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Abstract
Soil amendments in viticulture enhance both grapevine growth and soil chemistry. However,
their role in soil microbial diversity and disease suppression in the vineyard has not yet been
thoroughly explored. The purpose of this thesis was to explore the influences of mulches and
composts on vineyard rhizosphere microbial populations and diversity, specifically the
effects on the microbial populations living in the grapevine rhizosphere. One NSW site in
Wagga Wagga and two South Australian vineyard trial sites, one in the Clare Valley and one
at Langhorne Creek, were assessed. The application of commercially prepared Grape Marc
(GM) compost at Langhorne Creek significantly increased bacterial and fungal rhizosphere
populations. This result prompted the initiation of a vineyard trial at Wagga Wagga, in which
two types of GM based composts (pine bark based and pine sawdust based) were designed,
produced and applied for the investigation of shorter term effects on grapevine rhizosphere
microbial population and diversity.
The application of GM compost in viticulture has great potential to improve vineyard soil
health and contribute to grapevine disease suppression but its use must be economically
viable. Grape marc (GM) is a waste by-product produced in the wine making process, so it is
a relatively inexpensive potential component of composts for vineyard soil. As pinebark, a
widely used compost component, is expensive, whereas sawdust is a relatively inexpensive
industry waste product, there was a need to investigate differences in the effects on the
rhizosphere microbial community of GM compost produced with these two different types of
carbon source.
To gain a clear insight into the effects of soil amendments on the vineyard rhizosphere
microbial communities, three different methods were used to analyse microbial populations
and diversity. Plate culturing (Chapter 3), using seven different agar types, successfully
evaluated population changes of microbial groups. To investigate differences in functional
diversity, the Community Level Physiological Profile (CLLP) method using Biolog
Ecoplates™ (Chapter 4) was utilised. Possible changes in genetic diversity were then
explored using the Terminal Restriction Fragment Length Polymorphism (TRFLP) technique
(Chapter 5). Finally, to investigate the potential for disease control, 28 isolates of Gram
negative fluorescent bacteria were isolated from the GM composts and screened for
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antagonistic and defence enzyme activity in Chardonnay cuttings co-inoculated with the
fungal pathogen, Rhizoctonia solani (Chapter 6).
In general, the mulch and compost soil amendments influenced bacterial and fungal
grapevine rhizosphere populations differently. Plate culturing showed that organic
amendments such as mulches and composts increased the rhizosphere bacterial and fungal
populations at all three sites investigated. The application of glyphosate decreased bacterial
and fungal populations. Some differences in population and diversity responses were noted
for the pinebark and sawdust based GM composts. The application of pinebark GM compost
increased the bacterial populations whereas the sawdust based GM compost produced higher
populations of fungi. Furthermore, both the TRFLP and the Biolog Ecoplates™ methods
showed that the pine bark GM compost increased rhizosphere functional and genetic diversity
than the sawdust GM compost.
Understanding the effects of GM composts on grapevine disease suppression is of great
relevance for successful vineyard management. After the addition of the GM composts at the
Wagga Wagga site, the largest bacterial population increases were colonies growing on
Pseudomonads agar. Results from the final experimental chapter in this thesis showed that
two of these Gram negative bacterial had antagonistic traits towards the fungal pathogen
Rhizoctonia solani, thus indicating the potential of GM compost in vineyard floor
management to increase suppressive bacterial populations and potentially contribute to
grapevine disease management.
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Chapter One

INTRODUCTION

Introduction

Chapter 1

Soil pollution and the prohibition of some agricultural chemicals are influencing various
sectors within agriculture, including viticulture, to make adaptations to conventional practices
(Rodriguez-Loinaz, et al. 2008 and Romaniuk, et al. 2011). An adaptation that is being
explored is the use of soil amendments such as mulches and composts in vineyard floor
management practices (Masoud, 2012; Rahman, et al. 2014 and Shaheen, et al. 2013). Some
studies have reported beneficial effects on grapevine growth, yield and soil quality after the
application of composts (Hartmann, et al. 2015; Masoud, 2012 and Shaheen, et al. 2013).
Major mechanisms for the microbial effects of soil amendments such as composts include the
transformation of nutrients, microbial antagonism and induction of plant defence mechanisms
(Gupta, et al. 2004; Jetiyanon, et al. 2002; Romaniuk, et al. 2011 and Rincon-Florez, et al.
2013).
In viticulture, organic soil amendments have been shown to increase vineyard soil microbial
populations, alter microbial diversity and improve vine disease resistance (Mundy, et al.
2002; Travis, et al. 2003 and Romaniuk, et al. 2011). The fungal rhizosphere community
appears to be more sensitive to the addition of soil amendments compared to the bacterial
rhizosphere community (Plassart, et al. 2008). The diversity and population dynamics within
the rhizosphere microbial community are significantly influenced by the composition of a soil
amendment (Hoitink, et al. 1999 and Fernandez-Gomez, et al. 2011). For example, vineyard
prunings will host a different microbial community from that within GM compost.
Grape marc, a winery by-product, composed of grape seeds, skins and stems, is useful for
compost making. Although some studies have investigated the effects of GM composts on
vineyard rhizosphere microbial diversity, these studies compare only one type of GM
compost with conventional vineyard floor management techniques. Materials present in
compost such as sawdust, pinebark or manure influence microbial community structure
(Farrell, et al. 2009 and Hoitink, et al. 1999). Thereby, variability in the materials used for
GM compost is likely to produce differences in microbial community structures. Further
investigations into vineyard rhizosphere microbial community differences using different
types of GM compost will aid the viticulture industry in understanding functional outcomes
in the vineyard rhizosphere.
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Mulch and compost soil amendments in viticulture have been shown to return the costs
involved in the making and application of soil amendments by the increase in yield alone
(Lakey, 2003 and Penfold, 2003). Grapevine growth and yield increases due to the
application of soil amendments have been well studied (Guerra, et al. 2012; Nguyen, et al.
2013; Penfold, 2003 and Travis, et al. 2003). There are three main mechanisms behind the
effects of soil amendment application on vine growth and yield increases. Firstly, the
alterations in soil physico-chemical properties such as soil moisture retention, cation
exchange capacity and electrical conductance. Secondly, the degradation of organic matter by
soil microbial communities also increases the availability of previously locked soil nutrients
such as nitrogen. Thirdly, compost mediated soil disease suppression is mediated by changes
in microbial rhizosphere bacterial diversity and the presence of specific antagonists (Van
Beneden, et al. 2010).
Plant growth-promoting rhizobacteria (PGPR) or plant growth-promoting bacteria (PGPB),
are naturally occurring soil bacteria that colonize plant roots and benefit plants by providing
growth promotion. They can also play a significant role in increased plant resistance to
pathogens (Lavania, et al. 2006 and Barka, et al. 2002) (Note that, as the PGPB and PGPR
groups are similar, the terms PGPR and PGPB will be combined within ‘PGPB’ throughout
this thesis). PGPB from soil amendments can inhibit or decrease disease symptoms in the
vineyard caused by viticultural pathogens such as Botrytis cinerea and root diseases caused
by Phylloxera spp. (Lotter, 2000; Mundy, et al. 2002 and Travis, et al. 2003). The PGPB
delivered from compost can initiate soil disease suppression function in numerous ways,
including the production of ligninolytic enzymes, antagonism and induction of plant defence
mechanisms such as the initiation of programmed cell death (Van Beneden, et al. 2010;
Bonannomi, et al. 2009 and Postma, et al. 2008).
The methods used to measure the effects of soil amendments provide different resolutions,
which enable specific comparisons in microbial population and diversity. The use of a
combination of culture and culture independent methods to assess changes in microbial
populations and diversity is the most thorough methodological approach (Perez-Piqueres, et
al. 2006; Saison, et al. 2006 and Romaniuk, et al. 2011). The combination of methodologies
allows for improved assessment of changes in microbial diversity due to differences in data
resolution. The oldest method of assessing changes in soil microbial populations, and to some
extent diversity, is the use of agar culture plates. The main limitation to the agar plate
3

culturing method is that it has been estimated that only 1 to 10 % of all soil microbes can be
cultured (Kirk, et al. 2004; Lakshmanan, et al. 2014 and Nannipieri, et al. 2003), although
use of low nutrient media and long incubation periods (Whitelaw-Weckert, et al. 2007), or
diffusion chambers to allow provision of the chemical components of their natural
environment, can increase culturability to over 40% (Kaeberlein, et al. 2002). The main
strength in agar plate culturing is that it provides live cultures for experimentation.
Another common culture dependent method used to study changes in microbial population
and diversity is community level physiological profiling (CLPP). Several microbial metabolic
activities can be measured ranging from carbon source utilisation to the activity levels of intra
and extracellular enzymes that are produced by microbes during decomposition. Carbon
utilization can be assessed by individual carbon sources or by assessing changes between
carbon groups (Garland, et al. 1991 and Ros, et al. 2006). ECO plates developed by Biolog
are based on 31 carbon sources and measure microbial diversity and activity through
measuring species evenness (functional diversity) and richness (population) (Garland, et al.
1991 and San Miguel, et al. 2007). The strength of this particular method is the ability to
classify microbial groups according to the functional activity of certain carbon groups found
in disease suppressive soils. As with the agar plate culturing method, CLLP analysis is
subject to the same biases as all culture dependent methods. For example, accelerated growth
and inhibition of certain microbial species may be due to the difference in nutrient
composition of agar culture plates compared to actual soil.
The most commonly used culture independent methods use molecular techniques, ranging
from simple analysis of guanine plus cytosine content (nucleobases), through to complex
analysis of species diversity and population dynamics by the use of Terminal Restriction
Length Polymorphisms (TRFLP). In recent years, Next Generation Sequencing (NGS)
methods have accelerated the amount of quantifiable data obtained for microbial community
analysis (Goss-Souza, et al. 2016 and Rincon-Florez, et al. 2013). The resolution of the data
attained by the use of these molecular techniques differs considerably. The first step to all
molecular techniques is the extraction of DNA from the soil or rhizosphere. There are many
commercial soil DNA extraction kits available that produce high quality DNA for analysis of
soil microbial communities.
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Some important techniques used to assess changes in microbial communities after soil
extraction involve the Polymerase Chain Reaction (PCR). PCR causes the amplification of a
desired fragment of bacteria or fungal DNA using universal or specific microbial primers
(Kennedy, et al. 2003; Kirk, et al. 2004 and Nannipieri, et al. 2003). The variable regions of
the 16S rDNA and the Internal Transcribed Spacer (ITS) regions are commonly amplified for
bacteria and fungi respectively (Kennedy, et al. 2003). The resulting PCR product is then
analysed using different techniques. Common PCR separation techniques used in microbial
diversity studies include Automated Ribosomal Intergenic Spacer Analysis (ARISA),
Denaturing Gradient Gel Electrophoresis (DGGE) and Terminal Restriction Fragment Length
Polyorphism (TRFLP) (Nakatsu, et al. 2007; Schotterer, 2004 and Zwolinski, 2007). All of
these methods are considered to be of high resolution and are capable to process large sample
sizes.
The overall objectives of this thesis are to investigate the influences of vineyard floor
management practices such as compost amendments, and conventional practices such as
herbicide and mechanical weeding of the under-vine row, on microbial populations and
diversity. I also aimed to investigate the potential for antagonistic and induced systemic
resistance capabilities in the fluorescent Gram negative bacteria found in the grape marc
composts tested.
The layout of the thesis is as follows:
Introduction and Literature review:
Chapters 1 and 2.
Experimental chapters:
Chapter 3.
The research questions addressed in this chapter are: Does the addition of the GM
composts increase the microbial populations in the grapevine rhizosphere? And, if so
what are the short and longer term effects on the microbial population? This, the first
experimental chapter in this thesis, examines the short and longer-term effects on
microbial populations of vineyard soil amendments. This was accomplished by the
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use of seven different agar plate culture media to facilitate the analysis of culturable
microbial populations. Two vineyard sites that were used to study the long-term
effects of soil amendments were established in 2001 and soil samples were collected
in 2004. These two vineyard sites were located in two South Australian vine growing
regions: Clare Valley and Langhorne Creek. To explore the short-term effects on
microbial community changes another vineyard trial was set up at the Charles Sturt
University vineyard in Wagga Wagga, New South Wales in 2005 and samples used
for analysis were collected in 2006.
Chapter 4.
Chapter 4 addresses the following research question: Does a single application of GM
compost influence vineyard rhizosphere functional microbial diversity after twelve
months? The samples collected at the Charles Sturt University vineyard trial site were
also used to investigate microbial functional diversity changes due to the addition of
GM based compost using carbon utilization patterns from Biolog EcoplatesTM for
Community Level Physiological Profiling (CPLPP). Biolog EcoplatesTM contain 31
different carbon sources, which produce a unique microbial community fingerprint,
via well colour changes on a 96 well plate, when a particular carbon source is
metabolised. This fingerprint is then used to compare the differences in diversity of
soil samples.
Chapter 5.
In Chapter 5, the following research question was addressed: Does a single
application of GM compost influence vineyard rhizosphere genetic microbial
diversity after twelve months? Changes in genetic microbial diversity due to the
addition of GM composts at Wagga Wagga were studied using the molecular method:
Terminal Restriction Fragment Length Polymorphisms (TRFLP). The 16S and ITS 14 regions were amplified and digested with four enzymes, MspI, HhaI, RsaI and TaqI.
Fluorescent fragments were detected using a DNA analyser, Genescan 377 and data
was analysed by placing similar fragments into ‘bins’, which, were used to analyse
changes in genetic microbial community composition.
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Chapter 6.
The final research question posed in this thesis was: Are there culturable fluorescent
Gram negative bacteria in the GM composts capable of contributing to grapevine
disease suppression via antagonism and induced systemic resistance? The aim for this
final experimental chapter was to investigate the potential for grapevine disease
suppression by fluorescent Gram negative bacteria, isolated from the two GM based
composts applied at the Charles Sturt University vineyard. A total of 28 soil bacterial
isolates were obtained from the soil treated with each type of GM compost. Bacterial
isolates were identified using the Biolog ID system. These bacterial isolates were
tested for an ability to inhibit the growth of R. solani in vitro. Two of the bacterial
isolates from the GM compost were found to be antagonistic to the growth of
R. solani in vitro. The bacterial isolates were applied to Vitis vinifera cv. Chardonnay
cuttings to investigate the activity of defence related enzymes (peroxidase, polyphenol
oxidase and laminarin) when challenge inoculated with the fungal root pathogen,
Rhizoctonia solani.

Chapter 7: General Discussion and Conclusions.
The concluding chapter of this thesis is a general discussion of the results obtained
from the experimental chapters and the potential for future work. Chapter 7 addresses
the results to the objectives within this thesis which were: 1a) to investigate the
effects of organic amendments and conventional vineyard floor management practices
on culturable bacterial and fungal populations. 1b) to explore potential differences in
microbial populations between two types of GM composts. 2a) to investigate the
effects of these vineyard floor management practices on functional microbial diversity
and 2b) to find potential differences in functional diversity between the two different
types of GM composts. 3a) to explore possible differences in genetic diversity after
the application of the vineyard floor management practices examined and 3b)
investigate possible differences in genetic diversity between the two different types of
GM composts. 4) To explore the potential for grapevine disease management through
the application of GM composts. 28 Gram negative bacterial isolates taken from each
7

of the GM composts were investigated for i) antagonistic capabilities when coinoculated in vitro with Rizoctonia solani, a common fungal plant pathogen and ii) an
induction of grapevine defense related enzymatic activity in Chardonnay cuttings
when inoculated with the Gram negative bacterial isolates from each of the GM
composts or when co-inoculated with R. solani.
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Chapter Two

Literature Review
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2.1 Introduction

Chapter 2

The search for improved viticultural production methods has lead to investigations into the
addition of organic matter in vineyard soils. The introduction of organic matter in vineyard
soil has lead to increases in grapevine growth, grape yields and disease suppression (Masoud,
2012; Mundy, et al. 2002; Penfold, 2003; Rahman, et al. 2014 and Shaheen, et al. 2013). The
addition of organic matter to soils also improves soil qualities such as water and nutrient
holding capacity, texture, soil aggregate stability and microbial activity (Abdollahi, et al.
2014 and Hartmann, et al. 2015). The observed benefits by the addition of organic matter is
largely attributed to soil and rhizosphere microbial activity (Jetiyanon, et al. 2002; Mundy, et
al. 2002 and Rahman, et al. 2014). The complex relationship between microbes and plants is
described as the plant microbiota (Chaparro, et al. 2012 and Lakshmanan, et al. 2014). The
addition of organic matter to vineyard soils introduces an increase in soil microbial diversity
that is associated with enhancements in plant growth, yield and soil qualities (Hartmann, et
al. 2015 and Rahman, et al. 2014).
Conventional agricultural practices such as the application of herbicides have lead to a
decline in soil microbial diversity and populations (Chaparro, et al. 2012; Darine, et al. 2015;
Whitelaw-Weckert, et al. 2007 and van Elsas, et al. 2011). Herbicides are commonly used in
vineyard floor management practices both as inter-row and under-vine applications.
Decreases in microbial diversity and populations lower the functionality of the plant
microbiota in regards to plant growth and disease suppression; in part, driving the need to
investigate soil sustainable practices such as the application of composts (Chaparro, et al.
2012; Van Elsas, et al. 2012 and Lakshmanan, et al. 2014). The use of herbicides has been
observed to have a negative impact on soil microbial diversity, population size and a soil’s
ability to suppress plant root diseases (Chaparro, et al. 2012; Darine, et al. 2015 and Van
Bruggen, 1995).
Interest in soil microbial populations and diversity for the improvement of various
agricultural practices has gained much attention in recent years (Darine, et al. 2015; Saha, et
al. 2013 and Sarma, et al. 2015). In general, the chemical composition of soils significantly
influences the microbial species diversity and population dynamics within the soil (Anastasi,
et al. 2004; Farrell, et al. 2009; Hoitink, et al. 1999 and Saha, et al. 2013). High soil
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microbial diversity is commonly encouraged in organic production systems through the
addition of soil amendments such as composts. Microbial activity in the soil and rhizosphere
involves mechanisms such as the transformation of nutrients, microbial antagonism, quorum
sensing via the production of AHL’s (N-acyl homoserine lactones N-acyl homoserine
lactones) and induction of plant defence mechanisms for plant growth promotion and disease
suppression (Gupta, et al. 2004; Jetiyanon, et al. 2002 and 2007; Sarma, et al. 2015 and
Schenk, et al. 2014). The PGPB can increase plant growth and induce systemic resistance
(Jetiyanon, et al. 2002 and Sturz, et al. 2003).
Organic soil amendments in viticulture production have been found to confer plant-disease
suppressive soil qualities (Guerra, et al. 2012; Lotter, 2000 and Rahman, et al. 2014).
However, the significance of microbial diversity due to different vineyard floor management
practices on grapevine disease suppression and the mechanisms used by soil microbes to
induce systemic resistance in grapevines remains ambiguous (Jacobs, et al. 1999; Lotter,
2000; Masoud, 2012 and Wielgoss, et al. 2006). Mycorrhizal fungi, living in association with
plant roots, can increase both plant growth and disease resistance (Panja, et al. 2004 and
Elsharkawy, et al. 2013). Several studies in recent years have used inoculations of nonpathogenic free-living fungi to elicit a systemic resistance response in plants (Elsharkawy, et
al. 2013 and Sarma, et al. 2015). Furthermore, a combination of both bacterial and fungal
mixtures induce systemic defence in plants through the activation of all three main defence
pathways; salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) (Elsharkawy, et al. 2013
and Sarma, et al. 2015).

2.2 Organic soil amendments for vineyards

Chapter 2

The use of organic soil amendments such as mulches and composts in the vineyard undervine region is increasing, as the viticultural industry moves towards ‘cleaner, greener’
production methods. Amendments that increase organic matter in vineyard soils provide
numerous benefits such as herbicide reduction, water conservation, soil and grapevine health
(DEC, 2004: Travis, et al. 2003 and Rahman, et al. 2014). Some reports investigating the use
of composts and mulches in vineyards report that the economic set-up costs of composts and
mulches are returned by the subsequent increase in yields (DEC, 2004; Masoud, 2012; and
Penfold, 2003).
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Recommendations for specific types of soil amendments and application rates can differ
according to the type of study and the climatic conditions of where the study was conducted
(Guerra, et al. 2012; Lakey, 2003 and Travis, et al. 2003). Climatic differences can make a
significant impact on the effects of a mulch or compost on grapevine health (Chan, et al.
2011; Rolli, et al. 2015 and Travis, et al. 2003). Results from a long-term (eight years) study
on the use of compost in an Italian vineyard showed significant changes to the microbial
community due to seasonal changes and not to compost application (Tatti, et al. 2012).
Some studies show that inappropriate choices in the composition and application rate of a soil
amendment can have detrimental effects which are difficult to remove, particularly in wine
production (Chan, et al. 2011; Korboulewsky, et al. 2002 and Travis, et al. 2003). Soil
amendments, in particular grape marc, can significantly increase soil pH and potassium (K),
which in turn increase berry K and pH (Mundy, et al. 2002 and Chan, et al. 2011). Increases
in berry K and pH often result in poor quality wines. However, when appropriate soil
amendments are applied with adequate consideration of their effects on soil moisture,
climatic conditions (rainfall, etc.), and existing soil nutrient profiles, the detrimental effects
on wine quality are significantly minimised (Chan, et al. 2011). In addition, the microbial
community dynamics of various rootstocks can differ, and this will also influence the effects
of beneficial soil amendments (Berendsen, et al. 2012 and Chan, et al. 2011).
The majority of benefits provided by the addition of composts and mulches can be attributed
to the microbial activity within these soil amendments (Guerra, et al. 2012; Travis, et al.
2003 and Vallad, et al. 2003). Thus, there is a necessity for current and future research to
focus on the mechanisms used by soil microbes in eliciting these observed benefits on soil
and grapevine health.
2.2.1 Weed control
The New South Wales Department of Environment and Conservation has calculated that
composts can reduce weed growth by 60% in vineyards (DEC, 2004). Similar success in
weed suppression has been achieved with the use of under-vine and inter-row mulches
(Fredrikson, et al. 2011 and Guerra, et al. 2012). However, a USA study found that some
compost treatments contained a higher number and growth of weed species than in noncompost treatments (Travis, et al. 2003). These two opposing views on the success of mulch
for weed suppression are highlighted by results obtained in a study done by Penfold, (2003)
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which suggests that local factors such as weed type and rainfall influence the degree of
success attained.
Penfold, (2003) reported a significant reduction in weed numbers after application of
different types of fine organic compost soil amendments in two South Australian vineyards;
one in the Barossa Valley and one at Langhorne Creek. The degree of weed suppression
varied between the composts/mulch treatments and sites. The main problem found with the
use of compost and mulch as weed suppressants was the emergence of weeds after rainfall.
The study found that the common weed types within each vineyard site influenced the level
of weed suppression. The most common weed types at the Barossa site were grasses whereas
the main weed types at the Langhorne Creek vineyard were broad leafed, such as blackberry
nightshade. The fine compost applied at the Barossa site lead to an adequate suppression of
weeds, compared to the Langhorne site (Penfold, 2003). Thus, environmental conditions such
as local weed species can be important factors contributing to the efficiency of composts and
mulches as weed controls in vineyards.
Grape marc compost, also used in the 2003 trial by Penfold, resulted in better suppression of
broad-leafed weeds than the fine compost treatment. A possible explanation is that grape
marc contains tannins that may act as chemical inhibitors of seed germination. The
composition of grape marc was also significantly different from the other treatments in levels
of potassium and phosphorus, which may also have been contributing factors in the weed
suppression efficacy of GM compost. Thus, the chemical composition of different composts
and mulches is another factor that contributes to the efficacy of composts and mulches as
vineyard weed controls.
The efficacy of weed control by different types of soil amendments is largely influenced by
environmental conditions. ‘Weed seed free’ assurance should be sought when using mulches
such as wheat straw (Penfold, 2003). Composts and mulches may not completely eliminate
weed seed emergence in vineyards, however they do significantly reduce the need for
herbicide applications, particularly when the right type of compost or mulch is applied
according to the relative environmental conditions (Fredrikson, et al. 2011 and Guerra, et al.
2012).
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2.2.2 Grapevine growth
Several reports conducted on the use of composts and mulches have obtained increases in
vine growth and yields (García-Orenes, et al. 2016; Guerra, et al. 2012; Mundy, et al. 2002
and Nguyen, et al. 2013). A common method used for assessing the effects of composts and
mulches on grapevine growth is the measurement of pruning weights (Masoud, 2012;
Nguyen, et al. 2013; Penfold, 2003 and Travis, et al. 2003). Pruning weights from two
vineyard sites in South Australia were found to be greater in the composts and straw
treatments than in the herbicide control (Penfold, 2003). Two of the three vineyard sites in
South Australia (Clare Valley and Langhorne creek) also displayed yield increases under the
composts and mulch treatments (Penfold, 2003). Soil samples for this study were collected
from the trials sites at Clare Valley and Langhorne Creek.
Travis, et al. (2003), who also reported an increase in pruning weights under vineyard
compost treatment, showed that there were significant variations amongst the two different
cultivars, Chardonnay and Chambourcin. In one to four year old Chardonnay vines, the
addition of compost resulted in pruning weight increases of 8 to 18% compared to the noncompost amended treatment, whereas the same aged Chambourcin cultivar produced
increases in pruning weights of 97 to 131% (Travis, et al. 2003). Another outcome of the
Travis, et al. (2003) study was that the effects of composts on vine growth within the
Chambourcin cultivar did not notably change with physiological age, as eight-year old vines
showed pruning weight increases of 72 to 172% compared to the non-compost treatment.
These results are in agreement with the more recent findings of Masoud, (2012) where the
vegetative effects of compost addition varied between Flame Seedless and Ruby Seedless
cultivars. The Ruby Seedless cultivar had larger increases in leaf area and C/N ratio, whereas,
the Flame Seedless cultivar had larger increases in vine pruning weights. These results
suggest that the growth effects of one type of compost may vary in different vine cultivars, or
that different vine cultivars utilise available nutrients in the compost at different physiological
ages.
Although the addition of composts and mulches in vineyards have generally caused an
increase in grapevine growth and yields, some studies have found that no significant
improvements after application of organic amendment (García-Orenes, et al 2016; Guerra, et
al. 2012 and Mundy, et al. 2004). Schmidt, et al. (2014) reported that the application of
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composted biochar failed to cause any significant increases in grapevine growth and health
and proposed that this was due to a combination of soil type (calcareous) and climate
(temperate). The mechanisms behind the effects on plants of native microbial communities
from a particular compost type, in relation to a given set of environmental conditions and
cultivar, remains relatively unknown (Nguyen, et al. 2013 and Schmidt, et al. 2014).
Soil microbes within composts and mulches may have a significant role in improving plant
nutrient uptake and therefore, encouraging grapevine growth (García-Orenes, et al 2016;
Rolli, et al. 2014 and Sturz, et al. 2003). There appear to be several mechanisms behind
microbe enhanced plant growth, ranging from nitrogen fixation to increased nutrient uptake
and the production of plant hormones (Khalil, 2012; Rolli, et al. 2014 and Sturz, et al. 2003).
The addition of organic matter improves several soil qualities such as moisture retention, soil
aggregate formation, and electrical conductance, contributing to better plant-nutrient uptake
(Shaheen, et al. 2013 and Rolli, et al. 2014). Due to the increase in microbial activity from
the addition of organic matter, nutrients otherwise not readily consumed by plants are made
available by microbial nutrient-transformation or otherwise known as microbial nutrient
cycling.
Soil microbes play a vital role within the soil nutrient cycles. Elevated levels of nitrogen,
phosphorus, and potassium within petiole and soil samples were found with composts and
mulches when compared to the herbicide control in an Australian vineyard (Lakey, 2003).
Similar results were obtained from a long-term 10-year study where, two types of organic
amendments were compared to mineral fertiliser application. After 10 years the application of
organic fertilisers (sheep manure with grapevine prunings and cover crops with grapevine
prunings), yielded the highest organic carbon, total nitrogen, water soluble carbohydrates and
available phosphorus compared to the mineral fertiliser (García-Orenes, et al. 2016).
Other environmental and economically sustainable viticultural approaches investigated
include the combination of mineral fertilisers with either organic fertilisers or microbial biofertilisers. A number of studies have obtained optimum nutrient soil and leaf analysis by
combining two or three different fertiliser types (Masoud, 2012; Shaheen, et al. 2013 and
Tatti, et al. 2012). Grapevine leaf analysis of Nitrogen, Potassium and Phosphorus levels
obtained from studies in Egypt comparing organic, biological (bacteria and fungi) and
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mineral fertilisation found optimum levels were achieved when all three fertiliser forms were
combined (Khalil, 2012; Masoud, 2012 and Shaheen, et al. 2013). The addition of organic
matter and bio fertilisers appears to increase the efficiency of mineral fertilisation. One
reason for this observation is the gradual release of nutrients and an increase in the various
forms of available nutrients to grapevines. The combining of fertiliser forms could be a viable
vineyard floor management practice. Nutrient content in composts most likely contributes to
grapevine disease resistance by increasing the availability of plants nutrients, in particular
micronutrients that are involved in the plant defence responses. Micronutrients play important
roles in plant defence elicitation supporting the cellular and enzymatic defence activities.
(Huber, et al. 2013 and Servin, et al. 2015).
2.2.3 Grapevine disease suppression
The ability of a soil to suppress plant disease may be enhanced when compost or mulch is
incorporated into the soil (Abbasi, et al. 2002; Guerra, et al. 2012; Hoitink, et al. 1999 and
Vallad, et al. 2003). Soil microbes are directly involved in soil mediated plant disease
suppression, and are hypothesised to employ numerous mechanisms in soil suppression of
plant diseases (Elad, et al. 2010; Hoitink, et al. 1999 and Walters, et al. 2013). Mundy, et al.
(2002) used a variety of compost and mulch mixtures (including the use of vineyard
prunings) to investigate the incidence of Botrytis bunch rot in grapevines over a three-year
period. Results from this study indicated a reduction in Botrytis bunch rot at least once within
the three-year period under composts and mulch treatments (Mundy, et al. 2002).
An interesting finding to arise from the Mundy, et al. (2002) study, was that the incidence of
Botrytis bunch rot did not increase with the application of vineyard prunings mulch, even
though the prunings initially carried Botrytis inoculum. This result indicates the importance
of soil microbial diversity in soil plant-disease suppression. A diverse soil microbial
community limits the growth of pathogens such as Botrytis cinerea by increasing the
competition for food, predation, and antagonism from other soil microbes (Elad, et al. 2010
and Hoitink, 1999). The findings of Mundy, et al. (2002) were also supported by Travis, et al.
(2003). Travis, et al. (2003) found that over-wintering berry clusters on the under-vine floor
contained 28% less B. cinerea spores in the composts treatments compared to bare soil
treatments. Furthermore, germination of the spores found on these berry clusters was reduced
by 42% under the compost treatments when compared to the bare soil treatments (Travis, et
al. 2003).
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In a similar study, increased soil biological activity was found to be correlated to a reduction
in B. cinerea sporulation (Jacometti, et al. 2007). This result may be due to various
mechanisms such as induced systemic resistance response or antagonism. Jacometti, et al.
(2007) proposed that inhibition of B. cinerea sporulation is due to a disruption in the life
cycle of the fungus. Thus, it appears that composts and mulches not only reduce the number
B. cinerea spores on inoculum sources, but also reduce the rate of spore germination. The
results by Travis, et al. (2003) and Jacometti, et al. (2007) provide evidence to suggest that
the addition of composts and mulches in vineyards reduces the incidence of Botrytis bunch
rots.
Grapevine root diseases caused by Phylloxera spp. disease transmission has also been
reduced by the use of organic soil amendments (Lotter, 2000). Interestingly, there were no
significant differences in Phylloxera populations, despite significant differences in root
necrosis among compost/mulch and herbicide treatments. Root necrosis caused by
Phylloxera-vectored diseases was significantly lower in compost/mulch treatments than in the
herbicide treatments. This result indicates that an increase in microbial diversity did not
influence Phylloxera population size but did decrease the damage caused by the common
grapevine pest. Even though evidence does point to composts and mulches being able to
suppress grapevine diseases, a favourable environmental change for a particular grapevine
pathogen may still lead to an epidemic. The effects of composts and mulches in vineyards in
terms of weed suppression, grapevine nutrition and disease suppression are of reduction and
not of total elimination. Composts and mulches, when used successfully, reduce the
dependency of herbicides, fertilisers, and fungicides.
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2.3 Soil amendments and alterations in soil microbial diversity

Chapter 2

(Types of soil amendments, stress factors and influences on soil microbial community
structures)
The physical and chemical composition of a soil amendment may significantly influence the
diversity and population dynamics within a microbial community (Farrell, et al. 2009;
Guerra, et al. 2012; Hoitink, et al. 1999 and Rotenberg, et al. 2007). Soils that have been
amended with composts and mulches have better plant disease suppression capabilities than
non-amended soils (Rotenberg, et al. 2007; Suarez-Estrella, et al. 2014 and Vallad, et al.
2003). The enhanced ability of a compost or mulch amended soil to suppress plant diseases is
attributable to an increase in microbial activity and diversity (Farrell, et al. 2009; Hartmann,
et al. 2015 and Rahmann, et al. 2014). The following studies demonstrate significant changes
to both bacterial and fungal community structures after the addition of composts or mulches.

Soil microbial diversity and population dynamics are constantly changing due to natural
stresses such as temperature and agricultural disturbances such as tillage and application of
agricultural chemicals (Anderson, et al. 2003 and Mugnai, et al. 2012). The actual process of
composting induces changes in microbial diversity and population dynamics (Tiquia, et al.
2002). Most studies on microbial diversity under different compost based soil amendments
have found significant differences in the microbial diversity and population dynamics
(Bernard, et al. 2012; Castano, et al. 2013; Farrell, et al. 2009; Hartmann, et al. 2015;
Hoitink, et al. 1999; Rotenberg, et al. 2007 and Zaccardelli, et al. 2013). The composition of
a particular compost or mulch does significantly influence the microbial diversity and
population dynamics found within soils (Anastasi, et al. 2004; Hartmann, et al. 2015;
Hoitink, et al. 1999 and Rahman, et al. 2014). Composts or mulches high in lignocellulosic
substances favour the growth of the fungus Trichoderma spp., whereas composts or mulches
high in sugars and low in cellulosic substances favour the growth of Aspergillus and
Penicillium (Hoitink, et al. 1999).
A study conducted by Anastasi, et al. (2004) compared the microbial community
compositional differences in two different composts, using different composting methods and
materials, and found significant differences in fungal community structure, although about
half of the fungal species found were identified in both composts (Anastasi, et al. 2004).
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Composts and mulches are very different types of soil amendment and will cause very
different soil microbial communities and soil physico-chemical properties. In general,
mulches add a high level of water moisture to the soil, so a clay soil undergoing a drought
would benefit from such a soil amendment. However, if it were a clay type soil in a high
rainfall area, mulch would most likely lead to soil water logging and increasing the chances
of root disease by the ‘water moulds’ (e.g. Phytophthora and Pythium spp.) (Guerra, et al.
2012 and Hoitink, et al. 1999).
Soil microorganisms can be resilient, their populations recovering in a short period of time
after significant stresses (Anderson, et al. 2003 and Griffiths, et al. 2013). This is an
important factor when determining the effects of agricultural practices such as soil fumigation
on soil microbial diversity and population dynamics. Agricultural practices, such as the
application of pesticides and herbicides, often reduce soil microbial populations when
compared to various soil amendments including the use of cover crops and under-vine
vegetation (Darine, et al. 2015; Jacobsen, et al. 2014; Lakshmanan, et al. 2014 and
Whitelaw-Weckert, et al. 2007). However, one study found that the original microbial
population was restored within 30 days of pesticide application and another showed the
emergence of different bacterial species after the application of herbicide when compared to
applied soil amendments (Anderson, et al. 2003 and Darine, et al. 2015 respectively). Soil
microbial diversity and population dynamics in some instances appear to be adaptable and
resilient to various types of stresses.
Several studies show a permanent decrease in soil microbial activity or diversity after
undergoing stress (Anderson, et al. 2003; Romaniuk, et al. 2011 and Tiquia, et al. 2002).
Agricultural practices, such as fumigation, alter the soil pH and significantly influence
microbial diversity (Anderson, et al. 2003; Guerra, et al. 2012 and Jacobsen, et al. 2014).
Soils with an acidic pH contain decreased levels of bacterial diversity than soils with a
neutral pH (Anderson, et al 2003). As soil amendments also alter soil pH, an analysis of the
soil amendment should be made prior to application. Another example of a change in
microbial population dynamics is during the composting process, where populations
significantly decrease once temperatures rise to 50˚C, and then rapidly increase once the
temperature falls below 45˚C (Tiquia, et al. 2002). A study conducted on the effects of
natural stresses such as increases in temperature on microbial populations found that more
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than 50% of the total soil microbial population was lost during periods of significant natural
stress (Anderson, et al. 2003).
Agricultural soils support the growth of the ‘drivers’ (strong dominant species) within a
microbial community such as Gram negative bacteria, including nitrogen-fixing bacteria
(Cederlund, et al. 2014 and Chellemi, et al. 2001). Given evidence that the addition of
organic matter increases a soil’s capability to suppress plant diseases, it seems likely that
microbial diversity is important for suppression (Hartmann, et al. 2015; Travis, et al. 2003
and Vallad, et al. 2003). An important point raised by Anderson, et al. (2003), is that species
diversity alters with different soil habitats. Observations have been made as to what effect
specific substances have on microbial species development but this will alter under different
soil environments.

