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A B S T R A C T

Arbuscular mycorrhizal (AM) fungi contribute to the restoration of soil ecological functions and processes during
ecosystem development. Here, diversity and differentiation of AM fungi in rhizosphere soils and roots of the
dominant vegetation along a post-coal mining reclamation soil chronosequence of 3, 11, 15, 19 and 24 years
after reclamation were investigated. High-throughput sequence analysis of partial Glomeromycotan 18S rRNA in
soils and roots revealed a high number of core operational taxonomic units (OTUs) across chronosequence.
Arbuscular mycorrhizal fungal (AMF) OTU richness, Shannon-Weiner index and species dominance were not
significantly different across soil and root but were significantly (P<0.05) correlated with ammonium, nitrate,
silt fraction, litter, pH, foliar and/or basal covers. AMF community structure was significantly different
(P<0.05) across unmined and reclamation chronosequence soils, with differentiation between younger re-
claimed areas (3 and 11 years) and older reclamation ages (19 and 24 years) in multivariate space. In contrast,
structural differentiation in the AMF community colonising the single plant-host across the chronosequence was
not significant (PERMANOVA, P>0.05), although community composition and structure were heterogeneous
within 3–11 years but similar within 15–24 years. Seven Glomeromycotan genera were detected in soil and roots,
including the relatively dominant Glomus genus, and the differentially abundant Acaulospora, Diversispora,
Paraglomus and Scutellospora in either earlier or later years since post-mining reclamation. Canonical corre-
spondence analysis revealed that nitrates (NO3-N), clay content and bulk density significantly influenced
(P<0.05) the AMF community structure in soil, whereas, the AMF community in root was not significantly
influenced (P>0.05) by environmental variables. Overall, the study suggests that AMF community differ-
entiation reflect ecosystem development over chronological space-time. Thus, AMF species differentiation may
be included as part of a minimum dataset for monitoring ecosystem restoration following post-mining re-
clamation.

1. Introduction

In soil ecosystems, the interactions between above-ground and
below-ground biotic communities are vital to ecosystem processes and

health (de Leon et al., 2016; Dickie et al., 2013). Such interactions
include the symbiotic association between most vascular plants and
their below-ground mycorrhizal symbionts (Smith and Read, 2010).
Arbuscular mycorrhizal (AM) fungi are obligate symbionts of a majority
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of vascular plants (Barea et al., 2002). The symbiosis between AM fungi
and plant roots appear to be cosmopolitan (Davison et al., 2015). In the
symbiotic association, AM fungi facilitate the assimilation and mobili-
sation of soil nutrients in exchange for plant sugars (Barea et al., 2002;
Smith and Read, 2010). Additionally, AM fungi play roles in plant fit-
ness and growth (Porras-Soriano et al., 2009; Utkhede, 2006), control
of plant pathogens (Barea et al., 2002; Utkhede, 2006), soil structure
improvement (soil aggregation) through the production of glomalin
(Rillig et al., 2010; Rillig et al., 2002) and plant community succession
(Kikvidze et al., 2010).

Within a landscape, differentiation in arbuscular mycorrhizal fungal
(AMF) assemblages are driven by niche partitioning and stochastic

processes (Dumbrell et al., 2010a; Dumbrell et al., 2010b; Moebius-
Clune et al., 2013a). Differentiation in AMF species due to niche dif-
ferentiation are mediated by the prevailing environmental factors, in-
cluding soil pH, salinity, particle size and nutrients as well as plant
vegetation type (Marín et al., 2017; Moebius-Clune et al., 2013b; Tahat
and Sijam, 2012; Zaller et al., 2011). Whereas, stochastic processes
which predispose the dispersal of AM fungi within and between geo-
graphical barriers are mediated by the transportation of AMF propa-
gules (spores and hyphae) through abiotic factors such as wind and
water runoff (Warner et al., 1987) as well as by biotic factors, including
humans, rodents and birds (Correia et al., 2019; Mangan and Adler,
2002).

Fig. 1. Map of study site showing sampling points for reclamation chronosequence and unmined maize field. Each green triangle represents only one end of each
transect along which samples were collected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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In natural and/or managed soil ecosystems, shifts in diversity and
community structure of AMF assemblages over chronological space and
spatial boundaries are due to plant community succession, anthro-
pogenic activities and changes in environmental conditions (Cui et al.,
2016; Davison et al., 2012; de León et al., 2016; Johnson et al., 1991;
Krüger et al., 2017; Roy et al., 2017). Such successional shifts in com-
munity structure have also been observed among AMF communities
(Johnson et al., 1991; Koske and Gemma, 1997) and other soil micro-
bial groups (Sun et al., 2017), and are often associated (or correlated)
with variations in soil ecosystem properties, including soil organic
matter development, pH changes, plant succession, and nutrient
availability amongst others (Frouz et al., 2013; Hou et al., 2018; Li
et al., 2014; Urbanová et al., 2011).

The relationship between plant, soil and mycorrhizal fungi are im-
portant to the restoration of ecological functions and processes in dis-
turbed soil ecosystems such as post-mining sites (Krüger et al., 2017).
Thus, differentiation in AMF communities may provide useful insights
into the impacts of anthropogenic and natural disturbances on soil
health (Stenberg, 1999). Previously, we observed that AMF spore
density in soil stockpiles (used for post-mining reclamation) was not
different from unmined soils, although AMF viability may be negatively
influenced by stockpile height (Ezeokoli et al., 2019). In the present
study, the AMF community along a post-coal mining reclamation soil
chronosequence located in the coal-rich Emalahleni district in south-
eastern South Africa was investigated to (1) explore the diversity and
succession of AMF species along the reclamation chronosequence, (2)
determine factors which shape AMF assemblages and (3) gain insights
into the suitability of utilising AMF community differentiation as part of
a minimum dataset for monitoring ecosystem restoration following
post-mining reclamation in the South African coal mining industry. We
tested the hypothesis that the AMF assemblages within a post-coal re-
clamation soil chronosequence are differentiated across years since
reclamation, and differ from those of unmined reference soils. Fur-
thermore, we investigated the influence of environmental factors in
shaping AMF assemblages within the post-coal mining chronosequence
across both soil and rhizoplane of the dominant vegetation.

