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Abstract

Agricultural soils are heterogeneous environments in which conditions affecting microbial
growth and diversity fluctuate widely in space and time. This study aims to test the
hypothesis that the use of organic farming practices (fertility management and crop
protection) enhances the diversity and activity of free-living N fixers as well as the
bacterial community as a whole. The effects of seasonal variability, and crop rotation, on
the diversity and activity of free-living N fixers and the total bacterial community were also
tested. Soils were taken from the Nafferton factorial systems comparison (NFSC) study in
North East England, and were sampled in March, June and September of 2007, 2008 and
2009. PCR-DGGE and gPCR analysis of the nifH and 16S rRNA genes were utilized as
well as sequence analysis and community level substrate utilization in the form of
BIOLOG plates.

Overall, season and crop rotation produced the most community variability. Diversity and
activity of both genes were decreased in June after perturbation, regardless of
management type. On average conventional fertility management led to increased
bacterial and diazotrophic gene copy humber, and both communities were significantly
influenced by pH, carbon and nitrogen availability. Crop protection protocols affected the
two communities differently with organic crop protection promoting the diazotrophic
community and conventional crop protection promoting the total bacterial community. The
presence of legumes in the organic rotation had a detrimental effect on activity and
diversity of the diazotrophic community as excess nitrogen remained in the soil restricting
the development of the nitrogen fixing community.

To our knowledge the effects of organic and conventional farming systems on free-living
diazotrophs have never been studied, particularly with respect to the effects of crop
rotation and crop protection protocols. An increased understanding of the impacts of

management practices on free-living N fixers could allow modifications in soll



management practices to optimize the activity of these organisms. It is also hoped that
fully understanding nitrogen fixation will help farmers adapt a more rational fertility
management system in turn reducing some of the negative environmental impacts of

unused nitrogen species.
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1. Introduction

1.1 Brief review of soil microbial diversity and the molecular methods often used.

Soil is an incredibly heterogeneous environment supporting a higher population of
prokaryotes than any other habitat (Delmont et al., 2011; Tiedje et al., 1999). There are
many different methods used to investigate bacterial diversity within soil environments. A
basic summary of these methods is provided in table 1.1. By using these methods some

basic characteristics of general soil microbial diversity have been deduced.

One gram of soil is thought to harbour thousands of different species of bacteria, most of
which are unknown and unculturable (Handelsman et al., 1998). It is estimated that, of
these thousands of species, only 1% of the soil bacterial community is currently
culturable. It is possible that this 1% does not well represent the bacterial community as a
whole (Kirk et al., 2004). It is this reason which makes molecular biology necessary to
study the functioning and processing of this environment. Our understanding of microbial
diversity has been greatly expanded by the use of molecular methods including:
denaturing gradient gel electrophoresis (DGGE), phospholipid fatty acid/phospholipid
ether lipid analysis (PLFA/PLEL), terminal restriction fragment length polymorphism
analysis (T-RFLP) and pyrosequencing. For example, when a culture-dependent-DGGE
approach and culture-independent DGGE approach were compared 32% of the profiles
identified were unique to the culture-independent approach (Edenborn and Sexstone,
2007). However, there are still problems associated with the use of molecular methods
due to a general lack of taxonomic understanding of unculturable microorganisms (Kirk et
al., 2004). As so many members are unculturable the majority of soil taxa are relatively
unstudied, with a few exceptions of taxa such as the ammonia-oxidizing Nitroso- genera

which have a specific physiological capability (Fierer et al., 2007).



Table 1.1. Brief summary of common methods used to study soil microbial diversity (adapted from Kirk et al., 2004).

Technique

Brief description

Positives

Drawbacks

Example of study using
this technique to measure
soil microbial diversity

Plate counts

Bacteria are grown on selective media
and identified using biochemical tests

Fast and inexpensive

Unable to detect
unculturables and is
baised towards fast
growers

Tabacchioni et al., 2000

Community level
physiological
profiling (CLPP)

Bacterial communities are exposed to
various carbon sources and the level of
substrate utilization is measured.

Fast and can be tailored
so that carbon source
match specific
environments

Biased towards fast
growing heterotrophs and
doesn't detect unculturable
bacteria

FleiRbach and Mader,
2004

Fatty acid methyl
ester (FAME)

Biochemical method which measures
changes in fatty acid content of microbial

Do not need to directly
culture microorganisms

Can be influenced by
external factors

Esperschiitz et al., 2007

analysis (e.qg. communities using gas chromatography

Phospholipid fatty

acid analysis

(PLFA))

Nucleic acid DNA is extracted, denatured and DNA or RNA can be Not very sensitive and Cho and Tiedje, 2001
hybridization allowed to anneal in the presence of studied. Does not suffer |requires high copy

probes. The rate the DNA reanneals is
proportional to the complexity (diversity)
of the community.

from PCR bias.

numbers

DNA microarrays

Microarrays contain genes of interest.
DNA is denatured and allowed to
anneal. The presence of probes allows
any DNA annealing to genes on the
microarray to be identified.

Thousands of genes can
be used

Only accurate in low
diversity environments

Greene and Voordouw,
2003




Table 1.1 (continued) Brief summary of common methods used to study soil microbial diversity (adapted from Kirk et al., 2004).

Technique

Brief description

Positives

Drawbacks

Example of study using
this technique

Denaturing gradient
gel electrophoresis

Genes of interest are amplified using
PCR. A community fingerprint’ showing

Reproducible and
reliable

PCR bias means dominant
species are favoured. One

(DGGE)/Temperatur|the number of individual organisms band can represent more
e gradient gel carrying the gene is obtained by than one species
electrophoresis separating according to the G/C content

(TGGE) of the organisms sequence.

Hayden et al., 2010

Terminal restriction
fragment length
polymorphism (T-
RFLP) analysis

Genes of interest are amplified using
PCR with fluorescently labelled tags.
Fragments are then digested with
restriction enzymes and individual
organisms are identified by the resulting
fragment lengths.

Reproducible and
capable of automation

Similar to DGGE/TGGE

Hartmann et al., 2006

Ribosomal
intergenic spacer
analysis
(RISA)/automated
ribosomal intergenic
spacer analysis
(ARISA)

Intergenic spacer regions are amplified
using PCR and sequence
polymorphisms are detected by
separating on a polyacrylamide gel.

Highly reproducible

Need large quantities of
nucleic acid

Tiedje et al., 1999

Clone library

Gene of interest is amplified using PCR.
The gene is then cloned and the clones
sequenced to identify individual
members of the community

Individual organisms can

easily be identified by
sequencing clones.

Labour intensive and
dominant members are
favoured

Coelho et al., 2009

Pyrosequencing

PCR is carried out using a bar code
label system. All PCR products are then
sequenced and identified.

Provides large amounts

of sequence data
showing exactly what
members are present

Expensive and dominant
members are favoured.

Acosta-Martinez et al.,
2008
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Residing within the soil there are thought to be approximately 52 bacterial and 4 Archaeal
phyla (Swift et al., 2008). A recent study (Coleman et al., 2010) analysing total soil
bacteria within Australian vertisols found that, of those that could be identified,
Proteobacteria, particularly -Proteobacteria is the most abundant phyla, followed by
Firmicutes, Acidobacteria and Bacteroidetes respectively, with Planctomycetes,
Verrucomicrobia and Gemmatimonadetes being other reasonable well represented phyla.
However, many of these abundant taxa, for example Acidobacteria, are particularly
difficult to culture and therefore little is known about their physiological capabilities or

habitat preferences (Edenborn and Sexstone, 2007; Fierer et al., 2007).

1.2 Soil management and its effects on  the total bacterial community.

In general, land use can alter the soil microbial community. Environmental differences,
changes in the plant species grown, and the associated management practices leads to
changes in soil carbon, soil structure, nutrient contents and pH which can in turn alter the
soil microbial community (Lauber et al., 2008). This has been repeatedly demonstrated
when comparisons are made between the microbial community of forest, pasture and
crop land soil, with changes in soil pH, carbon mineralization rates and soil nutrient status
given as the cause (Lauber et al., 2008; Jangid et al., 2008). As agricultural land is
subject to the most anthropogenic change, in the form of application of fertilizers and
tillage, it is often found to have a different bacterial community structure to other soils. For
example, when comparisons were made between soils under different land-uses, Jangid
et al. (2008) found cropland had increased Delta- and Gamma-proteobacteria, and
decreased Firmicutes and Alpha-proteobacteria, when compared to forest and pasture

soil.

There is also evidence that historical soil characteristics brought about by agriculture
continue to influence the soil microbial community for decades after such activity has

ceased. For example, agricultural soil which had been abandoned for 9 years was more
4



similar, in terms of the seven most common members of the soil bacterial community, to
current agricultural field soil than soil which had never been managed (Philippott et al.,
2010; Buckley and Schmidt, 2003). Suggesting that, although soil microbial communities
are dynamic they may still exhibit patterns due to past and current management, and that
the anthropogenic changes observed in agricultural systems clearly affect the soil

microbial community.

Crop production can be carried out either organically or conventionally. Organic farming is

regulated in the UK by guidelines laid down by the Soil Association

www.soilassociation.orq). A strong emphasis is placed on protecting the environment by

severely restricting the use of synthetic chemical fertilizers and pesticides. In order to
maintain soil fertility, composts and animal manures are applied to soil, and diverse crop
rotations are used. Pests and disease are also kept under control by the use of carefully
thought out crop rotations, natural pesticides and good cultivation practice.

The Organic food and farming action plan outlined by DEFRA

http://www.defra.gov.uk/farm/organic/policy/actionplan/annex3.htm) combining studies

carried out by MAFF, English Nature, The European Commission and the Soil Association
found that on average organic farming improves biodiversity (of both macro- and
microorganisms), energy efficiency, pesticide pollution, and reduces carbon dioxide
emissions as it complies with strict regulations on the amount of chemicals and other
inputs that can be added to the land.

Conventional farming is harder to define as it is not controlled by EU standards. It focuses
on increasing productivity by the use of chemical fertilisers, pesticides and monocultures.
$V WKH SODQHWYV SRSXODWLRQ LQFUHDVHV WKH QHHG IRU
important. For example, it is estimated that by 2030 40% more rice will have to be grown
to meet demand (Khush, 2005). However, there are a number of environmental problems
associated with conventional farming. These include water pollution through nutrient

leaching, soil erosion and decreases in landscape quality, food safety and biodiversity
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(Hole, 2005). An extreme example of the detrimental effects of conventional agriculture is
WKH R[\JHQ VWDUYHG 3GHDG JRQH" LQ WKH *XOI RI OH[LFR
result of an accumulation of leached nutrients from farms across the Mississippi
(Adesemoye et al., 2009).

For these reasons, agricultural policy laid down by the EU has changed over the last 10
years and farmers are now encouraged to focus on environmental benefits, such as
countryside quality and reduced pesticide residues in food, as well as increased
production (Firbank, 2005; Hole, 2005).

The overall effect of organic and conventional farming systems on the total microbial
community has been previously studied. Mader et al. (2002) compared organic and
conventional systems and found increased soil diversity in the form of: increased
microbial biomass, increased dehydrogenase activity, increased alkaline phosphatase
and increased area of root length colonized by mycorrhizal fungi associated with organic
farming. A separate study found no difference in microbial biomass and activity between
two organic and conventional systems but did find differences in the soil microbial
community structure (Donnison et al., 2000). As there are many differences between the
two farming systems, changes to the soil microbial community could be due to differences
in fertility management, crop protection protocols and crop rotations between the soil
management regimes. The effect of all three processes has been studied in the complex
DOK experiment in Switzerland (Esperschutz et al., 2007). All three factors were found to
influence the microbial community with fertility management having the most profound

effect followed by pesticide application and crop rotation respectively.

Currently the factor most thought to influence the soil microbial community is the
application of fertilizers. Conventional farms rely on synthetic fertilizers such as
ammonium sulphate, ammonium nitrate and superphosphate. Whereas, organic farms
rely on compost, green manures and manure from livestock (Bulluck et al., 2002). It was

assumed the overriding effect of fertility management was due to the fact that farmyard
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manure released a diverse mixture of organic compounds stimulating a complex microbial
community. The application of farmyard manure has been shown to affect the soil biota in
terms of total biomass (Esperschiitz et al., 2007; Bossio et al., 1998) and microbial activity
(Widmer et al., 2006). It has also been shown to change the microbial community
structure in terms of diversity (Hartmann et al., 2006; van Diepeningen et al., 2006) and
activity (Wessén et al., 2010). These differences are mainly attributed to differences in
levels of nitrogen, carbon and pH between the two management systems (Wessén et al.,
2010). The organic substrates and increased soil carbon provided by farmyard manure
may stimulate microbial growth when compared with soils exposed to no fertilizer and

conventional mineral fertilizer (Jangid et al., 2008; Hartmann et al., 2006).

A study compiling results from 39 different field trials found that on average organic
farming produces 28% higher soil carbon levels compared to non-organic farming, in
northern Europe (Azeez et al., 2009). The study also demonstrated a positive association
with soil carbon levels and soil quality, soil structure, and microbial biomass. R strategists
are opportunistic bacteria which grow quickly in response to favourable conditions;
whereas, k strategists are slow growing microorganisms, which proliferate best when
conditions are less favourable to competition (Sarathchandra et al., 2001). When organic
fertilizers are first applied fast growing r strategists are mainly found, presumably utilizing
the readily available carbon. However, when conventional fertilizers are used less carbon
is available and the microbial community shifts towards those k strategist microorganisms

(Esperschiitz et al., 2007).

There are also secondary effects due to the input of different fertilizers. Pagliai et al.
(2004) found that manure and compost react with the soil matrix enhancing pore size and
soil porosity.

The main secondary effect, however, could be changes in soil pH, as pH is considered a

predictor of soil microbial community composition (Fierer and Jackson, 2006). In general



bulk soil has a stable pH. However, perturbations such as liming and changes in plant
community can suddenly change pH forcing the microbial community to adapt
(Fernandez-Calvino and Baath, 2010). The addition of both organic and chemical
fertilizers lowers soil pH, this is more apparent after the addition of chemical fertilizers
such as ammonium sulphate (Hao et al., 2008). Hallin et al. (2009) found that pH affected
community composition between soils treated with different fertilizers. Acidobacteria, for
example, are more tolerant of acidic environments and are therefore observed in higher
numbers after fertilizers are added (Wessén et al., 2010; Jangid et al., 2008). As most
microorganisms proliferate best within 1 pH unit of neutral, bacterial richness and diversity
plateaus at near neutral pH (Fierer and Jackson, 2006). Meaning, soil pH can be used to

predict the diversity and composition of the soil bacterial community.

Crop protection measures could also potentially affect the soil microbial community.
Conventional farmers can use a complex mixture of herbicides, insecticides, fungicides,
growth regulators and desiccants to protect their crops. Globally around 3 x10° kg of
pesticides is used in conventional farming annually. It is estimated that only 0.1% of this
actually reaches the target organism (Hussain et al., 2009). As organic farmers are
severely restricted on the use of chemicals, they must rely on: mechanical weeding and
flaming to combat weeds; crop rotations; natural plant extract-based fungicides and
copper based treatments to protect against disease; and netting and the use of
predators/competitors to avoid damage from pests (Litterick et al., 2002).

When applying chemicals to the soil it is possible that they may affect non-target
organisms. As soil microorganisms are small in size and large in number they can provide
a large surface for chemicals from the surrounding soil to interact with (Cyco and
Piotrowska-Seget, 2009). Individual groups of microorganisms will react differently to the
presence of pesticide some will proliferate as they will be able to degrade pesticides and
use them as an energy source, while others will find the pesticide toxic which may relieve

some species of the stress of competition (Hussain et al., 2009; Johnsen et al., 2001). For
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example, soil basal respiration and community level substrate utilization (CLSU) were
used to compare the bacterial community within potato soil before and after the
application of a defoliant spray. Initially increased soil basal respiration was observed
following application of the pesticide suggesting high C turnover possibly due to the toxic
action of the pesticide. Microbial biomass and activity was also reduced although this
returned to normal after 135 days. Interestingly community level substrate utilization
showed continued increased heterotrophic activity possibly due to increased catabolic
capabilities as the pesticide is degraded, and adaption to environmental change

JOLH EDFK DQG 0IGHU
The majority of studies into the effects of chemical pesticides have found that they do not
significantly affect the soil microbial community when used at the correct dose (Spyrou et
al., 2009; Cycon and Piotrowska-Seget, 2009; Bending et al., 2007). However, in most
instances the pesticides are tested singularly and the effects measured against a sub-set
of the bacterial community. In realistic agricultural situations, pesticides are often used in
FRPELQDWLRQ )OLH EDFK DQG 0IGHU -Seget&200® QuQ G 3LRW
that although there was no significant change to the microbial community at
recommended dosages of herbicides, fungicides and insecticides fast growing
microorganisms (r strategists) seemed to become more dominant after exposure as they
are more suited to the less stable environment. They also found that cfu counts were
higher in low doses following insecticide and herbicide treatment probably due to the
microorganisms degrading the chemical and using it as a carbon sour FH &\ RRd
Piotrowska-Seget, 2009). It is the unculturable bacteria, in particular the methanotrophs
and ammonia oxidizers, which are thought to be most greatly affected by long term
pesticide application (Seghers et al., 2003; El Fantroussi et al., 1999).
Organic crop protection methods can also possibly affect the soil microbial community.
Copper oxychloride was found to reduce soil metabolic potential using BIOLOG
techniques and significantly affect protist numbers when used in concentrations greater

9



than 100 mg/kg (Du Plessis et al., 2005). However this greatly exceeds the recommended

dosage.

Organic systems include crop rotations and ley periods which allow the soil to recover lost
nutrients whereas, conventional systems mainly rely on monocultures and more intensive
crop rotations containing more cash crops. The crop growing in the soil can influence the
soil microbial community as different plant species will contribute different quantities and
qualities of carbon to the rhizosphere (Ladygina and Hedlund, 2010). However, it is
unclear if this is significant, especially in bulk soil, due to the influence of other soil
environmental factors (Ostle et al., 2003). It is also unclear whether the effect persists

once other crops are grown.

The presence of a crop rotation has a positive effect on the soil microbial community.
Acosta-Martinez et al. (2008) used pyrosequencing to show microbial diversity was
significantly lower in soils from a cotton monoculture compared to soils from a cotton-
wheat-corn rotation. In soil from the monoculture 181 bacterial species were detected,
compared to 285 species in soil from the rotation. Soils under the rotation also had higher
Gram negative species and lower Gram positive species than the soil from the
monoculture. It is thought that this is due to the positive influence of quality organic
materials deposited in the soil from the different vegetation. However, conventional
farmers also often use crop rotations as they are known to optimize yield by breaking

disease patterns (Larkin and Honeycutt, 2006).

The crops present within a rotation may also affect the microbial community. Legumes are
thought to have a positive effect on the diversity and activity of soil microorganisms as
they have root exudates rich in nitrogen (Ladygina and Hedlund, 2010; Wardle et al.,
2003; Warembourg et al., 2003). When comparing winter wheat soil, which had previously

grown clover and peas, with winter wheat monoculture soil Lupwayi et al. (1998) found
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microbial diversity was significantly higher under the legume based crop rotation. Pascault
et al. (2010) showed that incorporation of alfalfa, rape and wheat residues all affected the
microbial community differently as they degraded to offer variable carbon sources. Alfalfa
and rape residues led to higher soil respiration and higher numbers of Proteobacteria.

Wheat residues led to increased Actinobacteria and Bacteroidetes.

Previous crops in a rotation can affect the soil microbial community. However, the effect is
often overshadowed by the effect of the application of manures and composts
(Esperschiitz et al., 2007; Hartmann et al., 2006). The effect of preceding crop was
measured using PLFA/PLEL (Esperschiitz et al., 2007) and T-RFLP (Hartmann et al.,
2006) for the same field trial in Switzerland. PLFA and T-RFLP results did change
significantly due to preceding crop but this mainly corresponded to small changes in the
fungal and eukaryotic communities rather than the bacterial community.

In contrast, Larkin (2003), and Larkin and Honeycutt (2006) compared microbial activity in
2 and 3-year cropping systems and a potato monoculture using BIOLOG and FAME (fatty
acid methyl ester) and found the immediate preceding crop to be the primary influential
factor. Grain crops, such as wheat, barley and oats, tended to support greater microbial
activity and biomass possibly due to the fact that, in general, grain residues double
organic C content and the C to N ratio, when used in rotation, and compared with crops
like potato and soybean (Meriles et al., 2009). The structure of the microbial community,
and fungal-bacteria ratios, also changed in response to rotation. For example, barley
rotations led to increased Actinomycetes and fluorescent pseudomonads (Larkin, 2003).
In general the application of farm yard manure, the restriction of pesticides and the use of
diverse crop rotations are thought to have a positive effect on microbial diversity and
activity. However, results are equivocal and studies mostly focus on small sections of
farm management rather than full systems. Part of this study will examine the effect of full
farm management systems on the soil microbial community which inhabit bulk soil to try

and add clarity to the discussion above.
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In this study soil samples will be taken from 3 years (2007-2009) and at 3 time points
within each year (March, June and September). It is possible that sample date could
affect the bacterial community. Although they offer no explanation as to why, Jangid et al.
(2008) found the diversity of the microbial community in winter to be almost double that of
the summer when analysing microbial communities in cropland and pasture of Georgia,
USA. They also found Gram positive organisms to favour winter and Gram negatives to
favour summer and suggest this is due to changes in numbers of Gram negative
Proteobacteria. Wakelin et al. (2009) also saw significant changes in the diversity of the
bacterial community over the growing season. They suggested this was due to changes in
water availability but also suggested changes in temperature and changes in quality and
quantity of plant root exudates could have an effect.

Clearly changes to soil management can affect the soil microbial community in many
ways (Stark et al., 2008). Any changes in soil microbial diversity and activity could lead to
changes in carbon and nitrogen cycling and organic matter decompaosition, as bacteria
are responsible for 90-95 % of nutrient cycling (He et al., 1997). This can affect the crops

growing in the soil as nitrogen and carbon are two common limiting factors.

1.3 Nitrogen fixation and the effect of farm management on the free -living

diazotrophic community.

Nitrogen is essential to all living-organisms. Although there is approximately 5 billion

PHWULF WRQV RI QLWURJHQ FRQWDLQHG LQ WKH (DUWKTV I
the terrestrial, marine and soil biota, less than 2% is available to organisms (Galloway,

1998). After water, nitrogen is often the limiting factor in crop growth, and therefore, plays

D FUXFLDO UROH LQ WKH RUJDQL]DWLRQ DQG IXQFaWALRQLQJ

2000).
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There are 3 main pools of nitrogen; gaseous N (N,, NO, NH; and N,O), inorganic N (NH,",
NO;z; and NO;’) and organic N (in organic matter and plants). The nitrogen cycle is

basically a series of steps which links the N pools.

To be utilized the triple bond of di-nitrogen (N,) must be broken and the nitrogen must be
PUL[HGYT LQ D PRUH XVHDEOH IRUP %HIRUH KXPDQ LQYROYHP
biological nitrogen fixation (BNF) carried out by certain microorganisms (90-130 TgNyear

Y or by lightning (3-5 Tg N year™) (Galloway et al., 1995). Nitrogen can also be fixed

chemically using the Haber-Bosch process, used to make chemical fertilizers. Nitrogen

fixation will be discussed further later in this chapter. Once fixed, ammonium can also be
converted to nitrate in the soil via nitrification. Nitrification is carried out by members of 3

genera of Proteobacteria; Nitrosomonas, Nitrosococcus and Nitrosospira and ammonia-

oxidizing archaea (Di et al., 2010; Rotthauwe et al., 1997).

Ammonium and nitrate can then be used above ground via plant uptake or below ground

via immobilization by microbes.
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Figure. 1.1. Simplified diagram of the nitrogen cycle.
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When inorganic N species are in excess they are often leached out of the soil into
streams, ground water and the atmosphere. This can lead to environmental concerns as
excess nitrogen can pollute an ecosystem. Leaching adversely affects soil fertility due to
the fact that nitrate ions are negatively charged and will therefore associate with positively
charged ions such as calcium, magnesium and potassium (Vitousek et al., 2000).
Nitrogen is also lost from systems in gaseous forms. Ammonium can be converted to
ammonia via volitization, however, the most studied loss of gaseous N is the conversion
of nitrate back to N, via the anaerobic microbial redox process denitrification (Zumft,
1997). This step wise process involves the conversion of nitrate to nitric oxide, then
nitrous oxide, before finally being converted to di-nitrogen. Nitrous oxide depletes ozone
from the stratosphere leading to global warming, and nitric oxide causes acid rain. The
emissions of both of these gases, as well as the leaching of nitrate, are affected directly
and indirectly by the use of N fertilizers (Pang and Letey, 2000; Smith et al., 1997). By
further understanding the microbes responsible for these processes it may be possible to
minimize the excess N, which leads to environmental problems.

Nitrogen is vital for all living organisms and is required in relatively large concentrations by
most agricultural crops. Crops such as wheat, rice and maize need 20 to 40 kg soil N Ha™
over a period of 3 to 5 months to satisfy the N requirements for each tonne of grain
produced (Peoples et al., 1995). It is essential for crop production as it is a vital
component of proteins, nucleic acids, porphyrins and alkaloids (Schulten and Schnitzer,

1998).

Although the atmosphere is 79% dinitrogen it is unavailable to the vast majority of
RUJDQLVPV LQ WKLV WULSOH ERQGHG IRUP DQG QHHGV WR
production of chemical fertilizers nitrogen is fixed via the Haber-Bosch method. This

chemically fixed N is a convenient and relatively cheap way of providing bioavailable N.

However, the Haber-Bosch process relies on non-renewable, and increasingly expensive,

fossil fuels (the production of 1 kg N-fertiliser requires 38,000 kJ of fossil energy)
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(Refsgaard et al., 1998) and results in significant emissions of greenhouse gases (IPCC,
2006).

The vast majority of biological nitrogen fixation is carried out by microorganisms.
Microorganisms which possess the ability to fix nitrogen are known as diazotrophs.
Diazotrophs were first cultured in 1888 by Martinus Beijerinck (Fred et al., 1932). As
nitrogen free media was developed, more nitrogen fixers could be cultured and studied
leading to Allen and Senoff isolating the first nitrogenase enzyme in 1965 and discovered
that the nitrogenase enzyme, responsible for catalyzing the reduction of atmospheric
dinitrogen to ammonia, was composed of two protein subunits (dinitrogenase and
dinitrogenase reductase) (Mortenson, 1965). Between the 1970s and the 1990s the
equation of nitrogen fixation was deduced and studies focussed on isolating the
nitrogenase enzyme and studying its amino acid, and in turn, crystal structure (Simpson
and Buris, 1984; Hausinger and Howard, 1983; Howard et al., 1989; Morgan et al., 1990;
Georgiadis et al., 1992; Kim and Rees, 1992).

Once the nitrogenase enzyme was more fully understood focus turned to studying
nitrogen fixing communities and their environments. There are several different ways to
study the action of nitrogen fixing bacteria, the most commonly used is the acetylene-
ethylene assay developed by Hardy et al. in 1968. As well as nitrogen nitrogenise reduces
other targets such as acetylene, which is reduced to ethylene. The acetylene reduction
assay measures the amount of ethylene produced when N-fixers are exposed to
acetylene. This rate is directly proportional to the rate of nitrogen fixation ( Duc et al,.
2009; Hardy et al., 1968). >N, can also be used to assess the rate at which N is fixed in a

culture/environment (Buckley et al., 2007).

The reaction involved in nitrogen fixation is summarized in the following equation.

N, + 8e + 8H" 0J$73 : 3+ H, + 16MgADP + 16P;
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(DFK WUDQVIHUUHG HOHFWURQ pFRVWVY WKH FHOO 0J$73
enzyme also has a slow turnover, and there are a large number of genes required for
nitrogenase regulation and assembly (Zehr et al., 2003), meaning that for a
microorganism to rely solely on nitrogen fixation as the source of nitrogen it would need to
dedicate 20% of its protein to nitrogenase production and regulation (Dixon and Kahn,
2004). Nitrogen fixation is therefore tightly regulated from the transcription to translational
protein modification stages (Zehr et al., 2003). The nitrogenase enzyme is oxygen
sensitive and the nifLA operon regulates at the transcriptional level in response to fixed
nitrogen levels, to stop unnecessary production (Yan et al., 2010; Dixon and Kahn, 2004;
Pedrosa et al., 2001; Gussin et al., 1986).

Initially studies were carried out using N free media on culturable diazotrophs (See Table
1.2 for a list of all culturable diazotrophs (adapted from Zehr et al. (2003)). Diazotrophs
are highly diverse and are found in almost all bacterial, and some archael, phylogenetic
groups including all subdivisions of Proteobacteria. They have a wide range of
physiologies, there are examples of diazotrophs which are: aerobic (Azotobacter),
anaerobic (Clostridium) or facultatively anaerobic (Klebsiella) heterotrophs; anoxygenic
(Rhodobacter) and oxygenic (Anabaena) phototrophs; and chemolithotrophs (Dixon and
Kahn, 2004). Of the 49 diazotrophic groups only 22 have members which can be cultured
(Buckley et al., 2007). As a result, molecular studies are essential to assess full
diazotrophic diversity. As diazotrophs are spread across so many different groups,
primers must be designed specifically for nif genes, rather than 16S based primers, for
use in PCR. The nif genes encode the nitrogenase enzyme. The nitrogenase enzyme
consists of a Molybdenum-Iron (MoFe) and Iron (Fe) protein (Roeselers et al., 2007). The
nifH gene encodes one of the subunits of the Fe protein and is often studied as it is the
most conserved of the nif genes, is not constitutively expressed, is regulated in response

to factors that control nitrogen fixation, and levels correspond to nitrogenase activity
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Table 1.2. Summary of all culturable diazotrophs (adapted from Zehr et al., 2003).

