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Abstract

Hékarl is produced by curing of the Greenland sh&&niniosusnicrocephalu} flesh, which before fermentation is
toxic due to the high content of trimethylamine (AMor trimethylamine N-oxide (TMAO). Despite itsrig history of
consumption, little knowledge is available on thignwbial consortia involved in the fermentationtbfs fish. In the
present study, a polyphasic approach based ondudtilring and DNA-based techniques was adoptedato ipsight
into the microbial species present in ready-tokéddarl. To this aim, samples of ready-to-éxdtkarl were subjected to
viable counting on different selective growth medighe DNA directly extracted from the samples wasther
subjected to Polymerase Chain Reaction-Denaturiragiént Gel Electrophoresis (PCR-DGGE) and 16S mom

based sequencing. Moreover, the presence of Shiga-producing Escherichiacoli (STEC) andPseudomonas

aeruginosawas assessed via qualitative real-time PCR asg&ysialues measured in the analyzed samples ranged

from between 8.07+£0.06 and 8.76+0.00. Viable couet®aled the presence of total mesophilic aerdbetic acid
bacteria and Pseudomonadaceae. Regarding baBt€RDGGE analysis highlighted the dominance ofecledatives
of Tissierella creatinophilaFor amplicon sequencing, the main operationararic units (OTUs) shared among the
data set werdissierella PseudomonasOceanobacillusAbyssivirgaandLactococcus The presence d?seudomonas
in the analyzed samples supports the hypothesspafssible role of this microorganism on the ddicadion of shark
meat from TMAO or TMA during fermentation. Severalinor OTUs (<1%) were also detected, including
Alkalibacterium StaphylococcysProteiniclasticum Acinetobacter Erysipelothrix Anaerobacillus Ochrobactrum
Listeria and Photobacterium Analysis of the yeast and filamentous fungi comityucomposition by PCR-DGGE
revealed the presence of close relativesGaindida tropicalis, C. glabrata, C. parapsilosis,. @eylanoides,
Saccharomyces cerevisiae, Debaryomyces, Torulasptaaadazyma, Sporobolomyces, Alternaria, Cladaspor
tenuissimum, MoristromguercinumandPhoma/Epicoccurmand some of these species probably play key inldse
development of the sensory qualities of the endpeb Finally, qualitative real-time PCR assayssded the absence

of STEC and®seudomonas aeruginogaall of the analyzed samples.

Keywords: Tissierella PseudomonaPebaryomycesl6S amplicon-based sequenciRGGR-DGGE.
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1. Introduction

Fermentation represents one of the most anciehnigaes for food preservation. Traces of this pcactan be seen as
far back as 6000 B.C. in the Fertile Crescent (€oast al. 2016). Moreover, the production of fertedrfoods became
very popular among the Egyptian, Greek and Romstzeitions (Huang, 2016).

Food fermentation is mainly based on the metalaalttvities of microorganisms that are either ndtynaresent in the
raw materials or artificially inoculated (Shiferaierefe, 2016). The most well-known processes irellattic acid
fermentation, fungal fermentation, and alkalinenfentation, where pro-technological microorganismgrove the
aroma, flavor, texture, and nutritional charactarss of the raw materials and inhibit spoilage amathogenic
microorganisms (Shiferaw Terefe, 2016). Moreov@ecses belonging to some microbial groups mostiBoeiated
with food fermentation (e.g., lactic acid bactegaj reduce the health hazards associated wittoth®umption of food
containing some toxic substances (Luz et al., 20b8)his context, microorganisms can be considénendan beings’
coevolutionary partners responsible for providingvide variety of fermented foods with enhanced itiatral and
sensory characteristics.

Most fermented foods available on the market allepsbduced in accordance with ancient traditiaieeply rooted in
the territory of origin. The obtained products esgant an invaluable source of microbial diversityere complex
microbial populations coexist in a dynamic equiliion.

The most popular fermented foods are produced raithmaterials from the dairy, meat or vegetabledfobains. For
such products, an ample scientific literature orthbmanufacturing technologies and the microbial wamities
involved during their transformation is availabRegarding fermented foods produced with raw mdtefimm the
marine environment, a lack of knowledge on the netdgical processes and the relevant microbial [adioms is
highlighted (Rajauria et al., 2016). Notwithstarglifermented marine-based products are currenthswoed by
several cultural groups worldwide (Rajauria et 2016).

Brilliant examples of traditional fermented fishogucts are represented byrstréommingand rakfisk produced in
Sweden and Norway, respectively, ahdkarl, produced in Iceland (Skara et al., 2015). Thedpetion of such
delicacies dates back to the Viking Age, when pred®on of foodstuffs with salt was expensive, esaity in the
remote regions of northern Europe. Therefore, athtef salting, new empiric methods of preservatibcaught fish
were carried out by local populations, thus leadinthe production of edible and safe products.

Among the abovementioned fermented fistdkarl is produced by curing of the Greenland shaBloniniosus
microcephalul As reported by Skara et al. (2015), the oridirthe production technique dfakarl is still not clear,

and it is unknown whether the shark was specifiazdiught or simply collected from specimens thitedt ashore.
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The consumption of fresh Greenland shark is cons@lansafe, although the toxic substances resgensilpoisoning
have not been recognized. Different authors haperted cases of poisoning from the flesh of thee@land shark
likely due to a high level of trimethylamine (TMAAnthoni et al., 1991; Halsted, 1962; Simidu, 1961)

In ancient timeshakarl was produced by cutting the shark into pieceseae left to ferment for weeks or months in
gravel pits often close to the sea. The pits wengally covered with stones, seaweed, or turf. Tistsectures were
constantly exposed to seawater, which flooded thefish at high tide (Skara et al., 2015).

In the modern era, the fermentation of shark piéxearried out in closed containers that allowrésulting leachate to
be drained. Such a process can last from 3 to &ksveepending on the environmental temperature aados. After
fermentation, the shark pieces are further cuttamdy to dry in dedicated sheds for weeks or montégending on the
outdoor environmental conditions (Skara et al.,5)01

In both the ancient or the modern processes, th&ahukc activities of microorganisms occurring dhgri shark
fermentation lead to the conversion of a poisonaus material into a safe and tasty ready-to-eatl foduct with a
long shelf-life. Thehakarl is characterized by a soft texture with a whitisteese-like appearance, strong ammonia
smell and fishy taste (Skara et al., 2015).

Despite the long history dfakarl consumption, a lack of knowledge is available fwa microbial consortia involved in
the shark fermentation. Indeed, to our knowledgdy one study that dates back to 1984 is availablkme scientific
literature (Magnusson and Gudbjérnsdottir, 1984).

