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ABSTRACT

The environmental impact of anthropogenic distudeansuch as agriculture, on the
soil ecosystem, and particularly on soil microtsttlictural and functional diversity,
is of great importance to soil health, conservaaon remediation. Therefore, this
study assessed the effects of various land usenamaégement practices on both the
structural (genetic) and functional (catabolic)atsity of the soil bacterial and fungal
communities, at two long-term sites in KwaZulu-Nafehe first site is situated at
Baynesfield Estate, and the second at Mount Edgeeougarcane Research
Institute. At site 1, the land uses investigateduded soils under pre-harvest burnt
sugarcane Jaccharum officinarumLinn.) (SC); maize 4ea mays Linn.) under
conventional tillage (M); permanent kikuywPdnnisetum clandestinymChiov)
pasture (KIK); pine Rinus patula Schiede) plantation (PF); and wattlacécia
mearnsij De Wild) plantation (W), all fertilized; and urstlurbed native grassland
(NAT) that had never been cultivated or fertilizéd.site 2, a sugarcar(®accharum
officinarumx S. spontaneumar. N27) pre-harvest burning and crop residuentein
trial was investigated. The treatments studieduhetl conventional pre-harvest
burning of sugarcane with the tops removed (Btal green cane harvesting with
retention of crop residues on the soil surface a&assh blanket (T). Each of these
treatments was either fertilized (F) or unfertitizéo).

The polymerase chain reaction (PCR), followed bynatlering gradient gel

electrophoresis (DGGE) were used to determine ttmactaral diversity, and

community level physiological profiling (CLPP) ugiBIOLOG plates, the catabolic
diversity. In addition, the soils were analysed hwitrespect to selected
physicochemical variables, and the effects of tlwsthe soil microbial communities
were determined. Replicate soil samples (0-5 cnng wandomly collected from three
independent locations within each land use and gemant, at both sites. Soil
suspensions for the CLPP analyses were preparedffesh soil subsamples (within
24 h of collection) for the bacterial community bsas, and from 8-day-old soil
subsamples (incubated at 4°C to allow for sporemgetion) for the fungal

community analyses. BIOLOG EcoPlates™ were usedh®rbacterial CLPP study
and SF-N2 MicroPlates™ for the fungal analysis, pinetocols being adapted and



optimized for local conditions. This data was 1&¢1]-transformed and analysed by
principal component analysis (PCA) and redundancglyais (RDA). For PCR-
DGGE, total genomic DNA was isolated directly fraeach soil subsample, and
purified using the MO BIO UltraClean™ soil DNA Istion kit. Protocols were
developed and optimized, and fragments of 16S rDNé&m soil bacterial
communities were PCR-amplified, using the univerdelcterial primer pair
341fGC/534r. Different size 18S rDNA sequences warglified from soil fungal
communities, using the universal fungus-specifitmpr pairs NS1/FR1GC and
FF390/FR1GC. Amplicons from both the bacterial dadgal communities were
fingerprinted by DGGE, and bands in the fungal DG@&s were excised and
sequenced. The DGGE profiles were analysed by Bid-Ruantity One™ Image
analysis software, with respect to band numberitipas and relative intensity.

Statistical analyses of this data then followed.

Soil properties [organic C; pH (KCI); exchangeahl&dity; total cations (ECEC);

exchangeable K, Ca and Mg; and extractable P] wetermined by PCA and were
shown to have affected the structural and catalollersity of the resident microbial
communities. At Baynesfield, canonical corresporéeanalysis (CCA) relating the
selected soil variables to bacterial community cttrial diversity, indicated that
ECEC, K, P and acidity were correlated with CCAdcaunting for 33.3% of the
variance, whereas Mg and organic C were correlaidd CCA2 and accounted for
22.9% of the variance. In the fungal structurakedsity study, pH was correlated with
CCALl, accounting for 43.8% of the variance, whelea& CEC and organic C were
correlated with CCA2, and accounted for 30.4% @ Hariance. The RDA of the
catabolic diversity data showed that the samevswiables affecting fungal structural
diversity (organic C, P, ECEC and pH) had influehbeth the bacterial and fungal
catabolic diversity. In both the bacterial and fanRDAs, organic C, P and ECEC
were aligned with RDA1, and pH with RDA2. However the bacterial analysis,
RDA1 accounted for 46.0%, and RDA2 for 27.5% of H#agiance, whereas in the
fungal RDA, RDA1 accounted for only 21.7%, and RDAR only 15.0% of the

variance.

The higher extractable P and exchangeable K coratems under SC and M, were

important in differentiating the structural diveayspf these soil bacterial and fungal



communities from those under the other land uségh IR concentrations under M
were also associated with bacterial catabolic dieland to a lesser extent with that
of the soil fungal communities under M. Similarlthe higher organic C and
exchangeable Mg concentrations under KIK and NAGssmbly contributed to the
differentiation of these soil bacterial and fungaimmunities from those under the
other land uses, whereas under PF, the high exehbategacidity and low pH were
possibly influencing factors. Under W, low concetitns of P and K were noted.
Other factors, such as the presence/absence ajuefrey of tillage and irrigation,
and the diversity of organic inputs due to the diitg of the above-ground plant
community, (in NAT, for example) were consideredgpially important influences

on the nature and diversity of the various landhessterial and fungal communities.

At Mount Edgecombe, CCA showed that organic C arglhdd a significant effect
on soil bacterial structural diversity. Organic @saclosely correlated with CCA1,
accounting for 58.7% of the variance, whereas Mg associated with CCA2, and
accounted for 41.3% of the variance. In the furggalctural diversity study, ECEC
and pH were strongly correlated with CCA1 and aated for 49.1% of the variance,
while organic C was associated with CCA2, accogntor 29.6% of the variance. In
the functional diversity studies, RDA showed thatthb bacterial and fungal
community catabolic diversity was influenced byl smganic C, pH, and ECEC. In
the bacterial analysis, RDA1 was associated witfamic C and pH, and accounted
for 43.1% of the variance, whereas ECEC was cdeglaith RDA2, accounting for
36.9% of the variance. In the fungal analysis, RDws correlated with ECEC and
accounted for 47.1% of the variance, while RDA2 vessociated with pH and
organic C, accounting for 35.8% of the variancee Tétention of sugarcane harvest
residues on the soil surface in the trashed tre@tsneaused an accumulation of
organic matter in the surface soil, which did necw in the pre-harvest burnt
sugarcane. This difference in organic C content svdactor in differentiating both
bacterial and fungal communities between the trhsimel the burnt treatments. Soil
acidification under long-term N fertilizer applicats caused an increase in
exchangeable acidity and a loss of exchangeablardCa. Thus, as shown by CCA,
a considerably lower exchangeable Mg concentratiwster F compared to Fo plots
resulted, which was influential in differentiatitige bacterial and fungal communities

under these two treatments.



In the structural diversity study at Baynesfieldffedences were found in bacterial
community species richness and diversity but navienness, whereas in the fungal
analysis, differences in community species richnesgnness and diversity were
shown. The soil bacterial and fungal communitie®eamted with each land use were
clearly differentiated. Trends for bacterial anahdal diversity followed the same
order, namely: M < SC < KIK < NAT < PF < W. At MourEdgecombe, no
significant difference (p > 0.05) in bacterial stiwral diversity was found with one-
way analysis of variance (ANOVA), but two-way ANOVAhowed a slight
significant difference in bacterial community spgecrichness (p = 0.05), as an effect
of fertilizer applications. A significant differeadn fungal species richness (p = 0.02)
as a result of management effects was detectel,that highest values recorded for
the burnt/fertilized plots and the lowest for therrd/unfertilized treatments. No
significant difference was shown in species evesjn@sdiversity (p > 0.05), in either

the bacterial or the fungal communities.

In the catabolic diversity study at site 1, the 4pamametric Kruskal-Wallis ANOVA
showed that land use had not affected bacteriaboéit richness, evenness, or
diversity. In contrast, while fungal catabolic nss had not been affected by land
use, the soil fungal community catabolic evennexss diversity had. At site 2, the
land treatments had a significant effect on saoilté@al community catabolic richness
(p = 0.046), but not on evenness (p = 0.74) orrditye (p = 0.135). In the fungal
study, land management had no significant effectthen catabolic richness (p =
0.706), evenness (p = 0.536) or diversity (p = 6)82

It was concluded, that the microbial communitieslemthe different land use and
trash management regimes had been successfulgratitfated, using the optimized
protocols for the PCR-DGGE of 16S rDNA (bacteria)dal8S rDNA (fungi).
Sequencing bands produced in the 18S rDNA DGGH)ledaome of the soil fungal
communities to be identified. CLPP of the soil mlmal communities using BIOLOG
plates showed that, on the basis of C substrdieatiton, the soil bacterial and fungal
communities’ catabolic profiles differed markedlyhus, it was shown that the
different land use and management practices hazkdhdhfluenced the structural and

catabolic diversity of both the bacterial and fungapulations in the soil.
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Chapter 1

GENERAL INTRODUCTION

Biodiversity, encompassing the variety and varigbdf plants, animals and microbes
required to sustain an ecosystem, plays a cential in maintaining the Earth’s
equilibrium. Biodiversity may be evaluated at thfeedamental levels of biological
organisation, namely, at the genetic diversity,csg®e biodiversity and ecosystem
diversity levels (Benckiser and Schnell, 2007). &g® biodiversity may be described
as the number of species in a community and tleéative abundance (Nannipiet
al., 2003), with trophic and functional components ofcammunity and their
interrelationships being of great importance (Nae@@01; Tilman and Lehman,
2001). From a molecular point of view, biodiversisythe end result of evolution,
which occurs when mutations become fixed in diffiéngopulations (Madigaset al.,
2003).

A major concern worldwide is the loss of biodiversiwhich has implications for the
sustainability, preservation and conservation af &mvironment. In recent years,
environmental objectives and landscape conservéiawe become prominent issues
in response to this loss (Reidsetaal, 2006). The impact of anthropogenic activities,
such as agricultural practices, should also besasse as human activity has been
identified as one of the primary driving forces afange in biodiversity (Wilson,
1988; Benckiser and Schnell, 2007). Modificationd adestruction of habitats
inevitably result in biological impoverishment (Hbh, 1988). The relationship
between soil biodiversity and soil function is paft a more general concern to
conserve biodiversity and its role in maintaininfyactional biosphere (Nannipiest
al., 2003; Cheret al, 2007).

Understanding the biodiversity in soil is difficulConsequently, research on
biodiversity has concentrated on above-ground extesys, with soil biota largely
being neglected (Usher and Davidson, 2006). This spite of the fact that most of
the Earth’s undiscovered biodiversity is likelylde found in soil (Tiedjet al, 1999;



Benckiser and Schnell, 2007), and of the importasfchese below-ground systems
to global nutrient cycling (Lynctet al, 2004). Hollisteret al. (2010) recently
demonstrated the linkages between above- and bgdownd communities, and
showed that soil microbial communities could beeraitl by changes in the above-
ground plant cover. Globally, research has sugdettat a strong interdependence
exists between the soil biota and plants, with switrobial communities being

important drivers of terrestrial ecosystem produtti(Cai et al, 2010).

The classical ecological approach to describe asystem is firstly to characterize
community composition by identifying and enumergtihe species present, and then
to assign roles in ecosystem function to speciesgraups. Although this is
appropriate for different above-ground ecosysteims not practical for microbial
ecology because of the vast numbers of microorganiavolved (Kent and Triplett,
2002). It is now accepted that the great microb#lation responsible for a number
of soil processes far exceeds previous estimatedly(K2003). How this large
genotypic diversity affects functional diversitydamicrobial ecology is still being
established (Upchurcht al, 2008). Consequently, accurate, reliable mechai®
study soil microbes are required (Kekal,, 2004; Mitchell and Zuccaro, 2006).

The ultimate goal of the soil microbial ecologistto understand the interactions of
the microbiota with the environment so that praeditt of the impact of change can
be made, leading to better management of soil imet (Hirschet al, 2010).
Traditional methods of soil analysis that involveeasuring and modelling the
distribution of chemical compounds and determirtimgr transformation rates, have
hitherto provided the basis for understanding balgeochemical processes. While
this approach also demonstrates the regulatoryafoieicrobes in these processes, it
does not indicate their complex contribution tol doinction (Kelly, 2003). Of
necessity, therefore, new directions have evolwedoil microbiological research to
provide information on both taxonomic and functibdaversity within the resident
microbial communities (Kennedy and Gewin, 1997; iNpieri et al, 2003; Hollister
et al, 2010).

There is a close relationship between ecosystewrtiimand soihealth which may

be defined as “the continued capacity of soil taction as a vital living system,



within ecosystem boundaries, to sustain biologpraldductivity, promote the quality
of air and water environments, and maintain plartimal and human health”
(Pankhurst, 1997). Soduality is essentially “the capacity of soil to functioahd
depends on a combination of physical, chemicallaolbgical properties (Rahmaat
al., 2008). Microbial and biochemical characteristitay be used as indicators of soil
quality because of their central role in C and Mlicyg and their sensitivity to changes
in the ecosystem (Nannipiert al, 2003). Changes in the structure and activityaolf
microbial communities may be used as an early atdrcof soil health and quality, as
these communities play a vital role in the recovefysoil following a disturbance
(Hill et al, 2000; Yanget al, 2003).

Studies of soil microorganisms have typically beemducted at the process level,
examining biomass, respiration rates and enzymeiteed, with less attention given
to responses at community or organism level. Whileh approaches are important
for understanding overall microbial processes aow they affect soil health, they
provide little indication of qualitative communitgvel changes, as these processes
are carried out by diverse taxa. They are alsotdidnivhen describing a particular
microbial ecosystem. Soil microbial community amsaly should ideally include
determinations of microbial biomass and diversitycrobial growth, distribution and
function; and the nature of interspecies interati¢Hill et al., 2000).

Nutrient transformations in soil are most efficlgnguantified by using a holistic
approach based on the division of the systemspatids and the measurement of the
fluxes linking them. However, the nature of poalsltsas microbial biomass needs to
be identified using molecular methods (Nannipgdrial, 2003). Therefore a deeper
understanding of soil communities and their ag#sitrequires exploring biological
processes at organism and molecular levels, ancersiachiding how these are
controlled by soil physical, chemical and climafactors, and by the overlying
vegetation (Tiedjet al, 2001; Broecklinget al,, 2008).

In summary, it is now recognised that a multi-fadeapproach using a variety of
traditional, recently-developed and novel meth@lsequired, to understand how the
diversity of life in soil influences the variousnittions that soil fulfils (Usher and

Davidson, 2006). Accordingly, the objectives obtktudy are:



1) to establish and optimise suitable protocols tdy&oil bacterial and fungal
communities, using both molecular and communityelephysiological
profiling techniques in parallel. A dual approadhtlus kind has not been
reported previously in South Africa;

2) to use these methods to determine how differend lases and different
management practices within a single land use, a#feeted the structural
(genetic) and functional (catabolic) diversity bétsoil bacterial and fungal
communities, and to relate these findings to setesbil physicochemical
properties, at two long-term agricultural experita¢rsites in KwaZulu-
Natal, South Africa, namely, Baynesfield Estate dhd South African
Sugarcane Research Institute (SASRI) at Mount Extgbée;

3) to determine if the results obtained using thesdilprg techniques support
those of previous research on the study soils, hvimgolved only culture-
dependent and biochemical techniques.

The remainder of this thesis is structured as ¥dto

Chapter 2 presents a review of the literature aogethe nature and significance of
biodiversity; land use and management factors @figcsoil microbial diversity,
including a brief discussion of soil pollution; anfihally, some of the techniques
currently used for estimating soil microbial divigyswith emphasis on those to be
used in this study. Chapters 3 and 4 present ilialiresearch conducted from 2004
to 2006, to determine the effects of different larsgts and management practices on
the structural diversity of the resident soil baeieand fungal communities at the two
experimental sites. Chapters 5 to 7 relate to dlevi-up study from 2008 to 2010.
Chapter 5 is an extension of the initial study engal community structural diversity
to address some of the shortcomings in the initialk. Chapters 6 and 7 cover the
effects of land use and management practices, emcdtabolic diversity of the soil
bacterial and fungal communities, at these sitekaper 8 presents general
conclusions based on the experimental resultsrddabver the duration of the entire

project.



Chapter 2
LITERATURE REVIEW

21 [INTRODUCTION

The advent of nucleic acid-based molecular tectesgparticularly the polymerase
chain reaction (PCR) has revolutionised the studgod microbial ecology (Mitchell
and Zuccaro, 2006; Hirscét al, 2010). In recent years, microbial ecologistsehav
increasingly changed to molecular strategies tdysthe distribution and activity of
environmental microorganisms (Let al, 2006). Remarkable discoveries have been
made in studies of microbial biodiversity, usingheiques based on analyses of small
subunit ribosomal RNA sequences (Foregl, 2004). These innovative molecular
approaches have provided insight into the relaligndetween natural microbial
communities and the functional genes responsibiesdd biogeochemical processes
(Hill et al, 2000; Kelly, 2003). However, methodological liations and a lack of
taxonomic knowledge can cause problems when stgdypacterial and fungal
diversity in soil (Kirket al, 2004).

While DNA-based molecular methods can be used terohne microbial genetic
diversity and biochemical methods such as phogpidofiatty acids (PLFA’s) to
assess microbial community structure, these tedesigare complicated, time-
consuming and not always suitable for routine &islyf large numbers of soil
samples. A relatively simple technique to charastepotential microbial function is
to generate community-level physiological profi(€.PP) (Garland and Mills, 1991,
Chenet al, 2007). To understand the role of microbial comities in the soll it is
vital to consider microbial functional diversity gralso how soil disturbances may
change this diversity (Calbriet al, 2005). Combined genetic and physiological
assessments of the soil microbial community areledéor accurate determination of
the effects of disturbances such as land use andgeaent, on indigenous microbial
systems (Cullingset al. 2005). However, as all the methods for investigati
microbial activity and diversity have inherent ld@as an understanding of the



underlying mechanisms is needed, before the stienghd weaknesses of each

approach can be assessed (Hirstcal, 2010).

This chapter examines the nature and significaridaadliversity as well as current
information on the influence of land use and sodnagement practices on soil
microbial diversity. Some of the more important eggeches for analyzing soil
microbial diversity, including their advantages afwrtcomings, are also reviewed.
Emphasis is placed on the molecular and metabwigefprinting methods that are
applied later in this study.

2.2 THE NATURE AND SIGNIFICANCE OF BIODIVERSITY

2.2.1 Numbersand interrelationships

Soil harbours high biodiversity with fertile surasoils typically containing several
billion prokaryotes (bacteria and archaea) per godreoil and often an equivalent
fungal biomass (Tiedjet al, 2001). Representatives of all groups of micraargms,
algae and almost all animal phyla are presentearstil biota and include macrofauna,
mesofauna, microfauna and microflora (Pankhurs§71Nannipieriet al, 2003).
Estimates of the number of species in some of theps are (Pankhurst, 1997):

* Dbacteria: 30 000;

» fungi: 1 500 000;

» algae: 60 000;

* nematodes: 500 000; and

* earthworms: 3 000.
Other invertebrates commonly found in soil in largenbers include ants, termites,
collembola and mites (Pankhurst, 1997; Benckiser &ohnell, 2007). The size of
individual organisms in the soil varies greatlypgeng from the smallest bacterium
with a diameter of < 1 um and a mass of‘4@, to the largest earthworm with a
length of > 1 m, a diameter of > 20 mm and a mdss 600 g. In fertile soils,

organism biomass may exceed 20t fRRankhurst, 1997).



Species interactions at the community-level in so# complex, with individual
species relying on the presence, function andantem of many other species (Ha

al., 2000). The various interactions and linkagesvbet the components of the soil-
biota are vital for regulating nutrient cycling aedergy flow and may be described as
a detritus food web (Beast al, 1995; Haynes and Graham, 2004). From a fundtiona
standpoint, the soil detritus food web consistprihary decomposers (bacteria and
fungi); herbivores (e.g. plant parasitic nematodeshsumers of bacteria and fungi
(e.g. protozoa, bacterivorous and fungivorous nedes and collembola);
saprophagous mesofauna and macrofauna; and predatgr predacious nematodes
and mites) (Pankhurst, 1997). The base of the webmpartmentalised with bacteria
and fungi as the primary decomposers at the figgthic level. The bacteria-based
channel, involving bacteria with protozoa and baeteous nematodes from the
second trophic level, requires a water film forwgtim. Conversely, the fungi-based
channel, involving fungi, mites and collembola, sla®t require a continuous water
film. The third trophic level contains common conmmrs such as predatory
nematodes and mites (Rosenzweig, 1995; Haynes atth@, 2004).

An example of the complex interactions that ocausimple bacteria-bacterivore food
chains are changes in nitrogen (N) mineralizatiates, which can be attributed to
stimulatory and competitive interactions betweencté@orous fauna. Soil

microfauna, such as protozoa and nematodes, giraffdct biogeochemical cycling
by feeding on and assimilating microbial tissue ardreting mineral nutrients. Soil
bacterial communities are heavily grazed by bagpéyagous microfauna, with the
composition of protozoan populations in soil sigrahtly influencing the grazing of
bacterial communities. Interacting mechanisms, fghelective feeding, differences
in bacterial susceptibility to predation, and aaility of bacterial nutrients and
substrates, all have an effect on bacterial comipwstructure (Rgnret al, 2002).

Similarly, fungal populations are grazed by mites|lembola, and in particular,
fungivorous nematodes (Coleman and Crossley, 199@&dation of bacteria and
fungi by nematodes and protozoa is especially itaporin regulating microbial

biomass, with bacterivorous protozoa and nematodeslved in the release of
ammonium-N, with an associated improved N-uptake @&nts. Meso- and

macrofauna also have a direct effect on biogeoatedraycling by enhancing nutrient



mineralization, by comminution of plant debris, anth faecal deposition for

subsequent microbial attack (Beateal, 1995).

2.2.2 Diversdity of habitats

Soils are the most complex of microbial habitatshes characteristics of solid soil
components are spatially and temporally variablgs Tnfluences the physical and
chemical properties of soils, thus affecting bddmpand microbial growth (Marshall,
1976). Soil differs from other habitats in thapissesses a solid phase comprising
approximately half the soil’'s volume and consistofgparticulate matter of varying
size, which can bind biological molecules (Nanniipét al, 2003). The remainder of
the soil volume consists of pores filled with andawater. The amount of pore space
depends on the texture, structure and organic mattatent of the soil, with
individual pore size, total pore space and pordicoity affecting water movement

and retention (Alexander, 1977).

The most important interfaces affecting microbieh&aviour in natural habitats are
those of the solid-liquid type. Moisture availatyiliat this interface can limit the
movement of soil microorganisms (Marshall, 1976jthwwvater and air movement
regulating the activities of the microflora. Bacdeare rarely free in the liquid phase
of soil, with most cells (approximately 80-90%) adhg to solid surfaces such as
clay particles and humus (Alexander, 1977). Sodrotiabitats are dynamic systems
since environmental factors are constantly changNannipieriet al, 2003). Within
soil, several microhabitats exist such as the giawe, the rhizosphere, aggregates,

decaying organic matter and the bulk solil itselfr(thet al, 2004).

Nannipieriet al (2003) described soil as a structured, heteragenediscontinuous

system that is generally poor in energy sourcesnamgents (compared with nutrient
concentrations required for optimalvitro microbial growth) where microbes occupy
discrete microhabitats. Although available spacsadih is extensive, less than 5% is
generally occupied by living microorganisms (Alegdan 1977). The heterogeneous
nature of soil results in the presence of so-cdhed spots’ (micro-sites) or areas of

increased biological activity, where microflora afadina are concentrated because



conditions in relatively few microhabitats are abie to sustain microbial life (Giller
et al, 1997).

The concept of three levels of diversity, namelydiversity, which distinguishes
between species within the community of a habgtativersity, or the rate and extent
of species change along habitat gradients;yadiversity, or species richness over a
range of habitats, (i.e. total biodiversity in adacape), was proposed by Whittaker
(1972). Gamma-diversity is a function @fiversity of habitats and the differences in
B-diversity between them (Gilleet al, 1997; Lynchet al, 2004). Although this
approach may be useful for above-ground ecosystiemsnadequate for interpreting
soil diversity as the soil biota are also charas¢er by spatial diversity. This includes
differences between bulk soil and the rhizosphenacro- and microaggregates,

macro- and micropores and different soil horizdng¢h et al, 2004).

Soil organisms can change the physical, chemialbéological properties of soil in
innumerable ways, with the composition and striectfrthe biota at one hierarchical
level influencing the spatial heterogeneity at aeotlevel. Consequently it was
proposed that soil could be regarded as posseatiegst five zones of concentrated
activity (Beareet al, 1995). These spheres of biotic activity with ithearious
incumbent organisms interact in many different wéyaynes and Graham, 2004).
They include:

1. the detritusphere or the zone of recognisable plant and animalitdetr
undergoing decay, where litter and humus above sihié surface show
considerable saprophytic, mycorrhizal and root &ingactivity and

colonisation by fungivorous fauna;

2. the drilosphere or the zone influenced by earthworms by meansheir

nitrogenous waste excretions and mucilage;

3. the porosphere or the milieu occupied by organisms ranging frbacteria,
protozoa, and nematodes inhabiting water filmsmioroarthropods, fungal

mycelia and larger soil biota occupying channetsvben aggregates;
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4. the aggregatusphere or the area encompassing all the organic matter
constituents, primary particles and voids, wherecraofiial activity is
concentrated in the interstices between and with@itroaggregates often in

association with particulate organic matter; and

5. therhizosphere or the zone of primary root influence by meanexddates
and exfoliates (Bearet al, 1995), where the numbers and types of microbes
are greater than in the adjacent soil (Marshall76)9 Rhizospheres are
dynamic environments where microorganisms compatedgsources such as
plant-derived organic carbon/energy sources (Picamb Lovell, 2000) and
where plants have a strong influence on soil mielolbommunities by
rhizodeposition and the decay of litter and roddar(nipieri et al, 2003;
Maharning et al, 2009). The population in the rhizosphere is cosegl
primarily of non-pathogenic organisms. However,saese of the density and
increased microbial interactions (competitive, gotastic and beneficial) in
this zone, the elimination or suppression of pagimsgmay result (Alexander,
1977).

The composition of the microflora of any habitatdgntrolled by the biological
equilibrium resulting from the association and iatdion of all individuals within a
population. Environmental changes may temporaplset this equilibrium although it
will be re-established as the population shiftacoommodate the new circumstances.
In soil, many microbes occur in close proximity antkract in a unique way. The
combination of all these individual interactionstablishes the equilibrium population
in a given habitat (Alexander, 1977). As no singlganism can respond to all
environmental contingencies, the assemblage ofotiar populations in a typical
ecosystem most likely contains a mixture of ‘gehstsl and ‘specialists’. This
results in an overall community sensitivity to eoevimental conditions (Balset al,
2001).

Soil macrofauna, including earthworms and termitesje direct effects on nutrient
cycling by vertical and horizontal redistributioh ant litter, which creates patches
of organic matter that act as substrates for mesoand fauna. Some organisms

reduce structural and functional diversity in sdils fragmentation of the mosaic of
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patches into a relatively homogeneous mixture. Bwysprally rearranging soil

particles, the macrofauna change pore size and glistebution, and consequently
patterns of infiltration and gaseous emission (Beztr al, 1995). It is apparent,

therefore, that soil is both a heterogeneous medinth a dynamic, ever-changing
habitat.

2.2.3 Biodiversity and productivity

The general link between biodiversity and produttithe rate at which energy
flows in an ecosystem, measured at various ecanylsteels) has long been disputed.
Initially it was thought that increased productwivould raise diversity but it can
have the opposite effect (Rosenzweig, 1995). Thuss of biodiversity can lead to
changes in ecosystem functioning and a resultass & productivity, although no
direct causal link has been shown in this freqyemthde assumption (Gillest al,
1997). Many ecologists believe productivity to baeoof the most pervasive
influences on biodiversity (Rosenzweig, 1995). Whee number of interacting
species increases, the stability of the entire esystdecreases, unless special
conditions are met (Lyncét al, 2004). A key issue remains, however: is the tfss

biodiversity in the environment of significance?

Most studies of the relationship between biodiwgrand productivity are based on
plant and animal communities (Rosenzweig, 1995lelinformation is available
regarding the contribution of microbial diversitp tsoil ecosystem functioning
(Crecchioet al, 2004). This is due to the difficulty of deternmig the functional role
of microorganisms in soil (Nannipiegt al, 2003). An example of productivity
affecting plant/microbial interaction is seen i tthizosphere, where changing plant
productivity alters the availability of carbon/eggr resources to rhizosphere
microbiota. This intensifies competition for thena&ning carbon, which can result in
the loss of poor competitors from the assemblagee® and Lovell, 2000). Earlier
studies showed that, in above-ground systems, emadl scale, increasing nutrients
increased productivity but decreased diversity, g on a large scale, diversity
initially increased and then declined after prodiist increased beyond a certain

threshold (Rosenzweig, 1995). This contradictednyy@othesis that diversity always
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grows with productivity. It is now recognised thiat the increase phase of the
productivity-diversity pattern, as productivity eés from very low to moderate levels,
diversity also rises, whereas in the decrease plad®nced productivity tends to
reduce the number of species. However, for spelcasave traits that allow them to
coexist when exploiting and competing for limitedsources, the competitive
mechanisms that allow coexistence also cause grdatersity, leading to greater
productivity, greater use of limiting resources agmater stability (Rosenzweig,
1995; Tilman and Lehman, 2001).

After a disturbance such as fire or agriculturagpices, plant and animal species
reoccupy the habitat and replace each other irceessional sequence. Succession is
often associated with changes in the above-gropedias diversity and in the first
few years thereof, a rise in plant diversity (Rasesig, 1995). During grassland
succession, secondary succession correlates watfigels in community composition

of the dominant soil bacteria (Kowalchakal, 2000).

2.2.4 Microbial diversity and soil function

One of the roles of biodiversity is to ensure thatmuation of the functions mediated
by soil microbes, although it is uncertain whetheks exist between the rate and
efficiency of these functions and microbial biodsity. Another role is to ensure the
continuation of these functions during disturbandes assumed that the greater the
degree of biodiversity (between or within speciedumctional groups), the greater
the resistance or tolerance to stress or pertarmtiThis may not be indicative of
taxonomic diversity, as a single organism may perfomany functions, or
alternatively, a large number of organisms mayquerfa particular function (Giller
et al, 1997). The assumption that a variety of micraorgms can perform a specific
function implies that functional redundancy exisigowever, functionally similar
organisms have different microhabitat preferenas/ironmental tolerances and
physiological requirements, and therefore probgibdy different roles (Bearet al,
1995; Gilleret al, 1997). As previously stated, microbial diversitgludes genetic
diversity, diversity of bacterial and fungal comntigs and ecological diversity. In

general, however, a reduction in a group of spekges little effect on the overall
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processes in soil because other microbes take theediscontinued function. As a
result, no general relationship has been found émtwmicrobial diversity and soll

function (Nannipieret al, 2003).

Numerous factors affect diversity, including negatieffects such as stress (e.g.
toxins, drought or limited nutrients), or positieéfects such as resource and habitat
diversity or biological interactions. The positieffects may be related to increased
stability, resilience, productivity and resistanie stress (Nannipieret al, 2003;
Lynch et al, 2004). Those microorganisms that have greasistesce to a particular
stress will become predominant in the presencéaifgtress. However, if the rate of
genetic adaptation to the stress is rapid, therdynmsistant individuals may arise that
mask the effect (Gilleet al, 1998). Progressive extinction of sensitive speevithin

a functional unit occurs as stress is imposed enstil system, although no loss of
overall function is apparent until a threshold isaiaed below which there are
insufficient individuals to conduct the specificopess. Accordingly, functions
sensitive to disruption will be those carried outablimited number of species (Giller
et al, 1997). However, Wertet al. (2006), in a study on the maintenance of soil
function following a reduction in microbial divetgj used a removal approach in
which less abundant species were preferentiallyowesh. They demonstrated that the
vast diversity of the soil microbiota made soil gggiem functioning largely
insensitive to diminished biodiversity, even in tb@&se of functions performed by

specialised groups.

It was proposed by Schimel (1995) that ecosysterngases could be based on broad
or narrow physiological groups of microbes, as tbke played by the microbial
community in ecosystem functioning was related be tcharacteristics of the
responsible population. ‘Broad’ processes, suclsalk respiration, simple carbon
compound mineralization and nitrogen immobilizafiorequire the metabolic
capacities of many apparently redundant communiteeg. most microbes utilize
simple carbon substrates and all use nitrogen fosyhthesis). These processes
hardly vary within or between systems and will Bast influenced by stress.
‘Narrow’ processes, on the other hand, such agficattion, the production and
consumption of trace gases, degradation of ligamg biological N fixation, are

performed by restricted groups of organisms. Hereanges in abundance or
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characteristics of appropriate communities will keally affect soil processes (Balser
et al, 2001).

Many anthropogenic activities can potentially affseail microbial diversity (Kirket
al., 2004). Investigations using molecular methodgeatd that total microbial
diversity in relatively undisturbed and unpollutsail was high but after perturbation
and pollution, the total soil microbial diversityass dramatically reduced. However,
microcosm investigations indicated that some pdpriatypes became numerically
dominant under stress (Tiedg al, 2001). Lower levels of microbial diversity,
biomass and altered community structure have beported, due to disturbance
caused primarily by pesticides, heavy metals andgd amendments with strains of
microorganisms showing differences in sensitivayntetal toxicity (Crecchiet al,
2004). Studies of heavy metal pollution effectssoil microbial community diversity
have shown that total microbial biomass decreasdsruchronic heavy metal stress,
preceded by community structural changes, and acest ability to exploit all
available niches. This may alter the potential e so0il microbial community to
respond to new stresses. It has also been obséhmatdunder long-term metal
pollution, the genetic structure of the soil midedlpopulation changes (Gillat al,
1998).

2.2.5 Indicesof diversity

Information on diversity is often reduced by resbars into discrete, numerical
measurements such as diversity indices (krlal, 2004), in order to describe the
diversity, irrespective of how it was determineduriRhurst, 1997). Biodiversity is a
function of two components, namely: (i) the totalmber of species present (i.e.
species richness or abundance); and (ii) the lbigtan of individuals among the
species (i.e. species evenness or equitabilityh#Boan and Hughes, 2003; Kiek

al., 2004). In consequence, many attempts have bemie no devise a single
numerical index that measures both these propef(@Geselli and Graves, 1996),
However, any given diversity index is a single walwhich cannot indicate the total
composition of a community (Bohannan and Hughe8320A major problem is that

since both richness and evenness play a role arrdating the index value, different
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communities can have the same index. Thereforbness, evenness and diversity
values should all be calculated when assessing contyrstructure (Pankhurst, 1997,

Bohannan and Hughes, 2003). A further aspect ofhwamnity diversity is the genetic

relatedness of the operational taxonomic units (§Tresent (Bohannan and
Hughes, 2003). Accurate assessment of the levepatidrns of genetic diversity is

essential (Mohammadi and Prasanna, 2003). Seygyedbaches to compare microbial
diversity at the molecular level have been usedluding parametric estimation,

nonparametric estimation and community phylogesefiBohannan and Hughes,
2003).

2.25.1 Speciesrichness

The easiest and simplest diversity index to inetrps species richness, as measured
by a direct count of species. These counts araaenfied by a combination of species
richness, the total number of individuals counted ¢he size of the area sampled.
Therefore, unless communities are exhaustivelyidentically sampled, comparison
of simple species counts is not appropriate. Fompganing communities of different
sizes, algorithmic rarefaction of large samplegs t#sequently can be compared
with smaller samples, is one solution to the pnoblelowever, rarefaction can only
be used for interpolation to a smaller sample arm not for extrapolation to a larger
sample size (Gotelli and Graves, 1996). As an radtére, numerous species-
individuals relationships have provided bases fehmess indices, such as the
logarithmic relationship suggested by Margalef 958:

R1=(S=1)/LOGN ..o i e e e e ee . EQUATTON L

where S is the number of species ahis the total number of organisms (Pielou,
1977).

2.2.5.2 Speciesevenness

As diversity depends on both the number of spani@scommunity and the evenness
of their representation, it is sometimes necesdarytreat the two components
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separately (Pielou, 1977). To calculate evenndss,ntost frequent approach is to
scale a heterogeneity measure relative to its maxinpossible value when both

sample size and species number are fixed. Thesdotwwlations for large samples

are:
Evenness =0 — Diin) / (D max—Dimin) -« «xeeeeeeeemmmmiiiieiiiiecneie e anans Equation 2
EVENNESS B/Dimax« e e veeereaeiitiiiiiiieiiiii et ieie e o EQUAtLION 3

whereD is a heterogeneity value for the sampled populaiedD,,, andDnaxare the
minimum and maximum values possible for the givyegcges number and sample size
(Peet, 1974).

2.2.5.3 Speciesdiversity

Many indices have been developed, which are fawbbyeecologists for measuring
diversity (Pielou, 1977). To measure heterogenéilyal concept diversity), two

contributing components are required, the numbespeties, and the distribution of
individuals among the species, or equitability (P4®©74). The first heterogeneity
index used in ecology was that of Simpson (Pield®¥7). This index measures the
probability that two individuals, randomly selectiedm a sample, will belong to the

same species. For an infinite sample the index is:

A T Y B Equation 4

For a finite sample the index is:
L= Imi(mi—= L)/ [IN(N=L)] e e e e e Equation 5

where p; is the proportion of individuals in speciéss is the number of species
(species richnessiy the number of individuals in specigsandN the total sample
size. As originally formulated, Simpson’s index iearinversely with heterogeneity
(Peet, 1974). The Simpson index and the Shannaxiack closely related but unlike
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the Shannon index described below the former cabeotdapted for measuring

hierarchical diversity (Pielou, 1977).

The Shannon diversity index is the most commongduadex for measuring species
diversity or heterogeneity, with the most popularthe heterogeneity indices being

those based on information theory, such as:
The Shannon-Wiener index:
[ B o T | T (o) Equation 6

wherep; is the relative abundance of tik species,X pi = 1.0) (Gotelli and Graves,
1996).

The Shannon-Weaver index:

S
H' =-> plogp oo Equation 7
i=1
wherep; is the relative abundance of each species, céétllas the proportion of
individuals of a given species, to the total numbkeindividuals in the community,
ands is the number of species (species richness) (P@ed,).

The Shannon-Weaver indeid'] is often used, in the form:

H' == (n/N)log (n; /N)
e N T (oo ) T Equation 8

wheren; is the importance value for each spechéss the total of importance values
andp; is the importance probability for each specigéNj. ThusH' takes into account

both the ‘richness’ and ‘evenness’ component oédiity (Lynchet al, 2004).

However both these indices have their limitationkjch include serious conceptual
and statistical problems (Gotelli and Graves, 1986nnedy and Gewin, 1997;
Pankhurst, 1997).
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The application of information theory to diversitmeasurement suggests that
heterogeneity (or a combination of richness andtallity) can be equated with the

amount of uncertainty regarding the species ofdividual selected at random from

a population. The more species there are and thre enen their distribution, the

greater the diversity (Peet, 1974; Pielou, 1977).

An alternative approach to conventional statistroathods for environmental studies
is the use of artificial neural networks (ANNs) (Dopf et al, 2001; Kimet al,
2008). Two different ANN algorithms which are udefu ecological informatics are
self-organizing maps (SOMs) and multilayer percapdgr (MLPs). These were used
successfully to model convective flows and the @ssed oxygen transport in a
wetland pond. These models were able to ‘learn’ iechanism of convective
transport, resulting in an ability to forecast ogggsaturation near the bottom of the
wetland bed (Schramret al, 2003). In a different study, SOMs and MLPs were
efficient at revealing community associations angimnmental effects in an inter-
taxa study of microbes and benthic macroinvertelsratibjected to different pollution

levels in a stream (Kiret al, 2008).

2.3 FACTORSAFFECTING SOIL MICROBIAL DIVERSITY

Many factors are believed to affect diversity. Owé the most important
anthropogenic activities having an impact on sod aonsequently on soil microbial
diversity, is agriculture (Upchuratt al, 2008). Current information on the effects of
land use and management practices on soil micrabvedrsity, determined using

molecular methods is now reviewed.

2.3.1 Therhizosphere

The rhizosphere is an extremely favourable habftat the metabolism and
proliferation of numerous microbes. The influenéeamts on these microorganisms
is termed therhizosphere effectwhich is the enhancement of microbial numbers
relative to the surrounding soil. Populations arsd@stance away from roots are not
markedly affected by plants (Alexander, 1977). Species activity and composition
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of the plant community critically determine theustiural and functional diversity and
biomass of the microbial species, as most soil moiganisms depend on autotrophic
organisms, including bacteria and plants, for d&aearsupply (Johnsoet al, 2003a).
Plants in turn are dependent on the soil microbaahmunity. This relationship is
often highly specific and is mediated by chemicainmunication such as that in

legume/rhizobial symbioses (Broeckliagal, 2008).

2.3.1.1 Rhizosphere communities

As land use and management are known to affechthesphere, Smallat al (2001)
determined how dependent the rhizosphere effect omaplants and whether this
effect increased by growing the same crop over ¢amsecutive years. They found
plant-dependent shifts in the abundance of battedniaosphere communities that
were more apparent in the second year, and seashif in the abundance and
structure of these communities in both years. Ik Boils, Bacillus megateriunand
Arthrobactersp. predominated, whereas in the rhizosphereptbportion of gram-
positive bacteria increased. Evenness in the rpimre was reduced compared to the
bulk soll.

Conflicting reports regarding the relative impoxanof the effects of soil type or
plant species in determining rhizosphere bactes@hmunity composition, have
prompted several studies. Marschreg¢ral (2001) analysed soil- and plant-specific
effects on the abundance and diversity of bacteaaimunities in the rhizospheres of
chickpea Cicer arietinum, rape Brassica napus and Sudan grassS¢rghum
bicolor). Both soil type and nitrogen fertilization affedt plant growth but nitrogen
had no significant effect on the bacterial popuolatilt was concluded that complex
interactions of soil type, plant species and ramtezlocation influenced rhizosphere

bacterial population structure.

In contrast, Miethlinget al. (2000) considered that crop species was the main
determinant of microbial population characteristwegh soil having only a minor
effect. This conclusion was based on the comparigbrihe effects of alfalfa

(Medicago sativa and rye $ecale cerea)e soil origin and inoculation with
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Sinorhizobium melilotstrain L33, on the establishment of rhizobial comities. In a
subsequent study, however, Miethlieigal. (2003) found that both soil type and plant
species affected structural diversity in the rhieese communities of three legumes,
namely; alfalfa §1. sativg; common beanRhaseolus vulgarisand clover Trifolium
pratensé. In the same soil, significant differences wesarfd in the composition of
leguminous rhizosphere communities and plant-sigegijanisms. Dominant alfalfa
rhizosphere populations differed in two soils watistinct agricultural histories, and
the three leguminous rhizosphere populations cbeldifferentiated.

Anthropogenic disturbance has drastically altereddomposition and productivity of
plant communities in the arid land ecosystem of @aorado (USA) plateau
grasslands. Kusket al (2002) made comparisons at different depths @iodphere
bacterial communities of the native bunchgrasSépa hymenoidesnd Hilaria
jamesii the invading annual gra@omus tectorunand of interspaces colonised by
cyanobacterial soil crusts. A significant differenwas found in the total bacterial
population structure and in tha&cidobacteriumdivision between the soil crust
interspaces and the plant rhizospheres, with ldifferences also seen among the
three rhizospheres, particularly in tAeidobacteriumanalysis. It was shown that soil
depth in plant rhizospheres as well as in the spi@res affected both the total
bacterial community and bacteria from tAeidobacteriumdivision, with different

members of this division occupying specific nicirethe grassland soil.

The effects of genetically engineered (GE) cropsagnicultural practice, human
health and the environment were studied by Schrbaelger and Tebbe (2003).
Bacterial community diversity in the rhizosphere af transgenic, herbicide
(glufosinate)-resistant sugar beBefa vulgari3 was compared with that of its non-
engineered counterpart. Differences in communitynpasition due to field and
annual variability were evident but there was ndedmble effect of transgenic
herbicide resistance on the microbial community.alsimilar study, Heueet al
(2002) investigated the possibility that GE plactsild change rhizosphere bacterial
consortia through transgenic T4 lysozyme releasbyoa change in root exudate
composition, and thereby change agroecosystemsteiddc populations from
transgenic potato rhizospheres were compared tatbet of wild-type plants and non-

lysozyme producing transgenic controls. The authotsd environmental factors
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such as season, year and field site influencedritmsphere populations but T4

lysozyme expression by GE plants did not.

As little is known of the role of fungi in the rlugphere, Gomest al (2003)
investigated fungal communities in bulk and maibezasphere soil of two maize
cultivars, differing in N utilization. A rhizosphereffect for fungal communities at all
stages of plant development was observed, with esackanges in fungal population
composition during plant growth. In young maizenplehizospheres, ascomycetes of
the order Pleosporales were selected for, whereagnescent maize rhizospheres,

different members of ascomycetes and basidiomygetsts were found.

At the community level, fungal community responseliants is less well documented
than that of bacteria. To clarify the role of pkaind root exudates in the structuring
of soil fungal communities, Broecklingf al. (2008) investigated the effect of a novel
plant species on an existing soil fungal commuaityg also the relative importance of
root exudates in structuring this community. Thresults showed that the two study
plant speciesArabidopsis thalianaand Medicago truncatacould maintain resident
soil fungal populations but not non-resident popates and that this was mediated
largely through root exudates. They concluded tbat exudates were a mechanism
by which plants regulate soil fungal community casifion.

The indigenous arbuscular mycorrhizal (AM) commuyiit the rhizosphere of maize
(Zea maysgenotypes with contrasting phosphorus uptakeieffcy was investigated
by Oliveira et al (2009). They showed that the maize genotypes dagteater

influence on the rhizosphere mycorrhizal commuritan soil P levels. Some
mycorrhizal groups were found only in the rhizogglse of P-efficient maize
genotypes cultivated in low P soils and more myuaaed OTUs were present in no-
till (NT) maize than in maize under conventiondage (CT).

2.3.2 Effectsof land use

Changes in the soil environment resulting from @dtural land use or management

practices, directly influence soil microbial divigysand activity (Jangickt al, 2008).
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Understanding the effects of these perturbations son physicochemical and
microbiological properties can provide essentialfoimation for assessing
sustainability and environmental impact (Rahnearal, 2008). Changes in land use
and land cover often alter ecosystem structure fandtion, which, in turn, affect
above- and below-ground processes and contribuggotal change (Hollistegt al.,
2010). When several land use-biodiversity loss igrad were compared, it was
shown that ecosystem quality decreases as agraufitactices intensify (Reidsned
al., 2006).

Changes in land use, such as from forests to gastan have significant and long-
lasting effects on soil nutrients, carbon contentl texture and pH. These effects are
largely as a result of changes in the compositibiplant species and associated
management practices across land use types (Laatbat, 2008). In addition,
applications of chemical fertilizers have been regmb to change soil bacterial
community structure significantly (Wareg al, 2008).1t has also been observed that
tillage, over-grazing and pollution, which redudsweground plant diversity, cause
microbial variation to decrease (Kennedy and Ged@97). Removal of crop plants,
which results in plant-induced changes in the sadrobial community, has been

shown to affect the follow-on crop (Heusdral, 2002).

Soil has a considerable capacity for diversity &edce a great buffering capacity
before the effects of management practices on damminommunity members are
seen (Girvanet al, 2003). By understanding how agricultural lande usnd
management practices may alter soil quality anélcatihe diversity of soil microbial
populations, lower-input sustainable systems maydéeeloped (Purkholekt al,
2000; Rahmaset al., 2008).

2.3.2.1 Arableagriculture

Land degradation reduces the productive capacigraible agricultural soils causing
a loss of biodiversity. However, land use managénpeactices, such as tillage
methods, crop residue management, applicationrtfiZers and manures, can help

minimise this deterioration (Girvaat al, 2003).
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Research evidence suggests that the microbial comtynunder long-term arable
soils differs from that under grasslands. To vetifis, Garbevaet al (2003) studied
the diversity ofBacillus spp and related taxa in agricultural soil undeee¢hdifferent
management regimes, namely, short- and long-terablerland, and permanent
grassland. The effects on the structure and diyedsi Bacillus communitieswere
marked, with samples from permanent grassland hasetfrom short-term arable
land having similar profiles. Samples from longatearable land showed significant
differences to those from short-term arable landaase grass remained in the latter,
enhancing diversity in the short-term. The authooscluded that the long-term
presence of grass in soil supported and maintagredter numbers and a higher

diversity ofBacillusand related taxa than did long-term arable land.

Other research has suggested that within arable, sbie main factor affecting
community composition is soil type rather than cmpnagement. In a study by
Wakelin et al. (2008a), habitat selective factors in agricultwgails influencing the
structural composition and functional capacity &k tautochthonous microbial
communities were investigated. The authors chaiaetk soils from seven field sites
differing in long-term agricultural management rags, by assessing the relationship
between soil physicochemical properties and comiyusiructure and potential
catabolic functions of both the soil bacteria anddi. They concluded that soil type
and not agricultural management practice was the determinant of microbial
community structure and catabolic function, with @Hprimary driver of both
microbial diversity and function in these soils.uBhagricultural practices had the
effect of selectively shifting microbial populat®and functions.

The major sources of substrate for microbial groesil activity in arable soils are
litter and crop plant residues. Dillgt al. (2004) investigated bacterial diversity in
agricultural soils during litter (crop residue) degposition. Rye and wheat litter were
buried in comparable soil types under differentetajon and exposed to different
climates. Bacterial diversity increased with advagditter decomposition and with

decreasing substrate quality resulting from the lwfsreadily available carbon and the
accumulation of refractory compounds. At differéotations containing the same

buried litter, differences in bacterial diversitere observed, indicating that climate,
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vegetation and indigenous soil microorganisms, dditeon to litter type, affected

bacterial community development.

Reports that plants are important in regulating adetomposition rates of litter by
directly affecting the quality thereof, led to raseh by Trinderet al (2009). They
investigated how plant cover and litter type a#ectungal community structure and
litter decomposition in a cutover peatland. Ressltewed that plant species did not
affect fungal community structure but most littgpeés had a significant effect. The
guantities of carbon entering the soil via rhizaoepon were insignificant for
regulating the activity and diversity of the litt@éegrading soil microbes in the
peatland. The chemistry of the litter produced hwy peatlands had a strong and more
varied effect on both decomposition and fungal camity structure. They concluded
that the initial decomposition of litter and alsletstructure of the soil fungal

community were regulated by the litter type andmothe plant cover.

The effects of stubble retention and applicatiohsitvogen fertilizer on functional
gene abundance and the structure of dominant sioiiomal communities under
irrigated maize, was studied by Wakeéihal. (2007). Both stubble-retention and N
addition had significant and long-term effects oicrobial community structure and
size, with stubble-retention being the strongestedraffecting species composition,
particularly in the case of the fungal communityoweéver, diversity estimates were
little affected. The authors concluded that theasned shifts in the size and structure
of the soil microbial communities and the overélhoges in N-based functional genes
could have an impact on ecosystem function andhenptoductivity of subsequent

crops.

The addition of mulches is a management practiaedan be used to protect and add
organic matter to the soil surface, as well asotzserve soil water. Yangf al (2003)
investigated the influence of different organic olgs on soil bacterial communities
a year after application. Results showed that @dhg-term effect of organic mulches
on the activity and structure of soil microbial ptations depended on the type of
mulch and was evident only in the top few centie®wf the soil profile. None of the
mulches affected the species composition of thendlithoautotrophic ammonia-

oxidizing bacteria (AAOB). The authors concludeattin the long-term, repeated
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mulch applications might result in changes in therabial community and in species

diversity because of the increase in soil orgaratten content.

To increase crop production, fertilizer applicatoare a common and important
agricultural practice. However the effects of feréir on soil microbes, vital to
agroecosystem health as residue decomposers atetscg€ nutrients, are not fully
understood. Attempts to devise sound land managestiatiegies led to a study by
Ge et al. (2008) of the effects of long-term applicationsinbérganic and organic
fertilizers on soil microbial communities under m®irotated with wheat. They
showed that long-term fertilization regimes affectee structure and diversity of the
microbial communities in the agricultural soils.e€Thacterial community structure in
organic manure (OM) and phosphorus/potassium (RPr@naled soils had a higher
richness and diversity than those of the unfeddizontrol and the N-containing
fertilizer combinations (NK, NP, NPK and % NPKOMJhey suggested that N-
fertilizer could be a key factor that countered #ffects of other fertilizers on soil

microbial communities.

Inorganic fertilizers and organic manures are ralyi applied to arable soils to
replace nutrients removed by the harvested crogafd manures also add organic
carbon which acts as a microbial substrate. Maesatiral. (2003) studied the effects
of long-term applications of organic and inorgaffectilizer at low rates, on the
chemical and biological properties of soil. Theyhdoded that these amendments
significantly changed soil chemical properties, dhdt ratios of Gram positive to
Gram negative bacteria and of bacteria to fungirewdgher in organic treatments
than in inorganic treatments. Different amendmemBuenced bacterial and
eukaryotic community composition through their effen the organic €ontent and
C/N ratio in the soil. Dissolved organic carbon (©Qconcentration was also shown

to influence bacterial community structure.

Several researchers have used the particle-sizgofmation technique (Sessitsel
al., 2001; Pollet al, 2003) to investigate the effects of manures femtilizers on
microbial activity and diversity. Pokkt al. (2003) studied the effect of long-term
farmyard manure (FYM) additions in several partsiee fractions of soil, by

comparing soil fertilized with FYM and an unferziéid control. Coarse sand fractions
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were colonised by a fungal-dominated communityetbgr with a simple bacterial
community, but after applications of FYM, bactedt@minated. On the other hand, silt
and clay fractions were colonised by complex b#iteommunities. The addition of
FYM increased organic matter content, total micablbbiomass and enzyme activity

in sand, whereas microbial communities in finecfiens were less influenced.

