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The fungal pathogen, Ceratocystis manginecans, has caused serious canker and wilt disease on Mangifera indica
(mango), on legume tree species in Oman and Pakistan and on Acacia spp. in Indonesia. A Ceratocystis species,
with similar morphology to C. manginecans, has recently been reported in Vietnam, causing severe disease of
Acacia trees. Previous population genetic studies on isolates from M. indica in Oman and Pakistan have shown
that the pathogen represents a single clonal haplotype, indicative of an introduced pathogen. The aim of this
study was to investigate the genetic diversity and population structure of 160 C. manginecans isolates, from
four host-associated populations from Oman, Pakistan, Indonesia and Vietnam. This was done by applying a
combination of 14 previously developed microsatellite markers and a new set, designed in this study from two
different C. manginecans genomes. Sequence data confirmed that the isolates in Vietnam are the same species
as those in Indonesia and were thus identified as C. manginecans. Unlike the populations in Oman and
Pakistan, relatively high levels of genetic variation were found for the isolates from Indonesia and Vietnam.
The Vietnam population was significantly differentiated from the other populations and isolates from this area
had the highest level of genetic diversity thus far encountered for the pathogen.
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1. Introduction

Ceratocystis manginecans is a fungal pathogen, first described from
Oman and Pakistan, as the causal agent of severe mango wilt disease
(Al Adawi et al., 2013Db, 2006; Van Wyk et al., 2007). The species resides
in Ceratocystis sensu stricto (De Beer et al., 2014) that includes numerous
cryptic species, the majority of which are aggressive tree pathogens (Al
Adawi et al., 2013b; Engelbrecht and Harrington, 2005; Ocasio-Morales
et al.,, 2007; Roux and Wingfield, 2013; Wingfield et al., 2013).
C. manginecans has also been reported as a serious pathogen of Acacia
mangium trees in Indonesia, identified at the time as the new species
C. acaciivora (Tarigan et al., 2011). These two species have, however, re-
cently been synonymised as C. manginecans (Fourie et al., 2014).

Since the first report of mango wilt in Oman in 1999 (Al Adawi et al.,
2003), C. manginecans has spread to 12 districts of Oman and to three in
Pakistan (Al Adawi et al,, 2013a, 2006; Van Wyk et al.,, 2007). Concern re-
garding the pathogen has increased in recent years, as it has been found on
the native legume trees Prosopis cineraria (Ghaf) in Oman and Dalbergia
sissoo (Shisham) in Pakistan (Al Adawi et al., 2013b). This species has
also been reported on the widely planted A. mangium in South East
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Asian countries, including Indonesia (Tarigan et al., 2011) and Malaysia
(Brawner et al., 2015), and on Eucalyptus species in South China (Chen
et al., 2013). Isolates of Ceratocystis spp., which could represent the same
species, have also been reported from Eucalyptus trees in Brazil and Punica
granatum (pomegranate) in India (Harrington et al., 2014).

Disease symptoms associated with C. manginecans infection on
Mangifera indica and legume trees include staining of vascular tissue,
stem cankers and wilt (Al Adawi et al., 2013b; Tarigan et al., 2011;
Van Wyk et al.,, 2007). These symptoms can result in tree death within
six months of infection (Al Adawi et al., 2006; Tarigan et al., 2011).
A. mangium trees are a primary resource in the paper and pulp industry
in Indonesia and its neighbouring countries (FSIV, 2009; Maslin, 2013).
Oman and Pakistan are also highly reliant on mango production for fruit
consumption and exports (Al Adawi et al., 2006; FAOSTAT, 2011; Kumar
etal, 2011). The disease is thus a serious threat to fruit crop and planta-
tion tree industries in the Middle East and South East Asia.

In a recent survey of Acacia plantations in Vietnam, a species of
Ceratocystis was identified causing stem cankers and crown wilt on
Acacia auriculiformis, A. mangium and a hybrid of the two species in
eight provinces in the country (Thu et al., 2012). This was the first report
of a Ceratocystis spp. causing disease on Acacia in Vietnam. The
geographic proximity of Vietnam to Indonesia and the similarity of the
disease on the same host plant (Tarigan et al., 2011) suggested that
the pathogen could be C. manginecans.
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Table 1

Details of the Ceratocystis manginecans isolates collected in Oman, Pakistan, Indonesia and Vietnam, used in this study, which includes the host, geographic location and sample sizes ob-

tained from different regions.

Country CMW number?® Host Location Collector and date collected Sample size
Oman 15377° 15353 Mangifera indica Shinas A. 0. Al Adawi (2003-2004)¢ 2
15366°, 15369, 15385°, “ Liwa “ 4
15391°
15313-15316" Sohar 4
15371° “ Quariyat “ 1
15317° Hypocryphalus mangiferae Sohar 1
15384° “ Liwa 1
15381, 15382 “ Quariyat “ 2
17225, 17568, 17570 Prosopis cineraria Sohar A. 0. Al Adawi (2004)¢ 3
Total 18
Pakistan 17567° M. indica Faisalabad A. 0. Al Adawi (2003-2004)¢ 1
23637", 23642", 23643" “ Multan “ 3
23628°, 23630° H. mangiferae Faisalabad “ 2
23623, 23624 Dalbergia sissoo “ A. 0. Al Adawi (2004)¢ 2
23625 “ Shorkot “ 1
Total 9
Indonesia 22560, 22561, 22563-22580 Acacia mangium Pelalawan M. Tarigan (2006) 20
37866-37868 A. crassicarpa “ M. Tarigan (2011) 3
37869 A. mangium “ 1
37870, 37871 A. mangium x A. auriculiformis 2
hybrid
22581-22585 A. mangium Logas M. Tarigan (2006) 5
37860, 37861 “ “ M. Tarigan (2010) 2
22587-22591, 22593-22619, “ Teso M. Tarigan (2006) 37
22621-22623,22625,22626
37857-37859 M. Tarigan (2010) 3
37825-37828, 37925, 37926 A. mangium x A. auriculiformis “ “ 6
hybrid
37829-37836 “ Kerinci “ 8
37837-37855 A. mangium “ “ 18
37856 “ Baserah “ 1
37862 Langgam “ 1
37863-37865 A. mangium wildling Sei Kebaro, North Sumatra M. Tarigan (2011) 3
Total 110
Vietnam 38000-38004 A. auriculiformis Thua Thien Hue P. Q. Thu. (2008)¢ 5
38005, 38012-38019 A. mangium “ 9
38020 “ Quang Ninh 1
38023 “ Tuyen Quang 1
38006 Acacia hybrid Binh Duong 1
38007 “ Thua Thien Hue 1
38008 Binh Phuoc 1
38009-38011 Dong Nai 3
38021 “ Lam Dong 1
Total 23

a

b Isolates used in a previous study (Al Adawi et al., 2013b).

