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Abstract: Flaxseed (Linum usitatissimum L.) displays functional properties and contains α-linolenic
acid (omega-3). It also contains soluble and insoluble fiber, lignans, phenolic acids, flavonoids, phytic
acid, vitamins, and minerals. However, its microbiota can cause fungal contaminations, drastically
reducing its quality. The objective of this work was to identify the fungi present in bulk flaxseed
through the internal transcribed spacer (ITS1) intergenic region using a metataxonomics approach.
Fungal identification was performed via high-performance sequencing of the ITS1 region using ITS1
(GAACCWGCGGARGGATCA) and ITS2 (GCTGCGTTCTTCATCGATGC) as primers with 300 cycles
and single-end sequencing in the MiSeq Sequencing System equipment (Illumina Inc., San Diego,
CA, USA). Six genera and eight species of fungi were found in the sample. The genus Aspergillus
stood out with three xerophilic species found, A. cibarius, A. Appendiculatus, and A. amstelodami, the
first being the most abundant. The second most abundant genus was Wallemia, with the species
W. muriae. This is one of the fungi taxa with great xerophilic potential, and some strains can produce
toxins. Metataxonomics has proved to be a complete, fast, and efficient method to identify different
fungi. Furthermore, high-performance genetic sequencing is an important ally in research, helping to
develop novel technological advances related to food safety.
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1. Introduction

Fungi are natural biodegrading agents of paramount importance to humanity. They
have contributed to the food industry for many years, helping in the production of many
foods such as cheeses and breads, and in the pharmaceutical industry, especially in the
production of antibiotics. However, fungi can also cause severe economic losses due to
contamination and deterioration of various foodstuffs [1,2]. Food contamination by fungi
occurs in several ways; however, the most worrying factor is that some genera of fungi can
produce secondary metabolites, which may present human toxicity. These metabolites are
called mycotoxins and, when present in food, cause adverse effects to consumers, called
mycotoxicosis [3]. In this context, according to the Food and Agriculture Organization
(FAO), it is estimated that around 25% of the world’s food is contaminated with mycotoxins,
which may lead to a public health problem [4].

Fungal development depends on several factors such as substrate composition, tem-
perature, moisture content, water activity, air humidity, redox potential, and pH [5]. In
addition, inappropriate harvesting and post-harvest practices, insect attacks, drought pe-
riods, poor fertilization, and competition with other crops can also favor the growth of
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mycotoxin-producing fungi [6]. The main toxigenic fungi genera Aspergillus, Fusarium, and
Penicillium, which can contaminate a large variety of cereals through the soil or even during
planting, harvesting, drying, transport, and storage [7]. These fungi develop exceptionally
well on nutrient-rich substrates such as peanuts, corn, barley, rice, sorghum, wheat, and
flaxseed. Their development and toxin production can occur during all stages from field to
storage [8].

Flaxseed is considered a functional food due to its high concentration of α-linolenic
acid (ALA), fibers, and lignans. Flaxseed is also frequently used as food, animal feed,
or industrial material and can be sold directly or after processing [9,10]. There are two
variations of flaxseed: brown and golden. The first is cultivated in regions with a hot
climate, such as Brazil, while the second thrives in colder climates, such as the north of the
United States and Canada. However, there are few studies that identify the species of fungi
present in flaxseed samples [11].