Concern over agricultural sustainability, arisingnh soil erosion and fertility decline,
in the densely populated and intensively croppdatrepical highlands of the world,
led to a study by Govaerest al (2007). They assessed the long-term effects of
tillage/seeding practices, crop rotation and cregidue management on maize and
wheat, grown under rainfed conditions. The authmoacluded that, compared to
common farming practices, cropping systems thdudwexl zero tillage, crop rotation
and residue retention increased overall microbiamass, activity and diversity.
However, long-term zero tillage without residueergion was an unsustainable

practice that led to poor soil health.

Most economically important field crops, such asizmaZea mayp or wheat
(Triticum aestivum)n agricultural soilsare associated with mycorrhiza. In contrast to
these beneficial organisms, some of the most ilmpbglant pathogens are also found
among the fungi. Therefore fungal diversity in agliural soils, in particular of
biocontrol strains off richodermaspp., was investigated by Haghal (2003). Soils
from high- and low-yield areas of a winter wheatdi under two different farming
management practices were analysed. Results shthaeédhe dormant soil fungal
community was minimally influenced by the factors/estigated, whereas active

populations exhibited a clear response to changt®ienvironment.

Concern over increased atmospheric concentratibmge@nhouse gases (especially
C0O,), agroecosystem transformation and sustaining lpratuctivity, prompted
Razafimbelcet al (2006) to study the effect of sugarcane residaragement on soil
organic carbon (SOC). They reported that soils unpes-harvest burnt cane
contained lower levels of SOC than those undermgiesne harvesting with trash
retention. Soil bulk density was lower under residuulching compared to pre-
harvest burning. The authors hypothesized thatptieéerential enrichment of soll

carbon observed in the fine (< 2 um) fractions Itegun long-term storage of carbon.
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Galdoset al (2009), also working with sugarcane, evaluatesl é¢ffects of trash
management on the carbon dynamics of a sugarcame lout on land previously
converted from native forest. They studied two alesequences in plots which had
been replanted to sugarcane, with or without predsd burning, 2, 6 and 8 years
prior to sampling. They concluded that soils frdm farea converted to the unburnt
management for 8 years, had higher levels of tGtaimicrobial biomass C and

particulate organic matter C than those from plmider residue burning.

2.3.2.2 Grasdand

Grassland ecosystems are important in terms ofagl@bcycling and agricultural
(particularly animal) production. Several studgsch as that by McCaigt al (1999)
compared microbial community structure under impvand unimproved
agricultural pastures. The unimproved pastures \gesieed by sheep and had never
been fertilized, whereas the improved pastures aisegrazed by sheep but received
regular dressings of N, P and K. Substantial viamain the abundance of specific
components of the bacterial populations in sammksinimproved, unfertilized
pasture soil and improved, fertilized soil samplesre found, but no significant
difference in abundance of any phylogenetic grogs wbserveda-Proteobacteria
were more diverse in unimproved pasture soil sasniplan in improved soils. As the
improved plots were dominated kylium perenneand the leguminougrifolium
repens whereas the unimproved plots were dominated byleguminous species
such asAgrostis capillaris selection for nitrogen-fixing bacteria may hawewred

in the former plots.

As plant-derived carbon inputs from recent phottisgsis are important drivers of

biological processes in soil, Hirseh al (2009) investigated whether biodiversity was
lost in response to the removal of this sourceaoban. They studied three cultivation
regimes: permanent grassland, a long-term (60 yesable rotation and a long-term

(50 years) bare-fallow area, maintained by tillingsoils from the latter area, organic
matter reserves had degraded and fresh carborsihpdtbeen greatly reduced. In the
arable soils compared to permanent grassland soganic matter had declined over

time. Their results indicated that in the bareefallarea, starving the soil of plant
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inputs for 50 years reduced soil bacterial comnyualitundance but not diversity. The
bare-fallow soils supported a species-rich, metably active bacterial community
similar in diversity to that under permanent grasdl This suggested that bacterial

diversity was independent of plant inputs.

One of the most widespread changes in land uséaaddcover is that of woody plant
encroachment on grassland ecosystems, which h&sbcwed to extensive changes in
the productivity and biogeochemistry of the affecteeas (Hollisteet al, 2010). The
authors characterised the structure and functicayadcity of soil bacterial and fungal
communities occurring in four vegetation types ghesquite- Prosopis glandulosa
encroached mixed grass prairie. Woody plant entmoaat caused substantial
changes to the structure and function of grasslandggrassland-like ecosystems, and
a linkage between above- and below-ground commasnitivas shown. They
concluded that soil microbial communities, part@giy the fungal component, might

be altered by woody plant encroachment of grassland

In some parts of the world, agricultural overpraitut has resulted in the release of
land from agricultural management, and attemptsnake being made to restore the
former species-rich vegetation. The effect of deass succession on bacterial
populations was monitored by Felske al (2000) in experimental plots, which
showed a constant decline in nutrient levels anahghs in vegetation as soon as
fertilization and agricultural production stoppetom this time, the grasslands
showed specific shifts in bacterial community cosipon, where total bacterial
numbers increased. This correlated with the colagighe dominantolium perenne
grass population and with an increase in the raterganic matter mineralization.
Although the vegetation clearly changed, no evidernicstrong competition or major

species replacement in the soil microbial commuwiyg found.

Fungi and bacteria are important degraders ofrghhius contributing to the recycling
of vital carbon and nitrogen resources in soil. ddée et al (2002) assessed a
bacterial chitinolytic population in upland pastute establish how lime and sewage
sludge applications affected microbial chitinolytactivity. Bacterial enrichment
occurred in response to burying chitin-containimiged at the field site. Sludge

application significantly reduced chitinase diverdiut increased chitinolytic activity.
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Levels of actinobacteria increased with sludgettneat and also with lime-plus-
sludge treatment. Readily available C and N soudigsnot repress chitinases but
promoted chitinolytic activity of specific groupsf @ctinobacteria. The authors
concluded that sludge amendment might adversedgtdiie presence and diversity of

chitinase genes in soil so should be used with@aut

Pasture-based production systems are complex abgcsuto a wide range of
management practices. Wakelet al. (2009) determined the response of the soill
microbial community to, and the effects of, variqasture-based land managements
such as pasture type, grazing, liming, P fertimatand sampling date on the soil
bacterial and fungal community structure. Resutiswsed that liming of acidic soill
was the strongest factor affecting soil microbiaimenunity structure, increasing
fungal phylotype richness but not bacterial. Iniadd, microbial nitrogen fixing and
nitrification capacity was increased. The effedipasture type (annual or perennial)
were minimal and denitrification capacity was néieeted by pasture management.
Additions of P fertilizer increased the intensity masture production and affected
fungal and bacterial community structure, as did iaoreased stocking rate.
Significant shifts in the soil biota occurred duithe growing season. Overall results
showed that soil biota, particularly soil fungi @ndgastures, were highly responsive
to agricultural land use and management, which gbdrthe dominant soil fungi and

bacteria, and influenced the microbial groups iaedlin key processes.

Maharning et al (2009) reviewed soil community changes duringosdary
succession to naturalised grasslands. Successan fisrmer agricultural land and
pastures to naturalised grassland was associatibdcthvanges in plant biodiversity
and in the soil microbial communities. These changsulted from a reduction in, or
elimination of, management practices such as ggazin applications of fertilizer.
Naturalised grasslands differed from intensivelyaaged pasture, in that plant
succession progressed in the former but was swuggates the latter. Two factors
influencing the soil community were nutrient avhildy and soil microhabitat
diversity. Different plant species affected soilcrobes differently as they varied in
their chemistry and physiology, in the quality agdantity of their litter, and in
rhizodeposition. Long-term effects of continuousestive grazing led to a shift in the

plant community to a sward dominated by plants afdr litter quality, which
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negatively affected the soil biota. Nutrient retin the form of urine and manure,
also altered the quality of resources enteringstystem. Nutrients released into the
rhizosphere by plants positively influenced micedbactivity, with bacteria being
more directly associated with root exudates thamgifuthe latter mainly being
associated with root turnover. Applications of ifeaer directly affected the quality
and productivity of plants, and had both a positwel negative effect on the soil
microbiota. During succession, fungal biomass wasitgr in older systems whereas

bacterial biomass remained constant.

Potthastket al (2010) examined the effect of a slash and buptageh for converting
vast areas of rain forest into pastures. The coedegpastures however, frequently
became overgrown with tropical bracken fern, whiett to abandonment of these
sites, as bracken-dominated areas were extremigilguttito recultivate. The authors
investigated the implications of invasive brackensoil biogeochemical properties. A
comparison of active and abandoned pasture shesyesl that displacement of grass
by bracken in abandoned sites lowered the soilrpHiiced the amounts of readily
available carbon and nitrogen, reduced microbiairaiss and activity, and resulted in
a higher relative abundance of actinomycetes. Readailable organic C from grass
litter was preferentially utilized. They concludédat differences in litter quality
between grass and bracken initiated changes inbsmgeochemical and microbial

properties after pasture conversion.

2.3.2.3 Forests

Forestry is an important industry, with forest lieadnd sustainability directly
dependent on the extensive soil microbial poputatiqTorsvik et al, 1990b;

Axelroodet al, 2002a)). Forest soils are heterogeneous, tlestfioor being affected
by woody debris, cycles of vegetation cover andapig matter decomposition. The
structure of soil bacterial populations may chadge to fluxes in their habitat's
physical and chemical properties, such as tempesatsoil nutrient levels and
available oxygen and moisture. Tree harvestinglarding tree seedlings, and
deforestation (Borneman and Triplett, 1997) areesewdisturbances to the forest

ecosystem, causing perturbation of soil microbiammunities (Axelroodet al,
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2002b). In terrestrial ecosystems, bacterial deasitpn of the lignocellulosic
component of wood is negligible in comparison witlat performed by specialized
lignocellulolytic fungi from the Basidiomycota aWdcomycota. However, Zhareg

al. (2008) reported that an unexpectedly high baalteliversity was to be found in

decaying wood.

Deforestation of naturally occurring tropical faes alters soil properties by
increasing pH, Ni concentration and the bulk density of soil, anddegreasing
NOj3 and soil porosity, thus affecting soil microbiahmmunities. The first description
of the microbial diversity in two eastern Amazoniuils (mature forest and active
pasture soils), using a culture-independent, pterietic approach, was published by
Borneman and Triplett (1997). Microbial communityhifss associated with
deforestation were shown, and evidence of unusi@borganisms was obtained. No
duplicate sequences were found and none had beerilgl previously, with 18% of
the bacterial sequences not classifiable in anyknoacterial kingdom. Mature forest
and pasture soils therefore contained unique contiesinThe authors concluded that
their phylogenetic analysis of these Amazonianssagld provided evidence for novel

organisms that could not be classified in any kn&mgdom ofBacteria.

Bacteria alter catabolic gene expression in respaws differing environmental
nutrient conditions. This led to a study by Eatod &arrell (2004), on catabolic and
genetic microbial indices, and levels of ammoniuntrate and organic carbon in
forest soils. Soils near black locust treBsljinia pseudo-acacianodulated with K
fixing bacteria) were richer in organic C and maleed N, had a higher pH, and had
a greater community diversity and microbial biomdsg a lower community
catabolic diversity than soils under tulip popleges Liriodendron tulipiferg. In
contrast, the latter soils did not select for daamincatabolic pathways, instead
permitting a less diverse microbial community olvéy biomass to use a greater
variety of metabolic pathways. The authors condutteat variations in functional

diversity at the population level existed in sodrh different habitats.

As agricultural land use has increased to a thirdhe total land area on earth,
increases in erosion, loss of soil organic mat®@®NI) and changes in the soll

bacterial communities have occurred. Upchuettal (2008) studied the effects of
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different land managements, namely tillage (botha@@ NT) cropland compared to
the effects of a successional forest (30 yearsovetty) and an old forest (> 65 years
old). A lower diversity of bacterial communities farest than in cropland soils was
observed, which was attributed to the presencefefvaabundant taxa in forest soils
that were either less abundant or absent from anoblsoils. However, the

composition of the soil bacterial community frone thew forest, although similar to
that of the old forest, was more diverse, sugggshat the soil bacterial communities
changed slowly.

Nitrogen (N) plays a crucial role in plant nutriii@nd is the soil nutrient required in
greatest quantity. The cycling of N in the soilyglatmosphere system involves many
N transformations between inorganic and organiengor Nitrogen is assimilated
almost entirely in the inorganic state as nitrate ammonium. However, most
nitrogenous material found in soil or added as aegdues is organic and is largely
directly unavailable. The biochemical heterogeneify the N mineralizing soil
microflora is critical in determining the influena&d environmental factors on N
transformation (Alexander, 1977). Many of theserofially mediated processes are

directly affected by land management (Wakeliral., 2009).

Chemolithoautotrophic ammonia (NHoxidising bacteria (AAOB) aerobically
transform ammonia to nitrite (NQ and, therefore, play a central part in the natura
cycling of N, which, from an anthropogenic perspest may be regarded as both
beneficial and detrimental (Purkhodd al, 2000; Ovecet al, 2001). The AAOB are
responsible for the first rate-limiting step in rification, where ammonia is
transformed via nitrite to nitrate (NQ (Oved et al, 2001). AAOB oxidation of
ammonia to nitrite frequently results in the evantof the greenhouse gasMthat
adversely affects the atmosphere, and indirecthses additional loss of N through
the denitrification of nitrate. Inhibition of ammianoxidation in agricultural systems
would reduce fertilizer costs and prevent consideraenvironmental pollution
(Phillips et al, 2000). The key enzyme in aerobic ammonia oxatlats ammonia
monooxygenase and the gene coding for its subampA is a useful target in
environmental studies, as it reflects ammonia @ediphylogeny (Avrahanet al,
2002).
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Avrahami et al (2002) studied the effects of ammonia-addition @mmunity

composition of soil ammonia oxidisers and dendrdi, and also of soil ammonia
concentration on PO release. bD emission rates were positively correlated with th
ammonium concentrations in soil, with medium anghhconcentrations increasing
N.O release rates, thus providing an electron accejmo denitrification. Both

processes, therefore, led to higher overall emissates. Shifts in the faster-growing
denitrifiers were detected, due to the increasepplysuof oxidised N through

nitrification, whereas only negligible shifts inthathe total bacterial community and
the AAOB were found. Thus, the addition of ammonitesulted in an increase in
nitrification activity but not in a change in th@rmmunity structure of ammonia

oxidisers.

Deposition of acidifying compounds in soils of balréorests in Northern Europe has
occurred for decades, so some of the forests hese limed to improve tree vitality
and to raise soil pH. Backmaet al (2003) investigated the AAOB population
structure in acid spruce forest soils six yearsrdiftning, which had increased the
organic horizon pH, but left the mineral soil uratied. Limed soils contained a high
genetic diversity ofNitrospiradike sequences, although no AAOB-like sequences
were found in control soil, regardless of deptiming induced growth of a diverse
AAOB flora, with the high lime dose having a moranked effect, and to a greater

depth in the soil profile, than the low dose.

In boreal and temperate forests, above-ground ptmiuis usually restricted by N
availability. Consequently, N fertilization has beeidely practised, although it has
often been reported to result in a decrease in mailobial activity and biomass
(Demolinget al, 2008). As little is known of the effects of N tiézation on the soil

microbial community, the response of soil micromigens to long-term (>10 years)
N fertilization in three coniferous forest soilstidifferent climatic and nutrient
conditions, were investigated by Demoliagal. (2008). Bacterial growth rates were
more negatively affected by fertilization than fahgyrowth rates, and microbial
community structure differed at the three sitesallrof the forests, soil bacteria were
limited by a lack of carbon, which became more emtdin fertilized plots,

particularly where the forests had previously bBeimited. They concluded that the

effects of N fertilization differed depending omesconditions prior to fertilization.
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The amount of fixed N annually entering the ecamystdue to anthropogenic
disturbance has increased considerably. When Nladély exceeds biological
demand in forested ecosystems, N saturation maytreghich leads to changes in
soil pH, forest decline and N losses (Allisehal, 2007). While anthropogenic N
deposition is comparatively low in boreal forestlanndra, climate change may lead
to alterations in N availability in these ecosysterAs fungi are known to play a
major role in organic matter decomposition and maheation in boreal ecosystems,
Allison et al (2007) studied the effects of N deposition onglalncommunities in a
boreal ecosystem. It was shown that N depositidoged Basidiomycete diversity in
litter and total fungal and ectomycorrhizal (EM)velisity in soil. Since wood-
decaying fungi competed poorly under high N cood#i a reduction in decomposer
fungal diversity was expected. It was concluded tNafertilization had reduced

fungal taxonomic richness and altered the commustitycture.

Root-inhabiting fungi play a key role in forest egstems and are essential in forest
biodiversity. Most studies of fungi inhabiting treeots have concentrated on the
mycorrhiza. Therefore, Kwaa et al (2008) determined the species diversity of
microfungal communities in forest tree roots usengombination of traditional and
molecular approaches. The authors compared thevbisdy of tree root microbiota
by assessing the relationship between plants antbfungi, the type of association
(active or passive), and the spatial heterogengfityhe microbiota. Their results
showed that with the pure culture method, mainlpremophs and endophytes,
particularly from the Ascomycota, were identifiaghereas when using molecular
methods, mainly Basidiomycota and Oomycota weratified. They concluded that
a combination of morphological and molecular teghes was required to assess the

diversity and density of the forest root biota.

2.3.2.4 Spatial heterogeneity

Considerable spatial heterogeneities in both cha&imand physical properties
characterize soil, which may partly be responstbleand/or result from, biological
heterogeneity. Nicoét al (2003) studied scale-associated differences izosphere

archaeal communities, in improved (managed) anchpraved (natural) grasslands,
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using both a macroscale and a microscale analysisthe macroscale level,
heterogeneity over the transect was unrelateddsstand type but, in general, there
was considerable heterogeneity across both impraweldunimproved transects. At
the microscale level, archaeal community heteragenaried with sample size.
Among large soil samples, archaeal profiles wenglar, whereas in small samples

greater heterogeneity was found.

2.3.2.5 Soil depth

Subsurface and surface soil bacterial communitiea Californian grassland along
two vertical transects, were compared by LaMontaginal (2003). Richness and
diversity were lowest in samples from the greatkstth, probably due to the low
organic matter content in the horizon. Bacteriahownities differed between depths
with the more abundant OTUs in the deepest samplased toPseudomonaand
Variovorax These findings supported the hypothesis thatasarfand deep
communities varied in composition and dominancel #rat loss of diversity with
depth was due to changes in community functionltiegy in turn, from loss of
physiological capabilities and changes in both labé resources and the physical

environment.

Bacterial community ecology in native grassland sa@is studied by Griffithet al
(2003). They assessed the influence of depth amaplsay time on bacterial
population structure. Changes in the bacterial camty caused by temporal changes
in the organic layers as well as by soil depth,en@vserved. Variation due to depth
was attributed to a decrease in soil moisture, thegewith changes in nutrient
availability and soil texture. Evidence of gendligersity differences down the soill
profile was obtained, particularly between the argaand mineral soils, while

temporal changes were observed only in the ordapérs.

2.3.3 Effectsof soil pollution

Varied responses by microbial populations to emrrental disturbance have been
reported, with lower genetic and taxonomic diversit chemically polluted soil
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compared with undisturbed soil being recorded (Kelynand Gewin, 1997). A brief

discussion of these effects follows.

2.3.3.1 Heavy metals

Heavy metals form a group of approximately 40 elet:idnaving a specific gravity
greater than five. Examples include Hg, Zn, Cu, Rh,V and Cd. In soil, heavy

metal toxicity may be markedly influenced by enwmeental conditions. Metals bind
strongly to organic materials, such as proteingl futvic and humic acids, with

precipitation, complexation, and ionic interactios$ being important phenomena.
This limits their availability, resulting in defiency symptoms in plants growing in
such soils, as many metals are necessary for grdwdgtvever, in excess, they are
highly toxic to cells because they denature praetégadd and Griffiths, 1978).

Environmental pollution with heavy metals is a gas problem (Huwet al, 2007).
However, among microbes, many of which are redistaheavy metals, a variety of
detoxification mechanisms occur widely. They therefplay a vital role in polluted
ecosystems, and in the reclamation of metal-comat®d natural habitats (Gadd and
Griffiths, 1978). In the environment, heavy metale highly persistent, and alter
ecosystem diversity, structure and function (Mugerl, 2002). For example, Het
al. (2007) showed that heavy metal pollution with R a&Cd reduced both the

biomass and the diversity of the soil bacterial camity.

2.3.3.2 Hydrocarbons

Contamination of soil sites with oil is problematas crude oil contains polycyclic
hydrocarbons and approximately 5% organically bosaotphur. The presence of
sulphurous oil in soil induces changes in bactedammunity composition, by
selecting for organisms that can grow under the c@wditions and suppressing those
that cannot (Duartet al,, 2001).
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2.3.3.3 Pesticides

The influence of pesticides on soil microbial conmities is of great concern because
of their persistence in soil, their toxicity to ntarget organisms and their selection
for resistant organisms. Although large quantibésherbicides have been released
into soil, little is known of their effect on thé@andance and structure of soil microbes
(Crecchioet al, 2001; Segherst al, 2003). Ratcliffet al. (2006) reported that the

herbicide glyphosate, when applied at the recomegmdte, had a benign effect on
soil fungal community structure, while at high centrations, non-specific short-term

stimulation of bacteria occurred.

24 TECHNIQUESFOR ESTIMATING SOIL MICROBIAL
DIVERSITY

Various methods have been devised to determine raalobial diversity. An
overview of some of the non-molecular and molecatethods currently in use is

now presented.

2.4.1 Non-molecular techniques

2.4.1.1 Plating and microscopy

Traditionally, taxonomic classification of bacteria based on morphology and
metabolic and physiological traits. This involvdee tisolation and cultivation of
individual bacterial species that are used to dtarse the community. Direct
microscopic examination of soil microbial suspensiaisually follows (Kent and
Triplett, 2002). Similarly, quantification of fungisuch as AMF, has relied on

microscopic assessment of spores and hyphal denstyl (Gampeet al, 2008).

Viable plate counts or most-probable-number (MPN}jhuads, quantify active cells in
the environment but are limited and fail to deserdommunity diversity, as less than
1% of environmental microorganisms are isolated #Amet al, 1995; Kent and

Triplett, 2002; Kelly, 2003). Bacterial species atlant in soil are rarely, if ever,
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successfully cultured, resulting in the isolatioh bacteria that are only a minor
component of the community (Josephal, 2003). Similarly, of the estimated 1.5
million fungal species worldwide, especially thdsem soil, only a small percentage
has been cultivated thus far (Hawksworth and Roesit@97; Aguileraet al, 2006).
Amannet al (1995) reported that direct microscopic countsnafrobes in soils and
sediments exceed viable cell counts by severarefanagnitude. This is termed the
‘great plate count anomaly’ as the majority of ellisualised microscopically,
although viable, do not form colonies on platesnétbeless, this method is a reliable,
rapid and inexpensive way of obtaining data andiipges species for DNA libraries,
for bio control (Kennedy and Gewin, 1997) and fapid assessment of biological

responses to heavy metal or toxin pollution (Etisl, 2003).

2.4.1.2 Fatty acid methyl ester (FAME) analysis

FAME analysis is a biochemical method that usesigirags of fatty acids to provide
information on microbial community composition. Thricrobial cell biomass
consists of a relatively constant proportion otyfadcids, including signature fatty
acids that can differentiate major taxonomic grounpg community. Thus a change in
the fatty acid profile reflects a change in the noicgal community (Kirket al, 2004;
Zhanget al, 2008). Fatty acids, extracted directly from whetél, are methylated to
form fatty acid methyl esters and then analysedgugas chromatography (Pankhurst,
1997; Ritchieet al, 2000; Kirk et al, 2004). FAME analysis provides rapid
fingerprinting of lipid profiles; similarity indice for communities; the identification
of biomarkers (from individual peaks) (Kennedy dpewin, 1997); and assessments
of environmental risk (Zhanet al, 2008). Disadvantages of FAME analyses are that
both living and dead microorganisms are detectsdwall as plant and humic
materials in soil (Kennedy and Gewin, 1997).

2.4.1.3 Phospholipid fatty acid (PLFA) analysis
This technique, also termed chemotypic fingerpmigtiuses gel chromatography to

determine microbial membrane phospholipids, exédhclirectly from soil (Hartmann
et al, 2007). As PLFAs are found only in membranes wing cells and not as
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microbial storage products, they can be used tonast the living component of a
soil microbial population (Kennedy and Gewin, 199us, by restricting soil fatty
acid analysis only to PLFAs, the possibility of el#ing differences in soil microbial
community composition is increased (Pankhurst, 19®rofiles of phospholipids
give precise measures of total biomass numberscanddentify biomarkers using
differences in the relative abundance of PLFAs. &@npeaks identify Gram positive
and Gram negative bacteria, as well as eukarydfesnedy and Gewin, 1997).
Specific PLFAs can be used as indicators (e.g.cd89 for fungal biomass in soil
(Hartmannet al, 2007). This method allows similarity indices fammunities to be
obtained and shifts in community structure to bentooed (Demolinget al., 2008).
As total PLFAs and microbial biomass are usuallyredated with organic C and total
N in soils, they are good indicators of soil fetyil(Hartmannet al, 2007). The
disadvantages of this procedure are that it isotedand does not provide taxonomic
information on individual species (Kennedy and Gewil997; White and
MacNaughton, 1997).

2.4.1.4 Substrate utilization

Analysis of community functioning based on substrattilization (metabolic)
profiling, measures biodiversity of communitiesheat than of species (Pankhurst,
1997). Substrate utilization patterns provide t8a ‘fingerprints’ of microbial
populations and may indicate metabolic potentiahwerobial community function
(Kennedy and Gewin, 1997; Buyet al., 2001). A simple approach to studying
microbial functional diversity is based on the nembf C substrates utilized by the
community, the two most commonly used methods béiegBIOLOG’ microplate
identification system (BIOLOG Inc., Hayward, Califita, USA) and substrate
induced respiration (SIR) (Pankhurst, 1997).

24.1.4.1 TheBIOLOG method
Garland and Mills (1991) published a method for fimectional characterization of

heterotrophic microbial communities. This was based sole-carbon source
utilization as a community-level physiological phofy (CLPP) approach, using
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commercially available BIOLOG GN 96-well microtitpdates. The BIOLOG system
was originally devised to identify pure bacterialtares, mainly Gram-negative (GN)
species of clinical importance. The 95 differenbdtates in the GN plates were
selected from a set of 500 carbon sources, for diality to distinguish clinically
important species from among 6000 bacterial strf@dosiopkaet al, 1998; Hartmann
et al, 2007). To identify Gram-positive bacteria, BIOLOGP plates have been
developed. Sixty two substrates are common to Gdtrand GP plates, with a further
33 substrates unique to each (Konopkal, 1998). In addition, wells in the GN and
GP plates contain tetrazolium violet dye. Thisaduced to purple-coloured insoluble
formazan when oxidation of the C compounds by nhielometabolic activity occurs,
thus enabling catabolic diversity to be assessesl KBdeet al., 2001; Kirk et al,
2004). The production of formazan is directly rethtto the reducing equivalents
formed by the inoculated community, and subsequebyl the growing cells within a
well (Smallaet al, 1998).

Although the system was designed to monitor regpwyaactivity rather than growth,
bacteria can grow in the microplate wells. If thedula are diluted, colour does not
develop until the cell concentration per well haaahed 19cells mi*. Therefore, at
an inoculum density of < focells mi*, colour development will be a sigmoidal
function of time, in which: (i) the initial lag pba is a period when the inoculum
grows to a population of fa@ells mi*; (i) the linear phase is a period of microbial
metabolic activity on a specific substrate; and {ie plateau represents the formazan
yield produced by particular microbes from a specgubstrate. All phases are
therefore, affected by the microbes’ physiologythvihe initial lag phase being highly
dependent on the inoculum cell density (Konopkal, 1998).

CLPP analysis usually requires extraction of mi@bleells from environmental
samples (Smallat al, 1998). However, as researchers found that nanwatle cells
from mixed communities also responded to substapply, the method was adapted
to characterize the functional potential of thesmmunities. Numerous studies have
shown that habitat-specific and reproducible pagteof carbon utilization are
produced by such microbial communities (Hartmanal, 2007).
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Prokaryote community analysis and ecological stidige now possible using
BIOLOG EcoPlates™, which were created specificdity this purpose. Each
microplate contains 31 of the most useful carbamrees, together with tetrazolium
dye, for soil community analysis, replicated thtieees (Appendix D, Table D1) (Liu
et al, 2007a, b; Zhangt al, 2008). The typical procedure when using EcoPlates
involves inoculating environmental samples direatip the microplate wells, either
as aqueous samples, or suspensions of soil, sludgediment. The microplates are
then incubated and plate readings taken at defingsl intervals, using a microplate
reader, to give optical density (OD) values. CLRIPs then assessed for pattern
development (similarity), the rate of colour chamgeeach well, and the richness of
well response (diversity) (BIOLOG, 2008).

When using CLPP, soil samples present the greatedlenge as microbes bind to
soil particles (Konopkat al, 1998). To overcome this problem, vigorous shaking
homogenisation of soils suspended in either stdrglled water, phosphate buffer or
saline, is used to release bacteria from parti@@dbrix et al, 2005; Cheret al,
2007; Liu et al, 2007a). The suspension is then allowed to seitjein some
protocols, centrifuged, as the presence of soitigg@s in the inoculum causes
inaccurate OD readings (Calbret al, 2005). The supernatant is retained and usually
diluted before use (Govaersal, 2007; Liuet al, 2007a, b).

As fungi cannot be detected by the GN and GP plditesause they do not reduce
tetrazolium violet and the dye is toxic to many dah species, fungus-specific
microplates (namely, SF-N and SF-P MicroPlates™gHzeen developed. The SF-N
plates (Appendix E, Table E1) are identical to@N microplates and the SF-P plates
to the GP microplates, except that they lack theazelium redox dye (BIOLOG,
2008). Testing fungi in SF-N and SF-P microplategdry simple and uses a protocol
similar to that for testing bacteria and yeast. Modtions include the use of special
culture media to promote sporulation, preparatibfower density inocula in a gel-
forming colloid rather than in water or saline, andculation of 100 ul per well
instead of 150 pl. Plates are incubated at a lompégature (~26°C) for several days
and growth is measured by an increase in turbigymat ODys0. BIOLOG FF
microplates and a FF database have also been gedelfor fungal analyses
(BIOLOG, 2008).
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The advantages of CLPP assays include their easseofor replicated large-scale
studies. The microplates provide a fast, simple aocurate method for studying
microorganisms that is an alternative, or is commaetary, to traditional macroscopic
and microscopic methods. Also, CLPP is more semsithan PLFA analysis for
monitoring microbial community and ecological chasg CLPP provides broad
coverage of a variety of microbial samples, botbtér@al and fungal, and has many
different applications. For example, it can distiistp spatial and temporal changes in
microbial communities: it has been used to detegufation changes in soil, water,
wastewater, activated sludge, compost and industaste: and it also has clinical
applications (BIOLOG, 2008).

Limitations of CLPP are that culturable microbes squired, the system is sensitive
to inoculum density, and favours fast-growing manganisms (Buyeet al, 2001;
De Fedeet al, 2001; Kirket al, 2004). Culture conditions in BIOLOG microplates
are thought to have a harmful effect on a large@riion of the inoculated bacteria,
as microbial diversity decreases continuously duthe first week of incubation. In
addition, the relative proportion of species in &ngbial community may change
during microplate incubation, and a long incubatione induces cell lysis and the
formation of extracellular storage polymers (Calbgt al, 2005). Thus CLPP
analysis does not necessarily reflect the functignatential of the dominant
community members but is biased towards those ptipuk that grow best under the
assay conditions (R al, 2008).

24.1.4.2 Substrateinduced respiration (SIR)

To avoid some of the drawbacks of the BIOLOG metHoelgens and Harris (1997)
developed substrate induced respiration (SIR),imasitu approach that does not
require prior extraction and cultivation of soil areorganisms. Short-term SIR
responses to 36 organic substrates added directpit are measured by assessing
CO, efflux from soil by gas chromatography, thus rewaglcatabolic diversity of

active bacterial and fungal communities.
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2.4.2 Molecular techniques

Molecular techniques, based on nucleic acids iedlatlirectly from complex
ecosystems such as soil, are being used incregsmgtudy microbial communities,
as non-molecular methods are not entirely adeq(Rt®se-Amsaleget al., 2001;
Kent and Triplett, 2002). These techniques are nidg@ on obtaining representative
nucleic acid extracts from entire microbial comnti@si (Miller et al, 1999).
Different methods provide coarse-, medium- and-ficale levels of resolution of the
structure and activity of microbial communities. the coarse-scale level, the entire
community is sampled whereas at the fine-scalel,ledy target populations are
analysed (Tiedjest al, 1999). Most microbiological methods provide medito-
fine-scale resolution, namely, genus to speciesubspecies (Vandammet al,
1996). However, individual steps in the procedumesy be inefficient so these
methods introduce biases of their own (Mikral, 1999; Sessitsat al, 2002).

An overview of some of the DNA-based approacheseatlly used for measuring soll

microbial community diversity is presented below.

2.4.2.1 DNA extraction and purification

The collection of soil samples and DNA extractioathods must take account of the
fact that cell density is low in certain environrter(Kent and Triplett, 2002).
Therefore, selection of a suitable extraction andfigation procedure is of major
importance (Kozdrdj and van Elsas, 2000; Roose-Aegset al, 2001; Heet al,
2005). DNA extraction and its fragmentation durgagnple treatment, are affected by
differences in microbial cell wall structure andhadion behaviour, in conjunction
with physical, chemical and biological soil chagtdtics, making unbiased
extraction difficult (Niemiet al, 2001). Also, naked DNA adsorbs to soil particles
leading to biased population profiles (Sessitsical, 2002).

Initially, DNA extraction from soils involved cetiecovery from the soil before lysis
(the indirect method) but, currently, direct lysighin the soil matrix is increasingly

being used, as samples are less biased and theyiE\WAis higher. The procedure
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usually includes one or all of the following elerteerphysical disruption, chemical
lysis and enzymatic lysis of the cells (Millet al, 1999; Roose-Amsalegt al.,
2001). The resultant DNA must be amplifiable by PGRection 2.4.2.2).
Consequently, efficient, unbiased extraction proces are essential (Kozdréj and
van Elsas, 2000; LaMontageeal., 2002) otherwise humic substances, clay minerals,
proteins, polysaccharides, metals and other PCHRitors will be co-extracted
(Griffiths et al, 2000; Kozdr6j and van Elsas, 2000; Kent and I&tip 2002).
Samples containing such inhibitors require addaigourification steps, before PCR
amplification (Griffithset al, 2000). Purification efficiency is gauged by bdkie
amount of DNA recovered and the successful removabntaminants (Milleet al,
1999). It has been shown that both the isolatiah @urification methods used affect
the apparent structure of bacterial communitiesamh samples (Niemet al, 2001;
Kent and Triplett, 2002). In addition, He al (2005) reported that pre-lysis buffer
washing of DNA extracted from recalcitrant enviramtal samples, such as forest
soils containing high levels of organic matter ot oxides, resulted in higher yields
of improved quality DNA.

When isolating fungal DNA from soil, optimisatiorf the initial DNA extraction
procedure may overcome some of the problems typiesicountered (Bridge and
Spooner, 2001). Pennanenal. (2001) developed a DNA purification method for the
extraction of high quality fungal DNA for use inlmequent PCR. Fungal spores from
arbuscular mycorrhizal fungi (AMF) pose a particwthallenge, requiring alternating
sonication and washing steps, followed by crushimgler liquid nitrogen. The
resultant powder is then used for DNA extraction\ialchuket al, 2002).

An alternative method of extracting and purifyirgl £ommunity DNA involves the
use of purpose-designed kits, such as the UltraCedoil DNA Isolation Kit from
MO BIO Laboratories, Inc. CA, USA. The kit facilies rapid isolation and
purification of PCR-grade DNA from soil samples farther analysis (UltraClean™
Soil DNA Isolation Kit Instruction Manual, 2008) h& basic procedure is to lyse the
soil microbes by a combination of heat, detergemi @aechanical force using
specialised beads in a vortex. The released DNAeaB purified in a spin filter tube
(Roose-Amsalegt al, 2001). Eaton and Farrell (2004) isolated soilageic DNA

from a mixed stand forest, using an UltraCleas®ll DNA Isolation kit. They
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assessed the efficiency of isolation and qualiteadh soil DNA sample and, in all
cases, the microbial genomic DNA appeared as desipgnd of high molecular
weight. Similarly, Pennanegt al (2001) using one of these kits, isolated andfiealri

fungal DNA from a forest ecosystem, although a phomogenisation step was

required.

Aguileraet al (2006) compared the efficiency of sixteen DNAragtion protocols,
differing in cell lysis treatments, and also twarouercial kits, the Fast DNA kit and
the Fast DNA Spin kit for soil (Bio 101, CarlsbadA. USA). The methods that
combined bead-mill homogenization with SDS (for|chfsis), treatment with
chemical extractants, followed by phenol extractivmere most efficient. However,
DNA recovery with the commercial kits, was thremds higher than DNA vyields

using the above methods, and the procedures wsier ¢a perform.

2.4.2.2 Polymerase chain reaction (PCR)

DNA amplification by PCR is a simple concept bus ltead a marked influence on
molecular biology, as ‘insufficient DNA’ is no lorga limitation. PCR is aim vitro
technique used to amplify a specific DNA regiortuaied between two areas of
known sequence, using oligonucleotide primers (angk), which are short, single-
stranded DNA molecules (Madiga al, 2003). The PCR procedure is carried out in
a thermal cycler and is divided into three stadegether constituting a cycle of
synthesis:

1. Denaturation: Double-stranded DNA is heated to $3S9causing it to
denature or ‘melt’ and become single-stranded.

2. Primer Annealing: ‘Primers’ initiate synthesis ohew DNA strand after they
have bound (annealed) to the complementary tarlyét Strand. Two primers
are required, one on each side of the region tanydified. The temperature is
lowered to 58C for about 30-60 seconds for annealing to occur.
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3. Extension: Thermostable DNA polymerase (Taq) exdethe primers on the
single-stranded template, in the presence of daetgotide triphosphates
(dNTPs) under suitable reaction conditions, whiebuits in the synthesis of
new DNA strands complementary to the template dgan

By repeating a series of these cycles, the numbdouble-stranded DNA fragments

increases exponentially (PCR Applications Manuabelidinger Mannheim, 1995)
(Figure 2.1).

Subsequent to the development of PCR, the intramucdf thermostable Taq

polymerase allowed thermal cycling to be automaiéese enzymes play a vital role
in DNA amplification and sequencing. Essential ndies are: (i) thermostability, as
each PCR amplification cycle includes a denatustep at ~95°C (although some
DNA requires a higher temperature); (ii) extengiate, which is important because it
represents the number of dNTPs polymerized pernseper molecule of enzyme;
(i) processivity, characterized by the averagembar of nucleotides added by a
DNA polymerase in a single binding event; and (delity, which represents the

frequency of correct nucleotide insertion per imeor insertion. The efficiency of

insertion of a correct nucleotide by DNA polymerasaries 10fold, therefore some

DNA polymerases are low fidelity and others, higlehity (Pavlovet al, 2004).
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Genes encoding ribosomal RNA are the most frequerséd phylogenetic markers
since the rDNA molecule is universal to all liferds (Hartmanret al, 2007). In
prokaryotes, small subunit ribosomal RNA (SSU rRN#Y)16S rRNA (Kennedy and
Gewin, 1997; Kelly, 2003; Madigaet al, 2003), consisting of approximately 1500
nucleotides, is the basis for most molecular sgidé the soil microbiota. The
diversity, richness and structure of microbial pagions may be described using this
marker (Sessitscht al, 2002; Kelly, 2003). It not only contains severagjions of
highly conserved sequences, to ensure proper seguaignment, but also has
sufficient sequence variability in other areas loé tmolecule, to serve as a good
phylogenetic chronometer. In order to obtain act&® rDNA sequences, the genes
encoding them are directly amplified from genomiblAd by PCR. For 16S rRNA
sequences on the other hand, amplification by Revdiranscription (RT)-PCR
(section 2.4.2.2.3) is required (Nikolaust al, 2004). This may be followed by
sequencing the PCR amplicons thus produced. Subsegunalyses may use DGGE
(section 2.4.2.2.6), SSCP (section 2.4.2.2.7), THRF(section 2.4.2.2.8) or
chromatographic techniques (Suzuki and Giovannd®86; Madiganet al, 2003;
Hartmann,et al, 2007). Newly generated rDNA or rRNA sequences ttaan be
compared with sequences in various databases ssudmeaNational Centre for
Biotechnology (NCBI) or the Ribosomal Database &bj(RDP) (Madigaret al,
2003; Mitchell and Zuccaro, 2006).

Molecular techniques are also being applied inéngas to fungi, concentrating on
the fungal ribosomal RNA gene cluster that consiststhree rRNA subunits,
internally transcribed spacers (ITS) and intergepacers (IGS) (Vainio and Hantula,
2000; Bridge and Spooner, 2001; Horton and Brum@12 Gomeset al, 2003;
Anderson and Parkin, 2007). Broad-based studiebegerformed using the nuclear
large 28S subunit (LSU) or the small 18S rRNA sub(®SU). These subunits are
mainly used in phylogenetic studies to determinelgionary relationships, and are
the ‘backbone’ for identifying rDNA signals ampéfi from the environment
(Mitchell and Zuccaro, 2006). In general, a lackvafiation in the 18S rRNA gene
often eliminates it as a target for studies (Kmzet al, 2008). However, de Souea
al. (2004) reported that while the V3—-V4 region oé th8S rRNA gene contained

insufficient variation to discriminate between diéntGigasporaspp, heterogeneity



49

within the V9 region could be used to identify a#lcognised species within this

genus.

The ITS regions one and two, display the greaegtience and size variation in the
fungal rRNA gene cluster (Mitchell and Zuccaro, @D0Anderson and Parkin (2007)
reported that the highly variable nature of rapieNwlving rDNA ITS spacer regions,
has made them the most popular choice for speewt-identification of fungal taxa
in environmental pools. Analyses using the ITS argwhile successful, may result
in an overestimation of species diversity in theiemment (Vainio and Hantula,
2000; van Elsast al, 2000; Hagret al, 2003; Opiket al, 2003).

Molecular strategies for the direct detection & tlariation and fate of soil fungi are
less well developed and lack specificity comparethbse for soil bacteria (van Elsas
et al, 2000). Identification based on the 18S rRNA genfeingi is problematic and is
limited to genus or family level. This is due teetlack of variation in the conserved
regions within the 18S rRNA as a result of the treddy short period of fungal
evolution compared to that of bacteria (Kwa et al, 2008). As a result, the
eukaryotic 18S rDNA sequence database is less @mapsive than that of
prokaryotic 16S rDNA (van Elsast al, 2000; Oros-Sichleet al, 2006; Kwd&na et
al., 2008). Nonetheless, the electronic databasenstantly expanding (Hirscét al,
2010).

24221 PCRprimers

To obtain unambiguous results after PCR amplificgtcareful primer design, and a
strong specificity of these primers to the targehes are required (Madiga al,
2003; Marshallet al, 2003). It is possible to tailor analyses to exanthe entire
community, particular organisms, or taxa of intereg using either universal or
group-specific primers (Kent and Triplett, 2002nitkrsal primers may be used to
produce a phylogenetic inventory of the whole prg&tc component of a microbial
community, as all the 16S rRNA genes in the samjllebe amplified (Kelly, 2003).
When using universal primers with PCR-DGGE (secfigh2.2.6), dominant species

in soil bacterial consortia, can be detected ovielewaxonomic distances (Nierat
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al., 2001). However, they often contain degeneratiasmay influence the formation
of primer-template hybrids (Suzuki and Giovanndr96). Nikolauszt al. (2004)

reported that universal primers designed for thalo Bacteria, also amplified plant
chloroplast ribosomal genes. Consequently theysaeva rapid RNA isolation and a
RT-PCR method (section 2.4.2.2.3) to investigatezofiiane bacteria which

significantly reduced the abundance of chloropdasplicons.

Unlike universal primers, those that are desigmethtget specific genes of a group,
can differentially detect that particular group (I§e2003). For example, Heuet al
(2002) analysed the 16S rRNA genes of the rhizaspbemmunities of transgenic
and wild type potato lines by PCR. They used pramspecific for bacterja
Actinomycetalesanda- or f-Proteobacteria, which enabled a taxon level corapari
to be made between the communities. In another pbearhy using specific primers
that targeted the hypervariable regions of the dBSA gene, Sabagt al (2000)
detectedEscherichia colin heterogeneous soil samples. Oligomer primere teen
designed to study soil bacterial populations inedivn the nitrogen cycle, as genes
coding for the different enzymes of nitrificatiadN; fixation, and denitrification have
all been sequenced (Rosethal., 2002).

In fungi, some highly conserved sequences in thesomal subunits may be used to
produce broad-specificity PCR primers, includings having enhanced specificity
for fungi in general, and others for asco- or basiycetes. This enables fungal
sequences from mixed samples containing DNA frongifand other organisms, to
be selectively amplified from total soil extracta(nio and Hantula, 2000; Bridge
and Spooner, 2001; Marshatlal, 2003). Reliable amplification of fungal 18S rDNA
fragments from soil requires primer systems thataaplify representatives from all
four major fungal taxonomic groups, namely, Phycootg§, Zygomycota,
Ascomycota and Basidiomycota (Deacetnal, 2006; Oros-Sichleet al, 2006)). In
addition, the amplicons should contain sufficientylpgenetic information to
differentiate between the fungal taxa. Furthermamplification should be highly
reproducible for a wide range of different soil gd@s (Oros-Sichleet al, 2006). As
the fungal ITS regions are important for distingpumg) fungal species, a complete set

of primers was developed to discriminate betweentphnd fungal sequences in
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environmental samples containing high levels ofkbgaaund plant DNA (Martin and
Rygiewicz, 2005).

2.4.2.2.2 Limitationsof PCR

While PCR-based community analysis is the molecoiathod most widely used to
characterise soil microbial communities, and hadswntially increased our
knowledge of bacterial and, to a lesser extentgdiistructural diversity, it should be
noted that it has several limitations (Kent andplitit, 2002; Aguileraet al, 2006;
Mitchell and Zuccaro, 2006). These may be minimisgdmproving PCR conditions
(Forneyet al,, 2004; Mitchell and Zuccaro, 2006).

It is incorrect to assume that all DNA in a sampl#d be amplified with equal
efficiency as, in some cases, DNA from certain oigas is preferentially amplified
(Vainio and Hantula, 2000; Kelly, 2003). Differescén cell wall lysis, DNA
extraction efficiency, differences in gene copy memand/or the efficiency of the
PCR reaction itself, can cause biases in ampliGoagMiller et al, 1999; Schweiger
and Tebbe, 2000; Kelly, 2003). Another common peoblencountered in PCR is
contamination of the reaction mixture with foreQNA (Amannet al, 1995).

Leuders and Friedrich (2003) evaluated possiblecesuof PCR amplification bias,
using terminal restriction fragment length polynmugm (T-RFLP) analysis of SSU
rDNA. They also analysed methyl-coenzyme M redwt@scrA) genes from soil
DNA extracts, thus precisely quantifying the PCRdurct pool. This indicated that

bias had occurred.

Several factors may bias relative frequencies okegan PCR products from mixed-
template reactions, namely, the guanine plus ayo$G+C) content of template
DNA, different binding energies resulting from pagmdegeneracy, and the influence
of template folding (Suzuki and Giovannoni, 1996&enome size and the copy
number of rRNA rn) genes also influence PCR amplification (Farrekyal,, 1995).

Selective priming of certain sequences, biasesndwioning and the production of

chimeras (formed from sequences of different sgedigring PCR amplification of
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mixed culture DNA) are all disadvantages associatiga this method (Kennedy and
Gewin, 1997). The probability of chimera formatisrincreased by the availability of
partial-length rDNA fragments in low molecular wiiggenomic DNA preparations;
or by premature termination during the PCR elomgasitep; or due to the percentage
of highly conserved stretches along the primanycstre of rDNA. Fragmentation of
soil DNA during extraction procedures may also lesuthe formation of chimeras.
Once formed, chimeric sequence amplification prdsesith the same efficiency as
nonchimeric fragments (Amanet al, 1995; Niemiet al, 2001; Aguileraet al,
2006).

Another limitation of DNA-based community analysssthat both viable and non-
viable bacteria and fungi, irrespective of theirtab®lic activity, are detected. In
contrast, RNA-based analyses describe only the baktally active members of a
community, as the amount of rRNA produced can rbulgh correlated with bacterial
growth activity (Sessitschet al, 2002; Kelly, 2003). However, although
methodologies are well established for analyses @NA-based phylogeny using
thel6S rRNA gene, direct targeting of 16S rRNA asraicator of activity is less
common, as fewer suitable protocols for its extoacfrom natural environments are
available. Consequently, Griffithet al (2000) developed a rapid method for co-
extracting total DNA and RNA from natural environm® This facilitated
concomitant assessment of microbial 16S rRNA ditserby both PCR and Reverse
Transcription (RT)-PCR (section 2.4.2.2.3) ampéfion from a single extraction. In
another study, Sessitscat al (2002) evaluated different extraction and soil
conservation protocols for the isolation of RNArfrcsoil, for bacterial community
and functional analysis. They found that differBMNA isolation methods affected the
recovery of mRNA, as well as community compositiand the abundance of

individual members.
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24.2.2.3 Reversetranscription (RT) and reversetranscription-PCR
(RT-PCR)

Two variations of PCR are RT, and RT-PCR. The ergyraverse transcriptase is
used in RT to clone rDNA, transcribed from 16S rRi#at permits the selective
retrieval of rRNA sequences. Once the complementaiyA (c rDNA) clone has
been constructed, the RNA may be amplified by RRP@Qsing rDNA-specific
primers. This allows for more rigorous sequenceieel from rRNA rather than
from DNA, and permits the expression of functiorgdnes. However, chimera
formation is still problematic (Amanet al, 1995; Kennedy and Gewin, 1997; Kelly,
2003). In a study by Anderson and Parkin (2007);FCR amplification of fungal
precursor rRNA molecules was used to detect fulialregions in RNA pools. This
method enabled active soil fungi to be detected.

24.2.24 Quantitative PCR (qPCR)

A further variation of PCR is quantitative PCR (d®QManter and Vivanco, 2007).
This may be used to quantify the composition ofcfional guilds of diverse
microorganisms, by analysing the abundance of fonal genes. Whole-community
DNA or RNA extracted from environmental samplestsas soils, may thus be
analysed (Sharmat al, 2007). Purpose-designed primer sets target theeceed
regions within functional gene sequences, and meate abundance of each gene
and its transcripts. While gene or transcript nursilper unit of soil DNA/cDNA can
accurately be assessed by gPCR, converting thelsesvao cell densities and
biomass, and relating them directly to soil massatume are more difficult. This is
due to the variability of both genome copy numbed size (Sharmat al, 2007).
Specific gPCR assays have been developed to quauaiticular AMF taxa under
environmental conditions (Gamper al, 2008). gPCR can be performed using three
different methods, namely, most probable numberNMRompetitive and real-time
PCR. The latter is briefly outlined below.
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24225 Real-timePCR

The introduction of real-time PCR technology hagrioved and simplified nucleic
acid quantification significantly, and now has wiaeplications (Klein, 2002). Real-
time PCR enables specific organisms from complexxed DNA templates to be
identified and quantified by measuring PCR prodicdumulation (Heiet al, 1996).
This technology employs either non-specific fluaoig DNA binding dyes, such as
SYBR® Green 1 (Klein, 2002), or sequence-specific, datadlled fluorogenic
hybridization probes such as TagMaiHeid et al, 1996). An increase in
fluorescence during PCR reflects the increase wofiyagenerated DNA amplicons,
and is used to estimate DNA content in samples. nike advantages of real-time
over traditional endpoint quantitative PCR arepitscision, greater accuracy (as high
PCR cycle numbers are avoided after initial angdifion) and reduced handling
times, as amplification and detection are combi(&tarmaet al, 2007; Gampeet
al., 2008).

A number of community ‘fingerprint’ methods are @ntly used to assess differences
in population composition between different sampbestreatments, and to assess
changes in microbial communities over time (Kerd &niplett, 2002), some of which

are reviewed below.

2.4.2.2.6 Gradient gel electrophoresis

When a single set of primers is used for PCR, arellof amplified fragments of the
same size usually results, although it may contaiany closely-related but
unidentical genes. Therefore, to resolve the difieforms of the gene before further
analysis, an additional step is required (Madigaral, 2003; Maliket al, 2008).
Denaturing gradient gel electrophoresis (DGGE) imayised for this purpose (Malik
et al, 2008).

Muyzeret al (1993) described DGGE for directly estimating temetic diversity of
complex microbial communities. It involves the ¢tephoresis of 16S rDNA PCR
amplicons (prokaryotes) or 18S rDNA amplicons (ey&tes) in polyacrylamide gels
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that contain a linearly increasing gradient of derents (urea and formamide). DNA
fragments of the same size but differing in basgieece are separated on the basis of
the electrophoretic mobility of a partially meltddNA molecule. Differential
migration of DNA fragments occurs because more teaat is required to separate
sequences with a high G+C content, as there ame tht bonds between the
complementary nucleotides G and C but only two betwadenine (A) and thymine
(T), holding the DNA strands together (Nakatsu, 200rhe melting of fragments
proceeds in discrete so-called ‘melting domaintt tis, stretches of base pairs with
an identical melting temperature. Double-strand&tAbegins to ‘melt’ as soon as a
region containing a high enough concentration ofafierant is reached. Migration
then stops due to the transition of helical toiplyt melted molecules. Differences in
base sequence control differences in melting ptegserTherefore, individual bands
in a DGGE gel represent different forms of a gigeme, which may vary only very

slightly in sequence (Muyzet al, 1993).

