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Abstract
Many important pathogens of crops worldwide are members of section Alternaria within the genus Alternaria. Representative 
species in this section such as Alternaria alternata, Alternaria tenuissima, and Alternaria arborescens show high variability, 
intermediate characters and plasticity in morphological features, which makes species identification difficult. The aim of this 
study was to characterize Alternaria species associated with pistachio and wild relatives in Turkey using molecular phyloge-
netics. One hundred isolates of Alternaria spp. from pistachio and wild relatives from Turkey were investigated. In addition, 
standard morphological reference isolates and Alternaria blight pathogens of pistachio from USA were included. Sequence 
data from major allergen a1, ATPase, endopolygalacturanase, and anonymous regions OPA1.3 and SCAR2 were obtained. 
Gene trees were estimated based on maximum parsimony, maximum-likelihood, and bayesian inference methods. Species 
tree estimation was performed based on Yule speciation and strict molecular clock assumption. Among the collection of 
Alternaria spp. from Turkey, only one A. arborescens isolate and three isolates which were morphologically A. alternata/A. 
arborescens intermediate types, but, phylogenetically close to A. arborescens were discovered. While A. alternata and A. 
tenuissima formed one phylogenetic species, A. alternata/tenuissima were phylogenetically distinct from A. arborescens. 
Furthermore, a TaqI restriction site in the endopolygalacturanase gene was explored as a novel diagnosis for identification of 
A. alternata/tenuissima and A. arborescens. All these molecular phylogenetic approaches allow to distinguish morphologi-
cally similar Alternaria pathogens and molecular phylogenies of Alternaria pathogens from pistachio and wild relatives in 
Turkey are described for the first time.
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Introduction

Small-spored Alternaria species, also known as the Alter-
naria species group or section Alternaria, are a well-sup-
ported phylogenetic lineage within the genus Alternaria 
(Lawrence et al. 2013; Woudenberg et al. 2013). Alternaria 

alternata, A. tenuissima, and A. arborescens are the most 
common morpho-species within this group (Pryor  and 
Michailides 2002; Lawrence et al. 2013; Woudenberg et al. 
2015). These taxa are important plant pathogens around 
the world. Thus, accurate identification is important for 
pathogen reports, quarantine procedures, as well as explor-
ing biodiversity. Delimitation and identification of species 
boundaries within the section Alternaria are challenging due 
to similar characteristics with high variability, intermedi-
ate characters, and plasticity in their morphological features 
(Rotem 1994; Simmons 2007; Tymon et al. 2016). Besides, 
providing perfectly standardized environmental conditions, 
finding experienced mycologists make species identifica-
tion of these species challenging. Personal qualifications are 
other difficulties for accurate identification of these species. 
In addition to considerable and overlapping morphological 
similarities of A. alternata and A. tenuissima, intermediate 
morphological characters have been observed between A. 
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alternata and A. tenuissima and between A. alternata and 
A. arborescens (Andrew et al. 2009; Rotondo et al. 2017). 
Besides, morphology-based characterization cannot be 
applied for cultures showing low sporulation. Thus, solely 
morphology-based identification may lead to misidentifica-
tion. Even though morphology-based species classification 
agrees with phylogenetic species classification in most of the 
times, incongruence between these two classifications has 
been observed in some studies (Andrew et al. 2009; Tymon 
et al. 2016).

In addition to using morphological characters to identify 
Alternaria species, molecular phylogenetic approaches have 
been utilized in recent years. Mitochondrial large-subunit 
(mtLSU), ribosomal DNA, beta-tubulin, actin, chitin syn-
thase, translation elongation factor 1-alpha, and 1,3,8-tri-
hydroxynaphthalene reductase regions were insufficient to 
resolve phylogenies within section Alternaria (Pryor and Gil-
bertson 2000; Chou and Wu 2002; Rang et al. 2002; Pryor 
and Bigelow 2003; Peever et al. 2004). Endo_PG, ATPase, 
Alt_a1, some anonymous regions, and SCAR markers were 
informative in estimating phylogenies within section Alter-
naria (Peever et al. 2004; Andrew et al. 2009; Stewart et al. 
2014; Zhu and Xiao 2015; Ozkilinc et al. 2018). Incongru-
ence among individual gene trees due to incomplete line-
age sorting, horizontal gene transfer, or recombination may 
result in gene trees that do not represent the species tree 
(Maddison 1997). When multilocus phylogenies were esti-
mated among isolates of the small-spored Alternaria spe-
cies causing citrus brown spot, three well-supported lineages 
were identified (Stewart et al. 2014). However, species tree 
estimation revealed that these three lineages should be con-
sidered a single species, A. alternata (Stewart et al. 2014).

