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Preface

Species in the Ceratocystis fimbriata sensu lato species complex are primarily
pathogens that cause disease on a diversity of host plants in almost every continent. These
pathogens have had a significant economic impact in the fruit crop and plantation industries
in countries where their commercial products are a major source of income. The species in
this complex are phylogenetically closely related and contain negligible morphological
differences between them. Events such as host jumps or geographical expansions of a
specific species can have detrimental effects in countries where the disease is newly
introduced. It is thus essential to accurately identify and distinguish between all the species
in this complex for effective disease management.

The classification of Ceratocystis species has been strongly reliant on DNA
sequence data and phylogenetic analyses in the past ten years due to the limitations of other
species recognition criteria. In the C. fimbriata s.l. species complex some of the distinct
species were primarily classified by the phylogeny of the rRNA Internal Transcribed Spacer
region (ITS) with little support from the, generally used, B-tubulin 1 (BT 1) and Translation
Elongation Factor 1-a (EF 1-a) gene regions. Although support from a single gene region is
acceptable in fungal taxonomy, ITS is less reliable in Ceratocystis due to the occurrence of
intragenomic ITS sequence variation that can classify a single isolate as two different
species.

The first chapter of this dissertation provides an overview of the different methods
that have been used over the last two centuries to identify, classify and describe species in
Ceratocystis. These methods have ranged from morphological to biochemical comparisons,
mating studies and phylogenetic analyses. In this chapter the effectiveness and limitations of
these methods for species delineation are discussed. The significant impact DNA sequence
data have had on species delineation is highlighted and, subsequently, the challenges and
pitfalls of applying this method are also presented. Moreover, additional approaches that can
be used for the identification of Ceratocystis species are discussed.

Some species in the C. fimbriata s.l. complex are distinguished only by the ITS
region with a lack of resolution in other gene regions. The aim of the second chapter of this
dissertation was to consider two alternative approaches for the reliable identification of
species in the complex. Firstly, the potential of other phylogenetic gene regions to be used
for resolving cryptic species boundaries were compared to the three gene regions currently
applied in the complex. The second approach was to investigate the potential of single
nucleotide polymorphisms (SNPs) to be used as diagnostic markers for species
identification. Here nine SNP markers were developed and applied to 15 known species to

determine the resolution they provide between cryptic species.
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In the third chapter a greater focus is placed on the highly pathogenic species, C.
acaciivora and C. manginecans, and the challenges encountered with their taxonomy.
Recent research has suggested these species might be conspecific, due to the occurrence
of multiple ITS haplotypes in individual isolates. This could influence previous distribution
and population studies performed on either of the species. The aim of this chapter was,
firstly, to determine the species identity of Ceratocystis species causing disease on Acacia
trees in Vietnam, based on DNA sequence data. A clonal population of C. manginecans
occurs in Oman and Pakistan, which indicates the pathogen has been introduced into these
countries, but no studies have been performed in South East Asian countries where the
species also occur. An additional aim was, thus, to evaluate the genetic diversity and
relatedness of different populations of C. manginecans in South East Asian countries. A new
set of microsatellite markers was designed for this study and these will prove useful for
further studies on this economically important group of fungi. This study expands the
knowledge on the current distribution of the C. manginecans species as well as the genetic
diversity of its populations in South East Asia.

The research in this dissertation highlights the importance of accurate identification of
cryptic fungal species for scientific studies. Accurate species identification is essential for the
implementation of quarantine and trade regulations in plantation industries to prevent spread
of the pathogen to a new area. The alternative markers investigated in this study for the
reliable identification of closely related species should provide a foundation for similar

investigations in other fungal genera.
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1. Introduction

Classifying organisms into species is essential for communication among scientists as well
as to ensure accuracy and consistency in scientific research. For experimental studies to be
reproducible, a reliable identification system is required to ensure that the same organism is
used in repeated studies. Species delineation in the Fungal Kingdom is of great importance,
as many of the fungi are important human and plant pathogens. Without accurate distinction
between pathogenic fungal species, it would be impossible to monitor the geographic
distribution of a pathogen and implement quarantine measures (Harrington and Rizzo, 1999).
Likewise, the development of biological control agents or plant resistance breeding would be
inaccurate (Shivas and Cai, 2012).

There is a general agreement that species can be defined as “segments of
evolutionary lineages” (Giraud et al., 2008) that “share an evolutionary history with each other
more than they do with organisms of other species” (Hey, 2006). Species concepts are the
subject of much controversy and this has led to the establishment of approximately 24
alternative species concepts (De Queiroz, 2007; Mayden, 1997). These concepts provide
either a theoretical definition of what a species is or they suggest criteria that might be used to
recognise species boundaries (Giraud et al., 2008). The main controversy is not with regards
to the most accurate species definition (theoretical species concepts) but rather the best
criteria to be used for species delineation (operational species concepts).

The three most widely used species recognition criteria for the fungi underpin the
morphological, biological and phylogenetic species concepts (Harrington and Rizzo, 1999;
Taylor et al., 2000). The focus of this review is on the development and application of methods
that are based on these three criteria and the impact that they have had on the identification of
species in the fungal kingdom. Here special emphasis is placed on the genus Ceratocystis
due to the fact that this group of fungi are the main topic of the presented dissertation.

Ceratocystis species are found on a diversity of trees and other crop plants and have
been reported in almost every continent (Baker et al., 2003; Roux and Wingfield, 2009; Van
Wyk et al., 2006). Lifestyles of the species range from highly pathogenic to non-pathogenic
species with some displaying saprophytic and others biotrophic lifestyles on their hosts.
Pathogenic Ceratocystis species have caused significant economic loss in some countries (Al
Adawi et al., 2006; Engelbrecht and Harrington, 2005). It is essential, therefore, to identify
these species accurately in order to be aware of their distribution and the economic impact
they might have. Furthermore, accurate identification is necessary where effective quarantine
measures are required to prevent introductions into new areas.

The genus Ceratocystis has a long history of confused classification, emerging due to
the limitations of the methods applied for species delineation in earlier years (Bakshi, 1951;

Hunt, 1956; Upadhyay, 1981). Recent studies on species in this genus have included
6
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morphological, biological and phylogenetic species recognition. This establishes Ceratocystis
as a good model organism to investigate the impact of these different criteria on the
classification of fungal species in general.

The first criterion applied to species delineation in Ceratocystis was based on the
morphological variation observed in fungal cultures as well as variation in asexual and sexual
reproductive structures (Upadhyay, 1981). All Ceratocystis species have well-developed
sexual structures (ascomata) with globose bases and long necks that release sticky drops of
ascospore masses (Bakshi, 1950; Malloch and Blackwell, 1993; Spatafora and Blackwell,
1994; Upadhyay, 1981). This morphological adaptation is optimal for spore dispersal by
insects and the structures are thus highly conserved in the species (Malloch and Blackwell,
1993). Since morphological variation between Ceratocystis species is relatively limited,
biological species recognition was introduced to define taxa. Intersterility tests enabled the
further identification of several cryptic species that appeared similar based only on
morphological differences (Engelbrecht and Harrington, 2005). Other methods to differentiate
between these fungi included isozyme variation and analysis of restriction fragment length
polymorphisms (RFLPs) (Johnson et al., 2005; Witthuhn et al., 1999). The aforementioned
methods revealed a limited amount of variation between species and more than 70% of the
currently defined Ceratocystis species have only been identified and described since the
incorporation of the phylogenetic species concept, based on DNA sequence data.

Presently, DNA sequence comparisons are most commonly used for species classification
in Ceratocystis. These data provided the primary support for the grouping of the genus into
three major species complexes, C. fimbriata sensu lato (s.l.), C. coerulescens s.l. and C.
moniliformis s.I. (Wingfield et al., 2013; Witthuhn et al., 1999). Sequence data also allowed for
the description of numerous cryptic species in each of the species complexes (Van Wyk et al.,
2006; Van Wyk et al., 2012; Van Wyk et al., 2011a). The three gene regions most widely used
are the Internal Transcribed Spacer regions 1 and 2 (ITS1 and 2) of the ribosomal DNA, B-
tubulin 1 (BT 1) and Translation Elongation Factor 1-a (EF 1-a) (Mbenoun et al., 2013; Van
Wyk et al., 2011b; Wingfield et al., 2013). However, recent phylogenetic studies analysing
these regions separately have shown limited resolution between some species in the BT 1 and
EF 1-a genealogies resulting in the ITS region providing the primary support for distinct
species (Van Wyk et al., 2011a; Van Wyk et al., 2012).

The ITS region has been selected as the DNA barcode region for fungal species
identification (Schoch et al., 2012). The problem with using it for taxonomic purposes in
Ceratocystis species is that multiple ITS types have been reported in single isolates (Al Adawi
et al., 2013; Naidoo et al., 2013). This has also been reported for Fusarium and a few other
fungal genera (Lindner et al., 2013; Naidoo et al., 2013; O'Donnell and Cigelnik, 1997). The

ITS region should, thus, be used with caution for fungal species delineation in these genera

7
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and requires the incorporation of additional sequence data to support the definition of species
boundaries.

This review provides an overview on the species classified in the three main species
complexes of the Ceratocystis genus and the various methods applied for morphological,
biological and phylogenetic recognition of the species. The impact that each of the currently
applied methods has had on Ceratocystis taxonomy and the limitations of these methods are
discussed. Potential alternative approaches that could reliably support the existence of distinct
species in the genus, as suggested by ITS, are also investigated.

2. Taxonomy of Ceratocystis species

The genus Ceratocystis is classified in the Microascales and it forms part of the
Sordariomycetes (Lutzoni et al., 2004; Zhang et al., 2006). The type species of the genus,
Ceratocystis fimbriata senu stricto (s.s.), was described in 1890 by Ellis and Halsted as the
causal agent of black rot on sweet potato (Ipomoea batatas) (Halsted, 1890). Subsequently,
multiple new species have been described in this genus and sequence data for the ribosomal
SSU were used to classify the species into three main species complexes exemplified by C.
fimbriata sensu lato (s.l.), C. coerulescens s.I. and C. moniliformis s.I. (Fig. 1) (Wingdfield et al.,
2013; Witthuhn et al., 1999). The three species complexes are currently under intensive
taxonomic investigation and they will likely be treated at the generic level in the near future (Z.
W. De Beer, Personal communication).

A potential fourth complex in Ceratocystis includes Thielaviopsis species. These are
the entirely anamorphic species residing in Ceratocystis s.. and include T. australis, T.
basicola, T. neocaledoniae, T. ovoidea, T. populi and T. thielavioides (Fig. 1) but the
monophyly of all six species in the phylogeny has not been fully resolved when ITS and LSU
data is considered (Wingfield et al., 2013). Four additional species that do not group with any
of the named complexes represent two potentially smaller, distinct complexes. The one
includes C. fagacearum and C. adiposa and the other includes C. paradoxa and C. radicicola
(Harrington, 2008; Wingfield et al., 2013). The discovery of additional, novel species such as
C. norvegica (Reid et al., 2010) grouping closely with C. fagacearum and C. adiposa, might
confirm their status as distinct complexes.

The C. coerulescens complex was the first species complex to be described in
Ceratocystis (Harrington et al., 1996; Harrington and Wingfield, 1998). A characteristic
morphological trait of species in this complex is the production of oblong-cylindrical
ascospores (Fig. 3A) (Bakshi, 1951; Reid et al., 2010) whereas species in the other two
complexes produce ascospores with hat-shaped sheaths (Fig. 3B) (Van Wyk et al., 2011b). A
broad spectrum of species recognition criteria have been applied for species delimitation in

this complex , including morphological comparisons, intersterility tests, isozyme analyses and

8
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phylogenetic analyses (Table 1) (Harrington and McNew, 1997; Harrington et al., 1996; Marin
et al., 2005; Stipes, 1970). This has enabled the identification of a total of 12 species in the
complex (Table 1).

C. oblonga
100 |- C. omanenisis
C. decipiens
G sl C. moniliformis s.l.
C. bhutanensis
C. sumatrana
82 C. tribiliformis
78 C. moniliformis
C. acaciivora .
C. cacaofunesta Lat' n
C. fimbriata American
C. fimbriatomima clade
100 C. platani
91 C. tsitsikammensis Afr| can
C. zambeziensis
100 R | 9roup C ﬁmbriata S./.
C. atrox .
= 100 C. obpyriformis AS lan
79 ] C. pirilliformis clade
ﬁ C. caryae N Orth
C. smalleyi 2
o8 2 . American
C. populicola Clade
73 C. coerulescens

C. pinicola

C. douglasii

C. laricicola

C. polonica

e C. coerulescens s.I.
65 C. rufipenni

C. resinifera

C. eucalypti

90

C. virescens

Thielaviopsis

C. radicicola

C. paradoxa
C. fagacearum

C. adiposa
—’— Lecythophora hoffmannii
Paecilomyces penicillatus

20

Fig. 1. Maximum parsimony tree of a representation of the Ceratocystis species complexes,
based on ITS sequence data. Bootstrap values are indicated above the branches. This
indicates the separation of species into the main species complexes. The C. moniliformis, C.
fimbriata and C. coerulescens complexes are well supported and a potential fourth complex
consists of Thielaviopsis species. The C. fimbriata s.I. species complex can further be
subdivided in four groups and these are also indicated in the figure. Four additional species

© University of Pretoria
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group outside all complexes. All sequences were obtained from NCBI GenBank database and
the MP tree was personally constructed for the purpose of this literature review.

All species in the C. coerulescens complex result in staining of sapwood but some are
saprophytic and others pathogenic (Wingfield et al., 1997). Species in this complex occur both
on gymnosperms and angiosperms. Species found on angiosperms (such as Eucalyptus spp.,
Quercus spp. and Acer saccharum) include C. erinaceus (Bohar, 1996), C. virescens
(Harrington et al., 1996) and C. eucalypti (Kile et al., 1996). However, the majority of species
are found on gymnosperms, specifically conifers such as spruce (Picea spp.), larch (Larix
spp.), pine (Pinus spp.) and fir (Pseudotsuga menziesii) (Harrington and Wingfield, 1998;
Wingfield et al., 1997). Three pathogenic species in this complex, C. laricicola, C. fujiensis and
C. polonica, have specific associations with bark beetles and can result in tree death following
beetle infestations of the host (Harrington and Wingfield, 1998; Marin et al., 2005; Witthuhn et
al., 2000). Additional species that are also pathogenic to their hosts include C. virescens, C.
eucalypti and C. rufipenni (Kile, 1993; Kile et al., 1996; Wingfield et al., 1997).

Fig. 3. Distinct micro morphological structures, unique to each Ceratocystis species complex.
A) oblong-cylindrical shaped ascospores unique to C. coerulescens species (Marin et al.,
2005), B) characteristic hat-shaped ascospores, as observed in the majority of C. fimbriata
and C. moniliformis species, C) conical spines covering the ascomatal base, unique to the C.
moniliformis complex (Kamgan et al., 2012) and D) disc-shaped base of the ascomatal neck,
also observed only in C. moniiformis species (Van Wyk et al, 2011).

Ceratocystis moniliformis was first considered to represent a species complex in 2002
when a new species, C. moniliformopsis, was identified and classified as closely related to C.
moniliformis (Van Wyk et al., 2004; Yuan and Mohammed, 2002). Since then, 13 additional
species have been identified in this complex based on morphological and phylogenetic
analyses (Table 1). All species of the C. moniliformis complex can be recognised by two
characteristic traits of their ascomata; the ascomatal bases are covered with conical spines
(Fig. 3C) (Upadhyay, 1981) and the base of the ascomatal necks end in a disc-shaped
structure that easily breaks off from the base of the ascomata (Fig. 3D) (Hunt, 1956; Kamgan
et al., 2012; Van Wyk et al., 2011b).

The majority of species in the C. moniliformis complex are non-pathogenic and mainly
saprophytes. However, their growth in woody tissue often results in black, grey or blue

staining of wood that reduces the value of the timber (Van Wyk et al., 2006; Yuan and

10
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Mohammed, 2002). Species in this complex have been reported from a broad range of hosts,
including Eucalyptus spp, Acacia spp, pine and mango (Al-Subhi et al., 2006; Nkuekam et al.,
2013; Tarigan et al., 2010). Of the 16 currently recognised species in the complex, only C.
omanensis on mangoes, and C. chinaeucensis on Eucalyptus spp., have been associated
with mild symptoms of pathogenicity on the host trees (Al-Subhi et al., 2006; Al Adawi et al.,
2006; Chen et al., 2013). With regard to insect association, Ceratocystis bhutanensis is the
only Ceratocystis species that is associated with conifer-infesting bark beetles (Van Wyk et al.,
2004).

Ceratocystis fimbriata s.l. represents the largest species complex in the genus and
includes 32 described species (Fig. 2). Since the identification of species, additional to C.
fimbriata s.s. in this complex, the term sensu stricto was reserved for isolates from sweet
potato classified along with other species in the C. fimbriata s.|. species complex (Engelbrecht
and Harrington, 2005). Species in the C. fimbriata s.I. complex can be recognised by a
combination of two morphological traits. These include the absence of spines on their
ascomatal bases, unlike species in the C. moniliformis complex, and ascospores with hat-
shaped sheaths, unlike species in the C. coerulescens complex (Fig. 3B) (Engelbrecht and
Harrington, 2005). The complex has been further subdivided into four groups, based primarily
on phylogenies generated from the ITS, BT 1 and EF 1-a gene regions, but also on
geographical distribution (Harrington, 2000; Johnson et al., 2005; Mbenoun et al., 2013). The
groups consist of a Latin-American/South American clade, an African geographical group, a
North-American and an Asian/Indo-pacific clade (Fig. 1). The naming of the groups was based
on the countries and hosts where the initial species occurred but as additional species have
been described, the names of some clades do not accurately reflect the geographic
distribution of the species. The African group, on the other hand, is not currently considered a
monophyletic clade but corresponds to the geographic occurrence of the species.

Species in the Latin-American clade are located in regions throughout Central and
South America, the Caribbean and some in North America (Johnson et al., 2005) with a total
of 15 species ascribed to this clade (Table 1). However, species in this clade do not occur only
in Latin American countries but can be found on hosts native to Latin America. For example C.
fimbriata s.s. occurs on sweet potato in countries in America as well as in Oceania in countries
such as Papua New Guinea (Harrington, 2000). The African group consists of five species
from South Africa and Tanzania (Mbenoun et al., 2013) and the Asian clade includes eight
species from Japan, Africa, Australia and Indonesia (Table 1). Few species have been
described in the North American clade and none of these have been reported outside North
American countries. The clade consists of four host-specific species C. harringtonii, C.

variospora, C. caryae and C. smalleyi (Johnson et al., 2005).

11
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Fig. 2. One of the most parsimonious trees representing all 32 species in the C. fimbriata s.I.
species complex. The species complex has been subdivided into four main groups, which is
indicated in the tree. Ceratocystis coerulescens was selected as outgroup. The bootstrap
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support values for the branches are indicated above each branch. Sequence data were
obtained from the NCBI GenBank database and some were generated in Chapter 2. The MP
tree was personally constructed for the purpose of this literature review.

The majority of species in the C. fimbriata s. |. species complex are pathogenic to a
wide range of fruit and forest trees. Symptoms of infection can range from root rot to vascular
staining, cankers and wilting that can result in significant loss of agricultural crops or tree
plantations (Al Adawi et al., 2013; Engelbrecht and Harrington, 2005; Kajitani and Masuya,
2011; Van Wyk et al., 2007a; Van Wyk et al., 2009b). Two examples of highly pathogenic C.
fimbriata s.l. species that have had a significant economic impact in their respective habitats
include C. platani and C. manginecans (Ocasio-Morales et al., 2007; Van Wyk et al., 2007a).
In USA and certain European countries infection of oriental plane (Platanus orientalis) and
American plane trees (P. occidentalis) by C. platani, has resulted in tree death of fully grown
plane trees within the first few years of infection (Engelbrecht and Harrington, 2005; Ocasio-
Morales et al., 2007). The pathogen has rapidly spread throughout numerous European
countries where it is an exotic species, causing extensive disease (Chapin and Arcangioli,
2007; Hadden and Hugh-Jones, 2011; Ocasio-Morales et al., 2007). In Oman and Pakistan,
C. manginecans causes severe mango wilt that can result in tree death within six months after
infection (Al Adawi et al., 2006; Al Adawi et al., 2003). Infection by the pathogen has affected
up to 60% of the mango crop in some regions and has resulted in severe yield and economic
losses in both countries (Al Adawi et al., 2013; Al Adawi et al., 2006; FAOSTAT, 2011).

Table 1 Summary of the classification methods applied for species delineation in the
Ceratocystis species complexes®

Morphological criteria | |Biologica| criterial | Phylogenetic criteria |
Macro Micro Isozyme/ RFLP+
Species morphology ® morphology ° allozyme ¢ SSRs © Intersteriity ©  MAT-2" ms'  BT' EF'  Reference

C. coerulescenss.|. complex

1 C. coerulescens 0 - - Bakshi, 1950

2 C. douglasii - - Wingfield et al., 1997
3 C. erinaceus Partially - - - - Bohar, 1996

4 C. eucalypti Kile et al., 1996

5 C. fujiensis Marin et al., 2005

6 C. laricicola Harrington and Wingfield, 1998

Reid et al., 2010

Parialy 0 -

7 C. norvegica

8 C. pinicola Partially Partially - Harrington and Wingfield, 1998
9 C. polonica 0 Partially 0 Harrington and Wingfield, 1998
10 C. resinifera Partially 0 Harrington and Wingfield, 1998
11 C. rufipenni Partially 0 Harrington et al., 1996
12 C. virescens 0 Partially Harrington et al., 1996

C. moniliformiss.|. complex

1 C. moniliformis - - - Moreau, 1952

2 C. moniliformopsis Partially Yuan and Mohammed, 2002

3 C. bhutanensis Partially Partially Van Wyk et al., 2004

4 C. omanensis Partially Al-Subhi et al., 2006

5 C. tribiliformis Partially - - - - Partially Partially Partially Van Wyk et al., 2006

6 C. savannae Partially Kamgan et al., 2008

7 C. oblonga Partially Heath et al. 2009

8 C.inquinans 0 0 Tarigan et al., 2009

9 C. microbasis 0 Partially Tarigan et al., 2009
10 C. sumatrana 0 0 Tarigan et al., 2009
11 C. sublaevis 0 Partially Van Wyk et al., 2011b
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A 4

Table 1 (continue)

Morphological criteria | |Biologica| criterial | Phylogenetic criteria

Macro Micro Isozyme/ RFLP+
Species morphology ® morphology ° allozyme ¢ SSRs © Intersterility ¢ MAT-2" s’ BT' EF'  Reference
12 C. tyalla 0 Partially - - - - Partially Partially Kamgan et al., 2011
13 C. salinaria 0 0 - - - - Partially ~Kamgan et al., 2012
14 C. decipiens 0 0 - - - - Kamgan et al., 2012
15 C. chinaeucensis 0 0 - - - - Chen et al., 2013
16 C. cryptoformis 0 0 - - - - Mbenoun et al., 2013
C.fimbriata s.I. complex
Latin-American clade
1 C. acaciivora 0 Partially - - - - 0 Partially  Tarigan et al., 2009
2 C. cacaofunesta 0 Partially - - - - Engelbrecht and Harrington, 2005
3 C. colombiana - - - - Partially Partially Van Wyk et al., 2010
4 C. curvata Partially Partially - - - - Partially Partially Van Wyk et al., 2011b
5 C. diversiconidia Partially Partially - - - - Partially Partially Van Wyketal., 2011b
6 C. ecuadoriana Partially - - - - Partially Partially Van Wyketal., 2011b
7 C. eucalypticola 0 - - - - 0 0 Van Wyk et al., 2012
8 C. fimbriata s.s. Partially - - _ - - - Engelbrecht and Harrington, 2005
9 C. fimbriatomima 0 Partially - - - - Partially - Van Wyk et al., 2009b
10 C. manginecans 0 - - - - 0 Partially Van Wyk et al., 2007a
11 C. mangicola 0 - - - - Partially - Van Wyk et al., 2011a
12 C. mangivora 0 - - - - Partially 0 Van Wyk et al., 2011a
13 C. neglecta 0 - - - - - - Van Wyk et al., 2008
14 C. papillata - - - - Partially Partially Van Wyk et al., 2010
15 C. platani Partially - - - - Engelbrecht and Harrington, 2005
Asian clade
16 C. atrox - - - - _ Van Wyk et al., 2007b

17 C. corymbiicola

0

Partially Partially Partially

Kamgan et al., 2011

18 C. ficicola Partially - - - - Kajitani and Masuya, 2011
19 C. larium 0 - - - - Van Wyk et al., 2009a
20 C. obpyriformis Partially - - - - Partially Partially —Heath et al. 2009

21 C. pirilliformis

22 C. polychroma
23 C. polyconidia
North-American clade
24 C. caryae

25 C. harringtonii

26 C. smalleyi

27 C. variospora
African clade

28 C. albifundus

29 C. tanganyicensis
30 C. tsitsikammensis
31 C. thulamelensis

32 C. zambeziensis

0

Partially

Partially

Partially
Partially
Partially 0

0 0

Partially Partially

Partially Partially
Partially Partially

Barnes et al., 2009
Van Wyk et al., 2004
Heath et al. 2009

Johnson et al., 2005
Johnson et al., 2005
Johnson et al., 2005
Johnson et al., 2005

Wingfield et al., 1996
Heath et al. 2009
Kamgan et al., 2008
Mbenoun et al., 2013
Mbenoun et al., 2013

a An X indicates that the method was effective in confirming the species as distinct, if only partially informative this was indicated
accordingly and 0 indicates the method was not informative. Methods not considered for species delineation were indicated with a
dash.

b Macro morphology refers to culture appearance and growth characteristics whereas micromorphology considers dimensions of
the reproductive structures including the length of the ascomatal necks, size and shape of ascomatal bases and the variation in
conidial shapes.