Since many years ago, the cultivation of microoigi@s on synthetic growth media was the primary wagtudy
microbial communities in foods. The developmentaiecular techniques based on the use polymerase odaction
(PCR) opened new frontiers for the study of micablkcology in complex matrices (Garofalo et al120 A variety of
studies have shown that combinations of differeftrabiological techniques can provide sound infaiioraon the
microbial composition of complex food matrices,liing those subjected to fermentation. Among tlestadopted
and sensitive molecular methods, PCR-Denaturingdi&na Gel Electrophoresis (DGGE), real-time PCR aedt-
generation sequencing provide reliable data forehiological profiling of foods.

Based on these concepts, a polyphasic approachl lmeséoth culture and DNA-based techniques was tadofo
provide insight into the microbial species presemeady-to-eahakarl.

To this end, samples of ready-to-bakarl were subjected to viable counting on differenestle growth media. The
DNA directly extracted from the samples was furtbgbjected to PCR-DGGE and lllumina sequencing.ddeer, the
presence oShigatoxin-producingk. coli (STEC) andPseudomonas aeruginoses assessed via qualitative real-time

PCR assays.
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2. Materialsand methods

2.1. Sampling

Ten samples of ready-to-gadkarl (Figure 1) codified from H1 to H10 were analyzéat,each sample two 100 g boxes
were purchased (for a total of 20 analyzed boxE%. samples were purchased via the internet froleeter located in
Iceland. In more detail, the samples were colle¢tedugh different orders placed from January toyN2@18. The
samples were shipped by international express eoimiplastic boxes at room temperature in aerabitditions and

analyzed after 24 hours from shipping. No furtiidoiimation on the samples was provided by the predu

2.2. pH measurements

pH values of théhakarl samples were determined with a pH meter equippéd am HI2031 solid electrode (Hanna

Instruments, Padova, Italy). For each sample, thasarements were performed in duplicate.

2.3. Microbial viable counts

Twenty-five grams of eachakarl sample were homogenized for 5 min at 260 rpm i 22 of sterile peptone water
(bacteriological peptone 1 g1, Oxoid, Basingstoke, UK) using a Stomacher 400c\@ator apparatus (VWR
International PBI, Milan, Italy). The obtained sasgions were diluted 10-fold and subjected to rhialocounts of
total mesophilic aerobes, lactic acid bacteria,uBsmonadaceae, Enterobacteriaceae and eumycetefy,Botal
mesophilic aerobes were counted as reported by @siet al. (2011); presumptive mesophilic lactoliaeind
lactococci were enumerated in De Man, Rogosa aadp8hMRS) agar medium incubated at 30 °C for 4&id¢h M17
agar medium incubated at 22 °C for 48 h, respdgta® previously described (Aquilanti et al., 20IB)e enumeration
of Pseudomonadaceae was carried out using Pseudsnfggar Base (PAB) with cetrimide-fucidin-cephalmsp
(CFC) selective supplement (VWR International, Mijl&aly), incubated at 30 °C for 24-48 h (Garofatal., 2017),
whereas Enterobacteriaceae were counted in Viotet Bile Glucose Agar (VRBGA) incubated at 37 °C & h
(Garofalo et al., 2017). Finally, the enumeratidneamycetes was carried out on Wallerstein Labeoyabtdutrient
(WLN) agar medium supplemented with chloramphen(®dl g/L) to inhibit the growth of bacteria andubated at 25

°C for 72 h (Taccari et al., 2016).
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A miniVIDAS apparatus (Biomerieux, Marcy I'Etoildrrance) was used to assess the presencéisbéria
monocytogeneshrough the enzyme-linked fluorescent assay (ELR#thod in accordance with the AFNOR BIO

12/11-03/04 validated protocol (Aquilanti et al00Z).

2.4. DNA extraction from hakarl samples

Aliquots (1.5 mL) of each homogenate (dilutiori*l@repared as described above were centrifugel foin at 16000

g, and the supernatants were discarded. The ditpeere then used for the extraction of totatnmibial DNA using
an E.Z.N.A. soil DNA kit (Omega bio-tek, Norcro€sA, USA) following the manufacturer’s instructioms.Nanodrop
ND 1000 (Thermo Fisher Scientific, Wilmington, DBSA) was used to measure the quantity and puritghef
extracted DNAs, which were then standardized twmcentration of 25 ngL™ for further analysis. DNA extracts
obtained from théakarl from each of the two boxes representing one sa(hileH10) were then pooled and subjected

to PCR-DGGEanalysesnd 16S rRNA gene amplicon target sequencing (Milaret al., 2018).

2.5. PCR-DGGE analysis of bacteria

The extracted DNA was first amplified by PCR in & Kycler Thermal Cycler (BioRad Laboratories, Héesy CA,
USA) using the universal prokaryotic primers 27 4495R described by Weisburg et al. (1991) foratmplification
of 16S rRNA gene. In detail, 2L (approximately 50 ng) of DNA from each sample weasplified in a 251L reaction
volume composed of 0.5 U of Tag DNA polymerase €8tyme, Novosibirsk, Russia), 1X reaction buffep, (M
dNTPs and 0.21M of each primer using the cycling program desatiby Osimani et al. (2015). The PCR products
were checked by routine electrophoresis on 1.5%oaggw/v) gels and then purified using the lllasgFX PCR DNA
and Gel Band Purification Kit (GE Healthcare Lifei&hces, Buckinghamshire, UK) according to manuigscts
instructions. 2L of the purified PCR products was used as a tetaita the amplification of the V3 region of the6
rRNA gene with the 338F-518R primer pair (Aless@meét al., 2010). The forward primer, 338F, waadted with the
GC clamp necessary for the following DGGE analgsisdescribed by Ampe et al. (1999). The PCR cantditivere
those described by Osimani et al. (2015), excapti® Taq polymerase (Sibenzyme) used in the presedy. 5uL of
PCR amplicons was loaded on a 1.5% agarose (wlwyifea 100 bp molecular weight marker (HyperLad#e100
bp) to check for the expected PCR product sizeB6fldp prior to the PCR-DGGE analysis. SubsequeB@yL of the
PCR products was loaded on a 30-60% urea-forma(mitig gradient DGGE gel (100% corresponds to 7 Mauand

40% (w/v) formamide), and the gel was run at a tzortsvoltage of 130 V for 4 h at 60 °C in 1x TAEfeu (0.04 mol
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L™ Tris—acetate, 0.001 mol"LEDTA) in a DGGE Bio-Rad D-code™ apparatus (Bio-Raboratories). After the
DGGE run, the gel was stained with SYBR Green InStX (Lonza, Walkersville, MD, USA) in 1X TAE fa80 min,
visualized under UV light and photographed with @r@lete Photo XT101 system (Explera). All of thegi bands
visible by eye after UV light exposure were exciggth gel cutting pipette tips, introduced into b0 of molecular
biology grade water and left overnight at 4 °C owa the elution of the DNA. fuL of the eluted DNA was amplified
by PCR as described above but using the 338F a8 piimers without the GC clamp. The amplicons werecked
by electrophoresis and sent to Genewiz (Takeley) (K purification and sequencing. The resultingjusnces in
FASTA format were compared with those previouslgakited in the GenBank database (http://www.naimi.nih.gov)
using Basic Local Alignment Search Tool (BLAST) f&dhul et al., 1990), and only the sequences stlpwif7%

similarity was unambiguously assigned into speoregenus levels.