¢ Al Adawi et al. (2014).
4 Al Adawi et al. (2013b).
€ Thu et al. (2012).

A population genetic study was recently performed on
C. manginecans isolates collected from M. indica trees from Oman and
Pakistan (Al Adawi et al., 2014). Isolates from the wood-boring beetle
Hypocryphalus mangiferae, the major vector of C. manginecans on
M. indica in Oman and Pakistan (Al Adawi et al,, 2013a), were included.
The data showed that the isolates from M. indica and H. mangiferae rep-
resent a single clonal population, suggesting that the fungus is an intro-
duced pathogen in these countries. This introduction could have come
from South East Asia where the fungus occurs on A. mangium (Tarigan
et al,, 2011), or from South-America, as suggested by Harrington et al.
(2014). The rapid distribution of the pathogen in Oman and Pakistan
was most likely facilitated by H. mangiferae (Al Adawi et al., 2013a,
2013b; Masood et al., 2010). This insect is thought to be native to south-
ern Asia but has not yet been connected to outbreaks of C. manginecans
in this region (Atkinson and Peck, 1994; Masood et al., 2008, 2010).

The aim of this study was to determine whether the isolates
from Vietnam represented the same species as those causing disease

All the C. manginecans isolates are maintained in the CMW culture collection of FABI, University of Pretoria, South Africa.

on A. mangium in Indonesia. The species identity was determined
using a sequence based approach. Additionally, the population ge-
netic structure of C. manginecans isolates from the Middle East
(Oman and Pakistan) and South East Asia (Indonesia and Vietnam)
was investigated. From Oman and Pakistan, the study included new
isolates from the legume trees P. cineraria and D. sissoo, respectively,
as these were not considered in terms of their genetic structure in
the study of Al Adawi et al. (2014). The genetic diversity of the pop-
ulations was investigated using a combination of previously devel-
oped microsatellite markers (Barnes et al., 2001; Steimel et al.,
2004), as well as a new set of markers designed in this study using
the recently published genomes of two C. manginecans isolates
(Van der Nest et al., 2014). A small representative collection of the
clonal isolates from M. indica and H. mangiferae from Oman and
Pakistan, used in a previous population study (Al Adawi et al.,
2014), were included for comparison purposes and evaluation of
the new microsatellite markers.
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2. Materials and Methods
2.1. Fungal Isolates and DNA Extraction

Isolates from Oman and Pakistan, used in this study, included those
that were isolated from legume tree species (Table 1). The isolates from
P. cineraria trees were collected in Sohar (Oman; Fig. 1A) and those from
D. sissoo trees in Faisalabad and Shorkot (Pakistan; Fig. 1B) (Al Adawi
et al.,, 2013b). In addition, a subset of 21 clonal isolates from M. indica

and H. mangiferae, as used in the population study by Al Adawi et al.
(2014) (Fig. 1A and B), were included in the current study for compar-
ative purposes. In Indonesia, isolates were collected from wilting
A. mangium, A. crassicarpa and A. auriculiformis x A. mangium hybrid
tree species in seven plantation areas in and around the Riau province
of Sumatra (Fig. 1C). Isolates were collected from diseased
A. mangium, A. auriculiformis or hybrids of these two tree species in
Vietnam during a previous disease survey across seven provinces (Thu
etal., 2012; Fig. 1D). All isolates are maintained in the culture collection
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Fig. 1. Maps of Oman (A), Pakistan (B), the Riau province in the Sumatra island of Indonesia (C) and Vietnam (D), indicating the collection sites and the number of C. manginecans isolates
(“N") used in this study. The different collection sites are indicated by different keys on the maps.
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(CMW) of the Forestry and Agricultural Biotechnology Institute (FABI),
Pretoria, South Africa.

All cultures were grown at room temperature (23-25 °C) on 2% malt
extract agar (MEA; Biolab, Midrand, South Africa) supplemented with
50 mg/1 streptomycin (Sigma-Aldrich, Germany) and 100 pg/1 thiamine
(Sigma-Aldrich, Germany). Mycelium was collected from the surface of
the MEA plates and freeze dried. Dried mycelium was crushed in a
Mixer Mill type MM 301 Retsch® tissue lyser (Retsch, Germany), with
metal beads. DNA was extracted using a phenol/chloroform method
(Goodwin et al., 1992) and quantified using a Nanodrop ND_1000
instrument (Nanodrop, Wilmington, Delaware). The quality of the
DNA was then analysed by means of agarose gel electrophoresis
(AGE) on a 1% agarose gel by combining a volume of 5 pl DNA with
2 ul GelRed™ (Biotium, California). The DNA was visualised with UV
light.

2.2. Confirmation of Isolate Identity

2.2.1. PCR Amplification and Sequencing

Isolates from Oman and Pakistan, including those from M. indica,
H. mangiferae, D. sissoo and P. cineraria, had been identified as
C. manginecans in previous studies (Al Adawi et al., 2013b, 2014).
Those from Indonesia and Vietnam were identified as a species of
Ceratocystis, based on morphology. Subsets of ten isolates from both
countries were subjected to DNA sequence analyses to confirm the spe-
cies identity. The ITS gene region was amplified in the isolates, using
primers ITS1 and ITS4 (White et al., 1990). Additionally, the 3-tubulin
1 (BT 1) region was amplified to confirm the ITS results, using the
primers 3T1a and BT1b (Glass and Donaldson, 1995).