2. Materials and methods

2.1. Study site

The study site was an active open-cast coal mining area located in
the coal-rich Emalahleni Highveld, southeastern South Africa
(24°0′–27°30′ S, 28°15′–32°5′ E). The area is within the grassland biome
of South Africa (Ferrar and Lötter, 2007), and offers several ecosystem
services, including the provisioning of food. The area is characterised as
semi-arid climate, with average monthly rainfall of 78 m. The max-
imum temperature during summer months (September–February) is
31 °C while minimum temperatures during dry winter months (June–-
July) averages 10 °C (World Weather Online, n.d.).

Within the mining sites, a chronosequence of reclaimed areas,
comprising five different ages were established (Fig. 1). The reclama-
tion lands were reclaimed in the year 2014 (3 years old at the time of
sampling), 2006 (11 years old), 2002 (15 years old), 1998 (19 years old)
and 1993 (24 years old). Herein, the areas are abbreviated as Rec03,
Rec11, Rec15, Rec19 and Rec24 for the 3, 11, 15, 19- and 24-years old
areas, respectively. The sites were reclaimed according to the local
guidelines by replacing pre-excavation overburden materials and top-
soil. The replaced soil is then ameliorated with fertilisers and re-
vegetated with a mixture of herbaceous grass species, notably, Era-
grostis tef, Eragrostis curvula, Digitaria eriantha, Cynodon dactylon and
Chloris gayana (Claassens et al., 2012; Tanner and Möhr-Swart, 2007).
However, over several years of revegetation, a dominating vegetation
type appears on reclamations sites (Claassens et al., 2012; Van Eeden,
2010). Eragrostis species dominated all reclamation sites. For compar-
ison, an adjacent unmined area was sampled and served as reference

(Fig. 1). At the time of sampling, the unmined site was a postharvest
maize field. The control site was chosen because of proximity to the
reclamation chronosequence (Fig. 1) and the unavailability of alter-
native unmined areas with a known prior history. In the planting
season, maize was cultivated under minimum tillage (conservative
agriculture) at approximately six plants per square metre. The control
site served as a “reference” for comparison in relation to a specific land-
use type.

2.2. Sampling and plant cover estimation

Sampling was done in the winter (July) of 2017. The site was in-
itially surveyed to identify the dominant vegetation type across re-
clamation sites. Soil sampling was conducted along five 40m quadrant
spaced 100m apart in random orientations. The origin and orientation
of the first transect were purposefully selected to obtain a re-
presentative sample of each rehab or reference site and to block out as
much as possible, slope gradients effects which are typical of re-
clamation sites, respectively. Samples of rhizosphere soil (0–15 cm)
were aseptically collected at 10m intervals along each transect.
Samples collected along each transect (at 10m intervals) were pooled
to form a composite sample. Additionally, soil samples for physico-
chemical analyses were collected from a similar depth into separate
sample bags using soil augers. The plant cover, including foliar cover,
basal cover, and plant litter of each reclamation land was estimated
using a 1-m2 quadrant placed at the beginning, centre and end of each
transect.

Root samples were also collected from the dominant vegetation,
Eragrostis tef (annual grass), across the post-mining reclamation
chronosequence. AMF assemblages colonising roots will provide in-
sights into whether the arbuscular mycorrhizal community diversity in
soils differ from those colonising the roots of the dominant vegetation
and may further elucidate differentiation in AMF communities in re-
lation to a specific host. All samples for DNA analyses were transported
on ice and stored at −70 °C until processing.

2.3. Physicochemical analyses of soil

Selected physicochemical properties were analysed using standard
methods. Briefly, pH was determined from a 1:2.5 soil suspension in 1 N
KCl by using a pre-calibrated pH metre (pH 700, Eutech Instruments Pte
Ltd., Singapore). Bulk density (BD) was determined using a bulk density
sampler of known core volume after overnight drying at 105 °C.
Exchangeable bases were determined using the acetate ammonium
method of Schollenberger and Simon (1945), while the anions phos-
phate (PO4

3−-P) and nitrate (NO3
--N) were determined by the method

of Sonneveld and van ven Ende (1971). Ammonium (NH4
+-N) was

determined using the ammonia-selective electrode method (Banwart
et al., 1972). Organic carbon (OC) was determined by the Walkley-
Black method (Walkley and Black, 1934), while the Bouyoucos method
was followed to determine particle size distribution (Bouyoucos, 1962).

2.4. DNA extraction from soil and roots

For extraction of genomic DNA from soils, 0.25 g of soil samples
were processed using the Power Soil DNA Isolation Kit (Qiagen, Hilden,
Germany) according to the manufacturer's protocol. For root samples,
roots were gently washed repeatedly in running tap water to eliminate
soils. Thereafter, at least 30 tender root hairs per sample were excised,
freeze-dried in liquid nitrogen and ground using tungsten beads in a
homogeniser (SpeedMill Plus, Analytik Jena AG, Jena, Germany).
Thereafter, DNA was extracted from 0.1 g of ground root tissues by
using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer's instructions. The DNA extraction was performed
in duplicates for both soil and root samples in order to obtain sufficient
DNA yields (> 10 ng) as determined by a Nano-drop spectrophotometer
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(ND-1000, Nano Drop Technologies LLC, Wilmington, DE, USA).

