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Dried vine fruits may be heavily colonized by Aspergillus species. The molecular biodiversity of an Aspergillus
population (234 strains) isolated from dried vine fruit samples of worldwide origin were analyzed by inves-
tigating four housekeeping gene loci (calmodulin, B-tubulin, elongation factor 1-c«, RPB2). Aspergillus Sect.
Nigri was dominant and the strains were identified as A. tubingensis (138), A. awamori (38), A. carbonarius
(27), A. uvarum (16) and A. niger (11). Four Aspergillus flavus strains were also identified from Chilean raisins.
Two clusters closely related to the A. tubingensis species with a significant bootstrap (60% and 99%) were
identified as distinct populations. Among the four loci, RPB2 showed the highest genetic variability. This is the
first complete study on the worldwide distribution of black Aspergilli occurring on dried vine fruits identified

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Species of Aspergillus Sect. Nigri are considered opportunistic fungi
(saprophytes) of agronomically important crops, including grapes and
dried vine fruit (Somma et al., 2012), and are the main fungi respon-
sible for contamination of the grape-wine chain with mycotoxins,
particularly ochratoxin A and fumonisins, that can affect human
and animal health (Nielsen et al., 2009). The correct identification of
Aspergillus species based on molecular methodologies is of primary
concern in predicting potential mycotoxin contamination of grapes
and derived products. Black Aspergilli isolated from grapes have been
extensively studied using molecular methods (Perrone et al., 2006b,
2007; Dachoupakan et al., 2009; Chiotta et al., 2011), including the
description of new species peculiar to grapes such as A. ibericus and
A. uvarum (Serra et al., 2006; Perrone et al., 2008), however no com-
prehensive study is available on the molecular biodiversity of black
Aspergilli occurring on dried vine fruit.

Individual reports on the occurrence and identification of Aspergillus
Sect. Nigri on dried vine fruit are mostly focused on a small number of
strains (Varga et al., 2010) or limited geographical area such as Spain
(Abarca et al, 2003), Brazil (lamanaka et al., 2005), Argentina (Da
Rocha et al, 2002) and California (Palumbo et al, 2011). There is a
lack of data from important dried vine fruit producing countries such
as Turkey, Chile and Iran. Dried vine fruits include raisins, currants
and sultanas, according to berry colour (white for sultanas and white
or red for raisins) and origin (e.g. currants from Greece, sultanas from
Turkey, raisins from USA, Turkey, Greece and Australia).

* Corresponding author. Tel.: +39 080 5929329; fax: +39 080 5929374.
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Housekeeping genes, particularly the calmodulin gene, have proved
to be highly useful in discriminating species belonging to Section Nigri
since they contain some species-specific traits, suitable for diagnostic
purposes (Samson et al., 2007).

The present work aims to investigate molecular biodiversity in
4 loci (calmodulin, p-tubulin, elongation factor 1-a, RPB2) of a large
population of Aspergilli isolated from dried vine fruits of worldwide
origin.

2. Materials and methods
2.1. Fungal culture

A total of 234 Aspergillus strains randomly isolated from dried vine
fruit samples of worldwide origin [Turkey (21) Chile (7); Iran (2);
USA (2); China (2) and South Africa (1)] collected during 2009-2011
(Fig. 1) and twenty-four reference type strains from Aspergillus Section
Nigri and Section Flavi (A. tubingensis ITEM7040, A. acidus ITEM4507,
A. costaricaensis ITEM7555, A. vadensis ITEM7561, A. niger ITEM4501,
A. lacticoffeatus 1TEM7559, A. awamori ITEM4509, A. brasiliensis
ITEM7048, A. ibericus ITEM4776, A sclerotioniger ITEM7560, A. carbonarius
ITEM4503, A. ellipticus ITEM4505, A. heteromorphus ITEM7045,
A. homomorphus ITEM7556, A. aculeatus ITEM7046, A. japonicus
ITEM7034, A. uvarum ITEM4834, A. nominus ITEM7533, A. parasiticus
ITEM7531, A. sojae ITEM7532, A. minisclerotioniger ITEM9596,
A. parvisclerotioniger ITEM9594, A. oryzae ITEM7529, A. flavus ITEM7526)
were obtained from the ITEM Collection (CNR-ISPA, Bari, Italy).
Supplemental information about isolates can be recovered from the
ITEM electronic catalogue (http: www.ispa.cnr.it/Collection). The
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Fig. 1. Geographical origin of Aspergillus strains isolated world-wide from dried vine fruits.

mycological analysis of each sample in relation to mycotoxin con-
tamination will be reported in another paper.

