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A B S T R A C T

Food enzymes (FE) are often produced through microbial fermentation, for which fungal strains are commonly
used. Verifying the absence of viable strains and associated DNA of producer organisms in FE's is important for
both the safety evaluation of the product and the control of the food chain quality.

For this purpose, a first line generic screening strategy, targeting FE producing fungal species, is proposed,
based on a PCR amplification of the internal transcribed spacer (ITS) region followed by sequencing and se-
quence analysis for genus identification. To simplify the sequence analysis, an in-house constructed database was
assembled, containing ITS reference sequences from the FE producing fungal species available from public
databases and our own generated amplicons. Finally, the performance of the proposed strategy was assessed in
terms of specificity and sensitivity. Some experiments were also conducted in order to evaluate the applicability
of the method and to verify the feasibility of its implementation in control laboratories.

1. Introduction

For decades, micro-organisms and their secondary metabolites have
been widely used in the food and feed industry for the production of
microbial fermentation products, including enzymes, additives, and
flavourings. In particular, the production of food enzymes (FEs)
through microbial fermentation processes has been growing con-
tinuously in many industrial sectors, such as the baking, brewing or
dairy sectors (Li, Yang, Yang, Zhu, & Wang, 2012; Raveendran et al.,
2018; Singh, Kumar, Mittal, & Kumar, 2016). Fungal strains, including
genetically modified (GM) ones, are commonly used for the production
of FEs, mainly because they can grow on low cost substrates and be-
cause they secrete large amounts of enzymes extracellularly (Anitha &
Palanivelu, 2013). According to the European Union (EU) regulations
1331/2008, 1332/2008, and 1333/2008, each FE should be positively
evaluated by the European Food Safety Authority (EFSA) before its
commercialization on the European market (THE EUROPEAN PARLI-
AMENT AND THE COUNCIL OF THE EUROPEAN UNIONT. E. P. A. T.

C. O. T. E., 2008a, 2008b, 2008c). During these evaluations, the safety
status of the FE producing fungal strains is investigated. To this end,
EFSA uses the assumption concerning their qualified presumption of
safety (QPS) status, which is a pre-appraisal for the safety assessment of
micro-organisms used for food and feed production (Ricci et al., 2017).
For the microbial strains granted with the QPS status, the evaluation
process is facilitated and can be performed faster. For all other strains, a
case by case evalutation is necessary.

To respect the EU legislation, FE products should be free of micro-
bial fermentation strains and a zero tolerance policy is strictly applied
regarding the absence of DNA originating from a genetically modified
micro-organism (GMM) (Rychen et al., 2018; THE EUROPEAN PARLI-
AMENT AND THE COUNCIL OF THE EUROPEAN UNIONT. E. P. A. T.
C. O. T. E., 2003a, 2003b). These types of contaminations, like others,
are verified by the manufacturers themselves, as they are, in terms of
food safety, responsible of the quality control of commercialized FE
preparations (UNIONT. E. P. A. T. C. O. T. E., 2004). Recently, Eur-
opean control laboratories have notified several commercialized
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Table 1
Overview of all strains included in the specificity assessment.
A. Inclusivity assessment. The fungal strains are ordered by the number of food enzyme (FE) dossiers mentioning the use of the corresponding species for the

production of FE preparations. For each of these fungal strains their name used in the submitted FE dossiers is given and, in case needed, their synonym or current
names as well as the strain number. Additionally, the result of the PCR amplification is given (+: amplification, -: no amplification) followed by the size of the
obtained amplicon and the source of the reference sequences present in our in-house constructed database that was used for the identification.
n.a.: not applicable (In case no amplification was obtained or no strain was available the sequencing was not applicable). B. All negative controls included in this

study, containing all FE producing bacteria, human and plants.

