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ABSTRACT

At present, there is no comprehensive soil quality assessment practice for the coal mining industry
in South Africa. Studies have shown that belowground soil biota are crucial to soil ecosystem
functioning and are sensitive bioindicators for soil quality monitoring. Due to the limitations of
some previously developed methods for analysing microbial community structure, a more robust
approach involving high-throughput culture-independent molecular techniques was utilised to
assess post-coal-mining reclamation soils for potential ecosystem recovery, support function and
potential microbial bioindicators. Also, the potential impact of soil physicochemical properties in
shaping soil biotic communities were assessed. The study was conducted in three stages. Firstly,
the potential contribution of soil stockpiles to post-mining reclamation success was assessed by
analysing arbuscular mycorrhizal fungal (AMF) spore density and viability as well as microbial
community diversity and structure. Overall, results suggest that AMF spore density in stockpiles
do not differ significantly (P <0.05) from those of an unmined soil but spore viability may be
affected by stockpile height. Also, variations in the microbial community structure of soil stockpiles
were site-specific, but when compared to the unmined site, the microbial community structure and
diversity observed in soil stockpiles were impaired. Thus, the impairment in soil microbial diversity
and structure suggest post-mining reclamation success may be affected. Secondly, soil samples
were collected from reclamation areas in three coal mining sites, as well as from reclamation
areas of different ages (ranging from 3 years to 24 years) within a single coal mine. The samples
were analysed using a combination of methods that includes community-level physiological
profiling (CLPP), enzyme assays, and high-throughput sequencing of the bacterial 16S rRNA
gene, fungal ITS2 and a Glomeromycotan-specific partial small subunit. The results provide
evidence to support the hypothesis that indeed the microbial communities of post-coal mining
soils are significantly (PERMANOVA, P < 0.05) differentiated along a temporal scale of years
since reclamation as well as between unmined areas and reclamation areas. When compared to
the unmined area, bacterial community richness and diversity data support that restoration is a

function of time, and occurs between 15- and 19-years post-reclamation. Furthermore, relative
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stability in fungal community diversity over years of reclamation compared to bacterial community
diversity suggests that bacterial communities are more likely to serve as bioindicators of
ecosystem restoration in the post-mining soil environments. Of all the methods, CLPP could not
detect significant (P > 0.05) differences in microbial community richness and diversity amongst
samples while enzyme activities were highly variable within-sites. The assemblages of the
obligate plant symbiont, AMF, were less differentiated when compared to other microbial groups
suggesting that AMF assemblages could be less suitable bioindicators of ecosystem recovery.
Some genera with soil quality indicator potential such as Acidothermus, Bryobacter and
Halingium, as well as plant-growth promotion potentials such as Mesorhizobium, Bradyrhizobium
and Microvirga were relatively more abundant across soils, whereas a vast majority of other
microbial species and their functions in reclamation soils are still largely unknown. Lastly, the
capability of the soil to serve as a habitat to support soil biota association and functions was
assessed using an ecotoxicological approach by utilising earthworms as bioindicators. Endpoints
such as avoidance behaviour, growth, reproduction and mortality of earthworms were assessed.
There was no evidence to suggest that the ecosystem habitat function of stockpile and
reclamation soils is significantly limited compared to the Organisation of Economic Cooperation
and Dev el atfiaakcontrodseil. Nevertheless, support functions were highest in unmined
soils as determined by the earthworm avoidance behaviour test. Data generated in this study
strongly supports that microbial species richness and diversity levels are restored over the years
since reclamation, though community composition and structure still differ from the pre-
disturbance community. Furthermore, microbial communities of reclamation soil environments are
predominantly shaped by pH, phosphorus and nitrogen sources. Overall, bacterial communities
are the most responsive and indicative of ecological changes during soil ecosystem restoration.
In conclusion, as molecular methods are not without limitations, and because the soil ecosystem
environment is governed by an interplay of factors, a comprehensive soil monitoring programme
for post-mining reclamation soils in South Africa must comprise a combination of physicochemical

properties and microbial community diversity indices as part of a minimum dataset. Furthermore,
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a responsible stockpiling procedure which entails proper excavation and storage of topsoil, as
well as the inclusion of microbial inoculants during post-mining reclamation operations, is strongly
recommended. Such an approach will help improve coal-mining disturbed soil quality as well as

facilitate a quicker ecosystem recovery period.

Keywords: Coal mining, ecosystem restoration, microbial diversity, soil health, ecological

indicators, post-mining reclamation, arbuscular mycorrhizal fungi, bacteria.
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CHAPTER 1:

INTRODUCTION AND PROBLEM STATEMENT

1.1 Soil Ecosystem functions and the impact of anthropogenic activities

The soil ecosystem, comprising both non-living and living matter, supports numerous interactions
that are vital to the sustainability of all living organisms (Ponge, 2015; Hatfield et al., 2017; Drobnik
et al., 2018). These interactions are vital to the ecosystem services, such as food production,
regulation of climate and disease epidemics as well as geochemical nutrient cycling and cultural
services (Figure 1.1) (Barrios, 2007; Adhikari and Hartemink, 2016). These ecosystem functions
of soil are intimately related and governed by the soil physical, chemical and biological properties

(Adhikari and Hartemink, 2016; Hatfield et al., 2017).

The increasing global population, as well as natural and anthropogenic disturbances, are factors
that place pressure on land resources. Such factors affect the stability and sustainability of the
soil ecosystem together with its services. Both natural and anthropogenic disturbances could
drive soil ecosystem change, especially through their contribution to the loss of biodiversity and
habitats as well as the alteration in soil nutrient cycles and climate change (NRC, 1995; Barrios,
2007; Eijsackers et al., 2017). Ultimately, these result in land degradationd the loss of soil

ecosystem services and function.
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Figure 1.1: A conceptual diagram linking key soil properties to ecosystem services
through soil functions for the well-being of humans (adapted from Adhikari
and Hartemink, 2016).

1.2 Anthropogenic activities which impact soil ecosystems in South Africa

Anthropogenic activities which impact soil ecosystems in South Africa are diverse, cutting across
the different soil ecosystem services described in section 1.1. Land use activities such as

intensive farming and mining are key anthropogenic activities that drive changes in soil ecosystem
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functions in South Africa (Eijsackers et al., 2017). According to Pelser and Kherehloa (2000),
some of the causes of land degradation in Southern Africa include population pressure, poor
farming practices and deforestation in search of new settlements and fuelwood. According to
recent geospatial information, cultivated areas span 11.8% (156512 km?) of South Afri cads | an
mass, mining areas span 0.27% (3669 km?), while built-up areas account for 2.90% (38887 km?)
(LRI, 2018) . Al t hough mining areas consmass,ute a
mining activities have significant impacts on the environment, including the destruction of arable
land, alteration of landscapes, loss of ecosystem services and environmental pollution (Ochieng

et al., 2010; Paterson et al., 2015; Carvalho, 2017).

1.3 Sustainable coal mining practices: towards the restoration of ecosystem services

Coal is one of the major mineral resources mined in South Africa (MCSA, 2019). Coal is an

important domestic and export commodity andt he | eadi ng contri butor tog
(Stats SA, 2015). At present, coal accounts f or over 70% of South Afric
( MSCA, 2019) . South Africabs coal d dighwelsl oftthe ar e
Mpumalanga province (Figure 1.2) (MCSA, 2019). Coal-mining areas are projected to span
approximately 400 km? (EO-Miners, 2017). Most of the coal deposits are surface-mined (open-

cast mining).