2.2. DNA extraction and sequencing

For mycelium production, a suspension of spores from each fungal
strain was grown in Wickerham medium, containing 40 g glucose,
5 g peptone, 3 g yeast extract, 3 g malt extract and water up to 1 L.
Mycelia were filtered and lyophilized for total DNA isolation. The
fungal DNA was extracted by mechanical grinding using 5 mm iron
beads in a Mixer Mill MM 301 (Retsch), and a “Wizard® Magnetic
DNA Purification System for Food” kit (Promega), with some modifi-
cations, starting from 10 mg of lyophilized mycelium. The quality of
genomic DNA was determined by electrophoresis and quantification
using a Spectophotometer ND-1000 (Nano Drop).

Beta-tubulin (benA, ca. 450 nt), calmodulin (calM, ca. 650 nt),
translation elongation factor-1 alpha (EF-1a, ca. 700 nt) and RNA
polymerase II (RPB2, ca. 1100 nt) were amplified respectively using
PCR conditions and primers described in literature: primers BT2a
and BT2b (Glass and Donaldson, 1995), CL1 and CL2A (O'Donnell
et al., 2000), A-EF_F/A-EF_R (Perrone et al., 2011), 5 F and 7CR (Liu
et al., 1999). After amplification, the products were purified with the
enzymatic mixture EXO/SAP (Exonuclease I, E. coli/Shrimp Alkaline
Phosphatase). Bidirectional sequencing was performed for all loci
and isolates. Sequence reactions were performed with the Big Dye
Terminator Cycle Sequencing Ready Reaction Kit for both strands,
purified by gel filtration through Sephadex G-50 (Amersham Pharmacia
Biotech) and analyzed on the “ABI PRISM 3730 Genetic Analyzer”
(Applied Biosystems).

Alignment of the four loci was performed using the software pack-
age BioNumerics 5.1 from Applied Maths, with manual adjustments
where necessary evaluated by an experienced human eye.

2.3. Sequence data analysis

The DNA sequences were aligned by the Clustal W algorithm
(Thompson et al., 1994) using MEGA version 5 (Tamura et al., 2011):

each locus was firstly aligned separately and concatenated into a
super-gene alignment, which is then analyzed to generate the compos-
ite phylogenetic tree. The analysis involved 259 super-gene sequences.
Phylogenetic analysis was performed in MEGA version 5 both by the
Neighbor-Joining (N]) method (Saitou and Nei, 1987) and the Maximum
Likelihood (ML) method based on the Tamura-Nei model (Tamura and
Nei, 1993). For NJ, evolutionary distances were computed using the
Tamura-Nei method and are in the units of the number of base substitu-
tions per site. All positions containing gaps and missing data were elim-
inated from the dataset “complete deletion option”. Bootstrap values
were calculated from 1000 replications of the bootstrap procedure
using programs within the MEGA 5 package which refers to tests of the
reliability of an inferred tree (Felsenstein, 1985).

Maximum Likelihood analysis was performed with an initial
tree(s) for the heuristic search obtained automatically as follows:
when the number of common sites was <100 or less than one fourth
of the total number of sites, the maximum parsimony method was
used; otherwise, the BION] method with MCL distance matrix was
used. A discrete Gamma distribution was used to model evolutionary
rate differences among sites (5 categories (+ G, parameter = 0.5610)).
The rate variation model allowed for some sites to be evolutionarily
invariable ([+1], 48.3317% sites). The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. All ambiguous
positions were removed for each sequence pair. There were a total of
2556 positions in the final dataset.

Sequence diversity and polymorphism were analyzed using the
DnaSP v5 software (Librado and Rozas, 2009).

