present in only
C. pallens or C. teretifolia soils, respectively. The majority (over 40%) of sequences
that were absent from C. pallens soils were classified as Chloroflexi in the class
Ktedonobacteria. Chloroflexi has previously shown a positive correlation between
relative abundance and diversity, and could indicate recruitment of new species or
increase in rare species in different soil types (Youssef & Elshahed, 2009). Phylogenetic
analysis of the Ktedonobacteria OTUs was undertaken to examine whether OTUs more
abundant or only present in the C. teretifolia sites might represent closely related new or
rare species. Four clades consisting of 20 OTUs were only present in C. teretifolia soils,
and none were closely related to any previously identified Ktedonobacteria strains; one
clade with eight OTUs was not closely related to any uncultured Ktedonobacteria
sequences at all (marked with an asterisk, Figure 5.5).
Figure 5.5: Bayesian phylogenetic tree inferred from 97% nucleotide similarity clustered 16S rRNA gene
sequences from the class Ktedonobacteria (Chloroflexi). Chloroflexus aggregans (D32255.2) was used as
an outgroup. Heatmap illustrating the relative number of sequences for each OTU is shown; lower values
are coloured in blue and highest value in bright red. Numbers associated with nodes are Bayesian
posterior probabilities. GenBank accession numbers are indicated next to reference taxa. For clarity
purposes only OTUs with 100 sequences and more have been included in this tree.
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The closest cultured match of OTUs within this potentially new clade was to
Ktedonobacter racemifier (89% identity), which has been described as an aerobic
heterotroph that grows well at moderately acidic (pH 4.8–6.8) and also under
microaerophilic conditions (Cavaletti et al., 2006); this could be linked to
Ktedonobacteria being more abundant in C. teretifolia soils that are often poorly drained
(Connor, 1991; Tanentzap et al., 2012).
In contrast, sequences that were only present in C. pallens soils consisted of
approximately 20% Proteobacteria (mostly Betaproteobacteria, family Nitrosomonadaceae), 17% Chloroflexi (unclassified beyond the phylum level) and 9% each of
Planctomycetes and Verrucomicrobia (Spartobacteria). The absence of the family
Nitrosomonadaceae in more acidic C. teretifolia soils may be due to the selection
against ammonium-oxidising bacteria as they prefer a higher pH range (pH 6–9) for
growth and nitrification (Stienstra et al., 1994; Kowalchuk & Stephen, 2001). However,
phylogenetic

analyses

of

the

abundant

OTUs

belonging

to

the

family

Nitrosomonadaceae showed that none of the OTUs were closely related to known
ammonium-oxidisers in the genera Nitrosospira and Nitrosomonas (Figure A.5.3). Most
OTUs were grouped amongst other uncultured betaproteobacterium clones, and one
OTU was closely related to the uncultured Candidatus Accumulibacter phosphatis
(Figure A.5.3) that is known for its ability to uptake orthophosphate (Hesselmann et al.,
1999).
In this study, relative abundance of Planctomycetes was significantly higher in
C. pallens grassland soils (Table 5.2), which has higher NO3− levels compared to
C. teretifolia soils (Tanentzap et al., 2012). Increased abundance and diversity of
Planctomycetes have also been correlated with higher NO3− concentrations as a result of
fertilisation and cultivation (Buckley & Schmidt, 2003; Buckley et al., 2006). Despite
being the most common verrucomicrobial class in soil (Janssen, 2006), only one
representative from Spartobacteria has been cultured to date (Sangwan et al., 2004), and
the ecological relevance of the increased relative abundance of Spartobacteria in
C. pallens grassland soils is not known.
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5.2.6 Differences in families with high relative abundance in the
Chionochloa soils
Among the most abundant families, four families belonging to Actinobacteria, i.e.,
Acidobacteriaceae Subgroup 1, Acidothermaceae, Mycobacteriaceae and YNPFFP1,
were significantly more abundant in C. teretifolia grassland soils (P < 0.01 for all
families; Figure 5.6). Within the family Acidothermaceae, the genus Acidothermus (the
most abundant genus across all soil samples) was more abundant in C. teretifolia soils
(8.4 ± 3.4%) compared to C. pallens soils (1.2 ± 0.3%) (P = 0.003). According to soil
nutrient data collected in 2009 (Tanentzap et al., 2012), C. teretifolia sites had a lower
average pH of 4.5 compared to C. pallens sites (pH 5.2). However, the opposite pattern
was observed in 88 soils across North and South America, where the relative abundance
of Actinobacteridae had decreased with increasing pH (between pH < 4 and > 8)
(Lauber et al., 2009).

Figure 5.6: Heatmap of top families in each sample based on 16S rRNA gene sequences. The heatmap
indicates relative proportions of most abundant families within each sample. Double dendrograms are
based on average linkage hierarchical clustering.
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Among the fifteen most abundant proteobacterial families, Bradyrhizobiaceae,
Acetobacteraceae and Caulobacteraceae were the most prominent (Figure 5.6). Eight of
those were significantly more abundant in C. pallens soils, while six were significantly
more abundant in C. teretifolia soils. In the family of Bradyrhizobiaceae, abundant
OTUs with 97–99% similarity match to Bradyrhizobium sp. were more abundant in
C. pallens sites. This included the most abundant single OTU across all samples, which
accounted for approximately 3.7 ± 0.7% of overall sequences. Similar shifts in bacterial
community composition have been observed previously in response to N addition. For
example, long-term inorganic N addition experiments found a positive correlation
between N input rates and the relative abundances of Alphaproteobacteria and
Bacteroidetes (Fierer et al., 2012a). N fertilisation in a clay soil grassland also resulted
in decreased abundances of Cyanobacteria, Firmicutes, Planctomycetes and
Verrucomicrobia. These studies and indicate that in N-rich (fertilised) soils, these
bacterial taxa are favoured presumably as they are able to utilise high levels of available
N (Pan et al., 2014). Despite the consistency of these results in comparison to studies
mentioned above, changes in the community composition could also be driven by
variability in other soil properties apart from N that were not measured.

5.2.7 Differences in putative diazotrophic communities between the
two grassland soils
Comparison of the nifH diversity at C. pallens and C. teretifolia sites indicated that the
two diazotroph communities were distinct (ADONIS, 999 permutations; R2 = 0.43, P =
0.011 for unweighted distances) (Figure 5.4B). Weighted UniFrac distances yielded
similar results (ADONIS; R2 = 0.33, P = 0.011). There were differences in the relative
abundance of nifH clusters, as defined previously (Chien & Zinder, 1996); the biggest
being the increase of nifH cluster I Proteobacteria in C. teretifolia soils (ANOVA, P =
0.038). In both C. pallens and C. teretifolia soils many nifH gene sequences were most
similar to cluster I Proteobacteria (61.1 ± 16.6 and 79.9 ± 3.2%, respectively), and
belong to nitrogen-fixing soil genera such as Azospirillum, Bradyrhizobium,
Burkholderia, Methylocystis and Methylocella (Figure 5.7). One of the most abundant
OTUs (OTU_13) comprised 5.8% of total sequences and was almost entirely only found
in C. pallens soils (Figure 5.7). This OTU had 91% similarity to nifH belonging to
Bradyrhizobium sp. STM 2843 (Alphaproteobacteria) and was 100% identical to an
uncultured nitrogen-fixing bacterium from a warm temperate pine plantation
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(AHN51210.1; Berthrong et al. (2014)). This agrees with the previous report of the
widespread occurrence of Azospirillum and Bradyrhizobium not only as symbiotic N2fixers, but also as free-living soil diazotrophs (Okubo et al., 2012).
The nifH cluster I Cyanobacteria showed trends of increased abundance in
C. pallens (6.2 ± 3.2%) versus C. teretifolia (2.9 ± 2.8%) sites (Figure 5.4B). In both
sites, nifH sequences comprised exclusively of the filamentous heterocystous genera
Nostoc, Cylindrospermum and Calothrix. The biggest difference observed was
OTU_389 (ANOVA, P = 0.08), which had 98% similarity to nifH belonging to the
heterocystous N2-fixer Cylindrospermum stagnale using BLASTX (Figure 5.7). The
higher soil moisture content in the poorly drained peaty soils dominated by C. teretifolia
(Williams et al., 1976) could explain why OTUs closely related to aerobic diazotrophs
such as Cylindrospermum spp. were found in greater relative abundance across
C. pallens soils (Figure 5.7). Cyanobacteria from the genera of Nostoc and Nodularia
have already been described as important sources of N input in boreal N-limited forest
(Leppänen et al., 2013) and alpine ecosystems (Fritz-Sheridan, 1988). In fact, nonsymbiotic heterocystous bacteria, primarily Nostoc sp., were attributed as the main
contributors of biologically-fixed N2 in a natural temperate grassland site lacking
legumes (Dubois & Kapustka, 1983).
There was increased relative abundance of nifH sequences belonging to cluster
III in C. pallens sites (22.1 ± 10.7%) compared to C. teretifolia sites (14.1 ± 5.0%)
(Figure 5.4B). This nifH cluster is predicted to be composed entirely of anaerobic
organisms (Zehr et al., 2003), and have been estimated to constitute 11% of the nifH
pool in soils (Gaby & Buckley, 2011). A large proportion of nifH cluster III sequences
were found predominantly in C. pallens samples (Figure 5.7). This diverse group
consisted of nifH sequences that were not closely related to any known cultured
diazotrophs. The most abundant single OTU (OTU_6; Figure 5.7) accounted for almost
9.5% of the sequences in the C. teretifolia sites. This OTU was distantly related to the
nifH gene of the anaerobic fermentative syntroph Syntrophobacter fumaroxidans (88%
similarity) and an uncultured N2-fixing bacterium (ABW90500.1) using BLASTX.
Interestingly, nifH genes derived from S. fumaroxidans were significantly increased
under elevated CO2 detected using a functional gene array (GeoChip 3.0) (Xu et al.,
2013). This OTU was more abundant in the low nutrient C. teretifolia sites, consistent
with
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Syntrophobacter in an acidic (pH 3.5–5.0) oligotrophic peat soil (Zadorina et al., 2009).
Although the most abundant 16S rRNA gene-based OTU is closely related to the genus
Bradyrhizobium (Alphaproteobacteria), the most abundant nifH-based OTU is distantly
related to Deltaproteobacteria. This may be explained by the finding that nifH genes are
more variable than 16S rRNA genes; for example, strains with < 3% sequence
dissimilarity for the 16S rRNA genes have been reported to have up to 23%
dissimilarity in their nifH genes (Gaby & Buckley, 2014). Therefore, several of the most
abundant nifH OTUS that are related to Bradyrhizobium spp. and share 98–99% protein
sequence identity (BLASTX) may be represented by the same 16S rRNA-based OTU.
Ten nifH OTUs (> 100 sequences) in cluster III were distantly related to the
anaerobe Desulfovibrio sp. (Deltaproteobacteria, 83–88% similar based on BLASTX
search) (Figure 5.7). These sequences were also comparable to pairwise similarity
values among nifH sequences from cultured Dehalogenimonas sp. (Chloroflexi) or
uncultured from an acidic oligotrophic peat bog (Zadorina et al., 2009). This group of
nifH sequences was found exclusively in C. pallens soils (Figure 5.7), and the presence
of these OTUs suggests that anaerobic sulfate reducers are important contributors to N2fixation in New Zealand grassland soils. Cluster II contains a small number of
sequences (8.8 ± 12.3% in C. pallens and 2.2 ± 5.5% in C. teretifolia sites) belonging to
the alternative nitrogenases with FeFe metal cluster (encoded by anfH gene) and nifH
sequences of some methanogenic archaea (Zehr et al., 2003). Most of the cluster II
OTUs were closely related to the verrucomicrobium Diplosphaera colitermitum (Figure
5.7), where the TAV2 strain have been found to possess both nif and anf operons for
nitrogen fixation (Wertz et al., 2012). The other three OTUs within cluster II were not
grouped with any known species. This included one of the most abundant nifH-based
OTUs (OTU_19), which was more abundant in C. pallens soils (Figure 5.7). An earlier
survey in NZ soils whereby the authors proposed that nitrogen-fixing Clostridia are
more abundant in soils with a higher N availability (Di Menna, 1966); however, none of
the nifH OTUs clustered with Clostridium on the phylogenetic tree (Figure 5.7).
Figure 5.7: Bayesian phylogenetic tree inferred from 97% nucleotide similarity clustered nifH gene
sequences and nearest relatives grouped into canonical nifH clusters. Heatmap illustrating the relative
number of sequences is shown, with lower values coloured in blue and highest value in bright red.
Numbers associated with nodes are Bayesian posterior probabilities. GenBank accession numbers are
indicated next to reference taxa. For clarity purposes only OTUs with 100 sequences and more have been
included in this tree.
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The nifH sequences belonging to cluster IA contains predominantly obligate
anaerobes. The single OTU (OTU_901) in cluster IA with > 100 sequences was found
exclusively in C. pallens soils (Figure 5.4B, Figure 5.7). This OTU was most related to
genera belonging to Deltaproteobacteria, i.e., Geobacter sp. (up to 98% amino acid
similarity) and Pelobacter sp. (95% amino acid similarity; Figure 5.7). It is surprising
that Geobacter, a subsurface facultative anaerobe, would be more common in the
generally well-drained C. pallens soils. Their ability to fix N2 in nutrient-deficient
environments has seen them thrive in a wide variety of ecosystems, from temperate
forests (Berthrong et al., 2014) to extreme environments such as Antarctic zones and
alpine glaciers (Duc et al., 2009; Niederberger et al., 2012).

5.2.8 Abundance of 16S rRNA and nifH genes in Chionochloa soils
Using amplicon sequencing of nifH genes, a greater number of OTUs was observed in
C. teretifolia soils, indicating richness of the N2-fixing community is higher in the more
acidic C. teretifolia soils. The richness of nifH gene was previously correlated
negatively with soil pH, although these differences could be due to the bigger range of
soil pH across the agricultural soils sampled (pH 4.4–7.4) (Pereira e Silva et al., 2013).
Analysis of the Shannon diversity index at 97% OTU clustering indicated that nifH gene
diversity was greater at C. teretifolia soils; however, the result was not significant based
on nifH clustered at 90% OTU identity. This indicates that there is considerable overlap
in the phylogenetic identity of diazotrophs at a higher taxonomic level.
The abundances of bacterial and archaeal 16S rRNA and nifH genes in these
grassland soils were analysed in addition to the relative abundance of different nifH
phylotypes. Using qPCR, the number of 16S rRNA and nifH gene copies were
calculated per g of soil (Figure A.5.4). Gene copy numbers of bacterial 16S rRNA genes
were significantly higher in C. teretifolia soils, ranging from 3.1 × 107–1.1 × 108
copies/g compared to C. pallens soils, which were in the ranges of 4.3 × 106–3.5 × 107
copies/g soil (ANOVA, P = 0.002; Figure 5.8). Gene copy numbers of nifH ranged from
7.6 × 105–2.0 × 106 copies/g in C. teretifolia soils and 8.4 × 104–4.3 × 105 copies/g soil
(ANOVA, P < 0.001; Figure 5.8). This indicated there was increased abundance of
bacteria and more specifically increased diazotrophic bacteria per g soil in the
C. teretifolia soils compared to the C. pallens soils. However, the ratio of nifH to 1000
copies of the 16S rRNA gene was not significantly different between soils, i.e., 14.1 ±
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4.1 and 14.9 ± 3.9 in C. pallens and C. teretifolia soils, respectively (ANOVA, P =
0.738; Figure 5.8).

Figure 5.8: Proportional abundances of nifH per 1000 copies of 16S rRNA gene in Chionochloa pallens
(CP) and Chionochloa teretifolia (CT) grassland soil samples, as quantified by real-time quantitative
PCR. Error bars show standard deviations of the mean for three technical replicates.

A study across four agricultural soils found that soils with high NO3− and NH4+
levels contained a lower number of nifH gene copy numbers (Pereira e Silva et al.,
2013). Similarly, soil organic C and N availability have been shown to be the main
factors that influence the N2-fixing bacterial community in alpine grassland soils with
different biogeochemical properties (Zhang et al., 2006). However, I did not find
support for the hypothesis that greater alpha diversity and abundance of diazotrophs
would be found in soils with higher N availability (C. pallens soils). Relative abundance
of diazotrophs may not correspond to the actual N fixation rates, which were not
measured in this study. Furthermore, the exact effects of N and P availability on N
fixation rates vary significantly in the literature (Reed et al., 2011).

5.2.9 Morphological identification and confirmation using 16S rRNA
gene sequence comparison
Putative N2-fixing Cyanobacteria were isolated from Takahe Valley grassland soils as
previously described in Section 2.3.1. Four Cyanobacteria-like colonies were selected
for further sub-culturing on BG-110 (without added N) agar plates and liquid cultures,
and observed using microscopy. All isolates grew in BG-110 liquid media, suggesting
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that they were able to fix atmospheric N. Bright-field images of unbranched filaments of
TV_JC01, TV_JC03 and TV_JC04 isolates (Figure 5.9 panels A, E & G) showed apical
and intercalary cells resembling heterocysts (indicated by arrows) that are characteristic
of Section IV Cyanobacteria (Rippka et al., 1979). These results were confirmed using
epifluorescence microscopy (Figure 5.9 panels B, F & H), where phycobiliproteins and
chlorophyll a were excited with green light. This resulted in intense autofluorescence of
photosynthetically-active vegetative cells, while heterocysts did not autofluoresce
(indicated by white arrows). Isolate TV_JC02 in Figure 5.9 (panels C–D) also exhibited
characteristics of Nostoc, but appeared in shorter filaments and clumps. No heterocysts
were detected, although cells that resembled early stages in the germination of akinetes
were seen. While isolates TV_JC01, TV_JC03 and TV_JC04 were in axenic cultures,
the presence of green algal-like cells could be seen in cultures of TV_JC02 (Figure
5.9C).
To confirm the identity of these putative cyanobacterial isolates, genomic DNA
was extracted following the protocol in Section 2.4.1. Genomic DNA from these four
isolates were used as template to amplify near full-length 16S rRNA gene fragments
using the primers 27F1/809R and 740F/1494R (Section 2.12.1, Table 2.2) following the
protocol listed in Section 2.12.2. Comparison of 16S rRNA gene sequences from all
four isolates TV_JC01, TV_JC02, TV_JC03 and TV_JC04 with sequences in the
GenBank database showed 97% or more identity to cultured and uncultured Nostoc sp.
(Table 5.3). Isolates TV_JC01 and TV_JC03 showed 99% similarity to Nostoc
cyanobionts of the lichen Peltigera and Anthoceros from Iceland and Germany,
respectively. Isolate TV_JC02 was most similar to another Nostoc cyanobiont from the
liverwort Blasia (99% identity) and to a Nostoc punctiforme strain. Isolate TV_JC04
was 98% identical to another N. punctiforme strain and 97% similar to N. ellipsosporum
(Table 5.3).
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Table 5.3: Basic characteristics including mean (SD) measurements of putative nitrogen-fixing
Cyanobacteria isolated from Chionochloa grassland soils and their closest relatives based on 16S rRNA
gene sequence identity.

Isolate

TV_JC01

TV_JC02

TV_JC03

TV_JC04

Closest Genbank matches
Nostoc sp. (lichen cyanobiont)
(JX975209) 99%
Nostoc punctiforme SAG 68.79
(KM019937) 99%
Nostoc sp. (EU022707) 99%
Nostoc punctiforme CCAP
1453/9 (HF678487) 98%
Nostoc sp. (lichen cyanobiont)
(DQ185213) 99%
Nostoc punctiforme PCC73102
(NR_075317) 99%
Nostoc punctiforme SAG 60.79
(GQ287652) 98%
Nostoc ellipsosporum
(HE975023) 97%

Predicted

Vegetative cells
Length
Width
(µm)
(µm)

Heterocysts
Length Width
(µm)
(µm)

Nostoc sp.

3.84
(0.38)

4.49
(0.36)

7.07
(0.46)

5.82
(0.40)

Nostoc sp.
(mixed
population)

n/a

n/a

3.99
(0.58)

4.15
(0.56)

Nostoc sp.

4.07
(0.46)

4.40
(0.30)

4.81
(0.59)

5.05
(0.35)

Nostoc sp.

