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Abstract Ceratocystis sensu stricto is a genus of closely
related fungi that are mostly plant pathogens. Morphological
variation between species in this genus 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, can be used to delineate all species
described in the genus. However, the recent discovery of two
ITS types in a single isolate of Ceratocystis 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 genus. The phylogenetic
value of the BT 1 and EF 1-x gene regions, generally used in
combination with ITS, were re-evaluated and compared to
five single-copy protein coding genes (CAL, RPBII,
MS204, FG1093 and Mcm7). As an alternative approach,
genome-wide single nucleotide polymorphisms (SNPs)
were identified and evaluated as diagnostic markers to
distinguish among the species. Fifteen species residing
in Ceratocystis 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 tested could distinguish between
C. acaciivora and C. manginecans, and therefore these spe-
cies are reduced to synonymy, with the name C. manginecans
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being retained. Results of this study also revealed the likely
existence of additional species in Ceratocystis.
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Introduction

A species can be defined as a group of individuals that have a
unique evolutionary history and that have evolved indepen-
dently 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 mor-
phological species recognition approach lacks the capacity to
distinguish between closely related taxa. Furthermore, biolog-
ical species recognition 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 in 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 sensu lato (s.1.), an aggregate genus of insect-
associated fungi, provides a useful example where the mor-
phological, biological and phylogenetic species recognition
criteria have been applied in taxonomic studies. The type
species, Ceratocystis fimbriata, was described more than
120 years ago as the causal agent of root rot on sweet potatoes
(Halsted 1890). Since then, 61 distinct species have been
described in Ceratocystis s.I. based on a combination of
various recognition criteria. The genus previously included
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various species complexes, generally well-supported by
DNA-based phylogenies, morphological and ecological data
(Mbenoun et al. 2013; Wingfield et al. 2013). Recently, phy-
logenetic inference based on multiple gene regions, as well as
morphological and ecological data, has been used to define
and describe these species complexes in discrete genera, of
which Ceratocystis sensu stricto (s.s.) is one (De Beer et al.
2014). In this study, Ceratocystis is defined on this new
taxonomic treatment and includes only those species previously
treated as the Ceratocystis fimbriata sensu lato species complex.

Until the early 2000s, species of Ceratocystis s.s. were
primarily defined based on unique morphological characteris-
tics (Barnes et al. 2003; Kile et al. 1996; Upadhyay 1981;
Wingfield et al. 1996). In some cases, identification has been
supplemented using mating studies which, for example, could
be used to confirm the species boundaries between
C. fimbriata, C. platani and C. cacaofunesta (Engelbrecht
and Harrington 2005; Ferreira et al. 2010). 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), the majority of currently
known species in Ceratocystis, as defined by de Beer et al.
(2014), have been described based on phylogenetic inference
using DNA sequence data.

Initial phylogenetic species delineation in Ceratocystis re-
lied 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-o
(EF 1-) gene regions have generally been used in combina-
tion with the ITS region for species delineation (Van Wyk
etal. 2012, 2011b).

The Fungal Barcode of Life (FBoL) consortium has de-
fined the ITS region as the barcode for fungal species identi-
fication (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, but the second ITS type differed by seven
nucleotides and had the same sequence as C. acaciivora.
Whether similar problems exist for all species in
Ceratocystis has not been confirmed, although it has recently
been suggested for species closely related to C. acaciivora and
C. manginecans (Harrington et al. 2014).

Most of the cryptic species in Ceratocystis have been
separated on the basis of genealogical concordance, but a
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few of these species have received the majority of the phylo-
genetic signal from the ITS region alone (Harrington et al.
2014; Tarigan et al. 2011; Van Wyk et al. 2011a, b). The two
additional gene regions used in GCPSR, 3T 1 and EF 1-c,
contain limited variation and provide very low or no signifi-
cant 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,
2011a, b).

Alternative gene regions that can be used for phylogenetic
analysis of Ceratocystis 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), first
and second largest subunits of RNA polymerase II (RPBI and
1), ATP synthase 6 (ATP6), 3-tubulin 2 (fT2) and
Calmodulin (CAL) gene regions (O’Donnell et al. 2000;
Spatafora 2005). In addition, various single-copy protein-cod-
ing genes, conserved in most fungi, have been identified from
genome comparisons (Aguileta et al. 2008; Marthey et al.
2008). Genes among these that might be useful as phyloge-
netic markers include the pre-rRNA processing protein (Tsrl),
minichromosome maintenance protein (Mcm?7), 60S ribosom-
al protein L37 (FG1093) and guanine nucleotide-binding
protein subunit beta-like protein (MS204) (Raja et al. 2011;
Schmitt et al. 2009; Tretter et al. 2013; Walker et al. 2012b).
The latter two have shown good potential to delineate closely
related species.

