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Abstract

Signs and symptoms of a disease similar to those of Armillaria root rot have recently been
observed on various native woody plants on the foothills of Table Mountain in South Africa,
one of the most botanically diverse natural environments globally. This is of concern because
the root rot fungus Armillaria mellea has previously been shown as an alien pathogen of
European origin in planted gardens in the City of Cape Town. An aim of this study was to
identify the cause of the root rot disease on the infected plants. Based on DNA-sequence
phylogeny, it was shown that isolates collected from at least 16 native tree and woody shrub
species represented the non-native A. mellea. Microsatellite markers were then used to
determine the genetic diversity and population structure of the A. mellea isolates from Table
Mountain and two planted gardens where the pathogen has previously been found. Population
genetic analyses revealed low levels of gene diversity and no population differentiation
amongst the three populations. The results provide the first firm evidence that A. mellea has
escaped the planted environment and invaded a sensitive and ecologically important natural
woody environment in South Africa. This is only the second definitive case of a non-native

tree pathogen invading a natural ecosystem in the country.

Introduction

Armillaria root rot is a disease mainly of woody plants and caused by species in the fungal
genus Armillaria. The disease occurs on trees in natural woody ecosystems, and it can also be
a serious impediment to forest and fruit tree crops, trees planted in parks and gardens as well
as grape vines (Shaw & Kile, 1991). Armillaria root rot has been associated with forestry
crops in South Africa for many years (Bottomley, 1937; Wingfield & Knox-Davies, 1980),

where A. fuscipes is the pathogen responsible for this disease (Coetzee et al., 2000a). This



species is native in the country (Coetzee et al., 2000a) and elsewhere in Africa (Mwenje et

al., 2003; Gezahgne et al., 2004; Mwenije et al., 2006).

In an intriguing discovery, Armillaria root rot, caused by the non-native A. mellea, was found
in the Cape Town city centre in 1996 (Coetzee et al., 2001). This led to the conclusion that
the fungus was likely introduced into the city (in an area now known as the Company’s
Garden) by early Dutch settlers during the late 1600s with crop plants such as citrus trees.
Some vyears later, the disease was found in the nearby Kirstenbosch National Botanical
Garden where two species of Armillaria, namely A. mellea and A. gallica, were found
(Coetzee et al., 2003; Wingfield et al., 2010). It was assumed that these fungi had also been
introduced, with one possibility being that A. mellea had spread from the Company’s Garden

to Kirstenbosch.

In recent years, trees have been observed dying on the foothills of Table Mountain, part of
the Table Mountain range of which Kirstenbosch National Botanical Garden forms part
(https://www.sanbi.org/gardens/kirstenbosch/overview) (Machingambi, 2013). Symptoms
and signs of the disease were typical of Armillaria root rot. This has raised concern and the
question as to whether the disease could have arisen from a non-native Armillaria species
that escaped from the planted to the natural environment for the first time. The aim of this
study was to identify the causal agent of the disease on naturally occurring trees and woody
shrubs on the foothills of Table Mountain and to determine whether it could have moved

from the planted gardens in Cape Town.
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Figure 1. Map showing the collection sites of Armillaria mellea and A. gallica in Cape Town. Map
data: SIO, NOAA, U.S. Navy, NGA, GEBCO Image Landsat/Copernicus, Google, AfriGIS (Pty) Ltd.

Materials and methods

Isolation and cultivation of isolates

Root samples were collected from infected trees and shrubs in the Kirstenbosch National
Botanical Garden and from naturally growing trees on the slopes of Table Mountain (Table 1,
Figure 1). Small pieces of white mycelium growing on the roots and root collars were
transferred to DBS (Dicholoran, Benomyl and Streptomycin) medium, selective for isolating
Armillaria species and other basidiomycetes (Worrall, 1991). Isolation plates were incubated

at 24 °C in the dark until rhizomorphs developed. Tips of the developing rhizomorphs were



Table 1. Isolates collected in this study.