3. Results
3.1. Sequencing analysis

A multilocus analysis for 4 housekeeping genes covering 2556
nucleotides was performed on 234 strains isolated from raisins
worldwide (Supplementary data, Table S1) in comparison with 24
reference type strains from Aspergillus Sections Nigri and Flavi. The
evolutionary history was inferred using the Neighbor-Joining method.
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Sequence diversity analysis performed by DnaSP software v5 showed
the presence of 86 different haplotypes in the datasets analyzed
when the loci were combined in a multilocus sequence alignment.
In Table 1, the results of this analysis were summarized and included
the sequence characters for each locus analyzed, the number of haplo-
types and haplotype diversity, the variable sites and the parsimony-
informative sites. The results of this analysis were then used to select
the strains to be analyzed for phylogenetic studies among the 234
strains isolated. Both the percentage of variable sites and parsimony-
informative sites varied for each data set: benA nucleotide sequence
showed the highest percentage of variable sites, calM nucleotide
sequences the highest percentage of informative sites, while EF-1a
had the lowest of both (Table 1). Consequently, after a preliminary anal-
ysis using the MEGA5 software package with the Neighbor-Joining
method, a deeper phylogenetic analysis was performed both with
Neighbor-Joining and Maximum Likelihood. The best substitution
model among six evolutionary models and four rates among sites
were calculated using the 86 haplotypes characterizing the black Asper-
gilli population and the type strains studied. The optimal tree with the
sum of branch length = 1.29532670 and the highest log likelihood
(—14280.8455) is shown in Fig. 2, the phylogenetic tree which
combines data from RPB2, EF-1c, calM and benA. The percentage of
replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown above the branches. As
first result we assessed a higher variability within the A. niger and
A. tubingensis groups compared with A. carbonarius and A. uvarum.
Furthermore, regarding the genetic variability, we found the highest
number of haplotypes (Table 1) in RPB2, followed by calM; EF-1cax and
benA, however, showed the highest percentage of informative variable
sites. The analysis of polymorphic sites revealed a region (about 400 bp
length) including the most parsimony informative sites, located be-
tween nucleotide 200 and 600 of the 878 bp analyzed in RPB2. An addi-
tional analysis (Supplementary data, Fig. S1) was performed on the
variation in nucleotide composition among the haplotypes in each
locus: benA, calM and RPB2 loci showing a quite well-distributed vari-
ability among the haplotypes compared with the EF-1a locus.

Moreover, data obtained allowed assessment of the mycological
population belonging to Aspergillus genus most frequently occurring
on dried vine fruits of worldwide origin (from Turkey, China, Chile
and USA).

The predominant group of black Aspergilli occurring on dried vine
fruits was A. tubingensis with 116 strains clustering with the A. tubingensis
type strains ITEM 7040, with two additional clusters closely related to the
A. tubingensis species with a bootstrap value of 60% for group 1 including
16 strains, and a higher bootstrap of 99% for group 2 including 6 strains,
respectively named A. tubingensis group 1 and 2 on the phylogram. The
phylogenetic species A. awamori (Perrone et al.,, 2011) was the second
most represented group among this population, with 38 strains com-
pared to A. niger (8 strains), and three strains (ITEM 10953, 11930 and
12900) among the A. niger group with atypical results. Twenty-seven
strains clustered with a high bootstrap with the A. carbonarius type strain,
while none belonged to the closely related species of the clade A. ibericus
and A. sclerotioniger. Among the uniseriate group, no A. japonicus or
A. aculeatus were identified, all the uniseriate strains isolated (16) belong-
ing to the A. uvarum cluster, confirming a recent result reported by Varga
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et al. (2010). The four strains morphologically identified as A. flavus
belonged, with a high bootstrap value, to the A. flavus type strain ITEM
7526. In particular, on analyzing sequence variability and polymorphism
among the black Aspergilli population on dried vine fruits, using the
DnaSP software v5, we found 62 different haplotypes (H) with a diversity
Hd = 0.968. In particular, 26 H representing 116 strains belonging to
A. tubingensis, 10 H of 16 strains belonging to A. tubingensis group 1,
2 H of 6 strains belonging to A. tubingensis group 2, 5 H of 11 strains
belonging to A. niger of which 3 H represent 3 atypical A. niger strains.
A. awamori that was the second group of represented species had 7 H
representing 38 strains. There were nine A. carbonarius haplotypes,
representing 27 strains and 3 H of A. uvarum belonging to 16 strains,
evidencing a higher homogeneity of these two species compared with
the A. niger/A. tubingensis clade. In particular, A. tubingensis is the most
represented species, being the only one distributed in all of the countries
in the survey and the population with the highest number of haplotypes.
Among these, most were related to variability in a single or in two
strains, while seven haplotypes represented different groups within the
A. tubingensis population (Fig. 2); by contrast, the haplotype of ITEM
7040 contained strains from four countries (8 from Turkey, 6 from
China, 5 from Chile and 2 from USA) and the haplotype of ITEM 10634
contained 26 strains, all of which came from Turkey. The 2 haplotypes
representing the four A. flavus strains isolated were not included in this
analysis but are present in the phylogenetic tree (Fig. 2).