Single nucleotide polymorphisms (SNPs) that differ among
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
etal. 2002). Consequently, diagnostic SNP markers have been
applied in a wide range of studies, for example on 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 among
species.

There is a significant need for additional molecular markers
to clearly and accurately differentiate among closely related
species in Ceratocystis, 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, therefore, was to
reassess the phylogenetic value of the 3T 1 and EF 1-« gene
regions for taxonomic purposes and, in addition, to consider
the potential of additional genetic markers to distinguish be-
tween the species in this genus.
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Materials and methods
Fungal isolates and DNA extraction

Isolates of 15 species in the Latin American clade of
Ceratocystis (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,
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.
Two C. pirilliformis isolates were included as outgroups for
the phylogenetic studies (Table 1). Depending on availability,
between two and five isolates from different geographic loca-
tions and/or hosts were chosen per species, including the ex-
type strain of each species. All isolates were grown in culture
on 2 % malt extract agar (MEA) supplemented with 50 mg/1
streptomycin (Sigma—Aldrich, Germany) and 100 pg/l thy-
mine (Sigma—Aldrich, Germany).

For DNA extraction, mycelium was scraped from the sur-
face 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, DE, USA) and the
quality assessed by gel electrophoresis on a 1 % agarose gel
(AGE). For AGE, 5 ul DNA was combined with 2 ul
GelRed™ (Biotium, California, USA) and the DNA visual-
ized under UV illumination. DNA concentrations were stan-
dardized to a working dilution of 30 ng/ul for subsequent
reactions.

Single-copy phylogenetic gene regions

Primer design PCR amplification and sequencing Regardless
of whether ITS sequence data were available on GenBank,
amplification and sequencing of all isolates in this study was
repeated 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 for their potential use as phylogenetic markers in
Ceratocystis. These were Mcm7, Tsrl, CAL, RPBII, 3T 2,
FG1093 and MS204. Information for all primers used in PCR
and sequence reactions in this study are summarised in Table 2.
The Mcm?7 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 Ceratocystis by aligning them to the C. fimbriata genome
(GenBank accession number APWK01000000) (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 E3RI1 primers
(Walker et al. 2012b). For the MS204 region, the
MS204F.cerato and MS204R.cerato primers were modified
from the MS204 E1F1 and MS204 ESR1 primers. For species
where problems were experienced in amplification, a smaller
region of MS204 was amplified with the primers
MS204F.ceratoB and MS204R .ceratoB. Various primer combi-
nations were tested for the Tsrl region. This included testing the
original primers (Schmitt et al. 2009) and 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, and primers T1d, Btld
and Bt2d, used for amplification of the 3T 2 region, were also
designed from the C. fimbriata genome. For isolates
where there were no reliable data available for the 3T 1
and EF 1-x regions in GenBank, these were amplified
using primers (3tla and 3t1b (Glass and Donaldson 1995)
for BT 1, and EF1-728F and EF1-986R (Jacobs et al.
2004) for EF 1-a.

The PCR reactions were identical to those performed by
Duong et al. (2012), but 0.2 uM forward and reverse primer or
0.8 uM in the case of the degenerate primers were used per
reaction. MgCl, concentration differed for different primer
sets (Table 2). The PCR program for amplification of the
CAL, RPBII, BT 2, and MS204.ceratoB primer sets was
identical to the program in previous studies (Duong et al.
2012). An Expand-PCR program was used for the ITS,
Mcm7, 3t 1, EF 1-a, MS204 (MS204.cerato) and FG1093
primer sets. The program was as follows: 96 °C 10 min,
(94 °C 30 s, 55 °C 45 s, 72 °C 1 min)* 10 cycles, (94 °C
30s,55°C45s,72°C 1 min +5 s/cycle increase) x 30 cycles,
72 °C 10 min. Annealing temperatures differed for each
primer set (Table 2).