2.6. PCR-DGGE analysis of the yeast and filamentongal communities

DNA extracted as previously reported was usedHeranalysis of the yeast and filamentous fungalmaonities. An
approximately 250 bp long fragment of the D1/D2ioagof the 26S rRNA gene was amplified using NLX:@&ZC
ATA TCA ATA AGC GGA GGA AAA G-3’) and LS2 (5'-ATT CCC AAA CAA CTC GAC TC-3") primers (Cocolin
et al., 2000). An additional GC clamp (5'-GCG GGGC GCG ACC GCC GGG ACG CGC GAG CCG GCG GCG
G-3’) was added to the NL1 forward primer. The afigation reactions and conditions were carried amtlescribed in
Palla et al. (2017). The presence of ampliconsagasirmed by electrophoresis in 1.5% (w/v) agargsis stained with
20,000X REALSAFE Nucleic Acid Staining Solution (g, s.l., Valencia, Spain). All gels were visaa&d using UV
light and captured as TIFF format files using th&l WD v. 16.11a program for the FIRE READER V4 gel
documentation system (Uvitec Cambridge, Eppendditn, Italy).

The amplicons were analyzed using the DCode™ UsaleMutation Detection System (Bio-Rad, Milan, yal
Twenty uL of the PCR products in 20 pL of a 2x buffonsisting of 70% glycerol, 0.05% xylene cyaaotl 0.05%
bromophenol blue were loaded on an 8% polyacrylarbidacrilamide (37.5:1) gel with a urea-formamimaturing
gradient ranging from 20% to 80%. The gels wereatui®0 V and 60 °C for 16 hours and stained foma®in 500 mL
of 1x TAE buffer containing 50 pL of SyBrGold Nucleic Acid Gel Stain (Life Technologies, Ih, ltaly). The
profiles were visualized as previously describdoke Bands of interest in the DGGE profiles wereazitfrom the gels
for sequencing. DNA was extracted by eluting fod&/s in 50 pL 10 mM TE at 4 °C. One pL of the sop&ant
diluted 1:100 was used to reamplify the D1/D2 regiof the DNA according to the PCR protocol desttilabove

using an NL1 primer without the GC clamp. The afiqdtion products were then purified with the UGlaan PCR
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CleanUp Kit (MO-BIO Laboratories, CABRU Sas, Arcpr¢aly) according to the protocol of the manufaety
guantified and 5’ sequenced at the Eurofins Genemi?&/G Operon (Ebersberg, Germany). Sequences waltgzad

using BLAST on the NCBI website (http://blast.nabin.nih.gov/Blast.cgi). The related sequences wetkected and

aligned using MUSCLE (Edgar, 2004a, b), and phyhegie trees were constructed using the maximuniiti&ed
method based on the Kimura 2-parameter model (Kamnurl980) wusing Mega 6 software

(http://www.megasoftware.net/) with 1000 bootstraplicates (Tamura et al., 2013). The sequences sdymitted to

the European Nucleotide Archive under the accessimnbers from LS990841 to LS990863.

2.7. 16S rRNA gene amplicon target sequencing

DNA directly extracted fromhakarl samples was quantified using a QUBIT dsDNA Assdy(lkife Technologies,
Milan, Italy) and standardized at 20 pg™ and used a template in the PCR amplifying the V3e&gion of the 16S
rRNA gene using the primers and protocols descrilyelindworth et al. (2013).

The PCR amplicons were cleaned using the Agendddiure kit (Beckman Coulter, Milan, Italy), and thesulting

products were tagged using the Nextera XT Index(Kitmina Inc. San Diego. CA) according to the mtatturer’'s

instructions. After the second clean-up, the angplicwere quantified using a QUBIT dsDNA Assay kitl@&quimolar
amounts of the amplicons from different samplesewswoled. The pooled samples were analyzed witBxgerion

workstation (Biorad, Milan, Italy) for quality anadis prior to sequencing. The sample pool was deedtwith 0.2 N

NaOH, diluted to 12 pM, and combined with 20% (vol) denatured 12 pM PhiX prepared according tontina

guidelines. The sequencing was performed with aggillumina instrument (lllumina) with V3 chemistty generate

250 bp paired-end reads according to the manufatsunstructions.

2.7.1. Bioinformatics analysis

After sequencing, th@aired-end reads were first joined using FLASH waft (Magoc and Salzberg, 2011) with
default parameters. Joint reads were quality &lle(at Phred < Q20) using QIIME 1.9.0 software @apo et al.,
2010) and the pipeline recently described (Fermehal., 2017). Briefly, USEARCH software versi®ri (Edgar et
al., 2011)was used for chimera filtering and Operational Tetaic Units (OTUs) were clustered at a 99% sintyari
threshold using UCLUST algorithm{&dgar, 2010). Centroid sequences of each cluseze wnapped against the
Greengenes 16S rRNA gene database version 2018onomic assignment. To avoid biases due to differ

sequencing depths, OTU tables were rarefied at AX&quences. The OTU table displays the higherntarg
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resolution that was reached, and the two biologieplicates from each sampling point were averagd.tables were
then imported in the Gephi softwdastian et al., 2009), and an OTU network wastbuil
All of the sequencing data were deposited in thguBace Read Archive of the National Center for &bhology

Information (SRA accession number: SRP153795).

2.7.2. Statistical analysis

Statistics and plotting were carried out in the Rvimnment (www.r-project.org). Alpha diversity iicds were
calculated using thdiversity function of the vegan package (Dixon, 2003). Wadghand unweight UniFrac distance
matrices and OTUs table were used to find diffeesrioetween the samples using Anosim and Adoniistgtat tests
through the functiorveganin the R environment. Pairwise Wilcoxon tests wased, as appropriate, to determine
significant differences in alpha diversity or OTBuadance. The principal component analysis wasealaising the

functiondudi.pcathrough themade4R package.