¢ Intersterility tests confirmed distinct biological species during mating studies.

d Isozyme/alozyme investigations compared the electrophoretic mobility of various enzymes to identify distinct species.

e Restriction fragment length polymorphism (RFLP) and microsatellites (SSRs) phenotypically investigates DNA sequence
variation by digesting DNA with enzymes (RFLP) or screening DNA samples for length polymorphisms (SSRs). These methods
have not been used to delineate species but can indicate potential species boundaries.

f The four gene regions were applied in phylogenetic analysis to distinguish between species.

3. Methods used to identify Ceratocystis species

Species delineation in Ceratocystis was exclusively based on morphological variation
during the 1900’s (Hunt, 1956). Since the late 1990’s, alternative identification methods where
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considered, such as protein biochemical characteristics (Harrington et al., 1996), intersterility
(Harrington and McNew, 1998) and DNA sequence data (Witthuhn et al., 1999). The following
section of this review considers the impact that these methods have had on the classification

of the 61 currently defined Ceratocystis species.
3.1. Morphology

The approach for morphological species recognition is aimed at identifying a
characteristic that differs between two organisms in its physical appearance (Ruse, 1969).
Comparisons can be made based on both the macro and micro morphological characters
between fungi as well as differences in biochemical properties (Bessey, 1950; Harrington and
Rizzo, 1999). Macro morphological characteristics considered in Ceratocystis species include
the optimal growth temperature and culture colour. The optimal growth temperature for
Ceratocystis species range from 20 °C to 25 °C (Kajitani and Masuya, 2011; Kamgan et al.,
2012; Kile et al., 1996) but some species have more extreme temperature optima for growth.
Ceratocystis albifundus, for example, is native to Africa and grows optimally at 30 °C
(Wingfield et al., 1996) whereas some species in the C. coerulescens complex, found primarily
in North America and Europe, grow optimally below 20 °C (Harrington et al., 1996). The
species C. bhutanensis occurs at high altitude, in the Himalayas, and can survive
temperatures as low as 4°C (Van Wyk et al., 2004). Colony colour can be used to help identify
the general complex of the species. A dark grey to olive-green colour is unique in C.
coerulescens species (Fig. 4A) (Bakshi, 1951; Harrington et al., 1996), an olive-green colony
colour is common in C. fimbriata s.l. species (Fig. 4B) and white to dark brown mycelia is
mostly found in C. moniliformis species (Fig. 4C) (Kamgan et al., 2012; Van Wyk et al.,
2011b).

Fig. 4. Variation in culture morphology with characteristics that are unique to each of the three
Ceratocystis species complexes. A) C. coerulescens s.l. species have a grey to green colour
B) C. fimbriata s.l. species have an olive green culture colour and C) C. moniliformis s.l.
species have a white to brown colour.
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Micromorphological characteristics considered for Ceratocystis species descriptions
include both the sexual fruiting structures (ascomata and ascospores) (Fig. 5A), and asexual
reproductive structures that include conidiophores (Fig. 5C), that produce conidia (Fig. 5D),
and chlamydospores (Fig. 5E). Morphological variation in the ascomata include the shape,
dimensions and colour of the ascomatal bases, the length of the ascomatal necks, the
presence of either convergent or divergent ostiolar hyphae at the tips of the necks (Fig. 5B)
and the shape of the ascospores produced by the ascomata (Figs. 3A and 3B) (Upadhyay,
1981). Variation in the shape of the conidia, produced by the conidiophore, can be
characteristic to a species. Shapes can range for cylindrical to bacilliform to oblong or barrel-
shaped conidia (Fig. 5D) (Engelbrecht and Harrington, 2005; Kamgan et al., 2012). The
absence of chlamydospore production can also be used to distinguish between species (Van
Wyk et al., 2007b).

Specific examples where morphological traits have provided the primary support for
distinct species include C. eucalypti producing sheathed, elongated ascospores (Kile et al.,
1996), C. albifundus having light coloured ascomatal bases (Wingfield et al., 1996) and C.
ficicola that have significantly larger ascomata than any other Ceratocystis species (Kajitani
and Masuya, 2011) (Fig. 6). However, the majority of species in Ceratocystis do not possess
such distinct morphological traits, due to strong evolutionary selection in the overall structure
of the ascomata (Malloch and Blackwell, 1993; Upadhyay, 1981), resulting in limited variable
characteristics. Another limitation in using morphology as a criterion is that the number of
morphological differences required to distinguish two species is subjective and reliant on the

opinion of the researcher involved (Ruse, 1969).

Fig. 5. An illustration of typical micro morphological characteristics of Ceratocystis species: A)
ascomata with a long ascomatal neck (Van Wyk et al., 2010), B) divergent ostiolar hyphae at
the tip of the ascomatal neck (Kamgan et al., 2012), C) conidiophore structures (Van Wyk et
al, 2004) that produce D) conidia with varying shapes such as cylindrical (D1) (Marin et al.,
2005), oblong, bacilliform (D2) (Kamgan et al., 2012) and barrel-shaped (D3) (Van Wyk et al,
2011). E) Chlamydospore survival structures (Kamgan et al., 2012).
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3.2. Protein biochemical analysis

In the 1970’s, analyses of the biochemical properties of proteins were applied to
Ceratocystis species for taxonomic purposes (Sprecher and Hanssen, 1983; Stipes, 1970).
One of the first studies to investigate the utility of biochemical variation compared the banding
patterns of total soluble mycelial proteins of three Ceratocystis species (Stipes, 1970).
Intraspecific conservation of proteins was evident in the study as +10 proteins were
consistently identified within a species. The different protein phenotypes could confirm the
species C. coerulescens, C. fagacearum and C. variospora to be distinct.

Volatile aromatic metabolites were also considered for species delimitation in five
Ceratocystis species (Sprecher and Hanssen, 1983). Methyl heptenyl compounds were
present in all C. coerulescens s.l. species investigated but higher levels were found in C.
virescens than in C. coerulescens s.s. In contrast, the compound 2-phenylacatate was
detected in only a few C. coerulescens s.|. isolates. These data could be used to distinguish
the C. coerulescens complex from other species complexes and potentially distinguished
between some species within the complex. Variation was also found between C. fimbriata s.l.
species based on their ability to produce monoterpenes, for example C. variospora produced
higher levels of monoterpenes than the other species (Sprecher and Hanssen, 1983). The
study could not identify volatiles conserved within a species but some of the strains
considered as a single species in the 1980’s were likely distinct cryptic species. These
compounds have not been investigated subsequently and a re-evaluation in currently defined
species would be informative. However, the analyses of aromatic metabolites do not appear to
have great value in the definition of closely related species of Ceratocystis as the amount of
variation that can be observed is still limiting. Variation has also been found primarily between
distantly related species and not cryptic species.

Since the 1990’s, biochemical comparisons between species were predominantly
based on enzyme variation with which 12 species in Ceratocystis have been distinguished
(Fig. 6) (Harrington et al., 1996). Variation in the biochemical properties of isozymes can be
identified based on the electrophoretic ability of an enzyme (Harrington et al., 1996). In the C.
coerulescens complex 10 isozymes were considered (Harrington et al., 1996) and the data
confirmed seven distinct species in the complex, corresponding to the variation found in their
morphology. Ceratocystis polonica and C. laricicola are morphologically indistinguishable but
variation in a single isozyme was the first indication that they were distinct species. This was
later confirmed by DNA sequence data (Marin et al., 2005). In the C. fimbriata s.l. species
complex, variation in 12 allozymes resulted in distinct electrophoretic phenotypes that
supported the classification of the species C. variospora, C. harringtonii, C. caryae and C.

smalleyi that reside in the North American clade (Johnson et al., 2005).
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3.3. Intersterility tests

The basis of a biological species is that is has to consist of “interbreeding populations that
reproduce naturally and produce fertile offspring” (Voigt and Kirk, 2011). Biological species
recognition is based on mating experiments where two individuals, representative of the two
populations, are brought in close proximity, allowed to mate and the intersterility between
them evaluated (Harrington and Rizzo, 1999). This approach has been applied for species
recognition in Ceratocystis since the 1990’s (Harrington and McNew, 1998). The majority of
Ceratocystis species investigated to date are homothallic and thus mainly reproduce sexually
through self-fertilization which can complicate mating experiments (Engelbrecht and
Harrington, 2005; Ferreira et al.,, 2010; Harrington and McNew, 1997). However, the
mechanism of unidirectional mating-type switching in Ceratocystis (Harrington and McNew,
1997) results in the production of self-sterile offspring that can be used for mating studies in
this genus. This mechanism has been studied extensively only for some species in the C.
fimbriata s.l. complex.

All self-fertile Ceratocystis species (termed a MAT-2 self-fertile strain) contain two
mating type loci (MAT-1 and MAT-2) and can produce both self-fertile and self-sterile offspring
(Harrington and McNew, 1997, 1998). A self-sterile isolate (MAT-1 self-sterile strain) is the
result of the mating type switching mechanism, where the MAT-2 gene is deleted from the
isolate’s genome. MAT-2 self-sterile isolates can be induced under laboratory conditions and
contain both mating type loci but are self-sterile. These two self-sterile isolates of opposite
mating types (MAT-1 and MAT-2) can be used for mating experiments (Engelbrecht and
Harrington, 2005). Results from a mating study are regarded as positive when the two isolates
on a single plate can mate and produce viable ascospores (Engelbrecht and Harrington,
2005). If sexual structures are malformed or absent, the isolates are considered intersterile.

Mating studies have supported the delineation of 13 species in Ceratocystis (Fig. 6).
An example is the seven species that could be distinguished within the C. coerulescens
species complex (Harrington and McNew, 1998). Intersterility or very poor levels of interfertility
between isolates supported the monophyly of C. pinicola, C. coerulescens, C. resinifera, C.
rufipenni, C. laricicola, C. polonica and C. douglasii as suggested by morphology, isozymes
and ITS sequence data (Marin et al., 2005). Mating studies have also provided the primary
support for species boundaries of three host specific species in the C. fimbriata s.I. complex,
namely C. fimbriata s.s. on sweet potato, C. platani on sycamore trees and C. cacaofunesta
on cacao trees (Engelbrecht and Harrington, 2005). Complications of mating studies include
the challenges to cultivate certain species and the fact that species can show partial or
complete interfertility in a controlled laboratory environment, due to pre-zygotic mating

recognition, that would not have occurred in nature (Taylor et al., 2000).
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3.4. Molecular data

The application of molecular markers and DNA sequencing has revolutionised fungal
classification methods by exponentially increasing the number of variable characters that can
be compared between species (Balajee et al., 2009; Lutzoni et al., 2004). DNA sequence
variation has been analysed both at a phenotypic level as well as by direct sequencing of a
gene region. Phenotypic molecular markers applied for species delineation include DNA
fingerprinting techniques such as restriction fragment length polymorphism (RFLP) and
amplified fragment length polymorphism (AFLP) (Coetzee et al., 2000; Harrington and Rizzo,
1999; Witthuhn et al.,, 1999). Delineation based on DNA sequences and phylogenetic
analyses have enabled the identification of numerous cryptic species that cannot be
distinguished by either morphological or biological species recognition criteria (Cai et al.,
2011; Kruger et al., 2012; Mbenoun et al., 2013; Taylor et al., 2000; Wingfield et al., 2013).

3.4.1. Phenotypic molecular analysis

RFLP analyses do not require knowledge of a specific DNA sequence but the banding
pattern created by restriction enzyme digestion of the DNA fragment can indicate, at a
phenotypic level, the genetic variation present between species. One of the first RFLP
analyses performed on Ceratocystis species was based on a 1.6 kb fragment of rDNA
digested with 18 restriction enzymes (Witthuhn et al., 1999). Variation in RFLP patterns were
sufficient to distinguish between all 11 species investigated (Table 1; Fig. 6).

In the C. coerulescens complex, RFLP analysis of rDNA and mitochondrial DNA
supported the suggestion that the species C. major and C. adiposa are the same due to their
identical restriction profiles (Hausner et al., 1993). These data also corrected the classification
of the species C. coerulescens, C. paradoxa and C. radicicola in Ceratocystis, previously
classified as Endoconidiophora based on morphological data (Hausner et al.,, 1993).
Subsequent RFLP analysis of the B-tubulin gene region in seven C. coerulescens species
confirmed the utility of this phenotypic analysis method for species delineation in the complex
(Loppnau and Breuil, 2003). In the C. fimbriata s.|. species complex, RFLP analysis of the ITS
region could separate isolates on coffee trees in Colombia into two clades (Marin et al., 2005).
These were later confirmed to be distinct species, C. colombiana and C. papillata, based on
DNA sequence data (Van Wyk et al., 2010).

3.4.2. DNA sequencing for fungal species identification

The primary focus in current fungal classification studies is to reliably distinguish between
cryptic species based on DNA sequence data (Bickford et al., 2007; Blackwell et al., 2006;

Shivas and Cai, 2012). This shift in the methods applied for fungal species identification has
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become evident in numerous studies in the last 10 years (Begerow et al., 2010; Rintoul et al.,
2012; Roe et al., 2010; Seifert, 2009). One of the collaborative projects that clearly illustrates
the importance of DNA sequence data is the “Fungal Barcode of Life” project (FBoL,
http:/www.fungalbarcoding.org), aimed at identifying a universal DNA barcode that could be
applied to the identification of all fungal species (Seifert, 2009). Of the six gene regions
considered with the greatest potential as a barcode marker the ITS region best complied to all
the criteria (Schoch et al., 2012; Schoch et al., 2011).

The growing application of sequence data for fungal taxonomy, specifically of the ITS
region, is evident in the submissions of ITS sequences to GenBank, at the National Center for
Biotechnology Information (NCBI) (Benson et al., 2012). A total of 630 900 fungal ITS
sequences are available on this public sequence database and 83% of these were submitted
in the last five years. A recent collaborative effort, UNITE, was established to re-evaluate the
bulk of these sequences and to create a reliable fungal ITS sequence database (Kdljalg et al.,
2013). A total of 352 050 ITS sequences were confirmed as reliable, describing 52 481
potential species. This is more than double the number of species listed with ITS sequences in
the latest edition of the Dictionary of the Fungi (Kirk et al., 2008), illustrating the rapid
increase in sequence data generation and associated species descriptions.

For species descriptions based on phylogeny, a species can be considered
phylogenetically distinct only if it contains “a derived character that arose monophyletically and
is shared by the members of the species” (Voigt and Kirk, 2011). Phylogenetic trees are
constructed by comparing DNA sequence variation between isolates and calculating the
genetic distance between them (Avise and Wollenberg, 1997; Holder and Lewis, 2003; Yang
and Rannala, 2012). Since 1996, the taxonomy of closely related Ceratocystis species was
based on the ITS gene region and one of the first cryptic species identified was C. albifundus
(Wingfield et al., 1996). Subsequent phylogenetic analyses, based only on the ITS region
identified 17 novel cryptic species in the Ceratocystis genus in the last 17 years (Table 1; Fig.
6). Examples are the three species, C. virescens, C. douglasii and C. rufipenni, that were
initially identified as C. coerulescens and supported to be distinct species based on ITS data
(Witthuhn et al., 1998). Within the C. fimbriata s.l. species complex, C. pirilliformis was also
primarily distinguished from C. fimbriata s.s. based on ITS sequence data (Barnes et al.,
2003). In the North American clade of this species complex, this gene region confirmed the
variation observed in the morphology and allozymes of C. caryae, C. smalleyi, C. harringtonii
and C. variospora (Johnson et al., 2005).

Species delineation based on a single gene genealogy can be biased, since the threshold
for the percentage of sequence similarity (97% or 99% for example) required to classify
isolates as a single species, will vary between researchers (Taylor et al., 2000). This

subjectivity prompted the development and application of the genealogical concordance
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phylogenetic species recognition (GCPSR) concept where distinct species have to be
confirmed by the concordance of multiple gene genealogies (Taylor et al., 2000). Due to its
informativeness and reliability, the GCPSR is currently the most widely used approach for
species delineation in the fungal Kingdom and it has led to the identification of numerous
cryptic species (Amalfi et al., 2012; Blackwell, 2010; Duong et al., 2012; Hibbett and Taylor,
2013; Lutzoni et al., 2004; Marin et al., 2005; Rintoul et al., 2012)

Since the incorporation of ITS sequence data for Ceratocystis species delineation in
the late 1990’s, and in concordance with the GCPSR, it has become mandatory to include at
least two gene region for species identification. In numerous studies, the additional gene
regions consisted of either MAT-2, BT 1 or EF 1-a in addition to ITS data (Marin et al., 2005;
Van Wyk et al.,, 2007a; Van Wyk et al., 2004; Van Wyk et al., 2009a). An example of the
efficacy of this approach was the combination of ITS, BT 1 and MAT-2 that could distinguish
between C. polonica and C. laricicola (Marin et al., 2005) where morphological data, isozymes
and initial ITS sequence data did not provide any distinction (Harrington et al., 1996). In the
past 10 years, the application of the GCPSR approach for the identification of species enabled
the delineation of 36 of the 61 currently described Ceratocystis species (Table 1; Fig. 6).

The three most widely used gene regions in Ceratocystis classification have shown
limitations in the past three years (Van Wyk et al., 2012; Van Wyk et al., 2011b). Even though
the combined phylogenetic trees of ITS, BT 1 and EF 1-a have identified many cryptic species,
the individual BT 1 and EF 1-a gene genealogies contributed very little to the phylogenetic
signal for some species. An example is found in the species C. mangicola and C. mangivora,
isolated from mango trees in Brazil (Van Wyk et al., 2011a), where ITS was the only region
that contained significant variation between the two species. The ITS gene region also
provided the primary support for the species status of C. colombiana, C. corymbiicola, C.
curvata, C. ecuadoriana and C. eucalypticola (Kamgan et al., 2012; Van Wyk et al., 2012; Van
Wyk et al., 2010; Van Wyk et al., 2011b) in recent studies.

The application of the ITS region in the GCPSR approach for Ceratocystis species
classification has introduced further complications in the robust identification of species in this
genus. Firstly, the region contains multiple indels in some Ceratocystis species causing
significant length variations. These length variations complicate accurate alignments of the
sequences for phylogenetic analyses (Schmitt et al., 2009). Additionally, intragenomic
variation of the ITS region has been reported in various fungal species, including Fusarium,
Laetiporus and recently Ceratocystis (Aanen et al., 2001; Al Adawi et al., 2013; Lindner et al.,
2013; O'Donnell and Cigelnik, 1997). Such variation in sequences could result in incorrect and
unreliable classification of the species.

In the C. fimbriata s.l. species complex, two different copies or “haplotypes” of the ITS

sequence repeat, differing by seven nucleotides, have been identified in some C.
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manginecans isolates (Al Adawi et al., 2013; Naidoo et al., 2013). Depending on the dominant
ITS haplotype, a single isolate was identified as either C. manginecans or C. acaciivora (Al
Adawi et al., 2013). The primary concern here is that BT 1 and EF 1-a provided no support for
the differentiation between these two species (Al Adawi et al., 2013). An in depth analysis of
five species in the Latin-American clade of C. fimbriata s.l. identified between two to three
different ITS haplotypes in an individual isolate (Harrington et al., 2014). If all these haplotypes
from a single isolate were included in a species phylogeny, they would be distributed in at
least 3 clades, representing different species. Intraspecific ITS variation was also observed
among some of the isolates from a clonal population. This confirms that the ITS region is
highly variable within isolates and within species. The fact that multiple ITS types are most
likely also present in other C. fimbriata s.l. species, that have been defined primarily based on
ITS sequences, raises questions relating to their validity.

The low phylogenetic resolution obtained from the BT1 and EF 1-a gene regions for
some species in the C. fimbriata s.I. complex might indicate that the regions evolve more
slowly than the ITS region (Rintoul et al., 2012). This would make the regions uninformative
for delineation of closely related species and alternative regions would have to be considered.
Alternatively, the species distinguished only by ITS might contain variable copies of ITS,
suggesting new species, but could be almost identical in the rest of their genomes. Additional
sequence data must thus be considered to determine how accurate the species classification,

based on the ITS region, is in the C. fimbriata s.I. complex.
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Fig. 6. An illustration of the most widely used methods applied for species delineation in the
Ceratocystis genus from its first description in 1890. The x-axis indicates the time period
during which the method was applied, starting with the first 106 years before DNA sequence
data was used, followed by bi-annual increments. The y-axis indicates the number of species
described during the different time periods. Morphology includes both macro and micro
morphological traits; protein analysis refers to isozyme and allozyme variation; RFLPs refer to
restriction fragment length polymorphisms. The ITS and MAT gene regions were used before
a genealogical concordance approach was considered and are thus indicated separately from
the combined gene analysis.

4. Alternative approaches for species delimitation
4.1. Alternative gene regions

The C. fimbriata s.l. species complex includes £13 species that cannot reliably be
differentiated with current morphological and phylogenetic approaches, besides the ITS
phylogeny. This necessitates the addition of extra gene regions needed for a GCPSR
approach to differentiate between the species. Alternative genes to consider are the protein
coding genes found to be informative in previous fungal phylogenetic studies. Two such
collaborative projects include FBoL and “Assembling the Fungal Tree of Life” (AFTOL,
http://aftol.org) projects (Lutzoni et al.,, 2004; Schoch et al., 2012). The aim of the AFTOL
project has been to reassess the higher level phylogenetic relationships between all genera in
the fungal kingdom, primarily based on DNA sequence data. Three of the regions used in
these projects, the ribosomal large subunit (LSU), ribosomal small subunit (SSU) and EF 1-a
regions, have already been applied to Ceratocystis (Van Wyk et al., 2009b; Wingfield et al.,
1994). Future studies could focus on utilizing additional regions such as the 1% and 2™ largest
subunits of the RNA polymerase Il (RPBI and RPBII), mitochondrial SSU, Mcm7 and ATP6 for
phylogenetic application.

The rapid increase in publicly available genome sequence data (Kuramae et al., 2006)
has enabled large scale genome-comparison studies as recently performed on 21 fungal
genomes (Aguileta et al., 2008; Marthey et al., 2008). The study identified 246 single copy
protein coding genes as potential phylogenetic markers, now available on the FUNYBASE
public database (Marthey et al., 2008). The phylogenetic utility of the gene regions were
evaluated and two of the regions, Mcm7 and Tsrl, showed potential as additional
phylogenetic markers for Ascomycetes (Aguileta et al., 2008). The regions have been applied
in various phylogenetic studies (including FBoL) to resolve both genus level and species level
relationships (Raja et al., 2011; Schmitt et al., 2009). Two additional gene regions recently
identified from FUNYBASE, MS204 and FG1093 (Walker et al.,, 2012b), were highly
informative for delineation of closely related species and were suggested as potential
phylogenetic markers for the Sordariomycete class (Walker et al., 2012a).