The PCR reaction mixture, used for the amplification of both gene
regions, consisted of 30 ng DNA, 2.5 mM MgCl,, 250 uM dNTP, 1 unit
FastStart Tag DNA polymerase (Roche Applied Science, South Africa),
2.5 ul 10x FastStart Tag DNA polymerase PCR buffer (including
1.5 mM Mg(l,), 0.2 uM of the forward and reverse primer each and
adjusted to a total reaction volume of 25 pl with autoclaved distilled
H,0. The PCR cycler program for both gene regions consisted of: 95 °C
for 5 min, 10 cycles of 95 °C for 30's, 60 °C for 45 s, 72 °C for 90 s, another
30 cycles of 95 °C for 30 s, 60 °C for 45 s and 72 °C for 90 s (5 s increase
per cycle at 72 °C) with a final step at 72 °C for 10 min. PCR and sequence
amplicons were purified with 6% Sephadex G-50 in Centricep filter
columns (Sigma-Aldrich, Germany). The sequence of the amplicons
was determined on an ABI PRISM™ 3500x] Autosequencer (Thermo
Fisher Scientific, Carlsbad, USA) according to the manufacturer protocol.

2.2.2. Sequence Alignment and Phylogenetic Analysis

The raw sequence reads for each of the isolates were assembled in
CLC Main Workbench V. 6.0 (CLC Bio, www.clcbio.com) to obtain
consensus sequences for every isolate. The sequences obtained were
aligned to previously generated data sets of the ITS and PT 1 regions,
respectively, of Ceratocystis sensu stricto (Fourie et al., 2014). Alignments
were performed using MUSCLE in MEGA v. 5 (Tamura et al., 2011) and
used to construct phylogenetic trees of ITS and BT 1 based on Maximum
Parsimony (MP). The MP trees were constructed in PAUP 4.0, based on a
heuristic search option, with random addition of sequences and Tree Bi-
section Reconstruction (TBR) branch swopping method (Swofford,
2002). Statistical support for the tree branches was confirmed with
1000 bootstrap replicates.

2.3. Development of Microsatellite Markers and Fragment Analysis

Microsatellite markers, available for species of Ceratocystis (Barnes
et al,, 2001; Steimel et al., 2004 ), were used in this study. However,
these markers were developed for the species C. cacaofunesta and
C. fimbriata. In order to increase the rigor of population genetic
analyses, specifically for C. manginecans, additional microsatellite
or simple sequence repeat (SSR) markers were developed from

C. manginecans isolates. This was achieved using the fully sequenced
genomes of two C. manginecans isolates, CMW 17570 (Van der Nest
et al., 2014) and CMW 22621 (unpublished). Microsatellite regions
were identified in the genome of CMW 22621 by analysing the
assembled Illumina sequence contigs in Msatfinder v. 2.0 on-line
(Thurston and Field, 2005). Parameters were set to detect tri,
tetra, penta or hexa nucleotide motifs with a minimum of 9 repeat
units. Contigs containing microsatellite regions were imported
into CLC Genomics workbench v. 6.0 (CLC Bio, www.clcbio.com).
To identify polymorphic SSR regions, the contigs that contained perfect
microsatellites, optimal for primer design, were selected and compared
with the orthologous region in CMW 17570 by means of BLASTn analy-
sis. For the SSR regions that were polymorphic between the two iso-
lates, primers were designed to flank these regions. The parameters
for primer design included a primer length between 18 bp and 22 bp,
a G/C content between 0.4 and 0.6 and an annealing temperature be-
tween 55 °Cand 62 °C. Primers were also designed to produce fragment
lengths that ranged between 180 and 500 bp to allow for multiplexing
during fragment analyses.

The PCR amplification conditions of the 27 available Ceratocystis SSR
primer sets (Barnes et al., 2001; Steimel et al., 2004), as well as the
newly designed primers, was optimised using three C. manginecans
isolates (CMW 22563, CMW 38022, CMW 38002). PCR reaction mix-
tures for the previously developed primers were identical to those for
the ITS region, described in 2.2.1., with the exception of the addition
of 2 mM MgCl, per reaction. A multiplex PCR procedure was developed
for the new SSR markers by combining a maximum of three primer sets
in a single PCR reaction. The PCR reaction mixture consisted of 30 ng
DNA, 1.5 units MyTag™ DNA Polymerase (Bioline Ltd., UK), 5 pl 5x
MyTaq™ reaction buffer and a total primer concentration of 0.32 uM
for both the forward and reverse primers. Reaction volume was a total
of 25 pl. The PCR cycler was programmed as follows: 95 °C for 5 min,
10 cycles of 95 °C for 30 s, 55 °C for 45 s, 72 °C for 1 min, followed by
30 cycles of 95 °C for 30 s, 55 °C for 45 s (with 5 s/cycle time increase),
72 °C for 1 min and a final step at 60 °C for 35 min. PCR amplification
success was evaluated using AGE. Individual PCR amplicons, obtained
from the new set of SSR primers, were sequenced for all three isolates
to confirm that the allelic variation observed is due to mutations within
the microsatellite repeat region and not as a result of indels in the
flanking region.