PCR and sequencing products were purified with 6 %
Sephadex G-50 columns using the manufacturer’s protocols
(Sigma—Aldrich, Germany). Amplification reactions for se-
quencing were performed, as described previously (Duong
et al. 2012), using the ABI PRISM" BigDYE Terminator
Cycle Sequencing Ready Reaction Kit (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 sequencing results, and this was performed with a
pGEM"-T Easy Vector System, following the manufacturer’s
protocols (Promega, Madison, WI, USA).

Sequence alignment and phylogenetic analyses The quality of
the raw sequence reads were evaluated and assembled in CLC
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Table 2 Primers used for amplification of single-copy protein coding gene regions investigated in this study

Gene region  Primer name® Direction Sequence (5'-3")b MgCI2 (mM) Tm (°C) Successful amplification Reference
pt2 T1d Forward ACC ATG CGY GAR ATY GTA AGT 1 59 Yes
Btld Internal ~ AGG GTA ACC ARATYG GTG C
Forward
Bt2d Reverse  GTAYTG YCC CTT GGC CCA GTT G
CAL CAL2F Forward GAC AAG GAY GGY GAT GGT 0.5 64 Yes Duong et al., 2012
CAL2R2 Reverse  CTT CTC GCC RAT SGA SGT CAT
FG1093 FG1093F.cerato  Forward GCG CCA CAA CAA GTC GCA CGT 1 70 Yes
FG1093R.cerato  Reverse  TTC TCC GCT TGC CCT TGT CRS
Mcem7 Mcem7 -709 Forward ~ACI MGI GTI TCV GAY GTH AAR CC 2.5 55 Yes Schmitt et al., 2009
Mcm7 -1348 Reverse  GAY TTD GCI ACI CCI GGR 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 TGA GCA GCT GAT CCT T 1 56
MS204R.ceratoB Reverse ATG TCC GGG TAG TGT TAC CG Yes
RPBII RPB2-5Fb Forward GAY GAY EGI GAT CAg TTY GG 0.5 61
RPB2-7Rb Reverse  CCC ATR GCY TGY TTR CCC AT
Tsrl Tsrl -1453for Forward GAR TTC CCI GAY GAR ATY GAR CT 1-2.5 54 Yes
Tsrl -2308rev Reverse  CTT RAA RTA ICC RTG IGT ICC
Tsr1F.cerato Forward GAR TTY CCE GAY GAR ATY GAR CT 1-2.5 54 Very few isolates Schmitt et al., 2009
Tsr1R.cerato Reverse  YTT RAA RTA NCC RTG NGT NCC
Tsr1F.new Forward GAY GAY CAY CAY TAC TTC TC No

# Primers in bold were designed in this study

®Bold underlined nucleotides in the primer sequences indicate where primers were modified from the original primers

Main Workbench v.6 (CLC bio, www.clcbio.com). Consensus
sequences for each gene region of all isolates were aligned in
MAFFT version 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). Alignment of the data sets was 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 in-
ference (BI) were applied to each data set individually for tree
construction. Parsimony analysis was performed in PAUP*
version 4.0 (Swofford 2002) and trees were obtained using
the heuristic search option with 1,000 replicates, with random
addition of sequences and a tree bisection and reconnection
(TBR) branch swapping strategy. Both introns and exons were
considered for each gene region. Indels were treated as a fifth
character. For application in ML and BI analyses, the best
model of evolution for each gene region was identified using
the jModelTest version 0.1 and applying the Akaike informa-
tion criterion (Posada 2008). ML tree construction was per-
formed 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, and the number of
substitution sites was set to six (except for BT 1, where nst=
2). The starting tree was obtained using the BIONJ approach,
and the branch swopping strategy was set to select the best of
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either NNI or SPR algorithms. Statistical support for the
branches of both MP and ML trees was obtained using 1,000
replicates of non-parametric bootstrap analysis of the se-
quence data. As Ceratocystis pirilliformis resides in
Ceratocystis but is distantly related to the species in the
Latin American clade, it was selected as the outgroup to root
the trees.

Additional branch support was obtained using Bayesian
analysis, applying a Markov Chain Monte Carlo (MCMC)
algorithm in the MrBayes version 3.1.2 program (Ronquist
and Huelsenbeck 2003). Tree searching was performed using
four independent chains and run for 6 000 000 generations,
sampling every 100th tree. Analyses were performed twice,
and concordance between the two sets was investigated by
comparing the log likelihoods in Tracer version 1.5 (Rambaut
and Drummond 2009). The burn-in for each data set 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).