Nr. of dossiers Genus Species Synonym Strain number PCR Size Sequence

55 Aspergillus niger IHEM 05296 + 549 Confirmed by UNITE
25 Aspergillus oryzae Aspergillus flavus IHEM 25836 + 546 Confirmed by NCBI
23 Trichoderma reesei IHEM 05651 + 585 Confirmed by UNITE
5 Rhizomucor miehei IHEM 26897 – n.a. n.a.
5 Rhizopus oryzae Rhizopus arrhizus IHEM 26078 + 577 Confirmed by UNITE
4 Kluyveromyces lactis IHEM 02051 + 669 Confirmed by UNITE
3 Aspergillus melleus IHEM 25956 + 538 Confirmed by UNITE
3 Aspergillus niger var. awamori Aspergillus welwitschiae IHEM 25485 + 549 Confirmed by UNITE
3 Humicola insolens Mycothermus thermophilus MUCL 015010 + 540 Confirmed by UNITE
3 Penicillium citrinium IHEM 26159 + 543 Confirmed by UNITE
2 Aspergillus aculeatus IHEM 05796 + 525 Confirmed by UNITE
2 Candida cylindracea MUCL 041387 – n.a. n.a.
2 Hansenula polymorpha Ogataea polymorpha MUCL 027761 + 693 Confirmed by UNITE
2 Penicillium camemberti IHEM 06648 + 571 Confirmed by NCBI
2 Pichia pastoris Komagataella pastoris MUCL 027793 – n.a. n.a.
2 Rhizopus niveus ATCC 200757 – n.a. n.a.
2 Saccharomyces cerevisiae IHEM 25104 + 740 Confirmed by UNITE
2 Talaromyces pinophilus IHEM 16004 + 529 Confirmed by UNITE
1 Aspergillus acidus Aspergillus luchuensis IHEM 26285 + 549 Confirmed by NCBI
1 Aspergillus fijiensis Aspergillus brunneoviolaceus IHEM 22812 + 524 Confirmed by UNITE
1 Aspergillus niger var. macrosporus Aspergillus niger No strain available n.a. n.a. n.a.
1 Candida rugosa Diutina rugosa IHEM 01894 + 349 Confirmed by NCBI
1 Chaetomium erraticum Collariella gracilis No strain available n.a. n.a. n.a.
1 Chaetomium gracile Collariella gracilis MUCL 053569 + 517 Confirmed by UNITE
1 Cryphonectria parasitica MUCL 007956 – n.a. n.a.
1 Disporotrichum dimorphosporum MUCL 019341 + 650 New entry
1 Fusarium venenatum MUCL 055417 + 489 Confirmed by UNITE
1 Leptographium procerum MUCL 008094 + 500 Confirmed by UNITE
1 Mucor javanicus Mucor circinelloides IHEM 05212 – n.a. n.a.
1 Penicillium chrysogenum IHEM 03414 + 535 Confirmed by UNITE
1 Penicillium decumbens IHEM 05935 + 533 Confirmed by UNITE
1 Penicillium funiculosum Talaromyces funiculosus MUCL 014091 + 531 Confirmed by UNITE
1 Penicillium multicolor CBS 501.73 + 560 Confirmed by UNITE
1 Penicillium roqueforti IHEM 20176 + 533 Confirmed by UNITE
1 Sporobolomyces singularis Hamamotoa singularis MUCL 027849 + 582 Confirmed by NCBI
1 Talaromyces emersonii Rasamsonia emersonii DSM 2432 + 567 Confirmed by UNITE
1 Trametes hirsuta MUCL 030869 + 580 Confirmed by UNITE
1 Trichoderma citrinoviride IHEM 25858 + 579 Confirmed by UNITE
1 Trichoderma viride IHEM 04146 + 557 Confirmed by UNITE

Genus Species Strain number PCR Sequence

Arthrobacter ramosus LMG 17309 – n.a.
Bacillus amyloliquefaciens LMG 9814 – n.a.
Bacillus circulans MB 367 – n.a.
Bacillus flexus LMG 11155 – n.a.
Bacillus licheniformis MB 392 – n.a.
Bacillus pumilus QA 55 – n.a.
Bacillus subtillis MB 4578 – n.a.
Cellulosimicrobium cellulans LMG 16121 – n.a.
Corynebacterium glutamicum LMG 3652 – n.a.
Escherichia coli MB 1068 – n.a.
Geobacillus caldoproteolyticus DSM 15730 – n.a.
Geobacillus pallidus MB 401 – n.a.
Geobacillus stearothermophilus MB 394 – n.a.
Klebsiella pneumoniae MB 4414 – n.a.
Lactobacillus fermentum LMG 6902 – n.a.
Lactococcus lactis MB 96 – n.a.
Leuconostoc citreum LMG 9824 – n.a.
Microbacterium imperial LMG 20190 – n.a.
Paenibacillus alginolyticus LMG 18723 – n.a.
Paenibacillus macerans LMG 6324 – n.a.
Protaminobacter rubrum CBS 574.77 – n.a.
Pseudomonas amyloderamosa ATCC-21262 – n.a.
Pseudomonas fluorescens MB 4440 – n.a.
Pullulanibacillus naganoensis LMG 12887 – n.a.
Streptomyces mobaraensis DSM 40847 – n.a.

(continued on next page)
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microbial fermentation products containing such unexpected con-
taminants [RASFF2014.1249, RASFF2014.1360, RASFF2014.1657,
RASFF2018.2755, RASFF2019.0793, RASFF2019.3216 and
RASFF2019.3332]. In the RASFF2019.3332 notification for example, a
viable bacterium was detected in a FE preparation (protease) thanks to
a recently published first line generic strategy targeting bacterial DNA
(Deckers et al., 2020; Fraiture, Deckers, Papazova, & Roosens, 2020).
This strategy, implementable in control laboratories for the analysis of
microbial fermentation products, is based on a 16S rRNA PCR ampli-
fication followed by Sanger sequencing, allowing identification of a
bacterial contamination down to the genus/species levels (Deckers
et al., 2020). The possibility for the control laboratories to verify the
absence of producer organisms and the corresponding DNA is currently
extremely limited, mainly due to the confidentiality of related dossiers
including the associated sequences. Despite the frequent usage of fungi,
to our knowledge, no screening strategy is currently available in en-
forcement laboratories for the detection and identification of fungal
contaminants, i.e. FE producing fungal strains or associated DNA, in FE
preparations.