Alternative gene regions that might be considered as high resolution phylogenetic

markers in Ceratocystis species are mitochondrial genes. The mitochondrial cytochrome ¢
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oxidase | (Coxl) gene is the official barcode for species identification in the animal Kingdom
and was thus considered as a marker for fungal classification (Schoch et al., 2012). However,
it has been excluded from phylogenetic studies in fungi due to multiple introns, the presence
of homologous copies and the low phylogenetic signal it provides in many genera (Chase and
Fay, 2009; Gilmore et al., 2009; Seifert, 2009). Nonetheless, the Coxl region was more
informative than ITS in Penicillium species delineation and contained limited introns (Seifert et
al., 2007). Thus, it should not be disregarded until it has been evaluated for Ceratocystis
species.

Even though the phylogenetic application of mitochondrial genes in the Fungal
Kingdom is discouraged (Schoch et al., 2012; Seifert, 2009), recent studies have identified
some regions with low intron density which increases their potential as phylogenetic markers.
For example, a bioinformatic approach was used to identify the abundance of introns in the
mitochondrial sequences of all ascomycota submitted on Genbank (Santamaria et al., 2009).
The study confirmed the high density of introns throughout most mitochondrial gene regions
and the only gene without introns was NADH dehydrogenase subunit 6 (ND6). Three
additional regions, ND3 and the 3’ end of ND4 and ND5, had very low levels of mobile introns.
These four mitochondrial genes could serve as phylogenetic markers but their utility still needs
to be confirmed as very few fungal phylogenetic studies have applied them to date.

An alternative group of gene regions that can be investigated for species delimitation in
phytopathogenic fungi are pathogenic factors such as effector molecules. Effectors are
involved in the secondary line of defence during plant-pathogen interactions by assisting in
host infection processes and suppressing host defence responses (Chakrabarti et al., 2011;
Stergiopoulos and De Wit, 2009). These molecules can be related to the host on which the
fungus occurs (Hogenhout et al., 2009) and have the potential to show variation between
related species. The SIX6 effector gene was compared in four formae speciales of Fusarium
oxysporum and contained a significant amount of amino acid sequence differences to
distinguish between the formae speciales (Chakrabarti et al., 2011). Such markers might not
be selectively neutral and cannot be used to deduce the evolutionary history of the species
(Rintoul et al., 2012), but they could contain sequence variation between species that might be
useful for diagnostic marker development.

One of the pathogenicity factors investigated in multiple Ceratocystis species is the
pathogen associated molecular pattern (PAMP) protein; cerato-platanin (CP) (Comparini et al.,
2009). The CP protein is present in the mycelia and plays a role in fungal growth and
development during host infection (Baccelli et al., 2012). This single copy protein was
sequenced and aligned for the host-specific species C. platani, C. variospora, C. harringtonii,
C. cacaofunesta and other C. fimbriata s.I. species from different hosts (Comparini et al.,

2009). Multiple amino acid changes were identified between C. platani, C. variospora and C.
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harringtonii with fewer differences between closely related C. fimbriata s.l. species. However,
at a nucleotide level there might be a significant level of variation between closely related
species. Further analysis in the larger species complex is required but it could serve as a

diagnostic marker to distinguish between cryptic species.
4.2. Polymorphic markers

The GCPSR approach for species delineation is based on sequence data from multiple
gene regions but the amount of information obtained from these markers remains an under
representation of the overall variation present in an organism’s genome (Fitzpatrick et al.,
2006). The increase in available genome sequence data can be utilised for the discovery of
genome-wide polymorphisms that can be compared between different species. Two types of
polymorphism that have potential for species recognition include microsatellites and single
nucleotide polymorphisms (SNPs). Once polymorphic sites have been identified, rapid
diagnostic tools can be developed to screen for the polymorphisms in numerous individuals,

making large scale comparative studies feasible (Garvin et al., 2010; Guichoux et al., 2011).
4.2.1. Microsatellites

Microsatellites are known to occur in prokaryotes and eukaryotes and tend to be highly
polymorphic (Dettman and Taylor, 2004). Variation in the number of microsatellite repeats has
been used extensively for population studies but also has the potential to recognise distinct
species (Burgess et al.,, 2001; De Wet et al., 2003; Pavlic, 2009). Advantages of these
markers are their high mutation rate that can detect recent evolutionary events (Bhargava and
Fuentes, 2010), they are co-dominant markers that allows for the detection of both alleles in
an individual, results obtained are easy to score and the data generated are reproducible
(Dettman and Taylor, 2004).

A collection of 58 microsatellite makers have been designed for species in the C.
fimbriata s.l. complex to investigate the genetic diversity and structure of populations (Barnes
et al., 2001; Rizatto et al., 2010; Steimel et al., 2004). Some of these markers have also
shown potential to detect distinct Ceratocystis species. Microsatellite variation in host specific
isolates of C. fimbriata s.I. could group the isolates from different areas and different hosts into
six distinct clades (Barnes et al., 2001). Some of the clades have since been described as
separate species, including C. fimbriata s.s. from sweet potato, C. platani from plane trees in
Europe (Engelbrecht and Harrington, 2005), C. colombiana from coffee and citrus trees (Van
Wyk et al., 2010) and C. harringtonii from Poplus sp. in North America (Johnson et al., 2005).
A set of 10 additional microsatellite markers, specific to species in the C. fimbriata s.l.
complex, were recently developed (Simpson et al., 2013) and could distinguish between 12

species in the complex.
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The collection of 58 microsatellite markers (Barnes et al., 2001; Steimel et al., 2004)
have been investigated in only a few of the C. fimbriata s.I. species. These markers might also
distinguish many of the newly identified, cryptic species and can be investigated in future
studies. The 10 new markers (Simpson et al., 2013) have conclusively confirmed the use of
microsatellite markers for C. fimbriata s.l. species identification but have not been evaluated
on some of the problematic species, such as C. mangicola, C. mangivora and C.
eucalypticola. The variation between these species can be investigated in the 10 microsatellite

markers.
4.2.2. Single nucleotide polymorphisms

A single nucleotide polymorphism (SNP) is the result of a single basepair mutation
when a nucleotide, commonly found in the population, is replaced by an alternative nucleotide
(Schork et al., 2000). When this mutation is transferred from one generation to the next and is
eventually fixed in at least 1% of a population, the single nucleotide variation is termed a SNP
(Human Genome Project Information, US Department of Energy genome programs,
Washington, DC, http://genomics.energy.gov). SNPs can be highly informative polymorphic
markers since they are more abundant in the genome than other variable mutations such as
microsatellites or indels (Fakhrai-Rad et al., 2002; Gupta et al., 2001). SNPs generally have
low mutation rates, compared to microsatellites, and might be evolutionary more conserved,
allowing identification of orthologous sites in further related species (Broders et al., 2011,
Fakhrai-Rad et al., 2002). SNPs occur in coding as well as non-coding regions, including
exons, introns and regulatory regions (Schork et al., 2000). The frequency of SNPs in a
genome can vary significantly between different fungal species. For example, in
Ophiognomonia species, the occurrence of SNPs is relatively low with 1 SNP found every
599 276 bp but in Fusarium graminearum, the SNP density is as high as 0-17.5 SNPs per kb
(Broders et al., 2011).

The SNP differences between isolates can be used to identify SNPs that are
conserved within a species but variable between species (Pérez, 2010). SNP identification
can be performed through genome-wide sequence comparisons of numerous isolates.
Sequencing costs can be lowered by sequencing reduced representations of a genome such
as restriction enzyme digested libraries (AFLP and RAD) or transcriptome libraries. Each
individual can also be uniquely labelled prior to sequencing which enables multiplexing of
individuals (Helyar et al., 2012; Van Tassell et al., 2008). Sequencing technologies such as
pyrosequencing and lllumina (RAD-sequencing) have been used effectively for identification of
SNPs used in population and phylogeographic studies (Broders et al., 2011; Chouvarine et al.,
2012; Decker et al., 2009; Fakhrai-Rad et al., 2002; Hohenlohe et al., 2011).

26

© University of Pretoria


http://genomics.energy.gov/

ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Interspecies comparisons of diagnostic SNP markers have confirmed the utility of SNP
data to distinguish between plant as well as animal species (Chouvarine et al., 2012; Garvin et
al., 2011; Jones et al., 2013; Wang et al., 2013). There are few reports describing the utility of
SNP markers for fungal species delineation but a recent study on three fungal genera,
Neofusicoccum, Fusarium and Teratosphaeria, suggested these markers are useful in fungi
as well (Pérez, 2010; Pérez et al., 2012). In this study an average of 18 polymorphic markers
were developed for each genus and could effectively distinguish between cryptic species that
were not separated by single gene phylogenetic markers. The SNP diversity within and
between species in the C. fimbriata s.I. complex have not been investigated and provides
great potential to assist in the identification of cryptic species.

5. Conclusions

This literature review provides a summary of the known species in Ceratocystis, the
species complexes into which they are classified and the methodologies that have been used
for the identification and taxonomy of the species. The C. fimbriata s.I. species complex is
currently the largest complex in the genus and most of the species in the complex are
pathogenic to their hosts (Engelbrecht and Harrington, 2005; Van Wyk et al., 2011b; Wingfield
et al., 2013). Some species cause death of forest plantation trees, ornamental and fruit trees
and have had a significant economic impact on plantation and fruit orchard industries (Al
Adawi et al., 2006; Engelbrecht and Harrington, 2005; Heath et al., 2009). Species in this
complex have rapidly spread throughout the globe as a result of anthropogenic activity and
now occur in countries on almost every continent. Some of the species have also displayed
the ability to jump from one host, such as fruit trees, to native leguminous trees, increasing
their potential economic threat (Al Adawi et al., 2013; Chen et al., 2013; Tarigan et al., 2010).
In order to investigate the full host range and geographical distribution of such pathogens it is
essential to have reliable tools for identification of species in the C. fimbriata s.l. complex.

A diverse collection of species identification methods have been used in Ceratocystis
species. Morphological species recognition criteria represents the historically oldest method
applied (Upadhyay, 1981) but this review illustrates that morphology provides limited or no
variation between closely related species (Van Wyk et al., 2011a; Van Wyk et al., 2011b).
Even though biological species recognition has been useful for the delineation of some
species, this method also has technical constraints and might not be very reliable in certain
cases (Taylor et al., 2000). DNA sequence data have had a profound impact on the rate and
accuracy of species identification in Ceratocystis taxonomy. The combination of phylogenetic
gene regions for GCPSR has enabled the identification of numerous cryptic species in the
genus (Mbenoun et al., 2013; Van Wyk et al., 2007a).
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This review has highlighted the fact that the gene regions currently used to distinguish
between Ceratocystis species have limitations in their phylogenetic utility. Some of the cryptic
species identified are primarily based on sequence differences in their ITS region. The recent
discovery of multiple ITS sequences in single isolates (Naidoo et al., 2013) has caused
uncertainty about the use of this marker for future species descriptions (Harrington et al.,
2014). There is, therefore, a need to screen existing alternative markers or develop new
molecular markers to support the ITS phylogeny in Ceratocystis.

The aims of this thesis will be to investigate the potential use of alternative markers for
species delineation in the C. fimbriata s.|. complex. For this purpose, a number of gene
regions identified in this literature review will be investigated. The regions include those used
in AFTOL and FBoL studies and genes identified from the FUNYBASE database (Marthey et
al., 2008). In addition, the potential of SNP markers to provide significant support for species
discrimination in Ceratocystis will be investigated. This method has not been studied
extensively in fungal species and could prove to be informative. The thesis will then focus
more specifically on addressing the species concept problems associated with the
economically important species C. manginecans and C. acaciivora and investigate potential
new areas where the species occur. The use of microsatellite markers to detect variation
within and between these two species will also be investigated. It is envisaged that the new
data presented in this thesis will help resolve the dilemma which now faces C. fimbriata s..
taxonomy by providing additional insights on the current classification of the species in this

species complex.
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fimbriata sensu lato complex
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ABSTRACT

Ceratocystis fimbriata sensu lato represents a complex of closely related fungi that are
mostly plant pathogens. Morphological variation between the species in this complex is
limited and species delineation is strongly reliant on phylogenetic inference. Primary support
for many of the species is based on the ITS region which, on its own, has been used to
delineate all species described in the complex. However, the recent discovery of two ITS
types in a single isolate of C. fimbriata s.l. questions the use of this marker in taxonomic
studies. The aim of this study was to consider the potential use of alternative gene regions to
support the species boundaries in this complex. The phylogenetic value of the B-tubulin 1
(BT 1) and Translation Elongation Factor 1-a (EF 1-a) gene regions, generally used in
combination with ITS, were re-evaluated and compared to five single copy protein coding
genes (Calmodulin, RPBII, MS204, FG1093 and Mcm7). As an alternative approach,
genome-wide single nucleotide polymorphisms (SNPs) were identified and evaluated as
diagnostic markers to distinguish between the species. Fifteen species in the C. fimbriata s.l.
complex were used in this study. None of the protein coding genes could be used to
distinguish all species but a combination of the BT 1, MS204 and RPBII gene regions
resolved 11 of the 15 described species. Unique SNP markers were identified for 13 of the
species and these provided significant additional support for most of the established taxon
boundaries. Other than ITS, none of the markers from this study could distinguish between
C. acaciivora and C. manginecans and these species could be reduced to synonymy.
Results of this study also revealed the likely existence of additional species in the C.

fimbriata s.l. complex.
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1. Introduction

A species is defined as a group of individuals that have a unique evolutionary history
and that have evolved independently from other lineages (Giraud et al., 2008). In the fungal
Kingdom, support for distinct species is based primarily on morphological, biological and
phylogenetic characters (Cai et al., 2011; Taylor et al., 2000). However, the classical
morphological species recognition approach lacks the capacity to distinguish between
closely related taxa. Furthermore, the biological species concept is not possible for all fungi
and it can be unreliable and misleading in laboratory environments (Harrington, 2000; Taylor
et al., 2000). During the course of the past 25 years, phylogenetic analysis and genealogical
concordance phylogenetic species recognition (GCPSR) has gained acceptance for the
recognition of many new taxa that would not have been possible based on other criteria
(Bridge et al., 2005; Rintoul et al., 2012; Taylor et al., 2000).

Ceratocystis, a genus of insect-associated fungi, provides a useful example of how
the morphological, biological and phylogenetic species recognition criteria have been applied
in taxonomic studies. The type species, Ceratocystis fimbriata sensu stricto (s.s.) was first
described more than 120 years ago as the causal agent of root rot on sweet potato (Halsted,
1890). Since then, 61 distinct species have been described in Ceratocystis based on a
combination of various recognition criteria. The majority of these species reside in three well-
supported species complexes defined as C. coerulescens, C. moniliformis and C. fimbriata
sensu lato (Mbenoun et al., 2013; Wingfield et al., 2013).

Up until the early 2000’s, species of the C. fimbriata s.I. complex were primarily
defined based on unique morphological characteristics (Barnes et al., 2003; Kile et al., 1996;
Upadhyay, 1981; Wingfield et al.,, 1996). In some cases identification has been
supplemented using mating studies (Engelbrecht and Harrington, 2005; Ferreira et al., 2010)
which, for example, could be used to confirm the species boundaries of C. fimbriata s.s., C.
platani and C. cacaofunesta (Engelbrecht and Harrington, 2005). However, the recognition
of the majority of cryptic species in Ceratocystis was based on DNA sequence data and
phylogenetic inference (Van Wyk et al., 2011a; Wingfield et al., 1996).

Since the incorporation of DNA sequence data for species delineation in 1996
(Wingfield et al., 1996), 77% of the species currently known in the Genus Ceratocystis have
been described. Initial phylogenetic species delineation relied heavily on gene genealogies
of the 5.8S and surrounding internal transcribed spacer regions 1 and 2 (ITS1 and ITS2)
(Barnes et al., 2003; Roux et al., 2004). In an attempt to increase the resolution of species
boundaries, sequences of the B-tubulin 1 (BT 1) and Translation Elongation Factor 1-a (EF
1-a) gene regions have generally been used in combination with the ITS region for species
delineation (Van Wyk et al., 2012; Van Wyk et al., 2011b).
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The Fungal Barcode of Life (FBoL) consortium has defined the ITS region as the
barcode for fungal species identification (Schoch et al., 2012), although it is recognised that
the region is not reliable for delineation of all species. Intragenomic ITS variation has been
reported in single isolates of some fungi such as species of Fusarium (O'Donnell and
Cigelnik, 1997), Laetiporus (Lindner and Banik, 2011), and more recently in a species of
Ceratocystis (Al Adawi et al., 2013; Naidoo et al., 2013). In the case of Ceratocystis, the one
ITS sequence obtained from an isolate was identical to that of C. manginecans, while the
second ITS type differed by seven nucleotides and had the same sequence as C. acaciivora.
Whether similar problems exist for all species in the C. fimbriata s.I. complex has not been
confirmed, although it has recently been suggested in species closely related to C.
acaciivora and C. manginecans (Harrington et al., 2014).

Most of the cryptic species in the C. fimbriata s.l. species complex have been
separated on the basis of genealogical concordance but a few of these receive the majority
of phylogenetic signal from the ITS region (Harrington et al., 2014; Tarigan et al., 2011; Van
Wyk et al., 2011a; Van Wyk et al., 2011b). The two additional gene regions used in GCPSR,
BT 1 and EF 1-q, contain limited variation and provide very low or no significant bootstrap
support for these species. This situation occurs in species such as C. curvata, C.
ecuadoriana, C. mangicola, C. mangivora, C. acaciivora, C. manginecans and C.
eucalypticola (Tarigan et al., 2011; Van Wyk et al., 2012; Van Wyk et al., 2011a; Van Wyk et
al., 2011b).

Alternative gene regions that can be used for phylogenetic analysis of C. fimbriata s.|.
species include regions used in fungal phylogenetic studies such as the Assembling the
Fungal Tree of Life (AFTOL) and FBoL projects (Seifert, 2009; Spatafora, 2005). These
include the ribosomal small subunit (SSU), 1% and 2" largest subunits of RNA polymerase I
(RPBI and 1), ATP synthase 6 (ATP6), B-tubulin 2 (BT 2) and Calmodulin gene regions
(O'Donnell et al., 2000; Spatafora, 2005). In addition, various single copy protein coding
genes, conserved in most fungi, have been identified from genome comparisons (Aguileta et
al., 2008; Marthey et al., 2008). Some of these genes that might be useful as phylogenetic
markers include the pre-rRNA processing protein (Tsrl), mini-chromosome maintenance
protein (Mcm7), 60S ribosomal protein L37 (FG1093) and guanine nucleotide-binding protein
subunit beta-like protein (MS204) and the latter two showed good potential to delineate
closely related species (Raja et al., 2011; Schmitt et al., 2009; Tretter et al., 2013; Walker et
al., 2012b).

Single nucleotide polymorphisms (SNPs) that differ between species also provide
opportunities as taxonomic markers. SNPs can occur at high frequencies in a genome and
are more conserved than other polymorphisms since they do not change the reading frame

in coding regions (Fakhrai-Rad et al., 2002). Diagnostic SNP markers have consequently
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been applied in a wide range of studies on, for example, plants (Chouvarine et al., 2012;
Wang et al., 2013), animals (Garvin et al., 2011; Jones et al., 2013) and fungi (Pavlic, 2009;
Pérez, 2010; Pérez et al., 2012) to distinguish between species.

There is a significant need for additional molecular markers to clearly and accurately
differentiate between closely related species in the C. fimbriata s.l. complex, especially due
to their importance as plant pathogens. Many species in this complex are the cause of
important diseases including root rot, wilt and cankers, especially on trees but also on
various root crops (Al Adawi et al., 2013; Engelbrecht and Harrington, 2005; Halsted and
Fairchild, 1891; Kamgan et al., 2012; Tarigan et al., 2011; Van Wyk et al., 2010). The aim of
this study was, therefore, to reassess the phylogenetic value of the BT 1 and EF 1-a gene
regions for taxonomic purposes and, in addition, to consider the potential of additional
genetic markers to distinguish between the species in this complex.

2. Materials and methods
2.1. Fungal isolates and DNA extraction

Fungal isolates of 15 well-defined species in the Latin-American clade of the C. fimbriata
s. |. species complex (Mbenoun et al., 2013), were obtained from the culture collection
(CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria,
South Africa. Species included C. fimbriata s.s., C. cacaofunesta, C. manginecans, C.
platani, C. acaciivora, C. colombiana, C. curvata, C. diversiconidia, C. ecuadoriana, C.
eucalypticola, C. fimbriatomima, C. mangicola, C. mangivora, C. neglecta and C. papillata
(Table 1). Two C. pirilliformis isolates were included as outgroups for the phylogenetic
studies. Depending on availability, between two and five isolates from different geographic
locations and/or hosts were chosen per species, including the type strain of each species. All
isolates were grown in culture on 2% malt extract agar (MEA) supplemented with 50 mg/I
streptomycin (Sigma-Aldrich, Germany) and 100 pg/l thymine (Sigma-Aldrich, Germany).

For DNA extraction, mycelium was scraped from the surface of MEA plates and freeze
dried. Samples were crushed to a powder with sterile metal beads in a Mixer Mill type MM
301, Retsch® tissue grinder (Retsch, Germany). DNA was extracted using a
phenol/chloroform method (Goodwin et al., 1992). Extracted DNA was quantified using a
Nanodrop ND_1000 instrument (Nanodrop, Wilmington, Delaware) and the quality assessed
by gel electrophoresis on a 1% agarose gel (AGE). For AGE, 5 pl DNA was combined with 2
pl GelRed™ (Biotium, California) and the DNA visualized under UV illumination. DNA

concentrations were standardized to a working dilution of 30 ng/pl for subsequent reactions.
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2.2.  Single copy phylogenetic gene regions

2.2.1. Primer design, PCR amplification and sequencing

Regardless of whether or not ITS sequence data were available on GenBank,
amplification and sequencing of all isolates were repeated in this study to avoid
discrepancies. The ITS1 and ITS4 primers (White et al., 1990) were used for amplification.
Due to a long poly-A repeat in the sequence, primers ITS2 and ITS3 were used for additional
sequencing of the internal regions in some isolates (White et al., 1990).

Seven additional gene regions were tested for amplification and their potential to be
used as phylogenetic markers in the C. fimbriata s.l. complex evaluated. These were Mcm?7,
Tsrl, Calmodulin (CAL), RPBII, B-tubulin 2 (BT 2), FG1093 and MS204. Information for all
primers used in PCR and sequence reactions in this study are summarised in Table 2. The
Mcm7 region was amplified with primers Mcm7-709 and Mcm7-1348 (Schmitt et al., 2009)
and CAL with CAL2F and CAL2R2 primers (Duong et al., 2012). Some primers were
modified at a few nucleotide sites to be more specific for species in the C. fimbriata s.l.
complex by aligning them to the C. fimbriata s.s. genome (GenBank Accession number
APWKO01000000)(Wilken et al., 2014). For amplification of the FG1093 region, the
FG1093F.cerato and FG1093R.cerato primers were modified from the original FG1093 E1F1
and FG1093 E3R1 primers (Walker et al., 2012b). For the MS204 region the
MS204F.cerato and MS204R.cerato primers were modified from the MS204 E1F1 and
MS204 E5R1 primers. For species where amplification proved problematic, a smaller region
of MS204 was amplified with the primers MS204F.ceratoB and MS204R.ceratoB. Various
primer combinations were tested for the Tsrl region. This included testing the original
primers (Schmitt et al., 2009), primers modified from the original (Tsrl.cerato) as well as a
completely new forward primer designed in this region. Primers RPB2-5Fb and RPB2-7Rb,
used to amplify the RPBII region, were modified from the original RPB2-5F and RPBI2-7R
primers and T1d (Duong et al., in preparation), Btld, and Bt2d were used for amplification of
the BT 2 region (Duong et al., in preparation). For isolates where there were no reliable data
available for the BT 1 and EF 1-a regions on GenBank, these were amplified using primers
Btla and Btlb (Glass and Donaldson, 1995) for BT 1 and EF1-728F and EF1-986R (Jacobs
et al., 2004) for EF 1-a.