4.98
(0.52)

4.85
(0.32)

6.50
(0.81)

5.52
(0.37)
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Figure 5.9: Bright-field (left) and epifluorescent (right) images of putative nitrogen-fixing cyanobacterial
strains from Chionochloa grassland soils (Takahe Valley). Isolates were shown in separate panels: (A–B)
JC01, (C–D) JC02, (E–F) JC03, (G–H) JC04. Arrows indicate putative heterocysts. Scale bar, 10 µm.
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5.2.10 Predictive functional profiles of bacterial communities using
16S rRNA gene sequences
While amplicon sequencing of the 16S rRNA and nifH genes provide valuable
taxonomic and phylogenetic information on the total bacterial and N2-fixing
communities, respectively, the wider metabolic and functional capabilities of
communities cannot be determined. However, the metabolic profiles of bacterial
communities present in different environments can be indirectly inferred from published
genome sequences (Barott et al., 2012; Morgan et al., 2012). PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States; Langille et al.
(2013)) was used to predict and identify differences in the functional potential of
microbial communities based on 16S rRNA abundances. Using the OTU table in biom
format QIIME as input, the metagenome functional predictions based on KEGG
orthologs were made as described in Section 2.16.
Downstream analysis was focused on genes involved in N metabolism to
determine which pathways in the N cycle were significantly altered between C. pallens
and C. teretifolia grassland soils. The pathways that were investigated were N2 fixation,
dissimilatory and assimilatory nitrate reduction, denitrification, nitrification, anammox
and ammonia assimilation. No results were obtained for some genes; these were marked
with an * next to the KEGG or Reaction ID (Table 5.4) and † in Figure 5.10, Figure
5.11 and Figure 5.12. This problem in the PICRUSt tool has been noted and discussed
in the PICRUSt online forum10 and could be due to missing annotations in the IMG
(Integrated Microbial Genomes) database.
It was predicted that the relative abundance of all annotated genes in N2 fixation,
which includes the nitrogenase genes (nifD, nifH and nifK) and alternative nitrogenase
genes (vnfG and anfG), were significantly increased in C. pallens samples compared to
C. teretifolia samples (Figure 5.10). This increase was largely attributed to the order
Rhizobiales, Rhodospirillales and Sphingomonadales (Alphaproteobacteria), and
Sphingomonadales and Clostridiales (Firmicutes). The two important nitrate reducing
pathways in soil, dissimilatory nitrate reduction to ammonium (DNRA) and
denitrification, were also investigated. Four out of the ten genes in denitrification,
namely napB (K02568), nirK (K00368), norC (K02305) and nosZ (K00376), were
predicted to be significantly higher in relative abundance in C. pallens soils (Figure
10

https://groups.google.com/d/topic/picrust-users/Y26zgBX6G5E/discussion, last accessed 13 April 2016.
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5.11). The genes of nitrate reductase operon narGHIJ (K00370, K00371, K00374 and
K00373) had higher relative abundances in C. teretifolia soils, but were not statistically
significant. In DNRA, the nitrite reductases encoded by nirB (K00362), nirD (K00363)
and nrfA (K03385) were all predicted to be significantly different between the two
grassland soils, with nirB and nrfA predicted to be more abundant in C. pallens soils,
and vice versa for nirD. No significant changes were predicted in the relative
abundances of genes involved in nitrification, i.e., hao and narGH (Figure 5.11). In the
aerobic ammonium oxidation (anammox) process, the nirK gene was predicted to be
more abundant in C. pallens soils (Figure 5.12). A few genes in ammonia assimilation
were differentially abundant between the grassland soils; this included gdhA (K00261)
and gltB (K00265) (higher in C. teretifolia soils), and gudB (K00260), glnA (K01915)
and glu2 (K00284) (higher in C. pallens soils) (Figure 5.12). There was no difference in
the predicted abundance of the ammonium transporter (amt, K03320), but the gene
encoding for nitrate transporter (nrt, K02575) was more abundant in C. pallens samples
(Figure 5.12).
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Table 5.4: Selection of genes involved in nitrogen metabolism predicted from 16S rRNA gene data by
PICRUSt. An * indicate missing data and/or no support due to current limitations in the software.
KEGG/Reaction ID
K03320
K00531
K00262
K00261
K01915
K00265
K00266
K00284
K00260
K10535
K10535*
R09799*
K02567
K02568
K00367
K00370
K00371
K00374
K00373
K00372
K00360
K02586
K02588
K02591
K00366
K00362
K00363
K00368
K15864*
K17877*
K04561
K02305
K00376
K10534*
K03385
K15876*
K02575
K15576
K15577
K15578
K15579
K10944*
K10945*
K10946*

Gene(s)
amt
anfG, vnfG
gdhA
gdhA
glnA
gltB
gltD
glu2
gudB
hao
hzo
hh
napA
napB
narB
narG
narH
narI
narJ
nasA
nasB
nifD
nifH
nifK
nirA
nirB
nirD
nirK
nirS
nit-6
norB
norC
nosZ
nr
nrfA
nrfH
nrt
nrtA
nrtB
nrtC
nrtD
pmoA-amoA
pmoB-amoB
pmoC-amoC

Definition
ammonium transporter
nitrogenase delta subunit
glutamate dehydrogenase
glutamate dehydrogenase
glutamine synthetase
glutamate synthase large chain
glutamate synthase small chain
glutamate synthase (ferredoxin)
glutamate dehydrogenase
hydroxylamine dehydrogenase
hydrazine oxidoreductase
hydrazine hydrolase
periplasmic nitrate reductase
cytochrome c-type protein
ferredoxin-nitrate reductase
nitrate reductase alpha subunit
nitrate reductase beta subunit
nitrate reductase gamma subunit
nitrate reductase delta subunit
assimilatory nitrate reductase catalytic subunit
assimilatory nitrate reductase electron transfer subunit
nitrogenase molybdenum-iron protein alpha chain
nitrogenase iron protein
nitrogenase molybdenum-iron protein beta chain
ferredoxin-nitrite reductase
nitrate reductase (NADH) large subunit
nitrate reductase (NADH) small subunit
nitrite reductase (NO-forming)
nitrite reductase (NO-forming)/hydroxylamine reductase
nitrite reducatse (NAD[P]H)
nitric oxide reductase subunit B
nitric oxide reductase subunit C
nitrous-oxide reductase
nitrate reductase (NAD[P]H)
nitrite reductase (cytochrome c-552)
cytochrome c nitrite reductase small subunit
nitrate transporter
nitrate/nitrite transport system susbtrate-binding protein
nitrate/nitrite transport system permease protein
nitrate/nitrite transport system ATP-binding protein
nitrate/nitrite transport system ATP-binding protein
methane/ammonia monooxygenase subunit A
methane/ammonia monooxygenase subunit B
methane/ammonia monooxygenase subunit C
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Figure 5.10: Predicted mean relative abundance ± standard deviation of genes involved in nitrogen
fixation, dissimilatory and assimilatory nitrate reduction using 16S rRNA gene-predicted functional
profiles. An * indicates significant difference between the grassland soils (P < 0.05) and † indicates no
data for the gene.
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Figure 5.11: Predicted mean relative abundance ± standard deviation of genes involved in denitrification
and nitrification using 16S rRNA gene-predicted functional profiles. An * indicates significant difference
between the grassland soils (P < 0.05) and † indicates no data for the gene.
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Figure 5.12: Predicted mean relative abundance ± standard deviation of genes involved in anammox,
ammonia assimilation and transporters using 16S rRNA gene-predicted functional profiles. An * indicates
significant difference between the grassland soils (P < 0.05) and † indicates no data for the gene.
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Figure 5.13: Summary of genes involved in nitrogen cycling and predicted differences in relative
abundances between grassland soils. “No data” indicate missing data and/or no support due to current
limitations in the PICRUSt software.

The PICRUSt analysis predicted differences in functional abundances in the N
metabolism pathway between C. pallens and C. teretifolia communities as summarised
in Figure 5.13. Several genes involved in nitrogen fixation were predicted to be more
abundant in C. pallens samples. The nifD (K02586), nifK (K02591), nifH (K02588) and
vnfG/anfG (K00531) genes were more abundant across all five C. pallens soils.
However, based on quantitative PCR analysis from total DNA, the ratios of nifH gene
per 16S rRNA gene were similar across the grassland soils (Figure 5.8).
In denitrification, the reduction of nitrous oxide catalysed by NosZ leads to loss
of biologically available N. The napB (encoding for nitrate reductase subunit) and nosZ
genes were predicted to more abundant in C. pallens soils, and this was predicted to be
mainly due to the orders Burkholderiales and Saprospirales. Burkholderia is a known
nitrogen-fixing genus, and studies have shown that denitrifiers including those
belonging to the order Burkholderiales were actively involved in denitrification in rice
paddy soil (Yoshida et al., 2012). Enriched Saprospirales (Bacteroidetes) were detected
in rhizosphere soil compared to whole agricultural soil (Hargreaves et al., 2015), and it
has also been shown to predictive of soil pH, plant diversity and abundance, βglucosidase activity, water content and dissolved organic C (King et al., 2010). The
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nirK gene, encoding nitrite reductase (K00368) was predictably more enriched in
C. pallens soils and this was mainly due to Chthoniobacterales, one of the three
described orders in the phylum Verrucomicrobia (class of Spartobacteria). It is slowgrowing chemoheterotroph that has been shown to be highly correlated with lower pH
(Welty-Bernard, 2014).
The strictly anaerobic process of DNRA consisted of the reduction of NO3− to
NO2− by the proteins encoded by narGHIJ and napAB, and the further reduction of
NO2− to NH3 by the proteins encoded by nirBD and nrfAH. NirB (K00362) and NirD
(K00363) are two subunits essential for NADH-dependent nitrite reduction, and was
predicted to consist mainly of several phyla including Acidobacteria, Actinobacteria and
Proteobacteria. The population of denitrifiers in these grassland soils is predicted to be
relatively low, albeit more abundant in C. pallens soils. No consistent trend can be seen
as nirB and nrfA was more abundant in C. pallens soils, but the opposite was seen with
the mean relative abundance of the gene nirD.
Hydroxylamine oxidoreductase gene hao (K10535), encodes one of the key
enzymes involved in anammox and nitrification that catalyses the oxidation of
hydroxylamine to nitrite. The mean relative abundance of the hao gene was not
predicted to be significantly different across the grassland soils, and the orders that
contribute to counts for this KEGG Orthology (KO) were WD2101 (Planctomycetes),
Bdellovibrionales and MIZ46 (Deltaproteobacteria).
Depending on the organism and NH4+ availability in an environment, NH3
assimilation by bacteria can occur via the glutamate dehydrogenase (GDH) or the
glutamine synthetase (GS)/glutamate synthase (GOGAT) system (Magasanik, 1982).
Nitrogen-fixing bacteria is known to assimilate NH3 by GDH in the presence of excess
NH4+ (Nagatani et al., 1971). However, only the gene gdhA (K00261) was predicted to
be enriched in C. teretifolia soils (higher NH4+ availability according to data from
Tanentzap et al. (2012)), while gudB (K00260) was predicted to be more abundant at
C. pallens soils, and there was no discernible difference with the abundance of gdhA
gene (K00262). On the other hand, in limiting NH4+ or nitrogen-fixing conditions, NH3
is assimilated by the GS and GOGAT route (Nagatani et al., 1971). These results
predicted by PICRUSt show no clear trend in terms of the GDH or GS/GOGAT
pathway preference between the two grassland soils.
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Based on these results, several limitations of using PICRUSt as a functional
prediction tool were noted. Firstly, PICRUSt predicted different abundances and
contributors to genes within the same operon, e.g., nifDKH. Furthermore, only gene
families that are included in the orthology reference used (in this case, KEGG KOs) can
be predicted. Furthermore, there could also be missing pathway annotations or
inaccuracies in the assignments of gene function, as noticed for the N metabolism
pathway (map00910). For example, despite having a fully annotated KEGG pathway for
N metabolism, the information for a few KOs including those for pmoA genes
(K10944–K10946) were not available. Even though the nearest sequence taxon index
(NSTI) scores for all samples were relatively high (mean of 0.17), and suggests that
PICRUSt predictions should be interpreted with caution especially in diverse
ecosystems (Langille et al., 2013), these results still provide some interesting insights
into the potential N metabolism of the indigenous grassland soil microbiomes.
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5.3 Conclusions
In this study I found that the total bacterial (16S rRNA gene sequencing) and
diazotrophic (nifH gene sequencing) communities were distinct between two
edaphically different and pristine grassland soils in New Zealand that are dominated by
different but closely related Chionochloa tussock grasses. The bacterial community
based on 16S rRNA gene sequences was significantly richer and diverse in C. pallens
soils; however, results based on qPCR also showed increased abundance of 16S rRNA
genes per g soil in C. teretifolia soils. My results demonstrate that in C. teretifolia soils
that are more acidic and poor in nutrients, greater abundance of oligotrophs, i.e.,
Acidobacteria, compared to copiotrophs were observed. On the other hand, greater
relative abundance of Proteobacteria, Bacteroidetes and Firmicutes were found in
C. pallens soils that have a slightly higher pH and greater available N, favour
copiotrophs over oligotrophs. Several clades within Chloroflexi were noticeably absent
in C. pallens soils; members of this phylum could represent the dynamic core
microbiome that is more responsive to differences in soil properties (Youssef &
Elshahed, 2009).
The diazotrophic community based on nifH amplicon sequencing was richer in
C. teretifolia soils. The hypothesis that total diazotroph diversity would be greater in
sites with lower nutrient availability, i.e., in C. teretifolia soils, was weakly supported;
however, I did see an increase in the relative abundance of diazotrophic community in
soils with less available NO3− and NH4+. Although the number of nifH genes per g soil
in C. teretifolia was greater compared to C. pallens soils, the nifH:16S rRNA gene ratio
was similar in both sites. These results suggest that while diazotrophic diversity may
differ between soils, the number of potential nitrogen-fixers remained constant.
However, I did not quantify nifH genes from RNA, so actual numbers of active
nitrogen-fixers in these grassland soils remain unknown. Inferred metagenomics using
the PICRUSt software predicted nitrogen fixation genes to be more abundant in
C. pallens soils; this shows that PICRUSt was not a reliable and accurate tool to predict
function from diverse ecosystems such as grassland soils.
Results from this chapter highlight the need for future studies to examine the
effects of both physicochemical factors and natural perturbations on the soil microbial
community composition. Alpine plant biodiversity is particularly vulnerable to the
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potential effects of climate change, with models predicting a 33–50% loss of indigenous
alpine species following a 3°C temperature rise (Halloy & Mark, 2003). Given that
microbial communities play important roles in nutrient and C cycling in soils (Coleman
& Crossley Jr, 1996), and their significance for the productivity and diversity of plant
communities (Van der Heijden et al., 2008), it is vital to understand the ecological role
and responses of soil microbes in a changing environment. Soil microbes that are
sensitive to soil properties may provide useful bioindicators to the effects of
anthropogenic changes, and may even help with the reconstruction and restoration of
grassland soils back to pre-agricultural state (Fierer et al., 2013).
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Chapter 6
Active and total microbial communities in
Takahe Valley grassland soils

Lake Orbell, Takahe Valley, Fiordland National Park, New Zealand.
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6.1 Introduction
The total bacterial and N2-fixing communities were previously found to differ between
two grassland soils each dominated by different, but closely related species of
Chionochloa, as examined in Chapter 5. These findings likely resulted from differences
in nutrient availability in the grassland soils. Sequencing and quantifying of 16S rRNA
genes (rDNA) instead of actual 16S rRNA reveals total microbial diversity but does not
differentiate between the active and dormant (inactive and dead) microorganisms
(Lennon & Jones, 2011; DeAngelis & Firestone, 2012). In diverse ecosystems such as
soil, an estimated 80% of cells and 50% of operational taxonomic units (OTUs) may be
dormant (Lennon & Jones, 2011). Quantification of the rRNA enables identification of
active or recently active community (Griffiths et al., 2000; Vandenkoornhuyse et al.,
2007). Thus, a combination of DNA- and RNA-based microbial community analysis
can provide valuable insight into the ‘microbial seed bank’ that has been or is primed to
become active (DeAngelis & Firestone, 2012). Recently, high-throughput sequencing of
16S rRNA has been used to investigate the diversity of active microbial community in
terrestrial (Jones & Lennon, 2010; Baldrian et al., 2012; Besemer et al., 2012; Mueller
et al., 2015; Stibal et al., 2015) and aquatic (Campbell et al., 2011; Campbell &
Kirchman, 2013) ecosystems. These studies showed that the ‘rare biosphere’ often
comprise a significant proportion of the active microbial community (Jones & Lennon,
2010; Wilhelm et al., 2014).
The existence of dormancy in microbial spores has been known for quite some
time (Sussman & Douthit, 1973; Roszak & Colwell, 1987), but only recently has
dormancy been demonstrated to maintain microbial biodiversity in various ecosystems
(Lennon & Jones, 2011). In stressful conditions, the ability to enter into a reversible
state of reduced metabolic fitness, i.e., dormancy, provides microorganisms with a
microbial seed bank to persist until environmental conditions change (Figure 6.1; Jones
and Lennon (2010)). Dormant and rare microbial taxa could represent a reservoir that is
capable of responding quickly to changes in the environment (Sogin et al., 2006), and
this may result in the stabilisation of biogeochemical processes in ecosystems (Hooper
et al., 2005). Dormancy was shown to be prevalent in natural and managed ecosystems,
and sporulation genes were more common in some ecosystems compared to others. For
example, RpfC, one of the resuscitation-promoting factors involved in regulating
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dormancy, was more common in metagenomes in soil (approximately 25%) compared
to the human gut and ocean (both less than 5%) (Lennon & Jones, 2011).
Microorganisms that do not form spores can also enter into dormancy (a ‘viable but
non-culturable’ state) (Xu et al., 1982; Oliver, 2005), and together with spore-forming
microorganisms, respond to environmental cues to enter into and exit from dormancy
(Lennon & Jones, 2011). Microbial taxa that are phylogenetically more similar tend to
respond to environmental shifts in similar strategies compared to those that are distantly
related (Burns & Strauss, 2011; Amend et al., 2016). Furthermore, a recent study using
stable-isotope probing (SIP) has shown that resuscitation of rare bacterial community
from dormancy not only contributes to biodiversity, but also significantly contributed to
soil processes such as CO2, CH4 and N2O production (Aanderud et al., 2015).

Figure 6.1: Different metabolic states of microorganisms and their contribution to the functioning of
ecosystem. Reproduced from Jones and Lennon (2010).

Activity and dormancy within bacterial and archaeal communities were
investigated in the indigenous tussock grasslands of Takahe Valley. This comparison is
important in undisturbed environments as the percentage of dormant cells in soils
compared to other natural environments are among the highest (Lennon & Jones, 2011).
This chapter, therefore, sought to determine the composition of the total (DNA-based)
and active (RNA-based) bacterial and archaeal communities in C. pallens and
C. teretifolia-dominated grassland soils. Following the initial characterisation of total
bacterial and diazotrophic communities in those soils in Chapter 5, it will be determined
here whether or not changes in soil parameters are correlated with shifts in relative
abundance of the active microbial taxa.
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6.1.1 Chapter aims
Few studies that have used high-throughput sequencing to explore the bulk and active
microbial communities have included the measurement of many soil environmental
variables. This chapter will expand on findings from the previous chapter and provide a
more in-depth analysis of the two Chionochloa grassland sites. The aims of this study
were to (1) include more extensive sampling of the total microbial community to look at
intra-site versus inter-site variation, (2) contrast composition of the total (DNA-based)
and active (RNA-based) bacterial and archaeal communities and (3) collect soil nutrient
data and determine if there are any correlations between shifts in microbial communities
and changes in soil parameters.

6.2 Methods
Soil sampling along each Chionochloa transect (C. pallens and C. teretifolia) at the
Takahe Valley was conducted as illustrated in Chapter 2, Figure 2.3. For analysis of the
intra-site versus inter-site variation of total microbial community, five sub-samples were
collected from five locations within each transect (consisting 50 altogether); while for
comparison of total and active communities, the five sub-samples were pooled from the
five locations within each transect. Soil variables were measured by the Environmental
Chemistry Laboratory (Landcare Research, NZ) as previously described in Section
2.2.4, using pooled soil samples from each of the five locations within each transect.

6.3 Results and discussion
6.3.1 Soil properties
Mean values of all soil properties measured except for mineral N levels, i.e., nitrate
(NO3−) and ammonium (NH4+), were significantly different between C. pallens and
C. teretifolia grassland soils (P ≤ 0.05; Figure 6.2, Table A.6.1). Soil water content
(WC), NH4+, organic carbon (C), total nitrogen (N), C:N ratio and microbial biomass
carbon (MBC) were greater in C. teretifolia soils, while pH and concentrations of NO3−
and Olsen P were higher in C. pallens soils (Figure 6.2).
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Figure 6.2: Boxplots showing the distribution of soil properties along the C. pallens and
C. teretifolia transects (n = 5). DW, dry weight; WC, water content; MBC, microbial biomass carbon. The
median (bar) is shown within the 25th–75th interquartile range. Closed circles are sample data points.
Asterisks denote significance differences as tested by one-way ANOVA: ***P < 0.001; **P < 0.01; *P <
0.05.

The same trends were observed when compared to previous soil nutrient data
collected in 2009 (Table A.6.2; Tanentzap et al. (2012)), where the same measurements
were taken except for water content and MBC. The amount of NH4+ was 100× lower
than previous measurements (0.6–2.3 mg/kg compared to 99.6–176.6 mg/kg); however,
KCl-extractable NH4+ values are known to be variable, and it is likely that a rainfall
prior to soil collection drastically lowered the values (Xiong et al., 2010). A larger
difference in soil pH was observed between C. pallens and C. teretifolia (5.2 ± 0.2
(mean ± SD) and 4.5 ± 0.2, respectively), compared to previous measurements (4.7 ±
0.2 and 4.5 ± 0.0 for C. pallens and C. teretifolia soils, respectively).
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Pearson’s product-moment correlation coefficient was used to determine the
linear relationships between soil properties. Very strong positive correlations were seen
between MBC, C, N, C:N and water content (r > 0.9), and all variables were also
moderately correlated with NH4+ (r = 0.6–0.7; Figure 6.3). All five soil properties were
correlated negatively with Olsen P. In turn, phosphorus was highly and positively
correlated with pH and NO3− (Figure 6.3).

Figure 6.3: Pearson’s product-moment correlation coefficients (r) of soil properties from C. pallens and
C. teretifolia grassland soils. Correlations between soil properties are displayed with hclust reordering.
DW, dry weight; MBC, microbial biomass carbon; WC, water content.