2.8. Real-time PCR analyses for the detectionadbdorne pathogens

Real-time PCR analyses were performed on a RotaGgrthermal cycler (Qiagen, Hiden, Germany) exigit
TagMan chemistry. All target probes employed weunaldabeled with 5’-FAM and a 3'-nonfluorescent quber (as
specified below). The oligonucleotides were puredafom ThermoFisher Scientific (Milan, Italy) afiom LCG
Biosearch Technologies (Petaluma, CA, USA). Thectiea mixtures were all prepared at a final 25 ghation
volume. Molecular-grade }@ was included in each analytical session as atiwegeontrol, as well as DNA from
reference strains as positive controls. Fluoressavaers measured in the green channel for the tgegets, and in the

yellow channel for the Internal Amplification Coaolkr

2.8.1. Detection of Shiga-toxin E. coli (STEC)

STEC detection was performed according to the st@hdSO/TS 13136:2012 specifications, as also puesky
reported (Petruzzelli et al. 2013). Briefly, thigtimod initially targets the Shiga-toxin gerstsl andstx2,followed by
the eaeadhesion factor and serogroup-specific genes (0Q0%45, 0103, 0111, 026 and 0104:H4). Amplificatadn

2 ul of template DNA was performed using the Queagt Pathogen PCR+IC kit (Qiagen) in combinatioth whe
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previously reported primer set and 5’-FAM-3’-MGBNFQRal-labeled probes (Osimani et al. 2018). Anrh@écontrol
DNA and Internal Control Assay to be added to #ection mix were provided with the kit.

DNA from STEC strains provided by the EU Referehedoratory for STEC- Istituto Superiore di Sanita (Rome,

Italy) were included as positive controls.

2.8.2. Detection of Pseudomonas aeruginosa

P. aeruginosawvas detected using the QuantiFast Pathogen PCRt-t@gether with a primer-probe set identifyingth
presence of thecfXgene, which encodes an extracytoplasmic sigmarfathe probe was dual-labeled with 5’-FAM
and 3'-BHQ1, and the assay mixture was preparedeasribed by Amagliani et al. (2013). Amplification 2 pl of
template DNA was performed following the thermabtprcol indicated by the same authors. DNA from evjgrusly

prepared boiled extract & aeruginosaATCC 27853 was included as a positive amplificationtrol in this assay.

3. Reaults

3.1. pH measurements and microbial viable counts

The pH values measured in the analyzed samplegdangm between 8.07+0.06 and 8.76+0.00 (Tabl&d k. results
of the viable counts are reported in Table 1. Imerdetail, the mean values of the total mesophgiobes ranged from
between 1.00+0.00 and 5.71+0.09 log cfti gow counts of LAB on MRS at 30 °C were recordethwnean values
from between < 1 and 1.60+0.43 log cfil. iRegarding the LAB counted on M17 at 22 °C, themealues ranged
from between 1.95+0.07 and 4.51+0.04 log cfu Bseudomonadaceae counts showed mean values étoraen <1
and 1.59+0.16 log cfuly For both the Enterobacteriaceae and Eumycetests;omean values <1 log cfu' gvere

recorded. Finally, ndisteria monocytogenesas detected.

3.2. PCR-DGGE analyses

3.2.1. Bacteria
Regarding the bacteria, the results of PCR-DGGHyaisaof the hakarl samples are reported in Table 2, while
Supplementary Figure 1 shows the DGGE profilesinbtafrom the analysis of the microbial DNA dirgcéxtracted

from the samples.
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In more detail, the dominance of close relativeSissierella creatinophilavas clear in all of the pooled samples with
sequence identities from between 85 and 98%. Mamralose relatives tBnaerosalibactesspecies were detected in
the pooled samples H1, H2 and H10. Finally, cledatives taMurdochiella massiliensjsSporanaerobacter acetigenes

andPontibacillus marinusvere also found in samples H5, H6 and H10, respsyt

3.2.2. Yeast and filamentous fungal communities

A DNA fragment of approximately 250 bp containinigetpartial D1/D2 domain of the 26S rRNA gene was
successfully amplified from all of the samples, epicH1. DGGE analysis of the PCR products showstindtive
patterns characterized by intense and clearly deéffragments (Supplementary Figure 2). With thd gbaentifying

the microbial species present hidkarl, the main DGGE bands were excised, sequenced archedato species by
using BLAST and phylogenetic trees analyses (Tablend Figure 2). The sequences matched the yeastesp
Candida tropicalis, C. glabrata, C. parapsilosis, €eylanoides, Saccharomyces cerevisiae the yeast genera
Debaryomyces, Torulaspora, Yamadazyma, Sporoboksnifigure 3 shows the relative percentages of thetmo
abundant fungal genera detected in the differemipses. For each sample, the percentage was cadubst dividing
the number of fragments referring to a genus byr ttetal number. Eacthdkarl sample showed a different yeast
composition, withDebaryomycesccurring in all the samples, although at differenels. In thrednakarl samples (H2,
H6 and H7), sequences related to filamentous fusp@ties were also found. In particul@tadosporium tenuissimum
occurredin the H2 sample, whileMoristroma quercinumwas found in the H7 sample. The H6 sample was
characterized by the presenceAdfernaria, and genera belonging to the famiydymellaceae, such @&homaand

Epicoccum

3.3. 16S rRNA gene amplicon target sequencing

The total number of paired sequences obtained then16S rRNA gene sequencing reached 3,208,57 teads. After
merging, a total of 997.224 reads passed the dilggaplied through QIIME, with an average value 6f861,2 +
17.399,72 reads/sample, and a mean sequence lehgtB6 bp. The rarefaction analysis and Good’s raye
expressed as a median percentage (95%), also tedisatisfactory coverage for all samples (Suppfeang Table 1).
Alpha-diversity indicated a higher level of compgtgxand the highest number of OTUs when only takinip the
account the sample H® & 0.05). Adonis and analysis of similarity (ANOSIMp#stical tests based on weighted and
unweighted UniFrac distance matrices showed sigamifi differences among the samples (P < 0.001; R80{.

Differences between the samples were further detraied by principal-component analysis (PCA) basadthe
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335 relative abundance of the main OTUs (Fig. 4). TI@ARlearly showed a separation between samples @INO
336  statistical test P < 0.01). As shown in Fig. 7, tiv@in OTUs shared among the data set Wéssierella(78.6% of the
337 relative abundance) (Table 4Pseudomonag8.4%), Abyssivirga(4.0%), Oceanobacillus(6.7%) andLactococcus
338 (0.2%), and based on the size of the edges, itpeasible to see thdlissierellacan be considered a core OTU of the
339 hékarl (Fig. 5 and Table 4). Several minor OTUs (<1%) evaiso detected, includingisteria, Staphylococcus
340 PhotobacteriumandAcinetobacte(Table 4).