Multilocus
Isolate number |dentity Host genotype
Kirstenbosch National Botanical Garden
CMW49610 Armillaria mellea Leucadendron strobilium B
CMW49611 A. mellea Leucadendron macowanii B
CMW49612 A. mellea Leucospermum conocarpodendron A
CMW49613 Armillaria gallica Olea capensis subsp. capensis
CMW49614 A. gallica Leucospermum cordifolium
CMW49615 A. mellea Ekebergia pterophylla A
CMW49616 A. mellea Kiggelaria africana A
CMW49617 A. gallica Olea capensis
CMW49618 A. gallica Virgilia oroboides
CMW49619 A. gallica V. oroboides
CMW49620 A. mellea Widdringtonia schwarzii W
CMW49621 A. mellea W. schwarzii P
CMW49622 A. mellea Leucadendron argenteumn J
CMW49623 A. gallica Schotia afra
CMW50256 A. mellea L. conocarpodendron A
CMW50257 A. mellea L. argenteum C
Table Mountain
CMW49624 A. mellea Protea repens |
CMW49625 A. mellea Podalyria sericea C
CMW49626 A. mellea P. repens U
CMW49627 A. mellea Protea neriifolia R
CMW49628 A. mellea Cliffortia ferruginea H
CMW49629 A. mellea V. oroboides Q
CMW49630 A. mellea V. oroboides F
CMW49631 A. mellea V. oroboides D
CMW49632 A. mellea V. oroboides F
CMW49633 A. mellea V. oroboides D
CMW49634 A. mellea V. oroboides S
CMW49635 A. mellea Protea sericea \
CMW49636 A. mellea V. oroboides N
CMW49637 A. mellea V. oroboides C
CMW49638 A. mellea Grevillea sp. D
CMW49639 A. mellea L. argenteum D
CMW49640 A. mellea Grevillea sp. E
CMW50258 A. mellea V. oroboides D


http://genepop.curtin.edu.au/
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transferred to fresh DBS medium until pure cultures were obtained. Pure cultures were grown
on malt extract yeast agar (MYA) (10 g/L malt extract, 2 g/L yeast extract and 15 g/L agar).
Isolates previously collected from the Cape Town city centre (Company’s Garden; Coetzee et
al., 2001) and from Kirstenbosch National Botanical Garden, stored in the culture collection
(CMW) of the Forestry and Agricultural Biotechnology Institute (Table 2), were included in

the study.

DNA Extraction

Isolates of Armillaria were grown in liquid malt yeast extract medium (10 g/L malt extract
and 2 g/L yeast extract) for four weeks in the dark at 24 °C. Mycelium was harvested using a
sterilised strainer and lyophilized using a Virtis AdVantage Plus EL-85 Bench-Top Freeze
Dryer (SP Scientific, USA). The lyophilized mycelium was ground into a fine powder using a
mortar and pestle. DNA extractions were done following the protocol described in Coetzee et
al. (2000b), and the concentration of the DNA was determined using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific) and subsequently diluted to a final

concentration of 50 ng/pl.

ITS PCR amplification and sequencing

DNA sequences for the ITS region (including the ITS-1 region, 5.8S gene and ITS-2 region
of the rRNA operon) were used to identify the isolates. The ITS region was amplified using
primers ITS-1 and ITS-4 (White et al., 1990). The PCR mixture included 1 U FastStart Taq
DNA polymerase (Roche), 2.5 mM MgCl», 1x FastStart Taq PCR reactions buffer, 200 uM
dNTPs, 0.2 uM of each primer and 50 ng DNA. The mixture was adjusted to 25 pl with
sterile double distilled water. PCR conditions included a hot start for 6 minutes at 96 °C,
followed by 30 cycles of denaturation for 30 seconds at 96 °C, primer annealing at 58 °C for

30 seconds, and elongation for 30 seconds at 72 °C. Amplification was completed with a final