A variation of the method is to attach a GC-ricangp to the end of one of the PCR
primers so modifying the melting behaviour of tih@giment thus generated (Muyzer
et al, 1993). The GC clamp ensures that part of the Dfdgment remains double-
stranded during DGGE, which prevents it from denagicompletely into single
strands (Kirket al, 2004). This allows for the detection of almodt @ossible
sequence variations during subsequent DGGE (Mgeral, 1985; Muyzeret al,
1993) (Figure 2.2). Sharp bands are produced whe@ a&lamp is used, as migration
of the fragments is stabilized (Nakatsu, 2007).
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FIGURE 2.2 Schematic diagram of PCR-DGGE showing steps irptbeedure from: (i)
DNA extraction to (ii) PCR of rRNA genes to (iiip¢ separation of DNA fragments with a
GC clamp in a denaturing gel (Crump, 2005).

Individual bands on the gel may be excised and esszpd, allowing the actual
species present in the community to be determibgd;omparing these sequences
with those of known species in databases (Madejaal, 2003). Modern sequencing
methods have formed the basis for analyses of eapsgecific habitat requirements,
models of single-species and community dynamicd,amsessments of the functional

roles of species within an ecosystem (Ovaskaatext, 2010).

If specific genes, such as those coding for differaetabolic processes are used in a
DGGE analysis, information is obtained on the numbé different types of
organisms in a community that contain those gethess, revealing the biocomplexity
of a habitat (Madigaset al, 2003; Lynchet al, 2004). DGGE analysis has been used
successfully to identify sequence variations in uanber of genes from various
different microorganisms; for direct genomic DNAadysis of organisms with large
genomes (Muyzeet al, 1993); to profile complex microbial communitiesnd to
assess their phylogenetic and functional diver@gnnedy and Gewin, 1997; Kelly,
2003). For example, Fjellbirkelandt al (2001) characterised the diversity of
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methanotrophic communities in an agricultural saising DGGE analysis of
functional markers together with a phylogenetic kearWartiaineret al (2003) used
PCR-DGGE and sequencing to show that only a lowndance of different
methanotrophs occurred in different high Arctic laet soils. Duinevel@t al.(2001)

used PCR-DGGE of 16S rRNA as well as of DNA fragtaaroding for 16S rRNA,

in an analysis of bacterial communities in ChryBantum rhizospheres.

Fungal species profiles obtained directly from emwmental samples have also been
investigated using DGGE analysis of PCR amplifie€lJSDNA molecules. These
fungal groups would not normally have been deteatethey are difficult to cultivate,
but most of the PCR amplicons were successfullasged by DGGE (Vainio and
Hantula, 2000). Sekiguckt al (2008) used PCR-DGGE in a comparative analysis of
environmental variability and fungal community stiwre, in soils under conventional
and organic farming systems. Gonetsal. (2003) showed that DGGE of fungal 18S
rDNA fragments could discriminate between the furaganmunities associated with
the rhizospheres of young maize plants and thoseeokscent maize plants. In
another study, various wood-inhabiting fungi wetenitified using PCR-DGGE of the
ITS regions, followed by sequencing (Ovaskaieeal, 2010).

The advantages of DGGE are that, in comparisordiming, it is a relatively rapid,
reliable procedure for evaluating the distributmhamplifiable sequence types, and
also permits the separation of PCR products frdifiergint organisms. In addition, it
detects populations in a sample that cannot betifdehby cloning (Kennedy and
Gewin, 1997). Concurrent analysis of multiple sampk also possible (Kirkt al,
2004). It also enables spatial/temporal changesiénobial community structure to be
monitored and provides a simple view of the domirsgecies in a sample (Malét
al., 2008).

The disadvantages of DGGE are that the procedulaaious (Kirket al, 2004),
not all populations are detected and sequencesiitaited. In addition, separation of
fragments greater than 500 base pairs in lengttedsiced (Kennedy and Gewin,
1997; Malik et al, 2008). This prevents adequate evaluation of qgenetic
relationships, as the limited fragment size max e required sequence specificity
(Aguileraet al, 2006; Maliket al, 2008). Another disadvantage of DGGE is that as
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denaturation characteristics and GC content sepdrahds, specific bands may
contain more than one species, or several copietheofsame amplified section,
leading to an underestimation of species numbergthneret al, 2001; Porteret

al., 2008). Also, most of the species found in sl present only in relatively small
numbers. Thus, if fewer than about one million dfaaterial species are present, they
are not detectable by PCR-DGGE (Dikt al, 2004). Conversely, some species
generate multiple bands, due to the heterogenditther 16S rDNA nucleotide
sequences, thus leading to an overestimation ofiepewumbers (Nakatset al,
2000). Thus band intensity may not be a true rgflacof microbial community
abundance (Malilet al, 2008).

Calabria de Araujo and Schneider (2008) reportetl IGGE of genomic DNA was
suitable for the detection of numerically importanganisms but not for identification
of the dominant organisms in a small community. Tindtiple bands they obtained
for single organisms when targeting the V3 regioade interpretation of the DGGE
profiles very difficult. In contrast, Zhonet al. (2007) found that PCR-DGGE could
detect only the dominant species present in saipéss. Nakatset al. (2000), when
evaluating microbial populations from soils undéffedlent agronomic treatments,
reported that DGGE was useful as a preliminary dtepdifferentiate between
communities, and allowed for the rapid screeningnattiple samples for ecological
studies. A limitation was that quantitative anadysf all samples was not possible, as
in highly diverse ecosystems, the large number afds produced could not

adequately be resolved.

Temporal temperature gradient electrophoresis (T)T@kd thermal gradient gel
electrophoresis (TGGE) are two similar methodsstmdying diversity (Kirket al,
2004; Maliket al, 2008). TTGE and TGGE are variations of DGGE wlsparation
of PCR products in a polyacrylamide gel is achielbgdneans of a thermal gradient
rather than a denaturing gradient (Heuer and Simd@7a; Kent and Triplett, 2002).
The number of bands produced during DGGE, TGGETan@E are proportional to
the number of dominant species in the sample (Msldd., 2008).
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2.4.2.2.7 Single strand conformation polymor phism (SSCP)

SSCP detects sequence variations between diffex@Rt amplicons from 16S rRNA
genes, and is based on the differential intra-nmuéecfolding of DNA strands.
Characteristic band patterns are formed in a pojj@mide gel by bacterial strands
and the relative diversity of bacterial communitiesthen measured, enabling the
detection of a population making up only 1.6% aof tommunity (Schweiger and
Tebbe, 2000; Liuet al, 2006). Spatial and temporal changes in a comiyare
revealed by this method (Kennedy and Gewin, 1987alGet al, 2001; Lynchet al,
2004). Limitations include PCR bias and the promunctof several bands by a
bacterial species due to different conformations tbé single-stranded PCR

amplicons, or to the presence of several operoysctiet al, 2004).

24.2.2.8 Terminal restriction fragment length polymorphisms (T-
RFLP)

T-RFLP analysis involves restriction digestion fusiendonucleases that cleave
specific DNA sequences) of fluorescent end-labelBNA PCR amplicons from
microbial community DNA, followed by electrophoresiThe complex community
profiles thus obtained may be used for phylogenetterpretation and provide
guantitative estimates of diversity, as each fragnrepresents a single ribotype
(Tiedjeet al, 1999; Dollhopfet al, 2001; Lynchet al, 2004). T-RFLP has been used
to assess representivity of soil fungal communityfifes in soil ecological studies
(Schwarzenbachkt al, 2007). However, it is limited by DNA extractioRCR biases,
and the choice of universal primers. It may alsdawastimate true diversity (Kirét
al., 2004). In bacterial analyses, community-leveRRELP profiles are highly robust
but not in fungal profiles, as sample size seemsh&wve a greater effect
(Schwarzenbacht al, 2007).



60

2.4.2.3 PCR-independent techniques

2.4.2.3.1 DNA reassociation

An alternative to the phenotypic approach for maagubacterial genetic diversity is
DNA reassociation. By comparing the reassociatiore tof total community DNA
with a standard curve of reassociation kineticsaoknown number of cultured
genomes, the first culture-independent estima#660 genomes per gram of soil was
determined. In this method, the total DNA extractiedm the environment is
thermally denatured and allowed to re-anneal. Hte of reassociation depends on
the similarity of sequences present. With an ireeda the DNA sequence diversity,
the DNA association rate decreases (Torsetkal, 1990 a, b). Renaturation of
homologous single-stranded DNA follows second-ordeaction kinetics. The
fraction of renatured DNA may be expressed as atim of the productGy') of
DNA nucleotide concentrationCg) in moles per litre and the reaction timig ify
seconds. Under specific condition€y' for a half-completed reactionC) is
proportional to the genome size or the complexitthe DNA present (defined as the
number of nucleotides in the DNA of a haploid cellithout repetitive DNA).
Similarly, bacterial community genetic diversitynche expressed usir@y, as a
diversity index (Torsviket al., 1990a; Kirket al, 2004). Highly purified DNA is
required to estimate prokaryotic diversity and a®lAD from soil microbial
communities is very complex, the reassociation istew. Good estimates @'/

require long reassociation times to reach 50% oeetson (Lynchet al,, 2004).

2.4.2.3.2 Guaninepluscytosine (G+C) analysis

This method is based on the fact that prokaryotdADvaries from about 24—-76%
G+C contentvs A+T (adenine plus thymine) and organisms in speddxonomic

groups vary no more than 3-5% in G+C content. $josar by base composition is
effected by the binding of bisbenzimidazole to ademnd thymidine, which changes
the buoyant density of DNA. Centrifugation in a Csfensity gradient then
establishes a gradient of DNA fragments of diffgri®+C concentrations. The

analysis is not subject to PCR bias or ineffechybridisation, and provides a coarse
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level of resolution. It is a quantitative methogaeating low biomass fractions from
the dominant biomass but a disadvantage is thge lamounts of DNA (50 ug) are
required (Tiedjeet al, 1999).

2.4.2.3.3 Fluorescencein situ hybridisation (FISH)

FISH involves direct microscopic examination of rommrganisms and can be used to
evaluate their function and distributiom situ, by means of oligonucleotide
hybridisation probes, complementary to regionshef16S rRNA gene. FISH may be
used together with DAPI (4', 6'-diamidino-2-phengiole), 2-p-iodophenyl)-3-p-
nitrophenyl)-5-phenyltetrazolium chloride (INT)-foazan, or 5-cyano-2,3-ditolyl
tetrazolium chloride (CTC) staining, to evaluateat@bundance or active cell count.
FISH targets specific groups of organisms but fragdd application because of low
throughput (Kent and Triplett, 2002; Lynehal, 2004; Hartmanet al, 2007).

24.2.34 Metagenomiclibraries

Metagenomic libraries contain total genomic DNA laged directly from soil
microbial populations and are used to investigagmetic diversity of overall
community structure. To access soil metagenomic PN#ge fragments of soil
microbial DNA are cloned into bacterial artificiehromosome (BAC) vectors, which
have the advantage of being able to maintain stab&ts as large as 100 Kb, inEan
coli host These libraries are useful for investigating micabkdiversity as they
provide genetic information on uncultured soil roloes and may form the basis for
new studies linking phylogenetic and functionabmmation. As PCR amplification is
not required, PCR bias is eliminated (Rona@bml, 2000; Lileset al, 2003; Lynchet
al., 2004).

2.4.2.35 Microarrays

Conventional hybridisation techniques involve bagairing between two
complementary, single-stranded nucleic acid mo&scub form a stable double-

stranded molecule. Nucleic acid hybridisation canused to identify a particular
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clone if a DNA or RNA probe, complementary to theng of interest, is used (Brown,
1980). This process is very time consuming, rdsttite number of probes that can be

applied, and allows only limited information to tetained (Kelly, 2003).

Consequently, a powerful technique, microarrays, been developed, which enables
an entire genome to be analysed simultaneously i(Macet al, 2003; Hartmanret
al.,, 2007). This was made possible by developmentgemomic sequencing, by
advances in miniaturisation and in the high-densytythesis of nucleic acids on solid
supports (usually glass or polymer slides) (Caus2602). A large number of nucleic
acids can be spotted onto a very small surface, aapd are then hybridised
simultaneously (Kelly, 2003; Hartmaret al, 2007). Two types of microarrays are
available: cDNA arrays (using PCR products) andjarlucleotide arrays (oligo-

arrays), where the spots consist of oligonuclesti@auston, 2002).

Microarrays can characterise environmental micighigulations and their function,
as the expression of thousands of genes can beatedhoth qualitatively and
guantitatively (Kelly, 2003; Madigart al, 2003; Hartmanret al, 2007). They
facilitate the analysis of functional assemblageguwlds, by differentiating among a
broad and partly unknown variety of DNA targets lfgh sequence identity
(Taroncher-Oldenburgt al, 2003). Kisteet al. (2007) used target microarrays and

anin silico approach to profile transcriptomes in mycorrheaahbioses.

Microarray technology avoids some of the limitasasf 16S rRNA-based protocols
as functional genes are analysed (Kelly, 2003) thedmethod is relatively quick
(Tiedjeet al, 2001).

2.5 CONCLUSIONS

The loss of biodiversity, both above- and belowugidy, and the effects of human
activities on this diversity, are growing concerAs.the same time, the search for
cost-effective, sustainable, low-input agricultusgistems is ongoing. Furthermore,
there is an increasing awareness of the importdataf soil microbes in ecosystem

processes and of the concept of soil quality as@ioator of soil health. The study of
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these concepts has largely been made possible dyadlient of powerful new

molecular approaches. These techniques are invalsaice traditional methods of
determining soil microbial community compositionvealed only a very small

proportion of the microorganisms present, leadmgdil being described as a ‘black
box’. However, no single method is without its dbagks. As such, if the contents of
the ‘black box’ are to be determined, the best aagn is most likely multifaceted,

including traditional, CLPP and molecular technisju€he remainder of this thesis
describes such an approach.
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Chapter 3

EFFECTS OF LAND USE AND MANAGEMENT ON SOIL
BACTERIAL DIVERSITY ASMEASURED BY PCR-
DGGE’

3.1 INTRODUCTION

It is well known that anthropogenic activities suak changes in land use and
management practices influence structural and imak diversity of soil microbes
(Kennedy and Gewin, 1997; Mendum and Hirsch, 2002 KwaZulu-Natal, South
Africa, previous studies have shown, that agricaltuand use, such as arable
cropping, pasture and forestry, affects both sghnic matter status and the size and
activity of the soil microbial biomass (Dominy amthynes, 2002; Haynest al,
2003). It was demonstrated that soils under aratups (sugarcane and maize) and
annual ryegrass pasture had lost organic matten vdoepared with undisturbed
native grassland, whereas under commercial forestganic matter was conserved.
Conversely, under permanent kikuyu dairy pastuod, @ganic matter content had
increased (Haynest al, 2003). Microbial biomass C concentrations andrafial
guotient biomass C (as a percentage of organih@yed the same general trend as

soil organic C (Dominy and Haynes, 2002).

Nsabimanaet al (2004) and Graham and Haynes (2005) determineccaabolic

diversity of soil microbial communities under thbose-mentioned managements,
and found large differences in catabolic capabdityong the microbial communities
inhabiting the different land use types. Nsabimataal (2004) concluded that

greatest catabolic diversity occurred in soil undetive grassland and lowest
diversity under exotic plantations. However, whdeaham and Haynes (2005) also
found greatest catabolic diversity under nativesgiand, the lowest values were

recorded under arable crops such as sugarcaneaind.m

" Parts of this chapter have been published in: igtlal (2010), Applied Soil Ecology 46, 147-150.
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Soil organic matter status and microbial biomass and activity are also affected by
soil management practice within a particular larse,uas shown by studies on the
long-term (65 years) sugarcane trash managemeait ati Mount Edgecombe,
KwaZulu-Natal, South Africa. Green cane harvestinity retention of a trash blanket,
resulted in an accumulation of organic matter agdrecomitant increase in microbial
biomass and basal respiration, when compared wékharvest burning (Grahaet
al.,, 2002a, b). In addition, fertilized plots gengrahad a greater soil organic C
content and microbial biomass than unfertilizedtgldue to higher crop yields and,
therefore, greater returns of organic residueshéosoil (Grahanet al, 2002b). In
studies of catabolic diversity, Graham and Hayr280%; 2006) showed that the
catabolic capability of soil bacteria under traslkbade differed markedly from that of
communities under burnt cane, with the additiorfesfilizer having a slight effect.
Their results demonstrated that catabolic diversis substantially greater under

trashing than burning (Graham and Haynes, 2005).

While the above studies investigated the effectdanfl use and management on
bacterial functional (catabolic) diversity, no istigations into their effects on the
genetic diversity (community composition) have,sHar, been undertaken at these
sites. Functional diversity is not necessarily #ieotion of genetic and taxonomic
diversity since one species of microorganism mayfop@ many functions or,
conversely, a multiplicity of microbial species magrform a particular function
(Giller et al, 1997). However, studies in other parts of theldvbave shown that
both land use and management can alter the taxondinersity and composition of
soil microbial communities (Kowalchust al, 2000; Marschneegt al, 2001; Webster
et al, 2002; Miethlinget al, 2003).

Molecular profiling using DGGE analysis of ampldid6S rDNA is a powerful tool
in the study of bacterial diversity in complex eaviments (Smallat al, 2001; Smit
et al, 2001). Therefore, PCR-DGGE was used to deterrtiiaempact of different
land uses and management practices on the gesttict(iral) diversity of the soil
bacterial communities at two sites in KwaZulu-Natahere the organic matter status
and the size, activity and catabolic diversity bk tmicrobial communities had
previously been studied (Dominy and Haynes, 200ah&met al, 2002a, b).
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32 MATERIALSAND METHODS

3.2.1 Sitesand soils

Two long-term experimental sites located in KwaZNlatal, South Africa, were
selected for this study. These sites were chosetl #se land uses and management
practices have been in place for many years, am@t¢bsystem was deemed to have

achieved a degree of equilibrium before samplirds f@ace.

For comparison of the effects of different land sus@ soil microbial populations,
fields on Baynesfield Estate (site 1) in the KwagdNlatal midlands (2722’S and 30°
45’E) previously described by Dominy and HaynesO@Q were used. Cropping
histories were: > 50 years permanent kikuyu grassupe Pennisetum clandestinum,
Chiov) (KIK); > 30 years continuous, pre-harvestriiusugarcane Saccharum
officinarum Linn.) (SC); > 30 years continuous maizéed mays,Linn.) under
conventional tillage (M); > 20 years pine plantati®inus patula,Schiede) (PF); 6
years wattle plantatiomnA€acia mearnsiiDe Wild) (W) planted between the stumps
of a harvested 20-yeaEucalyptusplantation; and undisturbed native grassland
(NAT). The native, high diversity grassland is aited in an area separated from
agricultural land on one side by a roadway andhendther by old buildings. It has
never been cultivated or fertilized and is typicdl grasslands in the area. The
vegetation is dominated bjhemedagrassland, with grasses suchM@nocymbium
ceresiiforme, Trachypogon spicatus, Tristachya ¢¢lwix, Eragrostis racemosand
Diheteropogon amplectergrominent (Low and Rebelo, 1996). All the agriov
fields had been fertilized with typical annual safer arable and grassland sites of
approximately 100-300 kg N H1a50-150 kg K ha and 25-50 kg P Ha For forestry
plantation soils, typical fertilizer rates are appmately 50-100 kg N kg 10-60 kg

K ha' and 10-25 kg P Haapplied at the start of each rotation. The maizgasane
and pasture sites are irrigated during the dry eviperiod. Mean annual rainfall is
844 mm and mean monthly temperatures range froraxammum in January of 21.1°C
(maximum 25.9°C, minimum 16.3°C) to a minimum of3& in June (maximum

16.3°C, minimum 5.6°C). The site is located onssaiassified as Hutton form
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(Farmingham series) (Soil Classification Workingo@p, 1991) or as Rhodic
Ferralsols (IUSS Working Group WRB, 2006).

To compare trash management effects on the soifobia communities, an
experimental site situated at the South Africang®cane Research Institute (SASRI)
at Mount Edgecombe (31®4'S and 29° 43'E) was used (site 2). All sugarcane
varieties used at SASRI are hybrids, in this c&secharumofficinarum x S.
spontaneumvar. N27. The site BT/139, previously described ®Gsahamet al.
(2002a), was established in 1939 and is a long-tf@msharvest burning and crop
residue (trash) retention trial. Experimental tneextts studied were: (i) green cane
harvested with retention of a trash mulch (100%echveither fertilized [TF] or
unfertilized [TFo]; and (ii) pre-harvest burnt cawéh harvest residues (tops) raked
off, either fertilized [BtoF], or unfertilized, [BFo]. Annual fertilizer applications are
160 kg N hd, 32 kg P hd and 160 kg K ha The experiment is replicated in a
randomized split plot design, the main plots beirash management treatments.
Mean annual rainfall is approximately 950 mm. Tbe is classified as Arcadia form,
Lonehill family (Soil Classification Working Groufd,991) or as a Chromic Vertisol
(IUSS Working Group WRB, 2006).

3.2.2 Site sampling

Soil samples from both sites were collected frodepth of 0—5 cm during the fallow
period at the end of the dry winter season in 20@t. the different land uses at
Baynesfield, each field or plantation was dividaetbithree separate sampling areas
(each approximately 60 9n Composite (bulked) samples, consisting of terdom
subsamples per sampling area were collected, iregulh three separate bulked
samples per land use. For comparison of trash neamegt at Mount Edgecombe, 10
soil samples (0-5 cm depth) were randomly takemfrander the rows of three
replicates of each treatment over the entire area.subsamples from each replicate
were bulked so that there were three independemplsa for each land management.
All bulked, field-moist samples were thoroughly mik and sieved (2 mm) in the
laboratory. Subsamples for DNA extraction were eson plastic bags at 4°C and

further subsamples for chemical analysis were agjaved (< 1 mm) and air-dried.
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3.2.3 Chemical analysis

The air-dried, sieved soil samples were analyserbbiine testing methods (Manson
et al, 1993) by the Soil Fertility and Analytical Sezgs Division of KwaZulu-Natal
Department of Agriculture and Environmental Affaiedara. Exchangeable acidity
and exchangeable Ca and Mg were extracted withKKQ\(1:10 soil:solution ratio)
for 10 minutes. The pH of the extract was measwét a glass electrode and
exchange acidity by titration. Exchangeable K arttagtable P, Zn and Mn were
extracted with AMBIC reagent (0.025 M NHCO;3; 0.01 M NH;F; 0.01 M EDTA
[ethylenediaminetetra-acetic acid] at pH 8.0) usin@:10 soil:solution ratio for 10
minutes. Total exchangeable Ca, Mg, K, Mn and Zmrrewanalysed by atomic
absorption spectrophotometry and P by the molybalerblue method. Total
exchangeable Ca, Mg, K and acidity were summed i@ ¢otal cations’, an
approximation of the effective cation exchange capgdECEC). While N (the C/N
ratio) is important in determining the structuredafninction of the soil microbial
communities, this factor was not considered her@a®e of the current extraction
methods can predict soil N supply accurately (Rogress). Organic C content was
estimated by the Walkley-Black dichromate oxidatmocedure (Walkley, 1947) in
the University of KwaZulu-Natal laboratories.

3.2.4 DNA extraction

The UltraClean™ Soil DNA Isolation Kit (MO BIO Labatories, Inc. CA, USA),
was used to extract and purify DNA directly frone thoil samples according to the
manufacturer’s instructions (using the protocoligiesd to maximize yields). For the
Baynesfield samples, 0.5 g field-moist soil fromizea sugarcane, native grassland,
kikuyu pasture, pine and wattle respectively, wadded to MO BIO bead-beating
tubes. For the Mount Edgecombe samples, becaud@NAeconcentration was low,
0.7 g field-moist soil from each replicate of tlwaf treatments was added to the MO
BIO tubes. All DNA samples were prepared in dupécaone set being stored at

-20°C for subsequent analyses and the other aE -89% long-term back up.
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3.2.5 PCR amplification of 16SrDNA fragments

Initially, three primer pairs were used to amplpgyokaryotic 16S rDNA from the
different soil communities, namely, P63fGC/534r183C/534r, and 968fGC/1410r
(Watanabe et al, 2001). While all primer pairs amplified efficiépt only
341fGC/534r consistently gave good results in sgiset DGGE analysis. Therefore,
this universal bacterial primer pair, which amg#i the variable V3 region of
bacterial 16S rDNA gene sequences, from nucleotddds-534 E. coli numbering)
(Dilly et al, 2004), was chosen for PCR amplification of salterial DNA. To
ensure efficient separation of fragments in subsegDGGE, a GC clamp was added
to the 5' end of the forward primer, 341f (Muyeerl, 1993, 1996) (Table 3.1).

TABLE 3.1  Primers used for PCR amplification of soil bactkticS rDNA

Primef  Positior? Sequences (5'- 3") References

341fGC 341-357 CCTACGGGAGGCAGCAG (GC clampluyzeret al.
attached to the 5' end of 341f) 1993,1996

534 r 518-534 ATTACCGCGGCTGCTGG !
GC clamp CGCCCGCCGLCGLGLGGLGGGL !
GGGGCGGGGGCACGGGGGEG

&f: forward primer; r: reverse primer.
bcorresponding to the numbering in t&scherichia colsequence.

Soil DNA was amplified in a Perkin Elmer Applied @iystems Gene Amp 2400
thermal cycler (PE Corporation. Applied Biosystenixster City, CA, USA).
Reaction mixtures were prepared using the PCR ®&itre(Roche Diagnostics)
according to the manufacturer’s instructions, arteroptimized for the experimental
soils. Each reaction contained 1.0 pl template DBAynesfield soil samples) or 2.0
pl template DNA (Mount Edgecombe soil samples); M of each primer; 200 uM
of each dNTP; 2.5 mM Mggl 1.25 U Taq DNA Polymerase (Roche Diagnostics);
sterile MilliQ H,O; and 1.0 pl (20 mg 1) Bovine Serum Albumen (BSA), added to
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prevent inhibition of amplification, by organic cpounds co-extracted from the soll
(Pecku, 2003) in a buffered final volume of 50 pl.

PCR conditions were as described in a method, wimadl been adapted and
optimized for environmental samples, in the labmiaes of the University of

KwaZulu-Natal (Pecku, 2003). These were: an indi@haturation step (94°C/5 min),
followed by 35 cycles comprising: a denaturing (®2° min), annealing (55°C/1
min), and elongation (72°C/1 min) step, and finadlysingle elongation step (72°C/10
min). Amplification products (~193 bp) were analgzby electrophoresis of 5 pl
aliquots in 2% agarose gels stained with ethidiuomide, and visualized on a UV

transilluminator.

3.2.6 Community fingerprinting by DGGE

A DCode™ Universal Mutation Detection System (BiaeRLaboratories, Hercules,
CA, USA) was used for DGGE. Equal amounts of PCRIemns (visual estimation
from agarose gels) (Pennanetnal.,2004), contained in 20 pl aliquots, were loaded
onto 8% (v/v) polyacrylamide gels (Sigma, acrylaedmsacrylamide 40% solution,
mix ratio 19:1) containing a linear chemical gradieranging from 30-70%
denaturant (100% denaturant corresponds to 7 M phes 40% (v/v) deionized
formamide) in 1x TAE buffer (40 mM Tris base, 20 nadetic acid, and 1 mM
disodium EDTA, pH 8.3). The gels were allowed tdypwerize for 1.5-2.5 hours,
after which electrophoresis was run for 16 hour§@tvolts and 60°C in 1x TAE
buffer. After the run, the gels were silver-stair(et! van Verseveldpers. comn),’

scanned and photographed with the Bio-Rad Versa@bdocumentation system.

3.2.7 Dataanalysis

Image analysis of the one-dimensional (1-D) DGGE,d®y Bio-Rad Quantity One™
software (version 4.5), was used for band detedimh band intensity quantification.
The Bio-Rad Versa Doc imaging device converts sggfram biological samples into

digital data. The signal intensity of the pixelstire bands is measured as OD units

Tvan Verseveld, H., 2001. Vrije Universiteit van sterdam.
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(Bio-Rad Quantity One™ Instruction Manual, 2005)an8s were considered
common if they migrated equidistantly in a gel (Bisk et al., 2000). After
background subtraction of individual lanes using tholling disk’ method, the
position and total number of bands was determimedeéich sample, and manually
checked and adjusted (Wakelet al, 2008a). Thereafter, banding patterns were
scored as binary presence (1) or absence (0) mstramd recorded in spreadsheets.
Average relative intensity of individual bands when calculated and this data also
transferred into spreadsheets (Hoshino and Matsynait07). Band intensity was
expressed as a percentage of the summed averadenbansities across each gel.
Each band was inferred to represent individual gsoof species having similar
melting domains, whereas the band intensity inddhe relative abundance of the
group under the PCR conditions used (Eaton andelka@004; Wakelinet al,
2008a). Comparisons of lanes were confined to thdden single gels because of

variation between gels (Pennaredral, 2004).

3.2.8 Statistical analysis

For practical reasons, as the sampling sites aB#ymesfield Estate are pre-existing
land uses, the study was not established in atitally rigorous experimental design
(Lep$ and Smilauer, 2003). Accordingly, the dataewanalysed as a completely
randomised design with three separate replicapengand use, although the land use
types were not truly replicated within a formal exmental design. Therefore,
statistics were used only to describe the basitufea of the study data and have
limited application for extrapolation to other slami sites. By contrast, at Mount
Edgecombe, the experiment is replicated in a $tally correct, randomized split

plot design, so inferential statistics could belegolto this data.

Soil physicochemical properties were analysed uSSsdAgNOCO 4.5 for Windows
(Microcomputer Power, Ithaca, NY) (ter Braak andilSuer, 1997). Soil differences
were tested by Multi-Response Permutation Proced(MRPP) standardized to
standard deviation = 1, using PC-ORD 4.25, and tigcpal Component Analysis
(PCA). Tests were done on the standardized datarentme original value for each

soil variable from each site was divided by itsdd deviation (across samples) to
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allow comparisons of variables on a common scagewas done in the PCAS).

Dissimilarity between samples was measured by &iaclidistance.

Canonical correspondence analysis (CCA) using CAROLS for Windows (ter

Braak and Smilauer, 1997) was used to assess fleetsefof measured soil
physicochemical variables [organic C; pH (KCI); kange acidity; total cations
(ECEC); exchangeable K, Ca and Mg; and extractd®eon soil microbial

community structure (described by DGGE profiles)der the different land uses at
Baynesfield and trash managements at Mount EdgeeoB#rause the soil variables
at site 2 were highly collinear (variance inflatidactors > 20 for most of the
variables), a sub-set of variables with a relayivedependent significant effect on
soil microbial composition, was selected throughnpeéation testing (Monte Carlo
Permutation test, n = 499) in a stepwise selecparcess. CCA is specifically
designed to compare data in the form of contingaables where variables (in this

case, bands) are enumerated.

Microbial community composition (presence/absencB@GE bands) in soils from

fields with different land uses (Baynesfield) oadh management plots (Mount
Edgecombe), was compared by non-metric multidineeadiscaling (NMS), rotated

by PCA to produce low-dimensional plots, with therihontal axis aligned to the

direction of maximum compositional variation, based Sorensen’s distance
coefficient, using the program WinKyst 1.0 (Smilgu2002) and tested by MRPP,
standard deviation = 1. The principle behind NM®ifind a graphical representation
of the data in a few dimensions, the distance | dhdination of the samples
reflecting the (dis)similarities between the respecDGGE patterns as closely as
possible (Hernesmaa al, 2005).

Genstat Release 9.1 (PC/Windows XP) 2006, Lawesc@lgural Trust (Rothamsted
Experimental Station) was used for analyses ofawmae (ANOVA). One-way
ANOVA of species richness (S) (number of bands gmds of soil microbial
communities was carried out. Relative band intgn@itass) and position were used
to determine bacterial community evenness (J) &edShannon Weaver Diversity
Index H') (Peet, 1974). The latter provides a compositesoreaof diversity, based

on both species richness (S) (the number of bamesept) and Pielou’s species
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evenness (J(a measure of the equitability of the relative bameénsities across the
gels) (Pielou, 1977). Pairwise comparisons were anagsing the Ryan/Einot-
Gabriel/Welsch multiple range test. For Mount Edgebe data, a two-way ANOVA
of soil variables, and another of the main effeatd interaction of the trashing and
fertilizer treatments on soil bacterial richnesgrmness and diversity were carried out.
The results of ANOVA however, are not unequivodscause neither the richness
nor evenness parameter can be determined withirdgrteor prokaryotes in soil
samples (Tebbe and Schloter, 2007). Least signifiddferences were calculated at

the 5% level.

3.3 RESULTS

3.3.1 Analysesof soilsat the Baynesfield experimental site

Each of the soils tested varied with respect to midtient concentration and organic
matter content, all of which may act as potentelestion factors affecting plant
growth and soil microbial communities. The meansstandard deviation) of the
different physicochemical properties of soils unttex various agricultural land uses

are summarised in Table 3.2.

Soil organic C increased in the order: SC < M < NATW < PF < KIK. Soil pH in
increasing order was: PF < SC < M < NAT = KIK < @bncentrations of extractable
P in soils under SC and M were high at 235 mg &gd 163 mg kg, respectively.
Under KIK, P concentrations were 14.7 mg*kand under NAT, PF and W, 6.0, 5.8
and 5.4 mg kg, respectively. Similarly, soils under SC and M venriched with
extractable K relative to those of the other lasdsu Compared with the other land
uses, PF soils were characterised by low exchatg€&band Mg and high exchange
acidity. Total exchangeable cations (ECEC) wereilainfor all the land use soils
except under PF (Table 3.2).
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'IE'ABLE 3.2 Means (z sd) for selected physicochemical propemiethe study soils collected at 0-5 cm depth fbfferent land uses at Baynesfield
state
Land pH Organic Extractable Exchangeable cations Exch. Total cations
use (KCL) Carbon P acidity (ECEC)
K Ca Mg
% mg kg* cmolc kg™
SC 4.3 (0.12) 3.7 (0.26) 235 (53.60) 2.24 (0.555) 6.78(1.102) 3.04 (0.513) 0.16 (0.027)12.24 (1.517)
M 45 (0.12) 4.1 (0.19) 163 (17.70) 1.43(0.150) 6.91(0.841) 2.69(0.435) 0.07 (0.06211.11 (1.140)
KIK 4.6(0.17) 9.9 (2.11) 15(3.38) 0.93(0.375) 7.22(0.238) 5.03(0.531) 10(qn.874)  13.30 (1.915)
NAT 4.6 (0.05) 5.1(0.58) 6.0(1.66) 0.47(0.119) 6.63(0.406) 4.19(0.337) .08¢0.055)  11.38 (0.853)
PF 4.1 (0.05) 6.5(0.26) 5.8(0.49) 0.48(0.295) 3.95(0.533) 2.62(0.311) .53%0.381) 8.59 (0.671)
w 5.2(0.49) 5.1 (0.56) 5.4(1.55) 0.54(0.145) 9.08(1.227) 3.57 (0.608) .08@q0.027)  13.28 (1.937)

Key: SC = sugarcane (burnt cane harvested); M = nfa@e/entional tillage); KIK = permanent kikuyu pais;

NAT = native grassland; PF = pine plantation; Wattle plantation.
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Overall dissimilarities among the soil samples fritva different fields and plantations
were calculated by MRPP. A greater difference betw#he soils under the various
land uses than among the three replicates of eaitlwas shown. However, soils
under M and SC could not be differentiated nor ¢hosder KIK and NAT. Results

are summarised in Table 3.3.

TABLE 3.3  Multi-Response Permutation Procedures (MRPP) df goysicochemical
properties, showing pairwise comparisons of therBafield soils

Land use Test statistic (T) Probability (p)
KIK vs. M -2.655 0.024
KIK vs. NAT -1.510 0.075
KIK vs. PF -2.984 0.021
KIK vs. SC -2.666 0.023
KIK vs. W -2.404 0.027
M vs. NAT -2.920 0.021
M vs. PF -2.905 0.022
Mvs. SC -0.991 0.152
Mvs. W -2.581 0.025
NAT vs. PF -2.981 0.021
NAT vs. SC -2.851 0.022
NAT vs. W -2.443 0.026
PF vs. SC -2.946 0.021
PF vs. W -2.876 0.022
SCvs. W -2.684 0.023
All land uses -8.035 <0.001

Key: SC = sugarcane (burnt cane harvested); M = maiaavéntional tillage); KIK =
permanent kikuyu pasture; NAT = native grasslanH; # pine plantation; W = wattle
plantation.

Analysis by PCA clustered the replicate soil samfitem the different land uses on
the basis of the correlation between the sampldssaii variables (Figure 3.1). The
closer the vector for an individual variable aligmsh a principal component axis, the
more that particular chemical variable can be useskplain the variation in the data
along that axis. ECEC, Ca, pH and exchange acwditne highly correlated with PC1
and P, K and organic C were highly correlated v\A@2. PC1 accounted for 45.8%,
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PC2 for 32.6% and cumulatively, for 78.4% of th@twariance in the soil data. Soils
under the two arable crops SC and M were closelyocated with high

concentrations of P and K whereas PF soils wereeleded with high exchange
acidity, low pH and low concentrations of ECEC. K#ils were characterised by
high concentrations of organic C and Mg, with tha$eNAT also associated with
these two soil variables, but at lower concentregithan those in KIK soils. Soils

under W were correlated with the highest pH ofladl land uses at this site.

SPECIES
>

SAMPLES

B — sc O—w X — FF 4 — ki ® — v A — na

1.0 T [

0.5

Cations

PC2 (32.6%)
o
o

pH

Acidity

-0.54

-1.0
t t
-1.0 -0.5 0.0 0.5 1.0

PC1 (45.8%)

FIGURE 3.1 A PCA biplot (standardised and centred data) afsséind soil variables for
subsamples of fields with various land uses at Bsffeld Estate.

The PC1 (horizontal) and PC2 (vertical) componestsounted for 45.8% and 32.6%,
respectively, and, cumulatively for 78.4% of th@twariance in the soil data.

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.
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CCA was used to show the effects of selected suisipochemical variables on the
bacterial community structure at site 1 (Figure).322genvalues for CCA 1 and CCA
2 were 0.234 and 0.161, accounting respectively2f8% and 15.7% of the total
variability (therefore these results should berprteted with caution), and 33.3% and
22.9% (cumulatively 56.2%) of the variability in remunity composition related to
soil. The soils were related to variation on axig@ X 0.002) and along all canonical
axes (p = 0.002). Bacterial community structureoils under SC and M were closely
associated with exchangeable K, extractable P &(E Soil bacterial communities
under KIK were associated with high concentratioh®rganic C (9.9%) and Mg,

whereas lower concentrations of organic C (5.1%) &y were associated with

bacteria in NAT soils. High acidity was correlatedth the PF soil bacterial

community structure.

ENV. VARIABLES
>
SAMPLES
® —sc @® — v A — pF A — ik W —w B — nNaT
15
KIK1 M
K3 9
Organic C
1.0 4
KIK2
~
S o5 NAT3
™~ 1
ITe) I
A ECEC sc2
N NA SC3
<
Q o0 PF1 >
®)
W3
P
Acidity PF2 M3
05 1
M
W2
SC
PF3 W1 M1
-1.0 . . . . .
-15 -1.0 05 0.0 0.5 1.0 1.5 2.0

CCAL (22.8%)

FIGURE 3.2 Plot of samples (classified by land use) and setesbil variables along the
first two axes of a CCA of the effect of soils oacterial composition (band presence) at
Baynesfield.

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.
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The statistical significance of the relationshigween environmental variables and
variation in DGGE profiles was tested by the Mo@&lo Permutation test, which
showed that P was the most significant variableectifig bacterial community

composition, followed by acidity, Mg, ECEC, K, aahanic C. (Table 3.4).

TABLE 3.4  Conditional effects of variables in a stepwise cida test in the CCA of
soils on bacterial communities at Baynesfield

Variable Eigenvalue P F

P 0.22 0.002 4.25
Acidity 0.14 0.006 3.36
Mg 0.11 0.008 2.70
ECEC 0.09 0.012 2.58
K 0.08 0.036 2.29
OrganicC 0.06 0.042 2.24
pH 0.03 0.498 0.89
Ca 0.00 1.000 0.08

Note: All variables (in bold) were used in the CCA (gigcant effects on composition). In the
CCA, the various inflation factors of the selecseil variables were acceptably low (< 10)
indicating no severe problem of multicollinearitye( the selected variables had relatively
independent effects on composition).

The correlations between the selected soil vamahleed in the CCA and the

ordination axes are shown in Table 3.5.

TABLE 3.5 Correlations between soil variables used in theACGfhd compositional
gradients (ordination axes)

Variable CCAl1 CCA2
P 0.8874 -0.2020
K 0.8700 0.0099
Mg 0.0848 0.7079
Acidity -0.5805 -0.2774
ECEC 0.4788 0.1332
Organic C -0.3724 0.6146

The results of the physicochemical analyses of Bsfeld soils showed that soil
composition differed markedly under the variousdlarses, while CCA indicated

which soil properties had affected bacterial comityustructure. These findings
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concur with those of other workers at this siteafazm, 2003; Graham and Haynes,
2005).

3.3.2 Soil bacterial community structure at the Baynesfield

experimental site

DGGE fingerprints of bacterial 16S rDNA ampliconsr soils under the different
land uses, contained from 15-44 bands, with sonmenzan to all lanes but varying
with respect to relative band intensity. Some lasteswed several strong, dominant
bands, while others had only a single dominant bandwever there was a
preponderance of low intensity, light bands irtladl lanes, some unresolved and often
closely spaced, which made subsequent analyseuttifPlates 3.1 and 3.2).

SC M ML NAT
8 9 10

30%

70%

PLATE3.1 A DGGE gel (denaturing gradient 30-70%) of 16S ADMagments from
Baynesfield soils under different land uses.

Key: SC = sugarcane; M = maize and NAT = native gaassIML = marker lane.
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30%

70%

PLATE 3.2 A DGGE gel (denaturing gradient 30—70%) of 16S rDRagments from
Baynesfield soils under different land uses.

Key: KIK = kikuyu pasture; PF = pine plantation; W =attle plantation; ML = marker lane.

Banding patterns among the replicate samples flmmsame land use were highly
repetitive, consistently more similar to each otlyet distinct from those of other land
uses (visual assessment), indicating a low inti@spevariation but high interspecies
variation. MRPP of the data confirmed that ovedéfierences in bacterial community

profiles between the different communities wereatge than within the same

community (T = -9.750, p < 0.001). A NMS site plotated by PCA (Figure 3.3)

clustered the three replicates from each land asethe basis of the presence or
absence of bands. Community compositional varigbiithin and between land use
types is shown in Figure 3.3, and a plot in the Ndi&@ination of DGGE bands from

all the replicate samples from the different lasdsiis shown in Figure 3.4.
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FIGURE 3.3 Non-metric multidimensional scaling (NMS) site plgotated by PCA) of
bacterial populations (presence/absence of bah@ayamesfield. NMS stress = 0.07963.

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.
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FIGURE 3.4 Plot of bands in the NMS ordination, generatedDSyGE of soil bacterial
communities (Figure 3.3) at Baynesfield.

Key: B = band.

One-way ANOVA indicated an overall difference irespes richness between the soil
bacterial populations at Baynesfield (Table 3.&)enfs for richness in increasing
order were M< SC < KIK < PF < NAT< W, which did not follow the same order as

those for organic C.

TABLE 3.6 ANOVA and land use means of bacterial speciesdgsh at Baynesfield

Source of variation d.f. S.S m.s.  f-ratiop-value
Land use 5 713.16 142.63 98.75 <0.001
Residual 12 17.33 1.44

Total 17 730.50
Grand mean 24.83
Land use SE M? KIK® NAT® PP WA
Mean 17.00 16.00 26.00 31.33 26.67 32.00

Note: Means with common superscript letters aresigstificantly different (1.s.dy,= 2.138).

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.



83

Analysis of evenness (J) at this site showed thatl luse did not affect bacterial
evenness (Appendix A, Table Al), wheremsalysis of bacterial diversity by the
Shannon Weaver Diversity IndeX’] showed an overall difference in bacterial
diversity. Communities under M were separated ftbose under PF and W but not

from those under the other land uses (Table 3.7).

TABLE 3.7 ANOVA of bacterial community diversity and landeusieans at Baynesfield
using the Shannon Weaver Diversity Inde) (

Source of variation d.f. S.S. m.s. f-ratio p-value
Land use 5 7.109 1.421 5.08 0.01
Residual 12 3.357 0.279

Total 17 10.467
Grand mean 2.91
Land use Sé' M?  KIK* NAT?2F pPF> w?®
Mean 261 1.72 297 3.03 3.54 3.58

Note: Means with common superscript lettersmatesignificantly different (p< 0.05).

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland;
PF = pine plantation; W = wattle plantation.

3.3.3 Analyses of soilsat the Mount Edgecombe experimental site

The means (z+ standard deviation) of the differdntspcochemical properties of soils

under the four sugarcane residue management maetie summarised in Table 3.8.

Soil organic C increased in the order: BtoFo < BtoFTFo < TF. Soil pH in
increasing order was: TF < BtoF < TFo < BtoFo. Undé&, concentrations of
extractable P and exchangeable K were 33.2 rifgakd 0.61 cmalkg™, respectively,
whereas in soils under the BtoF treatment, valoe®fand K were 27.0 mg Rgand
0.60 cmalkg™ respectively. Concentrations for unfertilized ndd and no mulch
treatments were 4.2 mg kand 2.2 mg kg respectively, for P, and 0.26 crdaj™
and 0.14 cmekg™ respectively, for K. Exchangeable Ca and Mg cotreéinns were
higher in unfertilized plots (Table 3.8). An oversignificant difference in the various
trash management soils was shown by MRPP (p < 1.001
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TABLE 3.8 Means (+ sd) for selected physicochemical propedfesoils under the four managements at Mount &algbe, collected at 0-5cm depth

Trash pH Organic Extractable Exchangeable cations Exch. Total cations
Management (KCL) Carbon P acidity (ECEC)
K Ca Mg
% mg kg* cmolc kg™
TF 3.7 (0.11) 5.9 (0.61) 33.2(10.61) 0.61 (0.010) 8.93 (0.942) 3.27 (0.172)  1.82(0.898)14.63 (0.642)
TFo 4.5 (0.15) 5.1 (0.36) 4.2 (1.24) 0.26 (0.070) 12.27 (1.960) 5.48 (0.385)  0.09 (0)03818.11 (1.638)
BtoF 3.8(0.19) 4.2 (0.26) 27.0(5.35) 0.60(0.111) 6.34(1.503) 3.06 (0.616) .2810.854) 11.28 (1.561)
BtoFo 4.6 (0.15) 3.9 (0.07) 2.2 (0.06) 0.14 (0.025) 9.30(1.713) 4.93 (0.230) 08(0.020) 14.46 (1.915)

Key: T = green cane harvested with trash retention/8tarnt with harvest residues removed; F = fedii annually with N, P and K; Fo = unfertilized
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MRPP of Mount Edgecombe soils, which indicated idigarities between all
possible soil pairs and also for all land treatragate shown in Table 3.9. The data
obtained for all treatments (T = -4.585, p < 0.08li9wed a highly significant overall
difference in the experimental soils except betwBtrto and TFo.

TABLE 39 Multi-Response Permutation Procedures (MRPP) df oysicochemical
properties, showing pairwise comparisons and a eoisgn of all soils under different trash
managements at Mount Edgecombe

Land treatments Test statistic (T) Probability (p)
BtoF vs. BtoFo -2.791 0.022
BtoF vs. TF -2.245 0.031
BtoF vs. TFo -2.824 0.022
BtoFo vs. TF -2.982 0.021
BtoFo vs. TFo -1.699* 0.061*
TFvs. TFo -2.990 0.021
All treatments -4.585 <0.001

* no significant difference

Key: T = green cane harvested with trash retentioo;Bburnt with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.

A PCA biplot was used to cluster the three repdéicgamples of each trash
management soil from Mount Edgecombe, on the ba$ighe compositional
relationship among the replicate subsamples. Exgghacidity, P, K, pH and Mg
were all highly correlated with PC1 whereas orgadjdotal cations ECEC and Ca
were correlated with PC2. PC1 accounted for 69.6%, 2 for 23.2%, and
cumulatively, 92.8% of the total variance in thel slata (Figure 3.5). A lower pH
was associated with soils from fertilized treatrseot both TF and BtoF than with
those from the unfertilized treatments TFo and BtoH-0 soils were also correlated
with high levels of Ca, ECEC and Mg. In contrasttifized soils TF and BtoF were
associated with higher levels of P, K and acidhgrnt the unfertilized soils. Both
trashed treatments, TFo and TF, were associatédhigher levels of organic C than

the burnt cane harvested managements, BtoFo ard Bto
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FIGURE 3.5 Plot of samples and soil variables along the fingt axes of a standardised
and centred PCA of different land treatments at Md&dgecombe.

The PC1 (horizontal) and PC2 (vertical) componesmtsounted for 69.6% and 23.2%
respectively, and cumulatively, for 92.8% of th@twariance in the soil data.

Key: T = green cane harvested with trash retentiomy 8tburnt with harvest residues
removed; F = fertilized annually with N, P and Kj £ unfertilized.

A two-way ANOVA of the main effects of (i) trash tati/no mulch, (ii) fertilizer/no
fertilizer and (iii) the interaction of trash x fdizer on soil variables, showed that
there were no significant interactive effects aftr x fertilizer on any of the selected
soil variables. However, fertilizer addition hadignificant effect on pH, P, K, and
Mg (p < 0.001), Ca (p = 0.008), ECEC (p = 0.00%;hange acidity (p = 0.003) and
organic C (p = 0.034). The effects of trashing weeen only on organic C (p <
0.001), ECEC (p = 0.004) and Ca (p = 0.016).
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CCA analysis showed the effects of selected soisiglbchemical variables on

bacterial community composition at site 2, (FigBre). Eigen values for axes 1 and 2
were 0.228 and 0.160 respectively. CCAL accourae®@®.1% and CCA2 for 21.1%

of the total variability, and for 58.7% and 41.3&spectively, (cumulatively 100%) of

the variability in bacterial community compositioelated to the selected soll

variables. To reduce collinearity, variables weyefdrward selection. The soils were
significantly correlated with variation on axis A € 0.004) and along all canonical
axes (p = 0.002). Organic C was closely correlated CCAL1 and Mg with CCAZ2.

ENV. VARIABLES
»

SAMPLES

@® — sor @ — Boro A — TF A — 70

15

BtoF3

1.0
BtoF

TF1
0.5 4
TF2

BtoF2 TF3

CCA2 (21.1%)

~_ »OrganicC

0.0

BtoFol

TFo3
BtoFo2
.05 -

BtoFo3
Mg

TFo2

10 TFol

t t t
-1.0 -0.5 0.0 0.5 1.0 15

CCAL1 (30.1%)

FIGURE 3.6 Plot of samples (classified by land treatment) smitlvariables along the first
two axes of a CCA of the effect of selected soilialsdles on bacterial composition (band
presence) at Mount Edgecombe.

Soils were significantly related to variation oretfirst axis (p = 0.004) and along all the
canonical axes (p = 0.002) (Monte Carlo Permutatsitt n = 499).

Key: T = green cane harvested with trash retentiom Btburnt with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.
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The statistical significance of the relationshigween environmental variables and
variation in the DGGE profiles was tested by thenkoCarlo permutation test (n =
499). Organic C was shown to be the most signifieanable affecting the bacterial
communities at Mount Edgecombe, followed by Mg. Séhevariables together
accounted for 100% of the total variance explaibgdall the soil properties tested
(Table 3.10). Correlations between the soil vadablused in the CCA and the
ordination axes are shown in Table 3.11.

TABLE 3.10 Conditional effects of variables in a stepwise @@ test in the CCA of
soils on bacterial community composition at Moudg&combe

Variable Eigenvalue P F
Organic C 0.23 0.002 4.29
Mg 0.16 0.006 3.91

K 0.08 0.112 2.21
P 0.06 0.156 1.76
Ca 0.02 0.612 0.76
Exchange acidity 0.03 0.618 0.67
pH 0.01 0.756 0.46
ECEC 0.01 0.996 0.04

Note: All variables (in bold) were used in the C&ignificant effects on composition).

TABLE 3.11 Correlation between soil variables used in the Ca&#d compositional
gradients (ordination axes)

Variable CCAl CCA2
Mg -0.2321 -0.9079
Organic C 0.9252 0.0654

3.3.4 Soil bacterial community structure at the Mount Edgecombe

experimental site

Bacterial fingerprints from soils under differemagh managements at this site,
contained from 20-30 bands, with only one or twighdr dominant bands in some
lanes. The majority of bands in the different lamee closely spaced, often very
light, of low intensity and difficult to detect. Bding patterns of replicate samples of
the same treatment were highly repetitive and, @negal, profiles of the different
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treatments across the gels were more similar thh e#twer than those from site 1.
Approximately 5-8 bands were common to all lanesszcthe gels, but differed from
each other in relative intensity (Plate 3.3).

TF ML TFo BtoF BtoFo

1 2 3 4 5 6 7 8 9 10 11 12 13

30%

70%

- A

PLATE 3.3 A DGGE gel (denaturing gradient 30-70%) of 16S rDRNaAgments from
Mount Edgecombe soils under different treatments.

Key: TF = greencane harvested and fertilized; TFo eegcane harvested and unfertilized;
BtoF = burnt cane harvested and fertilized; BtoFburnt cane harvested and unfertilized;
ML = marker lane.

Bacterial community composition and a plot of th&®E bands of soil DNA
samples from the four different land treatmentss ghown in an NMS two-
dimensional plot rotated by PCA (Figure 3.7). Vhility in prokaryote community
composition within and between treatments basedhenpresence or absence of
bands, is also shown in Figure 3.7. The presensefae of bands was used for this
analysis as it was deemed to be more reliable tard intensity. However, the
analysis did not separate communities from thelifextl and unfertilized plots of the
pre-harvest burnt (Bto) treatment (Figure 3.7). NPREhalysis of the data indicated a
highly significant difference overall, in prokaryotcommunity profiles between
managements (T = -6.837, p < 0.001).
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FIGURE 3.7 NMS two-dimensional plot (rotated by PCA) of bakrcommunities
(presence or absence of bands) under four lantrtesds at Mount Edgecombe. NMS stress
= 0.00049.