Cluster | Group Genera

I Alpha-proteobacteria Azospirillum
Gluconacetobacter
Mesorhizobium
Rhodobacter
Rhodospirillum
Rhizobium
Sinorhizobium
Beijerinckia
Methylocella
Methylosinus
Methylocystis
Rhizobium
Xanthobacter
Beta-proteobacteria Burkholderia
Herbaspirillum
Azoarcus
Alcaligenes
Epsilon-proteobacteria | Arcobacter
Gamma-proteobacteria | Vibrio
Acidothiobacillus
Klebsiella
Marichromatium
Methylomonas
Azotobacter (vnfH)
Methylobacter
Azomonas
Pseudomonas
Cyanobacteria Anabaena
Chlorogloeopsis
Calothrix
Cyanothece
Dermacarpa
Fischerella
Gloeothece
Lyngbya
Myxosarcina
Nostoc
Oscillatoria
Phormidium
Plectonema
Pseudanabaena

Scytonema
Symploca
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Table 1.2 (continued). Summary of all culturable diazotrophs (adapted from Zehr et al.,

2003).

Cluster | Group Genera
I Cyanobacteria Synechococcus (Cyanothece)
Synechocystis (marine)
Tolypothrix
Trichodesmium
Xenococcus
Firmicutes Frankia
Paenibacillus
Il Alpha-proteobacteria Rhodobacter
Delta-proteobacteria Desulfobacter
Gamma-proteobacteria | Azotobacter
Firmicutes Paenibacillus
Clostridium
Spirochaetes Spirochaeta
Treponema
Archaea Methanobrevibacter
Methanococcus
Methanothermobacter
Methanosarcina
1] Delta-proteobacteria Desulfobacter

Desulfomicrobium
Desulfovibrio
Desulfotomaculum
Desulfonema
Desulfovibrio
Firmicutes Clostridium
Acetobacterium
Desulfosporosinus
Spirochaetes Spirochaeta
Treponema
Archaea Methanosarcina
Green sulphur Chlorobium
Pelodictyon

\% Spirochaetes Treponema

Archaea Methanobrevibacter
Methanocaldococcus
Methanococcus
Methanopyrus
Methanosarcina
Methanothermobacter
Methanosarcina
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(Levitan et al., 2010; Zehr et al., 2003). Due to the conserved nature of the nifH gene
there has been considerable work creating primer sets so that the soil community can be
analysed using a PCR-DGGE based system (Burgmann et al., 2005; Burgmann et al.,
2004; Burgmann et al., 2003; Poly et al., 2001a; Poly et al., 2001b; Widmer et al., 1999;
Rosado et al., 1998).From 1992-1996 Young compiled lists of all known nitrogen fixing
bacteria and began to assemble phylogenetic trees. It was found that when the nifH gene
was used the trees were consistent with 16S rRNA based studies ( Young, 1996; Young,
1992).

These studies, along with many others, have meant that diazotrophic diversity has been
studied across many different environments such as; oligotrophic oceans (Zehr et al.,
2001), lakes, rivers and estuaries (Zehr and McReynolds, 1989), mats and sediments

(Zehr et al., 2001), soils (Poly et al 2001b) and termite guts (Ohkuma et al., 1999).

Phylogenetic studies of diazotrophs have found that they separate into 4 clusters. Certain
genera belong to more than one cluster as they have more than one homologue of the
nifH gene (Raymond et al., 2004; Zehr et al., 2003). Diazotrophs belonging to cluster | are
the most widespread and are mostly cyanobacteria and Proteobacteria containing the
largest nif gene operons. Diazotrophs of cluster Il are similar to those of cluster | but are
mostly anaerobic and are found in environments of low oxygen such as sediments and
microbial mats. Cluster Ill contains diazotrophs which have alternative vanadium or iron
nitrogenases. Diazotrophs of cluster IV are rare and are mostly found in invertebrate guts

(Raymond et al., 2004; Zehr et al., 2003).

Studies from the last few years have continued to use techniques such as denaturing
gradient gel electrophoresis (DGGE) and quantitative polymerase chain reaction (qPCR),
and many have also incorporated sequencing of key organisms. These techniques have
been used to study land use effects (Hayden et al., 2010), crop effects (Hauggaard-

Nielsen et al., 2009; Coelho et al., 2009), N management effects (Coelho et al., 2009),
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seasonal effects (Gamble et al., 2010) and the functional significance of diazotrophs (Hsu

et al., 2009).

This study aims to extend this work by studying the effects of different organic and
conventional farm management practices on the free-living diazotrophic community.
Generally the most widely studied, nitrogen-fixers are those that are in symbiosis with
legumes. These have been extensively investigated as they are accountable for around
80% of biological nitrogen fixed in arable agriculture (Peoples and Craswell, 1992). The
plant has a nitrogen source and the bacteria receive energy from the photosynthates and

amino acids in the root (Fischer, 1994).

However, under specific conditions, bacteria which are free-living in soil (e.g. Frankia,
cyanobacteria, Pseudomonas, Azospirillum and Azotobacter) may also fix significant
amounts of nitrogen (0-60 kg N ha* year™) (Burgmann et al., 2004; Kahindi et al., 1997).
Due to their large diversity it could be expected that free-living diazotrophs would be
found in all soils however in a recent survey of soils in South East Australia Hayden et al.
(2010) found, using gPCR, that nitrogen-fixers were only present in half the soils due to
the specific conditions they need to thrive. Free-living nitrogen fixing bacteria may be
particularly important in organically managed soils, which could have lower nitrogen
content. There is also evidence that free-living N fixation is important for sustaining soil
fertility, particularly in arable soils which have a low abundance of leguminous plants
(Patra et al., 2007).

As nitrogen fixation is energy-expensive it is reliant on a carbon source. Free-living
diazotrophs can generally be stimulated locally by providing an easily degradable carbon
source, or by increasing the C/N ratio (Hayden et al., 2010). Keeling et al. (1998) found
long term glucose application increased the diazotroph population by 300% in one field

but had little effect in another due to an increase in nitrogen.
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Nitrogen fixation is adversely affected by acidic pH < 5.3 (Nelson and Melle, 2006;
Schubert et al., 1990). Although some strains have developed a tolerance, acidic and
alkaline pH constrain nitrogen fixing bacteria in soils and reduce symbiotic nodulation of
roots (Zahran, 1999). Schubert et al. (1990) used the acetylene reduction assay to show
that the optimum pH for nitrogen fixation was between 6.2 and 7. Nitrifiers and denitrifiers
are also affected by acidity and alkalinity (Philippot et al., 2007).

Optimal conditions for nitrogen fixation are more likely to be found in organically managed
soils as increased organic C is added in the form of manure, there is on average less
readily-available nitrogen and the pH is, on average, closer to neutral (Fernandez-Calvino
and Baath, 2010; Mader et al., 2002). The diazotrophic community structure and diversity
has been shown to respond to changes in grazing, liming, the nature of nitrogen added,
and the incorporation of crop residues (Patra et al., 1996; Wakelin et al., 2007). They are

also especially sensitive to chemical inputs such as pesticides (Omar et al., 1992).

When looking at the effect of land use type (agricultural vs. remnant) on the nitrogen fixing
community Hayden et al. (2010) looked at 60 sites from three different geomorphic zones
in South East Australia. Although nifH was more abundant in neutral-alkaline Calcarosols,
they found no significant difference between land use type or geomorphic zone and their
interaction with the nitrogen fixing community. However, they found DNA levels of nifH
were very low and could only amplify nifH from 50% of soils. They also suggested that the
drivers of nifH expression were microbial biomass carbon and nitrogen, total nitrogen and

total potassium (Hayden et al., 2010).

It is unclear how inorganic fertilizers affect the N fixing community. It could be assumed
that an increase in fertilizer leads to an increase in soil inorganic N levels which in turn

would lead to a reduction in fixation (Patra et al., 2007). This effect could be reasonably
rapid. Tan et al. (2003) found a significant decrease in diversity and activity of N fixation

15 days after fertilizer application. Coelho et al. (2009; 2008) found that an increase in
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fertilizer N led to a reduction in nifH density and that the cultivar of sorghum growing in the
soil also directly affected the nitrogen fixing community. However, it could also be
assumed that low input treatments may lead to more mineralizable, rather than inorganic
N, which could also inhibit fixation (DeLuca et al., 1996). There have also been studies
which have found little correlation between inputs of nitrogen and a reduction in fixation.
When looking at nitrogen fixation in the rhizosphere Piceno and Lovell (2000) suggested
that increased nitrogen fertilizer could result in decreased numbers of diazotrophs as
nitrogen fixers would lose their evolutionary advantage and have to compete with other
bacteria for a carbon source. They also suggested that increased nitrogen levels in the
short term could increase nitrogen fixation in the long term due to increased plant
production in turn leading to increased carbon in the soil.

Many studies investigate the effects of applying different levels of nitrogen (Coelho et al.,
2009; Coelho et al., 2008; Deslippe et al., 2005; Tan et al., 2003). However, in different
systems it is often the form of nitrogen applied that changes rather than the amount of
nitrogen. DeLuca et al. (1996) looked at similar levels of nitrogen applied to fields in
different forms (green manure, cattle manure and urea fertilizer). They found that in soils
0-20cm deep, there was a higher rate of nitrogen fixation in urea fertilized soils as the pH
was closer to neutral in these plots. Conversely, when gPCR was used to study the effect
of manure, urea and straw application on the diazotrophic community in the rhizosphere
of sorghum, it was found that the application of manure, and manure plus urea, led to the
most nifH expression, and that urea applied on its own led to the least nifH expression.
This was attributed to the elevated concentration of total C, N and P following the manure
application (Hai et al., 2009).

There may be a difference between the amount of available carbon between organic and
conventionally fertilized plots. Organically managed soils often have higher levels of soil
organic carbon and retain the carbon for longer than conventional soils (Pimental et al.,
2005). Increases in carbon have been shown to stimulate nitrogen fixation although this is
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inconsistent (Hsu and Buckley, 2009; Burgmann et al., 2005; Hartley and Schlesinger,
2002; Keeling et al., 1998). The activity of diazotrophic populations have been shown to
be enhanced by 300% when measured 2 months after carbon inputs were increased. This
was accompanied by a 100% increase in plant nitrogen uptake (Keeling et al., 1998).
However, studies showing this positive effect applied carbon in the form of sugar
containing substances such as glucose as they are trying to mimic the effect of
photosynthetically assimilated carbon, given off as rhizodeposits, rather than increased
carbon associated with the use of organic manures (Blurgmann et al., 2005; Hartley and
Schlesinger, 2002).

As well as applying ammonium and nitrate to the soil conventional soil management also
involves the application of phosphorus and potassium. Phosphorus can also stimulate
nitrogen fixation as it is required for energy production. Reed et al. (2007) observed
doubling of nitrogen fixation in response to the addition of phosphorus. It has been
suggested that the N:P ratio could be a good predictor for the rate of nitrogen fixation
(Hartley and Schlesinger, 2002). However, there was no noticeable effect of phosphorus
addition to the diazotrophic community structure and activity when management effects
were investigated in the rhizosphere of Spartina alterniflora and in arid grassland (Hartley
and Schlesinger, 2002; Piceno and Lovell, 2000).

Nitrogen fixing bacteria are thought to be especially sensitive to pesticides (Omar et al.,
1992). A recent review (Lo, 2010) discussing the effect of pesticides on soil
microorganisms demonstrated how different chemicals and different environments can
lead to different responses in the diazotrophic community. Certain chemicals have an
inhibitory affect (e.g. diflubenzuron) and others have a stimulatory effect (e.g.
methylpyrimitos). Most of the work looking at the effect of pesticides has been carried out
on symbiotic diazotrophs such as S. meliloti. Fox et al. (2007; 2004) have showed both in
vitro and in vivo that around 30 different pesticides have a negative effect on the
relationship between S. meliloti and alfalfa probably due to a disruption in the chemical
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signalling between the bacteria and its host. The in vitro study showed that all chemicals
significantly reduced N fixation for at least 6 weeks post pesticide application (Fox et al.,
2007). Most chemicals only affected bacterial nitrogen fixation ability and did not affect
bacterial growth.

The limited studies on the free-living diazotrophic community have led to very varied
results. Different chemicals can lead to different responses. For example, in flooded soil
Azospirillum and other anaerobic diazotrophs responded positively to Butachlor,
negatively to carbofuran and were not affected at all by carbaryl herbicides (Jena et al.,
1987). There are even discrepancies in results when looking at the effect of one pesticide.
The response of the nitrogen fixing community to glyphosphate pesticides has been
studied several times. In vitro studies observed that application of glyphosphate had no
effect on growth of Azotobacter and Azospirillum species even when dosage was
doubled, although there was a decrease in cell size of Azotobacter species when the
dosage was exceeded (Santos and Flores, 1995). The effect of the pesticide within
soybean fields found that nitrogen fixation was inhibited in response to glyphosphate
when N uptake was measured using *°N (Bohm et al., 2009) but, found no response to
glyphosphate even when they doubled the recommended dose, when nitrogen fixation
was measured using acetylene reduction assay (Zablotowicz and Reddy, 2007).

When DGGE was used to study the effects of acetochlor, methamidophos, and their
combination on the nitrogen fixing community in soil it was found that different bands, and
therefore different organisms, reacted differently with four bands disappearing in response
to the pesticide, four bands showing resistance and five bands actually proliferating in
response to the pesticide (Hussain et al., 2009; Su et al., 2007). Clearly not all organisms
will respond in a similar way leading to a possible change in overall community structure

in response to pesticides.

Crop rotation can alter microbial activity and diversity, break disease patterns and can

increase soil N and C by around 25% (Lupwayi and Kennedy, 2007; Kelley et al., 2003). It
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is also possible that crop rotation can affect the soil diazotrophic community as rotation
can lead to carry over of diazotrophic endophytes (Roesch et al., 2008). This is
particularly true when legumes are involved in the rotation. When the diazotrophic
community of soil from a continuous soybean rotation was compared with soil from a
soybean-corn rotation, significantly different diversity was observed (Xiao et al., 2010).
Also, once diazotrophs have been introduced to soil there is evidence that they can
persist. For example, the population, diversity and activity of Bradyrhizobium species was
measured in soybean soil in Brazil 15 years after it had been inoculated with 16
Bradyrhizobium species. Crop rotations, which included soybean, had higher populations,
diversity and activity of Bradyrhizobium, and Bradyrhizobium was still present even when
soybean was not (Ferreira et al., 2000).

The crop present in the rotation could have a strong effect on diversity and activity of
diazotrophs (Tan et al., 2003). Although not as strong as the influence of fertility
management, different grass species have been found to significantly affect the activity,
but not the diversity, of free-living nitrogen fixers (Patra et al., 2006).

If the current crop can affect the soils nitrogen fixing community it could be possible that
influences of preceding crops could influence communities in the current soil. When soil
factors were measured in 3 soils, all under spring wheat but which had previously had
either Faba beans, lupins, peas or oats present, it was found that although N leaching
was higher following legumes, there was more soil mineral N remaining in the soil
following faba beans due to their unusually high uptake of nitrogen due to nitrogen
fixation. This difference did not lead to any changes in the growth of the subsequent crop
but it is possible that the increased N remaining in the soil could lead to changes in the
diazotrophic community (Hauggaard-Nielsen et al., 2009).

Seasonal effects such as increased temperature can lead to increased rates of metabolic
processes and increased nitrogen fixation (Deslippe et al., 2005). The optimum
temperature for diazotroph growth and activity is between 10 °C and 25 °C (Beauchamp
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et al., 2006; Petterson and Baath, 2003) meaning, in temperate latitudes, nitrogen fixation
is often diminished in winter. When nitrogen fixation associated with Spartina was
measured it was found to be highest in September and lowest in February, also
correlating with changes in organic matter (Gamble et al., 2010). Heterotrophic
diazotrophs may also be lower in numbers in the winter but will increase with temperature
and increases in labile organic carbon throughout the growing season (Kirchman et al.,
2010).

There are exceptions to this. Shaffer et al. (2000) found no difference in nifH community
composition over a 16 month period in forest soil and litter in Oregon, USA. These results
are consistent with other studies of forest soil. However these studies look at DNA rather
than RNA so it is possible that although the overall community remains the same its
activity, and therefore nifH expression, changes seasonally.

In summary, the effect of crop rotation, fertility management and crop protection
associated with organic and conventional farming on the diazotrophic community will be
studied using gPCR and DGGE. The soil used will be bulk soil. It is important to note the
difference between microbial communities of the rhizosphere and those of bulk soil.
Rhizosphere bacteria are well studied as in general they are easier to culture (Dennis et
al., 2010). Biomass and activity is often enhanced in the rhizosphere as the
microorganisms here are under the control of the plant root system and can, therefore,
take advantage of increased carbon and energy obtained from root exudates (Berg et al.,
2009; Piceno and Lovell, 2000). However, due to its stability the rhizosphere is often less
diverse than bulk soil (Dennis et al., 2010). A large proportion of studies into nitrogen
fixation occur in the rhizosphere as, under similar conditions, nitrogen fixation will always
be higher in the rhizosphere than in bulk soil (Patra et al., 2007).

Considering the results of the previous studies discussed above it may be assumed that
organic farming would have a positive effect on the diazotrophic community due to the
diverse crop rotation, decreased N input and increased C availability. It is possible that
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any changes seen in the diazotrophic community could simply be a reflection of changes
to the overall bacterial community. By combining results from studies of both communities
it can be assured that changes reported in the diazotrophic community are due to a

specific influence on their capacity to fix nitrogen.

1.4 General statement of aims.

This study aims to measure the diversity of nitrogen fixing bacteria within agricultural soil
and observe changes in diversity and expression of the nifH gene brought about by
changes in farm management. The changes in farm management which will be studied
will be the effect of organic and conventional rotations, fertility management and crop

protection regimes.

In this study molecular techniques such as PCR, DGGE, real-time PCR and sequencing
are used to study the free-living nitrogen fixing community and the bacterial community as
a whole. Molecular biology is necessary to study soil functioning and processes as so
many soil microorganisms are unculturable. Analysis of nifH gene fragments has shown
that in many soil systems it is the unculturable, rather than culturable N-fixers that are
dominant (Hsu and Buckley, 2009; Tan et al., 2003). While trying to assess the extent to
which Azoarcus strains could provide nitrogen to Kaller grass, Hurek et al. (2002) found
that although nifH transcripts were high the bacteria could not be isolated, suggesting
ecological dominance of unculturable diazotrophs in the grass ecosystem.

DNA and RNA will be extracted from soils over the course of a 3 year period (2007-2009)
at 3 time points (March, June and September). Sampling over consecutive years, and in
more than one month, will hopefully mean that any conclusions are not the result of a one
year phenomenon and mean that changes can be seen across the growing season. In
order to analyse the nitrogen fixing community the nifH gene will be amplified using PCR.

DGGE and gPCR will be used to analyse diversity and expression of the gene
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respectively. The use of DGGE will allow organisms of interest to be identified via

sequencing.

In the past, after amplification using PCR, genes of interest would be cloned into vectors.
The analysis of these clone libraries is not suitable for this study as the scale of the
project means that it would be time-consuming and labour intensive. A recent similar
study required analysis of 349 clones to accurately analyse nifH diversity (Hsu and
Buckley, 2009). This study has 3 times more sample dates and 3 times more sample
years suggesting over 3,000 clones would need to be generated to accurately analyse the
organisms of the nitrogen fixing community.

As well as looking at differences in community structure, differences in activity are
analysed using quantitative PCR. QPCR uses fluorescence to quantify amounts of DNA in
a sample during the exponential phase of the PCR cycle. This technique makes it
possible to extrapolate back and quantify the amounts of DNA present in the initial sample
(Ginzinger, 2002). For example, Fierer et al. (2005) used gPCR to estimate the relative
abundance of major soil bacterial taxonomic groups using a range of primers. QPCR has
also been used to detect functional genes in soil, such as genes involved in denitrification
and nitrification (Kandeler et al., 2006).

In order to ensure that farm management is directly influencing nitrogen fixing
communities rather than the bacterial community as a whole the 16S rRNA gene will also
be targeted to show how farm management affects diversity and activity of the total
bacterial community. DGGE and qPCR will be used to measure changes in the 16S rRNA
gene as well as BIOLOG plates which will give some indication how farm management

may affect the utilization of carbon substrates.

Throughout the sample years environmental variables such as: pH, available carbon,

nitrogen etc will be measured using a wide variety of techniques. This will allow
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comparisons to be made, and any correlations observed between changes in key soil

factors and expression and diversity of the nifH and 16S rRNA genes.
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2. Methods

A list of all chemicals used throughout this study can be found in the appendix (section

Al).

2.1 Nafferton Ecological Farming Group

The soils used in this study are taken from the Nafferton factorial systems comparison
(NFSC) study, a field trial based at Nafferton Farm in the Tyne valley, North East
England. The aim of the farming group is to carry out research into the effects of
agronomic practices on sustainability, the environment, and food quality and safety,
KRZHYHU WKH PDLQ REMHFWLYH LV WIRQB&®YU HHWQY/GCWRHH Q RR
production systems.

The NFSC trial was established in 2001. Crop rotation is the key variable with the main
plot having two levels, organic (diverse, rich in leguminous crops) and conventional
(arable crop-dominated rotation typical of conventional systems). In turn, each main plot is
divided into two crop protection subplots (6 x 48 m) in which crop protection is carried out
according to conventional farming practice (British Farm Assured standards; CON CP) or
to organic crop protection standards (Soil Association organic farming standards; ORG
CP). Finally, each of these subpilots is divided into two fertility management sub-subplots
(6 x 24 m) in which fertilization is either carried out according to conventional farming
practice (CON FM) or organic farming standards (ORG FM) (See Table 2.1 and 2.2 for
details). The arrangement of crop protection subplots and fertilization sub-subplots within
sub-blocks is randomised. Unplanted separation strips (10 m) are established between
crop protection subplots and 5 m unplanted separation strips between fertilization sub-
subplots. There are four experiments following this design within the NFSC trial, each

starting at a different stage in the crop rotation, so that a diversity of crops can be studied
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Table 2.1. Crop protection protocols and fertility management used in the NFSC

experiments for 2006, 2007, 2008 and 2009 under organic crop protection (ORG CP) or

conventional crop protection (CON CP) and organic fertility management (ORG FM) or

conventional fertility management (CON FM).

Current crop

Potatoes
(2007-9)

ORG CP
CON CP

ORG FM
CON FM

Treatment

mechanical weeding (ridging); copper-oxychloride® (23 kg/ha)

aldicarb® (33.5 kg/ha); linuron® (3.5 L/ha); fluazinam® (1.5 L/ha); mancozeb
and metalaxyl-M°® (4.7 kg/ha); oiquat® (2 L/ha)

composted cattle manure (equivalent to 180 kg N/ha)

0:20:30 (134 kg P,0Os/ha; 200 kg K,0O/ha); Nitram (180 kg N/ha)

Previous crop

Beans (2006)
ORG CP
CON CP
ORG FM
CON FM

Treatment

No amendment

Battalion® (2.8 L/ha); Bravo 500° (1.5 L/ha)
No amendment

0:20:30 (60 kg P,0Os/ha; 90 kg K,0O/ha)

Winter barley
(2006)

ORG CP
CON CP

mechanical weeding (finger weeder)

Pendimethalin® (2.5 L/ha); isoproturon?® (1.5 L/ha); Duplosan® (1 L/ha);
Acanto® (0.4 L/ha); Proline® (0.4 L/ha); Corbel® (0.5 L/ha); Fluroxypyr® (0.75
L/ha); Amistar® (0.25 L/ha); Bravo 500° (0.5 L/ha); Cleancrop EPX" (0.4
L/ha)

ORG FM  |no amendment

CON FM |0:20:30 (64 kg P,Os/ha; 96 kg K,O/ha); Nitram (170 kg N/ha)
Winter Wheat
(2007-8)

ORG CP mechanical weeding (finger weeder)

CON CP |isoproturon? (6 L/ha); Optica® (1 L/ha); Pendimethalin® (1.5 L/ha); Corbel®
(0.2 L/ha); Cleancrop EPX" (1.25 L/ha); Bravo 500° (1.75 L/ha);
chlormequat® (2.3 L/ha); Tern® (0.15 L/ha); Twist” (0.25 L/ha)

ORG FM  |no amendment

CON FM [0:20:30 (64 kg P,0s/ha; 96 kg K,O/ha); Nitram (210 kg N/ha)

2 herbicide; ° fungicide; © growth regulator; ¢ nematicide; ® desiccant
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Table 2.2. Summary of the dates fertilizers and pesticides were applied to plots

Component Date added (2007) Date added (2008) | Dated added (2009)
Fertilizer i ) 17-Mar (Org), 21-Apr
(Nitram/Manure) 25-Apr 07-May (Con)
Superphosphate 12-Apr 22-Apr 115-Apr
Nematicide and
growth regulator 25-Apr 07-May 21-Apr
Herbicide 02-May 14-May 29-Apr

20-Jun, 02-Jul, 12- 24-Jun, 04-Jul, 17- 22-Jun, 30-Jun, 08-
Fungicide Jul, 19-Jul, 27-Jul, Jul, 27-Jul, 31-Jul, Jul, 16-Jul, 23-Jul,
(conventional) 01-Sep, 08-Sep, 13- | 07-Aug, 15-Aug, 26- | 31-Jul, 07-Aug, 19-
Sep Aug Aug
Fungicide 20-Jun, 09-Jul, 18- | OL-Jul, 17-Jul, 24- | 50-JuM D2l 1O
(organic) Jul, 24-Jul, 31-Jul Jul, 04-Aug, 15-Aug 07-Aug
Desiccant 26-Aug, 05-Sep 24-Aug

Table 2.3. Details of the organic and conventional crop rotation in the Nafferton

Factorial Systems Comparison trial

Crop Year

rotation
1 2 3 4 5 6 7 8

Con Winter | Winter Winter | Veg/ Winter | Winter | Grass/ | Grass
wheat | wheat barley | Potatoes | wheat | barley | clover

Org Winter | Veg/ Spring | Veg/ Winter | Grass/ | Grass/ | Grass/
wheat | Potatoes | beans | Potatoes | barley | clover | clover | clover
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Figure 2. 1. Block 1 of NFSC in 2006-2009.
A B

)

Figure 2.1. Block 1 of the Nafferton Factorial Systems Comparison trial in 2006 (A), 2007
(B), 2008 (C) and 2009 (D). Arrow indicates plots from which soil was sampled. Legend
below indicates crop grown (coloured cells) and management practices (cell hatching).
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Figure 2. 2. Representation of the split of crop treatment in each sub-plot.

*except for rotational design
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in the trial each year. Figure 2.1 is an example of the layout for the field trial in one of the
blocks. The design allows the effect of 4 production systems to be compared within each
level of crop rotation (a) organic ORG FM-ORG CP, (b) low input 1 ORG FM-CON CP, (c)
low input 2 CON FM-ORGCP and (d) conventional CON FM-CON CP (Figure 2.2). The
soil used in this study was sampled on 3 dates in 2007 (Experiment 2, crop rotation year
4), 2008 (Experiment 3, crop rotation year 2) and 2009 (Experiment 4, crop rotation year
2). Table 2.3 shows the sequence of crops grown in the organic and conventional rotation
in each year. In each year the soil was planted with potatoes (Santé variety). The
preceding crop in 2007 was faba beans (Fuego variety) in the organic crop rotation and
winter barley (Pearl variety) in the conventional crop rotation. In 2008 and 2009 potato
soils, in the organic crop rotation only, were studied. The preceding crop in both years

was winter wheat (Malacca variety).

2.2 Soil sampling

Five cores of soil (0-30 cm) were sampled from each plot, using an auger, and mixed to
form one composite sample per plot, on 3 dates in 2007, 2008 and 2009. On 2" March,
11" June and 24™ September 2007 samples were taken from potato/winter barley and
potato/bean plots. On 17" March, 26™ June and 1% October 2008 and 13" March, 22™
June and 21* September 2009 samples were taken from potato/winter wheat plots.
Soils were sieved fresh (4mm) and a portion (about 10 g) was frozen immediately and
stored at -80 & before extraction of nucleic acids. Another portion (about 500 g fresh)
was stored at 4 & before measurements of soil basal respiration were taken using the
Sensomat-Measurement-System (Robertz et al., 2000). Approximately 100 g was air
dried prior to analysis for total C and N, and pH in water (1:1). Finally, approximately 100
g was stored at -20 & for measurement of available nitrate and ammonium using

potassium chloride extraction.
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2.3 Potassium chloride extraction of nitrate and ammonium.

Nitrate and ammonium were extracted from soil using the method described by Keeney
and Nelson (1982). Frozen soils were thawed and 50 ml of 2M KCI were immediately
added to 6-8 g of the fresh soil. The soil-KCl mixtures were then shaken for 50 minutes at
250 rpm and allowed to settle for 1 hour. A 20 ml aliquot of the solution was filtered
through a glass-microfibre (GF/A) filter and stored at -20°C until analysis for nitrate and
ammonium content using a Brann and Leubbe Autoanalyzer 3. Nitrate-N was analyzed
using the hydrazine reduction method (Magill and Aber, 2000; Technicon Industrial
Systems, 1977) and ammonium-N was analyzed by the salicylate method (Nelson, 1983).
Lists of reagents used to extract ammonium-N and nitrate-N are listed in the appendix

section B3.