2.5. Preparation of partial Glomeromycotan ribosomal SSU library

The Glomeromycotan ribosomal small subunit (SSU) was amplified
using a nested-PCR approach for both soil and root DNA samples. A
nested approach was used because a single PCR step did not yield
sufficient amplicons for subsequent downstream library preparation
and sequencing. The primer pairs AML1 (5′-ATCAACTTTCGATGGTAG
GATAGA-3′) and AML2 (5′-GAACCCAAACACTTTGGTTTCC-3′) (Lee
et al., 2008) was used for the first PCR (yielding approx.800 bp am-
plicons) while primer pairs AMV4.5NF (5′-AAGCTCGTAGTTGAATT
TCG-3′) and AMDGR (5′-CCCAACTATCCCTATTAATCAT-3′) (Sato et al.,
2005) were used for the second PCR (approx. 260 bp amplicons). Pri-
mers AMV4.5NF and AMDGR contained forward and reverse Illumina
overhang adapters, respectively (Illumina Inc., San Diego, CA, USA).
Components for the first PCR included 20 ng DNA template, 5 μL of 5 X
reaction buffer (New England BioLabs, Ipswich, MA, USA), 0.02 U/μL
high-fidelity DNA polymerase (New England BioLabs), 0.2 μM dNTPs,
0.4 μM of each primer and PCR-grade water in a total reaction volume
of 25 μL. The PCR condition was an initial denaturation of 98 °C for
3min, 35 cycles of 98 °C for 45 s, 51 °C for 40 s and 72 °C for 1min and a
final extension of 72 °C for 10min. The components for the second PCR
were similar to the first PCR except that 1 μL of a 1:10 dilution of the
amplicon from the first PCR was used as the template and the primer set
AMV4.5NF/AMDGR was used. The conditions for the second PCR was
an initial denaturation of 98 °C for 5min, 35 cycles of 98 °C for 40 s,
58 °C for 1min and 72 °C for 1min as well as a final extension of 72 °C
for 10min. All PCRs were performed in an Eppendorf 2231 thermal
cycler (Eppendorf AG, Hamburg, Germany). PCR products were verified
on 1.5% agarose gel. Subsequently, amplicon libraries were prepared as
described by Illumina (Illumina, CA, USA) for paired-end (2×300 bp)
sequencing on an Illumina MiSeq sequencer with the MiSeq v3 chem-
istry (Illumina Inc., USA). Sequencing was performed at the core facility
for NGS sequencing of the Institute of Integrative and Systems Biology,
Université Laval, Quebec, Canada.

2.6. Bioinformatic analyses

Demultiplexed paired-end reads obtained from the sequencing fa-
cility were quality-checked using FastQC software version 0.11.5
(Babraham Institute, United Kingdom). Subsequently, Trimmomatic
software (version 0.38) (Bolger et al., 2014) was used to quality-trim
paired-reads, including clipping off any Illumina barcodes and elim-
inating reads with an average quality score (Phred Q score) lower than
20. Quality-filtered paired-reads were then analysed in the Quantitative
Insights Into Microbial Ecology (version 2) (QIIME2) software (Bolyen
et al., 2018) by using the DADA2 denoiser (Callahan et al., 2016) to
obtain amplicon sequence variants (ASVs) (so-called 100% unique se-
quences). ASVs were further binned into operational taxonomic units
(OTUs) at 97% similarity by using the “open reference” approach which
involved aligning ASVs against the AMF virtual taxa (VT) (containing
344 AMF VT sequences) from the MaarjAM database (Öpik et al.,
2010), and further de novo clustering of ASVs that failed to hit the AMF
VT reference. OTU clustering was performed using VSEARCH (Rognes
et al., 2016). Thereafter, the sequences for soil and roots were separated
and the respective OTU count tables (for soils and roots) depleted of
singletons and OTUs that occurred in less than three samples. Taxo-
nomic assignment of the 97% OTUs was performed against the
MaarjAM AMF VT reference taxonomy (Öpik et al., 2010) using the
Scikit-learn feature classifier with the default confidence threshold of
0.7 (Bokulich et al., 2018; Pedregosa et al., 2011). The OTU count ta-
bles were further sub-sampled (rarefied) to even depths of 19,700 se-
quences and 10,300 sequences for soils and root samples, respectively,
before computing alpha- and beta- diversities (in QIIME2) and statis-
tical analyses.

2.7. Statistical and AMF community structure analyses

Unless otherwise stated, all statistical analyses were performed in R
software version 3.5.3 (R Core Team, 2017). Test for differences in soil
physicochemical properties and alpha diversity metrics amongst groups
were determined by the non-parametric Kruskal-Wallis H test using the
‘agricolae’ R package (version 1.3-1) (de Mendiburu, 2019). The Fish-
er's least significant difference post hoc test was used for mean se-
parations.

For statistical analyses of AMF communities between sample groups
(beta-diversity), relative count data were log10-transformed [log10 (x)
+1, where x > 0] (Anderson et al., 2006) using the “decostand ()”
function in the vegan package (version 2.5–5) of R software (Oksanen
et al., 2019). Comparisons between sample groups were based on both
unweighted (presence or absence) and weighted (relative abundance)
Bray-Curtis dissimilarity matrices. The dissimilarity matrices were fur-
ther subjected to principal coordinate analyses using the vegan
package. Differences in multivariate space were tested using the per-
mutational multivariate analysis of variance (PERMANOVA) in the
vegan package (version 2.5–5). Furthermore, permutational tests of
homogeneity of multivariate dispersions (PERMDISP) was performed to
test the homogeneity of multivariate dispersions within groups. Post
hoc test for significant PERMANOVA (P<0.05) were further per-
formed using the “pairwiseAdonis ()” function (Martinez, 2019) in the
vegan package.

The influence of environmental factors such as soil physicochemical
properties and vegetation cover on the AMF community diversity and
structure in both soil and roots were further investigated by Spearman
rank correlation and by canonical correspondence analysis (CCA), re-
spectively. CCA was performed on the log-transformed environmental
and AMF community data by using an automatic forward and backward
stepwise model (“ordistep ()” function) in the vegan package. Test for
significance of the constraining variables were based on a permutation
test. Multicollinear environmental (constraining) variables (Variance
inflation factor > 10) were excluded from the final CCA plot. The
contribution of soil properties and vegetation cover estimate to the AMF
community structure was further elucidated by variance partitioning
(chi-square- based partitioning) in the vegan package of R software.

2.8. Data availability

Paired-end sequence reads for the partial Glomeromycotan SSU
generated from this study have been deposited in the sequence read
archives of the national centre for Biotechnological Information under
the BioProject ID PRJNA547880 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA547880/).

3. Results

3.1. Physico-chemical properties and plant cover of reclamation soils

Physico-chemical and plant cover estimations for reclamation areas
are presented in Table 1. Textural classification of reclamation soils was
largely sandy-clay loam soils, with the oldest reclamation site and un-
mined reference soil categorised as sandy-loam (Table 1). Rec15 was
characterised as loamy-fine sand (Table 1). The mean pH of soils was
acidic (4.03–4.89) in both reference and unmined soils (Table 1). Ex-
cept for bulk density and foliar cover, all soil physicochemical para-
meters and plant cover estimations were significantly different (Fisher's
LSD, P<0.05) (Table 1). In particular, the nitrate (NO3

--N) content was
significantly higher in the unmined reference compared to all re-
clamation areas. Of all reclamation areas, Rec24 had significantly
(P<0.05) lower chemical properties compared to the unmined area in
terms of pH, N-forms (NO3

--N and NH4
+-N), PO4

3--P, K, Ca and Mg
(Table 1). Similarly, Rec15 had significantly lower pH, N-forms (NO3

--N
and NH4

+-N) K, Ca and Mg content compared to the unmined area.
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Peak values of most minerals across the chronosequence were observed
in the sandy clay loam soils of Rec19 (Table 1).