Table 2. Additional isolates of Armillaria mellea used in Table 3. Microsatellite markers and primer sequences

this study. used in this study
Multilocus

Isolate number Host Origin genotype Microsatellite
CMW3341 Quercus robur oG A3 marker (locus)  Motif Primer sequence (5'-3')*
CMW3787 Hydrangium sp. CG M Amo024 (CAC),° F VIC-GACCGGACCTCGTATGACAC
CMW3788 Basidiocarp on CG Al R GCACTTTGGTGAAACCATCC

Q. robur stump AmO035 (CAC), F  VIC-GCTTCCACGTTGACAAATCC
CMW3973 Q. robur CG A2 R CCATCAATGAGACCCCAGAA
CMW3974 Q. robur CG T AmO036 (AGAT), F NED-ATTCTTGCAATCCGTCGAGT
CMW3975 Q. robur CG E R TGCACAGCTCCTGATCATCT
CMW3976 Q. robur CG F AmO059 (AAAC), F VIC-GAATTCCATCAGTGGCCAAG
CMW3977 Q. robur CG E R CTTCTGGGAAGACGCTGGT
CMW3979 Q. robur CG Y AmO088 (AAAG), F NED-TTGTTAGGCGTCAATCATGTG
CMW3981 Q. robur CG O R ATCCTGCTGGTGTCGATCTT
CMW4302 Q. robur CG X Am091 (CAC), F VIC-TGCGCAGAGTGTGAGAGAGT
CMW4303 Q. robur CG G R TACTTAGTGGCACGGTCACG
CMW4304 Q. robur CG F Am094 (CAC), F  NED-CGCAGAAGAACATTCGAACA
CMW4305 Q. robur CG G R AGACGGTAGGTTGGCTGGTA
CMW4306 Q. robur CG z Am 109 (CAC), F VIC-ATGAGACCCCAGAAGTTGAAGA
CMwW4307 Hydrangium sp. CG F R CACGTTGACAAATCCAATGC
CMW7205 Protea sp. KNBG L Am111 (CAC), F  VIC-CGTCGTCCATTAGAGGCAAC
CMW36264 Protea sp. KNBG K R GCCATTAGTTTGGCGTTGAG
CMW31132 Ailanthus altissima China (Yunnan) Am124 (CAC), F  6-FAM-CTATGATCCGCAAAGCAGTG
CMW31133 Ketelleria sp. China (Hubei) R TTGCCAGTTTTCTCGAACAG
CMW31134 Unknown China (Guizhou) Am125 (CAC)n F  NED-AGCGTGTGATCTCAACAGCA
CMW31161 Pinus armandlii China (Yunnan) R CACATCCTGCAACTTCCTTG
CMW31162 Fagus grandifolia  USA Am129 (CAC), F  6-FAM-CCAGGATATGCCTTGTTTGC
CMW31163 F. grandifolia USA R CTGCCAATGCTGTGTGATG
CMW31164 Unknown Japan
CMW31165 Pinus strobus USA (New Hampshire) 2VIC, NED, FAM, fluorescent dye labels for genotyping (Applied
CMW31169 Unknown Japan Biosystems).
CMW31170 Unknown USA (New Hampshire) n = number of repeats.
CMW31171 Quercus sp. USA (New Hampshire)

CMW31172 Rhododendron sp. China (Yunnan)

KNBG, Kirstenbosch National Botanical Garden; CG, Company’s
Garden.


http://www.ncbi.nlm.nih.gov/nuccore/HQ441179
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elongation step for 7 minutes at 72 °C. PCR products were stained with GelRed™ (Biotium)

and electrophoresed on an 1% (w/v) agarose gel to determine the size of the amplicons.