2.4 Measuring soil basal respiration

Approximately 300 g of soil was weighed into a bottle and the weight was recorded. An
adaptor was fixed to the bottle so a quiver containing 5 drops of potassium hydroxide
could be placed in the neck. An Aqualytic head (Sensomat, Darmstadt, Germany) was
then screwed on and activated. The bottles were left in an incubator at 22 & in the dark
for 7 days. Data was then collected and basal respiration is worked out in the following

way:

The volume of soil and water in the jar = (mass of dry soil/2.65) + (mass of wet soil +

mass of dry soil)

Vir = (610-(volume of soil + water/610))/1000
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The aqualytic head records the change in pressure over time. Results were taken from
the first few days of incubation where the change in pressure over time is linear. Results

are normalized using the following equation.

R[CO,] = Soil respiration (CO, evolution) [mg kg™]

MR[CO,] = molecular mass of CO, [=(15999.4 x 2 + 12011.15) mg/mol]
R = gas constant [83.14 L x hPa x mol™ * K]

T = incubation temperature [=(273+15)°K = 288°K]

Vi = free gas volume in bottle (calculated according to equation above)

mg; = dry mass of incubated soil sample = moist mass / (1+GWC) = 0.250 / (1+GWC) [kg]

p = recorded pressure difference [hPa]

This formula assumes a respiratory quotient of 1 i.e. 1 mol O, is turned into 1 mol CO..

The slope of the line of results over time gives the soil basal respiration in mg CO,/Kg/h.

2.5 Measuring soil pH

20 g of dried sieved soil was added to 20 ml distilled water and shaken for 10 minutes
(250 rpm). Soil was left to settle for 10 minutes before the pH was taken using a Jenway

3340 ion meter.

2.6 Soil total C and N and extractable nutrients (P, K, Fe, Mo)

Total C and N and extractable soil nutrient data was procided by Nafferton Ecological
Farming Group. Total C and N were measured by Dumas combustion (LECO
Corporation, USA). Extractable soil nutrients were measured using a Mehlich-3

extractant and analysed using inductively coupled plasma (ICP).
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2.7 Nucleic Acid Extraction

2.7.1 DNA Extraction from soil using the MoBio UltraClean Soil DNA extraction kit.

Please see appendix section A5 for details of each solution. Soil (0.25 g) was loaded into
the provided bead tube and mixed by vortexing. Solution S1 was heated to 60 & and 60
pl was added to the bead tube along with 200 pl of Solution IRS. The tubes were then
attached to a vortex using a vortex adaptor and vortexed for 10 minutes at maximum
speed. Tubes were centrifuged for 30 seconds at 10,000 x g and the supernatant was
transferred to a clean microcentrifuge tube. 250 pl of solution S2 was added before the
tubes were incubated at 4 & for 5 minutes. Tubes were centrifuged for 1 minute at
10,000 x g. The supernatant was then added to 1.3 ml of solution S3 and mixed. 700 pul of
the solution was loaded to a spin filter and centrifuged at 10,000 x g for 1 minute before
the flow through was discarded and another 700 pl of solution was added. This was
repeated until all of the solution had passed through the spin filter. 300 pl of solution S4
was added to the spin filter before it was centrifuged at 10,000 x g for 30 seconds. The
flow through was discarded and the tube was centrifuged again for 1 minute. The spin
filter was then placed into a new microcentrifuge tube and 50 pl of solution S5 was added
directly to the membrane. The tube is centrifuged for 30 seconds to elute any DNA. DNA

was then stored at -80 €.

2.7.2 RNA extraction from soil using the MoBio UltraClean Microbial RNA Isolation

kit.

Please see appendix section A5 for details of each solution. Before starting solution MR1
and MR2 were heated to 65 &. 0.25 g of soil was loaded into the provided bead tube with
300 pl of solution MR1 and 15 pl of solution MR2. Bead tubes were vortexed briefly before

being incubated at 65 & for 10 minutes. The tubes were then attached to a vortex using a

39



vortex adaptor and vortexed for 10 minutes at maximum speed. Tubes were centrifuged
for 30 seconds at 10,000 x g. The supernatant was transferred to a clean microcentrifuge
tube and 500 pl of solution MR3 was added. Tubes were vortexed for 5 seconds and then
250 pl of solution MR4 was added. Tubes were then incubated at 4 & for 5 minutes
before being centrifuged at 10,000 x g for 1 minute. The supernatant was removed from
the tube and 650 pl was added to a spin filter and centrifuged for 30 seconds at 10,000 x
g. The flow through was discarded and the process repeated until all the supernatant was
filtered. 300 pl of solution MR5 was added to the spin filter and centrifuged for 30 seconds
at 10,000 x g. The flow through was discarded and the spin filter centrifuged again for 1
minute. The spin filter was then added to a clean microcentrifuge tube and 50 pl of
RNase-free water was added to the white filter membrane. The tubes were then
centrifuged for 30 seconds to elute the RNA.

Once extracted RNA was reverse transcribed using Superscript Il Reverse transcriptase

kit. Remaining RNA was stored at -80 &.

After nucleic acid extraction yield and purity was checked using a spectrophotometer at
absorbencies of 260 nm and 280 nm. For further tests and controls please see results

chapter 1.

2.8 Reverse transcription of RNA

Any RNA extracted was reverse transcribed using Superscript Il reverse transcriptase kit
(Invitrogen).
Extracted RNA (10 pl) was mixed with 1 yl random hexamers (Qiagen) and 1 pl dNTPs

1( %LRODEV EHIRUH EHLQJ KHDWHG WR U& IRU PLQXWH
ice and 4 pl of 5 x first-strand buffer, 2 ul 0.1 M DTT and 1 yl RNase OUT added. Tubes

areincubatedat2 U& IRU PLOXWHV EHIRUH —O RI 6XSHUVFULS)
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UHDFWLRQ ZDV WKHQ KHDWHG DW U& IRU PLQXWHYV

for 15 minutes. Reverse transcribed RNA was then stored at -20 €.

2.9 Detecting genes of interest  £Polymerase Chain Reaction.

All PCR reactions were carried out using a Eppendorf Mastercycler gradient. All PCR
products were visualised using agarose gel electrophoresis. 2 ul of bromophenol blue was
mixed with 10 pl PCR product and ran on a 1% agarose gel. DNA bands were compared

with Hyperladder (Bioline) to check size.

2.9.1 Total bacterial population (V3 PCR)

The 16S rRNA gene is essential and occurs at least once in a bacterial genome making it
an ideal candidate for phylogenetic study. The structure of rRNA gene products is
complex with highly conserved loop regions and variable regions which can be used for
species identification (Wang and Qian, 2009). In this study the total bacterial population is
assessed by amplification of a 193 base pair sequence of the V3 variable region of the
16S rRNA gene, using V3 primers (Muyzer et al., 1993). If the PCR products needed to
be analysed using denaturing gradient gel electrophoresis (DGGE) clamped forward
primers (V3-fc) were used instead of unclamped (V3-f) as described by Baxter and

Cummings (2006). See Table 2.4 for details of all primers (all primers Eurofins).

To carry out the reaction 1 pl of nucleic acids were added to 0.5 pM of both primers, 1x
amplification buffer, 25 mM of each dNTP, 50 mM MgSQO,, 1 x PCR enhancement solution
and 1.25 U Platinum Pfx polymerase (Invitrogen). The reaction mixture was made up to
50 pl with sterile water.

PCR was carried out according to the conditions in Table 2.5. For Further information

regarding PCR controls please see results chapter 1 (section 3.2.2).
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Table 2.4. Sequence of primers used in PCR and gPCR reactions

primer | Gene
name target | sequence (5'-3") reference
Poly et al.,
PolF nifH TGC GA(CT) CC(GC) AA(AG) GC(GCT) GAC TC 2001
Poly et al.,
PolR nifH | AT(GC) GCC ATC AT(CT) TC(AG) CCG GA 2001
AQER- CGC CCG CCG CGC CcCcC GLG cee GGe cea Wartiainen
GC30 | nifH CCC GAC GAT GTA GAT (CT)TC CTG et al., 2008
Watrtiainen
PolFI nifH TGC GAI CC(GC) AAI GCI GAC TC et al., 2008
16S Muyzer et
V3R rRNA | ATT ACC GCG GCT GCT GG al., 1993
CGC CCG CCG CGC GCG GCG GGC GGG GCG
16S GGG GCA CGG GGG GCC TAC GGG AGG CAG Muyzer et
V3FC rRNA | CAG al., 1993
16S Lane et al.,
Eub338 | rRNA | ACT CCT ACG GGA GGC AGC AG 1991
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2.9.2 nifH (PolF/R and PolFI/AQERGC-30)

A 360 bp fragment of the nifH gene was amplified using a nested PCR reaction adapted
from Wartiainen et al., (2008). The first reaction used primers PolF and PoIR (Poly et al.,
2001a). In order to clamp the products for DGGE a second round of PCR was needed
using AQER-GC30 and PolFI primers (Wartiainen et al., 2008).

The reaction mix was as follows: 1 pl of reverse transcribed RNA, 0.5 puM of each primer,
25mM of each dNTP, 50 mM MgCl, (25 mM when using AQER-GC30/PolFl), 5X taq
buffer, 5U taq polymerase (New England Biolabs) (2.5 U when using AQER-GC30/PolFl),

0.1 mg BSA (Promega) and made up to 50 pl using sterile water.

PCR conditions for first and second round reactions were taken from Poly et al., (2001)
(Table 2.6). For further information regarding PCR controls please see results chapter 1

(section 3.2.2).
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Table 2.5. V3 PCR reaction conditions

temperature time no. of cycles
95 °C 5 minutes 1 cycle

94 °C 1 minute

05°C-0.5"C . 20 cycles
each cycle 1 minute

68 © 1 minute

94 °C 1 minute

55°C 1 minute 15 cycles
68 °C 3 minutes

68 °C 10 minutes 1 cycle

Table 2.6. PCR reaction conditions used to amplify the nifH gene.

Temperature Time No. of cycles
94 °C 5 minutes 1 cycle
94 °C 1 minute
55°C 1 minute 30 cycles
72 °C 2 minutes
72 °C 5 minutes 1 cycle
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2.10 Denaturing gradient gel electrophoresis (DGGE).

DGGE was carried out using the D-Code system (Bio-Rad Laboratories). The apparatus
was set up according to manufact X UHUfV LQVWUXFWLRQV

The gels had a gradient of 35-55 % denaturing solution this was achieved using 16 ml of
two denaturing solutions. Recipes for denaturing solutions can be found in the appendix
section B4.

Clamped PCR (15 pl) product was mixed with 15 pl loading dye prior to loading onto a
gel. Gels were run at 60 °C at 200 V. As nifH and V3 PCR results in fragments of different
sizes, V3 fragment gels were run for 4 % hours, and nifH fragment gels were run for 6
hours. To visualise the gels were stained in 250 ml of 1 x TAE (see appendix section B2)
with 25 pl of SYBR green | nucleic acid gel stain (Invitrogen) and left for 30 minutes
before destaining in distilled water for 10 minutes. Bands were identified and relative
intensities were found showing percentage intensity of each band in the lane, using
Quantity One software (Bio-Rad Laboratories).

Replication experiments were carried out to ensure gel variability did not confound the

results (please see preliminary results in results chapter 1).

2.11 Sequencing

All sequencing was carried out on a 3130 genetic analyzer (Applied Biosystems).

To determine the sequence of individual PCR products, DGGE bands of interest were cut
from the gel using a clean scalpel. The gel piece was then left in 10 pl of sterile water, at 4
U& RYHWAQ ulJaKagnbt of the water was then used as the template in the nifH PCR
reaction described in section 2.9.2. New products were visualized on DGGE gels and the

process was repeated until the band of interest was the only band in the lane. To purify
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the sample 2 ul of ExoSAP-IT (GE healthcare) was added to every 5 pl of PCR product.
The reactions were then heated to 37 & for 15 minutes and then 80 & for 15 minutes.
The sequencing reaction was set up according to table 2.7 using the Big Dye Terminator
v3.1 cycle sequencing kit (Applied Biosystems) and PCR was set up according to Table
2.8.

Sequencing products were then purified using ethanol precipitation to remove excess
primers and nucleotides. 2.5 ul of 125 mM EDTA and 30 pl of 95% ethanol were added to
the sequencing reaction products. Tubes were inverted and left at room temperature for
15 minutes. The tubes were then centrifuged at 13,000 rpm for 10 minutes. The
supernatant was removed and 60 ul of 70% ethanol was added. The tubes were
centrifuged again at 13,000 rpm for 10 minutes. The supernatant was removed and
excess ethanol was allowed to evaporate by leaving the tubes at room temperature in the
dark for 2 minutes. The purified products were dried in a vacuum centrifuge for 5 minutes
at60 °C before 10yl Hi-'LE IRUPDPLGH ZB10 D &iqubtGf this was then
added to the sequencing plate and placed inside the sequencer. In the sequencer
samples are drawn up using 4 capillary arrays and subjected to capillary electrophoresis.
Bases are called using the sequencing analysis 5.2 software.

Sequence data was compared with the nucleotide collection database of the BLAST
database using the Blastn suite and the megablast algorithm (Altschul et al., 1990) in
order to try and identify organisms expressing nifH. The closest match was recorded if
this was an unidentified unculturable isolate the closest cultured match was also
recorded. Statistical analysis was carried out using DGGE gel data for each band which
was identified. ANOVA was carried out to investigate if the presence/absence of the band

was determined by treatment, previous crop, sample date, year and nucleic acid used.

Sequence data was aligned using the default settings of Clustalw and then trimmed to
allow better matching and realigned. Phylogenetic trees were then created using the

dendrogram tree option in ClustalW.
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Table 2.7. Sequencing reaction set-up.

Reagents test (ul) negative control (pl) positive control (ul)
BigDye mix 0.25 0.25 0.25
5 x seq buffer 1.875 1.875 1.875
Template* 10-40 ng 0 0.5
Primer (1pmol/ul)* 3.2 2 2
H.O Up to 10 5.875 5.375
Total 10 10 10

*In the test and negative control tubes the primer used was the primer specific for the

gene of interest. In the positive control the M13 primer included in the Big Dye

Terminator kit was used. In the test and negative control tubes purified PCR product was

used as the template. In the positive control tube the template used was the plasmid

included in the kit.

Table 2.8. Reaction conditions for sequencing PCR.

temperature time no. of cycles
U& 1 min 1
U& 1 min
U& 5 sec 25
U& 4 min
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2.12 Making chemically competent cells.

A starter culture of IM109 cells was inoculated onto M9 minimal media plates and left
RYHUQLJKW DW U& $ VLQJOH FRORQ\ ZDV WKHQ LQRFXOD
LOQFXEDWHG DHURELFDOO\ RYHUQLJKW U& USP JUHV
inoculated with the overnight culture (500 ul) so that it was 1% v/v. The culture was then
LQFXEDWHG U& USP X QW (auhd¥ YHed). KheGuliuf@ va's
put on ice for 30 minutes before pelleting by centrifugation at 2000 x g for 10 minutes at 4
U& 7KH VXSHUQDWDQW ZDV G L \s#spdodeiiiGd mpEcadeldHFSBH O O HW
solution before being left on ice for a further 15 minutes. The culture was centrifuged

[ J PLQ 0& DJDLQ DQG WKH VXSHUQ D3twspedtd @ LV F D |
720 pl ice-cold FSB and 26 pl DMSO before being incubated on ice for a further 15
minutes and another 26 yul DMSO added. The cells were either used immediately or 15 pl
of 50% sterile glycerol was added before storage at + U &nstructions on how to make
LB broth, M9 minimal media and FSB solution can be found in Appendix section B1 and

B2.

2.13 Cloning using the pGEM -T easy vectors (Promega)

As in section 2.11, 5 pl of PCR product was purified using the EXoSAP-IT.

Ligation reactions were set up according to table 2.9 and left at room temperature for 1
hour. After ligation, 2 ul of each solution was added to sterile microcentrifuge tubes on ice.
To check transformation efficiency of the competent cells another tube was set up
containing 0.1 ng uncut plasmid. Competent JIM109 cells (50 ul) were then transferred to

each tube. The tubes were gently flicked to mix and then placed on ice for 20 minutes.
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Table 2.9. Ligation reaction set-up.

Positive control

Reagent (V1)) Test (W)
2 x ligation buffer 5 5
pGEM-T vector 1 1
PCR product 0 X
Control Insert DNA 2 0
T4 DNA ligase 1 1
Water up to 10 up to 10
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The cells were then heat shocked for 45-50 seconds in a water bath atexD FW O\ U&
before being immediately returned to ice for 2 minutes. Next, 950 ul of SOC medium (see
appendix section B1) at room temperature, was added to each ligation tube and 900 pl
added to each control tube. Tubes were then incubated for 90 mins at 37 U &

A 100 pl aliquot of each transformation culture was then plated onto duplicate LB plates
containing 10 mg/ml ampicillin, 0.1M IPTG and 50 mg/ml X-Gal. For the transformation
control, a 1:10 dilution with SOC medium is recommended for plating. Plates were
LOQFXEDWHG DW U& IRU KRXUV 6LQJOH FRORQLHYVY ZHUH
EURWK FRQWDLQLQJ PO RI DPSLFLOOLQ PJ PO SHU PO
overnight.

Promega PureYield Plasmid Miniprep system was used to extract the plasmid DNA from

E. coli. Details of the Plasmid Miniprep kit can be found in Appendix section A5.

Firstly, 1.5 ml of bacterial culture grown in LB medium was added to a microcentrifuge

tube and centrifuged at maximum speed for 30 seconds. The supernatant was discarded
and a further 600 pl of culture was added. The tube was vortexed to re-suspend the

pellet, before 100 pl of cell lysis buffer was added and mixed by inverting until the solution
became opaque. Cold neutralization solution (350 ul) was added and mixed thoroughly by
inversion until a yellow precipitate was formed. The solution was then centrifuged at
maximum speed for 3 minutes. The supernatant was transferred to a PureYield

Minicolumn and collection tube and centrifuged for 15 seconds. The flow through was
discarded. Next, 200 ul of endotoxin removal wash was added to the minicolumn and
centrifuged for 15 seconds. Then 400 pl of column wash solution was added and the

tubes were centrifuged for 30 seconds. The minicolumn was then transferred to a clean
microcentrifuge tube and 30 pl of elution buffer was added directly to the minicolumn

matrix. Tubes were left to stand for 1 minute at room temperature before the plasmid was

eluted by centrifuging for 15 seconds. Eluted plasmid was stored at -20 &.
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To carry out the restriction digest the absorbance of the DNA was measured at 260 nm.

For each pg of DNA, 5U of EcoR1 was added. 1 x buffer and 0.1 mg/ml BSA was also

added. Care was taken to make sure that the glycerol EcoR1 was suspended in did not

make XS PRUH WKDQ RI WKH WRWDO RI WKH VROXWLRQ 7t

1 ¥ to 2 hours before being visualized on a 1% agarose gel.

2.14 Quantitative PCR (qPCR)

2.14.1 Making gPCR standards using the pGEM -T easy vectors

In order to quantify the gene copy number present in soil samples, a standard curve was
set up using dilutions of DNA of known copy number. To make the standards the gene of
interest was first cloned into a pGEM-T easy vector plasmid. The nifH gene of Rhizobium
sp. IRBG74 bacterium was used for nifH gPCR and the 16S rRNA gene of Pseudomonas
aeruginosa NCTC10662 was used for eubacterial g°PCR. As in section 2.11, 5 ul of PCR
product was purified using ExoSAP-IT. Ligations and transformations were carried out
according to section 2.13.

Colony PCR was carried out on any white transformed colonies. Colonies with a positive
result were grown overnight in 10 ml of LB containing 1ml ampicillin (10mg/ml) per 100 ml
broth, at 37 & overnight. Plasmid was then extracted from the broth using the Promega
PureYield Plasmid Miniprep System (see section 2.13) to quantify the amount of plasmid
present the absorbance was measured at 260 nm. PCR was carried out on the plasmid
using gPCR conditions (described in section 2.14.2) and visualized on an agarose gel to
ensure a single band of the correct size was amplified. The plasmid DNA was then mixed

with an equal volume of 50 % sterile glycerol and stored at -80 &.
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2.14.2 gPCR protocol

All gPCR reactions were set up according to Baxter and Cummings (2008) using the
Rotor-Gene RG 3000 (Corbett Research). Prior to the PCR set-up test DNA/reverse
transcribed RNA was diluted 1 in 2 with sterile water and denatured for 10 mins at 95 &.
The standard DNA was also denatured for 10 mins at 95 °C before being serially diluted
so that 5 standards were obtained with copy numbers of 300,000, 30,000, 3,000, 300 and
30.

Each PCR reactions were set up in triplicate. Each tube contained 12.5 pl of SYBR green
gPCR mix (Thermo Fisher Scientific), 1.75 pl of each primer (10 uM), 1.25 pl of BSA
(10mg/ml), 2.75 pl of sterile water and 5 pl of diluted DNA. No template control reactions
are also set up containing sterile water instead of diluted DNA. PolF and PolR primers
were used for nifH gPCR and Eub338 and V3R were used for total bacteria gPCR (see
Table 2.4 for details).

The reaction tubes were heated to 95 & for 15 minutes to activate the SYBR green
contained within the gPCR mix before completing 50 PCR cycles comprising of a
denaturation of 95 & for 15 seconds, annealing step of 55 & (nifH) or 65 & (16S rRNA)
for 15 seconds and an extension of 72 & for 15 seconds. After a 45 second wait, this was
IROORZHG END PHOWLQJ VWHS ZKHUH WKH WHPSHUDWXUH .
IURP U& WR U&

In order to ensure gPCR results were reproducible and reliable the suggestions made in
Karlen et al., (2007) were followed. During the gPCR cycle the increase in fluorescence
and, therefore, the amplification of DNA, should become linear. The cycle number at
which this happens is known as the threshold. The Ct value relates to the point at which
each sample crosses the threshold. The higher this value the smaller the amount of DNA
in the sample. To ensure reproducibility, standard deviation should be below 0.4 between
replicate Ct scores. If standard deviation of replicate scores was over 0.4 the results for

that sample were rejected and repeated. To ensure results were reliable Ct scores should
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be below 30 (this corresponds to 1.0 x 10* copies per g of soil) any sample which does
not fit this criterion has a copy number below reasonable levels of detection. Optimization

of gPCR is further discussed in results chapter 1.

2.15 BIOLOG plates

Community level substrate utilisation (CLSU) was determined for soils collected in 2007
using EcoPlates™ from the Biolog™ system. EcoPlates contain 31 carbon substrates and
a water control, in triplicate, in the presence of a tetrazolium dye (see appendix section A8
for further details). The protocol for Ecoplate analysis was adapted from methods

employed by Kashama et al., (2009), Prévost et al., (2006) and Widmer et al. (2001).

Soils (3g dry weight) that had been previously frozen at -80 & were pre-conditioned at 20
°C in a water saturated atmosphere for 7 days to standardise analysis for each sample.
Bottles were weighed regularly and any reduction in weight due to moisture loss was
made up with sterile distilled water. After 7 days, 30ml of 0.9% NacCl (w/v) was added to
the soil samples and the bottles were shaken for 1 hour (300 rpm) to ensure
homogeneous dispersion of the soil particles. The bottles were then left to settle for 30
minutes. The turbid supernatant was diluted to a final dilution of 10 with 0.9% NaCl (w/v)
and 150 pL inoculated into each well of the EcoPlate™. Plates were then incubated at 20
°C in the dark. After 54 hours absorbance readings were taken (540nm) using a
microplate reader (Bio-tek). All substrate absorbancy readings were corrected by
subtracting the water control well value and normalized by dividing by the average well
colour development (AWCD). AWCD is the sum of differences between the control

(water) well and substrate wells divided by the number of substrates.
$: &' ™ 2731, where OD; is the optical density value, at 540 nm, from each well.

)XQFWLRQDO GLYHUVLW\ ZDV PHDVXUHG XVLQJ 6KDQQRQTV
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+1 - ™ B(py)

where p; is the ratio of colour development of well i to the sum of normalized colour
development of all positive wells, and In refers to the natural log (Farnet et al., 2008; Zak

et al., 1994).

2.16 Statistical analysis

In all tests significant effects/interactions were those with a P value of <0.05. All univariate
data was analyzed using the linear mixed effects (Ime) function in the nime package of R
(Crawley, 2007; R Development Core Team, 2006). Each year is analyzed separately.
The combined data for all three dates was analyzed first and where interaction terms
were significant, further analyses were conducted at each level of the interacting factor.
The hierarchical nature of the split-split plot design was reflected in the random error
structures that were specified as block/date/pre-crop/crop protection. Where analysis at a
given level of a factor was carried out, that factor was removed from the random error
term. The normality of the residuals of all models was tested using QQ-plots and data
was log transformed when necessary to meet the criteria of normal data distribution
(Clough et al., 2007). Differences between main effects were tested using analysis of
variance. Differences between the four crop management strategies within each level of
crop rotation were tested using Tukey contrasts in the general linear hypothesis testing
(glht) function of the multcomp package in R. A linear mixed effects model was used for
the Tukey contrasts containing a treatment main effect with four levels with the random

error term specified as block/crop protection.

Relative intensities from DGGE data were first analysed indirectly using R followed by
direct ordination with Monte Carlo permutation testing using CANOCO. Indirect ordination
was first carried out using detrended correspondence analysis (DCA) if the 1% axis was

shorter than 3.5 principal component analysis (PCA) was used instead. DCA/PCA was
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carried out using the decorana and pca commands in the vegan package of R. Plots were
created by pasting R read-outs into Minitab (Minitab, 2006). Direct ordination was either
by canonical correspondence analysis (CCA) or redundancy discriminate analysis (RDA)
depending on the length of the DCA axis (axis >3.5 = CCA, axis <3.5 = RDA). CANOCO

for windows 4.5 and CANODRAW for windows were used to carry out CCA and RDA.

$129%$ DQG 3HDUVRQYY UDQN FRUUHODWLRQ DQDO\VLV ZHUF
data. Background data was then used as factors in DCA, CCA and RDA analysis when
LQYHVWLIDWLQJ '**( GDWD $129% ZDV FDUULHG-rrorgitDV DE|

correlations were calculated using the cor.test function in R.

Relative intensities from DGGE analysis were converted to univariate indicators of

GLYHUVLW\ L HGLKDWQQARQIMQGH[ +7 +7 ZDV FDOFXODWHG

+9 - ™ B(p)

Where p; was the ratio of relative intensity of the band i compared with relative intensity of
the lane. In refers to the natural log. Univariate diversity data was analyzed as described

above using Ime in R.
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3. Results chapter 1 - Preliminary data and analysis of environmental variables

throughout the sample years.

3.1. Introduction

The molecular tools used in this study have the potential to be very powerful as long as
they are efficient and reproducible (Park and Crowley, 2005). Therefore, all techniques
require careful optimization. Two identical samples could have significantly different
results if techniques, such as nucleic acid extraction, are not standardized, and the
correct statistical analysis is not applied. For example, a recent study which received the
6FLHQFH p%UHDNWKUR X AWard (HWaKgHet aH, RQ0O5) had[to be completely
retracted (Bohlenius et al., 2007) due to inappropriate use of qPCR and statistical

analysis (Bustin et al., 2009).

However, as with all fast moving fields, certain techniques, which could have been used
to further optimise and improve the work, were not widely discussed when the
experiments were designed. This chapter looks at the optimization of molecular
techniques and discusses potential flaws in the data and areas which could be improved if

the experiments were revisited.

This chapter also examines the environmental variables which were measured throughout
the three sample years. NFSC routinely measure changes in soil temperature, soil pH,
soil basal respiration, soil carbon and nitrogen, concentrations of ammonium and nitrate,
as well as changes in trace elements such as P, K, and Fe. Some changes to
environmental variables (for example pH) could result in changes to the bacterial
communities of interest. It is also possible that some of the variables (e.g. soil basal
respiration) could change as a result of the changes to the communities themselves.
Many of the variables will also change as a result of treatment. For example, levels of
ammonium and nitrate will differ between plots as greater concentrations were added to

the conventional plots, as opposed to the organic plots. It is therefore important to try and
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understand the nature of the environment the bacterial communities find themselves in to
try and deduce if changes observed are due to the treatments themselves or an
overriding soil condition. Examining the soil variables could also show if conditions remain

similar across sample dates and sample years.

3.2. Results and Discussion

3.2.1. Checking RNA integrity and quantity.

RNA is susceptible to degradation due to the ubiquitous presence of RNase enzymes.
Degradation can have effects on downstream processes, in particular gPCR (Schroeder
et al., 2006). In order to check RNA was of acceptable integrity 500 ng of RNA was
electrophoresed through 1% agarose gels (Figure 3.1). Intact RNA should show 23S and
16S rRNA in a ratio of 2:1 (Mohanty et al., 2006). RNA was also quantified by measuring
optical density at 260 and 280 nm to quantify RNA and check for protein contamination.
RNA without protein contamination should have an A,g/Azg ratio of 1.8-2.0 (Mohanty et

al., 20086).

The protocol used could have been optimized further by using more reliable quantification
techniques such as the Nanodrop system (Thermo Fisher Scientific) which requires only 1
ul of sample to determine RNA, DNA and protein concentrations. There are also problems
with using agarose gels to assess RNA integrity as the result is subjective. A more
reliable method would be use of the fully automated Agilent 2100 bioanalyzer which

calculates an RNA integrity number (Schroeder et al., 2006)

3.2.2. Optimisation of nifH and 16S rRNA gene amplification

PCR was carried out as described in methods section 2.9. Initial experiments were carried

out to ensure that the protocols gave the sharpest single bands. This included altering
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Figure 3.1. Gel image showing 23S and 16S bands of intact RNA.