The primer sets that amplified successfully in all three isolates were
resynthesised and the forward primer labelled with either PET, VIC, NED
or FAM fluorescent dyes from the G5 labelling kit (Applied Biosystems,
Warrington, UK). These primers were screened on all isolates used
in the study, including those from Oman, Pakistan, Indonesia and
Vietnam. Three panels were designed for fragment analyses using
GeneScan (Applied Biosystems, Thermo Fisher Scientific, Carlsbad,
USA), by taking amplicon size and fluorescent dye colour into consider-
ation, such that the amplicons of different primer sets could be pooled
and run together in a single lane. A 1/200 dilution of each microsatellite
PCR product in a particular panel was pooled. Of the pooled PCR reaction
mix, 1 ul was then combined with 0.2 pl GeneScan Liz500(— 250) size
standard (Applied Biosystems, Thermo Fisher Scientific, Carlsbad,
USA) and 10 pl formamide and run on an ABI PRISM™ 3500xl
Autosequencer (Thermo Fisher Scientific, Carlsbad, USA). GeneScan
data were analysed with GeneMapper® v.4.1 software (Applied
Biosystems, Thermo Fisher Scientific, Carlsbad, USA) to score allele
fragment sizes. The 21 isolates from M. indica and H. mangiferae, consid-
ered by Al Adawi et al. (2014) and also used in the present study, were
re-run on the ABI PRISM™ 3500x] Autosequencer and re-scored to
avoid shifts in allele sizes experienced when using different instru-
ments. Additionally, the newly developed markers were considered
for this population and were tested in all 21 isolates.

All unique alleles (an allele present only in a single isolate) were
sequenced to confirm the existence of the allele. In addition, various dif-
ferent alleles per locus were sequenced to confirm that the variation
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observed was due to the expansion or contraction in the microsatellite
region and not in the flanking regions. PCR and sequencing reactions
were performed with identical conditions as described above, except
that non-fluorescent primers were used.

2.4. Statistical Analyses of SSR Data

All 160 isolates analysed in the study were provisionally grouped
into four populations based on host and/or geographic origin. The first
population included isolates from D. sissoo and P. cineraria in Oman
and Pakistan, the second from M. indica and H. mangiferae in the same
countries, the third from Acacia spp. in Indonesia and the fourth from
Acacia spp. in Vietnam. Two sets of data were generated: nonclone-
corrected data where all individuals were considered in the analyses
and clone-corrected data where individuals with identical haplotypes
in a population were removed. The data were clone-corrected using
GenAlEx v.6.2 (Peakall and Smouse, 2006). Clone-corrected data were
used for all analyses except where otherwise mentioned.

The analogue for Wright's Fsr value in haploid individuals, @pr
(Excoffier et al., 1992), was calculated for the individuals in GenAlEx
v.6.2 (Peakall and Smouse, 2006) using an analysis of molecular
variance (AMOVA). The @pr values were compared in a pair-wise
manner between each of the host and/or geographic populations to de-
termine if the differentiation between any of the populations is signifi-
cant. The AMOVA analysis was used to compare the variation within
and between populations. Statistical significance of the differentiation
in both analyses was assessed based on 1 000 permutations. A null hy-
pothesis of no genetic variation among the populations was assumed,
at a P value of 0.001.

Analyses with hierarchical sub-structuring were only considered for
Indonesia as the other countries contained very few isolates per region.
The nonclone-corrected dataset was used for analysis. Two of the collec-
tion sites in Indonesia (Baserah and Langgam) were represented by a
single isolate and these were incorporated with the isolates of the
nearest collection site (Logas and Teso, respectively), for this part of
the analyses. AMOVA and ©pr values were then determined based on
the five collection sites in the country.

To determine whether population structure was present among the
investigated isolates, the program STRUCTURE v 2.2 (Pritchard et al.,
2000) was used. Analysis in the STRUCTURE program uses a Bayesian
clustering method to assign each individual to a potential population
without prior information of its origin. To determine the most likely
number of clusters or populations (K), K-values were ranged from one
to seven. A total of 1 million Markov Chain Monte Carlo (MCMC) gener-
ations were run, including a burn-in value of 100 000 generations and
20 iterations per K-value. The entire run was repeated. The best param-
eters for analysis of the dataset were determined by evaluating the
effect on the K-value when considering both models of admixture and
no admixture as well as correlated and non-correlated allele frequencies
among populations.

To determine the most likely K-value from the data obtained, the
statistic AK (Evanno et al., 2005) was calculated using software from
Clumpak (Kopelman et al.,, 2015). This is based on the rate of variation
between the LnP(D) of successive K-values. A model of admixture and
allelic correlation was assumed. The consensus figure from all 20 itera-
tions of the selected K-value were also constructed using Clumpak.

Results from the AMOVA and STRUCTURE analyses indicate that the
isolates from the legume trees and those from M. indica in Oman and
Pakistan cannot be differentiated as distinct populations and were,
therefore, considered as one population for subsequent analyses. The
existence of private alleles in each of the three populations was deter-
mined using GenAlEx v.6.2 (Peakall and Smouse, 2006). The number
of alleles, allele frequencies and the gene diversity (H) (Nei, 1973) of
each microsatellite locus in all three populations were calculated using
the nonclone-corrected dataset with POPGENE v. 1.32 (Yeh et al.,

1999). The gene diversity of each population was also calculated for
the clone-corrected dataset.

The genotypic diversity (G) of each population was calculated for the
nonclone-corrected isolates following the method of Stoddart and
Taylor (1988). Both the number of haplotypes and G for each population
was determined using the statistical program R v. 3.1.2 (R Development
Core Team, Vienna) and the R package poppr (Kamvar et al., 2014). Due
to the significant difference in population sample sizes, the expected
number of haplotypes and the estimated genotypic diversity (eG) was
calculated with poppr using rarefaction, based on the smallest popula-
tion size of 23 (Griinwald et al., 2003).

In order to calculate the genetic distance between the isolates, the
proportion of shared alleles (Chakraborty and Jin, 1993) was used as a
distance measure and a distance matrix was constructed using the
software Populations v. 1.2.32 (Langella, 1999). This genetic distance
is based on the average proportion of alleles shared between and within
populations when taking all individuals sampled into consideration
(Chakraborty and Jin, 1993). Subsequently, a neighbor joining (NJ)
tree was constructed in the same program to visualise the calculated
distances. One thousand bootstrap replicates were performed to ensure
the results are statistically significant. The NJ tree was viewed and
edited in MEGA v. 5 (Tamura et al., 2011).