Alternaria blight of pistachio is one of the important dis-
eases caused by small-spored Alternaria pathogens. Alter-
naria alternata, A. tenuissima, and A. arborescens within 
section Alternaria are characterized as primary causal agents 
of Alternaria blight disease of pistachio in California/USA. 
Pryor and Michailides (2002) separated A. arborescens from 
A. alternata/tenuissima but could not resolve A. alternata 
from A. tenuissima based on molecular phylogenies. This 
disease has been observed in Turkey in recent years (Ozkil-
inc et al. 2017). Infection causes brownish-darkening lesions 
on fruits (Ozkilinc et al. 2017) which decrease fruit qual-
ity. Morphology-based identification showed A. alternata, 
A. tenuissima, and A. arborescens are causal agents of this 
disease in Turkey (Ozkilinc et al. 2017) as reported in USA, 
as well (Pryor and Michailides 2002). However, phylogeneti-
cally, the number of species or lineages is involved with this 
disease is unknown. Moreover, distinguishing species within 
section Alternaria with molecular approaches is required and 
the previous studies reported some techniques (Tymon et al. 
2016). Because of some incongruences between OPA1.3 and 
morpho-species (Tymon et al. 2016) as well as identification 

problems of some intermediate types, some additional mark-
ers are required. Thus, we aimed to resolve phylogenetic 
lineages/species within section Alternaria causing Alternaria 
blight of pistachio and its wild relatives and to identify spe-
cies based on molecular phylogenetic approaches.

Materials and methods

Fungal samples, culturing, and DNA extraction

One hundred and fourteen isolates of Alternaria spp. from 
Pistacia spp. (100 isolates from Turkey and 14 isolates from 
USA) and 4 reference isolates were used in this study (Sup-
plementary Table 1). Isolates from Turkey were chosen from 
a single-spore collection which was collected in 2013, mor-
phologically identified, and stored in filter papers at − 20 °C 
(Ozkilinc et al. 2017). Reference isolates and Alternaria 
isolates from pistachio from USA were kindly provided 
by Dr. B.M. Pryor, University of Arizona. Fungal isolates 
were grown on potato dextrose agar and then transferred 
to potato dextrose broth for DNA extraction. Mycelia incu-
bated 5–7 days on a rotary shaker at room temperature were 
harvested, lyophilized, and extracted DNA using i-Genomic 
Plant DNA Extraction Kit (Intron Biotechnology).

PCR and sequencing

Sequences from three genes (Alt_a1, ATPase, Endopoly-
galacturonase) and two anonymous regions (OPA1.3 and 
SCAR2) were used in the analysis. There were some miss-
ing data due to problems with amplification or sequencing 
of some samples. Primers and annealing temperatures for 
each locus were listed in Supplementary Table 2. PCR was 
performed in 25 µl reaction volumes containing 15–20 ng 
template DNA, 1 × PCR buffer (Invitrogen, Life Technolo-
gies, USA), 0.2 mM dNTPs (Invitrogen, Life Technolo-
gies, USA), 1.5 mM MgCl2, 0.4 µM of each forward and 
reverse primer, and 1 unit of Taq polymerase (Invitrogen, 
Life Technologies, USA). Thermal cycling was performed 
on a MyCycler thermocycler (Bio-Rad Laboratories) with 
5 min denaturation at 95 °C followed by 35 cycles of 20 s 
at 95 °C, 20 s at 55–61 °C and 30 s at 72 °C, and a final 
extension step of 10 min at 72  °C. PCR products were 
detected on 1.5% agarose gels, stained with 5 µl/100 ml 
of SafeView (Applied Biological Materials Inc., Canada) 
dye, and visualized under UV light on a gel documentation 
system Vilber Lourmat Quantum ST4 1100 (Vilber Lour-
mat, France). After successful amplification, PCR products 
were sequenced in ABI 3500 × L Genetic Analyzer (Applied 
Biosystems, MedSanTek Lab., Turkey). Sequence data were 
aligned and edited using clustalW implemented in BioEdit 
v7.0.53 for Windows (Hall 1999).
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Phylogenetic analysis

Unique haplotypes and segregating sites were identified by 
using DNASP v. 5 (Librado and Rozas 2009). Phylogenetic 
trees were estimated using maximum parsimony (MP), 
maximum-likelihood (ML), and Bayesian methods. DT_
ModSel (Minin et al. 2003) was used to estimate the best-fit 
model of nucleotide evolution for the datasets. TrNef + G, 
TrNef, TrNef, JC, and HKY models were applied for Alt_a1, 
ATPase, Endo_PG, OPA1.3, and SCAR2 regions, respec-
tively. MP and ML analyses were performed in PAUP* ver. 
4.0b10 (Swofford 2003). Gaps were treated as missing data. 
Heuristic searches consisting of 1000 stepwise random addi-
tion replicates with branch swapping by the tree-bisection-
reconnection algorithm were used in the analyses. Branch 
stabilities were evaluated by 1000 bootstrap replications and 
produced a majority-rule consensus tree with nodal support 
values for each dataset. Bayesian analyses were performed 
in MrBayes ver. 3.1.1 (Huelsenbeck and Ronquist 2001) and 
the first 2.5 million generations were discarded as burn-in. 
Trees were visualized using Archaeopteryx v.09901 beta 
(Han and Zmasek 2009). Alternaria solani was used as out-
group in all phylogenetic analyses.