Open-cast mining of coal requires that the soil overburden be excavated, resulting in the alteration
of soil profile and structure. The f act t hat mo s t al depositJies wnderneadf r i c a
arable land generates an interesting land-use competition for coal mining and agriculture
(Paterson et al., 2015). Due to the semi-arid nature of South African climate, the limited arable
land and the need for food security, it is important that mining and agriculture co-exist. Such co-
existence can be promoted by sustainable mining practices which include adequate pre-mining

topsoil stripping and preservation in stockpiles, as well as adequate post-coal mining reclamation.
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Figure 1.2:  Map of coal mining areas and companies in South Africa

(Source: MCSA, 2019)

Hence, there is a need for more emphasis on proper coal-mining practice aimed at a meaningful
post-mining soil reclamation for arability and ecosystem stability (Wick et al., 2011; Cardoso et
al., 2013). To ensure post-mining reclamation success, strict adherence to current guidelines for
open cast mining is vital. These guidelines stipulate that the topsoil (the layer of the soil rich in
organic matter, nutrients and microorganisms necessary to sustain crops) be salvaged and
stockpiled separately from other soil layers comprising the coal overburden (Barry 1ll, 1980). The
salvaging and subsequent reapplication of topsoil during post-mining reclamation may
significantly restore the pre-disturbance condition of the soil (Strohmayer, 1999). Similarly,
guidelines for local post-coal mining rehabilitation have been provided in order to ensure high-

end post-mining land use capability (Tanner and Méhr-Swart, 2007).

Currently, post-mining efforts are aimed at land use capability classes, namely: arable lands,
pasture lands, wilderness lands and wetlands (Tanner and Moéhr-Swart, 2007). In South Africa, it

is unclear whether post-mining efforts are aimed at land restoration, rehabilitation or reclamation.
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According to Lima et al. (2016), these concepts are closely related, often used interchangeably
but should be different in terms of end goals, approach, and time scale amongst other
characteristics. Restoration aims to return the pre-mining ecosystem conditions, usually an
unrealistic approach. Whereas, reclamation is a more practical attempt to restore pre-existing
ecosystem services or capabilities (Lima et
managerial term, which aims at targeting a specific end-use (Tanner and Mohr-Swart, 2007; Lima
et al., 2016). Because it is important to restore pre-disturbance ecosystem services in mining
areas, reclamation should be a preferred approach. Ther ef or e, the term

in this thesis.

1.4 The essence of a comprehensive soil quality monitoring for coal mining-disturbed

areas

Soil quality monitoring is important for ascertaining post-mining land use capability, ecosystem
restoration as well as the appropriateness of current pre- and post-mining soil management
practices. With respect to the capabilities of post-mining areas, soil quality monitoring seeks to
assess the ability of the soil to support specific functions such as crop and animal production. To

evaluate post-mining ecosystem restoration, soil quality monitoring indices that involve a

comparison between mining-impacted areas and unminedareas ( Air ef er ence fmaar e

et al., 2016). Information obtained from both land use capability and ecosystem restoration
assessments provide empirical evidence which elucidates compliance with reclamation
guidelines and the appropriateness of current reclamation practices. Soil monitoring outcomes
may also support or inform policy decisions such as whether a mining closure certificate is to be

issued.

However, defining what constitutes good quality soil is not very straightforward, given the
heterogeneity and complexity of soil environments. The concept of soil health and quality refers
to a combination of biological, chemical and physical properties essential for prolonged
agricultural sustainability and productivity while maintaining minimal environmental disturbance

5
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(Arias et al., 2005; Dose et al., 2015). Doran and Parkin (1994) defined soil healthasfit he capaci
of soil to function within ecosystem boundaries to sustain biological productivity, maintain
environment al guality, and promote plant and ani
imperative to define soil quality in relation to fitness for a given land use potential. Thus, the
success of a post-mining soil/land rehabilitation or reclamation may be measured by the
restoration of the pre-disturbance soil use capability and health, as well as ecosystem
sustainability (Arias et al., 2005; Bashan and De-Bashan, 2010; Wick et al., 2011). However,
current aboveground soil quality indicators such as soil depth, compaction and fertility as well as
vegetation characteristics are insufficient as they fail to account for the sustainability of below-
ground biological entities. The soil is a habitat to a diversity of life forms, which occupy ecological
niches that are fundamental to the soil ecosystem processes and functions. Thus, soil health
and/or soil quality descriptions for mining-impacted areas must also take into cognisance the living
components of the soil. Such inclusion of the soil biota in soil health descriptions provides a

comprehensive understanding of the state of the soil (Arias et al., 2005; Cardoso et al., 2013).

1.5 Roles of soil biota in maintaining soil ecosystem health

Soil biota contribute to ecological processes that are directly or indirectly critical to the
sustainability and plasticity of the soil ecosystem processes during disturbance (Allison and

Martiny, 2008; Maron et al., 2018).

Some of the ecological roles of soil biota include:

I.  Biogeochemical cycling of nutrients. Through their secretion of biomolecules (e.g.
enzymes), soil biota can contribute to the mineralisation of soil nutrients including carbon,

nitrogen and phosphorus (Hayatsu et al., 2008; Adeleke et al., 2017).

II.  Promotion of plant growth through the synthesis of biologically-active compounds such as
phytohormones (Egamberdieva et al., 2017). Soil microorganisms also assist plants in
scavenging for nutrients by acting as root extensions. For example, fungal hyphae of

6



VI.

VII.

VIII.

arbuscular mycorrhizal (AM) fungi extending from colonised roots of most vascular plants

(Smith and Read, 2010).

Improvement of soil structure through organic matter decomposition and soil aggregation.
For example, the production of glomalin by mycorrhizal fungi help in soil aggregation which

in turn aids soil moisture content retention (Rillig et al., 2002; Rillig et al., 2010).

Generation and distribution of energy in the soil food web by acting as both primary

producers and decomposers (Segovia et al., 2015; Steffan et al., 2015).

Driving ecosystem development by serving as pioneer organisms during ecological

succession (Fitzsimons and Miller, 2010; Kikvidze et al., 2010; de Leon et al., 2016).

Maintenance of soil ecosystem balance by suppressing and eliminating pathogens

(Borneman and Becker, 2007; Garbeva et al., 2011).

Synergistic contribution to the ecological roles of other soil fauna, including earthworms.
For example, microbes in the gut of earthworms assist with the transformation of soil
chemistry as the soil passes through the earthworm gut. Consequently, the soil ecosystem
is transformed and enriched by the deposition of worm castings (Aira et al., 2006; Thakuira

et al., 2010).

Remediation of polluted soils through biotransformation of pollutants (Suteu et al., 2013).

These and other potential contributions of soil microbial species make them essential to the soil

ecosystem and other closely-related ecosystems such as aquatic ecosystems.

1.6 Soil biota as indicators of soil health: species diversity, succession and functional

capabilities

Anthropogenic activities disrupt soil ecosystem balance by distorting the abundance, equitability,

genetic and functional diversities of soil biota (Dose et al., 2015; Morgado et al., 2018).
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Consequently, the vital ecological functions of soil biological communities are hampered.
Determining the changes in genetic and functional diversities as well as species richness in the
face of anthropogenic disturbances may thus serve as a measure of such impact on the soll
ecosystem (Cardoso et al., 2013). The evidence of the suitability of microbes as bioindicators is
supported by the direct relationship between the functional diversity of soil microbial communities
and soil ecosystem resilience, as well as the exhibition of niche differentiation by microbial species
in soil (Allison and Martiny, 2008; Lennon et al., 2012; Ferris and Tuomisto, 2015; Maron et al.,
2018). Biological indicators such as soil microbes may reflect changes in nutrient cycling and
availability as well as provide an early indication of the effectiveness of reclamation strategies
(Dose et al., 2015). According to Cardoso et al. (2013), soil biota is very dynamic and more
responsive to soil management and ecosystem disturbances in comparison to physicochemical
properties. In addition, plant-microbial symbionts/interactions e interactions may influence plant
community succession during ecosystem development (Dickie et al., 2013; de Leon et al., 2016).
Such interactions and dynamism could be defined by comparing the abundance, genetic and
functional diversities of microbial communities between pre- and post-disturbance states as well
as comparing communities along a temporal (chronological) scale (Dickie et al., 2013). Microbial
indicators are desirable because of their key ecological roles, rapid responsiveness to alterations
in the soil ecosystem as well as their ability to reflect the totality of environmental variables that
influence the regulation and mineralisation of soil minerals (Stenberg, 1999). Based on this
premise, several studies have utilised successional changes in microbial species6 diversity,
abundance and functional differences for assessing the impact of anthropogenic disturbances on

soil ecosystem health (Dose et al., 2015; Markowicz et al., 2015).