For the detection and identification of fungal species, different
strategies can be employed. Classical microbiology, based on cultures
and morphological analysis of the mycelium and spores, has been
widely used (Raja, Miller, Pearce, & Oberlies, 2017). However, due to
the need of highly trained mycologists to perform such long time frame
analysis, molecular biology analyses are being used more and more,
often to strengthen and support the classical microbiological ap-
proaches (Raja et al., 2017). Such molecular analyses target notably
general markers, such as the internal transcribed spacer (ITS) and D1/
D2 domains of the nuclear ribosomal RNA gene large subunit. Other
specific genes, such as the β-tubulin gene, are also used for particular
fungal genera and species (Atkins & Clark, 2004; Borman, Linton, Miles,
& Johnson, 2008).

In particular the ITS region, composed of two sub-regions ITS1 and
ITS2, has been recognized as a DNA barcode marker for fungal species
identification by a consortium of mycologists (Raja et al., 2017). The
ITS region offers sufficient variability to allow a characterization down
to the genus level and sometimes even down to the species level. This
region is flanked by the 18S SSU region and the 28S LSU region, with
the former evolving the slowest, resulting in minimal variation among
taxa. Consequently, the 18S region is used to determine higher tax-
onomical levels such as family or order (Nilsson, Bok, Ryberg,
Kristiansson, & Hallenberg, 2009; Raja et al., 2017; Romanelli, Fu,
Herrera, & Wickes, 2014; Romanelli, Sutton, Thompson, Rinaldi, &
Wickes, 2010).

Similarly to the study by Deckers et al. (2020), which focuses on FE
producing bacterial strains, the present strategy, targeting fungi, is
based on two successive steps. First, a PCR amplification of a DNA
fungal marker region (ITS) is performed, using specific primers, pre-
viously developed by Nilsson et al., 2019, and White, Bruns, Lee, &
Taylor, 1990. Secondly, the generated PCR amplicons are sequenced
with the Sanger technology. Identification of the fungal genus/species
is obtained using an in-house constructed database, containing ITS re-
ference sequences collected from publicly available collections.

To assess the performance of the proposed generic screening
strategy, the specificity, using all microbial species reported by EFSA as
being used by the food industry to produce FE preparations, and the
sensitivity were assessed. In addition, a first evaluation of the applic-
ability of the proposed strategy was performed by using both an arti-
ficially contaminated FE preparation as well as six commercialized FE
preparations.

2. Materials and methods

2.1. Material collection and DNA preparation

FE producing fungal species, mentioned in the 303 FE dossiers
submitted to EFSA (European Commission, 2016) were identified and
corresponding wild-type strains were collected from public collections
(Table 1), as previously described in Deckers et al., 2020. These strains
have been cultured according to the manufacturer's instructions, using
specific media and optimal growth temperatures (Supplementary file
A).

DNA of the fungal strains listed in Table 1 was extracted. Briefly,
fungal tissues (± 200 mg) from liquid cultures were lyophilized over-
night using the Freezedryer Epsilon 1-6D and subsequently bead beaten
into a cryotube containing glass beads (425–600 μm, SIGMA-ALDRICH)
using the MiniLys (Bertin Instruments) during 2 × 2 min at 5000 rpm.
The obtained powder was used for the DNA extraction using the Quick-
DNA™ Fungal/Bacterial Miniprep Kit (ZYMO research) according to the
manufacturer's instructions. DNA from plants (Glycine max, Oryza sa-
tiva, Zea mays, Triticum aestivum), human (TaqMan™ Control Genomic
DNA, ThermoFisher), and FE-producing bacteria (Table 1), was ob-
tained as previously described (Deckers et al., 2020; (Fraiture et al.,
2014)). The DNA concentration was measured by spectrophotometry
using the Nanodrop® 2000 device (ThermoFisher, DE, USA), according
to the manufacturer's instructions.