3. Results
3.1. Fungal Isolates and DNA Extraction

Atotal of 160 isolates were collected and used in this study (Table 1).
These included 110 isolates from seven Acacia plantation areas
in Indonesia and 23 isolates from seven regions in Vietnam. For
the Oman collection, 10 isolates were from M. indica, four from
H. mangiferae infesting these trees and three were from P. cineraria
(Table 1). Isolates from Pakistan included four from M. indica from
two locations, two from H. mangiferae and three from D. sissoo, collected
from two different locations in Pakistan. All isolates used in this study
had morphologies typical of C. manginecans.

3.2. Confirmation of Isolate Identity

3.2.1. PCR Amplification and Sequencing

PCR amplification of the ITS and BT 1 gene regions in the isolates
resulted in the expected 550 bp and 600 bp fragment size, respectively,
and high quality sequences for most isolates. However, the sequence
chromatograms of ITS for some isolates from Indonesia and Vietnam
had clear peaks up to ~120 bp after which the base calling showed
conflicting sequence data due to two ITS types present (Al Adawi
et al., 2013b; Naidoo et al., 2013). The poor quality sequence data for
these isolates were not used for identification purposes.

3.2.2. Sequence Alignment and Phylogenetic Analysis

Alignment of all the high quality ITS sequences showed that the
isolates had two different ITS haplotypes. The isolates contained either
haplotype 1 of C. manginecans (previously defined as the species
C. acaciivora (Al Adawi et al., 2013b)) or haplotype 2 (defined as
C. manginecans). The BT 1 region was identical for all the isolates used
in this study and they all grouped as a single clade in the phylogenetic
tree as C. manginecans (results not shown). Because C. acaciivora has
been reduced to synonymy with C. manginecans (Fourie et al., 2014),
all isolates in this study were considered to represent C. manginecans.

3.3. Development of Microsatellite Markers and Fragment Analysis

Twelve polymorphic SSR regions were identified from the genome
sequences of the two isolates of C. manginecans. The sequences generat-
ed for each SSR region confirmed the presence of the microsatellite
polymorphisms for 10 of the 12 markers. Nine of the markers were
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Table 2
Details of the new polymorphic microsatellite markers, developed from the genomes of two C. manginecans (CMW 17570 and CMW 22621) isolates.
SSR locus SSR motif in C. manginecans Forward primer sequence 5'-3’ Fluorescent label Tm (°C) Multiplex PCR no.? GenBank acc. no.
CMW 17571/CMW22621 Reverse primer sequence 5'-3’

AF2 (AGA)10/(AGA)12 CATTCTCGAAACACTAGCG VIC 57 1 KJ601490
AGGAGAGAAAGGATGGTGG

AF3 (CTG)12/(CTG)13 AAGAAGAAGGAAAGCATCCG NED 57 3 KJ601491
ACATCAACATCGTTTCTAGCCA

AF4 (ACA)10/(ACA)8 CTGTTTGACGGCTTTGGA PET 57 1 K]J601492
TGCTAATGGAGGTCGGTG

AF5 (GTCA)9/(GTCA)6 TGTTCTTCTGATTGTGCACT FAM 57 5 KJ601493
GAGGTTGGCGTTGGTTAG

AF6 (GAG)13/(GAG)11 CTATTGCGAGTTCAAGGC VIC 55 2 KJ601494
ACCCCTCATGATTCACTTAC

AF7 (AGC)10/(AGC)9 CCTACATCTTCTTTGAGCCCTT NED 60 1 KJ601495
GTTGTGGCTGCTGGGTTT

AF8 (GAG)12/(GAG)11 CTATCTGTCCTTGCCCCT PET 59 5 KJ601496
CGGGCCTTTICTTTTGTTTCTT

AF9 (GCA)9/(GCA)11 ACTCTACTACCCTCACAC FAM 55 2 K]J601497
GACTAGGCCTCCATTGAA

AF11 (ACA)10/(ACA)7 TTGGACATACTTGGACGGG VIC 57 3 KJ601498
ATTTAGTGGGAATCTGCGG

AF12 (ACA)17/(ACA)12 ACAGGTAAGAAGGGACAGAA G PET 60 4 KJ601499
ATAAGGAGAGTGGGAAAGG

2 PCR amplifications of the microsatellite regions were performed as multiplex reactions by pooling two to three primer sets in a single reaction. Primer sets with the same multiplex
number were combined in a reaction. Therefore, for a set of 10 markers, five PCR reactions are needed.

Table 3
Summary statistics, including the number of alleles, frequencies of private and predominant alleles, allelic range and gene diversity for each microsatellite marker screened on 160
C. manginecans isolates.

SSR locus®  Number of alleles  Private alleles [frequency in population]” Allelicrange  Highest allele  Gene diversity©
Oman and Pakistan  Indonesia (Acacia) Vietnam (Acacia) frequency

AF2 3 198 [0.043] 198-206 0.851 0.248
AF3 3 233 [0.043] 218-233 0.503 0.506
AF4 3 252 [0.304] 243-252 0.857 0.254
AF5 3 270 [0.043] 250-270 0.721 0.402
AF6 2 309 [0.009] 294-300 0.596 0.485
AF7 2 322-325 0.658 0.45
AF8 2 346-349 0.665 0.45
AF9 2 412-418 0.839 0.264
AF11 3 450 [0.391] 447-455 0.87 0.227
AF12 6 438 [1.000] 456 [0.303], 459 [0.028] 444 [0.043], 447 [0.348]  438-459 0.55 0.626
AG7/AG8 3 293 [0.087] 284-293 0.528 0.51
CF15/CF16 2 474-476 0.5432 0.498
CF23/CF24 2 157-160 0.5217 0.499
AAG8 2 180 [0.870] 177-180 0.87 0.219
AAGY 3 400 [0109] 397-403 0.503 0.564
CAA9 4 166 [0.037] 172[0.652] 166-223 0.8571 0.246
CAA10 3 135[0.261], 138 [0.435]  126-138 0.901 0.185
CAA15 2 320 [0.478] 320-323 0.926 0.128
CAA38 8 306 [0.074] 288 [0.009], 324 [0.136], 369 [0.027] 207 [0.565], 234 [0.391]  207-369 0.603 0.598
CAA80 3 316 [0.478] 304-316 0.696 0.452
CAT3K 2 306 [0.478] 306-310 0.932 0.128
CAT9X 3 279 [0.826] 279-286 0.851 0.252
CAT1200 2 376-379 0.857 0.237
CAG5 2 319-322 0.894 0.19

@ Microsatellite markers indicated in bold were developed in this study.
b Private alleles are indicated in bold. These refer to alleles observed only once in a population and to alleles unique to a specific population, regardless of the frequency of the allele.
¢ Gene diversity was calculated for each microsatellite marker, based on Nei (1973) gene diversity calculations.