PCR reaction mixtures with a total volume of 25 pl, consisted of 30 ng DNA, 1.5 units
FastStart Tag DNA polymerase with 2.5 pl 10x FastStart Tag DNA polymerase PCR buffer
(with 1.5 mM MgCl,) (Roche Applied Science, South Africa), 250 uM dNTP and 0.2 pM
forward and reverse primer or 0.8 pM in the case of the degenerate primers. MgCl,
concentration differed for different primer sets (Table 2). An Expand-PCR program was used
for amplification of the following primer sets: ITS, Mcm7, 8t 1, EF1-a, MS204 (MS204.cerato)
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and FG1093. The program was as follows: 96 °C 10 min, (94 °C 30s,55°C 455s,72°C 1
min) x 10 cycles, (94 °C 30 s, 55 °C 45 s, 72 °C 1 min + 5 s/cycle increase) x 30 cycles, 72
°C 10 min. Annealing temperatures differed for each primer set (Table 2). The PCR program
for CAL, RPBII, BT 2 and MS204.ceratoB was 95 °C 5 min, (95°C 30s,64°C 30s,72°C1
min) x 35 cycles, 72 °C 8 min.

To confirm PCR amplification success of all primer sets, AGE (Agarose Gel
Electrophoresis) was performed by combining 2 pl PCR product and 2 pl GelRed™ (Biotium,
California) and separating DNA fragments on a 2% agarose gel. DNA bands were visualized
under UV illumination. PCR and sequence products were purified with 6% Sephadex G-50
columns using the manufacturer's protocols (Sigma-Aldrich, Germany). Amplification
reactions for sequencing were performed using the ABI PRISMrv Big DYE Terminator Cycle
Sequencing Ready Reaction Kit (Applied BioSystems, Foster City, California), following the
manufacturer's protocols. Sequences were generated on an ABI PRISMmv 3500xl
Autosequencer (Applied BioSystems, Foster City, California, USA). All sequence data
generated in this study were submitted to GenBank (see Table 1). For the FG1093 region,
some isolates required cloning to obtain optimal sequence results. Cloning was performed
with a pGEM®-T Easy Vector System, following the manufacturer’s instructions (Promega,
Madison, USA).

2.2.2. Sequence alignment and phylogenetic analysis

The quality of the raw sequence reads were evaluated and assembled in CLC Bio
Main workbench v.6 (CLC Bio, www.clcbio.com). Consensus sequences for each gene
region of all isolates were aligned in MAFFT v.6 with the alignment strategy set to E-INS-i for
the ITS data set and L-INS-i for all other data sets (Katoh et al., 2005). Alignments of the
data sets were also manually inspected and edited in MEGA 5 (Tamura et al., 2011). Two of
the gene regions contained a long poly-A repeat region and this was excluded from the
analyses. Maximum parsimony analysis (MP), Maximum likelihood (ML) and Bayesian
inference (Bl) were applied to each data set individually for tree construction. Parsimony
analysis was performed in PAUP v. 4.0 (Swofford, 2002) and trees were obtained using the
heuristic search option with 1000 replicates with random addition of sequences and a tree
bisection reconnection (TBR) branch swapping strategy. Both introns and exons were
considered for each gene region. Indels were treated as a 5" character. For application in
ML and Bl analyses, the best model of evolution for each gene region was identified using
jModelTest 0.1 and applying the Akaike Information Criterion (Posada, 2008). ML tree
construction was performed in PhyML 3.0 (Guindon and Gascuel, 2003) with the following

criteria: proportion of invariable sites was 0, gamma shape was estimated by the program
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and the number of substitution sites were set to 6 (except for T 1 where nst=2). The starting

tree was obtained using a BioNJ approach and the branch swopping strategy was set to
select the best of either NNI or SPR algorithms. Statistical support for the branches of both
MP an ML trees was obtained by 1000 replicates of non-parametric bootstrap analysis of the
sequence data. Ceratocystis pirilliformis forms part of the C. fimbriata s.I. complex but is
distantly related to the species in the Latin-American clade and was thus selected as the
outgroup to root the trees.

Additional branch support was obtained through Bayesian analysis applying a
Markov Chain Monte Carlo (MCMC) algorithm in the program MrBayes v.3.1.2 (Ronquist
and Huelsenbeck, 2003). Tree searching was performed using four independent chains and
were run for 6 000 000 generations, sampling every 100" tree. Analyses were run twice and
concordance between the two sets was investigated by comparing the log likelihoods in
Tracer v.1.5 (Rambaut and Drummond, 2009). The burn-in for each dataset was performed
in MrBayes and set to 10 000 generations. The posterior probabilities for the tree topology
were obtained by constructing a consensus tree from the data using MrBayes and viewing it
in TreeView X (Page, 1996).

2.2.3. Phylogenetic value of single genes and gene combinations

A combination of criteria was used to select the gene regions with the most potential
to be used as phylogenetic markers. A three and four gene region combination was
evaluated. This was based on i) the number of species that could be distinguished with
significant bootstrap and Bayesian support values (>70 BS and >95 BI) by the gene region,
i) the number of species shown to be monophyletic based on the genealogical sorting index
(gsi) value (Cummings et al., 2008) and iii) the congruence in tree topology as compared to
a combined reference tree (Nye topological score) (Nye et al., 2006).

The gsir is a statistical support value, additional to BS and Bl values, that indicates
the exclusive ancestry of a group of organisms in a genealogy and has proven informative in
recent fungal phylogenetic studies (Sakalidis et al., 2011; Taole et al., 2012; Walker et al.,
2012a). The analysis produces a value on a scale from 0 to 1 for each identified group, with
0 indicating no exclusive ancestry from other groups in the genealogy and 1 representing
monophyly. For each gene region the gsi value was calculated for 100 ML bootstrap trees
randomly selected and 10 000 permutation tests were performed for statistical support of
each gsi value. From these values, the gsir was calculated as a weighted average of all 100
gsi values for each gene region and was considered statistically significant if it had a P-
value<0.05 (Sakalidis et al., 2011). All calculations were performed online at

http://www.genealogicalsorting.org/index.php.
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To determine how accurately each individual gene region represents the
relationships among all taxa, a Bayesian consensus tree for each gene region was
compared to a combined reference tree of all the gene regions (Aguileta et al., 2008). The
combined reference tree was constructed from all eight gene regions using a Bayesian
approach as described in Aguileta et al. (2008), incorporating the corresponding nucleotide
substitution model for each gene region. The topological difference in tree topologies were
compared in the online program ‘compare2trees’
(http://lwww.mas.ncl.ac.uk/~ntmwn/compare2trees/index.html), based on an algorithm that
compares the branches and partition of nodes between two trees and gives an overall
topological congruence score (Nye et al., 2006). An overall score of 85% was selected as
the cut-off point for a marker to be compatible with the other regions considered.

The five most informative gene regions were selected on the basis of the three
criteria as stated before. A partition homogeneity test (PHT), with 1000 repeats, was
performed on different arrangements of three and four gene region combinations in PAUP
4.0 to determine whether the sequences could be combined (Swofford, 2002). The
combined tree, based on three or four gene regions, was constructed using MP, ML and BI
analyses. ldentical conditions, as those applied to the individual gene regions, were used in

the different tree construction methods.

2.3. Development of SNP markers

2.3.1. Sequence data generation for SNP calling

SNP markers were developed from 454 sequence data for six species in the C.
fimbriata s.I. species complex. These markers could subsequently be used to consider
variation in the rest of the species in this species complex. This method was shown to be
effective during a previous study on fungal species complexes (Pérez, 2010; Pérez et al.,
2012). To generate sequence data, reduced representations of genome sequences were
generated with a protocol similar to the initial steps of an AFLP protocol up to the pre-
amplification step (Myburg and Remington, 2000) and sequenced with 454 pyrosequencing.
Isolates included for sequencing were C. fimbriata s.s. (CMW 1547, 15049, 14799) (Table
1), C. cacaofunesta (CMW 14809, 15051, 14798), C. platani (CMW 14802, 23918, 23450)
and a combined group consisting of C. manginecans, C. acaciivora, C. mangicola and C.
mangivora (CMW 13851, 13852, 21123, 22563, 17568, 17570, 23623, 14797, 15052), which
are referred to as the C. manginecans group in this study.

DNA digestion and adapter ligation: All genomic DNA was digested with a
frequent and a rare cutting restriction enzyme, followed by ligation of restriction enzyme

specific adapters to the DNA fragments. A master mix digestion reaction consisting of 1x R/L
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buffer, 2 units EcoRlI, 2 units Msel and ddH,O to a final volume of 10 pl per sample was
used to digest 150 ng genomic DNA. The DNA solution was made up to a 20 pl reaction
volume with ddH,O and this was mixed with 10 ul of master mix. The reaction was incubated
for 3 hrs at 37 °C, followed by 15 min at 65 °C. The ligation reaction was performed directly
afterwards by combining 30 pl digested DNA with 10 pl ligation master mix (1x R/L buffer,
1mmMm ATP pH7, 1 pmol EcoRI- and 10 pmol Msel adaptors, 1 unit T4 DNA ligase up to 40 pl
final volume with ddH,0O) and was incubated for 3 hrs at 22 °C.

PCR preamplification: Preamplification reactions were performed with 5 pl of the
ligated products. Total reaction volumes of 30 pl consisted of 1x PCR buffer (+1.5 mm Mg),
0.2 mMm dNTP, 0.3 um EcoRI+A primer, 0.3 pM Msel+C primer, 0.6 units Taq polymerase
(Expand Taq). The PCR program was as follow: 94 °C for 4 min, (94 °C for 30 s; 56 °C for
30 s; 72 °C for 1 min + 1 s/cycle extra) x 25 cycles, 72 °C for 2 min. Amplification smears
were analysed by AGE on a 2% gel.

Pooling of isolates into species groups: Amplicons of all the isolates of the same
species were pooled in four sample sets representing C. fimbriata s.s., C. cacaofunesta, C.
platani and C. manginecans. Amplicons were pooled by combining 25 ul PCR product of
each isolate and then precipitated with 0.1 vol of 10 M NaOAc and 2.5 vol absolute ethanol
and incubated on ice for 10 min. Samples were then centrifuged and washed with 70%
ethanol and the dried product resuspended in 30 ul H,O.

Size separation: Sample sets were size-separated on a 1.2% agarose gel at 60 V
for 1 hr. Bands in the size range of 150-450 bp were excised and purified using
NucleoSpin® Extractll kit (Macherey-Nagel, Germany).

DNA tagging and 454 sequencing: 454-adapters with identity tags for each of the
four species were added to the DNA fragments by means of a PCR reaction. The primer
sequences for the forward reaction consisted of the 454 adaptor A sequence plus the
species specific sequence tag plus the EcoRIl adaptor specific sequence (Sequence:
5’GCCTCCCTCGCGCCATCAG-NNNN-GACTGCGTACCAATTC3’). The reverse primer
sequence consisted of the 454 adaptor B sequence, the species specific sequence tag, and
the Msel adaptor specific sequence (Sequence: 5GCCTTGCCAGCCCGCTCAG—-NNNN-
GATGAGTCCTGAGTAAZ') (Pérez, 2010). The species specific identification tag for the C.
cacaofunesta sample set was ATCG, CTAG for the C.fimbriata s.s. sample set, AGCT for
the C. platani sample set and CAGT for the C. manginecans samples. The program for the
PCR amplification was 94° 2 min, (94 °C 30 s, 60 °C 30 s, 72 °C 60 s) x 25 cycles, 72 °C 2
min.

PCR amplicons from all four sample sets were precipitated using 10 pl NaOAc (10 m)
and 200 pl absolute ethanol (100%). DNA concentrations of all amplicons were adjusted to

30 ng/pl and 20 pl of each of the four samples were pooled to a final volume of 80 pl. The
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product was sequenced using a Genome Sequencer 454 FLX (Roche, Ingaba Biotec,

Pretoria, South Africa).
2.3.2. SNP identification, marker development and application to C. fimbriata s.l. species

Raw reads from the 454 sequencing were assembled using CLC Genomics
workbench 5.0 (CLC Bio) and contigs were generated for orthologous regions, containing
sequences from all four species. Contigs were constructed with the following parameters:
similarity = 0.8, length fraction = 0.5, insertion and deletion costs = 3, mismatch cost = 2 and
minimum contig length = 200. Each contig was investigated individually to determine the
presence of SNPs that were conserved within a species but able to differentiate between
species. Informative contigs were identified based on the number of SNPs present in a
contig (minimum of 4 SNPs) and the number of species between which the SNPs could
differentiate. For the purpose of this study, a nucleotide difference was considered as a
species specific SNP only where it occurred in the majority of reads of at least one of the
species. Regions that were present in the C. fimbriata s.s. genome more than once, based
on BLAST results, and regions too variable for primer design were excluded.

For the selected contigs, primers were designed in the non-variable regions flanking
the informative SNP region, using CLC Main workbench 6.0 (CLC Bio). Where SNPs were
located inordinately close to the 3’ or 5’ end of the contig the Ceratocystis fimbriata s.s.
genome (GenBank Accession number APWK01000000) was used to design primers located
upstream or downstream from the SNP regions. Parameters were set for a maximum primer
length of 22 bp, minimum primer length of 18 bp, maximum G/C content of 0.6, minimum
G/C content of 0.4, maximum melting temperature of 58 °C and a minimum melting
temperature of 48 °C. All primers pairs were designed with Tm temperatures as close to one
another as possible in order to simplify multiplex PCR reactions. The designed primers
(Table 3) were synthesized by Ingaba Biotech (Pretoria, South Africa).

Each of the designed primer sets were first tested on the four species used for 454
sequencing. This was to ensure PCR success and to confirm the presence of the SNPs as
predicted using the 454 data. The regions that were most informative and amplified well in
the majority of species were selected and amplified in three to five additional isolates of all
other species included in this study (Table 1). PCR conditions were identical to those used
for the single gene region amplification. The PCR program was as follow: 95° 5 min, (94 °C
305s,55°C30s, 72 °C 90 s) x 38 cycles and a final extension of 72 °C for 10 min.

PCR products were amplified in 96-well PCR plates and purified by means of an
ExoSAP method (Glenn and Schable, 2005). Purified PCR products were used for

amplification of sequencing products performed in 96-well MicroAmp® reaction plates.
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Sequence products were purified using ethanol precipitation (Glenn and Schable, 2005). The
dried product was sequenced on an ABI PRISMmv 3500xlI Autosequencer (Applied
BioSystems, Foster City, California, USA).

2.3.3. Evaluation of SNP markers for species delimitation

Sequences from amplified SNP regions were assembled, analysed and edited in
CLC Main workbench 6.0 (CLC Bio). Two different approaches were utilised to investigate
the SNP variation between the isolates. First, the entire sequenced region for each SNP
primer set was considered and a combined dataset of all SNP regions was generated. A
cladogram was constructed from the dataset based on MP and Bl analysis using settings
similar to those used to analyse the single gene regions. Due to the presence of large indels,
gaps were coded as a 5th character using FastGap v.1.0.7 (Borchsenius, 2007). The best
model of evolution for each SNP region was determined using jModelTest 0.1 (Posada,
2008), and implemented in the Bl analysis.

In the second approach, only the SNP sites (SNPs and indels) from each region were
considered to construct a haplotype network. All of the SNPs, from the selected SNP
regions, were combined into a single concatenated SNP haplotype for each of the isolates.
This was constructed by aligning the sequences of all isolates for each SNP region
separately in MEGA 5 using MUSCLE alignment (Edgar, 2004) and removing the constant
sites. The variable sites from all SNP regions were then concatenated. Haplotypes were
determined from the aligned SNP data in DnaSP v. 5 (Librado and Rozas, 2009). Gaps were
included for haplotype construction. The identified haplotypes were used as input data to
construct a haplotype network, based on a median-joining algorithm, on NETWORK v.
4.6.1.1 (Bandelt et al., 1999).

3. Results
3.1. Fungal isolates and DNA extraction

DNA extraction was successful for all of the 64 isolates considered and the concentrations
ranged from 100 ng/pl to 1 500 ng/ul. Analysis of the DNA quality, using AGE, indicated that
the DNA was of acceptable quality with low levels of RNA contamination and the DNA for all
the samples was diluted to a concentration of 30 ng/ul for PCR amplification reactions.

3.2. Single copy phylogenetic gene regions

3.2.1. Primer design, PCR amplification and sequencing

PCR amplifications were successful for the majority of isolates for all gene regions,

other than Tsr1 and BT 2. Tsrl had a very low PCR success level and, even though the BT 2
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region amplified successfully, sequencing of this region was problematic due to a 12-16
nucleotide poly-A repeat in the intron region between exon 1 and 2. These gene regions
were thus excluded from further analyses. Expected amplicon sizes were obtained from
PCR reactions of the eight other gene regions resulting in fragments of + 550 bp for ITS, 600
bp for BT 1, 800 bp for EF 1-a, 600 bp for CAL, 600 bp for FG1093, 1200 bp for MS204 with
MS204.cerato primer set and 800 bp with MS204.ceratoB primer set, 700 bp for Mcm7 and
1100 bp for RPBII.

Amplification of the MS204 region with the MS204.cerato primer set (Table 2)
resulted in poor sequence results for 13 of the isolates but amplification with the redesigned
primer set (MS204 ceratoB) produced high quality sequences. The FG1093 region contained
a 12bp long poly-A repeat in some isolates, making downstream sequencing reactions
challenging. Additionally, in isolates of C. colombiana and C. ecuadoriana, conflicting base
calling was found at ten nucleotide sites in the sequence chromatogram. For this reason,
PCR products were cloned and both FG1093 haplotypes obtained for each species were
included in the phylogenetic analyses. Sequence data for the ITS region of the majority of
isolates was of good quality and did not contain any ambiguous sites. However, for 15 of the
isolates the data was unusable due to a long poly-A repeat in the region and GenBank data
were used for these isolates in downstream analyses (Table 1). Reliable sequence data for

the BT 1 and EF 1-a regions could also be obtained from GenBank for the majority of

isolates (Table 1).
3.2.2. Sequence alignment and phylogenetic analysis

Sequence alignment of the gene regions showed that the FG1093, MS204 and RPBII
gene regions contained the greatest number of variable sites, apart from ITS, while CAL and
Mcm7 contained the least (Table 4). From the aligned sequence data of each gene region
the total number of characters that could be used for phylogenetic analysis and the number
of parsimony informative characters were determined (Table 5). Even though RPBII had the
greatest number of characters (1129 bp), ITS and EF 1-a had the most parsimony
informative characters (197 and 42 bp).

The number of parsimonious trees produced from MP analysis as well as the
consistency index (Cl) and retention index (RI) values obtained for each gene region are
summarised in Table 5. jModelTest suggested different evolutionary models for each gene
region (Table 5) which were incorporated accordingly in ML and Bl analyses. The log
likelihood value for the most likely phylogenetic tree produced from ML analysis is
summarised in Table 5. The tree topology for each region was congruent in all three

methods of tree construction (MP, ML and BI) and one of the most parsimonious trees was
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selected for representation for each gene region (Fig. 1). Maximum parsimony and
Maximum likelihood BS values and Bayesian PP values are indicated on the branches.

The ITS region was the only region that provided statistically significant support for
all fifteen C. fimbriata s.|. species investigated (Fig. 1a). This was supported by either >70%
bootstrap (BS) values from MP or ML analysis, or >95% posterior probabilities (PP)
produced by Bayesian analysis or both. Phylogenetic trees produced from the regions Mcm7
(Fig. 1b) and EF 1-a (Fig. 1c) resulted in the lowest resolution, distinguishing only one (C.
diversiconidia) and three (C. colombiana, C. cacaofunesta and C. diversiconidia) species
respectively. The CAL gene region (Fig. 1d) provided support for four distinct species.
FG1093, RPBII, BT 1 and MS204 phylogenetic trees could distinguish the greatest number
of species. The FG1093 region enabled the recognition of five distinct species (Fig. 1e) and
the RPBII region distinguished between four to seven species (Fig. 1f). High Bayesian PP
values were obtained for seven monophyletic groups in RPBII but some BS values were only
between 60% and 70%. The BT 1 region (Fig. 1g) provided support for between five to six
distinct species and MS204 delineated eight species (Fig. 1h).

The species that were only resolved by the ITS gene region included C. acaciivora,
C. manginecans, C. mangicola, C. mangivora, C. curvata and C. eucalypticola (Fig. 1a).
Even though C. mangicola and C. mangivora could not be distinguished using the other
gene regions, the two species were supported as a single clade, separate from all other C.
fimbriata s.l. species, by BT 1 (87/63% BS and 95% PP) and RPBII (70% MP BS) (Fig. 1f
and 1g). Ceratocystis curvata and C. eucalypticola, also not distinguished using other gene
regions, had support values above 60% in the EF 1-a, FG1093 and MS204 gene
genealogies (Fig. 1c, 1e and 1h).

The C. cacaofunesta isolates included in this study, grouped in two distinct clades in
the phylogenetic trees of six of the gene regions. The BT 1, CAL, MS204, EF 1-a, RPBII and
ITS gene genealogies consistently grouped the isolates CMW 14803, 14809 and 15051 in
one clade (Clade A) and CMW 14798 and 26375 in another clade (Clade B). The BT 1, CAL,
MS204 and EF 1-a regions only provided significant branch support for Clade A to be
distinct, RPBII only supported Clade B and ITS significantly supported both clades. These

isolates appear to represent distinct taxa.
3.2.3. Phylogenetic value of single genes and gene combinations

The gsir values generally showed monophyly for the same species that had high
phylogenetic branch support values but could additionally suggest the degree of monophyly
for the species that had low branch support values. The gsir values for all species and all

eight gene regions are summarised in Table 6. The gsi analysis provided significantly
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stronger support than traditional phylogenetic analysis for at least two species in every gene
region (highlighted in Table 6).

The species C. acaciivora had low, but statistically significant gsir values from the BT
1 (gsit=0.27) and ITS (gsit=0.47) gene regions. This indicated incomplete lineage sorting.
Ceratocystis curvata and C. ecuadoriana had low branch support values in traditional
phylogenetic analyses. The gsir values were also low for C. curvata in the FG1093 and
MS204 gene regions with values of 0.37 and 0.4 but higher in EF 1-a with gsit=0.7 (Table 6).
For C. eucalypticola the gsir value in EF 1-a was not statistically significant but FG1093 and
MS204 indicated significantly higher values of 0.71 and 0.87, respectively. The separation of
the C. cacaofunesta isolates into two clades was supported by five gene regions (ITS, CAL,
BT 1, MS204 and Mcm7) for Clade A with gsir values ranging from 0.753 to 0.976, and
RPBII supported Clade B with a value of 0.923.

Comparison of tree topologies, based on Nye topological score, showed a minor
level of conflict between each region as compared to the eight gene region combined tree
(Fig. 2). Conflict was considered significant only where the specific branch was supported by
>70% MP or ML bootstrap support or >95% Bayesian PP. The EF 1-a region showed the
most conflict (80.4%), while CAL had the highest level of congruence (96.8%), followed by
RPBII (94.4%) and BT 1 (91%) (Fig.1).

The most significant conflict in the EF 1-a genealogy was the grouping of C.
ecuadoriana and C. cacaofunesta as closest relatives (Fig. 1c). FG1093 showed conflict in
the tree topology for two specific clades indicating C. ecuadoriana and C. colombiana (rather
than C. ecuadoriana and C. neglecta) to be closely related and also grouped C. curvata in
this clade (Fig. 1e). The positions of the second haplotypes of C. ecuadoriana and C.
colombiana, obtained from the cloned sequences, were located more accurately when
compared to the tree topologies of other gene regions. The second haplotype in C.
ecuadoriana grouped with C. neglecta. The second C. colombiana haplotype was also
supported as a distinct species. For this reason, the cloned sequences were used for the
combined gene region analyses. Mcm7 analyses showed that both C. cacaofunesta clades
were most closely related to C. colombiana and C. platani (Fig. 1b). MS204 grouped C.
platani together in a clade with C. ecuadoriana and C. neglecta (Fig. 1h). RPBII grouped
Clade B of C. cacaofunesta and C. colombiana together but the internal node was not
significantly supported (Fig. 1f).

The five gene regions that had the greatest potential to be applied as additional
phylogenetic markers for delimitation of C. fimbriata s.l. species were identified based on the
three criteria mentioned in 2.2.3 (Fig. 2). The RPBII, BT 1 and MS204 gene regions were
identified as the three most informative gene regions to be used in combination, with CAL

and FG1093 as additional gene regions. Various combinations of the five gene regions were
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considered in order to identify the least number of genes required to distinguish all described
species in the C. fimbriata s.I. complex. The partition homogeneity test (PHT) performed on
the gene combinations had values as follow: 0.063 for the RPBII, BT 1 and MS204 gene
combination, a value of 0.099 for the four gene combination where CAL was included and
0.01 for the four gene combination where FG1093 was included. Even though the latter
value is low, it is still acceptable and the gene combination would not decrease the
phylogenetic accuracy (Cunningham, 1997).