Phylogenetic species tree estimations were done using 
Bayesian approaches using *BEAST software (Drummond 
and Rambaut 2007), which estimates species tree by avoid-
ing incomplete lineage sorting (Heled and Drummod 2010). 
BEAUTi was used to create XML-formatted input files for 
*BEAST v1.6.1. (Heled and Drummod 2010). Unlinked 
models were treated for each data set. Yule process was 
chosen for species tree prior. Species tree estimation was 
performed based on strict molecular clock assumption. Data 
set was run for 100 million generations in *BEAST, sam-
pling every 10,000 generations. Log file was evaluated in 
TRACER version 1.5. (Heled and Drummond 2010). Sum-
marized maximum clade credibility tree from estimated spe-
cies trees was calculated using TreeAnnotator version 1.7.2. 
(Heled and Drummond 2010) with a burn-in of 10% of trees. 
FigTree version 1.4.2. (Rambaut 2008) was used to visualize 
the consensus tree, node ages, branch lengths, and posterior 
probabilities. Densitree software (Bouckaert 2010) was used 
to illustrate resolution of species tree estimation.

Screening for restriction sites to distinguish species

All genomic regions sequenced and aligned to identify pos-
sible restriction sites discriminating morphologically and 
phylogenetically distinct Alternaria species using Geneious 
software (Biomatters, Auckland, NZ). There were no distin-
guishable sites within Alt_a1, ATPase, and SCAR2. The Apa 
I site in region OPA1.3 identified by Tymon et al. (2016) 
was evaluated through the sequence data in this study and 
restriction digestion was confirmed for several isolates which 

ones as A. arborescens and A. alternata/tenuissima. Moreo-
ver, a novel restriction site, Taq I, which distinguishes A. 
alternata/tenuissima and A. arborescens within Endo_PG 
region amplified was found in this study. Sequence data were 
evaluated for all isolates used in Endo_PG amplifications. 
Restriction digest assay was applied to some representa-
tive isolates for confirmation. Taq I enzyme with its buffer 
(Fermentas) applied to DNA samples following the manu-
facturer’s instructions. Band profiles were observed on 2% 
agarose gels, stained with 5 µl/100 ml of SafeView (Applied 
Biological Materials Inc., Canada) dye, and visualized under 
UV light on a gel documentation system Vilber Lourmat 
Quantum ST4 1100 (Vilber Lourmat, France).

Results

Haplotype diversity and phylogenetics of Alternaria 
spp.

Sequences of Alt_a1, ATPase, Endo_PG, OPA1.3, and 
SCAR2 resulted in 368, 722, 119, 821, and 440 bp length 
data, respectively. All the sequences obtained in this study 
deposited in Genebank (accession numbers KY561821—
KY561852 for Alt_a1, KY561853—KY561894 for ATPase, 
KY561895—KY561923 for Endo_PG, KY561924—
KY561950 for SCAR2, KY561951—KY561989 for OPA1.3 
from Alternaria spp. from Pistacia spp., and KY561990—
KY561994 for five sequences from outgroup A. solani 
isolate). A number of segregating sites of Alta_1, ATPase, 
Endo_PG, OPA1.3, and SCAR2 were 21, 24, 11, 23, and 9 
for all isolates analyzed, respectively. Sequences of Alt_a1, 
ATPase, Endo_PG, OPA1.3, and SCAR2 presented different 
number of haplotypes and variations within Alternaria spp. 
from Pistacia spp. from Turkey (Fig. 1 and Supplementary 
Fig. 1). Mostly, many of the isolates were placed in a one 
haplotype for each region as seen in Fig. 1 and Supplemen-
tary Fig. 1. Individual gene trees based on MP, ML, and 
Bayesian estimations were obtained and all tree topologies 
were similar (Fig. 1 and Supplementary Fig. 1). In all trees, 
one isolate within collection from Turkey (isolate 02–28) 
clustered with A. arborescens-EGS39-128. Alternaria 
arborescens isolates from USA were also clustered in the 
same or sister branches of isolates EGS39-128 and 02–28. 
Moreover, three isolates (02-29-1, 31-09, and 07-17-2/GY 
coded) which morphologically exhibited intermediate char-
acters of A. alternata and A. arborescens were clustered 
closely with A. arborescens isolates on Alt_a1, ATPase, 
OPA1.3, and SCAR2 gene trees and clustered together 
with A. arborescens isolates on Endo_PG tree. Endo_PG 
was the most powerful marker to distinguish the A. arbo-
rescens branch, but was not powerful enough to identify 
further genetic diversities within species. OPA1.3, SCAR2, 
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Fig. 1   Phylogenetic trees inferred from maximum-likelihood (ML), 
maximum parsimony (MP), and Bayesian analysis of Endo_PG 
sequences for Alternaria spp. from Pistacia spp. and reference iso-
lates of Alternaria spp. beginning with EGS codes. A. solani was 
selected as outgroup. Isolates beginning with BMP code were from 
pistachio in California. Isolates from Pistacia spp. from Turkey were 
represented by unique haplotypes per genomic region. Isolates repre-

senting with a haplotype number are listed in Supplementary Tables 1 
and the number of isolates per representative haplotype was shown 
in parentheses. Bootstrap support values (1000 replicates) above 70% 
for ML and MP, and above 0.95 for Bayesian analysis are shown. 
Phylogenetic trees of the other four regions (Alt_a1, ATPase, OPA1.3 
and SCAR2) are represented in Supplementary Fig. 1
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and ATPase regions indicated also species diversification 
as well as revealed genetically diverse groups. OPA1.3 was 
the most variable region and exhibited the highest number 
of haplotypes within the collection. Alt_a1 indicated species 
divergences but not with highly supported bootstrap values, 
and did not exhibit diversities within species. Considering 
all of the trees, one isolate within the collection from Turkey 
belonged to A. arborescens and three isolates were closer to 
A. arborescens than to the A. alternata/tenuissima group. 
Alternaria alternata and A. tenuissima were not resolved at 
all and there was no indication for a consistent and highly 
supported genetic/phylogenetic lineage within A. alternata
/tenuissima.