Lane 1 = hyperladder, Lane 2 = blank, Lane 3, 4 and 5 contain examples of intact RNA.

Bands correlate to 16S and 23S subunits.
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concentrations of template DNA, MgCl, and primers, as well as the inclusion, or exclusion,

of BSA and DMSO. The protocol used resulted in the best amplification.

PCR was successful for all samples from 2007 and 2009. However, a large proportion of
samples from 2008, including all of the September sample date, were unsuccessful in the
amplification of the nifH gene. Several attempts were made as well as the re-extraction of
RNA but all attempts were unsuccessful. As the 16S rRNA gene could still be extracted
from these samples (and appeared to have no reduced diversity) it was assumed that the
nifH gene was not present in these samples. For this reason DNA was also extracted
from 2008 and 2009 samples to allow study of the (apparently inactive) N fixing

community.

In order to ensure no DNA contaminated the RNA samples PCR was carried out, using
the usual protocol, on RNA samples before reverse transcription occurred (see Fig. 3.2).

This is recommended by the manufacturer of the RNA extraction Kit.
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Figure 3.2 . Agarose gels showing examples of DNA contamination tests of RNA.

Fig 3.2a Agarose gel image showing
an example of a nifH DNA
contamination test. Lane 1 =
Hyperladder, lane 2 = reverse
transcribed RNA from soil, lane 3 =
RNA from soil, lane 4 = nifH positive
control, lane 5 = negative control
(sterile water as template).

Fig 3.2b Agarose gel image
showing an example of a
16S rRNA DNA
contamination test. Lane 1
= Hyperladder, lane 2 =
reverse transcribed RNA
from soil, lane 3 = 16SrRNA
positive control, lane 4 =
RNA from soil, lane 5 =
negative control (sterile
water as template).



3.2.3. DGGE optimisation including replication of DGGE results.

The DGGE protocol is described in methods section 2.10. The 16S rRNA gene DGGE
protocol was already routinely used in the laboratory (Baxter et al., 2006). DGGE for the

separation of the nifH gene was optimised by altering denaturing gradients and run times.

The DGGE apparatus used (Bio-Rad DCODE universal mutation detection system) allows
the comparison of 16 lanes on each gel. Due to variation it is often unreliable to compare
between 2 or more gels without the use of a standard (Park and Crowley, 2005). As there
are 16 plots in each sample date, each gel contains a different sample date. In order to
check for variability between samples, due to differences in reverse transcription, and
both stages of PCR, preliminary DGGE gels were produced, the results of which are

discussed in the section below.

3.2.4. An example of technica | replication.

Three RNA samples were taken from plots 2, 3 and 4 from the September 2007 sample
date of the conventional rotation. Reverse transcription and PCR was carried out to test

the variance due to:
a) second round PCR
b) first and second round PCR
c) reverse transcription and both rounds of PCR.

Figure 3.3 SURYLGHYVY D VXPPDU\ RI WKH H[SHULPHQW )RU HDFK
are from the same reverse transcription and the same 1% round PCR step, therefore, any

variation between the two samples would be caused by the second round PCR reaction.

(DFK UHDFWLRQ ODEHOOHG p%Y FRPHYV IUR Rther€séte larlyY HU V H

variance in the sample is due to 1** and 2" round PCR steps. Each
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Figure 3.3 . Schematic to show the set up of the DGGE replicate experiment.

Figure 3.3 . Samples labelled A show in triplicate any variation caused by 2nd round PCR.
Samples labelled B show in triplicate any variation caused by 1st and 2nd round PCR.
Samples labelled C show in triplicate any variation caused by reverse transcription and 1st
and 2nd round PCR. This was carried out for 3 soil samples.
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Figure 3.4 DGGE gels showing the effect of technical replication

A B C

1 2 3 4 5 6 7 8 91 2 3 4 5 6 7 8 91 2 3 4 5 6 7 8 9
Numbers 1-3 correlate to sample 2 Sept 2007 (con rotation), 4 6 correlate to sample 3 Sept 2007 (con rotation) and 7-9 correlate to sample

4 Sept 2007 (con rotation). Gel A shows variation due to 2nd round PCR, Gel B shows variation due to 1st and 2nd round PCR and Gel C

shows variation due to reverse transcription, and 1st and 2nd round PCR.
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Figure 3.5 Results of Raup-Crick similarity distance indices analysis of technical replicate

gels.

A 1 2 3 4 5 6 7 8 9
1 0.999 | 1.000| 0.670| 0.766| 0.486 | 0.083 | 0.067 | 0.159
2 1.000 | 0.502 | 0.606 | 0.592 ] 0.027 ] 0.029 | 0.093
3 0.662| 0.760| 0.478| 0.074| 0.080| 0.176
4 1.000| 1.000 | 0.115] 0.129] 0.261
5 1.000 | 0.251 | 0.238 | 0.443
6 0.072| 0.059| 0.174
7 1.000 | 1.000
8 1.000
9
B 1 2 3 4 5 6 7 8 9
1 1.000 | 0.999
2 1.000
3
4 1.000 | 0.990
5 0.999
6
7 1.000 | 1.000
8 1.000
9

C 1 2 3 4 5 6 7 8 9
1 0.971 | 0.986
2 0.998
3
4 1.000 | 1.000
5 1.000
6
7 1.000 | 0.999
8 0.998
9

Numbers correspond with lanes on gels. Statistically significant values are those above
0.95. A =results from gel A where the only difference between sets of samples was the
2nd round PCR. B = results from gel B where the difference between sets of samples
was 1st and 2nd round PCR. C = results from gel C where the difference between sets of
samples was reverse transcription, 1st and 2nd round PCR.
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UHDFWLRQ ODEHOOHG p&Y LV IURP D VHS,DhebfevdiatyHYHUVH V
variance between the samples is due to variance caused by reverse transcription and
both rounds of PCR. All PCR and reverse transcription was carried out according

methods section 2.8 and 2.9.2.

DGGE was carried out on each set of samples according to methods section 2.10 (see
Fig. 3.4 for gel images). Raup-Crick similarity and distance indices analysis was then
carried out on DGGE data using the PAST palaeontology tool (Hammer et al., 2001) (Fig.
3.5). Results show no significant variation due to the methodology and therefore DGGE

gels used in the study only contain one sample per plot.

This experiment also shows that although the banding pattern is similar between the three
gels the relative intensities of a particular band can differ between gels. For band
intensities to be reproducible between gels standard error should be low (Diez et al.,
2001). However, in these gels standard error shows around a 20% variation in band
intensity for the same bands. For this reason comparisons are only made between gels
when they involve comparisons of band patterns (Shannon diversity indices) rather than

band intensities (direct and indirect ordination).

3.2.5. Optimisation of gPCR

MIQE guidelines outlined by Bustin et al. (2009) aim to make qPCR as accurate and
reproducible as possible. These guidelines were not published until after g°PCR analysis
was underway. However, the guidelines were followed retrospectively wherever they were
possible and relevant. As described in the methods section 2.14 standards were created
by cloning gene fragments and creating samples of known concentration. To obtain the
most accurate qPCR results a standard curve must be produced where samples of
interest fall within the limits of the curve and are in the linear phase. Initial experiments

involved dilution of RNA and standards so that this was possible. The optimum standard
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concentrations were found to be between 30-300,000 copies (nifH) and 30-3,000,000

copies (16S rRNA). Optimum dilution of RNA was found to be 1 in 40.

gPCR is a powerful technique which can theoretically detect very low concentrations of
amplified product. However, in practice this is not always the case. Therefore, a limit of
detection must be found which is equal to the lowest concentration that can be detected
with reasonable certainty (Bustin et al., 2009). Following the advice of Karlen et al. (2007)
the limit of detection for the set up used in this study was 1.0 x 10* copies per g of soil.
This relates to a C; score of over 30. In some cases nifH values fell below this threshold
and therefore, it had to be assumed that, in these samples, nifH could not be detected.
Each sample was set up in triplicate. To ensure gPCR was set up accurately results were
rejected and repeated if the standard deviation of the C, scores within a sample was

above 0.4 (Karlen et al., 2007).

A major risk with any molecular biology technique, particularly when looking at the 16S
rRNA gene, is contamination. In order to avoid contamination all gPCR was set up in a
sterile PCR hood away from the main laboratory and all plastic ware (e.qg. tips, eppendorfs
etc) was double autoclaved. Filter tips were used and the pipettes used were limited to

gPCR work only.

No-template controls (NTCs) were also set up. NTCs are set up identically to samples but
the template is replaced with sterile water. Due to the nature of SYBR green a small
number of copies may be detected in the NTCs but this number should be low and fall
below the limit of detection outlined above. The use of NTCs also indicates that primer

dimer is kept to a minimum as any rise in NTC copy number could be down to this.

Burgmann et al. (2003) highlighted that checking for DNA contamination of RNA using
agarose gels (as discussed above) is often not sensitive enough to pick up small amounts

of contamination. For this reason samples of non-reverse transcribed RNA were also ran
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using gPCR as a second negative control. Here the template used in setting up samples

is replaced with non-reverse transcribed RNA.

The standard curve should provide a linear range and therefore have an r* value close to
1. Occasionally curves may be non-linear due to samples at the lower or higher end of the
curve. Samples should only be used if they fall within the linear range of the curve. The
rotor-gene software also calculates a PCR efficiency which, if copy number doubled at
each cycle, should be equal to 1 (Bustin et al., 2009). PCR efficiency is affected by the
presence of inhibitors, poor primer design and pipetting errors. Standard curves giving
efficiencies between 0.9 and 1.10 are widely considered to be acceptable, however, as
long as the samples of interest fall within a linear range the efficiency can be greater than

1.10 (Rebrikov and Trofirnov, 2006).

See Figures 3.6, 3.7 and Table 3.1 for examples of gPCR standard curves. Figure 3.6
shows the increase in fluorescence caused by the increase in double stranded DNA
created during the PCR reaction. Curves related to the samples rise in between the
standard range and curves for NTCs and non-reverse transcribed controls rise after the
standards and samples. Figure 3.7 shows the standard curve created by the fluorescence
pattern shown in Figure 3.6, and Table 3.1 shows the copy numbers calculated by the

standard curve in Figure 3.6.
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Figure 3.6 . Graph showing the increase in fluorescence during nifH gPCR
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Figure 3.7 . Example gPCR standard curve

gPCR standard curves
should be linear (r?
close to 1) and
efficiency should be >
0.9.

Blue markers show the
standards, red markers
at low concentrations
show the negative
controls and at higher
concentrations show the
sample.
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Table 3.1. Calculated copy number from standard curve.
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3.2.6. Study of environmental variables.

All environmental variables were compared across all sample years and raw data can be

found in appendix section D. When the data set was analyzed whole, using ANOVA, year

and pre-crop was a significant factor for all environmental variables (Table 3.2) even

though the same amounts of fertilizers and pesticides were applied each year. To

investigate this, 2007 variables were removed from analysis due to the difference in

previous crop in this year. When 2008 and 2009 variables were analyzed together year

was still significant for every variable except extractable iron (Table 3.3). For this reason

each year was analyzed separately as shown in Tables 3.4, 3.5 and 3.6. Correlations

ZHUH DOVR LQYHVWLIJDWHG EHWZHHQ HQYLURQPHQWDO YD

coefficient analysis (Table 3.7).

A recent report by the Soil Association (Azeez, 2009) compiled 39 published studies of
organic and conventional farming and found that on average organic farming produced
28% higher soil carbon levels than conventional farming, in Northern Europe. This is
attributed to the farm yard manure and composts added to the soil creating humus.
However, analysis of the environmental variables found no significant difference in levels
of total C and organic N between the organic and conventionally managed plots (Table
3.2). Although there was negative correlation between %C (increased C would normally
be expected in organically fertilized soils (Clark et al., 1998)) and nitrogen species
(increased nitrogen is associated with conventionally fertilized soils in this study) (Table
3.7). This mirrors a study by Gosling and Shepherd (2005) who rationalized their findings
by concluding that although animal and green manures led to increased input of organic
matter this may be equalled in conventional soils by increased crop residues resulting

from increased crop yields.

Gosling and Shepherd (2005) also found significant differences in the concentrations of

extractable phosphorus following the theory that organic systems rely on reserves of sail
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Table 3.2. ANOVA analysis showing the effect of farm management and year on all environmental variables

Total Organic  pH Soil basal P Fe available  available  available  available available  available
C N respiration NOs’ NOs’ NOs’ NH4" NH," NH,"
(kmg E?; (March) (June) (Sep) (March) (June) (Sep)
(%) (%) o (mgkg™) (mgkg™ (kgha™) (kgha™) (kgha™) (kgha™)  (kgha™) (kgha™
MeantSE
year (PC)
2007 (barley)  1.81 0.27 + 6.27 + 51.28 + 330.2 279.3 + 27.05 6.42 +
0.14 0.04 0.2 1.24+04 3.7 +11.5 5.81+0.8 43.3 2.3 094+0.7 7.54+32 1.9
2007 (beans)  1.83 + 0.28 + 6.10 + 54.95 + 3424 12.47 + 234.4 22.46 = 0.00 +
0.17 0.03 0.1 1.24+0.5 3.6 10.3 0.7 31.0 1.7 595+1.0 1.46+1.2 0.0
2008 (wheat) 272+ 024+ 6.80 + 47.88 + 732 ¢ 0.00 +
0.15 0.02 0.3 0.86+ 0.1 4.2 373+16.9 5.31+0.5 13.8 9.23+1.0 1.28+12 4.88+48 0.0
2009 (wheat) 2.24 + 0.22 + 6.31+ 63.24 + 412.4 + 234.1 + 21.58 + 15.68 + 2.65+
0.15 0.02 0.3 1.89+0.5 25 13.4 0.00+ 0.0 38.0 4.4 0.29+1.2 18.2 2.2
Crop
protection
ORG 2.14% 0.26 + 6.41 + 53.18 + 367.5+ 216.5 + 23.06 + 2.40 +
0.10 0.01 0.1 1.31+0.1 3.6 16.5 575+ 1.2 40.3 3.1 223+0.6 7.33x27 0.8
2.16 + 0.25 + 6.34 + 55.49 361.5+ 194.0 + 17.10 + 213+
CON  0.10 0.01 0.1 1.37+0.2 3.9 13.9 6.05+ 1.3 36.3 3.0 1.99+06  7.45%2.7 0.7
Fertility
management
217 0.26 + 6.49 + 50.33 + 361.2 + 91.6 + 17.35 + 2.49
ORG  0.11 0.01 0.09 1.51+0.1 3.3 15.2 5.34+1.2 11.6 3.7 237+07 3.20+0.6 0.8
213+ 0.25 + 6.26 + 58.34 + 367.7 + 3189 + 22.81 + 2.05
CON  0.10 0.01 0.08 1.17+0.1 3.9 15.3 6.46 + 1.3 34.0 2.2 1.86+0.6 11.58+3.5 0.7
ANOVA P-
values
Y+PC <0.001 <0.001 <0.001 <0.001 0.031 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CP  0.558 0.719 0.223 0.576 0.532 0.674 0.579 0.063 0.010 0.366 0.948 0.466
FM  0.354 0.664 <0.001 0.002 0.031 0.650 0.042 <0.001 0.017 0.061 <0.001 0.239
Y+PC*FM  0.479 0.840 0.509 0.129 0.685 0.849 0.076 <0.001 0.003 0.992 <0.001 0.214
Y+PC*CP  0.798 0.917 0.228 0.609 0.980 0.667 0.514 0.121 0.242 0.286 0.981 0.834
CP*FM  0.991 0.832 0.506 0.312 0.802 0.812 0.235 0.728 0.125 0.665 0.664 0.705
Y+PC*FM*CP  0.808 0.938 0.674 0.753 0.861 0.875 0.425 0.456 0.397 0.776 0.914 0.489

72



Table 3.3. ANOVA analysis showing the effect of farm management and year on environmental variables in 2008 and 2009.

Total Organic  pH Soil basal P Fe available available available available available available
C N respiration NO3 NO3 NO3 NH," NH," NH,"
g”;gl(fOZ kg (March)  (June) (Sep) (March)  (June) (Sep)
(%) (%) (mgkg™) (mgkg™) (kgha™) (kgha™) (kgha™) (kgha™) (kgha™) (kgha™)
Mean+SE
year
2008 272+ 0.24 6.80 = 47.88 = 732+
0.15 0.02 0.3 0.86 £ 0.1 4.2 373+16.9 531+05 13.8 923+10 128+12 488+48 0.00+0.0
2009 2.24+ 0.22 6.31 % 63.24 £ 412.4 + 2341+ 21.58 + 15.68 +
0.15 0.02 0.3 1.89+0.5 25 13.4 0.00£0.0 38.0 4.4 02912 18.2 265%+22
Crop
protection
ORG 246+% 0.23 % 6.59 55.07 £ 403.9 £ 150.3 =
0.07 0.01 0.1 143+£0.1 3.6 17.1 2.81+08 33.7 16.1+31 0.71+03 9.85+3.7 1.39x+0.6
251+ 0.23 % 6.53 £ 56.04 £ 3815+ 156.9 £ 1471 + 10.71 +
CON 0.08 0.01 0.1 1.47+0.2 4.4 14.4 250+£0.8 36.9 4.0 0.86+0.3 3.6 1.26+0.4
Fertility
management
251+ 0.23 ¢ 6.71 50.30 £ 3839+ 10.31 =
ORG 0.07 0.01 0.08 1.50+0.2 35 17.1 269+08 58291 1.3 1.03+04 315+06 13104
2.46 0.23 ¢ 6.41 + 60.83 £ 4015+ 249.0 £ 2051 + 17.40
CON 0.08 0.01 0.09 1.41+0.2 3.9 14.6 2.62 +0.8 34.6 4.5 0.55+ 0.2 4.4 1.34+ 0.6
ANOVA P-
values
Y 0.004 <0.001 <0.001 <0.001 0.005 0.101 <0.001 <0.001 0.007 0.030 0.009 <0.001
CP 0932 0.366 0.570 0.820 0.845 0.344 0.588 0.558 0.743 0.743 0.821 0.839
FM 0.299 0.340 0.005 0.561 0.043 0.456 0.897 <0.001 0.023 0.273 0.001 0.963
Y*EM 0.904 0.631 0.856 0.967 0.993 0.978 0.897 <0.001 0.037 0.815 0.009 0.963
y*cp 0.653 0.787 0.236 0.898 0.946 0.786 0.588 0.946 0.915 0.315 0.955 0.839
CP*FM  0.787 0.926 0.318 0.785 0.422 0.534 0.843 0.310 0.833 0.473 0.726 0.380
Y*FM*CP  0.397 0.640 0.806 0.599 0.859 0.938 0.843 0.359 0.961 0.536 0.644 0.380
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Table 3.4. ANOVA analysis showing the effect of farm management on environmental variables in 2007

TotalC Organi pH SBR (mgl:j P Fe available available available available available available
cN CO, kg NO3 NO3 NO3z NH," NH, NH,
hty? (March)  (June) (Sept) (March) ~ (June) (Sepy
) (mokg™) (mgkg™ (kgha®) (kgha®) (kgha™) (kgha™) (gha’)  (gha?)
Mean+SE
Pre-crop
Barley 1.81+0. 0.27z0.
03 01 6.14+0.05 1.15+0.03 51.28+3.7 330.1+11.1 5.81+0.8 279.34x43.2 27.08%2.3 0.94+0.2  7.58+0.8  6.47+0.5
Beans 1.83+0. 0.28%0.
04 01 6.23+0.04 1.00£0.04 54.95+3.6 342.3+10.3 12.47+0.7 234.42+31.2 2251x1.7 5.95+0.3  1.51+0.3 00
Crop
protection
ORG 1.82+0. 0.28%0.
05 01 6.20£0.05 1.08+0.04 51.29+3.8 331.0+9.5 8.68+1.1 282.75x40.5 30.07+x1.9 3.75:0.1 4.85+1.0 3.44%1.0
1.82+0.  0.28z0.
CON 03 01 6.17+0.04 1.07+0.04 54.93+35 341.4+11.9 9.60+1.1 231.01+34.3 19.52+1.3 0.18+0.9 4.24+1.0  3.03x0.8
Fertility
management
1.83+0.  0.28%0.
ORG 05 01 6.26+0.03 1.08+0.04 50.37+3.2 338.4+10.8 7.98+1.2  125.04+6.9 24.44+¥1.3 3.71+0.1  3.29+06  3.68+1.0
1.81+0.  0.280.
CON 02 01 6.11+0.05 1.06+0.04 55.85+4.0 333.9+10.8 10.31+0.9 388.72+26.7 25.14+2.7 3.18+0.9 5.80+1.2  2.79+0.7
ANOVA P-
values
PC  0.700 0.090 0.250 0.047 0.507 0.466 <0.001 0.042 0.004 <0.001 <0.001 <0.001
CP 0.905 0.255 0.603 0.844 0.510 0.538 0.327 0.021 <0.001 0.051 0.399 0.349
EM 0.670 0.992 <0.001 0.645 0.324 0.791 0.018 <0.001 0.632 0.095 0.002 0.049
CP*FM  0.900 0.615 0.177 0.569 0.693 0.635 0.209 0.352 <0.001 0.787 0.619 0.574
FM*PC  0.087 0.111 0.524 0.986 0.344 0.606 0.216 0.045 0.001 0.87 0.014 0.049
CP*PC  0.509 0.342 0.657 0.810 0.840 0.629 0.448 0.874 0.748 0.464 0.542 0.349
FM*CP*PC  0.308 0.772 0.290 0.586 0.948 0.764 0.271 0.573 0.009 0.914 0.526 0.574
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Table 3.5. ANOVA analysis showing the effect of farm management on environmental variables in 2008

Total Organic pH Soil P Fe available  available  available avail+able avail+able available
C N basal NO3 NOs NOs NH4 NH4 NHq4
respirati (March)  (June) (Sep) (March) (June) (Sep)
on (mg
(%) (%) CO, kg™
h™* (mgkg™) (mgkg™ (kgha™) (kgha™) (kgha™) (kgha™) (kgha™) (gha?
Mean=SE
Crop
protection
ORG 268+0. 0.24+0.00 6.89=0. 363.42+20. 64.44+20. 6.07+1.
03 7 1 0.86£0.04  43.63+4.5 6 4.92+0.4 8 10.28+1.6  1.43:t0.5  4.70t1.4 2
2.78+0. 0.24+0.00  6.72+0. 382.48+27. 67.46+19. 14.17+5
CON 07 8 1 0.87£0.03 52.12+7.1 7 5.70+1.0 4 8.18+1.3  1.13t0.3  5.95:2.0 6
Fertility
management
2.74+0. 0.25:+0.00  6.95:0. 363.86+27. 12.14+5
ORG 04 8 1 0.90£0.01  42.63%5.2 6 5.39+0.8 25.89+3.5 8.75x1.4  1.47+0.6  2.92+0.6 2
2.71£0.  0.24+0.00  6.66+0. 382.04+20. 120.47+12 8.09+3.
CON 06 7 1 0.82+0.04  53.12+6.4 9 5.24+0.7 9 9.71+1.6  1.09+0.1  7.74+2.0 1
ANOVA P-
values
CP  0.257 0.720 0.225 0.796 0.339 0.615 0.473 0.428 0.353 0.445 0.594 0.205
EM  0.733 0.555 0.058 0.181 0.242 0.631 0.890 <0.001 0.667 0.531 0.056 0.516
CP*FM  0.604 0.435 0.383 0.512 0.894 0.829 0.200 0.706 0.555 0.270 0.800 0.569
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Table 3.6. ANOVA analysis of the effect of farm management on environmental variables in 2009

Total C Organic H SBR P Fe . . . . .
Ng ! P (mg CO available available available  available available available
kgg e NOs NOs NO NH," NH," NH,"
(March) (June) (Sep) (March) (June) (Sep)
(%) (%) (mgkg®) (mgkg™) (kgha®) (kgha’) (kgha®) (kgha®) (kgha®) (kgha
Mean=SE
Crop
protection
ORG
2.20£0.04 0.22+0.01 6.31+0.1 1.80+0.06 62.92+3.7 420.4+20.6 0.00+0.0 230.39+36.4 22.50+3.57 0.00+0.0 15.35+4.9 2.78+0.7
CON 2.27+0.06 0.22+0.01 6.34+0.1 1.98+0.15 63.56+3.6 404.5+17.9 0.00+0.0 237.78+41.9 20.66+5.4 1.16+0.6 15.89+45 2.53+0.3
Fertility
management
ORG 2.28+0.04 0.22+0.01 6.47+0.1 1.94+0.14 57.95+3.1 404.0+19.4 0.00+0.0 90.59+4.6  11.86+1.46 1.16+0.6 3.06+0.7 2.62+0.3
CON 2.20+0.04 0.21+0.01 6.16+0.1 1.84+0.10 68.53+3.1 420.9+19.2 0.00+0.0 377.57+11.1 31.31+#5.1 0.00+0.0 28.18+4.6 2.67+0.7
ANOVA P-
values
CP 0.394 0.672 0.921 0.487 0.892 0.590 N/A 0.674 0.823 0.337 0.941 0.841
FM 0.301 0.362 0.037 0.707 0.040 0.569 N/A <0.001 0.033 0.337 0.004 0.963
CP*FM 0.682 0.645 0.406 0.661 0.506 0.666 N/A 0.223 0.894 0.337 0.661 0.388
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Table 3.7. Correlation between environmental variables

pH %N %C SBR P Fe NH4
%N -
%C +++ =
SBR - -—- -
P -- -- TFF +++
Fe ++ = +++ +++ +++
NH4 - + i + + -
NO3 -—- ++ —— - + - +++

+/- = not significant
++/--=P < 0.05
+++/--- = P < 0.001
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P and K left over from previous conventional management. At NFSC levels of extractable
P were always higher under conventional management (although this is not significant

when 2007 and 2008 are analyzed separately (Table 3.2, Table 3.4 and Table 3.5).

Mader et al. (2002) found that organic farming was associated with higher levels of
biological activity by showing increases in microbial biomass, dehydrogenase activity,
alkaline phosphatase, saccharase and root length colonization by mycorrhizal fungi. Soil
basal respiration was significantly affected by previous crop (Table 3.3) as well as fertility
management with SBR always recorded higher after organic fertility management.
However, a change in soil basal respiration does not necessarily mean that the structure
of the bacterial community changes and SBR is not a significant factor when each sample

year is analyzed separately.

Across all sample years, pH is increased after organic fertility management (significant in
2007 and 2009). There is also positive correlation associated with pH and %C (increased
C normally expected in organically fertilised soil) and negative correlation with nitrogen
species (increased N normally associated with conventionally fertilised soil) (Table 3.7).
Compost additions will lead to increased mineralization of organic N which lowers pH
(Bulluck et al., 2002). However, other studies have found that despite this pH is increased
after compost additions due to the presence of basic cations in manure and increased
base saturation due to aluminium saturation (Bulluck et al., 2002; Bossio et al., 1998).
This could possibly lead to changes in the microbial community residing in the soil as pH
is often considered to be the best indicator of bacterial diversity. In a study sampling 98
soils across North and South America, pH was found to greatly affect diversity and
richness of the bacterial communities with neutral soils having the highest diversity and
acidic soils having the lowest (Fierer and Jackson, 2006). It is also possible that, although
the overall numbers may stay the same, different species more suited to living at different

pH could proliferate more in the different soils.
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Most of the significant differences seen between environmental variables occurred in
2007, the only year where previous crop was a factor. The organic rotation has increased
nitrate and ammonium in March. This is probably due to the nature of the beans crop. As
it is a legume it will remove less nitrogen from the soil. However, this effect is short lived
as the conventional rotation then has increased nitrate and ammonium in June and

September.

Fertility management also had significant effects on levels of nitrate and ammonium
across all of the sample years. Where conventional fertility management resulted in
increased nitrate in March and June 2007, June 2008, and June and September 2009,
and increased ammonium in June of all years (2008, P = 0.056). This is very much in line
with the expected effects of fertility management as much more nitrate and ammonium
has been applied to the fields in the conventional plots. Interestingly, in 2007 and 2009,
there is more nitrate present in the conventional plots than has been applied to the fields
suggesting mineralization is occurring. Nitrogen can be assimilated via mineralization.
This occurs due to the microbial breakdown of organic N to ammonia (ammonification)
and conversion of ammonium to nitrate (nitrification). The increased values suggest an
active soil community converting forms of nitrogen within the soil. Future studies to
continue the work of this thesis could investigate these communities to build up a more

complete picture of nitrogen cycling within the soils.

It is unclear why, in certain circumstances (June 2007-CP-nitrate, September 2007-CP-
nitrate, September 2007-FM-ammonium and September 2008- FM-ammonium) organic
management shows increased levels of nitrate and ammonium. Organic management can
lead to reduced N leaching due to changes in soil organic matter (Knudsen et al., 2006).