Geographic differentiations in the haplotypes within the species,
in particular in A. tubingensis, the larger group, was not detected
when isolates from all five countries were included in the analysis.

4. Discussion

Black Aspergilli are one of the more difficult groups in terms
of classification and identification, and several taxonomic schemes
have been proposed. New molecular approaches have shown that
there is a high biodiversity, but that species are occasionally difficult
to recognize based solely on their phenotypic characters (Samson
et al., 2007). In this regard, the taxonomy of black Aspergilli is not
completely resolved; however, accurate identification at species
level is of great importance due to the different toxin profiles of each
individual taxon. In recent years, to test taxonomic hypotheses based
on phenotypic analysis of Aspergillus, several investigations have
been conducted using DNA or RNA sequence information, mostly tak-
ing an established group (Raper and Fennell, 1965, 1977) or section
(Gams et al., 1985) and to a greater or lesser extent resolving the tax-
onomic hypotheses within the group (Peterson, 1995; Frisvad et al.,
2004; Varga et al., 2005). More recently, Varga et al. (2011) used a
polyphasic approach including morphological, physiological, ecologi-
cal and molecular (sequence analysis of parts of the B-tubulin and
calmodulin genes and the ITS region) analyses in order to investigate
the broad relationships among Aspergilli, leading to the description
of four new species in the Nigri section. Gene sequencing is one of
the most robust and informative techniques for fungal diagnosis.
Multilocus sequence typing (MLST) has emerged as a powerful new
DNA-typing tool for the evaluation of intraspecies genetic relatedness.
This method relies on DNA sequence analysis of nucleotide poly-
morphisms in housekeeping genes and has shown a high degree of

Table 1

Sequence characteristics and phylogenetic information for RPB2, EF-1a, calM, benA and combined MLS.
Domain Region Sites Net sites % GC No. of variable No. of informative No. of mutations Nucleotide No of Haplotype

sites sites (Eta) diversity haplotypes diversity

RPB2 1-985 985 878 52.8 354 293 435 0.07155 44 0.886
EF-1at 987-1636 650 649 57.8 107 79 121 0.02057 35 0.713
calM 1638-2205 568 486 53.8 271 249 316 0.08683 37 0.872
benA 2207-2702 496 323 58.0 259 202 180 0.05822 23 0.663
MLS 1-2702 2702 2336 55.1 991 823 1052 0.05872 86 0.959
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intraspecies discriminatory power for bacterial and fungal pathogens.
This method compares nucleotide polymorphisms within regions of
four to seven genes which are under selective pressure to retain func-
tion. Polymorphisms giving rise to allelic variants are recorded as bar
codes of integers which together constitute a strain sequence type
(ST). The advantages of MLST as a typing approach are its portability
(sequencing can be done anywhere, with identical results for identical
DNA samples) and its archive ability (results can be stored in a central
web database). MLST is increasingly being applied as a routine typing
tool that enables international comparison of isolates. MLST data have
also been exploited in evolutionary and population analyses that esti-
mate recombination and mutation rates and investigate evolutionary
relationships among bacteria that are classified as belonging to the
same genus.

For our study on MLST, proposed as a practical tool for typing
Aspergillus Sect. Nigri isolated from dried vine fruits of worldwide
origin, we examined 4 loci of nuclear DNA markers already used
for molecular identification of fungal species: “calmodulin (calM)”
(O'Donnell et al., 2000), “B-tubulin (benA)” (Geiser et al., 2007),
“elongation factor 1-a (EF-1ax)” (O'Donnell et al., 2008) and “second
largest subunit of RNA polymerase Il (RPB2)” (Ertz et al., 2009).