Phylogenetic value of single genes and gene combinations A
combination of criteria was used to select the gene regions
with the most potential for use as phylogenetic markers. A
three- and four-gene region combination was evaluated. This
was based on i) the number of species that could be
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distinguished with significant bootstrap and Bayesian support
values (>70 BS and >95 BI) by the gene region, ii) the number
of species shown to be monophyletic based on the genealog-
ical 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, in addition to BS and
BI 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 gsit was calculated as a weighted average of all
100 gsi values for each gene region, with a P value of <0.05
considered statistically significant (Sakalidis et al. 2011). All
calculations were performed online at http://www.
genealogicalsorting.org/index.php.

To determine the accuracy of each individual gene region
in representing the relationships among all taxa, a Bayesian
consensus tree for each gene region was compared to a com-
bined reference tree of all of 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 nucle-
otide substitution model for each gene region. The topological
difference in tree topologies were compared in the online
program ‘Compare2Trees’ (http://www.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 etal. 2006). An overall score of 85 % was selected as the
cutoff 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 previously stated. A partition
homogeneity test (PHT) with 1,000 repeats was performed on
different arrangements of three- and four-gene region combi-
nations 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. Identical conditions to those ap-
plied to the individual gene regions were used in the different
tree construction methods.

Development of SNP markers

Sequence data generation for SNP calling SNP markers were
developed from 454 sequence data for six species in

Ceratocystis. These markers could subsequently be used to
consider variation in the rest of the species in this genus. This
method was shown to be effective in 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 py-
rosequencing. Isolates included for sequencing were
C. fimbriata (CMW 1547, 15049, 14799) (Table 1),
C. cacaofunesta (CMW 14809, 15051, 14798), C. platani
(CMW 14802, 23918, 23450), and a combined group com-
prising 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 part of the study.

All genomic DNA was digested with a frequent- and a rare-
cutting restriction enzyme, after which restriction enzyme-
specific adapters were ligated to the DNA fragments. A master
mix digestion reaction consisting of 1x R/L 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,0,
and this was mixed with 10 pl of master mix. The reaction was
incubated for 3 hrs at 37 °C, and then 15 min at 65 °C. The
ligation reaction was performed directly afterwards by com-
bining 30 pl digested DNA with 10 ul ligation master mix (1x
R/L buffer, | mM ATP pH7, 1 pmol EcoRI- and 10 pmol Msel
adaptors, 1 unit T4 DNA ligase up to 40 pl final volume with
ddH,0) and was incubated for 3 h at 22 °C.

Pre-amplification reactions were performed with 5 pl of the
ligated products. Total reaction volumes of 30 ul consisted of
I1x PCR buffer (+1.5 mM Mg), 0.2 mM dNTP, 0.3 uM
EcoRI+A primer, 0.3 pM Msel+C primer, and 0.6 units Tag
polymerase (Expand 7ag). The PCR program was as follows:
94 °C for 4 min, (94 °C for 30 s; 56 °C for 30 s; 72 °C for
1 min +1 s/cycle extra)x25 cycles, 72 °C for 2 min.
Amplification smears were analysed by AGE on a 2 % gel.

Amplicons of all the isolates of the same species were
pooled in four sample sets representing C. fimbriata,
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 % etha-
nol and the dried product resuspended in 30 pl H,O. Sample
sets were size-separated on a 1.2 % agarose gel at 60 V for
1 hr. Bands in the size range of 150450 bp were excised and
purified using the NucleoSpin” Extract II kit (Macherey-
Nagel, Germany).

The 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
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consisted of the 454 adaptor A sequence plus the species-
specific sequence tag plus the EcoRI adaptor-specific se-
quence (sequence: 5S’GCCTCCCTCGCGCCATCAG-
NNNN-GACTGCGTACCAATTC3). The reverse primer se-
quence consisted of the 454 adaptor B sequence, the species-
specific sequence tag, and the Msel adaptor-specific sequence
(sequence: 5’"GCCTTGCCAGCCCGCTCAG-NNNN-
GATGAGTCCTGAGTAA3Z’) (Pérez 2010). The species-
specific identification tag was ATCG for the C. cacaofunesta
sample set, CTAG for the C. fimbriata 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)x25 cycles, and
72 °C for 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 product was sequenced using
the Genome Sequencer 454 FLX (Roche, Inqaba Biotec,
Pretoria, South Africa).