2.4 Functional soil microbial biodiversity

Chapter 2

Copiotrophic bacteria and fungi in regards to microbial ecology have ‘r strategist’
characteristics: quick utilization of nutrients, significant increases in population and large
population fluctuations during soil stress disturbances (Kotsou, et al. 2004; van Bruggen, et
al. 2000 and Fierer, et al. 2007). Oligotrophic bacteria and fungi, on the other hand, are ‘k
strategists’, with steady slow growing populations that are highly adaptable during nutrient
deficiencies (Fierer, et al. 2006). Microbial species belonging to both oligotrophic and
copiotrophic bacteria are associated with the enhancement of plant growth and disease
resistance (Ashwini, et al. 2014 and Donn, et al. 2015). Large increases in populations of
copiotrophic bacteria were observed soon after application of mulches and composts to soil
as copiotrophic bacteria initially outcompeted oligotrophic bacteria in the metabolisation of
root exudates (Kotsou, et al. 2004). Hasna, et al. (2007) also demonstrated a significant
increase in soil copiotrophic populations two years after the application of four types of
composts whereas no significant increases in oligotrophic populations were found. However,
others have reported that when soil nutrient availability declined and copiotrophic
populations fluctuated, oligotrophic soil bacteria steadily increased in population (Fierer, et
al. 2007).
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Van Bruggen, et al. (2000) suggested the ratios between soil microbial copiotrophic and
oligotrophic are indicative of a soil’s ability to suppress disease. Pathogen type (r or k
strategist) may influence the level of induced disease suppression in plants by the soil
microbial community. The literature review presented by Van Bruggen, et al. (2000)
compared the results from different studies in this field and found soils with either a higher or
lower oligotrophic to copiotrophic ratio were not able to suppress Pythium ultimum, an r
strategist. However, suppression of R. solani (k strategist) was achieved with higher ratios of
oligotrophic to copiotrophic bacteria. Understanding the best ratio of copiotrophic to
oligotrophic microbes for soil disease suppression may enable functional understanding of
application management of soil amendments.
A general trend where oligotrophic bacteria dominate in natural environments and
copiotrophic bacteria dominate in agricultural soils has been observed by many studies
(Cederlund, et al. 2014; Hu, et al. 1999 and Lee, et al. 2008). Within agricultural studies,
both copiotrophic and oligotrophic populations initially increased after the incorporation of
cover crops and the addition of nitrogen (Cederlund, et al. 2014 and Hu, et al. 1999). If the
increase in copiotrophic populations after the application of cover crops and soil amendments
is greater than the initial increase in oligotrophic bacteria, an increased copiotrophic to
oligotrophic ratio can eventuate (Cederlund, et al. 2014).
Soil microbial health classification using oligotrophic and copiotrophic ratios at the phylum
level may not be reliable as there are variations in copiotrophic/oligotrophic characteristics
within bacterial phyla. The following bacteria are generally oligotrophic: Acidobacteria,
Verrucomicrobia and Gemmatimonadetes (Fierer, et al. 2007; Lee, et al. 2008 and
Cederlund, et al. 2014). Actinobacteria and Firmicutes are considered copiotrophic bacteria
due to their population increase as a result of soil fertilization (Cederlund, et al. 2014).
However, Fierer, et al. (2007) demonstrated that the broad copiotrophic/oligotrophic
classification scheme was not perfect as some of the phyla they examined (Actinobacteria, αProteobacteria and Firmicutes) could not be assigned to positions along the copiotroph –
oligotroph continuum (Fierer, et al. 2007). Although this bacterial classification is not
completely reliable, it is a good starting point for attaining a higher resolution classification
of oligotrophs and copiotrophs (Cederlund, et al. 2014 and Fierer, et al. 2007).
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Cellulolytic bacteria and fungi break down plant and compost cellulosic products into more
readily available sugars (Eida, et al. 2011 and Khokhar, et al. 2012). Soil amendments such
as animal manure and sawdust compost increase the diversity of cellulolytic bacteria (e.g.
Bacillus spp and Serratia spp.) and fungi (e.g. Trichoderma spp., Mucor spp., Penicillium
spp. and Aspergillus spp.) although the extent of change depends on the soil characteristics
(Ashwini, et al. 2014; Eida, et al. 2011; Khokhar, et al. 2012 and Saha, et al. 2013).
Cellulose utilization by microbes is an important component of the soil carbon cycle, and so
is important for the assessment of soil microbial community dynamics (Saha, et al. 2013). In
addition to their cellulolytic activity, cellulolytic fungi and bacteria have also been found to
induce systemic resistance in plants. Rhizosphere cellulolytic bacterial species, Bacillus spp
and Serratia spp., are known to play a valuable role in soil mediated plant disease resistance
and plant growth promotion (Ashwini, et al. 2014) and Trichoderma spp. induced systemic
resistance against Phytophthora crown rot in cucumber and cucumber mosaic virus in
Arabidopsis thaliana (Elsharkawy, et al. 2013 and Khan, et al. 2004).
There have been few studies reporting the effects of soil amendment application on grapevine
rhizosphere microbial diversity (Marasco, et al. 2013 and Karagoz, et al. 2012). Karagoz, et
al. (2012) found that the most abundant members of the grapevine rhizosphere were the
Pseudomonas spp.. The Pseudomonads category contains an abundant group of generally
copiotrophic bacteria that quickly colonize the surface of young plant roots (Donn, et al.
2015). Many of the Pseudomonas spp. isolates cultured by Karagoz, et al. (2012) promoted
vigorous growth of grapevines, were nitrogen fixers and phosphate solubilisers. The
dominance of the Pseudomonas spp. in the grapevine rhizosphere is found in both acid and
alkaline soils (Karagoz, et al. 2012). Due to the multiple beneficial roles of Pseudomonas
spp., they prove to be an important copiotrophic genus to consider in the analysis of
functional soil microbial diversity.
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2.5 Soil microbial diversity and the ‘disease suppressive soil’ phenomenon
Chapter 2
(The plant microbiota: composts and microbial inoculants)
The ability of disease suppressive soils to increase plant disease resistance is mainly due to
the plant-microbe interaction in the rhizosphere (Lakshmanan, et al. 2014; Mendes, et al.
2013 and Van Elsas, et al. 2012). There are many questions to be addressed on this
interaction. How important is the microbial diversity in soil displaying disease suppressive
qualities? Is the soil ‘disease suppressive’ phenomenon dependant on an extensive, diverse
network of microorganisms? And, if so, can this soil disease suppression phenomenon be
replicated through the addition of composts or microbial inoculants? One area investigating
the reproducibility of the disease suppressive phenomenon is the exploration of compost
application in plant disease resistance studies (Guerra, et al. 2012). Another current area of
investigation assesses the effects on disease suppression of PGPB combinations applied to
soil (Sarma, et al. 2015). The soil disease suppressive phenomenon is an important area of
research for its potential to improve food and wine production systems by decreasing the
losses occurred due to plant diseases.
Suppression of plant foliar and root diseases by the addition of composts and mulches is well
documented (Guerra, et al. 2012; Hartmann, et al. 2015; Krause, et al. 2003 and Zhang, et al.
1998). Krause, et al. (2003) emphasise that composts are commonly used in American (USA)
nurseries to suppress root diseases caused by fungi such as Pythium and Phytopthora spp..
Bacterial speck of tomato, caused by Pseudomonas syringae pv. tomato, was reduced by the
addition of composts (Abbassi, et al. 2002 and Vallad, et al. 2003). Grape marc (GM)
compost was found to be suppressive of Fusarium wilt of tomatoes (Borrero, et al. 2006).
Furthermore, Santos, et al. (2008) showed that GM compost reduced disease severity of
Pythium damping off in cucumber plants, although it did not reduce the severity of
Phytophthora root rot in tomato, Fusarium oxysporum in melon and R. solani in radish.
These results indicate that a particular type of compost or mulch may be significantly
effective in reducing some plant disease symptoms but not others (Abbasi, et al. 2002). It is
possible that the type of compost used may encourage the growth of microbial species that
are effective in controlling certain pathogens. A microbial diversity analysis of the composts
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used in the above trials may have provided some insight into whether the differences in
disease reduction of different pathogens were attributable to the level of microbial diversity.
The early studies mentioned directly above, contribute to our current state of knowledge on
the capacities of compost mediated soil disease suppression. Although soil chemistry is
altered as a result of compost application it is likely that soil amendments have a primary
effect on the soil microbial diversity (Hartmann, et al. 2015). There are however, many more
unanswered questions regarding the specific functioning of compost mediated soil disease
suppression. One central question is: does the compost act as an ‘inoculant’ and introduce
microbial diversity into the soil, leading to disease suppression; or is compost a substrate that
supports the native microbial diversity aiding the soil disease suppression ‘phenomenon’?
(Hartmann, et al. 2015).
An important consideration to be made in answering the above questions is the influence of
plants on rhizosphere microbial diversity. Plant root exudates play a role in shaping their
microbiota and there is a possibility that plants selectively create a ‘functional microbiota’.
Compost mediated suppression, achieved through a few variable processes add to the
complexities of understanding the phenomenon (Mendes, et al. 2013). Variability of disease
suppression by different types of composts is also another area for further exploration (Pane,
et al. 2013). Recent studies in the field of compost and PGPB mediated disease suppression
have shown that an increase in microbial diversity is strongly associated with plant disease
defence and vigour (Bashan, et al. 2014; Hartmann, et al. 2015; Lakshmanan, et al. 2014;
Saxena, et al. 2015 and van Elsas, et al. 2012).
Mixtures of PGPB
The importance of soil microbial diversity on plant disease suppression can be recognised
through the results attained in various studies on PGPB strain mixtures (Krause, et al. 2003;
Sarma, et al. 2015 and Singh, et al. 2013). There are now many commercial microbial
inoculant products available for agricultural and horticultural use and the use of these
inoculant products is increasing (Bashan, et al. 2013; Lakshmanan, et al. 2014; Owen, et al.
2014 and Trabelsi, et al. 2013). Studies conducted on the use of PGPB have found that a
mixture of PGPB strains is more effective in suppressing plant diseases than the use of one
PGPB strain alone (Jetiyanon, et al. 2002; Raupach, et al. 1998 and Singh, et al. 2013). Many
studies have indicated that the role of microbial diversity is important to disease suppression
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(Bashan, et al. 2013; Lakshmanan, et al. 2014 and Van Elsas, et al. 2012). Microbial
inoculant products commonly contain a mixture of PGPB microorganisms designed to
increase beneficial functionalities such as nutrient acquisition and disease resistance (Owen,
et al. 2014). There still remains much to learn on the importance of microbial diversity on
soil plant disease suppression and the use of microbial inoculants.
A trend in current research is towards the soil application of PGPR alone or compost
amendments fortified with microbial mixtures induce plant resistance to diseases (Krause, et
al. 2003; Sarma, et al. 2015 and Singh, et al. 2013). Many studies conducted on the effects of
PGPB in plant disease suppression are assessed using the model plant Arabidopsis thaliana
(Pieterse, et al. 2014; Maldonado-Gonzalez, et al. 2015; and Zhang, et al. 1998). Suppression
of bacterial speck caused by pathogenic P. s. tomato has been achieved in Arabidopsis plants
using different microbial mixtures (Zhang, et al. 1998).
Raupach, et al. (1998) found certain bacterial strains differed in their ability to provide
protection against the different pathogens tested and provided evidence for the hypothesis
that richness in microbial diversity provides a more effective overall protection against
multiple plant pathogens. This study investigated the effects of a variety of PGPB mixtures
on cucumber plants co-inoculated with four cucumber pathogens at once (Raupach, et al.
1998). The results from this trial showed that the least diseased plants were those that were
treated with a combination of three PGPB strains rather than single PGPB strains (Raupach,
et al. 1998).
Both the type of plant host and PBGB strain mixture are of significance when attempting to
reproduce disease suppression by inoculant products (Owen, et al. 2014). When twenty-one
combinations of PGPB and seven individual PGPB were tested in the greenhouse for induced
resistance activity, four mixtures of PGPB and one individual strain treatment significantly
reduced the severity of four different plant diseases. Generally, the PGPB mixtures provided
greater disease suppression than individual PGPB strains, indicating that mixtures of PGPB
elicited induced systemic resistance to fungal, bacterial, and viral diseases in the four plant
hosts (tomato, cayenne pepper, green kuang futsoi and cucumber) tested (Jetiyanon, et al.
2002). ‘Dual plate tests’ are useful culture dependent methods for assessing possible
interactions between antagonistic rhizobacterial isolates and plant pathogens (Buée, et al.
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2009). Thus these methods can provide insight into the direct action of composts on plant
pathogenic bacteria and fungi.
2.5.1 Plant disease suppression through systemic resistance
Soil microorganisms employ various mechanisms to encourage soil disease suppression of
plant pathogens (Hoitink, et al. 1999; Jetiyanon, et al. 2002; Sarma, et al. 2015 and Sturz, et
al. 2003). The main mechanisms utilised by soil microbes to encourage disease suppression
are antagonism, competition, predation, and the induction of plant systemic resistance
(Hoitink, et al. 1999; Kloepper, et al. 1999; Sarma, et al. 2015 and Sturz, et al. 2003).
Systemic resistance is a term used to describe the plant immunity system and plants
expressing a systemic resistance response are acknowledged to have a heightened state of
pathogenic resistance (Hase, et al. 2003 and Nurnberger, et al. 2001). Mechanisms involved
in the induction of plant systemic resistance by soil microbes are the least understood of all
microbial disease suppression mechanisms. For the purposes of this study, the process of
systemic resistance in plants will be discussed, including a discussion on observed and
hypothesised mechanisms involved in the microbial induction of plant systemic resistance.
2.5.1.1 Detection of microbial presence and induction of plant defence mechanisms
Plants are able to detect microbial presence, and to distinguish between pathogenic and nonpathogenic microbes (Baker, et al. 1997 and Nurnberger, et al. 2001). The process by which
this occurs is through plant recognition (R) genes, in a 'gene for gene' system, where
dominant plant R genes match or correspond to pathogen Avr genes (Baker, et al. 1997;
Osbourn, 2000 and Shinya, et al. 2012). Following microbe recognition, plant defence
mechanisms commence. The first step in this process is the hypersensitive response
(Nurnberger, et al. 2001 and Pieterse, et al. 2014), an oxidative burst (involving the
production of reactive oxygen species) that leads to programmed cell death. Following the
hypersensitive response is cell wall lignification (Guest, et al. 1997).
As the hypersensitive response is initiated, so is the biosynthesis of defence signalling
molecules such as salicylic acid, jasmonic acid, ethylene and nitric oxide (Hunt, et al. 1996
and Pieterse, et al. 1998 and 2014). The resulting high degree of interaction between the
defence signalling molecules is known as defence signalling pathway cross - talk (Dong, et
al. 1998 and Glazebrook, et al. 2003). Biosynthesis of defence signalling molecules results in
the expression of defence gene families such as Pathogenesis-related 1-5 (PR), and hevein26

like protein (Hel) (Dempsey, et al. 1999 and Pieterse, et al. 1998 and 2014). The expression
of plant defence genes results in the production of antimicrobial compounds known as
phytoalexins. These phytoalexins then directly inhibit or destroy the invading pathogen.
2.5.1.2 Systemic Acquired Resistance (SAR) and Induced Systemic Resistance (ISR)
The two terms, systemic acquired resistance (SAR) and induced systemic resistance (ISR)
can be confused in the literature. The consensus is that SAR is a process of systemic
resistance initiated by the presence of both chemical and biological elicitors and is dependant
on the Salicylic Acid (SA) pathway. On the other hand, ISR is initiated by the presence of
biological elicitors (non-pathogenic soil microbes) and is dependant upon the Jasmonic Acid
(JA) and Ethylene (ET) pathways (Pieterse, et al. 1998 and 2014; Ryu, et al. 2004 and
Walters, et al. (2013).
The merits of ISR and SAR in agricultural applications were discussed by Walters, et al.
(2013), who propose that, in agriculture ISR based applications are more efficient than SAR
(constitutive disease resistance) applications. These authors point out that constitutive
resistance using the SA pathway interferes with plant growth and JA signalling pathways,
thus provoking less than desirable growth and yield rates and a greater susceptibility to insect
attack. The other important argument made by Walters, et al. (2013) is that constitutive plant
resistance may indeed interfere with other functional aspects to the plant microbiota for
example, mycorrhizal associations. High-level complexities within the plant disease
resistance phenomenon mean that very specific case studies based upon a particular plant
cultivar under different environmental conditions are required.
2.5.1.3 Methods used to measure systemic resistance in plants
Methods employed to measure systemic resistance responses range from simple qualitative
based assessments of disease symptom expression, through to complex molecular analysis of
defence gene expression (Gururani, et al. 2012 and Vallad, et al. 2003). Qualitative based
methods are commonly used and involve the use of visual assessments in regards to disease
symptom expression. The two main methods used for disease symptom expression are
percent reduction of disease symptoms and the percent leaf area displaying disease symptoms
(Vallad, et al. 2003 and Zhang, et al. 1998). In some cases, a disease severity index is
developed to aid in the analysis of results. A disadvantage of relying on qualitative methods
to measure a systemic resistance response is that they may be liable to personal biases,
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although a double blind experimental approach can overcome such biases. Qualitative based
methods are more useful when used in conjunction with another method of assessing a
systemic resistance response.
Molecular based methods are now commonly used and most of the recent research in this
area incorporates monitoring the expression of defence genes. RNA can be extracted from
plant tissue and amplified via PCR, using defence gene specific primers to amplify known
defence genes. The systemic resistance response can also be studied using defence signalling
molecule insensitive (mutant) plants. This involves 'switching off' the genes receptive to the
accumulation of defence signalling molecules such as salicylic acid, or ethylene (Pieterse, et
al. 1998 and 2014). Another useful molecular analysis is the use of microarray technology
(Glazebrook, et al. 2003 and Gururani, et al. 2012). Microarray analysis allows for the
expression identification of a large number of defence related genes, at one given time.
Defence gene elicitation produces defence related biochemical markers. The phenylalanine
ammonia lyase (PAL) pathway leads to defence related enzymatic activity and the production
of phytoalexins and phenolics (Choudhary, et al. 2007; Laviana, et al. 2006 and Singh, et al.
2013). Some of the most commonly studied defence enzymes in plant defence are peroxidase,
polyphenol oxidase and beta-1, 3- glucanase (Gray, et al. 2005; Raj, et al. 2006 and Singh, et
al. 2013). An increased activity of these enzymes represents the elicitation of ISR in plants
and thus, is used to observe microbial induced systemic resistance (Raj, et al. 2006 and
Singh, et al. 2013).
2.5.2 Mechanisms associated with microbial induced systemic resistance
Most plant systemic resistance studies involve bacteria, in particular plant growth promoting
bacteria (Hase, et al. 2003; Pieterse, et al. 2014; and Ryu, et al. 2004) which cause the
production of defence signalling molecules such as jasmonic acid in the plant, and thus
induce the expression of defence genes (Singh, et al. 2013 and Ryu, et al. 2004).
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2.5.2.1 Expression of defence genes
Many studies, using PGPB or composts, have reported the expression of plant defence genes
(Park, et al. 2000; Pieterse, et al. 2014 and Vallad, et al. 2003). Although the paper mill
residual/ P.s.tomato study conducted by Vallad, et al. (2003) did not isolate or identify
microbial species in the composts, the strong expression of the plant defence PR protein gene
PR-1 was a good indication that it was microbially induced. The expression of PR-1 is an
indicator of the plant biosynthesis of salicylic acid (Pieterse, et al. 2014). Park, et al. (2000)
inoculated tobacco seedlings with various PGPB and showed that all PGPB strains tested
induced the expression of a PR-1a promoter gene. Interestingly, the PGPB strains differed in
their GUS activity levels (beta-glucuronidase activity, a reporter for PR-1a expression),
indicating that different PGPB strains varied in their disease resistance induction. A positive
correlation was found between the capacity for PGPB strains to induce PR-1a expression and
reduce disease symptoms.
2.5.2.2 Production of salicylic acid and volatile organic compounds by bacteria and
fungi
The induction of systemic resistance by bacterial-produced volatile organic compounds
(VOC) developed over the past 20 years (Van Loon, et al. 1998 and Pieterse, et al. 2014).
Initially, there was some scepticism on whether or not the levels of VOC and salicylic acid
were great enough to elicit a systemic resistance response (Van Loon, et al. 1998). Some
studies encountered in this area reported reductions of disease symptoms and increases in
GUS activity from the application of both PGPB and plant growth-promoting fungi (PGPF)
(Naznin, et al. 2014 and Ryu, et al. 2004).
Ryu, et al. (2004) proposed that bacterial produced VOC play a role in the induction of
systemic resistance. The results attained in this study found that Arabidopsis seedlings
exposed to two PGPB (Bacillus spp.) developed significant disease symptom reductions by
Erwinia carotovora after 10 days (Ryu, et al. 2004). Again, the level of disease suppression
varied among the two PGPB tested (Jetiyanon, et al. 2002 and Ryu, et al. 2004).
Furthermore, when assessing various defence signalling molecule insensitive plants (e.g.
ethylene insensitive), there were significant differences in the expression of defence
signalling molecule pathways (Ryu, et al. 2004). Plant lines insensitive to ethylene and
jasmonic acid differed significantly, except in the case of salicylic acid insensitive plant lines,
where there were no significant differences (Ryu, et al. 2004). These results further illustrate
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the high degree of complexity in the defence signalling pathway interactions, and that
different bacterial strains impact differently on the defence signalling pathways.
More recently, attention had turned to fungal species that produce VOC and induce systemic
resistance in plants (Morath, et al. 2012 and Naznin, et al. 2014). Fungal species that have
been identified for the production of VOC include Fusarium, Trichoderma, Phoma and
Penicillium (Naznin, et al. 2014). Some 250 fungal VOC have been discovered with a variety
of applications (Morath, et al. 2012). The main fungal VOC under investigation are those that
induce systemic resistance in plants and inhibit the growth (directly) of tested plant pathogens
(Morath, et al. 2012 and Naznin, et al. 2014). Fungal VOCs that have been shown to induce
systemic resistance in plants include; β-caryophyllene; 1-octen-3-ol; methyl benzoate
(MeBA) and m-cresole (Morath, et al. 2012 and Naznin, et al. 2014). These VOC are
involved in eliciting both the JA/ET and SA pathways.
2.5.2.3 Quorum sensing
Several mechanisms are involved in the initial observed disease inhibition including the
production of N-acyl homoserine lactones (AHLs), otherwise referred to as ‘AHL priming’
(Schenk, et al. 2014). Understanding quorum sensing and its implications for disease
suppressive soils is vital in replicating the ‘disease suppressive phenomenon’. Disease
suppressive mechanisms used by antagonists involve direct pathogen growth inhibition by the
production of anti bacterial and anti fungal compounds (Molina, et al. 2003 and Park, et al.
2011). AHLs produced by antagonistic microbes include, hydrogen cyanide (HCL), Nbutyryl-L-homoserine lactone (C4-HSL), N-hexanoyl-L-homoserine lactone (C6-HSL), N-(3oxohexanoyl) homoserine-lactone (3-oxo-C6 HSL) (Ee, et al. 2014; Szentes, et al. 2013; Liu,
et al. 2007 and Park, et al. 2011). Some of these compounds inhibit pathogen growth and also
directly induce systemic resistance in plants (Pieterse, et al. 2014 and Schenk, 2014).
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2.6 Methods used to measure soil microbial diversity

Chapter 2

Although no single method of measuring microbial diversity is without weaknesses, there are
several methods that provide an adequate resolution of microbial diversity (Darine, et al.
2015; Gao, et al. 2012; Lawlora, et al. 2000 and Nannipieri, et al. 2003). The literature on
soil microbial diversity often utilise a multi-phase approach to analyse structural changes
within a microbial community. The current field of soil microbial analysis has a strong focus
on developing adequate analysis tools. Tomorrow’s research into the field of soil
microbiology appears promising as we uncover the intricacies behind soil microbiology and
the significance of diversity with new high-resolution tools such as Next Generation
Sequencing (NGS) (Myrold, et al. 2013 and Rincon-Florez, et al. 2013). The first method
that was used to measure microbial diversity was plate culturing, which was then followed by
the development of biochemical assays. The most recent techniques are forms of molecular
analysis (Myrold, et al. 2014). The benefits and limitations of these three methods are
discussed as follows:
2.6.1 Plate culturing
Plate culturing is the oldest technique in measuring microbial diversity, and is still commonly
used in microbial diversity and population studies (Kirk, et al. 2004; Martins, et al. 2013;
Nannipieri, et al. 2003 and Zhou, et al. 2016). Plate culturing typically involves soil samples
being serially diluted and plated onto a range of different agar media. The use of different
types of media enables an assessment of microbial diversity through the culturing of different
microbial groups such as cellulolytic bacteria or fungi, general fungi, oligotrophic or
copiotrophic bacteria (Zhou, et al. 2016). Microbial populations can be assessed by, counting
Colony Forming Units (CFU) on agar plates and calculating the Mean Probable Numbers
(MPN) (Anastasi, et al. 2004; Martins, et al. 2013 and Zhou, et al. 2016).
The major limitation to plate culturing is the limited number of culturable soil microbes. It
was formerly estimated that only 1 to 22 % of all soil microbes could be cultured (Kirk, et al.
2004; Nannipieri, et al. 2003 and Van Insberghe, et al. 2013), although the use of diffusion
chambers and extended incubation periods have increased culturability to much higher levels
(Kaeberlein, et al. 2002; Janssen, et al. 2002 and Whitelaw-Weckert, et al. 2007). Another
important limitation to plate culturing when assessing microbial diversity is that agar media
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are known to favour the development of fast growing microbial species. As a result, slower
growing microbial species may be inhibited. Direct antagonism has also been observed, thus
inhibiting potential growth of other species (Kirk, et al. 2004). The main strength of plate
culturing is that it provides a uniform technique from which comparisons can be made. Plate
culturing techniques also produce living cultures for further study.
2.6.2 Biochemical assays
Out of the three main microbial diversity techniques, biochemical assays can provide superior
insight into both structural and functional microbial diversity, as biochemical assays reflect
microbial metabolic diversity, rather than microbial species diversity (Kim, et al. 2016 and
Nannipieri, et al. 2003). Metabolic microbial activity has been used in a variety of studies and
the assays are continually being updated and modified (Barreiro, et al. 2014; Miguel, et al.
2007 and Nannipieri, et al. 2003). Studies on microbial diversity by biochemical assays
include fatty acid methyl ester (FAME), phospholipid fatty acids (PLFA) and community
level physiological profiling (CLPP) (Kim, et al. 2016). The first two assays develop
information about soil structural diversity the latter, develops information about microbial
functional diversity (Kim, et al. 2016). A range of microbial metabolic activities are
measured, ranging from carbon source utilisation to the activity levels of intra and
extracellular enzymes that are produced by microbes during decomposition. In PLFA for
instance, differences in fatty acids are used to create microbial groups. PLFA are present in
cell membranes and extracted from microbial cells in the soil (Gosal, et al. 2015 and Kim, et
al. 2016). One major advantage of PLFA is that it is representative of the active microbial
community since phospholipids rapidly degrade after cell death (Gosal, et al. 2015). Due to
both of these methods only providing information on microbial groups rather than specific
taxa they are commonly used techniques to investigate soil microbial community structure
(Kim, et al. 2016).
A common CLPP assay used to investigate functional microbial diversity is the use of
commercial BIOLOG™ plates (Kirk, et al. 2004; Kumar, et al. 2017; Rutgers, et al. 2015
and Zhou, et al. 2016). Two different types of Biolog plates are used for soil microbial
studies: 1) GN® plates and 2) ECOplates®. The GN Biolog™ plate assay contains 95
different carbon sources, using tetrazolium salt as an indicator of metabolism (Kirk, et al.
2004 and Rutgers, et al. 2015). Recently, the Biolog™ GN system has been updated to allow
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for simple and rapid detection of Gram-positive and negative bacteria and fungal specific
plates have also been developed (Rutgers, et al. 2015).
The major limitation to this technique is that it relies on culturable soil microbes, thus facing
the same limitations as plate culturing. However, the Biolog™ ECOplate® method allows for
soil samples to be directly inoculated into the wells of the Biolog™ ECOplate®. Although
the Biolog™ ECOplate® contains only 31 carbon sources, these have been found to be useful
in measuring soil functional diversity when investigating soil management practices (Kumar,
et al. 2017 and Rutgers, et al. 2015). Moreso, the ECOplate® has been specifically designed
to measure differences in microbial community structures due to differences in soil
treatments (Kumar, et al. 20017 and Rutgers, et al. 2015).
Another commonly used biochemical assay is Fatty Acid Methyl Ester (FAME) analysis
(Kim, et al. 2016 and Kirk, et al. 2004). Observations of differences in fatty acids can be
made among the larger taxonomic microbial groups (Kim, et al. 2016 and Kirk, et al. 2004).
This method involves direct soil extraction, methylation, and analysis by gas chromatography
(Kirk, et al. 2004 and Bowles, et al. 2014). A limitation to the use of biochemical assays such
as enzyme activity is that the levels of enzyme activity can change significantly without an
actual change in the microbial population (Nannipieri, et al. 2003). Biochemical assays are a
good technique to use in conjunction with plate cultures, or molecular analysis, as these
assays provide valuable information on microbial structural diversity (Kim, et al. 2016; Kirk,
et al. 2004 and Kumar, et al. 2017).
2.6.3 Molecular analysis
A range of molecular techniques can be applied to measuring microbial diversity. Some
literature on the use of molecular analysis for microbial diversity highlights a range of
difficulties in attaining pure DNA from soil samples and of possible ambiguities attained in
the results (Anderson, et al. 2003 and Feinstein, et al. 2009). Molecular techniques have
brought soil microbiologists considerably closer to observing soil microbial diversity and
population dynamics than in the past (Thies, 2007). Molecular techniques differ considerably
in the information that is able to be produced and are thus classified into the level of
resolution they produce (Hirsch, et al. 2010).
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A medium resolution data output is achieved by the use of molecular techniques such as
Denaturing Gradient Gel Electrophoresis (DGGE), Automated Ribosomal Intergenic Spacer
Analysis (ARISA), and Terminal Restriction Fragment Length Polymorphism (TRFLP).
Polymerase Chain-Reaction (PCR) based molecular methods such as these mentioned
provide specific taxonomic information. PCR based techniques involve soil DNA extraction,
DNA purification and amplification of a targeted section of a genome. DNA amplification is
accomplished by the use of universal or specific microbial primers (Hirsch, et al. 2010; Kirk,
et al. 2004 and Nannipieri, et al. 2003). Primers are short oligonucleotides to which an
enzyme adds nucleotide subunits. The most commonly used gene regions for identification of
bacterial taxa is 16S rDNA subunit and for fungal taxa, the 18S rDNA subunit or the Internal
Transcribed Spacer (ITS) regions of rDNA (Kennedy, et al. 2003; Schoch, et al. 2012 and
Tedersoo, et al. 2014). The main disadvantage common to all of these techniques is PCR
product biases. The PCR biases produced are generally due to the choice in primers,
replication cycles and quality of extracted soil DNA (Armougom, et al. 2012 and Feinstein,
et al. 2009).
The main limitation to DGGE is that the gel banding patterns produced (after DNA
separation) in the DGGE can often be misleading where one band can represent more than
one single species, thus underestimating the microbial community (Kirk, et al. 2004;
Nannipieri, et al. 2003 and Rincon-Florez, et al. 2013). ARISA shares a similar limitation as
the DGGE technique in that true microbial community diversity can be underestimated
(Gosal, et al. 2015 and Rincon-Florez, et al. 2013). The TRFLP method is also likely to
underestimate true microbial diversity (Gosal, et al. 2015). A pitfall of the T-RFLP method is
that only a limited number of bands per gel (generally <100) can be resolved and different
bacterial species can share the same T-RF length (OTU overlap or OTU homoplasy).
Ambiguities in gel banding patterns have been modified, from a similar method (RFLP) so as
to avoid misrepresentations, as experienced when analysing DGGE gel banding patterns
(Gosal, et al. 2015; Liu, et al. 1997 and Rincon-Florez, et al. 2013). ARISA shares a
similarity with the TRFLP method where microbial diversity may be underestimated;
ribosomal intergenic spacer lengths that appear similar may represent unrelated species
(Rincon-Florez, et al. 2013).
The main limitation of the TRFLP technique is the variation of results due to the choice of
primers and restriction enzymes. The unique limitation with the ARISA method is that large
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quantities of DNA are required which may not serve investigations with limited soil samples
(Gosal, et al. 2015). DGGE can be argued to have the lowest level of resolution out of three
most common techniques as it identifies dominant species only (Gosal, et al. 2015; Kirk, et
al. 2003 and Rincon-Florez, et al. 2013). However, these three methods produce rather useful
information on species diversity and microbial community structure and have been used
successfully in a number of studies involving several unique habitats (Gosal, et al. 2015;
Kirk, et al. 2003 and Rincon-Florez, et al. 2013).
The molecular methods currently providing the highest resolution of data outputs for soil
microbial diversity are 16S microarrays (DNA arrays) and metagenomic methods based on
Next Generation Sequencing (NGS) (Armougom, et al. 2009; Myrold, et al. 2013 and
Rincon-Florez, et al. 2013). DNA microarrays are used for gene expression profiling in the
assessment microbial community function (Armougom, et al. 2009 and Rincon-Florez, et al.
2013). DNA microarray technology allows for the detection of thousands of genes on a glass
slide or a silicon surface (Armougom, et al. 2009). One microarray method useful in the
investigation of disease suppressive soils is the use of the PhyloChip® (Armougom, et al.
2009; Mendes, et al. 2013 and Rincon-Florez, et al. 2013). The PhyloChip® is a glass slide
containing a library of 16S probes (oligonucleotides) that hybridize to fluorescently labelled
DNA samples (Armougom, et al. 2009 and Asuming - Brempong, 2012). NGS technologies
such as the PhyloChip® and GeoChip® are applied in a broad range of biological areas
investigating microbial diversity in a variety of natural environments (Armougom, et al.
2009; Asuming-Brempong, 2012 and Mendoza, et al. 2015). Unlike some NGS methods,
microarrays are limited to the number of probes that are available for testing (Rincon-Florez,
et al. 2013).
Metagenomics is the investigation of “who’s there and what are they doing?” (Armougom, et
al. 2009 and Myrold, et al. 2013). NGS allows for the identification of microbial species in
compost mediated disease suppressive soils and has lead to the implementation of various
molecular technologies that are able to identify a large range of taxa straight from
environmental samples (Armougom, et al. 2009; Caporaso, et al. 2011; De Gannes, et al.
2013 and Su, et al. 2012). The use of the 16S gene marker to explore bacterial communities
in NGS has caused a great increase the number of 16S sequence databases (Armougom, et al.
2009; Gosal, et al. 2015; Goss-Souza, et al. 2016 and Rincon-Florez, et al. 2013).
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The 454 - pyrosequencing NGS technique is widely used in soil microbial diversity studies
and one of the first commercially available products (Armougom, et al. 2009; Goss-Souza, et
al. 2016 and Rincon-Florez, et al. 2013). The results obtained by De Gannes, et al (2013)
demonstrate the usefulness of pyrosequencing 454 when assessing compost fungal
communities and to uncover potential human pathogens in the same data analysis. This is
advantageous, for a range of applications within the field of soil microbial diversity as it can
allow for a dual analysis of the same microbial community. The major advancement in Next
Generation Sequencing technologies is the increased number of reads and fragment length
and the decreases in cost per read (Goss-Suoza, et al. 2016 and Orgiazzi, et al. 2015). The
improvement of increased fragment lengths and reads lead to second-generation sequencers
such the Illumina Hi Seq2000™ and MiSeq™ (Goss-Souza, et al. 2016).
The current generation of sequencers utilise genetic material straight from environmental
samples (metagenomics) such as soil and can be PCR independent (e.g. shotgun sequencing)
(Goss-Suoza, et al. 2016; Orgiazzi, et al. 2015 and Zhou, et al. 2015). Metagenomic NGS
provides an insight into soil microbial (taxonomic) diversity and also allows the study of
functional gene expression by the classification of genomes from environmental samples
(Goss-Souza, et al. 2016 and Zhou, et al. 2015). The other current method of determining the
taxonomy of DNA sequences is through DNA metabarcoding of microorganisms within a
sample (Mendoza, et al. 2015 and Orgiazzi et al. 2015). Both methods of data generation
undoubtedly offer a greater insight to soil microbial diversity and richness than ever before.
With the vast amount of genetic information that is being generated, comes the international
responsibility to collate this data for present and future soil management practices. Indeed
international efforts have already begun, such as the Global Soil Biodiversity Initiative
(www.globalsoilbiodiversity.org) and efforts to further standarise metagenomic and
metabarcoding based NGS technologies are being investigated (Goss-Suoza, et al. 2016:
Mendoza, et al. 2015 and Orgiazzi, et al. 2015).
In regards to assessing soil functionalities and microbial diversity, it is recommended to use a
multi-layered approach such as the use of culture dependant or other culture independent
methods in conjunction with NGS (Briones, et al. 2014 and Su, et al. 2012). Metagenomic
studies produce very large volumes of data – which can be a significant problem when
processing the data (Myrold, et al. 2013 and Orgiazzi, et al. 2015). However there is a
constant development of programs to improve large scaled data analysis (Armougom, et al.
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2009; Myrold, et al. 2013 and Orgiazzi, et al. 2015). NGS technologies will undoubtedly,
further the understanding of soil microbial diversity and soil function such as nutrient cycling
and disease suppression.