Table 4
Summary of the analysis of molecular variance (AMOVA) of the C. manginecans isolates collected from Oman, Pakistan, Indonesia and Vietnam to evaluate the genetic variation within and
between populations.

Source df* Estimated variance Proportion of variance Statistic Value Probability
components (%)

Among populations 3 3776.117 79%

Within populations 37 1019.719 21% ©PT 0.787 0.001

Total 40 4795.837 100%

2 Degrees of freedom.
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Table 5
Pairwise comparison of population differentiation (¢PT) among the four populations in-
vestigated in this study.

Sampling group Oman and Pakistan Oman and Pakistan Indonesia
legumes mango Acacia
Oman and Pakistan - - -
legumes
Oman and Pakistan 0.000" - -
mango
Indonesia Acacia 0.242" 0.219" -
Vietnam Acacia 0.726 0.682 0.842

* Value is not statistically significant, P-value >0.05.

tri-nucleotide repeats and one was a tetra-nucleotide repeat (marker
AF5). These 10 markers were used for further population analyses
(Table 2).

Of the 27 available SSR primers (Barnes et al., 2001; Steimel et al.,
2004), 19 amplified successfully in all 160 isolates (Table S1). The
markers GACA650, CF13/14 and AG15/16 were monomorphic in all
isolates investigated. CAT1 resulted in a fingerprint profile for some iso-
lates for which the allele size could not be determined and CF11/12 pro-
duced allele sizes differing by a single nucleotide. These SSR's were thus
excluded from further analyses. The remaining 14 SSR markers and the
10 newly designed markers, together, resulted in 70 alleles ranging
from two to eight alleles per locus (Table 3). In three of the markers,
CAA10, CAA15 and CAT3K, the most dominant allele was present in
more than 90% of the isolates, indicating the low level of variation
displayed by these markers (Table 3).

Atotal of 27 of the 70 alleles were private. They were either observed
at high frequency but were unique to a single population or they
occurred only once in that specific population (Table 3). The population
from Oman and Pakistan included a private allele (166) in marker CAA9,
which occurred in a single D. sissoo isolate. The M. indica isolates also
included one allele (306) unique to the host, in marker CAA38, which
occurred at a frequency of 0.095. In marker AF12, one allele (438)
occurred in all isolates from Oman and Pakistan but was unique to the
population. The population from Indonesia included seven private
alleles with two alleles occurring in single isolates (Table 3). Isolates
from Vietnam included a total of 18 private alleles with four alleles oc-
curring only once in the population. The DNA sequences of the private
alleles confirmed that the variation observed between alleles was with-
in the microsatellite repeat region, following a stepwise mutation
pattern (Fig. S1).

3.4. Statistical Analyses of SSR Data

Analysis of the population differentiation, based on AMOVA, sup-
ported the existence of genetically distinct populations with an overall
©pr = 0.787 (P = 0.001). Of the total variation observed for all the
isolates, 79% was due to genetic differences among populations and
only 21% due to variation within the population (Table 4). Pairwise
comparisons showed that most of this variation can be ascribed to the
Acacia populations from Vietnam and Indonesia. The Vietnam popula-
tion was genetically well differentiated from the other populations
with @pr values ranging from 0.682 to 0.842 (P = 0.001) (Table 5).
The Indonesia population was less differentiated from the M. indica
and legume populations (@pr = 0.219 and 0.242, respectively) and no
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Fig. 2. Analysis of population structure (K) of a clone-corrected dataset of the C. manginecans isolates collected from legume trees, H. mangiferae and M. indica in Oman and Pakistan and
from Acacia trees in Indonesia and Vietnam. Each individual is represented by a single vertical line and the colours indicate the relatedness of an isolate to a specific cluster. Structure anal-
ysis suggested that the isolates most likely consist of three clusters (K = 3) and this data is represented in the figure. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 6
Summary statistics of isolates collected from Oman, Pakistan, Indonesia and Vietnam indicating the genetic diversity of the populations.
Population No. of isolates No. of alleles No. of alleles/locus No. of No. of haplotypes  Expected no.  Most frequent HY  H (clone-corrected)® G¢  eG®
private alleles (priv. haplotypes®) of haplotypes® haplotype®
Omanand 27 27 1.13 3 5(3) 4.54 82% 0.01 0.05 148 1.49
Pakistan
Indonesia 110 50 2.08 7 23(12) 9.77 31% 0.23 0.287 64 5.69
(Acacia)
Vietnam 23 60 2.5 18 11 (5) 11 21% 044 0.494 725 7.25
(Acacia)
@ Refers to haplotypes that are unique to the population and occurs only once in the population.
b Calculated using rarefaction, based on the smallest population size of 23 individuals.
¢ Indicates the percentage of isolates in the population that contain the most frequent haplotype.
d

gene diversity calculations.

The average gene diversity (H), obtained from all the microsatellite markers combined, was calculated in each population and on the clone-corrected populations, based on Nei (1973)

€ Genotypic diversity (G) was calculated using the method of Stoddart and Taylor (1988) and the estimated G (eG) was obtained using rarefaction, based on the smallest sample size of

23 individuals.
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differentiation was observed between the isolates from M. indica and le-
gume trees from Oman and Pakistan. This suggests the possible
existence of three populations.