Many fungal species are difficult to be cultivated in laboratory cultures as they require
specific growth conditions. The use of sophisticated techniques to better understand mi-
croorganisms is becoming increasingly common. In this sense, samples amplified through
a metataxonomics approach, with the direct extraction of genomic deoxyribonucleic acid
(DNA), reveal new species never found by traditional cultivation techniques [12]. To iden-
tify fungi through their genome, specific primers are applied in certain regions, which
ensures an extremely reliable identification. The ITS (internal transcribed spacer) regions of
the ribosomal ribonucleic acid (RNA) are continuous regions of DNA that aid in the phylo-
genetic organization and distinction of fungal species and are the most used technique for
fungal identification via metataxonomics [13]. With the advances in microbial community
research, the need for higher resolution in the tools used becomes apparent. Polymerase
chain reaction (PCR) cloning followed by traditional culture techniques and sequencing via
the Sanger method has been replaced by next-generation sequencing technology (NGS).
Some authors used the 454-pyrosequencing platform where amplicons were sequenced
by the fungi’s ITS1 intergenic region. This was the first study where NGS was used to
discover fungi present in cereal grains. Researchers surmise that a much more diverse
microbial community can be identified through NGS when compared to other cultivation
methods [14]. In this sense, the objective of this work was to identify fungi present in bulk
flaxseed using the ITS intergenic region in a metataxonomic approach.

2. Material and Methods

A bulk sample of golden flaxseed (500 g) was acquired from a local seller in Flo-
rianópolis, SC, Brazil (27◦35′49′′ S 48◦32′56′′ W). The sample was kept in its original packag-
ing, at room temperature, until the moment of analysis. Fungi identification was performed
using high-performance sequencing of the ITS1 region. Library preparation followed a
proprietary protocol (Neoprospecta Microbiome Technologies, Brazil). Amplification was
performed using primers for the ITS1 region (GAACCWGCGGARGGATCA) [15], as well
as ITS2 (GCTGCGTTCTTCATCGATGC). The libraries were sequenced using the MiSeq
Sequencing System (Illumina Inc., San Diego, CA, USA) and the V2 kit, with 300 cycles and
single-end sequencing. The sequences were analyzed using the pipeline Sentinel.

Using the Sentinel pipeline, fastq files were evaluated for Phred (QP) quality using
FastQC v.0.11.8. Then, the fastq files were submitted to primers and low-quality sequences
screening (Phred < 20). The proprietary software used for this purpose was built in Python
v.3.6, which was inspired by the features of the BioPython project [16].

Clusters with an abundance lower than 2 were removed from the analysis, for such
structures are usually related to chimeral sequences [17]. Taxonomic identifications were
performed with blastn v.2.6.0+ [18], using a proprietary database as a reference. As for the
definition of a species, among the 20 hits returned for each cluster, a Python instruction
evaluated if one of three requirements were met by the hits: (1) highest bit-score; (2) lower
e-value; and (3) taxonomies with greater representation.
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The hits that met at least one of the previous items were chosen as the representative
species. These analyses were carried out on Amazon’s computational platform, where
Neoprospecta’s bioinformatics structure is hosted. DMD (digital molecular diagnostics)
fungi analyses were performed against references for the ITS intergenic region in the
proprietary database. The sequence bank for the ITS intergenic region has (mostly) complete
sequences, which contain sequences retrieved from unambiguous genomes and filtered for
chimeral sequences.

3. Results and Discussion

Table 1 presents the taxonomic data of the fungi found in golden flaxseed via high-
performance sequencing of the ITS intergenic region. All species found belonged to the
Fungi kingdom, with seven species belonging to the Ascomycota and one to the Basidiomy-
cota phyla. Mamede [19] reports that the Ascomycota phylum encompasses a vast number
of yeasts, which are indispensable in the food industry. The Basidiomycota phylum is
composed of more evolved fungi, including mushrooms (about 20% of the total), which
can produce sexual spores classified as basidiospores. Recent research shows that there
are between 17,500 and 20,000 species of lichen-forming fungi, 40% of which belong to the
Ascomycota phylum [20]. Lichens are known for their secondary compounds, widely used
in the production of antiviral and antibacterial products [20]. The secondary metabolites
produced by fungi provide them significant survival advantages, displaying antiprolifera-
tive, catabolic, and antibiotic properties. Furthermore, numerous Ascomycetes produce
secondary metabolites, which include mycotoxins, phytotoxins, and other compounds that
can enhance pathogenesis and virulence [21].

Table 1. Taxonomic data of fungi found in golden flaxseed via high-performance sequencing of the
ITS intergenic region.