Phylogenetic species tree estimation

Assigning of A. alternata and A. tenuissima as a sepa-
rate species did not result any good convergence and 
ESS (Effective Sample Size) values were lower than 100. 
Another attempt was to assignment of three intermediate 
isolates as a separate species. This attempt did not pro-
vide a resolved species tree due to insufficient divergence 
from A. arborescens. Thus, A. alternata and A. tenuissima 
isolates were assigned as one species and A. arborescens 
isolates together with three intermediate isolates were 
assigned as another species. *BEAST analysis showed 
that the majority of the parameters had ESS values > 200. 

The tree topologies revealed strong statistically supported 
clades for A. alternata/tenuissima and A. arborescens spe-
cies groups (Fig. 2 and Supplementary Fig. 2).

A restriction site on Endo_PG to distinguish A. 
alternata/tenuissima and A. arborescens

Sequence data of Endo_PG region had a TaqIrestric-
tion site (recognizes 5′TCGA3′) distinguishing A. 
alternata/tenuissima and A. arborescens. Alternaria 
alternata/tenuissima has two restriction sites and A. 
arborescens has three restriction sites within this region. 
Moreover, restriction digestion reaction for PCR product 
of Endo_PG with Taq I enzyme resulted in detectable spe-
cies diagnosis by banding pattern. Based on sequence data 
31, 333, and 55 bp products for A. alternata/tenuissima 
and 31, 282, 51, and 55  bp products for A. arbores-
cens are expected. Since agarose gel cannot show small 
band product successfully, the biggest band fragment 
which is easily visible on 2% agarose gel provides spe-
cies detection. Thus, about 330 and 280 bp fragments 
indicate for A. alternata/tenuissima and A. arborescens, 
respectively. Moreover, this region distinguished A. 
alternata/arborescens intermediate isolates as A. arbore-
scens as supported by phylogenetic species tree estimation.

Fig. 2   *BEAST species tree estimation based on the five genomic 
regions. This tree represents consensus species tree estimation by 
Figtree visualization. Species assignments were performed con-
sidering divergences in gene trees as well as morpho-species. a A. 

alternata/tenuissima, b A. arborescens, outgroup: A. solani. Branch 
lengths and posterior probabilities are shown on branches and nodes, 
respectively
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Discussion

This research represents the first attempt to characterize 
the genetic diversity of Alternaria species causing Alter-
naria blight of pistachio and its wild relatives. Based on 
gene trees and species tree estimations, two species were 
distinguished: A. alternata/tenuissima and A. arborescens. 
Alternaria alternata/tenuissima is the most dominant 
and prevalent pathogen of this disease in Turkey. Even 
A. alternata and A. tenuissima were mostly introduced as 
two different species based on morphological classifica-
tion, these two morpho-species are not diverged as two 
distinct species according to the phylogenies in this study 
as well as in the previous studies (Pryor and Michailides 
2002; Andrew et al. 2009; Rotondo et al. 2012; Wouden-
berg et al. 2015). Recently, A. alternata and A. tenuissima 
were treated as one species (A. alternata/tenuissima) in 
phylogenetic analyses of sections Alternaria and Porri 
(Ozkilinc et al. 2018). In addition to that, their morpho-
logical specifications overlap and are difficult to differenti-
ate due to the considerable variations in culture morphol-
ogy, low sporulation, and/or intermediate characteristics. 
Still, morphological species concept is widely applied to 
these groups worldwide, A. alternata and A tenuissima 
are presented two different morpho-species. In view of 
phylogenetic species concept, these pathogens represent 
one species according to this study including a popula-
tion-level sampling and applying some other markers by 
supporting the previous studies. Moreover, 35 morpho-
species within section Alternaria were considered as one 
phylogenetic species, A. alternata based on the multi-gene 
phylogenies (Woudenberg et al. 2015). Species boundaries 
may change according to the species concept accepted. 
Eventually, two morpho-species: A. alternata and A. 
tenuissima, are revealed as one phylogenetic species: A. 
alternata/tenuissima. These pathogens could be a species 
complex, though, which cannot be resolved, yet.

Alternaria alternata/tenuissima populations showed 
polymorphisms in each genomic region studied and repre-
sented different haplotypes based on data sets, but none of 
the clusters were supported as a distinct phylogenetic line-
age. All these haplotypes indicate an important diversity 
within a presumably asexual species. None of the clusters 
or haplotypes were related to origin of geographic location 
or host which may cause free spread of pathogen among 
locations and between cultivated and wild hosts. Simi-
larly, genetic groups within small-spored Alternaria patho-
gens from different hosts were not related with origin of 
host in the previous studies, as well (Andrew et al. 2009; 
Ozkilinc et  al. 2018). Alternaria arborescens isolates 
from USA showed variability within species, but we do 
not know about variability for A. arborescens pathogens 

from Turkey due to just one precise A. arborescens isolate 
found within a large collection. Molecular diversities and 
phylogenies of these pathogens from Turkey are described 
in detailed for the first time in this research, and thus, these 
results will be highly informative for comparative popula-
tion studies among the Alternaria pathogens worldwide.