Possible sub-structuring in Indonesia was not evident as AMOVA
analyses indicated a @pr 0of 0.262 (P = 0.009) and the majority of varia-
tion observed seemed to be within collection sites (74%) and not be-
tween collection sites (26%). Pairwise comparisons of @pr values,
however, did support the region of Kerinci to be significantly differenti-
ated from Teso and Logas (¢@pr = 0.415 and 0.462, respectively).

Analysis of population structure was based on the clone-corrected
sample set of four populations, consisting of 40 individual haplotypes.
The Bayesian clustering method used for analysis indicated the most
likely number of genetic clusters (K) to be three (Fig. S2). For these K-
values all 20 iterations were congruent. This K-value is in agreement
with the expected number of clusters, when considering the gene
diversity between the populations, together with the results from the
AMOVA analyses. Preliminary runs indicated no significant difference
in the calculation of K whether a model assuming admixture was
considered or not or whether correlation between alleles was consid-
ered. When isolates were considered to consist of three genetic clusters
(Fig. 2), the isolates from Oman and Pakistan were assigned to a single,
distinct cluster but the individuals from Acacia from Indonesia had 30%
membership to this cluster and those from Vietnam had 22%. The indi-
viduals from Indonesia primarily belonged to a distinct cluster (64% of
their identity) and the Vietnam isolates had 75% unique genetic identity
to another cluster with very little admixture between the two clusters.
As no population differentiation could be seen between the M. indica
and legume populations from Oman and Pakistan, based on pairwise
comparisons and STRUCTURE analyses, these isolates were combined
into a single population for subsequent analyses.

Analysis of the data obtained from the microsatellite markers, in
POPGENE v. 1.32 (Yeh et al., 1999), showed a gene diversity ranging
from 0.127 to 0.624 per locus with an average gene diversity of 0.437
(Table 3). The genetic variation in the different populations, including
the number of alleles present and the gene diversity in each population,
is presented in Table 6. The number of individuals, used for the clone-
corrected dataset of each population, were equal to the number of
haplotypes in that population (Table 6). The population from Oman
and Pakistan had the lowest average gene diversity (H = 0.01 and
clone-corrected H = 0.05) and the Acacia population from Vietnam
had the highest (H = 0.44 and clone-corrected H = 0.494).

A total of 39 haplotypes were identified in all the C. manginecans
isolates screened. The greatest number of haplotypes (23) and unique
haplotypes (12) were found in the Indonesian population (Table 6),
but this was also the population with the largest sample size. The
expected numbers of haplotypes, based on rarefaction of 23 individuals,
were 9.77 in the Indonesian population and 11 in the Vietnam popula-
tion (Table 6), suggesting that the genotypic richness might be higher
in Vietnam. The isolates from Oman and Pakistan had the lowest geno-
typic diversity with rarefaction, based on 23 individuals (eG = 1.49),
and the isolates from Acacia from Vietnam had the highest (eG =
7.25) (Table 6).

The genetic distance calculated between all the isolates (nonclone-
corrected dataset), displayed in the NJ tree (Fig. 3), showed distinct
groupings, clustering the isolates from Oman and Pakistan in a single
clade with little variation. The isolates from Indonesia grouped together
but this group was also sub-divided into smaller clusters, indicating a
higher level of variation in the population. Some of the clusters
corresponded with collection sites (Teso and Pelalawan, respectively)
and likely consist of a high number of clonal isolates. Isolates with

identical haplotypes were found in five different regions (Teso, Kerinci,
Baserah, Pelalawan and Sei Kebaro), indicating significant movement of
the pathogen throughout the country. One of the clusters, consisting of
isolates from Teso, had a high genetic relatedness to the isolates from
Oman and Pakistan. Comparison of the original microsatellite data
(Table S1) showed that these isolates differed at only one or two alleles
from the Oman/Pakistan population. The Vietnam isolates grouped in a
cluster significantly distinct from all other populations. The haplotypes
of the Vietnam isolates showed no distinct clustering correlated to the
collection sites with a single haplotype identified in three regions
which are 800 km and 1700 km apart (Fig. 1D).

4. Discussion

The microsatellite markers applied in this study showed significant-
ly higher genetic diversity among the isolates from South East Asia,
compared to those from the Middle East. The highest genetic diversity
was found in the isolates from Vietnam. This suggests that the fungal
pathogen has existed in that area for a long period of time and could
possibly be considered indigenous to this area. Based on DNA sequence
comparisons, this study confirmed that the isolates associated with
severe wilt of Acacia spp. in Vietnam represent the same species
as that killing A. mangium in Indonesia and M. indica in Oman and
Pakistan. Thus, all of the isolates investigated were confirmed to
represent the single species C. manginecans. When species concepts al-
ternative to the genealogical concordance phylogenetic concept are
considered, these isolates could be seen as different haplotypes of
C. fimbriata (Oliveira et al., 2015). However, based on previous phyloge-
netic analyses including five gene regions (Fourie et al., 2014) we
consider C. manginecans as a species distinct from the sweet potato
black rot fungus which includes the type of C. fimbriata.

The new microsatellite markers designed in this study detected
similar values of genetic variation for the C. manginecans isolates as
the previously designed (Barnes et al., 2001; Steimel et al., 2004),
broad range markers. The advantage of the new markers is that they
were designed to be amplified in multiplex, reducing costs and time. It
has been suggested that the cross-species transfer of microsatellite
markers could show less polymorphism in a different species (Barbara
et al., 2007). However, the gene diversity for the entire set of samples
ranged from 0.254 to 0.624 for each of the new markers with an average
gene diversity of 0.393, which is only slightly higher than for the
markers developed previously (Barnes et al.,, 2001; Steimel et al.,
2004). This provides support for the fact that either the new or the pre-
viously designed markers would give a fair representation of the actual
diversity in the populations being studied.