2.2. PCR amplification of ITS region and sanger sequencing

The KAPA Taq EXtra HotStart ReadyMix PCR kit (KAPA Biosystems)
was used for the PCR reactions according to the manufacturer's in-
structions. For each reaction, a standard volume of 25 μl was used
containing 12.5 μl of 2X mastermix, 250 nM of each primer (ITS1catta
(Nilsson et al., 2019): 5′- TAATACGACTCACTATAGGACCWGCGGAR-
GGATCATTA-3 and ITS4 (White et al., 1990): 5′- TATTTAGGTGACAC
TATATCCTCCGCTTATTGATATGC-3′, with T7 and SP6 primer (under-
lined) recognition sites respectively added to the 5′ end for down-
stream sequencing purposes) and 5 μl of template (2 ng/μl). The PCR
program consisted of an initial denaturation of 3 min at 95 °C followed
by 35 amplification cycles of 30 s at 95 °C, 30 s at 63 °C and 1 min at
72 °C, and a final extension of 1 min at 72 °C. As negative controls, DNA
from human, plants (Glycine max, Oryza sativa, Zea mays and Triticum
aestivum), and all FE-producing bacteria mentioned in Deckers et al.,
2020 were included (Table 1).

In order to visualize the size profiles of the generated amplicons, the
PCR products were analysed by electrophoresis using the D1000

Table 1 (continued)

Genus Species Strain number PCR Sequence

Streptomyces murinus LMG 10475 – n.a.
Streptomyces netropsis LMG 5977 – n.a.
Streptomyces rubiginosus LMG20268 – n.a.
Streptomyces violaceoruber LMG 7183 – n.a.
Streptoverticillium mobaraense CBS 199.75 – n.a.
Zea mays – n.a.
Triticum aestivum – n.a.
Oryza sativa – n.a.
Glycine max – n.a.
Homo sapiens – n.a.
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screentapes and reagents on a Tapestation 4200 device (Agilent,
Belgium), according to manufacturer's instructions. Purification of the
generated amplicons was performed using the ExoSAP-IT® PCR Product
Clean-up (Thermo Fisher). Afterwards, the purified amplicons were
sequenced on a Genetic Sequencer ABI3500 using the Big Dye
Terminator Kit v3.1 (Applied Biosystems).

2.3. Collection of ITS sequences to build an in-house constructed database

For the 37 fungal species indicated as FE producer in the EFSA list
(European Commission, 2016) (see Table 1), all available re-
presentative ITS sequences, i.e. matching the species name or synonym
from Table 1, were collected from the UNITE database (UNITE
Community, 2019), resulting in a total set of 2677 sequences covering
29 of the 37 fungal species. For seven of the remaining eight species,
unavailable from UNITE, representative ITS sequences were collected
from NCBI using the following query: genus and species name AND
“Internal transcribed spacer”, resulting in 203 additional sequences,
bringing the total number of sequences in the in-house constructed
database to 2880. No representative ITS sequence for Disporotrichum
dimorphosporum could be found. The ITS sequences generated during
this study were consequently also added to the in-house constructed
database.

2.4. Fungal identification

Fungal identification down to the genus and species level was ob-
tained with the megablast program (Camacho et al., 2009) from the
BLAST suite (v2.8.0) by using the generated amplicon sequences (see
section 2.2) as query and the entire constructed in-house ITS database
(see section 2.3) as subject and this with the default settings. The BLAST
hits were sorted on the percentage of identical matches, taking the
query coverage into consideration, and the first hit was considered to
represent the FE producing fungus. As a directive for the identification,
a minimum identity of 97% and a minimum coverage of 85% were
used, as advised by Raja et al., 2017.

2.5. Sensitivity assessment

The sensitivity of the selected PCR method was assessed by using
different amounts of Aspergillus oryzae DNA (IHEM 25836), ranging
from 10 ng to 0.0002 ng of DNA. The corresponding theoretical
genomic copy numbers (ranging from 2.5 × 105 to 5) (Table 2) were
calculated as previously described by Libert et al., 2015, 2016, 2017,
using the genome size of Aspergillus oryzae recorded in NCBI, being
37.0196 Mb, and following formula. =Cn

m x A
M x G

c
w s

(Cn = copy number, m = amount of gDNA (in grams),
Ac = 6.02214179 × 1023 mol−1 (Avogadro's constant), Mw = 649 Da
(base pair mean molecular weight) and Gs = Genome size (in base
pairs))

Due to intra- and interspecies ITS copy number variations, the

sensitivity of the method could variate depending on the fungal species
(Libert, Packeu, Bureau, Roosens, & De Keersmaecker, 2017).

Each assay was performed in duplicate and with a non-template
control (NTC).

2.6. Applicability

2.6.1. Spiked sample and optimization of the DNA extraction from fungal
spores

One gram of a commercially available solid enzyme, Beta-galacto-
sidase (also called lactase) (Sigma-Aldrich) produced by Aspergillus or-
yzae (Fig. 1-A), was artificially contaminated with a spore solution of a
wild type A. oryzae (IHEM 25836, see Table 1) at 5.0 × 105 spores/ml.
As negative control, 1 g of enzyme with the addition of 9 ml Normal
Saline (0.85% NaCl) was used. These solutions were then well homo-
genized (vortex) and centrifuged during 2 min at 3000 rpm. One ml of
the supernatant was transferred to clean 2 ml Eppendorf tubes con-
taining±200 mg of beads (Precellys® Glass kit 0,5 mm) in order to
perform the DNA extraction step.