The three gene combination including RPBII, BT 1 and MS204 provided effective
delineation between most species in C. fimbriata s.l.. However, they could not be used to
distinguish between C. eucalypticola, C. curvata, C. acaciivora, C. manginecans, C.
mangicola and C. mangivora from each other. The four gene combination of RPBII, BT 1,
MS204, including CAL did not add any significance to the phylogenetic tree and CAL was
excluded from further analysis. Including the FG1093 region in the four gene combination
increased the support values for C. eucalypticola and C. curvata as distinct species. In order
to illustrate the resolution obtained from the four most informative gene regions this

combination was selected to construct the tree for presentation (Fig. 3; Table 5).
3.3. Development of SNP markers
3.3.1. Sequence data generation for SNP calling

The 454 pyrosequencing produced 33 418 reads, with and average read length of
200 bases. The number of reads per species group ranged from 3000 (C. manginecans) to
13 000 (C. platani) and could be assembled into 867 contigs. About 65 contigs were
discarded either because they consisted of a single read or because the contigs showed no
variation between species. The contigs that were retained for further use, had a coverage

ranging from 3 to 270 reads per contig.
3.3.2. SNP identification, marker development and application to C. fimbriata s.l. species

A total of 29 primer pairs were designed (Table 3), with an annealing temperature of
55 °C. The majority of the primer sets resulted in successful amplification in all 62 isolates,
producing a single band with expected fragment sizes for the different primer sets (Table 3).
SNP region 8 could not be amplified in C. diversiconidia and SNP region 12 could not be
amplified in C. mangivora, despite several attempts at optimisation. These two regions were
represented by N’s for subsequent analyses. Sequencing was successful for the majority of
samples after the first attempt but some required optimisation by increasing the annealing

temperature to 57-58 °C in the amplification reaction for sequencing. Amplification and
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sequencing for SNP regions 1, 2, 14 and 29 could not be optimized and were excluded from

subsequent analyses.

3.3.4. Evaluation of SNP markers for species delimitation

The nine most informative SNP regions identified were SNP 8,10,12,15,16,18,24,26
and 32 (Table 7). The full length sequence data of all nine combined SNP regions resulted in
2518 characters after alignment, which were used for cladogram construction. A total of 23
indels were present in the alignment and these were coded and included in analyses,
resulting in a total of 354 parsimony informative characters. The SNPs thus provided a
greater number of informative characters than the 305 sites obtained from the seven single
copy genes (Table 4 and 7). Since the nine most informative SNP regions were amplified
and sequenced in all the C. fimbriata s.l. species investigated, additional SNPs not initially
detected in the 454 sequence data, were identified.

Maximum parsimony analysis showed a CI of 0.770 and a RI of 0.960 and four most
parsimonious trees were produced from the analysis. jModelTest indicated the HKY
evolutionary model for SNP8 and SNP18, TIM1+G for SNP10, TrN+G for SNP12, TPM2uf+l
for SNP15, TIM1+| for SNP16, TIM1+I+G for SNP24, TPM3uf+G for SNP32 and HKY+I for
SNP26. The MP and BI approaches resulted in the same tree topology and both had a high
level of branch support for each clade. One of the cladograms, based on MP analysis, was
selected for presentation (Fig. 4A) and support values are shown above the branches.
Strongly supported, distinct groupings could be seen in the cladogram for C. colombiana, C.
curvata, C. diversiconidia, C. ecuadoriana, C. eucalypticola, C. fimbriata, C. fimbriatomina,
C. mangicola, C. mangivora, C. manginecans, C. neglecta, C. papillata and C. platani. As
was true for the protein coding gene regions, C. cacaofunesta isolates resided in two
different clades. Most C. acaciivora isolates could not be distinguished from C. manginecans
but isolates CMW 22563 and 22562 were located further away from the others, since they
had nucleotide differences in two SNP regions at three SNP sites (Table 7).

Analyses based only on the SNP sites resulted in a total of 360 characters, consisting
of 181 SNPs and 23 indels (Table 7). The SNP data provided fixed SNP differences between
all of the species except for some of the C. acaciivora isolates that were identical to C.
manginecans. A total of 29 haplotypes were revealed in the SNP data. The network analysis
combined some of the haplotypes at a single node, thus resulting in 25 external nodes (Fig.
4B). Most isolates of a single species showed minor levels of variation. However, a higher
level of variation was clear within the C. platani isolates. The isolates from USA represented
two separate haplotypes and the isolates from Europe (Greece and Switzerland)

represented a third haplotype. Despite the slight variation observed within a species, 13 of

53

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

the species defined using ITS sequence data, were clearly separated in the network and the

relatedness between species correlated with what is seen in the cladogram.

4. Discussion

The delimitation of many species in the C. fimbriata s.I. complex has been strongly
reliant on sequence data from the ITS region. In this study seven gene regions and nine
SNP markers were used to reconsider the boundaries of 15 of these taxa described in the
Latin American clade of the species complex. The resolution of these markers was
compared with that provided by the ITS, BT 1 and EF 1-a gene regions (Mbenoun et al.,
2013; Tarigan et al., 2011; Van Wyk et al., 2011b). While none of these alternative regions
were able to support all the species defined in ITS phylogenies, a combination of four gene
regions (BT 1, RPBII, MS204 and FG1093) provided significant support for the delineation of
most species. The SNP markers developed were more informative than the gene regions,
making it possible to clearly distinguish between all but two species and also revealed the
presence of at least one cryptic species.

Of the seven gene regions evaluated in this study, RPBII and MS204 distinguished
the greatest number of species in the C. fimbriata s.I. complex. These two gene regions
were as informative as the BT 1 region and significantly more useful than EF 1-a (Fig. 2). A
combination of RPBII, MS204 and BT 1 provided the best resolution and supported the
delineation of 11 of the 15 species in the C. fimbriata s.l. complex. Even though the FG1093
region was not as informative as the aforementioned regions, it provided support for
differentiation of one additional species, C. curvata, not distinguished by the combined three-
gene phylogeny (Fig 3). The apparent existence of two copies of the FG1093 region in some
species requires careful consideration of the sequence quality obtained from amplicons
before it is used in analyses.

Four of the gene regions, CAL, BT 2, Mcm7 and Tsrl, considered in this study were
not useful for species delineation. Even though the tree topology for the CAL gene region
was highly congruent with that of other gene regions (Fig. 2), it did not increase the
phylogenetic resolution in the combined species tree. The Tsrl gene region had a low PCR
success rate and the Mcm7 region provided negligible phylogenetic resolution. Such
technical difficulties for the use of these gene regions have been reported previously (Raja et
al., 2011; Schmitt et al., 2009; Tretter et al., 2013). The BT 2 region should also be avoided
in phylogenetic studies in the C. fimbriata s.l. complex as it is difficult to obtain sequences for
this gene region.

The SNP markers developed in this study provide a powerful diagnostic tool to
distinguish between species in the C. fimbriata s.I. complex. The markers provided support

for 13 distinct species and are thus more informative than the protein coding gene regions
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investigated. The SNPs provided support for C. mangicola and C. mangivora as distinct
species and provided a higher level of support for the monophyly of C. curvata and C.
eucalypticola than the protein coding gene regions. The fact that all isolates for a specific
species contained fixed SNPs and consistently grouped together in the network and
cladogram constructed improves confidence in the SNP regions.

The collective data derived from the evaluated gene regions and SNP markers,
provided new insights to the boundaries of three species in the C. fimbriata s.I. complex. The
C. cacaofunesta isolates were differentiated into two separate groups, with significant branch
support values (Fig. 1) obtained from six of the gene regions (Table 4), as well as the
combined SNP markers (Fig. 4). ITS sequence data and mating studies, initially used to
identify this species (Engelbrecht and Harrington, 2005; Ferreira et al., 2010), suggested that
there are two distinct lineages (Ecuador and Brazil/Costa Rica/Colombia) for South
American isolates of C. fimbriata s.l. from cacao. Results from this study and all other
currently available data strongly suggest that the isolates CMW 14798 and 26375 of C.
cacaofunesta represent an undescribed species in the C. fimbriata s.l. complex. Ceratocystis
acaciivora and C. manginecans could not be distinguished using any of the seven markers
considered in this study and they most likely represent the same species. These species can
only be distinguished using the ITS region, which has clearly emerged as unusable since
two ITS types can occur in a single species such as C. manginecans (Al Adawi et al., 2013;
Harrington et al., 2014; Naidoo et al., 2013).

Results of this study have shown that most species described in the C. fimbriata s.I.
complex can be distinguished based on the combined sequence data of the BT 1, RPBII,
MS204 and FG1093 gene regions. This is supported by the suite of SNP markers, which
provided data congruent with the gene region phylogenies. As taxonomists are not in
agreement on the best criterion for species delineation, alternative approaches to the
GCPSR could propose less species in the complex, as recently suggested by Harrington et
al. (2014). Species delimitation was based on a single gene region, the MAT gene, and
intersterility tests between individual isolates in the C. fimbriata s.I. complex. However,
phylogenetic analyses from the current study were based on a greater number of molecular
markers which suggests the MAT gene is less informative for recently emerging taxa. The
interfertility observed between some of the species should also be interpreted with caution
as phylogenetically distinct species have been able to mate in laboratory conditions in
various studies (Harrington and McNew, 1998; Hibbett and Donoghue, 1996; O'Donnell et
al., 2004). There is a strong case to defend the species boundaries presented in this study
and accepting these will provide opportunities to better understand the biology and ecology

of an important group of fungi.
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Table 1
Details of the Ceratocystis fimbriata s.l. isolates used in this study, including GenBank accession numbers of the sequences generated in this
study.
GenBank accession no.”
Speciesa Host Country CM(}N Cal FG1093 Mcm7 MS204 RPBII ITS pT 1 EF 1-a
C. acaciivora Acacii_vora Indonesia 23564 KJ601633 KJ601669 KJ601525 KJ601561 KJ601597 EU588657.1 EU588637.1 EU588647
C. acaciivora® E.agglrtgi]um Indonesia 22563 KJ601632 KJ601668 KJ601524 KJ601560 KJ601596 EU588656.1 EU588636.1 EU588646
C. acaciivora* A. mangium Indonesia 22562 - - - - - - - -
C. acaciivora* A. mangium Indonesia 22595 - - - - - - - -
C. acaciivora* A. mangium Indonesia 22621 - - - - - - - -
C. cacaofunesta Theobroma Ecuador 14809 KJ601635 KJ601671 KJ601527 KJ601563 KJ601599 DQ520637.1 KJ601509 KJ601516
C. cacaofunesta E:I"’fu(:;(c):ao Costa Rica 14798 KJ601637 KJ601673 KJ601529 KJ601565 KJ601601 AY157952.1 KJ601511 KJ601518
C. cacaofunesta T. cacao Ecuador 14803 KJ601634 KJ601670 KJ601526 KJ601562 KJ601598 AY157950.1  KJ631108 KJ601515
C. cacaofunesta T. cacao Costa Rica 15051 KJ601636 KJ601672 KJ601528 KJ601564 KJ601600 AY157951.1 KJ601510 KJ601517
C. cacaofunesta® T. cacao Brazil 26375 KJ601638 KJ601674 KJ601530 KJ601566 KJ601602 AY157953.1 KJ601512 KJ601519
C. colombiana® Coffee arabica Colombia 5751 KJ601639 KJ601675/ KJ601531 KJ601567 KJ601603 AY177233.1 AY177225.1 EU241493.1
C. colombiana C. arabica Colombia 5761 KJ601640 Ejggig;gl KJ601532 KJ601568 KJ601604 AY177234.1 AY177224.1 EU241492
KJ601678
C. colombiana* Soil in coffee Colombia 9565 - - - - - - - -
plantation
C. colombiana* Schizolobium Colombia 11280 - - - - - - - -
parahybum
C. curvata Eucalyptus Colombia 22435 KJ601641 KJ601679 KJ601533 KJ601569 KJ601605 FJ151437.1 FJ151449.1 FJ151471.1
C. curvata® g?%lggltl?pta Colombia 22442 KJ601642 KJ601680 KJ601534 KJ601570 KJ601606 FJ151436.1 FJ151448.1 FJ151470.1
C. curvata* E. deglupta Colombia 22433 - - - - - - - -
C. curvata* E. deglupta Colombia 22432 - - - - - - - -
C. diversiconidia® Terminglia Colombia 22445 KJ601643 KJ601683 KJ601535 KJ601571 KJ601607 FJ151440.1 FJ151452.1 FJ151474.1
C. diversiconidia I'I\'l.ci)\:gp:rllssis Colombia 22448 KJ601644 KJ601684 KJ601536 KJ601572 KJ601608 FJ151441.1 FJ151453 FJ151475
C. diversiconidia* T. ivorensis Colombia 22446 - - - - - - - -

© University of Pretoria



T9

-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

C. ecuadoriana® E. deglupta Colombia 22092 KJ601645 KJ601685/  KJ601537 KJ601573 KJ601609 FJ151432.1 FJ151444.1  FJ151466
C. ecuadoriana E. deglupta Colombia 22097 KJ601646 ﬁjggigggl KJ601538 KJ601574 KJ601610 FJ151434 FJ151446.1 FJ151468
KJ601688

C. ecuadoriana* E. deglupta Colombia 22093 - - - - - - - -

C. ecuadoriana* E. deglupta Colombia 22405 - - - - - - - -

C. eucalypticola Eucalyptus South Africa 10000 KJ601647 KJ601689 KJ601539 KJ601575 KJ601611 FJ236722.1 FJ236782.1 FJ236752
C. eucalypticola ® gr.ag;]r(:r?dis South Africa 11536 KJ601648 KJ601690 KJ601540 KJ601576 KJ601612 FJ236723.1 FJ236783.1 FJ236753.1
C. eucalypticola* E. grandis South Africa 9998 - - - - - - - -

C. eucalypticola* E. grandis South Africa 12663 - - - - - - - -

C. fimbriata Imopoea batatas Papua New 1547 KJ601649 KJ601691 KJ601541 KJ601577 KJ601613 AF264904 EF070443.1 EF070395.1
C. fimbriata® |. batatas Sgﬂ,egalifomia 14799 KJ601650 KJ601692 KJ601542 KJ601578 KJ601614 KC493160 KF302689 KJ631109
C. fimbriata* |. batatas USA 15049 - - - - - - - -

C. fimbriatomima® Eucalyptus sp. Venezuela 24174 KJ601651 KJ601693 KJ601543 KJ601579 KJ601615 EF190963.1 EF190951.1  EF190957
C. fimbriatomima Eucalyptus sp. Venezuela 24176 KJ601652 KJ601694 KJ601544 KJ601580 KJ601616 EF190964.1  EF190952.1 EF190958
C. fimbriatomima Eucalyptus sp. Venezuela 24377 KJ601653 KJ601695 KJ601545 KJ601581 KJ601617 EF190966.1 EF190954.1 KJ601520
C. fimbriatomima* Eucalyptus sp. Venezuela 24378 - - - - - - - -

C. mangicola Mangifera indica  Brazil 28907 KJ601655 KJ601697 KJ601547 KJ601583 KJ601619 FJ200257.1 FJ200270 FJ200283
C. mangicola® M. indica Brazil 14797 KJ601654 KJ601696 KJ601546 KJ601582 KJ601618 AY953382.1 EF433307.1 EF433316
C. mangicola* M. indica Brazil 28908 - - - - - - - -

C. mangicola* M. indica Brazil 28914 - - - - - - - -

C. manginecans$ M. indica Oman 13851 KJ601656 KJ601698 KJ601548 KJ601584 KJ601620 AY953383 EF433308.1 EF433317
C. manginecans Hypocryphalus Oman 13852 KJ601657 KJ601699 KJ601549 KJ601585 KJ601621 AY953384 EF433309.1 EF433318

mangiferae

C. manginecans* M. indica Oman 15314 - - - - - - - -

C. manginecans* M. indica Pakistan 23634 - - - - - - - -

C. manginecans* A. crassicarpa Indonesia 21123 - - - - - - - -

C. manginecans* M. indica Oman 13854 - - - - - - - -

C. mangivora® M. indica Brazil 15052 KJ601658 KJ601700 KJ601550 KJ601586 KJ601622 EF433298.1  EF433306 EF433315
C. mangivora M. indica Brazil 27305 KJ601659 KJ601701 KJ601551 KJ601587 KJ601623 FJ200262 FJ200275 FJ200288
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. mangivora*
. mangivora*
mangivora*

. neglecta$

. neglecta

. papillata$

. papillata

. papillata*

. pirilliformis®
. pirilliformis
. platani$

. platani

. platani*

. platani*

O o0 o0 O o0 0 o 0 o0 00 00 0

. platani*

e

. platani*

M. indica

M. indica

M. indica

E. grandis

E. grandis
Citrus limon
C. arabica

S. parahybum

Eucalyptus
nitens
E.nitens

Platanus
occidentalis
Platanus
orientalis
Platanus sp.

P. occidentalis
P. occidentalis

Platanus sp.

Brazil
Brazil
Brazil
Colombia
Colombia
Colombia
Colombia
Colombia

Australia
Australia
USA
Greece
Switzerland
USA

Greece

Greece

27304
27307
28909
17808
18194
8856

10844
28662
6579

6583
14802

23450

1896

26380
23918
23451

KJ601660
KJ601661
KJ601662
KJ601663

KJ601666

KJ601667
KJ601664

KJ601665

KJ601681
KJ601682
KJ601702
KJ601703

KJ601706

KJ601707
KJ601704

KJ601705

KJ601552
KJ601553
KJ601554
KJ601555

KJ601558

KJ601559
KJ601556

KJ601557

KJ601588
KJ601589
KJ601590
KJ601591

KJ601594

KJ601595
KJ601592

KJ601593

KJ601624
KJ601625
KJ601626
KJ601627

KJ601630

KJ601631
KJ601628

KJ601629

EF127990.1
EF127991.1
AY233867.1
AY177238.1

AF427105.1

KJ601523
DQ520630.1

KJ631107

EU881898.1
EU881899.1
AY233874

AY177229.1

DQ371653.1

KJ601514
EF070425.1

KJ601513

EU881904
EU881905
EU241484
EU241481

AY528983

KJ601522
EF070396

KJ601521

a All isolates listed, except C. pirilliformis, were used in the SNP study but those labelled with * were not considered in the single copy protein coding gene analysis.
b GenBank data generated during previous studies are in italic.

¢ CMW culture collection numbers refer to cultures obtained from the Forestry and Agricultural Biotechnology Institute, University of Pretoria, South Africa. The type strains are indicated by $.
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Table 2
Primers used for amplification of single copy gene regions investigated in this study.
Gene MgCl, Successful
region  Primer name?® Direction Sequence (5’-3’)b (mM) Tm (°C) amplification Reference
pt2 Tid Forward ACC ATG CGY GAR ATY GTAAGT 1 59 Yes Duong et
al., in prep.
Btld Internal AGG GTA ACC ARATYG GTG C
Forward
Bt2d Reverse  GTAYTG YCC CTT GGC CCAGTT G
CAL CAL2F Forward  GAC AAG GAY GGY GAT GGT 0.5 64 Yes Duong et
al., 2012
CAL2R2 Reverse  CTT CTC GCC RAT SGASGT CAT
FG1093 FGl093Fcerato Forward GCG CCACAA CAAGIC GCACGT 1 70 Yes
FG1093R.cerato Reverse TTC TCC GCT TGC CCT TGT CRS
Mcm7 Mcm7 -709 Forward  ACIMGI GTI TCV GAY GTH AAR CC 25 55 Yes Schmitt et
al., 2009
Mcm7-1348 Reverse  GAY TTD GCIACICCIGGR TCW CCC AT
MS204 MS204F.cerato Forward AAG GGC ACC CTC GAG GGC CAC 1 56 Half of
isolates
MS204R.cerato Reverse GAT GGT RAC GGT GTT GAT GTA
MS204F.ceratoB Forward GGC TGAGCAGCTGATCCTT 1 56 Yes
MS204R.ceratoB Reverse ATG TCC GGG TAG TGT TAC CG
RPBII RPB2-5F Forward  GAY GAY CGT GAT CACTTY GG 0.5 61 Yes Duong et
al., in prep.
RPB2-7Rb Reverse CCCATRGCYTGYTTRCCC AT
Tsrl Tsrl -1453for Forward GAR TTC CCI GAY GAR ATY GAR CT 1-25 54 Veryfew  Schmittet
isolates al., 2009
Tsrl-2308rev Reverse CTTRAARTAICCRTGIGTICC
TsrlF.cerato Forward GAR TTY CCN GAY GAR ATY GAR CT 1-2.5 54 No
TsrlR.cerato Reverse  YTT RAARTANCC RTG NGT NCC
TsriF.new Forward  GAY GAY CAY CAYTAC TTC TC

a Primers in bold were designed in this study.
b Bold, underlined nucleotides in the primer sequences indicates where primers were modified from the original primers.
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Table 3
The twenty five primers designed to amplify SNP regions in the Ceratocystis fimbriata sensu
lato isolates.
Primer Expected GenBank
number* Forward sequence (5'-3") Reverse sequence (5'-3") size (bp) m (°C) acc. no.
5 CATCCGCACAAAGTTTAACA TACGGCGCTTCTTTTTCA 291 56 n/a
7 ATAGATATGCTCCACAAGAC CAACACATAGCAACCAACAA 293 56 n/a
8 CATCACGGGAGAATCAAA TATAGCACCACACAGCCA 309 55 KJ601500
9 GTGTTGCCGAAAAAATGTCT GCGATGGTGAGTGAGATT 484 56 n/a
10 CAATGTTGCTCATCCAGT CCGCCACACAAGATTTCA 266 55 KJ601501
11 GAGATGGGCTGTTGCTGA AAGGACAAAACGGGACGA 289 58 n/a
12 GTGAAGTAATGCGAAGGT GAATTCATGGGTATCAGGG 331 56 KJ601502
13 CCACTGTATGCTACTCTATT  TGATACAGCGTCGAGAAA 228 56 n/a
15 CTCCCTCGCTCTAGAATAA GGTGGTAGGCTCAAGTGT 270 58 KJ601503
16 TTGCACAGGCTTAAGTGG AGAGTTTTCGGTTGGTGG 283 57 KJ601504
17 TGTTCTACCGTTTTCCCT GGCTTGTGCTTGTTATCT 188 55 n/a
18 GATCCCATACCAGTACTT TTTTTCGCTCTATCTGCC 344 55 KJ601505
19 GGTTGCCATTATGTTAGTG GATGGAAATGGTGTAGTG 287 55 n/a
20 ACAATGGCGTTACGGATA CACTTTCACCATGTCTTCT 431 55 n/a
21 TTCCCTGTGTTTTTTGCC GCTTTATTAGCGATTTCGTG 311 56 n/a
22 GCTTCTTCTTGGTTTCCT GCCTATGCCATTCTATCT 367 55 n/a
23 GGAGCAGGGCAATAACAA CCTCCCCTTTTTCATCAC 279 57 n/a
24 CAGCAGCGAGTTCAGACA CAGGGAGTTTGGGCTAGT 351 59 KJ601506
25 AGATGAGATGAATAAGGTGG GGAATTGTTGTCGTAGGC 398 56 n/a
26 GCCAGCTCTGCAAAATCAA CACACCCAGTAGACCCTT 334 58 KJ601507
27 CGGCTATTCACGACTAATTT  CCTTCCCTTTTCTCTTCTTT 262 56 n/a
28 CCCACCAAAACTTTACCC AAAAGAATTCTCAAAGCCGC 299 57 n/a
30 CAATGCACCGAATTCTCC GCACCATGCTAATACGCT 244 57 n/a
31 TAGCAGCAGACATGGAAG ACAGAAGGAAGAGTAGCA 316 57 n/a
32 GTTTCTTGAATTCCCTCAGT  GCTTGTGGACAGTGTATT 276 56 KJ601508
*Primer sets that did not amplify successfully were excluded from the table
64
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Representation of the variable sites between 16 Ceratocystis fimbriata s.I. species, in the

Latin American clade,

A

in seven gene regions investigated in this study. Gene regions include
A) Mcm7 and EF 1-a, B) CAL and FG1093, C) BT 1 and RPBII, D) MS204 and E) ITS.