2.7 Conclusions

Chapter 2

An understanding of the soil disease suppression phenomenon has unfolded in the past 20
years with new mechanisms of microbial induced systemic resistance being uncovered and
new questions are arising about the future application of composts and microbial inoculants
in agriculture (Pieterse, et al. 2014; Sarma, et al. 2015 and Trabelsi, et al. 2013). A strong
emphasis in current research is on identifying as many microbial species found in composts
and mulches and assessing the importance of microbial diversity on plant disease suppression
(Sarma, et al. 2015). The use of soil amendments in vineyard floor management practices
have been shown to reduce the need for herbicides, increase vine growth and encourage
disease suppressive soil characteristics (Jacometti, et al. 2007; Lotter, 2000; Mundy, et al.
2002 and Penfold, 2003). The functional importance of microbial diversity under different
vineyard environmental conditions needs further exploration, to aid in defining the types of
composts that provide the highest level of disease suppression in grapevines.
For composts and mulches to be beneficial for vineyards in terms of grapevine systemic
resistance, an assessment of the types of composts providing the best benefits in different
environmental conditions is needed (Chan, et al. 2011). There is a real potential to explore
the use of composts, mulches and soil amendments fortified with systemic resistance
inducing soil microbes in the viticultural industry. Recent results from studies conducted in
this field of research show promising, yet contradictory effects of soil microbes on plant
systemic resistance (Trabelsi, et al 2013). Considerably more research must be conducted
before we are able to draw some reliable conclusions on the effects of soil amendments,
microbial diversity and microbial mechanisms involved in grapevine disease suppression.
In order to contribute to the current knowledge on the influence of compost amendments on
vineyard rhizosphere microbial diversity and populations, this thesis explores the hypothesis
that the addition of GM composts in vineyards increases microbial populations and diversity
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(functional and genetic). Increases in microbial diversity are associated with the ‘disease
suppressive soil’ phenomenon, where plant disease suppression is increased (Guerra, et al.
2012; Hartmann, et al. 2015 and Walters, et al. 2013). Furthermore, the hypothesis that the
GM composts contribute to grapevine disease suppression was also explored by investigating
the capacity of fluorescent Gram negative bacteria isolated from the two GM composts. The
aims and research questions posed in this thesis are outlined in the following section.

2.8 Aims of the thesis

Chapter 2

The aims of the thesis were:
1. The first research question was: “Does the addition of GM composts increase
vineyard rhizosphere microbial populations” (Chapter 3).


To answer this question, the aim was to investigate changes to populations of
culturable bacterial and fungal populations.



Two established vineyard trial sites (4 years old) were used to explore the
longer - term effects of vineyard floor amendments (Clare Valley, S. A. and
Langhorne Creek, S. A) on vineyard rhizosphere populations. One trial site at
Wagga Wagga, N.S.W, was used to explore the shorter -term effects of GM
composts on vineyard rhizosphere microbial populations. The vineyard floor
amendments included were:
-

Pinebark GM compost,

-

Sawdust GM compost,

-

Herbicide and mechanically weeded under-vine floor management
practices,

-

Commercially available (in South Australia during 2001) soil amendments
including mulches, grape marc compost and mulch based compost.

2. To address the second research question: “Does a single application of GM compost
increase vineyard microbial functional diversity after 12 months?’ (Chapter 4).


The aim was to investigate differences in functional microbial diversity
through the use of Community Level Physiological Profiling (CLPP) using
Biolog™ Ecoplates.
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3. The third research question: “Does a single application of GM compost influence
vineyard rhizosphere genetic microbial diversity after twelve months?” (Chapter 5).


To address this question, the aim was to investigate differences in genetic
microbial

diversity

using

Terminal

Restriction

Fragment

Length

Polymorphisms (TRFLP) technique was explored.
4. The last research question explored in this thesis was: “Are there culturable
fluorescent Gram negative bacteria in the GM composts capable of contributing to
grapevine disease suppression via antagonism and induced systemic resistance?”
(Chapter 6).


To address this, the aim was to investigate the potential for disease control via
antagonism by fluorescent Gram negative bacteria found in both sawdust and
pinebark based grape marc composts through the use of dual plate cultures.



To further investigate the potential for induced systemic resistance elicitation
via defence related enzymatic activity, Chardonnay cuttings were inoculated
by the same fluorescent Gram negative bacterial isolates and co-inoculated
with the fungal pathogen Rhizoctonia solani.
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Chapter Three

Changes in grapevine rhizosphere microbial
populations after application of vineyard soil
amendments by culture dependent
methodology
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3.1 Summary

Chapter 3

To address the first aim and research question of the thesis, the effects of composts and
mulches on the culturable microbial populations living in the grapevine root zone were
assessed. Seven types of culture media were used to determine possible differences in
culturable bacterial and fungal populations among conventional and organic vineyard floor
management practices. An extended incubation time of 13 weeks was used for the assessment
of oligotrophic bacteria. Three vineyard trial sites were used for the collection of samples;
one site was located in Wagga Wagga, New South Wales and two sites located in South
Australia (Clare Valley and Langhorne Creek).
The results demonstrated that copiotrophic and oligotrophic bacterial populations in the
grapevine rhizosphere were significantly decreased by the conventional vineyard floor
practice of herbicide (glyphosate) application in comparison to mechanical weeding. The
herbicide appeared to have interfered with the maintenance or establishment of these bacterial
rhizosphere populations. Soil organic amendments applied under-vine significantly increased
vine growth and some also stimulated the culturable microbial populations in the grapevine
rhizosphere. Two grape marc (GM) composts prepared within the current project, using
Chardonnay grape marc from the Charles Sturt University winery (Wagga Wagga, N. S. W.)
and pine sawdust or pine bark, caused the greatest population increases in the rhizosphere of
every culturable copiotrophic and oligotrophic bacterial group. Smaller but significant
increases in these bacterial populations were also caused by commercially prepared GM
compost at Langhorne Creek, S. A.
The non-GM composts; Commercial ‘Jeffries’ compost increased all the rhizosphere
copiotroph groups but only some of the oligotrophic groups at Clare Valley, while
Commercial ‘Peats Nitra-mulch’ compost increased the copiotrophs but decreased the
oligotrophs. Differences in the effects of these composts on rhizosphere bacteria may be
partially attributed to differences in their soluble salts and heavy metal content, although
other environmental factors are probably also involved. Non-composted mulches also
influenced the rhizosphere microorganisms. Wheat straw stimulated different groups of
rhizosphere bacteria at the two S. A. sites, whereas commercial ‘Jeffries’ forest mulch
suppressed the copiotrophic and oligotrophic bacteria, indicating that it could cause future
plant health problems.
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3.2 Introduction

Chapter 3

The improvement of economic and environmental techniques is a current focus of research in
conventional viticulture and agriculture (Guerra, et al. 2012; Kumar, et al. 2017 and
Hartmann, et al. 2015). The use of soil amendments in vineyards is under exploration but
most compost or mulch studies have been concerned principally with weed suppression, vine
growth and wine parameters (Jacometti, et al. 2007 and Mackie, et al. 2015). Many
Australian vineyards have bare weed-free soil in the vine row. Some districts also tend to
keep the soil between the vine rows bare. Unfortunately, bare soil inevitably becomes
depleted of organic matter and this is deleterious to soil and grapevine rhizosphere microbial
populations (Darine, et al. 2015 and Whitelaw-Weckert, et al. 2007). Increases in vineyard
soil microbial populations are associated with good soil health, increased vine growth and
vine disease resistance (Garcia- Orenes, et al. 2016; Jacometti, et al. 2007 and Rolli, et al.
2014).
Plants depend on the nutrient cycling capabilities of soil microbes to obtain a variety of raw
nutrients from the soil (Garcia-Orenes, et al. 2016; Rolli, et al. 2014 and Travis, et al. 2003).
Legumes use Rhizobium spp. to fix nitrogen from the air, and non-legumes can also obtain
nitrogen from free-living nitrogen fixing soil bacteria. Other bacteria are nitrifiers, which
convert ammonium to the more plant available nitrate. Fungi and many bacteria, also
solubilise soil phosphorus, making P more available for plant uptake (Whitelaw, 2000).
Beneficial nematodes are also directly or indirectly involved in decomposition of plant
residues and other organic matter and convert nitrogen, phosphorus and sulphur to plantassimilable forms. Adequate plant nutrient uptake assists in the biosynthesis of plant disease
resistance signalling molecules (Bothelho, et al. 2006 and Rolli, et al. 2014). Soil treatments
such as composts and mulches can increase the size and functionality of the soil and
rhizosphere microbial community (Fernandez-Gomez, et al. 2011; Guerra, et al. 2012;
Ingham, et al. 1985 and Zaccardelli, et al. 2017). Thus, the hypothesis posed in this
experimental Chapter is: the addition of GM compost increases vineyard rhizosphere
microbial populations.
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The aim of this chapter was to investigate the impact of composts, mulches, bare soil
(mechanically weeded) and herbicide applications on the culturable microbial populations
found at three different vineyards in Australia. The three vineyards that were assessed
included one at Wagga Wagga, NSW and two in South Australia (Clare Valley and
Langhorne Creek). Earlier investigations at the Wagga Wagga vineyard by WhitelawWeckert, et al. (2007) had indicated that the maintenance of a bare soil by herbicide
application decreased the soil and rhizosphere microbial populations. Two vineyard sites had
included bare soil by herbicide application as a bare soil control (Langhorne Creek and
Wagga Wagga) whereas one vineyard site (Clare Valley) had included bare soil by
mechanical weeding as a bare soil control. Thus, both mechanical and herbicide bare soil
controls were included to allow the separation of the direct effect of herbicide from the
absence of living plant roots.
This body of work examines both the short (Wagga Wagga) and longer term (Langhorne
Creek and Clare Valley) effects on the culturable microbial populations living in the
grapevine root zone after composts and mulches were applied under the vine rows, which
were previously kept bare by herbicide or mechanical weeding. The traditional dilution plate
counting technique was used to estimate the size of the microbial populations in the
grapevine rhizosphere. Seven types of culture media were used to determine culturable
bacteria and fungi. An extended incubation period of 13 weeks was used for the assessment
of oligotrophic bacteria. Mean Probable Numbers (MPN) was used to analyse microbial
populations. Soil copiotrophic Pseudomonas spp., copiotrophic bacteria, oligotrophic
bacteria, cellulolytic bacteria, oomycetes, cellulolytic fungi and ‘general’ fungi (i.e. those
isolated using Dichloran Rose Bengal Chloramphenicol agar (DRBC) were the seven
microbial groups analysed.
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3.3 Materials and Methods

Chapter 3

3.3.1 Vineyard field trials
The field trials were located within three commercial vineyards: one in Wagga Wagga, N. S.
W. and two in South Australia (Southcorp vineyard at Clare Valley and Rosemount Wines at
Langhorne Creek). Background information on the vineyards is presented in Table 3.1
Chemical analysis of the Wagga Wagga soil (0-10cm) was performed by SWEP Analytical
Laboratories, Bridge Rd., Keysborough, Victoria, Australia. Chemical analysis of the South
Australian soil was performed at Waite Analytical Services, University of Adelaide, S.A.
(Table 3.3).
A field trial was established at a commercial conventionally managed vineyard, located on a
5% slope at Charles Sturt University, Wagga Wagga, New South Wales. The soil was
classified as a Paralithic Leptic Tenosol (Australian Soil Classification), or an Earthy, Sand
(Great Soil Groups classification). The texture was coarse sandy loam overlaying a hard to
penetrate subsoil of granite saprolite. The trial site was established using a Latin square trial
design with four replications for four treatments, representing the main under-vine soil
amendments currently being used in Australian viticulture. Plots were two panels in length
with six vines in total, giving a plot length of 12 metres. A Latin square trial design was used,
with the trial extending over eight rows, with every treatment represented in each second row.
The compost materials applied at the Wagga Wagga, N. S. W. vineyard were grape marc
(GM) compost with pine sawdust and GM compost with pine bark, both applied 75mm deep.
There were two control treatments with weeds in the under-vine areas controlled either by
herbicide (glyphosate ‘Roundup®’ at recommended rate, 666g ha -1, four times per year)
application or by mechanical weeding (with a rotary hoe at the commencement of
experiment).

Two types of GM compost, initially with the C:N ratio of 20:1, were prepared at the
Gregadoo Waste Management Facility in Wagga Wagga. The grape marc was obtained from
Chardonnay wine production at the Charles Sturt University Winery. One GM compost
contained sawdust (Pinus radiata) whereas the other GM compost contained P. radiata
pinebark, both sourced from the same local sawmill. Both GM composts were made on the
27/5/2005 and composting ended on the 22/9/2005. Both compost piles were turned once a
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fortnight and moisture was kept at approximately 60%. The composting mix contained 35%
Chardonnay grape marc (GM) (grapevine leaves, stems, seeds and skins), 30% green waste
material (branches, grass clippings, leaves) sourced from Wagga Wagga gardens, 23% pine
bark or pine sawdust, 6% animal manure, and 6% large sized particles/material. The sawdust
GM compost reached a temperature of 61°C during the composting process and the pinebark
GM compost reached 58 °C.
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Table 3.1 Trial site characteristics.

Soil type

Average annual rainfall (mm)a
Annual rainfall throughout trial

Wagga Wagga, Clare Valley, SA

Langhorne

N SW

Creek, SA

Coarse sandy

Dark grey

Dark brownish

loam.

brown fine sandy

grey fine sandy

clay loam

clay loam

523

632

383

468, 267, 3831

634, 382, 5432

384, 254, 4362

Chardonnay

Chardonnay

Cabernet

period (mm)
Variety

Sauvignon
-35.1155,

-33.8333

-35.2962

147.3695

138.6119

139.037

pH (water)

8.3 *

5.50 #

7.70 #

EC (μS/cm)

106 *

70 #

120 #

Total organic C (%)

0.90

1.69 #

1.01 #

20.6 #

18.4 #

-

-

23.6 #

37.6 #

337 #

442 #

5.0 #

8.8 #

Site Latitudes

Nitrate N (mg/kg)

*

-

Available N (mg/kg)

1.2 *

Available P (mg/kg)

9.2

Available K (mg/kg)

125 *

Available S (mg/kg)

0.4 *

*

*Chemical analysis by SWEP Analytical Laboratories, Bridge Rd., Keysborough, Victoria, Australia.
# Chemical analyses performed at Waite Analytical Services, University of Adelaide, SA. ASC:
Australian Soil Classification; GSG: Great Soil Groups. Soil 0-10cm deep. 1 rainfall averages for the
years; 2005, 2006, 2007. 2 rainfall averages for the years; 2002, 2003, 2004. a Average annual rainfall
(mm) the year samples were taken.

46

Chemical analysis of the GM composts was performed by SWEP Analytical Laboratories,
Bridge Rd., Keysborough, Victoria, Australia. The sawdust GM compost and pinebark GM
compost had pH (water) of 7.1 and 7.8 respectively, total soluble salts of 1,940 and 455
mg/kg respectively; total potassium content of 433 and 285 mg/kg respectively; and
manganese at 29 and 20 mg/kg respectively. The composts contained potentially toxic
elements (PTE): copper (Cu) 16 and 6 mg/kg respectively and zinc (Zn) 19 and 17 mg/kg
respectively, but these do not exceed the level accepted for composts by the Office of
Environment and Heritage, N. S. W. (Dorahy, et al. 2007). Total soluble salts were 1,940 and
455 mg/kg respectively (Table 3.2). The composts were high in organic carbon (C) (33,000
mg/kg and 21,000 mg/kg respectively). The two GM composts were low in available nitrogen
(3 mg/kg and 2 mg/kg respectively) (Table 3.2).
The vineyard sites in South Australia (Clare Valley and Langhorne Creek) had been prepared
by Chris Penfold, University of Adelaide, in 2001. Both vineyard sites had been established
using a Latin square trial design with four replications for four treatments, with every
treatment distributed along each vineyard row and each plot consisting of six vines. Plots
were two panels in length with six vines in total, giving a plot length of 9- 12 metres, with the
trial extending over five or six rows with each treatment represented in each row.
The same soil amendment treatments had been applied at both sites with one treatment
difference. The Clare Valley site treatments consisted of a mechanically weeded control (with
the use of a rotary hoe during the summer months), wheat straw mulch, commercial ‘Jeffries’
compost (prepared from municipal green waste) and ‘Jeffries Forest mulch’. The ‘Jeffries
forest mulch’ was based on the same raw materials as the ‘Jeffries’ compost with added
woody material, chipped into coarser particles to reduce the rate of breakdown and
composted for a shorter period, making it available at a cheaper price. The Langhorne Creek
site treatments consisted of a bare soil control by herbicide treatment (commercial glyphosate
product at label rates, 666g ha -1 applied once at start of trial), wheat straw mulch and two
commercial composts: ‘Peats Nitra-mulch’ compost which consisted of composted recycled
green waste; and ‘Peats’ GM compost, a grape marc composted with deep litter animal
manure (sourced from intensive animal production housing). The composts had been passed
through a 25mm sieve to produce a fine grade material. All materials were applied to a row
width of 60 cm. The mulches and composts were applied at an industry standard rate of
7.5cm depth. The wheat straw was applied at a depth of 20 cm.
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Chemical analysis of the organic amendments used in the South Australian trials was
performed by Waite Analytical Services, University of Adelaide, S. A. The commercial
‘Jeffries’ compost, ‘Jeffries’ Forest mulch, ‘Peats Nitra-mulch’ compost, and ‘Peats’ GM
compost had pH (water) of 7.9, 7.0, 8.2 and 7.5 respectively; total soluble salts of 1,800,
1,800, 2,100 and 3,260 respectively; total potassium content of 10,900, 8,500, 14,800 and
34,000 mg/kg respectively; and manganese at 230, 102, 250 and 137 mg/kg respectively.
The composts contained potentially toxic elements (PTE): copper 70, 31, 99 and 99 mg/kg
respectively; zinc 310, 130, 440 and 132 mg/kg respectively; nickel 13, 16, 14 and 5.5 mg/kg
respectively; and cadmium (0.77, <0.6, 1.1 and <0.6 mg/kg respectively) (Table 3.3).
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Table 3.2 Chemical analysis of mature grape marc composts, Wagga Wagga.

pH (water)
pH (CaCl2)
EC (μS/cm)
Total soluble salt (mg/kg)

Exchangeable Ca (mg/kg)

Exchangeable Mg (mg/kg)
Exchangeable Na (mg/kg)

Available N (mg/kg)

Available P (mg/kg)
Exchangeable K (mg/kg)

Available S (mg/kg)
Available Cu (mg/kg)
Available Zn (mg/kg)
Available Fe (mg/kg)
Available Mn (mg/kg)
Available Co (mg/kg)
Available Mo (mg/kg)

Available B (mg/kg)
Total organic C (%)

Sawdust grape

Pinebark grape

marc compost

marc compost,

Wagga Wagga

Wagga Wagga

7.1

7.8

6.6

7.3

588

138

1940

455

2832

2232

390

479

150

90

3

2

31

23

433

285

38

1

16

6

19

17

4

4

29

20

1.8

1.7

1

1

0.5

0.3

3.3

2.1

Analytical method

1:5 Water
1:5

Calcium chloride

1:5 Water
Calculation from Electrical
conductivity
Ammonium acetate, ICPAES,
AAS, FES
Ammonium acetate, ICPAES,
AAS, FES
Ammonium acetate, ICPAES,
AAS, FES
Copper-cadmium reductor column
at a pH of 8.0
Olsen extractable
Ammonium acetate, ICPAES,
AAS, FES
KCl
EDTA
EDTA
method of E.H. Mikhail (1981)
method of E.H. Mikhail (1981)
EDTA
Ammonium Oxalate-Oxalic aciddi-iso propyl ether
Calcium chloride
Modified Walkley and Black

Analysed by SWEP Analytical Laboratories, Bridge Rd., Keysborough, Victoria, Australia.
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Table 3.3 Chemical Analysis of composts, South Australia.
‘Jeffries’

‘Jeffries’

‘Peats

‘Peats’ grape

compost,

Forest mulch,

Nitra-Mulch’

marc compost,

Clare

Clare

compost,

Langhorne

Valley

Valley

Langhorne

Creek

Creek
pH (water)
pH (CaCl2)
EC (μS/cm)
Total soluble salt
(mg/kg)
Total Ca (mg/kg)
Total Mg (mg/kg)
Total Na (mg/kg)
Total N (mg/kg)
Total P (mg/kg)
Total K (mg/kg)
Total S (mg/kg)
Total Cu (mg/kg)
Total Zn (mg/kg)
Total Fe (mg/kg)
Total Mn (mg/kg)
Total Co (mg/kg)
Total Mo (mg/kg)
Total B (mg/kg)
Total Al (mg/kg)
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7.9

7.0

8.2

7.5

7.2

6.5

7.5

6.8

3.500

3.500

4.000

6.200

1.800

1.800

2.100

3.260

32.000

20.000

39.000

13.600

5.000

3.200

6.500

3.000

1,880

1,760

2,500

1,360

1.2

1.1

1.4

2.3

2.400

1.230

3.100

5.000

10.900

8.500

14.800

34.000

2.600

1.800

3.700

3.000

70

31

99

99

310

130

440

132

10.200

5.900

13.300

3.700

230

102

250

137

3.9

2.2

5.7

1.7

1.6

2.5

1.5

1.8

43

33

60

51

9.500

5.200

13.200

3.400

Total Ni (mg/kg)
Total Cd (mg/kg)

13

16

14

5.5

0.77

<0.6

1.1

<0.6

Analyses performed at Waite Analytical Services, University of Adelaide, S. A.

3.3.2 Isolation of micro-organisms from the rhizosphere
Soil samples were collected from the CSU Wagga Wagga vineyard in October 2006, one year
after the establishment of the Wagga Wagga field trial. Soil samples were also collected from
the two South Australian vineyards in June 2004, three years after initial treatment
application. Composite samples from five soil cores (depth 10cm, diameter 2.5cm) were
obtained from the under-vine row (50 cm from the grapevine trunk) per replicate treatment.
Gravimetric soil moisture (oven dried at 105 ºC for 48 h) was determined for each composite
soil sample. Representative grapevine roots retrieved from each soil sample were tapped to
remove loose soil, and then vortex mixed with 9ml PBS for 10 s, sonicated at 260Wcm-2 for
15 s and shaken at 290 rpm for 30 min on ice. Aliquots (0.1 ml) were spread onto solid media
and incubated in darkness at 25˚C. This washing method is a widely used method to collect
rhizosphere samples (Knief, et al. 2012).
All microbial colony counts were performed, in triplicate, by following the previously
published protocol of Whitelaw-Weckert, et al. (2007) with the addition of Masago’s agar
(Masago, et al. 1977). Nutrient agar (Oxoid) with benomyl (30mg/ml) to inhibit fungal
growth was used to assess copiotrophic bacterial (CB) populations (Lalande, et al. 1989 and
Stanbridge, et al. 1994). Diluted 100-fold Oxoid nutrient agar with benomyl (NA 100) was
used for the culturing of fast low nutrient bacteria (FLNB) and oligotrophic bacteria (OB)
(Mitsui, et al. 1997). Pseudomonas agar (Oxoid) (PS) was used for the selective growth of
copiotrophic pseudomonads. Fast growing cellulolytic bacteria (FCB) and slow growing
cellulolytic bacteria (SCB) were grown on cellulolytic bacterial agar (CBA): Oxoid technical
agar No. 3 base amended with carboxy methylcellulose and the antibiotic, cyclohexamide
(Tuitert, et al. 1998).
For the assessment of culturable free-living micro-fungi, Dichloran Rose Bengal
Chloramphenicol (DRBC) agar was used for ‘general fungi’, Cellulose Czapek
Chloramphenicol agar (CCC) for cellulolytic fungi, and Masago’s agar (MS) with
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chloramphenicol instead of ampicillin and rifampicin for oomycetes (e.g. Phytophthora,
Pythium spp.) (Askun, et al. 2007; Omar, et al. 2000 and Masago, et al. 1977). Complete
media recipes are included in Appendix 3. Fungal colonies, and copiotrophic and oligotrophic
bacterial colonies were counted after seven days of incubation in darkness at 25°C. Slow
growing or oligotrophic bacterial colonies were counted again after a total of 13 weeks
incubation. Colonies were marked in different colours on the Petri dish surface to
differentiate between copiotrophic and oligotrophic counts.
3.3.3 Soil moisture and pruning weights.
Pruning weights were taken during the dormancy period three years after application at the
Langhorne Creek and Clare Valley sites and one year after treatment application at the
Wagga Wagga site. Pruning of vines were weighed in bundles per treatment application.
Soil moisture was assessed using the gravimetric soil moisture method expressed as a
percentage. Soil cores (10cm X 2.5 cm) were collected for each treatment replicate. 25 grams
of the vineyard rhizosphere soil samples (wet) were oven dried at 60° Celsius for 48 hours.
Soil moisture content was calculated as follows:
Soil moisture content (gravimetric) =
(fresh wt + tare) – (dry wt * 4)
(fresh wt + tare) * 100
3.3.4 Statistical analysis on Most Probable Number estimates
CFU data was analysed using the statistical software package SPSS 23. Generalized linear
model was used to test for significant treatment effects on all vineyard sites. One-way
ANOVA was used to compare significant differences among treatment means on all vineyard
sites. Principal component analysis was used to observe differences in population
distributions among treatments.
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3.4 Results

Chapter 3

3.4.1 Population comparisons of rhizosphere microbes one year after the application of
pinebark and sawdust based GM composts, Wagga Wagga
At Wagga Wagga, one year after the treatments were applied, the populations of the fast
growing culturable rhizosphere bacterial groups under the sawdust GM compost and the
pinebark GM compost were significantly higher (increased > 2-fold) than those in the
herbicide and mechanically weeded control treatments. All except the copiotrophic bacteria
had greater rhizosphere populations under the pinebark GM compost than the sawdust GM
compost. The rhizosphere fast growing low nutrient bacteria and fast growing cellulolytic
bacteria had significantly higher populations under the bare soil by mechanical weed control
compared with the herbicide control treatment (increased 97% and 77% respectively) (P <
0.001) (Table 3.4).
Table 3.4 Copiotrophic bacterial groups (counted after 7 d incubation) isolated from grapevine
rhizosphere, Wagga Wagga, October 2006, one year after application of organic amendments.
Treatment

PS 1

CB 2

FLNB 3

FCB 4

105 cfu/g rfw

105cfu/g rfw

105 cfu/g rfw

105 cfu/g
rfw

Herbicide control#
Sawdust grape marc

30±5.4 c

28±9.8 b

31± 4.8 c

26±3.7 d

135 ±16.9 b

64± 9.7 a

64 ±5.7 b

64±5.7 b

168±24.1 a

68 ±10.7 a

82± 9.1 a

76±8.1 a

43 ±5.8 c

23 ±2.7 b

61 ±7.0 b

46±3.6 c

26.3

15.3

11.8

<0.001

<0.001

<0.001

compost*
Pinebark grape marc
compost**
Mechanically weeded
control+
L.s.d
P-value

9.6
<0.001

#) Bare soil control by herbicide, *) on-farm prepared sawdust based grape marc compost, **) on-farm prepared
pinebark based grape marc compost, +) bare soil control by mechanical weeding.
2

3

1

Copiotrophic

4

pseudomonads; copiotrophic bacteria; fast growing low nutrient bacteria; fast growing cellulolytic bacteria.
Values within a column followed by the same letter are not significantly different based on L.s.d. (P < 0.05)
Bonferroni critical value: 0.01. rfw: root fresh weight. ± Standard Error of means (n=3).
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The populations of culturable oligotrophic bacteria isolated from the rhizosphere on low
nutrient (NA 100) agar and counted after 13 weeks incubation, was significantly increased
under the sawdust GM compost and the pinebark GM compost compared with the herbicide
control at Wagga Wagga

(increased 2.0-fold and 2.5-fold respectively) (P < 0.001).

Similarly, the two GM composts increased the rhizosphere populations of slow growing
cellulolytic bacteria by 2.0-fold (P < 0.001). There were significant increases in the
populations of the oligotrophic and slow growing cellulolytic bacteria under the bare soil by
mechanical weeding compared with the herbicide control treatment (increased 89% and 58%
respectively, P < 0.001) (Table 3.5).
Table 3.5 Oligotrophic bacterial groups (counted after 13 weeks incubation) isolated from grapevine
rhizosphere, Wagga Wagga, October 2006, one year after application of organic amendments.

OB 1

SCB 2

105 cfu/g rfw

105 cfu/g rfw

Herbicide control #

35±5.1 b

36±5.1 d

Sawdust grape marc

71±6.4 a

73±5.8 b

86±9.4 a

87±8.4 a

66±7.3 a

57±4.1 c

L.s.d

27.1

10.4

P-value

<0.001

<0.001

Treatment

compost*
Pinebark grape marc
compost **
Mechanically weeded
control +

#) Bare soil control by herbicide, *) on-farm prepared sawdust based grape marc compost, **) onfarm prepared pinebark based grape marc compost, +) bare soil control by mechanical weeding.
1

oligotrophic bacteria; 2 slow growing cellulolytic bacteria. Values within a column followed by the

same letter are not significantly different based on L.s.d (P < 0.05). Bonferroni critical value: 0.01.
rfw: root fresh weight. ± Standard Error of means (n=3).

The culturable populations of rhizosphere cellulolytic fungi and general fungi at Wagga
Wagga were not affected by the GM compost treatments. In contrast, significantly lower
rhizosphere oomycete populations were found with the sawdust GM compost and the
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pinebark GM compost (decreased 25% and 38% respectively). The bare soil by mechanical
weed control was associated with the lowest populations of rhizosphere oomycetes (2.2-fold
decrease) (P = 0.010) (Table 3.6).
Table 3.6 Fungal groups and Oomycetes isolated from grapevine rhizosphere, Wagga Wagga,
October 2006, one year after application of organic amendments.

Treatment

Cellulolytic fungi 1 Oomycetes 2

General

103 cfu/g rfw

fungi 3

102 cfu/g rfw

103 cfu/g rfw
Herbicide control #

201±60.1

24±4.2 a

385±29.5

Sawdust grape marc

215±31.4

18±2.6 b

325±74.5

140±17.2

15±1.7 bc

199±36.5

184±52.6

11±1.4 c

295±88.3

compost*
Pinebark grape marc
compost **
Mechanically weeded
control +
4.75

L.s.d
P-value

0.655

0.010

0.159

#) Bare soil control by herbicide, *) on-farm prepared sawdust based grape marc compost, **) onfarm prepared pinebark based grape marc compost, +) bare soil control by mechanical weeding.
Cellulolytic fungi isolated on CCC agar;
isolated on DRBC agar.

2

oomycetes isolated on Masago Agar;

3

1

general fungi

Values within a column followed by the same letter are not significantly

different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01. rfw: root fresh weight. ± Standard
Error of means (n=3).
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3.4.2 Population comparisons three years after application of a commercial
compost and two mulches, Clare Valley
Three years after compost application at the Clare Valley vineyard, the MPN for all fast
growing culturable bacterial groups (i.e. the copiotrophic pseudomonads, the copiotrophic
bacteria, fast growing low nutrient bacteria, and fast growing cellulolytic bacteria) in the
grapevine rhizosphere was significantly higher under the commercial ‘Jeffries’ compost than
the bare soil (mechanically weeded) control treatment (increased 3.2-fold, 1.9-fold, 1.4-fold
and 1.3-fold respectively). In contrast, the commercial ‘Jeffries’ forest mulch’ mulch did not
affect the copiotrophic pseudomonads or the copiotrophic bacteria. This mulch, surprisingly,
decreased the fast growing low nutrient bacteria and cellulolytic populations to lower than
those of the mechanically weeded control (decreased 26% and 2.5-fold respectively). The
wheat straw mulch when compared to the mechanically weeded control, enhanced only the
populations of fast growing low nutrient bacteria (by 23%) (P < 0.001) (Table 3.7).
Table 3.7 Copiotrophic bacterial groups (counted after 7d incubation) isolated from grapevine
rhizosphere, June 2004, Clare Valley, three years after application of organic amendments.
PS 1

CB 2

FLNB 3

FCB 4

104 cfu/g rfw

104 cfu/g rfw

104 cfu/g rfw

104 cfu/g rfw

Treatment

52±14.6 bc

187±32.1 bc

299±37.4 c

398±41.4 b

163±21.5 a

358±21.2 a

424±21.9 a

521±36.7 a

43± 9.1bc

144±27.8 c

221±39.6 d

210±43.8 c

Wheat straw mulch

65±12.1 b

228±28.8 b

368±25.1 b

364±34.8 b

L.s.d

26

48

55

68

P-value

<0.001

<0.001

<0.001

<0.001

Mechanically weeded
control
Commercial ‘Jeffries’
compost
Commercial ‘Jeffries’ forest
mulch

1

Copiotrophic pseudomonads;

growing cellulolytic bacteria.

2

copiotrophic bacteria;

3

fast growing low nutrient bacteria;

4

fast

Values within a column followed by the same letter are not

significantly different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01. rfw: root fresh weight.
± Standard Error of means (n=3).
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The rhizosphere populations at Clare Valley of culturable oligotrophic bacteria were 19%
higher under the commercial ‘Jeffries’ compost than the mechanically weeded control
treatment. However, this compost did not affect the slow growing cellulolytic bacteria. In
contrast, the commercial ‘Jeffries’ forest mulch decreased both slow growing populations
(26% and 43% respectively) to lower than those of the control. Straw mulch application when
compared to the mechanically weeded control promoted the highest rhizosphere populations
of both oligotrophic bacteria and slow growing cellulolytic bacteria (increasing 39% and 35%
respectively) (P < 0.001) (Table 3.8). None of the soil amendments significantly affected the
rhizosphere fungal groups at Clare Valley (Table 3.9).
Table 3.8 Oligotrophic bacterial groups (counted after 13 weeks incubation) isolated from grapevine
rhizosphere, June 2004, Clare Valley, three years after application of organic amendments.

OB 1

SCB 2

105 cfu/g rfw

105 cfu/g rfw

Mechanically weeded control

31±3.8 c

40±4.1 b

Commercial ‘Jeffries’ compost

37±2.8 b

39±3.5 b

Commercial ‘Jeffries’ forest

23±4.1 d

23±4.5 c

43±2.2 a

54±3.8 a

L.s.d

5.75

6.96

P-value

<0.001

<0.001

Treatment

mulch
Wheat straw mulch

1

oligotrophic bacteria; 2 slow growing cellulolytic bacteria. Values within a column followed by the

same letter are not significantly different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01. rfw:
root fresh weight. ± Standard Error of means (n=3).
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Table 3.9 Fungal groups and Oomycetes isolated from grapevine rhizosphere, Clare Valley, June
2004, three years after application of organic amendments.

Treatment

Cellulolytic

Oomycetes 2

General

fungi 1

102 cfu/g rfw

fungi 3

103 cfu/g rfw

103 cfu/g rfw

Mechanically weeded control

67±9.5

48±7.7

183±36.7

Commercial ‘Jeffries’

75±10.5

59±11.7

138±7.9

Commercial ‘Jeffries’ forest
mulch

73±23.9

139 ±45.7

131±29.4

Wheat straw mulch

110±20.2

101±29.3

193±13.6

0.287

0.100

0.200

compost

L.s.d
P-value
1

Cellulolytic fungi isolated on CCC agar; 2 oomycetes isolated on Masago Agar;

isolated on DRBC agar.

3

general fungi

Values within a column followed by the same letter are not significantly

different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01. rfw: root fresh weight. ± Standard
Error of means (n=3).

3.4.3 Population comparisons three years after application of two commercial
composts and a straw mulch, Langhorne Creek
At Langhorne Creek, three years after treatment application, the populations of the fast
growing rhizosphere bacterial groups under the commercial ‘Peats Nitra-mulch’ compost (i.e.
the copiotrophic pseudomonads, the copiotrophic bacteria, fast growing low nutrient bacteria,
and fast growing cellulolytic bacteria) were significantly higher than those under the
herbicide control treatment (increased 63%, 21%, 30% and 20% respectively). The
commercial GM compost increased the same bacterial groups to a greater extent (increased
113%, 110%, 76% and 66% respectively). In contrast, the straw mulch decreased these
bacterial populations to levels below the level for the herbicide control treatment (decreased
3.1-fold, 38%, 28% and 24% respectively) (P < 0.001) (Table 3.10).
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At Langhorne Creek, the rhizosphere populations of slow growing culturable bacterial groups
(oligotrophic and slow cellulolytic) were significantly higher under the commercial ‘Peats’
GM compost than the herbicide control treatment (increased 63% and 47% respectively). In
contrast, the commercial ‘Peats Nitra-mulch’ compost decreased both slow growing
populations to levels lower than those of the herbicide control treatment (decreased 37% and
33% respectively) (P < 0.001) (Table 3.11).
Table 3.10 Copiotrophic bacterial groups (counted after 7d incubation) isolated from grapevine
rhizosphere, Langhorne Creek, June 2004, three years after application of organic amendments.

PS 1

CB 2

FLNB 3

FCB 4

105 cfu/g rfw

105 cfu/g rfw

105 cfu/ rfw

105 cfu/g rfw

Herbicide control

257±37.8 c

313±45.3 c

538±72.7 c

536±67.2 c

Commercial ‘Peats

418±67.4 b

379±54.2 b

698±67.2 b

645±62.2 b

549±38.2 a

657±65.4 a

948 ±80.7 a

892±54.6 a

Wheat straw mulch

82±6.8 d

194±13.2 d

386±15.9 d

410±18.8 d

L.s.d

7.5

8.4

9.3

9.8

P-value

<0.001

<0.001

<0.001

<0.001

Treatment

Nitra-mulch’
compost
Commercial ‘Peats’
GM compost

1

Copiotrophic pseudomonads;

2

copiotrophic bacteria;

3

fast growing low nutrient bacteria;

4

fast

growing cellulolytic bacteria. Values within a column followed by the same letter are not significantly
different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01 rfw: root fresh weight. ± Standard
Error of means (n=3).