Generally, some notable soil biological groups that have been utilised for soil monitoring include
bacteria, fungi, nematodes and annelids (Pulleman et al., 2012). On a functional scale, soil
respiration, biomass, nutrient mineralisation and biologically-active secretions of soil biological
communities such as enzymes can also provide indications of soil health (Stenberg, 1999;

Pulleman et al., 2012). Some of the soil biota groups are discussed briefly:

8



1.6.1 Bacteria

Bacteria are the most abundant microbial groups within the soil. The activity of soil bacteria is
important for organic matter decomposition and cycling of nutrients. Soil bacteria consist of
functional groups including decomposers, mutualists, pathogens and lithotrophs (Ingham, 2000).
The decomposers transform simple-carbon compounds from root exudates and plant litter into
forms that can be assimilated by other (higher trophic level) soil organisms, whereas, the mutualist
form a synergistic partnership with plants and contributes to soil ecological processes (Hoorman,
2016). An example of such mutualistic bacteria includes Rhizobium which lives in root nodules
and contributes to the fixation of atmospheric nitrogen. Other free-living bacteria such as
Azotobacter, Azospirillum and Clostridium also contribute to atmospheric nitrogen fixation
(Hoorman, 2016; Raimi et al., 2017). The pathogens are responsible for the diseases of plants,
while the lithotrophs or chemoautotrophs utilise energy obtained from non-carbon compounds,
thereby contributing to the cycling of nutrients and degradation of pollutants (Ingham, 2000).
Some of the lithotrophic bacteria include nitrifying bacteria such as Nitrosomonas and Nitrobacter,
as well as sulphur oxidisers such as Thiobacillus (Ingham, 2000). Other bacteria, such as
Streptomyces, contribute to disease suppression in the soil by producing bioactive compounds
(Ingham, 2000). Together, these functional groups of bacteria contribute to ecological balance

and processes required for soil ecosystem functioning and health.

1.6.2 Fungi

Soil fungi contribute significantly to soil biomass and organic matter accumulation in soil (Li et al.,
2015). The ecological functions of soil fungi are similar to those of bacteria and include
decomposition of organic materials and nutrient mobilisation (Ingham et al., 2000; Jenkins, 2005).
Functional groups of soil fungi include saprophytes (or decomposers), mutualists and pathogens
(Jenkins, 2005; Ingham, 2000). The decomposers break down cellulose and lignin present in plant
litter to release organic acids and carbon dioxide (Ingham et al., 2000; Adeleke et al., 2017).

Mutualist fungi form a partnership with plants. A common example of mutualistic fungi includes



arbuscular mycorrhizal fungi which form a symbiotic relationship with plants (Smith and Read,
2010). The pathogens are implicated in several plant diseases. Fungal hyphae bind the soil
together, forming stable aggregates that help improve soil structure and soil water retention
(Ingham, 2000). With the exception of pathogenic fungi, the abundance of soil fungal is linked to

improvement in soil nutrient, organic matter and soil health (Stenberg, 1999).

1.6.3 Arbuscular mycorrhizal fungi

Arbuscular mycorrhizal (AM) fungi are obligate symbionts of a large number of vascular plants
(Smith and Read, 2010). The symbiosis between AM fungi and plant is mutualistic in that they
assist plants with the assimilation of soil nutrients (especially phosphorus) in exchange for plant
sugars (Smith and Read, 2010; Adeleke et al., 2019). Arbuscular mycorrhizal fungal symbioses
are linked to plant growth, adaptation and tolerance (Barea et al., 2002), protection of plants from
pathogens (Utkhede, 2006), as well as plant succession during terrestrial ecosystem
development (de Leon et al., 2016). Furthermore, the production of glomalin by AM fungi
contribute to soil aggregation, structure and water retention (Rillig et al., 2002). The abundance
of arbuscular mycorrhizal fungal spores in the soil and extent of root colonisation with mycorrhizal
hyphae are regarded as a potential indication of the soild €apacity to improve plant growth

(Stenberg, 1999).

1.6.4 Earthworms

Earthworms are important soil fauna, particularly essential to several soil health processes
including decomposition and stability of organic matter and soil structure (Aira et al., 2006;
Thakuira et al., 2010). They are O6key specieso
soil ecosystem engineers (Thakuira et al., 2010; Pulleman et al., 2012). Their disappearance can
have strong impacts on other levels of organisation of the ecosystem biological hierarchy
(Pulleman et al., 2012). Hence, they are useful ecosystem bioindicators (Paoletti, 1999; Pulleman
et al., 2012). Furthermore, the role of the earthworm in organic matter decomposition and nutrient

cycling is dependent on earthworm-gut microbiota interactions (Aira et al., 2006; Thakuira et al.,
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2010; Zhao et al.,, 2010). The earthworm gut is an anaerobic cavity which supports several
ecological functional microbes, including nitrogen-fixing, methanogenic, nitrate-reducing and
fermentative bacteria (Thakuira et al., 2010; Pass et al., 2014). These bacteria transform the
chemistry of the soil as they pass through the gut (Aira et al., 2006; Pass et al., 2014), thereby

transforming the soil ecosystem overall.

1.7 Recent advances in methods for studying soil microbial genetic diversity

Soil microbial diversity can be investigated using classical culture-based approaches and culture-
independent approaches. The merits and demerits of the several methods under these two
approaches, including plate counts, community-level physiological profiling (CLPP), phospholipid-
derived fatty acid (PLFA) analyses, and molecular-based methods amongst others have been
reviewed elsewhere (Kirk et al.,, 2004). Briefly, the accuracy of culture-based approaches is
hampered by the relatively low numbers of microbial species that are currently cultivable (Kirk et
al., 2004). In addition, chemotaxonomic markers such as PLFA and sole-carbon utilisation assays
such as CLPP are restrictive (poor resolution) with respect to providing in-depth information on

microbial community richness and functions (Kirk et al., 2004).

Although molecular-based methods are not without limitations such as PCR biases, copy number
variations in marker genes and sensitivity, they can provide a robust, less laborious and rapid
estimate of the genetic diversity in a given environment without the limitation associated with a
culture-dependent step (Kirk et al., 2004; Zhao et al., 2011). As a note, the rapidness of such
molecular methods for estimating microbial community richness of mining-impacted soils may be
desirable for the coal mining industry as inference and decision can be made promptly. In recent
times, advances in sequencing technologies have facilitated the detection of microbial diversity
at a high throughput scale thereby providing a deeper insight into the microbial richness and
diversity of a given environment (Caporaso et al., 2011; Caporaso et al., 2012; Tedersoo et al.,
2014). Based on these developments, novel microbial species and their ubiquity have been
discovered (Youssef et al., 2015). In addition, because sequence-based molecular methods
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utilise phylogenetic markers which are universal in prokaryotes and eukaryotes, it is possible to
make comparisons between species from different environments and to infer phylogenetic

relationships over evolutionary time (Ludwig and Schleifer, 1994; Janda and Abbott, 2007).

1.8 Problem statement

Presently South Africa has no comprehensive soil health monitoring assessment for coal mining-
impacted soils. Such soil health monitoring assessments will provide an insight into the
appropriateness of current stockpiling and reclamation practices. In addition, the assessment will
provide empirical evidence to support policies and ensure appropriate measures to improve

current post-mining reclamation practices.

Furthermore, current aboveground indicators used in soil monitoring are not sufficiently robust.
They do not account for the belowground biological components of the soil, which are particularly
responsible for essential soil ecological processes including nutrient cycling and organic matter
decomposition. In addition, these soil biological components contribute to suppression of plant
pathogens, soil texture improvement and the overall increase in crop productivity (Arias et al.,
2005; Pulleman et al., 2012; Cardoso et al., 2013). Soil biological entities are very dynamic and
sensitive to soil management and ecosystem disturbances (Niemeyer et al., 2012; Stenberg,
1999). Their sensitivity to ecosystem changes makes them suitable indicators for assessing the
effect of disturbances in the soil environment, monitoring soil contamination (Niemeyer et al.,
2012; Maboeta et al., 2018), productivity (Stenberg, 1999), the effect of climatic variations
(Pasternak et al., 2013) and different soil management practices (Figuerola et al., 2012; Cardoso
et al., 2013; Dose et al., 2015). For post-mining reclamation soil environments, the diversity and
dynamics of soil biological communities over a chronological time gradient may provide

indications for the restoration of pre-disturbance soil biodiversity and health.