The Nitram (chemical fertilizer used) added to the conventional soils here is also more
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Table3.8 $YHUDJH VRLO WHPSHUDWXUH U&

IRU HDFK PRQWK

2007 2008 2009
Feb 4.42 + 0.3 3.79+0.3 3.15+0.5
Mar 5.93+0.2 4.52 + 0.2 5.81+0.2
Apr 10.50+ 0.3 6.79 + 0.3 9.30+ 0.2
May 12.89+ 0.2 12.07+ 0.2 11.95+ 04
Jun 14.88 + 0.3 1459 £ 0.2 14.98 + 0.4
Jul 15.66 + 0.1 15.93+ 0.3 16.09 + 0.3
Aug 15.52 + 0.2 15.53+ 0.3 15.36 + 0.2
Sep 13.31+ 0.3 13.08 £ 0.1 14.27 + 0.2
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soluble than the organic fertilizers and therefore will be more readily removed from the
soil either through crop uptake or nutrient leaching. It is also likely that a lot of nitrate-N is
lost via denitrification, although, the denitrifying community is thought to be more active
and more efficient in organic soils (Kramer et al., 2006). Changes in soil temperature
could also affect the bacterial communities residing within the soil (Jangid et al., 2008).
Table 3.8 gives average soil temperatures across the growing season for each year.
ANOVA analysis showed that there was no difference between the years in terms of soll
temperature (P = 0.935). Therefore temperature differences cannot explain any variation
between sample years. However, the changes in soil temperature between different
sampling months could have an effect as the temperature is obviously highest in summer
and lowest in winter. Soils from the first sample date have also been exposed to
prolonged low temperature whereas soils from the final sample date have had months at

higher temperatures.

To summarize, it may be expected that organic and conventional farming will affect the
nitrogen fixing and total bacterial community as it is fertility management which appears to
affect the environmental variables studied in this preliminary chapter. Organic farming
leads to increased soil basal respiration and a more neutral pH, which are both factors
usually associated with increased bacterial diversity (Lauber et al., 2008). Other factors
such as available nitrate, ammonium and phosphorus are also significantly affected by
fertility management. Other factors which may impact on the two communities are

previous crop and year as they also affect many of the environmental variables.
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4. Results Chapter 2 +The effect of crop management on the nitrogen fixing

community

4.1. Introduction

The application of organic and conventional fertilizers affects the soil in different ways.
The addition of organic fertilizers will, in general, lead to increased carbon availability and
a more neutral pH, whereas, the addition of conventional fertilizers will lead to increased
nitrogen and phosphorus availability (Fernandez-Calvino and Baath, 2010; Azeez, 2009;
Hartley and Schlesinger, 2002). Carbon and pH have been shown to be strong drivers of
bacterial diversity across various soil types (Fierer et al., 2007). Carbon in particular
strongly influences the nitrogen fixing community with additions being reported to

occasionally increase nitrogen fixation by 300% (Keeling et al., 1998).

Changes in nitrogen availability has also been shown to drive nifH expression (Hayden et
al., 2010) as nitrogen fixing bacteria are inhibited by increased nitrogen species (Coelho
et al., 2009; Coelho et al., 2008; Vintila and EI-Shehawy, 2007). Tan et al., (2003)
observed a decrease in N fixation following fertilizer addition most probably as a result of

the increase in inorganic N.

Diazotrophs are also particularly sensitive to pesticides (Fox et al., 2007; Omar et al.,
1992). Different chemicals and different environments can lead to different responses in
the diazotrophic community (Lo, 2010) as certain chemicals have an inhibitory affect (e.g.

diflubenzuron) and others have a stimulatory effect (e.g. methylpyrimitos).

Crop rotation has been shown to alter microbial activity and diversity (Lupwayi and
Kennedy, 2007; Kelley et al., 2003). The diazotrophic community may be affected,
particularly when legumes are used, as rotation can lead to carry over of diazotrophic
endophytes (Roesch et al., 2008). These diazotrophs can then persist in the soil (Ferreira

et al., 2000). The crop present in the rotation could have a strong effect on diversity and
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activity of diazotrophs as different crops will release exudates with different quantities of
carbon and nitrogen (Tan et al., 2003).
The objectives of this results chapter are:
1. To evaluate the overall effect of crop management on the nitrogen fixing
community.
2. To evaluate the effect of previous crop on the nitrogen fixing community.
3. To correlate diazotrophic diversity and nifH copy number with key environmental
variables including ammonium and nitrate concentration, total carbon, pH and

concentrations of phosphorus.

The overall effect of crop management will be examined by looking at the response of the
nitrogen fixing community over all three sample years. We hypothesise that the nitrogen
fixing community may be enhanced by organic fertility management and crop protection
due to the presence of lower amounts of nitrate and ammonium, and decreased chemical
pesticides. Factors such as carbon and pH, associated with organic farming, could also

positively influence nitrogen fixers.

Results from 2007 could be different from 2008 and 2009, as soils from 2007 are from a
later phase of the farms 8 year rotation. In 2007, half of the soils come from the organic
rotation (and were previously under beans) and the remaining half are from the
conventional rotation (and were previously under winter barley). The presence of the
beans could negatively affect the nitrogen fixing community as increased nitrogen
remaining in to soil could decrease diversity and expression of nifH. For the same
reasons increased nitrogen fixation could be associated with 2008 and 2009 as the rye
catch crop which precedes the potato crop may take up any excess nitrogen from the soil

and could therefore be associated with an increase in nitrogen fixation.
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4.2. Results

4.2.1. Amplification of the nifH gene from RNA and DNA extracted from soils.

A single band of 360 bp, corresponding to the expected nifH gene product, was
successfully amplified from RNA extracted from all 2007 and 2009 plots. However, the
nifH gene could not be amplified from all 2008 plots. Acceptable copy numbers of the 16S
rRNA gene were successfully amplified from these samples (discussed in results chapter
3) suggesting that the nifH gene was not being expressed in certain dates in 2008.
Therefore, DNA was also extracted from all soils in 2008 and 2009, and the conventional
rotation in 2007. The clamped products were electrophoresed through 35-55% DGGE
gels. As each gel contained 16 lanes, PCR products were split according to sample date

and pre-crops. All DGGE was successful (Figures 4.1-4.7).

As discussed in the methods section relative intensities were recorded for each band and
recorded in spreadsheets. Data was initially subject to univariate analysis. To do this data
is transformed using Shannon diversity index. An example of this is shown in Figure 4.8
and Table 4.1-4.2. For Shannon diversity results from other gels please see the appendix
section E. Univariate analysis allows comparisons to be made between DGGE gels and
therefore effects such as sample date, year and previous crop can be measured.
However, in order to look at management effects and the effects of factors associated
with management, such as carbon and pH in more detail, each gel (and therefore sample

date) is analysed separately using multivariate analysis.
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Figure 4 .1. DGGE gels showing nifH amplified from RNA from soils in the organic
rotation (potatoes/beans)

v ‘ ” ” ‘ v v ‘ | n o ” v |

Figure 4 .1. a) nifH DGGE
image for March 2007 from
the organic rotation, b) nifH
DGGE image for June
2007 from the organic
rotation and c) nifH DGGE
image for September 2007
from the organic rotation.
For all images numbers
relate to plot numbers in

B the field. Symbols indicate
WUHDWPHQWYV "
FRQ&3 * FRQ)O
| FRQ)0 RUJ&3
orgFM conCP.
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Figure 4 .2. DGGE gels showing nifH amplified from RNA from soils in the conventional
rotation (potatoes/winter barley)

Figure 4 .2. a) nifH DGGE
image for March 2007 from
B the conventional rotation, b)
nifH DGGE image for June
2007 soil from the
conventional rotation, c)

nifH DGGE image for
September 207 soil from

the conventional rotation.
For all images numbers
relate to plot numbers in the
field. Symbols indicate
WUHDWPHQWYV 7
FRQ&3 FRQ)O |
| FRQ)0O RUJ&3 v
orgFM conCP.
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Figure 4 .3. DGGE gels showing nifH amplified from DNA from 2007 soils in the

conventional rotation

v v

87

\

Figure 4 .3. a) nifH DGGE
image for DNA from March
2007 soil from the conventional
rotation, b) nifH DGGE image
for DNA from June 2007 soil
from the conventional rotation,
c¢) nifH DGGE image for DNA
from September 2007 soil from
the conventional rotation. For
all images numbers relate to
plot numbers in the field.
6\PEROV LQGLFDWH

RUJ)0O FRQ&3 F
FRQ&3 | FRQ)0O RL
orgFM conCP.



Figure 4 .4. DGGE gels showing nifH amplified from RNA from 2008 soils

v | | vV | | v
A
B
2 e O

Figure 4 .4. a) nifH DGGE image for RNA from March 2008 soil, b) nifH DGGE image
for RNA from June 2007 soil. For all images numbers relate to plot numbers in the field.
6\PEROV LQGLFDWH WUHDWPHQWY ”* RUJ)0O FRQ&3
v RUJ)O FRQ&S3
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Figure 4 .5. DGGE gels showing nifH amplified from RNA from 2009 soils

| ” ” | ‘ v v ‘ | ” ” | ‘ v

Figure 4 .5. a) nifH DGGE
image for RNA from March
2009 soil, b) nifH DGGE
image for RNA from June
2009 soil, ¢) nifH DGGE
image for RNA from
September 2009 soil. For all
images numbers relate to
plot numbers in the field.
Symbols indicate
WUHDWPHQWYV 7
FRQ&3 FRQ)O |
| FRQ)0O RUJ&3 v
orgFM conCP.
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Figure 4 .6. DGGE gels showing nifH amplified from DNA from 2008 soils

| ” ” | ‘ v v ‘ I ” ” | ‘ v

Figure 4 .6. a) nifH DGGE
image for DNA from March
2008 soil, b) nifH DGGE
image for DNA from June
2008 soil, ¢) nifH DGGE
image for DNA from
September 2008 soil. For all
images numbers relate to
plot numbers in the field.
Symbols indicate
WUHDWPHQWYV ”
FRQ&3 FRQ)O
| FRQ)0O RUJ&3
orgFM conCP.

90

I
\



Figure 4 .7. DGGE gels showing nifH amplified from DNA from 2009 soils

| ” ” | ‘ v v ‘ | ” ” | ‘ v

Figure 4 .7. a) nifH DGGE
image for DNA from March
2009 soil, b) nifH DGGE
image for DNA from June
2009 sail, ¢) nifH DGGE
image for DNA from
September 2009 soil. For all
images numbers relate to
plot numbers in the field.
Symbols indicate
WUHDWPHQWYV ”
FRQ&3 FRQ)O |
| FRQ)0O RUJ&3 v
orgFM conCP.
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Figure 4 .8.Gel image for DGGE gel showing the nifH gene in March 2007 soil from the
organic rotation, showing band matchings.

Green lines show matched bands
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Table 4.1 Relative quantities of each nifH DGGE band for March 2007 from the organic

rotation.

band number

L
ane bl | b2 | b3 | b4 | b5 | b6 | b7 | b8 | b9 | bl0 | bll | b12 | b13 | bl4 | bl5 | b16 | b17 | b18 | b19 | b20 | b21 | b22
1 [0.00|0.00|0.04|0.040.00 |0.00|0.00|0.00|0.00 (0.06 | 0.00 | 0.00 |0.00|0.000.13 | 0.06 | 0.06 | 0.00 | 0.27 | 0.00 | 0.09 | 0.25
2 10.00|0.00 (0.07 |0.00 |0.00|0.00|0.00|0.00 (0.00|0.00|0.00|0.00 0.000.00|0.17|0.00|0.00 |0.00 [0.52 | 0.15|0.08 | 0.00
3 |0.00|0.00 (0.05|0.00 |0.00|0.00|0.00|0.00 (0.05|0.05|0.00 | 0.00 [0.05|0.00|0.07|0.10 | 0.07 | 0.11 | 0.00 | 0.45 | 0.00 | 0.00
4 10.00(0.00{0.13|0.00|0.00|0.00 |0.00 |0.00|0.00|0.00|0.00| 0.00 [{0.00|0.00|0.000.16 | 0.00 | 0.00 | 0.70 | 0.00 | 0.00 | 0.00
5 |0.000.00|0.05|0.00|0.00|0.00|0.00|0.00|0.00|0.07|0.30 | 0.00 |0.00|0.00|0.00|0.00|0.510.000.000.070.00|0.00
6 |0.000.00|0.06|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.000.10 |0.00|0.00{0.00|0.17 {0.24 | 0.00 [ 0.42 | 0.00 | 0.00 | 0.00
7 10.000.00|0.080.00|0.00|0.00|0.00|0.00|0.00|0.00|0.000.00|0.00|0.00|0.00|0.000.00|0.00(0.65|0.26 |0.00 |0.00
8 |0.000.00|0.06|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.000.00|0.00|0.00|0.00|0.25|0.00|0.00(0.690.00|0.00|0.00
9 |0.000.00(0.09|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.00{0.00|0.19 |0.00|0.00(0.72|0.000.00|0.00
10 (0.36|0.06 |0.04|0.00|0.00 |0.00|0.00|0.00|0.00 |0.00 | 0.00 |0.00|0.07|0.000.00|0.12|0.00|0.16 | 0.19 | 0.00 | 0.00 | 0.00
11 [0.00|0.06 |0.07|0.00|0.00 | 0.00|0.00|0.00|0.00 |0.00 |0.07 | 0.00 |0.00|0.000.00|0.31|0.00|0.12 | 0.35 | 0.00 | 0.00 | 0.00
12 |0.00(0.00|0.06|0.00|0.00 |0.00|0.00|0.00|0.00|0.00 | 0.00 |0.00|0.00|0.07|0.00|0.17 | 0.00 | 0.00 | 0.71 | 0.00 | 0.00 | 0.00
13 [0.00|0.00|0.06|0.00|0.00 |0.00|0.00|0.00|0.00 |0.00 | 0.00 |0.00|0.00|0.000.00 |0.27 | 0.00 | 0.00 | 0.67 | 0.00 | 0.00 | 0.00
14 |0.03|0.04|0.07 |0.03 |0.04 |0.04 |0.04 {0.05|0.05[0.05| 0.00 | 0.04 {0.00|0.00|0.00|0.21|0.00|0.00|0.30|0.00|0.00 | 0.00
15 |0.00|0.04|0.04 | 0.00 | 0.00 | 0.00 |{0.00 |0.00|0.00{0.00|0.00|0.06 0.000.00|0.000.21]0.30|0.00|0.34|0.00|0.00|0.00
16 |0.00|0.00|0.18 | 0.04 | 0.00 | 0.00 [ 0.00 [ 0.00 [ 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.06 | 0.00 | 0.06 | 0.00 |0.27 | 0.17 | 0.00 | 0.22

All band quantities in a lane are normalized.
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Table4.2. 7T DEOH VKRZLQJ KRZ 6KDQORQ GLYHUVLWNH Q

DGGE data from RNA sample taken from the organic rotation in March 2007.

Band number
1 2 3 4 5 6 7 8 9 10 11
1 0.000 0.000 -0.120 -0.132 0.000 0.000 0.000 0.000 0.000 -0.159 0.000
2 0.000 0.000 -0.193 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 0.000 0.000 -0.153 0.000 0.000 0.000 0.000 0.000 -0.144 -0.143 0.000
4 0.000 0.000 -0.267 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 0.000 0.000 -0.150 0.000 0.000 0.000 0.000 0.000 0.000 -0.185 -0.362
6 0.000 0.000 -0.169 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 0.000 0.000 -0.208 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
8 0.000 0.000 -0.175 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
9 0.000 0.000 -0.216 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
10 -0.368 -0.170 -0.133 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
11 0.000 -0.162 -0.188 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.212
12 0.000 0.000 -0.161 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
13 0.000 0.000 -0.170 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
14 -0.112 -0.138 -0.188 -0.111 -0.137 -0.138 -0.139 -0.141 -0.144 -0.149 0.000
15 0.000 -0.134 -0.137 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
16 0.000 0.000 -0.310 -0.137 0.000 0.000 0.000 0.000 0.000 0.000 0.000
12 13 14 15 16 17 18 19 20 21 22 Sum H'
1 0.000 0.000 0.000 -0.273 -0.173 -0.173 0.000 -0.353 0.000 -0.210 -0.347 | -1.940 1.940
2 0.000 0.000 0.000 -0.303 0.000 0.000 0.000 -0.340 -0.283 -0.208 0.000 -1.327 1.327
3 0.000 -0.156 0.000 -0.180 -0.240 -0.189 -0.243 0.000 -0.360 0.000 0.000 -1.806 1.806
4 0.000 0.000 0.000 0.000 -0.300 0.000 0.000 -0.249 0.000 0.000 0.000 -0.816 0.816
5 0.000 0.000 0.000 0.000 0.000 -0.345 0.000 0.000 -0.190 0.000 0.000 -1.232 1.232
6 -0.237 0.000 0.000 0.000 -0.304 -0.344 0.000 -0.365 0.000 0.000 0.000 -1.418 1.418
7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.278 -0.351 0.000 0.000 -0.837 0.837
8 0.000 0.000 0.000 0.000 -0.347 0.000 0.000 -0.259 0.000 0.000 0.000 -0.781 0.781
9 0.000 0.000 0.000 0.000 -0.314 0.000 0.000 -0.234 0.000 0.000 0.000 -0.764 0.764
10 0.000 -0.192 0.000 0.000 -0.250 0.000 -0.294 -0.317 0.000 0.000 0.000 -1.723 1.723
11 0.000 0.000 0.000 0.000 -0.364 0.000 -0.258 -0.367 0.000 0.000 0.000 -1.551 1.551
12 0.000 0.000 -0.189 0.000 -0.298 0.000 0.000 -0.245 0.000 0.000 0.000 -0.892 0.892
13 0.000 0.000 0.000 0.000 -0.353 0.000 0.000 -0.268 0.000 0.000 0.000 -0.791 0.791
14 -0.128 0.000 0.000 0.000 -0.326 0.000 0.000 -0.361 0.000 0.000 0.000 -2.213 2.213
15 -0.171 0.000 0.000 0.000 -0.327 -0.361 0.000 -0.367 0.000 0.000 0.000 -1.498 1.498
16 0.000 0.000 0.000 -0.162 0.000 -0.175 0.000 -0.352 -0.302 0.000 -0.332 -1.770 1.770
Values from Table 4.1 are converted into Shannon diversity index values using the
formula discussed earlier. Values are added together and multiplied by - WR REWI
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4.2.2. Measuring copy number of nifH using gPCR

For DNA, all samples were above the limit of detection apart from plots 1 of the March
sample date in 2009. For RNA samples, all 2008 samples were below the limit of
detection as were a number of 2009 samples (plots 3, 7, 11, 14, and 15 from sample date
1, and plots 3, 6, 7, 8, 11, 12, 14, and 16 from sample date 2). All gPCR is done in
triplicate and an average of the 3 results is taken. A master sheet containing all of these
triplicate results and averages can be found in the appendix (section E). Results needed
to be log transformed before further analysis in order to create a normal distribution.

Initially the data set was analysed whole using ANOVA.

4.2.3. Univariate analysis of DGGE and qPCR results from all sample years.

+ 9 1 UiRHPRNA, and DNA, DGGE gels from all years was compiled and ANOVA was
carried out (Table 4.3 and 4.4 respectively). The terms year and previous crop had to be
combined in order to make the test balanced and valid. ANOVA indicated that, for RNA
data, year combined with previous crop, and sample date, were significant factors.
Analysis of the DNA results showed that year is not a significant factor but year and

sample date (which is also significant) form a significant interaction.

The number of gaps in the gPCR data set meant that the RNA data could not be analyzed
whole and was immediately broken up into sample years. However, DNA data could be
analyzed as a whole data set. Across the three years, analysis of the DNA data set

showed that year and crop protection were significant factors (Table 4.5).

Looking at these initial findings three factors have been highlighted as significant and
shall be further explored in this chapter; year, sample date and crop protection. With the

exception of DNA gPCR results, year is a significant factor affecting nifH diversity and
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Table 4.3 Results of Shannon diversity index and subseqguent ANOVA analysis showing

the effect of farm management, year and sample date when the whole RNA data set is

analysed together.

Shannon diversity index for
(RNA) band data (mean + SE)

nifH DGGE

year (+ previous crop)
(Y+PC)

2007 (after Barley)

2.202 + 0.08
2007 (after Beans) 1.674 + 0.07
2008 (after wheat) 0.759 + 0.11
2009 (after wheat) 0.979+ 0.10
sample date (SD)
March 1.641 + 0.07
June 1.134+0.11
September 1.437 £ 0.13
Crop protection (CP)
ORG 1.411 + 0.09
CON 1.397 + 0.09
Fertility management
(FM)
ORG 1.374 £ 0.09
CON 1.434 + 0.09
ANOVA P-values
Y+PC <0.001
SD <0.001
CP 0.827
FM 0.384
Y+PC*SD <0.001
Y+PC*CP 0.724
Y+PC*FM 0.807
SD*FM 0.618
SD*CP 0.375
CP*FM 0.693
Y+PC*SD*FM 0.663
Y+PC*SD*CP 0.543
Y+PC*FM*CP 0.823
SD*FM*CP 0.688
Y+PC*SD*FM*CP 0.683
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Table 4.4. Results of Shannon diversity index and subseqguent ANOVA analysis showing
the effect of farm management, year and sample date on the whole DNA data set is
analysed together

Shannon diversity index for  nifH
DGGE (DNA) band data (mean + SE)
year (+ previous
crop) (Y)
2007 (after Barley) 1.294 £ 0.10
2008 (after wheat) 1.243 £ 0.07
2009 (after wheat) 1.429 £ 0.07
sample date (SD)
March 1.484 + 0.08
June 1.297 + 0.09
September 1.184 + 0.07
Crop protection
(CP)
ORG 1.374 + 0.06
CON 1.270 + 0.07
Fertility
management (FM)
ORG 1.278 + 0.06
CON 1.365 + 0.07
ANOVA P-values
Y 0.128
SD 0.007
CcpP 0.177
FM 0.258
Y*SD <0.001
Y*CP 0.613
Y*FM 0.282
SD*FM 0.949
SD*CP 0.823
CP*FM 0.162
Y*SD*FM 0.998
Y*SD*CP 0.787
Y*FM*CP 0.509
SD*FM*CP 0.396
Y*SD*FM*CP 0.356
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Table 4.5. Results of ANOVA analysis of all DNA gPCR copy numbers showing the effect
of farm management, year and sample date.

average copies of nifH per g of sail
DNA all years(mean + SE)

year (+ previous

crop) (Y)
2007 (after Barley) 5.688 x 10° + 6.81 x 10*
2008 (after wheat) 3.885x 10° + 2.62 x 10°
2009 (after wheat) 2.995 x 10° + 6.31 x 10*
sample date (SD)
March 1.450 x 10° + 2.66 x 10°
June 1.430 x 10° + 2.51 x 10°
September 1.771 x 10° + 3.44 x 10°
Crop protection
(CP)
ORG 1.746 x 10° + 2.43 x 10°
CON 1.355 x 10° + 2.27 x 10°
Fertility
management (FM)
ORG 1.645 x 10° + 2.31 x 10°
CON 1.455 x 10° + 2.41 x 10°
ANOVA P-values
Y <0.001
SD 0.249
CP 0.039
FM 0.309
Y*SD 0.421
Y*CP 0.092
Y*FM 0.526
SD*FM 0.541
SD*CP 0.446
CP*FM 0.867
Y*SD*FM 0.373
Y*SD*CP 0.541
Y*FM*CP 0.946
SD*FM*CP 0.687
Y*SD*FM*CP 0.619
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expression. It is possible that treatments are significant within years and, data was
therefore split up by year and analysed separately. Soils in 2008 and 2009 have been
subjected to identical management as both are from the organic rotation and have a
previous crop of wheat. Soils in 2007 are different as half are from the conventional
rotation (with a previous crop of barley) and half from the organic rotation (with a previous
crop of beans). However, even when 2007 data was removed from the DGGE data set,
and the 2008 and 2009 data sets analyzed together, year, sample date, and year x
sample date were found to be significant for both RNA and DNA gels (Tables 4.6 and
4.7). Copy number of nifH in the DNA data set was also highest in 2008, and lowest in
2009, with 2007 results being between the two (Table 4.5). For this reason, for all data
sets, results were separated so that each year could be analysed separately (Tables 4.8-

4.11).

Sample date was also a significant factor throughout the analysis. The general trend was
that nifH gene copy number, both in the RNA and the DNA data set, increased throughout
the year. This was always significant in the RNA data set (Tables 4.10) but was only
significant in 2007 for the DNA data set, although there were significant interactions with
management and sample date in other years (Tables 4.11). Sample date always
significantly affected diversity of the diazotrophic community with both RNA and DNA
exhibiting dips in diversity in June. For the RNA data set diversity was highest in March

(Table 4.3) and for the DNA data set diversity was highest in September (Table 4.4).

As sample date is always a significant factor, data from each sample date was separated
and analysed individually. This allows management affects, which may only be significant
immediately after fertilizer/pesticide addition, to be looked at in more detail and is also

important when moving on to multivariate analysis as between gel variation makes it
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Table 4.6. ANOVA analysis of Shannon diversity indices for the 2008 and 2009 RNA
DGGE data set showing the effect of farm management, year and smaple date

Shannon d iversity index for nifH
DGGE (RNA) band data (mean +
SE)
year
2008 0.759+0.11
2009 0.979 + 0.10
sample date
March 1.484 + 0.13
June 0.494 + 0.12
September 0.630 £ 0.13
Crop protection
ORG 0.846 + 0.11
CON 0.893+0.11
Fertility
management
ORG 0.863 + 0.11
CON 0.876 + 0.10
ANOVA P-values
Y 0.039
SD <0.001
CP 0.653
FM 0.899
Y*SD <0.001
Y*CP 0.723
Y*FM 0.755
SD*FM 0.531
SD*CP 0.489
CP*FM 0.957
Y*SD*FM 0.59
Y*SD*CP 0.854
Y*FM*CP 0.761
SD*FM*CP 0.768
Y*SD*FM*CP 0.512
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Table 4.7. ANOVA analysis of Shannon diversity indices for the 2008 and 2009 DNA
DGGE data set showing the effect of farm management, year and sample date

Shannon diversity index for  nifH
DGGE (DNA) band data (mean + SE)

year
2008 1.243 £ 0.07
2009 1.429 + 0.07
sample date
March 1.322 £ 0.10
June 1.537 £ 0.07
September 1.149 + 0.07
Crop protection
ORG 1.369 + 0.07
CON 1.302 £ 0.07
Fertility
management
ORG 0.863 + 0.07
CON 0.876 £ 0.07
ANOVA P-values
Y 0.028
SD 0.001
CP 0.422
FM 0.995
Y*SD <0.001
Y*CP 0.421
Y*FM 0.921
SD*FM 0.979
SD*CP 0.572
CP*FM 0.579
Y*SD*FM 1.000
Y*SD*CP 0.677
Y*FM*CP 0.764
SD*FM*CP 0.106
Y*SD*FM*CP 0.443
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Table 4.8. ANOVA analysis of each individual year of the RNA DGGE data set showing
the effect of previous crop, sample date and farm management

Shannon diversity index for  nifH DGGE (RNA) band data
(mean + SE)
year 2007 2008 2009
previous crop
(PC)
Barley 2.202 £ 0.08
Beans 1.674 £ 0.07
sample date
(SD)
March 1.797 £ 0.12 1.507 £ 0.77 1.461 £ 0.12
June 1.774 £ 0.07 0.772 £ 0.20 0.216 £ 0.10
September 2.245+0.10 0.000 + 0.00 1.260 £ 0.12
Crop
protection
(CP)
ORG 1.977 £ 0.09 0.717 £ 0.15 0.956 + 0.16
CON 1.900 £ 0.09 0.801 + 0.18 0.984 + 0.14
Fertility
management
(FM)
ORG 1.886 £ 0.08 0.769 + 0.17 0.956 + 0.16
CON 1.991 + 0.08 0.750 + 0.16 1.002 + 0.14
ANOVA P-
values
PC <0.001
SD <0.001 <0.001 <0.001
CP 0.381 0.587 0.944
FM 0.231 0.900 0.746
PC*SD <0.001
PC*CP 0.520
PC*FM 0.486
SD*FM 0.384 0.851 0.348
SD*CP 0.349 0.898 0.448
CP*FM 0.582 0.209 0.854
PC*SD*FM 0.647
PC*SD*CP 0.150
PC*FM*CP 0.358
SD*FM*CP 0.510 0.447 0.950
PC*SD*FM*CP 0.439
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Table 4.9. ANOVA analysis of each individual year of the DNA DGGE data set showing

the effect of sample date and farm management

Shannon diversity index for

data (mean + SE)

nifH DGGE (DNA) band

year 2007 2008 2009
sample date
(SD)
March 1.810+0.11 0.933 + 0.08 1.710+0.13
June 0.918 + 0.24 1.733 £ 0.05 1.342 £ 0.12
September 1.254 + 0.20 1.062 £ 0.10 1.236 £ 0.09
Crop
protection (CP)
ORG 1.253+0.15 1.310 £ 0.09 1.429+0.10
CON 1.335+£0.12 1.176 £ 0.10 1.429+£0.10
Fertility
management
(FM)
ORG 1.327 £ 0.13 1.238 £ 0.10 1.433+£0.10
CON 1.261 £ 0.14 1.247 £ 0.09 1.425+0.10
ANOVA P-
values
SD <0.001 <0.001 0.020
CP 0.620 0.159 0.999
FM 0.689 0.926 0.855
SD*FM 0.728 0.988 0.990
SD*CP 0.547 0.244 0.979
CP*FM 0.289 0.821 0.607
SD*FM*CP 0.327 0.512 0.152
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Table 4.10. ANOVA analysis of each individual year RNA nifH gPCR results showing the

effect of previous crop, sample date and farm management

average copies of nifH per g of soil RNA 2007 (mean

+ SE)

year

2007

2009

previous crop
(PC)

barley
beans

sample date
(SD)
March
June

September

Crop protection
(CP)

ORG

CON
Fertility
management
(FM)

ORG

CON

9.286 x 10° + 2.85 x 10°
1.002 x 10° + 3.48 x 10*

9.161 x 10° + 4.98 x 10°
6.765 x 10° + 2.32 x 10°
1.249 x 10" + 4.16 x 10°

6.280 x 10° + 1.74 x 10°
3.106 x 10° + 1.19 x 10°

5.013 x 10° + 2.59 x 10°
4.373 x 10+ 1.53 x 10°

4312 x10*+ 1.17 x 10*
6.508 x 10° + 5.25 x 10°
6.283 x 10* + 5.95 x 10°

3.212 x 10* + 6.69 x 10°
4.285 x 10* + 8.23 x 10°

4.615 x 10* + 8.079 x 10°
2.882 x 10* + 6.75 x 10°

ANOVA P-values

PC
SD

CP

FM

PC*SD

PC*FM

PC*CP

SD*FM

SD*CP

CP*FM
PC*SD*FM
PC*SD*CP
PC*FM*CP
SD*FM*CP
PC*SD*FM*CP

<0.001

<0.001
0.174
0.783

<0.001
0.794
0.171
0.644
0.068
0.186
0.629
0.073
0.174
0.278

0.286

<0.001
0.215
0.049

0.174
0.066
0.744

0.972
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Table 4.11. ANOVA analysis of each individual year DNA nifH gPCR results showing the

effect os sample date and farm management

average copies of nifH per g of soil DNA 2007 (mean + SE)

year 2007 2008 2009
sample date
(SD)
March | 3.311x10° +1.08x 10° | 3.719x 10° + 3.16 x 10° | 2.987 x 10° + 1.82 x 10°
June | 5.654 x10°+ 1.20x 10° | 3.547 x 10°+ 3.45x 10° | 1.771 x 10° + 6.12 x 10"
September | 8.098 x 10° + 7.15x 10° | 4.389 x 10° + 6.31 x 10° | 1.152 x 10° + 2.22 x 10"
Crop
protection
(CP)
ORG | 5.754 x 10° + 9.46 x 10" | 4.367 x 10° + 2.73x 10° | 2.958 x 10° + 1.22 x 10°
CON | 5.621x10° + 1.00 x 10° | 3.404 x 10° + 4.30 x 10° | 9.813 x 10" + 1.84 x 10*
Fertility
management
(FM)
ORG | 7.617x10°+1.08 x10° | 3.739x 10° + 4.25 x 10° | 1.427 x 10° + 4.24 x 10"
CON | 3.758 x 10° + 6.45 x 10* | 4.031 x 10° + 3.12x 10° | 2.513 x 10° + 1.18 x 10°
ANOVA P-
values
SD 0.012 0.398 0.628
CP 0.915 0.077 0.008
FM 0.003 0.583 0.019
SD*FM 0.927 0.405 <0.001
SD*CP 0.497 0.471 0.040
CP*FM 0.715 0.924 0.039
SD*FM*CP 0.984 0.593 0.189
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inappropriate to compare between DGGE gels (Please see Results Chapter 1 for more
information on this). The significant interactions of sample date and management also
suggest that significant management effects could be overlooked by only analysing data

sets as whole years.