59

Table 3.11 Oligotrophic bacterial groups (counted after 13 weeks incubation) isolated from the
grapevine rhizosphere, Langhorne Creek, June 2004, three years after application of organic
amendments.

OB 1

SCB 2

105 cfu/g rfw

105 cfu/g rfw

Herbicide control

63±7.6 b

64±7.3 b

Commercial ‘Peats Nitra-

40±1.4 c

43±1.9 c

103±2.6 a

94±5.7 a

Wheat straw mulch

72±6.7 b

66±6.2 b

L.s.d

9.1

9.9

P-value

<0.001

<0.001

Treatment

mulch’ compost
Commercial ‘Peats’ GM
compost

1

oligotrophic bacteria; 2 slow growing cellulolytic bacteria. Values within a column followed by the

same letter are not significantly different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01. rfw:
root fresh weight. ± Standard Error of means (n=3).

The culturable populations of rhizosphere cellulolytic fungi, general fungi, and oomycetes at
Langhorne Creek were significantly increased, by the commercial ‘Peats Nitra-mulch’
compost (increased 90%, 2.9-fold, and 3.0-fold respectively). The commercial ‘Peats’ GM
compost also increased the populations of these fungal groups (3.0-fold, 14.6-fold, and 4.9fold respectively). Similarly, the fungal groups were increased by the straw mulch treatment
(2.5-fold, 2.5-fold and 3.2-fold respectively) (P < 0.001) (Table 3.12). Fungal populations
under bare soil by herbicide application were significantly lower than all other treatments.
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Table 3.12 Fungal groups and Oomycetes isolated from grapevine rhizosphere, Langhorne Creek,
June 2004, three years after application of organic amendments.

Treatment

Cellulolytic

Oomycetes 2

General fungi 3

fungi 1

102 cfu/g rfw

103 cfu/g rfw

103 cfu/g rfw
Herbicide control

81±21.3 d

14±3.2 c

51±5.7 d

Commercial ‘Peats Nitra-

154±23.4 c

30±7.6 b

152±18.9 c

244±17.7 a

205±41.9 a

250±18.2 a

Straw mulch

206±25.2 b

35±8.7 b

164±10.7 b

L.s.d

3.79

3.77

2.5

P-value

<0.001

<0.001

<0.001

mulch’ compost
Commercial ‘Peats’ GM
compost

1

Cellulolytic fungi isolated on CCC agar;

2

oomycetes isolated on Masago Agar;

3

general fungi

isolated on DRBC agar. Values within a column followed by the same letter are not significantly
different based on L.s.d (P < 0.05) Bonferroni critical value: 0.01 rfw: root fresh weight. ± Standard
Error of means (n=3).
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3.4.4 Soil Moisture and plant growth
There were no significant treatment differences in soil moisture in October 2006, one year
after the treatments were applied at Wagga Wagga; or in June 2004, three years after
application in Langhorne Creek. However, at the Clare Valley site, three years after the
organic amendments were applied, soil moisture was significantly greater for the mulches
(Green Organics mulch and wheat straw mulch) than for the ‘Green Organics’ compost and
the bare soil (by herbicide) control (Table 3.13).
Pruning weights were determined at Wagga Wagga one year after compost application, and at
the Clare Valley and Langhorne Creek sites three years after the organic amendments were
applied. At Wagga Wagga, the sawdust GM compost and pine bark GM compost caused
significant increases in pruning weight compared with the bare soil control by herbicide
treatment (22% and 36% greater respectively). Interestingly, mechanical weeding decreased
the pruning weight to 21% below that of the herbicide bare soil treatment (P = 0.009). At the
Clare Valley site, pruning weights were significantly increased by the ‘Jeffries’ compost
(11%), ‘Jeffries’ forest mulch (22%), and wheat straw mulch (56%). Pruning weights at
Langhorne Creek were significantly increased by the ‘Peats Nitra-mulch compost (33%
increase), ‘Peats’ GM compost (87% increase) and wheat straw mulch (33% increase) (Table
3.13).
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Table 3.13 Soil moisture and plant growth.
Site

1

Location

Treatments

Soil
moisture
(%)

a

Pruning
weights
(kg / vine)

Wagga Wagga
x

2

Bare soil control by herbicide

33

1.15 b

Sawdust GM compost

31

1.41 a

Pinebark GM compost

34

1.56 a

Bare soil control by mechanical weeding

26

0.91 c

P-value

0.757

0.009

P – Adjusted.

0.216

0.216

L.s.d

213

0.21

Clare Valley y

*
Bare soil control by mechanical weeding

27 b

0.45 d

Commercial ‘Jeffries’ compost.

25 b

0.50 c

Commercial ‘Jeffries’forest mulch

36 a

0.55 b

Wheat straw mulch

36 a

0.70 a

P-value
P – Adjusted.

0.013
0.011
4.3

0.05
0.04

L.s.d

3

a

Langhorne
Creek y

*
Bare soil control by herbicide

28

0.75 c

Commercial ‘Peats Nitra-mulch’ compost

29

1.0 b

Commercial ‘Peats Soils’ GM compost

25

1.4 a

Wheat straw mulch

32

1.0 b

P-value

0.266

0.05

P – Adjusted.

0.417

-

L.s.d

3.6

0.20

Gravimetric soil moisture, 0-10cm deep,

x

October 2006, one year after treatment

application.(Wagga Wagga)y June 2004, three years after treatment application (Clare Valley and
Langhorne Creek). * Pruning weight data taken from previous study, (Penfold, 2003). Values within a

63

column followed by the same letter are not significantly different based on L.s.d (P < 0.05) Bonferroni
critical value: 0.01. P-Adjusted = Bonferroni correction.

3.5 Discussion

Chapter 3

The vineyard sites in South Australia had two different bare vineyard soil control treatments.
The herbicide glyphosate was applied at the Langhorne Creek trial site while mechanical
weeding was applied at the Clare Valley trial site. To clarify the effects on soil microbes by
the different methods of weed removal used for the vineyard control plots, there were two
bare soil control treatments at Wagga Wagga: one maintained by application of herbicide
(commercial glyphosate product ‘Roundup’) and the other by mechanical weeding.
Effect of glyphosate on rhizosphere bacteria
The Wagga Wagga compost trial established that both the copiotrophic (fast growing
cellulolytic and fast growing low nutrient) and oligotrophic (general oligotrophs and slow
growing cellulolytic) bacterial populations in the grapevine rhizosphere were significantly
decreased by the glyphosate herbicide application in comparison to mechanical weeding.
This indicates that the herbicide must have interfered with the maintenance or establishment
of these bacterial rhizosphere populations. These results complement and extend the results
from Whitelaw-Weckert, et al. (2007) who, in a permanent sward investigation, reported that
copiotrophic (fast growing cellulolytic) bacteria populations in the grapevine rhizosphere
were significantly decreased in bare herbicide under-vine soil. However, as that 2007 sward
study lacked a non-herbicide control treatment, there was a possibility that the decreased
bacterial populations may have been attributed to the absence of living plant roots, as well as
a direct herbicide effect. The use of a mechanical weeding treatment in the current research
project has proved that glyphosate had a direct toxic effect on the rhizosphere bacterial
populations.
Some studies have also found that glyphosate herbicides in vitro and in field conditions
caused significantly lower bacterial rhizosphere and bulk soil populations (Druille, et al.
2016; Sebiomo, et al. 2011 and Tanney, et al. 2010). A laboratory study showed that in vitro
concentrations of glyphosate to the soil at field application levels (5-10 mg/mL) resulted in
severe growth inhibition of fungal species (Tanney, et al. 2010). Druille, et al. (2016) found
the populations of bacterial diazotrophs were significantly reduced after four yearly
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applications of glyphosate. Sebiomo, et al. (2011) found that glyphosate decreased soil
bacteria and Actinobacteria populations in cassava soil. Other herbicides have been found to
decrease Actinobacteria in particular, whereas other bacterial groups have appeared to not
undergo any population changes and some bacterial groups have been found to increase
under herbicide applications (Jacobsen, et al. 2014; Lone, et al. 2014 and Newman, et al.
2016). Various studies indicate the effects of glyphosate on rhizosphere and soil microbial
populations are both direct and indirect.
These results from the current study support those of Newman, et al. (2016) who reported
that, in a long-term cropping NGS study, rhizosphere Acidobacteria decreased in response to
glyphosate exposure. Acidobacteria are included within ‘oligotrophs’ in the current study
(Table 3.5) and these groups were, indeed, decreased by glyphosate. Newman, et al (2016)
also showed that rhizosphere Proteobacteria increased following glyphosate exposure.
Although the Proteobacteria populations, included within ‘copiotrophic pseudomonads’ and
‘copiotrophic bacteria’ in the current study (Table 3.4) did not change after glyphosate
exposure, the overall result would still be similar to that observed by Newman, et al. (2016):
an increase in Proteobacteria relative abundance and a decrease in the relative abundance of
Acidobacteria in response to glyphosate exposure. As members of the Acidobacteria play
important roles in biogeochemical processes, a decrease in their relative abundance could
lead to significant changes in nutrient status of the rhizosphere (Newman, et al. 2016).
On the other hand, in contrast to these results, a DGGE and PLFA study by Sheng, et al.
(2012) found that glyphosate had only a slight effect on the general wheat rhizosphere
microbiota and it actually stimulated the growth of soil bacteria under no-tillage pea. A longterm (10 years) pine plantation Biolog-GN™ experiment also concluded that glyphosate had
minimal effects overall (Busse, et al. 2001). The differing observations on the effects of
glyphosate on rhizosphere microbial communities are most likely influenced by analytical
methods used, length of the study period, climatic conditions, and soil parameters such as
tillage, soil health and glyphosate application rates (Newman, et al. 2016). For instance,
analytical methods demonstrate different aspects of microbial communities such as genetic
diversity or functional diversity (substrate utilisation). Climatic conditions and soil
parameters such as organic matter content influence microbial species richness and diversity
influencing the effects of glyphosate on microbial communities (Druille, et al. 2016;
Jacobsen, et al. 2014; Newman, et al. 2016; Saha, et al. 2013 and Tatti, et al. 2012).
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At Langhorne Creek, copiotrophic bacterial populations under herbicide (glyphosate)
application were significantly lower than the populations found under both commercial
composts, wheat straw application lead to the lowest copiotrophic bacterial populations. The
longer-term effects of glyphosate application on the vineyard rhizosphere copiotrophic
bacterial populations resulted in significantly lower populations compared to the copiotrophic
bacterial populations under both commercial composts. Copiotrophic bacterial populations
under herbicide application in Wagga Wagga were also significantly lower compared to the
GM composts. Although oligotrophic bacterial populations under herbicide application at
Langhorne creek were found to be significantly higher than populations under wheat straw
and ‘Peats nitra’ mulch compost, oligotrophic bacterial populations where still significantly
higher under the ‘Peats’ GM compost. These results may suggest that GM based composts
sustain higher copiotrophic and oligotrophic bacterial populations compared to other types of
mulches and glyphosate application under different climatic conditions in the immediate and
long-terms.
Effect of glyphosate on rhizosphere fungi
Despite the four annual glyphosate applications at the Wagga Wagga trail site the rhizosphere
celluloytic and general fungal populations were not significantly lower than the bare soil
control by mechanical weeding. These results are in agreement with the findings of Hart, et
al. (2009) who used molecular techniques to show that glyphosate application did not affect
fungal communities in the corn rhizosphere. Druille, et al. (2016) however, observed
decreases in fungal populations (total and viable spore numbers of arbuscular and dark
septate endophytes) with four annual applications of glyphosate. Furthermore, the four
applications of glyphosate resulted in a decrease in the percentage of plant roots colonised by
dark septate endophytes and arbuscules (Druille, et al. 2016).
Glyphosate did significantly increase the rhizosphere oomycete populations. This result is in
agreement with Liu, et al. (1997) who reported a predisposition by glyphosate of bean roots
to colonization by Pythium spp. However, as the herbicide did not deleteriously affect the
pruning weight, in comparison with the bare soil by mechanical weeding, it is likely that the
oomycetes were not pathogenic. Pythium spp., are oomycetes that commonly behave as plant
parasites, although many live as saprophytes. Interestingly, some Pythium spp. are beneficial
mycoparasites, with biological control properties against pathogenic fungi some of the well66

known Phythium species are; P. oligandrum, P. acanthophoron and P. periplocum (Paul,
2009 and Yacoub, et al. 2016). Indeed, Pugliese, et al. (2008) reported that an unidentified
oomycete, isolated from compost on Masago agar, had biological control activity against
plant pathogenic fungi Fusarium oxysporum, Rhizoctonia solani, and Phytophthora
nicotianae.
Studies have investigated the effects of glyphosate on fungal populations in bulk soil, but the
results have been contradictory. Araujo, et al. (2003) reported that glyphosate actually
increased the fungal populations in bulk soil. In contrast, Sebiomo, et al. (2011) found that
application of glyphosate to cassava bulk soil caused an immediate decrease in the soil fungal
populations, although the populations began increasing again four weeks afterwards. Six
weeks after glyphosate application, fungal populations were slightly lower than the control
(Sebiomo, et al. 2011). At Langhorne creek, glyphosate application resulted in significantly
lower fungal populations than all other treatment applications.
The effect of glyphosate on fungal populations in this study differed between the Wagga
Wagga and Langhorne Creek vineyard trials. No effect on cellulolytic and general fungal
populations was found in Wagga Wagga, whereas all fungal groups were significantly
decreased at Langhorne Creek. The number of glyphosate applications differed between the
two sites (Wagga Wagga and Langhorne Creek) and may indeed have been a factor that
influenced the results of the current study. The Langhorne Creek site had received herbicide
applications across all treatments since the completion of the trial in 2002 and rhizosphere
samples were taken eighteen months after the trial’s completion. Long-term glyphosate
application history is known to influence both bacterial and fungal populations in the
rhizosphere (Druille et al. 2016 and Newman et al. 2016).
Another notable difference between the two sites is annual rainfall, where Wagga Wagga
received an average of 523mm and Langhorne Creek received only 383mm. Although
glyphosate is strongly adsorbed to soil, it is also highly soluble compared to other herbicides
(Aslam, et al 2014). The work of Aslam, et al (2014) involved analysing the dissipation and
leaching of glyphosate when applied to mulch covered soil columns under different rainfall
types (low intensity and frequent or high intensity and less frequent). Results from the work
of Aslam, et al (2014) found greater amounts of aminomethylphosphonic acid (AMPA – a
glyphosate metabolite produced by microbes) in the soil under the mulch layer when exposed
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to high intensity, less frequent rainfall, whereas, low intensity and frequent rainfall resulted in
greater amounts of AMPA in the mulch layer (after 14 days). The effects of glyphosate on
fungal populations under a range of different rainfall areas were not found in the literature
covered in this study. However, Druille, et al. (2016) found a significant decrease in the
percentage of arbuscules colonising plant roots when glyphosate concentration was increased
from 0.8L/ha to 3L/ha.

Grape marc composts: Wagga Wagga and Langhorne Creek trial sites
Both GM composts caused more than 2-fold increases in the rhizosphere populations of every
bacterial group tested, consistent with the tendency of soil bacteria to act as early indicators
of the effects of soil amendments (Castano, et al. 2014; Sarma, et al. 2015; Wardle, et al.,
2001; Powlson, et al. 1987 and Zaccardelli, et al. 2013). Several studies have reported the
beneficial effects of compost application on soil and rhizosphere microbial populations
(Bernard, et al. 2012; Castano, et al. 2014; Chang, et al. 2007; Perez-Piqueres, et al. 2006
and Zaccardelli, et al. 2013). The pinebark GM compost caused significantly greater
increases in the rhizosphere microbial populations compared with the sawdust GM compost,
possibly because the sawdust GM compost contained higher levels of soluble salts and
available copper (1940 mg/kg and 16 mg/kg respectively) than the pine bark GM compost
(455 mg/kg and 6 mg/kg respectively). High salt levels and heavy metals are known to
interfere with microbial metabolic processes and can reduce microbial communities
(Baumann, et al. 2013 and Yuan, et al. 2007).
Copiotrophic bacteria favour high carbon environments and oligotrophic bacteria outcompete copiotrophs in low resource environments (Fierer, et al. 2007). The distribution of
these bacterial groups may reveal the resource use characteristics of the bacterial community
(Donn, et al. 2015 and Fierer, et al. 2007). The present investigation showed that there was
great stimulation of the rhizosphere general copiotrophic bacteria and the copiotrophic
pseudomonad bacteria by GM compost, with lower stimulation of the oligotrophic bacteria.
These results are consistent with the findings of Hu, et al. (1999) who reported that soil
copiotrophs and oligotrophs responded differently to the increase in available C after
incorporation of cover crop debris, with greater peaks for the copiotrophs. Long incubation
periods and low nutrient media favour the isolation of oligotrophic bacteria. Sait, et al. (2002)
found that, under these conditions, most oligotrophic bacteria belonged to the phylum
68

Acidobacteria. Acidobacteria were also reported to be dominant and metabolically active in
rhizosphere soil (Lee, et al. 2008).
The copiotrophic pseudomonads were the most abundant of the bacteria in the grapevine
rhizosphere. This finding supports the results of Karagöz, et al. (2012) who reported that
members of the Gamma-proteobacteria were the most abundant in the rhizosphere of wild
grape in Turkey. Whitelaw-Weckert, et al. (2007) also showed that pseudomonads were more
abundant in the rhizosphere than the bulk soil of wine grapevines (Vitis vinifera). Plant roots
generally tend to be selective towards members of the Pseudomonas genus (Marilley, et al.,
1999). Pseudomonads with plant growth promoting (nitrogen-fixing, phosphate-solubilizing
and/or siderophore producing) properties have been isolated from the rhizosphere of wild
grapevines (Karagöz, et al. (2012). Similar plant growth promoting activity of wine grape
rhizosphere bacteria were also reported by Marasco, et al. (2013) for grapevines in Italy,
Tunisia and Egypt. The plant growth promoting activities of wine grapevine rhizosphere
microorganisms in Australia has not yet been investigated and should be explored further.
A large proportion of the culturable bacteria in the grapevine rhizosphere consisted of
cellulolytic bacteria (both fast and slow growing) and these results are in agreement with
those reported by Whitelaw-Weckert, et al. (2007). Cellulolytic enzymes probably confer an
advantage for colonisation of the grapevine rhizosphere. In support of this, the colonisation of
Chardonnay plantlets by a plant growth promoting cellulolytic bacterium, Burkholderia sp.
strain PsJN, appeared to be aided by cell wall-degrading cellulolytic enzymes allowing the
bacterium to enter the root internal tissues (Compant, et al. 2005). Long incubation periods
were used for the isolation of the slow growing cellulolytic bacteria. It is possible that this
bacterial group may be part of the previously ‘unculturable’ soil bacterial population but this
needs further investigation.
The soil and rhizosphere contains diverse communities of microorganisms able to attack or
suppress plant pathogenic fungi. Fungistasis is reported to be strongest in soils with high
organic carbon content and high microbial activity. Pseudomonas spp. and cellulolytic
bacteria have been implicated as major causes of such fungistasis (Sturz, et al. 2003 and
Whipps, 2001). Increasing soil organic carbon in the vineyard may result in a ‘suppressive’
soil: one that suppresses grapevine root pathogens. The GM composts had no significant
effect on the free-living rhizosphere fungal groups other than the oomycete populations,
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which were decreased. Although increases in bacterial populations due to the addition of
composts were observed in this current study, no correlations between population increases
and vineyard disease incidence were observed, as none of the vineyards trialled displayed
symptoms of disease.
At Langhorne Creek the commercial (‘Peats’) GM compost caused increased grapevine
pruning weights, indicating that it was beneficial to plant growth, consistent with the GM
compost results at Wagga Wagga. The GM compost also increased the rhizosphere
populations of every bacterial group tested, although to a lesser degree than at Wagga Wagga.
The disparity in bacterial response to GM compost was probably caused by factors associated
with the different soil types, differences in the GM composts applied and different time of
year the soil samples were collected. The commercial GM compost used at Langhorne Creek
had much higher levels of soluble salts (3,260 mg/kg) and contained much higher levels of
copper (99 mg/kg) compared with the two Wagga Wagga GM composts (soluble salts 1,940
and 455mg/kg, copper 6 and 16 mg/kg).
Another important factor affecting the rhizosphere bacterial response to the GM composts is
the time lag after compost application. The soil microbial analysis was undertaken three years
after compost application at Langhorne Creek, but after only one year at Wagga Wagga. In
addition, the time of year also can influence the rhizosphere populations greatly. Donn, et al.
(2015) observed temporal changes in wheat rhizosphere bacteria, depending on the time of
year they were isolated. As the changes did not occur in the bulk soil, these authors inferred
that the rhizosphere changes were plant-driven rather than due to seasonal changes in the soil
biota. In the present investigation, the Wagga Wagga soil samples were collected in spring
time (October), a period associated with rapid increases in root growth and root exudation,
whereas the South Australian samples were collected in winter (June), a time when the
grapevines are dormant and root exudation minimal.
At Langhorne Creek, the ‘Peats’ GM compost also caused more than 3-fold increases in the
rhizosphere fungal populations, including a 14.6-fold increase in oomycetes which would be
expected to have been deleterious to the grapevine root health. However, as the GM compost
actually caused an 87% increase in pruning weights, indicating that these oomycetes did not
affect the grapevines deleteriously, it is likely that as in Wagga Wagga, many of the
oomycetes isolated using Masago agar were not plant pathogens.
70

At Wagga Wagga, two types of GM compost were prepared within the current project, using
Chardonnay grape marc from the Charles Sturt University winery and two carbon sources:
pine sawdust and pine bark accessed from a local saw mill. Both types of GM compost
caused equivalent significant increases in the grapevine pruning weights (compared to both
bare soil controls), indicating that the application of the GM composts was beneficial to vine
growth. This result was also observed at Langhorne Creek where pruning weights were
highest under the ‘Peats’ GM compost compared to the bare soil control (herbicide) and the
other organic soil amendments. Many studies have also found the addition of organic matter
in the form of mulches and composts to increase grapevine growth parameters (Garcia –
Orenes, et al 2016; Guerra, et al. 2016; Lakey, 2003; Masoud, et al. 2012; Nguyen, et al.
2013 and Travis, 2003). Although compost are considered to be useful fertilisers due to the
presence of available nutrients, a major contribution to the enhancement plant growth is
microbial mediated nutrient cycling.
Non-grape marc composts and mulches in South Australia
At Langhorne Creek, the commercial compost ‘Peats Nitra-mulch’ (produced with green
waste instead of grape marc) increased the grapevine pruning weights, indicating that, as for
the GM compost on the same site, it was beneficial to plant growth. It also increased the
populations of all culturable fast growing bacterial groups in the rhizosphere, but to a lesser
extent than the GM compost. The ‘Peats Nitra-mulch’ compost also increased three
rhizosphere fungal groups at Langhorne Creek, albeit to a lesser extent than the GM compost.
However, in contrast to the GM compost, ‘Peats Nitra-mulch’ compost decreased the
oligotrophic bacterial and the slow growing cellulolytic bacterial populations, indicating that
some factors in this compost were deleterious to the oligotrophic bacteria. The responsible
deleterious factors of this compost are not known, although it contained more toxic elements
(aluminium, cadmium, cobalt, manganese, nickel, sodium, and zinc) than the GM compost.
Tada and Inoue, (2000) reported that oligotrophic bacteria were very susceptible to toxic
substances including heavy metals, and postulated that toxins may prevent the efficient
utilisation of nutrients in a nutritionally deficient (oligotrophic) environment.
At Clare Valley, the application of the commercial ‘Jeffries’ compost, the ‘Jeffries’ forest
mulch and the wheat straw mulch all increased the pruning weights, indicating that they were
beneficial to plant growth. ‘Jeffries’ compost stimulated every tested rhizosphere bacterial
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group except the ‘slow growing cellulolytic bacteria’. In contrast, the ‘Jeffries’ forest mulch
had either no effect or a deleterious effect on the bacterial groups tested, indicating that
factors in this compost were quite deleterious to rhizosphere bacteria.
Wheat straw mulch
The wheat straw mulch significantly increased pruning weights at both Clare Valley and
Langhorne Creek. Soil moisture was significantly increased by the straw mulch at Clare
Valley, but not at Langhorne Creek; possibly because of the higher rainfall and smaller
canopies at Clare Valley.
At Clare Valley, the straw mulch was not deleterious to the population of any microbial
group in the grapevine rhizosphere. The wheat straw, which was not chemically analysed but
likely to have contained relatively low levels of heavy metals or toxin, increased the
rhizosphere ‘fast growing low nutrient’ bacterial group and the oligotrophic rhizosphere
bacterial groups. This positive effect of wheat straw mulch was consistent with the results of
Siczek, et al. (2012) who reported that wheat straw mulch increased the culturable soil
bacterial count in a soy bean trial; and Sofo, et al. (2014) who showed the long-term effect
(12 years) on total culturable fungi (on malt extract agar) to be 7.4 fold greater than the
fungal CFU’s found at the conventional site (no mulch).

Surprisingly, the wheat straw mulch had no effect on the rhizosphere fungal groups
(cellulolytic, oomycete or general fungi) at Clare Valley, whereas at Langhorne Creek the
same wheat straw mulch caused significant increases in these three fungal groups. The wheat
straw also increased the oligotrophic bacteria at Clare Valley but not at Langhorne Creek.
Possible reasons for these disparities might include differences in the methods used to
remove weeds at these two South Australian sites. Control plots were maintained weed free
using mechanical cultivation at Clare Valley, whereas herbicide was used at Langhorne
Creek. As seen above, the herbicide treatment at Wagga Wagga decreased the rhizosphere
copiotrophic and oligotrophic bacteria, and increased the oomycete fungi in the control plots,
but had no effect on the other fungal groups. The effects of herbicides or cultivation on the
rhizosphere are likely to differ with different soil types, climates, grapevine cultivar and
grapevine size.
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3.6 Conclusion

Chapter 3

The results of this investigation demonstrated that copiotrophic and oligotrophic bacterial
populations in the grapevine rhizosphere were significantly decreased by glyphosate
herbicide application in comparison to mechanical weeding, indicating that the herbicide
appeared to have interfered with the maintenance or establishment of these bacterial
rhizosphere populations. In addition, organic soil amendments positively affected grapevine
rhizosphere bacterial colonisation. Two GM composts prepared within the current project,
using Chardonnay grape marc from the Charles Sturt University winery and pine sawdust or
pine bark, caused the greatest population increases in the rhizosphere of every culturable
copiotrophic and oligotrophic bacterial group, at Wagga Wagga, NSW. Significant increases
in these bacterial populations were also caused by the commercially prepared GM compost,
at Langhorne Creek, SA; three years after application. Differences in the effects of these
composts on rhizosphere bacteria may be partially attributed to differences in their soluble
salts and heavy metal content, although other environmental factors are probably also
involved. The addition of the two GM composts affected the population of microbial groups
differently, which leads to the next research question in this thesis; does a single application
of GM compost increase vineyard microbial functional diversity after 12 months?
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Chapter Four

Changes in grapevine rhizosphere microbial
populations after application of vineyard soil
amendments by culture dependent
methodology: Biolog EcoplatesTM Community
Level Physiological Profiling (CLPP)
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4.1 Summary

Chapter 4

This study examined the effects of composts and mulches on the carbon substrate utilisation
of the grapevine rhizosphere microorganisms, using BiologTM Ecoplates. The BiologTM
Ecoplate method is useful for the analysis of functional soil microbial community analysis.
Shifts in the grapevine rhizosphere microbial community were observed through principal
component analysis of the community-level physiological profiles (CLPPs). Absorbance
densities (590nm) were analysed to understand the effects of two GM composts on the
vineyard microbial community. Overall carbon utilisation significantly increased in the
sawdust and pinebark based GM compost treatments. The lowest utilisation of carbon
substrates, were by microbial communities under herbicide application. These results indicate
that the vineyard rhizosphere microbial community dynamics were significantly altered by
the addition of sawdust and pinebark based GM composts.
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4.2 Introduction

Chapter 4

The objective of this chapter was to examine the response of the grapevine rhizosphere
microbial community structure to the addition of the two types of grape marc (GM) compost
(pine sawdust and pine bark) and two vineyard bare soil control treatments (herbicide and
mechanically weeded) at the Wagga Wagga Charles Sturt University vineyard, as outlined in
Chapter 3. Rhizosphere samples were collected one year after treatment applications. The
rhizosphere microbial diversity (functionality) under different conditions or environments
was determined using Biolog EcoplatesTM which contain 31 common carbon substrates for
soil community analysis. When the 31 carbon sources are utilized by the microbial cells
respiration reduces a tetrazolium dye to form a purple colour. The carbon substrates in the
Biolog EcoplateTM represent common soil and root exudates (Lohmus, et al. 2006 and
Preston-Mafham, et al. 2002). A list of carbon substrates included in the Biolog EcoplateTM is
displayed Table 4.1.
The common methods applied for statistical analysis of Biolog EcoplateTM data to allow the
interpretation of microbial community function and functional diversity involve the
transformation of raw absorbance values (590nm) to Average Well Colour Development
(AWCD) values (Frac, et al. 2012; Garland, et al. 1997 and Preston-Mafham, et al. 2002).
Microbial community function is also referred to as microbial community ‘richness’ which
identifies the number of positive carbon substrate utilizations. By quantifying the microbial
community function we are able to decipher differences in microbial communities under
different environments or agricultural treatments. Functional diversity refers to the ‘evenness’
in response to the carbon substrate utilization, i.e., showing which carbon substrates were
most or least utilized by a particular microbial community. Differences in diversity indices
due to the application of soil amendments have been well documented with the use of Biolog
EcoplatesTM and can successfully determine differences in microbial responses (Garland, et
al. 1991; Gryta, et al. 2014 and Preston-Mafham, et al. 2002).
Most investigations on the effects of vineyard soil amendments have concentrated on
vineyard parameters such as the soil nutrient availability and grapevine physiology (yield and
vine growth) (Chan, et al. 2011; Guerra, et al. 2012 and Schmidt, et al. 2014). Changes in
rhizosphere microbial functional diversity by the addition of soil amendments in vineyards
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are poorly understood, particularly in temperate regions (Mackie, et al 2015). There is much
interest in the Australian viticulture industry for the incorporation of grape marc into
vineyard compost products. Two types of GM compost were prepared within the current
project using Chardonnay grape marc from the Charles Sturt University winery and pine
sawdust or pine bark (as described in Chapter 3). The addition of these two GM composts
influenced the populations of microbial groups differently, which leads to the further
exploration of the main thesis hypothesis, that the addition of GM composts increases
functional vineyard microbial diversity.
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4.3 Materials and methods

Chapter 4

4.3.1 Vineyard site, sample collection and inoculation of BiologTM Ecoplates
Rhizosphere samples were collected one year after treatment application at the Wagga Wagga
vineyard trial site (as described in Chapter 3). Microbial cell dispersion from the rhizosphere
was performed by placing, 1g fresh roots into 9ml of sterile PBS solution (as in Chapter 3).
Microbial cell dispersion of samples was achieved by the following process: 20 second
vortex, 15 second sonication, and shaken for 30 minutes at 250rpm in a water bath (samples
placed inside icebox at 5C). This washing method is a widely used method to collect
rhizosphere samples (Knief, et al. 2012).Samples were kept on ice and serial dilutions were
made until the chosen dilution of 104 was achieved (Lohmus, et al 2006). Aliquots (150u µl)
of the 104 dilution suspension were placed into each well of the Biolog™ Ecoplate. Control
water wells were inoculated with sterile PBS solution.
The Biolog EcoplatesTM were then incubated at 25C and read using a Quant KC4 plate
reader (Bio-TekTM Instruments) at the wavelength of 590nm to assess microbial utilisation of
carbon substrates. Carbon substrates included in the Biolog EcoplatesTM is displayed in
Table 4.1 A manual colour change assessment was also made to monitor and confirm positive
plate responses on day 8, results displayed in (Appendix 4).
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Table 4.1 BiologTM Ecoplate Carbon substrates list showing the 31 Carbon substrates, including a
water control for the analysis of community-level physiological profiles.
Substrate Number.

Substrate Name.

Carbon group.

1

Water

NA. Water control.

2

-methyl-D-Glucoside.

Carbohydrate

3

D-Galactonic acid -Lactone

Carboxylic and ketonic acids

4

L-Arginine

Amino acid

5

Pyruvic acid Methyl ester

Carbohydrate

6

D-Xylose

Carbohydrate

7

D-Galacturonic acid

Carboxylic and ketonic acids

8

L-Asparagine

Amino acid

9

Tween 40

Polymer

10

i-Erythritol

Carbohydrate

11

2-Hydroxy Benzoic acid

Carboxylic and ketonic acids

12

L-Phenylalanine

Amino acid

13

Tween 80

Polymer

14

D-Mannitol

Carbohydrate

15

4-Hydroxy Benzoic acid

Carboxylic and ketonic acids

16

L-serine

Amino acid

17

-cyclodextrin

Polymer

18

N-Actetyl-D-Glucosamine

Carbohydrate

19

-Hydroxybutyric acid

Carboxylic and ketonic acids

20

L-Threonine

Amino acid

21

Glycogen

Polymer

22

D-Glucosaminic acid

Carboxylic and ketonic acids

23

Itaconic acid

Carboxylic and ketonic acids

24

Glycyl-L-Glutamic acid

Amino acid

25

D-Cellobiose

Carbohydrate

26

Glucose-1-Phosphate

Carbohydrate

27

-Ketobutyric acid

Carboxylic and ketonic acids

28

Phenylethyl-amine

Amine

29

-D-Lactose

Carbohydrate

30

D,L--Glycerol Phosphate

Carbohydrate

31

D-Malic acid

Carboxylic and ketonic acids

32

Putrescine

Amine
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Diagram by BiologTM. Ecoplate carbon substrate list. www.biolog.com,2007.

4.3.2 Community level physiological profiling (CLPP) analysis, kinetic approach for the
selection of AWCD analysis and overall community richness
Rhizosphere diversity in terms of overall community richness (S) is defined as the number of
positive wells (carbon substrates, over 0.250Abs) out of the total number of carbon substrates
(31 wells) (Zak, et al. 1994). The number of positive well responses can be determined
through a variety of methods including counting any OD value greater than the blanked
control well = 0.00 (Janniche, et al. 2012). The method chosen for this study was to exclude
any blanked mean OD values under an absorbance of 0.250. Blanked OD values (ODi) that
yielded a negative value after subtraction from the water control were assigned a value of 0.
Mean (ODi) values over 0.250 are helpful in eliminating any false positives and more
effective for functional ‘richness’ (functional diversity) of Ecoplate analysis (Cycon, et al.
2013; Insam, 2004; Garland, 1997; and San Miguel, et al. 2007).
An average absorbance of 0.300 at 590nm was chosen for statistical analysis in this study for
three principal reasons: (i) To help eliminate false positive well responses (Garland, 1997);
(ii) An Average Well Colour Absorbance (AWCD) of 0.30 absorbance units was found to be
the point at which ‘all wells on average indicate a positive response’ by Garland, et al. (1999)
and (iii) is a common parameter for BiologTM Ecoplate analysis (San Miguel, et al. 2007). To
overcome inoculum density effects and time variations, a kinetic approach was used to pick a
particular time where most wells (e.g. absorbance of 0.250) are positive (Garland, et al. 1997
and Preston-Mafham, et al 2002). Thus the chosen time point for Principal Component
Analysis (PCA) of The BiologTM Ecoplates was 48 hours after inoculation (Figure 4.2).
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4.3.3 Overall carbon utilisation (AWCD) and PCA: CLLP of rhizosphere microbial
community dynamics prior to and after treatment applications
Overall substrate utilisation patterns were compared using transformed ODi absorbance
values. Transformed data were calculated by dividing each individual well response by
AWCD (Garland, et al. 1991; Frac, et al. 2012 and Weber, et al. 2007). Overall colour
development in BiologTM Ecoplate analysis is referred to as Average Well Colour
Development (AWCD). The formula for AWCD is the sum of absorbances for all 31
substrates (ODi) / total number of substrates.
AWCD = ∑ODi /31
AWCD values were used for statistical analysis of overall microbial community changes
(ANOVA and PCA) (Garlands, et al. 1991; Lohmus, et al. 2006 and San Miguel, et al. 2007).