Previous studies by Claassens et al. (2006), Claassens et al. (2008) and Claassens et al. (2011)

on the microbial community structure and function along a time gradient of post-coal mining
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reclamations in South Africa are based on chemotaxonomic markers and physiological profiles,
which are prone to low species-resolution and selectivity, respectively (Kirk et al., 2004). Very
little is known about the bacterial and fungal species diversity and functional community structure
in post-coal mining reclamation soils of South Africa. Compared to the previous microbial
community diversity studies, recent advances in next-generation sequencing presently make it
feasible to unravel microbial communities of environments at a much deeper depth and coverage
(Caporaso et al., 2011; Caporaso et al., 2012; Tedersoo et al., 2014). In addition, next-generation
sequencing provides an insight into the phylogenetic relatedness and potential (predicted)
ecological functions of microbial communities at a high-throughput scale (ABhauer et al., 2015;
Nguyen et al., 2016). At present, there is a paucity of such high-throughput studies investigating
the microbial community of post-coal mining reclamation soils (or reclaimed areas) in South

Africa.

In addition to the foregoing gaps, the inclusion of ecotoxicological assessments for soils in post-
coal mining reclamation areas may be necessary to elucidate the capability of post-mining
reclamation soils to serve as a habitat (support function) for biocoenosis. At present, such
ecotoxicity studies have been undertaken on gold and platinum mining soil environments
(Maboeta et al., 2008; van Coller-Myburgh et al., 2015; Maboeta et al., 2018), with scarcely any

study on post-coal-mining soil environment in South Africa till date.

Therefore, the aim of the study was to establish the relationship between potential ecosystem

recovery and bioindicators during post-coal-mining reclamation of soil.

The specific objectives were to:

1.  Assess the potential contribution of soil stockpile to post-coal mining reclamation soil health.

2. Determine the structural and functional differentiation of microbial communities in post-coal

mining reclamation soils over a chronological gradient.
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3. Investigate the potential utilisation of arbuscular mycorrhizal fungi as bioindicators of

ecosystem recovery following reclamation.

4.  Determine the potential dynamics in the habitat support function and ecotoxicity of coal-
mining associated soils by utilising higher-class bioindicator species such as earthworm

(Eisenia andrei).

Because stockpile soils are used during post-mining reclamation, the first objective was important
in order to gain insight into the potential contribution of stockpile soil quality to post-mining
reclamation soil health. Thus,t he obj ecti ve f or med ain opdartotprovidé
a comprehensive insight into factors al ong

quality of post-mining reclamation areas/soil. Furthermore, this provides empirical evidence from
which appropriate recommendations are put forward to the South African coal-mining industry.
Objectives 2 and 3 were investigated on reclamation areas, while a higher-class bioindicator,
earthworm, which is commonly used for monitoring the presence of pollutants and ecosystem

support function was used to achieve objective 4.

1.9 Hypotheses

The hypotheses of the present study include:

()  The microbial community structure and function in mining-impacted soils are impaired

compared to unmined soils and are site-specific.

(i)  The microbial communities within a post-coal mining reclamation soil chronosequence are
differentiated among reclamation soils of various ages and may differ from those of unmined

reference soils.

(i)  The ability of coal-mining associated soils to support biocoenosis is limited compared to

unmined soils and such support functions in reclamation areas may increase with age.
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To test these hypotheses, coal mines which provided cooperation for the study were selected.
The study sites were dominantly located in the coal-rich Mpumalanga Province of South Africa

(Figure 1.2). Specific information on the sites used for this study is provided within the chapters.

1.10 Outline of the thesis

This thesis consists of six chapters. Chapter one provides the background for the study, the
problem statements, aims, specific objectives and research hypotheses. Chapters 2, 3, 4 and 5
address objectives 1, 2, 3 and 4, respectively, and are structured in a research-based format as
manuscripts for peer-review publication. Thus, some overlaps in information were unavoidable.

An overview of these subsequent chapters is provided below.

Chapter 2i s t Retatiorsldp b&tween microbial communities and physicochemical properties
of stockpile soils: early predictors ofpost-mi ni ng recl amation soil h
parallel microbiological studies conducted on soil stockpiles from selected coal mining sites. This
chapter provides some context for subsequent chapters on post-coal mining reclamation areas.
Importantly, part of the work detailed in this chapter was performed in conjunction with another
student and contributed to a master degree dissertation submitted to the North-West University
(Mashigo, 2018). The work detailed in this chapter has been published as two separate peer-

reviewed articles. The details of these publications are as follows:

Ezeokoli, O.T., Nwangburuka, C.C., Adeleke, R.A., Roopnarain, A., Paterson, D.G.,
Maboeta, M.S. and Bezuidenhout, C.C. (2019). Assessment of arbuscular mycorrhizal
fungal spore density and viability in soil stockpiles of South African opencast coal
mines. South African Journal of Plant and Soil, 36 (2): 91-99. doi:
10.1080/02571862.2018.1537011.

Ezeokoli, O.T., Mashigo, S.K., Paterson, D.G., Bezuidenhout C.C. and Adeleke, R.A.

(2019). Microbial community structure and relationship with physicochemical properties
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of soil stockpiles in selected South African open cast coal mines. Soil Science and Plant

Nutrition, 65(4), 332-341. doi: 10.1080/00380768.2019.1621667.

Chapter 3 reports findings of a multi-site study on post-coal mining reclamation areas conducted
in the summer of 2016, as well as data from an intra-site study along a post-coal mining
reclamation chronosequence sampled in 2017. Based on the findings from the multi-site study (in
2016) that most differences in the bacterial community are site-specific, the study was redesigned
to minimise site variation but to focus on differences along a chronological scaled do microbial
communities show a pattern indicative of recovery over years of reclamation? A combination of
enzyme, CLPP, microbial community structure and predicted functional profile was utilised in
making a comparison between reclamation areas and unmined sites. Overall, the chapter seeks
to test the hypotheses that the microbial community structure and function in reclamation soil are
differentiated from those of unmined soils (soil history effect) and that these differences are site-

specific and reflect some patterns over different ages of reclamation.

A portion of the chapter has been accepted for publication with details as follows:

Ezeokoli, O.T., Bezuidenhout, C.C., Maboeta, M.S., Khasa, D.P. and Adeleke, R.A. (2020).
Structural and functional differentiation of microbial communities in post-coal mining
reclamation soils of South Africa: bioindicators of soil ecosystem restoration. Scientific

Reports, 10: 1759. Doi: 10.1038/s41598-02058576-5.

Chapter 4 describes investigations utilising the obligate plant symbiotic fungid arbuscular
mycorrhizal (AM) fungid as a potential indicator for soil ecosystem restoration. In this chapter, the
arbuscular mycorrhizal fungal community differentiation in soil and roots of dominant vegetation
collected along a post-mining reclamation soil is reported. The chapter has been published as

follows:

Ezeokoli, O.T., Mashigo, S., Maboeta, M.S., Bezuidenhout, C.C., Khasa, D.P. and Adeleke, R.A.
(2020). Arbuscular mycorrhizal fungal community differentiation along a post-coal mining
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reclamation chronosequence in South Africa: A potential indicator of ecosystem

recovery. Applied Soil Ecology, 147: 103429. Doi: 10.1016/j.aps0il.2019.103429.

Chapter 5 describes investigations utilising earthworm bioassays to determine the ecosystem
support functions of coal-mining impacted soils (stockpiles and reclamation soils). Such
ecosystem support functions of these soils were determined based on avoidance tests, change
in biomass, mortality and reproduction success. By taking into cognisance the ages of the
reclamation areas, inference on the potential restoration of ecosystem support functions over the
years since reclamation were drawn. The study was designed in a hierarchical order such that, if
significant lethal to sub-lethal effects were observed in test subjects (Eisenia andrei) exposed to
different soil types, further analyses of the gut microbiome of the worms were to be undertaken.
Else, the investigation would be limited to tests of fitness and reproduction of earthworms. The
later was true, and thus, the chapter only reports findings on the soil habitat function and fithness

of Eisenia andrei.