6.3.2 Soil microbial community analysis
6.3.2.1 Sample preparation and initial sequence processing
First round amplification of 16S rRNA genes from soil DNA and cDNA resulted in
amplicons of approximately 320 bp for all soils (not shown), while second round
amplification yielded strong amplicons with attached indices and sequencing adapters
of the expected 450 bp size (Figure A.6.1). The absence of any nonspecific bands were
confirmed by a bioanalyser assay of pooled samples prior to sequencing (Figure A.6.2).
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6.3.2.2 Characteristics of the 16S rRNA datasets
In total, 6,487,657 16S rRNA gene sequences were obtained from 60 DNA samples
after quality filtering. This ranged from 52,601 to 229,503 per sample (average 108,128
sequences per sample). From the ten cDNA samples, 1,072,011 sequences were
obtained after quality filtering. This ranged from 66,771 to 186,618 sequences per
sample (average 107,201 per sample). After the removal of singletons and chimeras, a
total of 9771 and 5869 different OTUs at 97% sequence similarity were detected from
the DNA and cDNA samples, respectively. Rarefaction curves of total microbial
communities based on OTUs of 16S rRNA and 16S rDNA sequences are shown in
Figure A.6.3. Coverage, as determined by richness estimator Chao1 and phylogenetic
diversity (PD) (Figure A.6.3), reached near asymptotic levels in all soils, indicating
adequate sequencing effort for the microbial communities in these soils. Each sample
was randomly subsampled to a common depth; this was based on the smallest number
of sequences across ten samples (52,688).
For the total community (DNA samples), microbial richness estimator Chao1
and the number of OTUs differed significantly with site, i.e., higher richness in the
C. pallens grassland soils (Figure 6.4, Table A.6.3); this was consistent with results
from samples collected the previous year (see Chapter 5). Richness according to Chao1
and number of OTUs were higher but not significantly different between total and
active communities, i.e., DNA and RNA samples (Figure 6.4). This was also found in
other studies on N fertilisation (Freedman et al., 2015) and biofilm (Wilhelm et al.,
2014).

153

CHAPTER 6 Active soil microbial community in response to environmental variables

Figure 6.4: Boxplots showing alpha diversity of 16S rDNA (total community) and rRNA (active
community) gene-based microbial communities from C. pallens (CP) and C. teretifolia (CT) soils
samples. The median (bar) is shown within the 25th–75th interquartile range. Asterisks indicate significant
differences between groups. Asterisks denote significance between samples, as tested by one-way
ANOVA: ***P < 0.001; **P < 0.01; *P < 0.05.

Conversely, diversity estimators based on the Shannon diversity (H′) and
Simpson’s (1−D) indices differed between sites only for the active communities, and
were significantly different between total and active communities (Figure 6.4, Table
A.6.3). When phylogenetic distance was accounted for (using the Faith’s Phylogenetic
Distance metric (PD)), microbial diversity was different between the total and active
communities, and only between sites at for the total communities (Figure 6.4). In both
C. pallens and C. teretifolia soils, the active microbial community were less diverse
than the total communities; this has also been documented in other studies involving
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grassland and forest soils (Baldrian et al., 2012; Wilhelm et al., 2014; Freedman et al.,
2015; Herzog et al., 2015).
6.3.2.3 Intra-site and inter-site variation of the total microbial community
The level of intra- and inter-site variations in the 50 DNA-based samples representing
total microbial community was examined. Principal coordinates analysis (PCoA) plots
based on unweighted UniFrac distances showed that C. teretifolia samples formed a
tight cluster, with the exception of one sample that clustered together with the
C. pallens samples (Figure 6.5). The same grouping was observed using weighted
UniFrac distances, where samples from both soils formed clusters separated along the
PCo1 axis (horizontal axis) apart from one C. teretifolia sample that failed to group
together with the rest (Figure 6.5). Permutational analysis of variance (PERMANOVA)
confirmed the PCoA results, in that total microbial community varied significantly
between C. pallens and C. teretifolia soils (inter-site variation), i.e., unweighted
UniFrac: Pseudo-F = 16.881, P = 0.001; weighted UniFrac: Pseudo-F = 21.968, P =
0.001. Intra-site comparisons revealed that samples within sites also differed in both
C. pallens and C. teretifolia soils. PERMANOVA results demonstrated that the five
C. pallens samples were significantly different from each other (unweighted: Pseudo-F
= 1.262, P = 0.01; weighted: Pseudo-F = 1.853, P = 0.02. The difference was even
greater between the five C. teretifolia samples (unweighted: Pseudo-F = 1.370, P =
0.001; weighted: Pseudo-F = 2.429, P = 0.001).
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Figure 6.5: Principal coordinates analysis of the total bacterial community based on phylogenetic distance
(UniFrac) matrices of 16S rRNA gene sequences. Unweighted plot (A) is based on the presence or
absence of OTUs; weighted plot (B) is based on the relative abundance of OTUs.

6.3.2.4 Composition of active and total microbial communities
PCoA plots based on both unweighted and weighted UniFrac showed that the
composition of total and active microbial communities were significantly different
(Figure 6.6). PERMANOVA with the factors ‘DNA-RNA’ and ‘site’ and revealed
significant difference between active and total microbial communities (unweighted:
Pseudo-F = 5.235, P = 0.001; weighted: Pseudo-F = 21.575, P = 0.001), as well as
between site (unweighted: Pseudo-F = 17.637, P = 0.001; weighted: Pseudo-F = 16.855,
P = 0.001).
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Figure 6.6: Principal coordinates analysis of active and total microbial communities based on
phylogenetic distance (UniFrac) matrices of 16S rRNA gene sequences. Unweighted plot (A) is based on
the presence or absence of OTUs; weighted plot (B) is based on the relative abundance of OTUs.

The detected 10,350 OTUs from both DNA and RNA samples consisted of a
total of 41 phyla (39 bacterial and 2 archaeal), 149 classes and 509 families. Archaeal
sequences represented approximately 0.2% of the total number of sequences. The core
community, i.e., OTUs present in all samples, comprised only 28% of all sequences
(Figure 6.7). In another grassland soil study comparing bacterial communities using
DNA- and RNA-based approaches, 90% of sequences were found to make up the core
community (Herzog et al., 2015). Unique OTUs that were present only in either site and
at either the active or total community level accounted for 12.5% (1292 OTUs) of the
whole community (Figure 6.7).
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Figure 6.7: Venn diagram of distribution of 16S rRNA gene-based OTUs in C. pallens (CP) and
C. teretifolia (CT) soils at the total (DNA) and active (RNA) community level.

Thirteen dominant phyla (> 1% abundance) detected in both the total
(DNAlevel) and active (RNA level) communities accounted for approximately 92% of
all microbial sequences analysed in this study. In the total community, the top three
phyla were Acidobacteria (18.1 ± 2.9%), Planctomycetes (14.3 ± 1.4%) and
Verrucomicrobia (10.3 ± 1.6%); while in the active community the most abundant phyla
were Gammaproteobacteria (25.1 ± 13.3%), Acidobacteria (15.7 ± 4.2%) and
Planctomycetes (12.1 ± 2.4%) (Figure 6.8). Previous studies on bacterial community
composition in grassland soils have reported similar values, although the relative
abundance of Alphaproteobacteria in this study is on the lower end of the ranges
reported elsewhere (3–11% compared to 9–37%) (Will et al., 2010; Nacke et al., 2011;
Lauber et al., 2013; Herzog et al., 2015). Distribution of rare phyla (< 1% abundance) is
shown in Figure 6.9.
The most abundant OTU belonged to the genus Candidatus Solibacter (phylum
Acidobacteria), consisted 2.4 ± 0.9% and 3.5 ± 1.1% of the total and active microbial
communities, respectively. Genome analysis of the acidobacterial strain Ellin6076
(Candidatus Solibacter usitatus) revealed it to be a versatile heterotroph that preferred
low-nutrient environments (Ward et al., 2009), and is thus well adapted to this grassland
environment. It is capable of utilising complex carbon sources such as hemicellulose
and chitin, and also possesses traits to reduce NO3− and NO2− (Ward et al., 2009). The
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most

abundant

genus

in

the

active

community,

Chthonomonas

(phylum

Armatimonadetes, previously Candidate division CP10) comprised 4.9 ± 2.5% of all
active community sequences, compared to 1.1 ± 0.7% in the total community. Species
within Armatimonadetes have been isolated from geothermal soils (Stott et al., 2008) to
freshwater sediments (Pope & Patel, 2008), and genome analysis of the first cultivated
strain of this phylum has shown it be a fastidious bacterium with narrow pH range (4–5)
and specific nutrient requirements (Lee et al., 2014).
Across all 50 samples, the microbial community structure in both soils were
generally consistent (Figure A.6.4). Across both soils, all dominant phyla and
proteobacterial classes were relatively more abundant in the total community except for
Gammaproteobacteria, WD272 and Armatimonadetes (Figure 6.8). In the active
community, these three phyla were significantly more abundant compared to total
community across both soils (P < 0.001). Conversely, Acidobacteria, Actinobacteria,
Alphaproteobacteria,

Bacteroidetes,

Betaproteobacteria,

Deltaproteobacteria,

Firmicutes, Planctomycetes and Verrucomicrobia were all significantly more abundant
in total community across both soils (all P < 0.05; Figure 6.8).

Figure 6.8: Relative abundance of dominant phyla and proteobacterial classes (> 1% abundance) based on
sequencing of 16S rRNA gene sequences from C. pallens (CP) and C. teretifolia (CT) soils.
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Differences between the active and total communities were also observed in the
rare phyla (< 1% abundance). For example, Thaumarchaeota (archaea), Nitrospirae and
Cyanobacteria were all more abundant in the active community, while Candidate
division TM7 and Gemmatimonadetes were enriched in the total community (all P <
0.05, Figure 6.9).

Figure 6.9: Relative abundance of rare bacterial and archaeal phyla (< 1% abundance) based on
sequencing of 16S rRNA gene sequences from C. pallens (CP) and C. teretifolia (CT) soils.

Gammaproteobacteria was also more represented at the active community in
cryoconite (ice sheet) (Stibal et al., 2015), Arctic tundra soil (Schostag et al., 2015) and
biofilms across glacier-fed streams (Wilhelm et al., 2014). Unlike Gammaproteobacteria, there was lower relative abundance of active Firmicutes in the
Chionochloa grassland soils, and it is possible this may be attributed to a high
proportion of dormancy amongst the phylum Firmicutes. Many members of Firmicutes
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are known to form endospores in response to stressful environmental conditions,
including in low-nutrient (C and/or N) systems (Setlow, 2007). Within Firmicutes, the
order Clostridia exhibited higher relative abundance in the total community, i.e., 5 and
0.02% average abundance in the active and total microbial communities, respectively.
These results suggest that the nutrient poor grasslands at Takahe Valley, especially
C. teretifolia-dominated grasslands, may harbour a significant amount of nitrogenfixing Clostridia that remain dormant. These results should be interpreted with caution,
as differences in relative abundances may be due to the variability of 16S rRNA copy
numbers. For example, Gammaproteobacteria and Firmicutes have an average of almost
six copies per genome (Větrovský & Baldrian, 2013); therefore, estimates of relative
abundance of these phyla could be overestimated. Whereas, the two sequenced isolates
from the phylum Armatimonadetes, Chthonomonas calidirosea and Fimbriimonas
ginsengisoli, have two copies of 16S rRNA gene (Hu et al., 2014; Lee et al., 2014).
To further explore these differences between the active and total microbial
communities, relative abundances of the most abundant families were plotted onto a
heatmap. The top thirty most abundant families, excluding unclassified or unknown
families,

made

up

approximately

47%

of

all

families.

Enterobacteriaceae

(Gammaproteobacteria) was the most abundant family in the RNA samples (mean
relative proportion of 9.8%), whereas Planctomycetaceae was the most common family
in the DNA samples (9.6 ± 1.1%; Figure 6.10, Table A.6.5).
Striking differences on the heatmap can be seen with Enterobacteriaceae and
Pseudomonadaceae (Gammaproteobacteria), which were significantly more enriched in
all RNA samples (P = 0.03 and P < 0.001, respectively), while Clostridiaceae 1
(Firmicutes) and alphaI cluster (Alphaproteobacteria) were significantly more abundant
in the DNA samples (both P < 0.001; Figure 6.10, Table A.6.5). Furthermore, 03196A21 (Nitrospirae), Chthonomonadaceae (Armatimonadetes) and DA111 (Alphaproteobacteria) and were also significantly enriched in RNA samples (Figure 6.10).
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Figure 6.10: Heatmap of most abundant families based on 16S rRNA gene sequences at the active (RNA
level) and total (DNA level) community level in C. pallens (CP) and C. teretifolia (CT) samples. The
heatmap indicates relative proportions of top thirty abundant families. Dendrograms are based on average
linkage hierarchical clustering. Asterisks denote significance between RNA and DNA samples, as tested
by one-way ANOVA: ***P < 0.001; **P < 0.01; *P < 0.05.

The family Enterobacteriaceae is phylogenetically and ecologically diverse,
comprising over 50 genera and 230 species (DeLong et al., 2014), including many that
are human and/or plant pathogens. To try to further delineate these OTUs to a finer
taxonomic level, a Bayesian phylogenetic tree based on 16S rDNA sequences was
constructed. Thirteen OTUs belonged to the Enterobacteriacae family, and the relative
abundances in seven of these were significantly higher in the active community, while
the other six OTUs almost entirely only found in the total microbial community (Figure
6.11). OTUs with increased relative abundance in the active community were
distributed throughout the phylogenetic tree. The group of OTUs with higher relative
abundance in the active community, which included the single most abundant OTU
(OTU_3; 2.6% of all sequences) were related to the genera Serratia, Erwinia and
Pantoea. These genera and many others within the family Enterobacteriaceae seem to
162

CHAPTER 6 Active soil microbial community in response to environmental variables

be polyphyletic as previously predicted (DeLong et al., 2014). Members of the genus
Serratia grouped together with two OTUs (OTU_2814 and OTU_2534) and
Stenotrophomonas formed two well-supported clades separated from other members of
Enterobacteriaceae (Figure 6.11). Serratia strains have been known for their production
of antifungal compounds and in controlling fungal plant pathogens (Levenfors et al.,
2004; Gohel et al., 2006); and a rhizosphere-associated strain Serratia plymythica has
even been shown to be able to stimulate plant growth (Müller et al., 2009) through the
induction of systemic resistance in plants using their chitinase activity. The presence of
Serratia could influence response to soil borne fungal pathogen attack and this may be
significant as fungal pathogens such as Fusarium spp. have been found in tussock
grasslands dominated by Chionochloa rigida in Waipori, Otago (Hall et al., 1987).

Figure 6.11: Bayesian phylogenetic tree of the family Enterobacteriaceae (Gammaproteobacteria) based
on 97% nucleotide similarity clustered 16S rRNA sequences. 16S rRNA gene of Nitrosospira sp.
(AY189139; Betaproteobacteria) was used as an outgroup. Numbers associated with nodes at Bayesian
posterior probabilities. GenBank accession numbers are indicated next to reference taxa. For some OTUs
the (mean) number of sequences were 10 or below and thus no visible colour can be seen.
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6.3.2.5 Ratio of active to total microbial community
Since dormant or inactive microorganisms still contain minimal amounts of rRNA
molecules (Segev et al., 2012), a moderate approach was used to classify the active
community as implemented by Jones and Lennon (2010). An OTU was identified as
‘active’ if the ratio of relative abundance based on rRNA to DNA is > 1, or ‘dormant or
inactive’ if that same ratio was < 1 (Jones & Lennon, 2010; Mueller et al., 2015). In
both grassland soils, active or dormant OTUs were summed across the RNA- and DNAbased samples, respectively. Based on the average ratio of rRNA to rDNA for
individual OTUs across both soils, 54.4% of all OTUs were classified as active.
In both soils, more than 80% of OTUs classified as Cyanobacteria,
Armatimonadetes and Thaumarchaeota were considered to be active (Figure 6.12).
Conversely, Alphaproteobacteria, Bacteroidetes, Actinobacteria and Verrucomicrobia
were predominantly inactive. Despite consisting only 0.4 ± 0.2% and 1.0 ± 0.3% of total
sequences at the total and active community levels, respectively, all cyanobacterial
OTUs with more than 250 sequences were classified as active (Figure 6.12).

Figure 6.12: The proportion of OTUs classified as active within individual phyla and proteobacterial
classes for bacteria and archaea. Values were calculated as sum across all samples (no standard
deviation).
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This agrees with previous hypothesis that many rare bacterial and archaeal taxa
are actually active, and were disproportionately more active than dominant taxa (Jones
& Lennon, 2010). In Arctic permafrost soils, the RNA:DNA ratio of 16S rRNA genes
assigned to Cyanobacteria was also much greater, and this pointed to possibly important
ecological input from nitrogen-fixing Cyanobacteria in those N-poor soils (Stibal et al.,
2015). The ecological role played by the phylum Armatimonadetes, first isolated in
geothermal soils in the Taupo Volcanic Zone, New Zealand (Stott et al., 2008), is still
relatively unknown but has been known to be involved in the degradation of plant
materials and polysaccharide-based substances (Lee et al., 2014). Greater proportion of
active Thaumarchaeota could mean a high number of active ammonia-oxidisers
especially in the C. teretifolia grassland soils (Figure 6.12); however, confirmation
would require targeting the amoA gene (encoding ammonia monooxygenase) in the
active microbial community (see Chapter 7).
6.3.2.6 Correlating soil properties with abundance of total and active microbial
communities
To find out if the active microbial community is more sensitive to changes in soil
properties than the overall microbial community, Pearson’s correlation was used to
analyse the relationship between soil properties and each dominant taxa (phyla and
proteobacterial classes with more than 1% abundance) in both active and total
communities (Figure 6.13). Several phyla and proteobacterial classes correlated with
soil properties, and often different correlations were observed between the active and
total community levels. For example, active Bacteroidetes showed a significant positive
correlation with NH4+ in C. teretifolia soils, but not at the total community level (Figure
6.13). The opposite was observed for Acidobacteria, which was correlated significantly
negatively with MBC at the total community level, but not at the active community
level. Water content was significantly correlated with Gammaproteobacteria,
Deltaproteobacteria, Cyanobacteria and Chloroflexi only at the total community level.
The most abundant orders in the active microbial community were strongly
correlated with all soil properties except NO3− (Table 6.1). More correlations were
observed in the active community level compared to the total microbial community
(Table 6.2). Despite being the most abundant order in the active microbial community,
Enterobacteriales (Gammaproteobacteria) was not significantly correlated with any of
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the soil properties measured (Table 6.1). The most abundant order overall,
Planctomycetales, was negatively correlated with water content and NH4+ at the active
community level, and with NO3− at the total community level. Several orders including
Subgroup 2, Subgroup 3 and Acidobacteriales (Acidobacteria), Xanthomonadales and
Pseudomonadales

(Gammaproteobacteria),

Myxococcales

(Deltaproteobacteria),

Rhodospirillales (Alphaproteobacteria), and Chthonomonadetes (Armatimonadetes) all
responded in the same way, i.e., positively correlated to WC, MBC, C, N and C:N ratio;
and negatively correlated to pH and P. Myxococcales was also found to be significant
positively correlated to C:N in NPK-fertilised grassland soils in Germany at the total
and active community levels (Herzog et al., 2015). Soil pH was also positively
correlated with Myxococcales in various soil samples (Zhou et al., 2014; Herzog et al.,
2015). However, these results were obtained on a wider range of pH values (4–7) and
over a weaker correlation (Spearman’s rho (ρ) of 0.5), compared to a narrower pH range
(4.3–5.4) and stronger correlation (ρ of −0.7) in this study (Table 6.1).
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based) and (B) total (DNA-based) community levels. Green represents positive correlation and orange represents negative correlation. Asterisks

Figure 6.13: Pearson correlation coefficients between relative abundance of dominant taxa (> 1%) and soil properties at the (A) active (RNA-
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Table 6.1: Spearman’s rank correlations of the abundance of most abundant orders and soil properties
from the active microbial community (RNA level). Bold values indicate significance at P < 0.05.
WC

NO3−

NH4+

MBC

pH

C

N

C:N

P

Acidobacteriales

0.81

-0.43

0.58

0.85

-0.78

0.87

0.88

0.75

-0.69

Chthoniobacterales

-0.82

0.24

-0.58

-0.70

0.71

-0.71

-0.67

-0.75

0.68

Chthonomonadales

0.71

-0.47

0.58

0.76

-0.81

0.83

0.88

0.71

-0.69

Clostridiales

-0.64

0.28

-0.51

-0.54

0.48

-0.59

-0.59

-0.49

0.72

Enterobacteriales

-0.03

0.58

0.06

-0.10

0.15

-0.018

-0.091

0.02

0.08

Ktedonobacterales

-0.46

-0.32

-0.78

-0.38

0.44

-0.47

-0.43

-0.44

0.043

Myxococcales

0.71

-0.23

0.69

0.73

-0.71

0.88

0.92

0.66

-0.45

Planctomycetales

-0.64

-0.23

-0.84

-0.54

0.5

-0.59

-0.53

-0.55

0.36

Pseudomonadales

-0.71

0.34

-0.61

-0.66

0.71

-0.75

-0.78

-0.65

0.75

Rhizobiales

-0.53

-0.17

-0.44

-0.33

0.3

-0.33

-0.22

-0.44

0.18

Rhodospirillales

0.75

-0.36

0.43

0.82

-0.73

0.85

0.88

0.75

-0.56

Sphingobacteriales

-0.21

0.12

0.33

-0.02

0.067

-0.018

0.03

-0.23

0.19

Subgroup_2

0.81

-0.38

0.62

0.83

-0.84

0.92

0.95

0.79

-0.60

Subgroup_3

0.59

-0.30

0.55

0.64

-0.72

0.75

0.78

0.62

-0.24

Xanthomonadales

0.78

-0.51

0.43

0.85

-0.78

0.81

0.82

0.76

-0.67

Order

Table 6.2: Spearman’s rank correlations of the abundance of most abundant orders and soil properties
from the total microbial community (DNA level). Bold values indicate significance at P < 0.05.
WC