DNA extraction for fungal spores was performed using the
NucleoSpin Food kit (Macherrey-Nagel) with an adapted protocol
(based on Grube, Schönling, & Prange, 2015 and personal commu-
nication with GEN-IAL). First, a bead beating step was performed by
bead beating twice during 2 min at 5000 rpm (MiniLys, Bertin Instru-
ments). Then, after a short spin-down, 500 μl was transferred to a new
tube and centrifuged for 5 min at 14,000 rpm to collect the spores. The
obtained pellets were resuspended in 500 μl CF buffer with 20U/μl
Lyticase in order to optimize the employed protocol. After an incuba-
tion of 30 min at 37 °C, 10 μl proteinase K (10 mg/ml) was added and
incubated during 1 h at 65 °C. The extraction protocol was then fina-
lized as described by the manufacturer's instructions.

As a control of the performed spiking, one hundred μl of the spiked
enzyme was plated on diluted Sabouraud (S10) medium and grown
during 3 days for colony enumeration. After incubation of the plates at
25 °C, individual colonies were selected for DNA extraction using the
method described in section 2.1 and analysed as described in sections
2.2 and 2.4.

2.6.2. Market samples
The applicability of the proposed strategy was also assessed on six

commercially available FE preparations, used in different food sectors
(Fig. 2): (1) food supplement papain produced by papaya (Vitalingo);
(2) food supplement lactase produced by Aspergillus oryzae (Lactose-
OK); (3) microbial rennet produced by Rhizomucor miehei (Lactoferm-
Brouwland), used in the dairy sector; (4) flour treatment agent pro-
duced by an unknown producing organism (Molen ‘de père'), used for
baking; (5) α-amylase produced by Bacillus licheniformis (Dextzyme HT,
The Alchemist's Pantry), used for brewing; (6) neutral protease pro-
duced by Bacillus subtilis (Pureferm, The Alchemist's Pantry), used for
baking and brewing. The latter preparation resulted in the RASFF
2019.3332 due to the presence of a viable unauthorized GMM Bacillus
velezenzis strain harbouring antimicrobial resistance genes.

First, a DNA extraction was performed using the optimized protocol
for the NucleoSpin Food kit (section 2.6.1.) of all six FE preparations.
Then, the proposed workflow, explained in sections 2.2 and 2.4, was
applied on the different extracts.

In case the workflow results in a positive signal, an additional
analysis was performed to detect viable and cultivable fungal cells. In
brief, 1 g of FE preparation was suspended in 10 ml of a 0.02% (v/v)
solution of Tween 80 and shaken for 2 h. Serial dilutions of the sus-
pension were then plated (200 μl) on malt extract agar plates supple-
mented with chloramphenicol. The plates were incubated at 25 °C for 5
days or at 37 °C for 3 days. Colonies were identified both by the above
mentioned strategy and based on their morphology by microscopy.

Table 2
Sensitivity assessment of the PCR amplification, using ITScatta and ITS4 primers,
on a range of theoretical genomic copy numbers of Aspergillus oryzae, and the
associated DNA amount in ng.

DNA amount (ng) Theoretical genomic copy numbers PCR ITS amplification

10 2.5 × 105 +
1 2.5 × 104 +
0.1 2.5 × 103 +
0.01 250 +
0.001 25 +
0.0005 12 +
0.0002 5 +
0 0 –
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3. Results and discussion

3.1. Overview of fungal strains producing FE and their safety status

In order to identify the fungal species used for the production of FE

preparations commercialized on the EU market, the EFSA list of 303
submitted FE dossiers was analysed. Among these FE dossiers, 54.7%
(166 dossiers) reported the use of fungal strains for its production, re-
sulting in a total of 40 different fungal species. The majority of these
fungal FE preparations are obtained using Aspergillus niger, A. oryzae or

Fig. 1. Analysis of the artificially contaminated FE preparation using the proposed strategy. (A) Schematic representation of the analysis workflow. An Aspergillus oryzae
spore solution, diluted to a concentration of 5.0 × 105 CFU/ml, was spiked in a lactase preparation (resulting in a 10x dilution). An optimization of the DNA
extraction method was obtained with the addition of lyticase. On all obtained DNA extracts the proposed workflow, as described in sections 2.2, 2.3 and 2.5, was
applied. (B) As a control, the spore solution was plated and the same strategy was applied on a colony. (C) Tapestation results of all DNA extracts. (D) The generated
sequences were correctly identified as A. oryzae using the in-house constructed database.
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Trichoderma reesei, covering respectively 33.1% (55 dossiers), 15% (25
dossiers) and 13.8% (23 dossiers) of the FE dossiers mentioning the use
of fungal strains for the production (Table 1).