Key: T = green cane harvested with trash retentiomy 8tburnt with harvest residues
removed; F = fertilized annually with N, P and Kj £ unfertilized. B = band.

One-way ANOVA showed no significant differences lracterial richness (S),
evenness (J) or the Shannon diversity indé’ (Appendix A, Table A2). However,
two-way ANOVA of the main effects and interactiohteash mulch (T) / no muich
(Bto) and fertilizer (F) / no fertilizer (Fo), orabterial community richness, evenness
and diversity showed a significant difference iohness as an effect of fertilizer
application (fertilizer / no fertilizer) (p = 0 0h1No significant effect as a result of
trash mulch / no mulch (p = 0.519), nor any siguifit interactions between trash /
fertilizer treatments (p = 0.373) were found (Taldel2). There were also no
significant treatment effects on bacterial commyeitenness or diversity at Mount
Edgecombe.
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TABLE 3.12 Two-way ANOVA of the main effects and interactiohtash mulch (T) / no
mulch (Bto) and fertilizer (F) / no fertilizer (Fopn bacterial community richness at Mount
Edgecombe

Source of variation d.f. S.S. m.s. f-ratio p-value

Trash 1 2.083 2.083 0.45 0.519

Fertilizer 1 24.083 24.083 5.25 0.051*

Trash/Fertilizer 1 4.083 4.083 0.89 0.373

Residual 8 36.667 4.583

Total 11 66.917

Grand mean 27.58

Trash Burnt (Bto) Trash (T)

Mean 28.00 27.17

Fertilizer Fertilized (F) Unfertilized (Fo)

Mean 26.17 29.00

Trash/Fertilizer BtoF BtoFo TF TFo

Mean 26.00 30.00 26.33 28.00
* significant

34 DISCUSSION

Agricultural biodiversity, particularly at agroegmssem levels, is determined by
genetic resources, the physical environment andahumanagement practices (Atlas
and Bartha, 1987) with soil microbial communityusture a sensitive indicator of
sustainable land use (Gelsomiebal, 2006; Yaocet al, 2006).Bacteria play a vital

role in soil ecosystem processes by breaking doant flitter and exudates and are,
therefore, important mediators of nutrient cyclinghe soil-plant system (Alexander,
1977). Previous studies in KwaZulu-Natal (GrahariD2 Graham and Haynes,
2005; 2006) of the effects of agricultural pracsi@m the soil microbiota, focused on

measurements of total biomass and gross microbdaepses in crop soils. Therefore
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in the present study, to assess genetic diversithese soils, molecular techniques

based on 16S rDNA analysis were used.

DGGE (section 2.4.2.2.6) of soil PCR amplicons tjsec2.4.2.2) was used as a
gualitative and semi-quantitative method to assefishacterial community diversity
under various agricultural management practicesland uses. The DNA banding
profiles obtained permitted the study of the commlemmunities in the soil samples,
as most bacterial genotypes (species) generallgugma single band (Dillgt al,
2004). In addition, the intensities of the DNA barate strongly correlated with the
relative level of abundance (mass) of the diffetgaxtterial strains (Dillyet al, 2004;
Hoshino and Matsumoto, 2007). Cognisance was tak#re fact that the relationship
between bands in a profile and the number of biattepecies in the sample is not
simply one-to-one, as both over- and under-estonatif the actual numbers present
can occur. Also, as 16S rDNA was used as the taenfila PCR amplification, DNA
from both living and dead microorganisms was angaif so the DGGE profiles
reflect this.

3.4.1 Bacterial community structure under different land uses at the
Baynesfield experimental site

PCR-DGGE of 16S rDNA sequences from Baynesfieldssdearly differentiated
bacterial community composition under all the agticral land uses, on the basis of
band number and the varying distances the PCR eomglimigrated in the gel.
However, results of analyses based on averageveelatensity of bands were less
definitive. The banding patterns observed in thié Isacterial DNA profiles, with
numerous, low intensity, closely-spaced bands sptnsed with either a single or a
few bright, dominant bands, were possibly due ® high heterogeneity of directly
extracted soil DNA, indicating the complexity of ethbacterial community
composition. The similarity in the band profiles thie replicate samples from the
same land use indicated greater differences inebiatpopulation structure between
the different land uses than within the same omealstudy of soil microbial
community responses to differing management prgticCrecchioet al. (2004)
reported a similar type of banding pattern whemasiirectly isolated soil DNA.
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They suggested that the bright bands possibly atelit the presence of a limited
number of dominant, ecologically well-adapted baatetypes in the soil. On the

other hand, the numerous light bands possibly atdit that many, equally abundant
populations characterised each soil.

The bacterial community structure was compared éetvwidely different land uses
with very different vegetation, fertilizer, andlaije histories. Consequently, large
differences in nutrient status, pH, acidity andamig matter content between sites
were found. NMS analysis of DGGE profiles clearlgparated the bacterial
populations in the six land use soils, indicatinpstantial differences in community
composition between sites. This could be due toynmaeracting factors for example,
the rhizosphere of different plant species is kndw/support bacterial communities
of different species composition (Marschreral, 2001; Miethlinget al, 2003). It
was shown by CCA that a range of physicochemicihlpsoperties (P, acidity, Mg,
ECEC, K and organic C) had influenced bacterial mamity composition, with P and
acidity showing the strongest correlations. Nonlesee CCA1 and CCA2 accounted
for only 22.8% and 15.7% respectively, of the totatiability, suggesting that other

unmeasured factors were also influential.

Surface soils are physically, chemically and strradty heterogeneous and may
provide numerous micro-environments for the sudvarad growth of microbes (Yao
et al, 2006). Analysis of selected soil variables by NFR¥eparated all the soils under
the different land uses from each other, excepgeghander sugarcane and maize and
those under kikuyu pasture and native grasslandpi®ethis, visual assessment and
NMS analysis of DGGE profiles of bacterial commigst clearly distinguished
between both maize and sugarcane and also betvlagnuland native grassland. As
was shown by CCA, soils under the sugarcane andenmaonocultures had a high P
and K content (from fertilizer additions) and tlmevest organic C content of all the
land use types. In an earlier study at this sitds sinder sugarcane and maize were
found to have lost organic matter due to repealiadie¢, and had a smaller microbial
biomass in comparison with soils under kikuyu, vaatgrassland and exotic forests
(Hayneset al, 2003). In the DGGE gels, sugarcane and maizesbakctommunities
displayed fewer bands per lane than the other lesses. Therefore, as each band

theoretically represents a different bacterial papon (group of species), the soil
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communities under sugarcane and maize had a laalaress and genetic diversity
than those under the other land uses. This coudeéliabe due to the effects of tillage,
which cause intensive mixing of soil with organi@atter and organic residues from
the field (e.g. roots, straw and stubble). Tillagechanically loosens the saill,
resulting in increased mineralization of organicttera causing a lowering of organic
matter content, an increase in mineral-availableogén (nitrate), and increased
erosion (Honermeier, 2007). More easily decompesall fractions are lost
preferentially when land use or management leadlsetgoromotion of organic matter
decomposition. These labile C fractions are thoughtsupport a substantial
proportion of the heterotrophic microbial communrairyd their loss could, therefore,
lead to a disproportionate decline in microbialedsity (Degengt al, 2000: Graham,

2003).

Tillage may also cause a reduction in microbiakdsity by, for example, mixing the
soil, which results in a more homogeneous soil mauthus reducing the number of
microhabitats or “unit communities” (species asskgds of soil organisms which
occupy each distinct organic resource) and theretiycing the structural diversity of
the community (Gilleret al, 1997). In contrast, in the relatively undisturtsdface
soils of land uses such as permanent kikuyu pastuexotic forests, the soil volume
is likely to be extremely heterogeneous in bothdize and continuity of pores, and in
the distribution of “hot spots” of microbial actiyi These occur around randomly
distributed decomposing litter such as dead orglyoots and earthworm casts (Beare
et al, 1995). Despite the fact that at Baynesfield, rtteaze fields are tilled annually,
whereas the sugarcane fields are tilled only dargmg (at approximately six yearly
intervals) the bacterial richness and evenness wendar under the two crops,

suggesting that at this site, the above-mentiofffedtenvas of little importance.

In uncultivated soils in the study area a low Rustdi.e. 1-10 mg k3 is common.
Conversely in the sugarcane and maize soils, excgy high levels of extractable
P (i.e. > 150 mg k§ almost ten times the recommended level of 15-g&gt) were
found. As suggested by CCA (Figure 3.2), P was @omfactor in distinguishing
bacterial communities under sugarcane and maizre finese under other land uses at
this site, indicating that P status had influentedterial community composition

considerably. Thus exceptionally high P levels segnto be associated with a
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reduction in genetic diversity, which could posgille as a result of the loss of
bacterial species adapted to growth at low P levdisse results are indicative of the

detrimental effects of excessive fertilizer apgii@as on soil microbial diversity.

Soil organic C content was similar under nativesgiand, wattle and pine, but was
greatest under permanent kikuyu pasture. Previpusdgyneset al. (2003) had
reported similar findings at the same site. Undexsgland, large amounts of soil
organic matter accumulated characteristically, tu¢he turnover of the extensive
root system and to above-ground inputs such as atehteaf tissue and animal dung.
Under improved kikuyu pasture, organic matter aadation was greater than under
native grassland due to greater dry matter prodacfand greater organic matter
inputs) induced by improved, high-yielding cultisairrigation and regular fertilizer
applications (Haynest al, 2003). In the present study, bacterial commusitisder
kikuyu produced slightly fewer bands per lane in ®E>gels than did those from
native grassland soils. This indicated a lowernmeds and genetic diversity in the soil
bacterial community under kikuyu than under natwassland. Trends for richness,
derived from ANOVA, confirmed this. On the basistbé number of bands present,
the kikuyu soil bacterial community could be dif#fatiated from all those studied at

this site except the pine community.

The greater richness and genetic diversity of bedteommunities under unimproved
native grassland, compared to that under pine,ykikunaize and sugarcane may
reflect the physicochemical heterogeneity of undlistd soil as well as a greater
heterogeneity in the above-ground plant commu#itynore diverse plant community
in native grassland would result in a greater varé organic matter inputs to the soil
than those of the agricultural or forestry monaads. In grassland biomes, major
plant constituents added to soils include cellulesel hemicellulose. Microbial
degradation of these materials requires a divedditgicrobes to break down complex
substances into simple substrates for use by atyasf other organisms (Alexander,
1977). The larger number of potential substrategdcaccount for the greater richness
and genetic diversity of the bacterial communitgeived under native grassland than
under the long-term pine, kikuyu, maize, and suma&c monocultures. Pairwise
comparisons of richness data separated native lgnasgrom all land uses except

wattle.
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It is well known that the quality of soil organicatter differs between forests and
grasslands, with carbohydrates tending to be highgrasture than in forest soils,
while phenolic compounds are usually significaritigher under forests (Yaget al,
2006). Carbon in forest soil enters as litter aodts, and by rhizodeposition
(Hernesmaat al.,2005). The organic C content of pine soils at sitgas similar to
that of native grassland and wattle, although thtine of the communities differed
substantially between these soils as indicated Heyr tclear separation by CCA
(Figure 3.2). The separation of the communitieseumqine from those under the other
land uses was due primarily to the effects of &gjidis pine soil had the lowest pH
and the highest exchangeable acidity of all this sdithe study site. The replicate soil
bacterial communities under pine produced numebaurls per lane in the DGGE
gels, indicating a high richness. ANOVA analysistbis data separated pine soill

bacteria from those of all the other land uses gixki&uyu.

In the pine forest, a thick layer of needles cogettee soil surface. Because pine
needles are rich in lignocellulosic and phenolimpounds, which are recalcitrant and
difficult to metabolise, a microbial successiontiated by the fungi, is required to
effect their breakdown into simple aromatic substsn and, finally, into low
molecular weight organic acids (Alexander, 1977;teRag et al, 2007). The
production of the latter, together with humic acidsuld help account for the high
acidity observed in pine soil. The pathways invdlve this degradation are complex,
resulting in the formation of a large number of abetic intermediates, which could
provide substrates for a wide variety of microotigars (Alexander, 1977; Raterieg
al.,, 2007). This may account for the observed richniesshe pine prokaryotic
community. The low pH, exchangeable Ca and Mg, higther exchange acidity
under pine than other land uses were probably itapbin differentiating the pine
bacterial community from those of the other landsudn an earlier study by Haynes
et al. (2003), the microbial biomass was found to be @iglnder pine than under
native grassland although that study did not tamraunity richness or genetic

diversity into account.

In wattle soil, organic C content was higher thader maize and sugarcane; similar
to native grassland soil; slightly lower than ungéne; and much lower than in
kikuyu soil. Wattle soil had the highest pH and ktighest Ca and Mg content of all
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the land use types at this site. Replicate sangdl&NA amplicons from wattle soil
bacteria consistently produced most bands periBDESGE gels when compared to
those of all the other land uses. MRPP tests of nconity profiles clearly
differentiated between the wattle and pine comnmemiat this site. A difference in
richness between wattle and pine and all the d#rer uses except native grassland,
was also shown by ANOVA. This was unexpected bexafigshe greater variety of
plant organic matter inputs to native grassland #wmn to those of the wattle
monoculture. However, the wattle plantation at Besfield had been established for
< 10 years and was situated on the site of an akhlgptus (gum tree) plantation.
Litter on the forest floor included wattle leavesdatwigs, with rotting gum tree
stumps still visible. These could all provide suditgts for microbial metabolism. In
addition, as wattle is a legume, nitrogen fixingctlesia associated with their root
nodules would be released into soil in rotting noatterial. Wattle is an acacia species
and, while it is an exotic, many other acaciasimdeenous to the area. Therefore soll
microbes associated with these acacias could pgpsaitbapt to growth in the
rhizosphere of wattles. All these factors couldoat for the high richness found
under this land use. The observed lower organi@oi@ent under wattle than under
pine is probably associated with loss of organidtengollowing the harvest of the

Eucalypt plantation previously on this site.

Based on the Shannon Weaver Diversity index, caficmis from the DGGE data
showed an overall difference in diversity but notevenness in the various soil
bacterial communities. The Shannon Weaver indexgeneral diversity index, which
increases with the number of species and is hidltbe mass is distributed evenly
over the species. Evenness is independent of thberuof species and is lower if a
small number of bands are dominant, and highethédfrelative abundance of all
bands is essentially similar. The equitability espondingly indicates the presence of
dominant bands (Dillyet al, 2004). As the banding profiles of all the diffieresoil
communities contained a large number of light, Iotensity bands, together with one
or a few, bright dominant bands, a low evennessltexs Nonetheless, an overall
difference in diversity was shown. Pairwise compams separated maize bacterial
communities from those under pine and wattle, altfirono differences were found in
pairwise comparisons of the communities under ttreeroland uses. Tebbe and

Schloter (2007) reported a case study, where saitrofial diversity of
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conventionally-managed fields was compared to dialtider short-term and long-
term organic farming, respectively. The microbiarbass of the investigated field
plots from the different treatments did not diffesm each other, whereas significant
changes in the microbial community were detectedllaaxonomic levels that were
analysed. However, the overall diversity as catedldy the Shannon index was not
significantly different between treatments. In didai, strain (ecotype) diversity
showed that although the overall diversity (Shanmulex) was unaffected, a clear
shift in the type of strains could be detected.tiWes Shannon index is dependent on
both ‘richness’ (for which clear, reproducible ggsnents of individual organisms to
species level are required) and ‘evenness’ (focwvhki reliable quantification method
is needed) and as neither of these parametersecandguivocally determined for soll
prokaryotes (Tebbe and Schloter, 2007), this metbbddetermining bacterial
diversity has some shortcomings. In the presemlystanalyses based on the presence
or absence of bands or on band numbers clearlyatedathe various communities
under the different land uses, whereas the Shakveswer diversity index based on
the average relative intensity of the bands (mads)wed only slight differences, or

none at all, because of the low evenness.

3.4.2 Bacterial community structure under different trash
management practices at the Mount Edgecombe experimental

site

Miethling et al. (2000) concluded that crop species was the maiorfanfluencing
the soil microbiota, whereas Marschre¢ral. (2001) found that a complex interaction
of soil, plant species and root zone influenced rfierobial communities. Other
studies have reported that management practices semondary to factors such as
soil type and cultivation when determining soil roigial community structure
(Girvan et al, 2003; Yaoet al, 2006). On the other hand, Kigt al. (2004) found

that many anthropogenic activities could potentiaffect soil microbial diversity.

DGGE of 16S rDNA amplicons from Mount Edgecombd saccessfully separated
the different bacterial communities under the feMperimental treatments, on the

basis of band numbers and the distance migratethdyands in the gels. Visual
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assessment of the DGGE gels indicated that bandersnand banding patterns in the
profiles of all the treatments were much more smib each other than were those of
the different land uses at the Baynesfield expentalesite. However, as each band
represents a different group of species and as®+#8ybands were common to all four
treatments at site 2, this indicates that the wffe communities were genetically

diverse.

Two-way ANOVA analysis of the main effects and natgion of trash and fertilizer
managements on soil bacterial community richnessnmeess and diversity, showed
that richness had been affected significantly byiteehs of fertilizer but not by trash
retention, nor by any interaction between trashertilizer. Interestingly, fertilizer
additions had significantly reduced bacterial comity richness compared to
unfertilized treatments, from a mean of 29.00 irffedilized plots to 26.17 in
fertilized plots. It has been suggested that feetilapplications tend to result in a less
diverse, more specialized soil microbial commufitiguia et al, 2002). Applications
of inorganic N to a silage corn field were shownRBacoclet al. (2001) to enhance
the relative abundance of Gram positive bacterimndim and Hirsch (2002)
reported that plots fertilized with NNO3; were dominated by Group 3 AAO bacteria,
whereas those receiving no fertilizer were domithdig Group 4. Demolengt al
(2008) showed that soil bacteria were limited byaek of carbon, which was

exacerbated by fertilization.

Species diversity of a community is similar to gendiversity of a population in that
it allows for a varied response within a dynamiosstem. If an environment is
dominated by a strong selective force such asligertiadditions, less flexibility is

needed to maintain stability. In such cases itd&péive for a community to become
stenotolerant (highly specialised) and to be dotechdy a few populations (Atlas
and Bartha, 1987). In the present study, this efieas observed on bacterial
community richness, but no significant difference®re evident between the
treatments with respect to evenness or diversitys Tndicates that although the
communities from the different managements are tgmaily different, they are

nonetheless similar in terms of the evenness ofispepresent. The difference in
bacterial community composition observed here cquiesumably account for the

differences in catabolic diversity found by Grahanad Haynes (2005).
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Analyses of soil variables at this site by two-wayOVA, suggested that two major
factors, induced by fertilizer additions, interactaffect the size and activity of the
microbial community, namely: (a) an increase inamig matter content in the surface
soil, mediated by fertilizer-induced higher yiel(End thus greater organic matter
returns as roots and trash) and (b) fertilizer-getlisoil acidification (Table 3.8). This
agrees with the findings of previous studies a$ #ite (Grahanet al, 2002 a, b).
These two effects as shown by CCA, were the maatofa influencing (either
directly or indirectly) the nature of the soil bacal communities at Mount
Edgecombe. Under the four treatments, MRPP anabfsiselected soil variables
showed an overall significant difference in theieas soils, as well as in all pairwise
comparisons, except between BtoFo and TFo. AnalysiMS (Figure 3.7) showed
that fertilizer additions caused bacterial commasitto differ substantially under
green cane harvesting but not under burning. Batteommunities under TF and
TFo were clearly separated from each other andfedso those of BtoF and BtoFo,
whereas those under BtoF and BtoFo were very clasmtelated and could not be
separated. A significant difference in the bactes@mmunities between all the land

treatment types was shown by the MRPP analysis.

CCA clearly separated the bacterial communitieseuride four treatments, with soil
organic C being the most important variable (TaBld0) accounting for the

differences in bacterial community structure unthexr trashed (T), and burnt (Bto)
plots, on CCAL1 (Figure 3.6). Wakelet al. (2007) reported similar findings in their
study on maize stubble management. Communitiesciassd with the trashed

treatments are likely to have been involved prialtypin decomposition of the sizable
inputs of crop residues at the soil surface, wrerb®se from burnt plots were
probably either associated with the sugarcane shizere or involved in the slow
turnover of soil humic material. The major limitifgctor to microbial growth under

burning is likely to be a paucity of available €atling to a community dominated by

species able to use relatively recalcitrant humlzsgances.

Graham (2003) indicated that long-term retentiorcafie crop residues on the soil
surface at this site had resulted in a 26.5% is&reim organic C, and greater
aggregate stability in comparison with soils undeerning. Both C and N are

volatilized during burning and this is a major cawas$ soil degradation and loss of soil
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organic matter under long-term sugarcane produc({Biederbecket al, 1980;
Rasmussen and Collins, 1991). It has already bbewrs in the present study that
trash retention results in an accumulation of seganic matter and, as reported by
Grahamet al. (2002b), this is associated with an increase éndize and activity of

the soil microbial community.

Soil pH was lower under fertilized managements tflgn under unfertilized (Fo),
with high exchangeable acidity correlated with bitte TF and BtoF treatments. The
lowest pH was measured in soils under TF, and flgbest under BtoFo. Soil
acidification of fertilized plots is primarily atbutable to nitrification of annually
applied fertilizer NH* (Graham, 2003). As acidification proceeds and @edese in
pH occurs, Al-containing amorphous clay mineralgibdo dissolve, resulting in an
increase in soluble and exchangeable Al (and exgdeaie acidity, i.e. exchangeable
Al**+ H"). The exchangeable Rldisplaces exchangeable bases (e.of Mg+ and
K" from exchange sites, with subsequent leachinghefbases down the profile
(Grahamet al, 2002a). Therefore, fertilized soils had a lower gnd exchangeable
Ca and Mg than unfertilized soils, but had highershengeable acidity. Fertilizer also
increased extractable P and K. Thus, the consiieratluence of exchangeable Mg
in separating the different bacterial communitiesf the fertilized and unfertilized
plots (as shown by CCA, Figure 3.6), is associatgd the large losses of Mg from
the acidified fertilized plots. This was confirmday two-way ANOVA of soil
variables. The substantial difference in the sdikroical environment between
fertilized and unfertilized treatments resulted lerge differences in bacterial
community composition, particularly under traskergton (Figure 3.7).

3.5 CONCLUSIONS

A combination of soil physicochemical factors (Bidity, Mg, ECEC, K and organic
C, crop plants and long-term land use, affectedgreetic diversity of soil bacterial
communities at Baynesfield (site 1). Land uses ®iscpastures and exotic plantations
increased bacterial community genetic diversity @omparison with arable
agriculture, where organic matter was lost. Atltreg-term trash management trial at

Mount Edgecombe (site 2), the main influences ahbeaterial community diversity
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were the retention of organic residues, applicatibmorganic fertilizers and soil pH.
However, the effects of the different treatmentsttoa soil bacterial communities at

site 2 were less marked than the effects of diffeland uses at site 1.

The PCR-DGGE fingerprinting method used successfsiparated the complex
bacterial communities in the different experimers@ils. It proved to be a relatively
simple and cost-effective method for screening iplaltsoil samples to determine
genetic (community) diversity. However it is onlgmsi-quantitative because of
inherent shortcomings in PCR amplification andha tesolving power of DGGE. For
future studies, PCR-DGGE combined with microarraydl provide a better

guantitative assessment of the genetic diversith@soil bacterial communities.
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Chapter 4

EFFECTS OF LAND USE AND MANAGEMENT ON SOIL
FUNGAL DIVERSITY ASMEASURED BY PCR-DGGE

41 INTRODUCTION

Most of the ecological data on fungal species dfgrand richness is derived from
studies in phytopathology, and is pathogen-oriedtaln contrast, studies on the
biodiversity of microfungi (hyphomycetes) in agticwmal ecosystems are
comparatively rare (Fischer, 2007). Worldwide, ldittis known about fungal

population structure and dynamics in agricultugalss or about how soil management
and land use affect fungal community compositioadfkt al, 2003).

Fungi are a very diverse group of organisms comgimn estimated 1.5 million
species, of which only 72 000-100 000 have thush&an identified (Hawksworth
and Rossman, 1997; Bridge and Spooner, 2001). €feththe great majority are
likely, at some stage in their life cycle, to océarsoil (Bridge and Spooner, 2001),
where they are important in nutrient cycling, plaealth and development, as well as
in soil aggregate stability (Gomes al, 2003; Hagret al, 2003). Soil fungi include
taxa from the Ascomycotina (mainly anamorphic forndygomycotina (e.g.
Aspergillus, Fusarium, Mortierelland Penicillium) and taxa that occur mainly as
mycelium in soil (e.g.Rhizoctoniaspp.). In addition, both arbuscular mycorrhiza
(AM) and ectomycorrhiza (EM) are common soil inhabts. Saprophytic
basidiomycetes (e.g. cap and decomposer fungi)atsaybe included as their mycelia

colonise the plant debris in the top soil layes¢hRier, 2007).

Hitherto, no critical assessment of the numbermetges isolated from soil appears to
have been made, although their role is extremeipptex and fundamental to the
ecosystem (Bridge and Spooner, 2001). This is ih ¢hae to the fact that detecting
which fungi are present in soil is a difficult tasks only an estimated 17% are

culturable due to the fastidious nature of the vagjority of species (Hawksworth
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and Rossman, 1997). More specifically, the infleen€ saprotrophic fungal species
richness and evenness on organic matter deconmgosstinot known (Deacoet al.,
2006).

Molecular methods are increasingly being used te@stigate both culturable fungi
and total fungal communities in soil (Haghal, 2003; Mitchell and Zuccaro, 2006).
With the development of universal fungus-specificners designed to amplify partial
SSU rDNA (18S rDNA) fragments, PCR analysis (sectib4.2.2) can be used to
reveal the species composition of a mixed DNA sanfplinio and Hantula, 2000;
Hagnet al, 2003). Comparisons of 18S rDNA provide insighbithe diversity of
unrelated or distantly related fungal taxa wheggaslternative target for fungal PCR,
namely, the ITS region, is mainly used to compdaosaty-related species and strains
(Hagnet al, 2003).

As mentioned in Chapter 3, studies in KwaZulu-N&ave shown that soil organic
matter status and the size, activity and catalalviersity of the soil microbial (mainly
bacterial) community are affected by both agriaatland use (Dominy and Haynes,
2002; Hayneet al, 2003; Nsabimanat al, 2004) and by soil management practices
(Grahamet al, 2002a, b). Using PLFA analysis (section 2.4.1t@)determine
microbial community size and structure, Graham 80@6und clear differences in the
PLFA composition of microbial communities under felient land uses and
management practices, with the fungal:bacteriab fa¢ing lowest under kikuyu and
ryegrass pasture, and highest under natural grassiaBaynesfield (site 1, Chapter
3). At Mount Edgecombe (site 2, Chapter 3), ondtleer hand, the ratio of 188
fungal fatty acid: bacterial fatty acid was higlhder green cane harvested with trash

retention than under unfertilized burnt plots vitile tops raked off.

As information on fungal communities in South A&rcsoils is sparse, particularly
with regard to the genetic diversity (community gasition) of fungi in agricultural
soils, another aim of this study is to use DGGElwim of 18S rDNA PCR
amplicons, to profile soil fungal communities atyBasfield and Mount Edgecombe,
and thereby to determine how land use and manaderestices have affected these

communities at the two long-term sites.
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42 MATERIALSAND METHODS

Methods were optimised in a long series of prelamnynexperiments. Only the most

efficient protocol is described and discussed.

4.2.1 Study sitesand soil sampling

The study sites and soil sampling procedures (@rSlepth) are described in section
3.2.1and 3.2.2.

4.2.2 Chemical analysis

Chemical analysis followed the methods specifiegection 3.2.3.

4.2.3 DNA extraction and purification

Total soil genomic DNA was extracted according e tprocedure described in
section 3.2.4.

4.2.4 PCR amplification of fungal 18SrDNA fragments

Fungal 18S rDNA from soil samples was PCR-amplitiedording to the procedure
of Vainio and Hantula (2000), using the universahdus-specific primer pair
FR1/NS1. These primers amplify almost the entir§ BNA region, resulting in the
formation of phylogenetically informative gene fragnts for fungal analysis (Oros-
Sichleret al, 2006). The reverse primer FR1, targets the iam&niegion near the 3'
end of fungal SSU rDNA, so has highly enhancedcsigiey for fungi, but may also

anneal to the DNA of a limited set of other orgamss including animals and plants
(Vainio and Hantula, 2000). The specificity of pemNS1 was not tested in this
aspect of the work (see Chapter 5). The relatieations of the primers in the SSU

rDNA region are shown in Figure 4.1 and the prisemjuences in Table 4.1.
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NS1 FF1100 FF700  FF390
N N N .
IGS SSU rDNA ITS
-
300 bp FR1

FIGURE 4.1 Schematic representation of annealing sites of P@Rers in the region
coding for fungal SSU rDNA. The relative positiookthe primers and their direction of
extension are indicated by arrows (after Vainio Biatitula, 2000).

TABLE 4.1 PCR primers used in this study for amplificatidrpartial SSU fungal rDNA

Primer Sequence (5-3") Product size Reference
(bp)t
FRT AIC CAT TCA ATC GGT AIT — Vainio and
Hantula,
2000
FF390 CGA TAA CGA ACG AGA CCT 390 "
NS1 GTAGTC ATATGC TTG TCT 1650 "
C

T The approximate product length observed in the ritgjof reference species.
* Fungal-specific reverse primer used in combimatioth forward primers FF390 and NS1.

To separate PCR amplicons efficiently in subseqiEBGE, a GC clamp sequence
(underlined) was added to reverse primer FR1, tieguh a 58 meric primer: 5' CCC
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GAC@CATTC

AAT CGG TAI T 3' (where | is inosine). The Inosimaicleotides accommodate

variations in the fungal sequences covered by oligkeotide FR1 (Vainio and
Hantula, 2000).

Soil DNA was amplified in a Perkin EImer Applied ®3ystems Gene Amp 2400
thermal cycler. Reaction mixtures were preparedsgishe PCR Core Kit (Roche
Diagnostics) according to the manufacturer’s irgtams, and were optimized for the
experimental soils. Each 50 pl reaction containegil5of 10x reaction buffer
containing 15 mM MgGI (1.5 mM MgC} final concentration), 0.5 pM of FR1GC
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reverse primer and 0.5 uM of NS1 forward primerQ 2M of each dNTP, 1.25 U
Taq DNA Polymerase (Roche Diagnostics), sterildi@iH-0, and 1 pl (20 mg i)
Bovine Serum Albumen (BSA) added to prevent angdiion inhibition by organic
compounds co-extracted from soil (Pecku, 2003). dlata DNA, 1 pul for all
Baynesfield soil samples and 2 ul for all Mount Edgmbe soil samples, were used

for optimal PCR amplification.

PCR conditions were as described in a method bgiaind Hantula (2000), namely:
an initial cycle of 95°C/8 min; followed by 35 cgsl consisting of 95°C/30 s, 47°C/45
s, and 72°C/3 min; and a final single 10 min extamat 72°C. This sufficed for the
Baynesfield DNA samples but as the yield of ampigfrom Mount Edgecombe soil
DNA was low, the above method was modified by iasieg the number of
denaturation/annealing/ elongation cycles to 38.pAfination products (~1650 bp)
were analyzed by electrophoresis of 5 pl aliqunt®.B% agarose gels stained with

ethidium bromide, visualised under UV and photogeap

4.2.5 Community fingerprinting by DGGE

The partial SSU rDNA fragments were analyzed byD®de™ Universal Mutation
Detection System (Bio-Rad). Equal amounts of PCBdpcts, estimated visually
from the agarose gels (Pennaretnal., 2004), were loaded in 20 ul aliquots, onto
7.5% (v/v) acrylamide gels (Sigma acrylamide/bigkenide 40% solution, mix ratio
19:1). The denaturant gradients were produced loyirdy 100% denaturing solution
containing 40% (v/v) deionized formamide and 7 MairThe gels were allowed to
polymerize for 1.5-2.5 hours. Electrophoresis i@ trun in 1x TAE buffer (40 mM
Tris base, 20 mM acetic acid, and 1 mM disodium BDPH 8.3) at a constant
temperature of 58°C according to the conditionsvshim Table 4.2.

TABLE 42 DGGE conditions for analysis of fungal SSU rDNAdments (after Vainio
and Hantula, 2000)

Primer Pairs % Denaturing Gradient Electrophoresis

FR1GC + NS1 18-43 17h at 180V and 58°C
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After the run, gels were either silver-stained (fdn Verseveldpers. comn)® or
stained for 30 min with SYBRGreen | (Roche Diagnostics) (10,000-fold dilutad i
1x TAE) according to the manufacturer’s instrucsiomhe SYBR Green | stained
gels were visualized under UV and all gels weretpinaphed and documented with

a Bio-Rad VersaDoc imaging system.

Of the two different staining procedures used, SYBReen was far simpler and
more rapid and gave reasonably good results. Haw#&we much more laborious and
time-consuming silver-staining method proved tarimge sensitive, enabling bands to

be detected that were not visible with SYB&reen, so was the stain of choice.

4.2.6 Dataanalysis

The banding patterns of the DGGE profiles were ya®al using Bio-Rad Quantity
One™ (version 4.5) image analysis software, withdodetection and quantification

of banding patterns as described in section 3.2.7.

4.2.7 Statistical analysis

Statistical analyses were as previously describes@ction 3.2.8.

43 RESULTS

4.3.1 Analyses of soil physicochemical propertiesat both sites

As variations such as pH, and nutrient and orgamatter concentration may act as
potential selection factors affecting plant growtid soil microbial communities, the
relationship between selected soil variables ane thngal communities was
investigated in each soil. The results of the andlyses from both experimental sites
by MRPP and PCA, are described in detail in sesti.1 and 3.3.3.

3 van Verseveld, H., 2001. Vrije Universiteit van stardam.
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4.3.2 PCR-DGGE analysis of fungal communities

Amplification of soil fungal DNA by PCR, using thER1GC/NS1 primer pair,
yielded products of the expected size (~1650 bppafiothe samples from both sites.
All soil DNA samples produced bright, clear bandghe agarose gelsdicating a
good yield of amplicons for DGGE analysis (Platk)4.

ML KIK PF w
1 2 3 4 56 6 7 8

I
l
l
|
|
l
|

—
—
—
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—_
——
—
—
—_
—
-

PLATE 4.1  Agarose gel showing some of the fungal DNA amplecérl650 bp) from
Baynesfield soils amplified using primer pair FRUSGS1.

Key: ML = 1Kb ladder; KIK = kikuyu pasture; PF = pipi&antation; W = wattle plantation.

The DGGE banding patterns of fungal 18S rDNA segasr(produced using primer
pair FR1GC/NS1) from soils under the different lanses at Baynesfield were
similar, not only between the replicate samplesdisib across the gels, unlike those
of the bacterial communities (visual assessmertl)s Buggested that intraspecies
variation within the 18S rDNA fragments in this gdyuwere minimal. Kowalchulet

al. (2002) reported similar findings in their PCR-DGGiidy of AM fungi, where
interspecies variation was also very slight. Tmsplied that the various fungal
communities were more homogeneous than the bdgpemalations from these soils
(Plate 4.2).
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PLATE42 A DGGE gel (denaturing gradient 18-43%), showir85 rDNA banding
patterns of soil fungal communities under differamd uses at Baynesfield.

le

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.

Quantity One analysis of the DGGE gel showed that tbtal humber of bands
detected per lane varied from only 5-10, with muetds clearly visible and more
easily detectable than had been the case withattere. Across the gels, three bands
were common to all land uses, namely, bands 3)d 14. The band intensity varied,
however, with single bands in some lanes beinglufjaer relative intensity than the
other bands in the same lane, indicating a low ees® in the various fungal

communities (Figure 4.2).
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FIGURE 4.2 Quantity One diagram of DGGE gel (Plate 4.2) ofissfield soil fungal
18S rDNA banding patterns produced with primer p&A.GC/NSL1.

Key: Lanes 1-3 = sugarcane; lanes 4-6 = maize; laf@s kikuyu pasture; lanes 10-12 =
native grassland; lanes 13-15 = pine plantatioredd 6—18 = wattle plantation.

Like those of Baynesfield, the fungal DGGE bandfifgs of 18S rDNA amplicons
(produced with primer pair FR1GC/NS1) from Mountgédombe soils under the
four different trash managements, were similaracheother across all the gels, again
indicating that intraspecies variation in the 183NA fragments was probably
minimal. Again this suggested that these fungalufaipns were more homogeneous
than the bacterial communities from the same Bilat¢ 4.3).
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TF TFo BtoF BtoFo

18%

43%

v

PLATE 4.3 A DGGE gel (denaturing gradient 18-43%), showin® I®NA banding
patterns of soil fungal communities under differeatitments at Mount Edgecombe.

Key: T = green cane harvested with trash retentioo;Biburnt with harvest residues
removed; F = fertilized annually with N, P and Kg £ unfertilized.

Quantity One analysis (Figure 4.3) of the DGGE (@dhte 4.3) showed that total
band numbers varied from only 4-9, with two bamds{bers 6 and 8) common to all
the replicates of the four treatments. Here adangd intensity varied, with 1-5 bands
per lane being dominant and of a higher intendigntthe remaining bands in the
lanes (Figure 4.3). This proved problematic forsaguent statistical analysis, as a
low evenness within the fungal communities unddr thé different treatments

resulted.
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FIGURE 4.3 Quantity One diagram of DGGE gel (Plate 4.3) shogwiands not visible in
the photograph.

Key: Lanes 1-3: TF = green cane harvested, fertilidades 4-6: TFo = green cane
harvested, unfertilized; lanes 7-9: BtoF = burmtecharvested, fertilized; lanes 10-12: BtoFo
= burnt cane harvested, unfertilized.

For the fungal DNA samples from both sites, theanij of bands (from 2-7) in each
lane were located near the top in all the DGGE. gdiss indicated a relatively high A
+ T content (Hagret al, 2003). Only one or two bands ran midway acrossggis,
with 1-2 bands detected in some lanes towards ofterh of the gels. This banding
pattern was consistent throughout all the fung#d && both sites. Thus the profiles
of fungi at both sites were more similar to eacheotthan the respective bacterial

profiles had been.

4.3.3 Statistical analysis of fungal communities at Baynesfield Estate
(sitel)

Analysis of soil fungal community composition aistkite, by means of a NMS two-

dimensional plot rotated by PCA, clustered theicapts from each land use on the
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basis of the presence or absence of bands (sequgres (Figure 4.4). An MRPP
test of the data showed a greater overall diffezefic = -7.244, p < 0.001) in the
fungal community profiles between the differentidee and plantations than within
them. However, the communities from soils underd & were closely correlated

with each other, and could not be separated.
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FIGURE 44 A NMS two-dimensional plot (rotated by PCA) of fialgcommunities
(presencel/absence of bands) at Baynesfield. NMSsstr 0.00049.

Key: M = maize; SC = sugarcane; NAT = native grassl#&il = kikuyu pasture; PF = pine
plantation; W = wattle plantation; B = band.

Analysis of species richness (S) (number of ban@gsegmt = number of different
groups of species) by one-way ANOVA of the soil gahpopulations at this site,
showed an overall difference between the variougdl communities (Table 4.3).
However, the low number of bands present in the getant that richness could not
reliably be determined. Trends for richness folldviiee order: M = WK PF< KIK =
NAT < SC.



115

TABLE 43 ANOVA of species richness (number of bands) amdi lase means in the
soil fungal communities at Baynesfield

Source of variation d.f. S.S. m.s.  f-ratip-value
Land use 5 12.000 2.400 7.20 0.002
Residual 12 4.000 0.333
Total 17 16.000

Grand mean 7.00

Land use SE M? KIKP® NATPC pPF2f  w?
Mean 8.00 6.00 7.67 7.67 6.67 6.00

Means with common superscript letters are not 8agmtly different. (p < 0.05; I.s.d. = 1.03)

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.

The Shannon Weaver Diversity indel'Y, showed a low diversity in the fungal
populations, due to the dominance of a single bamhe of the samples (W2), which
lowered the evenness (J) (Appendix B, Tables B1Bi#)d

4.3.4 Statistical analysis of fungal communities at Mount Edgecombe
(site2)

Analysis of fungal community structure at site 2rbgans of NMS two-dimensional

plots rotated by PCA, clustered the replicate BINIA samples from the four trash
managements on the basis of the presence or abskheads. Replicate samples of
the TF treatments were highly correlated, as waosd of TFo treatments. Similarly,
replicates of BtoF were closely clustered, as viatad-0, although the four treatments
were clearly separated from each other (Figure. MB3PP analysis of this data
showed a significant difference in fungal populatiprofiles between all land

treatments (T = -6.327, p < 0.001).
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FIGURE4.5 A NMS two-dimensional plot (rotated by PCA) of fial communities
(presencel/absence of bands) under four land tre&naé Mount Edgecombe. NMS stress =
0.00044.

Key: TF = green cane harvested with retention of cesgjues, fertilized with N, P and K;
TFo = green cane harvested with retention of ceslues but unfertilized; BtoF = pre-
harvest burnt sugarcane with tops raked off, feetil with N, P and K; BtoFo = pre-harvest
burnt sugarcane with tops raked off but unfertdizB = band.

An overall significant difference (p < 0.001) inespes richness (S) of the fungal
communities at this site was shown by one-way ANOWRable 4.4). Pairwise
comparisons of the four treatments were carriedusitg Fisher's Protected Least
Significant Difference test, which indicated a sigant difference in richness
between TF communities and those under TFo, BtaFEBtoFo. There was also a
significant difference in richness between BtoFal afFo communities, but not
between BtoFo and BtoF nor between BtoF and TFbl€T4.4). However, the low
number of bands present in the gels meant thanegsh could not reliably be
determined. Trends for fungal species richnesovad the order: BtoFo BtoF<
TFo< TF. The soil organic C content in increasingeo was: BtoFo < BtoF < TFo <
TF.
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TABLE 44  ANOVA of soil fungal species richness (number ahfls) and land treatment
means at Mount Edgecombe

Source of variation d.f. S.S. m.s. f-ratio  p-value
Land treatment 3 11.66 3.88 23.33 < 0.001
Residual 8 1.33 0.16
Total 11 13.00
Grand mean 6.50
Land treatment TE TFo® BtoF?' BtoFo?
Mean 8.00 6.67 6.00 5.33

Means with common superscript letters are not 8agmtly different (p < 0.05; I.s.d. = 0.76)

Key: TF = green cane harvested, fertilized; TFo = gresme harvested, unfertilized; BtoF =
burnt cane harvested, fertilized; BtoFo = burntecharvested , unfertilized.

Analysis of species evenness (J) of the soil furagahmunities showed that the
different trash managements at this site, hadnilteinced this parametery(§= 0.32,

p = 0.812, grand mean = 0.876) nor the Shannon eadiversity index ") (F;g=
1.62, p = 0.26, grand mean = 1.618).

4.4 DISCUSSION

Fungi are an important component of the microbéotd are responsible for many of
the key steps in a wide range of ecosystem prosg#selerson and Parkin, 2007).
One of these processes is the biological cyclingapbon, in which decomposition of
cellulose, which constitutes a large part of thgetation added to soil, is significant.
At moderate moisture levels, conditions are congri¢o growth of the cellulolytic
fungi, which are a very diverse group. Hemicellelog major plant constituent added
to soils, is utilized by many soil microorganismsluding fungi, for growth and cell
synthesis. Lignin, the third most abundant plasgue and crop residue constituent, is
degraded almost exclusively by the higher fungichswias the basidiomycetes
(Alexander, 1977; Deacost al, 2006).
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Decomposer (saprotrophic) fungi play a major rolearbon and nutrient cycling in
ecosystems but are sensitive to disturbance, pmiludind environmental change.
Fungal successions on dead plant material genaratigist of initial associations of
weak pathogens, followed by primary saprotrophs aetomposers of more
recalcitrant substrates, such as cellulose andhli@eaconet al, 2006). In addition,
the majority of plant species are mycorrhizal waghproximately two thirds forming
AM and one third, EM associations with fungi. Inriggltural production systems
however, AM fungal diversity seems to be much lotan in natural environments
(Fischer, 2007).

Investigation of fungal communities in complex eowimental samples such as soill,
using culture-independent molecular techniques anagsed major interest of late. In
fungi, the tandemly repeated ribosomal gene clustan appropriate target for PCR
amplification, as one to several hundred copiescpirmay be present (Hagpt al,
2003). Each major repeat contains the coding redionthe primary rRNAs and non-
coding spacer regions. Within the rRNA gene clystee genes encoding the
precursors for 18S rRNA namely, 18S rDNA, are amtrey most frequently used
targets for ecological studies (Stane¢al, 1987; Anderson and Parkin, 2007).

In this study, universal fungal primers were usadce the objective was to show the
response of soil fungal communities to differemdaises and management practices,
without any deliberate selection by specific PCRnprs. As the highest resolution in
DGGE gels was obtained by Vainio and Hantula (20@@en using ~1650 bp
amplicons produced by the primer pair FR1GC/NSésehprimers were selected for
this study. Moreover, as these analyses were bagetBS rDNA and not on 18S
rRNA, the abundance of individual fungal specieshia DGGE profiles, was not
necessarily indicative of fungal growth or activitgs fungi in latent or dormant
forms, might be included (Bridge and Spooner, 2@dgnet al, 2003).

Direct PCR amplification of fungal DNA, from dirégtisolated total soil DNA
samples, using the above-mentioned primers, suotlgsamplified the 18S rDNA
fragments from all the experimental soils. The adiage of direct, single-step PCR is
the elimination of some of the possible bias causggreferential amplification of

specific sequences, which may be exacerbated messive PCR steps (Vainio and
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Hantula, 2000). The approach used in the presemtystgenerated reproducible
amplicons from each of the 30 soil samples used;hwivere subsequently separated
in DGGE gels in which the band profiles describedection 4.3.2 were consistently
produced. In contrast, Oros-Sichlet al. (2006), in a PCR-DGGE analysis of soil
fungal communities, using the same soil DNA isolatkit, the same primer pair and
the direct PCR method, were unable to amplify #guences of interest from most of
their test soils. They had to devise a new, sersiatk two-step PCR protocol before
distinct, reproducible 18S rRNA gene fragments ddu¢ amplified for subsequent
DGGE. Thus the method used in the present studyma@e efficient than that of
Oros-Sichleret al (2006).

The highly repetitive banding patterns in all tledsgfrom both sites seem to indicate
that not only were the soil fungal populations hgemeous, they were also very
stable and were not as easily influenced by diffefend uses and managements as
the bacterial communities from the same sites. Hewethe relatively few bands
obtained per DNA sample (5-10 at site 1, and 4-8itat 2), meant that species
richness could not be determined reliably. Thigieghto indicate that fungal richness
was low when compared with that of the equivaleadtérial communities. This may
possibly have been due to the use of a single P@Rep pair, which could have
limited the number of bands subsequently detectddGGE. By using other primer
pairs such as FR1GC/FF390, as well as FR1GC/NSIR R@plification of
additional, partial SSU rDNA fragments of differelengths would have resulted
(Vainio and Hantula, 2000). A more comprehensiveeasment of the soil fungal
communities would thus have been possible (see t€hgp Pennaneat al. (2004),
when using FR1GC/FF390 primers in a soil fungalysis, reported a large number
of bands (sequence types) in their DGGE gels afthdhere were fewer than in their
bacterial analysis of the same arable soil.

The DGGE profiles observed in this study, with sal&ands located in the upper
part of the gels and one or two bands midway da@sa,similar to those reported by
other workers on soil fungal DNA, regardless of phieners used. Haget al. (2003)
reported an overall pattern of five or six majontia in the DGGE gels, three in the
upper part, others in the middle and a few minatitamhal bands. Kowalchukt al.

(2002), analysing AM fungi from soil, reported DGGifofiles yielding a total of
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three to five bands per sample, occurring in areuppd a lower grouping in the gels.
Some bands comprised more than one DNA fragmestigtitly different sequence
but the same mobility, so some minority populati@esild have been masked by
more dominant ones, resulting in an underestimatfaimne number of fungal species
present. It was reported by van Elgdsal. (2000) that a limited number of bands in
DGGE gels were produced from soil fungal DNA, wiitle fungal profiles showing a
much lower diversity than that commonly observed $oil bacteria. This was
attributed to the restricted sequence divergendengal 18S rDNA together with the
presence of large G + C stretches in the sepasatgaences, which together led to an

aberrant and possibly converging melting and mignabehaviour.

Since the separation of bands in DGGE gels is basatifferences in base sequence,
which determine the melting properties (Muyzsr al, 1993; 1996), this could
explain some of the observed grouping of bandhéneukaryotic (fungal) profiles
compared to the better spread of bands in the acpzofiles from the same soils.
Prokaryotic DNA varies in G + C content from ~249%9% and particular taxonomic
groups only include organisms varying in G + C eomntby no more than 3-5%
(Tiedje et al, 1999). By contrast, in eukaryotes (such as futigg)range of G + C
content is relatively narrow (~35-40%) and is quatsiilar in plants and animals.
This results in two organisms with identical meaNAbase composition differing
greatly in genetic constitution, which is eviderarh the very similar DNA base ratio
values from all plants and animals (Stareeal, 1987). This could possibly account
for the clustering behaviour of the majority of bamobserved in the fungal gels in
this study as well as in those of other workerse Télatively high A + T content
(Hagnet al, 2003) of most of the sequences in the fungal DddAds, caused them to
melt at low concentrations of denaturant and tleeeefo be located near the top of the
gel. Also, as observed by Kowalchek al. (2002), the tendency for more than one
fungal species of similar sequence to separatendhe same band, could possibly be
due to the highly similar G + C content of all eryates. This could have led to the
observed apparent reduction in the richness andtigediversity in the soil fungal
communities under the various land uses and tredghoempared to the soil bacterial
communities from the same sites. An improved sp@falands might have been

achieved in this investigation had other denatugragients been tested, besides the
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18-43% suggested by Vainio and Hantula (2000). iBhiiscussed further in Chapter
5.

It is thus apparent that many factors, includingRPtias, could have influenced the
nature of the DGGE fungal banding profiles obtainkte use of a single primer pair;
the denaturing gradient; similarities in eukary@te- C content; and limited sequence
divergence in fungal 18S rDNA compared to bactet@b rDNA, could all have
contributed to the observed sparse banding patterns

4.4.1 Effectsof different land usesand management practices on soil

fungal community structure at the experimental sites

4.4.1.1 Baynesfield Estate (site 1)

Soil fungal communities under the different lan@sat this site were found to differ
more from each other than from the replicate saspi¢hin the same land use. The
fungal community under pre-harvest burnt sugarcahewed the highest richness,
unlike the bacterial community from the same lasé.uAs the amount, type and
availability of organic matter determine the sizedacomposition of the soil
heterotrophic population (Alexander, 1977) andhesdrganic C level was lowest in
soil under sugarcane, a lower richness in the fuo@amunity under sugarcane than
under the other land uses was expected. The higineress observed may, in part, be
explained by the fact that soils under this land lnad a low pH (~4.3) which would
tend to favour fungal growth over that of bactetraneutral or alkaline soils, many
organisms are capable of hydrolysing cellulose, red®e at acid reaction, the
degradation of cellulose is mediated largely bgrfientous fungi. The process is rapid
below pH 5.0 and occasionally below 4.0 (Alexandé77). Another contributing
factor might be the loss over time, of readily rbelzable C from soils under
continuous sugarcane production (Grahetnal, 2002b). This would result in a soil
with a low overall organic C content but a high gwdion of relatively recalcitrant
humic C. Fungi are known to be particularly effeetiat degrading such organic
compounds, so the low organic matter content mag laated as a selection pressure

favouring fungal proliferation (Alexander, 1977)oWever, a similar effect would
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also be expected in the maize soil, which hadghtyi higher pH (4.5) but a slightly
lower organic C content than the sugarcane soilddition, soil physicochemical
analyses also indicated, that exchangeable K aral]dsser extent, extractable P, had
influenced microbial communities under these twadlauses (Figure 3.1). As
previously noted in section 3.4.1, the sugarcaglediare tilled only every 6-7 years
(at replanting), whereas maize fields are tillechually. Repeated primary and
particularly secondary tillage is likely to resulh mechanical disruption and
destruction of filamentous fungal hyphae (Pennagteal, 2004), thus affecting the

fungal biomass.

Under pine at this site, the soil pH was low (~4dl)d the dense layer of pine needles
covering the solil surface, together with decayiogtrtissues and small branches,
provided large inputs of organic matter to the.silthe destruction of forest litter,
wood and woody tissues, fungi such as cellulolgiicl ligninolytic basidiomycetes
are especially prominent (Alexander, 1977). Thuarge, diverse fungal community
would have been expected to occur under this Iaeddowever, community richness
was lower than that under sugarcane, kikuyu pastndenative grassland, suggesting
that the pine soil fungal community possibly cotesisof a limited number of highly-
specialised fungal species, adapted to the pragadonditions. During a study of
fungal succession on leaf litter, Atlas and Barth@87) found that a simultaneous,
parallel succession of bacterial populations prbbaizcurred, which may have
affected the observed fungal succession. In theeptestudy, the rich, widely diverse
bacterial community found at this site, may pogshdve had a dampening influence
on the fungal population, as a consequence of ibstompetition, resulting in a less

rich, less genetically diverse fungal communityntiexpected.

At this site, permanent kikuyu pasture and natikgesgjand soil fungal communities
were of similar richness, although the soil orga@icontent was higher under the
former than under the latter land use. Exchangediglevas also higher under kikuyu
than under native grasslands and PCA analysis n&igwl) showed that organic C,
Mg and pH were the main factors influencing micedbsommunities at this site.