4.2.4. DGGE and gPCR analysis of 2007 data  +the effect of previous crop

When the effect of changes in management on environmental variables was examined in
Results Chapter 1, it was found that previous crop was often a significant factor. In order
to explore the effect of previous crop on the diversity and expression of nifH, within the

NFSC soils, the 2007 RNA data set must be used.

Analysis of the nifH '**( 6KDQQRQTV GLY H U sslfavthelvip@e-ypaY [Dabx
4.3) indicated that sample date and crop rotation (pre-crop) significantly affected the
diversity of the nitrogen fixing community (Sample date P <0.001, pre-crop P <0.001 and
sample date x pre-crop P <0.001), with the soil following the barley crop having increased
diazotrophic diversity. When split by sample date (Table 4.12) soils with a previous crop
of barley showed significantly higher diazotrophic diversity than soils with a previous crop
Rl EHDQV LQ ODUFK DQG 6HSWH Rg3Hd thédbatey welddop-dhdZz D V

1.674 for the beans pre-crop).

Analysis of the gPCR data set showed that for the whole year and at each sample date
increased copy number was seen in the conventional rotation (barley pre-crop) compared

to the organic rotation (beans pre-crop) (Table 4.10 and 4.13).
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Table 4.12. ANOVA analysis of Shannon diversity indices for each years RNA DGGE gels at each different sample date.

Shannon diversity index for

nifH DGGE band data

year 2007 2008 2009
March June Sept March June March June Sept
Pre-crop (PC)
Barley | 2.259+0.11 1.675+0.12 2.675+ 0.08
Beans | 1.335+0.08 1.873+0.12 1.815+0.11
Crop
protection
(CP)
ORG | 1.752+0.08 1.826+0.17 2.354+0.14 | 1.468+0.11 0.684+0.22 | 1.494+0.17 0.087+0.09 1.342+0.17
CON| 1.842+0.11 1.722+0.17 2.136+0.15 | 1.546+0.14 0.859+0.34| 1.428+0.17 0.346+0.19 1.178+0.19
Fertility
management
(FM)
ORG | 1.661+0.10 1.781+0.18 2.215+0.16 | 1.574+0.09 0.733+0.31( 1.404+0.22 0.087+0.09 1.379+0.15
CON | 1.933+0.09 1.767+0.15 2.274+0.14 | 1.439+0.15 0.810+0.27| 1.519+0.10 0.346+0.19 1.142+0.20
ANOVA P-
values
PC <0.001 0.154 <0.001
CP 0.597 0.450 0.153 0.456 0.860 0.805 0.232 0.547
FM 0.121 0.916 0.695 0.663 0.690 0.665 0.232 0.389
CP*FM 0.381 0.537 0.546 0.316 0.502 0.929 0.682 0.953
FM*PC 0.381 0.731 0.599
CP*PC 0.558 0.037 0.859
FM*CP*PC 0.170 0.951 0.943

107




Table 4.13. ANOVA analysis of all years RNA gPCR results at each different sample date

Average copies of nifH per g of soil

year 2007 2009
Mean+SE March June Sept March June Sept
Pre-crop (PC)
Barle 1.647 x 10° + 1.315 x 10°% + 2.490 x 10" +
y 9.71x 10° 4.10 x 10° 7.15 x 10°
Beans | 1-851X 10° + 3.765 x 10* + 7.794 x 10* +
1.01 x 10° 8.02 x 10° 1.972 x 10*
Crop protection
(CP)
ORG | 4090 10° + 5.024 x 10° + 1.793 x 10" + 2.381 x 10* + 4.527 x 10° + 6.802 x 10* +
1.29 x 10° 2.24 x 10° 7.56 x 10° 1.01 x 10* 5.48 x 102 9.72 x 10°
con | 1:423x 10° + 8.506 x 10° + 7.044 x 10° + 6.242 x 10* + 8.488 x 10° + 5.764 x 10* +
9.862 x 10° 4.10 x 10° 3.24 x 10° 1.81 x 10* 8.25 x 102 7.041 x 10°
Fertility
management (FM)
ORG 3.858 x 10° + 3.100 x 10° + 1.434 x 10" + 3.160 x 10* + 4.140 x 10°% + 3.348 x 10* +
1.22 x 10° 1.24 x 10° 7.37 x 10° 1.79 x 10* 8.13 x 102 7.53 x 10°
con | 1:446x 10° + 1.043 x 10° + 1.063 x 10" + 2.303 x 10* + 4.736 x 10° + 5.870 x 10* +
9.85 x 10° 4.35x 10° 4.11 x 10° 1.58 x 10* 7.49 x 10? 9.50 x 10°
ANOVA P-values
PC 0.012 0.006 <0.001
CP 0.426 0.877 0.014 0.675 0.790 0.814
FM 0.164 0.032 0.448 0.078 0.409 0.050
CP*FM 0.540 0.735 0.719 0.972 0.688 0.931
FM*PC 0.194 0.341 0.536
CP*PC 0.103 0.157 0.267
FM*CP*PC 0.096 0.737 0.270
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4.2.5. DGGE and gPCR analysis of all sample years  tthe effect of fertility and

health management.

As mentioned previously, when sample years are combined and analysed together,
treatment only significantly affects nifH copy number in the DNA data set (P=0.039) with
organic crop protection leading to increased copy number (Table 4.5). Organic crop
protection also leads to increased diazotrophic diversity (in both RNA and DNA data sets),
although this is not significant. In order to explore the effect of treatment further the data

sets are initially split up into sample years.

Diversity as determined by DGGE community profile analyses remained unaffected by
fertility and health management (Tables 4.8-4.9). In contrast, quantitative data was
significantly affected by both fertility and health management. Organic fertility
management led to increased nifH copy number in 2009 (RNA data set, Table 4.10) and
2007 (DNA data set, Table 4.11), conventional fertility management lead to increased nifH
copy number in 2009 (DNA data set, Table 4.11) and organic crop protection lead to
increased nifH copy number in 2008 (DNA data set, Table 4.11) and 2009 (DNA data set,

Table 4.11).

As discussed above it is also necessary to split the results up by sample date (Tables
4.12-4.15). This leads to very mixed observations, with significant effects being very point
specific, making it very difficult to draw any conclusions from them. Treatment only
significantly affects DGGE data in March of 2008 (DNA data set, Table 4.14) when
conventional crop protection leads to increased diazotrophic diversity. Treatment
significantly affects gPCR data at every date with very varied results. These results are

summarized in Table 4.16.
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Table 4.14. ANOVA analysis of Shannon diversity indices for each years DNA DGGE gels at each different sample date.

Shannon diversity index for

nifH DGGE band data

2007 2008 2009
March June Sept March June Sept March June Sept
Crop
protection
(CP)
ORG 1.886 + 0.764 + 1.110 + 0.777 1.814 + 1.025 + 1.728 + 1.326 + 1.232 +
0.12 0.24 0.25 0.12 0.04 0.12 0.12 0.12 0.08
CON 1.734 + 0.871 + 1.398 £ 1.090 £ 1.651 + 1.099 + 1.691 + 1.357 1.239 +
0.11 0.25 0.14 0.06 0.09 0.17 0.16 0.10 0.10
Fertility
management
(FM)
ORG 1.782 + 0.941 + 1.258 + 0.919 + 1.734 + 1.063 £ 1.700 £ 1.352 + 1.247 +
0.14 0.24 0.20 0.12 0.10 0.17 0.11 0.11 0.12
CON 1.839 + 0.695 + 1.250 + 0.948 + 1.732 + 1.062 + 1.720 + 1331+ 1.224 +
0.09 0.24 0.21 0.10 0.04 0.12 0.16 0.11 0.06
ANOVA P-
values
CP 0.382 0.762 0.362 0.050 0.117 0.741 0.899 0.892 0.975
FM 0.740 0.487 0.981 0.841 0.983 0.996 0.945 0.927 0.911
CP*FM 0.408 0.177 0.724 0.888 0.268 0.494 0.243 0.204 0.419
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Table 4.15. ANOVA analysis of DNA gPCR results for all years at each different sample date.

Average copies of nifH per g of soil

2007 2008 2009
Mean+SE March June Sept March June Sept March June Sept
Crop
protection
(CP)
ORG | 2421 x 10°+ 5.849x10° 8.991x10° | 4.626x10° 3.975x10° 4.498x10%°+ | 5352x10°+ 2584x10°+ 9.391x10%+
7.43 x 10* +1.66x10° +156x10° | +3.34x10° +458x10° 6.14 x 10° 3.44 x 10° 1.15 x 10° 1.78 x 10*
CON | 4:200x 10°+ 5458x10° 7.206x10° | 2.813x10° 3.118x10° 4.280x10°+ | 6.360x 10*+ 9.575x10*+ 1.365x 10° +
2.05x 10° +1.83x10° +1.29x10° | +2.88x10° +4.96x10° 1.15 x 10° 1.79 x 10* 3.13x 10* 4.08 x 10*
Fertility
management
(F™)
ORG | 2:458x 10°+ 3.830x10° 5.138x10° | 2.068x10° 1.966x 10° 2.013x10°+ | 3.695x 10*+ 1.096x 10°+ 6.825x 10* +
1.97 x 10° +194x10° +132x10° | +4.85x10° +5.02x10° 6.85 x 10° 2.18 x 10* 1.16 x 10° 4.21 x 10*
con | 1705 x 10°+ 3.647x10° 5.921x10° | 3.302x10° 3.163x10° 4.752x10%°+ | 5.249x10°+ 1.350x10°+ 9.389 x 10° +
6.04 x 10" +1.11x10° +1.11x10° | +3.80x10° +4.64x10° 1.09 x 10° 3.46 x 10° 451 x 10° 1.46 x 10*
ANOVA P-
values
CP 0.413 0.647 0.374 0.004 0.691 0.367 0.034 0.242 0.471
FM 0.031 0.220 0.084 <0.001 0.152 0.406 <0.001 0.160 0.136
CP*FM 0.254 0.863 0.392 0.893 0.164 0.664 0.309 0.010 0.734
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Table 4.16. Summary of all occasions where treatment significantly affects nifH copy

number
RNA DNA
, treatment with
year sample date treatment with sample date | highest copy
highest copy no. no
June con FM
2007 March FM
September org CP are ord
con FM
2008 N/A March
org CP
con FM
2009 March September con FM
con CP
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4.2.6. Multivariate analysis of DGGE results to further explore the effect of

management.

The DGGE results discussed in the above section were found using univariate analysis.
This analysis found treatments to be significant if the number of bands present in lanes of
the gels changed notably. However, relative intensity scores from DGGE gels can also be
analysed using multivariate statistics. These tests look for differences in band patterns
and intensities rather than the presence or absence of a particular band. The data was
first subjected to indirect analysis to visualise variance between the profiles of each gel.
This was done using PCA or DCA depending on the length of the DCA axis (axis >3.5 =
DCA, axis <3.5 = PCA). PCA and DCA were carried out using the vegan library in the R
package. Scores for each axis were taken from R and plots were generated using Minitab
(Figs 4.9 and appendix section E). Scores were also subject to ANOVA to see if treatment

had any effect on variance among each axes.

Direct analysis was also carried out so that relative intensity data could be compared with
environmental variables. As above the test used was determined by the length of the DCA
axis (axis>3.5 = CCA, axis <3.5 RDA). CCA, RDA and Monte Carlo permutation testing

were carried out using CANOCO and the results are presented in Figs 4.10-4.15.

A summary of the results of this analysis is provided in Fig. 4.16. In general, indirect
analysis only revealed a significant impact of treatment in the RNA data set with fertility
management affecting diversity in 2007 and 2009 and crop protection affecting diversity in
2007 only. Direct analysis did not report fertility management as a significant factor at any
of the sample dates. However, crop protection significantly affected diversity in 2 of the
2008 sample dates (DNA only) and 1 of the 2007 sample dates (RNA only).
Environmental variables total C, total N, available Fe, available P, ammonium

concentration, nitrate concentration, soil basal respiration and pH, all affected
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Figure 4 .9. PCA showing variation between nifH DGGE lanes for pot/beans in 2007

Figure 4.9 . Numbers relate to plot numbers. Treatments are represented by the
IROORZLQJ VI\IPEROV RUJ)0O RUJ&3 ” FRQ)0O FRQ&3
RUJ&3 | 7KH < D[LV VKRZV VLJQLILFDQW YDUIPZWLR(
0.044). P values are according to ANOVA.
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Figure 4 .10. RDA of nifH 2007 RNA DGGE gels showing variation between treatments

A B

17% 13.8%

20.7% 19.8%

11.2%
18.8%
15.5% 20.2%
16.6% 9.0%
Figure 4 .10. RDA of nifH 2007 RNA DGGE gels showing variation between treatments:
RUJ)0O RUJ&3 7 FRQ)0O FRQ&3 * RUJ)O0O FRQ&3 v DQG

represent environmental variables. N = total nitrogen, C = total organic carbon, SBR = Sall
Basal Respiration, NH4 = available ammonium, NO3- = available nitrate, P = phosphorus
and Fe = iron. Triangles represent centroids for management treatments. A = March soil
after beans. C (P = 0.024) and Fe (P = 0.020) are significant factors. B = June after
beans. CP (P = 0.006) and NH4 (P = 0.008) are significant factors. C = September after
beans. P (P = 0.024) is a significant factor. D = March after barley. N (P = 0.002) is a
significant factor. E = June after barley. Fe (P = 0.050) and SBR (P = 0.008) are a
significant factors. F = September after barley. P values are according to Monte Carlo
permutation testing. 115



Figure 4 .11. RDA of nifH DNA (2007) DGGE gels showing variation between treatments

A

30%

Figure 4 .11. RDA of nifH DNA
(2007) DGGE gels showing

43% variation between treatments:
orJ)0 RUJ&3 7 FRQ)!

B ‘“ RUJ)0O FRQ&3 v |
FRQ)0O RUJ&3 | $UU
represent environmental
variables. N = total nitrogen, C =
total organic carbon, SBR = Soil
2204 Basal Respiration, NH4 =
available ammonium, NO3- =
available nitrate, P = phosphorus
and Fe = iron. Triangles
represent centroids for
management treatments. A =
March soil after barley. N (P =
0.004) is a significant factor. B =
38% June after barley. P (P = 0.002)
and NO3 (P = 0.014) are
C significant factors. C =

September after barley. P values
are according to Monte Carlo
permutation testing.

8%

86%
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Figure 4 .12. RDA and CCA analysis of nifH RNA DGGE gels for 2008 soils

A

32%

41%

22%

50%

Figure 4 .12. RDA of nifH RNA DGGE gels showing variation between treatments:
RUJ)0O RUJ&3 7 FRQ)0 FRQ&3 * RUJ)0O FRQ&3 v DQGC
represent environmental variables. N = total nitrogen, C = total organic carbon, SBR =
Soil Basal Respiration, NH4 = available ammonium, NO3- = available nitrate, P =
phosphorus and Fe = iron. Triangles represent centroids for management treatments. A
= March 2008 soil. N (P = 0.044) is a significant factors. B = June 2008 soil. P values
are according to Monte Carlo permutation testing.
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Figure 4 .13. RDA and CCA of nifH DNA DGGE gels showing variation between treatments
for 2008 soils.

A

36%
47%
31%
42%
22%
54%
Figure 4 .13. RDA of nifH DNA DGGE gels showing variation between treatments: orgFM
RUJ&3 7 FRQ)0 FRQ&3 * RUJ)0O FRQ&3 v DQG FRQ)O

environmental variables. N = total nitrogen, C = total organic carbon, SBR = Soil Basal
Respiration, NH4 = available ammonium, NO3- = available nitrate, P = phosphorus and
Fe = iron. Triangles represent centroids for management treatments. A = March 2008
soil. CP (P = 0.006), SBR (P = 0.032) and NO3- (P = 0.012) are significant factors. B =
June 2008 soil. CP (P =0.042), SBR (P = 0.032) and pH (P = 0.034) are significant
factors. C = September 2008 soil. P valuefl%re according to Monte Carlo permutation
testing.



Figure 4 .14. RDA and CCA analysis of nifH RNA DGGE gels for 2009 soils

A

16.3%

21.6%
° 62.8%

20.1%
10.5%

26.3%

Figure 4 .14. RDA of nifH RNA DGGE gels showing variation between treatments:
RUJ)0O RUJ&3 " FRQ)0O FRQ&3 * RUJ)0O FRQ&3 v DQC
represent environmental variables. N = total nitrogen, C = total organic carbon, SBR =
Soil Basal Respiration, NH4 = available ammonium, NO3- = available nitrate, P =
phosphorus and Fe = iron. Triangles represent centroids for management treatments. A
= March 2009 soil. Fe (P = 0.050) is a significant factor. B = June 2009 soil. C (P =
0.016), Fe (P = 0.044), NO3 (P=0.038) and NH4 (P=0.036) are significant factors. C =
September 2009. NO3 (P=0.03) is a significant factor. P values are according to Monte
Carlo permutation testing. 119



Figure 4 .15. RDA and CCA of nifH DNA DGGE gels showing variation between treatments
for 2009 soils.

A

12.2%
19.9%
17.9%
21.3%
16.4%
27.7%
Figure 4 .15. RDA of nifH DNA DGGE gels showing variation between treatments:
RUJ)0O RUJ&3 7 FRQ)0 FRQ&3 * RUJ)O0O FRQ&3 v DQC

represent environmental variables. N = total nitrogen, C = total organic carbon, SBR =
Soil Basal Respiration, NH4 = available ammonium, NO3- = available nitrate, P =
phosphorus and Fe = iron. Triangles represent centroids for management treatments. A
= March 2009 soil. B = June 2009 soil. C = September 2009 soil. pH (P = 0.006) is a
significant factor. P values are according tolglloonte Carlo permutation testing.



Figure 4 .16. Statistically significant factors affecting results of molecular analysis of the

nitrogen fixing community.

2007 RNA 2007 DNA
March June Sept March June Sept
direct
ordination
direct Cand | CPand (RDA and P and
ordination [ beans Fe NH4 P CCA) barley N NO3 n/s
(RDA and
CCA) indirect
ordination
Fe and (PCA and
barley N SBR n/s DCA) barley n/s n/s n/s
indirect
ordination | peans | FM CcP cpP gPCR barley FM n/s FM
(PCA and
DCA) barley n/s FM n/s
gPCR both n/s FM CP
2008 RNA 2008 DNA
March June Sept March June Sept
direct direct CP,
ordination ordination SBR CP,
(RDA and (RDA and and SBR
CCA) wheat | Nand P n/s n/a CCA) wheat NO3 and pH FM
indirect indirect
ordination ordination
(PCA and (PCA and
DCA) wheat n/s n/s n/a DCA) wheat n/s n/s n/s
CP and
gPCR wheat n/a n/a n/a gPCR wheat FM n/s n/s
2009 RNA 2009 DNA
March June Sept March June Sept
direct direct
ordination C,NH4, | NO3 ordination
(RDA and NO3 and (RDA and
CCA) wheat Fe and Fe NH4 CCA) wheat n/s n/s pH
indirect indirect
ordination ordination
(PCA and (PCA and
DCA) wheat n/s n/s FM DCA) wheat n/s n/s n/s
CP and
gPCR wheat n/s n/s FM gPCR wheat FM n/s n/s

Figure 4 .16. Summary of all nifH molecular analysis. n/s = not significant. n/a = not

applicable. Factors in bold are significant and have a P value < 0.05. Factors in italics
have a P value of <0.1.




diazotrophic diversity at some point over the sampling period, although results were

sporadic meaning few conclusions could be drawn.

4.2.7. Analysing correlations between  diazotrophic diversity , nifH copy number ,

and environmental variables.

Direct multivariate analysis of DGGE data suggests that environmental variables affect
nfiH GLYHUVLW\ 7KHUHIRUH 3HDUVRQYV SURGXFW PRPHQW F
environmental variables correlated with changes in nifH diversity and copy number. All

years were analyzed together.

Percentage organic N had a strong significant correlation overall, with organic N being
positively correlated to nifH copy number and diversity (Table 4.17). There were many
differences seen between how variables correlated with RNA results and DNA results.
Nitrate and ammonium concentration positively correlated with RNA expression but

negatively correlated with DNA expression. Available iron and percentage carbon were

negatively correlated with RNA expression but positively correlated with DNA expression.

SHDUVRQYTVY SURGXFW PRPHQW FRUUHODWLRQ DOVR DOORZI
RNA and DNA results and between nifH copy number and diversity. Results between

analysis of RNA and DNA of the same plots seem to give dramatically different

significance YDOXHV WR GLIIHUH QWH RNAHDD BERyEISfOY 200 7+of the |

organic rotation was removed as DNA diversity was not studied in these plots. As shown

in Table 4.18 no significant positive or negative correlation was seen between levels of

nifH RNA and DNA within the same plots.

6LIJQLILFDQW SRVLWLYH FRUUHODWLRQ ZDV RdEtWMeIRNAHG EHW
data set (Table 4.19). This was not observed in the DNA data set. Significant negative
correlation was reported between DNA and RNA copy number. However, this is mostly

due to the plots from which the nifH gene could not be amplified.
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Table4.17. 6 XPPDU\ RI UHVXOWYV RI 3HDUVRQYTV FRUUH

qPCR RNA gqPCR DNA
H' RNA nifH |nifH H' DNA nifH |nifH
qPCR RNA
nifH +++
H' DNA nifH [+ +
gqPCR DNA
nifH - -
pH --- --- - +++
%N +++ +++ + ++
%C === -—- - +++
SBR - i + -
P - + + ---
Fe + -
NH4 + +++ - -
NO3 + + - -
+/- = non-significant correlation, ++/2 = correlation with P " 2 - = correlation
with P~
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Table4.18. 7TDEOH VKRZLQJ FRUUHODWLRQ EHWHZDBIGEgel§ IRU 51%

correlation coefficient
! P value
whole data
set 0.076 0.366
2007 0.222 0.129
2008 -0.163 0.268
2009 0.192 0.191

Table 4.19. Table showing correlation between nifH diversity and nifH copy number from

DNA and RNA data sets.

comparison ! P value
H' RNA and gPCR RNA | 0.623 <0.001
H' DNA and gPCR DNA | -0.111 0.187

gPCR DNA and gPCR
RNA -0.569 | <0.001
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4.3. Discussion.

4.3.1 The effect of crop rotation on  the diversity of diazotrophs and  nifH copy

number .

Organic farming practices rely on the addition of organic material to the soil and it was
expected that organic fertility management would promote more activity and diversity in
the soil microbial community (Shannon et al., 2002). However, in the 2007 sample date,
fertility management affected microbial populations to a lesser extent than crop rotation.
Rotation (identified by the previous crop in this study) had a strong affect on both free-
living N fixing bacterial population structure (measured by DGGE profiles) and activity
(measured by RNA gene copy numbers) and was the dominant management factor

affecting microbial population structure and function in 2007.

The different crop species grown in each rotation in the previous three years (beans,
potatoes and winter wheat in the organic rotation, and winter barley and two years of
winter wheat in the conventional rotation) resulted in fundamental changes to the
structure and activity of the free-living N fixing bacterial community (Table 2.3 +Methods
chapter). A considerably more active and diverse diazotrophic community was seen in
soils previously under barley (conventional rotation) (Table 4.3, 4.8, 4.10). Even on the
final sample date of 2007 differences in the composition of the nifH community (between

organic and conventional rotation) was evident (Table 4.12-4.13).

ORVW UHVHDUFK LQWR WKH HIITHFW RI FURS VSHFLHV RQ WK
carried out on rhizosphere soils. Any changes to the microbial community are attributed

to changes in organic root exudates affecting microbial activity in a species-specific

manner (Funnell-Harris et al., 2008; Wieland et al., 2001). In this study, these changes

were detected in the bulk soil, and were apparent even though the crop was the same in

both rotations in the sampling year.
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These findings support those of Larkin and Honeycutt (2006) who suggested that plant
effects i.e. crop rotation, are the most important drivers of soil microbial community
characteristics within a given site and soil type. Crop rotational effects on populations of
free-living N fixing bacteria were also reported by Chunleuchanon et al (2003), who found
that when rice was grown in rotation there was higher diversity of nitrogen-fixing
cyanobacteria than when it was grown in monoculture. However, to our knowledge, this is
the first study which documents increased free-living diazotroph nifH expression and
diversity following a rotation containing non-legumes when compared with a rotation

containing legumes.

One explanation of the dramatic effect of crop rotation on the free-living nitrogen fixing
community in this study is due to the fundamental differences between the two rotations.
Faba beans can derive 90% of their N from N, fixation (Funnell-Harris et al., 2008),
therefore, beans do not have as high an N demand as barley (Jensen et al., 2005). For
this reason, even under conventional fertility management, no N fertilizer is applied to the
beans in the NFSC experiments. Cereal crops such as barley efficiently utilize available
N in the soil depleting mineral N during crop growth (Jensen et al., 2005). Therefore, the
low mineral N levels in soils under cereal crops may make it a more suitable environment
for free-living diazotrophs resulting in the increased numbers seen in the soil in the
conventional rotation. Indeed, even in March of the following year (2007), there was still
more mineral N in the soil under potatoes following a crop of beans in the previous year
(Table 3.2), compared with soil under potato following barley (P=0.0895). This suggests
that higher levels of mineral N throughout the season, in the soil after a legume pre-crop,

may be suppressing the activity of free-living N fixing bacteria.

Nitrogen species are significant drivers of diversity in two of the 6 RDA plots (Figures 4.10
B and D). Also, in terms of the correlation coefficients for 2007, nitrate and ammonium

had non-significant negative correlation with 51$% +91 DQG FRS\ QXRBE®H.U 7DEOH
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Table 4.20. 6 XPPDU\ RI

UHVXOWV R
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H' RNA copy number RNA

copy number RNA i+

%N - -

%C + -

P + +++

SBR " _

NO3- N -

NH4+ N py

Fe N -

P - -

+/- = non-significant correlation, ++/ 2 = correlation with P " 2 —correlation
with P 7

3HDUVRQYV FRUUHODW




However, available ammonium has a significant positive correlation with nifH copy
number. It would also be assumed that if available nitrate and ammonium were affecting
the nitrogen fixing community with respect to the change in previous crop, that there
would also be significant affects due to fertility management, which provides more nitrate

and ammonium to the plots (Table 3.2 +Results Chapter 1).

Taking this into account it is assumed that it is organic N (%N) which is driving the
nitrogen fixing community to become more active and diverse after a crop of winter
barley. Although %N is only a significant driver in one of the RDA plots, there is significant
negative correlation throughout 2007 between %N and +{ 7 D E20)HThe %N was only
measured from soils in November 2007 and was found to still be lower in plots which had

barley growing in the previous year (P=0.090) (Table 3.2).

