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The fungi Aspergillus niger and A. welwitschiae are morphologically indistinguishable

species used for industrial fermentation and for food and beverage production. The

fungi also occur widely on food crops. Concerns about their safety have arisen with

the discovery that some isolates of both species produce fumonisin (FB) and ochratoxin

A (OTA) mycotoxins. Here, we examined FB and OTA production as well as the

presence of genes responsible for synthesis of the mycotoxins in a collection of 92

A. niger/A. welwitschiae isolates from multiple crop and geographic origins. The results

indicate that (i) isolates of both species differed in ability to produce the mycotoxins;

(ii) FB-nonproducing isolates of A. niger had an intact fumonisin biosynthetic gene (fum)

cluster; (iii) FB-nonproducing isolates of A. welwitschiae exhibitedmultiple patterns of fum

gene deletion; and (iv) OTA-nonproducing isolates of both species lacked the ochratoxin

A biosynthetic gene (ota) cluster. Analysis of genome sequence data revealed a single

pattern of ota gene deletion in the two species. Phylogenetic analysis suggest that the

simplest explanation for this is that ota cluster deletion occurred in a common ancestor of

A. niger and A. welwitschiae, and subsequently both the intact and deleted cluster were

retained as alternate alleles during divergence of the ancestor into descendent species.

Finally, comparison of results from this and previous studies indicate that a majority of

A. niger isolates and a minority of A. welwitschiae isolates can produce FBs, whereas, a

minority of isolates of both species produce OTA. The comparison also suggested that

the relative abundance of each species and frequency of FB/OTA-producing isolates can

vary with crop and/or geographic origin.
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FIGURE 2 | Occurrence of FB2- and OTA-nonproducing isolates on different crops. Values are percentages for each crop.

Variation in Mycotoxin Biosynthetic Gene
Content
fum Cluster Genes

The presence and absence of the 10 genes in the fum cluster were
assessed initially by the PCR assay described previously (Susca
et al., 2014a) using the primers shown in Table 1. The seven
FB2-producing and 7 FB2-nonproducing isolates of A. niger
examined yielded amplicons for all fum genes and intergenic
regions examined. These PCR results indicated that there were no
apparent differences in the gene content of the fum cluster of FB-
producing and nonproducing isolates of A. niger, a finding that
is consistent with previous analyses of the cluster in this species
(Palumbo et al., 2013; Susca et al., 2014a). A larger set of 8 FB2-
producing and 57 nonproducing isolates of A. welwitschiae was
also subjected to the fum-gene PCR assay. The analysis yielded
13 amplicon patterns: the two patterns previously described for
FB-producing and nonproducing isolates of the species (Susca
et al., 2014a) as well as 11 novel patterns. In Table 2, the
previously described amplification patterns for FB-producing
and nonproducing isolates of A. welwitschiae were designated as
Patterns f-1 and f-2, respectively, while the 11 novel amplification
patterns were designated as Patterns f-3 through f-13. To
determine whether the novel amplification patterns correspond
to undescribed deletions within the fum cluster, we generated
whole-genome sequence data for isolates of A. welwitschiae
representative of the novel patterns, except f-5. Retrieval and
analysis of sequences of the fum cluster region from each genome
sequence revealed that, in all isolates examined except ITEM
10929, the gene content of the fum cluster in isolates with the
novel PCR amplification patterns was identical to one of the two
fum cluster types previously described for A. welwitschiae (Susca

et al., 2014a), and designated as cluster Types 1 and 2 in Figure 4.
In Type 1, there were full-length homologs of all 11 fum genes
and the sdr1 gene. In Type 2, six fum genes and sdr1 were absent,
and fum6 and fum21 were truncated, whereas, fum1, fum15,
and fum19 were intact. Thus, the novel fum gene amplification
patterns observed in the PCR assay were not consistent with the
genomic sequences.