NO3−

NH4+

MBC

pH

C

N

C:N

P

0.9

-0.23

0.61

0.83

-0.78

0.85

0.81

0.86

-0.53

Chthoniobacterales

-0.82

0.19

-0.52

-0.75

0.76

-0.71

-0.66

-0.81

0.66

Chthonomonadales

0.64

-0.59

0.35

0.59

-0.70

0.70

0.72

0.64

-0.52

Clostridiales

0.48

-0.03

0.35

0.50

-0.43

0.35

0.32

0.44

-0.68

Enterobacteriales

-0.02

0.34

0.034

-0.08

0.11

-0.15

-0.25

-0.032

0.21

Ktedonobacterales

-0.88

0.073

-0.82

-0.85

0.75

-0.9

-0.88

-0.78

0.57

Myxococcales

0.79

0.21

0.75

0.77

-0.65

0.68

0.64

0.71

-0.52

Planctomycetales

0.24

-0.70

-0.16

0.36

-0.49

0.27

0.31

0.37

-0.48

Pseudomonadales

-0.79

0.27

-0.38

-0.75

0.64

-0.78

-0.79

-0.71

0.69

Rhizobiales

-0.66

0.62

-0.28

-0.64

0.73

-0.71

-0.75

-0.66

0.55

Rhodospirillales

0.93

-0.21

0.63

0.88

-0.75

0.83

0.79

0.83

-0.66

Sphingobacteriales

-0.41

0.40

-0.19

-0.50

0.55

-0.39

-0.45

-0.44

0.89

Subgroup_2

0.82

-0.30

0.50

0.77

-0.85

0.76

0.75

0.86

-0.67

Subgroup_3

0.85

-0.26

0.61

0.76

-0.77

0.85

0.82

0.83

-0.45

Xanthomonadales

0.92

-0.33

0.61

0.87

-0.75

0.87

0.85

0.80

-0.68

Order
Acidobacteriales

168

CHAPTER 6 Active soil microbial community in response to environmental variables

To evaluate the effects of soil properties on the relative abundances of dominant
phyla and proteobacterial classes of both active and total microbial communities, linear
models with interaction terms were used. To overcome potential problems with
collinearity, which is set at a threshold of > 0.9 (Quinn & Keough, 2002), principal
component analysis (PCA) was conducted on all measured variables to reduce data
redundancy. The first two principal components of PCA explained 88.5% of the total
variance: principal component 1 (PC1) explained a large component of the variation
(74%), while PC2 explained 14.4% of the total variance (Figure 6.14, Table A.6.4). The
six most influential soil variables linked to PC1 were MBC (0.985), total N (0.975),
water content (0.973), organic C (0.906), C to N ratio (0.906) and pH (−0.952).
Separation of soil variables across PC2 was associated to variations in NO3− (0.828),
Olsen P (0.675) and NH4+ (0.298) (Figure 6.14).

Figure 6.14: Ordination plots of principal component analysis (PCA) of the soil properties in C. pallens
and C. teretifolia soils. The horizontal axis represents principal component (PC)1, which explains 74% of
the variation observed; the vertical axis represents PC2, which explains 14.4% of the observed variation.
The percentage contribution of variables to the principal components is reflected by the gradient (legend).
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Site was the significant predictor of Bacteroidetes, Cyanobacteria, Chloroflexi
and

Gammaproteobacteria

(total

community

level),

Betaproteobacteria

and

Planctomycetes (active community level), and Acidobacteria, Armatimonadetes and
WD272 (both active and total community levels) (Table 6.3). Unlike a previous survey
that found Acidobacteria to be negatively correlated with C availability (Fierer et al.,
2007), site was the only significant predictor and failed to explain more than 17% of the
total and active Acidobacteria community. This suggests that the abundance of
Acidobacteria in these grassland soils is driven by other unknown variables, or
alternatively effects were seen at finer levels of taxonomic resolution but not at the
phylum level. Similar observations were made with abundances of Bacteroidetes and
Betaproteobacteria, which were positively correlated with availability of C (Fierer et al.,
2007).
In the total microbial community, differences in the abundance of
Deltaproteobacteria were significantly positively attributed to PC1 (79% explained);
this is in agreement with correlation results where Deltaproteobacteria was negatively
correlated (but not significantly) with pH (Figure 6.13). However, these findings
contrasted with a study of the effect of fertilisation on bacterial communities in German
grassland soils, in which Deltaproteobacteria was positively correlated with pH in active
and total communities (Herzog et al., 2015). Furthermore, the interaction between site
and

PC2

significantly

explained

differences

in

Alphaproteobacteria

(68%),

Armatimonadetes (91%) and Gammaproteobacteria (64%) in the total community, and
Firmicutes (70%) in the active community (Table 6.3). These results differed from the
earlier study on experimental grassland soils (fertilised and non-fertilised), which
showed that Alphaproteobacteria and Firmicutes were positively and negatively
correlated with C:N ratio, respectively, in the active community (Herzog et al., 2015).
However, in that study bacterial phyla abundances were only correlated with a few soil
properties, i.e., soil pH, water content and C:N ratio, and in most cases the correlation
were moderate (coefficients between 0.48–0.62 for correlations mentioned above;
Herzog et al. (2015)). Relative abundances of Actinobacteria and Verrucomicrobia were
predicted by site (8–58%), but were not significantly explained by any variable. Similar
results were also observed in a survey across 71 soil samples in North America, where
Actinobacteria could not be adequately predicted by any soil and site variable measured
(Fierer et al., 2007).
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Table 6.3: Effect sizes and significant values for the linear models describing the relationship between
soil properties (summarised in principal components) and the relative abundance of dominant taxa in the
active and total communities. Site denote C. pallens or C. teretifolia soils. Asterisks denote level of
significance: ***P < 0.001; **P < 0.01; *P < 0.05.

Taxa
Acidobacteria

Actinobacteria

Alphaproteobacteria

Armatimonadetes

Betaproteobacteria

Bacteroidetes

Chloroflexi

Cyanobacteria

Deltaproteobacteria

Firmicutesa

Factor
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2

RNA
EtaSq
0.12
0.01
0.03
0.04
0.13
0.35
0.01
0.00
0.02
0.00
0.07
0.02
0.10
0.03
0.01
0.20
0.21
0.19
0.00
0.17
0.33
0.01
0.01
0.02
0.00
0.64
0.33
0.05
0.11
0.00
0.02
0.08
0.36
0.42
0.29
0.47
0.01
0.02
0.09
0.14
0.05
0.00
0.14
0.03
0.00
0.03
0.53
0.10
0.47
0.70

Significance
*

*

**

*
**

Factor
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2

DNA
EtaSq
0.17
0.22
0.00
0.06
0.33
0.31
0.28
0.11
0.01
0.18
0.21
0.69
0.30
0.41
0.68
0.91
0.82
0.13
0.75
0.86
0.58
0.38
0.02
0.12
0.37
0.62
0.29
0.70
0.57
0.15
0.27
0.54
0.59
0.25
0.02
0.00
0.29
0.14
0.00
0.09
0.60
0.79
0.41
0.01
0.36
0.00
0.46
0.01
0.15
0.45

Significance
*

*
**

**
**

*

*

*
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Taxa
Gammaproteobacteriaa

Planctomycetesa

Verrucomicrobia

WD272

Factor
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2

RNA
EtaSq
0.08
0.06
0.17
0.06
0.00
0.01
0.10
0.25
0.00
0.02
0.58
0.20
0.00
0.07
0.01
0.61
0.09
0.12
0.04
0.01

Significance

**

Factor
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2
Site
PC1
PC2
Site×PC1
Site×PC2

DNA
EtaSq
0.67
0.57
0.07
0.47
0.64
0.58
0.80
0.63
0.10
0.70
0.08
0.01
0.39
0.15
0.12
0.72
0.37
0.04
0.23
0.36

Significance
**

*
*

*

a

Relative abundances of Firmicutes, Gammaproteobacteria (in the active community) and Planctomycetes
(in the total community) were log transformed to achieve normal distribution.

6.3.2.7 Effects of soil properties on the proportion of active microbial
community
The proportions of active OTUs at the phylum level (> 1 % abundance) were analysed
by detrended correspondence analysis (DCA) for unconstrained ordination (Figure
A.6.5). As gradient lengths were < 4 standard deviation of species turnover (SD units),
it is recommended to use redundancy analysis (RDA) as species responses are likely to
be linear (ter Braak & Schaffers, 2004). RDA was performed for untransformed
proportions of active phyla (Figure 6.15). To avoid problems with collinearity but at the
same time include as many soil properties as possible in the RDA, only soil properties
with a variance inflation factor (VIF) of less than ten were used, i.e., NO3−, NH4+,
organic C, C to N ratio and Olsen P.
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Figure 6.15: Redundancy analysis of proportion of microbial taxa classified as active in C. pallens (CP)
and C. teretifolia (CT) grassland soils. Only soil properties with a variance inflation factor of < 10 were
included as explanatory variables in this RDA.

Overall, the two RDA constraints explained 59% of the proportion of active
microbial community (Figure 6.15). Of the five soil properties included in the reduced
RDA model (VIF of < 10), only NO3− was significantly related to the active microbial
communities (P = 0.035). Linear regression analysis was further used to analyse the
relationship between all soil properties and the proportion of OTUs within dominant
phyla (more than 1% abundance) classified as active (Table 6.4). Significant
correlations were found between several soil properties and the proportion of active
Gammaproteobacteria and candidate phylum WD272 (Table 6.4). This included
proportions of active Gammaproteobacteria and WD272 being significantly and
positively correlated with water content, organic C, total N and C to N ratio; and also
negatively correlated with soil pH (Table 6.4). In maple forest litter soils, active
bacterial communities correlated strongly to slight environmental shifts, and the
proportion of OTUs that were active was significantly and negatively affected by pH
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and C:N ratio (Mueller et al., 2015). Microbial biomass carbon and ammonium were
also

significantly

negatively

correlated

to

the

proportions

of

active

Gammaproteobacteria and WD272, respectively. In this study, the proportion of active
Gammaproteobacteria was greater in C-rich C. teretifolia soils (Figure 6.12). This
agrees with reports from sediments and forest soils where dissolved organic C
correlated with relative abundances of Gammaproteobacteria (Nemergut et al., 2010; Li
et al., 2012). Furthermore, in this study the spore-forming gammaproteobacterial genus
Pseudomonas was found to be enriched in the active microbial community compared to
total microbial community, i.e., 4.8 ± 3.0% and 0.5 ± 0.3%, respectively. It is unclear if
the situation is similar for the candidate phylum WD272 as no representatives have been
cultured and/or described, and it remains unknown if it is capable of entering into
dormancy.
The ratio of active Alphaproteobacteria (25% of OTUs scored as active) was
significantly negatively correlated with NO3− (Table 6.4). This correlation was also
observed between the soils, i.e., higher ratio of active Alphaproteobacteria was
predicted in C. teretifolia soils (Figure 6.12), which had a lower (but not significant)
amount of available NO3−. Furthermore, the ratio of active Bacteroidetes (< 20% of
OTUs scored as active) was negatively correlated with P.
Table 6.4: Pearson's linear correlation coefficients between proportion of active taxa and soil
physicochemical parameters. Asterisks denote significance level: ***P < 0.001; **P < 0.01; *P < 0.05.
Non-significant values are not shown.
Taxa

WC

NO3−

NH4+

MBC

pH

C

N

C:N

P

Acidobacteria
Actinobacteria
Alphaproteobacteria

−0.659*

Armatimonadetes
Bacteroidetes

−0.670*

Betaproteobacteria
Chloroflexi
Deltaproteobacteria
Gammaproteobacteria

0.781**

0.847**

−0.801**

0.839**

0.851**

0.636*

0.878***

−0.904***

0.839**

0.854**

0.792**

Planctomycetes
Thaumarchaeota
Verrucomicrobia
WD272
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6.4 Conclusions
In this study, the active and total microbial communities in indigenous tussock
grassland soils were investigated. Diversity but not richness was different between the
active (RNA level) and total (DNA-level) microbial communities, with the active
microbial community being less diverse. The total microbial community demonstrated
similar variability between (inter-site) and within (intra-site) grassland soils, with
C. pallens samples showing greater intra-site variability compared to C. teretifolia
samples. The structure and composition of the active microbial community was
different to the total microbial community. Gammaproteobacteria, WD272 and
Armatimonadetes were among the phyla that were more enriched in the active
community. The proportions of active Gammaproteobacteria and WD272 were
positively correlated to water content, organic C, total N, C:N ratio, as well as
negatively correlated to pH. Within Gammaproteobacteria, the genera Pseudomonas
and Serratia were particularly abundant in the active community, and possibly acting as
naturally occurring antagonists to fungal pathogens in these grassland soils. The
proportion of OTUs classified as active in these tussock grassland soils were highest in
rare phyla including Thaumarchaeota, Armatimonadetes and Cyanobacteria. Rare taxa
have also been reported with higher relative abundances in the active community
compared to the total community in studies on other grasslands and forest soils
(Aanderud et al., 2015), benthic biofilms (Wilhelm et al., 2014) and freshwater lakes
(Jones & Lennon, 2010).
This study showed that variability in edaphic factors had a significant effect on
the structures of total and active microbial communities. Across these grasslands, the
proportion of active community was largely driven by changes in NO3−, although
studies following this one with more sites are needed, especially those with different
edaphic properties, to determine significant predictors of soil microbial distribution.
Several

families

within

Gammaproteobacteria,

e.g.,

Enterobacteriales

and

Pseudomonadales, were abundant only in the active community and absent in the total
community. Low OTU overlap between soils and ‘total and active communities’ was
observed (28% of all taxa). Together, these results provided evidence that “everything is
not everywhere” (Baas-Becking, 1934), at least, at the local scale within this grassland
ecosystem. Rare species that have been resuscitated from dormancy have been shown to
175

CHAPTER 6 Active soil microbial community in response to environmental variables

increase in abundance and perform essential functions in different ecosystems including
grasslands (Aanderud et al., 2015). Future studies investigating the functional
importance of the rare biosphere following additions of nutrients and/or environmental
stressors might reveal their contributions to ecosystem processes.
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Abundance of nitrogen cycling genes in
two indigenous New Zealand grassland soils

Chionochloa teretifolia at Takahe Valley, New Zealand.

177

CHAPTER 7 Abundance of nitrogen cycling genes

7.1 Introduction
Microorganisms are important drivers of many soil processes, including the
maintenance of nutrient cycling through organic matter decomposition and nitrogen
mineralisation (Bissett et al., 2013). Significant progress has been made in the last five
years in the field of microbial ecology, particularly with the advent of high-throughput
methods (Shokralla et al., 2012). However, the link between composition and ecosystem
function in communities is still lacking (Graham et al., 2016). Closely related
microorganisms may be physiologically and metabolically different; at the same time,
distantly related species could share the same functional capability. This makes it
difficult and often unreliable to predict the community function and processes of an
ecosystem based solely on phylogenetic affiliations (Hallin et al., 2009). Studies linking
functional traits, i.e., using functional genes as molecular markers in microbial ecology,
to changes in environmental factors, enable researchers to better predict how
communities will respond to potential changes such as anthropogenic disturbances and
global warming (McGill et al., 2006). Microorganisms involved in the N cycle, e.g.,
denitrifiers and ammonia-oxidisers, have been proposed as model microbial
communities for understanding the value of microbial biodiversity in ecosystem
functioning (Kowalchuk & Stephen, 2001; Philippot & Hallin, 2005).
Research on the terrestrial N cycle and associated microbial communities have
been largely focused on how composition is related to function, rather than on the
community size of functional communities, i.e., populations that share or carry out the
same functional processes. However, studies have shown that differences in community
size or abundance, rather than composition, correlated with N cycling communities. For
example, potential denitrification and ammonia oxidation rates significantly correlated
with the abundance of denitrifiers (using quantification of nosZ gene copy numbers),
but not to the community composition examined using DGGE and T-RFLP (Hallin et
al., 2009). Ammonia oxidation is of the first step in nitrification, whereby ammoniaoxidising archaea (AOA) and ammonia-oxidising bacteria (AOB) convert ammonia
(NH3) into soluble nitrite (NO2−). NO2− is then oxidised to nitrate (NO3−) by nitrite
oxidisers in the last step of nitrification. The denitrification pathway, which consists of
four sequential steps carried by the denitrifying community, involves the reduction of
NO3− into NO2− by nitrate reducers, and further reduction to inert dinitrogen gas (N2)
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through the gaseous intermediates nitric oxide (NO) and greenhouse gas nitrous oxide
(N2O). The fixation of atmospheric N2 into NH3 is carried out by symbiotic and freeliving nitrogen-fixing microorganisms. The N cycling processes and main
corresponding genes are summarised in Figure 7.1.

Figure 7.1: Schematic of the nitrogen cycle. The nitrification, denitrification and nitrogen fixation
pathways are shown in coloured lines with gene names involved in the pathway. Genes and their
functional processes: nifH, encoding nitrogenase for N2 fixation; amoA, encoding ammonia
monoxygenase for nitrification; narG and napA encoding nitrate reductase, nirS and nirK encoding nitrite
reductase, nosZ encoding nitrous oxide reductase for denitrification. Two processes are not targeted in
this study (gray-coloured lines and text): dissimilatory nitrate reduction to ammonium (DNRA) and
anaerobic oxidation of ammonium (anammox; hzo: hydrazine oxidase); the role of these processes in nonflooded soil has yet to be resolved (Levy-Booth et al., 2014).

As New Zealand’s economy depends heavily on the agricultural industry, the
majority of research around the N cycle has focused primarily on the denitrification
processes in order to reduce emissions of the greenhouse gas N2O in dairy-grazed
pasture soils (Luo et al., 2000; de Klein et al., 2001; Deslippe et al., 2014; Morales et
al., 2015b). Compared to managed grasslands, natural grasslands receive a much
smaller N input from animals and comparatively slower N cycling rates (O’Connor,
1983). Studies on natural grasslands were focused on the effects of deer and takahē
(Porphyrio hochstetteri) grazing on the snow tussock at Takahe Valley (Murchison
Mountains) (Lee et al., 2000). Following repeated defoliation (to simulate the effects of
grazing), mineral N levels and the numbers of nitrifying bacteria were often increased
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(McSweeney, 1983). The denitrification processes in tall tussock grasslands have yet to
be documented in detail and correlated with soil nutrient levels, although small numbers
of denitrifying bacteria have been found in Chionochloa macra and C. rigida grasslands
(Noonan & McSweeney 1975 (unpublished data), cited in McSweeney (1983)). Genes
associated with the N cycle have been quantified using qPCR to link the abundance of
N cycling genes to changes in soil properties caused by N and P fertilisers (Deslippe et
al., 2014), and the use of dicyandiamide (DCD) to limit N loss and reduce N2O
emissions (Di et al., 2014; Morales et al., 2015b), agricultural management treatments
(Wakelin et al., 2009; Lindsay et al., 2010) and crop rotation practices (Phillips et al.,
2015). While previous studies have examined effects of land use practices in grazed
pasture soils on the denitrifying community, this chapter focused on the activity of the
whole N cycling community in natural grasslands.
In Chapter 6, sequencing of the 16S rRNA gene from both DNA and cDNA was
used to characterise taxonomic composition and phylogenetic diversity of soil microbial
communities, and at the same time distinguish between active and dormant
communities. Previously, a significant proportion of active Cyanobacteria was detected
in the Chionochloa grassland soils. OTUs related to Subsection IV (Nostocales) were
found in both soils, which have vegetative cells that can differentiate into specialised
cells that fix N2 in aerobic conditions (Wolk, 1982). Also, the relative abundance of
active Thaumarchaeota was found to be enriched in C. teretifolia soils; this could
translate to more active ammonia-oxidisers in these soils. To quantify the abundance of
genes coding for N2 fixation and ammonia oxidation processes, it is also necessary to
take into account the whole N cycle and other processes such as denitrification and
nitrification. Preliminary quantification of the nifH gene at the DNA level showed that
despite being more abundant at C. teretifolia soils, the nifH:16S rRNA gene ratio was
similar across soils (Chapter 5, Figure 5.8). However, the number of active N2-fixers
and the effects of soil properties on the abundance of active N2-fixers are still unknown.

7.1.1 Chapter aims
The objectives of this study were to characterise and quantify the abundance of
microbial communities responsible for key processes in the N cycle in grasslands
dominated by different Chionochloa communities, and relate these results to the soil
physiochemical characteristics discussed in Chapter 6. The three major aims were to:
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(1) find out if the abundances of key N cycling genes are different in the different
Chionochloa grassland soils, (2) determine how the abundances of N cycling genes are
correlated to different soil physicochemical properties and (3) investigate the relative
contribution of soil properties on the abundances of total microbial and N cycling
communities in these grassland soils. To achieve this, reverse transcription quantitative
PCR (RT-qPCR) will be used to quantify the abundance of total microbial community
(16S rRNA and rpoB) as well as functional genes involved in key processes of the N
cycle, i.e., nitrification (bacterial and archaeal amoA), denitrification (nirS, nirK, nosZ,
narG and napA) and nitrogen fixation (nifH). Total RNA derived from soil samples
from C. pallens and C. teretifolia transects at Takahe Valley were used (five samples
per transect, same samples as used in Chapter 6).