4.3.4 Diversity estimates: calculation of Shannon-Weaver diversity indices for Richness
(H) and Evenness (E)
Diversity richness of colour development for all substrates was calculated with the ShannonWeaver Diversity Index defined as:
H = –Σ pi (lnpi)
Where pi is the proportion of the activity of individual substrate (ODi) to the sum of all
substrate activity (∑ODi) pertaining to a certain treatment (Adolfsson, 2008; Frac, et al.
2012; Garland, et al. 2001 and Gryta, et al. 2014). Shannon diversity in terms of ‘evenness’ is
calculated by analysing the differences in colour development among (positive wells) carbon
substrates (Gryta, et al. 2014 and Zak, et al. 1994). Shannon-Weaver Diversity Index (H) and
the total number of species in the community (treatment) (S) are used to calculate microbial
community evenness.
Shannon diversity Evenness (E) was calculated as:
E = H / ln S
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4.3.5 CLPP of carbon groups: rhizosphere microbial response after treatment
applications
BiologTM Ecoplate substrates were placed into a carbon group according to Frac, et al.
(2012): Gryta, et al. (2014) and Zak, et al. (1994) to analyze treatment effects on vineyard
rhizosphere community diversity and populations. ODi absorbance values were used for
analysing microbial population response to vineyard soil treatments using ANOVA.
Transformed data were used for PCA to find treatment influences on microbial community
dynamics (diversity similarities) within carbon groups (Garland, et al. 1991) in the vineyard
rhizosphere. Blanked absorbance values can misrepresent community dynamics (diversity
similarities) due to optical density influences. Therefore, transformed data is the chosen
method for multivariate analysis of microbial community dynamics (diversity similarities)
(Chaudhry, et al. 2012 and Garland, 1991). An outline of the steps taken in this study for
community level physiological profiling is outlined in figure 4.1, on the left hand side.
4.3.6 Parameters for statistical analysis
Treatment application at the Wagga Wagga vineyard trial site was the same as in Chapter 3
and applied according to a randomised design. BiologTM Ecoplates were randomised inside
an incubator (25̊C, darkness) to account for any variations in temperature. Statistical analysis
was completed using XLSTAT Pro and SPSS 23. To achieve the best data resolution, within
BiologTM Ecoplate replicates were not averaged and treated as individual replicates (Classen,
et al. 2003). One-way ANOVA was used for treatment comparisons of microbial diversity
(population) and Principal Component Analysis (PCA) was used to observe treatment
influences on vineyard rhizosphere microbial carbon utilisation patterns (diversity
similarities).
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Carbon source profiling of rhizosphere microbial communities using the Biolog
Ecoplates™

Rhizosphere microbial cells inoculated in
all wells minus the control well.

Tetrazolium dye reduction.
Colour changes indicate
carbon source utilization.

Community Level Physiological Profile.

Overall rate.
Average Well
Colour
Development
(AWCD).

Richness & eveness of
colour development in
wells (Diversity).

Pricipal Component Analysis
(PCA) of well patterns (similarity).
Figure 4.1 BiologTM Ecoplates methodology. The
diagram demonstrates the analysis steps taken in this study for community level physiological
profiling analysis. Garland, J. (1997).
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4.4 Results

Chapter 4

4.4.1 Chosen time point for statistical analysis (Average Well Colour
Development - AWCD)
The rhizosphere samples reached an average well colour development of 0.300 absorbance
units at 590nm, 48 hours after plate inoculation (Figure 4.2). The chosen time point for
further analysis of Biolog TM Ecoplates was after 48 hours of incubation.

AWCD at 590nm

Kinetic AWCD time point.
1
0.8
0.6

Pinebark

0.4

Sawdust

0.2

Herbicide

0
24

48
Hours.
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Soil Cont.

Figure 4.2 Kinetic analysis of average well colour development at 590nm, 24, 48, and 72 hours after
the inoculation of BiologTM Ecoplates with rhizosphere treatment samples. Rhizosphere soil from
Wagga Wagga CSU vineyard. Colours represent; blue – Pinebark GM compost, Red – Sawdust GM
compost, Green- Herbicide control and Purple – mechanically weeded control.

4.4.2 Overall carbon substrate utilisation (AWCD): microbial response after treatment
application (transformed) absorbance means at 590nm (after 48 h)
There were significant changes in AWCD absorbance means on overall carbon substrate
utilisation between the rhizosphere samples. The pinebark and sawdust based GM composts
had significantly higher overall carbon substrate utilisation compared to the herbicide and
mechanically weeded controls. The mechanically weeded control displayed significantly
higher overall carbon substrate utilisation compared to the herbicide control treatment (Table
4.2).
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The utilisation of five substrates by the vineyard rhizosphere microbial community differed
from the other substrates. All five belonged to the carbohydrate Substrates (S) group along
the first principal component (S2, S14, S6, S25 and S18) (Figure 4.3). D-Xylose (S6) in
particular showed a positive correlation to the application of sawdust GM compost along the
first principal component (Figure 4.3). N-Actetyl-D-Glucosamine (S18), D-Cellobiose (S25),
-methyl-D-Glucoside (S2) and D-Mannitol (W14) were positively correlated to all the
applied treatments. D-Mannitol (S14) was evenly utilised by the microbial populations under
all treatments (Figure 4.3). The PCA of rhizosphere samples after treatment application
shows a separation of treatments, suggesting specific treatment influence over the vineyard
microbial community diversity.
Sawdust GM compost in particular was clustered together, clearly separated from all other
treatments (Figure 4.3). Pinebark GM compost centroid points was clustered in close
proximity to five carbon substrates indicating utilisation of the substrates by the vineyard
microbial community under pinebark GM compost (Figure 4.3). In particular substrates Lserine (S16), -Hydroxybutyric acid (S19) and Phenylethyl-amine (S28) were utilised by
microbial communities living under pinebark GM compost, along the second principal
component (Figure 4.3). Total variance accounted for by the first two principal components
was 46%.
Table 4.2 AWCD substrate utilisation one year after treatment application in Wagga Wagga,
rhizosphere samples.

Treatment

AWCD means

Pinebark 1

0.423 a

Sawdust 2

0.422 a

Herbicide 3

0.309 c

Mechanically weeded 4

0.376 b

P-value
L.s.d

<0.001
0.0315

Absorbance (590nm) means using one-way ANOVA, Fisher L.s.d, 48 h incubation.(1) Pinebark based
grape marc compost, (2) Sawdust based grape marc compost, (3) Herbicide control, (4) Mechanically
weeded control. Letters represent statistically different groups. Bonferroni critical value: 0.01.
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Biplot of substrate loadings after treatment applications.

2

S25
S18

S28S19
S16 S23

F2 (18.15 %)

1

S8
S7 S32
S4
S3
S9
S31
S5
S13
S15

0

S14

S2

S6

-1

-2
-5

-4

-3

-2

-1

0

1

2

3

4

5

F1 (27.90 %)
Figure 4.3 Principal components biplot showing treatment distributions and substrate loadings after
vineyard treatment applications based on average well colour development data for rhizosphere soil
samples from Wagga Wagga vineyard. S – substrate number. Coloured circles represent; pink –
sawdust grape marc compost, green – pinebark grape marc compost, blue – herbicide control, orange
– bare soil control mechanically weeded. Variance accounted for by the first two principal
components was 46%.
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4.4.3 Diversity Richness (S) and the Shannon-Weaver Index (H, E)
The Shannon-Weaver index is a functional diversity measure that incorporates both
community richness (H) and evenness (E) (Frac, et al. 2012). There were no significant
differences in Shannon-Weaver Richness index (H) or Shannon-Weaver Evenness index (E)
between the Wagga Wagga vineyard treatments (Table 4.3).
There is some, limited, indication that the microbial population under pinebark GM compost
may have been higher in diversity richness than that for sawdust GM compost, and that both
GM composts may have had higher Diversity Richness than the herbicide and bare soil
controls, although this was not tested statistically. Diversity Richness associated with the two
GM composts would have indicated that unique microbial species may have been introduced
into the Wagga Wagga vineyard soil, and hence the grapevine rhizosphere (Table 4.3).
Table 4.4 displays the carbon substrates utilized by the microbial population sampled from
the Wagga Wagga vineyard trial site. Substrates were counted as positive for microbial
utilization only when absorbances (590 nm) were >0.250. A total of 19 carbon substrates
showed positive utilization by the microbial community in the rhizosphere samples from one
or more of the treatments and were thus chosen for the analysis of microbial evenness. Of the
substrates showing positive utilisation, most were utilised by microbial communities under
every treatment. Exceptions were itaconic acid (S23) which was utilized by pinebark GM
compost only; phenylethyl-amine (S28), utilised by all except herbicide; and D-malic acid
(S31), utilised by all except bare soil by mechanical weeding.

87

Table 4.3 The effects of compost and herbicide treatments on diversity Richness, and ShannonWeaver diversity index (H, E) - richness) and (E – evenness).
Treatment

Richness (S)

1

Shannon-Weaver

Diversity
1

index (H).2

Shannon-Weaver
index (E)3

Bare soil

17

2.828 ± 0.018

0.601 ± 0.018

Herbicide

17

2.738 ± 0.036

0.621 ± 0.036

Sawdust

18

2.827 ± 0.008

0.602 ± 0.009

Pinebark

19

2.810 ± 0.018

0.612 ± 0.017

L.s.d

NA

0.131

0.0008

P-value

NA

0.999

0.765

Number of positive carbon substrate utilisations; 2 Richness; 3 Evenness. Mean ± SD, n = 3.

Fisher’s L.s.d (P = 0.05). Bonferroni critical value: 0.01. Bare soil – mechanically weeded control,
Herbicide – control, Sawdust – sawdust grape marc compost, Pinebark – pinebark grape marc
compost. NA: not applicable.
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Table 4.4 BiologTM Ecoplate Substrate absorbance means (ODi) at 590nm.
Substrate
number and

Substrate Name.

Sawdust

Pinebark

Herbicide

Bare soil

group.
1

Water

.000

.000

.000

.000

2

-methyl-D-Glucoside.

.996

.758

.605

.999

3

D-Galactonic acid -Lactone.

.641

.609

.485

.629

4

L-Arginine

.374

.397

.294

.358

5

Pyruvic acid Methyl ester

.485

.510

.388

.417

6

D-Xylose

.570

.458

.392

.432

7

D-Galacturonic acid

1.248

1.288

.980

1.002

8

L- Asparagine

.660

.828

.545

.641

9

Tween 40

.726

.669

.630

.712

10

i-Erythritol

.060

.149

.027

.119

11

2-Hydroxy Benzoic acid

.112

.116

.056

.066

12

L-Phenylalanine

0.090

.120

.061

.085

13

Tween 80

.447

.433

.414

.379

14

D-Mannitol

.758

.690

.688

.690

15

4-Hydroxy Benzoic acid

.404

.452

.302

.340

16

L-serine

.474

.550

.342

.402

17

-cyclodextrin

.044

.044

.020

.037

18

N-Actetyl-D-Glucosamine

1.416

1.106

.819

1.324

19

-Hydroxybutyric acid

.496

.554

.462

.463

20

L-Threonine

.023

.028

.015

.027

21

Glycogen

.177

.144

.057

.061

22

D-Glucosaminic acid

.169

.185

.121

.162

23

Itaconic acid

.237

.283

.156

.197

24

Glycyl-L-Glutamic acid

.109

.117

.050

.075

25

D-Cellobiose

.815

.843

.532

.832

26

Glucose-1-Phosphate

.201

.160

.063

.137

27

-Ketobutyric acid

.002

.015

.001

.050

28

Phenylethyl-amine

.330

.407

.206

.285

29

-D-Lactose

.003

.079

.017

.007

30

D,L--Glycerol Phosphate

.209

.217

.161

.179

31

D-Malic acid

.417

.477

.321

.193

32

Putrescine

.361

.415

.363

.325

Rhizosphere samples from CSU, Wagga Wagga vineyard. Bare soil – mechanically weeded control,
Herbicide – control, Sawdust – sawdust grape marc compost, Pinebark – pinebark grape marc
compost. Numbers highlighted in grey are counted as positive for microbial utilisation, as absorbance
(590nm) > 0.250.
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4.4.4 Evenness, by Carbon groups after the application of treatments at
vineyard, Wagga Wagga
Carboxylic and ketonic acids
Six out of the nine (66%) total carboxylic and ketonic acids showed a significant treatment
effect in the means of blanked optical density (ODi). The highest carboxylic acid utilisation
was found in substrate D-Galacturonic acid (S7), where both GM composts produced
significantly higher ODi means. Rhizosphere microbial communities under both GM
composts utilised four out of the total six carboxylic and ketonic acids significantly more than
microbial communities under bare soil (mechanically weeded) and herbicide controls. The
application of both GM composts had a significant effect on the microbial population able to
metabolise carboxylic and ketonic acids (Figure 4.4).
Five out of the total six carboxylic and ketonic acids resulted in no significant treatment
differences between the pinebark and sawdust GM compost communities. Microbial
communities capable of metabolising carboxylic and ketonic acids were not affected by small
material variations (i.e. pinebark or sawdust) of the GM composts. Microbial communities
under the bare treatments (herbicide and mechanical weeded) generally utilised fewer
substrates when compared with the compost treatments (Figure 4.4).
Pinebark GM compost centroid points (in green) were located along the first principal
component, showing a positive correlation with the utilisation of the carboxylic and ketonic
acids by the microbial community (Figure 4.5). D-Galactonic acid γ-Lactone (S3) utilisation
differed from all the other carboxylic and ketonic acids utilised by the microbial community,
indicating that its utilisation by the microbial community was not influenced by the
application of pinebark GM compost in particular (Figure 4.5). Sawdust GM compost
centroid points was clustered together indicating a positive correlation in carboxylic and
ketonic acid utilisation along the second principal component (Figure 4.5). Total variance in
data of 56.8% was explained by the first two principal components (Figure 4.5).
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Carboxylic and Ketonic acids.
Absorbance at 590nm
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Figure 4.4 ODi absorbance (590nm) means, rhizosphere samples from Wagga Wagga vineyard.
Carboxylic acids. 3: D-Galactonic acid -Lactone, P value < 0.001, 7: D-Galacturonic acid, P value <
0.001, 15: 4-Hydroxy Benzoic acid, P value < 0.001, 19: -Hydroxybutyric acid, P value: 0.02, 23:
Itaconic acid, P value <0.001, 31; D-Malic acid, P value: 0.01. Error bars 0.05% standard error. P
value 0.05, Bonferroni critical value: 0.01. Fisher’s L.s.d, one way ANOVA. Absorbance means
within substrate groups that have different letters are statistically different. Colours represent; bluebare soil (mechanically weeded), red – Pinebark grape marc compost, green – Sawdust grape marc
compost and purple – Herbicide control.
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Principal components biplot of carboxylic and ketonic acids.
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Figure 4.5 Principal components biplot showing the utilisation of Carboxylic acids (Transformed
data) among rhizosphere samples after applied treatments in Wagga Wagga vineyard. S –
substrates. 3: D-Galactonic acid -Lactone; 7: D-Galacturonic acid; 15: 4-Hydroxy Benzoic acid; 19:
-Hydroxybutyric acid; 23: Itaconic acid; 31: D-Malic acid. Coloured circles represent; pink –
sawdust grape marc compost, green – pinebark grape marc compost, orange– bare soil control
(mechanically weeded), blue – herbicide control. 51.2% of variance accounted for by the first two
principal components.

Amino Acids
Three out of six substrates were found to have significant treatment effects on amino acid
utilisation. Pinebark GM compost treatment significantly influenced microbial utilisation of
amino acids compared to the bare soil (mechanically weeded) and herbicide control
treatments in substrates L-Asparagine (S8) and L-Serine (S16). Amino acid utilisation by the
microbial community under the bare soil and herbicide controls was not statistically different
across all three substrates, S4, S8 and S16 (L-Arginine, L-Asparagine, and L-Serine
respective). A clear significant difference in amino acid utilisation was found for LAsparagine (S8) between microbial communities under the two GM composts. The
application of pinebark GM compost influenced vineyard rhizosphere microbial communities
to utilise higher amounts of amino acids compared to herbicide control (Figure 4.6).
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Amino acids.
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Figure 4.6 ODi absorbance (590nm) means, rhizosphere samples from Wagga Wagga vineyard.
Amino acids; (4); L-Arginine P value: 0.01, (8); L-Asparagine P value: <0.001, (16); L-Serine, P
value: 0.02. Error bars 0.05% standard error. Absorbance means within substrate groups that have
different letters are statistically different P value 0.05. Bonferroni critical value: 0.01.Fisher’s L.s.d
one way ANOVA. Colours represent; blue - bare soil by (mechanically weeded), red – Pinebark grape
marc compost, green – Sawdust grape marc compost and purple – Herbicide control.

The Principal components biplot for utilisation of amino acids showed that pinebark GM
compost centroid points (in green) was dispersed mainly in the direction of substrates LAsparagine (S8) and L-Serine (S16) suggesting an influence of their utilisation by the
microbial communities under pinebark GM compost. L- Arginine (S4) was utilised by the
vineyard microbial community differently from the other two amino acids suggesting this
substrate was not influenced by the application of pinebark GM compost in particular. 78.4%
of the variance was accounted for by the first two principal components (Figure 4.7).
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Principal components biplot of amino acids.
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Figure 4.7 Principal components biplot showing the utilisation of Amino acids (transformed data)
among rhizosphere samples after applied treatments, Wagga Wagga vineyard. S- substrates. W4: LArginine; W8: L-Asparagine; W16: L-Serine. Coloured circles represent; pink – sawdust grape marc
compost, green – pinebark grape marc compost, orange – bare soil control (mechanically weeded),
blue – herbicide control. 78.4% of variance accounted for by the first two principal components.

Carbohydrates
Six out the total ten carbohydrates were found to have significant treatment effects on
microbial carbohydrate utilisation. Microbial communities under herbicide application
showed significantly less utilisation in two of the positive carbohydrate substrates N-Actetyld- glucosamine (S18) and D-Cellobiose (S25) when compared to all other treatments. 'There
was no significant difference in the utilisation of d-Mannitol (S14) by the rhizosphere
microbial communities from the different treatments.The utilisation of N-Actetyl-dglucosamine (S18) differed significantly between the sawdust GM compost and the pinebark
GM compost. Microbial communities under sawdust GM compost had a significantly higher
utilisation of N-Acetyl-d- glucosamine (S18) compared to the microbial communities under
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Pinebark GM compost and herbicide application Although there was only one statistically
significant difference between the two GM composts in carbohydrate utilisation, microbial
communities under sawdust GM compost utilised higher amounts in four of the six
carbohydrate substrates compared to pinebark GM compost (Figure 4.8).
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Figure 4.8 ODi of absorbance (590nm) means, rhizosphere samples from Wagga Wagga vineyard.
Carbohydrates; (2) b-methyl-d-Glucoside, P value: 0.01. (5) Pyruvic acid methyl ester, P value:
<0.001; (6) d-Xylose, P value: 0.09; (14) d-Mannitol, P value: 0.61; (18) N-Actetyl-D-Glucosamine P
value: <0.001 and (25) D-Cellobiose, P value: 0.02. Error bars 0.05% standard error Absorbance
means within substrate groups that have different letters are statistically different P value 0.05.
Bonferroni critical value: 0.01. Fisher’s L.s.d one way ANOVA. Colours represent; blue- bare soil
(mechanically weeded), red – Pinebark grape marc compost, green – Sawdust grape marc compost
and purple – Herbicide control.
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Pyruvic acid methyl ester (S5) vector was in between the sawdust GM compost and the
pinebark GM compost centroid clusters, indicating that the utilisation of Pyruvic acid methyl
ester (S5) was associated with microbial communities under both GM composts. Microbial
communities under sawdust GM compost were correlated with the utilisation of d-Xylose
(S6), where the substrate vector was in close proximity to the sawdust GM centroids cluster
along the second principal component (Figure 4.9).

Principal components biplot of carbohydrates.
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Figure 4.9 Principal components biplot on the utilisation of Carbohydrates (transformed data) among
rhizosphere samples after applied treatments, Wagga Wagga vineyard. S-substrate. (S2) b-methyl-dGlucoside, (S5) Pyruvic acid methyl ester, (S6) d-Xylose; (S14) d-Mannitol; (S18) N-Actetyl-DGlucosamine and (S25) D-Cellobiose. Coloured circle represent; pink – sawdust grape marc compost,
green – pinebark grape marc compost, orange – bare soil control (mechanically weeded), blue –
herbicide control. 70.6% of variance accounted for by the first two principal components.
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The other carbohydrate substrate vectors were located in between sawdust GM compost and
bare soil (mechanically weeded) and pinebark GM compost indicating the utilisation of these
substrates were slightly varied by the microbial communities under the bare soil and both GM
composts (Figure 4.9). 70.6% of the total variance in data was represented by the first two
principal components. Interestingly, the herbicide data (blue) were more highly distributed
than the other treatments, indicating that the utilisation of carbohydrates by the microbial
communities in this treatment was diverse’ (Figure 4.9).

Amides and Amines
Microbial communities under Pinebark based GM compost utilised significantly higher
amounts of Phenylethyl-amine (S28) compared with both microbial communities under bare
soil controls (mechanically weeded and herbicide). Rhizosphere microbial communities
utilised significantly higher amounts of Phenylethyl-amine from under the sawdust GM
compost than from the herbicide treatment. There was a significantly lower utilisation of
Putrescine (S32) by microbial communities under the bare soil (mechanically weeded)
treatment, compared with all other treatments applied (Figure 4.10).

Principal component analysis showed that the sawdust GM compost data were clustered
together along the second principal component, suggesting an influence on the utilisation of
amines, amides and polymers. Microbial communities under bare soil (mechanically weeded)
were clustered close to both GM composts suggesting some shared similarities in the
utilisation of amines and amides. Pinebark GM compost centroid points were in close
proximity to Putrescine (S32) and Phenylethylamine (S28) vector loadings, suggesting
utilisation of these substrates by the microbial community was influenced by the application
of pinebark GM compost (Figure 4.11).
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Figure 4.10 ODi of absorbance (590nm) means, rhizosphere samples from Wagga Wagga vineyard.
Amines and Amides, Putrescine (32), P value: 0.020 and (28) Phenylethylamine, P value: <0.001.
Error bars 0.05%. Absorbance means within substrate groups that have different letters are
statistically different P value 0.05. Bonferroni critical value: 0.01. Fisher’s L.s.d. Colours represent;
blue- bare soil by cultivation, red – Pinebark GM compost, green – Sawdust GM compost and purple
– Herbicide application.
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Principal components biplot of amines, amides & polymers.
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Figure 4.11 Principal components biplot on the utilisation of amines, amides and polymers among
rhizosphere samples after applied treatments, Wagga Wagga vineyard. S- substrate. Transformed data.
Putrescine (32), (28) Phenylethylamine, (9) – Tween 40 and (13) – Tween 80. Coloured circles
represent; pink– sawdust grape marc compost, green – pinebark grape marc compost, orange – bare
soil control (mechanically weeded), blue – herbicide control. 79.9% of variance accounted for by the
first two principal components.
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Polymers.
Polymer substrate utilisation (Tween 40, S9; Tween 80, S3; α-cyclodextrin and glycogen)
was not influenced by any of the vineyard treatments (Figure 4.12).
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Figure 4.12 (ODi) of absorbance (590nm) mean, rhizoshpere samples from Wagga Wagga vineyard.
Polymers, 9 – Tween 40, P value: 0.20 and 13 – Tween 80, P value: 0.15. Error bars 0.05%.
Absorbance means within substrate groups that have different letters are statistically different P value
0.05. Bonferroni critical value: 0.01. Fisher’s L.s.d. Colours represent; blue- bare soil (mechanically
weeded), red – Pinebark grape marc compost, green – Sawdust grape marc compost and purple –
Herbicide control.
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4.5 Discussion

Chapter 4

Kinetic analysis
The kinetic approach taken demonstrated that the majority of wells on the Biolog EcoplateTM
reached an absorbance unit above 0.250 absorbance units at 590nm, after 48hrs of incubation,
the point at which data are most suitable for statistical analysis (Garland, 1991). A kinetic
approach proved to be useful in attaining significant differences in functional microbial
response for vineyard soil amendments.
Overall carbon substrate utilisation – AWCD
When overall BiologTM Ecoplates carbon utilisation by rhizosphere microbial communities
were compared, a significant increase in AWCD was found after the application of the GM
compost treatments, indicating differences in overall carbon utilization of the microbial
grapevine rhizosphere communities under these composts. The increased diversity of the
carbons utilised in the Ecoplate 48 hours after plate inoculation, by the microbial community
indicates higher microbial activity (Nair et al. 2012 and Scotti, et al. 2016)). The use of the
BiologTM Ecoplates AWCD approach is sensitive enough to find overall changes in soil
microbial ‘fingerprints’ due to the addition of soil amendments (Kumar, et al. 2017; PerezPiqueres, et al. 2006 and Scotti, et al. 2016). The carbons used in the Ecoplate are either
present in the rhizosphere by the production of grapevine root exudates, composts or in
rhizosphere soil (Datta, et al. 2017; Kumar, et al. 2017 and Lohmus, et al. 2006). Significant
differences in BiologTM Ecoplates carbon utilisation due to the addition of composts have
been found in other studies using the AWCD method (Kumar, et al. 2017; Nair, et al. 2012;
Perez-Piqueres, et al. 2006; Scotti, et al. 2016 and Sofo, et al. 2014).
Nair, et al. (2012) found the highest AWCD in field tomato soil after compost application
when compared to the non-compost control treatments. Another study on the application of
dairy sewage sludge on agricultural Eutric cambisol soil also showed significant increases in
AWCD compared with mineral fertilisation and soil without treatment (Frac, et al. 2012).
Sofo, et al. (2014) also found significant increases in AWCD in an olive orchard where
mulching was applied compared to tillage. Scotti, et al. (2016) found a significant increase in
AWCD due to the addition of two types of composts compared to the control. These findings
all highlight that the addition of composts increases functional soil microbial diversity.
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Increases in functional microbial diversity are associated with disease suppressive soils (Nair,
et al. 2012; Sofo, et al. 2014 and Zaccardelli, et al. 2013). As no disease symptoms were
observed in the vines of the three vineyards, it was not possible to determine differences in
disease levels for the different treatments
Shannon Weaver diversity indices (H and E) and Richness (S)
The number of positive carbon substrate utilisation wells increased across all grapevine
rhizosphere samples after compost application. The greatest diversity (richness) was found in
the rhizosphere samples collected after the application of pine bark based GM compost. This
is in agreement with the results of the dilution plating analysis in Chapter 3, where the pine
bark based GM compost treatment led to the highest levels of rhizosphere copiotrophic and
oligotrophic bacteria. Chaudhry, et al. (2012) and Sofo, et al. (2014) also found the greatest
richness from soils treated with composts, compared with conventional cultivation and fallow
grassland. The microbial community that showed the least increase in diversity (richness)
was from the rhizosphere samples collected after herbicide treatment. This is in agreement
with the results of the dilution plating analysis in Chapter 3, where the herbicide decreased
the rhizosphere copiotrophic and oligotrophic bacterial populations. No significant difference
in Shannon weaver diversity indices between microbial communities under the different
treatments was found. The study by Nair et al. (2012) was a three year study, comparing
composted treatments to non composted treatments and found that in one year even though
there was significant difference in the AWCD no significant difference among treatments was
observed in the Shannon Weaver richness index.
Functional Microbial community, by Carbon groups;
Carboxylic acids
Carboxylic acids were one of the largest groups of substrates to be utilized by the vineyard
rhizosphere samples from Wagga Wagga. Microbial communities under both GM composts
utilised carbohydrates significantly more than the vineyard controls (bare soil, mechanically
weeded and herbicide) in half of the utilised carboxylic and ketonic acids. Kumar, et al.
(2017), found farmyard manure influenced functional microbial diversity in a similar manner,
with the utilisation of carboxylic acids much greater under the farmyard manure than the
mineral fertilisers or no fertiliser treatments. The utilisation of four carboxylic acids that were
significantly increased by the addition of the GM composts in this study were also found to
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be significantly influenced by the addition of composts compared to the control in a study by
Scotti, et al. (2016). Organic amendments such as composts may influence the microbial
community by increasing the availability of simple sugars (Kumar, et al. 2017). Microbial
populations from herbicide treatments displayed the least amount of carboxylic acid
utilization.
Carboxylic acids are associated with the rhizosphere layer, where plant roots reside (Lohmus,
et al. 2006). Chardonnay vines under the GM based composts in Wagga Wagga had visibly
larger growth of fine young roots compared to the under-vine bare soil (mechanically
weeded) and herbicide control treatments (Data not shown). Large masses of fine roots
possibly produce and release root exudates including abundant levels of carboxylic acids and
thus increase the population of bacterial species that utilise carboxylic acids. Both sawdust
and pinebark GM composts uniquely influenced the utilisation of carboxylic and ketonic
acids by vineyard microbial communities.
Amino acids
Amino acids serve as an important source of nitrogen for soil microbes, Datta et al. (2017).
Microbial communities under both GM composts produced the highest levels of amino acid
utilisation, in particular pinebark GM compost. Chaudhry, et al. (2012) also found the
greatest utilisation of amino acids by microbial communities under organic cropping was
after yearly composted cow manure application, as compared with chemical cultivation
(fertilisers) and untreated fallow treatments. Furthermore, both GM composts positively
shifted the microbial community structure towards taxa that utilise amino acids. Amino acid
utilisation was also significantly increased by the addition of farmyard manure compost in a
study by Kumar, et al. (2017). Microbial communities under herbicide application produced
the lowest levels of amino acid utilisation.
Carbohydrates
Rhizosphere microbial communities under herbicide application produced the lowest
amounts of carbohydrate utilisation. Principal component analysis also showed the utilisation
of carbohydrates by microbial communities was least influenced by herbicide application,
which is in accordance with the results of Chaudhry, et al. (2012) who reported that
carbohydrates were least utilised by microbial communities under chemical cultivation. The
application of rye compost resulted in an increase in the utilisation of carbohydrates, similar
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to the results obtained in this study with the application of the two GM composts (Nair, et al.
2012). Furthermore, other types of compost have also been observed to significantly
influence the functional microbial community, as indicated by the increased utilisation of
carbohydrates (Kumar, et al. 2017 and Scotti, et al. 2016). These findings suggest compost
amendments favour the growth of microbial species that successfully utilise carbohydrates.
Rhizosphere microbial communities under the sawdust GM compost treatment produced
higher levels of carbohydrate utilisation compared to pinebark GM compost. Others have
reported that differences in substrate utilisation by different treatments have been
successfully observed with CLPP, (Kumar, et al. 2017; Lupwayi, et al. 2004 and Nair, et al.
2012). In the present investigation, the bare soil (mechanically weeded) control shared
similarities with pinebark GM compost, which concurs with other findings that microbial
communities introduced into a soil (via soil amendment) will share community dynamics
with the original soil microbial community (Rutgers, et al. 2015). Although carbohydrate
utilisation was uniform by microbial communities under herbicide treatment, it was utilised
in higher amounts by microbial communities under pinebark GM compost.
Amine, amide and polymers
Microbial communities under the pinebark based GM compost produced the highest
utilisation of amines and amides. Microbial communities under the sawdust GM compost
were similar to both vineyard controls (bare soil, mechanically weeded and herbicide) in the
utilisation of amines and amides. Kumar, et al. (2017) found the utilisation of amines on
Biolog Ecoplates were significantly different in farmyard manure (FYM) containing NPK
compared to the FYM and N treatment. These findings indicate that differences in compost
materials influence functional microbial diversity by favouring the growth of specific
microbes, such as those that are efficient in utilising amines.
The utilisation of polymers did not differ among the applied vineyard treatments in this study.
Studies by Kumar, et al. (2017) and Scotti, et al. (2016) also found that the addition of
composts did not alter the utilisation of polymers on the Biolog Ecoplates compared to the
controls. However, Chaudhry, et al. (2012) found the highest utilisation of polymers in
microbial communities under organic cultivation with the use of composted cow manure. The
compositional difference between composted cow manure and GM composts is a likely
influence for the difference in polymer utilisation between the results obtained in this study
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and the results presented by Chaudhry, et al. (2012). In the present investigation, bare soil
(mechanically weeded) shared some similarities with both GM composts in the utilisation of
amides, amines and polymers. This supports the theory that applied soil treatment share
(homogeneity) some microbial diversity with non- treated soils (Rutgers, et al. 2015).
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4.6 Conclusions

Chapter 4

The BiologTM Ecoplate was found to be a sensitive method of assessing differences in
microbial community structure between the soil control treatments and both GM composts.
In this study, microbial richness (diversity) was significantly increased for rhizosphere
microbial communities under pinebark GM compost. The BiologTM Ecoplate analysis of
overall carbon substrate utilisation revealed that the largest difference between treatments
was between the GM composts and herbicide treatments. Both GM composts increased
richness and evenness compared to herbicide treatment at the Wagga Wagga vineyard. This
work leads to the next research question addressed in the thesis; does a single application of
GM compost also increase vineyard microbial genetic diversity after 12 months?
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Chapter Five

Changes in grapevine rhizosphere microbial
populations after application of vineyard soil
amendments by culture independent
methodology: Terminal Restriction Fragment
Length Polymorphism (TRFLP)
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5.1 Summary

Chapter 5

Terminal Restriction Fragment Length Polymorphism (TRFLP) analysis is a useful
molecular, culture independent, technique for microbial diversity and population studies
(Dickie, et al. 2007 and Osborn, et al. 2000). This chapter investigates changes in microbial
diversity due to the addition of pinebark and sawdust based GM composts at the Wagga
Wagga vineyard, using the TRFLP technique, which enabled the comparison of a culture
independent method with the culture dependant methods used in Chapters 3 and 4. Culture
dependent methods can allow one species to outgrow another and thus may not lead to an
accurate estimate of soil populations or diversity structure. Hence a polyphasic approach is
recommended when investigating soil microbial dynamics (Hill, et al. 2000 and Lukow, et al.
2001). The rhizosphere samples used for TRFLP analysis were the same as those used for the
plate culturing and BiologTM Ecoplate community level physiological profiling (CLPP)
analysis described in Chapters 3 and 4 respectively.
The TRFLP technique showed that the rhizosphere bacterial community diversity was
increased by the application of the two different grape marc (GM) composts, but especially
by the pinebark GM compost. This result was consistent with the result of Chapter 3, using
culture plate methods. TRFLP analysis also supported the findings in Chapter 4 that the
addition of pinebark GM compost caused the most changed fungal and bacterial diversity in
the grapevine rhizosphere. Two out of the four enzyme digests from the TRFLP analysis
results demonstrated that pinebark GM compost had the most unique influence on fungal
community diversity.
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5.2 Introduction

Chapter 5

The main objectives in studies involving the addition of composts in vineyards have tended
to be centred on grapevine physiology rather than soil microbiological parameters (Fujita, et
al. 2010; Guerra, et al. 2012 and Schmidt, et al. 2014). An understanding of the influences of
grape marc (GM) composts on vineyard microbial community diversity was sought due to the
observed effects of composts on plant disease suppression in other horticultural crops.
Compost amendments that increase microbial populations and diversity are associated with
soil disease suppressive qualities such as induced systemic resistance and antagonism (PerezPiqueres, et al. 2006). A disease suppressive soil reduces the need for fungicide and
insecticide treatment, which would be an economic advantage to the viticulture industry.
Soil microbial diversity estimates by culture dependent methods may not be a true and
accurate account of diversity. It was formerly considered a major limitation to agar plate
culturing that a low proportion (from 1 to 22 %) of all soil microbes could be cultured (Kirk,
et al. 2004; Nannipieri, et al. 2003 and Van Insberghe, et al. 2013), although the use of
diffusion chambers, to allow provision of the chemical components of their natural
environment and extended incubation periods have increased culturability to over 40%
(Kaeberlein, et al. 2002; Janssen, et al. 2002 and Whitelaw-Weckert, et al. 2007). Population
estimates from culture dependent methods are influenced by the medium chosen. Culture
dependent methods can favour copiotrophs to out compete oligotrophic microbes, which may
result in the overestimation of copiotroph populations and the under representation of
oligotrophic populations (Janssen, et al. 2002).
For the investigation reported in this Chapter, DNA from grapevine rhizosphere samples
collected from the CSU vineyard trial was extracted for TRFLP analysis. These rhizosphere
samples were the same samples used for the plate culturing and BiologTM Ecoplate (CLPP)
methods described in Chapters 3 and 4 respectively. In Chapter 3, both the sawdust and
pinebark based GM composts lead to elevated grapevine rhizosphere populations of
culturable copiotrophic and oligotrophic bacteria. The findings from Chapter 3 were
consistent with the CLPP results of Chapter 4, which showed that carbon utilisation
significantly increased in the sawdust and pinebark based grape marc compost treatments.
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The main objective and research question addressed in this experimental chapter was to
determine what influence, after 12 months, a single application of the two different GM
composts (sawdust and pinebark based) had on the grapevine rhizosphere genetic microbial
community diversity. The Terminal Restriction Fragment Length Polymorphism (TRFLP)
method was chosen for determining the influences of the GM composts on the grapevine
rhizosphere microbial community dynamics. The TRFLP method is a commonly used
method for the detection and analysis of abundant dominant bacterial and fungal taxa and was
chosen over other molecular methods for its strengths such as reproducibility, rapidness and
potential to yield a higher number of Operational Taxanomic Units (OTUs) (Dickie., I.A and
FitzJohn., R.G 2007; Schutte et al. 2008 and Thies 2007).

5.3 Materials and Methods

Chapter 5

A schematic of the Terminal Restriction Fragment Length Polymorphism (TRFLP)
methodology is outlined (Figure 5.1). In the present study, DNA was extracted from
rhizosphere samples from the Wagga Wagga vineyard collected one year after compost
application.

5.3.1 Rhizosphere soil samples, storage and DNA extraction
The same root samples from the CSU Wagga Wagga vineyard used in Chapters 3 and 4 were
used for this experimental chapter. Briefly, afte loose soil was gently shaken from the
grapevine roots, 0.25g of rhizosphere soil was brushed off the roots and added to 2ml bead
solution tubes. Rhizosphere samples were stored at -80C, until DNA extraction. DNA
extraction was carried out according to instructions provided by the manufacturer (Mo-Bio
laboratories). Briefly, 0.25g of vineyard rhizosphere soil was placed in 2ml bead solution
tubes. The alternative lysis method used for the Ultra Clean Kit® (Mo-Bio laboratories) was
then performed. The extracted DNA supernatant was stored at -20C until further analysis.
DNA quality was checked on 2% agarose gels made in Tris-Borate-EDTA (TBE) buffer. An
ethidium bromide bath was used to stain the agarose gels. Agarose gels were loaded with 10
µl of DNA sample and 2 µl of loading dye. 6 µl of 100bp ladder (Promega) was also loaded
to determine the size of amplicons.