341

342 3.4, Real-time PCR analyses

343

344  Fluorescence signals resulting from real-time PG&ags were analyzed by manually positioning théecyzeshold at
345  the take-off point of the positive control's amijaition curve relative to the gene under invesiigat

346  All DNA samples analyzed yielded negative resutsidoth pathogens of interest. Every reaction mixteegardless of
347  the type of master mix or internal amplificationnt®! used, yielded positive signals in the yellehannel, thus
348  ensuring the absence of inhibition and excludidgefaegative results.

349  As for STEC strain, the first detection step (aira¢devealing the two Shiga toxin-encoding gestes andstx? were
350 performed in singleplex, since the specific probese labeled with the same fluorophore. All of DNA samples
351 tested negative for both sequences; thereforeuribeir analysis oaeor serogroups was necessary according to the
352 ISO/TS 13136:2012. The reference strain used & ékperiment was EURL-VTEC D(H. coli 026 (stx1+, stx2+,
353 eaet).

354

355 4. Discussion

356

357  Among the fermented fish products of northern Eeeopcountrieshakarl represents a masterful example of a delicacy
358 and niche product that, in former times, nouristiesl Icelandic populations (Skéara et al., 2015}s hoteworthy that
359 only a few producers are currently carrying out fineduction ofhakarl in accordance with ancient traditions that
360  maintain the use of Greenland shark flesh.

361 Greenland shark is a slow growing, coldwater shhet can reach 21 feet in length. As reported byN&il et al.
362 (2012), the physiology of the Greenland shark is generally well studied. It is noteworthy that tigevels of
363 trimethylamine N-oxide (TMAO) have been detectedtsnflesh by different authors (Anthoni et al.,.919 Bedford et
364  al., 1998; Goldstein et al., 1967; Seibel and Wa2€l92). The role of such a compound is not coreplainderstood;

365 nevertheless, it is thought that the high concéintia found in polar fish suggest that this osnlytay contribute to
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the enhancement of osmotic concentrations, thusriog the freezing point of the bodily fluids (MaeiNet al., 2012).
Moreover, both TMAO and its reduced form TMA remmeatslow-density molecules that can increase theydy of
the shark. It is also thought that, due to the higga concentrations present in elasmobranchsHiké&reenland shark,
TMAO might act as a counteracting solute that prst@roteins from destabilization (MacNeil et @12; Seibel and
Walsh, 2002).

The attention of the food industry and consumevgatds locally produced traditional food is condtaincreasing.
Although both the ancient and modern processingsstesed to obtaimakarl from Greenland shark are mostly
recognized and standardized, less is known abeuthibmical and microbiological traits of such adf@uoduct. Based
on the physiology of the Greenland shark, it isutfftt that the microbiota occurring mmakarl might be strongly
influenced by the peculiarities of the flesh usedawv material. A 30-year-old study attempted &nidy the bacterial
species irhakarl (Magnusson and Gudbjornsdottir, 1984) with no nwnof the possible occurrence of eumycetes.
Hence, to our knowledge, the microbiology of sucteranented food product has not yet been unveilée. present
study aimed to reveal the microbial species ocagrim ready-to-eabakarl samples using a combination of traditional
microbiological culture-dependent (viable countayl aindependent methods (namely, PCR-DGGE, ampliased
sequencing and qualitative real-time PCR).

The samples under study were first subjected tongdsurements. The detected values were in agreemwtarthose
reported by Skara et al. (2015) for dried readgdthakarl. High pH values can be explained by microbial relia
activities that led to the conversion of urea, whi naturally present in Greenland shark flesty ammonia (Skara et
al., 2015). Interestingly, Jang et al. (2017) régrsimilar pH values (8.4-8.9) in alkaline-fermmhtskate, which
represents a typical fermented seafood in Soutle&dt is known that skates retain urea and triglathine N-oxide
in their muscles; hence, similarly kdkarl, the fermentation of skate, which is carried duba temperature, leads to
the production of a distinctive odor due to the ania and trimethylamine produced during fermentafi@eynisson
et al., 2012).

In the present study, the viable counts of totatopdilic aerobes, presumptive mesophilic lactobaaild lactococci,
Pseudomonadaceae, Enterbacteriaceae and eumyeeteassessed.

Regarding the total mesophilic aerobes, the cowet® generally lower than the value of 8 log cftirgported by
Skara et al. (2015) inakarl at the end of ripening.

As far as the counts of lactic acid bacteria anecemed, little is known about the magnitude ofirtipeesence in
hakarl, though this microbial group is known to play a@nmry role in the production of many other traditb
fermented fish, such geotgal from Korea,shidal from India, rakfisk from Norway, and numerous femted fish

products from China (Francoise, 2010; Majumdarlet2816; Skara et al., 2015; Thapa et al., 2016;eXal., 2018;
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397 Zang et al.,, 2018a). In addition to this, the ooence of lactic acid bacteria in the marine envinent has been
398 reported (Gémez-Sala et al., 2016). Of note, tfferginces in the counts of presumptive lactocat@idmparison with
399 those of presumptive mesophilic lactobacilliiakarl This difference agrees well with the results frovatagenomic
400 sequencing that highlighted the sole presence abdacci among lactic acid bacteria. Such a diffeee might
401 tentatively be ascribed to both the higher adamtatf lactococci to shark flesh fermentation coindié and their
402  acknowledged higher competitiveness in protein-sabstrates explained by their higher proteolytid @eptidase
403 activities in respect with lactobacilli (Requenaadt, 1993; Quigley et al., 2013; Terzic-Vidojevit al., 2014),
404  especially under alkaline conditions (Addi and Giaess 2016).

405 The presence of Pseudomonadaceae has already dsmibed in alkaline-fermented skate, whEseudomonawas
406 reported to be among the dominant genera (Jarlg 80a7; Reynisson et al., 2012).

407 Regarding Enterobacteriaceae, it is noteworthy thatr minimum pH for growth is 3.8, with an uppkmit of
408 approximately 9.0; hence, even if they were presiet high pH of the samples did not allow Entecteaaceae to
409 grow in the fermented flesh. Among Enterobacteaa¢&STEC strains represent a major health trediforans due to
410 their ability to produce food-borne infections (E=8nd ECDC, 2016). AlthougE. coli is not naturally harbored by
411 fish, STEC strains have recently been isolated &mgGzo et al. (2018) from the fidile tilapia. Of note is the absence
412  of STEC strains in all of the analyzhdkarl samples, as shown by real-time PCR assays.