PCR products were purified with 8 pl Exosap (Affymetrix) and used as template for
sequencing using a Big Dye™ Terminator Cycle Sequencing kit (Applied Biosystems).
Sequencing reactions followed the standard protocol provided by the manufacturer.
Sequencing was done in both directions using the primers employed for PCR. Sanger
sequencing was conducted at the sequencing facility of the University of Pretoria on a ABI
PRISM™ automated sequencer. CLC Main Workbench v. 7.6.4 (QIAGEN Bioinformatics)
was used to assemble reads into consensus sequences, and the sequences were subjected to
BLASTnN similarity searches against sequences in GenBank

(https://www.ncbi.nlm.nih.gov/genbank/).

Phylogenetic analysis

ITS sequences, together with sequences obtained from GenBank, were aligned using MAFFT
(Katoh et al., 2002, Katoh & Standley, 2013). A cladogram was generated using parsimony
in PAUP* v. 10 (Swofford DL, 2002) after excluding parsimony uninformative characters.
Tree space was searched using a heuristic search algorithm with random addition of
sequences (number of replications = 10), applying a TBR (tree-bisection reconnection)
branch swapping algorithm, and auto increase of tree searches. Statistical support for clades
was obtained using a bootstrap analysis (number of replications = 1000) with the same setting
to obtain the fundamental tree, but with the addition of sequences set to "closest”. The
cladogram was rooted with A. tabescens as the outgroup species as it is closely related to A.

mellea (Coetzee et al., 2011).



Identification of genotypes

Genotypes of the isolates were determined using microsatellite markers (Table 3) developed
by Baumgartner et al. (2009). The markers were selected based on positive amplification of
the microsatellite containing regions in all the isolates. PCR reactions were performed in 10
Ml volumes, containing 0.1 uM of each forward and reverse primer, 50 ng of DNA, 1x
FastStart Taq PCR reaction buffer with MgCl., 0.5 U FastStart Taq polymerase and sterile
double distilled water. Amplicons were stained using GelRed™ dye and electrophoresed on a
1.5% (wi/v) agarose gel to assess their quality. The sizes of the microsatellite amplicons were
then determined using GeneScan v4.1 (Applied Biosystems) after electrophoresis on a ABI
Prism 3100 Genetic Analyser (Applied Biosystems). LIZ 500 was used as an internal size
standard for this analysis. Allele sizes were scored using GeneMapper® v. 4.1 (Applied

Biosystems).

Population analysis

Samples of A. mellea from the three different collection sites (Company’s Garden,
Kirstenbosch National Botanical Garden and the natural environment on the slopes of Table
Mountain) were treated as different populations. POPGENE v. 1.31 (Yeh et al., 1999) was
used to calculate the number of alleles, allele frequencies, heterozygosity and Nei’s gene
diversity (Nei, 1973). Deviation from the Hardy-Weinberg equilibrium for each locus was
tested using Genepop v. 4.2 (http://genepop.curtin.edu.au/). Pairwise standardized Fst
calculations were done for all three populations from Cape Town in GenAlEx v. 6.502
(Peakall & Smouse, 2006, 2012). Analysis of molecular variance (AMOVA) with 999
permutations was performed in order to compare variation within and between populations. A
null hypothesis of no genetic variation was assumed at a P value of 0.001. Linkage
disequilibrium was determined with MultiLocus v. 1.3 (Agapow & Burt, 2001) using the

index RbarD (10000 permutations).



Population differentiation was determined with Bayesian clustering analyses in
STRUCTURE v. 2.3.4 (Pritchard et al., 2000) without clone correction. Analyses were
performed with K-value priors ranging from 1 to 10, with 20 iterations, and a MCMC
(Markov Chain Monte Carlo) of 100 000 steps each with a burn in of 10 000 iterations, using
a model of correlated allele frequencies with admixture. The results were subjected to
analysis implemented in STRUCTURE HARVESTER (Earl & vonHoldt, 2012) to determine
the optimum K value based on the method outlined in Evanno et al. (2005). In the final
analysis, the MCMC (Markov chain) was set at 100 000 steps each, with a burn-in of 10 000
iterations, K=2 and using a model of correlated allele frequencies plus admixture. Results of
the analysis were visualized as a bar plot and triangle plot to assess possible admixture in the

populations.