In this work we characterized molecularly 234 Aspergillus strains
isolated from raisins from 5 different geographical origins and we
examined their DNA variability in calM, benA, EF-1a and RPB2. The
most predominant species belong to Aspergillus Sect. Nigri, in particu-
lar A. tubingensis, followed by A. awamori A. carbonarius, A. uvarum
and A. niger. The analysis of DNA variability showed RPB2 as locus
with the highest number of haplotypes and haplotype diversity
with the most variable sites located near the 5 F primer (a region
about 400 bp length), suggesting it as a major candidate tract for
barcoding in Aspergillus. Among 86 different haplotypes identified in
Aspergillus spp. isolated from raisins, 62 represented the population
of Aspergillus Sect. Nigri. The distribution and composition of the
haplotypes differ among the species also when geographical origin
is considered. In particular it suggests lack of isolation in relation to
the distance, due to the presence of a same haplotype in different
continents (i.e. haplotype ITEM 7040 containing 21 strains from Asia,
North and South America, Fig. 2 and Supplementary data, Table S1);
Conversely, the singular haplotype (“private”) within the same geo-
graphical region and species, was indicative of genetic isolation.

Analytical techniques are available to address the broad question of
how all fungi are related and also the very narrow question of where spe-
cies boundaries occur (Taylor et al., 2000; Sites and Marshall, 2003). The
issue of what constitutes a species continues to be debated (e.g. Rieppel,
2007), but the phylogenetic species concept with recognition by concor-
dance of independent gene trees is a very attractive option. Because
these species are defined in terms of genetics, monophyly can be assured.
Moreover, an additional benefit of genetically defined species is repre-
sented by its suitability to set rapid detection techniques that identify
species through polymorphisms in DNA (Susca et al., 2007a, 2007b;
Mulé et al., 2006; Bufflier et al., 2007).

The DNA sequences with concordance analysis provide the neces-
sary information to define species and provide sequence data for
DNA-based detection and identification of medically, industrially
and agriculturally important species (Hinrikson et al., 2005; Page
and Kurtzman, 2005; Serra et al., 2006), but will also be valuable for
putting other data into phylogenetic perspective. The phylogenetic
results revealed 3 distinct clades within the A. tubingensis analyzed
group, suggesting that it probably contains 3 distinct cryptic species,

Fig. 2. Neighbor Joining tree obtained with Maximum Composite Likelihood algorithm
derived from combined RPB2, TEF, CaM and BenA data. 62 haplotypes representative of
the molecular biodiversity of 234 strains of Aspergillus population isolated from dried
vine fruits are compared with 24 type strains of Aspergillus Nigri and Flavi Sections.
Numbers at nodes are bootstrap values, only value >70% are reported.
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which should be corroborated by further analyses which are currently
in progress.

Of the Aspergillus species identified in this study, A. carbonarius
is the one causing greatest concern due to the high percentage of
OTA producers and due to its ability to produce high levels of OTA
(Abarca et al., 2001; Belli et al., 2004; Perrone et al., 2006a). Interest-
ingly, while the other species were found distributed among the dif-
ferent countries and samples, A. carbonarius was isolated only from
raisins collected from Turkey, thus confirming this species' great
adaptability and presence in the Mediterranean basin, as well as the
higher risk for OTA contamination generally reported for this region.
Other species that may be considered of concern are A. niger and
A. awamori, since recently some strains of these two species have
been reported to be fumonisin B2 and B4 producers (Logrieco et al.,
2009; Mogensen et al., 2010; Frisvad et al,, 2011) and responsible
for fumonisin contamination in dried vine fruit samples (Varga et al.,
2010). Nevertheless, the percentage of fumonisin-producing strains
of A. niger reported in the mentioned studies was variable and a dis-
continuous distribution of fumonisin-producing strains and the ab-
sence of at least part of the fumonisin biosynthetic gene cluster has
been reported in A. niger (Susca et al., 2010). Furthermore, the pres-
ence of four strains of A. flavus from Chilean raisins has to be noted.
This species is considered highly toxigenic, with some strains able to
produce aflatoxins. In this respect, aflatoxins may occur as common
contaminants of dried vine fruits in some countries such as India
(Saxena and Mehrotra, 1990), Egypt (Youssef et al., 2000), and Greece
(Apergi et al., 1998) even at very high levels.

Further studies must be focused on the ability to produce myco-
toxins in these strains molecularly identified at species level, in order
contribute to defining the toxicity of the species and the potential
mycotoxin risk in dried vine fruits.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ijffoodmicro.2013.04.027.
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