Grasslands throughout the world owe their continagstence to fungal activity,

because saprotrophic fungi decompose dead orgaattemthereby recycling carbon

and other nutrients. In grasslands as in foresssidibmycetes are the major
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decomposers of dead organic matter (Deastoal, 2006). NMS analysis of fungal
community composition, based on the presence oenalesof bands (groups of
species) in the DGGE gels, clearly separated tik@yki and native grassland
communities. However, ANOVA indicated that diffecess in fungal community
evenness were low; accordingly, the Shannon Weadex showed a low diversity.
In an earlier study at this site, Graham (2003pa$LFA analysis, found that the
fungal/bacterial ratio was lowest under kikuyu pestand highest under native
grassland. The results also indicated that, in @ispn with native grassland,
improved kikuyu pasture soil had a higher organatter content and a smaller fungal
community of similar richness, but with lower evesa and a lower diversity index.
Therefore, although the number of fungal speciehensoil under kikuyu and native
grassland was essentially the same, the low everaras diversity was regarded as
indicative of the presence of a small number of itamt species in the kikuyu fungal
community. This was interpreted as a reflectiorthef complexity of the interactions
between land use and the size and compositionilofngcrobial communities. These
results support the findings in the current study.

The close relationship between fungal communitieslen maize (conventional
tillage) and wattle (Figure 4.4) at this site, wasexpected and in contrast to the
findings in the equivalent bacterial study. Thediag patterns, both in terms of band
number and bands common to both maize and wattigafutcommunities, were very
similar in duplicate DGGE gels. This indicated tlfaigal populations at both sites
contained essentially the same groups of speciesveker, soil physicochemical
analyses (Figure 3.1) showed that soils under thes® land uses differed
considerably. Maize soil had a higher P and K aunterhereas wattle soil had a
higher pH, organic C and exchangeable Ca and MgenarOther research has shown
that fungal/bacterial ratios are about five timasédr in arable than in forest soils, due
to the frequent disturbances associated with #liagd the presence of a distinct, thick
litter layer under forests (Pennanenal, 2004). One factor which may possibly have
contributed significantly to the similarity in theo communities is that wattle trees
drop only small amounts of litter, so the soil sgd is essentially bare (Dlamini and
Haynes, 2004). Other important factors to be cared, are that wattle soil pH
(~5.5), was the highest of all the land uses & $iite, and the bacterial community

was the most diverse. These conditions would tentavour bacterial growth over
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that of fungi, causing the former to proliferate rmaapidly than the latter, and to

become the dominant microbial population.

4.4.1.2 Mount Edgecombe (site 2)

At this site there was an overall significant diéflece in fungal community structure
under the various sugarcane trash managementsysisalf the DGGE profiles
clearly separated the different fungal communitfesm the four crop residue
management soils. Those treatments retaining atfafh blanket (T) supported
communities with a greater richness than those rupde-harvest burnt sugarcane
(Bto). TF had the highest richness and BtoFo theest. CCA showed that soil
organic C content was one of the main factors wewlin differentiating fungal
communities under trashed treatments from thoserupiek-harvest burning. Loss of
exchangeable Mg (associated with soil acidificgtiomas the main factor
differentiating communities under fertilized condits, from those under unfertilized
conditions. However, addition of fertilizer increas fungal community richness
relative to unfertilized treatments. As previousipted, fungi have a selective
advantage over bacteria in acid soils, so apptinatof fertilizer that increase acidity
due to nitrification of ammonium sulphate (Graha2003) would tend to favour
fungal dominance over bacteria. This author hadviposly reported that for
unfertilized treatments (Fo), at this site, trashention had greatly increased the
fungal to bacteria ratio, which supports the fimgdinn the present study. In contrast
however, this did not apply to fertilized plots (F)

At this site, both the greater soil fungal richnassl the larger diversity index under
trash retention compared to burning, were as egpdecdurface retention of crop
residues stimulates fungal growth more than thabagfteria, causing the fungi to
predominate (Holland and Coleman, 1987). In thesgme study, fungal mycelium

was clearly visible, both ramifying through the dging trash layer and on the soil
surface below. This suggests that the decaying @sigues provide a medium which
supports a more diverse fungal community thanuhder the bare soil surface of pre-
harvest burnt sugarcane. Normally a few dominaetigs occur in a trophic level,

although the less abundant species largely deterthnspecies diversity of that level
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and of the whole community. Diversity generally w&ses when one or a few
populations attain high densities, with high nunsbending to signify successful

competition but also the dominance of a single peimn (Atlas and Bartha, 1987).

4.4.2 Overall assessment of the DGGE analysis of the soil fungal

communities from both sites

In this study, the total number of bands detectexdIgne in all the DGGE gels, for
soil fungi from both sites was low (4-10). In aduft the bands varied in relative
intensity (fungal mass), indicating that individugdoups of species in the brighter
bands were more abundant than those in the lidpateds. However, several different
species with nearly identical sequences and mettorgains may have co-migrated
within a single band (Kowalchuét al, 2002). This could have resulted in the low
evenness and, consequently, the low diversity obdgeat the experimental sites.
These findings support the observation that thelvesy power of DGGE gels is
limited for the separation of fragments in exce$@0 bp (Kennedy and Gewin,
1997). The DGGE technique was originally designedialyse point mutations in
relatively short DNA fragments (Vainio and Hantu?®00) and is based on sequence
differences (Muyzeet al, 1993; Kowalchuket al, 2002). Therefore, when using
very long molecules, some of the base-pair diffeesnmay remain undetected
(Vainio and Hantula, 2000). Notwithstanding thise tast named authors, obtained
the highest resolution in DGGE when using the ~1@&f0 amplicons, despite
resolution in DGGE gels usually decreasing for Diwalecules with large melting
domains. However, these authors were working withodvinhabiting fungi so
relative to soil-based studies, there would havenbenly a limited number of

different species to separate on the gels, in astto the large numbers from soil.

45 CONCLUSIONS

This study demonstrated that the direct PCR-DGGdfesy used was successful in
showing that different land uses and sugarcanduesnanagements had affected the
community structure (genetic diversity) of the simihgal communities at the sites

under investigation. In comparison with cloningheicjues, it is also a relatively rapid
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method of screening multiple soil samples. Morepwemsistent banding profiles

were obtained in duplicate DGGE gels, indicatingadyoeproducibility.

The fungal communities at Baynesfield Estate weumndl to be much more stable and
homogeneous than the bacterial communities ataine site so were less influenced
by differences in land use. Fertilizer applicatiomigganic C and pH were all shown to
have had a positive influence on the fungal comtyuichness and genetic diversity
under the various land use types. At Mount Edgee@prtiie fungal communities were
also very homogeneous and stable, showing verg Mariation both within and

between treatments. Here too, pH affected the fut@amunities, with applications

of fertilizer and organic C increasing communityhmess. This effect was particularly
noticeable in fertilized soils where organic resisluwere retained. Therefore,
treatments causing an accumulation of organic métgether with applications of

fertilizer) increased fungal genetic diversity tela to those unfertilized treatments

where organic matter was depleted.
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Chapter 5

DNA-DERIVED ASSESSMENTS OF FUNGAL
COMMUNITY COMPOSITION IN SOILSUNDER
DIFFERENT LAND USESAND MANAGEMENT
PRACTICES

5.1 [INTRODUCTION

To manage soil better and to minimise negative renmental impacts, a more
detailed understanding of the activities of miceblmommunities in soil, and of their
response to environmental stress and climate chiangeeded (Hirsclet al, 2010).
This applies particularly to the fungal componewarious methods have been
developed to assess soil fungal communities, wbazhid potentially contribute to a
better understanding of their ecological role il abitats (Schwarzenbaddt al,
2007).

Few studies have investigated how specific chamge=daphic characteristics may
influence soil fungal community composition acréasd use types (Laubat al,
2008). In addition, the critical role of plant roexudates in structuring soil fungal

communities is poorly understood (Broeckligigal, 2008).

The use of molecular techniques in ecology has igeav a framework linking
organisms to the processes they control, with P&seth analyses dominating
molecular diversity assessments (Mitchell and Zua,c2006). Genetic fingerprinting
of PCR amplicons using DGGE has been used inciggsin studies of microbial
ecology (Lynch and Thorn, 2006). However, this apgh has seldom been used to
characterize eukaryotic diversity (Aguilezhal, 2006). Even with the introduction of
molecular techniques, the diversity of soil funggrticularly of the basidiomycetes,

has not been fully explored (Lynch and Thorn, 2006)
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Broad-based diversity studies can be performed thighsmall (18S rRNA) subunit
ribosomal RNA gene, which can be used in phylogenabalyses to determine
evolutionary relationships between taxa. Howeverthe nuclear SSU rRNA gene is
highly conserved, it resolves little phylogenetigddeyond the family level (Mitchell
and Zuccaro, 2006). A large, constantly expandiegtenic database of SSU gene
sequences (both of 16S in prokaryotes and 18S kargotes) enables many soil
bacteria, archaea and fungi to be identified togbeus, species and, occasionally,
sub-species level. Nonetheless, many remain umassi¢p known phyla and are
classified as ‘uncultured’ (Hirsaét al, 2010).

The aim of this component of the current study wasxpand the scope of the initial
work, conducted over the 2004—2006 period, by:u@ing an additional universal
fungal primer pair to that used in section 4.2&%,ptrovide a wider spectrum of
sequences; (ii) modifying the DGGE protocols andting different denaturing
gradients to improve band separation; and (iiijuseging some of the prominent,
common bands to show whether individual bands aoetiamore than one fungal
species, to reveal the presence of chimeras andleatify whether apparently
‘common’ bands in different lanes contained the esdnmgal groups. This approach,
allowed a more accurate assessment to be made dffécts of the different land
uses and management practices on the soil fungamcmity structural diversity at

the two sites.

52 MATERIALSAND METHODS

5.2.1 Study sitesand soil sampling

The study sites are the same as those descrilstiion 3.2.1. Re-sampling of soils
from both sites (0-5 cm depth) took place in Auffieptember 2008, at the end of
the dry winter season, and followed the same praeedescribed in section 3.2.2.
Immediately after collection in the field, replieasoil subsamples were stored on ice.
On return to the laboratory, subsamples from eaphcate were bulked so that there
were three independent samples for each land ukalsn for each land management.
All bulked, field-moist samples were thoroughly mik and sieved (2 mm).
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Subsamples for DNA extraction and CLPP (sectio@s46and 7.2.4) were stored in
plastic bags at 4°C, and further subsamples fanate analysis were again sieved (<

1 mm) and air-dried.

5.2.2 Chemical analysis

Chemical analysis of fresh soil samples followed thethods described in section
3.2.3.

5.2.3 DNA extraction, purification and quantification

Total genomic DNA was directly extracted and pedfifrom soils at both sites, using
an UltraClean™ Soil DNA Isolation Kit (MO BIO Labatories, Inc. CA, USA). For
the Baynesfield site, 0.5 g of each replicate saihple was added to separate bead
solution tubes, and DNA was extracted and purifiedording to the manufacturer’'s
instructions, using the protocol designed to mazeéryields. Duplicate samples for
each soil were prepared, and the DNA concentratimere determined using a WPA
Biowave Il spectrophotometer. Electrophoresis & BNA samples (5 pl) in 0.8%
agarose gels was carried out, and the gels werestianed with ethidium bromide,

visualised with UV and photographed.

Difficulty was experienced repeatedly when isolgtDNA from the various Mount
Edgecombe soil samples. Accordingly, both directl amdirect DNA extraction
procedures, and two different DNA extraction kik&re tested. The most successful
method was by direct DNA extraction with the MO Bl@traClean™ Soil DNA
isolation kit, using a special protocol recommendsd the manufacturers for
recalcitrant soils/samples. In this method, 0.4 gaxh soil subsample was added to
separate bead solution tubes, after which the gobtto maximise yields was
followed but with the following modifications. Prido the bead beating step: (i) two
freeze/thaw steps were added (samples were fraeen 30 min. at -20°C until solid
and then allowed to thaw completely [+ 10 min] &® in a waterbath) to assist in
the lysis of recalcitrant microbes and fungal sppnd (ii) the inhibitor removal
solution (IRS) step was eliminated to reduce DN#sloBefore centrifugation in the
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spin columns, the pH of each sample was measurdvas found to be within the
ideal range (5.6—6.5). Despite the additional messuno bands were visible in the
subsequent agarose gel, which was attributed t@Nwe concentration being below
the level of detection of the gel (~2-5 ng) andered this was found to be the case.
Therefore, in order to conserve the samples, natsgEnotometric estimation of
DNA concentration from these soils was carried élitsamples were then stored at
-20°C.

5.2.4 PCR amplification of fungal 18SrDNA fragments

To amplify fungal 18S rDNA fragments of a differelength (~390 bp) to those
produced by the original primer pair, FR1GC/NS165Q bp) (section 4.2.5), the
universal primer pair FR1/FF390 was used. Pennateal (2004) reported that
reproducible DGGE fingerprints, reflecting the sexgce diversity of soil fungal
communities, were consistently generated with #dteel primer pair. A GC clamp
sequence was again added to the reverse primer (Maihio and Hantula, 2000)
(section 4.2.4). The relative locations in the SBMA region, of both sets of primers
and their sequences, are shown in Figure 4.1 aide a1, respectively (section
4.2.4).

Partial SSU rDNA fragments were amplified in a Gamp PCR System 9700
thermocycler (Applied Biosystems, Foster City, C4SA). Each 50 pl reaction
mixture contained 5 pl of 10x reaction buffer, 3giR5 uM MgC} (1.5 mM MgCb

final concentration), 0.5 uM of FR1GC reverse priraed 0.5 uM of FF390 forward
primer, 200 uM of each dNTP (ABgene, Rochester, N¥A), 1.25 U SuperTherm
Tag DNA Polymerase, sterile MilliQ 40 and 1 pul Bovine Serum Albumen (BSA)
(20 mg mt"), added to prevent amplification inhibition by anic compounds co-
extracted from soil (Pecku, 2003). Template DNA4ITor the Baynesfield samples
and 10 ul for the Mount Edgecombe samples (as th& Boncentration in the latter

was low), were added to each PCR reaction.

PCR conditions were as described by Vainio and tant2000) for primer pair
FR1GC/FF390, namely, an initial denaturation st@p°C/8 min), followed by 30
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cycles comprising a denaturing (95°C/30s), annga(i0°C/45s), and elongation
(72°C/2 min) step, and a final single elongatiapg{72°C/10 min). This protocol was
suitable for the Baynesfield soil DNA samples, mgt for those from Mount

Edgecombe, as the yield of fungal amplicons usihig tprocedure was low.

Therefore, for the latter samples the number ofatleing/annealing/elongation

cycles was increased to 40. In addition, the comagan of Mount Edgecombe

fungal amplicons was further increased for subseigD&GE, by adopting a nested
PCR approach. This comprised a first round of P@ig total community DNA as

the template, followed by a second round, usirgg flund amplicons from the nested
PCR as template (Clegg, 2006). The same primervpasr used for both rounds of
PCR. The amplicons (~390 bp) were analysed by relglobresis of 5 pl aliquots

(Baynesfield) and 10 ul aliquots (Mount Edgecomhe)% agarose gels stained with
ethidium bromide, then visualised under UV and pgaphed.

5.2.5 Community fingerprinting by DGGE

PCR fungal amplicons were analysed by DGGE with B@ode™ Universal
Mutation Detection System (Bio-Rad Laboratoriesrddées, CA, USA) using a
modified protocol of Pennaneat al (2004). PCR amplicons (20 pl) were loaded onto
8% (v/v) polyacrylamide gels (Sigma, acrylamidedloiylamide 40% solution, mix
ratio 19:1) with a 30-50% denaturing gradient (1088haturant contains 7 M urea
and 40% deionized formamide in 1x TAE buffer, pB)8The gels were allowed to
polymerise for 1.5-2.5 h. Electrophoresis was murix TAE buffer at a constant
temperature of 60°C for 16h at 65V. The gels wéentstained for 35 min with
SYBR® Gold (Invitrogen™, Molecular Probes™) (10,000-faldution in 1x TAE),
visualized under UV, and scanned and photographigd a Bio-Rad VersaDoc
system. SYBR Gold nucleic acid stain was chosen for this stayif is currently the
most sensitive fluorescent stain for detecting dexstranded DNA when using
standard UV transilluminators (Molecular Probes™gé&ne, OR, USA).
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5.2.6 Dataanalysis

The banding patterns of the DGGE profiles were ya&al with Bio-Rad Quantity
One™ (version 4.6) image analysis software, widpeet to band number, position

and relative band intensity (details in section3.2

5.2.7 Statistical analysis

Statistical analysis of the DGGE profiles was as/usly described in section 3.2.8,

except with respect to the following:

Genstat Release 11.1 (PC/Windows) 2008, VSN Intema Ltd, Hemel Hempstead,

U.K., was used for one-way (ANOVA). Species riclmdS) (number of bands

present) was determined, and pairwise comparis@ne tested by Tukey's test (95%
confidence intervals). Relative band intensity (s)asas used to determine Pielou’s
species evenness (J) (a measure of the equitabilithe relative band intensities
across the gels) and the Shannon Weaver Diversitgxl H') (Peet, 1974) was used
to give a composite measure of microbial commuditersity, based on both species

richness and evenness. Least significant diffeemase calculated at the 5% level.

5.2.8 DNA sequencing analysis of DGGE bands

To obtain samples for sequencing from both siteemment DGGE bands were
excised (using separate, sterile scalpel bladesdadn band), from the UV-illuminated
acrylamide gels, following a method adapted from éflal (2005). A low intensity

transilluminator was used (365 nm wavelength, U\&)minimise damage to the
DNA. Each excised band was placed in a separatéesteicrofuge tube, to each of
which, 30 pul sterile MilliQ water was added. ThiasMollowed by a brief pulse-spin
in a microfuge. The DNA was allowed to elute ovghiin an incubator at 28°C,
after which the tubes were again subjected to aepspin in a microfuge, and the

supernatant containing the eluted DNA, transfetoeclean, sterile microfuge tubes.
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The eluted DNA was used for PCR amplification ascdéed in section 5.2.4, and
the resultant amplicons were analysed by DGGE,usutg a narrower denaturing
gradient (35-45%). The position of these bandstivelao the original bands was
verified by running excised DNA amplicons alongsidentrols consisting of non-
excised DNA amplicons (Sekiguckt al, 2008). The gel was then analysed with
respect to band position and band number, usingt@u&®ne software. The aim was
to test the assumptions made previously (sectidh that single DGGE bands may
comprise more than one DNA fragment of slightlyfetént sequence but of the same
mobility (Kowalchuk et al, 2002), or that a band may contain fragments from
different fungi, which may have run together duethe similarity of the G + C
content among eukaryotic DNA (Stanedral, 1987). These amplicons were then gel-
purified and sequenced with forward primer FF39@ @C clamp) by Ingaba
Biotechnical Industries, Pretoria, South Africaingsthe Sanger sequencing method
with AB1 3130 XL sequencers (Applied Biosystemssteo City, CA, USA).

Comparisons of the partial soil fungal 18S rDNA wse&ces from both sites, obtained
from the excised bands, and the closest matcheshen National Centre for
Biotechnology Information (NCBI) nucleotide databasiere made using the online
standard BLAST (Basic Local Alignment Search Toolprogramme
(http://www.ncbi.nlm.nih.gov/). In addition, the Btisomal Database Project (RDP)
(http://wdcm.nig.ac.jp/RDP/docs/chimera_doc.htm§swised for online screening of
possible chimeric sequences. Sequences which (eod:poor quality, (ii) of fewer
than 200 base pairs in length, or (iii) suspectethedng chimeric, were eliminated
from the analysis (Jangidt al, 2008; Lauberet al, 2008). Each sequence was
identified according to the first BLAST match, bag most indicated the sequences
were from ‘uncultured’ soil fungi, the first 5 maes were considered. However, as
only one of these matches was deemed reliable (saRfB, Table 5.2), the other

sequences remained classified as ‘uncultured’ gétiet al, 2007).
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5.3 RESULTS

5.3.1 Analysesof soilsat the Baynesfield experimental site (site 1)

The means (+ standard deviation) of the selectggipbchemical variables of the

fresh soil samples collected at this site in 2@08,presented in Table 5.1.

At this site, soil organic carbon increased in dhder: M < W < SC < NAT < PF <
KIK, and soil pH in increasing order was: PF < S@®I<= W < KIK < NAT. High
concentrations of extractable P were recorded énféntilized M and SC soils, and
lowest concentrations in soil under undisturbed NATe highest exchangeable K
concentration was in SC soil followed by M and Ki&d lowest under W, whereas
exchangeable Ca was highest under KIK, followed\bsnd M and lowest under SC.
The Mg concentrations were highest in KIK soil éo¥led by that of NAT, and lowest
under SC. Soil pH was lowest under PF and higmeBIAT soils (Table 5.1). While
some of the selected physicochemical variables filensoil sampling in the initial
study (2004) were similar to those of the presémdys others had changed (Table
3.2, section 3.3.1)
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TABLES5.1 Means (x sd) for selected physicochemical propeuti soils collected at 0-5 cm depth from diffétand uses at Baynesfield Estate

Land pH Organic Extractable Exchangeable cations Exch. Total cations
use (KCL) Carbon P K Ca Mg acidity (ECEC)
% mg kg cmolc kg™
SC  4.4(0.05 5.0(0.17) 72.4(21.50) 1.7(0.19) 5(8.49) 1.9 (0.29) 0.6 (0.19) 7.8 (0.90)
M 4.6 (0.17) 3.9(0.16) 156 (32.02) 1.4(0.07) @&6) 2.8(0.14) 0.1(0.02)  11.2(0.56)
KIK 4.7(0.08) 9.4(0.22) 250 (16.46) 1.4(0.20) .870.97) 5.5(0.82) 0.1(0.03)  14.8(0.67)
NAT 4.8(0.28) 5.1(0.12) 3.5(0.54) 0.5(0.11) @85 4.9 (1.47) 0.1 (0.05)  10.9 (2.19)
PF  3.8(0.03) 6.3(1.00) 11.3(2.21) 0.4 (0.04) (0.23) 2.5(0.28) 2.7(0.21)  9.8(0.49)
w 4.6 (0.04) 4.8(0.29) 3.4 (0.46) 0.4 (0.03) RH4Y) 2.7 (0.32) 0.2 (0.02) 10.0 (0.98)

Key: SC = sugarcane (burnt cane harvested); M = n{@iZg; KIK = kikuyu permanent pasture; NAT = natigeassland; PF = pine plantation; W = wattle
plantation.
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A PCA analysis of this soil data showed the confpmsal relationships among

replicate subsamples from the different land uségufe 5.1). The closer the vector
for an individual variable was aligned with a prpad component axis, the more that
particular variable accounted for the variationtiie data along that axis. Calcium,
ECEC, Mg and pH were correlated with PC1, and actsalifor 45.2% of the total

variance, whereas P, K, organic C and acidity weverelated with PC2, and

accounted for 26.2% of the total variance. Cumwddyi PC1 and PC2 accounted for
71.4% of the total variance in the soil data. Tlres®ils were associated with high
acidity and low pH, whereas the W soils were asdedi with lower acidity and

organic C levels than PF soils. The SC and M sedee closely correlated with a high
soil P content, with M soils also closely assodatsth a high soil K content. Soils

under KIK were correlated with high organic C, MgdaECEC. Considerable

variability was shown among the samples with respgecsoil physicochemical

properties. (MRPP, T =-8.965; p < 0.001).
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FIGURE 5.1 A PCA biplot (standardised and centred data) @ss#nd soil variables for
subsamples of fields with various land uses at Bsffeld Estate.

The PC1 (horizontal axis) and PC2 (vertical axispoanted for 45.2% and 26.2%,
respectively, of the total variance in the soiladat

Key: SC = sugarcane (burnt cane harvested); M = nfaaeventional tillage); KIK = kikuyu
pasture; NAT = native grassland; PF = pine plaotatiVv = wattle plantation.
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5.3.2 PCR-DGGE analysis of fungal communities

The total genomic DNA isolated from the various danse soil subsamples at

Baynesfield using a MO BIO Ultraclean™ kit is shoinrPlate 5.1.

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

PLATES5.1 Agarose gel showing total genomic DNA from soil saimples from
Baynesfield Estate.

Key: Row A, Lane 2, 1 Kb Molecular weight markers (MW)/Nkanes 3-5, sugarcane (SC);

lanes 6-8, maize (M); lanes 9-11, kikuyu (KIK); danl2—14, native grassland (NAT); lanes
15-17, pine (PF); lanes 18-20, wattle (W). Row Bnés 2-16, duplicate samples of those in
row A but excluding PF; lane 20, 1Kb MWM.

As previously noted, the concentration of total §0NA at Mount Edgecombe was
too low for the bands to be visible in the agargseks. Fungal DNA was seen to be
present only after all the samples had been PCRIifaadp and the number of

denaturing /annealing/elongation cycles increasetDt(Plate 5.2).

Amplification of the fungal component of the soilamobial communities from both
sites, by PCR of 18S rDNA with the universal fungaimer pair FR1GC/FF390,
yielded products of the expected size (~390 bpaliathe replicate subsamples.
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ML TF TFo BtoF BtoFo ML

1 2 3 4 5 6 7 8 9 10 1 12 13 14

390 bp|m 3

PLATES5.2 Fungal PCR amplicons (-390 bp) from soils undefedtht management
practices at Mount Edgecombe.

Key: Lane 1, ML = 1 Kb MWM; TF = fertilized, green caurarvested; TFo = unfertilized,
green cane harvested; BtoF = fertilized, burnt deargested; BtoFo = unfertilized, burnt cane
harvested; lane 14, ML = 100 bp MWM.

5.3.3 Soil fungal community structure at Baynesfield Estate (site 1)

Fungal fingerprints from DGGE analysis of PCR awmtis (produced with
FR1GC/FF390) of the various land uses at site dwsH that the DNA banding
profiles of the replicate subsamples of a singtellase, were more similar to each
other than they were to the subsample profiles h&f other land uses (visual
assessment) (Plate 5.3). This was confirmed by @u&ne analysis (Figure 5.2). In
contrast, the banding patterns previously obtaingden using primer pair
FR1GC/NS1 were more similar across the gels regssdbf land use (section 4.3.2).
In the current study, Quantity One analysis shotiednumber of bands in each lane
varied from 4-18 (Figure 5.2), which was greatantithe 5-10 bands previously
produced by FR1GC/NS1. Nonetheless, this was felar the 15-44 bands in the
bacterial community DGGE gels (section 3.3.2). 8imach band was inferred to
represent a single OTU, soil fungal richness at nRafield, as revealed by
FR1GC/FF390, was greater than that shown by FR1GC/NMut lower than the
bacterial richness at the same site. Some bands aggin common to all lanes
although the band intensities varied, indicatindjflerence in mass (Plate 5.3; Figure
5.2).
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PLATES53 DGGE gel (denaturing gradient 30-50%) of Baynedfiedoil fungal
amplicons from different land uses amplified witinger pair FR1GC/FF390.

30%

50%
_y

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation. Arrow indicatesnds excised for DNA elution.
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FIGURE 5.2 Quantity Onediagram of DGGE gel (Plate 5.3) showing bands bk in
the photograph.

Key: Lanes 1-3: sugarcane; lanes 4—6: maize; laneskike/u pasture; lanes 10—12: native
grassland; lanes 13-15: pine plantation; lanes &6wattle plantation. Arrow indicates band
23, excised from all lanes for DNA elution and semging.

A DGGE gel (denaturing gradient, 35-45%) of Baym#dfsamples, containing the
bands produced by eluted fungal DNA from singleised bands, together with non-
excised control DNA (to verify band position), tsosvn in Plate 5.4.
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Analysis of the gel (Plate 5.4) with Quantity Orkeg(re 5.3) showed that multiple
bands, varying from 2—7, (excluding control samphere contained within each,
apparently ‘single’, excised, dominant band. Tretadice migrated in the gel lanes by
the native grassland control DNA (NAT C), and theepplantation control DNA
(PF3 C), was slightly shorter than that by the sxdi DNA (Plate 5.4). This was
possibly because these control bands containedadesequences. In contrast, the
kikuyu pasture control DNA (KIK C), contained a gia band only, and therefore ran
a similar distance in the lane, to that of the sedi DNA. While the narrower
denaturing gradient (35—-45%) served to separatethiple bands within each single
excised band, the control DNA amplicons, produaader bands per lane than they
had in the DGGE gels with a 30-50% denaturing grad{Plate 5.3, Figure 5.2).
These results indicate that the narrower gradientldvnot have been suitable for the

initial DGGE of mixed soil fungal communities iniso

SC1 M2 KIK3 KIKC X NAT2 NATC X PF3C PF3 W1 WwWi1C
1 2 3 4 5 6 7 8 9 10 1 12

35%—— ' 1 V‘ ' ! I ¥

45%
A

M LR

PLATES54 DGGEgel (denaturing gradient 35-45%) to verify the posiof some of the
eluted fungal DNA samples, relative to non-exciseatrols from Baynesfield.

Key: SC1 = sugarcane, subsample 1; M2 = maize, subbsa)KIK3 = kikuyu pasture,
subsample 3; KIK C = control DNA from kikuyu subgalm 3; lane 5, open; NAT2 = native
grassland, subsample 2; NAT C = control DNA frontiveagrassland subsample 2; lane 8,
open; PF3 C = control DNA from pine plantation sarple 3; PF3 = pine plantation,
subsample 3; W1 = wattle plantation, subsample 1, @/= control DNA from wattle
plantation subsample 1. Arrow indicates bands excier sequencing. Control DNA was not
excised and sequenced.
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FIGURE 5.3 Quantity One diagram of DGGE gel (Plate 5.4) shogwands not visible in
the photograph.

Key: Lane 1, SC1: sugarcane; lane 2, M2: maize; landK33: kikuyu pasture; Lane 4, KIK

C: control DNA, kikuyu pasture; lane 5: open; |&)eNAT2 : native grassland) lane 7, NAT
C: control DNA, native grassland; lane 8: opengl@ PF3 C: control DNA, pine plantation;
lane 10, PF3: pine plantation; lane 11, W1: wattkntation; lane 12, W1 C: control DNA,
wattle plantation. Arrow indicates excised bands (1

The results obtained from sequencing the 18S rRMNAegfragments from the
Baynesfield soil fungal communities under the défe land uses (identified using the
NCBI nucleotide database and the mega BLAST proprara presented in Table 5.2.
When comparing sequences from environmental sampiéis fully identified
reference sequences, it is common to rely on tbtdskalues (e.g. 97%) for
determining sequence similarity (Ovaskaim¢ml, 2010). Of the 18 fungal sequences
excised, 17 showed a similarity of 98—100% to Geklsequences. Only band 2 from
subsample W1 (W1/2) had a similarity of less thai?c9and was, therefore,

eliminated from the analysis (Greenal, 2006).
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TABLE 5.2 Identity of 18S rRNA gene sequences from excise@E®ands of soil fungal communities from differtarid uses at Baynesfield

Sequence Closest match from Genbank % sequence similarity Genbank
designation (BLAST) accession no.
SC1 Uncultured fungus isolate 1 18S rRNA gene, pasgjuence 99% AY769847.1
SC2 Uncultured fungus partial 18S rRNA gene, isofat 100% FM202462.1
SC3 Uncultured fungus isolate 1 18S rRNA gene, pasi@juence 100% AY769847.1
M1 Uncultured fungus clone Nikos_35 18S rRNA genetiglasequence 100% HM104558.1
M3 Uncultured fungus clone Nikos_35 18S rRNA genetiplesequence 99% HM104558.1
KIK1 Uncultured fungus isolate 6 18S rRNA gene, pasggjuence 99% AY769852.1
KIK2 Uncultured fungus clone Nikos_35 18S rRNA genetiglasequence 100% HM104558.1
KIK3 Uncultured fungus clone Nikos_35 18S rRNA genetiglasequence 99% HM104558.1
NAT1 Uncultured soil fungus isolate DGGE gel band 12@5(8F01)FF390 100% EU647857.1
NAT2 Uncultured fungus isolate 1 18S rRNA gene, pasggjuence 100% AY769847.1
NAT3 Uncultured soil fungus isolate DGGE gel band 12@808F01)FF390 100% EU647857.1
PF1 Uncultured soil fungus isolate DGGE gel band 12@808F01)FF390 100% EU647857.1
PF2 Uncultured soil fungus isolate DGGE gel band 12@5(8F01)FF390 100% EU647857.1
PF3 Mortierella sp.20006 18S rRNA gene, partial sequence 100% e|/a211
W1/1 Uncultured fungus clone Nikos_35 18S rRNA genetiglasequence 98% HM104558.1
w1/2* Repetobasidium mirificuh8S rRNA gene, partial sequence 87%* AY293155.1
W2 Uncultured fungus isolate 1 18S rRNA gene, pasggjuence 100% AY769847.1
W3 Uncultured soil fungus isolate DGGE gel band 12@808F01)FF390 99% EU647857.1

Sequence similarity values below 90% are not cenelidentical (Greeet al, 2006)

Key: SC = sugarcane (burnt cane harvested); M = maize @uional tillage); KIK = kikuyu pasture; NAT = naé grassland; PF = pine plantation; W =
wattle plantation.
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Soil fungal community composition under the differé&and uses at this site, is shown
in an NMS two-dimensional plot rotated by PCA (Figib.4). The various land use
soil replicates were clustered on the basis of ghesence or absence (Sdrensen
coefficient) of bands (sequence types). The refdi€d soil fungal communities were
separated from those of the other land uses, as twerW fungal communities. Soill
fungi under the arable crops, SC and M, clusteogdther indicating the presence of
similar fungal OTUs in soils under these land u&milarly, KIK replicates were
closely clustered with those of NAT. MRPP confirntedt subsamples from W (av.
distance 0.19, Sdérensen) were the most closelyeleded, indicating the structural
similarity of their fungal communities. SC subsaewlwere also more closely
clustered (0.27) than the NAT (0.33), PF (0.39X K0.44) and M (0.66) subsamples,
with those of KIK being more dissimilar than NAT darPF. However, the M

subsamples were the most structurally dissimilaliahe land uses.
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FIGURES5.4 A NMS two-dimensional plot (rotated by PCA) of fuaigcommunities
(presence or absence of bands) at Baynesfield. btkdSs = 0.19955.

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation; B = band (OTU).
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Analysis of species richness (S) (humber of bamésemt = number of different
groups of species) by one-way ANOVA of the soildgahcommunities at this site,
showed large differences between the various furggehmunities (Table 5.3).
Pairwise comparisons made using Tukey’s test, atda that soil fungal community
richness under W differed from that of the soildunnder M, SC and NAT, but not
from that of the communities under PF or KIK (Talle8). Trends for richness
followed the order: M < SC < NAT < PF < KIK <W.

TABLE 53 ANOVA of species richness (number of bands produggidg primer pair
FR1GC/FF390) and land use means in the fungal caonties at Baynesfield

Source of variation d.f S.S. m.s. f-ratio  p-value
Land use 5 96.44  19.29 6.09 0.005
Residual 12 38.00 3.17
Total 17 134.44
Grand mean 7.56
Land use st M*  KIK* NAT® PP WP
Mean 5.33 5.00 8.33 7.00 7.67 12.00

Means with common superscript letters are not Sagmitly different. (LSRy, = 3.166).

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland;
PF = pine plantation; W = wattle plantation.

ANOVA of soil fungal community evenness (J) undbe tdifferent land uses at
Baynesfield, showed a marked overall differencthenevenness of the fungal species
present (Table 5.4). Wattle soil fungal evennefer@id from that of the communities
under SC, M and KIK, but not from that of NAT an& Boil fungal communities.
Trends for evenness were: M < KIKSC < NAT<PF < W.
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TABLE 54 ANOVA and land use means of soil fungal speciesneges (J) at
Baynesfield Estate

Source of variation d.f S.S. m.s. f-ratio p-value
Land use 5 0.11 0.02 13.14 <001
Residual 12 0.02 0.00
Total 17 0.13
Grand mean 0.83
Land use st M?  KIK* NATPC  ppe we
Mean 0.79 0.72 0.78 0.88 0.89 0.94

Means with common superscript letters are not Sagmitly different. (LSRR = 0.072).

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.

Analysis of soil fungal diversity by the Shannon &Ver diversity indexH') showed
an overall difference in community structural dsigy, with communities under W
being separated from those of SC and M, but nohftbose of KIK, NAT or PF.
Communities under M and SC could not be separated €ach other nor from those
under KIK, NAT and PF (Table 5.5). Trends for fuhdeversity followed the order:
M < SC <KIK<NAT <PF<W.
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TABLES55 ANOVA and land use means of soil fungal specieserdity H') at
Baynesfield Estate

Source of variation d.f S.S. m.s. f-ratio p-value
Land use 5 2.64 0.53 7.14 0.003
Residual 12 0.89 0.07
Total 17 3.53
Grand mean 1.65
Land use st M?* KIK* NAT* PF* WP
Mean 1.29 115 1.64 1.70 1.77 2.34

Means with common superscript letters are not Sagmitly different. (LSRR = 0.484).

Key: SC = sugarcane; M = maize; KIK = kikuyu pastur&TN= native grassland; PF = pine
plantation; W = wattle plantation.

The results of a CCA of the relationship betweea #ifects of selected (non-
collinear) soil physicochemical variables, and #o# fungal community (genetic)
structure under the different land uses at Bayakkttstate are presented in Figure
5.5. CCA 1 accounted for 43.8% of the variance tuenvironmental effects, and
17.5% of the total variance. CCA 2 accounted for43® of the variance due to
environmental effects, and 12.1% of the total vazé&a CCA 1 was correlated with
pH, whereas organic C, P and ECEC were correlatdd®@CA 2. Subsamples of M
and SC were clustered together on the basis afoagstorrelation with high soil P
values as a result of fertilizer applications. RPplicate subsamples were correlated
with a low soil pH. Soils with a higher pH and Iexé ECEC were associated with
W, and organic C and ECEC with NAT and KIK soils pht showing the presence
of species centroids (bands) in the CCA (Figure 55.Shown in Figure 5.6.
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FIGURE 5.5 Plot of samples (classified by land use) and sailables along the first two
axes of a CCA of the effects of selected soil \@eisa on fungal community composition

(band presence) at Baynesfield Estate.
CCALl accounted for 43.8% and CCA2 for 30.4% respelgt of the variance due to

environmental effects.

Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.
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FIGURE 5.6 Plot of bands (centroids) in the CCA (Figure 5&0wing the relationship of
the different fungal OTUs to the land use soilBaynesfield.

Key: B = band.

The Monte Carlo Permutation test for significariatienships within the CCA data

showed that soil variables had affected fungal camity structural diversity at this
site. (Appendix C, Table C1).

5.3.4 Analyses of soilsat the Mount Edgecombe site (Site 2)

The means (+ standard deviation) of the soil plogiemical properties selected for

analysis at this site are summarised in Table 5.6.
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TABLES5.6 Means (x sd) for selected chemical properties aifs scollected at 0-5 cm depth from different lamdnagement practices at Mount
Edgecombe
Trash pH Organic Extractable Exchangeable cations Exch. Total
Management  (KCL) Carbon P acidity cations
K Ca Mg (ECEC)
% mg kg cmol kg™
TF 3.5(0.07) 6.6 (0.27) 65.3 (11.79) 0.7 (0.08) .0®.39) 2.9 (0.37) 3.6 (0.82) 13.1(0.42)
TFo 4.5 (0.12) 6.0 (0.22) 4.3 (0.50) 0.2 (0.03) 71@.21) 5.9 (0.83) 0.1(0.03) 16.8(1.43)
BtoF 3.7 (0.04) 5.1 (0.18) 46.2 (10.38) 0.9 (0.09) 5.6 (1.30) 2.6 (0.52) 24 (047) 11.88)
BtoFo 4.6 (0.14) 4.9 (0.27) 2.6 (0.43) 0.2 (0.05) 8.5(0.14) 6.4 (0.57) 0.1(0.02) 15.1(0.50)

Key: T = green cane harvested with trash retentioa;-Bburnt with harvest residues removed; F = feei annually with N, P and K; Fo = unfertilized.
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At this site, soil organic C increased in the ord8toFo < BtoF < TFo < TF,
indicating that retention of plant residues andliappons of fertilizer resulted in the
highest amounts of accumulated organic C in thie Soil pH increased in the order:
TF < BtoF < TFo < BtoFo, showing that fertilizerpdipation (F) had lowered the soil
pH. Concentrations of extractable P and exchangdabiere higher under fertilized
(F) than unfertilized (Fo) treatments, but exchate Ca and Mg were higher in
unfertilized plots (Table 5.6). Results obtained tire initial study (2004—-2008)
showed that soil organic C content and soil pHofe#d the same order as in the
present study, but that the values obtained forsilected soil variables differed
overall (Table 3.9, section 3.3.3).

PCA analysis of this soil data showed the compmsati relationships among replicate
subsamples from under the different land managempettices (Figure 5.7). PCA

was used to project the maximum variance in sdih da multiple dimensions (e.qg.

axis 1 and axis 2), in an unconstrained ordinatiwtassium, P, acidity, pH, Mg and
Ca were all correlated with the PC1 axis, wheresgaruc C and ECEC were

correlated with the PC2 axis. The PC1 axis accauitte75%, the PC2 axis for 16%,
and, cumulatively, for 91% of the total variancehe soil data. Treatments retaining
harvest residues (T) were correlated with high vig& in contrast to burnt cane
harvesting (Bto), whereas those receiving fertil# were associated with a low pH,
and higher acidity, P and K levels. Unfertilized magements were correlated with
higher pH, Mg, Ca and ECEC.
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FIGURE 5.7 Plot of samples and soil variables along the tinsi axes of a standardised
and centred PCA of different land treatments at Md&dgecombe.

The PC1 (horizontal) and PC2 (vertical) componestsounted for 75.0% and 16.0%,
respectively, and cumulatively for 91.0% of theatatariance in the soil data.

Key: T = green cane harvested with trash retentiom 8tburnt with harvest residues
removed; F = fertilized annually with N, P and Kj £ unfertilized.

At Mount Edgecombe, MRPP tests of the soil PCA ddtawed that differences
among the soil subsamples from the four land managés were highly significant
(T =-4.976; p < 0.001).

5.3.5 Soil fungal community structure at Mount Edgecombe (site 2)

Profiling by DGGE of fungal 18S rDNA amplicons (geated with FR1GC/FF390)

from soils under the four different trash manageext this site, showed that the
banding patterns of all the replicate subsamplgseagd similar across the gels,
regardless of management practice (visual asse$sniBtate 5.5). This was

confirmed by Quantity One analysis (Figure 5.8) ehhrevealed that total band
numbers per lane, varied from 1-17, in comparisath whe 4-9 bands produced
previously with primer pair FR1GC/NS1 (section 2)3and the 20-30 bands in the
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lanes of the bacterial DGGE gels. This indicates while primer pair FR1GC/FF390

revealed greater soil fungal community diversitgtiFR1GC/NS1, the communities
were not as structurally diverse as those of thliebsoteria from the same site. Bands
common to all replicates of the four treatments evebserved (Plate 5.5). Band
intensity varied, with some bands dominant andiglér intensity than others in the

same lane (Figure 5.8).
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PLATES55 DGGE gel (30-50% denaturing gradient) of Mount Edgebe fungal
amplicons from soils under different managementtres.

Key: T = green cane harvested with retention of ahtrasilch; Bto = burnt cane harvested,
either fertilized (F) or unfertilized (Fo); ML (mieer lanes). Arrow indicates the bands
excised for fungal DNA elution.
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FIGURE 5.8 Quantity One diagram of gel (Plate 5.5) showingdsanot visible in the
photograph.

Key: Lanes 1 and 14: markers; lanes 2—4, TF: greerntarnvested, fertilized; lanes 5-7, TFo:
greencane harvested, unfertilized; lanes 8-10, :Bbolfnt cane harvested, fertilized; lanes
11-13, BtoFo: burnt cane harvested, unfertilizedow = excised bands.



153

A DGGE gel (denaturing gradient 35-45%) of Mountg&cbmbe samples,
containing the bands produced by eluted fungal DiN#An single excised bands,
together with non-excised control DNA (to verifynobposition), is presented in Plate
5.6, and a Quantity One diagram of this gel, iruFegb.9.

TF TFo BtoF BtoFo (o3

% | BB R B8 Rl \

¢44.ﬁ4m4#44 17§l

PLATES5.6 DGGE gel (35-45% denaturing gradient) to verifyifios of eluted DNA
from excised bands relative to control DNA at MoEdgecombe.

Key: TF (trashed and fertilized); TFo (trashed ancedilized); BtoF (burnt cane
harvested and fertilized); BtoFo (burnt cane haaabut unfertilized); lane 13
(control DNA). Arrow indicates bands excised foggencing.

45% |

BAND NO BAND NO

14 _ —_— 1

FIGURE 5.9 Quantity One diagram of DGGE gel (Plate 5.6) shgwiands not visible in
the photograph.

Key: Lanes 1-3, TF: greencane harvested, fertilizaded 4—6, TFo: greencane harvested,
unfertilized; lanes 7-9, BtoF: burnt cane harvestedilized; lanes 10-12, BtoFo: burnt cane
harvested, unfertilized; lane 13, control DNA. Asrondicates bands excised for sequencing.
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Analysis of the gel (Plate 5.6) by Quantity Oneg(ffe 5.9) showed that 2—4 bands
were contained within each apparently ‘single’ sgdi dominant band. As with the
Baynesfield gels, the narrower 35-45% denaturiraglignt separated the multiple
bands within each excised band. The results of esemjng the 18S rRNA gene
fragments from the excised bands of the soil fumgahmunities under the different
treatments at Mount Edgecombe (identified usingNiiBI nucleotide database and
the mega BLAST program) are presented in TableGfthe 17 sequences excised,
only five showed a 91-100% similarity to Genbankusnces. Of the remainder,
three bands had a similarity of less than 90% andreowed no significant similarity,
as their sequencing traces were either chimeriniged template traces. In addition,
two sequences were identified as plant DNA, and sequencing trace failed.
Consequently, these poor quality/chimeric sequensese eliminated from the
analysis (Greest al., 2006).

TABLES.7 Identity of 18S rRNA gene sequences from excisedsBGhands of soil
fungal communities from different land managemeaatfices at Mount Edgecombe

Sequence Closest match from Genbank % sequence Genbank
designation similarity accession
(BLAST) no.

TF2 Uncultured soil fungus isolate DGGE gel band 93% EU647857.1
12060835(SF01)FF390

TF3* Cheilymenia coprinariavoucherHMAS69605 18S 83%* DQ787818.1
rRNA gene, partial sequence

TFol Uncultured fungus clone Nikos_253 18S rRNA 99% HM104530.1
gene, partial sequence

TFo2 Uncultured fungus partial 18S rRNA gene, itofa 91% FM202462.1

TFo3 Uncultured soil fungus isolate DGGE gel band 98% EU647857.1
12060835(SF01)FF390

BtoF1 Mortierella sp. 20006 18S rRNA gene 100% EU710842.1

BtoF2* Uncultured fungus clone DC_HO9F 18S rRNAgen 88%* EU726151.1

BtoFo1* Knightiella splanchnirimamall subunit rRNA 86%* AF491856.1
gene

* Sequence similarity values below 90% are not cemeitiidentical (Greeet al, 2006)

Soil fungal community structure under the differengarcane management practices
at Mount Edgecombe is shown in an NMS plot (Figbrg0), which clustered the
replicate soil DNA subsamples from the four trasénagements on the basis of the

presence or absence of bands (OTUs). Soil subsarmpla under TFo were the most
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closely clustered of all the treatments, indicatthg structural similarity of their
intrinsic fungal communities. Although the thredosamples from under BtoF were
separated by a similar distance to those of BtdHeKP, av. distance ~0.5), the two
treatments were associated with different fungalU®Tand were clearly separated in
the NMS biplot. This indicates that the intraspea@emilarity of the three subsample
communities within the same management (Bto) wastgr than the interspecies
similarity between the fungal communities from tedilized (BtoF) and unfertilized
(BtoFo) soils.
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FIGURE 5.10 A NMS two-dimensional plot (rotated by PCA) of fungadmmunities
(presence or absence of bands) at Mount Edgecaw$.stress = 0.07917.

Key: TF = green cane harvested with retention of ecegidues, fertilized with N, P and K;
TFo = green cane harvested with retention of cegdues but unfertilized; BtoF = pre-
harvest burnt sugarcane with tops raked off, feetil with N, P and K; BtoFo = pre-harvest
burnt sugarcane with tops raked off but unfertdizB = band.

MRPP analysis of this data showed that the diffieleamd management practices had a
significant effect on soil fungal community compasa at this site (T = -1.853;
p = 0.04).



156

One-way ANOVA of soil fungal species richness (§Mount Edgecombe showed
that the four different land management practicas &n overall significant effect on
the community species richness (p = 0.02) (Tal8g &omparisons of fungal species
richness from soil treatments TF and TFo showed tiiey were not significantly

different, nor did the richness of the soil fungider these managements differ from
that of the soil communities under BtoF or BtoFawsgver, there was a significant

difference in fungal species richness between thé& Bnd BtoFo soils.

TABLES5.8 ANOVA and land management means of soil fungal iggedchness (S) at
Mount Edgecombe

Source of variation d.f S.S. m.s. f-ratio p-value
Land management 3 163.58 54.53 5.95 0.02
Residual 8 73.33 9.17
Total 11 236.92
Grand mean 8.08
Land management TF* TF™®  BtoP  BtoFd
Mean 6.67 9.62 13.00 3.00

Means with common superscript letters are not Bagmtly different (LSRy,= 5.7).

Key: TF = green cane harvested, fertilized; TFo = greae harvested, unfertilized; BtoF =
burnt cane harvested, fertilized; BtoFo = burntecharvested, unfertilized.

No significant treatment effects were shown by wa ANOVA on fungal
community evenness (J) i&= 1.74, p = 0.25, grand mean = 0.85), nor did the
Shannon Weaver diversity indeid'{ (Fss = 3.82, p = 0.06, grand mean = 1.52) show
any significant treatment effects on soil fungainoounity structural diversity.

The results of a CCA showing the relationship betwselected (non-collinear) soil
physicochemical variables and the soil fungal comityugenetic) structure under the
different sugarcane trash management practiceahiMEdgecombe are presented in
Figure 5.11. CCA 1 accounted for 49.1% of variatge to environmental effects and

18.5% of total variance, and CCA 2 for 29.6% ofiaace due to environmental



157

effects and 11.2% of total variance. ECEC and plrevgérongly correlated with CCA

1 and organic C with CCA 2. Trashed treatmentgjqudarly TF but also TFo, were

associated with a high soil organic C content,antrast to the Bto treatments where
the soil organic C content was lower. Both TF artddPBtreatments were correlated
with a lower soil pH than the equivalent unfergliz treatments. Low ECEC was
associated with the BtoF subsamples and high ECHE the TFo subsamples.

Subsamples from the BtoF and BtoFo treatments weree closely clustered than

those from the TF and TFo treatments.
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FIGURE 5.11 Plot of samples (classified by land management)saiidvariables along the

first two axes of a CCA of the effects of selectll variables on fungal community
composition (band presence) at Mount Edgecombe.

CCA 1 accounted for 49.1% of variance due to emvitental effects and 18.5% of total
variance. CCA 2 accounted for 29.6% of variance tduenvironmental effects and 11.2% of
total variance.

Key: T = green cane harvested with trash retentiom Btburnt with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.
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A plot showing the presence of species centroidsidb = fungal OTUs) associated
with the different management practice soils in @@A (Figure 5.11), is shown in
Figure 5.12.
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FIGURE 5.12 Plot of bands (centroids) in the CCA (Figure 5.889wing the relationship
of the different fungal OTUs to the land managensails at Mount Edgecombe.

Key: B = band.

Results of the Monte Carlo permutation test fonsigant relationships in the CCA
data showed that along the first canonical axisOp02 and along all canonical axes
p = 0.008. This indicated that the selected soibabdes had a significant effect on soill
fungal community structure at this site (AppendiXT@ble C2).

54 DISCUSSION

The accurate determination of diversity relategmoironmental processes is one of
the central problems in microbial ecology (Mitchetid Zuccaro, 2006). However, the

development and refinement of molecular tools farabial analyses have prompted
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a resurgence in interest, particularly for studdadsfungal communities in the
environment (Porteet al, 2008). An efficient tool for identifying the sgies present
in a given environmental sample is community fipgeting, followed by modern
sequencing methods. With this approach, by simplyegating a list of the species
present in the samples, a basis is provided fpan@alyses of species-specific habitat
requirements; (ii) models of single-species and roomty dynamics; and (iii) the
assessment of the functional roles of species iacasystem (Kennedy and Clipson,
2003; Ovaskaineat al, 2010).

Aguileraet al (2006) reported that while sequences obtaine®@B%E are usually
short (< 500 bp), they are nonetheless very raifdn taxonomic identification to the
genus level. However, when using this approacHinpreary studies have produced
many ‘unclassified’ sequences, which could not bemared directly with known
fungi (Hirschet al, 2010). This may be due to the study regionsgtn small (0.3—
0.8 Kb) and divergent, or that non-overlapping rDMégions such as SSU 18S
rDNA, ITS regions or LSU 28S rDNA, are targeted rtBoet al, 2008). Another
problem with fungal sequence identification is tha# genetic databases are under-
represented for many fungal groups, which makestifigation of environmental
sequences difficult. This has resulted in a sequenisidentification level of 20%
being recorded (Mitchell and Zuccaro, 2006).

In the present study, PCR-DGGE was used to deterthi@ effects of various land
uses and management practices on the structueaisdiv of soil fungal communities
at two long-term experimental sites. As in secdah5, universal fungal primers were
used, as the objective remained to show soil fusgaimunity response to various
land uses and managements, without deliberatetiegiday specific PCR primers.
However, by using a different universal primer pairthat used previously (section
4.2.5), by changing the DGGE conditions and by saqgung some of the dominant
bands, a more comprehensive, broad-based anafytsie soil fungal communities at

both sites was possible.