The analysis of the genome sequences of A. welwitschiae

isolates ITEM 11209 and ITEM 15309 revealed that the fum

cluster homologs in these two strains contained all 11 fum genes
as well as sdr1. As far as we are aware, this is the first report
of a full-length fum clusters in FB-nonproducing isolates of
A. welwitschiae. In ITEM 15309, all fum genes appeared to be
functional in that there were no insertions or deletions that
would result in frameshifts or premature stop codons in the gene
coding regions of any of the genes. Thus, the sequence of the fum

cluster in this strain did not provide clues as to the genetic basis
for the FB-nonproduction phenotype of the isolate. In ITEM
11209, all the fum genes appeared to be functional except for

fum1, which had a C-to-T transition that changed codon 2163
from CGA to TGA, a stop codon. This premature stop codon
would most likely render the fum1-encoded polyketide synthase
nonfunctional, because it would block translation of the mRNA

before synthesis of keto reductase and phosphopantetheine
domains, two domains that are essential for function of the
polyketide synthase. As noted above, isolate ITEM 10929 was
an exception; it had a fum cluster in which fum19 and fum21

were truncated, fum15 was absent, but the other eight fum genes
and sdr1 were intact and apparently functional (Figure 4). Thus,
the fum cluster in ITEM 10929 differed from the two previously
described cluster types in A. welwitschiae.
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FIGURE 3 | Occurrence FB2- and OTA-nonproducing isolates from different geographic origins. Values are percentages for each Country.

FIGURE 4 | Three fum cluster types observed in newly generated genome sequences of isolates of A. welwitschiae. Type 1, an intact cluster, was

observed in isolates ITEM 7097, 11209, and 15309. Type 2, a partially deleted cluster, was observed in isolates ITEM 4552, 6142, 10353, 10932, 11209, 11980,

11984, 14309, and 15309. Type 3, also a partially deleted cluster, was observed in isolate ITEM 10929 only. The gene content and arrangement in Type 1 is identical

to the fum cluster previously described in the FB-producing A. welwitschiae isolate ITEM 11945 as well as all A. niger isolates examined; and the gene content and

arrangement in Type 2 is identical to the fum cluster previously described in A. welwitschiae isolate ITEM 7468 (Susca et al., 2014a). As far as we are aware, Type 3

has not been described previously. Gene designations are as in Figure 1. Genes shown as arrows have full-length coding regions and are most likely functional,

whereas, genes shown as rectangles/squares are truncated and therefore nonfunctional. Genes labeled b, c, and d are previously described fum cluster flanking

genes (Susca et al., 2014a).

OTA Cluster Genes

The presence and absence of four ota cluster genes (ota1-ota3
and ota5) was also assessed in a subset of 69 isolates using a
PCR-based assay. There were only two patterns of amplicons
observed. The first pattern (Pattern o-1) consisted of amplicons
for the four ota cluster genes examined. All OTA-producing
isolates of both species (A. niger ITEM 9568 and A. welwitschiae
ITEM 7097, ITEM 6142, ITEM 4552) exhibited Pattern o-1. The
amplicon sizes were consistent with the expected sizes based on
the design of PCR primers: 776 bp for ota1, 645 bp for ota2,

614 bp for ota3, and 846 bp for ota5. In the second ota PCR
pattern (Pattern o-2) none of the amplicons was present. All
OTA-nonproducing isolates of both A. niger (21 isolates) and
A. welwitschiae (44 isolates) exhibited Pattern o-2 (Table 2). The
absence of amplicons for the 4 putative ota cluster genes is
consistent with the previously described 21-Kb deletion in the ota
cluster region of the A. niger OTA-nonproducing strain ATCC
1015 (Andersen et al., 2011).

To further evaluate whether the amplification Patterns o-1 and
o-2 were consistent with the presence and absence of ota genes,
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we examined the genome sequences from a subset of one A. niger
and seven A. welwitschiae isolates for which amplification-
pattern data were determined. This analysis revealed that the
three A. welwitschiae isolates (ITEM 4552, ITEM 6142, and
ITEM 7097) that exhibited Pattern o-1 had an intact ota cluster;
i.e., they had all five ota genes, and the genes were apparently
functional. Further, the sequence analysis indicated that the one
A. niger isolate (ITEM 10355) and the four A. welwitschiae
isolates (ITEM 7468, ITEM 10353, ITEM 10932, and ITEM
11209) with Pattern o-2 did not have any of the ota genes, except
for an approximately 1100-nucleotide region near the 3′ end of
ota1. These results indicate that the ota amplification patterns
were consistent with the presence and absence of ota genes.
Furthermore, the results of both the PCR and genome sequence
data provide evidence that the OTA-nonproduction phenotype
in the majority of isolates of both A. niger and A. welwitschiae
results from the absence of ota genes in the isolates. Examination
of previously generated genome sequences for the ota cluster
confirmed that the cluster was intact in A. niger strain CBS
513.88 and absent in A. niger strain ATCC 1015 as previously
reported (Andersen et al., 2011). This analysis also revealed that
an intact ota cluster was present in A. niger strains ATCC 13157
and ATCC 13496, but not in A. niger strain ITEM 10355 as
well as A. welwitschiae strains ITEM 7468 and ITEM 11945
(Figure 5A). Further examination of both previously generated
genome sequence data and sequence data generated during
this study (20 genome sequences in total) revealed that all
strains examined have homologs of the ota cluster flanking