7.1.2 Target genes and primer choice
Eight target genes were quantified in this study:
16S ribosomal RNA (16S rRNA): The abundance of bacteria in soil have been
traditionally assessed by targeting the 16S rRNA gene in qPCR assays (Fierer et al.,
2005; Henry et al., 2006). For this study, primers 515FB/806RB, targeting the V4–5
hypervariable regions, as recommended by the Earth Microbiome Project were used
(Caporaso et al., 2012). These have been slightly modified from the primers used in
generating results for Chapter 6, with degeneracy added to both forward and reverse
primers to remove biases against Crenarchaeota and Thaumarchaeota (archaea), and the
alphaproteobacterial clade SAR11 (Apprill et al., 2015).
RNA polymerase, beta subunit (rpoB): To estimate total bacterial abundance in soils
samples, the RNA polymerase beta subunit (rpoB) were also targeted using the primer
sets rpoB1698f/rpoB2041r (Dahllöf et al., 2000) in real-time PCR assays. While the 16S
rRNA gene is the most widely used target in community analysis, the number of rRNA
copies per genome vary from 1 up to 15 or more copies (Acinas et al., 2004). The rpoB
gene is a single-copied gene, common to all bacteria and has conserved as well as
variable regions, making it a suitable alternative target gene in estimating bacterial
abundance (Powell et al., 2006; Deslippe et al., 2014; Richardson et al., 2015).
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Nitrogenase reductase, Fe protein (nifH): Many universal primers have been
designed to target the nifH gene (as previously discussed in Chapter 4). The 19F/407R
primer pair (Ueda et al., 1995), which was used in Chapter 5, was not used in qPCR
assays as it was found to amplify a high percentage of non-nifH genes (Chapter 4, Table
4.2). These paralogous genes not involved in N2 fixation could be removed from an
amplicon sequencing dataset but not from real-time PCR assays. Furthermore, the
19F/407R primer pair failed to amplify from cDNA samples during test runs. The
primers nifH-F and nifH-R (Rösch et al., 2002), without the GC-clamp, amplified well
from soil cDNA samples and have been previously used in qPCR assays to amplify part
of the nifH gene in other studies (Wakelin et al., 2010, 2009; Ning et al., 2015).
Nitrite reductase, cytochrome cd1 (nirS): The nitrite reductase is the key enzyme in
denitrification that catalyses the reduction of soluble NO2− into NO (Zumft, 1997). The
predominant type, a cytochrome heme c and heme d1 (cd1)-nitrite reductase is encoded
by the nirS gene, and has been used as a molecular marker of denitrifying bacteria in
marine (Smith et al., 2007; Ligi et al., 2014; Saarenheimo et al., 2015) and terrestrial
environments (Rösch et al., 2002; Deslippe et al., 2014; Penton et al., 2015). An
evaluation of nirS primers identified the modified version of cd3F (Michotey et al.,
2000), cd3aF, and R3cd to be the best primer pair to analyse nirS microbial denitrifiers
(Throbäck et al., 2004).
Nitrite reductase, Cu-containing (nirK): Activity of the copper nitrite reductasecontaining denitrifiers, encoded by the nirK gene (Zumft, 1997), was also targeted. The
best primers to amplify nirK from denitrifying bacteria were identified as the
F1aCu/R3Cu primer pair (Hallin & Lingren, 1999) based on an evaluation of all
available nirK primers (Throbäck et al., 2004).
Nitrous oxide reductase (nosZ): The structural gene for N2O reductase, nosZ, catalyses
the final step in the denitrification pathway and results in the reduction of N2O to N2
(Zumft et al., 1992). The primer pair nosZ2F/nosZ2R was selected to amplify part of the
nosZ gene within clade I (Henry et al., 2006). Another set of primers were also used to
target recently detected bacterial and archaeal denitrifiers within clade II (nosZ-II-F and
nosZ-II-R; Jones et al. 2013).
Nitrate reductase, large or a subunit (narG): The narGHJI operon encodes the
membrane-bound respiratory reductase, with narG encoding the larger or a subunit
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(112–145 kDa) (Zumft, 1997). The membrane-bound nitrate reductase is known to be
present in Proteobacteria, Firmicutes, Actinobacteria, and archaea (Richardson et al.,
2001). The abundance of the narG-containing community is targeted by amplification
with the primer pair narG571F/narG773R (Chen et al., 2012).
Nitrate reductase, periplasmic (napA): The napABC operon encodes the periplasmic
nitrate reductase, with napA encoding the catalytic subunit (Philippot & Højberg, 1999).
The periplasmic nitrate reductase is present only in Proteobacteria (Richardson et al.,
2001), and was targeted in RT-qPCR assays using the primer pair napA-3F/napA-3R
(Smith et al., 2007).
Ammonia monooxygenase (amoA): The first step of nitrification involves the
oxidation of ammonia to hydroxylamine and is catalysed by ammonia monooxygenase
(AMO) (Hollocher et al., 1981). The amoA gene, which encodes the alpha subunit of
AMO, is found in ammonia-oxidising archaea (AOA) and ammonia-oxidising bacteria
(AOB). Amplification of amoA from AOB is performed using the primer pair amoA1F/amoA-1R (Rotthauwe et al., 1997), while amoA of AOA is amplified using the
primer pair Arch-amoAF/Arch-amoAR (Francis et al., 2005).
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7.2 Results
7.2.1 Gene copy numbers
Reverse transcription quantitative-PCR (RT-qPCR) indicated that the grassland soils
contained 105–106 copies of 16S rRNA genes per ng of RNA. The abundance of
bacterial rpoB transcript in grassland soils sampled was 5–11 copies per ng of RNA.
The abundances of N cycling genes were quantified in C. pallens and C. teretifolia
grassland soils at Takahe Valley by targeting the nifH, nirS, nirK, nosZ clade I
(hereafter nosZ), narG, napA and amoA genes. Ct values derived from total extracted
RNA from the soil samples for all functional genes except nirS and amoA (AOB)
ranged from 23 to 33, and between 9 and 12 for the 16S rRNA gene.
Gene copy numbers per ng of RNA for 16S rRNA, rpoB, nosZ and amoA
(AOA) were significantly higher in all five C. pallens soils, while higher numbers of
nifH gene transcripts were found in C. teretfiolia soils (P < 0.05 for all three genes,
Figure 7.2). Gene transcripts for nirK, narG and napA were similar across both soils,
although mean narG copy numbers were slightly higher in C. pallens soils (Figure 7.2).
Transcripts of nirS gene were not detected, or had a Ct value higher than the Ct cut-off
of 38.
The proportional dominance of the N cycling genes was calculated as a ratio of
the rpoB gene community. Due to large differences in the Ct values for 16S rRNA gene
compared to the other functional genes, gene copies as a proportion to the rpoB gene
was used instead (Powell et al., 2006; Deslippe et al., 2014; Richardson et al., 2015).
One-way ANOVA tests revealed that only the nifH:rpoB and amoA:rpoB ratios varied
significantly between C. pallens and C. teretifolia samples (Figure 7.3). The narG:rpoB
ratio was the highest compared to other genes to rpoB ratio, this agreed with the direct
copy number per ng of RNA results described earlier (Figure 7.2).
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Figure 7.2: Boxplots showing the abundance of 16S rRNA, rpoB and N cycling genes (copy number per
ng of RNA) as measured by RT-qPCR in C. pallens (CP) and C. teretifolia (CT) grassland soils. The
median (bar) is shown within the 25th–75th interquartile range. n = 4 for nirK and amoA, n = 10 for rpoB
and n = 5 for all other genes). Asterisks denote significant difference between sites (one-way ANOVA).

Figure 7.3: Boxplots showing abundances of N cycling genes (ratio to copy number to rpoB gene) as
measured by RT-qPCR in C. pallens (CP) and C. teretifolia (CT) grassland soils. n = 4 for nirK and
amoA, and n = 5 for all other genes). Asterisks denote significant difference between soils (one-way
ANOVA): **P < 0.01.
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Non-metric multidimensional scaling (NMDS) analysis showed no obvious
grouping between the ratios of functional genes to rpoB gene and the sample site
(Figure 7.4). This suggests that sample site alone did not have clear effects on the
overall abundance of these N cycling genes.

Figure 7.4: Non-metric multi-dimensional scaling (NMDS) analysis of the nifH, nirK, nosZ, narG, napA
and archaeal amoA gene-based communities based on Bray-Curtis dissimilarity.

7.2.2 Relationship between soil properties and total microbial
community abundance
Pearson correlation tests indicated that the abundance of total microbial community
based on 16S rRNA and rpoB copy numbers at each site were not significantly
correlated with any soil properties measured (Figure 7.5). However, using simple linear
regression analysis on the abundances in both sites, soil pH and phosphorus showed
significant positive correlation with the abundance of 16S rRNA gene (Figure 7.6). The
five soil properties N, C:N, water content, MBC and C that were highly correlated with
each other (Chapter 6, Figure 6.3), were significantly negatively correlated to the 16S
rRNA gene abundance as expected, apart from organic C that displayed a positive
correlation to 16S rRNA abundance (Figure 7.6). The abundance of rpoB gene was not
significantly correlated with any of the soil properties measured (Figure A.7.2).

186

orange represents negative correlation. Asterisks denote level of significance: ***P < 0.001; **P < 0.001; *P < 0.01.

Figure 7.5: Pearson correlation coefficients between gene copy number per ng of RNA and soil physicochemical properties. Green represents positive correlation and
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Figure 7.6: The relationship between abundance of 16S rRNA gene copy number per ng of RNA and soil
properties in C. pallens and C. teretifolia grassland soils. Linear regressions were used to test the
correlation.

These relationships were further explored with redundancy analysis (RDA),
using the forward selection and the ‘ordistep’ function in the ‘vegan’ package. Soil pH
was chosen by forward selection to be the most important factor in explaining the
abundance of 16S rRNA gene community (P = 0.005). However due to the known
biases and disadvantages of using stepwise multiple regression including forward
selection (Whittingham et al., 2006), variation partitioning analysis (VPA) was further
used to identify explanatory soil variables for the active community. The five soil
properties that were highly correlated with each other, i.e., N, C:N, water content, MBC
and C, were grouped together as suggested by Ramette (2007) prior to running VPA.
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VPA showed that the pH and NO3− group explained the majority of the observed
variation for abundance of 16S rRNA gene (46.4%; permutation test for the reduced
RDA model: P = 0.005) (Figure 7.7). The group of variables representing total N, C:N
ratio and NH4+ explained 5.3% (P = 0.088) of the observed variation. Altogether these
variables explained 75.9% of the observed variation; the remaining 24.1% was
unexplained (Figure 7.7).

Figure 7.7: Variation partitioning analysis (VPA) of the effects of soil properties on the abundance of
total microbial community based on 16S rRNA gene in C. pallens and C. teretifolia grassland soils at
Takahe Valley. Groupings of soil properties representing soil pH + NO3− and total N + C:N ratio +
NH4+explained almost 76% of the observed variation.

7.2.3 Relationship between soil properties and N cycling genes
Pearson correlation tests showed that the abundance of nifH community in the
C. pallens samples (per ng of RNA) was significantly positively correlated with total N
(Figure 7.5). The abundance of nosZ gene in the C. teretifolia samples was significantly
positively correlated with soil pH (Figure 7.5). Conversely, nirK and napA copy
numbers in C. pallens samples were significantly negatively correlated with C:N ratio
and water content, respectively (Figure 7.5). The abundance of narG was not
significantly correlated with any of the soil properties measured (Figure 7.5).
To better understand the effects of individual soil physicochemical properties on
the combined (both sample sites) N cycling gene abundances, linear regression models
were performed. Simple linear regressions were calculated for nifH, nirK, nosZ, narG,
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napA and archaeal amoA to rpoB gene ratio with each of the nine soil physicochemical
properties. Soil pH was very significantly correlated with expression of nifH:rpoB
(negative correlation) and archaeal amoA:rpoB ratios (positive correlation) (Figure 7.8,
Figure 7.9). Apart from soil pH, other soil properties including water content, MBC, C,
N and C:N ratio were also significantly correlated to nifH:rpoB ratio as examined by
linear regression (Figure 7.8). The same soil properties including Olsen P were also
significantly correlated to archaeal amoA:rpoB ratio (Figure 7.9). narG:rpoB ratio was
significantly correlated to MBC and C:N ratio (P = 0.057 and 0.052, respectively) as
well (Figure 7.10).

Figure 7.8: The relationship between abundance of nifH:rpoB copy number ratio and soil
physicochemical properties (log transformed except for pH) in C. pallens and C. teretifolia grassland
soils. Simple linear regressions were used to test the correlation.
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Figure 7.9: The relationship between abundance of archaeal amoA:rpoB copy number ratio and soil
physicochemical properties (log transformed except for pH) in C. pallens and C. teretifolia grassland
soils. Simple linear regressions were used to test the correlation.
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Figure 7.10: The relationship between abundance of narG:rpoB copy number ratio and soil
physicochemical properties (log transformed except for pH) in C. pallens and C. teretifolia grassland
soils. Simple linear regressions were used to test the correlation.

Linear regression analyses for nirK, nosZ and napA in relation to individual soil
properties were also performed, but no significant correlations were observed (Figures
A.7.3–A.7.5).
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Variation partitioning for separate RDA models using nifH:rpoB and archaeal
amoA:rpoB abundances as the response variable, and soil variables separated into two
groups of explanatory variables: those that were positively or negatively correlated.
However, VPA analysis was unable to assign positive percentage variances, and
negative values of R2 are thus interpreted as zeros (Legendre, 2007). Thus, VPA was
not pursued further for analyses of nifH:rpoB and amoA:rpoB abundances.
Detrended correspondence analysis (DCA) showed a strong linear response of
the abundance of functional genes (nifH, nirK, nosZ, narG and napA) calculated per ng
of RNA, i.e., maximum gradient length of < 1.0 (Figure A.7.1). The linkage between
soil physicochemical properties and the abundance of all N cycling genes (log(1+x)
transformed) were further analysed using RDA with Monte Carlo permutation. The first
two components of RDA axes explained 47.0% of the variance in the relationship
between the overall microbial community abundance, all expressed in gene:rpoB ratio)
and the five soil properties (Figure 7.11). RDA1 explained 32.0% of the variation,
whereas RDA2 explained 15.0% of the variation. The N cycling microbial community
abundance was not clearly separated on RDA1 based on site (C. pallens vs.
C. teretifolia transect), but did separate NO3-N and P from C:N ratio and N. RDA
showed that while total N, C to N ratio and NO3-N all exerted particularly strong effects
(longer arrows) on the abundance of the overall microbial community, none of those
soil properties had significant effects on the overall N cycling community abundance
(Figure 7.11, Table 7.1).
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Figure 7.11: Redundancy analysis (RDA) relating N cycling microbial community abundances to selected
soil physicochemical properties in C. pallens and C. teretifolia grassland soils at Takahe Valley. Soil
properties with variance inflation factor of < 10 were included in the RDA model.

Table 7.1: Percent variation and statistical values from redundancy analysis (RDA) relating N cycling
microbial community abundances to soil physicochemical properties included in the final model.
Variable
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% variation

F

P

N

19.19

1.544

0.259

NH4-N

13.57

1.092

0.421

C:N

12.26

0.986

0.401

P

2.73

0.219

0.910

NO3-N

2.53

0.204

0.898
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7.3 Discussion
The grassland soils collected from C. pallens and C. teretifolia transects at Takahe
Valley contained 105–106 copies of 16S rRNA genes per ng of RNA, which was similar
to numbers reported for soil slurries (4.2 × 106 copies per ng of RNA, Hausmann
(2012)), but less than the 107–108 copies reported in enrichment cultures of freshwater
sediments (French & Bollmann, 2015). The majority of soil microbial ecology studies
reported gene abundances quantified through qPCR assays in the format of copies per g
of soil (Lindsay et al., 2010; Orr et al., 2011; Phillips et al., 2015). In order to prevent
degradation of RNA by RNases, soil samples meant for RNA-based analysis were
immediately placed into tubes supplied by the Mo Bio PowerSoil Total RNA isolation
kit with LifeGuard soil preservation solution during sample collection in the field.
Hence, it was not possible to weigh the amount of soil prior to RNA extraction. As
bacterial and archaeal genomes can contain between 1–15 copies of ribosomal RNA
genes (Lee et al., 2009) and averages at 3.94 copies per genome (Ding & He, 2012), the
single-copied rpoB gene, which encodes for the RNA polymerase beta subunit, is better
suited for quantifying bacterial and archaeal abundance (Dahllöf et al., 2000). The
messenger RNA (mRNA) typically comprises only (1–5%) of total RNA (Alberts et al.,
2008), and as no mRNA enrichment was performed, it is not surprising that rpoB copies
per ng of RNA found in these grassland soils is low (5.3–14.7 copies per ng RNA).
Similarly, number of transcripts for nifH, nirS, nirK, nosZ (clade I), narG, napA
and archaeal AOA were low (0.1–4.2 copies per ng of RNA). These gene copies were
also expressed to rpoB gene transcript ratio (summarised in Figure 7.12). Nitrate
reductase, which catalyses the first step of denitrification and encoded by narG,
possessed the highest transcript number per ng of RNA and also was the gene with the
highest rpoB ratio. This was followed by nirK, which encodes nitrite reductase that
catalyses the next step in reducing NO2– to NO, and nosZ gene, which is involved in the
last step of denitrification. The periplasmic nitrate reductase gene napA, which is also
involved in DNRA, had the lowest expression levels of all genes quantified apart from
nifH gene. In maize soil, the abundance of napA was also found to be higher than nifH
(Wakelin et al., 2007). Lower abundance of napA compared to narG has also been
noted in other studies (Kandeler et al., 2009; Cuhel et al., 2010) for reasons unknown. A
study on grassland soils in Germany reported 4 and 6 transcripts per ng of RNA for nirS
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and napA genes, respectively (Sharma et al., 2006). The higher NH4+ and NO3−
concentrations found in those soils could explain the higher transcript numbers
compared to this study, as higher NO3− concentrations has been known to promote the
rate of denitrification (Dong et al., 2000; Sirivedhin & Gray, 2006). The amoA (of
AOA) gene transcript number is relatively low (< 1 copy per ng of RNA), compared to
a study in pasture soils, where amoA copy numbers were 150–2000 per ng of DNA
(Wakelin et al., 2009; Hayden et al., 2010).

Figure 7.12: The number of transcripts of selected genes involved in the N cycle, expressed to 100 copies
of rpoB gene.