Migration in DGGE gels is dependent on sequenceposition (Muyzeret al, 1993)
and although most DGGE bands contain many copiessofigle amplicon (sequence

type) others (particularly in the eukaryotes) magngist of multiple different
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amplicons that co-migrate (Hirsokt al, 2010). As the number of fungal OTUs
obtained with the original universal fungal pringeir, namely, FR1GC/NS1 (section
4.3.2) was low, amplification of soil fungal DNAdim both experimental sites using a
different primer pair, FR1GC/FF390, was carried. dutwas anticipated that the
smaller fragments generated by the latter primer(p&90 bp) would be more easily
detected by DGGE, as the resolution of bands >0Qsing this method is limited
(Kennedy and Gewin, 1997). The results obtainecwearcouraging, as the number of
bands produced at both sites was greater than ugieg FR1GC/NS1. However, this
could have been a temporal effect, as the DNA usélde current study was isolated
4 years after that of the initial study. As indedfpreviously, the number of bands in
these gels was still considerably lower than tHathe soil bacteria from the same
sites, suggesting the possibility of co-migratidmiéferent amplicons in single bands,
thus leading to an underestimation of fungal comitguichness and diversity in the
earlier study. This was found to be the case waith bhe Baynesfield and the Mount
Edgecombe soil fungal samples. Another problem @BGE gels was noted by
Aguilera et al (2006), where more than one band in the same Isasipwed
different mobility but the same identity. This wai$ributed to the possible formation
of heteroduplex molecules during PCR amplificatievhich would result in an

overestimation of the number of community conshtae

In the present study, this problem was overcomeubying consecutive DGGE gels
(two for each site), as recommended by Aguiletral (2006). The first, used soil
fungal DNA amplicons from the various sites, whilee second used excised, re-
amplified and re-eluted DNA from single dominannts in gel one. Single bands
were again excised from gel two, re-eluted, PCRidiegh and after purification,
sequenced. This method enabled all the Baynesfmildflungal DNA samples to be
identified, although most could not be assignedktmwn phyla and so were
designated ‘unclassified’ (Table 5.2). This washatay due to the small size (~300—
350 bp) of the study region as well as the nondapping, SSU 18S rDNA target
region (Porteret al, 2008). The targeting of this region by the uréat primer pair
FR1GC/FF390 provided a low level of discriminatiamong the samples. Bands
from longer PCR products give better identificatiwhen sequencing, but separation
efficiency in DGGE is poor (Dahlléf, 2002). Thisdicates that in the present study,

while the primer pair used is well-suited to DGGEis not as useful for specific
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sequencing studies. This was regarded as unimpo#garthe aim of this study was
broad-based, and not intended to identify spea@d fungi but to determine the
effects of different land uses and managementshensbil fungal communities.
Nonetheless, by comparing microbial DNA, evolutignaelationships between
microorganisms can be studied, which allows ecoldgind biodiversity questions to

be answered (Mitchell and Zuccaro, 2006).

Sequencing of soil fungal DNA from the land manageta at Mount Edgecombe
was more problematic than that of the correspon@agnesfield samples. This may
largely be attributed to the fact that the yieldtofal genomic DNA from Mount
Edgecombe was too low (< 2 ng) to be visualizedgarose gels until after PCR
amplification. Even then, subsamples from undembueane harvesting, produced
very light bands (or none at all) in agarose geldicating a low DNA concentration.
Only after a two-step nested PCR (of 40 cycles eaels sufficient fungal DNA from
all managements obtained, for subsequent DGGE.nBUACR, if the amount of
fungal DNA template is low, in spite of the highdyhanced selectivity for fungi of
the reverse primer FR1, it may target non-fung@aonrsms (Vainio and Hantula,
2000). As a result of this, two sequences (bandi®rh both BtoFo2 and BtoFo3)
were discarded having been identified as plant DNgequencing of Mount
Edgecombe soil fungal DNA samples also revealedpttesence of chimeras and
mixed DNA templates. This could possibly be assallteof the two-step, nested PCR
approach used to amplify the DNA for DGGE, whichyntause bias by increasing
the chance of preferential amplification of specgequences (Vainio and Hantula,
2000). Oros-Sichleet al. (2006) noted that care should be taken with tlstetePCR
approach as it might enhance ‘noise signals’, teading to a distorted image of the

community under investigation.

5.4.1 Effects of different land uses on soil fungal community
structure at Baynesfield Estate

Investigations involving soil microbes are hindet®dthe heterogeneity of the soil
composition, the vast number and diversity of theroorganisms present in each
gram of soil, and the lack of knowledge regardihg majority of the microbiota
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(Hirsch et al, 2010). At this site, the soil fungal communitigem the replicate
subsamples of a single land use were more sinolarath other than they were to
those of the other land uses, indicating greaterdrthan intra-species variation. This
was confirmed both by visual assessment of the D@EIE and also by statistical
analyses of the data. Low spatial variability ofcrobial fingerprints from soil
samples collected within a single field has begrored in other PCR-DGGE studies
(Johnsoret al, 2003b). In addition, the number of bands producethe fungal gels
was lower than that of the bacteria from the same ©ther workers have also
reported obtaining fewer sequence types (bandsh flrengal DGGE fingerprints
compared to those of the bacteria (Johnsoal, 2003b; Pennanegt al, 2004). In
the NMS analysis of the fungal communities at tite (Figure 5.4) based on the
presence or absence of bands, the high NMS ste&9965) suggests that the
apparent differences among these communities shomuldterpreted with caution. In
this study, each band was inferred to represemghesOTU (Wakelinet al, 2008a),
without considering the reliability of the specieentification (Ovaskaineret al,
2010).

Continuous arable cropping is a land use that mdive effects on biological soll
quality, with the type of cultivation exerting aegtter influence than soil type on the
soil biota (van Eekerert al, 2008). In the present study, under arable alfui®)
replicate fungal communities from soil subsamplds sagarcane (burnt cane
harvested) were very similar in structure. This vsaswn by NMS (Figure 5.4),
which closely clustered the replicate subsampleshen basis of the presence of
common groups of species (bands). By burning sagearat harvesting, the amount
of organic matter and nutrients returning to thi¢ isoreduced (Galdost al, 2009).
This, together with the fact that the soils arearrallong-term monoculture, restricted
the variety of nutrient inputs to the soil, whiclens limited to root turnover and small
amounts of leaf litter. This may account for thesetved similarity of the fungal
communities under sugarcane, as the homogeneoure raftthe available nutrients

would require a less diverse fungal populationtt@ir degradation.

A factor influencing the temporal dynamics of sodrbon is the degree of soil
disturbance in preparation for replanting (Galaxsal, 2009). Sugarcane soils at

Baynesfield had an organic C content of 5%, whids greater than that of the maize
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soils (see below). This was possibly due to theé tlaat, at the time of sampling, the
sugarcane soil had not been tilled for two yeassome plant litter had accumulated
on the soil surface. PCA showed that these soifte @&iso associated with high levels
of exchangeable K and extractable P, as a reswdhiofial applications of inorganic
fertilizer. Analysis by CCA of the influence of saiariables on fungal community
structure indicated that P had been the main inflaeon the composition of the
sugarcane soil fungal communities. The values donraunity richness, evenness and
the Shannon diversity index were slightly higher fthe sugarcane fungal
communities than those for maize, but were lowanttnose for all the other land use
types. This shows the detrimental effects of exgedertilization on the soil fungal

communities.

The three maize (CT) soil fungal subsamples weoeiggd on the same side of the
NMS biplot as those of sugarcane, as they sharetk ssommon DGGE bands,
indicating the presence of similar fungal OTUs. kewer, as confirmed by MRPP, the
individual replicate fungal communities under maizere the most dissimilar in
structure of all the land uses. At the time of skmgp the maize had already been
harvested, the field tilled and most of the cropidees removed. Consequently, the
soil organic C level was the lowest (3.9%), ofthkk land uses at this site. Several
authors have reported that in maize soils undeverional tillage, a concomitant
decline in organic C and the level of soil microkaativity, occurred (Bellet al,
2007; Bausenweiet al, 2008). Oliveiraet al. (2009) showed that more mycorrhizal
bands were produced in DGGE gels from no-till maaig samples than from maize
soils under conventional tillage. Joergensen andh@/n (2008) reported that in
arable soils, a reduction in tillage (as opposecktular ploughing) usually promoted
fungi, with the maximum increase in soil fungal €y 81% of microbial residue C

under disc ploughing but 89% under no tillage.

In the present study, PCA showed that, like theastame soils at this site, those under
maize were characterised by high levels of P anffrém fertilizer applications).
CCA analysis indicated that a high soil P level was main influence on the genetic
structure of the maize soil fungal communitieswas the case with the sugarcane
soil fungi. Jangidet al (2008) reported that soil microbial communitieerey

significantly altered by long-term agricultural nsyement systems, particularly
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fertilizer amendment. Values for community richnessenness and the Shannon
diversity index for maize fungal communities wehne towest of all the land use soils.
The removal of crop residues from, and annualgdlaf, the experimental site under
the long-term maize monoculture resulted in a lowaaic C level, which may
account for the lower overall diversity of thesd sangal communities compared to
those of the other land uses. Wakedinal. (2008b) found that the return of maize
residues to the soil resulted in a significant éase in the relative abundance and
diversity of Fusariumgenotypes present in the soil. The large diffeesrizetween the
individual maize subsample communities could behartsderm effect, since as
mentioned above, at the time of sampling the mixéteé had recently been tilled, and
repeated tillage mechanically disrupts and redhistas fungal mycelium (Pennanen
al., 2004). It was recommended by van Eekeztal. (2008) that for efficient nutrient
use and soil recovery in maize cultivation, a legbée crop rotation was preferable to

continuous arable cropping.

Understanding and managing soil microbial procedsesls to increased crop
production, with these processes also affectingstistainability and environmental
impact of production systems (Wakebhal, 2009). In addition, diversity of the soil
microbial community is regarded as an important suea of sustainable land use
(Yao et al, 2006). Soil fungal community structure in repte subsamples from
under kikuyu (as shown by NMS) indicated that thdividual communities were
more dissimilar than those from under native geas$l However, the communities
from both these land uses clustered together ibighlet, as a result of the presence of
some similar fungal groups (Figure 5.2). Under iowed high-yielding kikuyu
cultivars, the level of soil organic C was the lgh(9.4%) of all the land uses. This
was probably due to a combination of the large art®of dry matter produced by
the irrigated, fertilized kikuyu pasture (Haynetsal, 2003) and the no-till status of
this land use.

Although the native grassland site had never bidled br cultivated, the soil organic
C level was much lower (5.1%) than under kikuyu anty slightly higher than that
under sugarcane. In contrast to the continuousrcovéikuyu pasture, in native
grassland, grasses grew in clumps, interspersdd hgite soil and various widely-

spaced angiosperms. Different C compounds are textcigy the roots of different
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plant species, which may affect microbial commurdgmposition (Trinderet al.,

2009). Thus under native grassland, root exudatégkant litter were probably more
varied but less abundant than under the kikuyu rogiture. Litter quality impacts on
mineralization processes in pasture soils, witldevce of a preferential utilization of
readily available organic substances in grassr litgising a shift in the microbial

community and a lower relative abundance of fuRgit{haset al, 2010).

In this study, values for fungal community strueluliversity H') were higher under
native grassland than under kikuyu, indicating aremstructurally diverse fungal
community in soils under the former land use thadeu the latter. Yaet al (2006)
reported that grasses that are managed as a modastay result in reduced soll
microbial diversity. However, in comparison withettarable crops, both types of
grassland were more diverse, due to increasedespdachness in kikuyu and native
grassland soil fungal communities compared to tifathe sugarcane and maize
communities. Wuet al (2007) reported a greater fungal diversity underennial
bahiagrass than under various arable crops an@ghniaultural management practices

significantly affected soil fungal communities.

Organic C and ECEC were shown by CCA to be thevsoiables mainly influencing
fungal community structure under both kikuyu pastand native grassland (Figure
5.3). Lauberet al (2008) suggested that the composition of fungahrmunities was
most strongly correlated with specific soil propest particularly changes in soil
nutrient status. Carpenter-Boggs al (2003) indicated that soils managed under
permanent grass contained approximately 160% mapdel C and 50% greater
microbial biomass than either no-till or conventbw tilled soils. In an experiment
by Maharninget al (2009), succession from former agricultural lamdl pastures to
naturalized grasslands, was shown to be accompdyedhanges in both plant
biodiversity and the soil microbial community, witingal biomass tending to be
higher in older grassland communities. Wakedinal. (2009) reported that the soill
microbiota were highly responsive to pasture mamaye practices, which altered the
dominant soil fungi, and influenced the microorgams involved in the key processes
that underpinned productivity and environmentataasbility.
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Soil fungal community structure under wattle wasveh by ANOVA to have the
greatest structural richness (S), evenness (J)damdsity (H") of all the land uses.
Specific land use systems may lead to the adaptadiospecial soil microbial
communities, which are responsible for degrading thspective recycled plant
materials, for example, forest soil fungi are mm@sistant to condensed tannins than
prairie soil fungi (Mutabarukat al, 2007). The observed greater structural diversity
richness and evenness of the wattle soil fungalnconities than that of the other land
uses, may be attributed to the variety of inputthte soil from both the wattle trees
(Acacia mearnsji an exotic M-fixer) and also from the decaying stumps of the
Eucalyptus plantation previously located on thie.sPolyphenol-rich plant material
decomposes slowly in soil and release of N fronir tiesues is restricted, even if the
degrading materials contain a high N concentratiGertain soil fungi, such as
ectomycorrhizal fungi, ericoid mycorrhizal and woddcomposing fungi, are more
effective at degrading hydrolysable polyphenol-piot complexes, than other
microorganisms (Mutabaruket al, 2007). In contrast, Allisoet al (2007) reported
that when N availability exceeded biological demandforested ecosystems, N
saturation may occur. This led to soil pH chandest decline, large N losses and
changes in fungal diversity and community structtineough altered plant C inputs.
In the present study, PCA indicated that wattléssoere correlated with a pH of 4.6
and an organic C concentration of 4.8% (the setmndst value of all the land uses).
Analysis by CCA of the effects of soil variablesden this land use, showed that soil
pH and ECEC were closely correlated with wattld &oigal community structure.
Marchanteet al (2008b) indicated that long-term occupation byasive Acacia
longifolia, increased levels of organic C, total N and EC&J resulted in a higher
microbial biomass. As shown by NMS, the soil fufgdm the replicate wattle
subsamples were closely clustered, indicatingttiey were similar in structure. This
suggests that while a greater richness and diyeo$iftungal OTUs was required to
degrade the variety of plant and nutrient inputshis soil, the different subsample
communities were highly specialised and structyrsilinilar to each other. This was

confirmed by visual assessment of the duplicate B@files.

In South Africa, plantations comprising exotic pisygecies (such &inus patulaat
Baynesfield) have long been established for thedystion of timber and wood

products. Most of these plantations occupy land Wes formerly native forest, and
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little is known of the effects of a plantation mantiure on the soil fungal community
composition and diversity. The present study deteeththe effects of this land use
on the resident soil fungal communities at BaymdgfiAt this site, the soil pH (3.8)
was lower under pine than under all the other lasels, while the concentration of
organic C (6.3%) was higher than all the land wse®pt kikuyu pasture. Fungi play
a key role in the formation, transformation and rdegtion of lignin (Alexander,
1977) and are the most efficient degraders of hismixstances, particularly in forests,
where large amounts of organic matter are pres@mintfut et al, 2007). At
Baynesfield, the combination of a low pH (< 4.0dahe recalcitrant litter inputs
(from the thick layer of decaying pine needles @radyments of bark and twigs)
would be expected to favour the soil fungi (Grinatal, 2007). This was confirmed
by ANOVA, with the values for soil fungal communistructural evenness and
diversity being greater under pine than those liatha other land uses except wattle.
In nature, humic substances (mainly humic acids tandin) are highly resistant to
biodegradation, as they comprise an extremely cexppamorphous mixture of
chemically reactive, though heterogeneous refrgctoolecules (Grinhutet al,
2007). This would require a structurally diversighiy specialised fungal community
to effect degradation into more readily metaboligasubstrates (Alexander, 1977).
Analysis by CCA at this site showed that the saitiable most closely associated
with pine fungal community structure was pH. Edaptroperties are often consistent
among similar land use types, with management ipechaving appreciable effects
(Lauberet al, 2008). The pine soil fungal communities werdide from those of
the other land uses as shown by NMS. This indictitatla diverse, specialized fungal
community, adapted to the prevailing conditionsjohtdiffered markedly from those

of the other land uses, was present in pine soils.

5.4.2 Effects of different management practices on soil fungal
community structure at the Mount Edgecombe experimental

site

That agricultural land management is one of the tnsignificant anthropogenic
activities, responsible for changes in soil physimmical and biological properties

(Jangid et al, 2008), is particularly evident in the sugar isoly. Sugarcane
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production is an intensive system, involving a higbut monoculture, with high
levels of fertilizer use, and few fallow periodse(Bet al, 2007), leading to a decline
in soil fertility. Traditionally, soils were evalted according to their capacity to
ensure the growth and reproductive efficiency apped plants. Only recently has
soil quality also been assessed. Microorganismsalkey role in the maintenance of
soil quality and health and may be used as eadigators of soil degradation (Aboim
et al, 2008).

In South Africa, the normal practice prior to hasteg sugarcane is to burn the
standing cane, in order to remove dead leavedjtrakis results in the volatilization
and consequent loss of large amounts of C, N apie&nt in the plant residues, and
an accumulation in the soil of chemically inerti€the form of charcoal (Grahaet
al.,, 2002a, b). Moreover, conventional cultivationdareplanting of the cane
approximately every 7 years, promotes soil organatter (SOM) decomposition
(Haynes and Beare, 1996). This loss of SOM and amitant loss of microbial
activity under pre-harvest burnt sugarcane, is riEgh as a major factor in the
degradation of soil in the South African sugar isttlyy which has now been linked to
a decline in sugarcane yields per hectare (Gradtaah, 2002a; Graham and Haynes,
2006). The impact of residue management on SOM,beameasured by the total
carbon stocks in the soil (Galdesal, 2009).

As previously noted (section 3.4.2) at Mount Edgelse, the main treatment effects
are a progressive loss of organic matter undertlmame harvesting, acidification due
to applications of inorganic fertilizers, and adkdown in soil structure (Grahaet
al., 2002a). PCA (Figure 5.4) showed that higher Iev@d soil organic C were
associated with soils under green cane harvestathients retaining a trash mulch,
both fertilized (6.6%) and unfertilized (6.0%), cpaned to burnt cane harvesting.
Under the latter fertilized treatment, organic Gi@entrations were lower at 5.14%
whereas, under the equivalent unfertilized treatméine concentration was 4.93%.
Razafimbeloet al (2006) reported that C concentrations in top@H5 cm depth)
were significantly greater in soils under green ecananagement with residue
mulching than in soils under pre-harvest residuenibg. In addition, changes in
management not only influenced levels of soil org& but also affected its quality.

In the present study, CCA (Figure 5.7) showed that soil variables which had
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significantly affected soil fungal community strucd under green cane harvesting,
were organic C and ECEC, patrticularly in the urilfeed, green cane management.
On the other hand, both burnt cane treatments asseciated with low organic C,
while the fertilized treatment was also associatét a low pH and low ECEC level.
These effects were significant (p = 0.01). Galebal (2009) showed that soil total C
concentration decreased under long-term sugarcampiog. However, in unburnt
treatments, the total C concentration was highan tm burnt treatments. These
results support those obtained in the present study

The profiles of the fungal communities from soitsder the four different sugarcane
trash managements at this site, were shown by D@Qte very similar across the
gels, regardless of the treatment, in contrashdsd of the fungal communities under
the different land uses at Baynesfield. Howeverrthmber of bands (OTUs) varied
per lane, indicating large differences in the fung@anmunities under the four land
management practices. Analysis by NMS separatedthal land management
communities, and these differences were signifi¢giiRPP, p = 0.04). Communities
under both BtoF and BtoFo were associated withedsfit fungal species, and were,
therefore, separated from the other fungal comrasih the NMS plot. In contrast,
those from the greencane harvested trash managemerg more closely associated,
and shared some common fungal groups, althougfutigal communities from the
replicate soil subsamples under the TF treatmerdgse ihe most dissimilar in
structure. Fungal distribution is determined by theailability of oxidizable
carbonaceous substrates, with organic matter staydsogen ion concentration, and
fertilizers (organic and inorganic) being among thest important external influences

on fungal flora (Alexander, 1977).

Soil pH was lower under fertilized treatments, (pH3.7 under BtoF) with those
retaining a trash blanket having the lowest pH (1fler TF). Exchangeable acidity
was also higher in fertilized managements. In atiegsstudy at this site, Grahaet

al. (2002a) reported a decrease in soil pH undeilifation, and to a lesser extent
with trash retention. This was accompanied by a@negse in exchangeable acidity.
These conditions would tend to favour fungal comities in soil. In the present
study, analysis of the soil fungal community stanat richness, evenness, and the

Shannon Weaver diversity index, showed that lanchagament practices had a
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significant effect on richness (p = 0.02) but not @enness or diversity. Fungal
community richness in soils under TF and TFo wassignificantly different from
that under BtoF or BtoFo. However community riclsnesnder BtoFo was
significantly different from that under BtoF. Fdéi#er applications to the burnt cane
harvested treatment had increased the soil furgyahaunity richness compared to the
unfertilized treatment. This could have been duéhw higher yields of sugarcane
under fertilization and an associated increaseat turnover and in the amounts of
root exudates, together with the lower pH in femitl soils. At this site, applications
of inorganic fertilizers were shown to have incezhghe concentrations of both
extractable P and exchangeable K (Table 5.6). Ptoosp is routinely applied to
sugarcane as a fertilizer, as it influences botip giield and juice quality (Sundaea
al., 2002). In contrast, higher levels of Ca and Mgevseen in the unfertilized plots
than in the fertilized plots. This was because ification, induced by fertilizer and
trash retention, was accompanied by a decreasecirargeable Ca and Mg (Graham
et al, 2002a). All these factors may have contributethe increased fungal richness
observed under BtoF compared to BtoFo.

5.5 CONCLUSIONS

The use of the universal fungal primer pair FR1G%80 for PCR-DGGE analysis of
the effects of different land uses and managemeatipes, on the autochthonous soil
fungal communities at the two study sites, enabledder spectrum of sequences to
be produced, which allowed for a more comprehenanaysis than was possible
with primer pair FR1GC/NS1 (section 4.4). Howewvéryvas noted that this could
have been a temporal effect, as the DNA used irctient study, was isolated from
soils collected 4 years after those of the initsldy. In the present study,
communities at both sites were clearly separatad, anding profiles in replicate
gels were consistently produced. The narrower deinat gradient used in the DGGE
gels showed that apparently ‘single’ dominant baratsually contained from 2-7
bands (Baynesfield samples) and from 2-4 bands Md&dgecombe samples).
Therefore, fungal community richness and diversivad previously been

underestimated at both sites. However, sequenewvegpted the presence of chimeras
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and mixed DNA templates among the samples fromZsiteading these results to be

interpreted with caution.

At site 1, the different land uses on the same typié, had affected the soil fungal
communities’ structural diversity. Greater diffeces were found between the various
land uses than within them. Soil variables influegdhe different communities were
organic C, soil pH, ECEC and extractable P. Fummgahmunity structural richness,
evenness and diversity were greatest under exotistry plantations and lowest
under arable cropping. At site 2, the differenceshe soil fungal communities under
the four land management practices were less mattkad at site 1. This was
expected, as differences between the various lsseb were greater than the
differences in management within a single land uSeil variables having a
significant effect on the fungal communities ae<sttwere organic C, ECEC and pH.
Applications of the inorganic fertilizers N, P aKdhad a significant effect on the
richness but not on the evenness or diversity @sthl fungal community structure in

treatments under burnt cane harvesting.
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Chapter 6

EFFECTS OF LAND USE AND MANAGEMENT ON SOIL
BACTERIAL CATABOLIC DIVERSITY

6.1 INTRODUCTION

Functional diversity of soil prokaryote communitiemnnot be determined by
community composition, as microbes may be presesbil in a resting or dormant
stage and not be functionally active (White and Neeghton, 1997; Govaer& al,
2007). Therefore, after Garland and Mills (1991ediBIOLOG™ plates (section
2.4.1.4.1) successfully to characterize the fumetigpotential of mixed heterotrophic
microbial communities, this method became widelgdisThe protocol is based on
patterns of community-level carbon source utilizati(catabolic diversity) that
generate community-level physiological profiling LEP) data for relative
comparison of environmental samples (O’Conretllal, 2000). Roset al. (2008)
reported that by determining the diversity of mled heterotrophic functions related
to C utilization, more relevant information on thales of microorganisms in the
ecosystem can be obtained. This method has prosefliluas a fast and highly
reproducible means of studying soil microbial fumeal diversity (Kirket al, 2004)
and of differentiating between microbial commurstia natural soils, such as those
under different land uses or those subjected toadiagjon or contamination (Res
al., 2008).

The BIOLOG system detects microbial metabolism pécsfic C sources, with
differences in substrate utilization allowing dr#at species to be distinguished. To
guantify the degree of utilization of a particu@rsource, the colour change intensity
of a tetrazolium dye is measured. Colour develogmeneach well shows both
species density and activity, while the number eatktgories of substrates utilized,
provide a data set from which bacterial functiodiadersity can be assessed (Zatk
al., 1994).
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Graham (2003) used BIOLOG GN microplates and satesinduced respiration
(SIR) techniques to estimate the catabolic diversitbacterial communities in soils
under different agricultural land uses and variousnagement practices in South
Africa. Substantial differences in the ability ofiet microbial communities to
metabolize a range of C substrates were observidd bwith methods in soil from
different land uses. BIOLOG data of soils undelioas managements showed large
differences in microbial community catabolic capibibetween sugarcane soils
under trashing and those under preharvest burtimgalso revealed that fertilizer

applications had little effect.

As PCR-DGGE using universal primers (which donifg& specific genes) provides
no information on soil microbial function, CLPP &sas of the soil bacteria at the
two experimental sites, was used as an adjunttetgenetic diversity analyses in this
study. For this purpose, BIOLOG EcoPlates were ehow determine how the
different long-term land uses and management pexthad affected the catabolic
diversity of the resident soil bacterial commurstiat the study sites. EcoPlates
contain 31 C substrates consisting of ten carb@igdr seven carboxylic acids, four
polymers, six amino acids, two amines and two phercompounds, replicated three
times on each microplate (Choi and Dobbs, 1999péhdlix D, Table D1). Patterns
of substrate utilization are compared between ttierent soil bacterial communities,
to determine whether their catabolic (functionaledsity has been affected by the
various land uses and treatments. These data areubed to establish bacterial
functional diversity using CLPP assays which prevglbstantial information on
communities in a variety of ecosystems (Calletxal., 2005). As CLPP of bacteria
requires fresh inoculum from soil (within 24 howfscollection), the same sites were
re-sampled four years after collecting the origisail samples, but at the same time

of year to minimise seasonal differences (secti@nl¥.
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6.2 MATERIALSAND METHODS

6.2.1 Study sitesand soil sampling

Details of the study sites were previously givers@ation 3.2.1. Re-sampling of soils
from both sites was as described in section 5.2dlfellowed the same procedures in

sections 3.2.2.

6.2.2 Chemical analysis

Chemical analysis of the fresh soil samples wasraang to the methods described in

section 3.2.3.

6.2.3 Soil moisture

As the soil moisture content is critical for ba@emctivity, the field soil moisture
content at the time of sampling at both Baynesfiesdate and Mount Edgecombe,
was determined by weighing approximately 10 g ahef@eld-moist soil sample into
a separate glass beaker and air-drying at 105°€4fdvours. Each soil subsample was
then reweighed, and the percentage soil moistuneenband mean moisture content

calculated.

6.2.4 CLPP using BIOLOG microplates

In this study, BIOLOG EcoPlates were chosen ingreice to the GN microplates
used by Graham (2003) as they are a more receetapewent, created specifically
for environmental studies. The three replicatiohthe 31 substrates and control well
across each plate, increase the likelihood thaCihieP’s obtained are representative
of the experimental soils. Furthermore, EcoPlatesdafunctional redundancies and
concentrate on substrates that are known to oacplant root exudates. The number
and diversity of substrates in these plates ig@effit to distinguish between different

microbial communities in environmental samples (Rioal, 2008).
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A method adapted from Govaedsal. (2007) was used to determine the CLPP of the
bacterial communities in the experimental soilssiort incubation period at high
inoculum density was chosen to reduce both theclement effect (Garland, 1997)
and the risk of contamination (Govaeds al, 2007). Within 24 hours of sample
collection, 10 g of field-moist soil from each dfet replicate bulked samples of the
various land uses at Baynesfield Estate and tHeredift management practices at
Mount Edgecombe, were added separately to 500 imhiBeyer flasks containing 90
ml of a sterile saline solution (0.85 % w/v NaQlhe resultant soil suspensions were
shaken at 150 r.p.m. for one hour at room temperatund thereafter allowed to settle

for 30 minutes.

When using the BIOLOG system to determine microb&hbolism of C substrates
over time, increasing optical density is measuftddwever, the presence of soll
particles in the bacterial suspensions is problenesd it increases optical density.
Therefore, to reduce and standardize the initiaCutum ODRgo a serial dilution of
the soil suspensions to i@vas carried out (Calbrigt al, 2005; Roset al, 2008).
Each soil suspension was first diluted t6°1fi 9 ml aliquots of sterile saline and
finally to 10° by adding 5 ml of the I®dilution to 45 ml sterile saline. Immediately
prior to microplate inoculation, the T@ilutions were thoroughly mixed and poured
into separate, sterile, glass Petri dishes. Aligd50 ul) of the soil suspensions were
simultaneously inoculated into each 8-well rowhe EcoPlates, using an Eppendorf
multi-channel pipettor, such that each microplaietained 3 replicate subsamples of
a single soil. The plates were prepared in dugicAtVersamax tunable microplate
reader was set at Q8§ nm, the peak absorbance for tetrazolium dye. Hte of
substrate utilization is indicated by the reductodrietrazolium, which changes from
colourless to purple. Readings were taken overys @ 0, 24, 48, 72, 96 and 120
hours. Between readings, the microplates were miewbin the dark at 25°C. A single
time point (in this study, 120 h) was selected $tatistical analysis. This was
determined by the rate of colour development invtk#s and the time by which most

of the substrates were used (Garland, 1996).



176

6.2.5 Dataanalysis

Raw difference data for each BIOLOG plate were ioleth by subtracting the colour
response of the control wells (without a C soufo@)n that of each of the substrate-
containing wells. Values were calculated separdtmlyach plate at each time point
(Govaertset al., 2007). Wells showing very little colour responsemgtimes gave
negative absorbance values after normalisatiorceSinis is physically meaningless,
such negative numbers were set to zero as reconaddrydseveral authors (H al.,
2007; Liuet al.,2007a; Webeet al.,2007).

Prior to statistical analysis, to eliminate vaoatiin well colour development caused
by different cell densities, the average well coldevelopment (AWCD) value for
each sample at each time point, was calculated@ogpto Garland and Mills (1991),

as follows:

AWCD =Y (C-R/n

whereC is the colour production within each well (opticknsity measuremeng,is
the absorbance value of the plate’s control wetl ans the number of substrates
(EcoPlatesn = 31) (Choi and Dobbs, 1999; Lei al.,2007b).

Prior to PCA, the data were transformed by dividiiog each substrate, the difference
in optical density at 120 h relative to the contsalls, by the AWCD of the plate at
120 h, that is,@ — R / AWCD. This further reduced the bias between@amcaused
by different initial inoculum densities, and regadltin standardized patterns being

compared rather than absolute values (Garland altg| ¥/991).

An ODsgo threshold value of 0.1 (significant catabolic aityiy was chosen for
analysis, as lower values could not reliably beaibed to bacterial activity but rather

to ‘noise’ (no catabolic activity) (Heuer and Sraall997hb).
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6.2.6 Statistical analysis

BIOLOG substrate utilization patterns were statedty analyzed (Zalet al, 1994;
Garland, 1996; Liuet al, 2007a) to determine the catabolic diversity lné soil
bacterial communities at both experimental sitesviBualize the relationship among
samples, PCA was carried out on the transformed BVdata from the microbial
communities, using CANOCO v 4.5 (Microcomputer Pgwthaca, NY) (ter Braak
and Smilauer, 1997). Logarithmic [X+1] transfornoatiwas used to normalize
skewed data (Webat al, 2007). PCAs of soil physicochemical data fronthbgites
were also carried out. The effect of ordination ts arrange samples of
multidimensional space into a low-dimensional spsgcethat similar samples were
grouped closer together whereas dissimilar sampére spaced further apart. PCA
reduced complex multidimensional data into a smaflamber of interpretable
variables (principal components) representing assulof the original variables
(Garland, 1996). The angles between variables egptetheir correlation (Govaerts
et al, 2008).

Soil data from the PCAs were tested by MRPP stalilzat to standard deviation = 1,
using PC-ORD v 4.25. Tests were carried out ondstahised data where the original
value for each soil variable from each site wadddig by its standard deviation
(across samples) to allow comparisons of variablea common scale. Dissimilarity

between samples was measured by Sérensen (Braig)Curt

Land use and treatment effects on soil microbiahmainities were also tested by
MRPP using PC-ORD v 4.25. Tests were done on kgsformed data using the
Bray-Curtis algorithm. Distance between samples magasured using the Sérensen
index (Smilauer, 2002).

Redundancy analysis (RDA) (CANOCO v 4.5) was usedcorrelate selected
environmental variables with microbial communitybstrate utilization at both
experimental sites. Sets of soil variables havielgtively independent effects (low

collinearity) were chosen for the analyses. Testomgsignificant relationships was by
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means of the Monte Carlo permutation test. Leaghifitant differences were

calculated at the 5% level.

Species catabolic richness (S) (the number of matiest utilized), evennessl)(
(distribution of colour development) and Shannaditgersity index H’) (a composite
measure of both richness and evenness) were detxnby the nonparametric
Kruskal-Wallis ANOVA by Ranks and Median test, ugiBTATISTICA v 7.1, as
residuals were skewed (non-normal). These testan@arametric alternatives to
between-groups one-way ANOVA, and their interpietais almost identical except
that they are based on ranks rather than meansTISTACA, StatSoft Inc., 2006).

6.3 RESULTS

Soil physicochemical factors that can potentialife@ community structure and

function were used as environmental data.

6.3.1 Analysesof soilsat the Baynesfield experimental site

The soil physicochemical variables selected foryaig at this site were previously

presented in Table 5.1 (section 5.3.1).
The results of calculations of field soil moista@ntent (%) are shown in Table 6.1.

TABLE 6.1 Mean soil moisture content (%) of soils (0-5cm t¢pinder the different
land uses at Baynesfield Estate

Land-use SC M KIK NAT PF w

Soil 14.88 11.93 23.14 12.02 20.93 11.76
moisture %

Key: SC = sugarcane (burnt cane harvested); M = m@mwaventional tillage); KIK =
permanent kikuyu pasture; NAT = native grasslanH; # pine plantation; W = wattle
plantation.
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6.3.2 Bacterial catabolic (functional) diversity at Baynesfield

BIOLOG substrate-utilization patterns, as showrplotting mean AWCD values for
each sample over time, increased in the order: NAWM < W < PF < SC < KIK
(Figure 6.1). In the BIOLOG plates, an initial lagase in colour development was
observed for all the land use soil bacterial comitres1 This is the time required for
the bacterial cells to reach a density of a0, at which colour is observed (Konopka
et al, 1998). The AWCD values for the first 48 h shovigte if any change for any
of the land use communities except KIK, which shdwesharp increase after 24 h.
Values for SC, PF and W only increased after 4&dubation, and M after 72 h,
whereas NAT showed no response. The highest AWQie\&t 120 h was associated
with the soil bacterial community under KIK (Figusel).

—+—SC =-M 4+ KIK NAT —«—PF —e—W

0.60 ~

AWCD at ODsgg

Time (h)

FIGURE 6.1 Variation over time in AWCD of Baynesfield soil diarial communities
under six different land uses.

Key: SC = sugarcane (burnt cane harvested); M = m@waventional tillage); KIK =
permanent kikuyu pasture; NAT = native grasslanH; # pine plantation; W = wattle
plantation.
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A PCA plot of log [X+1]-transformed data shows fttlistinctive bacterial catabolic
community profiles among the land use subsamplased on substrate utilization
after 120 h incubation (Figure 6.2). The PC1 axisoanted for 20.3% and the PC2
axis for 16.1% (cumulatively 36.4%) of the varianaebacterial catabolic diversity,
therefore these results should be interpreted wathtion. Subsample profiles under
NAT were most dissimilar, followed by M. On the etthand, PF and W subsamples
clustered closely together in the biplot, an intlara of their similarity. Profiles of
KIK subsamples also clustered closely together,redsethose under SC were more

widely separated.

SAMPLES
@ ««x O sc M B et [] rr o v
1.0 ;
|
|
NAT1 |
0.8 n |
|
|
| M1 NAT2
0.61 :
|
l
=04 KIK2 |
> | sc1
cFo! |
9 KIK3 ;
~02 ‘
N |
O KIKL |
o |
scz2 scz@ i
001 -="75- - B
|
7S PF2 |
O "wi O !
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I:‘ |
PF3 l B M2
-0.6 . M3 NAT3
-0.5 0.0 05 1.0 15

PC1 (20.3%)

FIGURE 6.2 A PCA plot of samples (log [X+1]-transformed valuyedong gradients of
bacterial functional diversity for subsamples elds with various land uses at Baynesfield.

Key: SC = sugarcane (burnt cane harvested); M = m@aaventional tillage); KIK =
permanent kikuyu pasture; NAT = native grasslanH; & pine plantation; W = wattle
plantation.
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Testing by MRPP of the PCA data of the functionaetsity of the soil bacterial
communities from the different land uses (Figur2),6showed that land use had
affected bacterial functional diversity at thises{f = -2.762, p = 0.005). The results
of the MRPP are summarised in Appendix D (Table.D2)

A PCA plot (Figure 6.3) shows those substratehi@BIOLOG EcoPlates having at
least 50% of their variance accounted, along tlaglignts (Figure 6.2) of bacterial
community functional diversity at Baynesfield. Aplot (Figure D1) of all the

substrates, and Table D1 listing all substrateshin EcoPlates are presented in

Appendix D.
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FIGURE 6.3 A PCA plot of C sources with at least 50% of thairiance accounted, along
gradients of bacterial functional diversity (Fig@) at Baynesfield.

Key: 3D = 4-hydroxy benzoic acid; 3H =D-malic acid; 2B-xylose; 3E =y hydroxybutyric
acid; 3B = D-galacturonic acid; 1B = pyruvic acieétimyl ester; 1G = D-cellobiose.

The non-parametric Kruskal-Wallis ANOVA by Ranksdaiedian test used to

determine soil bacterial community catabolic ricks¢S) (p = 0.133), evenness (J)
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(p= 0.071) and the Shannon Weaver diversity ing#Ex(p = 0.113), showed that land
use at Baynesfield had not affected these parasmédapendix D, Tables D3, D4,
and D5).

RDA results of the relationship between selectaoh{collinear) soil physicochemical
variables and soil bacterial community substrailezation patterns at Baynesfield are
shown in Figure 6.4. The RDAL axis accounted faf%4&of fitted and 14.6% of total
variation in data along the axis, while the RDA2saaccounted for 27.5% of fitted
and 8.7% of total variation in the data. Organid®Gnd ECEC were aligned with the
RDAL1 axis, and pH with the RDA2 axis. The PF subsiaswere associated with a
low pH. The KIK, SC and NAT 1 and 2 subsamples weneelated with high levels
of organic C. NAT 3 was dissimilar from NAT 1 andtaving a higher ECEC level
than the other NAT subsamples. Subsamples of M alestered on the basis of high

P levels.
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FIGURE 6.4 RDA ordination biplot of Baynesfield bacterial BIOLOGatd (log-
transformed) using selected (non-collinear) soiialdes, showing the relationship between
the variables and the soil bacterial communitiedeunrthe different land uses.

The RDA1 axis accounted for 46.0% of fitted andb%4 of total variation in the data and the
RDAZ2 axis for 27.5% of fitted and 8.7% of total \zion.

Key: SC = sugarcane (burnt cane harvested); M = m@mwaventional tillage); KIK =
permanent kikuyu pasture; NAT = native grasslanH; # pine plantation; W = wattle
plantation.

Substrates (C sources) with at least 25% of thaffamce accounted in the RDA
ordination biplot (Figure 6.4) are shown in Fig@®&. The relationship between the

substrates and the selected soil variables is igalan the key below Figure 6.5.
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FIGURE 6.5 Carbon sources utilized by soil bacterial commaesitinder the different land
uses at Baynesfield, with at least 25% of theirarare accounted in the RDA ordination plot
(Figure 6.4).

Key: 3E=y hydroxybutyric acid is correlated with lower sorganic C levels;

2B =D-xylose is associated with high levels of @ &CEC;

3H = D-malic acid is associated with a higher péil

1G = D-cellobiose, 4A = L-arginine, 4B = L-asparagi are correlated with higher soil
organic C levels;

1B = pyruvic acid methyl ester, 4C = L-phenylalanirF = D-glucosaminic acid are
associated with a low soil pH and low levels ofrid ECEC.

The Monte Carlo Permutation test for significanatienships within the RDA data
showed that soil variables had affected diverdiths site (Appendix D, Table D6).

6.3.3 Analysesof soilsat the Mount Edgecombe site

The soil physicochemical properties selected falyamis at this site were previously

summarised in Table 5.7 (section 5.3.4).

The results of calculations of soil moisture contén) at the time of sampling are

presented in Table 6.2.
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TABLE 6.2 Mean soil moisture content (%) of soils (0-5cm tgptnder the different
land management practices at Mount Edgecombe

Land TF TFo BtoF BtoFo
management
Soil moisture 22.35 24.62 22.77 22,71

%

Key: T = green cane harvested with trash retention;Btwrnt cane with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.

6.3.4 Bacterial catabolic (functional) diversity at M ount Edgecombe

Substrate utilization patterns in the BIOLOG Ectd¥aas shown by plotting mean
AWCD values at Ago (OD) over time were, in increasing order: BtoF K I BtoFo <
TFo. In the BIOLOG plates, colour development foe soil bacterial communities
under all the land management practices did notneemce until after 24 h incubation
(the lag period until the cell density reached &0™) (Konopkaet al, 1998), after
which it increased to different levels (Figure 6.Bligher AWCD values (activity
levels) after 120 h incubation were reached by dyactunder the unfertilized
treatments (Fo) than by those under the fertilizedtments (F).
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—~TF = TFo * BtoF - BtoFd
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FIGURE 6.6 Variation over time in AWCD of Mount Edgecombe Isdiacterial
communities under four different sugarcane restdestments.

Key: T = green cane harvested with trash retention; Bburnt cane with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.

A PCA plot of log [X+1]-transformed data showedlgmcterial community catabolic
profiles among samples from the different sugardaash managements at Mount
Edgecombe (Figure 6.7). The different treatmentewtistered along the X- and Y-
axes according to residue management and fertilpractices. The PC1 axis
accounted for 28.8%, the PC2 axis for 17.3% anthutatively, the axes accounted
for 46.1% of the variance in bacterial functionavedsity at this site. The TFo
subsamples were the most closely clustered in iptotp followed by the TF
subsamples. The Bto soil subsamples were furthet,apith the fertilized (F) soils

being the most dissimilar.



187

SAMPLES

Q O Tro BtoF B soro

10

0.8t

TE3
[ ]

N
N

PC2 (17.3%)
© © ¢
i 7 ' '

TFol
-0.21 BtoF1 m
BtoFol !)O TFo2 BioFo2
04l TFo3
-0.6+
BtoF2
-0.8 , , ,
-1.0 -0.5 0.0 05 1.0 15

PC1 (28.8%)

FIGURE 6.7 A PCA plot of samples (log [X+1]-transformed valueddng gradients of
bacterial functional diversity, for subsamples dftp with various land managements at
Mount Edgecombe.

Key: T = green cane harvested with trash retention; Bburnt cane with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.

Tests of the PCA data by MRPP, of the functionalediity of the soil bacterial
communities under the different land managemenigu(€ 6.7) indicated that the
four experimental treatments did not have a sigaift effect on bacterial catabolic
diversity at this site (T =-0.288; p = 0.361). (Fgndix D, Table D7).

A PCA plot showing those C sources in the BIOLO®MBates having at least 50%
of their variance accounted along the gradientbaafterial functional diversity at

Mount Edgecombe (in the ordination plot, Figure) @@pears in Figure 6.8. A PCA
plot (Figure D2) and Table D1, showing all the dtdies in the EcoPlates, are
presented in Appendix D.
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FIGURE 6.8 A PCA plot of C sources with at least 50% of thedrriance accounted,
along gradients of bacterial functional diversityviount Edgecombe.

Key: 4C = L-phenylalanine; 3E =y hydroxybutyric acid; 4E = L-threonine; 4G =
phenylethylamine; 2D = D-mannitol; 3G e=ketobutyric acid; 1G = D-cellobiose; 2E = N-
acetyl-D glucosamine; 2B = D-xylose; 4B = L-aspamag1B = pyruvic acid methyl ester; 1C
= Tween 40.

Trends for soil bacterial catabolic richness as thite were: BtoF < BtoFo < TF <
TFo. The non-parametric Kruskal-Wallis ANOVA by Ranand Median test showed
that land treatments at Mount Edgecombe had afiigni effect on catabolic
richness (S) (p = 0.046) (Table 6.3).
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TABLE 6.3 A non-parametric one-way analysis (Kruskal-Wallest}) of variation in
catabolic richness under different treatments aiiv&dgecombe

Speciesrichness (S) Significant (p = 0.046)

Multiple comparisons p values (2-tailed); S (BIOLPMount Edgecombe bacterial
diversity

Independent (grouping) variable: TREATMENT

Kruskal-Wallis test: H (3, N =12) = 7.992 p = 0804

Depend: TF TFo BtoF BtoFo
S R:7.167 R:11.000 R:3.500 R:4.333
TF 1.000000 1.000000 1.000000
TFo 1.000000 0.065076 0.141240
BtoF 1.000000 0.065076 1.000000
BtoFo 1.000000 0.141240 1.000000

Key: T = green cane harvested with trash retention; Bburnt cane with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.

Catabolic evenness (J) increased in the order: BtdF < TFo < BtoFo, but the non-
parametric Kruskal-Wallis ANOVA showed that lan@dtments had no significant
effect (p = 0.740) on soil bacterial community @atiec evenness (Appendix D, Table
D8). Similarly, although trends for catabolic disiy (H') followed the same order as
those for richness, the Kruskal-Wallis ANOVA showbdt land management effects
on the Shannon diversity index of the soil bactedammunities at Mount

Edgecombe were not significant (p = 0.135) (Apperi2ii Table D9).

The results of an RDA of the relationship betweetected (non-collinear) soil
physicochemical variables and the substrate uiitina patterns of the Mount
Edgecombe soil bacterial communities are shownigure 6.9. The RDA1 axis
accounted for 43.1% of fitted and 12.5% of totatiatton along the axis, and the
RDAZ2 axis for 36.9% of fitted and 10.6% of totakmadion in the data. Organic C and
pH were correlated with the RDAL axis, and ECEChwifite RDA2 axis. All the soill
variables had low inflation factors (< 10) so mudtlinearity was not severe. Those
treatments with retention of a trash blanket (Tjen@ssociated with higher organic C
than burnt cane harvested managements (Bto). iEedtiplots (F) had a lower pH
than unfertilized treatments (Fo), which were asded with higher pH and ECEC.
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FIGURE 6.9 RDA ordination biplot of Mount Edgecombe bactef&OLOG data (log-
transformed) using selected (non-collinear) soifaldes, showing the relationship between
the variables and the soil bacterial communitiedenrthe different land treatments.

Key: T = green cane harvested with trash retentiom 8tburnt with harvest residues
removed; F = fertilized annually with N, P and Kj £ unfertilized.

Carbon sources having at least 25% of their vaeaaccounted in the RDA
ordination plot (Figure 6.9) are shown in Figur&®.The relationship between the
substrates and the selected soil variables in Eigu is explained in the key below
Figure 6.10.
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FIGURE 6.10 Substrates utilized by soil bacterial communitiesler the different land
managements at Mount Edgecombe, with at least Z5%tew variance accounted for in the
ordination plot (Figure 6.9).

Key: 2D = D-mannitol, is associated with low soil ongaC levels;

1G = D-cellobiose, is correlated with a higher @il and ECEC levels;

2A = pB-methyl-D-glucoside, 1B = pyruvic acid methyl est8D = 4-hydroxy benzoic acid,
1C = Tween 40, are correlated with high levelsadfgrganic C;

2F = D-glucosaminic acid, 3B = D-galacturonic acl = phenylethylamine, 3F = itaconic
acid are associated with low soil pH and low levdIECEC.

A Monte Carlo Permutation test for significant tedaships within the RDA data

showed that soil variables had no significant eftecbacterial community functional

diversity at Mount Edgecombe (first canonical apis; 0.708; all canonical axes, p =
0.338). (Appendix D, Table D10)

6.4 DISCUSSION

In soil ecological studies, the concept of prokéi/bunctional diversity has recently

been proposed as an alternative to structural sliyedeterminations. Measurements

of functional diversity may provide a more sengtignd meaningful approach to
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detect the effects of changing environmental factor soil prokaryotic communities
(Tebbe and Schloter, 2007).

In this study, bacterial community-level catabgiofiling with BIOLOG EcoPlates
was used to determine differences in the functimaplabilities of the soil bacterial
communities under different agricultural land usasd management practices.
However, a disadvantage of the BIOLOG system isitha questionable whether the
inoculum is representative of the numbers and dityeof soil microbes present in the
original sample (Rot al., 2008). This is because it is not possible to datem
whether substrate utilization responses repredentselective enrichment of fast-
growing microorganisms, or relative species numbe&iso, the efficiency of
microbial cell release from soil is low (Konopkéaal, 1998). A further limitation is
that changes in microbial community composition uscén the wells during
incubation, therefore substrate utilization may adequately reflect the capacity to
utilize these substratés situ (Smallaet al, 1998). Hatzingeet al (2003) studied the
applicability of tetrazolium salts for measuringctaial viability and respiratory
activity in groundwater. They concluded that a oeable overall estimate of viable
cell numbers was possible but that certain badtstiains might be falsely considered
nonviable, due to poor uptake and reduction ofsees. Despite these shortcomings,
BIOLOG assays are less time-consuming and lessufahtensive than other
methods, as a large number of soil samples cacreersed in a short time (Govaerts
et al., 2007). Zhanget al. (2008) reported that the BIOLOG microplate methab
an effective tool in the assessment of soil miabkunction and health. However,
because of the limitations of BIOLOG CLPP’s, Reisal. (2008) suggested that
complementary techniques should be used in con@mcivith this approach.
Accordingly, in the present study a combinatiorCafPP and PCR-DGGE was used

to determine soil microbial diversity.

6.4.1 Bacterial catabolic (functional) diversity at Baynesfield Estate

BIOLOG analysis of catabolic diversity of the sbiécterial communities under the

various land uses at this site showed substanifdrehces among the various
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populations. This was confirmed by MRPP (p = 0.0@%)d agrees with the findings
of Graham (2003) and Graham and Haynes (2005).

As indicated by AWCD, bacterial communities undiuku showed a much higher
level of activity over time than those from the ethand uses (Figure 6.2). This was
attributed to the fact that the kikuyu pasture wesonly land use at Baynesfield that
had been irrigated at the time of sampling (Tabl2).6The importance of soaill
moisture in regulating microbial activity and disgy is well known, affecting the
physiological status of bacteria and their ability decompose organic substrates
(Chenet al, 2007). The bacteria-based channel of the detfdad web requires a
water film for growth (Pankhurst, 1997; Haynes dachham, 2004), therefore, as
collection of the soil samples had taken placéateind of the dry season, the AWCD
of the bacterial communities was considerably higiveer kikuyu than under those
land uses that had not been irrigated at the tigampling. In addition, the greater
dry matter production under improved (irrigated afstilized) kikuyu pasture
resulted in high levels of organic C inputs to #wl. This is reflected in the high
organic C content of the soil under this land uBable 5.1, section 5.3.1) and the
strong association of the bacterial communitieseakikuyu with soil organic C. This
may also have contributed to the high level of to#tephic bacterial activity
observed. Below-ground energy channels with a gtiwacterial component mainly
occur in nutrient rich soils containing readily dewposable substrates that promote
rapid growth, turnover of C and rapid nutrient aygl (Joergensen and Wichern,
2008). Increasing nutrient availability to planfsea results in their producing higher
amounts of organic matter with a lower C/N ratioiahhpromotes bacterial biomass,
as do management practices, e.g. fertilizationag#l and livestock grazing
(Joergensen and Wichern, 2008). The PCA analysithefbacterial communities
showed that the subsamples under kikuyu clustdosely together, indicating their
catabolic similarity (Figure 6.3). This agrees wiitle findings of Graham and Haynes
(2005), that catabolic richness was lowest undkuyi pasture at this site. In the
present study, D-cellobiose, a degradation proddictellulose, was the substrate
utilized, with at least 50% of its variance accaghi@long gradients of functional
diversity (Figure 6.5).



194

In contrast to the kikuyu soil bacterial commurstighose from native grassland soils,
that had never been cultivated, irrigated or fiedgd, had a lower cell density and
activity level than any of the other land uses.sTWas largely attributed to the dry
condition of the soil at the time of sampling. Ba@l community substrate utilization
profiles of the replicate subsamples under natizssiand were the most dissimilar
from each other, as indicated by PCA. The moswelstiutilized substrates were 4-
hydroxy benzoic acid, an intermediate in the breakd of cellulosic compounds and
D-xylose, a degradation product of hemicellulosgbich are commonly found in
grasses (Alexander, 1977; Rateratgal, 2007). Under native grassland, the observed
metabolic differences in bacterial communities frtime different subsamples may
have reflected the more heterogeneous above-grplard cover than that of the
kikuyu monoculture. The greater diversity of plamsy have produced a greater
variety of C inputs to the soil and a greater besultal diversity of root exudates,
thus selecting for a more diverse soil microbiamounity to effect degradation
(Chenet al, 2007). The findings in the present study agrék those of Graham and
Haynes (2005) who, using GN microplates, found tgsgacatabolic diversity under
native grassland at Baynesfield. In the presendysttCR-DGGE analysis of soil
bacterial community composition showed that commiesiunder kikuyu were less

structurally diverse than those under native gassk(section 3.4.1).