Species

Mcm7

EF1-a

Nt position 13
acaciivora 22563* T
acaciivora 22564
cacaofunesta 14803
cacaofunesta 14809
cacaofunesta 15051
cacaofunesta 14798
cacaofunesta 26375*
colombiana 5751*
colombiana 5761
curvata 22435
curvata 22442*
diversiconidia 22445*
diversiconidia 22448 c
ecuadoriana 22092*
ecuadoriana 22097
eucalypticola 10000
eucalypticola 11536*
fimbriata s.s. 1547
fimbriata s.s. 14799*
fimbriatomima 24174*
fimbriatomima 24176
fimbriatomima 24377
mangicola 14797*
mangicola 28907
manginecans 13851*
manginecans 13852
mangivora 15052*
mangivora 27305
neglecta 17808*
neglecta 18194
papillata 8856*
papillata 10844 .
platani 14802* ®©
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Table 4 (continued)
C

Species BT1 RPBII

Ntposition 10 51 17 126 155 156 172 178 180 16 17 198-199 203 206 221 248 259 260 273 324 345 390 454
acaciivora 22563* cTcGcccTTGCCT TGACTCTCT CTCTCTTHGEC
acaciivora 22564
cacaofunesta 14803
cacaofunesta 14809
cacaofunesta 15051
cacaofunesta 14798
cacaofunesta 26375*
colombiana 5751*
colombiana 5761
curvata 22435
curvata 22442*
diversiconidia 22445*
diversiconidia 22448
ecuadoriana 22092*
ecuadoriana 22097
eucalypticola 10000
eucalypticola 11536*
fimbriata s.s. 1547 Lo
fimbriatas.s. 14799* . ¢ . . . . [T
fimbriatomima 24174 . . Lo . . Lo
fimbriatomima 24176 . . . A A . . . . . . . .
fimbriatomima 24377 . | . . e .
mangicola 14797* .c . . . . . e . . =
mangicola 28907
manginecans 13851* .
manginecans 13852
mangivora 15052*
mangivora 27305
neglecta 17808*
neglecta 18194
papillata 8856*
papillata 10844

platani 14802*

platani 23450
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Species MS204

Ntposition 46 47 69 76 82 88 89 113 122 160 173 187 195 223 321 325 326 332 364 368 375 389 404 419 425 438 495 569 575 576 604 606 609 680-682 686 707 725 764 779 784 835 847
acaciivora 22563* AG-AGCGAACTS GG GG GT CT CAATT CSGSGT CGTTCTCGTTTC -  C T 6 T GATT
acaciivora 22564 T ©
cacaofunesta 14803 . . -
cacaofunesta 14809 . . -
cacaofunesta 15051 . . -
cacaofunesta 14798 . . -
cacaofunesta 26375* . . -
colombiana 5751* Lo
colombiana 5761 R
curvata 22435 . e o
curvata 22442* P Y o]
diversiconidia 22445* G . - - T
diversiconidia 22448 G - L
ecuadoriana22092* . . T . . T . G . G . . . . . . . . .. G
ecuadoriana 22097 T
eucalypticola 10000 LA -
eucalypticola 11536* .
fimbriata s.s. 1547 Lo
fimbriata s.s.14799* . . - . . . .
fimbriatomima 24174* . . - . . . A
fimbriatomima 24176 . . - . . .
fimbriatomima 24377 . . - . . . A
mangicola 14797* Lo
mangicola 28907 Lo
manginecans 13851* . . -
manginecans 13852 . . -
mangivora 15052* Lo
mangivora 27305
neglecta 17808*
neglecta 18194
papillata 8856*
papillata 10844 L . Lo .
platani 14802* G . . .. A . . . . . . . . .. AcC . .. P A
. platani 23450 . .1 . .. 6 . . . A . .o ..., . ANC ..., ..... - .CCCA
Identical nucleotides are indicated as dots, missing data as ‘N’ and indels as a dash. If a nucleotide difference was only present
in one of the 34 isolates it was excluded from the table. The type strain of each species is indicated by *. Variable sites that

distinguish between species are highlighted in grey.
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Table 4 (continued)

E

Species ITS

Ntpositon 6 10 13 1 19-22 24 26 27 30 33 36 58 67 107 109 10 WU 17 18 R-22 23 R9 B2 B3 B5 B9 M0 M1 B4 56 157 558 Bl B3 B5-B7 3 7 U8 T9 B0 1B2
C. acaciivora 22563* TAGC - AC-GG-T- C G A AGAG AG C A GAGATTACTT CGATG- CTTATA
C. acaciivora 22564 Lo - - T TN . . AGAG R . L . - N - L. . . . . GT-
C. cacaofunesta 14803 .. . - TATA . . - . .- L - . . - . . . . . . . R A . AT-
C. cacaofunesta 14809 .. . - TATA . . - .0 - - . . - . . L . .. - .. Cc T . . A .. AT-
C. cacaofunesta 15051 .. . - TATA . . - . . - L - . . - . . . . . . . R W A . AT-
C. cacaofunesta 14798 CCTA . . - . . - . - . . . - . . L . Lo- L . . . . GTA
C. cacaofunesta 26375* CCTA . . - . . - . - . . . - . - . . GTA . .
C. colombiana 5751* . . AC - - A . T AAGGGG G T A A GTA T A
C. colombiana 5761 . . AC - .- . A T AAGGGG G . . . . . . T A . A . GTA . T A .
C. curvata 22435 G . . - - .pmN - - - . - . . AGGG . . . c . . A T T . T A C C GT- T AT A T
C. curvata 22442* G . . - - N RN | . AGGG . . . c . . A T T . T A CC GI- T . A TA T
C.diversiconidia 22445* . - . - - ... - . A-CT AT - A A = G A ] A AT T
C.diversiconidia 22448 . - . - - .. - . A cCT . AT - . A . AL - G A --- AA T . T
C. ecuadoriana 22092* - - 6. - A .- - . - R . .. ... 6 . .7 C A - T C
C. ecuadoriana 22097 o -= -3 - - . . - . . A © C A - T C
C. eucalypticola 10000 o - - T L AGAG R . e e A GT-
C. eucalypticola 11536* . . A - - T L T . . AGAG . . P . .- A AT-
C. fimbriata s.s. 1547 e - N T T . . AGGG T A AT-
C. fimbriata s.s. 14799* Lo - - - - - AGGG T . A AT-
C.fimbriatomima 24174* . . . - - T - . - - - . GT- T
C.fimbriatomima 24176 . . . - - T - - - - . GT- T
C.fimbriatomima 24377 . . . - - ... - - - - . . . - . . . . .- . . GT- T
C. mangicola 14797* Lo - - R . . - . . L . G - A ATA
C. mangicola 28907 P - R T S . . - . . . . . . .. G - A ATA
C. manginecans 13851* . . . - - R . . AGAG . . L . .- A ATA
C. manginecans 13852 e - N . . AGAG . . . . . . . —_— A ATA .
C. mangivora 15052* LA - - R U S . . - . . L . Lo- L . . . . GT- T C
C. mangivora 27305 .. A - - T N . . - . . P . P P . . . . GT- T ©
C. neglecta 17808* S - G .- .- - . . - . - .. G . Lo- . . C A === T C
C. neglecta 18194 Lo - B U R . . - . - .. G . P .. .. CcC . A . . T ©
C. papillata 8856* Lo - - U S . . - .. TA . . Lo- N . . . . GT- T C
C. papillata 10844 Lo - - P U I . . - .. TA . R P . .. . GT- . . T C
C. platani 14802* Lo - - B T . . - . . R . L= P . .. . G- . A
C. platani 23450 L - Lt o= . . - L . L . - T . . . . GI- . A

E

Species ITS

Ntposition 8B4 187 189 190 11 192200 202 203 204 206 208 213 228 276 280 286 292 34 328 336 342 361 365 376 384 395 398 403 410 419 420 421 422 423 424 425 427 437 473 479 486
C. acaciivora 22563* T C A G A - T T TTACCCAGGTGTAACAATGTAGACT - CTTTC CSGTC
C. acaciivora 22564 F . . - P . F . .. . . .. . FE . . . .. . . L.
C. cacaofunesta 14803 AL - L T - A C
C. cacaofunesta 14809 A L . . - P . F . R LA T - A c
C. cacaofunesta 15051 AL - T - A (o] .
C. cacaofunesta 14798 P - . T - A C C
C. cacaofunesta 26375* F . . - P . F . R . . . A T . - A c c
C. colombiana 5751* S - cC T
C. colombiana 5761 S - . . N c T .
C. curvata 22435 T C A G - A A G A - A c
C. curvata 22442* T C A G - A A G A . T - A . C .
C. diversiconidia 22445* T T T G TIAGAAATT G A - T GAAAAGTTGTGTCATCTCA - (o} G A C T
C. diversiconidia 22448 T T T G TIAAAAATT G A - T GA A AAGTTGTGTCATCTCA - (e] G A C T
C. ecuadoriana 22092* T A - (o] - C
C. ecuadoriana 22097 . T A . - Lo C s . - .. C
C. eucalypticola 10000 . . . . . - - . . . . . . . . . C T - A Cl
C. eucalypticola 11536* P . - T - A © .
C.fimbriatas.s. 1547 P - T - A C C
C. fimbriata s.s. 14799* F . . - P . S . R . . B . FPE . FE . B . LE . - [A (o] (o]
C. fimbriatomima 24174* FE . . - P . FE . .. . . . . P . . . .. . . R
C. fimbriatomima 24176 F . . - P . . . . . . . . . . F . . . . R
C. fimbriatomima 24377 F . . - P . F . .. . . .. . FE . . . .. . . -
C. mangicola 14797* P . - S e e,
C. mangicola 28907 F . . - - . . . . .. CcC . Cc . . . F . . . . R
C. manginecans 13851* . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . -
C. manginecans 13852 L. . - e e
C. mangivora 15052* T A - - T - A Cc C
C. mangivora 27305 T A - - . T -lA| .| C (o]
C. neglecta 17808* T A - - © ©
C. neglecta 18194 T A - - c - Cc
C. papillata 8856* T A - - (o] C Cc
C. papillata 10844 T AL - L e ©
C. platani 14802* F . . - P . F . R . . R . F . F . . .. G A COC Cc
C. platani 23450 . .G - . . .. G ACT c_ .

Identical nucleotides are indicated as dots, missing data as ‘N’ and indels as a dash. If a nucleotide difference was only present
in one of the 34 isolates it was excluded from the table. The type strain of each species is indicated by *. Variable sites that
can, in combinaiton, distinguish between species are highlighted in grey.
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Table 5
Information on the aligned sequence data of each gene region investigated, including data
from Maximum parsimony and Maximum likelihood phylogenetic analysis.

s Mcm7 EF CAL FG1093 BT 1 RPBII MS204  ourgene
combination
Total no. of characters 560 549 739 570 534 550 1129 880 3003
(bp)
Parsimony informative 197 27 42 37 41 38 38 78 195
characters
No. of constant 334 522 693 532 481 503 1089 783 2855
characters
Characters fexcluded 14 ) ) ) 12 ) ) 14 26
fromanalysis
Vgrlable characters, 15 ) 4 1 ) 9 3 5 17
uninformative
Number of MP trees 12 2 9 6 67 16 6 3 16
obtained
Consistency index (C)  0.766 0.9 0.904 1 0.957 0.961 0.976 0.892 0.831
Retention index (R)) 0.86 0.959 0.96 1 0.987 0.974 0.987 0.947 0.907
(’}“leézlstzt::)'on model TVMiG  TPM2+G  TPVRUT+G  TVMef+G TPMBUf+HG K80 TM2ef  TPM2Uf+G  TPM2uf+G
-log likelihood for ML
e 1611.561 938738  1256.811  997.603  1009.848 1083.923 1858.697 1736.852 5954.243
Table 6

Values obtained from the genealogical sorting index, providing alternative analysis and
support values for the monophyly of C. fimbriata s.l. species.

ITS Mcm7 EF Cal FG1093 pt1 RPBII MS204 Support for
Species gsir © gsir © gsir © gsir © gsir © gsir © gsir © gsir © monophyly®
C. acaciivora 0.473 0.18 0.202 0.172 0.285 0.268 0.431 0.241 none
C. cacaofunesta ® 0.976 0.793 0.583 0.927 0.495 0.835 0.25 0.753 5 genes
C. cacaofunesta” 0.567 0.362 0.191 0.11 0.342 0.638 0.923 0.579 1 gene
C. colombiana 0.964 0.75 0.846 0.972 0.907¢ 0.687 0.985 1 7 genes
C. curvata 1 0.722 0.699 0.109 0.371 0.243 0.436 0.413 2 genes
C. diversiconidia 0.835 0.974 0.955 0.943 0.964 0.959 0.992 0.99 8 genes
C. ecuadoriana 0.81 0.23 0.71 0.178 0.172 0.851 0.39 0.614 2 genes
C. eucalypticola 0.334 0.499 0.15 0.173 0.709 0.25 0.266 0.869 1 gene
C.fimbriata s.l. 0.656 0.215 0.203 0.672 0.865 0.978 0.781 0.866 4 genes
C.fimbriatomima 0.53 0.23 0.192 0.14 0.331 0.95 0.762 0.934 3 genes
C. mangicola 0.774 0.28 0.642 0.137 0.375 0.456 0.411 0.232 1 gene
C. manginecans 0.431 0.242 0.711 0.144 0.272 0.249 0.413 0.198 none
C. mangivora 0.931 0.262 0.182 0.171 0.375 0.401 0.482 0.292 1 gene
C. neglecta 0.491 0.211 0.711 0.142 0.306 0.929 0.382 0.249 1 gene
C. papillata 0.805 0.201 0 0.868 0.905 0.186 0.684 1 4 genes
C. pirilliformis 0.65 0.485 0.49 0.485 0.523 0.485 0.501 0.485 outgroup
C. platani 0.947 0.807 0.382 0.729 0.975 0.206 0.744 0.995 5 genes

a Isolates representing the Ecuadorian lineage of C. cacaofunesta isolates (CMW 14803, 14809 and 15051).

b Isolates representing the Brazil/Costa Rica lineage of C. cacaofunesta isolates (CMW 14798 and 26375).

¢ Gsi values that are statistically significant (P<0.05) are indicated in bold and values that provide higher support for a species
than obtained from the phylogenetic analyses are highlighted in grey. Gsi values above 0.75, with a P< 0.05 were considered
as significant support for the monophyly of a species.

d Value is for the second haplotype of the C. colombiana isolates obtained from the cloned sequences.

e The numbers indicate the amount of gene regions that support a species to be monophyletic based on gsi values.

Table 7
A representation of all the variable sites identified from the nine SNP regions investigated in
16 C. fimbriata s.l. species - Available as an additional file on CD
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i s
G acac;lt.vora 22583 C. acaciivora 225638
1e) FG1093 ¢ acacivora 22584 1f) RPBII C. acaciivora 22564
C. manginecans 13851%
C. manginecans 13852 C. manginecans 13851%
C. manginecans 13852
C. eucalypticola 10000 )
'EH C. sucslypticola 11536% C. eucalypticola 10000
93/96 i 3
C. fimbri 241745 C. eucalypticola 11536
C. fimbriatornima 24176 C. curvata 22435
C. fimbriatomnima 24377 95| C. curvata 22442%
i s
‘é‘ ”’s”gw ;:;2; 2/70/C. fimbriata .. 1547
. mangicola — C. fimbriata s.s. 14799°%
C. mangivora 15052%
C. mangivora27305 C. cacaofunesta 14803
C. colombiana5751% C. cacaofunesta 14809
C. colombiana 5761 C. cacaofunesta 15051
4| C.curvata22435 C. fimbriatomima 24174%
C. curvata 22442 C. fimbriatomima 24176
72/85 C. scuadoriana22092% C. fimbriatomima 24377
C. ecuadoriana22097 a8 C. mangicola 147975
szf C. mangicola 28907
C. mangivora 15052%
97/99 C. cacaofunesta 14803 .
C. mangivora 27305
C. cacaofunesta 14809 77781
C. cacaofunesta 15051 C. cacaofunesta 14798
| C.cacaofunesta 14798 C. cacaofunesta 26375%
C. cacaofunesia 23675 C. colombiana 5751
/98| | €. platani 14802 C. colombiana5761
C. platani 23450 C. ecuadoriana22092%
ga/e7 || C. colombiana5751 CloneA$ C. ecuadoriana 22097
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Fig. 1. One of the most parsimonious trees from Maximum parsimony analysis representing
the C. fimbriata s.l. species phylogeny for each of the gene regions a) ITS, b) Mcm7, c) EF
1-a, d) Calmodulin, e) FG1093, f) RPBII, g) BT 1 and h) MS204 respectively. The type strain
of each species is indicated by $. Branch support values are indicated above the branches
with bootstrap values > 60% from MP followed by ML analysis. Bayesian posterior
probabilities above 95% are indicated by thick branches. An * indicates support values below
the threshold. Branch length indicates number of nucleotide changes.

B MP with BS >70

® ML with BS >70

Bl with PP >95
M 0.8> gsi <1 (P<0.05)

Nr of species distinguished

ITS BT-1 EF Cal  Mcm7 MS204 FG1093 RPBII
Phylogenetic marker

Fig. 2. Summary of the phylogenetic utility of all phylogenetic gene regions investigated in
this study. The x-axis represents the different gene regions and the y-axis the number of
species distinguished from a total of 15 distinct species defined in literature. The four
columns for every gene region represent four alternative methods applied to the sequence
data generated for species delineation. MP refers to Maximum Parsimony analysis with
Bootstrap support >70%, ML to Maximum likelihood, Bl to Bayesian inference with posterior
probabilities > 95 and gsi refers to the genealogical sorting index with high values supporting
the monophyly of a species. Underlined values above the bars of each gene region indicate
how well the tree topology correlates with that of the combined tree constructed from all
eight gene regions (Nei topological score).

71

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

97/88

C. acaciivora 225633

651 C. acaciivora 22564

C. manginecans 13851%

C. manginecans 13852

C. fimbriata 1547
C. fimbriata 14799%
C. mangicola 14797%
C. mangicola 28907

100/10

C. mangivora 150525
C. mangivora 27305
C. curvata 22435

C. curvata 224425

go/09| C. fimbriatomima 241743
C. fimbriatomima 24176
— C. fimbriatomima 24377

5%} C. eucalypticola 10000
89" | C. eucalypticola11536°%

C. cacaofunesta 14803
83 C. cacaofunesta 14809
95/ C. cacaofunesta 15051

95
g9/ | | C. cacaofunesta 14798

100/100

— C. pirilliformis

99 1| ¢ cacaofunesta 263755
100/100| | C. colombiana 57519
C. colombiana 5761

100”0% C. ecuadoriana 22092%

76/84 C. ecuadoriana 22097

70/* |—— C. neglecta 17808%

C. neglecta 18194
100/ C. p[atani148025
100 1| ¢ platani 23450
C. papillata 8856
C. papillata 10844

00/100| |C. diversiconidia22445°

1
C. diversiconidia 22448

6579%

L ¢ piritiiformis 6583

Fig. 3. One of the most parsimonious trees selected from Maximum parsimony analysis for
representation of the C. fimbriata s.l. species phylogeny. This was constructed from the
combined data from the gene regions BT 1, FG1093, MS204 and RPBII. The type strain of
each species is indicated by $. Branch support values are indicated above the branches and
include bootstrap values above 60 from MP/ ML analysis. Bayesian posterior probability
above 95% is indicated by thick branches. An * indicates support values from any of the

analyses below the threshold.
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Fig. 4. Species delineation of C. fimbriata s.l. species based on SNP variation from the nine
amplified SNP regions. A) Cladogram of C. fimbriata s.l. isolates based on all amplified SNP
regions considering the sequence of the entire SNP region. The type strain of each species
is indicated by $. Maximum parsimony analysis and Bayesian inference was performed on
all represented isolates. Bootstrap support values are indicated at each branch and
Bayesian posterior probability values >95 are indicated by thick branches. B) Haplotype
network constructed based on a median-joining algorithm. Only the SNP sites, obtained from
nine SNP regions, were considered. Nodes (circles) represent haplotypes and the size of the
node corresponds to the number of isolates included in the haplotype. Coloured nodes
represent existing individuals, coloured according to their species status as suggested by

ITS sequence data. Black internal nodes represent missing haplotypes.
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ABSTRACT

The fungal pathogen, Ceratocystis manginecans, causes a serious canker and wilt disease
of trees. Hosts include mango and various leguminous trees in Oman and Pakistan in the
Middle East and Acacia spp. in Indonesia. A Ceratocystis species, with similar morphology
to C. fimbriata sensu lato species, has recently been reported in Vietham, causing severe
disease of Acacia trees. Preliminary population studies on isolates from mango 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 definitively identify the Ceratocystis
species, present in Vietnam, based on DNA sequence data. In addition, the genetic diversity
and population structure of 161 isolates, from four host-associated populations of C.
manginecans from Oman, Pakistan, Indonesia and Vietnam were analysed. This was done
by applying a combination of 14 previously developed and a new set of 10 microsatellite
markers, designed from the C. manginecans genome. The sequence data confirmed that the
isolates in Vietham are the same 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 among 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 a severe mango wilt disease (Al Adawi et al., 2013b; Al
Adawi et al., 2006; Van Wyk et al., 2007). The species resides in the C. fimbriata sensu lato
complex 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). Ceratocystis acaciivora is
morphologically identical to C. manginecans and both have been reported on Acacia
mangium trees in Indonesia (Tarigan et al., 2011). An in-depth investigation of the taxonomic
placement of species in the C. fimbriata s.I. complex, using eight phylogenetic markers and
nine SNP markers, has shown that the two species are identical, except in the rRNA internal
transcribed spacer regions 1 and 2 (ITS) (Chapter 2). However, two ITS haplotypes have
been identified in a single isolate (Al Adawi et al., 2013b; Naidoo et al., 2013), and the two
species must be treated as synonyms.

Since the first report of mango wilt in Oman in 1999 (Al Adawi et al.,, 2003), C.
manginecans infection has expanded to 12 districts of Oman and to three in Pakistan (Al
Adawi et al., 2013a; Al Adawi et al., 2006; Van Wyk et al., 2007). Concern regarding the
pathogen has increased in recent years, as it has also 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 Acacia
mangium in South East Asian countries, including Indonesia (Tarigan et al., 2011) and
Malaysia (Wingfield, unpublished), and on Eucalyptus species in South China (Chen et al.,
2013). Isolates of C. fimbriata s.l., which could represent the same fungus, have also been
reported from Eucalyptus trees in Brazil and pomegranate in India (Harrington et al., 2014).

Disease symptoms associated with C. manginecans infection on mango 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). Acacia mangium trees
form an essential part of the paper and pulp industry in Indonesia and surrounding areas
(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 et al.,
2011). The disease is thus a serious threat to fruit crop and plantation tree industries in the
Middle East and South East Asia.

In a recent survey of Acacia plantations in Vietham, 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 species causing disease on Acacia in Vietham. The geographic
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proximity of Vietham to Indonesia and the similarity of the disease on the same host plant
(Tarigan et al., 2011) suggest that the pathogen could be C. manginecans.

A population genetic study was recently performed on C. manginecans isolates collected
from mango trees from Oman and Pakistan (Al Adawi et al., 2014), using microsatellite
markers (Barnes et al., 2001; Steimel et al., 2004). Isolates from the wood-boring beetle
Hypocryphalus mangiferae, the major vector of C. manginecans on mango in Oman and
Pakistan (Al Adawi et al., 2013a), were included. The data showed that the isolates in both
countries, from the mango trees and bark beetles, represent a single clonal population,
suggesting that the fungus is an introduced pathogen. This could have been introduced 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 Hypocryphalus mangiferae (Al
Adawi et al., 2013a; Al Adawi et al., 2013b; Masood et al., 2010). This insect is thought to be
native to southern Asia but has not yet been connected to outbreaks of C. manginecans in
this region (Atkinson and Peck, 1994; Masood et al., 2010; Masood et al., 2008).

The aim of this study was to consider the population genetic structure of C.
manginecans isolates from the Middle East (Oman and Pakistan) and South East Asia, thus
beyond those areas previously considered. In doing so, it was necessary to determine
whether isolates from Vietham represented the same species as those causing disease of A.
mangium in Indonesia. The species identity was determined in the current study, using a
sequence based approach. The study also included isolates from the legume trees P.
cineraria and D. sissoo from Oman and Pakistan, respectively, as these were not considered
in terms of their genetic structure in the study by Al Adawi et al. (2014). The genetic diversity
of the populations was investigated using a combination of previously developed
microsatellite markers (Barnes et al., 2001; Steimel et al., 2004), as well as a new set of
markers designed in this study.