In order to make this conclusion more robust more than one year would have to be

analysed. This was not possible in this study as year 4 of the rotation was not replicated

in NFSC until 2010. It would also be interesting to see howlong-OLYHG WKH pQHJDWL
terms of diversity and expression of nifH) effect of the beans crop was. The diversity and
expression of nifH do not seem to increase more throughout the season in the beans crop

as oppose to the barley crop suggesting that the effect would continue on into later

sample years within these plots. This would be interesting to see as this would then

become clearer as a rotational effect rather than the direct effect of the previous crop.

4.3.2. The effect of treatment on diversity of diazotrophs and nifH copy number .

Fertility management did not significantly affect expression and diversity of the nifH gene.
When looking at the DNA data set fertility management was not a significant driver of
diazotrophic diversity. Occasional significant results were found when looking at indirect
ordination of DGGE banding patterns, when RNA was used as the nucleic acid (March

2007, organic rotation; June 2007, conventional rotation; September 2009) (Figure

128



Table 4.21a. Summary of percentage variance explained by fertility management in each

DNA RDA/CCA plot.
2007
(Barley) 2008 2009 Average
March 2.9 10.5 3.1 55
June 13.4 6.4 3.3 7.7
September 2.4 4.8 9.1 5.4
Average 6.2 7.2 5.2 6.2

Table 4.21b. Summary of percentage variance explained by fertility management in

each RNA RDA/CCA plot.

2007 2007
(Beans) (Barley) 2008 2009 Average
March 8.0 7.5 7.8 4.8 7.0
June 6.1 9.9 7.8 8.0 8.0
September 7.2 7.0 N/A 9.1 7.8
Average 7.1 8.1 7.8 7.3 7.6
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4.16), although the inconsistency means that no conclusions could be drawn. Table 4.21
summarizes this and shows that fertility management explained on average 7.6% of the
variance observed in nifH RNA RDA/CCA plots, and 6.2% of the variance observed in
nifH DNA RDA/CCA plots. Percentage was marginally higher in June and September,
after fertilizers were applied. The general trend seemed to be that conventional fertility
management ledtoasOLJKW LQFUHDVH LQ +4). Holddvé Hhis was ne@G

significant and values are always very similar between fertility management treatments.

Analysis of nifH expression, using nifH copy number from qPCR data, showed that for all
years, when using the DNA data set, conventional fertility results in increased nifH
expression once fertilizers have been applied to the soil (Table 4.15). Although, fertility
management was often a significant factor, both organic and conventional management
appeared to have positives effects in different years and sample dates. For example, in
March of all years of the DNA data set fertility management was significant. However, in
2007 increased nifH copy number is associated with organic fertility management, and in
2008 and 2009 increased nifH copy number is associated with conventional fertility

management (Tables 4.10).

It was hypothesised that fertility management would have a more significant effect on the
nitrogen fixing community due to the decreased amount of nitrate and ammonium seen in
organically managed soils (Table 3.2). Although fertility management does not have a
consistent affect on nifH diversity and expression the general trend seemed to be that
conventional fertility management resulted in increased nitrogen fixation compared to
organic fertility management. %N, available ammonium and available nitrate also seemed
to have an overall positive correlation with diazotrophic diversity and nifH copy number,

particularly when it came to the RNA data set (Table 4.31).

This is contrary to other studies which have suggested that the amount of nitrogen applied

to soils has a significant effect on the nitrogen fixing community (Coelho et al., 2009;
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Coelho et al., 2008). However, most studies that have reported the effect of levels of N on
the nifH community have been conducted on free-living N fixing bacteria in the rhizoplane
or rhizosphere soils. Coelho et al. (2008) found higher levels of nitrogen fertilizer
decreased N fixation in rhizosphere soils but found it had no effect in bulk soil.
Rhizosphere soils are very different to bulk soils as the bacterial community is stimulated
by root exudates (Smalla et al., 2001). It is estimated that 64-86% of carbon released as
root exudates is respired by microorganisms resulting in a 10 to 100 fold increase in the
size of the microbial community compared to bulk soils (Burgmann et al., 2005). Actual
soil structure can also be different between bulk and rhizosphere soils with rhizosphere

soil pores allowing better water drainage (Whalley et al., 2005).

Previous studies also seem to focus on particular sections of farm management for
example nitrogen addition rather than whole farming systems. In the NFSC experiments
the different fertility management regimes do not just involve application of different forms
of nitrogen; the conventionally managed plots receive superphosphate and potassium
chloride whereas the organic plots receive only compost (which contains varying amounts
of P and K as well as other macro- and micronutrients). Changes in fertilizer management
also led to changes in pH and soil basal respiration, which can also affect the nitrogen
fixing community. Most of the environmental variables, for examples total C, total N,
available P, pH, concentrations of ammonium and concentrations of nitrate, were
responses to changes in fertility management. If we look at the effect of all variables
associated with fertility management on the nifH DGGE results, the average amount of
variance in diversity explained by fertility management was 50.8% in RNA gels and 36.8%
in DNA gels (Table 4.22). This combined with nifH qPCR results (Tables 4.14, 4.15) could
suggest that fertility management does have some effect on the nitrogen fixing
community. These factors also cause far more variation in the RNA data set than the DNA
data set. Reed et al. (2007) found that the addition of phosphorus to soil more than

doubles nitrogen fixation. Concentrations of phosphorus in organically managed soils
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Table 4.22a. Summary of percentage variance explained by fertility management and

associated fertility management variables in each RNA RDA/CCA plot.

2007 2007
(Beans) (Barley) 2008 2009 | Average
March 59.2 45.3 49.6 54.0 52.0
June 49.3 524 44.4 69.8 54.0
September 43.4 46.2 N/A 48.4 34.5
Average 50.6 48.0 47.0 57.4 50.8

Table 4.22b. Summary of percentage variance explained by fertility management and

associated fertility management variables in each DNA RDA/CCA plot.

2007
(Barley) 2008 2009 Average
March 25.7 27.9 27.3 27.0
June 54.2 45.1 49.3 49.5
September 21 38.6 41.7 33.8
Average 33.6 37.2 394 36.8
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can be half that of conventionally managed soils, with organically fertilised soils relying
on phosphorus remaining in the soil from past conventional management (Gosling and
Shepherd, 2005). In the NFSC experiment overall conventional plots have significantly
more available P (Figure 3.2). Nitrogen fixation requires a lot of energy and therefore, has
increased phosphorus requirements. The activation energy required to break the triple
bond of dinitrogen is high and requires large amounts of ATP (LaRoche and Breitbarth,
2005). Therefore, it is possible that the positive effect of conventional fertility
management, seen at certain dates, has nothing to do with the nitrogen applied to the
field but more to do with the increased availability of phosphorus in this treatment.
Phosphorus is highlighted as a significant driver in two of the 2007 RDA plots (Figure
4.16). However, correlation coefficients (Table 4.17 and Table 4.20) show there is little
significant correlation between available phosphorus and nifH copy number and diversity.
In the one instance that there is significant correlation (between phosphorus and DNA
copy number all years) the correlation was negative. When looking at a soil solution only
a very small amount of phosphorus will be present as PO,* ions, and therefore freely
available. Therefore, phosphorus is the least mobile major nutrient as it is very easily
adsorbed onto Fe and Al oxides (Hinsinger, 2001). This could suggest why phosphorus is

detected in soils but is not positively influencing the nitrogen fixing community.

Iron is an essential element for nitrogen fixation as it is a component of the key proteins in
nitrogenase. Although diazotrophs need 30-300 times more P than Fe there is evidence
that both co-limit N fixation (Mills et al., 2004). Mills et al. (2004) found that adding Fe and
P simultaneously increased N fixation 2-3 fold. This effect was not seen when Fe and P
were added individually. Although not significant, iron was always higher after
conventional management (Figure 3.2).There was also significant positive correlation
between amounts of available phosphorus and iron in the present study. However
correlation between iron and nifH diversity and copy number varied between dates and

was never significant. Iron is a significant driver of nifH diversity in the RNA data set on 3
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occasions (Figure 4.16) and significant negative correlation was seen between diversity
and copy number of nifH in the RNA 2007 data set. However, when looking at the RDA
plots (Figure 4.26 and 4.30) these effects seem to be related to the location of the plots
within the field, rather than the individual treatments, suggesting that within field variability
in soil chemical characteristics may also play an important role in the diversity and activity

of free-living N fixing bacteria.

Soil is a major reserve of organic carbon. Organic farming, on average, produces 28%
higher carbon levels than conventional farming in Northern Europe (Azeez, 2009). When
available carbon concentrations are low bacterial growth and diversity can be limited
(Monard et al., 2008).Carbon is a significant driver of variance in March 2007 and June
2009 (Figure 4.16). However, overall correlation between carbon and nifH diversity and
nifH copy number was negative for the DNA data set and positive for the RNA data set
(Table 4.17). A number of studies have shown that soil carbon generally increases N
fixation (Rogers et al., 2009; Heimann and Reichstein, 2008; Burgmann et al., 2005).
Increased carbon dioxide has been shown to be directly correlated with increased
nitrogen fixation when phosphorus, iron and molybdenum are also present, due to
changes in the C:N ratio (van Groenigen et al., 2006; Zanetti et al., 1996). Our results are
similar to those of Hsu and Buckley (2009) who reported that carbon was a driver of
nitrogen fixation but that carbon was not significantly affected by the change in

management type.

4.3.3. The effect of crop protection on diazotrophic diversity and nifH copy number .

Crop protection significantly affects nifH expression when DNA is used as the template
(Table 4.5). Over all the years crop protection was significant and increased in organic
health management plots. When broken down into dates this was significant in 2009 (and

was close to being significant in 2008 P = 0.077).
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NifH diversity (as measured by DGGE) was not affected significantly by changes in crop
protection protocols. In the DNA data set crop protection drives differences in diversity in
ODUFK DQG -XQH DFFRUGLQJ WR GLUHFW RUGLQDWLRQ
crop protection although the average for all years is higher after organic health

management (Table 4.4). The overall average percentage variance explained by crop

protection according to RDA/CCA was only 5.9% and on average the percentage

variance decreased throughout the sample year (Table 4.23).

In the RNA data set crop protection significantly affected diversity in the organic rotation in

June and September 2007 (indirect ordination only) (Figure 4.16). However, crop

protection never significantly affected + DQG LV UHVSRQVLEOH IRU RQ DYH
the variation within the DGGE RDA/CCA data set. The average percentages are higher in

June directly after pesticides have been applied than other dates (Table 4.23). NifH copy

number is also affected in September 2007 where conventional management results in

increased expression (Table 4.15).

Conventional crop protection of potatoes and the preceding crops, involves the use of a
variety of synthetic pesticides (Table 2.1). The ideal pesticide should be toxic only to
target organisms. However, this is rarely the case. Approved pesticides should have been
shown to affect activities of; nitrate and ammonium transformations, oxygen uptake,
carbon dioxide release, or carbon and nitrogen mineralization by less than 25%

(yHU QR K CeitélN BOD9; Johnsen et al., 2001). However, this does not mean that the
overall structure of the bacterial community has not changed in response to the pesticide.
Some microorganisms may proliferate by using the pesticide as an energy source, and

some may find the pesticide toxic (Johnsen et al., 2001).

It was hypothesised that conventional crop protection would have a negative effect on
nifH diversity, and expression, as studies into the environmental impacts of pesticides

have shown that they can significantly affect the bacterial community as a whole and that
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Table 4.23a. Summary of percentage variance explained by crop management in each

DNA RDA/CCA plot.

2007
(Barley) 2008 2009 Average
March 4.9 234 2.8 104
June 4.2 9.3 2.7 54
September 1.1 3.4 1.6 2.0
Average 34 12.0 2.4 5.9

Table 4.23b. Summary of percentage variance explained by crop management in each

RNA RDA/CCA plot.

2007 2007
(Beans) (Barley) 2008 2009 | Average
March 6.4 5.8 7.1 51 6.1
June 11.6 6.4 111 10.1 9.8
September 7.4 5.2 N/A 5.5 4.5
Average 8.5 5.8 9.1 6.9 7.6
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diazotrophs could be patrticularly affected. Cycon and Piotowska-Seget (2007) found that
bacteria involved in nitrogen turnover, particularly nitrogen fixation and nitrification were
particularly sensitive to a range of pesticides. For example, the fungicide mancozeb was
found to exert an inhibitory effect on aerobic dinitrogen fixers in soil (Doneche et al.,
1983). Our results suggest that, like the effect of fertility management, crop protection has
an affect although the changes in diversity it causes are not consistent. Diversity of
diazotrophs appeared to be significantly affected on some dates although this affect was
neither positive nor negative and simply resulted in a changed community structure as

some bacteria proliferate and some are suppressed.

In every instance that crop protection significantly affected nifH copy number
conventional management suppressed nifH expression. This appeared to be more
significant in the DNA data set compared to the RNA data set. This suggests that,
although numbers of bacteria capable of nitrogen fixation are reduced, the bacteria are
still capable of increasing their nitrogen fixation activity. This could also explain why the
soil in the organic rotation is more affected than soil in the conventional rotation in 2007.
As the diazotrophic community is better established after the barley crop it will be better
equipped to handle stress meaning when one species struggles to fix nitrogen another

can take its place. In the less diverse organic rotation this may not happen as readily.

A range of pesticides are applied to the potato crops in the NFSC experiment, at several

dates from April onwards (Table 2.2). The herbicide used is linuron. OLOR&HYLm DQG
Govedarica (2002) found that Azotobacter species were particularly sensitive to

pesticides and were reduced in number by 78% 14 days after application. They also

suggest that results are varied depending on the crop grown but do not suggest a reason

for this. Fluazinam and mancozeb are used as growth regulators. As mentioned above
mancozeb has previously been found to affect aerobic diazotrophs (Doneche et al.,

1983). Fluazinam is a fungicide used to control potato blight as it disrupts eukaryotic
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mitochondria by protonating amino groups (Leroux, 1996). No previous studies could be
found testing its action against nitrogen fixing bacteria. Aldicarb is a nematicide which has
been shown to suppress the plant growth promoting bacteria which contribute to potato
growth, including the N-fixers, mineral solubilizers and phytohormone producers (Sturz
and Kimpinski, 1999). To our knowledge the effect the desiccant Oiquat has on nitrogen-

fixers has never been studied.

Although diazotrophic diversity does not seem to have been affected by the pesticides
used in this study, organic crop protection led to increased copies of the nifH gene in the
DNA data (Table 2.5). Many previous studies looking at the effect of pesticides on the
diazotrophic community have focussed on nitrogen fixers which are symbiotic with
legumes. Bradyrhizobium japonicum, for example, has been found to be particularly
susceptible to the effects of glyphosphate due to the sensitivity of its phosphate synthase
enzyme (Bohm et al., 2009; Zablotowicz and Reddy, 2007). Other studies have found that
herbicides will affect nitrogenase activity, nodule formation, nodule biomass and
leghaemoglobin concentrations (Bohm et al., 2009; Zablotowicz and Reddy, 2007; Reddy
and Zablotowicz, 2002). However, it is unclear whether this is due to direct changes in the
rhizobia, in direct physiological changes in the plant, or both (Zablotowicz and Reddy,
2007; Vierra et al., 2007). Fox et al. (2007) suggested that pesticides can disrupt the
molecular interactions between rhizobia and their host plant and demonstrated this
between Sinorhizobium meliloti and alfalfa. This does not suggest why we see significant

changes to the free-living nitrogen fixing community.

4.3.4. Seasonal effects on diversity of diazotrophs and nifH copy number .

Sample date was a significant factor throughout the study and often had significant
interactions with crop management factors (this has been summarised in Figures 4.18-
4.19). There are many factors associated with the change in season that could affect

microbial community structure and function, but the main ones that could be important in
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this study are temperature and management regime, i.e. how the sample dates relate to

the plant growth stage and the application of treatments.

Temperature is one of the most important environmental factors affecting the soil bacterial
community (Pettersson and Baath, 2003). The microbial community will adapt to suit the
minimum and maximum temperatures of its environment. Figures 4.17-4.19 show there is
an almost inverse relationship between temperature, and nifH diversity and copy number.
However, o SWLPXP WHPSHUDWXUH IRU QLWURJHQ IL[HUVY JURZ
25 °C (this is the temperature in the field between June and September) (Beauchamp et
al., 2006; Eckford et al., 2002) (Figure 4.17 and Table 3.8). The temperature in the field
on the March sampling date was approximately 4.5 °C and had not been above 7 °C for
the month before that. When looking at the gPCR data it seems likely that expression of
nifH (in terms of RNA copy number) of the free-living N fixing population was suppressed
by temperature at this time. However, by September the population had increased by 18
fold from on average 3.42 x 10° g™ soil in June, to 6.28 x 10° copies g™ soil in September
(Figure 4.34). However, if anything there is an inverse relationship with diazotrophic
diversity and soil temperature (Figure 4.17 and 4.19). It is suspected that this is due to
application of pesticides and fertilizers to the plots. Time scales are summarized in Table
2.2. In March there is little nitrate and ammonium present, on average, in soils (Figure
4.20) as fertilizers have not yet been applied and potatoes are yet to be planted. The
majority of fertilizer and pesticides have been applied by the June sample date and
increased nitrate and ammonium is seen in the plots. This is where significant decreases
in nifH diversity and copy number are seen. As nitrate and ammonium decrease again in
September and temperatures remain optimum the diazotrophic community recovers. It is
possible that although there is no particularly significant effect attributed to one farming
practice the action of applying fertilizers in general has some negative effect of excess
nitrogen to the nitrogen fixing community. It is possible that the expected correlation is not

seen between nitrate and ammonium and the RNA data set due to the surprisingly low
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nitrate levels observed in 2008 (65.95 kg/ha in 2008 compared with 256.88 and 234.08

kg/ha in 2007 and 2009) and the low RNA diversity and lack of nifH expression in 2008.

4.4, Conclusion

In conclusion the main factors affecting diazotrophic diversity and activity within the soils
at NFSC are year, sample date, crop rotation and crop protection. Although fertility
management did impact the nitrogen fixing community on some dates the effects were
subtle/short lived. There is also limited evidence that the variables associated with
changes in fertility management may affect the nitrogen fixing community. The effects of
year, sample date and previous crop produced the most consistent significant results. The
reason for the variation between the years remains unclear. However, the effect of
sample date is most probably due to the community responding to the perturbation of the
soil regardless of management type. The effect of crop rotation can be attributed to the
previous crop used. The increase in nitrogen uptake by the barley crop is likely to create
conditions more favourable to free-living nitrogen fixation. Although the increased nitrate
and ammonia found in the soil following the bean crop is only apparent in March, the free-
living diazotrophs are more likely established in the soil following barley and the

community appears more diverse and abundant throughout the growing season.

The results show that in the DNA data set conventional crop protection led to increased
copy number of nifH. As this effect is not seen in the RNA data set it is suggested that this
is due to crop protection leading to long tern changes in expression of the nifH gene as

RNA data is simply a measure of expression in the soil at the exact moment of sampling.
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5. Results Chapter 3 - The effect of fertility and health management on the total

bacterial community.

5.1. Introduction.

This results chapter aims to answer three main questions regarding diversity and activity

of the total bacterial community.

1. What is the overall effect of crop management on the total bacterial community,
and how do environmental variables correlate to these changes?

2. What is the effect of previous crop on the total bacterial community?

3. Isthere any correlation between changes in the diversity and copy number of the
diazotrophic community and changes in the diversity and copy number of the total

bacterial community?

As discussed in the introduction the effect of crop management on the total bacterial
community has been studied in the past. However, these studies often give varied results
and are mostly based on DNA profiles rather than RNA. By extracting RNA from all
sample years of the NFSC experiment it is hoped that a picture of how the treatments
directly affect active bacterial communities will be gained. One hypothesis is that the
organic management will result in increased bacterial diversity due to the increased
carbon and nutrients applied to the soil in the form of manure or compost, and the
reduction in the use of potentially toxic pesticides (Jangid et al., 2008; Hartmann et al.,
2006). However, as we observed for the diazotrophic community, in the NFSC experiment
therewasno uSRVLWLYHY HITHFW RI RUJDQLF IHUWLOLW\ PDQDJl
could also apply to the whole bacterial community. Significant attention has focussed on
the impact of pesticides on key groups of bacteria, such as the nitrogen fixers, as they
perform important processes and could not be easily replaced by other microorganisms.
However, this can sometimes provide a very group specific and restrictive view of the

microbial community (Johnsen et al., 2001).
143



Results chapter 2 indicated that previous crop significantly affected the diazotrophic
community. This chapter will compare diversity and activity of the total bacterial
community between the organic and the conventional rotation at NFSC. Increased plant
diversity, associated with organic rotations, tends to lead to increased microbial diversity
(Hartmann et al., 2006). However, the significant effect observed in the diazotrophic
community was attributed to the changes in soil nitrogen, brought about by the two
different previous crops, affecting nitrogen fixation (Jensen et al., 2005). Therefore,

previous crop may not affect the total microbial community as significantly.

Molecular analysis will be carried out on RNA extracted from all soils to examine the
diversity and expression (as estimated using copy number) of the 16S rRNA gene. In
addition, physiological diversity of the heterotrophic community will be measured using
BIOLOG plates. Correlations will also be examined between the environmental variables:
pH, total C, total N, soil basal respiration, available P, ammonium concentration and
nitrate concentration, and the total bacterial community. Previous work has indicated that
pH, soil basal respiration and available carbon will have the most marked effects (Hallin et

al., 2009; Lauber et al., 2009; Jangid et al., 2008).

The final section of this results chapter will discuss the correlation between changes in the
diazotrophic community presented previously (results chapter 2) and the total bacterial
community. A lack of correlation between the results would suggest that the diazotrophic
community is independently affected by the different crop managements. Although
correlation could simply show that the communities are influenced by the same stimuli it
could also suggest that any reduction in diversity or copy number of the nitrogen fixing

community is simply due to a reduction in total bacterial number.
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5.2. Results

5.2.1. Univariate analysis of the total microbial community across all sample years.

A band of around 120 bp was amplified from reverse transcribed RNA from every plot in
all years. Successfully amplified PCR products were resolved on 35-55% denaturing
gradient gels (Figures 5.1-5.4). Normalized relative intensities were first analysed using

Shannon diversity index +9  +91 Y D GwalallenUhe appendix section F.

+71 TURP  6géreGGE gels from all years was compiled and ANOVA was carried
out (Table 5.1). The terms year and previous crop had to be combined in order to make
the test balanced and valid. ANOVA indicated that year combined with previous crop, and
sample date, were significant factors. There was also a significant interaction between

fertility and health management.

Quantitative PCR was carried out on all samples using the protocol described in the
methods section and results chapter 1. All samples were above the limit of detection.
Master sheets containing all triplicate results and averages can be found in the appendix

section F.

Results needed to be log transformed before further analysis in order to create a normal
distribution. Initially the data set was analysed whole using ANOVA. When the data set
was analysed whole, year and previous crop were significant with 2009 having the

greatest copy number (Table 5.2). Sample date also had a low P value (P = 0.054).

For both data sets it is possible that treatments are significant within years and, therefore,
data was split up by year and analysed separately. Soils in 2008 and 2009 have been
subjected to identical management as both are from the organic rotation and have a
previous crop of wheat. Soils in 2007 are different as half are from the conventional

rotation (with a previous crop of barley) and half from the organic rotation (with a previous
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Figure 5.1. DGGE gels showing 16S rRNA gene amplified from RNA from 2007 soils from

the conventional rotation
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Figure 5.1. A = 16S DGGE
image for RNA from March
2007 soil for the
conventional rotation, B=
16S DGGE image for RNA
from June 2007 soil for the
conventional rotation, C =
DGGE image for RNA from
September 2007 soil for the
conventional rotation. For all
images numbers relate to
plot numbers in the field.
Symbols indicate
WUHDWPHQWYV 7
FRQ&3 FRQ)O |
| FRQ)0O RUJ&3
orgFM conCP.



Figure 5 .2. DGGE gels showing 16S rRNA gene amplified from RNA from 2007 soils from

v ¢

A

the organic rotation
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Figure 5.2. A =16S DGGE
image for RNA from March 2007
soil for the organic rotation, B =
16S DGGE image for RNA from
June 2007 soil for the organic
rotation, C = 16S DGGE image
for RNA from September 2007
soil for the organic rotation. For
all images numbers relate to
plot numbers in the field.
6\PEROV LQGLFDWH
RUJ)0O FRQ&3 * FF
FRQ&3 | FRQ)® RU.
orgFM conCP.



Figure 5 .3. DGGE gels showing 16S rRNA gene amplified from RNA from 2008 soils

v ‘ | noon | ‘ v v ‘ | ” ” | ‘ v

A

Figure 5.3. A= 16S DGGE
image for DNA from March

B 2008 soil, B = 16S DGGE
image for DNA from June
2008 soil, C = 16S DGGE
image for DNA from
September 2008 soil. For all
images numbers relate to
plot numbers in the field.
Symbols indicate
WUHDWPHQWYV "~
FRQ&3 FRQ)O |
| FRQ)0O RUJ&3 v
orgFM conCP.
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Figure 5 .4. DGGE gels showing 16S rRNA gene amplified from RNA from 2009 soils
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Figure 5.4. A= 16S
DGGE image for DNA
from March 2009 soil, B =
16S DGGE image for DNA
from June 2009 soil, C =
16S DGGE image for DNA
from September 2009 soil.
For all images numbers
relate to plot numbers in
the field. Symbols indicate
WUHDWPHQWYV 7
FRQ&3 FRQ)O
| FRQ)0 RUJ&3
orgFM conCP.



Table 5.1. ANOVA results for Shannon diversity indices of 16S rRNA DGGE gels across

all sample years showing the effect of year, sample date and farm management.

Shannon diversity index for 16S
rRNA DGGE band data (mean + SE)

year and pre -crop
(Y + PC)

2007 (barley) 2.579 £ 0.06
2007 (beans) 2.634 + 0.02
2008 (wheat) 2.812+£0.05
2009 (wheat) 3.063 + 0.04
sample date (SD)
March 2.935+ 0.04
June 2.753 £ 0.03
September 2.628 £ 0.05
Crop protection
(CP)
ORG 2.780 + 0.04
CON 2.763 + 0.05
Fertility
management (FM)
ORG 2.748 + 0.04
CON 2.795 + 0.04
ANOVA P-values
Y+PC <0.001
SD <0.001
CP 0.592
FM 0.139
Y+PC*SD <0.001
Y+PC*FM 0.632
Y+PC*CP 0.714
SD*FM 0.677
SD*CP 0.273
CP*FM 0.021
Y+PC*SD*FM 0.994
Y+PC*SD*CP 0.928
Y+PC*FM*CP 0.184
SD*FM*CP 0.061
Y+PC*SD*FM*CP 0.617
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Table 5.2. ANOVA analysis of gPCR data for copy number of the 16S rRNA gene across
all sample years showing the effect of year, sample date and farm managment

16S rRNA copies per g of soil (mean +
SE)
year and pre -crop
(Y+PC)
2007 (barley) 8.054 x 10" + 1.17 x 10’
2007 (beans) 5.041 x 10" + 8.91 x 10°
2008 (wheat) 5.255 x 10" + 2.30 x 10’
2009 (wheat) 2.959 x 10° + 1.29 x 10°
sample date (SD)
March 2.310 x 10% + 9.74 x 10’
June 4.587 x 10" + 6.82 x 10°
September 8.238 x 10" + 1.86 x 10’
Crop protection
(CP)
ORG 8.846 x 10" + 2.70 x 10’
CON 1.512 x 108 + 2.70 x 10’
Fertility
management (FM)
ORG 1.040 x 10% + 2.97 x 10’
CON 1.360 x 10% + 6.01 x 10’
ANOVA P-values
Y+PC 0.024
SD 0.054
CP 0.340
FM 0.634
Y+PC*SD <0.001
Y+PC*FM 0.646
Y+PC*CP 0.798
SD*FM 0.637
SD*CP 0.838
CP*FM 0.918
Y+PC*SD*FM 0.849
Y+PC*SD*CP 0.816
Y+PC*FM*CP 0.890
SD*FM*CP 0.824
Y+PC*SD*FM*CP 0.997
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Table 5.3. ANOVA results for Shannon diversity indices of 16S rRNA DGGE gel data

showing each year individually.

Shannon diversity index for 16S rRNA DGGE

band data (mean + SE)

year 2007 2008 2009
previous crop
(PC)
barley 2.579 £ 0.06
beans 2.634 + 0.02
sample date
(SD)
March 2.755+ 0.03 3.127 £ 0.06 3.102+0.11
June 2.692 + 0.03 2.571 + 0.06 3.055+ 0.04
September 2.372 £ 0.07 2.736 = 0.07 3.031+0.04
Crop
protection
(CP)
ORG | 2.629+0.04 2.814 + 0.07 3.049 + 0.07
CON | 2.584+0.05 2.810 £ 0.07 3.076 + 0.05
Fertility
management
(FM)
ORG | 2.577+0.05 2.786 + 0.07 3.052 + 0.05
CON | 2.636+0.04 2.837 £ 0.07 3.073 + 0.07
ANOVA P-
values
PC 0.056
SD <0.001 <0.001 0.794
CP 0.107 0.959 0.757
FM 0.040 0.496 0.814
PC*SD <0.001
PC*FM 0.055
PC*CP 0.296
SD*FM 0.499 0.729 0.992
SD*CP 0.613 0.309 0.802
CP*FM 0.867 0.038 0.145
PC*SD*FM 0.916
PC*SD*CP 0.950
PC*FM*CP 0.940
SD*FM*CP 0.482 0.201 0.335
PC*SD*FM*CP 0.350
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Table 5.4. ANOVA analysis of gPCR data for copy number of the 16S rRNA gene

showing each year analysed separately.