The low level of genetic diversity identified in the isolates
of C. manginecans from legume trees in Oman and Pakistan was similar
to that found for isolates from M. indica and the insect vector
H. mangiferae. This supports the hypothesis that the species was
introduced to those areas and that a single population has spread widely
throughout the countries to different hosts (Al Adawi et al., 2014).
The same haplotype present in the isolates from M. indica and
H. mangiferae was found on the native legume trees (Fig. 3). This raises
the prospect that C. manginecans has undergone a host jump/shift from
non-native and commercially propagated fruit trees to native trees or
vice versa. The introduction of a pathogen along with an introduced,
commercially planted host could easily result in a host jump onto native
hosts as seen, for example, with the globally distributed Neofusicoccum
parvum (Sakalidis et al., 2013).

Fig. 3. A neighbor joining tree that represents the genetic distance between the isolates investigated in this study. Distances were determined based on the proportion of shared
microsatellite alleles (Chakraborty and Jin, 1993) and the statistical support for each branch was determined by 1000 bootstrap replicates. Bootstrap values higher than 60% are
indicated in the figure. Each of the four pre-defined populations, based on host-association and country of origin, is indicated in a different colour. Distinct groupings could be observed
among the isolates, with all the isolates from Acacia from Indonesia forming one cluster (orange), and those from Vietnam forming another cluster (purple). All the isolates from
Oman and Pakistan were very closely related (blue). (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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The genetic diversity observed for C. manginecans in Vietnam was
higher than that observed for the same pathogen in Indonesia. This is
substantiated by the high proportion of unique haplotypes (48% of the
isolates) and private alleles (18) found in the isolates from Vietnam,
compared to Indonesia (21% and 7, respectively). This might, at least
in part, be explained by the larger geographical distribution of sites in-
vestigated in Vietnam that included various ecological zones in the
country. This is in contrast to the regions in Indonesia that were in closer
proximity to each another.

The C. manginecans population from Acacia spp. in Vietnam had the
highest levels of genetic diversity observed for the species to date. The
values observed in these isolates (H = 0.44 and eG = 7.25) are compa-
rable with those for other populations of Ceratocystis spp. that are
considered native. For example, highly diverse populations of C.
albifundus in Africa had a gene diversity of H = 0.41 (Barnes et al.,
2005) and this continent is believed to be the area of origin of the path-
ogen. Similarly, high values of genetic diversity were found for the na-
tive Theobroma cacao pathogen, C. cacaofunesta (H = 0.198), in Brazil
(Ferreira et al., 2010).

The high level of genetic diversity observed for isolates from
Vietnam suggests that the pathogen has been present in South East
Asia for a long period of time. In this regard, they would have accumu-
lated variation through events such as mutation or recombination
(McDonald, 1997). The possible existence of an indigenous pathogen
would explain the serious disease that it has begun to cause on a non-
native Acacia spp., introduced from Australia (Roux and Wingfield,
2009; Sein and Mitlohner, 2011). The pathogen could have existed on
a native host and adapted to infect these Acacia trees after they were
introduced to South East Asia. This is not an uncommon phenomenon
and has, for example, been seen for introduced Eucalyptus plantations,
where native pathogens such as Chrysoporthe austroafricana and
Chrysoporthe cubensis, present on native Melastomataceae, adapted to
cause serious disease on non-native Eucalyptus trees (Nakabonge
et al., 2006; Wingfield et al., 2015). The existence of a native pathogen
would also increase the possibility of an association emerging between
the fungus and insect vectors, thus resulting in the emergence of new
disease problems (Atkinson and Peck, 1994; Doran and Skelton, 1982;
Moran et al., 1989; Mukherjee, 1972).

All the isolates used in this study, collected from the Middle East and
South East Asia, could reliably be separated into three distinct clusters.
The population from Vietnam was supported to be genetically distinct
from Indonesia and from the isolates collected from the Middle East,
based on the pairwise comparisons of @pr values (Table 5). However,
the population from Indonesia appeared less differentiated from the
populations in Oman and Pakistan. The haplotype of one of the isolates
found in Indonesia differed from the Oman and Pakistan isolates by only
a single allele. This difference might have been due to a recent mutation
event in a single isolate. It is also possible that the introduction of
C. manginecans into Oman and Pakistan could have originated from
one of the other countries considered in this study.

Analyses of the genetic sub-structuring for the Indonesian isolates,
based on @pr pairwise comparisons, showed that those from Kerinci,
Indonesia, were genetically differentiated from the Teso and Logas
isolates. However, the NJ tree (Fig. 3) indicated definitive admixture
with identical haplotypes observed in isolates from all three of these
collection sites. Similarly, admixture could be seen in the Vietnam
collection of isolates with no clear structure linked to geographical loca-
tion. This could be due to anthropogenic dispersal of wood products,
transfer of vegetative cuttings to different plantation areas or dispersal
by insects. The involvement of insects in the population admixture of
C. manginecans is supported by the identical haplotype found on
H. mangiferae and its tree hosts in Oman and Pakistan (Al Adawi et al.,
2013a). Similar involvement of tree-infesting bark beetles in the distri-
bution of a fungus has, for example, been observed for the conifer
pathogens Ophiostoma ips (Zhou et al., 2007) and Grosmannia clavigera
(Tsui et al., 2012).

Results of this study have substantially expanded available knowl-
edge regarding the geographic distribution of the important tree
pathogen, C. manginecans. The pathogen was previously known
only on M. indica, H. mangiferae (as a vector) and legume trees in the
Middle East and on non-native Acacia spp. in Indonesia (Al Adawi
et al,, 2013b; Tarigan et al.,, 2011). Results of this study confirmed that
C. manginecans also occurs on Acacia spp. in Vietnam, of which the spe-
cies A. auriculiformis is a newly reported host. C. manginecans has
become a serious threat to fruit and forest plantation industries in the
Middle East and South East Asian countries. In addition, the same fungus
has been reported on Acacia spp. in Malaysia (Brawner et al., 2015) and
on Eucalyptus trees in South China (Chen et al,, 2013). The SSR markers
used in this study should, in future, be screened on isolates from these
countries to determine the genetic structure of additional populations.
This information could assist in determining the global distribution
patterns of the pathogen as well as in establishing effective quarantine
and trade regulations between countries.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.03.011.
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