Describing some representative isolates from phyloge-
netic trees, morphology and phylogeny were consistent. On 
the other hand, there were three isolates which could not be 
distinguished as either A. alternata/tenuissima or A. arbo-
rescens based on their morphologies. These isolates were 
resolved by phylogenies. Even though this species diver-
gence was well visualized, short branch lengths may indicate 
recent divergence or still diverging species.

DNA-based approaches are very successful to resolve 
phylogenies among major species groups within Alternaria 
genus (Pryor and Michailides 2002; Lawrence et al. 2013, 
Woudenberg et al. 2015; Ozkilinc et al. 2018); however, 
section Alternaria was needed more effort to resolve phy-
logenies (Andrew et al. 2009; Stewart et al. 2014; Ozkil-
inc et al. 2018). Recently, Tymon et al. (2016) showed that 
Apa I restriction digestion of OPA.1.3 amplified region can 
distinguish A. alternata/tenuissima and A. arborescens, but 
the molecular data and the morphology did not always sup-
port each other. In our study, we found that TaqIrestriction 
sites within amplified Endo_PG region can distinguish A. 
alternata/tenuissima and A. arborescens. Moreover, inter-
mediate-type isolates were also identified as A. arbores-
cens by this restriction digestion as supported by species 
tree estimation. Therefore, we highly recommend using this 
region for fast and accurate species identification for these 
two closely related species.

Acknowledgements  This research was supported by The Scientific 
and Technological Research Council of Turkey (TUBITAK), Grant 
of TUBITAK 112O554 project. The authors would like to thank the 
researchers of the project for their work in sampling, isolations, patho-
genicity which was presented in another publication. The authors 
would like to thank Professor Tobin Peever (Dept. of Plant Pathology, 
Washington State University, Pullman, USA) for his review and valu-
able comments, and Professor Barry M. Pryor (University of Arizona, 
Dept. of Plant Pathology, Tucson, Arizona/USA) for providing refer-
ence isolates as well as Alternaria spp. isolates from pistachio.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest in the publication.

References

Andrew M, Peever TL, Pryor BM (2009) An expanded multilocus phy-
logeny does not resolve morphological species within the small-
spored Alternaria species complex. Mycologia 101:95–109



3 Biotech  (2018) 8:250 	

1 3

Page 7 of 7   250 

Bouckaert RR (2010) DensiTree: making sense of sets of phylogenetic 
trees. Bioinformatics 26:1372–1373

Chou HH, Wu WS (2002) Phylogenetic analysis of internal transcribed 
spacer regions of the genus Alternaria, and the significance of 
filament-beaked conidia. Mycol Res 106:164–169

Drummond A, Rambaut A (2007) Beast: Bayesian evolutionary analy-
sis by sampling trees. BMC Evol Biol 7:214

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment 
editor and analysis. Nucl Acids Symp Ser 41:95–98

Han MV, Zmasek CM (2009) phyloXML: XML for evolutionary biol-
ogy and comparative genomics. BMC Bioinform 10:356

Heled J, Drummond A (2010) Bayesian inference of species trees from 
multilocus data. Mol Biol Evol 27:570–580

Huelsenbeck JP, Ronquist F (2001) MrBayes: Bayesian inference of 
phylogeny. Bioinformatics 17:754–755

Lawrence DP, Gannibal PB, Peever TL, Pryor BM (2013) The sec-
tions of Alternaria: formalizing species-group concepts. Myco-
logia 105:530–546

Librado P, Rozas J (2009) DNASP v5: a software for comprehensive 
analysis of DNA polymorphism. Bioinformatics 25:1451–1452

Maddison W (1997) Gene trees in species trees. Syst Biol 46:523–536
Minin V, Abdo Z, Joyce P, Sullivan J (2003) Performance-based selec-

tion of likelihood models for phylogeny estimation. Syst Biol 
52:674–683

Ozkilinc H, Sarpkaya K, Kurt S, Can C, Polatbilek H, Yasar A, Sevinc 
U, Uysal A, Konukoglu F (2017) Pathogenicity, morpho-species 
and mating types of Alternaria spp. causing Alternaria blight in 
Pistacia spp. in Turkey. Phytoparasitica 45(5):719–728

Ozkilinc H, Rotondo F, Pryor BM, Peever TL (2018) Contrasting spe-
cies boundaries between sections Alternaria and Porri of the genus 
Alternaria. Plant Pathol 67:303–314

Peever TL, Su G, Carpenter-Boggs L, Timmer LW (2004) Molecular 
systematics of citrus-associated Alternaria species. Mycologia 
96:119–134

Pryor BM, Bigelow DM (2003) Molecular characterization of Embel-
lisia and Nimbya species and their relationship to Alternaria, Ulo-
cladium, and Stemphylium. Mycologia 95:1139–152

Pryor BM, Gilbertson RL (2000) Molecular phylogenetic relation-
ships amongst Alternaria species and related fungi based upon 
analysis of nuclear ITS and mt SSU rDNA sequences. Mycol Res 
104:1312–1321

Pryor BM, Michailides TJ (2002) Morphological, pathogenic and 
molecular characterization of Alternaria isolates associated with 
Alternaria late blight of pistachio. Phytopathology 92:406–416