2. Materials and methods

2.1. Fungal isolates and DNA extraction

Isolates from Oman and Pakistan, used in this study, included those from mango and bark
beetles infesting these trees, previously considered by Al Adawi et al. (2014). These isolates
were included in this study to evaluate the newly developed microsatellite markers in this
population and compare the results to the other populations included in this study. In
addition, collections from the two leguminous tree species (Table 1) were also included. The
isolates from P. cineraria trees were collected in Sohar in Oman and those from D. sissoo

trees in Faisalabad and Shorkot in Pakistan (Al Adawi et al., 2013b). In Indonesia, isolates
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were collected from wilting A. mangium trees in three plantation areas of the Riau province
of Sumatra (Fig. 1a). Isolates were collected from diseased A. mangium, A. auriculiformis or
hybrids of these two tree species in Vietham during a previous disease survey in seven
provinces (Thu et al., 2012; Fig. 1b). All isolates are maintained in the culture collection
facility (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/l streptomycin (Sigma-
Aldrich, Germany) and 100 pg/I thymine (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 gel electrophoresis (AGE) on a 1% agarose gel by
combining a volume of 5 ul DNA with 2 pl GelRed™ (Biotium, California). The DNA was
visualised with UV light.

2.2. Confirmation of isolate identity
2.2.1. PCR amplification, sequencing and cloning

Isolates from mango and legume trees in Oman and Pakistan, used in this study, had
been identified as C. manginecans in previous studies (Al Adawi et al., 2013b; Al Adawi et
al., 2014). Those from Indonesia (110 isolates) and Vietnam (24 isolates) were identified as
belonging to the C. fimbriata s.I. complex, based only on morphology. These isolates were
subjected to DNA sequence analyses by amplifying the ITS gene region in all the isolates,
using primers ITS1 and ITS4 (White et al., 1990). This region was selected for identification
of the isolates, as it remains the most informative region to date. However, to obtain a
reliable identification of the isolates, the two additional regions B-tubulin 1 (8T 1) and
Translation Elongation Factor 1-a (EF 1-a) were amplified in a subset of 24 isolates to
confirm the ITS data. The primers fT1a and BT1b (Glass and Donaldson, 1995) and EF1F
and EF1R (Jacobs et al., 2004) were used, respectively, for amplification and sequencing.

The PCR reaction mixture, used for the amplification of all gene regions, consisted of
30 ng DNA, 2.5 mM MgCl,, 250 pM dNTP, 1 unit FastStart Taqg DNA polymerase (Roche
Applied Science, South Africa), 2.5 pl 10x FastStart Tag DNA polymerase PCR buffer
(including 1.5 mM MgCl,), between 0.2 — 0.4 pM of each forward and reverse primer and
adjusted to a total reaction volume of 25 pl with autoclaved distilled H,O. The PCR cycler
program consisted of: 95 °C for 5 min, 10 cycles of 95 °C for 30 s, 55 °C for 45 s, 72 °C for
90 s, another 30 cycles of 95 °C for 30 s, 58 °C for 45 s and 72 °C for 90 s (5 s increase per

78

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

cycle at 72 °C) with a final step at 72 °C for 10 min. The primer annealing temperature for
the ITS primers was 60 °C.

PCR amplification success was determined by AGE on a 2% agarose gel and DNA
was visualised under UV illumination. PCR and sequence amplicons were purified with 6%
Sephadex G-50 in Centricep filter columns (Sigma-Aldrich, Germany). The ABlI PRISM™ Big
DYE Terminator Cycle Sequencing Ready Reaction Kit (Applied BioSystems, Foster City,
California) was used to perform the amplification reactions, according to manufacturer’'s
protocols, and the sequence of the amplicons was determined on an ABI PRISM™ 3500xI
Autosequencer (Applied BioSystems, Foster City, California). Where reads were ambiguous
in the ITS region, due to multiple ITS copies (Al Adawi et al., 2013b; Naidoo et al., 2013), the
ITS PCR amplicons were cloned using the pGEM®-T and pGEM®-T Easy Vector System
(Promega, Madison, USA). The primers T7 and SP6 were used for amplification and
sequencing (Invitrogen, Life technologies, Johannesburg, SA). For each ambiguous PCR
amplicon, up to five clones were sequenced. Since the number of possible ITS haplotypes
were not known, this number was arbitrarily selected to increase the possibility of observing
more than one ITS haplotype. The amplification reaction mixture had a total volume of 25 pl,
consisting of 30 ng DNA, 1.5 units MyTag™ DNA Polymerase (Bioline Ltd. UK), 5 pl 5x
MyTaq™ Buffer, 0.2 uM of each primer and distiled H,O. The PCR cycler program
consisted of 95 °C for 5 min followed by 35 cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for

1 min and a final extension of 72 °C for 10 min.
2.2.2. Sequence alignment and phylogenetic analysis

The raw sequence reads for each of the isolates and all three gene regions were
assembled in CLC Main Workbench V. 6.0 (CLC Bio, www.clcbio.com) to obtain consensus
sequences for every isolate. The sequences obtained for each gene region were aligned to a
previously generated data set of the ITS, BT 1 and EF 1-a gene regions for species in the C.
fimbriata s.I. complex (Chapter 2, this dissertation). Alignments were performed using
MUSCLE in MEGA v. 5 (Tamura et al.,, 2011) and used to construct a phylogenetic tree
based on Maximum parsimony (MP). Due to the great number of isolates used in this study,
all isolates with identical ITS sequences were represented by a single haplotype to reduce
the number of taxa in the phylogenetic tree. Sequences with more than 1 bp difference from
the consensus were considered as a different haplotype. The MP tree was constructed in
PAUP 4.0, based on a heuristic search option, with random addition of sequences and Tree
Bisection Reconstruction (TBR) branch swopping method (Swofford, 2002). Statistical

support for the tree branches was confirmed with a 1000 bootstrap replicates.
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2.3. Development of microsatellite markers and GeneScan analysis

Microsatellite markers, available for species in the C. fimbriata complex (Barnes et al.,
2001; Steimel et al., 2004), were used in this study. However, in order to increase the rigor
of population genetic analyses in this study, additional microsatellite or simple sequence
repeat (SSR) markers were developed specifically for C. manginecans. This was achieved
using the fully sequenced genomes of two isolates previously identified as C. manginecans
(CMW 17570) and C. acaciivora (CMW22621). These genomes are available on request
from the authors and readers are also referred to the genome of the closely related species
C. fimbriata s.s. (Wilken et al., 2014). Initial microsatellite regions were identified from the
CMW22621 genome by analysing the assembled lllumina 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 analysis. For the SSR regions that were polymorphic between isolates,
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 between 50°C and 62°C. Primers were also designed to produce
fragment lengths that ranged between 180 and 500 bp to allow for multiplexing during
GeneScan analyses.

The amplification success of the 27 available C. fimbriata s.I. SSR primer sets (Barnes et
al., 2001; Steimel et al., 2004), as well as the newly designed primers, was evaluated in
three C. manginecans isolates (CMW 22563, 38022, 38002). PCR reaction mixtures for the
previously developed primers were identical to those for the ITS described above 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 MyTaq™
DNA Polymerase (Bioline Ltd., UK), 5 pl 5x MyTag™ 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 ul. 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 1:30 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 1:30 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.
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The primer sets that amplified successfully in all three isolates where resynthesized
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 where 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,
Foster City, California), while taking amplicon size and fluorescent dye colour into
consideration, 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 product in a particular panel
was pooled together. Of the pooled reaction mix, 1 pl was then combined with 0.4 pul
GeneScan-500 Liz size standard (Applied Biosystems, Foster City, California) and 10 pl
formamide and run on an ABI PRISM+,, 3500xI Autosequencer (Applied BioSystems, Foster
City, California, USA). Genescan data were analysed with GeneMapper® v.4.1 software
(Life Technologies, Foster City, CA) to score allele fragment sizes. The 27 isolates from
mango and bark beetles, considered by Al Adawi et al. (2014) and also used in the present
study, were re-run on the ABI PRISMyy 3500xI Autosequencer and re-scored to avoid shifts
in allele sizes experienced when using different apparatus.

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

were used.
2.4. Statistical analyses of SSR data

All the isolates analysed in the study were considered as four groups, representing
host and/or geographic origin. The first group included isolates from mango in Oman and
Pakistan, the second from D. sissoo and P. cineraria in the same countries, the third from
Acacia spp. in Indonesia and the fourth from Acacia spp. in Vietham. The number of alleles,
allele frequencies and the gene diversity (H) (Nei, 1973) of each microsatellite locus in all
four populations were calculated using POPGENE v. 1.32 (Yeh et al., 1999). The existence
of private alleles and the different haplotypes present in each population were determined
using GenAlEx v.6.2 (Peakall and Smouse, 2006). The genotypic diversity (G) of each
population was calculated according to the method of Stoddard and Taylor (1988). The
maximum genotypic diversity that can be obtained in a population, when every isolate has a
distinct genotype, will be equal to the population size. To consider the differences in sample

sizes when calculating genotypic diversity, G was divided by the population size to calculate
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the percentage of the maximum genotypic diversity (G%) that was obtained in the population

(Boeger et al.,, 1993). A t-test was performed to determine whether the differences in
diversity between populations is significant at a confidence level of 95% (Chen et al., 1994).
Due to the significant difference in population sample sizes, an alternative analysis was
performed to confirm if the genotypic differences are significant. The genotypic diversities of
each population were compared, based on Nei's (1987) genetic diversity index, and
Bootstrap analysis was performed for these comparisons, using 1000 permutations, in the
program GenoDive (Meirmans and Van Tienderen, 2004).

For analysis of population genetic differentiation, the analogue for Wright's Fsr value

in haploid individuals, ¢er (Excoffier et al., 1992), was calculated in GenAlEx v.6.2 (Peakall
and Smouse, 2006) using an analysis of molecular variance (AMOVA). The ¢er values were

compared in a pair-wise manner between each of the populations to determine if the
differentiation between any of the populations is significant. The AMOVA analysis was used
to compare the variation within and between populations. Statistical significance of the
differentiation in both analyses were assessed based on 1000 permutations. A null
hypothesis of no genetic variation among the populations was assumed, at a P value of
0.001.

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 this 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), preliminary runs were performed for K-values ranging from one to six, using 20
iterations. The best parameters 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. Two
approaches were used to determine the most likely K-value from the data obtained. Firstly,
the K-value with the highest posterior probability for the data (Ln P(D)) (Pritchard et al.,
2000), was determined by plotting the mean log likelihood (from all 20 runs) for each K.
Secondly, K was identified based on the rate of variation between the LnP(D) of successive
K-values by calculating the statistic AK (Evanno et al., 2005). A final Bayesian analysis was
performed with the most likely K-value, applying a burn-in value of 100 000 generations with
2 million Markov Chain Monte Carlo (MCMC) generations and repeated three times. A model
of admixture and allelic correlation was assumed. The final results were processed for visual
representation using the program Distruct 1.1 (Rosenberg, 2004).

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
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was constructed using the software Populations v. 1.2.32 (Langella, 1999). 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

A total of 161 isolates were used in this study (Table 1). These included 110 isolates
collected from three Acacia plantation areas of Indonesia and 24 isolates from seven regions
in Vietnam. For the Oman collection, 10 isolates were from mango, four from H. mangiferae
infesting these trees and three were from P. cineraria. Isolates from Pakistan included four
from mango from two locations, two from H. mangiferae and three from D. sissoo, collected
from two different locations in Pakistan.

3.2.  Confirmation of isolate identity

3.2.1. PCR amplification, sequencing and cloning

PCR amplification of the ITS region in all isolates resulted in the expected 550 bp
fragment size and good quality sequences. However, the sequence chromatograms of the
ITS region for 35 isolates from Indonesia and 17 from Vietnam had clear peaks up to ~120
bp after which the base calling showed conflicting sequence data (Fig. 2). PCR amplification
of the cloned ITS sequences produced fragment sizes of about 1000bp and the sequence
reactions for these amplicons resulted in clear, readable chromatograms. PCR amplification
for the subset of 24 isolates gave amplicon sizes of 600 bp for the BT 1 and 800 bp for the

EF 1-a gene regions.
3.2.2. Sequence alignment and phylogenetic analysis

Alignment of all the ITS sequences, including the cloned sequences, showed that the
isolates had several different ITS haplotypes. The Indonesian isolates contained either the
C. acaciivora or the C. manginecans haplotype, or minor variants of it. Where more than one
clone was sequenced for an isolate, both haplotypes could be found in a single individual
(Table 2; Table 3). In addition to the ITS sequence for C. acaciivora and C. manginecans,
the sequences of the isolates from Vietnam also corresponded to C. eucalypticola, and two
of the three haplotypes were consistently found in the cloned sequences of individual
isolates (Table 2). The species identity of the isolates was confirmed in the MP phylogenetic

tree, with all the isolates clustering with one or more of these three defined species (Fig. 3).
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Sequence data for the BT 1 and EF 1-a gene regions could not distinguish between
the subset of 24 isolates considered, regardless of the quality of their ITS sequences (MP
tree not shown). The BT 1 region was identical in C. acaciivora, C. manginecans, C.
eucalypticola and the isolates used in this study. The EF 1-a region contained two variable
sites between C. acaciivora, C. manginecans and C. eucalypticola but all the isolates
investigated had identical sequences to the C. acaciivora sequence (Table 3). For the three
gene regions considered, ITS was the only phylogenetic marker that showed significant
sequence differences (17 bp) between C. acaciivora, C. manginecans and C. eucalypticola
(Table 3). Since the sequences of the other gene regions could not distinguish between the
isolates and the ITS region displayed intragenomic variation, all isolates in this study were
considered to represent the single species C. manginecans.

3.3. Development of microsatellite markers and GeneScan analysis

Twelve polymorphic SSR regions were identified from the genome sequences of two
isolates, previously identified as C. manginecans and C. acaciivora. The sequences
generated for each SSR region confirmed the presence of the microsatellite polymorphisms
for 10 of the 12 markers. Nine of the markers were tri-nucleotide repeats and one was a
tetra-nucleotide repeat (marker AF5). These 10 markers were used for further population
analyses (Table 4).

Of the 27 available SSR primers (Barnes et al., 2001; Steimel et al., 2004), 19 amplified
successfully in all 161 isolates (Table 5, file available on CD). The markers GACAG50,
CF13/14 and AG15/16 were monomorphic in all isolates investigated. CAT1 resulted in a
fingerprint profile for some isolates for which the allele size could not be determined and
CF11/12 produced allele sizes differing by a single nucleotide, which were not considered
informative and they 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 (CAA38) alleles per locus with an average of three per locus (Table 6). 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 6).

A total 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 6). The population from legume hosts in Oman and Pakistan included one private
allele (166) in marker T3, which occurred in a single isolate of the population. The mango
isolates also included one allele (306) unique to the population, in marker T6, which
occurred at a frequency of 0.095. The population from Indonesia included seven private

alleles with two alleles occurring in single isolates (Table 6). Isolates from Vietnam included
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a total of 18 private alleles with four alleles occurring only once in the population. The DNA
sequences of the private alleles confirmed that the variation observed between alleles was

within the microsatellite repeat region, following a stepwise mutation pattern (Fig. 4).
3.4. Statistical analyses of SSR data

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 6). The genetic variation in the different populations, including
the number of alleles present, the number of haplotypes and the gene diversity in each
population, is presented in Table 7. The mango population had the lowest average gene
diversity (H=0.007) and the Acacia population from Vietham had the highest (H=0.44). A
total of 41 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 7), but this was also the population with the largest sample
size.

The isolates from mango had the lowest (5.8%) and the isolates from Acacia from
Vietnam had the highest (32.5%) percentage of maximum genotypic diversity (Table 7) but
this was not statistically different between the populations. There were inordinately few
isolates from P. cineraria and D. sissoo (the legume trees from Oman and Pakistan
respectively) to reliably calculate genotypic diversity for them and they were not included in
the comparisons. In contrast, bootstrap analyses showed significant differences (P<0.025) in
genotypic diversity between some of the populations with posterior probability values of
P(mango < legume trees) = 0.001, P(Acacia Indonesia = mango) = 0.001, P(Acacia Vietnam
= mango) = 0.001 and P (Acacia Vietham = Acacia Indonesia) = 0.011.

Analysis of the population differentiation, based on AMOVA, supported the existence of
genetically distinct populations with an overall ¢ppr=0.905 (P=0.001). Of the total variation

observed for all the isolates, 91% was due to genetic differences among populations and
only 9% due to variation within the population (Table 8). Pairwise comparisons showed that
most of this variation can be ascribed to the Acacia populations from Vietnam and Indonesia
and these were also genetically differentiated from the other populations. The Vietnam
population had the highest genetic distinction with ¢pr values ranging from 0.846 to 0.942
(P=0.001) (Table 9). The Indonesia population was less differentiated from the mango and
legume populations and no differentiation was observed between the isolates from mango
and legume trees from Oman and Pakistan.

Analysis of population structure, based on a Bayesian clustering method, showed the

most likely number of genetic clusters (K) to be two, followed by K=3 and K=4 (Fig. 5).
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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
considered. When assuming the existence of only two clusters, 99% of the isolates from
mango and legume trees in Oman and Pakistan, were assigned to the same cluster (Fig.
6A). Almost 43% of the isolates from Indonesia (Acacia) belonged to this group but only 14%
of the isolates from Vietham (Acacia) could be considered from the same cluster. The
majority (86%) of isolates from Vietnam were assigned to a single cluster but this cluster
showed signs of admixture with the Indonesia cluster.

Although STRUCTURE indicated K=2 as the most likely number of clusters, K=3 and
K=4 was also presented (Fig. 6B and 6C). The latter values might be more representative of
the expected number of clusters when considering the gene diversity between the
populations together with the results from the AMOVA analyses. Where the isolates were
considered to consist of three genetic clusters (Fig. 6B), those from Oman and Pakistan still
formed a single, distinct cluster but 40% of the isolates from Acacia from Indonesia and 15%
from Vietnam grouped with this cluster. The majority of isolates from Indonesia (58%)
formed a distinct cluster and 85% of the Vietnam isolates were assigned to another cluster
with very little admixture between the two. When four clusters were considered (Fig. 6C), the
isolates from Vietnam still grouped in the same cluster as before but the Indonesia isolates
could be ascribed to three potential clusters.

The genetic distance calculated between all the isolates, displayed in the NJ tree (Fig.
7), showed distinct groupings, clustering the isolates from mango and legume trees in 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; for
example three clusters included only isolates from one plantation area (Teso) in Indonesia
and another cluster, only isolates from the Pelalawan plantation area. 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 5, file available on CD)
showed that these isolates differed at only one or two alleles from the Oman/Pakistan
mango 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. 1B).

4. Discussion

Based on DNA sequence comparisons, this study confirmed that the isolates

associated with severe wilt of Acacia spp. in Vietham represent the same species as that
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killing A. mangium in Indonesia and mango in Oman and Pakistan. Thus, all of the isolates
investigated were confirmed to represent the single species C. manginecans. Furthermore,
the microsatellite markers showed significantly 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, suggesting the fungal pathogen has existed in that
area for a long period of time and it might be considered native there.

Special effort was made in this study to confirm the identity of the isolates collected
from Acacia spp. in South East Asia. Sequence data for the BT 1 and EF 1-a gene regions
could not separate the isolates representing C. acaciivora, C. eucalypticola and C.
manginecans. Furthermore, in a previous study, data from various other genetic markers
have shown that C. manginecans and C. acaciivora represent the same species (Chapter 2).
The three species could be separated based on the ITS region but we have shown in this
study and consistent with the results of Naidoo et al (2013), that more than one of the three
ITS haplotypes can occur in a single isolate. The emerging data strongly suggests that the
isolates from Acacia spp. in Indonesia and Vietnam and those from mango and legume trees
in Oman and Pakistan represent a single species. Following chronological precedence, C.
manginecans is currently the most appropriate name for this fungus.

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. 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 barely higher than for the markers developed by Barnes et al. (2001) and
Stiemel et al. (2004). This provides support that either the new or the previously designed
markers would give a fair representation of the actual diversity in the populations being
studied.

The identical haplotype present in the isolates from mango was found on the native
legume trees in Oman and Pakistan (Fig. 7). This raises the prospect that C. manginecans,
clearly an invasive alien pathogen, has undergone a host jump from non-native and
commercially propagated fruit trees to native trees. The low levels of genetic variation,
previously observed in the isolates from mango and H. mangiferae in Oman and Pakistan (Al
Adawi et al., 2014), were consistent in the new microsatellite markers utilised in the present
study. The similarly low values identified in the isolates from legume trees supports the
hypothesis that the species was introduced and that a single population has spread widely

throughout the countries to different hosts (Al Adawi et al., 2014).
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The C. manginecans population from Acacia spp. in Vietham had high levels of
genetic diversity. The values observed in these isolates (H=0.437 and %G=32.4) are
comparable with those for other populations of C. fimbriata s.l. that are considered native to
Brazil (H=0.382) and Africa (H=0.41 and %G=44), respectively (Barnes et al., 2005; Ferreira
et al., 2010). This indicates that the pathogen has occurred in this area for a long period of
time. 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 Mitldhner, 2011).

The genetic diversity observed for C. manginecans in Vietnam was higher than that
found for the same fungus in Indonesia. This is substantiated by the high proportion of
unique haplotypes found in the isolates from Vietham (29% of the isolates) compared to
Indonesia (12%). A higher number of sites were investigated in Vietnam (eight) and these
were widely distributed across the country, whereas the three regions in Indonesia were in
closer proximity to one another. This could influence the level of diversity observed in the
countries but will require additional sampling to confirm. Overall, the populations in South
East Asia are genetically diverse and the results suggest that the fungus has been present in
this area for a long period, thus accumulating variation through events such as mutation or
recombination (McDonald, 1997). This would increase the possibility of an association
emerging between the pathogen and its insect vector, H. mangiferae, as the beetle is native
to South East Asia (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 to four distinct clusters. The AMOVA analysis

and ¢pr values provided support for the populations from Indonesia and Vietnam to be

genetically distinct from one another and from the isolates collected from the Middle East.
Nonetheless, the population from Indonesia appears 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 a single allele. This difference might have been a recent
mutation event in a single isolate and it is likely that these populations shared a common
isolate in the past.

Results of this study have substantially expanded available knowledge regarding the
geographical distribution of the important tree pathogen, C. manginecans. Previously
reported on mango and legume trees in the Middle East as well as on non-native Acacia
spp. in Indonesia (Al Adawi et al., 2013b; Tarigan et al., 2011), this study confirmed that the
pathogen also occurs on Acacia spp. in Vietnam. The same fungus occurs on Acacia spp. in

Malaysia (Wingfield, unpublished) and on Eucalyptus trees in South China (Chen et al.,
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2013) and Brazil (Harrington et al., 2014). Ceratocystis manginecans has become a serious
threat to fruit and forest plantation industries in the Middle East and South East Asian
countries. 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 distribution of the pathogen as well as in establishing
effective quarantine and trade regulations between countries (Barney, 2005; Oberndorf,
2013).
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6. Tables and Figures

Table 1
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Details on the C. manginecans isolates collected in Oman, Pakistan, Indonesia and Vietnam,
used in this study, which includes the host, geographic location and sample sizes obtained
from different regions.

Country CMW number® Host Location Collector and Sample
date collected size
Oman 15377, 15353 Mangifera Shinas A. O. Al Adawi 2
indica (2003-2004)
15366, 15369, 15385, “ Liwa 4
15391
15313-15316 “ Sohar 4
15371 “ Quariyat 1
15317 Hypocryphalus  Sohar 1
mangiferae
15384 “ Liwa 1
15381, 15382 “ Quariyat 2
17225, 17568, 17570 Prosopis Sohar A. O. Al Adawi 3
cineraria (2004) ©
Total 18
Pakistan 17567 M. indica Faisalabad A. O. Al Adawi 1
(2003-2004) °
23637, 23642, 23643 “ Multan 3
23628, 23630 H. mangiferae Faisalabad 2
23623, 23624 Dalbergia “ A. O. Al Adawi 2
Siss00 (2004) ¢
23625 “ Shorkot 1
Total 9
Indonesia 22560, 22561, 22563- Acacia Pelalawan M. Tarigan 20
22580 mangium (2006)
22581-22585 “ Logas 5
22587-22591, 22593- “ Teso 37
22619, 22621-
22623,22625,22626
37825-37840, 37842- “ Riau province 48
37871, 37925, 37926
Total 110
Vietnam 38000-38004 A. auriculiformis  Thua Thien P.Q. Thu 5
Hue (2008) °
38005, 38012-38019 A. mangium “ 9
38020 “ Quang Ninh 1
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38022, 38023
38006

38007

38008
38009-38011

38021

Acacia hybrid

“

Tuyen Quang
Binh Duong

Thua Thien
Hue

Binh Phuoc
Dong Nai

Lam Dong

3

1

Total 24

a All the C. manginecans isolates are maintained in the culture collection (CMW) of the Forestry and Agriculture Biotechnology
Institute (FABI), University of Pretoria, South Africa.
b Al Adawi et al., 2014

¢ Al Adawi et al., 2013b

d Thuetal.