SNP identification, marker development and application to
Ceratocystis species Raw reads from the 454 sequencing
were assembled using the CLC Genomics Workbench 5.0
(CLC bio), and contigs were generated for orthologous re-
gions 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, mis-
match 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 four SNPs) and the
number of species between which the SNPs could dif-
ferentiate. For the purposes 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
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 5.0 (CLC bio). Where SNPs were
located inordinately close to the 3” or 5’ end of the contig,
the C. fimbriata genome (isolate CMW 14799, with GenBank
accession number APWKO01000000) was used to design
primers located upstream or downstream from the SNP re-
gions. 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 melt-
ing temperature of 58 °C and minimum melting temperature
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of 48 °C. All primer pairs were designed with Tm tempera-
tures as close together as possible in order to simplify multi-
plex PCR reactions. The designed primers (Table S1) were
synthesized by Inqaba Biotech (Pretoria, South Africa).

Each of the primer sets designed were first tested on the
four species groups 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 were 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 °C305s,55°C 305, 72 °C 90 s)x38 cycles and
a final extension of 72 °C for 10 min.

PCR products were amplified in 96-well PCR plates and
purified using the ExoSAP method (Glenn and Schable
2005). Purified PCR products were used for amplifica-
tion of sequencing products performed in 96-well
MicroAmp” reaction plates. Sequencing products were
purified using ethanol precipitation (Glenn and Schable
2005). The dried product was sequenced on an ABI
PRISM” 3500xL auto-sequencer (Applied Biosystems,
Foster City, California, USA).

Evaluation of SNP markers for species delimitation Sequences
from amplified SNP regions were assembled, analysed, and
edited in the CLC Main Workbench 5.0 (CLC bio). Two
different approaches were applied to investigate the SNP
variation among the isolates. First, the entire sequenced
region for each SNP primer set was considered and a
combined data set of all SNP regions was generated. A
cladogram was constructed from the data set based on
MP and BI analyses, using settings similar to those used
to analyse the single gene regions. Due to the presence
of large indels, gaps were coded as a fifth character using
FastGap version 1.0.7 (Borchsenius 2007). The best model of
evolution for each SNP region was determined using the
jModelTest 0.1 (Posada 2008) and was implemented in the
BI analysis.

In the second approach, only the SNP sites (SNPs and
indels) from each region were considered in constructing a
haplotype network. All of the SNPs from the selected SNP
regions were combined into a single concatenated SNP hap-
lotype 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-
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joining algorithm on NETWORK v. 4.6.1.1 (Bandelt et al.
1999).

Results
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, indi-
cated 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.

Single-copy phylogenetic gene regions

Primer design, PCR amplification and sequencing PCR am-
plifications were successful for the majority of isolates for all
gene regions other than Tsrl and 3T 2. Tsrl had a very low
PCR success level, and even though the 3T 2 region amplified
successfully, sequencing of this region was problematic due to
a 12—16 nucleotide poly-A repeat in the intron region between
exons 1 and 2. These gene regions were thus excluded from
further analyses.

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 12 bp long poly-A repeat in some
isolates, making downstream sequencing reactions challeng-
ing. Additionally, in isolates of C. colombiana and
C. ecuadoriana, conflicting base calling was found at 10
nucleotide sites in the sequence chromatogram. For this rea-
son, 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 ambig-
uous sites. However, for 15 of the isolates, the data was
unusable due to a long poly-A repeat in the gene region and
GenBank data were used for these isolates in downstream
analyses (Table 1). Reliable sequence data for the BT 1 and
EF 1-o regions could also be obtained from GenBank for the
majority of isolates (Table 1).

Sequence alignment and phylogenetic analyses Sequence
alignment of the gene regions showed that, apart from ITS,
the FG1093, MS204 and RPBII gene regions contained the
greatest number of variable sites, while CAL and Mcm?7
contained the least (Table S2). 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 3).
Even though RPBII had the greatest number of characters
(1129 bp), ITS and EF 1-x had the most parsimony
informative characters (197 and 42 bp, respectively).