Title: Utilising earthworm (Eisenia andrei) bioassays in assessing ecosystem support

function of post-coal mining reclamation soils

Authors: Ezeokoli, O.T., Maboeta, M.S., Bezuidenhout, C.C., Adeleke, R.A.

Target Journal: Environmental Monitoring and Assessment

Chapter 6 provides conclusions and recommendations.

This chapter brings the findings of the study to a focus and discusses its contribution to new
knowledge and implications for the coal mining industry. It also identifies gaps requiring further
investigations and potential limitations of the present investigation. Furthermore,

recommendations are provided towards applying knowledge obtained in the coal mining industry.
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CHAPTER 2:
RELATIONSHIP BETWEEN MICROBIAL COMMUNITIES AND PHYSICOCHEMICAL
PROPERTIES OF STOCKPILE SOILS: EARLY PREDICTORS OF POST-MINING

RECLAMATION SOIL HEALTH

2.1 Introduction

Soil is a resource which is non-renewable on a human timescale. It plays roles that are paramount
to human existence and the sustainability of other ecosystems (Faber et al., 2013). Often, this
non-renewable resource is disturbed through several anthropogenic activities such as coal

mining.

Most of Sout h Afeinthe gtaSstanddionel whicheptowdes inaportant ecosystem
services such as provisioning services (e.g. arable use) and cultural services (e.g. recreational).
Currently, coal-mining areas in South Africa are estimated to be approximately 40000 hectares
(EO-Miners, 2017), while a further several thousand hectares of agricultural land are at risk of
being lost to mining activities (Bench-Marks Foundation, 2014). Therefore, the rehabilitation of
mined lands towards restoring pre-disturbance ecosystem services or achieving an acceptable

post-mining land use capability is paramount.

For the attainment of a sustainable post-coal mining land use capability, a set of guidelines for
the stripping, stockpiling and preservation of topsoil has been recommended by the Surface
mining control and reclamation act of 1977 (Barry 1, 1980; Wick et al., 2009). Such preservation
of the topsoil is paramount because the topsoil is the most important soil horizon from an
agricultural perspective since it is rich in organic matter and vital plant nutrients. It also contributes
to moisture and nutrient retention (Strohmayer, 1999; Kaiser et al., 2002). However, studies have
shown that the quality of topsoil is adversely affected over the long periods (in some case over
several decades) in which soils are stockpiled (Johnson et al., 1991; Strohmayer, 1999). Logically,

the quality of stockpiled soil is linked to the success of post-mining land reclamation because the
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stockpiled solil is reapplied during reclamation and prior to revegetation (Sheoran et al., 2010).
Hence, an assessment of the quality of topsoil stockpiles in South African coal mines can serve
as potential early predictors of soil health during post-mining reclamation. Also, information
obtained from such assessments is essential for both monitoring and recommendation. However,
there is currently no comprehensive soil health assessment practice for soil stockpiles in the
South African coal mining industry. A comprehensive soil health assessment for soil stockpiles is
such that embodies the soil health concept and comprises the three components of soild physical,

chemical and biological components (Arias et al., 2005; Cardoso et al., 2013; Dose et al., 2015).

In recent times, the adequacy and sensitivity of soil biological/microbial parameters (bioindicators)
in reflecting changes and/or state of the soil environment have been recognised (Stenberg, 1999;
Niemeyer et al.,, 2012; Cardoso et al., 2013; Adeleke et al., 2017). The soil contains a vast
microbial consortium, including bacteria and fungi, which contribute significantly to ecological
processes in the soil ecosystem. Such ecological contributions include geochemical cycling of
nutrients, maintaining soil nutrient status and fertility by contributing to mineralisation of nutrients
essential to plant growth (Adeleke et al., 2012; Steffan et al., 2015; Adeleke et al., 2017).
Unfortunately, microbial communities and their ecological functions are altered by soil
management and anthropogenic practices (Dose et al.,, 2005) such as farming and mining
(Alguacil et al., 2008; Straker et al., 2008; Xiang et al., 2014; Nkuekam et al., 2018). Similarly, soil
properties and topography (Straker et al., 2007; Straker et al., 2008; Xu et al., 2017) are amongst

factors which influence the microbial community of the soil ecosystem.

However, a knowledge gap still exists, especially as this relates to the microbial community
diversity in soil stockpiles of South African coal mines. Furthermore, it is unclear whether the
density and viability of arbuscular mycorrhizal fungal (AMF) spores are impaired in these soil
stockpiles. Arbuscular mycorrhizal (AM) fungi are strict plant-symbiont of most vascular plants
which are important for the uptake and modulation of essential mineral nutrients by the host plant;

plant-pathogen resistance; soil-water retention and improved soil structure (Rillig et al., 2010;
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Smith and Read, 2010; Adeleke at el., 2019). Therefore, the viability and colonisation of plant
host by arbuscular mycorrhizal fungal spores in soil stockpiles could serve as an indirect measure
for assessing topsoil quality as well as the capability of the stockpile soils to support plant growth
in post-mining soil reclamation process. Such an approach could also be a valuable tool to

evaluate the adequacy of current stockpiling practices.

This chapter summarises microbiological studies on soil stockpiles (Mashigo, 2018; Ezeokoli et
al, 2019a, Ezeokoli et al, 2019b) which were aimed at determining the biological health of soll
stockpiles based on the hypotheses that: (1) AMF spore density and viability differ between
undisturbed soils and soil stockpiles of open-cast coal mines in South Africa, (2) enzyme activities
and microbial diversity of topsoil stockpiles (disturbed) are impaired compared to adjacent
unmined (undisturbed) soils and (3) microbial communities and enzyme activities in soil stockpiles
vary across seasons. To test these hypotheses, three south African coal mines were selected for
both microbial community structure and diversity studies, as well as establishing AMF spore
diversity and viability. This study is important in order to provide insights into the link between

stockpiling activities (pre-mining) and post-mining reclamation soil health.
2.2 Materials and methods

2.2.1 Study sites

The study sites were three opencast coal mines. The designation A, B and C are used for these
three mines because of a confidentiality agreement with the mining companies. The coal deposits
in these mines are bituminous thermal grade coal. Coal mining activities have been ongoing on
each of these sites for at least 15 years. The distance between mine B and mine C was
approximately 48 Km, while mine A was approximately 160 km away from the centre of mine B
and mine C. The mines are situated at an elevation of approximately 1600 m above sea level
withinthe coal-r i ch Hi ghvel d of Mpui2al Ah@N $3r2023BM LE)Nj ( 2S00/
Africa. The area experiences an annual average rainfall of 640 mm with rainfall occurring mostly

in the summer (October-March) and rarely in the winter (May-July) (ARC, 2016; World Weather
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Online). The natural vegetation across all sites was predominantly grass species (Digitaria
eriantha, Cynodon dactylon and Eragrostis curvula) with an estimated basal cover of 10% i 35%
across soil stockpiles. The soil stockpiles at the time of sampling were sparsely covered with
natural vegetation (~10% grass and ~2% forbs cover) and have been stored for at least 5 years.
While the Highveld of Mpumalanga is the biggest coal-producing area of South Africa, agriculture
remains the backbone of the province (GSA, 2016), hence providing a conflicting land-use
competition between coal mining and agriculture (Paterson et al., 2015). Two separate sites
served as freferences dor the two studiesd microbial community diversity and AMF spore
abundance and viability. An unmined maize field adjacent (approx. 2 km) to the coal mine A and
an un-utilised unmined land adjacent to mine A (approx. 200 i 500 m distant) served as
Aireferenced sites for t hedivekdihstudies, despactively. dhe plant
cover of the un-utilised (no anthropogenic activity) unmined reference site was approximately
60% and predominantly grass species including Digitaria eriantha and Cynodon dactylon. The
choice of the unmined maize field selected for the AMF study was due to the predominant pre-
mining land use activity in the study aread maize cultivation. An agricultural field could also

provide a suitable reference for ascertaining soil quality from an arability perspective.