genes An15g07870 and An15g07930 regardless of species and
whether the strains have an intact cluster (Figure 5A). In both
A. niger and A. welwitschiae sequences that lack the ota cluster,
the An15g07870-An15g07930 intergenic region ranges in length
from 2508 to 2800 nucleotides. 94% of this aligned intergenic
sequence was homologous to three sequence elements in A. niger
and A. welwitschiae strains with an intact ota cluster: 18%
of the region was homologous to the sequence immediately
5′ to the An15g07870 start codon; 41% was homologous to
sequence near the 3′ end of ota1; and 35% was homologous
to sequence immediately 5′ to the An15g07930 start codon
(Figure 5A). The identity of homologs of the three sequence
elements ranged from 79 to 92% in strains with an intact vs.
a deleted ota cluster. In strains that had a deleted cluster, the
sequence corresponding to ota1 was 1127–1178 nucleotides in
length and was homologous to nucleotides 7012–8126 of the
intact ota1 coding region (with introns included). Variation in
the length of the ota1-fragment homologs resulted from deletions
and insertions within the homologs. Regardless of species, the
ota1-fragment homologs began and ended at the same positions,
nucleotides 7012 and 8126 respectively, of the intact ota1 coding
region. The homology of the three sequence elements within the
An15g07870-An15g07930 intergenic region facilitated alignment
and phylogenetic analysis of the sequences. The tree inferred
from the analysis indicated that, regardless of species, sequences
from strains with the ota cluster deletion are more closely related
to one another than to sequences from strains with the intact ota
cluster (Figure 5B).

FIGURE 5 | (A) Comparison of the intact and deleted ota cluster region in selected isolates of A. niger and A. welwitschiae. Arrows and gene designations are as in

Figure 1. An15g07870 and An15g07930 are genes flanking each side of the ota cluster; and the An15g07870 and An15g07930 designations are the original gene

model designations for GenBank accessions for the genome sequence of A. niger strain CBS 513.88. (B) Maximum likelihood tree inferred from the

An15g07870-An15g07930 region: i.e., the region spanned by the bracket at the bottom of (A) in strains that lack an ota cluster as well as the homologous sequences

from strains that have an intact cluster. The scale at the upper right indicates the number of substitutions per site. On the JGI website, ATCC 13157 is classified as A.

phoenicis. Although A. phoenicis is considered to be synonymous with A. welwitschiae (Hong et al., 2013), our analysis indicates that ATCC 13157 is a strain of A.

niger sensu stricto (Figure S1).
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DISCUSSION

The black aspergilli A. niger and A. welwitschiae are used
in fermentation of food and beverages. However, concerns
about the safety of these fungi have been raised with the
discovery that some isolates can produce the mycotoxins FBs
and OTA (Frisvad et al., 2007, 2011; Susca et al., 2014b). As
a result, multiple studies have been initiated to investigate the
occurrence and distribution of FB and OTA production as
well as the genetic basis for nonproduction in both industrial
and field strains of these fungi. The studies indicate that
both species exist as mixed populations of FB-producing
or FB-nonproducing individuals as well as OTA-producing
or OTA-nonproducing individuals. In addition, all possible
combinations of FB/OTA production and nonproduction have
been reported. That is, isolates that are FB-producing but
OTA-nonproducing, FB-nonproducing but OTA-producing, FB-
nonproducing and OTA-nonproducing, or FB-producing and
OTA-producing have been reported. The FB-producing and
OTA-producing phenotype has been reported less frequently
than the other phenotypes: 15 of 175 isolates examined for
both mycotoxins in a study by Massi et al. (2016), and six of
88 isolates examined for both mycotoxins in the current study
(Table 2).