Rambaut AJ (2008) FIGTREE v1.1. http://tree.bio.ed.ac.uk/softw​are/
figtr​ee

Rang J-C, Crous PW, Mchau GRA, Serdani M, Song S-M (2002) 
Phylogenetic analysis of Alternaria spp. associated with 
apple core rot and citrus black rot in South Africa. Mycol Res 
106(10):1151–1162

Rotem J (1994) The genus Alternaria. biology, epidemiology and path-
ogenicity. American Phytopathological Society Press, Saint Paul

Rotondo F, Collina M, Brunelli A, Pryor BM (2012) Comparison of 
Alternaria spp. collected in Italy from apple with A. mali and 
other AM-toxin producing strains. Mycology 102:1130–1142

Rotondo F, Hong SG, Peever T, Pryor BM (2017) Molecular diversity 
and allergenic profiles of Alternaria spp. from desert environ-
ments in Arizona. Fungal Biol 122:74–85

Simmons EGS (2007) Alternaria: an identification manual. CBS Fun-
gal Biodiversity Centre, Utrecht

Stewart JE, Timmer L, Lawrence CB, Pryor BM, Peever TL (2014) 
Discord between morphological and phylogenetic species bounda-
ries: incomplete lineage sorting and recombination results in fuzzy 
species boundaries in an asexual fungal pathogen. BMC Evol Biol 
14:38

Swofford DL (2003) PAUP*. Phylogenetic analysis using parsimony 
and other methods, version 4. Sinauer Associates, Sunderland, 
Massachusetts

Tymon LS, Peever TL, Johnson DA (2016) Identification and enumera-
tion of small-spored Alternaria species associated with potato in 
the US Northwest. Plant Dis 100:465–472

Woudenberg JHC, Groenewald JZ, Binder M, Crous PW (2013) Alter-
naria redefined. Stud Mycol 75:171–212

Woudenberg JHC, Seidl MF, Groenewald JZ, de Vries M, Stielow JB, 
Thomma BPHJ., Crous PW (2015) Alternaria section Alternaria: 
Species, formae speciales or pathotypes? Stud Mycol 82:1–21

Zhu XQ, Xiao CL (2015) Phylogenetic, morphological, and pathogenic 
characterization of Alternaria species associated with fruit rot of 
blueberry in California. Phytopathology 105:1555–1567

http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree












Supplementary Table 1 Alternaria spp. isolates used in this study, their sources, haplotype numbers for each genomic
region sequenced represented in phylogenetic trees and species defines based on the phylogeny.

Isolate Name Host Species Location ALT_a1 ATPase Endo-PG OPA1.3 SCAR2 Phylogenetic Species*