2.2.2 Soil sampling

Soil samples were collected aseptically from randomly selected stockpiles at depths of 0-20 cm
(hereafter referred0Otomaé6hdétepbbeéet 0) adng a stesild
auger. The storage duration of the soil stockpiles prior to sampling was estimated at less than a
year in mine A, ten to eighteen years in mine B, and seven to eight years in mine C. The age of
stockpiles was not considered in the experimental design because there was also the absence of
accurate data on the ages of stockpiles sampled. Also, observations made on-site indicated that

soil stockpiles comprised heaps from different times and soil horizons

For the study on AMF spore density and viability, soil samples were collected from all three mines

and reference site in the summer of 2013/2014 season. Whereas for microbial community
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analyses, soil sampling was conducted during summer (February), winter (July), and spring
(September) of 2015. For the AMF study, at least three random soil core samples (1.5 kg wet wt.)
were collected per site, whereas for the microbial community study, at least five random samples
were collected from each study site at the respective depths. Samples were collected in sterile
bags and immediately placed on ice. Samples were appropriately stored: frozen at -70°C for
microbial community analyses and -20°C for enzyme analyses. Enzyme analyses were performed

within a week of sample collection.

2.2.3 Determination of physical and chemical properties of sail

Physico-chemical properties of soils, including texture, bulk density, pH (H20), cation exchange
capacity (CEC), total nitrogen (N), organic carbon (C), extractable cations (calcium, magnesium,
sodium, and potassium) and available phosphorus (Bray 1) were analysed using standard
methods of the Non-Affiliated Soil Analysis Work Committee (1990). Soils were ground and
passed through a 2 mm sieve before analyses. Briefly, pH was determined from a 1:2.5 soil-water
suspension using a pre-calibrated pH meter (pH 700, Eutech Instruments Pte Ltd, Singapore).
The patrticle size distribution was determined by the Bouyoucos method. Cations and
exchangeable cations were determined from soil ammonium acetate (1 M, pH 7.0) extracts by
using Inductively coupled plasma - optical emission spectrometry (ICP-OES). Bulk density was

determined by using a bulk density sampler core of known volume after overnight drying at 105°C.

2.2.4 Enumeration of AMF spore density

Spores were recovered from 100 g soilsd subsampl

method of Gerdemann and Nicolson (1963). AMF spores were recovered using nested sieves
(500-45um mesh pore sizes) and subsequent centrifugation in 60% sucrose gradient at 3000 rpm
for 5 min. Recovered spores were washed onto 9 cm graded filter paper and enumerated under

a dissecting microscope at 50X magnification.
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2.2.5 Trap culturing and root colonisation assessment
2.2.5.1 Trap culturing

In practice, the viability of AMF spores in soils can be assessed through trap culturing using a
host plant. A single plant species, Zea mays (maize), was used for assessing the viability of
spores. The choice of the single plant was based on the common crop cultivated in the study area
and for comparison to the unmined maize field reference. Cores of bulk soil samples collected
from each study site was composited per sampling depth to obtain a total of eight (four sites by
two sampling depths) bulk samples from all study sites. Precisely 500 g of soil composites were
mixed with 500 g of washed sterilised river sand in 600 cm3 pots. Five replicate pots per bulk soil
sample were established in a greenhouse. A randomised block design involving a two (sampling
depths) X four (sites) X 5 (replications) factorial was used. Seeds of a non-transgenic maize
variety ARC WE3127 were obtained, physically inspected for good quality, and treated with the
fungicide apron XL (active ingredient: Metalaxyl-M and S-isomer, 33.3%) (Syngenta, South
Africa) prior to planting in pots at a rate of three seeds per pot. Following germination (at two
weeks), maize plants were thinned to two plants per pot. Plants were irrigated twice a day, while
nutrient levels in the soils were augmented as required by applying 50 ml of a modified Hoagland
solution, containing 8 mg/L phosphorus (Habte and Osorio, 2001) weekly. The greenhouse was
maintained at 27°C day and 20°C night temperatures under natural lighting regimes for a total of
13 weeks during which plant shoot height, number of leaves and stem width were collected at
intervals until the twelfth week. At the end of 13 weeks, plants were gently uprooted, and roots
washed under running tap water. Roots for mycorrhization assessment were air-dried, while roots
for DNA extraction were freeze-dried in liquid nitrogen and stored at -70°C prior to further

processing.

2.2.5.2 Root staining

Roots staining was performed as described by Thorne et al. (2013). Thin portions (60 root

fragments per pot) of roots were cleared in 10% KOH solution to remove cytoplasmic and cell
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inclusions. Cleared roots were autoclaved at 130°C for 10 min and acidified in 2% HCI for 20 min
at room temperature. Roots were then stained with trypan blue and autoclaved at 130°C for 7
minutes. Stained roots were mounted on a glass slide and assessed for colonisation by

endomycorrhizae under a compound microscope at 200X magnification.

2.2.5.3 DNA-based Detection of endomycorrhizae

Precisely 0.5 g portions of roots from each experimental pot were aseptically crushed and
processed for extraction of DNA using the ZR soil microbe kit (Zymo Research, Irvine, CA, USA)
according to the instructions of the manufacturer. For PCR-based detection of endomycorrhizae,
primers SSUmMAf and LSUmMAr (Kruger et al.,, 2009) were used. The PCR reaction mixture
included 10 pl of 2x Phusion Flash master mix (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), 0.5 uM of each primer, 50 ng DNA template and sterile PCR-grade water
to a final volume of 20 pl. The PCR conditions were exactly as in the Kriiger et al. (2009) paper.
All PCRs were performed in a T100™ thermal cycler (Bio-Rad Laboratories, CA, USA) in
duplicates. PCR amplicons were visualised on an agarose gel to verify amplicon size

(approximately 1750 bp) and to infer the presence or absence of endomycorrhizae.

2.2.6 Enzyme and microbial community analyses

Determination of beta-g | u ¢ o s i-D-glusaside(glbicohydrolase, EC 3.2.1.21) and urease (urea
amidohydrolase, EC 3.5.1.5) activities were performed by the methods of Dick et al. (1996) and
Kandeler and Gerber (1988). The analyses were performed on topsoil samples only because
previous studies have indicated that soil enzymes activities are mostly concentrated in the topsoil
(0-15 cm) region (Das and Varma, 2010). Soil samples were passed through a 2-mm sieve and
oven-dried at 40°C prior to beta-glucosidase and urease activity assays of beta-glucosidase and
urease activities.
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For microbial community analyses, PCR-denaturing gradient gel-electrophoresis (PCR-DGGE)
was used as previously described by Mashigo (2018). Briefly, DNA was extracted by using the
ZR Soil Microbe DNA extraction kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer instruction. Thereafter, the partial bacterial 16S rRNA gene and fungal internally
transcribed spacer 2 (ITS2) regions were amplified using the universal oligonucleotide primer set
341 F-CQTBAGGGAGGCAGCAG-3Nj) / 907R (5Nj CCGTCABNJC@NhITGAGBT
GCATCGATGAAGAACGCAGC-3 Nj) / | FIEETCAGETNJATTGATATGC-3 Nj)  ( ®hal.t e
1990), respectively. Each forward primer (341F and ITS3) contained a 40 bp GC-clamp at the 5'
(Muyzer et al., 1993). The components and running conditions of the PCR amplifications were
exactly as described previously (Mashigo, 2018). Subsequently, DGGE was performed as
described previously by Roopnarain et al. (2017). Following DGGE runs, gel images were stained

in 0.1% (v/v) ethidium bromide solution, visualised and analysed as described previously by
Mashiane et al. (2017) while dominant bands were excised and reamplified as described

previously by Ezeokoli et al. (2016a).

2.2.7 Sequencing, taxonomic and phylogenetic classification of AM fungi in roots

PCR amplicons were purified using the PureLink quick PCR purification kit (Invitrogen, Lohne,
Germany) and cloned into competent Escherichia coli JM109 cells using the CloneJet PCR
cloning kit (Thermo Fisher Scientific, MA, USA). Because the AMF colonisation observation from
the root stains indicated no apparent colonisation, we suspected that the AMF diversity in PCR-
positive samples is sparse. Hence, at least 15 transformants were selected per positive sample
and PCR-screened for inserts. The PCR screening was performed following the instructions of
the cloning kit manufacturers using primers complementary to the ends of the circular plasmid
flanking the insert regions (Thermo Fisher Scientific, MA, USA). Amplicons with the right insert
size following agarose gel electrophoresis were purified and sequenced (Sanger) in both forward

and reverse directions.