110

Fluorescent group
Primer
(A)

PCR amplification
(B)
Digestion with
restriction enzyme.

(C)
Fluorescence
intensity

Separation of the products.

Figure 5.1 Terminal Restriction Fragment Length Polymorphism (TRFLP) methodology. (A) PCR
stage depicting forward and reverse primers (arrows) where, the forward primer is labelled with a
fluorescent dye (red dot). (B) Digestion with restriction enzyme stage, depicting digestion (cutting
sites, arrows) of PCR product with restriction enzymes. (C) The separation of digested PCR products
stage, depicting the detection of terminal restriction fragment length fluorescence intensity (red peaks)
and base pair length (black arrows). Amended from http://nodens.ceab.csic.es/t-rfpred/method
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5.3.2 Polymerase Chain Reaction
5.3.2.1 Amplification of bacterial 16S rDNA
3 l of DNA (1:3 ng) was mixed into 9 l of Genereleaser®. Genereleaser® assists in the
amplification of DNA from soil by removing excess humic contaminants (Sikorski, et al.
2001 and Ferrari, et al. 2005). The genereleaser and DNA mix (12l), was added to the
master mix (38l) in 1.5 ml sterile tubes containing the materials outlined in Table 5.1

Table 5.1 PCR master mix used for the amplification of both bacterial and fungal DNA.

Volume (l) per Volume (l) for 15
Ingredients

sample.

Nuclease-free deionised water 25.2

samples.
378

10×PCR buffer

5

75

25 mM MgCl2

4

60

10mM dNTP’s

2

30

1mg/ml Rnase A

0.5

7.5

50 M Primer F27

0.5

7.5

50 M Primer R1492

0.5

7.5

(5 units/μl by ABgene).

0.3

4.5

Total Volume

38

570

Thermostable polymerase

Successful amplification of bacteria1 16S rDNA was achieved using the following PCR cycle
on thermocycler: 1 cycle for initial denaturation at 94C for 3 minutes, continued by 35
cycles of denaturation at 94C for 30 seconds, 30 seconds of annealing at 60C, DNA
replication for 90 seconds at 72C and 1 final cycle of DNA replication for 5 minutes at
72C. The labelled forward primer f27 (5’-Hex AGAGTTTGATCMTGGCTCAG-3’) binds
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to the E. coli 16S rDNA nucleotides 9-27 and the reverse primer r1492 (5’-6-Fam
TACGGYTACCTTGTTACGACTT-3’) binds to E.coli 16S rDNA nontranscribed spacer
(nts) 1513 – 1492. (Holmes, et al. 2000; Osborn, et al. 2000 and Rotenberg, et al. 2007). The
forward primer (f27) was labelled with the fluorescent dye Hex and the reverse primer
labelled with the fluorescent dye Fam.

5.3.2.2 Amplification of ITS1 and ITS 4 genes
The primers utilized to target the fungal community genome were Internal Transcribed
Spacer (ITS) 1 and 4, which cover regions between the 18S and 28S nuclear rDNA (White, et
al. 1990 and Gordes, et al, 1993). The sequences for ITS1 were 5’ (–Hex)
CTTGGTCATTTTAGAGGAAGTAA-3’

and

for

ITS

4,

5’-(6-Fam)

TCCTCCGCTTATTGATATGC -3’. PCR for the ITS region was achieved by using the same
master mix and method as displayed in Table 5.1. Amplification of ITS 1 and ITS 4 was
achieved by using the following PCR cycle program; Initial denaturation was 1 cycle for 3
minutes at 94C, continued by 45 cycles of denaturation at 94C 30 seconds, 1 minute of
annealing at 55C, DNA replication for 2 minutes at 72C and final extension at 72C for 7
minutes (Roy, et al. 2005).
5.3.3 Enzyme restriction digestion
A total aliquot of 30 l in sterile 1.5ml tubes was used for enzyme digestion of PCR products.
PCR product (10 l) was added to a 20 l master mix. There were five replicate samples per
treatment sample. Three restriction enzymes per sample were used for 16S rDNA digestion
these were; HhaI (5’ GCGC) at 37C, MspI (5’ CCGG) at 37C and RsaI (5’ GTAC) 37C.
Four restriction enzymes per sample were used for ITS 1-4 digestion: HhaI, MspI, RsaI and
TaqI (5’ TCGA) at 65C (Blackwood, et al. 2003; Dickie, et al. 2007; Edwards, et al. 2005;
Liu, et al. 1997 and Thies, 2007). Enzyme restriction digest master mix contained the
following: nuclease free deionised water 15.33l, 10X buffer 3.33l (10X Buffer type was
provided

with

relative

enzyme),

10

units/l

of

each

enzyme,

0.67l

(

by Fermentas, Life Sciences) and Bovine Serum Albumin (BSA) (20mg/mL) 0.67l. All
enzyme digests were incubated for 16 hours.
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5.3.4 Software and statistical analysis
Five rhizosphere replicates per treatment were digested separately with the following
enzymes; HhaI, MspI and RsaI (for bacteria) and HhaI, MspI, RsaI and TaqI (for fungi) were
sent for terminal fragment size analysis at Macquarie University, Sydney, using an ABI prism
377, a sequencer for TRFLP detection. Lengths of fluorescently labelled TRF profiles were
interpreted using Genemarker® 1.95 (Softgenetics, LLC Pennsylvania, USA). Due to the
internal size marker used on the 377, ABI prism sequencer, only Terminal Restriction
Fragments (TRF) between 50 bp to 500 bp were analysed. Peak sizes (bp), heights and
alignments were exported from Genemarker® 1.95 (Softgenetics, LLC Pennsylvania, USA)
into Excel, where peaks under 50 fluorescent units were deleted.
To cancel background noise and detect true peaks, a fixed detection threshold of 50 bp was
used (Benitez, et al. 2007; Embarcadero-Jimenez, et al. 2014; Rotenberg, et al. 2007;
Schutte, et al. 2008 and Tiquia, et al. 2002). Furthermore, TRFs that were present in three out
of the five treatment replicates (60%) were used for data analysis to further account for
variations in background noise (Benitez, et al. 2007 and Schutte, et al. 2008). To compare
community differences, TRFLP fragments of comparable sizes, within two base pair size
differences were ‘binned’ (categories of operational taxonomic units) into two base pairs to
compensate for analytical errors made in estimating the fragment lengths (Abdo, et al. 2006;
Benitez, et al. 2007; Lankau, et al. 2011 and Schutte, et al. 2008).
To compare microbial community differences using relative abundance, the non-parametric
Kruskall–Wallis test was performed. This test is suitable for TRFLP analysis when the
abundance of TRFs do not have a linear relation to template abundance (Benitez, et al. 2007).
Analysis of Covariance (ANCOVA) was used to test whether relative abundance and number
of TRFs differed between treatments (Lankau, et al. 2011). ANOVA was used to test for
differences in the number of TRFs (community richness) due to the application of treatments
(Tiquia, et al. 2002). Principal Component Analysis (PCA) was used to visualise the
influences of applied treatments on the vineyard microbial community diversity (richness and
relative abundance) (Rotenberg, et al. 2007 and Schutte, et al. 2008). Bonferroni corrections
were included with all statistical analysis. All statistical tests were performed with the
statistical software package XL STAT-Pro.
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5.4 Results

Chapter 5

5.4.1 Power soil DNA extraction
DNA extraction was successfully achieved with the MoBio Power Soil DNA extraction kit
(Maul, et al. 2014; Strickland, et al. 2009 and Thies, 2004). The agarose gel in Figure 5.2
shows DNA extracted from CSU rhizosphere samples. DNA extracted from the rhizosphere
samples yielded DNA larger than 10Kb (Figure 5.2). According to the MassRuler® DNA
ladder (by Fermentas), approximately 200ng/20μl of DNA was extracted.

(a)

(b)

bp
10000
3000
2000
1500
1031
500

Figure 5.2 Agarose gel showing DNA extracted from rhizosphere samples after the addition of
vineyard organic amendment treatments. (a) and (b) 10000 bp ladder. Top lanes 1-5: pinebark grape
marc compost replicates 1-5; lanes 6-10: herbicide control. Bottom lanes 1- 5, sawdust grape marc
compost; lanes 6- 10: bare soil (mechanically weeded) application.
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5.4.2 Terminal Restriction Fragment Length Polymorphism (TRFLP) diversity (species
richness) analysis of the bacterial and fungal communities under grape marc based
compost compared to conventional vineyard floor management practices
To determine the effect of the compost and herbicide treatments on the diversity of grapevine
rhizosphere bacteria and fungi, TRFLP profiles were subjected to multivariate statistical
analysis. Two types of analysis were performed on the standardised and aligned peak heights
1) they were transformed into presence/absence and 2) they were left unaltered with the
heights intact.
Composited bacterial restriction enzyme digests (presence/absence of HhaI, MspI and RsaI, 16S
TRF)

When the peak heights were transformed into presence/absence, principal component
analysis (PCA) of the composited restriction enzyme digests revealed a group of terminal
restriction fragments (TRFs) with species richness strongly associated with pinebark GM
compost. The close proximity of these TRFs centroids to the pinebark GM compost loading
suggests that the species richness of these bacterial species were uniquely influenced by the
application of pinebark GM compost along the second principal component axis. The bare
soil control (mechanically weeded) showed a strong association with a different group of
TRFs along the first principal component axis (fragments 132bp, 135bp, 137bp, 141bp,
142bp, 163bp and 325bp). Seven TRFs were associated with herbicide application (fragments
93bp, 105bp, 114bp, 118bp, 165bp, 234bp and 174bp). Nine TRFs were associated with
sawdust GM compost (fragments 60bp, 72bp, 112bp, 138bp, 140bp, 148bp, 159bp, 384bp,
and 390bp). Three TRFs were associated with both the application of herbicide and sawdust
GM compost (fragments 86bp, 123bp and 135bp) (Figure 5.3).
The rhizosphere bacterial community species richness under sawdust GM compost shared
similarities with bacterial communities under herbicide application and was positively
correlated with herbicide application (R = 0.319, P<0.05). There were non-significant trends
towards negative correlations between the microbial richness of the pinebark GM compost
treatment and other treatments (Table 5.2). No significant differences in the number of TRFs
were found after the application of vineyard treatments when a one-way ANOVA was
performed on the number of TRFs (Table 5.2).
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The bare soil (mechanically weeded) and sawdust GM compost treatments were not separated
by PCA in terms of fungal species richness (ITS1-4 TRF presence/absence). Twelve
fragments were strongly associated with Pinebark GM compost treatment and ten fragments
were strongly associated with the herbicide soil. The presence of fragments 137bp, 222bp,
238bp and 141bp was influenced by all applied treatments with the exception of Pinebark
GM compost (Figure 5.4). There were no significant negative correlations between fungal
species richness (presence/absence) under pinebark GM compost and the other applied
vineyard treatments (Table 5.3). No significant differences in the number of fungal TRFs
were found after the application of vineyard treatments when a one-way ANOVA was
performed on the number of TRFs (Table 5.3).

Principal components biplot of 16S TRF presence/absence.
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Figure 5.3 Principal component analysis biplot of rhizosphere bacterial 16S TRF presence/absence
data showing treatment loadings and TRF centroids from composited restriction digests (HhaI, MspI
& RsaI). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost and Herbicide control. Numbers in black are base pair lengths. 65.4% of variance accounted
for by the first two principal components.
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Table 5.2 Bacterial community diversity (Richness). Number of TRFs* and ANCOVA correlation
coefficients of bacterial species richness.
No. of
Treatment

TRFs*

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

14 NS ± 0.067

1

0.142

-0.214

0.005

Sawdust

14 NS ± 0.067

1

-0.214

0.319

Pinebark

22 NS ± 0.074

1

-0.255

Herbicide

13 NS ± 0.065

1

*Number of TRFs from composited restriction digests (HhaI, MspI and RsaI) of 16S TRFLP
presence/absence data from a subset of TRFs. Numbers in bold are significantly different from 0,
representing a negative or positive correlation. Significance level 95%. No Significant differences
(NS), one-way ANOVA (P value 0.617) Bonferroni individual confidence level: 98.75% ±, Standard
Error.
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Table 5.3 Fungal community diversity (Richness). Number of TRFs* and ANCOVA correlation
coefficients of fungal species richness.
No. of
Treatment

TRFs*

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

14 NS ±0.070

1

0.203

-0.089

-0.029

Sawdust

16 NS ±0.072

1

0.071

0.004

Pinebark

20 NS ± 0.074

1

0.388

Herbicide

19 NS ± 0.073

1

*Number of TRFs from composited restriction digests (HhaI, MspI, RsaI and Taq I) of ITS 1 - 4
TRFLP presence/absence data from a subset of TRFs. Numbers in bold are significantly different
from 0, representing a negative or positive correlation. Significance level 95% No Significant
differences (NS), one-way ANOVA (P value 0.750) Bonferroni individual confidence level: 98.75%

±, Standard Error.
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Principal components biplot of ITS 1-4 TRF presence/absence.
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Figure 5.4 Principal component analysis biplot of rhizosphere fungal ITS 1-4 TRF presence/absence
data showing treatment loadings and TRF centroids from composited restriction digests (HhaI, MspI,
RsaI & TaqI). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost, Herbicide control. Numbers in black are base pair lengths. 65.1% of variance accounted for
by the first two principal components.
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5.4.3 Bacterial community diversity of the bacterial community under compost based
vineyard floor management practices
In this section, TRFs were left unaltered with the heights intact, allowing an estimation of
relative abundance, rather than presence/absence.
Bacterial restriction enzyme digests (HhaI)
No significant correlation between treatments was found, indicating that the vineyard
treatments influenced different members of the vineyard bacterial rhizosphere community
(Table 5.4). There were clear differences in the HhaI bacterial diversity influenced by the
application of the different vineyard treatments. Fragment 123bp was associated with the
application of sawdust GM compost along the first principal component. Fragment 137bp,
was associated with bare soil (by mechanical weeding) treatment and Fragment 62bp was
associated with the application of pinebark GM compost (Figure 5.5).
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Table 5.4 ANCOVA correlation coefficients and significant differences in relative abundance of
bacterial 16S digested with HhaI.
Treatment

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

1

-0.180

-0.173

0

Sawdust

0.354 NS

1

-0.173

0

Pinebark

0.806 NS

0.496 NS

1

0

Herbicide

0.121 NS

0.531 NS

0.191 NS

1

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing negative or positive correlation. Significance level 95%. Values in italics
represent corrected Bonferroni P values, Bonferroni corrected significance level: 0.008. KruskalWallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment comparisons.
Kruskal-Wallis test P – value: 0.400. No Significant differences (NS).
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Principal components biplot of HhaI 16S digest.
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Figure 5.5 Bacterial principal component analysis biplot of rhizosphere treatment loadings and TRF
size (bp) scores, base pairs (16S), digested with HhaI. Data taken from TRF peak height data (relative
abundance). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost, and Herbicide control. Numbers in black are base pair lengths. Total variance accounted for
by the first two principal components 78.3%.

Bacterial restriction enzyme digests (MspI)
The principal components biplot of the bacterial 16S MspI restriction digest showed
fragments 135bp, 142bp and 163bp were closely associated with the bare soil control
(mechanically weeded). Data for sawdust GM compost and herbicide application could not
be separated (Figure 5.6). ANCOVA correlation coefficients showed that the 16S MspI data
for pinebark GM compost was negatively correlated with sawdust GM compost, indicating
that the two grape marc composts influence the vineyard bacterial diversity uniquely
(R = 0.448, P < 0.05) (Table 5.5). Fragment 75bp had the closest association with the
pinebark GM compost treatment suggesting it is a unique member of the bacterial community
under pinebark GM compost. A few fragments around the 400 – 500 bp were also closely
associated with pinebark GM compost compared to all other treatments, suggesting this
compost had influenced the vineyard microbial community differently from the other applied
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vineyard treatments (Figure 5.6 and Table 5.5). The application of pinebark GM compost
resulted in a significant difference in bacterial community diversity (TRF relative abundance)
compared to the bare soil control (mechanically weeded) (Table 5.5).

Principal components biplot of MspI 16S digest.
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Figure 5.6 Bacterial principal component analysis biplot of rhizosphere treatment loadings and TRF
scores, base pairs (bp) (16S), digested with MspI. Data taken from TRF peak height (relative
abundance). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost and Herbicide control. Numbers in black are base pair lengths. Total variance accounted for
by the first two principal components 69.9%.
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Table 5.5 ANCOVA correlation coefficients and significant differences in relative abundance of
bacterial 16S digested with MspI.
Treatment

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

1

-0.162

-0.311

-0.135

0.486
Sawdust

NS

1

-0.448

0.052

Pinebark

0.006 *

0.039 NS

1

-0.374

0.694 NS

0.014 NS

1

0.761
Herbicide

NS

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing negative or positive correlation. Significance level 95%. Values in italics
represent corrected Bonferroni P values, Bonferroni corrected significance level: 0.008. KruskalWallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment comparisons.
Kruskal-Wallis test P value: 0.025. Significant treatment difference *. No Significant differences
(NS).

Bacterial restriction enzyme digests (RsaI)
The rhizosphere bacterial principal components biplot from the RsaI restriction digest
treatment loadings show that the communities under the different vineyard treatments were
more closely related than those in the HhaI and MspI principal components biplots. Four
bacterial RsaI fragments (lengths 138bp, 140bp, 148bp, and 159bp) were positively
associated with all treatment rhizosphere samples. The highest correlation was between
bacterial communities under sawdust GM compost and bare soil by mechanical weeding.
However, as with the PCAs of the HhaI and MspI digests, the pinebark GM compost and
sawdust GM compost were not so closely related (Figure 5.7). ANCOVA correlation
coefficients revealed that the bacterial communities under pinebark GM compost were
significantly correlated with the bacterial communities under all other vineyard treatments.
The highest correlation was between sawdust GM compost and bare soil by mechanical
weeding (R = 0.999, P<0.05) (Table 5.6).
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Table 5.6 ANCOVA correlation coefficients and significant differences in relative abundance of
bacterial 16S digested with RsaI.

Treatment

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

1

0.999

0.697

0.510

Sawdust

0.990 NS

1

0.690

0.489

Pinebark

0.704 NS

0.689 NS

1

0.850

Herbicide

0.812 NS

0.817 NS

0.528 NS

1

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing a significant negative or positive correlation. Significance level 95%. Values in
italics represent corrected Bonferroni P values, Bonferroni corrected significance level: 0.008.
Kruskal-Wallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment
comparisons. Kruskal-Wallis test P value: 0.938. Significant treatment difference *. No Significant
differences (NS).
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Principal components biplot of RsaI 16S digest.
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Figure 5.7 Bacterial Principal component analysis biplot of rhizosphere treatment loadings and Tfragment size scores (16S), digested with RsaI. Data taken from TRF peak height (relative
abundance). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost and Herbicide control. Numbers in black are base pair lengths. Total variance accounted for
by the first two principal components 97%

5.4.4 Fungal community structure (diversity) under compost based vineyard floor
management practices
Fungal restriction enzyme digests (HhaI)
The principal components biplot of the ITS 1-4 restriction digest with HhaI shows that the
herbicide (vineyard control) and the sawdust GM compost treatments had similar influences
on the fungal rhizosphere communities (Figure 5.8). Furthermore, there was a significant
strong positive correlation between the two treatments (R = 0.984, P<0.05) (Table 5.7).
In particular, fragment 137bp was associated with both the herbicide control and sawdust GM
compost (Figure 5.8). Application of pinebark GM compost uniquely influenced fragments
90bp and 110bp, (Figure 5.8). Vineyard fungal communities under pinebark GM compost
were negatively correlated to all other vineyard treatments; suggesting fungal diversity under
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pinebark GM compost was unique (Table 5.7). Fragment 141bp was found to be associated
with bare soil (mechanically weeded) (Figure 5.8). Fungal communities under bare soil
(mechanically weeded) shared some correlation with fungal communities under herbicide and
sawdust GM compost (Table 5.7).

Table 5.7 ANCOVA correlation coefficients and significant differences in relative abundance of
fungal ITS 1-4 digested with HhaI.
Treatment

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

1

0.042

-0.155

0.159

Sawdust

0.552 NS

1

-0.148

0.984

Pinebark

0.190 NS

0.474 NS

1

-0.176

Herbicide

0.655 NS

0.882 NS

0.387 NS

1

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing a significant negative or positive correlation. Significance level 95%. Values in
italics represent corrected Bonferroni P values, Bonferroni corrected significance level: 0.008.
Kruskal-Wallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment
comparisons. Kruskal-Wallis test P value: 0.620. Significant treatment difference *. No Significant
differences (NS).
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Principal components biplot of HhaI ITS 1-4 digest.
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Figure 5.8 Fungal principal component analysis biplot of rhizosphere treatment loadings and Tfragment size (bp) scores (ITS 1 - 4), digested with HhaI. Data taken from TRF peak height (relative
abundance). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost, and Herbicide control. Numbers in black are base pair lengths. Total variance accounted for
by the first two principal components 78.8%

Fungal restriction enzyme digests (MspI).
The MspI digest of grapevine rhizosphere fungal communities under the bare soil (by
mechanical weeding) and the sawdust GM compost shared, fragment 139bp (Figure 5.9).
There was also a significant positive correlation between the sawdust GM compost and bare
soil (mechanically weeded) treatments (R = 0.834, P<0.05) suggesting fungal diversity under
these vineyard treatments shared some similarities (Table 5.8). Fungal MspI fragment of
length 144bp had a close association with pinebark GM compost. The 83bp length fragment
was associated with the herbicide treatment (Figure 5.9).
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Table 5.8 ANCOVA correlation coefficients and significant differences in relative abundance of
fungal ITS 1-4 digested with MspI.
Treatment
Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

1

0.834

-0.133

-0.175

Sawdust

0.532 NS

1

-0.092

-0.141

Pinebark

0.941 NS

0.485 NS

1

-0.134

Herbicide

0.083 NS

0.268 NS

0.071 NS

1

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing a significant negative or positive correlation. Significance level 95% Values in
italics represent corrected Bonferroni P values, Bonferroni corrected significance level: 0.008.
Kruskal-Wallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment
comparisons. Kruskal-Wallis test P value: 0.242. Significant treatment difference *. No Significant
differences (NS).
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Principal components biplot of MspI ITS 1-4 digest.
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Figure 5.9 Fungal principal component analysis biplot of rhizosphere treatment loadings and Tfragment size scores (ITS 1 - 4), digested with MspI. Data taken from TRF peak height (relative
abundance). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost and Herbicide control. Numbers in black are base pair lengths. Total variance accounted for
by the first two principal components 76%.

Fungal restriction enzyme digests (RsaI)
The ITS 1 - 4 restriction digest with RsaI showed that fungal communities under sawdust GM
compost and bare soil were positively correlated (R = 0.789, P<0.05) (Table 5.9). The
principal components biplot showed that fragment 140bp was associated with both bare soil
(mechanically weeded) and sawdust GM compost (Figure 5.10). Rhizosphere fungal RsaI
fragment of length 138bp was associated with the application of pinebark GM compost
(Figure 5.10). Fungal communities under pinebark GM compost were found to be
significantly different from fungal communities under all other treatments (Table 5.9).
Fragments 132bp and 136bp were found to be associated with the herbicide application
(Figure 5.10).
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Table 5.9 ANCOVA correlation coefficients and significant differences in relative abundance of
fungal ITS 1-4 digested with RsaI.
Treatment
Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

1

0.789

0.033

-0.132

Sawdust

0.772 NS

1

0.230

-0.148

Pinebark

0.004 *

0.001 *

1

-0.207

Herbicide

0.627 NS

0.844 NS

0.001 *

1

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing a significant negative or positive correlation. Significance level 95% Values in
italics represent corrected Bonferroni P values, Bonferroni corrected significance level: 0.008.
Kruskal-Wallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment
comparisons. Kruskal-Wallis test P value: 0.002. Significant treatment difference *. No Significant
differences (NS).
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Principal components biplot of RsaI ITS 1 - 4 digest.
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Figure 5.10. Fungal principal component analysis biplot of rhizosphere treatment loadings and TRF
size scores (ITS 1-4), digested with RsaI. Data taken from TRF peak height (relative abundance).
Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc compost and
Herbicide control. Numbers in black are base pair lengths. Total variance accounted for by the first
two principal components 75.2%.

Fungal restriction enzyme digests (TaqI)
The principal components biplot on the treatment loadings of ITS 1-4 restriction digest with
TaqI shows that, unlike all other biplots in this chapter, every applied vineyard treatment
shared similarities in their influence on the vineyard fungal community diversity (Figure
5.11). The fungal communities under pinebark and sawdust GM composts were correlated
with those under herbicide (R = 0.971, R = 0.979, P<0.05 respectively); and sawdust GM
compost and pinebark GM compost were also correlated (R = 0.919, P<0.05). These positive
correlations indicate that the three treatments shared similar characteristics in fungal
community diversity. In contrast, the fungal community under the bare soil (mechanical
weeding) treatment was not correlated with any of the other treatments (Table 5.10). Fungal
TaqI fragments of lengths 139bp and 141bp were associated with the bare soil control.
Fungal TaqI fragment of length 137bp was associated with all vineyard rhizosphere
treatments with the exception of the bare soil (mechanically weeded) (Figure 5.11).
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Table 5.10 ANCOVA correlation coefficients and significant differences in relative abundance of
fungal ITS 1-4 digested with TaqI.
Treatment

Bare soil

Sawdust

Pinebark

Herbicide

Bare soil

Sawdust

Pinebark

Herbicide

1

0.425

0.077

0.292

0.181 NS

1

0.919

0.979

0.332 NS

0.715 NS

1

0.971

0.115 NS

0.811 NS

0.545 NS

1

Data taken from TRF peak heights (relative abundance). Numbers in bold are significantly different
from 0, representing a significant negative or positive correlation. Significance level 95% Values in
italics represent corrected Bonferroni P values. Bonferroni corrected significance level: 0.008.
Kruskal-Wallis test P < 0.05 followed by the Dunn method for multiple pairwise treatment
comparisons. Kruskal-Wallis test P value: 0.410. Significant treatment difference *. No Significant
differences (NS).
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Principal components biplot of TaqI ITS 1-4 digest.
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Figure 5.11 Fungal principal component analysis biplot of rhizosphere treatment loadings and Tfragment size scores (ITS 1 - 4), digested with TaqI. Data taken from TRF peak height (relative
abundance). Bare soil (mechanically weeded), Sawdust grape marc compost, Pinebark grape marc
compost and Herbicide control. Numbers in black are base pair lengths. Total variance accounted for
by the first two principal components 99.5%.
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5.5 Discussion

Chapter 5

The purpose of the experimental work carried out in this chapter was to determine whether
the addition of GM compost had changed the diversity (in terms of community structure and
species richness) of vineyard rhizosphere microbial communities. Of interest also was to
determine whether variations in the composition of GM composts had produced different
effects on the vineyard microbial diversity. The TRFLP technique, which complemented the
culture-based techniques, was found to be a useful tool for comparing microbial diversity
data focusing on either quantity or diversity. The TRFLP results demonstrated that the
addition of both types of GM compost had altered the grapevine rhizosphere bacterial
diversity and that herbicide and pinebark GM compost application had uniquely altered
fungal diversity. Although there were observed effects on the vineyard microbial community
diversity due to the addition of treatments, the vineyards sampled displayed no disease
symptoms and thus no correlation between disease incidence and changes in microbial
diversity were made. TRFLP analysis also revealed that pinebark GM compost and sawdust
GM compost had different effects on the vineyard bacterial and fungal community diversity,
with higher numbers of unique TRF, both bacterial and fungal, from Pinebark GM compost
than sawdust GM compost
General microbial diversity richness (number of terminal restriction fragments (TRF) in
applied treatments and relative abundance (fluorescence intensity).
The increased number of unique rhizosphere TRFs under pinebark GM compost indicated
that this treatment might have increased bacterial and fungal diversity. A total of 21 unique
bacterial (16S) TRF were present under pinebark GM compost compared with the bare soil
(mechanically weeded) and herbicide controls (total TRF, 13 and 14 respectively). The
herbicide control presented a total of 19 unique ITS 1-4 TRF compared with the bare soil
control and sawdust GM compost (total TRF, 15 and 16 respectively).
Several other studies have reported differences in the number of TRFs due to changes in the
composition of different soil amendments using the 16S TRFLP technique (Perez de Mora, et
al. 2006; Perez-Piqueres, et al. 2006; Rotenberg, et al. 2007 and Tiquia, et al. 2002). An
increase in the number of unique TRF with herbicide application has been observed in other
studies. Darine, et al. (2015) found herbicide treatment significantly increased the number of
bacterial TRFs in both soil and rhizosphere samples. Certain members of the soil bacterial
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community were able to utilize herbicide fluazifop-p-butylas in a study by Benitez, et al.
2007. In this current study, many bacterial members were found along with a fragment of
length 160bp. The emergence of these microbial species under herbicide application may
have been influenced by the plant, as a means of self-preservation, to encourage the
biodegradation of chemical stresses such as herbicides and pesticides (Darine, et al. 2015).
The differences in microbial communities between the two GM composts (sawdust and
pinebark) suggest that these compost materials influence different members of the microbial
community. The main compositional differences between the two GM composts were Total
Soluble Salts (TSS) and Electrical Conductance (EC) levels. Sawdust GM compost contained
much higher levels of TSS and so had higher EC compared with pinebark GM compost.
These differences may have influenced the observed differences between the two composts.
High levels of TSS and EC are negatively associated with soil microbial diversity and
resilience (Yuan, et al. 2007).
In agreement with this TRFLP study, the Biolog EcoplateTM study in Chapter 4 also showed
that the highest richness was found in microbial communities under pinebark GM compost.
The TRFLP method, however, showed larger differences in richness between the two GM
composts than found using the Ecoplate method. This difference is most likely due to the
TRFLP method being a culture independent method and thus would include the additional
effect of the unculturable microbial community. Furthermore, the Biolog EcoplateTM method
assesses groups with similar functions, and not necessarily genetic similarity (Perez Piqueres, et al. 2006).
Fungal community diversity
The results from the present study support the notion that soil amendments do indeed change
the fungal community structure. Furthermore, fungal community structure can also differ
between different types of soil amendments. In the current study, TRF digestion with MspI
and RsaI enzymes produced differences in community structure under pinebark GM compost
compared with the sawdust GM compost. Perez-Piqueres, et al. (2006) also reported that
fungal community structures differed under different types of organic soil amendments: spent
mushroom compost altered the fungal community, whereas green waste compost did not
(Perez-Piqueres, et al. 2006). Another study by Farell, et al. (2009) found fungal TRFs
increased (three fold) after municipal waste compost and green waste compost application
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compared to untreated soil treatments, with green waste compost influencing only the fungal
and not the bacterial communities.

Bacterial community diversity
In this study, the two GM composts caused differences in bacterial diversity from all three
digests (HhaI, MspI and RsaI). These results are consistent with those of Rotenberg, et al.
(2007) who found shifts in bacterial diversity under pinebark-paper mill residue compost
amendment were greater than those from paper mill residue and paper mill residue compost.
These authors showed that the application of paper mill organic amendments maintained soil
disease suppression capabilities in conventionally managed vegetable rotation (Rotenberg, et
al. 2007).
TRFLP 16S digest with RsaI highlighted five TRFs (138, 140, 148, 159, 325 bp) present in
the grapevine rhizosphere under both the bare soil (mechanically weeded) and sawdust GM
compost treatments. Four of these fragments were also present in the pinebark GM compost
and herbicide control. Tiquia, et al. (2002) also found a fragment of similar lengths in a bare
soil (unamended) control and a ground wood mulch treatment. The observations in this study
and those of Tiquia, et al (2002) demonstrate that bacterial communities retain a portion of
the original (bare, unamended rhizosphere) bacterial community after soil amendment
application.
The results from the TRFLP 16S digest with MspI suggest that some aspects of the original
bacterial community species were also inhibited by the addition of the two GM composts and
herbicide application. A 135bp fragment was predominant (highest fluorescent intensity)
amongst the bacterial community under the bare soil (mechanically weeded) treatment.
However, these bacterial species were not present under both GM composts and herbicide
application. The absence of bacterial species pertaining to the original rhizosphere
community, after the application of soil amendments and herbicide treatments, has been
reported in other studies using the TRFLP technique (Tiquia, et al. 2002). This suggests that
rhizosphere bacterial communities are highly influenced by both conventional and organic
soil management practices and the TRFLP technique is sensitive enough to find the
occurrence of community changes.
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5.6 Conclusions

Chapter 5

The changes in microbial diversity due to the addition of pinebark and sawdust based GM
composts were investigated in this chapter using the TRFLP technique, which is widely used
for both microbial diversity and population studies (Dickie, et al. 2007 and Osborn, et al.
2000). Increases in the number of TRFs after the addition of both GM composts were
observed in the grapevine rhizosphere at the Wagga Wagga vineyard using the TRFLP
technique. In particular, the bacterial community structure under pinebark GM compost was
the most dissimilar to the bacterial community structure under the vineyard control, herbicide
application. Furthermore, the bacterial community structure between the GM composts also
differed, indicating that pine bark and sawdust influence the bacterial vineyard diversity
structure differently.
Chapters 3, 4, and 5 explored the hypothesis that the addition of GM compost increases
vineyard microbial populations and diversity (functional and genetic). The results from these
experimental chapters concluded that the addition of the GM composts increased the
population, functional and genetic diversity of some microbial groups compared to
conventional vineyard floor management practices of bare soil (through either herbicide
application or mechanical weeding). The influences of GM compost on vineyard microbial
population and diversity lead to the final hypothesis explored in this thesis; does the addition
of GM composts contribute to grapevine disease suppression?
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Chapter Six

Studies on the disease suppressive qualities of
Gram negative bacteria isolated from grape
marc composts on Rhizoctonia solani
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6.1 Summary

Chapter 6

Many studies have noted increases in plant disease suppression through the use of soil
amendments such as composts (Hoitink, 2004; Jetiyanon, et al. 2007; Klessig, et al. 2000 and
Kloepper, et al. 2004). In this chapter, Gram negative bacteria isolated from the grapevine
rhizosphere under the two GM composts used in Chapter three, were assayed for antagonistic
activity against pathogenic fungi and induced systemic resistance capabilities against
Rhizoctonia solani. Fourteen isolates were from the grapevine rhizosphere under pinebark
based grape marc compost and fourteen were from the rhizosphere under sawdust GM
compost. Bacteria that were Gram negative and fluorescent were specifically chosen, as a
large portion of soil Gram negative bacteria is associated with antagonistic and induced
systemic resistance capabilities on a range of plants and pathogens (Bhattacharyya, et al.
2012).
Dual culture antagonism against Rhizoctonia solani in vitro showed that two of the twentyeight bacterial isolates inhibited the growth of R. solani. These two isolates were identified by
the Biolog™ ID system as Serratia fonticola (collected from sawdust GM compost) and
Pseudomonas chlororaphis (Fluor. Biotype D) (collected from pinebark GM compost).
Chardonnay cuttings were co-inoculated, with or without R. solani, with two different
mixtures of the bacterial isolates from the rhizosphere of the two grape marc (GM) composts,
to assess the response of grape defence enzyme reactions. The consortium of rhizosphere
bacteria associated with pinebark GM compost increased the peroxidase activity and
laminarin (β-1,3-glucanase) activity in the leaves of Chardonnay cuttings, indicating
enhanced plant defence activity.
The differences in the effect of the sawdust GM compost and pinebark GM compost on leaf
peroxidase, polyphenol oxidase laminarin (β-1,3-glucanase) activity may reflect the
differences in their community structure, as outlined in Chapter 4 (Biolog™ Ecoplate) and
Chapter 5 (TRFLP). The application of plant growth promoting bacteria (PGPB) mixtures
isolated from disease suppressive soils is a promising soil management tool for the
enhancement of plant disease prevention and growth.
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6.2 Introduction

Chapter 6

The copiotrophic Pseudomonas spp. group, which responded strongly to the increase of
organic matter in this work, is highly associated with soil disease suppressive soils and the
induction of systemic resistance in plants (Borrero, et al. 2004 and Kloepper, et al. 2004).
Some fluorescent pseudomonads have well-characterised abilities to elicit defence related
activities such as antagonism and defence related enzymatic activity (Jetiyanon, et al. 2002
and Repka, 2006). Due to the influence of the GM composts on the populations of
Pseudomonas spp in combination with the observed roles that Pseudomonas spp display in
soil mediated plant disease suppression, this group of bacteria were made the focus of this
chapter. Bacterial isolates from the rhizosphere under both GM composts were identified
using the Biolog™ GN microplate identification system (Biolog™, Hayward, CA). The rapid
processing time and accuracy of the Biolog™ GN microplate identification system is a
practical advantage over other identification methods such as taxonomic sequencing. Another
advantage of the Biolog™ GN microplate system (at the time of experimentation) was the
affordability of sample processing compared to other methods such as sequencing. Many of
the bacterial isolates identified are recognised for their antagonistic abilities against a wide
range of pathogens in vitro. In this study, two of the bacterial isolates showed strong
antagonism towards R. solani in vitro. A mixture of fourteen bacterial isolates from the
rhizosphere of each GM compost treatment was applied to grape vine cuttings and defence
related enzyme activity was assessed. In addition, three defence enzyme assays (peroxidase,
polyphenol oxidase and laminarin activity) was determined.
Plant disease suppression from soil amendments is largely due to the presence of beneficial
microbes that are able to inhibit the growth of known plant pathogens or induce plant
systemic resistance. The aim of this study was to investigate the activity of Gram negative
bacterial fluorescent pseudomonads, isolated from the grapevine rhizosphere under the GM
compost treatments, to suppress plant pathogens or induce systemic resistance (ISR) in grape
cuttings. A deeper understanding of the cause of suppressive soils may enable better methods
for combatting the disease epidemics that occur in vineyards. There is also a commercial
application potential to utilise these bacterial members capable of inhibiting pathogens or
inducing plant systemic resistance. The work in this Chapter addressed the hypothesis that the
addition of GM compost contributes to grapevine disease suppression. Twenty-eight
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fluorescent Gram negative bacteria were isolated from both GM composts and assessed for
antagonistic and induced systemic resistance capabilities against the plant pathogen R. solani.