413  Inthe present study, viable counts < 1 log ctungre reported for eumycetes.

414  The use of PCR-DGGE and amplicon sequencing allomajbr and minor microbial species to be detectethe
415 analyzechakarlsamples.

416 In more detail, a massive presencdisierellawas detected by both PCR-DGGE and amplicon sedugeitt all the
417 analyzed samplesTissierella belongs to theTissierellia classis nov., which includes the gene¥maerococcus
418 Anaerosphaera Finegoldia Gallicola, Helcococcus Murdochiella Parvimonas Peptoniphilus Soehngenia
419  Sporanaerobacterand Tepidimicrobium Moreover, the misclassified speciacteroides coagulanand Clostridium
420  ultunenseare also included.

421 Members of the clasEissierelliaare Gram-positive or Gram-variable anaerobic @tdigcocci and rods. As reported by
422 Chen et al. (2018), the genlisssierellacomprises protein-degrading anaerobes that catupeovolatile fatty acids
423  such as acetic, butyric, and propionic acids. Meeeoit is acknowledged thdfissierella creatinophilagrows on
424  creatinine as sole source of carbon and energyngsiat al., 1998a)Tissierellaspecies can degrade creatinine via
425 creatine, sarcosine, and glycine into monomethylamammonia, carbon dioxide, and acetyl phospltédengs et al.,
426  1998b). Interestingly, activ&issierellacells have already been reported among the majoerg involved in the

427  production of alkaline-fermented skate (Jang et2017), thus confirming the possible adaptatiorthig microbial
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genus to saline and alkaline conditions, as sugddst Jang et al. (2017). It is noteworthy thatggsebelonging to the
Tissierella genus have also been described as psychrotoler@nbarganisms (Prevost et al., 2013), thus likely
explaining the presence of members of such gentheianalyzedhakarl samples.

Regarding the presence Oteanobacilluswhich was detected only through amplicon sequendt is worth noting
that this bacterial genus comprises Gram-posispere forming rods that are obligate aerobes, mehe halotolerant
and facultatively alkaliphilic (Lu et al., 2001).dvkeover,Oceancobacilluspecies can grow at temperatures between 15
and 42 °C and in pH range from 6.5 to 10, with atinnum pH between 7.0 and 9.5 (Lu et al., 2001)misu et al.
(2012) demonstrated that halotolerant bacteridydiieg Oceanobacilluscan produce enzymes that are salt stable and
active under extreme conditions. Interestingly, Mukra et al. (2009) reported the isolation@feanobacillusstrains
from a glacial moraine in Qaanaaq, Greenland, &iglfinding likely explains the presence of thepers forming
bacteria in the analyzddhkarl samples.

Amplicon sequencing supported the detectionAbf/ssivirga This bacterial genus belongs to the Lachnospi@ce
family and comprises strictly anaerobic, mesophdli@d syntrophic organisms. To the our best knovdedige sole
species that belongs to this genus is representébissivirga alkaniphilawhich is an alkane-degrading, anaerobic
bacterium recently isolated from a deep-sea hydrathl vent system (Catania et al., 2018; Schoua'.e2016). This
observation explains the presence of this bacteniuthe marine environment and, hence, intihkarl samples. This
species can grow between 14-42 °C and within agrige between 7.0 and 8.2. As reported by Schowal £016),
who first described this speciéds, alkaniphilacan ferment carbohydrates, peptides and aliphgticocarbons.

As for the presence d®seudomonaswhich was detected through amplicon sequencing nhoteworthy that this
bacterial genus has already been reported amongdbkeabundant isolates in fermented skate (Jaay,2017). The
genusPseudomonasncompasses many alkaliphiles; among these, Yuailof@001) reported the isolation of a novel
facultatively psychrothrophic alkaliphilic speciesPseudomonaseingPseudomonas alcaliphilsp. nov. This species
of marine origin can grow at 4 °C and at pH 10hi@ presence of NaCl; these features likely exglaénpresence of the
genusPseudomonadn the analyzechdkarl samples. Moreover, it is widely acknowledged tha Pseudomonas
species responsible for fresh fish spoilage can bés present in fish-based foods (Stanborough.ef@18). In this
regard, Liffourrena et al. (2010) reported that s@pecies odPseudomonapossess TMA degradation pathways. More
specifically, in Pseudomonas aminovoran§MAO is oxidized by a trimethylamine monooxygenaéEMA
monooxygenase), whereas TMA can be directly delgairated to formaldehyde and dimethylamine (DMA)ay
trimethylamine dehydrogenase (TMA dehydrogenas@)il&ly, in Pseudomonas putiddie same enzymes, namely,
TMA monooxygenase and TMA dehydrogenase, oxidizeATiMider aerobic conditions (Liffourrena et al., 2D10n

the one hand, these metabolic pathways repressgieative advantage fétseudomonasnd on the other hanthey
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lead to the removal of TMA (Liffourrena et al., Z)1Although the amounts of TMAO and TMA were nesassed in
the present study, it can be hypothesized thatibibolic activity oPseudomonaspeciesould presumably lead to
the detoxification of TMAO or TMA in the shark meat during fermentation.

Of note, the pathogenic speciesaeruginosavas absent in all of the samples, as shown byitgtiaé real-time PCR
assays.

In the analyzechakarl samples, the presence loActococcuswas also detected through amplicon sequencing. The
presence of lactococci in the marine environmestdieeady been demonstrated (Gémez-Sala et al6)20breover,
Alonso et al. (2018) recently reported the isolatid Lactococcusstrains from the gut of marine fishes. As repotigd
Guan et al. (2011), lactic acid bacteria were amtireg dominant genera isolated frasaeu-jeot a Korean salted
fermented food produced made with shriétes japonicgs Although their role has not yet been fully clied,
lactococci were also detected in fermented skateranarezushiwhich is produced through the fermentation ofeshl
fish with rice (Jang et al., 2017). As reportedFsgingoise (2010), lactic acid bacteria are genelafis competitive in
fish flesh than psychrotrophic Gram-negative baatarevertheless, Ji et al. (2017) highlighted ¢ssential role of
lactic acid bacteria (includingactococcusin flavor definition during fish fermentation. i also noteworthy that lactic
acid bacteria can exert a potential biopreservatotevity in seafood products (Ghanbari et al., 201
RegardingAlkalibacterium the presence of this marine lactic acid bactbaa already been reported in marine
environments and organisms (Jang et al., 2017)edlsas in marine-based foods suchjestgal (Guan et al., 2011).
Interestingly, species belonging to tAkkalibacteriumgenus were found in fermented Spanish-style graigle-olives
and blue-veined raw milk cheese, thus confirmirggtitygh adaptation of this genus to halophilic alkdlane conditions
(Lucena-Padrés et al., 2015; Yunita and Dodd, 2018)

Photobacteriumdetected through amplicon sequencing, encompagssses that are naturally present in the marine
environment with both symbiotic or pathogenic relaships with marine organisms (Labella et al., &01IThis
bacterial genus was also detected by Reynisson @042) in fermented skate, where it was thougtglay a key role

in the fish flesh fermentation.