Published surveys of FB and OTA production in A. niger
and A. welwitschiae generally do not indicate whether the
collections of isolates examined represent random samples or
biased selections of isolates. As a result, cautionmust be exercised
when drawing conclusions about trends in production and
nonproduction of isolates from multiple crops and geographic
regions that appear to be evident from comparisons of the
surveys. Nevertheless, a comparison of results of the current
study and five previously reported studies indicate some trends.
First, the results from all studies indicate that a majority
of A. niger isolates examined can produce FBs (Table 3). In
contrast, most of the studies indicate that only a minority
of A. welwitschiae isolates can produce FBs (Table 3). The
one exception to this is from a collection of A. welwitschiae
isolates recovered from onion grown in Saudi Arabia (Gherbawy
et al., 2015), where approximately half (48%) of the isolates
produced FBs (Table 3). The studies also indicate that only
a minority of both A. niger and A. welwitschiae isolates
can produce OTA (Table 3). In previous studies, 0–1% of
A. welwitschiae isolates produced OTA. In current study,
by contrast, a substantially higher percentage (25%) of A.
welwitschiae isolates produced OTA. Thus, it is possible that
environmental factors such plant species, location, climate
and/or agricultural practices can alter the frequency of FB- and
OTA-producing isolates.

In addition to the frequency of mycotoxin production
phenotypes, the comparison of studies suggests that A. niger
and A. welwitschiae can vary in their frequencies of occurrence.
A. welwitschiae appears to occur more frequently than A. niger
in multiple host/location combinations. This was the case for
grape and raisin isolates in the current study, for grape isolates
in Canada (Qi et al., 2016), and for onion isolates from Brazil
(Massi et al., 2016) and Saudi Arabia (Gherbawy et al., 2015;

Table 3). However, this trend does not appear to exist for all
crops and locations. For example, the numbers of A. niger and
A. welwitschiae isolates from Brazil nuts grown in Brazil were
similar, and the number of A. niger isolates (28) from grapes in
Brazil was approximately two times greater than the number of
A. welwitschiae isolates.

Several previous studies on A. niger and A. welwitschiae
have also provided evidence that the genetic basis for the
FB-nonproduction phenotype differs in the two species: the
fum cluster is partially deleted in FB-nonproducing isolates
of A. welwitschiae, whereas, the fum cluster is intact in
FB-nonproducing isolates of A. niger. In the current study,
PCR results for all A. niger isolates were consistent with
previous results, whereas, results for some FB-nonproducing
isolates of A. welwitschiae were not. However, sequence analysis
of selected nonproducing isolates of A. welwitschiae indicated
that, in most cases, the isolates had either one of the two
fum cluster types that were previously described (Figure 4;
Susca et al., 2014a). Therefore, the PCR results did not always
accurately reflect the gene content of the fum cluster in A.
welwitschiae, a phenomenon that has been noted previously
(Palumbo et al., 2013). In addition, we identified an isolate
(ITEM 15309) that had an intact fum cluster, but did not
produce FBs, a situation that has been reported previously for
A. niger but not A. welwitschiae (Susca et al., 2014a). Because
isolate ITEM 15309 has apparently functional fum genes, it is
not clear why this isolate does not produce FBs. In contrast,
FB-nonproducing isolate ITEM 11209 had a fum cluster with

TABLE 3 | Comparison of results from this and five previous studies on

production of FBs and OTA in field isolates of A. niger and A. welwitschiae.

Fumonisin analysis Ochratoxin analysis

No.

isolatesa
Producersb(%) No.

isolatesa
Producersb (%)

A. NIGER

This Study 27 74 24 4

Massi et al., 2016 89 74 89 31

Qi et al., 2016 10 100 10 0

Susca et al.,

2014a

19 63 nd nd

Storari et al., 2012 41 76 41 7

A. WELWITSCHIAE

This Study 68 16 65 25

Massi et al., 2016 86 34 86 1

Qi et al., 2016 109 26 109 0

Gherbawy et al.,

2015

37 48 37 0

Susca et al.,

2014a

35 29 nd nd

Storari et al., 2012 27 37 27 0

aNumber of isolates of A. niger or A. welwitschiae examined in each study for fumonisin