6.3 Materials and Methods

Chapter 6

6.3.1 Culturing of bacterial isolates and Identification by Biolog GN plates
Bacterial rhizosphere isolates, cultured from the rhizosphere of sawdust and pinebark GM
based compost treatments from Chapter 3, were grown on PS (Oxoid) agar in darkness at
25ºC for 24 hours. Storage of stock cultures were kept at – 70 in 40%glycerol. Three thawing
techniques were investigated to find the most suitable thawing technique (on ice, room temp
and 37° C to yield viable cultures. The 37° C water bath for two minutes was chosen for the
thawing of bacterial cultures. Once stock cultures were thawed subculturing was undertaken
to achieve viable pure isolates. The bacterial isolates were randomly selected and purified by
repeat sub-culturing on PS agar. Identification of the pure bacterial isolates was achieved
using the Biolog™ GN identification microplate system, following the recommended
protocol by Biolog™, Inc. (Hayward, CA). Isolates were categorised as Gram negative or
Gram positive, non-enteric or enteric and were tested for oxidase activity.
Bacterial isolates were streaked onto Biolog™ universal medium (without blood) and
cultured in the dark at 30C for 24 hours. Inoculum density was determined according to
Biolog recommendations using a Biolog™ turbidimeter by Biolog™, Inc. (Hayward, CA).
The turbidity standard for Gram negative, non-enterics was set to 52% and for Gram negative
enterics 63%, according to Biolog recommendations by Biolog™, Inc. (Hayward, CA). The
composition of the inoculation fluid was 40% NaCl, 0.03% pluronic F-68, 0.02% gellan gum
and 55% deionized water. The inoculation fluid was autoclaved in 150ml test tubes. A sterile
swab was used to pick up the bacterial cells by first moistening the swab in the inoculating
fluid then rolling the swab over the bacterial colony. Bacterial cells were evenly distributed
into the inoculation fluid tube and density adjusted by adding more bacterial cells or more
inoculation fluid.
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Gram negative Biolog™ 96 well GN plates were labelled and 150 l of the inoculation fluid
was dispensed into each well. Inoculation fluid was dispensed using a multichannel electronic
pipettor and a sterile multichannel pipette reservoir for the inoculation fluid. The Biolog™
GN plates were covered with the provided lid and placed back into the original foil lined
packaging of the microbact plate. Covered plates were placed into an airtight plastic container
lined with a moist paper towel to induce humidity and incubated at 30C (except enterics
which were incubated at 35C) in darkness for a total of 24 hours. Plates were read using a
Quant plate reader KC4 (Bio-Tek™ instruments Inc) after 5 hours and then again after 24
hours. The plate reader was set to read at absorbance 590nm. The absorbance for the control
well was subtracted from the absorbance for each of the other wells. Data from the plate
reader were then imported into the Microlog system, software by Biolog™.
Recommendations from the Microlog system user guide by Biolog™ were followed to obtain
species or genus identifications of the bacterial isolates. Percent similarity is a calculation
based upon the percent similarity to the test organism in the Biolog database. The ‘ID rules of
thumb’ as stated in the user guide with regards to percent similarity are: Similarity = 1.0 –
perfect match, Similarity = 0.0 – no match, values closer to 1.0 are acceptable matches. Also
the similarity percentage must be greater than 0.90 after 4-6 hours of incubation or 0.50 after
16-22 hours of incubation.
6.3.2 The establishment of a suitable plant pathogen
The aim of this study was to measure the susceptibility of Chardonnay cuttings to five
different fungal pathogens. Assessments of disease severity were made by measuring the
percent infection of roots and leaves over a three-week period. The fungal pathogen that
caused the highest amount of disease severity was then selected for co-inoculation studies
with the selected Gram negative bacterial isolates.
Five fungal isolates were chosen as potential pathogens for this study. Rhizoctonia solani
(DAR 77623), Verticillium dahliae (DAR 60752), Pythium irregulare (DAR 64005) and
Ilyonectria liriodendri (DAR 77726) were obtained from the National Wine and Grape
Industry Centre (M. Weckert, culture collection), Wagga Wagga, N. S. W. Phaeomoniella
chlamydospora VPRI 1726 was obtained from Crop Health Service, Department of Primary
Industries, Victoria).
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(i) Growth conditions for Chardonnay cuttings
Chardonnay rooted cuttings, approximately 20 cm long (commercially supplied from one
year old wood) were hot water treated prior to planting by placing cuttings into water bath set
at 50C for 30 minutes (Waite, et al. 2001). The potting mixture used was made up of 1:1 of
sand and vermiculite and sterilized by autoclaving four times at 121C for 30 minutes.
Chardonnay cuttings were planted into sterile potting medium in growth canisters and placed
into a growth cabinet 25° C for one week prior to inoculations (Figure 6.1). The growth
incubator was set to 16 hours daylight and 8 hours dark per day. Growth canisters were
assembled from 250ml tissue culture tubes and 500ml tissue cultures tubes were turned
upside down and sealed together with thick tape. Holes (5mm) were punctured on the top of
the growth canisters and 1m cellulose nitrate membrane filters (Sartorius) were glued over
the holes to permit gas exchange and minimise moisture loss, while preventing contamination
inside the growth jar during the assay.
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Figure 6.1. Growth cabinet with grapevine cuttings in growth containers.

(ii) Inoculation of cuttings
Pure fungal cultures were grown on Potato Dextrose Agar (PDA, Oxoid). Agar plugs (6mm)
from the perimeter of each actively growing fungal pathogen were placed by creating a hole
in the potting mixture near the roots of each cutting with 4.5g of sterile wheat germ. The
growth canisters were then sealed and placed in the plant growth cabinet.
A total of seven treatments were used: five fungal pathogens and two types of control
treatments. One control treatment was implemented to account for any variance caused by the
agar itself. Thus a 6mm sterile agar plug was placed near the roots of each cutting with a 4.5g
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sterile wheat germ. The second negative control treatment was not inoculated. Treatments
were placed in the growth cabinet in a randomised design. Four replicates per treatment were
used for each week of the 3-week trial.
(iii) Disease severity assessments
The Horsfall-Barratt disease severity percentage scale was used to perform visual
assessments of percent disease severity on the leaves of the cuttings at the end of each week
(Forbes, et al. 1994) (Appendix 5). 1 gram of randomly selected roots from the third week of
the trial were collected and stored for microscopic assessment. Roots were stored in sterile
McCartney bottles with 70% ethanol until staining. Root squashes were prepared using a
method modified from Levy, et al. (1983). The roots were cleared with 10% potassium
hydroxide at 60C for 4h. The root samples were rinsed in deionised water and stained with
0.05% of trypan blue in lactoglycerol for 45min. at 60C. After staining, the root samples
were rinsed in 10% hydrochloric acid, followed by two rinses in 50% glycerol. The roots
were left in the second rinse of glycerol in the McCartney bottles until the microscope root
squash slide was prepared. Eight root tips (5mm) were placed under each microscope slide
per treatment replicate. Microscope slides were viewed at x10 objective lens with an x10
eyepiece (i.e. at x100 magnification) to count fungal structures (spores and hyphae)
belonging to each of the five fungal pathogens inoculated onto the Chardonnay cuttings. The
intensity of root infection was calculated by counting fungal structures in one field view. A
total of eight to ten field views were counted along each root for all eight roots per treatment
replicate.

6.3.3 Screening bacterial isolates for antagonistic traits towards Rhizoctonia solani
(DAR77623) in vitro
Bacterial isolates were screened for antagonistic traits towards Rhizoctonia solani in vitro,
using the method of Henis, et al. (1979). A pure culture of R. solani DAR77623, isolated
from a root gall on Vitis vinifera cv. Red Globe, was cultured on PDA agar plates at 25ºC for
7d in darkness. Bacterial isolates were inoculated onto a 10mm square, 10mm from the edge
of PDA plate. The bacterial inoculated plates were incubated in darkness at 25C until colony
growth. A 6mm plug from the R. solani PDA culture was inoculated onto the centre of a PDA
plate containing the selected bacterial isolates. All treatments were performed with three
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replicates per treatment. Three R. solani PDA culture plates were incubated under the same
conditions and used as control plates to monitor normal growth rate of R. solani. The
bacterial isolates were grown in dual culture with R. solani and were incubated until growth
on the R. solani control plates reached 1cm from the edge of the PDA plate.
Mean fungal radial growth was calculated from the control plates and compared to the mean
radial growth of R.solani dual cultured with the bacterial isolates. Percent inhibition was
calculated as:

100 x (a-b)/a,
Where a = fungal growth (radius) on the R. solani control plate and b = fungal growth
(radius) in direction of bacterial isolate. All experiments were performed in triplicate.
6.3.4 Defence related enzymatic activity: co-inoculation of R. solani (DAR 77623) with
selected bacterial isolates
6.3.4.1 Growth conditions and inoculation of cuttings
Chardonnay cuttings were hot water treated and grown in the same conditions as outlined in
6.3.3 (i) Cuttings were fertilized with 10ml of sterile deionised water with Aquasol® (5g/L)
two weeks after planting. Cuttings were placed in the growth cabinets according to a
randomised design. There were four replicates per treatment.
Ten treatments were designed to ultimately determine increased defence related enzymatic
activity in the Chardonnay cuttings when roots were co-inoculated with R. solani (DAR
77623) and the 14 bacterial isolates originating from treatments with either of the two GM
based composts. Four treatments were designed to account for possible variations introduced
by hot water treatment and inoculation technique. A positive control was also included to
observe expected effects on defence related enzymatic activity. The treatments were: T1) 14
pure bacterial isolates originating from the pinebark based GM compost; T2) 14 pure
bacterial isolates originating from the sawdust based GM compost; T3) negative control with
sterile Phosphate buffer; T4) negative control with macerated sterile agar; T5) R. solani
(DAR 77623) inoculation; co-inoculation; 6) treatment 1 plus treatment 5; T7) co-inoculation
of treatment two plus treatment 5; T8) positive control with methyl jasmonate (50µM); T9)
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Control – not hot water treated; T10) control with hot water treatment. Mock inoculation
treatments consisted of all reagents used for the bacterial and fungal inoculations, but without
the bacteria or fungus.
Three weeks after planting, the grapevine roots were inoculated with mixtures of 14 bacterial
isolates from sawdust GM compost or 14 isolates from pine-bark GM compost. Bacterial
inoculations were prepared according to method used by Compant, et al. (2005) and Barka, et
al. (2002). One loop-full of each of the 14 bacterial isolates was mixed into individual flasks
containing 250ml sterile King’s B liquid medium. The inoculated flasks were placed into a
rotary incubator set at 20ºC for 48 hours and mixed at 150 rpm. For bacterial cell harvesting,
the contents of each flask was transferred to sterile 50ml centrifuge tubes and centrifuged for
15 minutes at 3400rpm (4,500 x g) and washed with sterile phosphate buffer solution (PBS)
(pH 7) three times. The 15 individual pellets were then mixed into and centrifuged again at
3,400rpm for 15 minutes. This step was repeated once more. The PBS inoculum was then
diluted according to Biolog™ turbidity standards, using the Biolog inoculum turbidity
standard for Gram negative bacteria (52% turbidity). The cuttings were root inoculated with
5ml of the resultant inoculum (approximately 106 cfu/ml).
Inoculation with Rhizoctonia solani (DAR 77623)
Inoculation of the Chardonnay cuttings with R. solani was performed following the method
of Buttner, et al. (2004). A pure culture of R. solani was grown until full, thick growth was
reached on the PDA agar plate. The R. solani culture was blended aseptically with 200ml of
sterile deionised water and 10ml was applied to the roots of the appropriate potted
Chardonnay plants two weeks after bacterial inoculations.
Methyl jasmonate application
Application of methyl jasmonate was performed following the method of Repka, (2004). A
10ml volume of 50µM solution in 10% ethanol of methyl jasmonate (Sigma Industries) was
applied to the roots of the appropriate potted Chardonnay plants.
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6.3.4.2 Sample collection, protein extractions and protein standards preparation
Leaves, developing (expanding leaves) and developed (fully expanded leaves) (500mg) of
Chardonnay cuttings were randomly collected at six time points; 0, 1, 2, 4, 6 days after the
root inoculations. Protein extractions were carried out according to Monteiro, et al. (2003).
Leaf samples were ground to a fine powder using a mortar and pestle and liquid nitrogen. A
solution of 100mM phosphate buffer (pH8.0), 1mM of phenylmethylsulfonyl fluoride
(PMSF) and 5% polyvinylpyrrolidone (PVP) was homogenized with leaf samples and used as
the enzyme extraction buffer. The homogenized plant tissue was then filtered through two
layers of cheesecloth. The filtered liquid was placed into sterile 2ml Eppendorf tubes and
centrifuged at 15,000g for 10 minutes at 4°C. The protein supernatant was placed into a new
sterile 2ml Eppendorf tube and stored at -20°C until protein quantification and enzymatic
assays were performed.
Protein standards were completed using the Bradford reagent 96 well assay protocol by
Sigma. The Bradford reagent was brought to room temperature prior to use. Bovine serum
albumin (BSA) was used as the protein standard and 6 standards were prepared: (1)
0.0mg/1ml; (2) 0.25mg/1ml.; (3) 0.50mg/ml; (4) 0.75mg/ml; (5) 1.00mg/ml; (6) 1.50mg/ml.
Phosphate buffer (5µl) was added to the blank well and 5µl of leaf protein sample was added
to each well. Bradford reagent (250µl) was added to each well and the 96 well plate was
placed on a shaker (5.7 rpm) for 30s. The well plates were then incubated at room
temperature for 30m and read at 595nm on a spectrometer (Quant KC4 plate reader by BioTek™ Instruments). Net absorbance versus the protein standard concentration of each
standard was plotted. Sample protein concentration was determined by comparing the
samples to the protein standards plotted. Three replicates per protein standard were used.
6.3.4.3 Laminarin, Po and PPo enzymatic assays
The peroxidase (Po), Polyphenol oxidase (PPo) and -1,3-glucanase activity (laminarin)
enzymatic assays were performed on leaf samples in randomised design, 96 well plates with
16-20 replications per treatment.
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(i) Laminarin (Enzyme Commission number 3.2.1.6)
Laminarin, which is used to assess -1,3-glucanase activity, was assessed in the leaf samples
using the methods of Madhaiyan, et al. (2004) and Reuveni, (1998) based on the
dinitrosalicyclic reagent. A 75µl of 2% laminarin solution (Sigma-Aldrich) was mixed with
25µl of leaf protein in 2ml sterile Eppendorf tubes. The reaction was incubated at 40°C for
60min. and then stopped by adding 400µl of di-nitrosalicylic reagent (DNS). Immediately
after the addition of DNS, sample tubes were placed in a boiling water bath for 10min. and
cooled down prior to transfer into sterile Falcon tubes. Sterilized deionised water (2.5ml) was
mixed by briefly vortexing the Falcon tubes containing the laminarin reaction. 300µl of the
reaction was pipetted into 96 well plates and the absorbance read at 500nm on a spectrometer
(Quant KC4 plate reader by Bio-Tek™ Instruments).
(ii) Peroxidase (EC 1.11.1.7)
A 300µl 96 well plate (randomised design) peroxidase reaction was prepared.

Sterile

deionised water (210µl) was mixed with 32µl 100mM potassium phosphate buffer (pH 6.0),
16µl of 0.50% (w/w) hydrogen peroxide, 32µl of 5% (w/v) pyrogallol solution and10µl of
leaf protein sample. A peroxide enzyme solution (0.4 - 0.7 unit/ml) was then added to initiate
the reaction. The increase in absorbance at 420nm was then recorded over a five-minute
period. Pyrogallol was used as the hydrogen donor and the amount of purpurogallin formed
was expressed as changes in absorbance units per g fresh weight. The assay method was
based on the provided Sigma-Aldrich protocol and Hammerschmidt, et al. (1982) for
peroxidase enzymatic assay (EC.1.11.1.7). All reaction components were obtained from
Sigma-Aldrich.
(iii) Polyphenol oxidase (EC 1.14.18.1)
A 300µl 96 well plate reaction mixture was based on the provided Sigma protocol (EC
1.14.18.1). Each reaction consisted of 280µl of 50mM potassium phosphate buffer including
10µl of 2.1mM l-ascorbic acid and 10µl of 0.065mM EDTA; 10µl of 5mM l-DOPA and 10µl
of leaf protein sample with 500-1000 units/ml of polyphenol oxidase. The reaction mixture
was incubated at room temperature for 45 minutes. Absorbance at 420nm was recorded and
polyphenol oxidase activity was expressed as absorbance units per g fresh weight. The assay
method was based on the Sigma-Aldrich protocol for polyphenol oxidase (EC 1.14.18.1). All
reaction components were obtained from Sigma-Aldrich.
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6.3.5 Statistical analysis
Percent disease severity, significant differences were obtained by paired T-tests PASW 17.
Protein standards and enzymatic assays were performed in 96 well plates according to a
completely randomised designed by Beverly Orchard, NSW Department of Primary
Industries. Cuttings growing in the growth cabinet were placed according to a randomised
treatment distribution. A generalized linear model (multivariate GLM) was performed on the
enzymatic activity using PASW 17.

6.4 Results

Chapter 6

6.4.1 Culturing and the identification of bacterial isolates by Biolog GN Micro- plates
Bacterial isolates were observed for fluorescence under a UV light box and photographed
(see Appendix 4). Fourteen grapevine rhizosphere isolates from the sawdust GM compost
and twelve from the pinebark GM compost treatments were putatively identified using the
Biolog™ GN system. The antagonistic and defence enzyme activity assays were performed
with four Serratia spp, five Pseudomonas spp., one Bacillus sp., one Enterobacter sp., one
Pantoea sp., one Haemophilus sp. and one Vibrio sp. isolated from the sawdust GM compost
treatment (Table 6.1) and two Vibrio, four Pseudomonas, two Burkholderia, one Citrobacter,
Brevundimonas, Alcaligenes and Yokenella from the pinebark GM compost treatment (Table
6.2).
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Table 6.1 Identification of bacterial isolates taken from sawdust grape marc compost with the use of
Biolog™ ID system.
Isolate name.

Biolog™ Identification.

Similarity

Probability

%

%

Strain type.

1.1.1.

Serratia fonticola

0.89

100

GN

1.2 i11

Serratia fonticola

0.88

100

GN

1.3 i12

Bacillus subtilis

0.72

100

GP-ENT

2.2 i14

Pseudomonas fluorescens –

0.93

100

GN

0.54

90

GN-ENT

0.91

100

GN

0.36

--

GN-NENT

fluorescens

0.55

100

GN-NENT

fluorescens

0.68

100

GN-NENT

0.76

100

GN-ENT

0.87

100

GN-FAS OXI+

fluorescens

0.56

100

GN-NENT

4.3 i17

Serratia liquefaciens/grimesii

0.73

100

GN-ENT

5.3 i1

Serratia liquefaciens/grimesii

0.52

100

GN-ENT

biotype A
3.1 i6

Enterobacter

aerogenes

(Klebsiella mobilis)
3.2 i7

Pseudomonas fluorescens –
biotype A

3.3 i8

Vibrio sp. *

4.1 i4

Pseudomonas
biotype C

4.1 i16

Pseudomonas
biotype C

4.2 i5

Pantoea

agglomerans

–gc

subgroup B
4.3 i4

Haemophilus
paraphrohaemolyticus

4.3 i6

Pseudomonas
biotype C

* Likely to belong in the Vibrio genus. Distance = 1.85, between Vibrio vulnificus and Vibrio
fluvialis. Abbreviations; GN-ENT: Gram negative enteric; GN-NENT: Gram negative non-enteric;
GN-FAS OXI+ Gram negative-fastidious-oxidase positive; GP-ENT: Gram-positive, enteric; GN:
Gram negative. Reading was taken 24 hours after incubation at an absorbance of 590nm.
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Table 6.2 Identification of bacterial isolates taken from pinebark grape marc compost with the use of
Biolog™ ID system.
Isolate name.

Biolog™ Identification.

Similarity

Probability

%

%

Strain type.

1.2 i2

*Vibrio vulnificus

0.25

--

GN-NENT OXI+

1.3 i1

Vibrio vulnificus

0.50

99

GN-NENT OXI+

2.1 i6

*Citrobacter freundii

0.43

--

GN-ENT

2.2 i5

unidentified

-

-

-

2.3 i4

unidentified

-

-

-

3.1 i9

Pseudomonas

0.65

99

GN-NENT OXI+

chlororaphis

(fluor. Biotype D)
3.1 i9.2

*Brevundimonas vesicularis

0.26

--

GN-NENT

4.1 i14

Pseudomonas

0.69

100

GN-NENT

fluorescens

biotype C
4.2 i13

Alcaligenes faecalis

0.66

100

GN

4.3 i10

*Yokenella regensburgei

0.36

--

GN-ENT

5.1 i21

Burkholderia glumae

0.76

98

GN-NENT OXI+

5.2 i19

Pseudomonas

0.81

100

GN-NENT

0.81

100

GN

0.73

99

GN-NENT OXI+

fluorescens

biotype C
5.2 i20

Pseudomonas

syringae

pv.

phaseolicola
5.3 i18

Burkholderia glumae

*No clear identification. Abbreviations; GN-ENT: Gram negative enteric; GN-NENT: Gram negative
non-enteric; GN-FAS OXI+: Gram negative-fastidious-oxidase positive; GP-ENT: Gram-positive,
enteric; GN: Gram negative. Reading was taken 24 hours after incubation at an absorbance of

590nm.

6.4.2

Screening

bacterial

isolates

for

antagonistic

traits

towards

Rhizoctonia solani (DAR77623) in vitro
Out of the 28 bacterial grapevine rhizosphere isolates, two (one from each GM compost
treatment) showed clear inhibition zones against R. solani. Isolate 1.2 i11 (Serratia fonticola,
Figure 6.2) from the sawdust based GM compost treatment and isolate 3.1 i9 (Pseudomonas
chlororaphis fluor. Biotype D, Figure 6.3) from the pinebark based GM compost treatment.
The fungal radii were inhibited by 71.5% and 78% respectively (Table 6.3). All other
bacterial isolates failed to show clear inhibition zones towards R. solani (Figure 6.4).
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Table 6.3 Percent inhibition of Rhizoctonia solani (DAR 77623) radial growth on PDA by grapevine
rhizosphere bacteria.
Bacterial isolate.

Percent inhibition of R. solani radius

1.2 i11. Serratia fonticola a

71.8%

3.1 i9. Pseudomonas chlororaphis, Biotype D b

71.9%

a) Sawdust GM compost treatment; b) Pinebark GM compost treatment. Measurments were made
seven days after incubation.

Figure 6.2 Serratia fonticola (Isolate 1.2 i11, isolated from sawdust grape marc compost) inhibiting
Rhizoctonia solani colony growth on PDA. Taken seven days after incubation.
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Figure 6.3 Pseudomonas chlororaphis, fluor. Biotype D (Isolate 3.1 i9, from pinebark grape marc
compost) inhibiting Rhizoctonia solani colony growth on PDA. Taken seven days after incubation.
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(A)

(B)
Figure 6.4 Other bacterial isolates from the rhizosphere of both grape marc composts did not inhibit
the growth of Rhizoctonia solani. (a) Pseudomonas fluorescens biotype isolate C 5.2 i19 from
grapevine rhizosphere under pinebark GM compost; (b)) Pseudomonas fluorescens – biotype A isolate
3.2 i7 from rhizosphere under sawdust GM compost treatment. Taken seven days after incubation.
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6.4.3 Establishment of a suitable pathogen for potted grapevine bioassay
Assessments of percent disease severity over the three-week period showed that R. solani
displayed the highest percentage of disease incidence and severity on the potted Chardonnay
grapevines. Percent disease severity the using Horsfall-Barratt percentage scale was found to
be significantly higher in potted grapevines root inoculated with R. solani (Table 6.4).
Assessment of disease severity on leaves of potted grapevines
Visual assessment of disease severity on the leaves of the potted Chardonnay showed that
there was a non-significant trend towards R. solani causing greater disease infection when
compared to the negative controls and the other fungal pathogens (Figure 6.5).

Disease severity (leaves) %
Mean disease severity %

60

a

50
40
30
20

b

b

b

b

b

b

10
0

Treatment.

Figure 6.5 Disease severity percentage on leaves of potted Chardonnay grapevines after root
inoculation with fungal pathogens. Control – water only. n= 3. Letters that differ are significantly
different. Means are the average disease severity percentage over 3 weeks. Error bars 95% CI.

158

Table 6.4 Weekly means of disease severity and incidence of Chardonnay potted grapevines after root
inoculation with five grapevine fungal pathogens.
Treatment.

Negative control. No inoculation.

Negative agar control a

Rhizoctonia solani. b

Phaeomoniella chlamydospora. a

Verticillium dahliae. a

Pythium irregulare. a

Ilyonectria liriodendri. a

Week

Severity

Incidence

(%)

(%)

1

7.2

0.5

2

9.6

2.75

3

5

2.25

1

8.7

0.75

2

2.9

1.75

3

5

1.75

1

36.2

2.75

2

30.9

3

3

69

15.75

1

2.5

2.5

2

3.4

1.5

3

15.3

4

1

1.8

1

2

10.6

2.25

3

5.9

1.75

1

10

1.5

2

11.8

2

3

1.5

1

1

10.9

1.3

2

4.6

1.5

3

8.7

1

P
L.s.d

<0.001
12.5

Severity was assessed using the Horesfall and Barrett percent severity scale. Letters in bold are
significantly different and represent the average disease severity per week, over a three week period
(Fisher L.s.d, P > 0.05).

Assessment of root infection by root squash microscopy
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Microscopic assessment of percent root infection also showed that R. solani caused
significantly higher percent disease infection when compared to the negative controls.
P. chlamydospora showed significantly lower infection than the negative agar (sterile agar
plug) control (Figure 6.6). Repetitive observations of roots showed that the roots were
colonized by a Chaetomium sp., which may have inhibited root colonisation by
P. chlamydospora, I. liriodendra, V. dahlia and P. irregulare. However, it is uncertain how
the presence of Chaetomium sp. occurred in the Chardonnay cuttings. The presence of
Chaetomium sp. in the root samples may have caused the slight disease symptoms observed
in the negative control.

Root infection %
Root colonisation intensity %

40

a

35
30
25

b

20
15

b,c

b,c

b,c

b,c
c

10
5
0

Treatment.

Figure 6.6 Chardonnay cutting root squash microscopy (field of view), roots inoculated with fungal
pathogens. Letters that differ are significantly different (P < 0.001). Control – water only. n= 3.
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6.4.4

Defence

related

enzymatic

activity:

co-inoculation

of

R.solani

with selected bacterial isolates
(i) Laminarin (-1,3- glucanase) activity in leaves
At two days after inoculation of Chardonnay plants, in the absence of R. solani only the
pinebark compost bacteria had increased the activity of leaf laminarin (-1,3- glucanase)
above that of the controls. With R. solani infection, laminarin activity was significantly
higher for the pinebark compost than sawdust compost bacteria. At four and six days after
inoculation, leaf laminarin activity was greatest for the positive control, methyl jasmonate.
(Table 6.5).
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Table 6.5 Laminarin, leaf activity absorbance means at 500nm at days after inoculations.
Treatment.

Day 1

Pinebark GM compost 1

0.856 bc

Sawdust GM compost 2

0.905 ab

Day 4

Day 6

0.921 bc

0.889 b

0.838 d

0.941 b

0.931 b

mock

0.880bc

0.838 d

0.849 de

0.920 b

Negative control, mock fungal

0.773 de

0.846 d

0.852 cde

0.040 c

R. solani 5

0.831 cd

0.879 bcd

0.919 bcd

0.097 c

Pinebark GM compost and

0.944 a

0.999 a

0.843 e

0.092 c

0.758 e

0.920 bc

0.831 e

0.099 c

Methyl jasmonate 8

0.779 de

0.866 cd

1.037 a

1.092 a

Control, not HWT 9

0.827 cd

0.877 bcd

0.902 bcde

0.999 ab

Control, with HWT 10

0.893 ab

0.847 d

0.901 bcde

0.896 b

P-value

0.001

0.001

0.001

0.001

L.s.d

0.047

0.06

0.061

0.091

Negative

control,

Day 2

0.941 ab

bacterial 3
4

R. solani 6
Sawdust GM compost and
R. solani 7

Absorbance means at 500nm at days after grapevine root inoculations.

1

14 pure bacterial isolates

originating from the pinebark based grape marc compost; 2 14 pure bacterial isolates originating from
the sawdust based grape marc compost;

3

negative control with a mock bacterial inoculation;

4

negative control with mock fungal inoculation; 5 R.solani (DAR 77623) inoculation; co-inoculation; 6
treatment 1 plus treatment 5; 7 co-inoculation of treatment 2 plus treatment 5; 8 positive control with
methyl jasmonate (50µMol.);

9

Control – not hot water treated;

10

control with hot water treatment.

Values within a column followed by the same letter are not significantly different based on Fisher
L.s.d, confidence interval 95%.
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(ii) Peroxidase activity in leaves
One day after soil inoculation, the peroxidase activity in the leaves of the potted grapevines
was highest after application with R. solani and the bacterial isolates from the pinebark GM
compost treatment. Interestingly, the peroxidase activity in this treatment (R. solani and the
bacterial isolates from the pinebark GM compost) was significantly higher than treatment
with R. solani and the bacterial isolates from the sawdust GM compost. On day two after
inoculation, the peroxidase activity was still the highest in the R. solani and the bacterial
isolates from the pinebark GM compost treatment. R. solani and the bacterial isolates from
the pinebark GM compost treatment was also significantly higher than R. solani and the
bacterial isolates from the sawdust GM compost on day two. However, by day 4 and day 6
after inoculation, only the methyl jasmonate (positive control) treatment was significantly
higher than any other treatment (Table 6.6).
Table 6.6 Peroxidase leaf activity.
Treatment.

Day 1

Day 2

Day 4

Day 6

Pinebark GM compost 1

19.1 b

23.3 abc

13.4 b

6.7 c

Sawdust GM compost 2

23.5 b

24.8 ab

25.9 b

10.6 bc

Negative control, mock bacterial 3

24.7 b

15.3 abc

21.3 b

14.5 bc

Negative control, mock fungal 4

16.3 b

13.5 bc

18.2 b

3.9 c

R. solani 5

24.4 b

22.2 abc

18.7 b

27.6 b

Pinebark GM compost and R. solani 6

42.3 a

26.0 a

12.5 b

4.3 c

Sawdust GM compost and

22.0 b

13.5 c

17.9 b

3.5 c

Methyl jasmonate 8

18.3 b

21.1 abc

92.3 a

45.2 a

Control, not HWT 9

17.9 b

14.3 bc

13.5 b

20.0 bc

Control, with HWT 10

22.4 b

15.7 abc

15.5 b

9.7 c

0.001

0.035

0.001

0.001

8.4

11.3

21

17.2

R. solani 7

P-value
L.s.d

Absorbance means at 420nm at days after grapevine root inoculations.

1

14 pure bacterial isolates

originating from the pinebark based grape marc compost; 2 14 pure bacterial isolates originating from
the sawdust based grape marc compost;

3

negative control with a mock bacterial inoculation;

4

negative control with mock fungal inoculation; 5 R. solani (DAR 77623) inoculation; co-inoculation; 6
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treatment 1 plus treatment 5; 7 co-inoculation of treatment 2 plus treatment 5; 8 positive control with
methyl jasmonate (50µMol.);

9

Control – not hot water treated;

10

control with hot water treatment.

Values within a column followed by the same letter are not significantly different based on Fisher
L.s.d, confidence interval 95%.

(ii) Polyphenol oxidase activity in leaves
On no occasion were the levels of polyphenol oxidase activity significantly above or below
those of the controls. Although on days one, four and six the mock bacterial negative control
treatment was significantly higher than the mock fungal negative control treatment (Table
6.7).
Table 6.7 Polyphenol oxidase leaf activity.
Day 1 a

Day 2 b

Day 4 c

Day 6 d

0.174 bc

0.263 abcd

0.300 ab

0.298 b

Sawdust GM compost 2

0.278 a

0.227 bcde

0.212 bcd

0.255 b

Negative control, mock bacterial

0.283 a

0.243 abcde

0.348 a

0.386 a

Negative control, mock fungal 4

0.131 c

0.216 cde

0.179 cd

0.053 c

R. solani 5

0.182 bc

0.188 de

0.275 abcd

0.079 c

0.224 ab

0.298 abc

0.168 d

0.028 c

0.184 bc

0.324 a

0.338 a

0.008 c

Methyl jasmonate 8

0.195 bc

0.238 abcde

0.193 bcd

0.340 ab

Control, not HWT 9

0.251 ab

0.309 ab

0.293 abc

0.318 ab

Control, with HWT 10

0.245 ab

0.171 e

0.253 abcd

0.301 ab

P-value

0.003

0.014

0.017

0.001

L.s.d

0.064

0.073

0.096

0.07

Treatment
Pinebark GM compost

1

3

Pinebark
R. solani

GM

compost

and

6

Sawdust GM compost and
R. solani 7

Absorbance means at 420nm at days after grapevine root inoculations.

1

14 pure bacterial isolates

originating from the pinebark based grape marc compost; 2 14 pure bacterial isolates originating from
the sawdust based grape marc compost;

3

negative control with a mock bacterial inoculation;

4

negative control with mock fungal inoculation; 5 R. solani (DAR 77623) inoculation; co-inoculation; 6
treatment 1 plus treatment 5; 7 co-inoculation of treatment 2 plus treatment 5; 8 positive control with
methyl jasmonate (50µMol.);

9

control – not hot water treated;

10

control with hot water treatment.