Table 2

, 2012

Results for the sequences obtained from the cloned ITS amplicons in a subset of isolates
from Indonesia and Vietnam.

cMw Noof  Haplotyes C.acaciivora C.manginecans C.eucalypticola Different
number® Host Location Clones for ITS” haplotype haplotype haplotype haplotype®
Vietnam

38001 A. auriculiformis ~ Thua Thien Hue 3 E 3

38004 A. auriculiformis  Thua Thien Hue 4 E,M 1 3

38007 Acacia hybrid Thua Thien Hue 4 AM 3 1

38008 Acacia hybrid Binh Phuoc 4 E,M 3 1

38009 Acacia hybrid Dong Nai 4 E 4

38010 Acacia hybrid Dong Nai 4 AE 2 2

38011 Acacia hybrid Dong Nai 4 AE 3 1

38012 Acacia mangium Thua Thien Hue 4 AE 2 2

38013 Acacia mangium Thua Thien Hue 4 AE 1 3

38014 Acacia mangium Thua Thien Hue 5 AE 3 1 1
38015 Acacia mangium Thua Thien Hue 5 AE 3 2

38017 Acacia mangium Thua Thien Hue 5 AE 1 3 1
38018 Acacia mangium Thua Thien Hue 5 AE 3 2

38019 Acacia mangium Thua Thien Hue 5 AE 3 2

Indonesia

22565 Acacia mangium Pelelawan 4 A M 3 1

22566 Acacia mangium Pelelawan 4 AM 1 3

22567 Acacia mangium Pelelawan 3 A M 2 1

22568 Acacia mangium Pelelawan 5 A M 4 1

22569 Acacia mangium Pelelawan 3 AM 2 1

22608 Acacia mangium Teso 5 A 5

22610 Acacia mangium Teso 4 M 4

22611 Acacia mangium Teso 4 A 4

a All the C. manginecans isolates are maintained in the culture collection (CMW) of the Forestry and Agriculture Biotechnology
Institute (FABI), University of Pretoria, South Africa.
b The cloned ITS sequences of an individual isolate corresponded to one of three described species and these are indicated for

every isolate by three different letters; C. acaciivora (A), C. manginecans (M) and C. eucalypticola (E).

¢ Some of the cloned sequences had more than 1% nucleotide differences from the described species and these were then
considered as a different haplotype.

© University of Pretoria

94



Table 3

Nucleotide differences between C. acaciivora, C. manginecans, C. eucalypticola and three
isolates from Vietnam in the two gene regions ITS and EF 1-a, used for identification of C.

fimbriata s.|. isolates.
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CMW Genbank
no. Species? acc. no. ITS EF 1-a
13 131 132 135 136 139 321 353 375 390 392 398 401 417 521 74 714

22563  C. acaciivora EUS88656.1 - C A A G G T A A - C C A A - C C
EU588646.1

22564  C. acaciivora EUS886571 - C A A G G T A A - C €C A A - C C
EU588647.1

10000 C. eucalypticola FJ236722.1 - A G T A - T - A - C T - - A C C
FJ236752

11536  C. eucalypticola FJ236723.1 -/ A G T A - T - A - T T - - A T C
FJ236753.1

13851 C. manginecans AY953383.1 G C A A G G - A - T T T - - - ClA
EF433317

13852 C. manginecans AY953384.1 G C A A G G - A T T T - - - ClA
EF433318

38007  Clone C of 38007 G C AAA G G - A - T T T - - - C C

38007  Clone D of 38007 - C AAA G G T A A - C C A A -

38019 Clone A of 38019 -lA G T A - T - A - T T - - A C C

38019 Clone B of 38019 - C AAA G G T AA - C C A A -

38004  Clone D of 38004 G C A A G G - A - T T T - - - C C

38004 Clone A of 38004 -lA G T A - T - A - T T - - A

a The last six sequences in the table represent two cloned sequences, each from three Vietnam isolates CMW38004, 38007
and 38019. Each of the two cloned sequences in a single isolate corresponded to that of two different species.
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Table 4
Details of the new polymorphic microsatellite markers, developed from the genomes of C.
acaciivora and C. manginecans.
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SSR motifin

SSR C.acaciivora/ Forward primer sequence 5'-3' Fluores- Tm  Multiplex GenBank acc.

locus C.manginecans Reverse primer sequence 5'-3' centlabel (°C) PCR no.? no.

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 KJ601492
TGCTAATGGAGGTCGGTG

AF5 (GTCA)9/(GTCA6 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
CGGGCCTTTCTTTTGTTTCTT

AF9 (GCA)9/ (GCA)11 ACTCTACTACCCTCACAC FAM 55 2 KJ601497
GACTAGGCCTCCATTGAA

AF11 (ACA)10/(ACA7 TTGGACATACTTGGACGGG VIC 57 3 KJ601498
ATTTAGTGGGAATCTGCGG

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

a 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.

Table 5 — Available as additional excel file on CD

GeneScan results obtained for all 161 C. manginecans isolates and all 24 microsatellite
gene regions investigated in this study, indicating the allele sizes obtained for each isolate.
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Summary statistics, including the number of alleles, allele frequencies, allelic range and
gene diversity for each microsatellite marker screened on 161 C. manginecans isolates.

Private alleles [Frequencyin population]b

Legumes Highest
Number (Omanand Mango (Oman Acacia Acacia Allelic allele Gene
SSR locus® ofalleles Pakistan) and Pakistan) (Indonesia) (Vietham) range frequency  diversity
AF2 3 198 [0.042] 198-206 0.851 0.256
AR3 3 233[0.042] 218-233  0.503 0.506
A 3 252[0.292] 243-252 0.857 0.254
AR5 3 270[0.042] 250-270 0.721 0.406
AF6 2 309 [0.009] 294-300 0.596 0.486
AF7 2 322-325 0.658 0.45
AR 2 346-349 0.665 0.446
AF9 2 412-418 0.839 0.271
AF11 3 450 [0.375] 447-455  0.87 0.236
AF12 6 456 [0.303], 444 [0.042], 438-459 0.55 0.624
459 [0.028] 447 [0.333]
AG7/AG8 3 293[0.083] 284-293 0.528 0.51
CF15/CF16 2 474-476  0.5432 0.498
CF23/CF24 2 157-160 0.5217 0.499
AAGS8 2 180 [0.875] 177-180 0.87 0.227
AAGY 3 400 [0109] 397-403 0.503 0.563
CAA9 4 166 [0.167] 172[0.667] 166-223 0.8571 0.254
CAAL0 3 135 [0.250], 126-138 0.901 0.184
138[0.417]
CAA15 2 320 [0.458] 320-323 0.926 0.138
CAA38 306 [0.095] 288 [0.009], 207 [0.583], 207-369 0.603 0.602
324[0.136], 234 [0.375]
369 [0.027]
CAA80 3 316 [0.5] 304-316 0.696 0.458
CAT3K 2 306 [0.458] 306-310 0.932 0.127
CATI9X 3 279[0.792] 279-286 0.851 0.261
CAT1200 2 376-379  0.857 0.245
CAG5 2 319-322 0.894 0.189

a 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.
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Table 7
Summary statistics of isolates collected from Oman, Pakistan, Indonesia and Vietnam
indicating variation within and between populations.

No. of
No.of No.of haplotypes Most Genotypic
No.of No.of alleles/ private (Private frequent  Gene diversity  Max %
Population isolates alleles locus  alleles haplotypes®) haplotype® diversity® (G)° of G
Mango (Oman 21 25 1.04 1 2(0) 92% 0.007 1.208 5.753
and Pakistan)
Legumes (Oman 6 27 1.13 1 4(3) 50% 0.035 n/a n/a
and Pakistan)
Acacia 110 50 2.08 7 23 (12) 31% 0.233 6.402 5.82
(Indonesia)
Acacia (Vietham) 24 60 25 18 12 (6) 21% 0.437 7.784 32.43

a Refers to haplotypes that are unique to the population and occurs only once in the population.

b Indicates the percentage of isolates in the population that contain the most frequent haplotype.

¢ The average gene diversity, obtained from all the microsatellite markers combined, was calculated in each population, based
on Nei (1973) gene diversity calculations.

d Genotypic diversity was calculated using the method of Stoddard and Taylor (1988) and the %G was obtained by dividing the
G value with the population size and multiplied by 100.

Table 8

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.

Estimated Proportion of variance

Source df SsP variance components (%)
Among populations 3 284619.348 3574.825 91%

Within populations 157 58624.254 373.403 9%

Total 160 343243.602 3948.228 100%

a=degrees of freedom
b=sum of squares

Table 9

Pairwise comparison of population differentiation (¢ppPT) among the
four populations investigated in this study.

Oman and Oman and

Pakistan Pakistan Indonesia
Sampling group Legumes Mango Acacia
Oman and Pakistan Legumes
Oman and Pakistan Mango 0.135* - -
Indonesia Acacia 0.498 0.523 -
Vietnam Acacia 0.846 0.905 0.942

*Value is not statistically significant with a P-value=0.001
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Location keys

A Logas (N=5)
. Pelalawan (N=20)
B Teso (N=36)

Pekanbaru .
]

RIAU PROVINCE

Location keys
vTuyen Quang (N=2)
O Quang Ninh (N=1)

A\ Thua Thien Hue (N=15)
[JLam Dong (N=1)
Bin Duong (N=1)

[l Dong Nai (N=3)
[ Bin Phuoc (N=1)

VIIENAM

Fig. 1. Maps of the Riau province in the Sumatra island of Indonesia (A) and Vietnam (B) in
South East Asia, 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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A)

B)

38012_ITS4 GAGAACAGGACCTCCAACGCCAAGAAANAATAANCNTGANNGGNGAAANGANNNTCGGAI

Trace data

38012CloneB HGANEAGCARETERARBCEEAACARRANAAGAGTETTGAGTGGTGARATGARGETE
38012CloneE HGANBAGGABETERANBCEEAACARRANARGAGTETTGAGTGGTGANATGARGETE
38012CloneA HGANEAGCARETERANBCEBAAGAN - AGAATAATETTGAGTGGTGANATCGARGETE
38012CloneC AGAAEAGGARETEEAAEGERANGAR - AcAATARTETTcAGTGGTCGARATCARGETE

Fig. 2. A sequence chromatogram of the ITS region amplified in an isolate from Vietnam. A)
A good quality sequence up to 120 bp after which there was conflict in the base calling. This
is a clear illustration of the presence of more than one ITS type in a single isolate. B)
Sequence data from the cloned sequences show that the presence of a single nucleotide
indel (indicated by the arrow) resulted in a frame shift of the downstream sequence in the
one ITS type.
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1001 C. mangivora CMW15052
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C. fimbriatomima CMW24174

92 . fimbriatomima CMW24377

|
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—
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- pirilliformis CMW6583
C. pirilliformis CMW6579

— C. eucalypticola CMW10000
C. eucalypticola CMW11536
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4\ C fimbriata s.s. CMW14799
C. curvata CMW22435
C. curvata CMW22442

fimbriata s.s. CMW1547

Fig. 3. One of the most parsimonious trees obtained from Maximum parsimony analysis of
the ITS sequences of all isolates collected in Indonesia and Vietnam. To reduce the number
of taxa in the tree, isolates with identical haplotypes were represented by a single
sequence/haplotype. The sequences were compared to that of other, well-defined, species
in the C. fimbriata s.l. species complex. All the Indonesia isolates clustered either with the C.
acaciivora or C. manginecans species but some Vietham isolates also clustered with C.
eucalypticola species. Branch support values are indicated above the branches. The branch

length represents the number of nucleotide differences.
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AF12_459 EECENEECEE cEACHAEEAE DAASAAGAAE ASDAADANDE ASAASAAEAR DASDAAEAAE AASASEASEA AEEETETEEA HcHEA
AF12_456 BEGEAEAGEA GEACEAREAA L] BA L AE AASAABAAEA - -BETETEEA AcAR
AF12_453 BEcESEACEE cBAcEA AB HABHABAE--- -- BETETEEA HcHEA
AF12_447 BECEABEGEE cB g H--------- -- EETETEEA AcHEA
AF12_444 BEcGEEBAGEE es-- ---------- - BETETEEA HcHA

GEAAEAAEAA EAAEAAEAAE AACAADAAGA ADAABAAGAN BAAEAA
AF12_438 EACHABNAGEA GEAGEAAEAAN DASEAANDAAE AADAAGAADA ADAADAAQAR BA-------- ---------- - BETETEEA AcHA

Fig. 4. Alignment of sequences representing all the alleles observed in the AF12
microsatellite marker. Some of these alleles were only observed in a single isolate and had
to be sequenced to confirm that the length variation between the alleles are due to a step-
wise mutation in the microsatellite region. The represented alignment confirms this.
Alignment was performed in CLC Bio Main Workbench v. 6 (CLC Bio, www.clcbio.com).
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Fig. 5. Plot data of the A) K against LnK values for K=1-7 and the B) K against AK values to
determine the most likely number of genetic clusters (K) all the isolates can be grouped in.
The optimal K value is the value with the biggest rate of variation when comparing the
LnP(D) to successive K-values. This result was used for a final population structure analysis
in STRUCTURE v2.2.
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Fig. 6. Analysis of population structure (K) among the C. manginecans isolates collected
from legume trees and mango 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. A) STRUCTURE analysis suggested the
isolates most likely consist of two clusters (K=2) (blue and green). B) An alternative number
of clusters (K=3) were also considered, as these are more representative of the population
structures obtained from other analyses.
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Fig. 7. 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
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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 (blue), and
those from Vietnam forming another cluster (pink). All the isolates from Oman and Pakistan
were very closely related (red).
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The first chapter of this dissertation provided an overview of the taxonomy of the
Ceratocystis genus. The methods currently applied for species identification were critically
reviewed to determine their usefulness and limitations in Ceratocystis. This study
emphasised the limited amount of information obtained from morphological and biological
methods for identification of cryptic species. Analyses of the literature showed that more
than 70% of the species described in Ceratocystis were significantly supported by DNA
sequence data. This indicates the substantial impact that phylogenetics have had in cryptic
species identification. The limitations of the gene regions, ITS, BT 1 and EF 1-a, currently
used for the taxonomy of the C. fimbriata s.l. complex were also identified. This review
highlighted the need for additional tools that can accurately classify species in this complex
and identified a number of alternative approaches that could be investigated further.

The second chapter re-evaluated the efficacy of the phylogenetic markers currently
applied for C. fimbriata s.l. classification. In addition, the potential of five additional gene
regions to identify species in the complex were investigated. From the phylogenetic analyses
of all eight gene regions, no single region could be identified as being equally informative as
ITS. A combination of three regions, namely BT 1, RPBIl and MS204, provided significant
support for the majority of species and are proposed for future identification studies. An
additional approach considered, which is relatively new to fungal species identification, was
the development and use of species-specific SNP markers. The data obtained from these
markers were congruent with the data obtained using the phylogenetic gene regions. Both
sets of markers clearly distinguished all species in the C. fimbriata s.I. complex except C.
acaciivora and C. manginecans. These two species were, therefore, proposed as synonyms
of each other in this chapter. The markers proved useful and informative and a potentially
new C. fimbriata s.l. species from cacao trees was recognised.

In chapter 3, the organism causing the disease on Acacia spp. in Vietnam was
identified and confirmed to be C. manginecans. Cloned sequences of the ITS gene region
from isolates obtained from Oman, Pakistan, Indonesia and Vietnam indicated the presence
of multiple ITS haplotypes in numerous individuals. This corresponded to the C. acaciivora
and C. manginecans ITS haplotypes. With the synonymy of the two species confirmed, C.
manginecans has a broader geographic range than originally thought. The genetic diversity
and population structure of isolates collected in Indonesia and Vietnam were compared to
the clonal ones present in Oman and Pakistan. Ten additional microsatellite markers were
developed for this purpose. The analyses indicated that the Vietnam population has the
highest genetic diversity and the species have likely existed in this country for an extended
period of time.

The studies from this dissertation have highlighted the importance of accurate

species identification, specifically with regard to fungal pathogens. Reliable identification is
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essential in order to investigate and prevent the spread of pathogens but also for scientific
research considering their distribution and population diversity. This is dependent on the
application of effective species identification methods, of which DNA sequence data was
clearly shown in this study to be the most informative. These studies enabled the
identification of a set of reliable molecular markers that can, in combination, be used for the
identification of C. fimbriata s.|. species. Additionally, a new set of microsatellite markers
were developed specifically for these pathogens. The markers developed in this study
should prove useful also in taxonomic and population studies of other Ceratocystis species
not yet investigated.

Future prospects

The ITS region still remains the only gene region that provides support for all the C.
fimbriata s.l. species. Even after the analyses of five new gene regions, these will still need
to be used in combination to give the same resolution as ITS. Although the SNP regions are
effective, nine different regions have to be amplified per isolate to get the same data, making
this a cumbersome task. The search for more informative phylogenetic markers to define
cryptic species in the C. fimbriata s.l. complex is still needed. Identification of more gene
regions can be initiated by screening the FUNYBASE database
(http://genome.jouy.inra.fr/funybase), using the program POLYORPH (Feau et al., 2011;
Marthey et al., 2008). The database contains hundreds of potential fungal phylogenetic
markers and the program can identify genes with the potential to resolve lower level
phylogenies. This potential can be confirmed by calculating the Townsend phylogenetic
informativeness (PI) of the regions and plotting their profiles, against time, on a single graph
(Townsend, 2007). The PI profile is an indication of the informativeness per site for each
gene region to resolve tree topologies. These analyses can be performed in silico and thus
identify genes with similar evolutionary rates to the ITS gene region, prior to any laboratory
work.

One alternative diagnostic marker presented in the literature study, but not
extensively investigated in this dissertation, is cerato-platanin (CP). This is a pathogenicity
factor found in the mycelia of Ceratocystis species (Comparini et al., 2009). The amino acid
sequences were significantly different between three distantly related Ceratocystis species
investigated but were identical among closely related species such as C. fimbriata s.s. and
C. cacaofunesta. During the course of this dissertation, primers were designed for this region
and the nucleotide sequences were generated for six species. Multiple nucleotide
differences were found between C. acaciivora, C. manginecans, C. fimbriata s.s., C. platani,

C. cacaofunesta and C. fimbriata s.I. from coffee (Fig. 1). Ceratocystis acaciivora and C.
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eucalypticola, however, were identical. The full potential of CP as a diagnostic marker can
be investigated in future studies by obtaining the sequence of this gene in at least two
isolates of all species of the C. fimbriata s.I. complex and evaluating the resolution it

provides between cryptic species.

. manginecans CMW13851
. fimbriata s.I. Cf_4 Mango
. maginecans CMW13852
. cacaofunesta Cf_12 Cacao
. fimbriata s.I. Cf_5 Coffee
C. platani Cf_15
100 W{ C. platani Cf_AF100
C. fimbriata s.I. Cf_6 Sweet potato
C. acaciivora CMW22564

C. acaciivora CMW22563

99 [ C. eucalypticola CMW 11536
C. eucalypticola CMW10000

98

91

O O 0 O O

96

29

— C. populicola Cf_2
Il variospora

L 1 1 1 1
0.12 0.10 0.08 0.06 0.04 0.02 0.00

Fig. 1. Cladogram of representative species in the C. fimbriata s.l. species complex, based on sequence data of
the ceratoplatanin gene. An Unweighted Pair Group Method with Arithmetic Mean (UPGMA) was used for tree
construction and branch support values were determined based on 1000 bootstrap replicates (indicated above
the branches).

The identical sequence of the CP gene observed in C. acaciivora and C.
eucalypticola but found to differ in C. manginecans, contrasts what was found in chapter 2 of
this dissertation. Among the five gene regions considered in chapter 2, C. manginecans and
C. acaciivora were identical but distinct from C. eucalypticola. This could suggest that a
hybridization event occurred among the three species. The occurrence of the C.
eucalypticola ITS haplotype along with the haplotype of either C. manginecans or C.
acaciivora in a single isolate (chapter 3) also questions whether the ITS region was affected
by hybridization. Even though it seems that C. acaciivora and C. manginecans are the same
species, based on the data from the first two chapters, it was decided to not synonymise
them officially due to the potential of hybrids. Further investigation is required before this can
be ascertained.

With the increase in high throughput sequencing technologies and the decrease in
cost for genome sequencing, fungal genome comparisons have become a greater possibility
for species classification (Glenn, 2011). A phylogenomics approach is based on genome

comparisons of a number of species and identification of the orthologous protein coding

109

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

genes they all have in common. The hundreds of genes identified in this manner can then be
compared and analysed simultaneously between the species (Fitzpatrick et al., 2006;
Rannala and Yang, 2008). This should become more feasible as additional projects, such as
the 1000 fungal genome project, are completed as it will exponentially increase the

availability of genomic data (http://1000.fungalgenomes.org). In recent studies at FABI, the

genome sequences for five species in the C. fimbriata s.|. complex and 13 additional species
in the Ceratocystis genus have been obtained (Unpublished). These genomes provide a
basis for identification of numerous single copy protein coding genes that can be combined
for a phylogenomic analysis of the genus.
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Summary

The fungal species Ceratocystis acaciivora and C. manginecans are economically important
plant pathogens, reported from the Middle East and South East Asia. These fungi cause
severe wilt of Acacia and mango trees, respectively. The species form part of the C.
fimbriata sensu lato complex that consists of numerous closely related plant pathogens with
a global distribution. Ceratocystis acaciivora and C. manginecans are morphologically
identical and both have been reported on the same host, A. mangium, in Indonesia.
Identification of these, and other species in C. fimbriata s.l. complex, is strongly reliant on
phylogenetic analyses of three gene regions and the congruence of their phylogenies.
However, the reliability of this approach has recently come into question. The ITS haplotypes
of both C. acaciivora and C. manginecans have been identified in a single isolate. The two
gene regions, B-tubulin 1 (BT 1) and Translation Elongation Factor 1-a (EF 1-a), are
generally combined with ITS data but their phylogenies provide no resolution between these
two species. The BT 1 and EF 1-a gene regions have also failed to resolve various other
well-characterised and cryptic species in the C. fimbriata s.l. complex.

The aim of this dissertation was to develop and identify alternative genetic markers
that can be utilized for species identification in the C. fimbriata s.I. species complex,
particularly with regard to distinguishing between C. acaciivora and C. manginecans. An
additional aim was to obtain a better understanding of the distribution and population genetic
diversity of C. manginecans and C. acaciivora on various hosts in different geographical
areas. Five phylogenetic gene regions, effectively used in the taxonomic studies of other
ascomycetes, were considered for species identification in the C. fimbriata s.I. complex.
Species-specific SNP markers were also developed and tested as diagnostic markers for
species identification. The population studies were performed by screening a set of
previously designed, as well as newly developed microsatellite markers in isolates obtained
from four countries.

None of the five gene regions tested, allowed for better resolution of the species
boundaries than that which can be achieved using the ITS region. In combination, three
gene regions (BT 1, MS204 and RPBII) resolved the majority of species in the complex and
should be useful for future taxonomic studies. The application of nine SNP markers proved
to be highly informative and distinguished all species in the species complex. None of the
genetic markers considered in this study allowed for the differentiation between C. acaciivora
and C. manginecans, supporting the view that these are synonyms. The population study
expanded the current knowledge of the distribution of C. manginecans. The microsatellite
data revealed a high genetic diversity among the isolates in South East Asian countries and

confirmed the presence of a genetically distinct population in Vietnam. Ceratocystis
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manginecans has likely existed in this region for a long period of time. This study has
provided the data for resolving taxonomic uncertainties of cryptic species in Ceratocystis and

lays the foundation for future studies within this genus.
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