Safety assessments of micro-organisms are being performed by EFSA
before they can be used for the production of food and feed products
sold on the EU market. Regarding the safety status of the 40 different
fungal species used for the production of FE, only a few yeasts have
been added by EFSA to the QPS list of biological agents (Ricci et al.,
2017), namely Candida cylindracea, Hansenula polymorpha, Kluyver-
omyces lactis, Pichia pastoris and Saccharomyces cerevisiae. All the other
FE producing fungal species are not granted with the QPS status. For
example, the yeast Candida rugosa has been qualified as an emerging
human fungal pathogen and is thus not qualified as safe (Ricci et al.,
2017). Also, all filamentous fungi (34 species) are not granted with the
QPS status, mainly due to the production of mycotoxins (Ricci et al.,
2017). Besides the EU regulation, the absence of the majority of the FE
producing fungal organisms from the EFSA QPS list underlines the
importance of detecting accidental contaminations of microbial pro-
ducer organisms in commercial FE preparations with regards to safety
issues and, consequently, emphasizes the need for an appropriate de-
tection and identification strategy for such microbial impurities.

3.2. Strategy development and specificity assessment

The ITS region, consisting of the ITS1 and ITS2 regions flanked by
the partial 18S SSU and 28S LSU regions, has been recognized as DNA
barcode marker for fungal species identification by a consortium of
mycologists (Raja et al., 2017). The proposed generic screening strategy
consists of a PCR amplification of the full-length ITS region followed by
Sanger sequencing. To perform the PCR amplification, commonly used
primers, being ITS1 and ITS4 (White et al., 1990) were tested. However,
those primers also amplified plant DNA in addition to fungal DNA (data
not shown). Those results can be explained by the fact that the 18S
region, adjacent to the ITS region and previously described as

taxonomically stable, is present in all Eukaryotes, including plants. As
the primers used to amplify the whole ITS region, including the tested
ITS1 primer, are located in this 18S region, plant DNA could also be
amplified. Consequently, in our study the ITScatta primer (Nilsson et al.,
2019) was specifically selected as this paper reports the exclusion of
plant amplification. In this study no plant amplifications were observed
with this primer on the tested material (Supplementary data B). How-
ever as the primer is situated on the same 18S region as the ITS1 primer,
it may be theoretically risky to exclude any possible plant amplification.
Therefore, the sequence of the obtained amplicons must always be
analysed with care to guarantee the exclusion of amplifications from
plant origin.

To assess the specificity of the strategy, a PCR assay using the se-
lected primers (ITScatta and ITS4 previously published by Nilsson et al.,
2019 and White et al., 1990) was applied on all fungal species of in-
terest (Table 1) and on several negative controls, including bacterial,
human and plant DNA. A PCR amplification of the expected size was
observed, ranging from 350 to 740 bp, for 31 out of the 37 collected
fungal species (See supplementary file C), covering 90% of all the
dossiers submitted to EFSA mentioning the use fungi as production
source (Table 1). Moreover, DNA of the most reported fungal species
(i.e., Aspergillus oryzae, Aspergillus niger and Trichoderma reesei), cov-
ering 62% of all the submitted dossiers mentioning the use of fungal
strains for the production, was amplified (Table 1). As expected, no PCR
amplification was observed for the negative controls, including plant,
human and bacterial DNA (Supplementary file D).

The generated full-length ITS amplicons were sequenced and then
submitted to a blast analysis in order to identify the fungal genus/
species of interest. This blast analysis was performed against an in-
house constructed database containing ITS reference sequences, re-
trieved from publicly available databases, of the FE producing fungal
species that were collected in the present study (see Supplementary file
E). This in-house constructed database contains a total of 2880 se-
quences representing 97% of the FE producing fungal species

Fig. 2. Schematic representation of the analysis workflow applied to the commercialized FE preparations. Each FE preparation is submitted to the proposed strategy,
including ITS PCR amplification and sequencing analysis. In case a suspected fungal contamination is detected, a viability assessment is performed. And, in case
viable cells are obtained, these are also submitted to the proposed strategy for identification.
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mentioned in the EFSA list of 303 submitted FE dossiers. However, to
guarantee the proper functioning of the proposed strategy, some issues
related to this sequence analysis had to be overcome. Firstly, only a
limited amount of full-length ITS sequences are currently available in
the publicly available databases, such as UNITE and NCBI. Secondly,
among the available ITS sequences, only a limited number of genera are
represented, such as Aspergillus and Penicillium. Finally, according to
literature, for approximately 70% of all described fungal species, the
ITS regions have not yet been sequenced (Raja et al., 2017). Therefore,
our own generated ITS sequences, being new and full-length, will be
integrated into the in-house constructed, and publicly available, data-
base (see Supplementary file F).