27 ˗ 02/1 P.vera Gaziantep 1 10 1 1 A. alternata/tenuissima 1

27 - 11/1 P.vera Gaziantep 1 19 1 2 1 A. alternata/tenuissima 1

27 - 16/3 P.vera Gaziantep 1 7 4 12 A. alternata/tenuissima 2

27- 46/3 P.vera Gaziantep 3 12 1 2 A. alternata/tenuissima 1

27-16-1 P. vera Gaziantep 1 7 4 12 2 A. alternata/tenuissima 1

27-31-1-G P. vera Gaziantep 3 19 1 20 3 A. alternata/tenuissima 1

27 - 16 - G P.vera Gaziantep 1 6 1 2 3 A. alternata/tenuissima 1

27 - 42 /1 - G P.vera Gaziantep 1 15 1 1 A. alternata/tenuissima 1

27 - 10 /2 - GY P.vera Gaziantep 1 5 1 16 2 A. alternata/tenuissima 1

27-10-2-GY P. vera Gaziantep 1 7 1 2 A. alternata/tenuissima 1

02 - 02 /1 P.vera Adiyaman 1 12 1 1 1 A. alternata/tenuissima 1

02 - 06 /1 P.vera Adiyaman 1 15 1 2 1 A. alternata/tenuissima

02 ˗ 20 P.vera Adiyaman 1 19 2 2 A. alternata/tenuissima 1

02 ˗ 28 P.vera Adiyaman 8 2 5 4 8 A. arborescens 3

02 - 29 /1 P.vera Adiyaman 9 1 5 5 6 A. alternata/arborescens 4

02 ˗ 31 P.vera Adiyaman 2 7 1 6 7 A. alternata/tenuissima 1

02 ˗ 39 P.terebinthus Adiyaman 3 15 1 2 A. alternata/tenuissima 2

02 - 10 - G P.vera Adiyaman 1 15 6 3 2 A. alternata/tenuissima 2

02 - 29 - G P.vera Adiyaman 1 6 1 2 2 A. alternata/tenuissima 1

02 - 30 - G P.vera Adiyaman 10 15 1 2 2 A. alternata/tenuissima 1

02 - 49 /1 - G P.vera Adiyaman 2 19 1 7 1 A. alternata/tenuissima 2

02 - 49 /2 - G P.vera Adiyaman 1 19 1 8 1 A. alternata/tenuissima 1

02 - 50 /1 - G P.terebinthus Adiyaman 1 15 1 8 1 A. alternata/tenuissima 1

02-51-GY/2 P.vera Adiyaman 5 5 2 2 2 A. alternata/tenuissima 2

63 - 02 /1 P.vera Sanliurfa 1 17 14 1 A. alternata/tenuissima 1

63 - 04 /1 P.vera Sanliurfa 1 5 12 2 A. alternata/tenuissima 1

63 - 09 P.vera Sanliurfa 1 19 1 2 1 A. alternata/tenuissima 2

63 - 22 /1 P.vera Sanliurfa 1 15 1 2 2 A. alternata/tenuissima 1

63-02-4 P. vera Sanliurfa 2 15 1 2 1 A. alternata/tenuissima 1

63-04-4 P. vera Sanliurfa 1 24 4 12 2 A. alternata/tenuissima 1

63-23-2 P. vera Sanliurfa 3 24 8 3 A. alternata/tenuissima 1

63-37 P. vera Sanliurfa 1 19 1 2 2 A. alternata/tenuissima 1

63 - 09 /2 - G P.vera Sanliurfa 1 7 13 2 A. alternata/tenuissima 1

63 - 21 /2 - G P.vera Sanliurfa 3 15 10 2 2 A. alternata/tenuissima 1

47 - 38 /2 - G P.vera Mardin 1 7 3 18 5 A. alternata/tenuissima 2

47 - 43 - G P.vera Mardin 6 1 3 2 A. alternata/tenuissima 2

47 - 62 /1 - G P.vera Mardin 2 12 1 1 A. alternata/tenuissima 1

47 - 64 - G P.vera Mardin 1 15 1 1 2 A. alternata/tenuissima 1

63 - 11 - GY P.vera Sanliurfa 1 5 2 2 A. alternata/tenuissima 1

63 - 13 - GY P.vera Sanliurfa 2 6 1 19 2 A. alternata/tenuissima 2

63-04-GY P. vera Sanliurfa 1 24 1 2 2 A. alternata/tenuissima 1

47 - 59 - GY P.vera Mardin 1 19 1 1 A. alternata/tenuissima 1

47 - 73 - GY P.vera Mardin 1 15 14 1 A. alternata/tenuissima 1

56 - 01 /2 P.vera Siirt 3 6 1 2 2 A. alternata/tenuissima 1

56 - 18 /1 - G P.vera Siirt 4 12 1 1 2 A. alternata/tenuissima 1

56 - 47 - G P.vera Siirt 1 9 2 17 A. alternata/tenuissima 1



72-07-1 P. vera Batman 1 19 1 1 1 A. alternata/tenuissima 1

21-01--2 P. vera Diyarbakir 1 16 1 21 1 A. alternata/tenuissima 1

35-08 P.atlantica İzmir 7 1 13 2 A. alternata/tenuissima 1

35-15 P.vera İzmir 2 19 1 15 2 A. alternata/tenuissima 1

35-22/2 P.lentiscus İzmir 1 15 1 13 2 A. alternata/tenuissima 2

35-35 P.lentiscus İzmir 3 20 1 17 2 A. alternata/tenuissima 1

35-37 P. terebinthus İzmir 3 19 11 2 1 A. alternata/tenuissima 1

35-37 (leaf) P.terebinthus İzmir 13 6 1 2 2 A. alternata/tenuissima 1

35-43 P. terebinthus İzmir 1 19 1 10 2 A. alternata/tenuissima 1

35-18 P. atlantica İzmir 1 19 1 14 2 A. alternata/tenuissima 1

35-16-1 P. atlantica İzmir 3 7 9 2 2 A. alternata/tenuissima 1

35-41 P.terebinthus İzmir 1 21 1 1 1 A. alternata/tenuissima 1

35-20-1 P. atlantica İzmir 1 22 1 13 2 A. alternata/tenuissima 1

45 - 25 /2 P.vera Manisa 1 16 1 2 1 A. alternata/tenuissima 1

45 - 33 P.terebinthus Manisa 2 7 1 2 A. alternata/tenuissima 1

45 - 64 (leaf) P.terebinthus Manisa 2 19 1 7 2 A. alternata/tenuissima 2

45-40 P. atlantica Manisa 1 7 1 2 2 A. alternata/tenuissima 1

09 – 17 /1 P.vera Aydin 6 16 1 9 1 A. alternata/tenuissima 1

09 – 24 P. terebinthus Aydin 1 7 1 11 1 A. alternata/tenuissima 1