Although found in a limited number of sampl&spteiniclasticumand Anaerobacilluswere also detected. The former
genus includes anaerobic bacteria (eRygteiniclasticum ruminis with proteolytic activity (Zhang et al., 2010),
whereas the latter genus includes species thagimam in alkaline environments (e.gAnaerobacillus alkalilacustie
(Zavarzina et al., 2009).

The low occurrence ddtaphylococcusuggests a possible contamination during the pedog ofhakarl, even though

Ji et al. (2017) suggested a possible role of geisus in the bacterial amino acid metabolism oaogrrduring the

fermentation of the fislSiniperca chuatsitogether withAcinetobacter Of note is that although found as a minority
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490 species in thehakarl samples analyzed in the present study, Magnisson Guudbjornsdottir (1984) reported
491 Acinetobacteims one of the fermentation-driving microorganistugng the production, along withactobacillus

492  RegardingOchrobactrumit is noteworthy that members belonging to thasophilic genus have recently been isolated
493 by Jamal and Pugazhendi (2018) in Red Sea saliter wad sediments.

494  Erysipelothrix was sporadically detected in the analyzkékarl samples through metagenomic sequencing.
495 Interestingly, species of this genus have alreaynlmetected in soils collected from the Ross &giam of Antarctica,
496  which is characterized by extreme low temperatareshigh water salinity (Aislabie et al., 2008).

497  Listeria was found as minority OTU by amplicon sequencingtwithstanding, no viable cells belonging to the
498 pathogenic specids monocytogenesere found in any of the analyzbdkarl samples in accordance with the results
499 reported by Jang et al. (2017) in fermented skHtés noteworthy that in seafood from cold enviramts L.
500 monocytogeneeepresents a foodborne pathogen of increasingghbbhlth and food safety concern (Elbashir et al.,
501 2018; Jami et al., 2014).

502 Although the bacterial biota indkarl has already tentatively been studied by MagnussohGudbjoérnsdottir back in
503 1984, to our knowledge, the present study repreghatfirst attempt to gain insight into the fungaita present in this
504 fermented fish product.

505 The assessment of the diversity of yeast communitiesent in theakarl samples revealed the occurrence of 4 yeast
506 genera:DebaryomycesCandida SaccharomycesTorulospora which are commonly found in several traditional
507 fermented beverages and food products, includingdated fish (Tamang et al., 2016), along with ttoer genera,
508 Yamadazymaand SporobolomycesThe occurrence of sequences affiliatedDiebaryomycesn all of the hakarl
509 samples suggests that this genus may be the nmgamiem responsible for the late stagesaiarl fermentation. This
510 yeast, retrieved from the skin and inside the tirtes of fresh fish by Andlid et al. (1995) and &adupe (2007), was
511 also reported to be able to grow at extremely Isigh concentrations and low water activity)(éAsefa et al., 2009;
512 Viljoen and Greyling, 1995), characteristics of tigenedhakarl.

513 Our findings are consistent with previous repottevéing the occurrence of this genus in salted aadittonally
514 fermented fish from Thailand and Ghana (Paludaniwgt al., 2002; Sanni et al., 2002). The yea$tthe genus
515 Debaryomycesnight positively contribute to the developmenttioé sensory qualities of fermented fish, as they ar
516  known to occur in cheeses and dry-cured meat ptediore specifically, in cheeses with high salbtemt, D.
517 hanseniiwas found to predominate, being responsible feratceleration of lipolysis and proteolysis (Andra al.,
518  2009).

519 Several sequences affiliated with different spediemn the genuCandidawere retrieved in almost all theékarl

520 samplesin particular,C. tropicalis, C. glabrata, C. parapsilosiandC. zeylanoidesvere identified. Our results agree
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521  with a previous report showing the dominance ofgleusCandidain ripenedSuan yyua Chinese traditional fermented
522  fish (Zang et al., 2018b) and a study demonstratimgpresence of. zeylanoidesind C. tropicalisin a salted and
523 fermented traditional fish callecdjuevari, which is produced in Ivory Coast (Clementineakf 2012).

524  Candidawas reported to produce more flavoring substatitas other yeasts by metabolizing branched-chaimam
525 acids (BCAAs) through the Ehrlich pathway (O'Toolk997). In particularC. tropicalis was also isolated from
526  Burukuty a Nigerian traditional fermented beer, and it waswn to produce protease, phytase, lipase aedasst
527 enzymes (Ogunremi et al., 2015). These last twoyraes improve the aromatic profile of fermented ®duy
528 increasing their free fatty acid content, which parecursors to the formation of different aromatenpounds (Arroyo-
529 Lopezetal, 2012).

530 Three sequences affiliated wiBaccharomycewere retrieved from the nirfeakarl samples, confirming the presence
531 of such yeasts in fermented fish (Clementine eRall2; Zang et al. 2018a).

532 Close relatives ofyamadazymaand Sporobolomycesvere also detected in the H9 and Hhékarl samples,
533 respectively These two yeast genera were not previously reedvdrom fermented fish products, although
534  Sporobolomyceis a marine yeast commonly found in deep-sea wéitartty and Philip, 2008).

535 As for the occurrence ofilamentous fungi sequences affiliated with the genepdternaria, Cladosporium,
536  Phoma/Epicoccumand Moristroma were retrieved from the analyzddikarl samples. Among such fungal genera,
537 Cladosporiumwas previously found during the fermentation & @hinese traditional fermented fiSian yuZang et
538 al. 2018). The presence of filamentous fungi, saghspergillus Penicillium andMucor, was also reported from some
539 Japanese fermented fish produdts,, Katsuobushiand Narezushi where they produced enzymes such as amylase,
540 protease, and lipase, which are important for tifgrovement of the nutritional and functional traiffermented goods
541 (Fukuda et al., 2014).

542

543 Conclusions

544

545  Overall, the combination of culture-dependent aindependent methods allowed major and minor mielopecies
546 harbored by the ready-to-gladikarl samples to be detected. The culture-dependenbagipiprovided insight into the
547 viable microbial species, whereas the culture-ietelent methods were pivotal in preventing the pbessi
548  underestimation of bacterial diversity caused blyucing biases or the presence of microbial cedlshie “viable but
549  non culturable” (VBNC) state. It is noteworthy ttathough amplicon sequencing was essential faotieg major and

550 minor components of the bacterial biota, the usP@R-DGGE led to the identification of both baaednd fungal
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551 populations at the species level, thus contributinthe development of a first overview of the rolsiota occurring in
552  this poorly studied food product.