Somatic compatibility tests

Somatic compatibility tests were made to determine whether isolates represented single or
multiple genets and to compare the results with those of Coetzee et al. (2001). Isolates for
this test were selected for the pairings based on their genotypic differences (Table 1). The
exception was CMW49625, CMW4937 (both from Table Mountain) and CMW50257 (from
Kirstenbosch National Botanical Garden) that belonged to the same multilocus genotype
(Table 1). Cultures were grown on 2% MYA at 25 °C for 21 days. Mycelial plugs from a pair
of actively growing isolates were placed 10 mm apart on 2% MY A plates, and cultures were
incubated at 25 °C for 6 weeks in the dark. In this test, diploid isolates that are somatically
incompatible form barrage (demarcation) lines between each other, while compatible isolates
grow into each other (Shaw & Roth, 1976). Self-pairings were used as positive controls,
while pairings with an isolate of A. mellea from Europe (CMW11266) were used as negative

control.
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Results

Isolate Identification

A total of 31 trees and shrubs with symptoms of Armillaria root rot in Kirstenbosch National
Botanical Garden and 18 from Table Mountain were sampled. Sixteen Armillaria isolates
were obtained from plants in the Kirstenbosch National Botanical Garden and all sampled
trees (18) on Table Mountain yielded isolates (Table 1). BLASTn searches using DNA
sequences from these isolates showed that 10 from Kirstenbosch National Botanical Garden
were most similar to A. mellea (GenBank accession number: HQ441179 and HQ232290),
while the remaining isolates had sequences most similar to sequences of A. gallica (GenBank
accession number: AY190247). The isolates from Table Mountain had ITS sequences most
similar to those of A. mellea on GenBank (GenBank accession number: HQ441179). A
phylogenetic tree that included ITS sequences representing A. mellea from different
geographic clades showed that A. mellea isolates collected in this study grouped together
with isolates of A. mellea previously collected from the Company’s Garden and that they

belonged to the European clade of this species (Figure 2).
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Figure 2. Cladogram showing the clustering of selected isolates based on ITS sequence data. Armillaria
tabescens was used as an out-group. Isolates labelled TM are from Table Mountain, CG from Company's
Garden and KNBG are from Kirstenbosch National Botanical Garden. Bootstrap values (>60%) are shown
below the tree branches, numbers above the branches indicate the number of parsimony informative character

transformations.

Population genetic variation and structure

In total, 12 primer sets (referred to as microsatellite markers) developed by Baumgartner et

al. (2009) were tested for amplification (Table 3). Of the 12 markers utilised in this study,

marker AMO088 did not amplify, and marker AM109 was excluded from further analyses due

to unresolvable extreme stutter during GenScan runs.
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Table 4. Characterization of microsatellite loci for isolates from Cape Town.

Allele size Allele frequency . Deviation from HWE?®
Nei's gene

Locus (locus code) Allele 1 Allele 2 Allele 1 Allele 2 Heto Hete diversity CG KNBG ™ All
AMO24 (A) 194 197 0.272 0.728 0.065 0.400 0.396 ns b = e
AMO35 (B) 193 205 0.717 0.283 0.523 0.410 0.406 * ns ns ns
AMO36 (C) 183 187 0.870 0.130 0.044 0.229 0.227 > h — e
AMO059 (D) 220 224 0.228 0.772 0.022 0.356 0.352 ns e e e
AMO091 (E) 224 — 1.000 — 0.000 0.000 0.000 — — — —
AMO094 (F) 171 174 0.467 0.533 0.283 0.503 0.498 ns e ns =
AM111 (G) 190 — 1.000 — 0.000 0.000 0.000 — — — —
AM124 (H) 145 154 0.261 0.739 0.044 0.390 0.386 i e e e
AM125 (1) 194 209 0.707 0.293 0.065 0.419 0.415 > i * o
AM129 (J) 152 — 1.000 — 0.000 0.000 0.000 — — — —
Mean 0.104 0.271 0.268

Heto, observed heterozygosity; Hetg, expected heterozygosity; CG, Company’s Garden; KNBG, Kirstenbosch National Botanic Garden; TM,
Table Mountain.
AHWE, Hardy-Weinberg equilibrium. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Table 5. Gene diversity of isolates from different areas.