3.2. AMF OTU diversity in soils and roots

A total of 973,468 and 439,599 high-quality partial
Glomeromycotan 18S rRNA sequences from soil and roots, respectively,
were assigned into OTUs. Rarefaction at an even depth of 19,700 (155
total OTUs) and 10,300 (80 total OTUs) sequences for soil and roots,
respectively, were sufficient to describe the OTU diversity (See rar-
efaction curve in Fig. S1). The total number of OTUs in the unmined soil
(113 OTUs) was higher than those in soils of the reclamation areas
(Fig. 2a). The number of shared (‘core’) OTUs (32 OTUs, 5.9%) amongst
all the six soil “treatment” groups (one unmined and five reclamation
ages) were greater than those shared amongst five or less soil ‘treat-
ment’ groups. Amongst reclamation soils, the total number of OTUs
increased directly with reclamation age up to the nineteenth year (75
OTUs in Rec03 < 80 OTUs in Rec11 < 95 OTUs in Rec15 < 103
OTUs in Rec19) but reduced by the twenty-fourth year (77 OTUs in
Rec24) (Fig. 2a). No OTUs were unique to Rec03 and Rec24. Lesser
OTU richness was observed in roots compared to the soil for each re-
clamation age (Figs. 2 and S2). Similar to the soil OTU/species richness
(SR), the number of OTUs (26 OTUs) observed in roots from all five
reclamation soil ages was higher than those shared between any four or
fewer treatment groups (Fig. 2b). Likewise, the lowest total number of
OTUs were observed in Rec03 (Fig. 2b).

The average SR, Shannon-Weiner index of diversity (H´), dominance
(D) and Pieolu's evenness (J') (a measure of species proportionality
within a community) for soil AMF OTUs were not significantly different
(Table 2). In the root AMF community, D was significantly higher
(P<0.05) in Rec03 compared to Rec15, Rec11 and Rec19, whereas SR,
H´ and J' were not significantly different (P>0.05) (Table 2). Within
each reclamation age, SR was significantly different (P<0.05) between
soil and roots in Rec03 and Rec19 (Fig. S3). Whereas, H′ and D were
significantly different (P<0.05) between soil and roots in each of
Rec03, Rec19 and Rec24 (Fig. S3). In contrast, J´ was not significantly
different (P>0.05) between soil and roots in all reclamation soils (Fig.
S3).

3.3. Differentiation of AMF communities in soil and roots

Bray-Curtis dissimilarity between soil AMF community composition
(unweighted measure, absence or presence) and structure (weighted
measure, relative abundance) revealed large differentiation between
reclamation and unmined soils (Fig. 3a and b). Close associations were
observed in multivariate space between Rec03 and Rec11, and between
Rec19 and Rec24 in both the unweighted and weighted PCoA plots of
the Bray-Curtis dissimilarities (Fig. 3a and b). The differentiation ob-
served in multivariate space for soil AMF community are significant
(Unweighted PERMANOVA R2=36.2%, P = 0.001, PERMDISP P =
0.26; Weighted PERMANOVA R2=35.9%, P = 0.001, PERMDISP P =
0.124). These observations are also similar to those obtained for the
Unifrac (phylogenetic) distances (Fig. S4a and S4b). Pair-wise post hoc
comparisons for PERMANOVA revealed that AMF community compo-
sition and structure are significantly different (False discovery rate
(FDR)-adjusted P<0.05) between the unmined soil and each of the
post-mining reclamation soil ages (Table S1), as well as between some
pairs of post-mining reclamation soil ages (Table S1). In particular,
AMF community composition and structure in Rec15 significantly dif-
fered (FDR-adjusted P<0.05) from those of all other ages (Table S1).
Phylogenetically (unifrac distances), differentiation in AMF community
composition within the reclamation soil chronosequence appear sto-
chastic over chronological time—the pattern of significant differences
between ages did not indicate a specific trend (Table S1).

AMF community composition and structure colonising roots in older
reclamation areas (Rec15, Rec19 and Rec24) are similar (Fig. 3c and d)
but heterogeneous within and between younger reclamation areas
(Rec03 and Rec11) (Fig. 3c and d). Differentiations in the AMF com-
munity composition (unweighted) colonising Eragrostis tef roots are
generally significant (PERMANOVA R2= 24.8%, P = 0.044; PERMD-
ISP P = 0.220), whereas, differentiation in community structure
(weighted) are not significant (PERMANOVA R2= 24.8%, P = 0.05;
PERMDISP P = 0.238). However, the FDR-adjusted P-values for dif-
ferences in multivariate space for AMF community composition and
structure between any two reclamation ages are not significant for both
Bray-Curtis dissimilarities and unifrac distances (Table S2).

Table 1
Selected physicochemical properties of soil and plant cover estimation.

Site (age) Reclamation chronosequence Reference (unmined maize field)

Rec03 (3 yr.) Rec11 (11 yr.) Rec15 (15 yr.) Rec19 (19 yr.) Rec24 (24 yr.)

pH (KCl) 4.12 ± 0.06cd 4.39 ± 0.37ab 4.16 ± 0.10bc 4.69 ± 0.41a 4.03 ± 0.04d 4.89 ± 1.030a

NO3
--P (mg kg−1) 0.15 ± 0.12bc 0.28 ± 0.14b 0.14 ± 0.09bc 0.18 ± 0.14bc 0.06 ± 0.08c 4.49 ± 2.64a

NH4
+-N (mg kg−1) 3.75 ± 1.26ab 3.86 ± 0.90ab 3.23 ± 0.50bc 3.79 ± 0.99ab 1.96 ± 0.31c 4.62 ± 0.83a

Organic C (%) 0.52 ± 0.105bc 0.47 ± 0.22c 0.63 ± 0.09abc 0.66 ± 0.10ab 0.62 ± 0.09abc 0.80 ± 0.24a