The number of parsimonious trees produced from MP
analysis, as well as the consistency index (CI) and retention
index (RI) values obtained for each gene region, are
summarised in Table 3. jModelTest suggested different evo-
lutionary models for each gene region (Table 3), which were
incorporated accordingly in ML and BI analyses. The log
likelihood value for the most likely phylogenetic tree pro-
duced from ML analysis is summarised in Table 3. 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 selected for representation for each
gene region (Fig. S1). 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 statisti-
cally significant support for all 15 Ceratocystis species inves-
tigated (Fig. S1a). This was supported by either >70 % boot-
strap (BS) values from MP or ML analysis, or >95 % posterior
probabilities (PP) produced by Bayesian analysis, or both.
Phylogenetic trees produced from the regions Mcm?7
(Fig. S1b) and EF 1-« (Fig. Slc) resulted in the lowest
resolution, distinguishing only one (C. diversiconidia)
and three (C. colombiana, C. cacaofunesta, and
C. diversiconidia) species, respectively. The CAL gene re-
gion (Fig. S1d) provided support for four distinct species.
FG1093, RPBIL, BT 1 and MS204 phylogenetic trees could
distinguish the greatest number of species. The FG1093 re-
gion enabled the recognition of five distinct species (Fig. Sle)
and the RPBII region distinguished from four to seven species
(Fig. S1f). 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. S1g) provided
support for between five and six distinct species and MS204
delineated eight species (Fig. S1h).

Six of the species, C. acaciivora, C. manginecans,
C. mangicola, C. mangivora, C. curvata, and
C. eucalypticola, were significantly distinguished only by
the ITS gene region (Fig. Sla). 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 Ceratocystis species with T 1 (87/
63 % BS and 95 % PP) and RPBII (70 % MP BS) (Fig. S1f
and S1g). Similarly, although not supported by other gene
regions, C. curvata and C. eucalypticola were supported with
values above 60 % in the EF 1-&, FG1093 and MS204 gene
genealogies (Fig. Slc, le, 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-«, RPBII and

@ Springer



1020, Page 10 of 18 Mycol Progress (2015) 11:1020

§ ITS gene genealogies consistently grouped the isolates CMW
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Table 4  Values obtained from the genealogical sorting index, providing alternative analysis and support values for the monophyly of Ceratocystis

species

ITS Mcm7 EF 1-a Cal FG1093 Bt1 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 0.1 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 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 1gene
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

“Isolates representing the Ecuadorian lineage of C. cacaofunesta isolates (CMW 14803, 14809 and 15051)
®Isolates representing the Brazil/Costa Rica lineage of C. cacaofinesta 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

9Value is for the second haplotype of the C. colombiana isolates obtained from the cloned sequences

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

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.
Mcm?7 analyses showed that both C. cacaofimesta clades were
most closely related to C. colombiana and C. platani
(Fig. S1b). MS204 grouped C. platani together in a clade with
C. ecuadoriana and C. neglecta (Fig. S1h). RPBII grouped
Clade B of C. cacaofiunesta and C. colombiana together, but
the internal node was not significantly supported (Fig. S1f).
The five gene regions that had the greatest potential to be
applied as additional phylogenetic markers for delimitation of
Ceratocystis species were identified based on the three criteria
previously mentioned (Fig. 1). The RPBII, BT 1 and MS204
gene regions were identified as the three most informative
gene regions for use in combination, with CAL and FG1093
as additional gene regions. Various combinations of the five
gene regions were considered in order to identify the least
number of genes required to distinguish all described species
in Ceratocystis. The partition homogeneity test (PHT) per-
formed on the gene combinations produced values as follow:
0.063 for the RPBIIL, BT 1 and MS204 gene combination; a
value 0f 0.099 for the four-gene combination where CAL was
included; and 0.01 for the four-gene combination where

¥ MP with BS >70
ML with BS >70

Bl with PP >95

Nr of species distinguished

M 0.8> gsi <1 (P<0.05)

TS BTl EF cal

Mcm7 MS204 FG1093 RPBII

Phylogenetic marker

Fig. 1 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 represents 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, BI 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).
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FG1093 was included. Even though the last 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, T 1,
and MS204 provided effective delineation among most
species in Ceratocystis. However, they could not be used
to distinguish C. eucalypticola, C. curvata, C. acaciivora,
C. manginecans, C. mangicola or C. mangivora from
each other. The four-gene combination of RPBII, BT 1,
and MS204, and including CAL, did not add any signif-
icance to the phylogenetic tree, and CAL was excluded
from further analyses. Including the FG1093 region in the
four-gene combination increased the statistical values to
support C. eucalypticola and C. curvata as distinct spe-
cies. 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. 2). The
results obtained for the phylogenetic analyses using this
gene combination are summarised in Table 3.