16S rRNA copies per g of soil (mean + SE)

2007

2008

2009

previous crop
(PC)

barley | 8.050x 10" + 1.17 x 10’
beans | 5.040 x 107 + 8.91 x 10°
sample date
(SD)
March | 4.453x 10" +1.02x10" | 1.658x 10" + 4.24 x 10° 8.196 x 10° + 3.58 x 10°
June | 6.316 x10" +1.13x 10" | 1.518 x 10" + 3.09 x 10’ 4.198 x 10" + 1.20 x 10’
September | 8.873x10"+1.59x 10" | 1.259 x 10° + 6.652 x 10" | 2.616 x 10" + 4.49 x 10°
Crop
protection
(CP)
ORG | 5.715x 10" +8.83x 10° | 3.118 x 10’ + 8.73 x 10° 2.084 x 10° + 1.04 x 10°
CON | 7.380x10" +1.21x10" | 7.393x 10" + 453 x 10’ 3.834 x 10° + 2.37 x 10°
Fertility
management
(FM)
ORG | 6.753x 10" +1.09x 10’ | 7.326 x 10" + 4.54 x 10’ 2.085 x 10° + 1.07 x 10°
CON | 6.342x10" +1.04x 10" | 3.185x 10" +8.70 x 10° 3.834 x 10° + 2.36 x 10°
ANOVA P-
values
PC 0.222
SD 0.665 0.010 0.005
CP 0.444 0.318 0.241
FM 0.269 0.558 0.068
PC*SD 0.571
PC*FM 0.515
PC*CP 0.333
SD*FM 0.089 0.435 0.027
SD*CP 0.059 0.624 0.486
CP*FM 0.035 0.159 0.225
PC*SD*FM <0.001
PC*SD*CP 0.525
PC*FM*CP 0.092
SD*FM*CP 0.406 0.263 0.288
PC*SD*FM*CP 0.709
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crop of beans). Therefore, 2007 data was separated first (Tables 5.3 and 5.4). However,
when 2008 and 2009 data was subjected to ANOVA analysis (Tables 5.5 and 5.6) as one
data set, year was still a significant factor for the DGGE data set, with 2009 having the

highest bacterial diversity and activity.

Sample date was a significant factor throughout. For both DGGE and qPCR data sets
diversity and copy number decreased throughout the sample dates (Tables 5.1 and 5.2).
Therefore, in order to ensure no significant interactions were missed, the data was split up

by sample date and re-analysed.

5.2.2. The effect of previous crop on the t  otal bacterial community.

To explore the impact of the previous crop on the total bacterial community, the 2007 data
set was analysed (Table 5.3 and 5.4). Although, diversity and copy number of the 16S
rRNA gene was higher after the barley crop, previous crop was not a significant factor.
However, there was a significant interaction with previous crop and sample date in the
DGGE data set. When the data was split into sample dates (Table 5.7 and 5.8), previous
crop was significant at each date, for the DGGE data set. In March and June diversity was
highest following barley and in September diversity was highest following beans. In the
gPCR data set barley led to an increase in 16S rRNA gene copy humber at every date,

although, this was never significant.

5.2.3. Univariate analysis of the effect of fertility and health management, on the

total bacterial community, across all sample years.

When sample years are combined fertility and health management do not significantly
affect diversity or expression of the total bacterial community. When sample years are
analyzed separately (Table 5.3 and 5.4) fertility management significantly affects diversity

in 2007 with increased diversity following conventional fertility management.
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Table 5.5. ANOVA results for Shannon diversity indices of 16S rRNA gene DGGE gels

from 2008 and 2009.

Shannon diversity index for 16S
rRNA DGGE band data (mean + SE)

year (Y)
2008 (wheat) 2.812 £ 0.05
2009 (wheat) 3.063 + 0.04
sample date
(SD)
March 3.115 £+ 0.06
June 2.813 £ 0.05
September 2.884 £ 0.05
Crop
protection
(CP)
ORG 2.931 + 0.05
CON 2.943 + 0.05
Fertility
management
(FM)
ORG 2.919 + 0.05
CON 2.955 + 0.05
ANOVA P-
values
Y <0.001
SD <0.001
CP 0.839
FM 0.534
Y*SD 0.002
Y*FM 0.793
Y*CP 0.787
SD*FM 0.908
SD*CP 0.409
CP*FM 0.014
Y*SD*FM 0.837
Y*SD*CP 0.696
Y*FM*CP 0.801
SD*FM*CP 0.114
Y*SD*FM*CP 0.622
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Table 5.6. ANOVA analysis of gPCR data for copy nhumber of the 16S rRNA gene in 2008

and 2009.
16S rRNA gene copies per g of
soil (mean + SE)
year (Y)
2008 (wheat) 5.255 x 10" + 2.30 x 10’
2009 (wheat) 2.959 x 10° + 1.287 x 10°
sample date
(SD)
March 4.181 x 10® + 1.90 x 10°
June 2.858 x 10" + 6.56 x 10°
September 7.603 x 10" + 3.40 x 10’
Crop protection
(CP)
ORG 1.198 x 10% + 5.33 x 10’
CON 2.287 x 10% + 1.22 x 108
Fertility
management
(FM)
ORG 1.409 x 10% + 5.82 x 10’
CON 2.076 x 10° + 1.196 x 10°
ANOVA P-
values
Y 0.154
SD 0.001
CP 0.079
FM 0.885
Y*SD <0.001
Y*FM 0.015
Y*CP 0.905
SD*FM 0.063
SD*CP 0.483
CP*FM 0.158
Y*SD*FM 0.429
Y*SD*CP 0.715
Y*EM*CP 0.004
SD*FM*CP 0.716
Y*SD*FM*CP 0.021
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Table 5.7. ANOVA analysis of Shannon diversity indices from 16S rRNA gene gels showing each sample date.

Shannon diversity index for 16S rRNA

gene DGGE band data

2007 2008 2009
March June Sept March June Sept March June Sept
Pre-crop (PC)
2.882 2.821 + 2.034 +
Barley | ,'0.03 0.03 0.04
2.627 2.562 + 2.711 +
Beans | 003  0.04 0.03
Crop protection
(CP)
ORG 2.777 2.698 + 2.413 + 3.120 + 2.508 2.813 + 3.052 + 3.045 + 3.051 +
+ 0.04 0.04 0.10 0.10 0.06 0.10 0.19 0.07 0.04
CON 2.733 2.686 2.332 + 3.135+ 2.634 + 2.660 + 3.135+ 3.065 + 3.011 +
+ 0.05 0.05 0.09 0.09 0.09 0.11 0.12 0.05 0.07
Fertility
management (FM)
2.709 2.685 + 2.337 £ 3.098 + 2.584 + 2.677 3.088 3.041 + 3.028 +
ORG | £0.04 0.03 0.10 0.08 0.09 0.13 0.11 0.07 0.07
2.801 2.699 + 2.408 + 3.157 + 2.559 + 2.795 + 3.117 + 3.069 + 3.033 £
CON | +0.05 0.06 0.09 0.06 0.07 0.08 0.20 0.04 0.04
ANOVA P-values
PC | <0.001 <0.001 <0.001
CP | 0.342 0.813 0.108 0.904 0.305 0.295 0.667 0.823 0.649
FM | 0.057 0.796 0.154 0.644 0.835 0.414 0.902 0.755 0.957
CP*FM | 0.584 0.407 0.514 0.066 0.788 0.091 0.202 0.941 0.425
FM*PC | 0.391 0.191 0.268
CP*PC | 0.696 0.441 0.539
FM*CP*PC | 0.684 0.425 0.271
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Table 5.8. ANOVA analysis of gPCR data for the copy number of the 16S rRNA gene at each individual sample date.
Shannon diversity index for 16S rRNA DGGE band data

2007 2008 2009
March June Sept March June Sept March June Sept
Pre-crop (PC)
Barley | 6-188x107+ 7.211x10" 1.080x10°+
1.88 x 1077 +1.54x 1077 2.50 x 1077
2719x10°+ 5.421x10° 6.982x10" +
Beans | "5aox 106 +1.66x10°  1.94 x 10
Crop protection
(CP)
ORG | 5407 10'+ 4559x10° 7.178x 10"+ | 1.449x10° 1.293x10"+ 6.612x10" |5713x10°+ 3.394x 10" 1.995x 10’ +
1.86x10° +1.18x10° 150x10" | +591x10° 3.23x10° +211x10 | 280x10° +1.31x10 5.77 x 10°
CON 3500x 10"+ 8.072x10" 1.057x10°+ | 1.868x 10" 1.743x10"+ 1.857x10° | 1.068x10°+ 5.002x10° 3.236x 10 +
824x10° +186x10° 2.80x10° | +6.39x10° 538x10° +1.32x10°| 6.73x10° +2.07x10’ 6.50 x 10°
Fertil ity
management
(FM)
ORG | 5455 10"+ 6.948x10° 7.856x10'+ | 1.554x 10" 1574x10'+ 1.885x10° [5632x10°+ 3.218x10° 3.001x10'+
1.75x10° +1.93x10° 202x10" | +567x10° 3.989x10° +132x10°| 292x10®° +1.35x10’ 5.76 x 10°
con | 3:452x 10"+ 5.683x10° 9.890x10"+ | 1.762x 10" 1.462x10'+ 6.329x10" | 1.076x10°+ 5.178x10° 2.230x 10"+
1.03x10° +1.21x10° 250x10" | +6.68x10° 4.98x10° +215x10" | 6.67x10° +2.02x10’ 6.70 x 10°
ANOVA P-
values
PC 0.100 0.919 0.280
CP 0.153 0.080 0.572 0.731 0.097 0.513 0.852 0.431 0.088
FM 0.080 0.016 0.311 0.812 0.150 0.094 0.049 0.070 0.061
CP*FM 0.088 0.005 0.854 0.035 0.629 0.005 0.244 0.749 0.002
FM*PC 0.007 0.001 0.034
CP*PC 0.234 0.746 0.370
FM*CP*PC 0.796 0.080 0.161
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Although conventional crop protection leads to higher copy number of 16S rRNA gene
each year, this is never significant. When data is split by sample date (Table 5.7 and 5.8)
fertility management is significant on 3 occasions: March 2007 (DGGE), June 2007
(gPCR) and March 2009 (qPCR). In March 2007 and 2009 conventional fertility
management led to increased diversity and copy number respectively, and in June 2007

organic fertility management led to increased expression.

5.2.4. Multivariate analysis of DGGE results to further explore the effect of

management.

The DGGE results discussed in the above section were found using univariate analysis.
This analysis found treatments to be significant if the number of bands present in lanes of
the gels changed notably. However, relative intensity scores from DGGE gels can also be
analysed using multivariate statistics. These tests look for differences in band patterns
and intensities rather than the presence or absence of a particular band. The data was
first subjected to indirect analysis to visualise variance between the plots of each gel. This
was done using PCA or DCA depending on the length of the DCA axis (axis >3.5 = DCA,
axis <3.5 = PCA). PCA and DCA were carried out using the vegan library in the R
package. Scores for each axis were taken from R and plots were generated using Minitab
(results are summarised in Table 5.9 and full plots can be found in the abstract section F).
Scores were also subject to ANOVA to see if treatment had any effect on variance among

each axis.

Direct analysis was also carried out so that relative intensity data could be compared with
environmental variables. As above the test used was determined by the length of the DCA
axis (axis>3.5 = CCA, axis <3.5 RDA). CCA, RDA and Monte Carlo permutation testing

were carried out using CANOCO and the results are presented in Figs 5.5-5.6.
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Figure 5.5. RDA and CCA analysis of 16S rRNA gene DGGE gels for 2007 soils.

A B

12.8%
12.3%

15.3% 17.0%

9.7%

12.6%

14.7% 11.7%

12.1% 9.5%
23.0% 17.9%
Figure 5.5 . RDA of 16S rRNA DGGE gels showing variation between treatments: orgFM
RUJ&3 ” FRQ)0 FRQ&3 * RUJ)0O FRQ&3 v DQG FRQ)O

environmental variables. N = total nitrogen, C = total organic carbon, SBR = Soil Basal
Respiration, NH4 = available ammonium, and NO3- = available nitrate. Triangles
represent centroids for management treatments. A = March soil after beans. B = June soll
after beans. N (P=0.010) and pH (P=0.046) are significant factors. C = September soil
after beans. N (P=0.018) and CP (P=0.028) are significant factors. D = March soil after
barley. E = June soil after barley. C (P=0.032) and CP (P=0.022) are significant factors. F
= September soil after barley. FM (P=0.076) is a significant factor. P values are according
to Monte Carlo permutation testing. 160



Figure 5 .6. RDA and CCA analysis of 16S rRNA gene DGGE gels for 2008 and 2009 soils.

A B

8.1% 8.5%

38.0% 30.4%

38.0%

12.0%
12.7%

27.4% 15.2%

16.6% 27.4% % 15.2%
25 4% 14.1%
Figure 5.6 . RDA of 16S rRNA DGGE gels showing variation between treatments: orgFM
RUJ&3 " FRQ)0 FRQ&3 * RUJ)0 FRQ&3 v DQG FRQ)O0 RU

environmental variables. N = total nitrogen, C = total organic carbon, SBR = Soil Basal
Respiration, NH4 = available ammonium, and NO3- = available nitrate. Triangles represent
centroids for management treatments. A = March 2008 soil. NH4 (P = 0.014) is a significant
factor. B = March 2009 soil. C = June 2008 soil. D = June 2009 soil. CP (P =0.034) is a
significant factor. E = September 2008 soil. SBR P=0.002) and pH (P=0.002) are significant
factors. F = September 2009 soil. FM (P=0.076) is a significant factor. P values are according
to Monte Carlo permutation testing. 161



Table 5.9. Summary of significant results from all 16S rRNA gene molecular analysis.

2007
March June September
direct ordination (RDA Beans /s N and pH n/s
and CCA) Barley n/s C and CP FM
indirect ordination Beans n/s FM and CP n/s
(PCA and DCA) Barley n/s CP n/s
gPCR Both FM FM and CP n/s
2008
March June September
‘(jlgg‘;f g;‘ij“é‘g% wheat NH4 CandP | SBR,pH andP
indirect ordination
(PCA and DCA) wheat FM CP FM
gPCR wheat n/s CP FM
2009
March June September
direct ordination SBR, C and
(RDAand cca) | Wheat c C and pH NO3
'Qg‘é?ta?]gjlgggn wheat n/s CP n/s
gPCR wheat FM FM FM and CP

Table 5.9. Summary of all significant results to nifH molecular analysis. FM = fertility
management, CP = crop protection, N = total nitrogen, C = total organic carbon, SBR =
Soil Basal Respiration, NH4 = available ammonium, NO3- = available nitrate and P =
phosphorus. Bold variables have a P value of < 0.05, italicised variables have a P
value of < 0.1 and n/s shows no significant results were found.
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Table5.10. 6 XPPDU\ RI SBHDUVROYVY SURGXFW PRPHQW FRU!

All years 2007 2008 2009

gPCR H' gPCR H' gPCR H' gPCR H

16S 16S | 16S 16S | 16S 16S | 16S 16S
H' 16S | + + - +
pH - ++ + + + + + +
%N - - - + + +
%C - +++ | ++ + - + + +
SBR + ++ + - + + == -
P ++ +++ | ++ - - + ++ +
Fe + SFArar ++ - - + + +
NH4 - -- + - -- - -- -
NO3 - + - - -

+/- = not significant
++/-- =P < 0.05
+++/--- = P < 0.001
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A summary of the results of this analysis is provided in Table 5.9. Indirect ordination
revealed crop protection to significantly affect diversity in June of each year. Fertility
management significantly affected diversity at sporadic points throughout the 3 years.
Direct ordination found the environmental variables total N, total C, pH, soil basal
respiration and available ammonium to be significant at different dates with total C and pH

being significant on more than one occasion.

5.2.5. Correlation between 16S rRNA gene diversity and copy number , and

environment al variables.

BHDUVRQTY FRUUHODWLRQ FRHIILFLHQW ZDV 20@yhGmb¢R H[DP
and diversity of the 16S rRNA gene and the environmental variables (Table 5.10). When

all years were looked at together the most number of significant correlations was seen,
HVSHFLDOO\ ZKHQ ORRNLQJ DW WKH "**( UHVXOWYV 3RVLWL"®
and pH, percentage carbon, soil basal respiration and extractable phosphorus and iron.
1HIDWLYH FRUUHODWLRQV ZHUH IR XQ Godehl ArZilEbie@itrat DQG S|
and available ammonium. When each date is looked at separately correlations vary and

lose significance.

SHDUVRQYV FRUUH O D Wils®kdaIcEl&étl ltblsed itiligny wAdDaMink between
diversity and expression of nifH and diversity and expression of the 16S rRNA gene
(Table 5.11 1HIJDWLYH FRUUHODWLRQ Zb BQGHWY HG&G WEFIVE ZEDH

positive correlation was found between qPCR copy numbers of the two genes.

5.2.6. Community level substrate utilization using BIOLOG plates.

CLSU using Biolog™ microplates was first developed by Garland & Mills in 1991 in order

to study the functional diversity of a microbial community in an environmental sample
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Table 5.11. Table showing possible correlation between nifH results and 16S rRNA gene

results.
H' 16S gPCR 16S H' nifH
rRNA rRNA (RNA)
gPCR 16S
RNA 0.016
0.829
H' nifH (RNA) -0.289 0.204
<0.001 0.004
qPCR nifH )
(RNA) 0.226 0.269 0.624
0.002 <0.001 <0.001
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.OLPHN 1L N OL Ganabd & Mills, 1991). EcoPlates contain 31 carbon substrate
wells in triplicate, and a tetrazolium dye (Klimekand 1LNOL VND *URZWK RI
heterotrophic microorganisms within the wells, indicated by substrate utilisation, results in
formazan production due to reduction of the tetrazolium dye. This produces a colour
change. The specific pattern of colour change on the plate provides a metabolic
fingerprint for the community which allows the effects of different soil management
practices on the metabolic diversity to be studied. The CLSU patterns were significantly
altered by sample date, pre-crop and crop protection however results were inconsistent.
‘KHQ ORRNLQJ DW 6KDQQRQYTV GLYHUVLW\ LQGH[ RQ WKH Zk
differences were found between results at different dates or after different pre-crops,
although a significant interaction between sample date and crop protection was found
(Table 5.12). A significant effect due to crop protection (P=0.016) was seen with soils
which were conventonD OO\ SURWHFWHG KDYLQJ D KLJKHU +9 :KHQ
into dates, conventional protection only has a significantly highHU +9 LQ 6HSWHPEHU

513). $ WDEOH VKRZLQJ DOO +1 &/68 UHVXOWY FDQ EH IRXQG

When analysing data using RDA the only factors affecting the CLSU were the amount of

available ammonium in March (P=0.01) and the pre-crop in June (P=0.002) (Figure 5.7).

52.7. &RUUHODWLRQ EHWZHHQ +Y FRS\ QXPEHU DQG &/68

There is no real correlation between 16S rRNA diversLW\ DV PHDVXUHG E\ +7 D¢
Uu51% JHQH H[SUHVVLRQ DV PHDVXUHG E\ FRS\ QXPEHU 3H
wasveryweaNO\ SRVLWLYH ! P value oZQ.82KWhen the years are looked

DW LQGLYLGXDOO\ DOO VKRZ QR FRUUHODWLRQ H[FHSW

= 0.378, P = 0.008). 2007 correlations also included CLSU data. There was positive

cor HODWLRQ EHWZHHQ &/68 GDWD DQG +1 IRU '"**( DQG FRS\

YHU\ ZHDN ! DQG UHVSHFWLYHO\
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Table 5.12. ANOVA analysis of CLSU data for all sample dates showing the effect of

previous crop, sample date and farm management

Shannon diversity index
for CLSU data

Previous crop

Barley 2.833 £ 0.02
Beans 2.793 £ 0.02
sample date
March 2.615 + 0.02
June 2.639+0.01
September 2.646 £ 0.03
Crop protection
ORG 2.781 + 0.02
CON 2.845 + 0.02
Fertility management
ORG 2.828 + 0.02
CON 2.799 + 0.02
ANOVA P-values
sample date 0.469
pre-crop 0.132
fertility 0.264
crop protection 0.016
SD*PC 0.750
SD*FM 0.632
SD*CP 0.060
PC*FM 0.500
PC*CP 0.394
FM*CP 0.822
SD*PC*FM 0.972
SD*PC*CP 0.970
SD*FM*CP 0.875
PC*FM*CP 0.249
SD*PC*CP*FM 0.842
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Table 5.13. ANOVA of CLSU data showing the effect of previous crop and farm

management at each sample date.

Shannon diversity index for CLSU data
March June September

Previous crop
Barley | 2.825+ 0.02 2.833+0.02 2.840 % 0.04

Beans | 2.758 + 0.04 2.803 + 0.02 2.815+ 0.04

Crop protection
ORG | 2.762 £ 0.04 2.823+0.02 2.757 +0.04

CON | 2.820 £ 0.03 2.814+0.02 2.902 £ 0.03

Fertility management
ORG | 2.818+ 0.04 2.837+£0.02 2.828 + 0.04

CON | 2.764 £ 0.03 2.832+0.04 2.832+ 0.04

ANOVA P -values

PC 0.201 0.217 0.704

FM 0.295 0.134 0.930

CP 0.267 0.709 0.013

PC*EM 0.693 0.719 0.666
PC*CP 0.678 0.552 0.574
FM*CP 0.781 0.600 0.762
PC*FM*CP 0.440 0.728 0.443
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5.2%

8.6%

5.4%

10.4%

5.1%

169

9.8%

Figure 5.7. RDA/CCA of CLSU data showing variation
between treatments: RUJ)0 RUJ&3 ” FRQ)O |
RUJ)0O FRQ&3 v DQG FRQ)0 RUJ&3 |
relate to the organic rotation and grey symbols relate to the
conventional rotation. Arrows represent environmental
variables. N = total nitrogen, C = total organic carbon, SBR
= Soil Basal Respiration, NH4 = available ammonium and
NO3- = available nitrate. Triangles represent centroids for
management treatments. A = March soil. NH4 (P = 0.010)
is a significant factors. B = June soil. Previous crop is a
significant factor (P = 0.002) C = September. P values are
according to Monte Carlo permutation testing.




5.3. Discussion

5.3.1. The effect previous crop has on the total bacterial community.

The 2007 data set details changes in the total bacterial community under two different
rotations. The organic rotation soil previously had beans growing on it and the
conventional rotation soil previously had barley growing on it. We hypothesised that the
soil community would be affected by the previous crop and the different rotations, and that
increased diversity and expression would be seen in the organic rotation. Changes in the
plant species growing in soil have been shown to lead to changes in the soil bacterial
community as they release different quantities and qualities of carbon (Ladygina and
Hedlund, 2010). However, this may only be significant in the rhizosphere as the effect of
the plant could be masked by a whole host of other environmental factors such as the

effects of fertilizers and pesticides, in bulk soil (Ostle et al., 2003).

2UJDQLF URWDWLRQV LQ JHQHUDO DUH WKRXJKW WR KDYH
due to the presence of ley periods allowing soil nutrients to recover (Acosta-Martinez et

al., 2008). The presence of legumes within the rotation has repeatedly been shown to

lead to increased microbial diversity and activity, using BIOLOG and other culture-

dependent methods, due to their root exudates being rich in nitrogen (Wardle et al., 2003;

Warembourg et al., 2003; Lupwayi et al., 1998).

When looking at the diversity of the soil bacterial community across the whole of 2007

(using Shannon diversity index of DGGE gels) previous crop is almost a significant factor
(P=0.056, Table5.3 ZLWK +9 LQ WKH RUJDQLF URWDWLRQ EHLQJ K
rotation. When each date is analyzed separately (Table 5.7) previous crop is significant at
every date withthH EHDQV FURS OHDGLQJ WR LQFUHDVHG +7 LQ 6H

OHDGLQJ WR LQFUHDVHG +7 LQ ODUFK DQG -XQH
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When gPCR and BIOLOG data was analysed it was found that the barley crop led to
increased 16S rRNA copy number and increased heterotrophic activity (Table 5.4, 5.8
and 5.12), disagreeing with our hypothesis. Although the only occasion this is significant

is when CLSU data is analyzed in June (Figure 5.7).

Clearly the effect of previous crop on the total bacterial community is not as evident as its
effect on the diazotrophic community showing diazotrophs in particular were affected by
the differences between the barley and beans crops as discussed in results chapter 2
(Tables 4.8 and 4.10). The fact that the effect of previous crop is often non-significantly
affects the activity of the microbial community is probably due to the fact the bulk soil was
investigated rather than soil of the rhizosphere. Previous studies have found, when
looking at bulk sail, that although changing the previous crop leads to small changes in
the microbial community, this effect is often overshadowed by changes due to factors

such as fertility management (Esperschutz et al., 2007; Hartmann et al., 2006).

Larkin (2003) and Larkin and Honeycutt (2006) did observe differences in bacterial
communities due to previous crop in bulk soil. Their results also supported increased
bacterial diversity and activity after a barley crop compared to other cropping systems
including rotations containing legumes (although the barley containing rotation was not
significantly higher than the legume containing rotation). This mirrors results from our
study (Tables 5.7 and 5.8). It is suggested that grain crops lead to increased diversity and
support greater biomass as microorganisms here utilized more amino acids and amines
than carbohydrates (Larkin, 2003). It is thought that the barley crop alters soil physical,
chemical or biological characteristics which, in turn leads to stimulation of the microbial

community and a lower incidence of plant disease (Larkin and Honeycutt, 2006).
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5.3.2. The effect of treatments on the diversity and activity of the total bacterial

community

5.3.2.1. Fertility management

Diversity of the soil microbial community was not affected significantly by fertility

management on many occasions. When looking at Shannon diversity indices for DGGE
UHVXOWY FRQYHQWLRQDO PDQDJH RHedapt KUNS2M8KTablEsH U + T |
5.7). Although, the only occasion this was significant was in March of 2007 (Table 5.7).

Table 5.14 shows that fertility management was not responsible for large percentage of

variation within the direct ordination plots and that, on average, fertility management

caused a higher percentage variance in September than other months.

Fertility management seemed to result in more changes in the expression of the 16S

rRNA gene (as measured by gPCR). Although results were not consistent, on average,

across all of the sample dates, conventional fertility management did appear to be a driver

for increased 16S rRNA gene expression (Table 5.2). The CLSU also showed
FRQYHQWLRQDO IHUWLOLW\ PDQDJHPHQW WR UHVXOW LQ V

fertility managements were very similar (Table 5.12).

We hypothesised that organic fertility management would result in increased soil microbial
diversity and activity, due to the more neutral pH seen in organic plots and the increased
organic substrates provided by manure (Hartmann et al., 2006). However, overall it would
have to be concluded that no trend could be seen towards increased diversity and
expression of 16S rRNA gene due to either management as both were significant on

different occasions (Tables 5.8).

When looking at Table 5.10 it is clear that there are many correlations, particularly with

16S rRNA gene diversity and environmental variables associated with fertility
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Table 5.14. Table showing summary of percentage variance in all 16S rRNA gene

RDA/CCA plots caused by fertility management in direct ordination plots.

March | June | September | Average
2007 (Beans) | 6.6 6.9 4.2 5.9
2007 (Barley) | 3.1 6.2 11.3 6.9
2008 5.8 4.5 9.3 6.5
2009 4.7 4.4 5.8 5.0
Average 51 55 7.7 6.1

Table 5.15. Summary of percentage variation in all 16S rRNA gene RDA/CCA plots

caused by fertility management and associated variables.

March | June | September | Average
2007 (Beans) | 39.1 46.5 35.1 40.2
2007 (Barley) | 34.6 43.3 38.8 38.9
2008 55.2 56.4 45.8 52.5
2009 42.5 43.7 48.6 44.9
Average 42.9 47.5 42.1 44.1
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management, such as; total C, total N, pH, soil basal respiration, available phosphorus,
and concentrations of ammonium and nitrate. This is also reflected in RDA/CCA plots.
Table 5.15 shows that on average fertility management and associated environmental

variables were responsible for 44.1% of diversity variance.

Total C, pH soil basal respiration, available phosphorus and available iron all had positive
correlation with 16S rRNA gene diversity (Table 5.10). Meaning, when these variables
were increased, bacterial diversity increased. Increased pH, percentage carbon and soll
basal respiration are all associated with organic fertility management (Table 3.2). A study
looking at 98 soils across North and South America found that pH was the biggest
predictor of bacterial diversity and that on average bacterial diversity was higher in soils
which had a near neutral pH (Fierer and Jackson, 2006). This is said to be mainly
attributed to changes in 3 of the most common groups of soil organisms; Acidobacteria,

Actinobacteria and Bacteroidetes (Lauber et al., 2009).

Carbon was a significant driver of variance in 4 of the 9 sample dates and is positively
correlated to 16S rRNA gene diversity. Several studies have suggested that an increase
in organic carbon is related to an increase in soil diversity and suggest this is the reason
why organic fertility management results in increased microbial diversity as increased
degradation occurs (Jangid et al., 2008; Lejon et al., 2007; Hartmann et al., 2006). There
is a positive correlation with carbon and bacterial diversity (Table 3.10). However, in
NFSC percentage carbon is not significantly higher in organically fertilised soils. This is
possibly one of the reasons increased microbial diversity is not seen in the organic plots
of NFSC. This is supported by Hallin et al., (2009) who suggests that the microbial
community structure changes in response to pH, soil C and soil N rather than

management practices.

Soil basal respiration is also positively associated with 16S rRNA gene copy number and

diversity and is a significant factor in September of 2008 and 2009 (Table 5.9). This is
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