Values within a column followed by the same letter are not significantly different based on Fisher
L.s.d, confidence interval 95%.
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6.5 DISCUSSION

Chapter 6

Results from Chapter 3 demonstrate that grapevine rhizosphere populations of copiotrophic
Pseudomonas spp. were significantly increased three years after grape marc (GM) compost
application at the Langhorne Creek vineyard. Similarly, at the Wagga Wagga vineyard both
pine sawdust based GM compost and pinebark GM compost resulted in significantly higher
populations of Pseudomonas spp compared to the bare soil (mechanically weeded) and
herbicide controls. Two bacterial isolates inhibited the growth of R. solani (DAR 77623) in
the dual culture assays. These antagonistic bacterial isolates were identified by the Biolog™
ID plate system as Serratia fonticola and Pseudomonas chlororaphis (fluor. Biotype D).
These bacteria were isolated from the grapevine rhizosphere one year after the application of
sawdust and pine bark GM compost treatment, respectively (Chapter 3). These findings of
this current study concur with the results obtained by Mahoud, et al. (2008) who investigated
52 bacterial isolates from the rhizosphere of potatoes for their antagonistic abilities towards
R. solani and Phoma betae. These authors found that both S. fonticola and P. chlororaphis
produced an inhibition zone of 5-10mm against R. solani when tested in dual culture in vitro
assays.
P. chlororaphis was found to have chitinase activity and S. fonticola to produce pectinase
and protease activity (Mahoud, et al. 2008). The hydrolytic enzymes, chitinase, pectinase and
protease, are used by these bacterial isolates to degrade fungal cell walls and thus inhibit
fungal growth (Devi, et al. 2013 and Mahoud, et al. 2008). A number of studies have
reported that Pseudomonas spp. and Serratia spp. are the most abundantly found genera of
rhizobacteria. Serratia fonticola from the rhizosphere of strawberry plants was found to
antagonise the growth of Verticillium dahliae in dual culture (Berg, et al. 2006).
Soil amendments such as compost increase microbial diversity by the introduction of
beneficial species otherwise not found in a specific plant crop. Future applications of soil
amendments have the potential to be enhanced with beneficial bacteria. Interestingly, all
isolates belonging to the Serratia sp. in the present study were obtained only from sawdust
GM compost treatment, whereas isolates from the Pseudomonas genus appeared in the
rhizosphere of grapevines treated by both sawdust and pinebark GM compost. The result
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from the current study may reflect the influence of different soil amendments on microbial
diversity as found in other studies assessing soil amendments and microbial diversity (Farrell
et al. 2009; Jack, et al. 2011 and Rotenberg, et al. 2007). Although other factors such as
climate, plant host and soil type influence rhizosphere microbial diversity, these factors can
be eliminated from consideration in this current study as samples were taken from the same
site with the same plant host.
As shown in this current study, Serratia fonticola displayed antagonism towards R.solani a
common plant pathogen, other studies have also shown that Serratia spp. were antagonistic
towards plant pathogens (Berg, 2006; Ee, et al. 2014 and Szentes, et al. 2013). Szentes, et al.
(2013) reported that an isolate of S. fonticola (BB17) was a successful biocontrol agent
against Fusarium oxysporum wilt in cucumber. Furthermore, two of the S. fonticola isolates
tested by these authors produced N-acylhomoserine lactones (AHL) used in quorum sensing
and activation of defence genes. S. fonticola strain BB17 also produced siderophores, which
work as both direct antagonists and in eliciting ISR and hydrogen cyanide (HCL), which
inhibits the electron transport system in other microorganisms.
Recently, S. fonticola has also been shown to produce three new AHL important in the
regulation of various genes through quorum sensing (Ee, et al. 2014). The production of
AHLs by S. fonticola may have been involved in the inhibition of growth towards R. solani
by S. fonticola in this current study. Various studies have shown a clear association with the
production of AHL and ISR (Schenk, et al. 2015). The three AHL found by Ee, et al. (2014)
were N-butyryl-L-homoserine lactone (C4-HSL), N-hexanoyl-L-homoserine lactone (C6HSL) and N-(3-oxohexanoyl) homoserine-lactone (3-oxo-C6 HSL). C4-HSl and C6-HSL
were found to elicit the expression of PR1a and two chitinase genes in tomato plants after
treatment with these specific AHL.
Pseudomonas chlororaphis (fluor. Biotype D) in the present study, isolated only from the
rhizosphere of pinebark GM compost, was found to be antagonistic towards the growth of R.
solani (DAR 77623) in vitro. Isolates of Pseudomonas chlorophis elicits ISR in plants
through the production of AHL and siderophores and also produces anti-fungal compounds
phenazine, pyrrolnitrin and hydrogen cyanide contributing to the inhibition of R.solani (Chen,
et al. 2015; Liu, et al. 2007; Maddula, et al. 2006; Park, et al. 2011 and Spencer, et al. 2003).
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The effectiveness of P. chlororaphis as an antagonist is affected by substrate utilization as
examined by the work of Park, et al. (2011) whereby the presence of glucose inhibited the
production of pyrrolnitrin and increased the production of phenazine.
The effectiveness of P. chlororaphis as both a direct antagonist and elicitor of ISR differs
according to the environment, microbial interaction and substrate conditions (Liu, et al. 2007;
Park, et al. 2011 and Molina, et al. 2003). Spencer, et al. (2003) demonstrated that
P. chlororaphis 06 was a highly successful coloniser of tobacco roots. The production of
AHL by P. chlororaphis is dependent on the substrate on which it is growing. The production
of C4 HSL and C6 HSL by P. chlororaphis (fluor. Biotype D) was influenced by the media
on which it was cultured (Liu, et al. 2007). Furthermore, AHL production by P. chlororaphis
is also affected by the presence of other bacterial species in particular, AHL degraders.
Molina, et al. (2003) reported that Pseudomonas fluorescens P3/pME6863 interfered with the
effective ability of P. chlororaphis (PCL 1391) to suppress F. oxysporum tomato vascular
wilt. It did so by inhibiting AHL biosynthesis, and thus the production of anti-fungal
compounds, pyrrolnitrin and phenazine.
The use of a ‘microbial consortium’ inoculation treatment, containing a mixture of beneficial
PGPB, has been shown to be more effective than single bacterial strain treatment for
induction of plant systemic resistance. A possible explanation for this is that soil mediated
disease suppression of plants may require a combination of defence modes, such as ISR and
antagonism, which would be associated with different PGPB (Akila, et al. 2011 and Sarma, et
al. 2015). Akila, et al. (2011) recently demonstrated that a mixture containing both
P. fluorescens and B. subtilis increased the expression of peroxidase and polyphenol oxidase
in banana roots, after co-inoculation with the fungal pathogen, Fusarium oxysporum f. sp.
cubense.
Peroxidase activity
Soon after challenge inoculation with R. solani, the consortia of rhizosphere bacterial isolates
caused an increase in Chardonnay leaf peroxidase activity. These results are in agreement
with those of Singh, et al. (2013), who reported that three beneficial microbial isolates
(Rhizobium, Pseudomonas and Trichoderma) co-inoculated with the fungal pathogen
Sclerotium rolfsii, produced the highest peroxidase activity two days after inoculation in
chickpea leaves. Singhai, et al. (2011) also reported a peak in peroxidase activity three days
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after inoculation with Pseudomonas mosselii, in potato plants (leaves) challenged with the
pathogen Streptomyces scabies.
An interesting observation from this present study was that the positive control (methyl
jasmonate) peaked in peroxidase activity four days after application, and then had a longer
period of significant activity compared with the bacterial inoculation treatments. Repka, et al.
(2004) also found the presence of two defence related proteins (PR-1 and PRX) 14d after
methyl jasmonate treatment, suggesting that methyl jasmonate not only induces an early
defence response but also triggers longer lasting defence responses.
Polyphenol oxidase activity
The consortia of bacterial isolates from the rhizosphere of both GM composts did not
significantly change the levels of polyphenol oxidase activity above or below those of the
controls. A possible explanation for the lack of difference in activity between the treatments
and controls in the present investigation is microbial contamination resulting in high leaf
enzyme activity in the control treatments. Other studies have found that inoculation with soil
microbes caused increased polyphenol oxidase activity. Jain, et al. (2012) reported that a
bacterial/fungal consortium (B. subtilis, P. aeruginosa and T. harzianum) caused greater pea
leaf polyphenol oxidase activity than single microbial inoculation, three days after
inoculation. Longer term (12 days after inoculations) induced expression of polyphenol
oxidase have also been observed Nakkeeran, et al. (2006) in hot pepper seedlings where
bacterial inoculation was applied to seeds and the pathogen inoculation occurred 14 days
later. The mock bacterial negative control had significantly higher polyphenol oxidase
activity compared to the mock fungal negative control on days one, four and six. This result
may have been influenced by microbial contamination by Chaetomium sp. (an endophyte
found in grapevine shoots and roots) in which the agar medium influenced its growth
(Aldrich et al. 2015).
Laminarin (ß-1,3- glucanase activity)
Two days after inoculation, the consortium of pinebark GM compost grapevine rhizobacteria
produced higher levels of Chardonnay leaf -1,3-glucanase activity, compared with the
positive control (methyl jasmonate). These results are similar with those of Jain, et al. (2012)
who observed, that -1,3 glucanase activity in pea leaves increased up until three days after
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inoculation with B. subtilis, P. aeruginosa and T. harzianum co-challenged with Sclerotinia
sclerotiorum.
Leaf peroxidase, polyphenol oxidase and laminarin (-1,3-glucanase) activities were greater
for the rhizobacteria consortium from pine bark GM compost than from sawdust GM
compost. These differences between sawdust GM compost and pinebark GM compost may
reflect the differences in their community structure, as outlined in Chapters 4 (Biolog™
Ecoplate) and 5 (TRFLP).
Optimal sampling time for defence enzyme assays
The work of Akila, et al. (2011) and Nakkeeran, et al. (2006) show that enhanced activities of
peroxidase and polyphenol oxidase still increase up until nine or 12 days after treatment with
beneficial PGPB with or without pathogen challenge. This raises an important question about
sampling times for defence enzyme assays. Should studies based on the effects of PGPB on
defence enzyme activity increase their sampling time up to 12 days after inoculation
treatments? Perhaps a longer sampling period (e.g. 12 days after inoculation) may improve
our understanding of the lasting effects on plant defence enzyme activity from a single PGPB
application. Furthermore, our understanding of parameters that define disease suppressive
microbial mixtures may be expanded. Another future question to be addressed is what effects
on plant defence enzyme activity will repeat applications of PGPB have on plants? These
questions need to be answered to further the development of PGPB mixes for commercial
use.
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6.6 CONCLUSIONS

Chapter 6

A very small proportion of the total culturable bacterial isolates (28 isolates) that were
explored in this chapter showed that the addition of GM compost does contain the capability
of contributing to grapevine disease suppression through antagonism. Two of the 28
rhizobacteria from the Wagga Wagga field trial showed clear inhibition towards the growth
of fungal root pathogen R. solani in vitro. These isolates were putatively, identified by
Biolog™ GN as Serratia fonticola, from the sawdust based GM compost and Pseudomonas
chlororaphis from the pinebark based GM compost treatment. The consortium of rhizosphere
bacteria associated with pinebark GM compost increased the peroxidase activity and
laminarin (-1,3-glucanase) activity in the leaves of Chardonnay cuttings, indicating
enhanced plant defence activity. The differences in the effect of the sawdust GM compost
and pinebark GM compost on leaf peroxidase, polyphenol oxidase and laminarin (- 1,3glucanase) activity may reflect the differences in their community structure, as outlined in
Chapters 4 (Biolog™ Ecoplate) and 5 (TRFLP). The application of PGPB mixtures isolated
from disease suppressive soils is a promising soil management tool for the enhancement of
plant disease prevention and growth.
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Chapter Seven

General discussions
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General discussion and future directions

Chapter 7

The aims of this project were to investigate the influence of GM based composts on the
vineyard rhizosphere microbial population and diversity (genetic and functional). The
vineyard trials in this current study displayed no disease symptoms and thus no correlation
between chnages in microbial populations and diversity and vineyard disease incidence. In
addition, the project investigated antagonistic and induced systemic resistance (ISR)
capabilities of GM compost amended grapevine rhizosphere bacteria against the fungal root
pathogen, Rhizoctonia solani. Three different methods were used to analyse the microbial
population and diversity. Both plate culturing (Chapter 3) and TRFLP (Chapter 5)
successfully evaluated microbial community structure, whereas the Biolog Ecoplate™
method (Chapter 4) evaluated changes in microbial functional diversity. The final
experimental Chapter (6) evaluated the potential of 28 Gram negative bacterial isolates to
elicit induced systemic resistance in Chardonnay cuttings and display antagonistic traits
towards the fungal pathogen R. solani.
Increased plant growth
The organic amendments increased the grapevine pruning weights, indicating improved vine
health and growth compared to both controls. The pruning weight increases ranged from 2236% at Wagga Wagga, 11-56% at Clare Valley, and 33-87% at Langhorne Creek. Increased
grapevine vigour has also been observed in other studies investigating the effects of composts
on vine growth (García-Orenes, et al 2016; Guerra, et al. 2012; Mundy, et al. 2002 and
Nguyen, et al. 2013).
Changes in rhizosphere microbial populations
Investigations into the agricultural use of GM compost have reported increased soil fungal
populations and decreased plant disease severity after application (e.g. Pythium damping off
in cucumber and Fusarium wilt in tomatoes) (Borrero, et al. 2004 and Santos, et al. 2008).
Studies on the effects of soil amendments in vineyards have mainly focused on the vine
growth and wine parameters (Chan, et al. 2011; Guerra, et al. 2012 and Nguyen, et al. 2013)
but little is known about the impacts on vineyard microbial rhizosphere populations and
diversity (Marasco, et al. 2013). The present investigation showed that the application of
organic soil amendments in the two South Australian vineyards (Langhorne Creek and Clare
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Valley) caused changes in the grapevine rhizosphere microbial populations: at Langhorne
Creek, commercially prepared GM compost significantly changed both bacterial and fungal
rhizosphere populations compared to the bare soil (glyphosate) control.
This result prompted the initiation of a vineyard trial at Wagga Wagga, in which two types of
GM based composts (pinebark based and pine sawdust based) were designed, produced and
applied for the investigation of shorter term effects on grapevine rhizosphere microbial
population and diversity. The two GM based composts at the Wagga Wagga trial were
compared to two bare soil controls (i) glyphosate and (ii) mechanical weeding to enable a
comparative study on the effects of compost amendments on vineyard microbial populations
compared to the controls used in the South Australian trial sites (Chapter 3).
The application of the two GM composts (Wagga Wagga) resulted in significantly higher
bacterial populations across all bacterial groups compared to the bare soil control
(glyphosate) reflective of the results obtained at the Langhorne Creek trial with the use of
‘Peats’ GM compost. Most bacterial groups had significantly higher populations under the
commercial ‘Jefferies’ compost compared to the bare soil control (mechanically weeded) at
Clare Valley; also reflective of the population increases observed in the Wagga Wagga trial
when comparing the GM composts to the Wagga Wagga bare soil control (mechanically
weeded). All three, vineyard sites, showed that the application of composts had significantly
higher bacterial populations when compared to both bare soil controls. These results further
contribute to the consensus that the application of composts increases bacterial populations in
a variety of soil types and climatic conditions (Bernard, et al. 2012; Castano, et al. 2011;
Rotenberg, et al. 2007; Scotti, et al. 2016 and Zaccardelli, et al. 2013). However, some
members of the microbial community display variable population responses to compost
amendments.
Fungal populations at the Wagga Wagga trial were reflective of the results from the Clare
Valley trial (with the exception of Oomycetes). The commercial ‘Jefferies’ compost (Clare
Valley) and both GM composts (Wagga Wagga) resulted in higher populations of bacterial
groups, but no significant increases in the populations of fungal groups or Oomycetes
compared to the bare soil control (mechanically weeded). The fungal and Oomycete
populations at Clare Valley and Wagga Wagga may have utilised glyphosate as a source of
carbon and phosphorus (Druille, et al. 2016. and Tanney, J.B. and Hutchison, J. 2010). The
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only fungal groups to display significantly higher populations under compost amendment
compared to the bare soil control (glyphosate) was found at the Langhorne Creek trial. GM
compost application at the Langhorne Creek site caused significantly higher populations of
the general and cellulolytic fungal and Oomycetes populations compared with the herbicide
bare soil control.
Fungal and Oomycetes populations were found to be significantly lower under herbicide bare
soil control compared to all other treatments applied. The decrease in fungal and Oomycete
populations observed in the current study are similar with the findings of Sebiomo et
al. (2010) where, fungal populations were also signifianctly lower after glyphosate treatment
compared to the untreated control. The differences in fungal population responses to the
compost amendments can be attributed to differences in substrate availability in the compost.
For instance, cellulolytic and general fungal populations were significantly higher under
straw mulch compared to the ‘Peat’s Nitra mulch’ (Langhorne Creek) compost and similarly
(although not significant) wheat straw mulch increased cellulolytic and general fungal
populations compared to the ‘Jefferies’ compost and mulch amendments (Clare Valley).
These results certainly support the consensus that microbial community responses are
significantly influenced by the substrates within a soil amendment (Anastasi, et al. 2004;
Hartmann, et al. 2015; Hoitink, et al. 1999; Rahman, et al. 2014 and Sebiomo et al. 2010).
Furthermore, these results suggest that straw mulch amendments increase the populations of
cellulolytic and general fungal populations compared to compost amendments.
One year after application, both GM based composts tested at Wagga Wagga resulted in a
significant increase in the populations of both copiotrophic and oligotrophic culturable
rhizosphere bacterial groups. The most abundant rhizosphere bacteria in the South Australian
and Wagga Wagga vineyards were the copiotrophic pseudomonads, in accordance with the
results of Morasco, et al. (2013), Karagoz, et al. (2012) and Whitelaw-Weckert, et al. (2007)
who found that the grapevine rhizosphere and bulk soil were dominated by Gammaproteobacteria, including Pseudomonas spp. The outcomes of the plate culture method used
in Chapter 3 demonstrated that rhizosphere populations of copiotrophic pseudomonads were
increased by the application of both GM composts tested, but the increases were greater
under pinebark GM compost than under sawdust GM compost. Fungal populations were less
responsive to the application of either GM compost. This was also reflected by the fungal
counts at both South Australian vineyards.
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Chapter 3 also showed that culturable copiotrophic pseudomonad grapevine rhizosphere
populations were significantly lower under glyphosate (herbicide) treatment compared with
the two GM composts. In two copiotrophic bacterial groups (fast growing low nutrient
bacteria and fast growing cellulolytic bacteria) and two oligotrophic bacterial groups
(oligotrophs and slow growing cellulolytic bacteria), glyphosate treatment significantly
decreased their populations compared to mechanical weeding. The deleterious effects of
glyphosate on bacterial populations in the rhizosphere observed in this study have also been
found in other studies investigating the effects of glyphosate on soil bacterial populations
(Sebiomo, et al. 2011; Tanney, et al. 2010 and Whitelaw-Weckert, et al. 2007).

Changes in functional rhizosphere microbial diversity
The application of either of the two GM based composts in Wagga Wagga caused significant
changes in microbial diversity, as seen in overall carbon utilisation by the BiologTM Ecoplate
analysis. The application of pinebark based GM compost showed the highest increase in
overall carbon utilisation, indicating that this soil amendment increased the microbial
functional diversity as well as the population sizes (Chapter 3). This was also reflected in the
richness scores from both Biolog Ecoplate TM (Chapter 4) and TRFLP analysis (Chapter 5)
(i.e. number of positive wells and number of unique TRFs respectively). The greatest number
of unique rhizosphere bacterial and fungal TRFs was found under pinebark GM compost with
a total of 21 bacterial TRFs and 20 fungal TRFs. These results are in agreement with those of
Benitez, et al. (2007), Tiquia, et al. (2002) and Pedrez-Piqueres, et al. (2006) who also
reported an increase of bacterial and fungal TRFs under various soil amendments.
Interestingly, both the Biolog Ecoplate TM and TRFLP methods showed similar low ‘richness’
scores for rhizosphere microbial communities under sawdust GM compost and herbicide
(glyphosate). One possible reason for the decreased rhizosphere microbial richness under
sawdust GM compost may be its high total soluble salts levels, leading to high Electrical
Conductance (EC). High soil EC and salinity levels have been found to decrease bacterial
growth (Rousk, et al, 2011). These findings concur with those of other studies showing that
the overall carbon utilisation of the Biolog Ecoplate TM was increased, after the addition of
composts (Nair, et al. 2012; Perez-Piqueres, et al. 2006 and Sofo, et al. 2014). The
assessment of the functional carbon groups using the Biolog Ecoplate TM has been shown to
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be useful for the assessment of specific microbial community differences between soil
amendments (Lupwayi, et al. 2004 and Nair, et al. 2012). The Biolog Ecoplate TM method,
through the analysis of functional carbon groups, also allows the investigator to find
similarities between microbial communities in soil amendments and the original microbial
communities (unamended control treatments).

Carboxylic acids and carbohydrates were the two carbon groups with the greatest number of
Biolog Ecoplate TM carbon sources utilised. Both GM based composts significantly increased
the utilisation of most of the Biolog Ecoplate TM carboxylic acids, compared with the vineyard
controls. Interestingly, in the present investigation, there was no difference in carboxylic acid
utilization between the two GM based composts, indicating that both composts enhanced
microbial members that utilize carboxylic acids. These results demonstrate the influence that
composts have on rhisosphere functional microbial diversity compared to conventional
agricultural practices (Kumar, et al. 2017 and Scotti, et al. 2016).
The Biolog Ecoplate

TM

(Chapter 4) results showed that the application of herbicide

(glyphosate) resulted in significantly lower utilisation of carboxylic acid utilization when
compared to the bare soil controls (mechanically weeded). This was consistent with the
results of Chapter 5 where TRFLP (16S operon) digested with RsaI and HhaI restriction
enzymes indicated, through an increase of relative abundance, that the bacterial populations
decreased under herbicide treatment compared with the bare soil mechanically weeded
treatment. Other studies have also found that glyphosate caused significantly lower bacterial
and fungal rhizosphere populations (Sebiomo, et al. 2011; Tanney, et al. 2010 and WhitelawWeckert, et al. 2007).
Fungal populations responded differently than bacteria to glyphosate treatment. Chapter 3
showed that herbicide (glyphosate) did not decrease the general culturable fungal populations
although it significantly increased the oomycete population. In contrast, in Chapter 5, culture
independent methodology TRFLP showed that the fungal diversity under the glyphosate
treatment was negatively correlated with the diversity of fungi in the bare mechanically
weeded soil. TRFLP also showed that herbicide caused the emergence of new TRF not found
under either of the GM composts nor the bare soil (mechanically weeded). The emergence of
unique species of bacteria and fungi, after herbicide application have been observed in other
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studies (Darine, et al. 2015 and Sheng, et al. 2012). The observations made in this study and
in those of other studies investigating the effects of glyphosate on fungal communities,
indicates that although their populations are decreased, diversity changes can occur with the
emergence of new species. The emergence of these unique species under glyphosate
treatment

might

be

involved

in

the

degradation

process

such

as

AMPA

(aminomethylphosphonic acid), a glyphosate metabolite produced by microbes and in part
influenced by the plant itself as a means of self-preservation (Aslam, et al. 2014; Darine, et
al. 2015 and Sarma, et al. 2015).
The Biolog Ecoplate TM study showed that N-actetyl-d-glucosamine was the most utilised of
the carbohydrates, with microbial communities under herbicide utilising significantly less.
Chaudhry, et al. (2012) found that microbial communities under organic cultivation with cow
manure compost utilised carbohydrates more efficiently than microbial communities under
chemical cultivation and fallow soil (uncultivated). Different utilisation patterns for
carbohydrates were observed between two types of compost: rye compost and rye-vetch
compost by Nair, et al. (2012). The bare soil (mechanically weeded) control, shared similar
absorbance means as both GM composts and utilisation of N-actetyl-d- glucosamine was
significantly greater under sawdust GM compost. The observations made by Nair, et al.
(2012) and the present study, support the fact that microbial communities are also influenced
by the substrate composition of soil amendments (Hoitink, et al. 1999). However, a certain
degree of similarity in microbial communities between the soil amendment and original
(unamended) soil is also to be expected (Benitez, et al. 2007).

Suppressive bacterial isolates from grapevine rhizosphere
Increased microbial abundance and diversity are commonly associated with soil health and
also soil disease suppressive capabilities (Benitez, et al. 2007 and Borrereo, et al. 2004). Two
of the Gram negative bacteria growing on Pseudomonas selective media isolated from the
rhizosphere of pinebark and sawdust GM compost were found to inhibit the growth of
R. solani in vitro. These bacterial isolates were identified by the Biolog

TM

identification

system as Serratia fonticola and Pseudomonas chlororaphis Fluor. Biotype D. Both of these
isolates are associated with disease suppression in other plant and pathogen systems (Park, et
al. 2011; Molina, et al. 2003 and Szentes, et al. 2013).
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Further investigation of possible disease suppressive effects of microbial communities in GM
composts would be highly beneficial for the management and prevention of disease
epidemics faced in some vineyards. Such composts would be economically viable, especially
when factoring in the decrease of fertiliser and herbicide inputs and improved disease
prevention. Little is known at present about the disease suppressive qualities of GM composts
against common grapevine pathogens in the field (Jacometti, et al. 2006; Karagoz, et al. 2012
and Morasco, et al. 2013). Field studies conducted in disease prone sites would be highly
beneficial in determining the practical applications of GM compost for integrated disease
management and prevention in viticultural practices.

Conclusions

Chapter 7

Three methods were used to evaluate the grapevine rhizosphere community changes after the
establishment of organic amendment treatments under-vine: microbial counts by dilution
plating (Chapter 3); Biolog™ Ecoplate Community Level Physiological Profiling (Chapter
4); and TRFLP (Chapter 5). The major conclusions from these studies are:
1) Plate culturing showed that organic amendments, including both GM composts at
Wagga Wagga, significantly increased the rhizosphere bacterial (copiotrophic)
populations when compared to herbicide treatment. Furthermore, the GM composts at
Wagga Wagga and Langhorne creek significantly increased oligotrophic populations
when compared to herbicide treatment.
2) Fungal rhizosphere populations responded differently than bacteria to the compost,
mulch and herbicide treatments. The fungal populations were not increased by the
organic amendments or decreased by glyphosate in two (Wagga Wagga & Clare
Valley) of the three vineyards assessed.
3) Pinebark and sawdust influence microbial populations differently. Grapevine
rhizobacterial populations were greater under pinebark GM compost than sawdust
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GM compost. In contrast, fungal populations were greater under sawdust GM
compost than pinebark GM compost.
4) All three methods; plate culturing, Biolog™ Ecoplate (CLLP) and TRFLP; showed
that glyphosate treatment decreased the rhizosphere bacterial community in terms of
population, function and structure. The herbicide used in the Wagga Wagga trial
(glyphosate) significantly reduced rhizosphere populations of copiotrophic and
oligotrophic bacteria. The Biolog Ecoplate

TM

(CLLP) studies showed significantly

lower overall carbon utilisation in microbial communities under herbicide treatment
compared with both GM composts. TRFLP showed that the herbicide rhizosphere
microbial community structure was the least similar to that under pinebark GM
compost.
5) GM composts in particular, pinebark GM compost, have the potential to alter the
grapevine rhizosphere microbial population and diversity and to encourage higher
populations of plant defence related fluorescent Pseudomonas spp., thus contributing
to vineyard disease suppression. Significantly higher populations of Pseudomonas
spp. were found under pinebark GM compost (Chapter 3).
Future research directions
Acknowledging that the composition of a soil amendment has a significant influence on
rhizosphere microbial community structure, there is a need for a general national GM
compost protocol or international standard. Establishing a standard composition for GM
compost will aid in the understanding of how GM composts influence the grapevine
rhizosphere under different Australian climatic conditions and soil parameters. Given the
number of studies that have found enhanced disease suppression by the addition of composts
in vineyards, this research topic is well worth further exploration (Burns et al. 2016;
Jacometti, et al. 2007; Jovicic-Petrovic et al. 2016; Mundy et al. 2002 and Landi et al. 2018).
Further investigations into the use GM compost in combination with specialised plant growth
promoting microbes may result in these becoming successfully used within viticultural
organic and integrated pest management practices.
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Combinations of GM compost and specialised plant growth promoting microbes could aid
not only in soil nutrient availability, for vineyard soil health, vine vigour and yield but also in
grapevine disease suppression. A recent study supplementing vineyard compost applications
with T harzianum t78 to degraded vineyard soils showed potential to improve saline soil
properties (Mbarki et al. 2016). With the successful use of next generation sequencing there
is real potential in understanding which members of the vineyard microbiota, are influenced
by different vineyard floor management practices. Attaining such information will then aid in
the efficient design of vineyard composts for the improvement of vineyard floor management
practices.
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APPENDIX 1
Origin of soil samples, collection dates and storage
All vineyard sites were established using a Latin square trial design with four replications per
treatment. There were four treatments at each vineyard site. There were 6 vines per plot, with
each treatment distributed along each vineyard row.
Soil rhizosphere samples were collected using a 2.5cm diameter and 10cm long soil corer.
The inside of the soil corer was brushed out after each treatment replicate sample collection
and a mock soil core was taken prior to the collection of the next treatment sample. Five soil
rhizosphere cores were taken per treatment replicate and mixed within one sample bag.
The following treatment samples were collected from Clare Valley on the 15.6.2004:
1) Herbicide control.
2) Straw.
3) Green organics compost.
4) Green organics mulch.
The Green organics mulch and straw were applied at an industry standard rate of 7.5 cm
depth. The straw was applied at a depth of 20cm.
The following treatment samples were collected from Langhorne Creek on the 16.6.2004:
1) Herbicide control.
2) Straw.
3) Green organics compost.
4) Grape marc compost.
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The Green organics compost and the Grape marc compost were applied as in Clare Valley at
a depth of 7.5 cm. The straw was applied at the same depth of 20cm as in Clare Valley.
Glyphosate 666g ha -1 applied once at the start of the Langhorne Valley trial.
The following prior treatment samples were collected from Charles Sturt University vineyard
on the 22nd of August 2005.
1) Prior sawdust application.
2) Prior pinebark application.
3) Prior herbicide application.
4) Prior bare soil application.
The following treatment samples were collected from Charles Sturt University vineyard on
the 17th of October 2006.
1) Sawdust- grape marc application.
2) Pinebark- grape marc application.
3) Herbicide control application.
4) Bare soil control.
Sawdust and pinebark based grape marc composts were applied at a 7.5 cm depth. Herbicide
applied was glyphosphate, ‘Roundup®’ at the recommended rate, 666g ha -1, four times per
year. Nothing changed to bare soil control (no till). Charles Sturt University rhizosphere
samples were collected utilising the same corer used for the collection of South Australian
samples.
Grape marc compost materials and composting process.
35% grape marc (including leaf, stems, seeds, skins)
30%green waste material (includes branches, grass clippings, leaves, prunings)
23%pine bark or sawdust.
6% animal manure
6% large sized particles/material.
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One tonne for each grape marc compost type (sawdust/pinebark) was made in a pile that was
overturned once per month and watered to keep moisture above 50%. Temperature and
moisture measurements were taken randomly around the compost pile at three height levels
each week for 6 weeks.

Pinebark grape marc compost.
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Figure 1. Soil moisture and temperature reading during the first 6 weeks of composting
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Figure 2. Soil moisture and temperature reading during the first 6 weeks of composting
for sawdust grape marc compost.
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Storage of soil samples
Soil samples used for culturing were stored in the cold room at 5 C. Rhizosphere samples
were placed in labelled plastic bags. Samples used for Terminal-Restriction Fragment Length
Polymorphorism were stored in eppendorf 1.5ml tubes, labelled and placed in a freezer at 20 C. Rhizosphere samples used for the Biolog ecoplates were stored in the same conditions
as samples used for TRFLP analysis.
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APPENDIX 2
CSU vineyard, Wagga Wagga, site information
Description of soil characteristics, nutrient analysis, rainfall and pH

Table 1. CSU, Wagga Wagga soil analysis. Chemical analysis by SWEP Analytical Laboratories,
Bridge Rd., Keysborough, Victoria, Australia.
Soil characteristics.
Colour.
Texture.

Sawdust.
Dark greyish brown.

Pinebark
Grey brown.

Bare soil.
Light greyish brown.

Coarse sandy light Coarse sandy light Coarse sandy clay
clay.
clay.
loam.

Table 2. CSU, Wagga Wagga soil pH. Desirable pH level 6-7.5 for vines. Chemical analysis by
SWEP Analytical Laboratories, Bridge Rd., Keysborough, Victoria, Australia.

Treatment.

pH. (1:5 water).

Sawdust.

7.1

Pinebark.

7.8

Bare soil.

8.3

Table 3. CSU, Wagga Wagga soil available N.P.K. Chemical analysis by SWEP Analytical
Laboratories, Bridge Rd., Keysborough, Victoria, Australia.

Treatment.

231

N

P

K

(mg/kg)

(mg/kg)

(mg/kg)

Sawdust.

3

31.4

432.9

Pinebark.

2.1

23.4

284.7

Bare soil.

1.2

9.2

124.8

Table 4. CSU, Wagga Wagga soil analysis. CEC – Cation exchange capacity. TOM – Total organic
matter. TOC - Total organic carbon. Chemical analysis by SWEP Analytical Laboratories, Bridge
Rd., Keysborough, Victoria, Australia

.
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Treatment.

CEC

TOM %

TOC%

Sawdust.

16.83

6.6

3.3

Pinebark.

17.13

4.2

2.1

Bare soil.

6.64

1.8

0.9

Soil nutrient analysis after the application of sawdust based grape marc
compost (CSU vineyard, Wagga Wagga)
Chemical analysis by SWEP Analytical Laboratories, Bridge Rd., Keysborough, Victoria, Australia

233

234

235
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Soil nutrient analysis after the application of Pinebark based grape marc
compost.
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238

239

240

Soil nutrient analysis for bare undervine soil control (mechanically
weeded).
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242

243

Clare Valley and Langhorne Creek.
Table 5. Significant nutrient differences, as a percentage shaded in grey.
Data taken from Penfold. C 2003.
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Table 6. Average rainfall during trials at CSU vineyard, Wagga Wagga, and South Australia. Bureau
of Meteorology.

Site.
Wagga wagga
Wagga wagga
Clare Valley
Clare Valley
Clare Valley
Langhorne Creek
Langhorne Creek
Langhorne Creek

Year.
2005
2006
2001
2002
2003
2001
2002
2003

Rainfall.
513mm
267.2mm
634mm
383mm

South Australian data from Penfold, C. (2003). Herbicide reduction strategies for winegrape
production. University of Adelaide. Adelaide, Australia.
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Appendix 3
Agar media
Pseudomonads agar (PS)
(Stanbridge, et al. 1994)

Oxoid Pseudomonas agar base.
24.2g
Glycerol.
5ml
Deionised water.
500ml
Pseudomonas supplement*
2ml
* Pseudomonas supplement contains Cetrimide, Fucidin and Cephaloridine. The
Pseudomonas C-F-C supplement by Oxoid was reconstituted in 2ml of 1:1 v/v
absolute ethanol:sterile deionised water.
Nutrient Agar, with Benomyl (NA)
(Janssen, et al. 2002; Whitelaw-Weckert, et al. 2007)

Oxoid. Nutrient agar base.
14g
Benomyl*
0.5ml
Deionised water
500ml.
* Benomyl stock solution. 300mg of Benomyl mixed into 10ml of 80% ethanol
solution. 80% ethanol solution made with deionised water.
1:100 Nutrient agar with benomyl. (NA 100)
Lalande, et al. 1989; Mitsui, et al. 1997)

Oxoid Nutrient agar base.
Oxoid agar #
Benomyl*
Deionised water.
# Oxoid technical No. 3 agar base.
nutrient agar.
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0.14g
7.5g
0.5ml
500ml.
* Benomyl stock solution prepared as for

Cellulose bacterial agar. (CBA)
Amended from Tuitert, et al. 1998)

Carboxy methyl cellulose.
Ammonium sulphate
Calcium carbonate
Magnesium sulphate
Sodium chloride
Potassium phosphate
Oxoid agar base #
Cycloheximide
Deionised water
# Oxoid technical No.3 agar base.

10g
0.5g
0.5g
0.25g
0.25g
0.25g
7.5g
1ml
500ml

Cellulose Czapek Chloramphenicol agar (CCC)
Amended from Omar, et al. 2000; Eggins, et al. 1962)

Carboxymethyl cellulose.
5g
Ammonium sulphate
0.25g
L-asparagine
0.25g
Magnesium sulphate
0.1g
Monopotassium phosphate
0.5g
Potassium chloride
0.25g
Yeast extract
0.25g
Rose Bengal#
0.25ml
Oxoid agar base *
7.5g
Chloramphenicol **
100mg
Deionised water
500ml.
#Rose Bengal. 5% w/v in deionised water. Gurr,Aldrich, 19825.0. * Oxoid
technical No. 3 agar base. ** Chloramphenicol. Oxoid SR078E selective.
Dissolved in absolute ethanol as directed by Oxoid.
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Masago agar (MS)
Masago, et al. 1977)

PDA
19.5g
Benomyl #
0.166ml
Chloramphenicol *
100mg
Nystatin ##
0.1ml
PCNB **
0.1ml
Deionised water
500ml.
# Benomyl stock solution prepared as per Nutrient agar. * Chloramphenicol.
Oxoid SR078E, selective. As per Cellulose Czpak Chloramphenicol agar. ##
Nystatin. Stock solution prepared by adding 2.5ml of 80% ethanol to 313 mg of
Nystatin. ** Pentachloronitronezene (PCNB). Prepared by adding 2g of PCNB
in 20ml of acetone.
Dichloran Rose Bengal Chloramphenicol agar (DRBC)
(Askun et al. 2007)
Glucose
5g
Peptone, bacteriological *
2.5g
Monopotassium phosphate
0.5g
Magnesium sulphate heptahydrate 0.25g
Agar base #
7.5g
Chloramphenicol **
50mg
Rose Bengal ##
0.25ml
Dichloran #*
0.5ml
Deionised water
500ml.
*Peptone, bacteriological. Sigma N_Z Soy peptone. #Oxoid technical No.3 agar
base. ** chloramphenicol. Oxoid SR078E, selective. As per Cellulose Czpak
Chloramphenicol agar. ##Rose Bengal. 5% w/v in deionised water.
Gurr,Aldrich, 19825.0. #* Dichloran. 2,6-dichloro-4-nitroaniline. 0.2% w/v in
ethanol. Aldrich.
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APPENDIX 4
Biolog, Ecoplate manual assessment
Table 1. Manual colour change assessments. CSU vineyard, prior to treatment application. *
Discrepancies among field replicate visual reactions.  Positive well, carbon utilisation.  Negative
well, no carbon utilisation.

Substrate
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
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Bare soil.

Herbicide.
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Table 2. Manual colour change assessments. CSU vineyard, after treatment application. *
Discrepancies among field replicate visual reactions.  Positive Well.  Negative well.

Substrate
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
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Bare soil.

Herbicide.
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Appendix 5
Disease severity and incidence assessment.
Table 1. Horsfall-Barratt disease severity percentage scale.

Class

Disease Severity (%)

Value conversion (%)

1

0

0

2

> 0 – 2.5

1.25

3

> 2.5 – 10

6.25

4

> 10 – 25

17.5

5

> 25 – 50

37.5

6

> 50 – 75

62.5

7

> 75 – 90

82.5

8

> 90 – 97.5

93.75

9

> 97.5 – 100

98.75

Reproduced from: Forbes, G. A. and Korva, J. T. (1994).
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Fluorescent Gram–negative bacterial isolates on PS agar
Figure 1. Gram negative isolates from the rhizosphere of sawdust grape marc compost

1.2 i11;

2.3 i15;

3.3 i8;
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1.3 i12;

3.1 i6;

4.1 i4;

2.2 i14;

3.2 i7;

4.1 i16;

4.2 i5;

4.3 i17;

4.3 i21;

5.3 i1.

253

Figure 2. Gram negative isolates from the rhizosphere of Pinebark grape marc compost

1.2 i2;

2.3 i4;

4.1 i15;
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1.3 i1;

3.1 i9;

4.2 i11;

2.2 i5;

4.1 i14 ;

4.3 i10;

5.1 i21;

5.2 i20;
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5.2 i19;

5.3 i18.