25



Subsequently, continuous sequences (contigs) obtained from forward and reverse sequences
(after quality inspection of electropherograms) were screened for vector sequences and chimeras
by wusing NCBIG&s VecScreen (https:// www. nchbi
software v. 2.0 (Wright et al., 2012), respectively. For phylogenetic reconstruction, sequences
along with closely related sequences available in the NCBI and MaarjAM database
(http://maarjam.botany.ut.ee/) (Opik et al., 2010), which spanned the same region as sequences
obtained in this study, were selected. Publicly available sequences obtained from defined AMF
cultures were selected. A consensus sequence of Paraglomus occultum 1A072 reported in the
study by Krtigeretal. ( 2012) as Aconsensus 390 was al so
aligned by using MUSCLE (Edgar, 2004). Alignments were then manually edited in DAMBE
software (Xia 2013) to exclude ITS1 and ITS2 regions due to alignment ambiguities as reported
previously (Fahey et al., 2012; Krlger et al., 2012), yielding a 1303 bp alignment of 56 sequences
which spanned the partial 3"-fragment of the SSU (18S rRNA), the entire 5.8S and the partial 5'-
fragment of the LSU (28S rRNA). The edited 18S-5.85-28S rRNA sequence alignments were
used to construct a maximum likelihood phylogenetic tree in MEGA7 (Kumar et al., 2016), by
using the general time-reversible nucleotide substitution model (Nei and Kumar, 2000) and
gamma-distributed with invariant sites rates among sites. Branch support was assessed using

1000 bootstrap replications (Felsenstein, 1985).

For the taxonomic assignment of 18S-5.85-28S rRNA sequences, a de novo clustering of
sequences into operational taxonomic units (OTUs) at 97% sequence similarity was performed
with the mothur software (Schloss et al., 2009) as previously described by Ezeokoli et al. (2016b).
OTU representative sequences were obtained by using the mothur software sub-routine
command i g .e Thereaftey rthe pobtained OTU representatives were taxonomically
identified by aligning against close relatives in the GenBank sequences through the MaarjAM

Glomeromycotan database (Opik et al., 2010).
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Nucleotide sequences obtained for the studies have been deposited in the National Centre for
Biotechnological Information (NCBI) GenBank under the accession number ranges KY242678 to
KY242704 for AMF 18S-5.8S-28S rRNA; KY985473 to KY985518 for bacterial 16S rRNA gene;

and MF001318 to MF001351 for fungal ITS2 partial sequences, respectively.

2.2.8 Statistical analyses

Data (plant height, stem width, number of leaves, fresh weight and spore density) were subjected
to a two-way (depth x site) analysis of variance (ANOVA) in R software (R Core Team 2013).
Prior to the 2-way ANOVA, appropriate transformations were performed on data to meet normality
and/or homogeneity of variance criteria. For data (number of leaves and stem width) which could
not be normalised, the aligned rank transform (ART) for nonparametric factorial ANOVAs was
used (Wobbrock et al., 2011). Tests for statistical significance were setatPO 0. 05 . The Ti
HSD post hoc test was used at 0.05 level to separate means where differences were significant
in the parametric ANOVA. To test the relationship between spore density and selected |
physicochemical properties of soil, the Pearson rank correlation was performed on normalised
data. Test for significance of all Pearson correlation coefficients () was set at P O 0 .T0e .
correlation was performed in IBM SPSS Statistics software (v. 21, IBM 264 Corporation, New

York, USA).

Soil physicochemical data for each soil horizon were analysed separately by the aligned rank
transform non-parametric analysis of variance (ANOVA) by using the ARTool package in R
software version 3.4.0 (R Core Team 2013). Beta-glucosidase and urease activities data were
subjected to a two-way (site x season) ANOVA by using R software. Prior to ANOVA, enzyme
activity data were square root-transformed to near-normality and to meet homoscedastic
assumption for parametric tests. After ANOVA, the Tukey honest significant difference (HSD) post
hoc test was used to separate significant means at P < 0.05. Pearson correlation was used to test

the relationship between enzyme activities (normalised by square root transformation) and soll
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physicochemical properties by using the R software. Based on the outcome (i.e. significant
differences, P < 0.05) of ANOVA, correlations were conducted across sites, as well as on a site-
by-site basis. Furthermore, to test the relationship of the microbial communities with the
physicochemical properties at each sampling depth, a redundancy analysis (RDA) was performed
in the vegan package (Oksanen et al., 2015) of R software by using the unweighted similarity
data matrix generated from the PCR-DGGE banding pattern and soil physicochemical properties.
Thereafter, the environmental factors (vectors) were then fitted into the RDA model and their

significance tested by permutations using t

2.3 Results

2.3.1 Physico-chemical properties of sail

The physicochemical properties of the soil subsample for the AMF study are presented in Table
2.1. Of all parameters analysed, only sodium, potassium and particle size distribution (silt, sand

and clay) were significantly (P < 0.05) influenced by site x depth interaction (Table 2.1 and Table

2.S1) . |l ndi vi dual ePf <f09%) infludnsed mostdoil propgries domparadcita |y

he

Adeptho (Table 2.S1). Howev er isamplinggdapthd c e taldedt b n

by feitedeffect (Table 2.S1). Summarily, soil texture was generally sandy-clay-loam, average pH
acidic (pH 4.62-5.80), organic carbon between 0.79% and 1.53% in the topsoil, and between
0.39% and 0.78% in the subsoil. Bulk density ranged from 1.35 to 1.90 g/cm? with soils from the
unmined reference site having the lowest bulk density highest organic carbon content, the highest

sum of exchangeable cations (S-V), cation exchange capacity and highest K composition.

Similar to the soil sub-samples for the AMF spore abundance and viability study, the pH of soils
collected during the summer, winter and spring seasons of 2015 were acidic (Mashigo, 2018).
Furthermore, although bulk density was generally higher in stockpile soils compared to unmined
reference soils, differences in selected physicochemical properties did not suggest that stockpile
soils were of less quality (micronutrient levels, pH, cation-exchange capacity among others)

compared to the unmined reference (Mashigo, 2018).
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2.3.2 Maize performance in stockpile soils under greenhouse conditions

The interactions between factors were not significant (P > 0.05) for plant shoot heights at all the
time intervals. However, plant shoot height (Figure 2.1) was significantly influenced by site
(treatment) at week 6 (P = 0.00188), week 8 (P = 0.0456) and week 10 (P = 0.0434). Sampling
depth did not have significant effects (P > 0.05) on plant shoot height. At week 6, 8 and 10, mean
shoot heights of plants in mine C differed significantly from those of the control site (Tukey HSD
p-adjusted value < 0.05). Number of leaves (Figure 2.S1a), stem widths (Figure 2.S1b), and fresh
weights (Figure 2.S1c) were neither influenced by any of the main factors (site or depth) (P >

0.05) nor by interactions between factors (P > 0.05).
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Table 2.1:

Physico-chemical properties of stockpile soils for the AMF spore abundance study

Topsoil Subsoil
Properties Reference Mine A Mine B Mine C Reference Mine A Mine B Mine C
pH 5.38+0.05% 5.73+0.13? 4.69+0.282 4.62+0.372 5.07+0.552 5.80+0.29* 4.71+0.112 4.57+0.63%
Na (cmol kg?) 0.00+0.00° 0.17+0.14% 0.05+0.012 0.00+0.00° 0.03+0.032° 0.092+0.03* 0.05+0.01% 0.00°+0.00
K (cmol kg?) 1.09+0.04° 0.21+0.07%° 0.13+0.08% 0.18+0.13% 0.63+0.40° 0.19+0.05*®  0.08+0.03° 0.05+0.032°
Ca (cmol kg™) 1.47+0.282 1.96+0.662 0.45+0.30? 0.76+0.73?2 1.21+0.09? 1.63+0.08* 0.40+0.112 0.95+1.182
Mg (cmol kg?) 0.81+0.102 1.16+£0.532 0.28+0.102 0.07+0.132 0.76+0.30% 1.28+0.28*  0.26+0.05% 0.07+0.122
*S-V unit (cmol kg?) 3.38+0.232 3.50+1.272 0.81+0.582 1.01+0.922 2.62+0.762 3.19+0.35*  0.79+0.14* 1.07+£1.322
CEC (cmol kg?) 6.00+0.762 4.78+1.30% 3.42+2.462 6.07+0.552 8.88+1.34? 5.37+1.46*  3.27+1.722 5.13+0.51?
Organic carbon (%) 1.53+0.122 0.90+1.022 1.09+1.01° 0.79+0.522 0.70+0.14? 0.43+0.06*  0.39+0.112 0.78+0.43?2
®Bulk Density (g cm®) 1.35+0.02° 1.67+0.25% 1.71+0.14° 1.90+0.09? ND ND ND ND
Sand (%) 60.90+1.00°  74.00+5.29% 80.00+3.46%  72.00+9.17%* 66.85+8.35°  63.20+2.68" 81.20+3.03*  76.00+0.00%
Silt (%) 19.95+1.65°  4.67+2.31% 5.60+2.972° 4.67+1.15% 12.30+4.70%* 5.20+1.10% 3.20+1.10° 5.00+1.412°
Clay (%) 15.85+0.65%®  21.33+5.03% 14.40+£2.19%® 23.33+10.07° 17.60+5.00%®® 31.60+2.61® 15.60+2.19%° 19.00+1.41%
fTextural class SaLm SaClLm SaLm SaClLm SalLm SaClLm SaLm SaLm

Values are means * SD of at least three replicates. Means with different superscript letters along columns are significantly different (P < 0.05)

based on the interaction between site and sampling depths. ND, not determined. *S-V unit is the sum of the exchangeable cations (Ca, Mg,

Na and K). °PBulk density was subjected to one-way ANOVA to determine the site effects only. tTextural classes were determined from mean

values for each bulk sample. SaLm, sandy loam; SaCILm, sand clay loam.
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Figure 2.1: Height of maize plants under greenhouse conditions. Values are means of
replicates (Sample size, N = 5). Error bars indicate standard deviations from the
mean. The interactions between site and sampling depth are not significant (P >
0.05). Letters on the bars show values that are significantly different (P < 0.05)

based on the effect of fsitedonly.

2.3.3 AMF spore density in stockpile soils and relationship with soil physicochemical

properties

The AMF spore number per 100 g of soil is presented in Table 2.2. Spore abundance in soils was
not significantly influenced (P > 0.05) by site and sampling depth. However, the interaction
between site and sampling depth had a significant effect (P = 0.0301) on spore density,
particularly in subsoils from the reference site. Overall, topsoil from reference sites had the highest
spore density (108.7 spores/100g). In contrast, the lowest spore density (26.67 spores/100g) was
observed in subsoil from the reference site. The AMF spore density in the topsoil was inversely

related with (Pearson correlation) the mean pH (r = -0.336), bulk density (r = -0.588), cation
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exchange capacity (CEC) (r = -0.596) and clay content (r = -0.729) of the topsoil (Table 2.3).
However, only correlations between spore density and bulk density, cation exchange capacity
(CEC) or clay content of the topsoil were significant (P < 0.05, 2-tailed test). On the other hand,
the density of AMF spores in subsoils was inversely related with the mean pH, CEC and clay

content of the subsoils (Table 2.3), but the relationships were not significant (P > 0.05).

Table 2.2: AMF spore density in soil and mycorrhiza detection in maize roots

Mycorrhiza detection in maize

ASpore density roots
Soil (spores 100 gt Root )
Treatments Site depth soil) stains YMolecular method
1 Reference  topsoil 108.67+58.072 - ++
2 Reference  subsoil 21.67+9.81° - -
3 Mine A topsoil 39.67+17.03 - +++
4 Mine A subsaoil 34.67+14.84%° - +
5 Mine B topsoil 91.33+13.31% - + ++
6 Mine B subsoil 57.67+38.522 - +
7 Mine C topsoil 49.00£2.00% - +
8 Mine C subsoil 67.50+43.50% - +

ASpore abundance values are means + SD of three replicates selected at random. Values
on the same columns with different superscript letters are statistically different based on
significant interaction effects between the site and sampling depth (Tukey HSD, P < 0.05).
yBased on PCR ampl i5f88-cSb tRNA subunits usingrppegmeiS SIWUmMAf
and LSUmAr. Positive PCR amplification (Mycorrhiza detected) per treatment replicates
were ranked into three categories as + present in only one of the five trap culture replicates
per treatment; ++, present in only two of the five trap culture replicates per treatment; and
+++, present in 3 of the five trap cultures replicates per treatment. -, no mycorrhiza observed

in roots of maize trap cultures.

2.3.4 Colonisation of maize roots by AM fungi

Microscopic examination of stained root sections did not reveal fungal structures indicative of

mycorrhizae in all samples (Table 2.2). However, DNA-based detection revealed the presence of
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AMF species in roots of maize plants in all but the subsoil from the control sample (Table 2.2).
Overall, results (number of replicates per treatment positive for AMF root colonisation) of DNA-
based detection showed that AMF root colonisation was more associated with topsoil (above 20

cm) samples than subsoil (below 20 cm) samples.
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Table 2.3: Pearson rank correlations of number of AMF spores (spores 100 g soil) with some physicochemical properties

Soil properties

Spore pH Bulk density (g CEC (meq 100 g') Clay content Organic C

Soil depth Abundance cm) (%) (%)
Topsoll

Pearson Correlation 1 -0.336 -0.588* -0.596* -0.729** 0.639*

coefficient (r)

P-value 0.286 .044 0.041 0.007 0.025

N 12 12 12 12 12 12
Subsaoill

Pearson Correlation 1 -0.252 ND -0.301 -0.057 0.050

P-value 0.429 - 0.341 0.859 0.879

N 12 12 - 12 12 12

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). ND, not determined. CEC, cation

exchange capacity.
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2.3.5 Molecular Identification of AM fungi

Following PCR amplification, endomycorrhizae was detected in 12 of the 40 root samples (Table
2.2). Although we screened over 200 transformants from all clone libraries, only in 27
transformants were the cloned rRNA insert sequences successfully obtained. These sequences
clustered into five operational taxonomic units (OTUs) and were all closely related to the defined
AMF culture Paraglomus occultum (Figure 2.2 and Table 2.S2). Phylogenetic reconstruction of
sequences further confirms the close associations to the genus Paraglomus (Figure 2.2).
However, the bootstrap values for tree topology strongly indicate that a number of these OTUs
belong to distinct clades which do not include any presently defined cultures of the Paraglomus

taxa (Figure 2.2).
2.3.6 Overview of enzyme activities and microbial community structure

Beta-glucosidase and urease activities were significantly influenced by interactions between site
and season (Figure 2.3). Based on a comparison of the number of significant factor interactions
amongst treatments, beta-glucosidase activity appeared to be more sensitive to environmental
factors than urease activity. Beta-glucosidase activity in stockpile soils was mostly higher than
those of the reference soils suggesting a higher biological activity in the stockpiled soils in
response to the availability of higher (compared to unmined soils) organic carbon in most of the

soil stockpiles (Mashigo, 2018).

Across sites, beta-glucosidase activity was only positively correlated with C: N in mine A
(Pearsonbés cor r ed081 P o013} (datafndt showin)ewhile urease activity was
significantly correlated with the sum of exchangeable cations (S-V) only in the reference site
(Pearsonbés corr e+@5,iPe10.02¢)ddath fiot shadwe).nBased on PCR-DGGE

profiles of partial bacterial 16S rRNA gene diversity and fungal ITS2 sequences, bacterial and
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fungal diversities of unmined soil were higher than those of stockpiles in the topsoil horizon

Figure 2.2: Maximum likelihood tree showing the phylogenetic association of AM fungi
with reference database sequences based on 18S-5.85-28S rRNA gene
sequences. Bootstrap support values for branches less than 50% are not shown.
Sequences beginning with TS and SS represent sequences from topsoil and
subsoil. A, B, C or X (reference site) after hyphens represent study sites. GenBank
Accession numbers are in parenthesis. Paraglomus occultum IA702 AFTOLID 844
is a consensus sequence obtained from sequence accession numbers DQ322629,
AY997069 and DQ27387 reported as fAconsens
al., 2012).
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