PO4
3-- P(Bray 1) (mg kg−1) 5.17 ± 2.32bc 3.80 ± 1.30c 13.80 ± 12.90ab 8.60 ± 4.62abc 5.00 ± 0.82bc 35.60 ± 20.33a

K (mg kg−1) 59.33 ± 14.25b 62.80 ± 18.19b 36.80 ± 6.53c 85.40 ± 18.47a 54.00 ± 12.03bc 103.20 ± 27.69a

Ca (mg kg−1) 133.50 ± 38.29bc 176.80 ± 63.11b 139.20 ± 58.43bc 339.20 ± 76.90a 96.50 ± 28.45c 350.40 ± 228.00a

Mg (mg kg−1) 34.33 ± 14.53b 44.00 ± 15.57b 27.60 ± 16.32b 68.40 ± 10.29a 29.00 ± 7.39b 69.60 ± 23.73a

Na (mg kg−1) 0.50 ± 1.22ab 2.20 ± 2.17a 1.20 ± 1.64ab 2.40 ± 1.34a 2.25 ± 1.50b 0.00 ± 0.00b
ϯS-value (c.mol(+)/kg) 1.11 ± 0.33bc 1.42 ± 0.49b 1.02 ± 0.44bc 2.49 ± 0.44a 0.87 ± 0.22c 2.59 ± 1.36a

BD (gcm−3) 1.63 ± 0.07a 1.58 ± 0.22a 1.53 ± 0.17a 1.62 ± 0.06a 1.49 ± 0.11a 1.61 ± 0.15a

Sand (%) 75.50 ± 5.05bc 77.00 ± 3.46b 85.40 ± 3.58a 68.80 ± 4.66c 77.75 ± 3.86b 79.40 ± 6.84b

Silt (%) 3.00 ± 1.10ab 2.00 ± 1.22b 2.00 ± 0.71b 4.40 ± 0.55a 3.25 ± 0.96ab 3.80 ± 1.30a

Clay (%) 21.50 ± 4.04ab 21.00 ± 2.92ab 12.60 ± 3.21d 26.80 ± 4.66a 19.00 ± 3.46bc 16.80 ± 6.53cd

Soil texture SaClLm SaClLm LmFiSa SaClLm SaLm SaLm
Basal cover (%) 47.40 ± 7.52.02a 28.11 ± 12.38b 29.17 ± 20.10b 24.55 ± 6.88b 31.15 ± 9.822b –
Litter (%) 28.38 ± 18.88ab 34.44 ± 16.47ab 19.17 ± 12.81ab 16.1 ± 10.64b 1.77 ± 1.09c –
Foliar cover (%) 65.13 ± 21.42a 53.89 ± 22.86a 45.00 ± 21.68a 47.00 ± 17.02a 58.85 ± 16.85a –

–, not determined. Sample size, N=5. Values (means± standard deviation) with different superscript alphabet letters across rows are significantly different
(P<0.05) based on the Fisher's least significant difference. ϯS-value, the sum of extractable Ca, Mg K and Na. BD, Bulk density; Texture: SaClLm, Sandy Clay Loam;
LmFiSa; Loamy Fine Sand; SaLm, Sandy Loam.
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3.4. AMF species composition and differentiation across chronological time-
space

The genera Archaeospora, Acaulospora, Diversispora, Scutellospora,
Claroideoglomus, Glomus and Paraglomus, were detected in soil and roots
(Fig. 4a). Glomus dominated (relatively) the AMF communities of both
soil and root, while Diversispora was least dominant and less associated

with roots (Fig. 4a). Acaulospora was more relatively more abundant in
root than in soils. On average, most unclassified sequences at the genus
taxonomic level are from the soil (Table S3 and Fig. 4a). Furthermore,
Diversispora was only associated with soils in Rec15, Rec19 and the
unmined soil. Whereas in roots, the genus (Diversispora) was associated
with only Rec11 (Table S3). The average relative abundances of Ar-
cheospora, Claroideglomus, Paraglomus and Scutellospora were higher in

Fig. 2. Shared OTUs amongst soil (a) and (b) root. Comparisons for soil and root are based on rarefied OTU count table to 19,700 and 10,300 sequences, respectively.
The values in bracket after each site name is the total number of OTUs in the group. Venn diagram was constructed by using the online interactive tool (Heberle et al.,
2015).

Fig. 3. Principal coordinate analysis (PCoA) of the Bray-Curtis dissimilarity between AMF communities in soil (a–b) and root (c–d). The ellipses show 95% confidence
interval in multivariate space around each group's centroid (median). Pair-wise post hoc comparisons for soil and root communities are presented in supplementary
Tables S2 and S3, respectively.
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all reclamation soils compared to soil of the unmined maize field (Table
S3). In contrast, Glomus was relatively more abundant in the unmined
soil compared to reclamation soils (Table S3). Across reclamation areas,
the average relative abundance of Glomus increased from
66.93 ± 12.19% in Rec03 (the third year after reclamation) to
76.85 ± 19.00% in Rec24 (the twenty-fourth year after reclamation),
whereas Acaulospora generally reduced over reclamation years (from an
average of 4.51% in Rec03 to 0.95% in Rec24). Significantly different
(FDR-adjusted P<0.05) genera amongst soils included Archaeospora,
Claroideoglomus, Diversispora and Paraglomus (Fig. 4d–g).

Similar to patterns in soil, the average relative abundance of the
dominant Glomus species colonising roots increased over reclamation
years (Table S3). However, unlike in soil, the average relative

abundance of Glomus species initially reduced somewhat steadily until
the nineteenth year of reclamation (73.78% in Rec19) and subsequently
increased to an average of 87.75% by the twenty-fourth year of re-
clamation (Rec24) (Table S3). The average relative abundance of
Paraglomus increased steadily over reclamation years and peaked in the
nineteenth year of reclamation (Table S3). In contrast, Acaulospora
generally reduced across reclamation years in the root (Table S3).
Significantly different (FDR-adjusted P<0.05) genera amongst roots
included Paraglomus and Diversispora (Fig. 4b and c). On the other hand,
significantly different genera between soil and roots for each reclama-
tion age/area included Glomus, Acaulospora, Paraglomus and Clar-
oideoglomus in Rec03 (Fig. S5a–d), Acaulospora and Claroideoglomus in
Rec15 (Fig. S5e–f), Archaeospora in Rec19 (Fig. S5g) and

Table 2
Mean alpha diversity indices for AMF communities across soils and roots.