Kingdom Phylum Class Order Family Genus

Fungi Ascomycota Dothideomycetes Pleosporales Pleosporaceae Alternaria
Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus
Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus
Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus
Fungi Ascomycota Dothideomycetes Cladosporiales Cladosporiaceae Cladosporium
Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycodaceae Hanseniaspora
Fungi Basidiomycota Wallemiomycetes Wallemiales Unidentified Wallemia
Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Zygosaccharomyces

Illumina platform sequencing generated a total of 355 sequences (reads). According
to Souza [22], reads are thousands of small intervals that exhibit homology during the
transcription of DNA into RNA. Short reads are used to remove adapters and poor-quality
sequences. Long reads, on the other hand, are faster, deal with large volumes of sequencing
data, and offer long-range spatial information [23]. Using this approach, metataxonomics
allows access to a vast and yet unexplored range of genetic and metabolic diversity [24].

The fungi found during the metataxonomic analysis were grouped into four classes:
Dothideomycetes, Eurotiomycetes, Saccharomycetes, and Wallemiomycetes. The Euro-
tiomycetes group was the most prominent in the analyzed sample (54.37%). The family
Aspergillaceae and the genus Aspergillus were also included in this group. The Euro-
tiomycetes are considered to be one of the most numerous and are also known as enzymes
and essential secondary metabolites producers [25]. Steenwyk et al. [26] point out that the
evolution of members of the Aspergillaceae family requires a more developed phylogenetic
structure as there are species from other genera, such as Penicillium present in this family.

The second most abundant class were the Wallemiomycetes (11.83%), containing
the Wallemiales order and the genus Wallemia. In third place was the Dothideomycetes
(6.48%), encompassing the Pleosporales order, Pleosporaceae family, and the Alternaria
genus, as well as the Cladosporiales order, Cladosporiaceae family, and Cladosporium
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genus. Finally, the Saccharomycetes (1.41%) was represented by the Saccharomycetales
order, Saccharomycodaceae family, and two distinct fungal genera, Hanseniaspora and
Zygosaccharomyces. However, the sequencing of the ITS1 and ITS2 region was not able to
identify 25.92% of the sequences found. Thus, it is possible that other regions, such as ITS3,
ITS4, or ITS5, must be sequenced together, in a multilocus approach, in order to be able to
identify the remaining sequences.

The total number of sequences identified for different fungal species found in golden
flaxseed is presented in Table 2. The identification analysis showed that Aspergillus cibarius
was the most prominent species of fungi (45.63%) among the eight species found in the
sample (Figure 1). Bal et al. [18] have found 33.157 sequences of the ITS intergenic region in
Nuruk wheat, which is dominated by the Aspergillus and Mucoralles genera. During a 30-day
fermentation process using Nuruk wheat, the population of A. cibarius increased 10 times
more after 10 days of fermentation when compared to the population found after 6 days,
being one of the most viable species for this kind of fermentation. Aspergillus are known for
their ability to grow on substrates with low water activity. They produce a wide range of
secondary metabolites, but there is some controversy regarding the production of aflatoxins,
ochratoxins, sterigmatocystin, and gliotoxins. Currently, there are few studies focusing
on taxonomically isolated species of Aspergillus. However, in one such study, A. flavus,
A. cibarius, Gibberella fujikuroi, Lasiodiplodia theobromae, and Rhizopus arrhizus were the
dominant species found in sorghum-based Kisra [27]. A. flavus and A. parasiticus are known
producers of secondary metabolites (mycotoxins). They produce aflatoxins, compounds
with hepatotoxic and carcinogenic potential. However, A. cibarius strains found in sorghum
and pumpkin samples did not produce any mycotoxins [28]. The quantification, in reads,
of this species in the golden flaxseed sample was the highest among the eight found. Thus
it is possible to infer that there are no toxic secondary metabolites to humans produced by
this specific Aspergillus species. Furthermore, A. amstelodami and A. appendiculatus were
also identified in the sample. A. appendiculatus was recorded for the first time in sheep
manure, smoked sausage, and stored grains, which in turn may cause significant economic
losses due to spoilage during storage [29]. Until now, these species have not been reported
to produce mycotoxins; however, more studies are necessary in order to confirm or deny
this [3,30–32].