Site n NG®  NA®  H¢

Company’s Garden 16 12 17 0.213
Kirstenbosch National Botanical Garden 12 8 20 0.333
Table Mountain 18 11 16 0.184
Isolates from other countries 13 13 23 0.376

2n, number of isolates.
®NG, number of genotypes.
°NA, number of alleles.

9H, Nei's gene diversity.
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One to two alleles were observed per locus and 29 multilocus genotypes (hereafter referred to
as genotypes) were identified from the isolates included in this study (Tables 1 and 2). Most
of the genotypes were unique while genotypes A to G were identified in two or more isolates.
Among these, genotypes C, E and F were present in different populations (Tables 1 and 2).
Allele frequencies ranged from 0.130 to 1 (Table 4). Loci AM091 and AM129 had allele
frequencies of 1 and were thus monomorphic. All loci, except for AMO035 with a
heterozygosity value of 0.523, showed low values for heterozygosity (0 to 0.283) and all loci
had low gene diversity (0 to 0.498) (Table 4). Variation was observed in their deviation from
the Hardy-Weinberg equilibrium for loci within the tree populations (Table 4). Among the
polymorphic loci, only locus AMO035 did not deviate significantly from the Hardy-Weinberg
equilibrium when the three populations were treated as a single population (Table 4). The
gene diversity (H) ranged from 0.184 to 0.333 for the three different populations (Table 5),
with a mean of 0.243 for all the samples combined. The comparative estimated gene diversity

of isolates from other countries was 0.376 (Table 5).

A total of 24 allele pairs were identified in the diploid isolates from the three sampling areas.
Of these, 14 were shared by isolates from the Company’s Garden, Kirstenbosch National
Botanical Garden and Table Mountain. Two unique allele pairs (B2B2 and DiD;) were
identified in isolates from Company’s Garden. Allele pairs AiAz, FiF2, HiH2, lil2 were
shared in isolates from Company’s Garden and Table Mountain. Two allele pairs (AiA1,
D1D1) were shared only by isolates from Kirstenbosch National Botanical Garden and Table
Mountain, and two allele pairs (C1C», C2C>) were present only in isolates from Kirstenbosch
National Botanical Garden. When individual alleles were considered, allele C> was shared

only in isolates from Company’s Garden and Kirstenbosch National Botanical Garden.

14



Pairwise Fst values ranged from 0.066 to 0.373, indicating a low level of differentiation
among the three populations of isolates. Analysis of population differentiation based on
AMOVA revealed that the genetic variation within populations is higher than among
populations, and there was no significant population differentiation among the populations
(Fst = 0.185, P = 0.001; ®pt = 0.375, P = 0.001). The RbarD index indicated non-random
mating (P < 0.0001). Results obtained from STRUCTURE indicated a lack of population
differentiation and the presence of admixture in all three populations (Figure 3). A triangle
plot from STRUCTURE also indicated the presence of gene flow, because alleles found in
isolates from Company’s Garden were the same as those in isolates from Kirstenbosch

National Botanical Garden and Table Mountain.

o O O o

CG KNBG ™

Figure 3. Bar plot from structure-estimated clustering of Armillaria mellea isolates in Cape Town. The bar plot
shows different individuals as vertical bars, different colours indicate the affiliation of the genotypes in all
populations. CG, Company's Garden; KNBG, Kirstenbosch National Botanical Garden; TM, Table Mountain.