The obtained blast results were arranged by percentage of identity
in order to assess the ability to correctly identify the producing or-
ganism using the in-house constructed database and as a directive for
the identification a minimum identity of 97% and a minimum query
coverage of 85% were used (Raja et al., 2017). For all sequenced fungal
species of interest, being the 31 species from the 37 collected reference
strains that were amplified, a correct identification was possible down
to the genus level and 20 strains could correctly be identified down to
the species level (see Supplementary file E). For the strain, Dis-
porotrichum dimorphosporum, no conclusion could be drawn as no re-
ference sequences were available from the public datasets and is
therefore not represented in our in-house database. The remaining 10
strains belong to species complexes that require multi-locus sequencing
to obtain an identification down to the species level (Cruz & Buttner,
2008; Huang, Li, Shen, Wang, & Jin, 2006; Walsh et al., 2011).

These results illustrate that the in-house constructed database is
able to correctly identify detected fungi down to the genus level and
additionally a classification down to the species level can often be ob-
tained.

3.3. Sensitivity assessment

To assess the sensitivity of the proposed strategy, a range of theo-
retical genomic copy numbers (ranging from 2.5 × 105 to 5) of A. or-
yzae DNA were tested, corresponding to a DNA amount of 10 to
0.0002 ng (Table 2). This species was selected because it is one of the
most frequently used fungal species for FE production (see section 3.1)
and it presents a similar PCR amplification profile, in terms of signal
intensity, to the other tested fungal species (see Supplementary file C).

Following the PCR amplification, a single amplicon at the expected
size (550 bp) was observed in all samples down to 5 theoretical
genomic copy numbers for A. oryzae. This displays the strong ability of
the used PCR method to also amplify low concentrations of fungal DNA.

3.4. Applicability investigation

3.4.1. Spiking analysis and optimization of DNA extraction for FE
preparations

First, the applicability of the proposed strategy was evaluated by
mimicking a fungal contamination in a FE preparation. To this end, a
commercialized lactase FE preparation produced by Aspergillus oryzae,
the second most used microbial species for FE production, was artifi-
cially contaminated using a spore solution of (Aspergillus oryzae) at a
known concentration (Fig. 1-A). As DNA extractions are more chal-
lenging with spores than with mycelium, this analysis also allows to
provide a first estimation regarding the ability of the proposed strategy
to deal with complex contaminations. The standard protocol of the
Quick-DNA™ Fungal/Bacterial Miniprep Kit (ZYMO research) was tested
for the DNA extraction of the spiked FE and only a low DNA yield could
be obtained (data not shown). Therefore, the NucleoSpin Food (Ma-
cherey-Nagel) DNA extraction kit, which was also used for the extrac-
tion of bacterial DNA from FE preparations as previously described by
Deckers et al., 2020, was used. The protocol was optimized by the
addition of lyticase to break down spore and mycelium cell walls

(Dijksterhuis, 2019; Grube et al., 2015).
All DNA extracts were amplified using the ITScatta-ITS4 primer pair,

showing a positive amplification of the expected size (Fig. 1-C). The
generated amplicons were then sequenced and analysed using the
proposed workflow. As expected, the BLAST against the in-house con-
structed database resulted in a correct identification as A. oryzae (Fig. 1-
D). An identity of 100% was obtained against the A. oryzae reference
sequences present in the in-house constructed database and against our
own previously generated reference A. oryzae sequence (see Table 2).
These result illustrate that the proposed method is able to detect and
identify fungal contaminations in FE preparations, even when only
spores are present.

As a control, a viability test was performed in parallel (Fig. 1-B). The
isolated colonies from the spiked FE preparation, were analysed using
the proposed strategy and the obtained ITS sequence were 100%
identical to the obtained sequences of the direct DNA extraction of the
spiked spore solution and were correctly identified as A. oryzae (Fig. 1-
D).

3.4.2. Analysis of FE preparations commercialized on the EU market
In order to provide a first estimation of the applicability of the

proposed strategy, six commercialized FE preparations were tested.
These FE preparations were collected from the EU market according to
a rational approach, allowing to cover different production sources and
different application types. More precisely, two are produced by fungal
strains, two by bacterial strains, one by a plant and for the last one the
production source is unknown and following application types are
covered: the baking industry, brewing industry, dairy sector and food
supplements (Table 3).

The proposed strategy was applied on the selected FE preparations
(Fig. 2). In a first step, the presence of fungal DNA was tested by PCR
amplification of the ITS region. An amplicon could be observed for
three of the six FE preparations, being flour treatment agent (sample 4),
dextzyme (sample 5) and pureferm (sample 6) (see Table 3 and sup-
plementary file G). However, samples 4 and 5 presented only a weak
amplification that does not allow subsequent sequencing analysis using
the Sanger Technology. For sample 6 (pureferm) the obtained amplicon
was sequenced and identified, by blast against the in-house constructed
database, as belonging to Trichoderma genus. The obtained identifica-
tion result also gives an indication that the detected strain could belong
to the Trichoderma reesei species. However, as previously discussed
(section 3.2, Table 2), identification down to the species level cannot be
obtained with certainty.