Table 2. Fungal species identified and quantified (reads) in golden flaxseed via high-performance
sequencing of the ITS intergenic region.

Identified Species Number of Reads

Alternaria agripestis 7
Aspergillus amstelodami 3

Aspergillus appendiculatus 28
Aspergillus cibarius 162

Cladosporium herbarum 16
Hanseniaspora lachancei 2

Wallemia muriae 42
Zygosaccharomyces rouxii 3

Uncultured fungi 92

The species with the second-highest relative presence in the sample was Wallemia
muriae, representing 11.83% of the total. Resistance to low water activity conditions is
rare in the Basidiomycota phylum, to which W. muriae belongs, but tests have indicated
Wallemia as a fungal class with xerophilic characteristics. To characterize its morphology
and xerotolerance, a new class was proposed, the Wallemiomycetes [33]. According to
Zajc and Gunde-Cimerman [34], the Wallemia genus encompasses the most xerotolerant,
xerophilic, and halophilic known species of fungi. Wallemia spp. can be found in a variety
of osmotically challenged environments, such as foods with high salt or sugar content,
dry foods (such as seeds), hypersaline waters, salt crystals, and agricultural aerosols.
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W. muriae has recently been recognized as belonging to the Wallemia genus and is commonly
associated with food [34]. Some Wallemia strains, including W. muriae, produce walleminol
and walleminon, toxins that can cause subcutaneous infections and allergic complications
in humans [33]. However, this is the first time that the presence of this species in golden
flaxseed has been observed. Zajc and Gunde-Cimerman [34] report that this species is
difficult to be isolated via traditional culture means, as it has a low demand for Aw, and they
only grow in media supplemented with additional solutes such as salts and sugars. Thus,
molecular identification may greatly assist in the study of this genus of fungi and their
impact on different foods. The presence of Alternaria agripestis (1.97%) and Cladosporium
herbarum (4.51%) from the Pleosporaceae and Cladosporiaceae families, respectively, was
also observed.
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Figure 1. Relative presence (%) of fungal species identified in golden flaxseed via high-performance
sequencing of the ITS intergenic region.

Pitt [32] states that Cladosporium herbarum causes the deterioration of fresh fruits
and vegetables, stored apples, passion fruit, peanuts, walnuts, soy, and other cereals.
Cladosporium species were found by them during a two-year analysis of the mycoflora
present in barley, oats, and wheat, with C. herbarum being the most prominent (85% in barley,
95% in oats, and 77% in wheat). Meanwhile, Gruzdeviene et al. [35] analyzed the infection
of flaxseed at harvest and during storage. They have found that most of the fungi found
belonged to Alternaria and Fusarium genii, which are usually related to contamination in
the field. Finally, two species of fungi belonging to the Saccharomycodaceae family were
found in the flaxseed sample, Hanseniaspora opuntiae (0.56%) and Zygosaccharomyces rouxii
(0.85%).

The presence of yeasts in flaxseed is generally not reported, as these species are
more frequently related to fermentation processes. For example, Hanseniaspora is the
most abundant genus in grapes, with H. opuntiae being present in large quantities at the
beginning of the must fermentation [36]. Meanwhile, strains of Zygosaccharomyces rouxii,
Saccharomyces cerevisiae, Saccharomyces kluyveri, Debaryomyces hansenii, and Pichia burtonii
were isolated from Sel roti samples (a Nepali rice bread). Yeasts are also usually responsible
for the production of gas that causes the dough to expand [37]. Z. rouxii is usually found in
jams, fruit concentrates, plums, and dried dates. This species proliferates best in low Aw
and high sugar content substrates [32]. Yonzan [37] also points out that the presence of this
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yeast in Sel roti bread would likely be caused due to the addition of sugars and honey to
the dough.