Somatic compatibility tests

The majority of the isolates tested belonged to the same somatic compatibility group (Table
6). Pairings against isolates CMW49611 and CMW50257, both from Kirstenbosch National
Botanical Garden, were the exception in being incompatible with isolates from Company's
Gardens and Table Mountain. They consequently represented different genets in relation to
the rest of the isolates tested. However, pairings between these two isolates were compatible

indicating that they represent the same genet.



Table 6. Results from somatic compatibility tests.

Isolate Genotype CMW3981 CMW3787 CMW4306 CMW4307 CMW49611 CMW50257 CMW49624 CMW49625 CMW49636 CMW49637 CMW49629 CMW11266
CMW3981 (CG) (0] + + + + — — + + + + + _
CMW3787 (CG) M + + + + - - + + + + + -
CMW4306 (CG) Z + + + + - — + + + + + _
CMW4307 (CG) F + + + + — — + + + + + —
CMW49611 (KNBG) B - - — - + + — - — — _ _
CMW50257 (KNBG) C - — — — + + - _ — _ _
CMW49624 (TM) | + + + + — — + + + + + -
CMW49625 (TM) C + + + + — — + + + + + -
CMW49636 (TM) N + + + + - — + + + + + _
CMW49637 (TM) C + + + + — — + + + + + —
CMW49629 (TM) Q + + + + - — + + + + + _
CMW112667 - - - — - - _ _ _ _ _ n

+, formation of a single colony between the pairings; —, formation of a barrage zone between the pairings. CG, Company’s Garden; KNBG, Kirstenbosch National Botanical Garden; TM, Table Mountain.

flsolate used as a negative control in the somatic compatibility tests.
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Discussion

The results of this study provide clear evidence that Armillaria root rot has spread to the
natural woody ecosystem on the Table Mountain range on the outskirts of the city of Cape
Town. Only A. mellea, one of the two non-native Armillaria species known in planted
gardens in Cape Town (Coetzee et al., 2003; Wingfield et al., 2010), was associated with this
new invasion. Population genetic analyses further showed that isolates of A. mellea from the
planted gardens of Kirstenbosch National Botanical Garden and Company’s Garden were
related. This provides strong evidence that the pathogen most likely originated from these
gardens and that it has spread to the natural woody forests (Afromontane forests) and

shrubland vegetation (mountain fynbos) on the foothills of Table Mountain.

Genetic variation was observed within and between populations of A. mellea in Cape Town,
indicating that recombination is occurring among these populations. Furthermore, results of
the population genetic analyses showed that gene flow between the populations is occurring.

There are two possible explanations for the shared genotypes and somatic compatibility
groups between the different populations. Either infected material has physically been moved
from one area to another, or gene flow occurred through dispersal of basidiospores
(meiospores), after which offspring from individuals in one area have become established in
a new area. The geographic proximity of the Company’s Garden and the invaded area at the
foot of Table Mountain makes anthropogenic movement of material possible, but it seems
unlikely that plant material would have been translocated from the gardens to the natural
vegetation on Table Mountain. A more probable explanation would be spread via
basidiospores. Armillaria mellea is known to regularly form sporulating basidiocarps in the
Company’s Garden and Kirstenbosch and the invaded sites are upwind from the Company’s

Garden where strong north-westerly winds regularly blow during winter storms. It is known
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that wind facilitates the spread of spores over long distances, and that new Armillaria
infection areas can be established by spore dispersal (e.g. Power et al., 2008, Baumgartner et

al., 2009; Heinzelmann et al., 2012; Travadon et al., 2012; Dutech et al., 2017).