Development of SNP markers

Sequence data generation for SNP calling The 454 pyrose-
quencing produced 33 418 reads, with an 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 among species. The
contigs that were retained for further use had a coverage
ranging from 3 to 270 reads per contig.

SNP identification, marker development and application to
Ceratocystis species A total of 29 primer pairs were designed
(Table S1), 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 S1). 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" 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 sequencing for SNP regions
1, 2, 14, and 29 could not be optimized and were excluded
from subsequent analyses.

Evaluation of SNP markers for species delimitation The nine
most informative SNP regions identified were SNP 8§, 10, 12,

@ Springer

15, 16, 18, 24, 26 and 32, and the sequence data for these
gene regions were submitted to GenBank (Table S3). The
full-length sequence data of all nine combined SNP
regions resulted in 2,518 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 S2 and S3). Since the nine most informative SNP
regions were amplified and sequenced in all Ceratocystis
species investigated, additional SNPs not initially detect-
ed in the 454 sequence data were identified.

Maximum parsimony analysis showed a CI of 0.770 and an
RI 0f 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+I for SNP15, TIM1+I 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. 3a) 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. fimbriatomima, C. mangicola,
C. mangivora, C. manginecans, C. neglecta, C. papillata,
and C. platani. As was true for the protein-coding genes,
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 farther away from the others, since they had nucleotide
differences in two SNP regions at three SNP sites (Table S3).

Analyses based only on the SNP sites resulted in a
total of 360 characters comprising 181 SNPs and 23
indels (Table S3). The SNP data provided fixed SNP
differences among all of the species with the exception
of some of the C. acaciivora isolates that were identical
to C. manginecans. A total of 29 haplotypes were
revealed in the SNP data. However, the network analy-
sis combined some of the haplotypes at a single node,
resulting in 25 external nodes (Fig. 3b). Most isolates of
a single species showed minor levels of variation,
whereas a higher level of variation was clear within
the C. platani isolates. The isolates from the U.S. rep-
resented 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 the species defined using ITS sequence
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C. acaciivora 225637
65/| C. acaciivora 22564
%N ¢ manginecans 138517

C. manginecans 13852

100/100| C. fimbriata 1547
C. fimbriata 147997
C. mangicola 147977
C. mangicola 28907

C. mangivora 150527

C. mangivora 27305

C. curvata 22435

C. curvata 224427
ag/90r| C. fimbriatomima 241747
89/741' | C. fimbriatomima 24176
C. fimbriatomima 24377
_sg?' C. eucalypticola 10000

3 |C. eucalypticola 115367 |

C. cacaofunesta 14803

s C. cacaofunesta 14809
[ 95/ C. cacaofunesta 15051
97/88 ° g9/ | | C. cacaofunesta 14798
WI C. cacaofunesta 263757

100/1 00| C. colombiana 57517
C. colombiana 5761

100/100| | C. ecuadoriana 220927

76/84 C. ecuadoriana 22097

100/100 7or [T C. neglecta 178087
C. neglecta 18194

100/ [ C. platani 148027
C. platani 23450
C. papillata 88567

100 L |¢. papillata 10844

100/100 | C. diversiconidia 224457
C. diversiconidia 22448

— C. pirilliformis 65797
L— c. pirillformis 6583

—A
10

Fig. 2 One of the most parsimonious trees selected from maximum species is indicated by ". Branch support values are indicated above the
parsimony analysis for representation of the Ceratocystis species branches, and include bootstrap values above 60 from MP/ML analysis.
phylogeny. This was constructed from the combined data from the gene Bayesian posterior probability above 95 % is indicated by thick branches.
regions BT 1, FG1093, MS204, and RPBII. The ex-type strain of each An * indicates support values from any of the analyses below the threshold.
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data were clearly separated in the network, and the
relatedness among species correlated with what was
seen in the cladogram.