It should be noted that identifying and controlling fungal contamination in flaxseed
and consequently preventing the occurrence of toxic metabolites such as mycotoxins is
paramount to the food industry. In this context, Hermann and Trigo-Stockli [38] suggest
that the factors that influence the production of these toxins are mostly related to storage
conditions, being humidity and temperature the major factors, as they affect both fungal
growth and toxins production. Moisture requirements vary wildly between fungal species
regarding the minimum moisture necessary as well as the optimal range in which they will
predominate [39]. Temperature is another factor that affects grain quality during storage,
with deterioration being exacerbated or reduced due to the interaction of many biotic and
abiotic factors [40]. Thus, the knowledge and understanding of techniques to control these
variables during storage are extremely important. These conditions directly impact the
safety and quality of foods, which may be easily compromised by fungal development and
mycotoxin production.

Several authors who have been studying the influence of temperature and water
activity (Aw) on fungal growth and mycotoxin production have concluded that these
two factors are mutually dependent [41]. Furthermore, through these two factors, it is
possible to guarantee a longer storage time for grains with a lower incidence of fungi
and the presence of mycotoxins [31,41]. Depending on the fungal species in question,
either the temperature or Aw will be a factor of greater influence, and several studies have
been carried out seeking to ensure the microbiological quality of products such as grains,
cereals, and oilseeds [31,41,42]. In general, it is known that the higher the temperature and
moisture content of grains, the shorter is their shelf life regarding fungal proliferation [31,43].
However, when moderate temperatures and reduced moisture conditions are used, the
product’s shelf life increases considerably [3].

According to Midio and Martins [3], grains, cereals, and oilseeds that are stored under
conditions close to 25 ◦C and 26% relative humidity are suitable for consumption for up
to one week. However, if the humidity were to be reduced to 18% and the temperature
lowered to 5 ◦C, the product’s stability during storage would increase significantly, reaching
up to 50 weeks, showing the high correlation between these two factors [3,31].

Mycotoxins have been detected in several cereals, oilseeds, and processed products of
both plant and animal origin. Many of these foods can be monitored for fungal contamina-
tion, but in thermo-processed foods, monitoring must be carried out while the product is
still raw. High-risk raw materials such as peanuts and corn should always be evaluated for
fungal contamination and the presence of toxins. Studies demonstrate a moderate risk of
mycotoxin contamination in corn-based breakfast cereals by aflatoxins and in wheat-based
breakfast cereals by trichothecenes [5].

Therefore, the control of fungal growth is extremely important in order to obtain
products suitable for human consumption. According to studies conducted in recent years,
it is evident that this control must be carried out during all stages, from planting, harvesting,
shipping, and storage. The latter is one of the main stages where fungal development can
be controlled. In this sense, the monitoring of some factors, such as temperature and Aw, is
of fundamental importance to ensure that flaxseed remains a safe food that poses no risk
when consumed by humans.

4. Conclusions

Among the fungal species found in golden flaxseed sample, three xerophilic species
of Aspergillus stand out (A. cibarius, A. amstelodami, and A. appendiculatus), with A. cibarius
being the most abundant. Wallemia spp. was the second most abundant in the sample,
with W. muriae. Some strains of this genus may be potential mycotoxin producers. The
identification of these fungi directly reflects on food safety, for many are producers of
mycotoxins or otherwise harmful to human/animal health. The prevention of fungal
contamination in flaxseed occurs mainly by controlling some factors such as temperature
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and Aw during storage. Furthermore, monitoring the product’s quality during all stages,
from harvesting to storage, is essential. Metataxonomics proved to be a complete, fast,
and efficient method to identify fungi in flaxseed samples, especially when compared to
traditional fungal cultivation methods, being an important ally in evaluating the safety of
foods that are consumed by the population at large.
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