Diversity indices Sample type Reclamation chronosequence Unmined

Rec03 Rec11 Rec15 Rec19 Rec24

OTU richness Soil 36.00 ± 7.00a 34.00 ± 6.00a 43.00 ± 6.00a 45 ± 13.00a 35 ± 10.00a 47.00 ± 29.00a

Root 18.00 ± 6.00a 24.00 ± 9.00a 30.00 ± 4.00a 24 ± 6.00a 28.00 ± 6.00a –
Shannon (H′) Soil 3.36 ± 0.34a 3.19 ± 0.37a 3.71 ± 0.63a 4.03 ± 0.28a 3.59 ± 0.25a 2.94 ± 1.51a

Root 2.45 ± 0.17a 2.94 ± 0.56a 3.01 ± 0.21a 2.97 ± 0.18a 2.60 ± 0.44a –
Dominance Soil 0.65 ± 0.06a 0.63 ± 0.05a 0.68 ± 0.10a 0.72 ± 0.06a 0.71 ± 0.07a 0.53 ± 0.19a

Root 0.32 ± 0.03a 0.23 ± 0.08bc 0.22 ± 0.02c 0.21 ± 0.03c 0.30 ± 0.08ab –
Pieolu's evenness Soil 0.18 ± 0.07a 0.18 ± 0.05a 0.15 ± 0.09a 0.12 ± 0.06a 0.15 ± 0.04a 0.32 ± 0.23a

Root 0.60 ± 0.04a 0.65 ± 0.06a 0.62 ± 0.02a 0.65 ± 0.05a 0.54 ± 0.07a –

Values (mean ± SD) on the same row with different superscript letters are significantly different (P<0.05) based on Fisher's least significant difference. The
average OTU richness is rounded off to the nearest whole number. −, not determined.

Fig. 4. Relative abundance of AMF genera in soil and roots (a). Significantly different (Kruskal-Wallis P<0.05) AMF genera in root (b-c) and soil (d-g). Boxplots with
different alphabet letters are significantly different based on Fischer's LSD (false-discovery rate-adjusted P<0.05).
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Claroideoglomus in Rec24 (Fig. S5h).

3.5. Influence of environmental factors on AMF community and species
diversity

Correlation test between alpha diversity indices of AMF OTUs in soil
and soil physico-chemical properties revealed that H´ was significantly
correlated with NH4

+−N (Spearman rank correlation r=−0.43, P =
0.03), silt (r=−0.44, P = 0.03) and litter (r=−0.54, P = 0.01),
while J' was significantly correlated with nitrate (r=0.51, P = 0.04)
and amount of litter (r=−0.47, P = 0.02) (Table S4). In contrast, D
was positively correlated with nitrate (r=0.41, P = 0.04). In roots, H´
was negatively correlated with foliar (r=−0.57, P<0.00) and basal
(r=−0.45, P = 0.03) covers, while D was negatively correlated with
pH (r=−0.42, P = 0.04) but positively correlated with foliar cover
(r=0.55, P = 0.01) and basal cover (r=0.49, P = 0.02).

The step-wise model for the CCA triplot in Fig. 5 is significant (P =
0.028) for AMF community in soil (Fig. 5a), but not significant for the
AMF community in root (P = 0.511) (Fig. 5b). Precisely 64.8% and
74.2% of the variation in AMF community distribution in soil and root,
respectively, were explained by environmental variables. However,
when plant cover estimates were included in the CCA model for only
chronosequence soils, up to 84% variation in the AMF community was
explained by environmental variables (data not shown). Significance of
environmental terms fitted into the step-wise CCA model revealed that
nitrates (NO3

--N), clay content and BD significantly influenced
(P<0.05) the AMF community in soil (Table S5). Whereas, the influ-
ence of environmental variables on AMF species colonising the root was
not significant (P>0.05) (Table S5). Nevertheless, the distribution of
Archaeospora and Diversispora in roots appear to be associated with Na
and nitrogen forms (NH4

+-N and NO3
--N), while Paraglomus, Glomus,

Acaulospora and Claroideoglomus were least influenced by environ-
mental variables (Fig. 5b). Based on variance partitioning (Fig. 6), soil

physical properties (textural fractions and bulk density) solely ex-
plained 26% of the variation in AMF community structure along the
post-mining reclamation chronosequence, while soil nutrients and pH
explained a combined 5%. However, a higher proportion of the varia-
tion in soil (58%) and roots (approx.100%) could not be explained by
the environmental variables (Fig. 6), thereby suggesting the role of
other underlying factors in shaping the AMF community structure in
soil and roots of the dominant vegetation along the chronosequence.

Analysis of associations between soil physico-chemical properties
and relative proportions (%) of AMF genera in soil revealed significant
correlations (P<0.05) between pH and Diversispora (r=−0.51,
P<0.01), Paraglomus (r=−0.51, P<0.01) and Scutellospora
(r=−0.58, P<0.01) (Table S6). Similarly, nitrates were correlated
with Diversispora (r=−0.61, P<0.01) and Scutellospora (r=−0.47,
P<0.01), while phosphorus was correlated with Glomus (r=0.42, P
= 0.02), Diversispora (r=−0.59, P<0.01) and Scutellospora
(r=−0.40, P = 0.03). Most of the cations (K, Mg, Ca and Mg) were
significantly correlated (P<0.05) with Scutellospora in the soil (Table
S6). Claroideoglomus correlated with Na (r=−0.39, P = 0.03) and clay
content (r=−0.42, P = 0.02), while the association between BD and
Acaulospora was significant (r=0.38, P = 0.04) (Table S6). On the
other hand, Glomus in root was significantly (P<0.05) correlated with
pH and Ca (Table S7), while Paraglomus was significantly correlated
with pH, nitrates, phosphorus, Na, foliar cover and basal cover (Table
S7).