Additionally, based on the observed ITS amplification, a viability
assessment was performed to investigate the potential presence of vi-
able fungal cells. Among the samples with a positive ITS PCR amplifi-
cation, only one FE preparation (sample 4, flour treatment) contained
viable and cultivable fungal cells. The isolated fungal cells were then
analysed using the proposed strategy, allowing the identification of
both Aspergillus sp. and Penicillium sp. As an additional control, the
isolated fungal cells were also analysed using a conventional method,
based on their morphological characteristics, confirming the results
obtained by the proposed strategy. In a next step, the isolated cells
could also be analysed by whole genome sequencing (WGS) to obtain a
full characterization and to identify genetic modifications in case of
genetically modified micro-organisms.

These results indicate the potential of the proposed strategy to de-
tect and identify the unexpected presence of fungi in FE preparations.
Following this promising first estimation, in a second phase the pro-
posed strategy could be applied on a larger set of samples to demon-
strate its applicability.

4. Conclusion

In this study, in order to detect and identify the unexpected pre-
sence of fungi in FE preparations, we propose to apply a strategy based
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on a commonly used PCR amplification targeting the ITS region as a
first line screening. The proposed strategy was first applied on all
identified microbial and plant species mentioned to be used for FE
production. Then, identification of generated sequences is obtained by
blast against an in-house constructed database. Even though the ITS
region is a well-known fungal marker, the present study had to over-
come some issues related to sequence analysis. More precisely, the
general lack of full length ITS reference sequences in public databases
was here circumvented by generating ITS sequences ourselves and
adding those to our in-house constructed database for further analyses.
Our results also show that ITS primers may amplify plant DNA, which
may result in false positive amplifications in case plant DNA is present
in a sample. This could be the case for some FE preparations, in par-
ticular solid FE preparations, where flours such as wheat are added to
the preparation. Therefore, for any ITS primers used, a specificity as-
sessment including plant DNA, must be performed and a subsequent
sequencing of all obtained amplicons should be done in order to ex-
clude any false positive results.

In the present study, a total of 67 fungal and bacterial species were
analysed to determine the specificity of the chosen primers.
Additionally, no visible amplifications were observed for our tested
plants using the ITScatta primer (Nilsson et al., 2019). Therefore, this
primer was selected as it offers the best compromise between fungal
coverage and plant discrimination.

The current strategy could for instance be improved by using next-
generation sequencing (NGS) instead of the classical Sanger sequencing.
In cases where several different PCR amplicons are present in one
sample, such as multiple fungal strains or fungal and plant DNA, NGS,
in contrast to the Sanger technology, would be the only solution to
allow a correct sequencing. However, due to the required expertise and
capacities both at the wet- and dry-lab levels, the implementation of
NGS is currently still difficult in most of the enforcement laboratories
(Fraiture, Papazova, Vanneste, de Keersmaecker, & Roosens, 2020).

Regarding the sensitivity, the ITS PCR method is able to amplify

concentrations as low as an estimated 5 theoretical genomic copy
numbers of A. oryzae.

In addition, the applicability of the proposed strategy was success-
fully investigated using both an artificially spiked enzyme, mimicking a
contaminated FE preparation, and six commercially available FE pre-
parations. Based on this first promising estimation of the applicability,
the proposed strategy allowed to highlight the unexpected fungal pre-
sence in half of the tested commercialized FE preparations.
Subsequently, based on these results, a viability assessment was per-
formed, which indicated that, in addition to fungal DNA presence, in
one of the tested FE preparations also viable fungal cells were present.
The high rate of positive signals demonstrates the key role of the pro-
posed strategy to be used as a first line screening. It also suggests the
importance to perform controls to detect producer organisms in com-
mercialized FE preparations, present on the EU market.

However, additional analysis would be necessary to demonstrate
that the positive results are originating from the producer organisms
and/or from genetically modified fungi. Such analyses could easily be
performed using (real-time) PCR's specific to the producer organism,
and/or by using an event specific method targeting GMM. However,
due to the confidentiality of related information in the dossiers sub-
mitted to EFSA, sequence information is not available to enforcement
laboratories, limiting an efficient control and consequently the full
traceability of these products in the food chain. Therefore, at the pre-
sent time, only strategies to discover unknown sequences like whole-
genome sequencing, in case a viable strain can be isolated, or DNA-
walking, if primers can be anchored on a known DNA sequence, are
available to further characterize these suspected signals.
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