Soil bacterial communities under pine were shownAWCD to be slightly more
active than those under wattle. In the PCA biplbiggre 6.3), soil bacterial
communities from pine clustered together with thiosen wattle, indicating a low but
very similar functional (catabolic) diversity. Botltommunities utilized D-
galacturonic acid and pyruvic acid methyl ester,iciwhare intermediates in the
bacterial metabolism of plant structural compongBi®ck et al, 1994). The MRPP
analysis of this data confirmed that pine bactedammunities from the three
subsamples were slightly more functionally simitareach other than were those
under wattle. However under pine, the soil pH (38 the lowest of all the land
uses, which would tend to favour the fungal over Hacterial communities. RDA
confirmed that a low pH was strongly associatechviaiacterial communities under
pine but not under wattle (Figure 6.5). Pine liteeakdown into simple aromatic
substances and, finally, into low molecular weighganic/humic acids (Alexander,
1977; Grinhutet al, 2007; Rateringt al, 2007), is a likely cause of the high acidity
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observed in pine soil. Less litter was present twn goil surface under wattle than
under pine, causing soil organic C levels to beelowiowever, the pH was higher in
wattle soils than in those of pine. As both theswlluses are long-term monocultures,
the bacterial communities are likely to have bec@dapted to a limited number of
substrates, and are probably highly specialiseds tleducing functional diversity.
This agrees with the findings of an earlier studyhe KwaZulu-Natal midlands by
Nsabimanaet al (2004), who concluded that greatest catabolierdity occurred
under native grassland, and lowest diversity uedetic forests.

Under maize (conventional tillage), soil bactecaimmunities were markedly less
active than those under kikuyu, sugarcane, wattlgine. This could partly be
attributed to the sampling taking place at the ehdinter, after the maize had been
harvested and irrigation had ceased. The drier amilditions would have had a
negative impact on the soil bacteria. In additiomst of the crop residues had been
removed from the soil surface after harvesting. &&otset al (2008) reported that the
effect of crop residue retention was more pronodnice maize than in wheat, as
removal of residues was far more detrimental to blemeficial soil microflora
populations under maize. Agronomic management a@h boaize stubble and N-
fertilization were shown by Wakeliet al (2007) to have a significant and long-term
effect on the size and structure of the soil mi@blzommunities, with stubble
retention being the primary driver of change. AyBesfield Estate, levels of organic
C in the maize soil samples were low, due to thmoreal of most of the harvest
residues and also to annual conventional tillageichvcauses loss of organic C by
increasing rates of C mineralisation @i al, 2007). Improved soil health is often
related to the retention of sufficient crop resgluparticularly in maize production
(Govaertset al, 2008). However, the bacterial communities frdra different maize
soil subsamples showed considerable differencasilistrate utilization patterns, and
were widely separated in the PCA biplot ordinatspace (Figure 6.3). The substrates
utilized were mainly D-malic acid, D-xylose andhydroxybutyric acid, which are
either intermediates or breakdown products in ettenetabolism of plant material
in soil (Figure 6.4). Govaertst al. (2007) reported that tillage (zero or conventional
tillage) and residue management (retention or re)@ystems resulted in microbial
communities of different catabolic diversity, biat the most utilized C-substrates

would depend on local conditions and would difiemfi one system to another. The
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RDA of selected soil physicochemical properties Hradr influence on the bacterial
communities at this site showed that high levelsPoand a higher soil pH were
correlated with the maize soil bacteria (Figure). 65 PCA biplot of the relationship

between land uses and soil properties (Figureghayved that high levels of P and K

were associated with maize soils as a result tfifer applications.

The sugarcane soil bacterial communities, altholegis active than those under
kikuyu, were slightly more active than those untie other land uses, but only
marginally more active than those from pine sois climatic conditions at
Baynesfield are sub-optimal for sugarcane cultorgticane is harvested every two
years and only replanted approximately every siaryewhereas the maize is
harvested and the soil tilled annually. This reduseil disturbance under sugarcane
and creates greater organic C inputs, which hasoledhigher organic C content in
sugarcane soils than under maize. Furthermoreheasugarcane is irrigated during
the winter months, the higher soil moisture con{@dt8%) could also account for the
greater bacterial community activity observed coragao that in the maize soils.
PCA of bacterial community profiles clustered thébsamples on the basis of
substrate utilization and showed there was gresteilarity between the sugarcane
soil communities than those of maize or native geasl. This was confirmed by the
MRPP analysis. The most used substrates were &xydoenzoic acid and D-
cellobiose, both of which are degradation prodwétsellulosic and hemicellulosic
materials. The RDA analysis indicated that soilamig C was the main soil property
influencing bacteria under sugarcane. Soil PCA yfég6.1) showed that sugarcane
soils were associated with high levels of P andvKich were as a result of annual
fertilizer applications. Graham and Haynes (200#)p used BIOLOG GN plates,

also found lowest catabolic diversity under sugageca

Chenet al. (2007) reported significant differences in CLP&hriess and evenness in
response to different treatments and soil moisttoatent. Microbial functional
diversity from BIOLOG data is usually quantifieding two analytical methods,
which was the approach used in this study. Onegoiore measures total activity such
as AWCD (Garland and Mills, 1991; Garland, 1996]) &me other (as used by Zak
al., 1994), focuses on the number of different C souutiized (substrate richness)

together with the Shannon inde®’), which is a composite measure of both richness
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and evenness. In this study, the results obtainethe Kruskal-Wallis ANOVA
analysis of soil bacterial catabolic richness &gnness (J) and Shannon’s diversity
index H') under the different land uses at Baynesfield tEstshowed that land use
had not influenced any of these parameters. This p@bably due to the low
catabolic evenness observed at this site. &taal. (2006) also reported that, based on
the Shannon index, calculations from their CLPPads#t showed no significant

change in population diversity due to land usedmnturf).

6.4.2 Bacterial catabolic (functional) diversity at Mount Edgecombe

As previously noted in section 3.4.2, a major tresit effect at this site is an
accumulation of organic matter in the surface sailer green cane harvesting with
retention of crop residues, in contrast to a ldssrganic matter after burning and
trash removal. Another major effect is soil acchtion under fertilizer applications.
The PCA (Figure 6.7) of the various soils at Moltgecombe supported these
earlier findings and showed that a high level gfamic C was associated with those
treatments retaining crop residues, and a highitgcahd low pH with the fertilized
soils. As may be expected, higher amounts of KRangere also associated with the
fertilized managements. These differences were shimnbe highly significant by
MRPP (T = -4.976; p < 0.001). Application of P is assential part of sugarcane
fertilizer programmes, as P increases cane yielstags productivity and improves
juice quality (Sundarat al, 2002). After addition of soluble P to soil, éacts rapidly
with soil constituents to form less soluble or rlabde compounds, which, in acid
soils (such as those at Mount Edgecombe) are liteelipe Al and Fe phosphates.
Sundareet al (2002) suggested that fixed P reserves in saildcbe made available
to crops by means of appropriate land managemegotving the addition of organic
matter and/or the use of P-solubilising microorgars. Grahamet al (2002a)
reported that changes in soil chemistry and aggeegtability were induced by
fertilizer applications, sugarcane burning andhnatention at the Mount Edgecombe

experimental site.

BIOLOG analysis of the functional diversity of teeil bacterial communities under

the various land managements showed marked diffesem catabolic capability.
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Substrate utilization over time, expressed as AWGHEgwed the highest level of
bacterial community activity in sugarcane soils tii@ad not been fertilized with N, P,
and K (Figure 6.8). Rateringt al. (2007) reported that agricultural practices sugh a
fertilization may initiate changes in soil microbienetabolism. In the present
investigation, communities under unfertilized, bad treatments (TFo) were the most
active, followed by unfertilized, burnt cane treatits (BtoFo). In the fertilized
managements, green cane harvested (TF) soil belaternmunities were more active
than those from burnt cane (BtoF) soils, althougither of these communities was as
active as those from unfertilized soils. This maglicate that while the absence of
fertilizer was the main factor influencing bactémativity, retention of crop residues
within treatments, resulted in a more active comityuthan burnt cane harvesting
without trash retention. This could be attributed greater amounts of available

organic C under the former than under the lattanagament practice.

The PCA of substrate utilization patterns (Figu:@) éndicated that the profiles of the
three replicate bacterial communities under fedd, burnt cane harvesting
managements (BtoF) were the most widely separateust( variable) of the soil
communities at Mount Edgecombe. This was confirrngdMRPP analysis. In this
study, the amount of soil organic C was lowest urlent cane treatments, with the
primary organic matter returns being in the fornragt turnover. These findings are
similar to those of Graham and Haynes (2006). (\BHOLOG plates, the substrates
utilized by these communities with at least 50%thadir variance accounted along
gradients of functional diversity, were Tween 40s(afactant) and D-mannitol, a
sugar alcohol, many of which are metabolised byidewange of bacteria (Figure
6.10). Under unfertilized, burnt cane managemeBitsHo), the profiles of two of the
replicate bacterial communities (BtoFol and BtoFa@%tered closely together in the
ordination plot, indicating they were very similavhereas the community under
BtoFo2 was quite dissimilar and widely separatedmfrthe other two BtoFo
replicates. N-acetyl-D-glucosamine, (a major congmarof bacterial cell walls) and
D-cellobiose, a degradation product of cellulosena@or component of plant cell
walls, were the substrates mainly utilized. As etpé, soil bacterial community
profiles from subsamples under fertilized, greenecaarvested (TF) managements
were spread more widely in biplot ordination spandicating a greater dissimilarity

between communities than among the unfertilized E&mmunities. The latter were
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more closely clustered together than those undeni@ had the most similar profiles
of all the soil bacterial communities at this siléhese results indicate that large
differences in bacterial catabolic profiles exisithmm and between the various
sugarcane soils, both under preharvest burninguaddr green cane harvesting with
trash retention, and also that fertilization hafluenced the bacterial communities.
These findings are similar to those of Graham (2@X®ept this earlier study found

fertilizer applications had little effect on catéibaiversity.

RDA of the relationship between non-collinear salilysicochemical variables and
bacterial functional diversity at Mount Edgecomsieowed that treatments retaining a
full trash cover were more closely correlated wotiganic C than those under burnt
cane managements. In sugarcane production, butimengash (dry leaves and tops) is
a common practice, as it facilitates stalk haraest transportation. However, burning
reduces the amounts of organic matter and nutrighas are returned to the soil
(Graham, 2003; Galdcat al, 2009). In addition, burning of plant residues haised
environmental concerns regarding greenhouse gassiems (e.g. C& CH; and NO)
and release of particulates into the atmospher&l¢Sat al, 2009), hence the interest
in green cane harvesting and the return of plasitlues to the soil surface (Graham,
2003). Recent studies have shown that retentionaok residues affects both the
physicochemical and biological soil properties, amitlences soil temperature and
water content (Galdost al, 2009). In the present study, RDA showed that
unfertilized treatments, regardless of trash mamege practices, were associated
with higher pH and ECEC than were the fertilizedatments. This analysis also
showed that soil pH was lowest under the trashextijifed treatments. However, a
Monte Carlo permutation test for significant redaghips in the RDA data showed the
selected soil variables had not had a significifleceon bacterial catabolic diversity

at Mount Edgecombe.

Analyses of catabolic richness by the non-parameéfruskal-Wallis ANOVA by

Ranks and Median test (based on the number ofratésiutilized) indicated that land
treatments at Mount Edgecombe had a significamicethn soil bacterial community
catabolic richness (p = 0.04). Trends for richn@&sF < BtoFo < TF < TFo) showed
that the most functionally rich bacterial commussti were under green cane

harvested, trashed treatments (T), followed bylbmt cane harvested treatments
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(Bto). Again, the unfertilized plots (TFo and BtgFRtowed greater catabolic richness
than the equivalent fertilized managements (TF &dF). These results were
possibly due to the higher levels of organic C ol in plots retaining a full trash
cover. Govaertset al. (2007) reported that residue retention on the soiface
resulted in accumulation of organic C in the topl,sand provided microbial
substrates of different quality and quantity. Taffected soil C and nutrient cycling
dynamics, and increased microbial abundance. Agiqusly mentioned in section
3.4.2, fertilizer applications in long-term sugareanonocultures are known to lower
the soil pH, which would tend to favour fungi ouecteria under these managements.
Soil acidification of fertilized plots is primarilyattributed to nitrification of the
annually applied fertilizer Nl (Graham, 2003). Fertilizers could also reduce
functional diversity as, for example, applicatimisitrogen fertilizers would tend to
select against nitrogen-fixing bacteria in the s@Demoling et al, 2008).
Papatheodorowet al. (2008) reported that lowest values of catabotitivay and
diversity were recorded in fields under conventlanativation, which they attributed
in part, to the addition of nitrogen fertilizers.akélin et al (2007) showed that
nitrogen application had a significant effect oe tiotal soil microbial community
structure under maize, but that stubble retentias the strongest driver affecting

species composition.

Trends for catabolic evenness in ascending ordes BoF < TF < TFo < BtoFo, the
respective values for these managements beingg&87,7.3 and 7.7. This indicated
that replicate soil bacterial communities under eutiifized treatments showed a
greater catabolic evenness (distribution of colouthe microplate wells) than did
those under fertilized managements, although tffferdhces were not statistically
significant. Trends for catabolic diversity, asadfted by the Shannon diversity
index H'), followed the same order as those for richnessHB: BtoFo < TF < TFo)
and had values of 3.7, 5.3, 6.7 and 10.3, respdygtiVhis indicates that, as expected,
soil bacterial communities under green cane treasneetaining a trash cover (T)
were more diverse than those under burnt cane $targewith trash removed (Bto).
This could again be as a result of the greater amsonf organic matter inputs to the
soil due to plant residue retention on the soifesag (Graham, 2003; Govaedsal,
2007). In contrast, Papatheodoreual. (2008) suggested that a correlation between

organic C and microbial diversity exists only ihthuses induce large differences in
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soil organic C contentn the present study, unfertilized managements &g more
diverse than the equivalent fertilized (F) managameSoil acidification as a result of
fertilization led to a lower pH, lower amounts aichangeable Mg and Ca, and higher
exchangeable acidity. In addition increased amoontextractable P and K were
observed. These significant differences in the sb#mical environment between
fertilized and unfertilized managements could regulthe observed differences in
bacterial catabolic diversity. However, the difieces in diversity H') were not
significant. Similarly, analysis of the PCR-DGGEtaldrom this site usindd’ also
showed no significant difference in the structudaersity of the soil bacterial

communities, although this was due to a low evesines

6.5 CONCLUSIONS

It is generally accepted that a combined approacipreferable when analysing
microbial diversity in soil, as no single approastwithout its drawbacks. Therefore,
this study has the advantage of using both PCR-D@&G#etermine the structural
diversity, and CLPP (using BIOLOG EcoPlates) tced®ine the catabolic diversity,
of the soil bacterial communities at two long-tezrperimental sites.

In order to determine the catabolic diversity of thacterial communities under the
different land uses (Baynesfield Estate) and suagerdrash management practices
(Mount Edgecombe), soil was re-sampled in 2008, fgears after the initial
sampling. This was considered acceptable as a amuopabetween the results
generated by PCR-DGGE and CLPP was not being madeer the aim was to
determine whether or not the different land usesm@anagements had caused

distinguishable structural and functional changethe soil bacterial communities.

Considerable differences in catabolic capabilityevebserved in the different soil
bacterial communities under the various land udeBagynesfield Estate and the
sugarcane trash managements at Mount EdgecombmmBiration of factors such as
long-term land use, tillage, irrigation, crop pkrgnd soil physicochemical factors
(including organic C and pH) were found to have badonsiderable effect on the

functional diversity of the soil bacterial commued at the former site. Land uses
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under exotic plantations had bacterial populatitimst were functionally similar,
whereas those under native grassland were markgfigrent. Levels of catabolic
activity were highest under irrigated, fertilizedklkyu pasture and lowest under native
grassland. At Mount Edgecombe, the main influermeebacterial functional diversity
were the retention of plant residues, applicatiohsorganic fertilizers and soil pH.
However, while the soils at this site were sigrmifidy different, the soil bacterial
communities under the four managements were notwere more similar to each

other than those at Baynesfield.

The BIOLOG EcoPlates used for the CLPP analysisessfully differentiated the
catabolic capabilities of the various bacterial camities at both sites, although it
was noted that the communities selected for wexbably those fast-growing
microbes that could survive under the microplateditions. However, the advantages
of the BIOLOG method outweigh the disadvantageshasrocedure is simple, and
large numbers of samples can be screened in ave®yashort time. Although the
Shannon Weaver diversity indei{d ] is a favoured approach among environmentalists
for determining microbial diversity, as noted ire thnalysis of the PCR-DGGE data,
the results were not entirely satisfactory. Despigeal assessment of the microplates,
as well as data from the plate reader, showingldrfferences both in the degree of
substrate utilization and in the variety and numldrsubstrates used by the bacterial
communities, the Shannon index indicated that thid@éerences were not significant.
As previously mentioned in section 3.2.8, neitter tichness nor evenness parameter
can be determined with certainty for prokaryotesai samples. Consequently, the
Shannon index, which is a composite measure of batimess and evenness, cannot
be determined accurately for these microorganistherg(Tebbe and Schloter, 2007).
This suggests that thd’ index is not ideal for the statistical analysis bafcterial

BIOLOG data, even after log-transformation.



203

Chapter 7

EFFECTS OF LAND USE AND MANAGEMENT ON SOIL
FUNGAL CATABOLIC DIVERSITY

7.1 INTRODUCTION

Agricultural land management practices such asg#l) organic soil amendments and
crop rotation, are known to affect plant diseasthi@aks caused by soil fungi. Their
effects on soil pathogens are well documented buinaerstanding of their impact on
soil fungal communities is vital if crop productiosystems that minimise
agroecosystem disruption and control disease altbrare to be created (Veu al,
2007). Ecosystem function may be influenced byiti@act of environmental change
on fungal diversity, through decomposition of ongasubstrates (Deacoet al,
2006). Decomposer (saprotrophic) fungi are primasgcondary and tertiary
decomposers, feeding on and recycling large amafn@and other nutrients in the
ecosystem (Grinhuet al, 2007). These fungi are sensitive to changes & th
environment such as soil disturbance and pollu{@eaconet al, 2006) although
their response to these perturbations differsolls £xposed to elevated G@vels, a
higher relative abundance of fungi and a higheell@f soil C-degrading enzyme
activity were observed (Grinhwt al, 2007). In addition, Allisonet al. (2007)
reported that increased N availability in boreabsstems, due to anthropogenic

disturbance, reduced fungal diversity and changeahaunity structure.

Soil fungi are an important functional group in dstry and other terrestrial
ecosystems. While they are integral in mediatingi@nt cycling, litter and organic
matter decomposition and bioremediation, as wells@i$ aggregate stabilisation,
establishing their functional roles can be difftofifiobbieet al, 2003; Cullingset al,
2005). Fungal communities can alter both spatiaftg temporally and replace one
another, with each species adapted to a particutde, including the utilization of

specific substrates (Deaceh al, 2006). However, as soil fungi can grow on a wide
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variety of complex median vitro and can utilize many different C sources, it is
difficult to ascertain which of these are preferr&€@bmmunity level physiological
profiling (CLPP) using BIOLOG assays, which meadurggal community metabolic
activity, can be used for this purpose (Hobddial, 2003).

Accurate determination of the effects of disturammn soil fungal communities
requires a combination of genetic and physiologasgessments (Cullingst al,
2005). Therefore, as PCR-DGGE provides no inforomatn microbial functional
diversity and as very little is known about fungatabolic diversity in South African
soils, this study incorporated CLPP of soil fungammunities in addition to the
genetic analysis. Buyest al. (2001) described a method for fingerprinting funga
communities in environmental samples such as gl rhizosphere, the phylloplane
and compost, using BIOLOG SF-N plates. They replathat the method was far less
time-consuming and technically much simpler thathegi isolate identification or
phylogenetic analysis, and provided a useful toolanalysing community structure
and function. Therefore, soils under the differéamid uses and sugarcane trash
managements at the two study sites were analysed 96-well BIOLOG SF-N2
MicroPlates™ (section 2.4.1.4.1) which are suitafiole fungal studies requiring a
high degree of replication (Deacet al, 2006). As previously noted (section 6.1)
CLPP requires fresh inoculum from soils (Wakebh al, 2007), therefore the
subsamples used in this fungal analysis were tdikemn the same bulk samples

(section 5.2.1) as those used for the bacterialRCLP

7.2 MATERIALSAND METHODS

7.2.1 Study sitesand soil sampling

The study sites are the same as described in se&&®0l. Re-sampling of soils from
both sites (0—5 cm depth) took place in August/&aper 2008, at the end of the dry
winter season (section 5.2.1), and followed theesgnocedure described in section
3.2.2.
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7.2.2 Chemical analysis

Chemical analysis of the fresh soil samples folldwee methods described in section
3.2.3.

7.2.3 Soil moisture

Soil moisture content was calculated as describegdtion 6.2.3.

7.24 CLPP using BIOLOG microplates

Soil fungal communities were analysed by sole Q@®uitilization profiles using a
protocol adapted from the fingerprinting methodBaoiyer et al. (2001). The protocol
was modified (described below) so that the plataddcbe inoculated using a multi-
channel micropipettor. Moreover, as the 96-well Bz SF-N plates used by Buyer
et al (2001) are no longer readily available, the mogeently developed SF-N2
plates were used in the present study. These coikamtical C sources to BIOLOG
GN 2 plates (section 2.4.1.4.1), but lack the mtliam dye that is highly toxic to
certain fungi. Substrates in the wells include pwys, carbohydrates, carboxylic
acids, amines and amides, amino acids, and sulsstcissified as ‘miscellaneous’
(Carreraet al, 2007) (Appendix E, Table E1). In this method,wjto is measured
turbidimetrically. Increasing optical density (ORjives an indication of fungal
growth and activity, whereas the number and categaf utilized substrates provide
a data set from which to establish fungal metatbdiersity (Zaket al, 1994; Buyer
et al, 2001).

Sieved, bulked, soil samples were stored in pldstgs for 8 days at 4°C before use,
to allow time for any fungal spores present to geate. Each soil subsample (10 g
field-moist weight) from both sites was added tpasate 500 ml Erlenmeyer flasks
and diluted 1:10 in 90 ml sterile distilled ultrapuMilliQ water.

The following procedures were carried out at 10utenintervals, thus avoiding the

necessity of storing molten, antibiotic-suppleménsgar in a waterbath for long
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periods, which would have caused antibiotic degradaEach flask containing a soil
suspension, was shaken at room temperature forid@es at 200 r.p.m, after which
it was allowed to settle for 30 minutes. Immediatedior to inoculating each SF-N2
plate, the soil suspension was diluted t&® by pipetting 600 pl of soil suspension
into a bottle containing 36.4 ml of sterile, moltér2% water agar, to which three
filter-sterilized antibiotics (1 ml 50 pg fhigentamycin, 1 ml 100 pg thirifampicin
and 1 ml 100 pg rifi streptomycin) had been added to prevent bactgrialth. The
dilutions had the effect of standardising and rauythe initial inoculum density, and
of removing any soil particles that could interferéh subsequent plate readings.
Before inoculating a BIOLOG microplate, the congeaf the bottle were thoroughly
mixed and poured into a sterile glass Petri digimfrwhich 100 pl aliquots were
simultaneously added to each microplate well usangeight-channel Eppendorf
micropipettor. Each soil suspension was inoculatéal a separate 96-well plate, that
is, three plates per land use or management. Abplbs that had formed in the wells
during pipetting were carefully removed before #gar set, as these would interfere

with subsequent plate readings.

As soon as the agar had set, the microplates wack (time zero) at Qjay (Buyeret
al., 2001; Carreraet al, 2007), using a Versamax tunable microplate neade
Thereatfter, they were incubated at 22°C in the dadk checked visually for turbidity
on a daily basis. Turbidity became apparent oniera?2 hours. Accordingly,
readings were taken at 72, 96 and 120 h. Duringirtbebation period, after the
readings had been taken, any wells which were opague or white were inoculated
with 50 ul of a sterile 2% CuSGolution. This inhibited further fungal growth,uth
preventing hyphae from invading adjacent wellshe BIOLOG plates. Subsequent
absorbance readings remained unchanged after thigoadf the CuS@solution, as
the absorbance of these wells had already reatteedpper limit of the plate reader
(Buyeret al, 2001).

7.2.5 Dataanalysis

Raw difference data for each soil subsample at éawh point, were calculated by

subtracting the OE3, reading of the control well (containing water)rfrdhe readings
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obtained from the substrate-containing responsks\edter Garland and Mills, 1991).
As described in section 6.2.5, wells giving negatabsorbance values after data

normalization, were set to zero (ldtial.,2007; Liuet al.,2007a; Webeet al.,2007).

The same procedure detailed in section 6.2.5 wed tascalculate the AWCD of each
plate at each time point (Garland and Mills, 1991):

AWCD =Y (C-R/n

However, in this experimeng is the increase in turbidity within each well, ame
95 in the SF-N2 microplates (Garland and Mills, 1.98uyer et al, 2001). As
described in section 6.2.5 standardized pattertteerahan absolute values were
compared (Garland and Mills, 1991).

Generally, a reference AWCD (threshold value) frima range 0-2.5 absorbance
units for the majority of plate readers, is used st samples. The choice of a
reference AWCD is based on experience with givenpdas (O’Connelkt al, 2000).

In the present study a threshold value ofg§ 0.25 (after blanking against the
control well) was considered positive. Thereforellsv giving readings of 0.25 or
greater after 120 h incubation (the time at whicbstrwells in all the microplates
exceeded the threshold value) were chosen to cempBDLOG patterns and for
statistical analysis (Garland, 1996; ldu al., 2007; Plassarét al, 2008). A single
time point (120 h) was preferred to multiple timeirngs for statistical analysis, as
Buyeret al (2001) had reported that better separation & dats achieved by using a

single time point than by using combined time p&int

7.2.6 Statistical analysis

Statistical analysis of BIOLOG substrate utilizatigpatterns by the soil fungal
communities followed the procedures previously dbed in section 6.2.6. Species
catabolic richness (S) (the number of substratéizad), evennesslj (distribution of
turbidity) and Shannon’s diversity indeid'j] were determined as described in section
6.2.6.
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7.3 RESULTS

Variations in the physicochemical properties of theerimental soils may act as
potential selection factors affecting both plantsd asoil fungal communities.
Therefore, the relationships between selectedvswibles and fungal communities
under the different land uses and sugarcane residmagements, were investigated.

7.3.1 Analysesof soilsat the Baynesfield experimental site

Soil analyses of the various land uses at Bayridstfiere described previously in

section 5.3.1.

7.3.2 Soil fungal catabolic (functional) diversity at Baynesfield

Fungal substrate utilization patterns in the BIOL@6G-N2 plates were shown by
plotting mean AWCD values at QE over time, and increased in the order: KIK <
NAT < M < W < SC < PF. In the microplate wells, fal growth from all the land
use soil subsamples was seen only after 72 h itiombgan initial lag period) and
thereafter increased to different levels (Figud®.7The lag phase was longer than that
observed for soil bacteria from the same site agifare generally slower growing.
This had necessitated the addition of antibiotwshie water agar used for fungal
microplate inoculation, to prevent bacterial growilthe microplate wells interfering
with results. The highest AWCD value (level of ait$i) at 120 h was associated with
fungal communities under PF. Fungal communitieseurkdK had the lowest value
(Figure 7.1), in contrast to the KIK soil bacteaimmunities at this site, which were

the most active (Figure 6.1).
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FIGURE 7.1 Variation over time in AWCD of Baynesfield soil fgal communities under
the different land uses.

Key: SC =

permanent kikuyu pasture; NAT = native, undisturgeaksland; PF = pine plantation; W =

sugarcane (burnt cane harvested); M = m@meaventional tillage); KIK =

wattle plantation.

A PCA plot of log [X+1]-transformed data separatled various land use subsamples

and shows differences in community substrate atilin profiles (after 120 h

incubation) by the soil fungi from under the vasdand uses (Figure 7.2). The PC1

axis accounted for 21.7% and the PC2 axis for 1503mulatively, 36.7%) of the

variance in fungal catabolic diversity, therefohede results should be interpreted

with caution. Subsample catabolic profiles undeK Kilere most dissimilar, followed

by W and M, whereas SC subsamples clustered tagethiee biplot, indicating their

similarity. Profiles of PF also clustered closebgéther, whereas those under NAT

were more widely separated, indicating their greaeiability compared to PF.
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FIGURE 7.2 A PCA plot of samples (log [X+1]-transformed valueddng gradients of
fungal functional diversity for subsamples of fieMdith various land uses at Baynesfield.

Key: SC = sugarcane (burnt cane harvested); M = m@waventional tillage); KIK =
permanent kikuyu pasture; NAT = native, undisturgeaksland; PF = pine plantation; W =
wattle plantation.

Analysis of the PCA data (Figure 7.2) by MRPP, aoméd that land use had affected
the overall functional (catabolic) diversity of th&oil fungal communities at
Baynesfield (Appendix E, Table E2).

A PCA plot of those C sources in the BIOLOG SF-Natgs with at least 50% of
their variance accounted, along the gradients odii functional diversity (Figure
7.2) at Baynesfield, is shown in Figure 7.3. Albstrates in the SF-N2 plates are
shown in Appendix E, Table E1 and Figure E1.
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FIGURE 7.3 A PCA plot of C sources with at least 50% of theiriance accounted, along
gradients of fungal functional diversity at Bayrielsf.

Key: 4D = formic acid; 8A = n-acetyl-D-glucosamine; 2Dcis aconitic acid; 8D = D-
glucosaminic acid; 12A = D-cellobiose; 2B = D-frask; 4C = D-raffinose; 9C = turanose;
12B = D-mannose; 12G yaminobutyric acid; 10A = L-arabinose; 8F = L-agmane; 6G =
L-proline; 11A = D-arabitol; 2G = hydroxy-L-proline

Trends for fungal catabolic richness increasechendrder: KIK < W < NAT< M <
SC < PF and values were 3.33, 6.5, 9.3, 9.5, 12n06l715.67 respectively. The non-
parametric Kruskal-Wallis ANOVA by Ranks and Medi@st, showed that as with
the soil bacterial communities, land use had ndluémced fungal community
richness (S) at this site (Appendix E, Table E3).

The trends for soil fungal community catabolic avess (J) (distribution of turbidity)
under the different land uses were: KIK = NAT < M < PF < SC. The Kruskal-
Wallis ANOVA showed the different land uses hadluahced catabolic evenness
(Table 7.1).
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TABLE 7.1 A non-parametric one-way analysis (Kruskal-Wallest} of variation in
catabolic evenness (J) (turbidity distribution)sofl fungal communities under different land
uses at Baynesfield Estate

Species evenness (J) Significant (p = 0.037)

Multiple comparisons p values (2-tailed); J (BIOLDEaynesfield fungal diversity
Independent (grouping) variable: LAND USE

Kruskal-Wallis test: H (5, N =18) = 11.830 p =80

Depend: KIK M NAT PF SC wW
J R:5.000 R:7.000 R:5.000 R:14.333 R16.000: R:9.667
KIK 1.000 1.000 0.484 0.174 1.000
M 1.000 1.000 1.000 0.584 1.000
NAT 1.000 1.000 0.484 0.174 1.000
PF 0.484 1.000 0.484 1.000 1.000
SC 0.174 0.584 0.174 1.000 1.000
w 1.000 1.000 1.000 1.000 1.000

Key: SC = sugarcane (burnt cane harvested); M = m@waventional tillage); KIK =
permanent kikuyu pasture; NAT = native, undisturgeaksland; PF = pine plantation; W =
wattle plantation.

Functional diversity trends followed the order: K(KNAT = W < M < SC < PF. The
non-parametric Kruskal-Wallis ANOVA showed that damse had affected the
Shannon Weaver diversity indexH’] (catabolic diversity) of the soil fungal

communities (Table 7.2). This was in contrast lhcterial communities at this site.

TABLE 7.2 A non-parametric one-way analysis (Kruskal-Wallesty of variation in
catabolic diversity ") of soil fungal communities (a composite of sulgrrichness and
evenness) under different land uses at Baynedfistate

Shannon index (H') Significant (p = 0.028)

Multiple comparisons p values (2-tailed); H (BIOLpPBaynesfield fungal diversity
Independent (grouping) variable: LAND USE
Kruskal-Wallis test: H (5, N = 18) = 12.509 p =230

Depend:  KIK M NAT PF e W
H R:3.333 R:8.333 R:7.333 R:16.333 R14.333 R:7.333
KIK 1.000 1.000 0.043 0.174 1.000
M 1.000 1.000 0.997 1.000 1.000
NAT 1.000 1.000 0.584 1.000 1.000
PF 0.043 0.997 0.584 1.000 0.584
sC 0.174 1.000 1.000 1.000 1.000
W 1.000 1.000 1.000 0.584 1.000

Key: SC = sugarcane (burnt cane harvested); M = m@eaventional tillage); KIK =
permanent kikuyu pasture; NAT = native, undisturgeaksland; PF = pine plantation; W =
wattle plantation.
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RDA results, showing the relationship between getbc(non-collinear) soil

physicochemical variables and soil fungal commuaiipstrate utilization patterns at
Baynesfield Estate, are given in Figure 7.4. TheARRxis accounted for 44.9% of
fitted, and 15.3% of total variation in data, ahd RDA2 axis for 25.4% of fitted and
8.6% of total variation in the data. ECEC, P andaaic C were aligned with the

RDAL axis, while pH was associated with the RDABax
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FIGURE 74 RDA ordination biplot of Baynesfield fungal BIOLOGlata (log-
transformed) using selected (non-collinear) soifaldes, showing the relationship between
the variables and the soil fungal communities unkiedifferent land uses.

Key: SC = sugarcane (burnt cane harvested); M = maiaavéntional tillage); KIK =
permanent kikuyu pasture; NAT = native, undisturigealssland; PF =pine plantation; W =
wattle plantation.
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Substrates (C sources) having at least 25% of tteiance accounted in the RDA
ordination plot (Figure 7.4) are shown in Figur®&.7The relationship between the

substrates and the selected soil variables is suisedan the key below Figure 7.5.
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FIGURE 7.5 C sources utilized by soil fungal communities unither different land uses at
Baynesfield, with at least 25% of their varianceanted in the ordination RDA plot (Figure
7.4).

Key: 7E = malonic acid, 6B =-D-glucose, 10B = maltose, are closely associaiduhigher
pH;

8A = N-acetyl-D-glucosamine, is closely correlateith high ECEC,;

12E = succinic acid, 2C g=methyl-D-glucoside, are closely associated withhtorganic C;
1E =p-hydroxy-phenylacetic acid, 6A = Tween 80, 6G =rbime, 9A = adonitol, 5H =
phenylethylamine, 5C = L-rhamnose, 9E = quinic at@G = L-threonine, 11E = sebacic
acid, 9F = L-aspartic acid, 6H = putrescine, 9G-sekine, 9C = turanose, are associated with
P and low pH;

12C = succinic acid monomethyl ester, 12&aminobutyric acid, 4B = D-galactose, 4C =
D-raffinose, 4G = L-ornithine, 10C = xylitol, 6CB3=sorbitol are correlated with low organic
C.

The Monte Carlo Permutation test for significantatienships in the RDA data
showed that soil variables had affected fungal brdie diversity at this site
(Appendix E, Table E4).



215

7.3.3 Analysesof soilsat the Mount Edgecombe site

The analyses of soils at this site are presentéeétal in section 5.3.4.

7.3.4 Soil fungal catabalic (functional) diversity at Mount
Edgecombe

Patterns of substrate utilization in BIOLOG SF-Nfatgs by the soil fungal

communities under the different land managementdaint Edgecombe (as shown
by mean AWCD values at QE, plotted over time) followed the order: BtoF < Bt

< TFo < TF. After the initial 72 hour lag period WCD values of the soil fungal
communities from under the four land managemeninreg increased to different
levels. Higher values were recorded for treatmeei@ining a trash blanket (T) than
for those with harvest residues removed (Bto) (FEgiL6). As with the Baynesfield
microplates, antibiotics were added to the watear ag inhibit the faster-growing

bacteria and prevent them from interfering with ptete readings.

——TF —=—TFo —— BtoF BtoFo

0.45

0.40 -

AWCD at ODgs

OOO i T T T T 1
0 24 48 72 96 120

Time (h)

FIGURE 7.6 Variation over time in AWCD of Mount Edgecombe soihgal communities
under four different sugarcane residue treatments.

Key: T = green cane harvested with trash retentiomy 8tburnt with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.



216

A PCA plot of log [X+1]-transformed data showedfeiences in fungal substrate
utilization profiles (after 120 h incubation) byetisoil fungal communities under the
various sugarcane trash management regimes. POirdaed for 21.1%, and PC2 for
15.1% (cumulatively, 36.2%) of the variance in fahfyinctional diversity at this site
(Figure 7.7). Soil subsamples from the green caarwested with trash retention
managements (T) were more closely correlated (atarite 0.31) than the burnt cane
harvested managements (Bto) (av. distance 0.38), twe fertilized (F) subsamples
being more similar to each other than the unfeadi (Fo) samples under both trash

managements.
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FIGURE 7.7 A PCA plot of samples (log [X+1]-transformed valueddng gradients of
fungal functional diversity, for subsamples of diglwith various land managements at Mount
Edgecombe.

Key: T = green cane harvested with trash retentiom 8tburnt with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.
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Log [X+1]-transformed PCA data (Figure 7.7) testsd MRPP, indicated that the
four experimental treatments had a small but siganit overall effect on fungal
catabolic diversity at this site (T = -1.896; p £38), (Appendix E, Table E5).

Figure 7.8 is a PCA biplot of those C sources (Bates) with at least 50% of their
variance accounted along gradients of fungal foneti diversity at Mount
Edgecombe (Figure 7.7). (Appendix E, Figure E sh@NsC sources along the
gradients of fungal functional diversity in Figufey).
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FIGURE 7.8 A PCA plot of C sources with at least 50% of thedriance accounted,
along gradients of fungal functional diversity abivht Edgecombe (Figure 7.7).

Key: 1D = acetic acid; 11H =u-D-glucose-1-phosphate; 3G = L-leucine; 12Gy=
aminobutyric acid; 2D = cis-aconitic acid; 4B = Rlgctose; 6G = L-proline; 12A = D-
cellobiose; 9G = L-serine; 10G = L-threonine; 7G&-pyroglutamic acid; 10B = maltose; 7D
= D-gluconic acid; 5C = L-rhamnose; 9E = quinicdcad8F = L-asparagine; 2E = itaconic
acid; 7A = N-acetyl-D-galactosamine; 11F = glycyhkpartic acid.
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The trends for richness were: BtoF < TFo < BtoFdF with values of 4.8, 5.8, 7.5
and 7.8, respectively. The trends for evenness B®E < BtoFo < TFo < TF, with

values of 4.7, 5.3, 7.7 and 8.3, respectively. Tieads for diversity followed the
same order as those for richness although valueg Wweé, 6.3, 7.0 and 7.7,
respectively. The non-parametric Kruskal-Wallis AX® showed that land

managements at Mount Edgecombe had no signifi¢ketdt®n the catabolic richness
(S) (p = 0.706), evenness (J) (p = 0.536) or thenBbn Weaver diversity index()

(p = 0.826) of the soil fungal communities (AppenHi, Tables E6, E7, and ES8).

The results of an RDA analysis of the relationstopsveen selected (non-collinear)
soil physicochemical variables and the soil fungammunity substrate utilization

patterns at Mount Edgecombe, are shown in Figue All soil variables have low

inflation factors (< 10) so multicollinearity is heevere. RDAL accounted for 47.1%
of fitted and 15.3% of total variation, and RDAZ 185.8% of fitted and 11.7% of

total variation. ECEC were more closely alignedvRDAL, whereas pH and organic
C were more closely aligned with RDA2. Those treaita retaining a trash blanket
(T) were associated with a higher organic C contlkeah burnt cane harvested with
plant residues removed (Bto). Fertilized plots \#re correlated with a lower pH

than unfertilized plots (Fo), and the latter wessaxiated with higher ECEC.
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FIGURE 7.9 RDA ordination biplot of Mount Edgecombe fungal BIOG data (log-
transformed) using selected (non-collinear) soifaldes, showing the relationship between
the variables and the soil fungal communities unlkerdifferent land managements.

Key: T = green cane harvested with trash retentiomy 8tburnt with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.

Carbon sources having at least 25% of their vaeaaccounted in the RDA

ordination plot (Figure 7.9) are shown in Figur&0Z.The relationships between the

substrates and the selected soil variables are aused in the key below Figure

7.10.
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FIGURE 7.10 C sources utilized by soil fungal communities undlee different land
managements at Mount Edgecombe, with at least Z5%tew variance accounted for in the
ordination plot (Figure 7.9).

Key: 8C = D-trehalose, 6F = L-alanine, 11A = D-arahit®8G = L-leucine, 12G =-
aminobutyric acid, 2D = cis-aconitic acid, 4B = Blactose, 6D = D-galacturonic acid, 3H =
uridine, 5A = Tween 40, are associated with low a@anic C levels;

5D = D-galactonic acid lactone, 3D = citric acid; & L-serine, 6G = L-proline, 12A = D-
cellobiose, 6C = D-sorbitol, 10G = L-threonine, ZBEnalonic acid, are correlated with low
soil pH and ECEC;

10F = L-glutamic acid, 1G = L-histidine, 2Cp=methyl-D-glucoside, 1C = D-melibiose, 10B
= maltose, 7G = L-pyroglutamic acid, 5C = L-rhammo3E = quinic acid, 6H = putrescine,
7D = D-gluconic acid, are associated with high sajanic C levels;

8A = N-acetyl-D-glucosamine, 9A = adonitol, 2E adbnic acid, 10C = xylitol, 7A = N-
acetyl-D-galactosamine, 4F = L-alaninamide, 4A ycgben, 8B =a-D-lactose, 11F =
glycyl-L-aspartic acid, 1F = bromosuccinic acid,HLE o-D-glucose-1-phosphate, 1H =
urocanic acid, are correlated with a higher soilgstd ECEC.

A Monte Carlo Permutation test for significant tedaships of fungal RDA data from
Mount Edgecombe showed a near significant relatipgnbetween the selected soil
variables and the soil fungal communities (firshamical axis, p = 0.062 and all

canonical axes, p = 0.060) (Appendix E, Table E9).
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7.4 DISCUSSION

It is important to target soil organic matter (SO84%) part of soil management, as it
affects the physicochemical and biological proesrtas well as the long-term
productivity of soil (Bausenweiet al, 2008). It is, therefore, essential to elucidate
the role of microbes in the degradation and transétion of SOM, which is the main
reservoir of C in the biosphere, estimated to b@016 13° g C. In particular, the
fungal contribution to these processes should l@uated, as this is still not well
understood (Grinhugt al, 2007).

Changes in below-ground C allocations as a re$ubove-ground disturbances may
change both the structural and physiological ditersf soil fungal communities
(Cullingset al.,2005). Therefore, in the present study, soil fllmganmunities under
different agricultural land uses and managements KiwaZulu-Natal, were
characterised in order to determine how these agnandisturbances had affected
the functional diversity of this class of soil moorganisms. Absorbance (OD) values
from the BIOLOG plates were used to assess thévwelpreference of different soill
fungi for specific compounds (Hobbat al, 2003), notwithstanding the fact that it is
difficult to relate each substrate to specific daiictions or processes (Marchaete
al.,, 2008a). As previously noted in section 6.4, BOIL assays have certain
limitations. In the case of fungi, an additionabglhoming is that basidiomycetes may
not successfully be screened using this methothesdo not grow well after their
mycelia have been fragmented (Deaetal, 2006).

7.4.1 Fungal catabalic (functional) diversity at Baynesfield Estate

As the soils for which functional diversity of tliengal communities was measured
had been subjected to a wide range of differeng-kenm land uses (arable
agriculture, pastures and exotic plantations), icemable differences in their
catabolic capabilities were shown by PCA. Rateghgl (2007) reported that factors
affecting soil microbial metabolic diversity incled climate (rainfall and

temperature), soils (aeration and texture), theilahiity and degradability of

substrates, and agricultural practices (e.g. pdstiand fertilizer applications or
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cultivation methods). Also, plants can change thieghysicochemical environment,
(for example by rhizodeposition) and can regulaedecomposition rates by directly

affecting litter quality (Trindeet al, 2009).

Substrate utilization patterns after 120 hours lition indicated that the soil fungi
under pine were the most active of all the land em®amunities at this site (Figure
7.1). In addition, these fungal communities had gheatest catabolic richness and
diversity of all the land uses. As shown by PCAg(Fe 5.1), pine soils were strongly
correlated with high acidity and low pH (3.8). ROAigure 7.4) of the effects of
selected soil physicochemical variables on thedeggifungal communities confirmed
that a low pH but relatively high P levels, were groperties most closely associated
with pine. As many soils in forest ecosystems ardi@aand receive recalcitrant litter
inputs, conditions will tend to favour fungi oveadieria (Allisonet al, 2007). In acid
soils, cellulose degradation is mainly performed figmentous fungi (Alexander,
1977). In the organic layers of forest and woodlaods, in decomposing litter,
fungal hyphal networks dominate the microbial pptessm (Joergensen and Wichern,
2008).

In the present study, the soil surface in the gulatation was covered by a thick
layer of decaying pine needles, which are rich henwlic and lignocellulosic
compounds. In the upper layers of soils, the prymignocellulose-degrading fungi,
which occur widely in soil or in plant litter, arsaprotrophs. These actively
decompose humic substances, and include ascomyartedasidiomycetes. The
former are mainly involved in modifying and polynsgng humic substances,
whereas the latter degrade and mineralize refnacioganic matter (Grinhugt al,
2007). In addition, the level of soil organic C enghine was 6.3%, which was higher
than all the other land use soils except that ukderyu. As fungi are heterotrophic,
their distribution is determined by the availalyilibf oxidizable carbonaceous
substrates (Alexander, 1977), with the quality qudntity of available organic matter
an important influence on their activity, commungtyucture and function (Bending
et al, 2002). These factors could all have contributedhe greater activity and
functional diversity of the soil fungi under pinemapared with those under the other
land use types (section 6.3.2). As conditions ungdiere favoured soil fungal

communities, the soil bacteria were unable to caemmeiccessfully for available
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nutrients, which could account for the observeddohbacterial functional activity and
diversity under this land use. Replicate subsamplésthe pine soil fungal
communities were closely clustered by PCA, reffegthe similarity in their substrate
utilization profiles. This indicated that the sdiingi under pine were functionally
similar, probably highly specialized, and that ama@ted microbial community,
dominated by fungi, had developed. Substrates enBIOLOG microplates utilized
by these communities, with at least 50% of thenmarece accounted along gradients
of functional diversity, were the amide (L-asparesjj the amino acid (L-proline) and
the carbohydrates (L-arabinose and D-arabitol). Hoéive use by the fungal
community of the pentose arabinose, and its sulgahal, arabitol, is interesting.
These substrates were not utilized by the pineebattcommunities as not many
bacteria can metabolise pentose sugars (Bebek, 1994).

In the wattle Acacia mearnsjiplantation (an exotic Nfixing monoculture), the litter
on the soil surface was much less dense than tidgruwpine, consisting of fallen
leaves, twigs and bark, together with rotting seemps from a eucalyptus plantation,
formerly situated on this site. The N-rich wattlgek may thus have contained a
mixture of substrates, including tannins and poéypiis. Little is known of the fate of
litter tannins except that a large and rapid dectincurs (£ 80%) during the first year
of decomposition (Bradlegt al, 2000). Polyphenols contained within wattle form
complexes with proteins, those with the highestenallar weight being most resistant
to microbial attack and remaining longest in sol®ndensed wattle tannins, when
complexed with proteins, are less readily degratihesh hydrolysable tannins and
tannic acid (Mutabarukat al, 2007). It was reported that compared to natreas
litter underA. longifolia contained higher levels of N and had lower C/Nostiand
substantially altered soil microbial catabolic dsity (Marchanteetal., 2008a). It has
also been reported that g-fiking invasive plantA. saligna influenced inputs of C
and N and soil microbial processes (Yelegilal, 2004).

In the present study, the wattle soils were charesd by a pH of 4.6 and a lower
organic C level (4.8%) than the pine soils. RDA faomed that wattle soils were
correlated with a low level of organic C. Fungaérgy channels are regarded as slow
cycles, as they are favoured by acidic soils cairigi recalcitrant organic materials

that are low in available nutrients, leading toatekly long generation times
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(Joergensen and Wichern, 2008). Mutabarwtaal (2007) showed that high
polyphenol-containing systems favoured the devetygnof fungal communities that
were well adapted to high acidity and phenol-riol sonditions and, particularly, to
the more recalcitrant, condensed tannin-protein ptexes. Complexation had an

apparent protective or masking effect, which ledetuced C availability.

Under the wattle plantation, the soil moisture eont(11.8%) was the lowest of all
the land uses. As the fungi-based channel doesegaire a continuous water film for
growth (Haynes and Graham, 2004), fungal communitieder wattle were much
more active than the bacterial communities frons tahd use. Catabolic profiles of
the replicate samples of wattle soil fungal comrtiasiwere shown by PCA to be
highly dissimilar, despite the similarity of the ysicochemical profiles of the soaill
subsamples from this land use. The substrate ediliwith 50% of its variance

accounted along gradients of fungal functional diitg was D-fructose, a common
soil carbohydrate. Although fungal catabolic rickmavas lower under the wattle
monoculture than under all the other land usespmxaguyu, community functional

diversity was greater than that of kikuyu and edoalhat of native grassland. The
low richness of the wattle fungal populations, dedpwith a slightly higher catabolic
diversity than occurred under kikuyu, could indec#tat, in the wattle soils, a limited
number of fungal species were carrying out a vamétfunctions, and were probably
highly adapted to the conditions under this largl us

Under arable agriculture at this site, as showrAYCD, the sugarcane soil fungal
communities were more metabolically active tharséhof maize as well as those of
all the other land uses except pine. As the cahangested only every 2 years and the
soil was undisturbed at the time of sampling, tustrasted with the maize (CT)
soils, which had recently been tilled and the pl@sidues removed. Govaedsal.
(2007) reported that AWCD was significantly higher maize with residue retention,
compared to residue removal. In the sugarcane@ginic C inputs would have been
in the form of fallen leaves and decaying rootsedéhfactors could account for the
higher levels of organic C (5.0%) in sugarcanessocdmpared to those under maize
(3.9%). Additions of easily degradable organic eraliéad to an increase in catabolic
activity in soils (Degenst al, 2000). This could partly explain the greatemabatic

activity of the sugarcane fungal communities coragato those of maize. The
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sugarcane soils were more acidic (pH 4.4) thathallother land uses except pine, a
condition which tends to favour fungi. Mutabarué@al. (2007) reported that soils
from agricultural systems such as sugarcane, maizé grasslands had low
polyphenol contents, which had implications for fod microbes. In the PCA biplot
(Figure 7.2), sugarcane soil fungal catabolic pesfof the replicate samples were the
most closely clustered and, therefore, the mosilainof all the land uses. The
carbohydrate, L-arabinose and the carboxylic agidmino-butyric acid, were the
substrates preferentially utilized. Carboxylic acate among the most easily utilized

C compounds by microbial communities (Marchagital, 2008a).

Under maize, two of the subsamples (M1 and M3) vadoeely clustered by PCA,
whereas the third subsample (M2) was highly didammand distant from the other
two (Figure 7.2). Seventeen substrates were ulilimeboth M1 and M3 but not M2.
Those substrates preferentially utilized by funginf the three subsamples were L-
proline (amino acid) and the carbohydrates, L-arade and D-cellobiose. The latter
is a glucose-containing disaccharide and primanysttuent of hemicellulose, the
preferential uptake of which, suggests the poteabdity to utilize cellulose (Hobbie
et al, 2003).

At this site, both maize and sugarcane soils wereestated with low organic C and
Mg but high levels of P and K, although the levaesler the two crops varied. The
high soil P and K levels were as a result of anmalganic fertilizer applications.
RDA showed that the soil physicochemical propertysinclosely associated with
sugarcane was a high P level. A lower pH was astetiwith the sugarcane soil
subsamples than with those of maize. Maize sogjdlicommunity activity was lower
than that of pine, sugarcane and wattle but grehger native grassland and kikuyu.
In addition, maize fungal communities had a lowatabolic richness, evenness and
diversity than the sugarcane fungal communitiethiat site. Govaertgt al. (2008)
reported that maize under conventional tillage w&moval of plant residues induced

a reduction in populations of the soil micro-flomacluding fungi.

Among the soil fungal communities from the varidaisd uses, the least active were
those under kikuyu, followed by those under nagvassland. The kikuyu soil fungi

were also the least catabolically rich, even aneerdie of all the land use types.
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Native grassland fungal communities, on the othamdh showed a much greater
richness and diversity than those of the kikuyu awoitture. Litter in grasslands is in
the form of plant detritus, which is relatively $egecalcitrant than that under forest
(Lauberet al, 2008). The greater plant biodiversity in natgrassland would supply
a greater variety of C substrates and root exudhtesthe kikuyu monoculture, thus
leading to the greater fungal catabolic richness dimersity observed in the former.
However, catabolic evenness was the same undeawthéand uses indicating that,
although the fungal communities are functionallffestent, they are nonetheless very
similar in terms of the evenness of substrateizetil Substrates utilized with 50% of
their variance accounted along gradients of kikuyagal diversity were the
carbohydrates, D-fructose and D-cellobiose, whetbase utilized by the native
grassland fungal communities were D-fructose andafilrose (Figure 7.3). The
kikuyu fungal communities were the least activalbthe land use types and had the
most dissimilar subsample catabolic profiles. Thvas in contrast to the kikuyu
bacterial communities, which were the most metabady active, albeit closely
clustered by PCA, indicating their catabolic simtla (Figure 6.2). As the soil
conditions, namely the high soil moisture cont@®.14%), the availability of readily
decomposable nutrients (the highest organic C le¥ed.4%), and a higher pH,
favoured the bacteria, the soil fungi could be expd to be less active. In
comparison, soil fungi under native grassland wemgch more active than the
bacterial communities under this land use. In aalditthe fungal catabolic profiles of
the replicate samples were much more closely cledgten the PCA biplots (Figure
7.2) than the bacterial profiles, which were higtllgsimilar (Figure 6.2).