09 – 28 P. vera Aydin 1 8 1 11 2 A. alternata/tenuissima 1

09 – 31 P. terebinthus Aydin 1 12 1 2 1 A. alternata/tenuissima 1

09--29 P. vera Denizli 1 7 1 1 2 A. alternata/tenuissima 1

20 ˗ 06 /2 P.terebinthus Denizli 2 15 1 1 2 A. alternata/tenuissima 1

20 ˗ 08 P. atlantica Denizli 2 19 1 2 1 A. alternata/tenuissima 1

20 ˗ 11 P. vera Denizli 7 1 2 2 A. alternata/tenuissima 1

43 - 03 P.vera Kutahya 1 12 1 10 A. alternata/tenuissima 1

43 - 05 P.vera Kutahya 1 19 1 11 2 A. alternata/tenuissima 1

43 - 07 P.vera Kutahya 1 15 11 5 A. alternata/tenuissima 1

43 - 09 P.vera Kutahya 1 18 1 13 2 A. alternata/tenuissima 1

43 - 12 P.vera Kutahya 1 11 1 17 2 A. alternata/tenuissima 1

43-02 P. vera Kutahya 19 1 23 2 A. alternata/tenuissima 1

43-04 P. vera Kutahya 2 19 1 1 2 A. alternata/tenuissima 1

43-10-1 P. vera Kutahya 3 19 1 13 2 A. alternata/tenuissima 1

17 ˗ 12 P.vera Canakkale 1 3 7 15 2 A. alternata/tenuissima 1

17 ˗ 17 P.vera Canakkale 7 19 1 13 4 A. alternata/tenuissima 1

17-15 P.terebinthus Canakkale 3 11 1 17 2 A. alternata/tenuissima 2

17 - 05 - G P. terebinthus Canakkale 7 19 1 13 2 A. alternata/tenuissima 2

17 - 07 - G P. terebinthus Canakkale 1 11 1 15 2 A. alternata/tenuissima 1

17-11-GY P.terebinthus Canakkale 1 11 1 10 A. alternata/tenuissima 2

17 - 13 - GY-leaf P. terebinthus Canakkale 1 12 13 2 A. alternata/tenuissima 1

10--14 P.terebinthus Balikesir 1 7 1 14 5 A. alternata/tenuissima 1

10˗05 P.vera Balikesir 19 1 1 2 A. alternata/tenuissima 1

10˗10 P.vera Balikesir 1 15 12 2 A. alternata/tenuissima 1

10˗15 P.vera Balikesir 1 19 1 14 2 A. alternata/tenuissima 1

46 - 02 /1 - G P. khinjuk Kahramanmaras 12 7 1 2 2 A. alternata/tenuissima 2

33-11 P.terebinthus Mersin 1 1 14 2 A. alternata/tenuissima 1

33-74-2-GY P. mutica Mersin 1 5 1 2 2 A. alternata/tenuissima 2



33 - 17 - GY P. terebinthus Mersin 3 14 1 1 2 A. alternata/tenuissima 2

33 - 26 - GY P. terebinthus Mersin 19 1 8 2 A. alternata/tenuissima 1

31˗03 P.terebinthus Hatay 3 13 8 3 2 A. alternata/tenuissima 2

31-09 P. terebinthus Hatay 14 23 5 5 6 A. alternata/arborescens 4

07 - 07 /2 - GY P.terebinthus Antalya 1 17 1 2 3 A. alternata/tenuissima 1

07 - 17 /2 - GY P.terebinthus Antalya 11 4 5 5 9 A. alternata/arborescens 4

07-07-1-GY P.terebinthus Antalya 1 4 22 A. alternata/tenuissima 1

BMP_591 P. vera California/U.S.A. 1 27 14 14 1 A. alternata/tenuissima 1

BMP_0612 P. vera California/U.S.A. 1 27 15 2 1 A. alternata/tenuissima 1

BMP_0517 P. vera California/U.S.A. 1 27 16 13 1 A. alternata/tenuissima 2

BMP_480 P. vera California/U.S.A. 3 15 17 14 1 A. alternata/tenuissima 2

BMP_653 P. vera California/U.S.A. 1 19 1 1 1 A. alternata/tenuissima 1

BMP_0651 P. vera California/U.S.A. 8 28 15 5 8 A. arborescens 3

BMP_0600 P. vera California/U.S.A. 8 28 15 8 A. arborescens 3

BMP_0610 P. vera California/U.S.A. 1 19 18 2 1 A. alternata/tenuissima 2

BMP_0582 P. vera California/U.S.A. 14 28 15 24 8 A. arborescens 3

BMP_561 P. vera California/U.S.A. 13 27 1 1 2 A. alternata/tenuissima 1

BMP_630 P. vera California/U.S.A. 15 28 15 24 8 A. arborescens 3

BMP_660 P. vera California/U.S.A. 1 19 16 2 A. alternata/tenuissima 2

BMP_510 P. vera California/U.S.A. 2 28 15 4 8 A. arborescens 3

BMP_0462 P. vera California/U.S.A. 8 28 15 24 8 A. arborescens 3

EGS-39-128 8 29 12 4 8 A. arborescens 3

EGS-34-015 1 25 1 14 3 A. alternata/tenuissima 2

EGS-34-016 1 25 1 14 3 A. alternata/tenuissima 1

EGS-34-039 1 26 13 1 1 A. alternata/tenuissima 1

*Isolates morphologically were described as (1) A. alternata, (2) A. tenuissima, (3) A. arborescens, A. alternata/arborescens intermediate type (4)
(Ozkilinc et al. 2017).



Supplemeantary Table 2 Primer information for genomic regions used in this study

Locus Primers F/R Annealing Temperature Reference
ALT a1 ATGCAGTTCACCACCATCGC

59 Hong et al. (2005)
ACGAGGGTGAYGTAGGCGTC

ATPase CTCGCCAATTCATCCTTTGT
59 Ozkilinc et al. (2018)

GCTTAGCAGTGGTGATGACG

EndoPG TACCATGGTTCTTTCCGA
60 Peever et al. (2004)

RCARTCRTCYTGRTT

OPA1.3 CAGGCCCTTCCAATCCAT 61 Peever et al. (2004)

AGGCCCTTCAAGCTCTCTTC

SCAR 2 AGTCCACCCGGCGCTAAAGC 55 This study

GGTGTAGTAGCTGTCACGTCCG
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