Relatively low genetic diversity observed in the present study using 10 microsatellite markers
is consistent with the results obtained by Coetzee et al. (2001), where only two microsatellite
markers were used. This low genetic diversity and lack of population differentiation suggests
that the introduction of A. mellea into South Africa represents a single event. During the
1600s, potted citrus trees were brought into the country from Europe and it is assumed that
these trees may have been the source of the inoculum (Coetzee et al., 2001). It is thus
reasonable to assume that different genotypes were introduced on these plants during a single
event, where they became established in the planting area. Subsequently, these genotypes
spread to natural areas on Table Mountain as is evident from the genotypes shared between

the Company's Garden and the sampling area at the foot of the mountain.

Somatic incompatibility tests were undertaken to determine if isolates with different
multilocus genotypes are somatically compatible, and also to compare the results with those
of Coetzee et al. (2001) that emerged at a time when microsatellite analyses were limited.
Results of these tests showed that isolates with different multilocus genotypes are compatible
with each other and that more than one genet is present in Cape Town. Pairings between
isolates from the Company’s Garden were compatible, which is congruent with the findings
of Coetzee et al. (2001) who showed that only one genet is present at that location. Isolates
from Table Mountain were compatible with each other and with those from the Company’s
Garden. In contrast, isolates of A. mellea from Kirstenbosch National Botanical Garden that

were included in the test did not belong to the same somatic compatibility group as those

18



from the Company’s Garden and Table Mountain, despite the similarity in microsatellite
profiles of one of the isolates with that of isolates from Table Mountain. Somatic
compatibility is controlled by the het (also referred to as vic) loci and the differences in the
het loci between two strains leads to apoptosis of hyphal cells, which manifest as a barrage
zone (reviewed in Glass & Dementhon, 2006; Paoletti, 2016; Daskalov et al., 2017). Because
this is controlled by a few loci, isolates that are somatically compatible may not be
genetically identical as revealed by molecular marker analysis of other fungi (Jacobson et al.,

1993; Appel & Gordon, 1996) and as has been found in the present study.

Results of the population genetic analyses in this study indicate that recombination is
occurring among isolates at the different sampling sites. Phylogentic analyses have
previously shown that A. mellea was introduced into South Africa from Europe (Coetzee et
al. 2001). The fungus in Europe is known to be heterothallic (Guillaumin et al. 1991) and this

would facilitate recombination in the introduced range in South Africa.

After the discovery of A. mellea in Company’s Garden, Armillaria root rot was also identified
in Kirstenbosch National Botanical Garden on native Protea and Leucadendron species.
Armillaria mellea and A. gallica were identified as the causal agents of root rot on these
fynbos species that are icons of the Cape Floristic Region of South Africa (Coetzee et al.,
2003). Based on DNA sequence similarity with isolates from Japan, it was suggested that A.
gallica in the botanical garden originated in Asia. Another introduced tree pathogen,
Phytopthora cinnamomi, is known to have invaded natural woody ecosystems in Africa, and
in particular the Cape Floristic Region where it is devastating on Leucadendron and
Leucospermum species (Von Broembsen, 1984; Von Broembsen & Kruger, 1985; Linde et

al., 1997). This pathogen also causes serious disease problems on fynbos species in the
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Kirstenbosch National Botanical Garden. There is consequently a strong possibility of A.
gallica moving from Kirstenbosch National Botanical Garden up the mountain and causing

serious damage to the natural woody ecosystem, similar to A. mellea and P. cinnamomi.

In this study it was shown that A. mellea is spreading and causes Armillaria root rot on
woody plants and trees in natural ecosystems in the Cape Town area. The spread of the
fungus is presumed to be due to basidiospore dispersal. The results suggest that A. mellea
escaped the Company's Garden, the most likely original infection centre, and established a
secondary infection centre in Kirstenbosch National Botanical Garden. Importantly, the
pathogen is now moving into natural environments on Table Mountain, a world heritage site
that includes large numbers of rare and endangered woody plant species. This study provides
an example of an alien phytopathogenic fungus that was introduced into a man-made
environment (botanical gardens), from which it subsequently escaped into a natural
ecosystem and where it is now posing a significant threat to the health of indigenous trees

and woody plants.
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