Taxonomy

Ceratocystis acaciivora, identified from Acacia trees in
Indonesia (Tarigan et al. 2011), was shown to be indistinguish-
able from C. manginecans based on phylogenetic sequence
data and SNP marker data generated in this study. Isolates of
both species had identical DNA sequences in the 3T 1, MS204,
RPBII, Mcm7, CAL and FG1093 gene regions. The two
species also could not be distinguished based on the SNP
markers designed in this study. Ceratocystis acaciivora was
primarily distinguished from C. manginecans based on ITS
sequence data (Tarigan et al. 2011), but the occurrence of both
ITS types in a single isolate (Al Adawi et al. 2013; Naidoo et al.
2013) makes this region an unreliable phylogenetic marker for
the two species. Based on this result, C. acaciivora is reduced to
synonymy with C. manginecans, as follows:

Ceratocystis manginecans M. van Wyk, A.O. Al Adawi
& M.J. Wingf., Fungal Diversity 27(1): 224 (2007)

= Ceratocystis acaciivora M. Tarigan & M. van Wyk, S.
Afr. J. Bot. 77(2):301 (2011)

Discussion

The delimitation of many species in Ceratocystis 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 genus. 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 of the species defined by ITS
phylogenies, a combination of four gene regions (3T 1,
RPBII, MS204 and FG1093) provided significant support
for the delineation of most species. The SNP markers devel-
oped were more informative than the gene regions, making it
possible to clearly distinguish among all but two species, and
also revealed the presence of at least one new cryptic species.

Of the seven gene regions evaluated in this study, RPBII
and MS204 distinguished the greatest number of species in
Ceratocystis. These two gene regions were as informative as
the BT 1 region and were significantly more useful than EF
I-o¢ (Fig. 1). A combination of RPBII, MS204 and 3T 1

@ Springer

Fig. 3 Species delineation of Ceratocystis species based on SNP P>
variation from the nine amplified SNP regions. a) Cladogram of
Ceratocystis isolates based on all amplified SNP regions considering
the sequence of the entire SNP region. The ex-type strain of each
species is indicated by T. Maximum parsimony analysis and Bayesian
inference were 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.

provided the best resolution, and supported the delineation
of 11 of the 15 species in Ceratocystis. Even though the
FG1093 region was not as informative as the aforementioned
regions, it provided support for differentiation of one addi-
tional species, C. curvata, not distinguished by the combined
three-gene phylogeny (Fig. S1). 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. 1), it did
not increase the phylogenetic resolution in the combined species
tree. The Tsrl gene region had a low PCR success rate and the
Mcm?7 region provided negligible phylogenetic resolution. Such
technical difficulties in the use of these gene regions have been
previously reported (Raja et al. 2011; Schmitt et al. 2009; Tretter
et al. 2013). The BT 2 region should also be avoided in phylo-
genetic studies in Ceratocystis, as it is difficult to obtain se-
quences for this gene region.

The SNP markers developed in this study provide a power-
ful diagnostic tool to distinguish between species in
Ceratocystis. The markers provided support for 13 distinct
species and are thus more informative than the protein-
coding genes investigated. The SNPs provided support for
C. mangicola and C. mangivora as distinct species and pro-
vided 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 clado-
gram constructed, raises confidence in the SNP regions.

The collective data derived from the evaluated gene regions
and SNP markers provided new insights into the boundaries of
three species in Ceratocystis. The C. cacaofunesta isolates
were differentiated into two separate groups, with significant
branch support values (Fig. S1) obtained from six of the gene
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regions (Table S2) as well as the combined SNP markers
(Fig. 3). ITS sequence data and mating studies initially used
to identify this species (Engelbrecht and Harrington 2005;
Ferreira et al. 2010) suggested that there were two distinct
lineages (Ecuador and Brazil/Costa Rica) for South American
isolates of Ceratocystis from cacao. Results from this study
and all other currently available data strongly suggest that the
isolates CMW 14803, 14809 and 15051 of C. cacaofunesta
represent an undescribed species in Ceratocystis. Ceratocystis
acaciivora and C. manginecans could not be distinguished
using any of the seven markers considered in this study. 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 isolate (Harrington et al. 2014; Naidoo
et al. 2013), such as in C. manginecans (Al Adawi et al.
2013). These data provided justification to reduce
C. acaciivora to synonymy with C. manginecans in this study.

Results of this study have shown that most species de-
scribed in Ceratocystis 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. If alternative approaches to the GCPSR are used
to define species in Ceratocystis, fewer species might be
resolved. This has been observed, for example, when only a
single gene region, the MAT gene, and intersterility tests
between individual isolates in Ceratocystis were investigated
(Harrington et al. 2014). There is a strong case to support 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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