4. Discussion

AMF assemblages within a landscape are shaped by niche differ-
entiation although random processes such as those mediated by an-
thropogenic activities may also play roles in shaping AMF assemblages
(Dumbrell et al., 2010a; Dumbrell et al., 2010b; Moebius-Clune et al.,
2013b). The present study utilised high-throughput sequencing of the

Fig. 5. Canonical correspondence analysis (CCA) showing the relationship between soil physicochemical properties and AMF community in soil (a) and roots (b).
CCA model for soil is significant (“anova.cca ()”, P<0.05) whereas model for root is not significant (P>0.05). The first canonical axis (CCA1) of the CCA plot for
soil is significant (P = 0.044).
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Glomeromycotan small subunit of the ribosomal gene to investigate the
diversity and structure of AMF assemblages across a post-coal mining
reclamation soil chronosequence. Also, insights into environmental
variables which shape differentiation in AMF assemblages in soil and
root of the dominant vegetation across the chronosequence were ex-
plored.

Core OTUs (number of OTUs shared across all soil or root samples)
were larger than the number of OTUs common to any other sub-groups
indicating a high similarity of common species across the landscape.
This core OTUs are likely to be influenced by the dominant singular
vegetation species across the reclamation landscape rather than soil
physicochemical properties, which significantly varied across the
chronosequence. In a study by Krüger et al. (2017), AMF structure
along a post-coal mining soil heap in Czechia was predominantly
shaped by plant communities in comparison to abiotic factors. The in-
fluence of plant communities on AMF diversity over chronological time
may be due to changes in plant-specific nutrient requirement and host-
specificity due to plant community succession during post-mining
ecosystem development (de León et al., 2016; Krüger et al., 2017;
Martínez-García et al., 2015). Similar to the observations made by
Krüger et al. (2017) and Johnson et al. (1991), the average species
richness and diversity (H′) in soil and root AMF community did not
significantly differ over chronological time. Such observations may be
due to the strong association between AMF and the host plants across
the chronosequence (Martínez-García et al., 2015). However, Cui et al.
(2016) report that AMF diversity significantly reduced over time in a
reclaimed coastal alkaline-salt soil revegetated with different plant
species, while Koske and Gemma (1997) observed increase in AMF
species richness over chronological time in sand dunes of large-scale
plantings of Ammophila breviligulata (beachgrass) near Provincetown,
Massachusetts, USA. Progressive and retrogressive stages of long-term
ecosystem development are characterised by alternating levels of soil
nutrients and plant diversity at a given time point (Dickie et al., 2013).
Such alternating levels of specific soil nutrients may foster or negate
host-dependency on mycorrhizal interactions at any given time point.
The preceding phenomenon was probably the case with the observed
alternating trends in OTU richness and diversity with reclamation age.
For example, the fertilisation of post-mining lands as part of the re-
clamation process may increase available soil P, thereby limiting the
need for mycorrhizal symbiosis between plants and AM fungi. However,
because these sites are never fertilised over many years since re-
clamation, levels of available phosphorus may decline, thereby ne-
cessitating plants' need for mycorrhizal symbiosis.

Conventional agriculture and ecological disturbances have been
reported to influence soil AMF richness (Roy et al., 2017; Stover et al.,
2018). However, the non-significant differences in OTU richness and
diversity between the reclamation areas and the unmined agricultural
soil suggest otherwise. This contrasting observation may be attributable
to the commonly reported likelihood of high-throughput sequence
count rarefication to distort the ‘true’ species richness of the studied
environment (Hart et al., 2015; McMurdie and Holmes, 2014). Never-
theless, the significantly higher species dominance in the root of the
youngest reclamation site indicates possible host selection preference
for specific species, which may contribute to the adaptation of Eragrostis
tef in the early years since revegetation. Some studies have shown that
colonisation of plants by specific AMF species are required for the plant
establishment during early stages of ecological succession (Husband
et al., 2002; Johnson et al., 1991; Koske and Gemma, 1997). For ex-
ample, Johnson et al. (1991) identified certain AMF species that are
early successional and late-successional in field and forest sites in
Minnesota, USA. Similarly, Kiers et al. (2000) reported that seedlings of
pioneer plants were more dependent on AMF inoculations for initial
growth and survival, while Husband et al. (2002), observed that certain
species which were rare in seedlings were more dominant after a year of
growth in a tropical forest and replaced species which were earlier
present in the seedlings. Such succession in AMF species colonising
plant during ecological successional stages may be due to AMF func-
tionalities. For example, late-successional AMF species were found to
require more plant carbon (high carbon drain) than early-successional
counterparts and hence were less beneficial during initial seedling de-
velopment in a tropical forest in Mexico (Allen et al., 2003).

The community composition and structure of AMF assemblages
were differentiated in multivariate space, particularly between re-
clamation- and unmined agricultural soils. This differentiation suggests
the influence of host-plant communities between the managed agri-
cultural ecosystem and reclamation sites, as well as the potential in-
fluence of a complex interaction between soil-physicochemical prop-
erties (Dumbrell et al., 2010a; Moebius-Clune et al., 2013a; Moebius-
Clune et al., 2013b). The close associations observed in the AMF
community composition and structure in soil between the 3-year-old
and 11-year-old site and between the 19-year-old site and 24-year-old
site suggest gradual shifts in AMF community composition over
chronological time, which may be related to plant community succes-
sion during ecosystem development (de León et al., 2016; Dickie et al.,
2013; Husband et al., 2002; Johnson et al., 1991). The non-significant
difference observed in the community structure of AM fungi colonising

Fig. 6. Variation in AMF community structure explained by environmental variables across post-coal mining chronosequence for soil (a) and root (b). Soil-Phy:
textural fractions and bulk density; Soil-Chem, soil nutrients and pH; Vegetation: plant cover, litter and basal covers. Values are partitioned chi-square adjusted
values.
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the roots of the single host (Eragrostis tef) across the chronosequence
indicate host-association effects. However, the observed similarity in
the composition and structure of mycorrhizal communities colonising
roots in older reclamation areas (Rec15, Rec19 and Rec24) but het-
erogeneity within and between younger reclamation soil suggest dif-
ferentiation into late and early successional stages (Johnson et al.,
1991; Koske and Gemma, 1997), as well as the development of a climax
community (stability in structure in later years) with respect to
chronological time. As a note, the use of an agriculturally-disturbed
(maize monoculture) site as a reference for the study did not permit the
evaluation of pre-disturbance restoration of AMF community compo-
sition and thus constituted a limitation of the present study.