Analyses by the Kruskal-Wallis ANOVA showed thatilgtthe various land uses at
Baynesfield had not affected the soil fungal comityuoatabolic richness (S), they
had affected evenness (J) and the Shannon diverslgx '), with the greatest
functional diversity shown by the pine soil fungind the lowest diversity by the

fungal communities under the kikuyu monoculture.
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7.4.2 Fungal catabolic (functional) diversity at Mount Edgecombe

An imbalance of different nutrients in the farmisgstem is a concern for the long-
term sustainability of the sugar industry. The corabon of a sugarcane monoculture
and the intensity of sugarcane production has atnegeffect on soil health (Bedt
al., 2007). As previously noted (section 6.4.2), thegrddation of soils under
sugarcane production results in a progressive ddssrganic matter, a decline in
fertility, acidification, and a breakdown in sotirgcture, particularly in the surface
layers (Grahanret al, 2002a). While changes in soil health and feytdihd the loss of
productivity under sugarcane are well documentite is known of the effects of
these parameters on soil microbes, particularlyfumgal community functional
diversity. A well-functioning soil microbial commiig is essential for soil fertility
and resistance to disturbance (Rasal, 2008). Soil microbial community function
reflects the interaction of many biotic and abid#ctors, with both crop residues and
SOM quality affecting the functional diversity (B#ing et al, 2002). In the present
study, CLPP (using BIOLOG SF-N2 microplates) of #wl fungal communities
under the four different land management practatethis site, clearly separated the
various communities and showed differences in ttegiabolic capabilities.

As indicated by AWCD, higher levels of substratéizétion (activity) were observed
in the soil fungal communities under greencane é&timg treatments retaining a trash
blanket (T) than under burnt cane harvesting wiimaval of plant residues (Bto)
(Figure 7.6). The soil organic C level was high@s6%) under the trashed, fertilized
treatments (TF) followed by the trashed, unferiizreatments (TFo) (6.0%). Under
the burnt cane treatments, organic C levels werveldd5.14%) in the fertilized (BtoF)
and lowest (4.93%) in the unfertilized (BtoFo) gloRDA (Figure 7.9) confirmed
these results. Soil management practices, suchubhimg with plant residues, have
been reported to promote storage of C originatiranf the atmosphere and to
constitute potential C sinks. Sugarcane leaveesgmt a considerable biomass that is
either burned or mulched depending on the hang$tincedure. Burning leads to a
loss of organic C (and nutrients through parti@ildtspersion) and emissions of
greenhouse gases. In contrast, greencane harvestingesidues mulched on the soill

surface increases the concentration of soil orgén{®azafimbelcet al, 2006). As
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previously mentioned, soil fungi are involved iretbecomposition of crop residues
and in the humification of cellulosic material imetsoil (Boopathyet al, 2001). At
Mount Edgecombe, the higher levels of organic Gails under trash retention and
the lower pH in fertilized soils compared to unfeaéd soils, are conditions
favouring fungi, which may explain the observedheig levels of fungal activity
under green cane than under burnt cane harve8elget al (2007) reported that all
residue retention treatments, irrespective of sylset management, increased the
ratio of fungi to bacteria in the soil microbiabbnass.

Differences in the substrate utilization profilestiee soil fungal communities were
clearly shown by PCA (Figure 7.7). Testing of tdeta by MRPP showed that the
different treatments had a small but significanerall effect on fungal catabolic
diversity (p = 0.037). This was in contrast to then-significant effect on bacterial
functional diversity at this site (section 6.3.8ubsample profiles of those treatments
retaining a trash mulch were more closely corrélditedicating a greater similarity in
their catabolic capabilities) than those of the ssubples from under burnt cane
harvesting. In addition, the fertilized subsamptefites were more similar to each
other than were the unfertilized subsample profilesler both trash management
practices. Soil PCA (Figure 5.4) indicated thatsthagoils, fertilized annually with N,
P and K, were associated with higher acidity, aad higher levels of P and K than
unfertilized soils. RDA indicated that a higher @dd a higher ECEC level, were
strongly correlated with soil fungal communitie®rfr the unfertilized burnt cane
harvested management. ECEC were also closely atwdelwith unfertilized
greencane harvested soil fungal communities. Soigif are known to differ in their
response to NPK fertilizers, with N fertilizatiornanging the abundance of fungal
species (Marschnest al, 2003). Laubeet al. (2008) reported that relatively P-rich
cultivated soils contained more Ascomycota and feéBasidiomycota than those with
lower extractable P concentrations. In the prestty, the results suggest, that at the
long-term (69 years) trash management site at MBdgecombe, annual applications
of N, P and K had possibly exerted a selective qunes on the resident fungal
communities. However, there is not necessarily aetation between changes in
community composition and catabolic diversity, asctional redundancy is thought
to be common in soil microbial communities (Holiset al, 2010). It seems likely

that soil fungal communities under the differematments have become adapted to
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the conditions prevailing under a sugarcane monaaibnd as such, are functionally

highly specialized.

The substrates utilized by TF fungal communitieshwb0% of their variance
accounted along gradients of fungal functional ditg were the amino acid, L-
threonine, and the carboxylic acids, quinic acid afpyroglutamic acid. The latter is
not surprising since, as stated previously, carbioxcids have been reported to be
among those C compounds most easily utilized byahial communities (Marchante
et al, 2008a). The substrates utilized by TFo commuitieere the amide, L-
asparagine and the carboxylic acid, L-pyroglutaaga. The fertilized, burnt cane
harvested (BtoF) soil fungal communities mainlylizgid L-proline (amino acid) and
the carbohydrates, D-galactose and D-cellobiose. [@tter two substrates are co-
produced during degradation of structural plant gonents, including hemicellulosic
compounds which may comprise over 50% galactoseusiib. D-cellobiose is a
primary constituent of hemicellulose and the fundatal disaccharide unit of
cellulose. High metabolic activity in substratesisas galactose and cellobiose could
indicate the presence of fungi involved in degrimsatof plant structural
carbohydrates (Hobbiet al, 2003). The unfertilized burnt cane harvesteti fsoigal
communities mainly utilized the amino acid L-leusinhe carbohydrate D-galactose

and the carboxylic acig,aminobutyric acid.

Although fertilized soils under green cane harvegtvith retention of a trash mulch,
were found to have a higher organic C content ahigjlzer pH (possibly due to NH

than unfertilized soils under burnt cane harvestuity plant residues removed, soil
fungal catabolic richness, evenness and the Shadivensity index K') (based on

the number of substrates utilized) were not sigaiftly different. This could suggest
that the organic C in the mulched soils was ofvaduiality or may be unavailable for
decomposer fungal communities (Marchamte al, 2008a). Also, the inorganic
fertilizer applications may possibly have alterde tsoil nutrient balance, with

consequent effects on the fungal catabolic diwersit
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7.5 CONCLUSIONS

As very little is known about the functional divigysof soil fungal communities in
South Africa, the present study examined the effentthis, of different land uses and
sugarcane trash management practices at two lomg-Bxperimental sites in
KwaZulu-Natal. It was again noted that the fungammunities selected for in the
BIOLOG SF-N2 plates would only be representativettaise fungi able to grow
under the plating conditions, and not necessafilhe soil fungal communities as a
whole. However, by using a single time point foe statistical analyses of this data,
an indication of heterotrophic fungal populatiomsi¢y and of the total potential

heterotrophic activity, was successfully obtained.

At Baynesfield Estate, BIOLOG analyses showed nthdiferences in the catabolic
capabilities of the resident soil fungal commumitiender the different land uses.
AWCD showed that, except under kikuyu, the soilgalncommunities from the other
land uses were more active than their bacteriaht@wparts. This was most likely due
to sampling taking place at the end of the dry sirgeason, during which only the
kikuyu pasture had been irrigated. As the diffedlant uses at this site are all on the
same soil type, the overall results of this invgion suggest that a combination of
the different land uses and their associated ptaner, together with cultivation
practices (irrigation, tillage and fertilizer apmtions), and not soil type, were the

main influences on the soil fungal community catebdiversity.

At Mount Edgecombe, CLPP clearly separated thefgngal communities under the
different treatments, on the basis of their activiégvels and catabolic profiles.
However, the results obtained indicated that thefaagal communities under the
four treatments were more catabolically similar éach other than the fungal
communities under the various land uses at BayldsfThe experimental plots at
Mount Edgecombe are all on the same soil type amigua sugarcane monoculture.
However, differences between the soils under the foanagement practices were
highly significant (p < 0.001), whereas differeneesthe catabolic diversity of the
various soil fungal communities were not as markdds suggests that, rather than

the soil type, the trash management practices aarganic fertilizer applications
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(which affected the pH and the levels of P, K, ardanic C), were the main

influences on soil fungal catabolic diversity asthkite.
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Chapter 8

GENERAL CONCLUSIONS

81 RATIONALE FOR THE RESEARCH

The worldwide search for cost effective, sustaiaagricultural practices, which also
have minimum impact on the environment, is an amggrocess. The way in which
land use and management practices affect the siblbiota, which are indicators of
soil health andquality, must therefore be assessed. As traditional, rstlependent
techniques sample only a very small proportionha inicrobial diversity in soils,
alternative methods are being sought to address ghortcoming. A combined
approach to the analysis of microbial diversity soil is generally considered
preferable, as no single method is without its dr@eks. Accordingly, the current
study used a combination of molecular and commueigl physiological profiling
techniques to investigate the effects of a widgeaof commercial land uses (arable
crops, forestry and pastures), and different traahagement practices within a single
land use (sugarcane production), on the soil miafothiversity at two long-term
experimental sites in KwaZulu-Natal. This work i§ marticular relevance in the
South African context, as it is the first time tlaatlual approach of this kind has been
used. Also, few local studies have simultaneougimened both soil bacterial and
fungal structural and catabolic diversity acrosdtipie land uses and management
practices, in a given landscape. Hitherto, littessviknown of the effects of agricultural
practices in South Africa on the microbial struetudiversity in these experimental

soils, especially that of the fungi.
82 MEETING THE RESEARCH OBJECTIVES

This broad-based study successfully determineeéffieets of a range of land uses and
different management practices on both the battema fungal communities,
resident in the various soils at the Baynesfield slount Edgecombe sites.
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Notwithstanding the generally accepted viewpoimtt thoil type and location are the
main influences on soil microbial composition andedsity, with land use and
management of lesser importance, this study hasouaamated that differences in
long-term land use and/or management practicesinwttie same site, and on the
same soil type, can cause substantial differenoethe structural and catabolic

diversity of the resident bacterial and fungal camities.

The realisation of each of the objectives outlime@hapter 1 is summarised below.

Objective 1.To establish and optimize suitable protocols tofite soil bacterial and

fungal communities, using a dual approach.

Protocols were established for the molecular grafibf both soil bacterial and fungal
communities to determine their genetic (structudaersity using PCR-DGGE. The
initial study (Chapter 4) showed that the fungabgedures required refinement,
which led to the extensive adaptation and optinosadf the protocols in the follow-
up work (Chapter 5). All PCR procedures were medioptimized for local
conditions, with respect to: (i) the primers uséd;the concentrations of template
DNA, Taq DNA polymerase and Mgflised; and (iii) the number of cycles in the
PCR reaction. For the Mount Edgecombe samples, niimaber of cycles was
increased in both the initial and follow-up studiescause of the difficulty in
obtaining adequate DNA vyields. In addition, in tleter work, a nested PCR
approach was also adapted for use with these sampideincrease the DNA
concentration still further. All these modificat®mnabled reproducible results to be

obtained.

The optimization of the DGGE procedures, througiustdhent of the denaturing
gradients in the gels, and alterations to the moprdonditions, resulted in greatly
improved band separation. The adaptation of antiegigrotocol for excising and
eluting the fungal DGGE bands, enabled the seqngramnd identification of some of

the bands to be carried out successfully.

The modifications made to the CLPP protocols, ttemeine bacterial and fungal

catabolic diversity using BIOLOG EcoPlates and SFg\ates respectively, allowed
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for an improved characterisation of the microbianenunities in the study soils. The
adaptations allowed the use of a multi-channel tmpdor microplate inoculation,

thereby enabling the 8 wells in each microplate towe inoculated simultaneously.
This considerably reduced the time required for ttherwise laborious plate

inoculation process, and significantly minimised tisk of contamination.

Objective 2 Determining the effects of land use and manageprawctices on the soll
bacterial and fungal community structural and caibd diversity, and relating these

findings to selected soil variables.

Agricultural land use and management practices whosvn to have a considerable
influence on the genetic (structural) and catab@limctional) diversity of the soil
bacterial and fungal communities at the two stuthssHowever, notable differences

were observed at each site.

Baynesfield Estate

At this site, large differences in both bacteriatldungal community structural and
catabolic diversity were noted under the differkamd uses. In the initial study, land
use had affected both bacterial species richnedsdasersity, but only the species
richness of the fungal communities. However, tHevo-up study, with the improved

protocols, identified not only differences in fuhgammunity structural richness, but
also in evenness and diversity between the vatens uses. It was found that land
use did not affect soil bacterial catabolic rictmyesvenness, and diversity, or fungal

catabolic richness, but did affect fungal evenrsstsdiversity.

In the initial study, analyses of the data relatisglected soil physicochemical
properties to microbial structural diversity showédt organic C, Mg, ECEC, K, P,
and exchange acidity had affected the genetic sityeof both the bacterial and
fungal communities. In the follow-up study, orgaficECEC, pH and P were found
to be most influential on the soil fungal structudasersity, and also on both the
bacterial and fungal catabolic diversity, showingshift in the soil variables
influencing the microbial communities. These resglearly show that over time, the

major drivers of both structural and functional elfsity at this site were organic C,
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ECEC and P, with exchange acidity and pH being d¢éssely correlated, possibly as
an effect of acidity. Another temporal effect wae ttoss of Mg and K as drivers,
possibly as a result of the fertilization of sonfele sites shifting the soil chemical
balance. It was also shown that the soil bactamal fungal communities under the
various land uses differed substantially in theiverall nature, community

composition and function.

Mount Edgecombe

At this site, the initial study revealed that baietiespecies richness was greatest in the
trashed/fertilized plots, and lowest in the bumtéutilized plots. This was not due to
trash retention or to the interactions of trash fertllizer, but rather to the fertilizer
applications. In the follow-up study, a significagffect on fungal species richness,
but not on evenness or diversity, was caused W§iZer additions to the burnt cane,
but not to the green cane managements. As in tHerestudy, this showed that
fertilization, and not trash retention, was the tmagportant single influence on the
soil fungal communities at this site. Thus, evethimi a single land use, the various
soil management practices were found to affectstinecture of the soil microbial
community differently. In contrast to the genenaldfngs that soil type is the main
influence on microbial diversity, at this site, thegention/removal of plant residues
and applications of inorganic fertilizers were thain influences on soil bacterial and

fungal community functional diversity.

In the initial study at this site, CCA showed tlufferences in organic C and Mg
were the main soil variables influencing the gemetimposition of both the bacterial
and the fungal communities. In the follow-up studyganic C remained one of the
main soil variables affecting the soil fungal commity structure; however ECEC and
pH, were also found to be influential. While thetadmlic diversity of both the
bacterial and the fungal communities was not aéi@dignificantly by the different
management practices, bacterial catabolic richmess. Here, in contrast to the
findings on structural diversity, retention of agh mulch and the absence of fertilizer
were the main influences on bacterial cataboliobnéss, suggesting that soil variables
such as organic C and pH had played a role. Ths aeafirmed by RDA, which
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showed that organic C, ECEC and pH had a signitfigaifect on both the bacterial

and the fungal communities’ catabolic diversity.

Objective 3.To determine if the results obtained, with thefibrgy techniques used in

this study, supported those of previous researcheithe same experimental soils.

Previous researchers at the two study sites focosdte organic matter status of the
soils, and on determining the size, activity anisalic diversity of the soil microbial

biomass in crop soils, concentrating almost exetlgion the bacterial communities.
In contrast, the present study provides a widerenbalanced and holistic view of the
total microbial soil communities’ diversity, sind®th the bacterial and the fungal
communities are considered. This is important as ftimgi are usually primary

colonisers of plant litter, which is broken dowriarsmaller molecules that provide

suitable nutrients for the bacterial communities.

At Baynesfield, land use was shown to have affestaldbacterial catabolic diversity
considerably, which agreed with the findings ofliearesearch at this site. At Mount
Edgecombe, bacterial catabolic diversity was highesler green cane harvested,
unfertilized treatments, and lowest under fertdizburnt cane harvested treatments,
showing that both trash retention and fertilizeplagations had an effect. As trash is a
natural substance, whereas inorganic fertilizees raot, the former is less likely to
cause adverse long-term effects on agriculturdk.séi previous study by Graham
(2003) indicated large differences in bacteriahbatic capability between soils under
trashing and those under preharvest burning, butomtrast to the present study,

fertilizers were found to have little effect.

As the present study undertook pioneering work loa ¢ffects of land use and
management practices on the genetic diversity ¢t tioe soil bacterial and fungal
communities at these sites, there are no apprepeetier data for comparison. This

applies also to this study’s unique fungal catabdiversity data.
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83 CRITICAL EVALUATION OF THE RESEARCH

This study was designed as a broad-based anafytkie effects on the autochthonous
soil bacterial and fungal communities, of a widaga of agricultural land uses and
management practices. As soil is a highly compliygamic system, constantly
changing in terms of its physicochemical, spatrad &#mporal dimensions, no single
experimental approach can possibly determine tta¢ moicrobial diversity supported
at any given location, over time. The current woiks addressed some of these
difficulties, by using a combination of moleculardaphysiological profiling methods.
Nonetheless, given the complexity of the task, dpproach taken in this study still

provides only limited information.

As variations in soil physicochemical propertiesyraat as potential selection factors
affecting plant growth and soil microbial commuestj the relationship between
selected soil variables [organic C; pH (KCI); excheable acidity; total cations
(ECEC); exchangeable K, Ca and Mg; and extractd®leand the microbial
communities was determined. As previously mentigrdithough N (specifically the
C/N ratio) plays an important role in determiniig structure and function of the soil
microbial communities, it was not considered irs tsiudy because none of the current
extraction methods can predict soil N supply cdesity (Ros, in press). As organic
C is often closely linked with N, distinct extrabta organic matter (EOM) fractions
have been used to assess the soil's capacity golystyo However, none of these
SOM fractions has been universally accepted asmdinator of the soils’ capacity to
supply N nor is their role in the N cycle certairhis is unfortunate since accurate
estimation of the N mineralized from SOM would eleatarmers to estimate the rate
of N fertilizer applications to optimize crop yieldnd reduce N losses to the
environment, thereby improving the sustainabilityagriculture (Ro%t al, 2011).

One of the principle advantages of community fipgeting using PCR-DGGE

combined with CLPP (using BIOLOG microplates) whattwith both procedures,
multiple soil subsamples from the different landesisand treatments, could be
screened simultaneously in a relatively short tiare] reproducible results obtained.

Another benefit of these fingerprinting methods W they revealed links between
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the agricultural crops, the soil physicochemicabparties and the structure and
function of the microbial communities from soilsdan the various land uses and

management practices.

In the present study, as universal primers werd imePCR-DGGE, information on
microbial community structure was obtained buta@mthe functional aspects of these
communities. This shortcoming was overcome by CuBiRg BIOLOG plates, which
served to show the catabolic (functional) diversitythe microbial communities, and

thus complemented the structural diversity analysis

8.3.1 Evaluation of the soil sampling procedures

Sampling of the soils from both sites took placéhatend of the dry winter periods of
2004 and 2008. This was successful in the caséeBaynesfield soils, as high
concentrations of total genomic DNA were obtainadbbth studies. However, at
Mount Edgecombe, while reasonable genomic DNA gieeére obtained from all the
land management soils in the initial study, in thkow-up work, even after two
separate soil sampling attempts, total DNA conegiains were too low to be
visualised in the agarose gels. Had the samplikentalace after the first spring rains,
it is likely that higher DNA yields would have beabtained, as the microbial
biomass is generally larger and more active duringrmer, wet weather.
Notwithstanding this, it is also possible that ciheh inhibition prevented DNA
isolation from the Mount Edgecombe soils, as BlIOL@galysis of the same soils
clearly demonstrated the presence of bacteria amgi,f again illustrating the

advantage of a dual approach.

The experimental design was suitably rigorous lierMount Edgecombe soils, as site
BT/139 is replicated in a randomized split plot igas which allowed inferential

statistics to be applied to the data. However,esBaynesfield Estate is an established
commercial venture, it was not possible to repéidae various land use treatments in

a randomized, statistically correct experimentaigie
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8.3.2 Evaluation of the PCR-DGGE profiling method

The PCR-DGGE approach was successful in separdtivg soil microbial

communities under the different land uses and sagar trash managements,
revealing the genetic diversity of the bacteriatl dangal populations. PCR-DGGE
was particularly useful for the bacterial structutiaersity study, as the G + C content
of these organisms covers a wider range than thtteofungi, resulting in a better

spread of bands in the bacterial DGGE gels.

Since the objective of this study was to show #sponse of entire soil bacterial and
fungal communities to different land uses and inegits, without any deliberate
selection by specific primers, universal primersravesed. This undoubtedly left

some of the community members undetected.

While the initial fungal DGGE studies had undemastied fungal community richness
and diversity, the redesigned follow-up study l&ygeddressed these concerns. The
strategy applied here, of whole community DNA esti@n followed by PCR-DGGE,
gel band excision and sequencing, provided a betsgght into the structure of soil
fungal communities as affected by the various lases and treatments, than had been
possible initially. However, temporal effects coulot be discounted as the DNA used

in the two studies was isolated at different times.

Because the resolving power of DGGE is limited ffagments that are greater than
500 bp in length, the separation efficiency of é&afgagments in the gels was poor.
Conversely, bands from longer PCR products (sucth@se produced in the initial
study) provide better identification when sequenesdthey contain more genetic
information. The follow-up study proved therefotbat primer pair FR1GC/FF390
was well-suited to DGGE, albeit not to specific weacing studies. As indicated

above, this was appropriate given the broad-baatdeaof the current study.
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8.3.3 Evaluation of the BIOLOG method for physiological profiling

In the CLPP analyses of both sites, the BIOLOG HEateR successfully differentiated
the catabolic capabilities of the various bactec@inmunities, and the SF-N2 plates
those of the corresponding soil fungal communitiésoPlates are a more recent
development and an improvement on the older GN aplates used in an earlier
study at these sites. The former have the advamtilgeing specifically designed for
environmental studies, and contain substrates kntmwvoccur in the rhizosphere,
unlike the latter, which were originally intendeat use in clinical analyses. The SF-
N2 plates were well-suited to the soil fungal aral; as they lacked the tetrazolium

dye (present in the bacterial microplates) whichighly toxic to many fungi.

A shortcoming of the BIOLOG method is that in bakie bacterial and the fungal

analyses, the communities selected for were prgb&st-growing microbes that

could survive under the microplate conditions. Deesthis, the advantages of this
method outweighed the disadvantages, as all sarfgrlésth sites were screened in a
relatively short time, thereby reducing the risk aaintamination and avoiding the
undesirable effects of sample ‘aging’.

84 IMPLICATIONSOF THISRESEARCH FOR AGRICULTURE

This study has revealed the impact of differentcadpural land uses and management
practices, on soil microbial diversity at the tvemdj-term sites. As a diverse microbial
community is generally regarded as an early indicat soil health, those agricultural
practices that increase microbial diversity and| sfartility are preferable.
Unfortunately the importance of soil health is oftaot considered. In order to
maintain productivity and profitability, a comprosei is usually needed between
operating efficiency, cost saving, and agricultysedctices that promote soil health
and fertility.
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8.4.1 Baynesfield Estate

The benefits of residue retention for arable creyppsh as maize and sugarcane were
shown in the present study. At this site, the low microbial structural diversity and
the low soil organic C content under maize (CT witips raked off), could be
improved by reducing tillage of these soils, anthireng crop residues on the soill
surface. Crop rotation with ley crops or legumesiMdielp increase soil fertility and
microbial diversity. Under sugarcane, a change froamnt cane to green cane
harvesting with trash retention, could increase sb# organic matter content. In
addition the cessation of burning would preventublatilization and subsequent loss,
of large quantities of nutrients such as C, N ang®sent in the plant residues.
Fallow periods between replanting with cover cr@ggh as leys or legumes) would
also be advantageous. However, the author recagtise these practices may not
have been adopted at this commercial site, beaysessible financial implications.

While the kikuyu pasture monoculture had the highssil organic C content
compared to the other land uses, the microbiatstral richness and diversity was
lower than that under native grassland. Crop matwould be beneficial in
increasing microbial diversity in the former so#snce it would increase the variety
of plant inputs and root exudates to the soil, hadce the variety of substrates for

microbial degradation.

The present study showed that under exotic foreptantations, the microbial
communities had become highly specialized in respda the prevailing conditions.
For the long-term success of plantation manageniteistimportant to maintain and
enhance the productivity of these soils. The pHth&f wattle plantation soil had
dropped from 5.2 in 2004, to 4.6 in 2008. The dicdiion of soils under wattle
plantations over time, poses problems if such ledubsequently used for the
production of food crops. Liming is a possible &gy to improve crop production in
these soils, as raising the soil pH allows for #@stablishment of a more diverse
microbial population, especially among the bactexidich have very rapid metabolic
rates However, the large quantities of lime regli overcome Al and Mn toxicity,

make this an expensive option. Problems of low\Ml&emay also occur under wattle
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plantations. While wattle trees are significantikefs, wattle litter may immobilise
N. In addition, only a low release of N from th&dr may occur, as a result of N
complexation with the reactive polyphenols that present in high concentrations
and are very toxic to other plants.

Under pine, the soils were characterised by higthargeable acidity and the lowest
pH of all the land uses. Soil infertility due tadity is a major limiting factor in crop
production. As with the wattle soils, liming is aption for raising the soil pH,
thereby preventing the precipitation of phytotoic and improving conditions for a
more diverse microbial community. A method for ass®g soil quality under pines
was suggested by Keltirgf al. (1999), using a soil quality index (SQI) modehig
monitors the impacts of different management pecastion soils. Under this model,
five key soil attributes are measured; (i) rootwgto promotion; (ii) the storage,
supply and cycling of nutrients; (iii) the abilitg accept, hold and supply water; (iv)
the promotion of gas exchange; and (v) the promotb biological activity. This
approach could prove beneficial at the Baynestdkel

8.4.2 Mount Edgecombe

At this site, those treatments retaining crop nessdwere preferable to burnt cane
harvesting with tops raked off, as they increadesl do0il organic C content in the
surface soils. This encouraged heterotrophic miafadrctivity which resulted in an
improved cycling of nutrients. As previously notddirning resulted in nutrient loss
from the soils, which adversely affected soil fégti and enhanced soil degradation.
Applications of inorganic fertilizers increased angc matter returns to the soil in the
form of roots and trash, thereby enhancing the rocgeC vyields. However,
fertilization also lowered the soil pH, and incre@dslevels of extractable P and
exchangeable K, compared to unfertilized treatméntthe long-term, this resulted in
increased Alavailability and problems of Al toxicity and a lowesoil pH. As
recommended for the Baynesfield sugarcane sitengesne harvesting with retention
of crop residues is preferable to burnt cane héingesvith trash removal, and crop

rotation with legumes and leys would increase fagtility and microbial diversity.
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This would help reduce the soil degradation thatuog under long-term sugarcane

production.

85 RECOMMENDATIONSFOR FUTURE WORK

As traditional agricultural land use and managenpeattices have been found to lead
to the observed global decline in soil quality dedility, it is vital that future work
should concentrate on strategies to overcomelthssto be hoped that this study will
encourage those agriculturalists involved in alpeats of crop production, to
acknowledge the importance of microorganisms it feoiility, structure and health
and to adopt practices to promote their wellbeldgderstanding the interactions of
soil-inhabiting microbes and their environment,l\wiable predictions to be made of
the impact on the soil, of various agricultural giiges, both positive and negative,
leading to better management of soil structure famdtions. Unless greater care is
taken of the soil microbial communities, sustaieadjriculture will not be possible in
the long term. For these reasons, constant momgarf the soils’ living components

is essential to good farming practice.

While PCR-DGGE remains the mainstay among soil aggsis for determining
microbial community structural diversity, it is gnéemi quantitative. The traditional
end-point PCR used in this study has several ltroita (section 2.4.2.2.2), making
real-time PCR a possible alternative in future,itabas been shown to be more
precise. DGGE is also limited, as communities atristg fewer than ~1% of the
total population are not usually represented asdgsh@wn in this study, many bands
of similar sequence may run together in the gelwusT accurate determination of
actual microbial species richness may not be plessiiiternative methods to estimate
soil microbial diversity, together with their advages and shortcomings, for
example, T-RFLP analysis of SSU rRNA genes fromirenmental samples which
may be used for the rapid comparison of microbiddADsequences from PCR

amplicons, are reviewed in section 2.4.

For future studies, the present work could be edpdnusing newly-developed

methods, such as high-throughput genomic technedogihat make the identification
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of differentially expressed genes possible. By ipngf untargeted transcriptomes
usingin silico and microarray approaches, a more accurate aritiatjua analysis of

the effects of various factors on soil microbiatatsity might be possible.

86 CONCLUDING REMARKS

This study has helped improve our understandinghef effects of land use and
management practices, on the structural and cataldolersity of soil microbial
communities, however, considerable scope existduidher work. Serious limiting
factors to realising the objective of a more guatitie and qualitative analysis of soil
microbial diversity, are the availability of apprade equipment and the high costs
associated with many of the experimental proceduXesietheless, it is hoped that
this work will form the basis of future studies, thss field has hitherto largely been
neglected in South Africa, and many of the secoétdhe ‘black box’ are yet to be

revealed.

Until such time as a more holistic approach to $eitility and health, involving
conservation farming practices such as no-till/munin till, biological control and
organic matter retention is adopted, which recagmithe importance of the soil
microorganisms, intensive agricultural productianmot be sustainable in the long

term.
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APPENDIX A

BAYNESFIELD ESTATE

TABLE A1  ANOVA of bacterial community species evenness kmal use means at
Baynesfield

Source of variation df. s.s. ms. f-ratiop-value
Land use 5 0.1540.030 0.91 0.509
Residual 12 0.4080.034

Total 17 0.562
Grand mean 0.863
Land use SC M Kik Nat PF w

0.87 0.88 0.88 094 0.67 0.95

(p <0.05)

Key: SC = sugarcane; M = maize; KIK = kikuyu pastud&T = native grassland; PF =
pine plantation; W = wattle plantation.

MOUNT EDGECOMBE

TABLE A2 ANOVA and land treatment means (+ sd) of the efferf sugarcane trash
management on soil bacterial species richnesspegsrand diversity at Mount Edgecombe

Treatment Species Richness Species Evenness Shannon-Weaver
(S) J) Diversity index (H)

Trash Management

TF 27 ns (2.08) 0.88 ns (0.071) 2.86 ns (0.295)
TFo 28 ns (2.65) 0.89 ns (0.033) 2.97 ns (0.174)
BtoF 26 ns (0.00) 0.86 ns (0.015) 2.81 ns (0.050)
BtoFo 30 ns (2.65) 0.87 ns (0.049) 2.96 ns (0.130)

Meansfollowed by ns are not significantly different €00.05).

Key: T = green cane harvested with trash retention;Btaurnt cane with harvest residues
removed; F = fertilized annually with N, P and K3 £ unfertilized.
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APPENDIX B

BAYNESFIELD ESTATE

TABLEB1 ANOVA of fungal community species evenness andd laise means at
Baynesfield

Source of variation d.f. s.s. m.s. f-ratiop-value
Land use 5 0.2990.059 1.15 0.389
Residual 12 0.6270.052

Total 17 0.927
Grand mean 0.825
Land use SC M Kik Nat PF w

0.942 0.901 0.639 0.881 0.937 0.652

(p < 0.05)
Key: SC = sugarcane; M = maize; KIK = kikuyu past&T = native grassland; PF =
pine plantation; W = wattle plantation.

TABLEB2 ANOVA of soil fungal community species diversitpdaland use means at
Baynesfield using the Shannon Weaver Diversity Xn@)

Source of variation df. s.s. m.s. fratiop-value
Land use 5 2.1900.438 2.16 0.127
Residual 12 2.4310.202

Total 17 4.621
Grand mean 1.57
SC M Kik Nat PF W
Land use 196171 094 179 1.73 1.27
(p < 0.05)

Key: SC = sugarcane; M = maize; KIK = kikuyu past&T = native grassland; PF =
pine plantation; W = wattle plantation.
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APPENDIX C

BAYNESFIELD ESTATE

TABLEC1  Summary of the results of a Monte Carlo permutatiést of CCA data on the
effects of land use on the soil fungal communigieBaynesfield

Axes 1 2 3 4 Total inertia
Eigenvalue 0.386 0.267 0.13D.097 2.209
Species-environment correlations 0.966 0.917 0.88947

Cumulative percentage variance
of species data 17.5 296 355 399

Cumulative percentage variance
of species environment relation 43.8 74.2 89.0 100.0

Summary of Monte Carlo Test

eigenvalue Trace F P
First canonical axis 0.386 2.754.002
All canonical axes 0.881 2.15%.002

MOUNT EDGECOMBE

TABLE C2  Summary of the results of a Monte Carlo permutatiésh of CCA data on the
effects of land management at Mount Edgecombe

Axes 1 2 3 4 Total inertia

Eigenvalue 0.293 0.176 0.120.290 1.582
Species-environment correlations 0.940 0.971 0.80500
Cumulative percentage variance

of species data 18.5 29.7 37.7 56.0
Cumulative percentage variance
of species environment relation 49.1 78.7 100.0 0.0

Summary of Monte Carlo Test

eigenvalue Trace F P
First canonical axis 0.293 1.819.010
All canonical axes 0.597 1.618.008
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TABLE D1 The substrates in the wells of a BIOLOG EcoPlateplicated three times across the plate (BIOLO®820
Al A2 A3 A4 Al A2 A3 A4 Al A2 A3 A4
Water B-methyl-D- D-Galactonic L-Arginine Water B-methyl-D- D-Galactonic L-Arginine Water B-methyl-D- D-Galactonic L-Arginine
Glucoside Acid Glucoside Acid Glucoside Acid
y-Lactose y-Lactose y-Lactose
B1 B2 B3 B4 B1 B2 B3 B4 B1 B2 B3 B4
Pyruvic acid D-Xylose D-Galacturonic| L-Asparigine Pyruvic acid D-Xylose D-Galacturonic| L-Asparigine Pyruvic acid D-Xylose D-Galacturonic| L-Asparigine
Methyl Ester Acid Methyl Ester Acid Methyl Ester Acid
C1 C2 C3 C4 C1 c2 C3 C4 C1 Tween 40 c2 C3 C4
Tween 40 i-Erythritol 2-Hydroxy L- Tween 40 i-Erythritol 2-Hydroxy L- i-Erythritol 2-Hydroxy L-
Benzoic Acid Phenylalanine Benzoic Acid Phenylalanine Benzoic Acid Phenylalanine
D1 D2 D3 D4 D1 D2 D3 D4 D1 D2 D3 D4
Tween 80 D- 4-Hydroxy L-Serine Tween 80 D- 4-Hydroxy L-Serine Tween 80 D- 4-Hydroxy L-Serine
Mannitol Benzoic Acid Mannitol Benzoic Acid Mannitol Benzoic Acid
El E2 E3 E4 El E2 E3 E4 El E2 E3 E4
o N-acetyl-D- % L-Threonine o N-acetyl-D- Y L-Threonine o N-acetyl-D- % L-Threonine
Cyclodextrin Glucosamine | Hydroxybutyri Cyclodextrin Glucosamine Hydroxybutyri Cyclodextrin Glucosamine | Hydroxybutyri
c c c
Acid Acid Acid
F1 F2 F3 F4 F1 F2 F3 Fa4 F1 F2 F3 Fa4
Glycogen D- Itaconic Glycil-L- Glycogen D- Itaconic Acid Glycil-L- Glycogen D- Itaconic Acid Glycil-L-
Glucosaminic | Acid Glutamic Acid Glucosaminic Glutamic Acid Glucosaminic Glutamic Acid
Acid Acid Acid
Gl G2 G3 G4 Gl G2 G3 G4 Gl G2 G3 G4
D-Cellobiose Glucose-1- a-Ketobutyric | Phenylethyl- D-Cellobiose Glucose-1- a-Ketobutyric | Phenylethyl- D-Cellobiose Glucose-1- a-Ketobutyric | Phenylethyl-
Phosphate Acid amine Phosphate Acid amine Phosphate Acid amine
H1 H2 H3 H4 H1 H2 H3 H4 H1 H2 H3 H4
a-D-Lactose D,L-a- D-Malic Acid Putrescine a-D-Lactose D,L-a- D-Malic Acid Putrescine a-D-Lactose D,L-a- D-Malic Acid Putrescine
Glycerol Glycerol Glycerol
Phosphate Phosphate Phosphate
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BAYNESFIELD ESTATE
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FIGURED1 A PCA plot of all carbon sources along gradientsbatterial functional
diversity at Baynesfield (Figure 6.2).

TABLED2 MRPP of log-transformed data from Baynesfield eaat functional
diversity PCA (Figure 6.2)

Land use Av. distance T p-value
-2.762 0.005
KIK1,2,3 0.219
SC1,2,3 0.349
PF1,2,3 0.371
W1, 2,3 0.441
M1,2,3 0.578
NAT 1,2, 3 0.642

Distance measure: Sorensen (Bray-Curtis)

Key: SC = sugarcane; M = maize; KIK = kikuyu pastUd&T = native grassland; PF =
pine plantation; W = wattle plantation.
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TABLE D3  Non-parametric one-way analysis (Kruskal-Wallig)ited catabolic richness
(S) of soil bacterial communities (number of sudists utilized) under different land uses at
Baynesfield Estate

Speciesrichness (S) non-significant (p = 0.1331)

Multiple comparisons p values (2-tailed); S (BIOLDBaynesfield bacteria
Independent (grouping) variable: LAND USE
Kruskal-Wallis test: H (5, N = 18) = 8.449669 p 4831

Depend: KIK M NAT PF SC w
S R:15.667 R:4.0000 R:7.6667 R:9.3333 R:12.0000 R:8.3333
KIK 0.111588 0.996861 1.000000 1.000000 1.000000
M 0.111588 1.000000 1.000000 0.996861 1.000000
NAT 0.996861 1.000000 1.000000 1.000000 1.000000
PF 1.000000 1.000000 1.000000 1.000000 1.000000
SC 1.000000 0.996861 1.000000 1.000000 1.000000

w 1.000000 1.000000 1.000000 1.000000 1.000000

Key: SC = sugarcane; M = maize; KIK = kikuyu pastUd&T = native grassland; PF =
pine plantation; W = wattle plantation.

TABLE D4  Non-parametric one-way analysis (Kruskal-Walliglte$ catabolic evenness
(J) (colour distribution) of soil bacterial commties under different land uses at Baynesfield

Estate

Species evenness (J) non-significant (p = 0.0706)
Multiple comparisons p values (2-tailed); J (BIOLDEaynesfield bacteria

Independent (grouping) variable: LAND USE
Kruskal-Wallis test: H (5, N = 18) = 10.16959 p H106

Depend: KIK M NAT PF SC W
J R:15.667 R:5.3333 R:6.0000 R:8.0000 R14.333: R:7.6667
KIK 0.266368 0.398644 1.000000 1.000000 0.996861
M 0. 266368 1.000000 1.000000 0.584212 1.000000
NAT 0.398644 1.000000 1.000000 0.838532 1.000000
PF 1.000000 1.000000 1.000000 1.000000 1.000000
SC 1.000000 0.584212 0.838532 1.000000 1.000000

w 0.996861 1.000000 1.000000 1.000000 1.000000

Key: SC = sugarcane; M = maize; KIK = kikuyu past&T = native grassland; PF =
pine plantation; W = wattle plantation.
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TABLE D5 Non-parametric one-way analysis (Kruskal-Wallis titeof catabolic
functional diversity K) of soil bacterial communities (a composite of fudite richness and
evenness) under different land uses at Baynedfistate

Shannon index (H") non-significant (p = 0.1129)

Multiple comparisons p values (2-tailed); H (BIOLPBaynesfield bacteria
Independent (grouping) variable: LAND USE
Kruskal-Wallis test: H (5, N = 18) = 8.906433 p 2129

Depend: KIK M NAT PF SC wW
H R:16.000 R:5.0000 R:6.3333 R:8.6667 R12.667 R:8.3333
KIK 0.174253 0.398644 1.000000 1.000000 1.000000
M 0.174253 1.000000 1.000000 1.000000 1.000000
NAT 0.398644 1.000000 1.000000 0.838532 1.000000
PF 1.000000 1.000000 1.000000 1.000000 1.000000
SC 1.000000 1.000000 1.000000 1.000000 1.000000

\W 1.000000 1.000000 1.000000 1.000000 1.000000

Key: SC = sugarcane; M = maize; KIK = kikuyu pastudT = native grassland; PF =
pine plantation; W = wattle plantation.

TABLED6  Summary of the results of the Monte Carlo permatatest of RDA data on
the effects of land use on the bacterial commundieBaynesfield

Axes 1 2 3 4 Total Variance
Eigenvalue 0.146 0.087 0.0700.014 1.000
Species-environment correlations 0.910 0.865 0.868 0.550

Cumulative percentage variance
of species data 14.6 23.3 30.3 317

Cumulative percentage variance
of species environment relation  46.0 73.5 955 100.0

Sum of all eigenvalues 1.000
Sum of all canonical eigenvalues 0.317

Summary of Monte Carlo Test

Eigenvalue Trace F P
First canonical axis 0.146 2.219.022*
All canonical axes 0.317 1.51.012*

(499 permutations under reduced model) * sigaiftc
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FIGURED2 A PCA plot of all carbon sources along gradientsbatterial functional
diversity at Mt Edgecombe (Figure 6.7).

TABLE D7  MRPP of log-transformed data from Mount Edgecorbaeterial functional
diversity PCA (Figure 6.7)

Land management Av. distance T p-value
-0.288 0.361
TFo 1, 2,3 0.271
TF1,2,3 0.316
BtoFo 1, 2, 3 0.490
BtoF 1, 2, 3 0.514

Distance measure: Sorensen (Bray-Curtis)

Key: T = green cane harvested with trash retention;Btmrnt cane with harvest residues
removed; F = fertilized annually with N, P and K £ unfertilized.
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TABLE D8 Non-parametric one-way analysis (Kruskal-Walligite$ catabolic evenness
(J) (colour distribution) of soil bacterial commties under different land treatments at Mount
Edgecombe

Species evenness (J) Non-significant (p = 0.7395)

Multiple comparisons p values (2-tailed); J (BIOLD@ount Edgecombe bacteria
Independent (grouping) variable: TREATMENT
Kruskal-Wallis test: H (3, N = 12) = 1.2564 p = 89b

Depend: TF TFo BtoF BtoFo
J R:6.333 R:7.333 R:4.667 R:7.667
TF 1.000000 1.000000 1.000000
TFo 1.000000 1.000000 1.000000
BtoF 1.000000 1.000000 1.000000
BtoFo 1.000000 1.000000 1.000000

Key: T = green cane harvested with trash retention;Btwurnt cane with harvest residues
removed; F = fertilized annually with N, P and K £ unfertilized.

TABLE D9  Non-parametric one-way analysis (Kruskal-Wallig)te$ catabolic diversity
(H) (a composite of substrate richness and evenméssdil bacterial communities under
different land treatments at Mount Edgecombe

Species diversity (H) Non-significant (p = 0.1349)

Multiple comparisons p values (2-tailed); H (BIOLPRMount Edgecombe bacteria
Independent (grouping) variable: TREATMENT
Kruskal-Wallis test: H (3, N = 12) = 5.564103 p 2849

Depend: TF TFo BtoF BtoFo
H R:6.667 R:10.333 R:3.667 R:5.333
TF 1.000000 1.000000 1.000000
TFo 1.000000 1.141214 0.536576
BtoF 1.000000 1.141214 1.000000
BtoFo 1.000000 0.536576 1.000000

Key: T = green cane harvested with trash retention;Btmrnt cane with harvest residues
removed; F = fertilized annually with N, P and K £ unfertilized.
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TABLE D10 Summary of the results of the Monte Carlo pernionatest of RDA data on
the effects of land management on the bacteriahwamties at Mount Edgecombe

Axes 1 2 3 4 Total Variance
Eigenvalue 0.125 0.107 0.058.244 1.000
Species-environment correlations 0.896 0.750 0.6560.000

Cumulative percentage variance
of species data 12.5 23.1 289 533

Cumulative percentage variance
of species environment relation  43.1 80.0 100.0 0.0

Sum of all eigenvalues 1.000
Sum of all canonical eigenvalues 0.289

Summary of Monte Carlo Test

Eigenvalue Trace F P
First canonical axis 0.125 1.138.708
All canonical axes 0.289 1.084.338

(499 permutations under reduced model)
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TABLE E1  The substrates in the wells of a BIOLOG SF-N2™ IdRlate (BIOLOG, 2008)
.
A1 A2 A3 Ad A5 AB A7 AB A9 A10 A11 Al2
Water a-Cyclodextrin | Dextrin Glycogen Tween 40 Tween 80 M-Acetyl-D- MN-Acetyl-D- Adonitol L-Arabinose D-Arabitol D-Cellobiose
Galactosamine | Glucosamine
B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12
i-Erythritol D-Fructose L-Fucose D-Galactose Gentiobiose o-D-Glucose m-lnositol a-D-Lactose Lactulose Maltose D-Mannitol D-Mannose
c1 cz2 c3 c4 C5 C6 c7 cs8 c9 c10 c11 c12
Succinic Acid
D-Melibiose B-Methyl-D- D-Psicose D-Raffinose L-Rhamnose D-Sorbitol Sucrose D-Trehalose Turanose Kylitol Pyruvic Acid Mono-Methyl
Glucoside Methyl Ester Ester
D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12
D- o , o
Acetic Cis-Aconitic Citric Formic D-Galactonic D-Galacturonic | D-Gluconic Glucosaminic D-Glucuronic Hydroxybutyric | Hydroxybutyric | Hydroxybutyric
Acid Acid Acid Acid Acid Lactone Acid Acid Acid Acid Acid Acid Acid
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12
p-Hydrosy-
phenlyacetic ltaconic o-Ketobutyric u-Ketoglutaric | o-Ketovaleric D.L-Lactic Malonic Propionic Quinic D-Saccharic Sebacic Succinic
Acid Acid Acid Acid Acid Acid Acid Acid Acid Acid Acid Acid
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12
Glyeyl-L- Glyeyl-L-
Bromosuccinic | Succinamic Glucurcnamide | L-Alaninamide | D-Alanine L-Alanine L-Alanyl- L-Asparagine L-Aspartic L-Glutamic Aspartic Glutamic
Acid Acid Glycine Acid Acid Acid Acid
G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12
L-Histidine Hydroxy-L- L-Leucine L-Ornithine L-Phenylalanine | L-Proline L-Pyroglutamic | D-Serine L-Serine L-Threonine D.L-Carnitine -Aminobutyric
Proline Acid Acid
H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12
Urocanic Inosine Uridine Thymidine Phenylethyl- Putrescine 2-Aminoethanol | 2,3-Butanedicl | Glycerol D.L.a-Glycerol | @-D-Glucose- | D-Glucose-
Acid amine Phosphate 1-Phosphate G-Phosphate
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BAYNESFIELD ESTATE
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FIGURE E1 A PCA plot of all C sources along gradients of fahfunctional diversity at
Baynesfield (Figure 7.2).

TABLEE2  MRPP of log-transformed data from Baynesfield falrfgnctional diversity PCA
(Figure 7.2)

Land use Av. distance T p-value
-2.996 0.004
SC1,2,3 0.123
PF1,2,3 0.204
NAT 1, 2,3 0.359
M1,2,3 0.407
W1, 2,3 0.442
KIK1, 2,3 0.531

Distance measure: Sorensen (Bray-Curtis)
Key: SC = sugarcane; M = maize; KIK = kikuyu pastiM&T = native grassland; PF = pine
plantation; W = wattle plantation.
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TABLE E3  Non-parametric one-way analysis (Kruskal-Wallig)te$ catabolic richness (S)

of soil fungal communities (number of substratedlized) under different land uses at
Baynesfield Estate

Speciesrichness (S) non-significant (p = 0.0740)

Multiple comparisons p values (2-tailed); S (BIOLDBaynesfield fungi
Independent (grouping) variable: LAND USE

Kruskal-Wallis test: H (5, N = 18) = 10.04279 p 140

Depend: KIK M NAT PF SC W
S R:3.3333 R:9.5000 R:9.3333 R:15.667 R:12.667 R:6.5000
KIK 1.000000 1.000000 0.069940 0.483852 1.000000
M 1.000000 1.000000 1.000000 1.000000 1.000000
NAT 1.000000 1.000000 1.000000 1.000000 1.000000
PF 0.069940 1.000000 1.000000 1.000000 0.532016
SC 0.483852 0.996861 1.000000 1.000000 1.000000

w 1.000000 1.000000 1.000000 0.532016 1.000000

Key: SC = sugarcane (burnt cane harvested); M = ma@evéntional tillage); KIK = permanent
kikuyu pasture; NAT = native, undisturbed grassjdeiel =pine plantation; W = wattle plantation.

TABLEE4  Summary of the results of the Monte Carlo permatatest of RDA data on the
effects of land use on soil fungal communities ayiiesfield

Axes 1 2 3 4 Total Varianc:
Eigenvalu 0.15: 0.08¢ 0.06z 0.03¢ 1.00(
Specie-environment correlatior 0.891 0.92¢ 0.74C 0.81t
Cumulative percentage varial 15.2 23.¢ 30.1 34.(
of species data
Cumulative percentage varial 44.¢ 70.2  88.E 100.
of species environment relation
Sum of all eigenvalues 1.000
Sum of all canonical eigenvalues 0.340

Summary of Monte Carlo Test

eigenvalue Trace F P
First canonical axis 0.153 2.343 0.008*
All canonical axes 0.340 1.678 0.002*

(499 permutations under reduced model) * significa
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FIGURE E2 A PCA plot of all C sources along gradients of fanfunctional diversity at

Mount Edgecombe (Figure 7.7).

TABLE E5
diversity PCA (Figure 7.7)

MRPP of log-transformed data from Mount Edgeconibagal functional

Land management Av. distance T p-value
-1.895 0.038
TF1,2,3 0.293
TFo1,2,3 0.332
BtoF 1, 2, 3 0.377
BtoFo 1, 2, 3 0.388

Distance measure: Sorensen (Bray-Curtis)

Key: T = green cane harvested with trash retention; Btournt cane with harvest residues
removed; F = fertilized annually with N, P and Ky £ unfertilized.
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TABLE E6  Non-parametric one-way analysis (Kruskal-Wallist)tesf fungal catabolic
richness under different treatments at Mount Edidso

Speciesrichness (S) Non-significant (p = 0.7069)

Multiple comparisons p values (2-tailed); S (BIOLYDI@t Edgecombe fungi
Independent (grouping) variable: TREATMENT
Kruskal-Wallis test: H (3, N = 12) = 1.394366 p 7069

Depend: TF TFo BtoF BtoFo
S R:7.8333 R:5.8333 R:4.8333 R:7.5000
TF 1.000000 1.000000 1.000000
TFo 1.000000 1.000000 1.000000
BtoF 1.000000 1.000000 1.000000
BtoFo 1.000000 1.000000 1.000000

Key: T = green cane harvested with trash retentioo;=Bburnt with harvest residues removed; F
= fertilized annually with N, P and K; Fo = unféized.

TABLE E7 Non-parametric one-way analysis (Kruskal-Wallist)tesf fungal catabolic
evenness under different treatments at Mount Edgbeo

Species evenness (J) Non-significant (p = 0.5360)

Multiple comparisons p values (2-tailed); J (BIOLDI@t Edgecombe fungi
Independent (grouping) variable: TREATMENT
Kruskal-Wallis test: H (3, N = 12) = 2.179487 p 5860

Depend: TF TFo BtoF BtoFo
J R:8.3333 R:7.6667 R:4.6667 R:5.3333
TF 1.000000 1.000000 1.000000
TFo 1.000000 1.000000 1.000000
BtoF 1.000000 1.000000 1.000000
BtoFo 1.000000 1.000000 1.000000

Key: T = green cane harvested with trash retentioo;=Bburnt with harvest residues removed; F
= fertilized annually with N, P and K; Fo = unféied.
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TABLE E8 Non-parametric one-way analysis (Kruskal-Wallist)tesf fungal catabolic
diversity under different treatments at Mount Edgebe

Shannon Diversity Index (H") Non-significant (p = 0.8260)

Multiple comparisons p values (2-tailed); H(BIOLOM} Edgecombe fungal diversity
Independent (grouping) variable: TREATMENT
Kruskal-Wallis test: H (3, N = 12) = 0.8974359 108260

Depend: TF TFo BtoF BtoFo
H R:7.6667 R:6.3333 R:5.0000 R:7.0000
TF 1.000000 1.000000 1.000000
TFo 1.000000 1.000000 1.000000
BtoF 1.000000 1.000000 1.000000
BtoFo 1.000000 1.000000 1.000000

Key: T = green cane harvested with trash retentioo;=Bburnt with harvest residues removed; F
= fertilized annually with N, P and K; Fo = unfdéied.

TABLEE9 Summary of the results of the Monte Carlo permaiatest of RDA data on the
effects of land management on soil fungal commesitéit Mount Edgecombe

Axes 1 2 3 4 Total Varianc:
Eigenvalue 0.153 0.117 0.0560.143 1.000
Species-environment correlations 0.909 0.931 0.929 0.000
Cumulative percentage variance

of species data 15.3 27.0 326 46.9
Cumulative percentage variance
of species environment relation  47.1 829 100.0 0.0
Sum of all eigenvalues 1.000
Sum of all canonical eigenvalues 0.326

Summary of Monte Carlo Test

eigenvalue Trace F P
First canonical axis 0.153 1.448.0620 Near sig.
All canonical axe 0.32¢ 1.28¢ 0.060( Near sig

(499 permutations under reduced model)