Interestingly, nirS transcripts were undetectable from the cDNA samples,
despite successful amplification from soil DNA and plasmid containing nirS fragment
as the insert (for standard curve). It is not uncommon that nirK transcripts are detected
but not nirS, as shown in other studies (Sharma et al., 2005; Maeda et al., 2010). Seeing
as denitrifying bacteria possess only one type of nitrite reductase (NirK or NirS) and are
functionally similar yet structurally different (Zumft, 1997), this suggests an absence of
denitrifiers containing nirS sequences in the grassland soils sampled, and/or a selection
for nirK (K-type) and nirK+nosZ (KZ-type) denitrifiers (as described by Graf et al.
(2014)) in these soils instead. Higher nirS:nirK gene abundance was found in
unfertilised soils (Hallin et al., 2009), this and other studies on which Nir type is
selected for in certain environments (Oakley et al., 2007; Smith & Ogram, 2008; Jones
& Hallin, 2010) provide further evidence of ecological niche differentiation among the
196

CHAPTER 7 Abundance of nitrogen cycling genes

denitrifiers. It is also a possibility that nirS transcripts were present in numbers that
were too low to be detected by RT-qPCR.
Soil pH is the main determinant of 16S rRNA gene abundance in C. pallens and
C. teretifolia soils. Soil properties significantly correlated with 16S rRNA abundance
except for NO3−, NH4+ and C:N ratio. Soil pH had the strongest impact on the 16S
rRNA abundance, and this was confirmed by linear regression analysis, VPA and
forward selection based on RDA. The effect of soil pH on the composition and diversity
of bacterial community is well known (Fierer & Jackson, 2006; Lauber et al., 2009) and
it is also known to strongly influence the abundance of bacteria in soil (Rousk et al.,
2010). However, it is unknown if abundance was influenced directly or indirectly by
pH, i.e., if pH is the shaping factor, or if pH changes other factors such as nutrient
availability, soil moisture, organic C (Rousk et al., 2010). The reason why soil pH is
highly correlated with composition and abundance of bacterial communities is thought
to be because of the narrow pH range most bacterial taxa have for optimal growth, and
incubation tests have shown that activity is halved when pH varies 1.5 units from the
optimum pH (Fernández-Calviño & Bååth, 2010). Phosphorus was also identified as a
significant predictor of 16S rRNA gene abundance in this study. Together with soil pH
and C:N ratio, phosphorus were found to be significant predictors of T-RFLP and
DGGE acidobacterial 16S rRNA transcripts (Foesel et al., 2014). Based on sequencing
of cDNA samples (Chapter 6), Acidobacteria constituted 15.8% of all sequences and
many orders within Acidobacteria have been shown to be negatively correlated to
phosphorus (Chapter 6, Table 6.2).
In contrast, the rpoB gene abundance was not correlated with any of the soil
properties measured. One potential explanation of the differences observed between 16S
rRNA and rpoB gene abundances could be that bacterial and archaeal taxa harbouring
more than one copy of 16S rRNA gene have strong relationships with one or more of
the soil properties.
Nitrogen-fixers are more abundant in grassland soils with higher microbial
biomass carbon. Higher nifH transcript abundance was found in C. teretifolia than in
C. pallens grassland soils. Five of the measured soil properties were found to be
significantly correlated with nifH transcript abundance: water content, microbial
biomass carbon and pH (positive correlation), and organic C and total N (negative
correlation). In agricultural soils in South-Eastern Australia, MBC rather than land-use
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(managed versus native vegetation systems) was identified as the main driver of nifH
abundance using classification and regression tree (CART) analysis (Hayden et al.,
2010). High soil microbial biomass carbon values correlates to higher processing rates
in the C cycle, whereby microorganisms transform available carbon into MBC
(McCulley et al., 2004). In other highly-managed agricultural soils in Australia, the
amount of soil organic C has been found to be directly related to nifH abundance and
actual N2 fixation rates (Wakelin et al., 2010). Spatial variation in soil moisture content
have been shown to affect the total microbial biomass in beech (Gömöryová et al.,
2006) and oak (Baldrian et al., 2010) forests, and soils planted with poplar and wheat
(Stoyan et al., 2000). Lower soil moisture levels have been associated with decreased
nifH transcript levels (Collavino et al., 2014) and microbial biomass, which further
resulted in increased pools of inorganic N (Eaton, 2001; Eaton et al., 2011). This trend
was also seen in these C. pallens and C. teretifolia grasslands, where water content was
highly correlated with soil MBC (R2 = 0.97, P < 0.001), most likely due to the
C. teretifolia soils consisting of silty peat (Lee & Fenner, 1989) that has greater water
retention characteristics (Walczak et al., 2002). This might be explained in part by the
nitrogenase enzyme responsible for nitrogen fixation being inhibited by oxygen (Kelly,
1969), and could contribute to decreased nifH transcript abundance in C. pallens soils
that has less soil moisture, and therefore, better aerated.
Abundance of NosZ denitrifier community in Chionochloa grasslands is negatively
correlated with NH4+-N and is dominated by complete denitrifiers. The narG:rpoB
and napA:rpoB transcript ratios did not vary significantly between the Chionochloa
grassland soils, or with any of the soil properties measured. However, the narG:rpoB
ratio was positively correlated to MBC and C:N ratio, but not significantly. In other
studies, organic C has been positively correlated with the abundance of narG (Bru et al.,
2011) and napA genes (Kandeler et al., 2009). Furthermore, Bru et al. (2011) also found
exchangeable manganese (Mn) availability to be a significant predictor of the
abundance of napA.
Transcript levels of nirS could not be detected, suggesting that nitrite reducers in
these grassland soils consist primarily of nitrite reductase encoded by the nirK gene.
Linear regressions showed that nirK:rpoB ratio was not significantly correlated with any
of the soil properties measured, but was insignificantly and negatively correlated with
NH4+-N concentration. Fertilisation in a Swedish clay loam soil with ammonium
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sulphate ((NH4)2SO4) showed that lowering the pH from approximately 5.5 to 4.0
significantly reduced the abundance of narG, nosZ, nirK and nirS genes (Hallin et al.,
2009). In New Zealand dairy pasture soils, significantly higher amounts of NH4+-N
from cattle urine and urine + DCD treatments resulted in lower number of denitrifier
(nirS+nirK and nosZ) terminal restriction fragments (T-RFs) in soils (Jha et al., 2013b).
Furthermore, nirK and nirS abundances have been found to be influenced by various
factors, including soil moisture and temperature, total N (Kandeler et al., 2009; LevyBooth & Winder, 2010), NO3−-N and organic matter (Petersen et al., 2012) and pH
(Kandeler et al., 2009); although none of these interactions were observed in this study.
The clade I nosZ:rpoB ratio was not significantly correlated with any of the soil
properties measured, but was slightly correlated with NH4+-N (R2 = 0.19, P = 0.114). In
pasture soils, the richness of T-RFs for the nosZ gene, but not gene abundance
according to qPCR assay, were also found to be negatively correlated with NH4+ (Jha,
2015). Similar findings were reported for wetland (Ligi et al., 2014) and forest soils
(Burton, 2013), where abundance of nosZ was also significantly correlated with pH,
NH4+ and C:N ratio. The abundance of nosZ denitrifiers was not significantly different
between drier C. pallens and higher poorly-drained C. teretifolia soils (one-way
ANOVA, P = 0.386), despite nitrous oxide reductase being inhibited in the presence of
oxygen (Wrage et al., 2001).
Many denitrifying communities lack the ability to perform the last step of the
denitrification (reduction) pathway, in which the greenhouse gas nitrous oxide (N2O) is
reduced to N2 by the nosZ gene (Philippot et al., 2011). Variations in the nosZ:nirK and
nosZ:nirS ratios can be used to estimate the proportion of denitrifiers that lack nosZ
gene, and low ratios could mean a lack of denitrifiers to reduce the harmful gas N2O
(Levy-Booth et al., 2014). The average nosZ:nirK ratio of 1.0 ± 0.5 was found in
C. pallens and C. teretifolia grasslands, with slightly higher nosZ:nirK ratio in
C. pallens soils. This suggests that most denitrifiers in these grasslands possess a
complete denitrification pathway and are capable of full denitrification. This is in
contrast to pasture soils in New Zealand that seem to have more nitrite reducers (NirK
and NirS denitrifiers) compared to N2O reducers (Jha et al., 2013a; Morales et al.,
2015a). It is worth noting that this study and the above-mentioned studies had not
included the abundance of the recently described clade II nosZ denitrifiers, as non-
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specific products were present in the reactions (Jones et al., 2013), therefore the nosZ
abundances could have been underestimated in this study.
Abundance of ammonia oxidising archaea is greater in C. pallens grasslands and is
negatively correlated with soil pH. The first step of nitrification involves the
conversion of NH3 to NO3− by ammonium monooxygenase (AMO), and is performed
by ammonia-oxidising archaea (AOA) and ammonia-oxidising bacteria (AOB).
Ammonia oxidation was traditionally thought to be carried out mainly by AOB
(Kowalchuk & Stephen, 2001), but AOA populations have been found to be more
abundant than AOB in many soils (Francis et al., 2005; Leininger et al., 2006; Prosser &
Nicol, 2008). In this study, linear regressions identified soil pH as most correlated (R2 =
0.63) to archaeal amoA:rpoB. Other studies have shown that the abundance of AOA and
AOB is driven by soil pH (He et al., 2007), and this had contrasting effects on archaeal
and bacterial amoA transcript abundance (Nicol et al., 2008). Archaeal amoA abundance
as detected using qPCR was increased with decreasing pH values (pH 7.5 to 4.9), while
bacterial amoA abundance increased with soil pH up to 6.9 (Nicol et al., 2008). This
could be due in part to the higher affinity of AMO enzymes by AOA for NH3, which
enables them able to thrive in low pH environments where NH3 concentration is
decreased due to conversion to NH4+ (Levy-Booth et al., 2014). The C. pallens and
C. teretifolia soils have low pH values, i.e., geometric logarithmic mean (± standard
error) of 5.2 ± 0.2 and 4.5 ± 0.2, respectively, yet archaeal amoA abundance was greater
in the C. pallens soils, and only detected in one out of four C. teretifolia soils. Other soil
variables were also moderately correlated to the abundance of archaeal amoA, i.e., water
content, total N, organic C, C:N ratio, MBC and Olsen P; these variables may account
for differences in amoA abundance between the Chionochloa grassland soils.
The absence of AOA in three out of the four samples from C. teretifolia soils
could be explained by several reasons. The acidic pH within a range of 4.35–4.71 and
low NO3− (0.26–0.41 mg/kg) might not be conducive for AOA and NH3 oxidation.
Archaeal amoA transcripts were also not detected in soils that were acidic (pH 5.1–5.3)
and low in NO3− (0.15–0.31 mg/kg) included in an extensive survey in Australia
(Hayden et al., 2010). It is interesting to note that while the archaeal ammonia-oxidising
phylum Thaumarchaeota was relatively more abundant in C. teretifolia soils (see
Chapter 6, Figure 6.9), the opposite results were seen with RT-qPCR. This discrepancy
could be due to the different version of primers used in high-throughput sequencing: the
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original 515F/806R primer pair as recommended in the Earth Microbiome Project
(Caporaso et al., 2012) used in generating 16S rRNA amplicons was strongly biased
against Thaumarchaeota (Parada et al., 2015). This has since been corrected in mid 2015
by changing one single mismatch to Thaumarchaeota (Parada et al., 2015), a few
months after completion of the amplicon sequencing.
Nitrogen cycling potential of the Chionochloa grassland microbial community.
Redundancy analysis based on N cycling genes to understand more precisely the effect
of soil physicochemical properties on the abundance of overall N cycling community
showed that changes in abundances were mostly related to the percentage of total N,
NH4+ and C:N ratio (Figure 7.11, Table 7.1). Both grassland soils harbour similar
inorganic N concentrations (NO3− and NH4+; described in Chapter 6), but the higher
percentage of total N in C. teretifolia grasslands is unlikely to be due to greater rate of
immobilisation, i.e., microbial uptake of inorganic N (NO3− and NH4+), considering the
low C:N ratios in both soils (range of 14.3–19.2). Instead, this higher total N content
could consist largely of dissolved organic N (DON), which has been broken down by
soil microorganisms from proteins, nucleic acids and chitin (Schimel & Bennett, 2004).
The proportion of DON could even reach 47% in unimproved grasslands, and studies
have shown that amino acid-N has a higher relative contribution than inorganic N
toward the soluble-N pool in acidic and low inorganic N soils, such as in the arctic
(Nordin et al., 2004) and natural grasslands (Bardgett et al., 2003). Alternatively, DON
may be taken up directly by plants in the form of amino acids, especially in N-limited
ecosystems (Jones et al., 2004). Thus, it may be speculated that DON pool in these
indigenous tussock grassland soils have an impact on the N cycle.
The N2-fixers, denitrifiers and nitrifiers represented around 1–6%, 1–42% and
1–10% of the total (active) microbial community, respectively, which are within the
ranges reported in other soils (Kandeler et al., 2006; Bru et al., 2011). The proportional
abundance of the nitrate reducer (narG:rpoB gene) is in the upper ranges reported
elsewhere (Kandeler et al., 2006), and could explain the low NO3− levels in both soils,
although the number of narG:rpoB copies was not significantly correlated with NO3−.
Despite the N2-fixing community being 1.6 times more abundant in C. teretifolia soils
than C. pallens soils, the amount of NH4+ is not significantly higher in C. teretifolia
soils. Instead, the low concentrations of mineral N in natural grasslands including
Takahe Valley is most likely due to Chionochloa tussocks having high soil N uptake
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capabilities that typically exceed mineralisation rates in natural grasslands
(Woodmansee et al., 1981; McSweeney, 1983). The acidic pH in C. teretifolia soils
greatly reduces the availability of NH3, through ionisation to NH4+, leading to lower
(almost absent) activity of AOA in C. teretifolia soils.
Limitations and future directions. Messenger RNA (mRNA) enrichment was not
performed in this study; instead, purified total RNA was directly converted to cDNA for
RT-qPCR assays. As mRNA typically consists 1–5% of total RNA, the enrichment of
mRNA is commonly used in metatranscriptomic studies using various methods. Current
limitations involving cDNA conversion is expected to be alleviated when nanoporebased direct RNA sequencing technologies become available in the future (Ayub et al.,
2013; Henley et al., 2016).
This study provides an overview of the soil properties that are driving the
abundance of microbial communities involved in N cycling in two indigenous tussock
grassland soils with contrasting edaphic properties. However, there is still an incomplete
picture of the genes, pathways and processes involved in N cycling. Reliable detection
of the nosZ gene to amplify from clade II of the nitrous oxide reducer communities
(Jones et al., 2013) and amoA gene belonging to AOB communities (Rotthauwe et al.,
1997) was not achieved despite multiple attempts. Non-specific bands and/or smears
resulting from RT-qPCR assays of nosZ-II and amoA (AOB) were present in spite of
successful generation of standard curves and amplification from genomic DNA controls
and plasmids with the cloned inserts, both producing single bands of the expected size
(results not shown). Hence, this study may underestimate the abundance of active
nitrous oxide reducers and ammonia-oxidisers in the grassland soils studied.
Based on the knowledge that exchangeable manganese (Mn) availability is a
significant predictor of abundance of nitrate reducers (up to 7.4%) and denitrifiers (up to
8.5%) (Bru et al., 2011), future studies in grassland soils should incorporate the
detection and measurement of Mn and other trace elements, such as sulfur, zinc, copper
and iron, that may have direct or indirect interactions with various pathways and
processes in the N cycle. Having identified the diversity of N2-fixers (Chapter 6) and the
drivers behind various N cycling gene abundances (this chapter), the next step would be
to use either a large clone library or amplicon sequencing of cDNA to further identify
the diversity and structure of active denitrifiers and nitrifiers. This is important
considering that loss of denitrifier diversity can result in the lower denitrification rates
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of up to five-fold (Philippot et al., 2013). Instead of sequencing a number of functional
genes, metatranscriptomic shotgun sequencing (RNAseq) would enable the mapping of
sequence reads to reference genomes and genes, thus allowing for the assigning of RNA
sequences directly to taxonomic information and functional processes (Carvalhais et al.,
2012).

203

CHAPTER 7 Abundance of nitrogen cycling genes

7.4 Conclusions
Earlier studies were focused on the effects of altering native tussock grassland
ecosystems (Wakelin et al., 2013) or different management practices on pasture soils
(Colloff et al., 2008; Forbes et al., 2009; Wakelin et al., 2009, 2010), with an emphasis
on reducing N2O emissions (Di et al., 2014; Jha, 2015; Morales et al., 2015a). Yet, little
information is available regarding the N cycle in undisturbed native tussock grassland
soils. This present study provides insights into the influence of soil physicochemical
parameters of the two neighbouring grasslands dominated by different Chionochloa
species on the abundance of N cycling microbial communities. Results showed that soil
pH is not only the most important predictor of the abundance of total microbial
community based on 16S rRNA gene, but is also the overarching factor in other N
cycling processes. For example, the AOA community was more abundant in C. pallens
grassland soils, and pH had the highest correlation to amoA transcript abundance.
Microbial biomass carbon and organic C were highly correlated to nifH transcript
abundances, with more active N2-fixers found in C. teretifolia soils. Shifts in the
abundance of active denitrifiers were related to the amount of NH4+-N, and results also
suggested that the majority of active denitrifiers in these grassland soils are capable of
complete denitrification. Overall, N cycling community abundances are driven by a
combination of NH4+ availability (which is pH dependent), total N and C:N ratio.
This study showed that in addition to edaphic data commonly used as indicators
of soil quality and health, detection of gene abundances in the N cycle by RT-qPCR can
serve as useful and sensitive bioindicators. Deviations in the gene abundances of nifH
and amoA can be used to assess the level of anthropogenic disturbances in native
grasslands and aid in the restoration of disturbed grasslands back to the pre-agricultural
state. Future studies on N cycling communities should focus on amoA gene abundance
from both AOA and AOB to fully understand the contribution of ammonia oxidisers in
grassland soils. Whether specific N2-fixer, denitrifier and nitrifier phylotypes are
correlated with one or more of the main drivers of N cycling, as identified in this study,
requires more investigation.
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General Discussion

Veronica hectorii subsp. hectorii at Takahe Valley, Murchison Mountains,
New Zealand. Photo courtesy of Angela Brandt (March 2013).
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8.1 Summary of findings
Despite the importance of ecosystem services provided by indigenous grasslands in
New Zealand, the current understanding of microbial biology in native tussock
grasslands is lacking. Numerous studies have been conducted on New Zealand’s
agricultural soils, particularly on the effects of fertilisation and cultivation on soil
microbial communities. Rather than manipulating nutrient levels in soils, this study
examined baseline microbial community diversity and abundance in grassland soils of
different edaphic properties. Understanding microbial activity and diversity has wider
implications for predicting how the microbial community will respond to environmental
change. The core objectives of this thesis were to: (1) assess whether the soil microbial
community composition and abundance are different between edaphically different
indigenous grassland soils dominated by two closely related Chionochloa tussock
species and (2) investigate whether differences in edaphic properties of the two
grassland soils would be reflected in abundances of N cycling genes. Key findings are
provided below as answers to the overarching questions in this study.

8.1.1 Are edaphic differences in indigenous grassland soils reflected
in differences in the structure and abundance of microbial
communities?
The three preceding chapters have all highlighted how the composition and abundance
of soil microbial communities were different between tussock grassland soils with
different edaphic properties. In Chapters 5 and 6, beta diversity metrics revealed
significant differences in the whole community structure in two grassland soils
dominated by closely related Chionochloa tussock grasses. Changes in the relative
abundances of dominant bacterial taxa were related to the copiotroph-oligotroph
ecological classification scheme proposed by Fierer et al. (2007). Based on the broad
classification of C. pallens soils as nutrient-rich and C. teretifolia soils as nutrient-poor
(Tanentzap et al., 2012), C. pallens soils were found to favour copiotrophic taxa (e.g.,
Proteobacteria, Bacteroidetes and Firmicutes), while C. teretifolia soils harboured
greater relative abundances of oligotrophic taxa (e.g., Acidobacteria). In order to
associate these differences in microbial community structure to soil properties, a more
intensive sampling to include both active and total communities, and soil nutrient
analysis on the same grassland soils, were conducted the following year. Results shown
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in Chapter 6 presented, for the first time in New Zealand indigenous grassland soils,
significant differences between the total and active microbial communities (bacteria and
archaea). The active community was less diverse than the total community in both
grassland soils; this has also been noted in N-fertilised (Freedman et al., 2015) and nonfertilised forest soils (Baldrian et al., 2012), and fertilised experimental grassland soils
(Herzog et al., 2015). Another key finding in this study was that many rare phyla were
active in the Chionochloa grassland soils; this included the archaea Thaumarchaeota,
Nitrospirae and Cyanobacteria (Chapter 6). The extent of dormancy in the Chionochloa
grassland soils was consistent with previous predictions by Lennon and Jones (2011),
e.g., previous predictions of approximately 50% in various soils compared to 54% of all
OTUs in the Chionochloa grasslands were estimated to be dormant (inactive or dead).
These findings agree with previous studies showing that the rare biosphere can often
comprise a significant proportion of the active community (Jones & Lennon, 2010;
Wilhelm et al., 2014). Furthermore, this study illustrated differential correlations
between the relative abundances of total and active microbial communities and soil
properties. Instead of identifying single predictors of whole community, the findings
from Chapter 6 showed that both relative abundances of microbial taxa and the
proportion of active taxa were often influenced by a combination of linearly correlated
soil properties.
The use of high-throughput (or next generation) sequencing technology to
survey the microbial diversity has proven to be highly informative. Classical methods
such as culture-based methods in combination with clone library analyses have the
potential to reveal the morphological characteristics and functional potential of isolates,
as investigated in Chapter 3. However, to fully sample the microbial diversity in soil
will require more than 400 cloned sequences in a single library (Janssen, 2006), and it
will be practically impossible to capture rare species without using massively parallel
sequencing and phylogeny-based array technologies. The isolation and description
(physiological and genomic) of novel microbial taxa provide significant contributions to
the microbial ecology in ecosystems (Stott et al., 2008), but is beyond the scope of this
study.
Nevertheless, using amplicon sequencing to target functional genes such as the
nifH gene (encoding for nitrogenase), has proven to be a valuable tool in predicting the
functional capacity of an ecosystem. Results from this study showed that the diazotroph
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community composition was different between the Chionochloa grassland soils
(Chapter 5). This included findings that anaerobic N2-fixers belonging to nifH cluster III
were more prevalent in C. pallens soils. In addition, many nifH sequences recovered
from these soils were not closely related to any cultured and uncultured strains, and
could represent a novel group of diazotrophs.