Similar to other studies (Cui et al., 2016; Daniell et al., 2001; Zhao
et al., 2017), the genus Glomus was the most dominant in both soil and
roots across the reclamation and unmined. Similarly, the persistence of
a dominant AMF species has been observed in soils across a successional
gradient—from open sand prairie to a closed oak-hickory forest
(Benjamin et al., 1989). The dominance of the Glomus species in the
soils and roots may be due to host-specificity preference, functional
relevance, adaptation and ease of propagation in the soil ecosystem
(Cui et al., 2016; Daniell et al., 2001; Hart and Reader, 2002; Wang
et al., 2019). For example, Glomus species were reported to pre-
ferentially colonise herbaceous plants (Torrecillas et al., 2012) while
Spruyt et al. (2014) observed higher colonisation preference for Ta-
marix usneoides (wild tamarisk) in comparison to other plants used in
post-mining mine waste rehabilitation. The differential abundance
patterns (increase or decrease) observed for specific genera over re-
clamation years are most likely due to the factors which influence
species richness and diversity discussed earlier.

Although mechanisms driving the functional diversity of AMF spe-
cies are still unclear, evidence suggests that functional contribution of
AMF species are most likely related to plant-specific nutrient require-
ments against the backdrop of the prevailing soil physicochemical
conditions (Feddermann et al., 2010; Lee et al., 2013). The differen-
tially abundant of Archaeospora, Diversispora, Claroideoglomus and
Paraglomus at different reclamation years may indicate that these spe-
cies are more functionally relevant to ecological processes and less
demanding (sustainable partners for plants) on plant resources at spe-
cific successional stages (Allen et al., 2003; Johnson et al., 1991). In the
present study, patterns in the average relative abundance of species
colonising roots of Eragrostis tef suggest that Paraglomus species are
likely more functionally active in later stages of post-mining ecosystem
restoration, while Acaulospora, Diversispora and Scutellospora and are
more functionally involved in earlier stages of ecosystem restoration.
The observation of Diversispora in roots of Eragrostis tef in only re-
clamation site of 11 years may be linked to the lower average phos-
phorus levels in the site compared to other sites. In available P-limiting
soils, the establishment of mycorrhizal symbiosis is beneficial to plant
for scavenging and mobilising phosphorus (Barea et al., 2002; Smith
and Read, 2010). Additionally, the detection of Diversispora in soils (of
the 15- and 19-years sites) suggest the completion of their life cycle
from colonising roots (of the 11-year site) to sporulation in the soil
where they (spores) persist and are detected in later ages (15-yr and 19 -
yr. sites). The differentiation in the relative abundance of these species
over chronological time may be adapted for use as soil ecosystem de-
velopment indicators and can inform decisions on the selective appli-
cation of AMF species as biofertilizer inoculum at different time points
of reclamation—at the onset of reclamation and over several years. Due
to the use of short-read fragments of the SSU, the identification of the
AMF diversity could not be reliably identified up to species level. In-
deed, taxonomic delineation to finer taxonomic ranks (e.g. species
level) will further enhance the accuracy of such potential bioindicator
applications. The development and utilisation of high-resolution taxo-
nomic markers, the sequencing of longer DNA fragments using latest
sequencing technologies such as the single-molecule real-time (SMRT)
sequencing as well as the availability of an expanded Glomeromycotan

database will likely help identify AMF species to such finer taxonomic
levels (Bruns et al., 2018; Schlaeppi et al., 2016).

The influence of soil-physicochemical properties on AMF commu-
nity diversity is predominantly due to the dynamic relationship be-
tween plant-dependency on mycorrhizal associations and nutrient
availability—nutrient-rich or limiting conditions (Raverkar and
Bhattacharya, 2014). Although AMF-plant symbiosis is generally fos-
tered by nutrient-limiting conditions, a complex interaction between
abiotic and biotic factors may influence AMF communities in the soil
ecosystem (Dumbrell et al., 2010b). The significant inverse associations
between soil AMF species diversity (H′) and NH4

+-N, silt and litter
content suggest that AMF species are less diverse and probably less
functionally active in the presence of higher amounts of ammonium
compounds and nutrient-rich silt fraction and plant litter. A similar
inverse relationship between H′ and organic carbon, NH4

+-N and NO3
--

N have been reported by Cui et al. (2016) on reclaimed coastal saline-
alkaline lands in China. On a community scale, the differentiation in
soil AMF communities were significantly explained by soil nitrate, clay
fraction and bulk density. The influence of nitrogen (Avio et al., 2013;
Xu et al., 2017), soil texture (Moebius-Clune et al., 2013b) and bulk
density (Yang et al., 2018) on AMF communities have also been re-
ported. On a population level, the influences of environmental vari-
ables, including pH, nitrate, phosphorus, cations (K, Mg, Ca and Mg,
Na) and plant cover may be species-specific as observed in the present
study and a study by Wang et al. (2019). However, because most soil
properties are often inter-related, the influence of individual environ-
mental properties on AMF communities may be consequent on one or
more other co-dependent factors, and may thus vary for different eco-
systems. Nevertheless, for a given soil ecosystem, a combination of soil
physiochemical properties which directly or indirectly influence nu-
trient availability and mobilisation is most likely to contribute to AMF
community differentiation in soil and plant root.

5. Conclusion

The study demonstrated that the AMF assemblages within a post-
coal reclamation soil chronosequence are differentiated across years
since reclamation, and differ from those of an unmined reference soil.
Furthermore, we unravelled seven Glomeromycotan genera as well as
dominant and differentially abundant genera across stages of ecosystem
development post-mining reclamation. Species richness and diversity in
both soil and root were influenced by several environmental factors,
including ammonium, nitrate, silt, litter, pH, foliar and/or basal covers.
On a community level, nitrate, clay and bulk density significantly in-
fluenced the AMF communities. Findings of the study point towards
potential utilisation of AMF community differentiation as ecological
development indicators since they reflect ecological changes in the
community over time and have been linked to plant community suc-
cession in other studies. Furthermore, the study provided insight into
the potential functionally active species during ages of reclamation,
which can be adopted for the sequential and selective application of
AMF species as biofertilizer inoculum at different time points of re-
clamation. Overall, results suggest that AMF species differentiation can
form a part of a minimum dataset for monitoring ecosystem restoration
following post-mining reclamation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsoil.2019.103429.
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