or ochratoxin production. nd indicated not determined.
bPercentage of isolates examined that produced fumonisin or ochratoxin. nd indicated

not determined.
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a point mutation in fum1 but apparently functional homologs
of other fum genes. Because the point mutation likely renders
fum1 nonfunctional, and because fum1 is required for the
first committed biochemical reaction in fumonisin biosynthesis
(Proctor et al., 1999), the mutation would almost certainly
block FB production in ITEM 11209. Thus, the nonfunctional
fum1 in ITEM 11209 provides a possible explanation for why
the isolate does not produce FBs. Likewise, the truncation of
fum21 in the novel fum cluster type in A. welwitschiae isolate
ITEM 10929 could explain the lack of FB production in this
isolate, because analysis of the fum21 homolog in Fusarium
has demonstrated that it is required for expression of other
fum cluster genes and, therefore, FB production (Brown et al.,
2007).

The PCR and sequence analyses of ota genes were consistent
and indicated that in OTA-nonproducing isolates of both A.
niger and A. welwitschiae the ota cluster is almost completely
deleted. These results contrast those of Massi et al. (2016),
who used PCR to examine 146 OTA-nonproducing isolates
of these species for the presence of ota1 and ota5. Although
Massi et al. did not detect either gene in the majority of
nonproducing isolates examined, they did detect the two genes
in one nonproducing isolate of A. niger and six nonproducing
isolates of A. welwitschiae. These findings could be an indication
that factors other than the absence of ota genes contribute to
the lack of OTA production. Alternatively, the findings could
be an indication that multiple patterns of ota gene deletion
exist among OTA-nonproducing isolates of A. niger and A.
welwitschiae.

Regardless of the difference in the ota-based PCR results
reported in the current study and the study by Massi et al.
(2016), genome sequence data indicate deletion of DNA within
the ota cluster region is almost identical in OTA-nonproducing
strains of A. niger and A. welwitschiae. We propose two
alternative scenarios to explain this observation. In the first
scenario, deletion of the ota cluster resulted from independent
events in the two species: one event (or series of events) in
A. niger and another independent event (or series of events)
in A. welwitschiae. In this scenario, however, the deletion
events were nonrandom and left almost identical sequence
elements, including an ota1 fragment, in the An15g07870-
An15g07930 intergenic region. In the second scenario, the intact
and deleted ota clusters in the two species are descendants of
ancestral alleles. That is, deletion of the ota cluster occurred
in a common ancestor of A. niger and A. welwitschiae, and
resulted in the formation of two alleles: an intact ota-cluster
allele and a deleted ota-cluster allele. Subsequently, as A. niger
and A. welwitschiae diverged from the ancestor, the two alleles
were retained by both species. We propose that the second
scenario is the most parsimonious, because it requires only
one deletion of the cluster and provides a relatively simple
explanation for the high level of similarity of An15g07870,
An15g07930, and the intergenic region between them in OTA-
producing versus nonproducing isolates of A. niger and A.
welwitschiae.

The results of the current study and comparisons with
previously published studies provide further insights into the
distribution of FB and OTA production among field isolates of
the black aspergilli A. niger and A. welwitschiae. The results
also provide evidence for the first time of FB-nonproducing
isolates of A. welwitschiae with an intact or almost intact
fum cluster, like the intact fum cluster in FB-nonproducing
isolates of A. niger. The presence of intact fum clusters
in isolates of A. niger and A. welwitschiae suggest that such
isolates might produce FBs under conditions other than those
employed in the current study and other studies (Frisvad
et al., 2007, 2011; Palumbo et al., 2013). The relatively high
frequency of occurrence of strains that lack the genetic potential
to produce either FBs or OTA points to the potential to
reduce Aspergillus-induced FB/OT contamination of crops by
preemptive application of mycotoxin-nonproducing strains of
A. niger and/or A. welwitschiae. That such an approach would
be possible is supported by successful control of aflatoxin
contamination in multiple crops by preemptive application of
aflatoxin-nonproducing isolates of A. flavus and A. parasiticus
(Abbas et al., 2006; Dorner and Horn, 2007). Furthermore,
efforts to control Aspergillus-induced mycotoxin contamination
could be supported by research aimed at understanding the
ecological advantage(s) for Aspergillus species to exist as
mixed populations of mycotoxin-producing and nonproducing
individuals.
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