8.1.2 Is the abundance of nitrogen cycling community different
between grassland soils with different soil properties?
Using qPCR and RT-qPCR, the abundances of genes associated with N cycling
processes were examined for inter-site variation relating to differences in soil nutrients.
The number of transcripts for N cycling genes measured in this study were low, i.e., less
than 5 copies per ng of RNA and less than 0.5 copies per rpoB gene. Transcript levels of
genes involved in denitrification (narG, napA, nirK and nosZ (clade I)) were not
significantly different. However, higher abundances of genes involved in N2 fixation
(nifH) and nitrification (archaeal amoA) were detected in C. teretifolia and C. pallens
soils, respectively. One major finding in this study was that based on RT-qPCR results,
these grassland soils mostly contain denitrifiers that are capable of complete
denitrification, i.e., performing the last step in reducing N2O to N2. This is in contrast
with other studies on New Zealand pastoral soils where proportional abundances of
complete denitrifiers were generally low (Deslippe et al., 2014; Jha, 2015). Very low
archaeal amoA transcript abundance was detected in both grassland soils, in particular
C. teretifolia soils where amoA was only detected in one out of four soil samples. This
is not surprising considering NO3− and total N levels in soils were correlated to amoA
gene copy numbers in cultivated soils in Australia, and greater amoA abundance was
detected in fertilised soils compared to unfertilised soils (Hayden et al., 2010).
Despite greater nifH diversity and abundance (copies per g of soil) in
C. teretifolia soils based on amplicon sequencing and qPCR, the proportion of nifH to
16S rRNA gene of the total community did not differ between the grassland soils
(Chapter 5). However, the abundance of active N2-fixing community based on nifH to
rpoB transcript ratios was later found to be greater in C. teretifolia soils (Chapter 7).
This observed difference between results is likely to be due to a higher proportion of
microbial community in C. teretifolia soils that is actively expressing the nifH gene.
Alternatively, an overestimation of 16S rRNA copies as a result of having multiple
copies of the rRNA operon in some bacterial genomes (Větrovský & Baldrian, 2013)
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could have resulted in this observed difference. The nifH to rpoB transcript ratio was
largely driven by pH and soil MBC. In various soils collected across Victoria, Australia,
MBC but not pH was identified as the main driver of nifH abundance at the DNA level
(Hayden et al., 2010), while another study showed that the amount of organic C is
directly correlated to both the abundance and N2 fixation activity of soil diazotroph
community (Wakelin et al., 2010). Soil texture and particle size are perhaps other
important contributors to nifH diversity, where RFLP profiles of nifH gene pools have
been correlated to coarse (50–250 µm) or clay (< 2 µm) fractions (Poly et al., 2001b).
Given that results from previous research have shown many factors can impact on nifH
diversity (Poly et al., 2001b; Collavino et al., 2014), it is not surprising that differences
in the abundance of active diazotroph community could not be explained solely by the
soil properties that were measured in these grassland soils.
Investigations into the potential ecological consequences from loss of
biodiversity have attracted great interest. While biodiversity is long known to contribute
positively to ecosystem processes (Kinzig et al., 2001), other studies have shown that
functional redundancy in a community can buffer the impact of biodiversity loss on
ecosystem processes to some extent (Yachi & Loreau, 1999; Loreau et al., 2001). For
example, poor correlation was found between T-RFLP profiles of nifH community and
N2 fixation rates estimated by acetylene reduction assays (ARA) in Arctic soils
(Deslippe et al., 2005). However, changes in microbial community structure can have
major influences on biogeochemical processes, particularly for those that are performed
by a specialised (and often small) group of organisms (Hsu & Buckley, 2009). Studies
have demonstrated the link between the overall relationship of nifH and N2 fixation
rates (Wakelin et al., 2010), and showed that increased N2 fixation rates resulted from
changes in the nifH composition due to biomass removal (Hsu & Buckley, 2009). While
actual N2 fixation rates were not measured in this study, others have shown that N2-fixer
diversity is mostly positively correlated with N2 fixation rates (Reed et al., 2011).
Understanding the relationship between nifH diversity and transcript abundance (i.e.,
activity) in unmodified grassland soils is increasingly important as more grasslands are
continuing to be modified by anthropogenic activities.
Overall, this study demonstrated that in natural, undisturbed grassland soils,
abundances of N cycling genes in the active microbial community differed as a result of
being correlated with soil properties. Due to the correlation between composition and
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abundance of N cycle genes and rates of soil N cycling processes, detection and
quantification of these genes can potentially be used as functional indicators to measure
ecosystem response and aid in recovery from disturbance (Colloff et al., 2008).

8.2 Implications to soil health and microbial ecology
8.2.1 Characterising functional capabilities of microbial communities
from taxonomic composition
The exploration of microbial diversity based on taxonomy inferred by small subunit
(SSU) rRNA sequences have become increasingly popular and powerful in recent years.
While 16S rRNA gene-based analysis yields abundant information about the
phylogenetic diversity of a microbiome, it is less useful in resolving the microbial
community metabolism and metabolic activity. Shotgun metagenomics provide a
collection of all microbial genes from soil microbial communities – a “metagenome”;
however, several challenges faced by researchers in analysing soil metagenomic data
have limited the number of published and complete metagenome datasets (Myrold et al.,
2014). Due to current bioinformatic bottlenecks in metagenomic analysis and the
cheaper cost of amplicon sequencing (Scholz et al., 2012; Xu et al., 2014), tools such as
PICRUSt (Langille et al., 2013) and Tax4Fun (Aßhauer et al., 2015) offer an alternative
route to predict the functional profiles from metagenomics based on 16S rRNA data.
In Chapter 5, I demonstrated that PICRUSt predicted differences in functional
abundances in the nitrogen metabolism pathway between C. pallens and C. teretifolia
communities. Genes involved in nitrogen fixation were predicted to be more abundant
in the C. pallens communities. However, using qPCR, the abundance of nifH genes
(proportional to 16S rRNA gene copies) was not significantly different between
grassland soils. NSTI values, which quantify the availability of closest genome
representatives in the samples, were relatively high (mean NSTI of 0.17) and similar to
those reported in the original study (Langille et al., 2013). The authors claimed an
accurate metagenome prediction from the soil samples tested (Spearman r = 0.81, P <
0.001), but cautioned that PICRUSt predictions applied to novel and diverse
communities may be inaccurate (Langille et al., 2013). The discrepancy between
PICRUSt prediction and qPCR results and the high NSTI score confirmed that
PICRUSt failed in predicting accurately the community function in the grassland soils
in this study based on 16S rRNA data.
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The abundances of nitrogen cycling genes were calculated in Chapter 7, with
emphasis on the active community in the grassland soils. Higher nifH transcript
abundance was found in C. teretifolia soils, while abundance of the gene encoding for
ammonia monooxygenase, amoA (AOA), was greater in C. pallens soils. The
differences between the nifH gene abundances determined by RT-qPCR compared to
those of the aforementioned PICRUSt predictions may be due to different total and
active community structures. Many genes including those encoding for ammonia
monooxygenase (amoA) were absent from the PICRUSt prediction, and this was due to
the absence of the KEGG orthologs for ammonia monooxygenase in the genome
database. This discovery has also been made by another study (Polónia et al., 2015), and
needs to be addressed and corrected to avoid false negative results (i.e., the absence of
ammonia oxidation capability in an environment) being reported. Tax4Fun is another
software package used to predict functional capabilities based on 16S rRNA data, and
claims to be superior to PICRUSt in correlating predictions with actual metagenome
data (Aßhauer et al., 2015).
Together these results demonstrate that the high NSTI scores obtained in the
Takahe Valley grassland soils led to less than accurate metagenome predictions using
PICRUSt. This is not surprising given the high diversity and presence of many OTUs
with no closely related cultured isolates. Future studies intending to take advantage of
these tools should therefore recognise that predictive metagenomics does not replace
whole metagenomics profiling, but should only be used as an extension of 16S rRNA
gene-based analyses.

8.2.2 Microbial communities in grassland soil: implications for
natural and anthropogenic changes
The combined findings of Chapters 5–7 indicate that differences in soil properties play
an important role in shaping the microbial community structure in New Zealand
indigenous tussock grassland soils. In Chapter 7, I showed that soil pH and NO3− were
the main factors explaining the abundance of the active microbial community using RTqPCR. These results followed up a previous study using PhyloChip array that found
conversion of native grasslands in New Zealand into agricultural land and the resulting
changes in soil properties led to an increase in the relative abundance of certain bacterial
phyla including Firmicutes and Actinobacteria, and at the same time a decrease in the
relative abundance of rare phyla such as Verrucomicrobia and Dictyoglomi (Wakelin et
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al., 2013). I found that the bacterial community in the nutrient-rich grassland soils
harboured greater relative abundances of faster-growing, copiotrophic bacterial taxa
(Chapter 5). This is in agreement with results from a larger study involving 25
temperate-zone grasslands worldwide (Leff et al., 2015), which confirmed that elevated
nutrients (N and P) consistently increased the copiotroph to oligotroph ratios, and could
lead to increased terrestrial C pools (Wieder et al., 2013).
In a tallgrass prairie soil ecosystem across the midwestern USA that has been
largely replaced through agricultural use, changes in the abundance of Verrucomicrobia
and the influence on carbon dynamics was found to be the main driver of microbial
biogeographical patterns (Fierer et al., 2013). A combination of 16S rRNA gene survey
and shotgun metagenomics allowed for the prediction and reconstruction of the
functional capacity of microbes in those native ecosystems and aid in the future
reconstruction efforts back to the pre-agricultural state. The same can be applied to
fragile ecosystems here in New Zealand, whereby deviations from baseline community
structure in native soils can be used to quantify the extent of disturbance experienced
and determine how climatic and anthropogenic changes could change ecosystem
functions.
An increase of 3°C in the next century is predicted to result in a loss of up to 300
species of indigenous alpine flora, thereby increases vulnerability to species invasion.
(Halloy & Mark, 2003). Exotic plant invasions can have large effects on the storage and
release of C and N (Knops et al., 2002). Furthermore, invasions of plants that support
symbiotic N2-fixers could have a large effect on N cycling, especially in ecosystems
where N2-fixers are rare or absent (McQueen et al., 2006). The use of the abundance of
N2-fixers as potential bioindicators for evaluating soil health warrant further
investigation.

8.3 Future research directions
The choice of universal PCR primers especially in high-throughput sequencing studies
has great impact on the phylogenetic diversity detected and hence, the conclusions
drawn (Fredriksson et al., 2013). This is not only limited to the 16S rRNA gene, but any
functional gene such as nifH, as shown in this study (Chapter 4). Future research should
continue to evaluate the adequacy of universal primers for specific environments.
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Studies employing the use of qPCR and RT-qPCR to amplify functional genes should
evaluate the specificity of candidate primer pairs.
It is recognised that bacteria and archaea do not make up the entire soil
microbial community. Fungi may in fact contribute more than bacteria and archaea to
biogeochemical processes including the N cycle (Laughlin & Stevens, 1999).
Additional work using fungal-targeted methods such as internal transcribed spacer (ITS)
sequencing is needed to determine if the fungal community exhibit the same responses
in tussock grassland soils, and evaluate their potential contribution to the functional
diversity in soil.
Finally, in light of results from this study, future research incorporating the
active community (RNA level) in addition to total community (DNA level) would prove
valuable. As certain microbial taxa have been shown to be more active than others, their
potential contribution to important ecosystem processes may have been underestimated.
Priorities for future research should identify the functional potential of microbial
communities at the time of sampling. Predictive tools such as PICRUSt (see Chapter 5),
while useful, are limited to annotations currently available in databases, and are less
accurate when predicting functions in a diverse environment such as soil. While
sequencing of individual functional genes provide a better depth of coverage at a low
cost, the number of genes that may be targeted are often limiting factors in a study. As
advancements in the technology and techniques associated with metagenomics and
metatranscriptomics continue to develop, focus should be given to research that links
phylogenetic information of individual microbial taxa with ecological functions.
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Appendix A.1.1: Research and Collection permit for soil samples along the Chionochloa transects at
Takahe Valley, issued by the Department of Conservation (DoC, NZ). Only the first three relevant pages
are shown.
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Table A.2.1: Nucleotide sequences of primers used in the construction of 16S rRNA and nifH gene
libraries for Illumina MiSeq sequencing for Chapter 5. Sequencing for 16S rRNA and nifH gene libraries
were done on separate runs. Lowercase letters indicate adapter sequences required for binding to the flow
cell, underlined lowercase indicate binding sites for the Illumina sequencing primers, bold uppercase
indicate the Illumina TruSeq 6-bp index sequence.
Template

Primer

Sequence (5′ to 3′)

Forward primer
TruSeq_F

aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatct

Reverse primers
16S rRNA_CP-1

RPI39

caagcagaagacggcatacgagatCGTGATgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CP-2

RPI40

caagcagaagacggcatacgagatACATCGgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CP-3

RPI41

caagcagaagacggcatacgagatGCCTAAgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CP-4

RPI42

caagcagaagacggcatacgagatTGGTCAgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CP-5

RPI43

caagcagaagacggcatacgagatCACTGTgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CT-1

RPI44

caagcagaagacggcatacgagatATTGGCgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CT-2

RPI45

caagcagaagacggcatacgagatGATCTGgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CT-3

RPI46

caagcagaagacggcatacgagatTCAAGTgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CT-4

RPI47

caagcagaagacggcatacgagatCTGATCgtgactggagttcagacgtgtgctcttccgatc

16S rRNA_CT-5

RPI48

caagcagaagacggcatacgagatAAGCTAgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-1_19F_407R

RPI11

caagcagaagacggcatacgagatGTAGCCgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-2_19F_407R

RPI12

caagcagaagacggcatacgagatTACAAGgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-3_19F_407R

RPI41

caagcagaagacggcatacgagatGTCGTCgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-4_19F_407R

RPI14

caagcagaagacggcatacgagatGGAACTgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-5_19F_407R

RPI15

caagcagaagacggcatacgagatTGACATgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-1_19F_407R

RPI16

caagcagaagacggcatacgagatGGACGGgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-2_19F_407R

RPI17

caagcagaagacggcatacgagatCTCTACgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-3_19F_407R

RPI18

caagcagaagacggcatacgagatGCGGACgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-4_19F_407R

RPI19

caagcagaagacggcatacgagatTTTCACgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-5_19F_407R

RPI20

caagcagaagacggcatacgagatGGCCACgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-1_IGK3_DVV

RPI21

caagcagaagacggcatacgagatCGAAACgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-1_IGK3_DVV

RPI22

caagcagaagacggcatacgagatCGTACGgtgactggagttcagacgtgtgctcttccgatc

nifH_CP-1_PolF_PolR

RPI23

caagcagaagacggcatacgagatCCACTCgtgactggagttcagacgtgtgctcttccgatc

nifH_CT-1_PolF_PolR

RPI24

caagcagaagacggcatacgagatGCTACCgtgactggagttcagacgtgtgctcttccgatc
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Table A.2.2: Description of samples and indices for second round PCR of 16S rRNA gene library for
Illumina MiSeq sequencing for Chapter 6. Adapter sequences required for binding to the flow cell and
binding sites for the Illumina sequencing primers were not shown (same as libraries for Chapter 5).
Forward primer indices (8-bp; FPI) are based on i5 adapters for the Nextera Index Kit (Illumina); reverse
primer indices (6-bp; RPI) is based on the TruSeq index adapters (Illumina).
Sample
CP-A1
CP-A2
CP-A3
CP-A4
CP-A5
CP-B1
CP-B2
CP-B3
CP-B4
CP-B5
CP-C1
CP-C2
CP-C3
CP-C4
CP-C5
CP-D1
CP-D2
CP-D3
CP-D4
CP-D5
CP-E1
CP-E2
CP-E3
CP-E4
CP-E5
CT-A1
CT-A2
CT-A3
CT-A4
CT-A5
CT-B1
CT-B2
CT-B3
CT-B4
CT-B5
CT-C1
CT-C2
CT-C3
CT-C4

Site
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT

Plot
CP-A
CP-A
CP-A
CP-A
CP-A
CP-B
CP-B
CP-B
CP-B
CP-B
CP-C
CP-C
CP-C
CP-C
CP-C
CP-D
CP-D
CP-D
CP-D
CP-D
CP-E
CP-E
CP-E
CP-E
CP-E
CT-A
CT-A
CT-A
CT-A
CT-A
CT-B
CT-B
CT-B
CT-B
CT-B
CT-C
CT-C
CT-C
CT-C

FPI
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC
TAGATCGC

RPI
ATCACG
CGATGT
TTAGGC
TGACCA
ACAGTG
GCCAAT
CAGATC
ACTTGA
GATCAG
TAGCTT
GGCTAC
CTTGTA
AGTCAA
AGTTCC
ATGTCA
CCGTCC
GTAGAG
GTCCGC
GTGAAA
GTGGCC
GTTTCG
CGTACG
GAGTGG
GGTAGC
ACTGAT
ATGAGC
ATTCCT
CAAAAG
CAACTA
CACCGG
CACGAT
CACTCA
CAGGCG
CATGGC
CATTTT
CCAACA
CGGAAT
CTAGCT
CTATAC

Sample
CT-C5
CT-D1
CT-D2
CT-D3
CT-D4
CT-D5
CT-E1
CT-E2
CT-E3
CT-E4
CT-E5
gDNA_CP-A
gDNA_CP-B
gDNA_CP-C
gDNA_CP-D
gDNA_CP-E
gDNA_CT-A
gDNA_CT-B
gDNA_CT-C
gDNA_CT-D
gDNA_CT-E
cDNA_CP-A
cDNA_CP-B
cDNA_CP-C
cDNA_CP-D
cDNA_CP-E
cDNA_CT-A
cDNA_CT-B
cDNA_CT-C
cDNA_CT-D
cDNA_CT-E
RT-control
NTC

Site
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CP
CP
CP
CP
CP
CT
CT
CT
CT
CT
CP
CP
CP
CP
CP
CT
CT
CT
CT
CT
Control
Control

Plot
CT-C
CT-D
CT-D
CT-D
CT-D
CT-D
CT-E
CT-E
CT-E
CT-E
CT-E
CP-A
CP-B
CP-C
CP-D
CP-E
CT-A
CT-B
CT-C
CT-D
CT-E
CP-A
CP-B
CP-C
CP-D
CP-E
CT-A
CT-B
CT-C
CT-D
CT-E
Control
Control

FPI
TAGATCGC
TAGATCGC
TAGATCGC
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT
CTCTCTAT

RPI
CTCAGA
GACGAC
TAATCG
GCCAAT
CAGATC
ACTTGA
GATCAG
TAGCTT
GGCTAC
CTTGTA
AGTCAA
AGTTCC
ATGTCA
CCGTCC
GTAGAG
GTCCGC
GTGAAA
GTGGCC
GTTTCG
CGTACG
GAGTGG
ACTGAT
ATGAGC
ATTCCT
CAAAAG
CAACTA
CACCGG
CACGAT
CACTCA
CAGGCG
CATGGC
CATTTT
GGTAGC
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Appendix A.2.1: QIIME, mothur, UPARSE and USEARCH scripts used in this
study:
Examples shown below are specific to 16S rRNA gene sequences amplified using
515F/806R primer pair.
Assembling Illumina paired-end sequences
/usearch –fastq_mergepairs $R1 –reverse $R2 \
–fastq_minovlen 10 –fastq_truncqual 3 –fastqout paired/$R1

Filtering out of low-quality sequences
/usearch –fastq_filter $line –fastaout filtered/$line.fasta –
fastq_maxee 0.5 –threads 2

Create QIIME mapping file
ls *.fasta > mapping_file_names.txt

Manually edited in a text editor to format required (http://qiime.org/tutorials/tutorial.
html).
To retain just the first column:
awk ‘{print $1}’ combined_seqs.fna > combined_seqs.fna
validate_mapping_file.py –m mapping_file.txt

Merging assembled reads into one data file
add_qiime_labels.py –i filtered/ -m mapping_file.txt –c SampleID
–n 1000000 –o combined_fasta/
validate_demultiplexed_fasta.py –m mapping_file.txt –i
combined_fasta/combined_seqs.fna

Using mothur to trim and filter sequences
mothur > summary.seqs(fasta=combined_seqs.fna, processors=4)
mothur > screen.seqs(fasta=combined_seqs.fna,minlength=300,
maxlength=400, maxambig=0, maxhomop=8, processors=4)
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Clustering sequences at 97% using USEARCH
Dereplicate sequences:
/usearch –derep_fulllength combined_seqs.fna –output
seqs_filtered_dereped.fasta –sizeout

Sort sequences by size and remove singletons:
/usearch –sortbysize seqs_filtered_dereped.fasta –output
seqs_filtered_dereped_mc2.fasta –minsize 2

OTU clustering
/usearch –cluster_otus seqs_filtered_dereped_mc2.fasta –otus
rep_set_otus.fasta

Chimera checking with USEARCH
/usearch –uchime_ref rep_set_otus.fasta –db gold.fa –strand plus
–nonchimeras rep_set_non_chimeras.fasta –chimeras chimeras.fasta
–threads 2

Chimera database was downloaded from http://drive5.com/uchime/gold.fa
Mapping reads to OTUs and picking representative sequences
python /fasta_number.py rep_set_non_chimeras.fasta OTU_ >
rep_set_non_chimeras_OTUs.fasta
/usearch –usearch_global combined_seqs.fna –db
rep_set_non_chimeras_OTUs.fasta –strand plus –id 0.97 –uc
otu_map.uc –threads 2
python /uc2otutab_mod.py otu_map.uc > non_chimeras_OTU_table.txt

Python scripts were downloaded from http://drive5.com/python/summary.html
Convert OTU table to biom format:
biom convert --table-type=”OTU table” –i
non_chimeras_OTU_table.txt –o non_chimeras_OTU_table.biom

Assigning taxonomy (de novo) to OTU representative sequences
assign_taxonomy_rdp.py –i rep_set_non_chimeras_OTUs.fasta –m rdp
–rdp_max_memory 25000 –t Silva_119/taxonomy_97_all_levels.txt –r
Silva_119/Silva119_rep_set97.fna –o assigntax/
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Mapping the taxa assignments back to the biom file:
biom add-metadata --sc-separated taxonomy –-observation-header
OTUID,taxonomy --observation-metadata-fp
rep_set_non_chimeras_OTUs_tax_assignments.txt –i
non_chimeras_OTU_table.biom –o otu_table.biom

Convert to txt format:
biom convert –i otu_table.biom –o otu_table.txt --to-tsv -header-key taxonomy --output-metadata-id taxonomy

Aligning OTU representative sequences
align_seqs.py –i rep_set_non_chimeras_OTUs.fasta –o
pynast_aligned/

Filtering out OTUs and the alignment:
filter_otus_from_otu_table.py –i otu_table.biom –o
otu_table_filtered.biom –e
pynast_aligned/rep_set_non_chimeras_OTUs_failures.fasta
filter_fasta.py –f
pynast_aligned/rep_set_non_chimeras_OTUs_aligned.fasta –o
pynast_aligned/rep_set_non_chimeras_OTUs_aligned_filtered.fasta
–b otu_table_filtered.biom
filter_alignment.py –i pynast_aligned/
rep_set_non_chimeras_OTUs_aligned_filtered_pfiltered.fasta

Building a phylogenetic tree
make_phylogeny.py –i pynast_aligned/
rep_set_non_chimeras_OTUs_aligned_filtered_pfiltered.fasta

Computing alpha diversity
alpha_rarefaction.py –i otu_table_filtered.biom –m
mapping_file.txt –o alpha_output/ -t pynast_aligned/
rep_set_non_chimeras_OTUs_aligned_filtered_pfiltered.tre –e
52688

-e denotes upper limit of rarefaction depth, i.e., minimum number of total sequences
across all samples for each library
Rarefying OTU table to even depth:
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single_rarefaction.py –i otu_table_filtered.biom –o
otu_table_rarefied52688.biom –d 52688
alpha_diversity.py –i otu_table_rarefied52688.biom –m
chao1,observed_species,shannon,simpson,PD_whole_tree –t -t
pynast_aligned/
rep_set_non_chimeras_OTUs_aligned_filtered_pfiltered.tre

Computing beta diversity
jackknifed_beta_diversity.py –i otu_table_filtered.biom –o
beta_output/ -t pynast_aligned/
rep_set_non_chimeras_OTUs_aligned_filtered_pfiltered.tre –m
mapping_file.txt –e 10343
make_2d_plots.py –i beta_output/unweighted_unifrac/pcoa/ -m
mapping_file.txt –o beta_output/unweighted_unifrac/2dplots

and
make_2d_plots.py –i beta_output/weighted_unifrac/pcoa/ -m
mapping_file.txt –o beta_output/weighted_unifrac/2dplots

Calculating significance of UniFrac distances between soils:
compare_categories.py --method permanova –i
beta_output/unweighted_unifrac_otu_table_filtered.txt –m
mapping_file.txt –c Soiltype –o compare_categories/

and
compare_categories.py --method permanova –i
beta_output/unweighted_unifrac_otu_table_filtered.txt –m
mapping_file.txt –c Soiltype –o compare_categories/

Calculating significance of Bray-Curtis dissimilarity distances between soils:
beta_diversity.py –i otu_table_rarefied52688.biom –m bray_curtis
–t pynast_aligned/
rep_set_non_chimeras_OTUs_aligned_filtered_pfiltered.tre –o
bray_curtis/
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Figure A.5.1: First (A) and second (B) round amplification of 16S rRNA gene, and first (C) and second
(D) round amplification of nifH gene from Chionochloa grassland soils using the primer pairs
Bakt_0341F/Bakt_0805R and 19F/407R, respectively. Amplicons were separated on 2% agarose gels.
The lanes marked M contained 1 Kb+ DNA ladder (Invitrogen). +, positive control (N. punctiforme
ATCC 29133); −, no template control (sterile water in place of template).

278

Appendices

Figure A.5.2: Electropherogram summary of pooled amplicon library using a High Sensitivity DNA
Assay. (A) Pooled 16S rRNA, nifH and other gene amplicons from an unrelated project. The average size
of amplicons was 601 bp. Peak 1 and 5 represent the lower and upper marker, respectively. (B) Pooled
16S rRNA gene amplicons for rerun. The average size of amplicons ranging from 415–954 bp (95% of
total) was 540 bp. Peak 1 and 6 represent the lower and upper marker, respectively.
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Table A.5.1: Bray-Curtis dissimilarity between 16S rRNA and nifH gene-based bacterial community
samples from C. pallens and C. teretifolia soils.
16S rRNA gene

CP-1

CP-2

CP-3

CP-4

CP-5

CT-1

CT-2

CT-3

CT-4

CT-5

C. pallens samples

C. teretifolia samples

CP-1

0.0000

0.2406

0.2323

0.2132

0.2339

0.4933

0.5184

0.5376

0.5007

0.4573

CP-2

0.2406

0.0000

0.1615

0.2299

0.3007

0.4709

0.4977

0.5297

0.4710

0.4252

CP-3

0.2323

0.1615

0.0000

0.1901

0.2803

0.4671

0.4864

0.5265

0.4708

0.4240

CP-4

0.2132

0.2299

0.1901

0.0000

0.2393

0.4981

0.5161

0.5487

0.5062

0.4671

CP-5

0.2339

0.3007

0.2803

0.2393

0.0000

0.5585

0.5741

0.5955

0.5637

0.5211

C. teretifolia samples

C. pallens samples

CT-1

0.4933

0.4709

0.4671

0.4981

0.5585

0.0000

0.1561

0.2457

0.1114

0.2016

CT-2

0.5184

0.4977

0.4864

0.5161

0.5741

0.1561

0.0000

0.2216

0.1589

0.2526

CT-3

0.5376

0.5297

0.5265

0.5487

0.5955

0.2457

0.2216

0.0000

0.2588

0.3271

CT-4

0.5007

0.4710

0.4708

0.5062

0.5637

0.1114

0.1589

0.2588

0.0000

0.1831

CT-5

0.4573

0.4252

0.4240

0.4671

0.5211

0.2016

0.2526

0.3271

0.1831

0.0000

CP-1

CP-2

CP-3

CP-4

CP-5

CT-1

CT-2

CT-3

CT-4

CT-5

C. pallens samples

CP-1

0.0000

0.5367

0.6361

0.6949

0.7780

0.8793

0.8809

0.9241

0.9088

0.8789

CP-2

0.5367

0.0000

0.5594

0.7285

0.7799

0.8006

0.8446

0.8690

0.8272

0.8043

CP-3

0.6361

0.5594

0.0000

0.6856

0.7244

0.8399

0.8486

0.8589

0.7969

0.8312

CP-4

0.6949

0.7285

0.6856

0.0000

0.6585

0.8851

0.8830

0.9019

0.8788

0.8798

CP-5

0.7780

0.7799

0.7244

0.6585

0.0000

0.8899

0.8789

0.9065

0.8769

0.8802

C. teretifolia samples

nifH gene

CT-1

0.8793

0.8006

0.8399

0.8851

0.8899

0.0000

0.4232

0.5800

0.4369

0.3498

CT-2

0.8809

0.8446

0.8486

0.8830

0.8789

0.4232

0.0000

0.4811

0.3607

0.3955

CT-3

0.9241

0.8690

0.8589

0.9019

0.9065

0.5800

0.4811

0.0000

0.5232

0.5659

CT-4

0.9088

0.8272

0.7969

0.8788

0.8769

0.4369

0.3607

0.5232

0.0000

0.3577

CT-5

0.8789

0.8043

0.8312

0.8798

0.8802

0.3498

0.3955

0.5659

0.3577

0.0000
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Figure A.5.3: Bayesian phylogenetic tree inferred from 97% nucleotide similarity clustered 16S rRNA
gene sequences from the family Nitrosomonadaceae (Betaproteobacteria) and their nearest relatives. 16S
rRNA gene of Nitrosococcus oceani (Gammaproteobacteria; AB474000.1) was used as an outgroup.
(Numbers associated with nodes are Bayesian posterior probabilities. GenBank accession numbers are
indicated next to reference taxa. For clarity purposes only OTUs with 100 sequences and more have been
included in this tree.

281

Appendices

Figure A.5.4: Abundance of (A) 16S rRNA and (B) nifH genes per g of soil in Chionochloa pallens (CP)
and Chionochloa teretifolia (CT) grassland soil samples, as quantified by real-time quantitative PCR.
Error bars show standard deviation of the mean for three technical replicates.
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Figure A.6.1: Second round amplification of 16S rRNA genes from soil DNA extracts using the primer
pair 515F/806R, separated on 1% agarose gels. The lanes marked M contained 1 Kb plus DNA ladder.
CP: C. pallens sample; CT: C. teretifolia sample.

Figure A.6.2: Electropherogram summary of pooled 16S rRNA amplicon library analysed using the
Agilent 2100 Bioanalyser (High Sensitivity DNA Assay). The average size of amplicons was 437 bp.
Peak 1 and 4 represent the lower and upper marker, respectively.
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Table A.6.1: Soil physicochemical parameters and means ± SE along the C. pallens and C. teretifolia
transects at Takahe Valley (n = 5). WC, water content; MBC, microbial biomass carbon.
WC
(% DW)

pH

NO3−N
(mg/kg)

NH4+
(mg/kg)

MBC
(mg/kg)

Organic C
(%)

Total N
(%)

C:N
ratio

Olsen P
(mg/kg)

CP-1

104

5.34

0.53

0.88

1240

6.68

0.41

16.29

15

CP-2

100

5.38

0.46

1.16

1750

8.11

0.52

15.60

17

CP-3

95

5.06

0.35

0.71

1800

7.12

0.46

15.48

11

CP-4

90

5.11

0.29

0.88

1200

6.30

0.44

14.32

8

Site
C. pallens

CP-5

114

4.99

0.30

1.50

2240

7.66

0.49

15.63

19

100.6 ± 4.1

5.2 ± 0.2

0.4 ± 0.1

1.0 ± 0.3

1656 ± 433

7.2 ± 0.7

0.5 ± 0.0

15.5 ± 0.3

12.0 ± 3.9

CT-1

166

4.71

0.30

1.07

3560

13.60

0.78

17.44

5

CT-2

163

4.55

0.29

1.88

3290

13.90

0.79

17.59

8

CT-3

147

4.64

0.26

0.65

2930

11.30

0.65

17.38

10

CT-4

220

4.41

0.34

1.51

730

17.40

1.00

17.40

7

Mean ± SE
C. teretifolia

CT-5
Mean ± SE
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4.35

0.41

2.31

5910

23.60

1.23

19.19

8

193.4 ± 23.0

4.5 ± 0.2

0.3 ± 0.1

1.5 ± 0.7

4084 ± 1224

16.0 ± 4.8

0.9 ± 0.2

17.8 ± 0.4

7.6 ± 1.8

Table A.6.2: Comparison between soil nutrient data collected in this study (n = 5) and data from
Tanentzap et al. (2012) collected in 2009 (n = 3) for each Chionochloa-dominated grassland soils in
Takahe Valley.
C. pallens

pH

This study

Tanentzap 2009

This study

Tanentzap 2009

5.2 ± 0.2

4.7 ± 0.1

4.5 ± 0.2

4.5 ± 0.0

−

0.4 ± 0.1

0.5 ± 0.1

0.3 ± 0.1

0.1 ± 0.1

+

NH4 (mg/kg)

1.0 ± 0.3

99.6 ± 23.5

1.5 ± 0.7

176.6 ± 26.8

Organic C (%)

7.2 ± 0.7

9.6 ± 1.4

16.0 ± 4.8

20.2 ± 3.3

Total N (%)

0.5 ± 0.0

0.6 ± 0.1

0.9 ± 0.2

1.1 ± 0.1

Olsen P (mg/kg)

12.0 ± 3.9

26.9 ± 1.3

7.6 ± 1.8

14.7 ± 4.0

NO3 (mg/kg)

284

C. teretifolia

Appendices

Table A.6.3: Two-way ANOVA for alpha diversity of total and active microbial communities in
C. pallens and C. tererifolia soils samples (‘Site’ factor). Values in bold indicate significance (P < 0.05).
Factor

Partial Eta2

P

0.459
0.004
0.262

< 0.001
0.625
0.225

0.467
0.065
0.346

< 0.001
0.053
0.162

0.021
0.319
0.205

0.281
< 0.001
< 0.001

0.005
0.151
0.167

0.596
0.003
0.001

0.572
0.144
0.053

< 0.001
0.003
0.083

Chao1
Site
DNAorRNA
Site:DNAorRNA
Number of OTUs
Site
DNAorRNA
Site:DNAorRNA
Shannon's H′
Site
DNAorRNA
Site:DNAorRNA
Simpson's index (1/D)
Site
DNAorRNA
Site:DNAorRNA
Phylogenetic diversity
Site
DNAorRNA
Site:DNAorRNA
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Figure A.6.3: Rarefaction curves indicating the phylogenetic diversity (A) and Chao1 richness (B) of the
total and active microbial communities at 97% similarity in C. pallens (CP) and C. teretifolia (CT)
grassland soils.
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Figure A.6.4: Relative abundance of dominant phyla (> 1% abundance) in the total community based on
sequencing of 16S rRNA gene sequences from C. pallens (CP) and C. teretifolia (CT) soils.
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Table A.6.4: Factor loadings of soil properties from PCA. Variables are sorted from highest to lowest
correlation with PC1 and PC2. DW, dry weight; MBC, microbial biomass carbon; WC, water content.
Significant variables (P < 0.05) are indicated in bold.
Variable

PC1 (74.0%)

Variable

Correlation

PC2 (14.4%)
Correlation

−

MBC (mg/kg DW soil)

0.985

NO3 (mg/kg)

0.828

Total N (%)

0.975

Olsen P (mg/kg)

0.674

WC (% DW soil)

0.974

Organic C (%)

0.972

C:N ratio

0.906

+

NH4 (mg/kg)

0.757

NO3− (mg/kg)

−0.491

Olsen P (mg/kg)

−0.664

pH

−0.952

+

NH4 (mg/kg)

0.298

Figure A.6.5: Detrended correspondence analysis (DCA) of the proportion of active phyla (> 1%
abundance) based on 16S rRNA sequences from C. pallens and C. teretifolia grassland soils at Takahe
Valley.
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differences between active and total communities were calculated using one-way ANOVA; values in bold indicate significance at P < 0.05.

Table A.6.5: Relative proportions of most abundant families based on 16S rRNA gene analysis in the active and total communities. Significant
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Table A.6.6: Effect sizes for the linear models describing the relationship between soil properties
(summarised in principal components) and relative abundance of dominant taxa in the active and total
communities. Site denote C. pallens or C. teretifolia soils. Values in bold indicate significance.
RNA
Taxa
Acidobacteria

Actinobacteria

AlphaP

a

Armatimonadetes

BetaPa

Bacteroidetes

Chloroflexi

Cyanobacteria

DeltaPa

290

Factor

DNA

SS

MS

F

P

Site

110.42

110.42

13.38

0.022

PC1

11.99

11.99

1.45

0.295

PC2

0.49

0.49

0.06

Site×PC1

0.55

0.55

Site×PC2

4.77

Site

2.58

PC1

Factor

SS

MS

F

P

Site

42.72

42.72

11.75

0.027

PC1

5.12

5.12

1.41

0.301

0.820

PC2

1.83

1.83

0.50

0.518

0.07

0.809

Site×PC1

2.42

2.42

0.67

0.461

4.77

0.58

0.489

Site×PC2

7.17

7.17

1.97

0.233

2.58

3.91

0.119

Site

1.63

1.63

2.36

0.199

0.45

0.45

0.69

0.453

PC1

0.51

0.51

0.74

0.438

PC2

0.37

0.37

0.55

0.498

PC2

0.13

0.13

0.19

0.684

Site×PC1

0.18

0.18

0.27

0.631

Site×PC1

1.27

1.27

1.84

0.246

Site×PC2

0.01

0.01

0.01

0.935

Site×PC2

0.60

0.60

0.86

0.405

Site

11.79

11.79

6.72

0.061

Site

0.16

0.16

0.53

0.507

PC1

1.26

1.26

0.72

0.445

PC1

1.23

1.23

4.18

0.110

PC2

0.06

0.06

0.03

0.866

PC2

0.32

0.32

1.07

0.359

Site×PC1

0.92

0.92

0.52

0.510

Site×PC1

0.20

0.20

0.67

0.460

Site×PC2

0.04

0.04

0.02

0.890

Site×PC2

2.54

2.54

8.64

0.042

Site

38.10

38.10

14.04

0.020

Site

3.04

3.04

64.38

0.001

PC1

2.82

2.82

1.04

0.366

PC1

0.22

0.22

4.57

0.099

PC2

0.03

0.03

0.01

0.922

PC2

0.12

0.12

2.58

0.184

Site×PC1

4.00

4.00

1.47

0.291

Site×PC1

0.01

0.01

0.18

0.689

Site×PC2

2.30

2.30

0.85

0.409

Site×PC2

1.18

1.18

24.97

0.008

Site

0.75

0.75

4.99

0.089

Site

9.67

9.67

27.60

0.006

PC1

0.45

0.45

3.03

0.157

PC1

0.09

0.09

0.26

0.638

PC2

0.03

0.03

0.21

0.671

PC2

1.06

1.06

3.03

0.157

Site×PC1

0.17

0.17

1.13

0.348

Site×PC1

2.26

2.26

6.44

0.064

Site×PC2

0.00

0.00

0.00

0.981

Site×PC2

0.25

0.25

0.72

0.444

Site

7.19

7.19

5.03

0.088

Site

6.06

6.06

15.22

0.018

PC1

0.04

0.04

0.03

0.878

PC1

0.07

0.07

0.18

0.691

PC2

0.49

0.49

0.35

0.588

PC2

0.02

0.02

0.05

0.838

Site×PC1

0.11

0.11

0.08

0.795

Site×PC1

0.16

0.16

0.40

0.560

Site×PC2

0.02

0.02

0.01

0.914

Site×PC2

0.94

0.94

2.37

0.199

Site

23.47

23.47

3.15

0.150

Site

93.44

93.44

20.66

0.010

PC1

22.66

22.66

3.04

0.156

PC1

12.97

12.97

2.87

0.166

PC2

7.11

7.11

0.95

0.384

PC2

7.35

7.35

1.62

0.271

Site×PC1

9.75

9.75

1.31

0.316

Site×PC1

19.78

19.78

4.37

0.105

Site×PC2

11.89

11.89

1.60

0.275

Site×PC2

0.42

0.42

0.09

0.777

Site

0.48

0.48

26.11

0.007

Site

0.02

0.02

1.55

0.282

PC1

0.01

0.01

0.44

0.543

PC1

0.01

0.01

0.89

0.398

PC2

0.00

0.00

0.16

0.709

PC2

0.00

0.00

0.10

0.772

Site×PC1

0.00

0.00

0.00

0.993

Site×PC1

0.01

0.01

0.65

0.466

Site×PC2

0.01

0.01

0.65

0.465

Site×PC2

0.01

0.01

0.42

0.554

Site

3.53

3.53

6.21

0.067

Site

0.28

0.28

4.23

0.109

PC1

0.28

0.28

0.49

0.521

PC1

1.23

1.23

18.35

0.013

PC2

0.23

0.23

0.40

0.563

PC2

0.01

0.01

0.08

0.791

Site×PC1

0.15

0.15

0.27

0.629

Site×PC1

0.27

0.27

4.00

0.116

Site×PC2

0.00

0.00

0.00

0.985

Site×PC2

0.15

0.15

2.25

0.208
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RNA
Taxa
Firmicutes

Factor

b

GammaPa,b

Planctomycetes

b

Verrucomicrobia

WD272

DNA

Sum Sq

Mean Sq

F value

P

Site

0.01

0.01

5.48

0.079

PC1

0.01

0.01

7.06

0.057

PC2

0.01

0.01

10.33

Site×PC1

0.00

0.00

Site×PC2

0.10

0.10

Site

530.86

530.86

PC1

6.50

PC2
Site×PC1

Factor

Sum Sq

Mean Sq

F value

P

Site

6.67

6.67

1.15

0.344

PC1

0.25

0.25

0.04

0.845

0.032

PC2

6.90

6.90

1.19

0.336

0.96

0.383

Site×PC1

3.86

3.86

0.67

0.460

66.85

0.001

Site×PC2

19.21

19.21

3.32

0.143

2.54

0.187

Site

3.45

3.45

47.09

0.002

6.50

0.03

0.869

PC1

0.21

0.21

2.85

0.167

111.32

111.32

0.53

0.506

PC2

0.11

0.11

1.49

0.290

101.69
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AlphaP, Alphaproteobacteria; BetaP, Betaproteobacteria; DeltaP, Deltaproteobacteria; GammaP,
Gammaproteobacteria.
b
Relative abundances of Firmicutes, Gammaproteobacteria (both in the active community) and
Planctomycetes (total community) were log transformed to achieve normal distribution.
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Figure A.7.1: Detrended correspondence analysis (DCA) of the abundance of N cycling genes (copy
numbers per ng of RNA) using RT-qPCR from C. pallens and C. teretifolia grassland soils at Takahe
Valley.
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Figure A.7.2: The relationship between abundance of rpoB transcript number per ng of RNA and soil
properties (log transformed except for pH) in C. pallens and C. teretifolia grassland soils. Simple linear
regressions were used to test the correlation.
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Figure A.7.3: The relationship between abundance of clade I nosZ:rpoB transcript number ratio and soil
properties (log transformed except for pH) in C. pallens and C. teretifolia grassland soils. Simple linear
regressions were used to test the correlation.
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Figure A.7.4 The relationship between abundance of narG:rpoB transcript number ratio and soil
properties (log transformed except for pH) in C. pallens and C. teretifolia grassland soils. Simple linear
regressions were used to test the correlation.
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Figure A.7.5: The relationship between abundance of napA:rpoB transcript number ratio and soil
properties (log transformed except for pH) in C. pallens and C. teretifolia grassland soils. Simple linear
regressions were used to test the correlation.
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