553 Based on our resultdhakarl revealed a complex and heterogeneous biodiver$ing bacterial community was
554 characterized by species well adapted to alkalmesaline environments; the dominant genus Tissierellg followed
555 by OceanobacillusPseudomonaand Abyssivirga Moreover, based on the presencé®séudomona# the analyzed
556 samples, a role of this bacterial genus in thexdfitation of TMAO or TMA in shark meat during feentation may be
557  hypothesized. The fungal community was mainly repnéed byDebaryomyces, Candidand, to a lesser extent,
558 Saccharomycespecies, which through interactions with the b@ateommunity might play key roles in the latecgta
559  of hakarl fermentation, especially contributing to the depehent of the sensory qualities of the end prodeatther
560 studies are needed to establish the roles andighdites of the detected microbial species odagrrduring shark
561 fermentation, as well as their interactions andti@hships with the physical-chemical and rheolabjsarameters of
562 hakarl Moreover, the occurrence of spore-forming baatestiould also be evaluated since the presenceese th
563 microorganisms has already been reported by diffeaathors in fresh or fermented fish products @dktet al., 2011,
564 Reynisson et al.,2012). It is noteworthy that, agiepore forming bacteriglostridium botulinumtype E spores and
565 toxins (produced even at low temperatures) can comiyrbe found in seafood (Elbashir et al., 2018artvoto et al.,
566  2010), thus representing a serious health threahéoconsumers.
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FIGURE LEGENDS

Fig. 1 Ready-to-eahakarl

Fig. 2. Affiliation of the sequences retrieved from DGGH fragments (marked in Supplementary Figure 2) wliga

existing sequences of the partial D1/D2 regiorheflarge sub-unit rRNA gene.

Phylogenetic analysis was inferred by using the ikax Likelihood method based on the kimura 2-patemeodel.
Bootstrap (1000 replicates) values below 70 areshotvn. Evolutionary analyses were conducted in M&GThe
sequences from the database are indicated byabe@ssion numbers. The DNA sequences retrieveusnvork are

indicated by their corresponding band number ari #itcession number.

Fig. 3. Relative abundance (%) of yeast and filamentougdligenera detected in eawdkarl sample.

For each sample the percentage was calculatedlasgothe number of fragments referring to a gedivgled by their

total number.

Fig. 4 PCA based on the OTU abundance oftthkarl grouped as a function of the samples.

The first component (horizontal) accounts for tBe66% of the variance and the second componenidaBraccounts

for the 22.53 %

Fig. 5 OTU network summarizing the relationships betwesatand samples.

Only OTUs occurring at 0.2% in at least 2 samplesshown. The abundances of OTUs in the two bioklgeeplicate
were averaged. The sizes of the OTUs were madeogiopal to weighted degree (i.e., for OTUs, thisasures the
total occurrence of an OTU in the whole data seijgia power spline. OTUs and samples are connedgteda line

(i.e., edge) to a sample node, and its thicknesnade proportional to the abundance of an OTU éadbnnected

sample.
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Table 1 Results of pH and viable counting (log cfu pemgyaf bacteria and eumycetes in ready-tokédiarl samples

Sample pH Total Presumtive Presumptive  Pseuodomonadaceae Enterobacteriaceae Eumycetes

mesophilic mesophilic mesophilic

aer obes lactobacilli lactococci
H1 8.07+0.06 3.61+0.02 <1 4.51+0.04 <1 <1 <1
H2 8.23+0.01 5.71+0.09 1.60+0.43 4.3910.01 1.54+0.34 <1 <1
H3 8.20+0.01 1.24+0.34 <1 4.27+0.05 <1 <1 <1
H4 8.09+0.01 1.30+0.00 <1 3.84+0.08 1.59+0.16 <1 <1
H5 8.37+0.01 2.40+0.02 <1 3.20+0.17 1.30+0.00 <1 <1
H6 8.53+0.04 2.01+0.15 <1 3.22+0.31 1.15+0.21 <1 <1
H7 8.41+0.00 1.15+0.21 <1 1.95+0.07 1.00+0.00 <1 <1
H8 8.41+0.01 1.00+0.00 <1 2.39+0.06 <1 <1 <1
H9 8.46+0.01 2.24+0.09 <1 3.30+0.08 1.24+0.34 <1 <1
H10 8.76x0.00 2.01+0.15 <1 4.04+0.15 <1 <1 <1

Values are expressed as means * standard deviation



Table 2. Sequencing results of the bands excised from the DGGE gel obtained from the amplified fragments
of bacterial DNA extracted directly from the pooled hakarl samples

Sample Band® Identification % ldentity” Most closely related
GeneBank sequence
H1 1 Tissierella creatinophila 98% NR_037028
2 Anaerosalibacter massiliensis97% NR 144694
3 Anaerosalibactesp. 93% LT598565
4 Tissierella creatinophila 97% NR_117377
5 Tissierella creatinophila 95% NR_117377
H2 6 Anaerosalibacter massiliensis97% NR_ 144694
7 Tissierella creatinophila 97% NR_117377
H3 8 Tissierella creatinophila 85% NR_117377
H4 9 Tissierella creatinophila 98% NR_117377
H5 10 Murdochiella massiliensis ~ 97% NR_148568
11 Tissierella creatinophila 98% NR_117377
H6 12 Tissierella creatinophila 96% NR_117377
13 Sporanaerobacter acetigenes97% NR_117381
14 Tissierella creatinophila 95% NR_117377
H7 15 Tissierella creatinophila 97% NR_117377
16 Tissierella creatinophila 94% NR_117377
H8 17 Tissierella creatinophila 97% NR_ 117377
H9 18 Tissierella creatinophila 97% NR_117377
19 Tissierella creatinophila 90% NR_117377
H10 20 Tissierella creatinophila 97% NR_117377
21 Pontibacillus marinus 97% LT992038
22 Anaerosalibacter massiliensis97% NR_ 144694
23 Anaerosalibacter massiliensis93% NR 144694

@ Bands are numbered as indicated in Supplementary Figure 1
® Percentage of identical nucleotidesin the sequence obtained from the DGGE bands and the sequence of the
closest relative found in the GenBank database.



Table 3 Identification of yeasts and filamentous fungi occurring in the hakarl by sequencing the fragments obtained

from DGGE profiles.

DGGE | jentification Identity (06)r " 05t closdly related
fragments® GeneBank sequence
H2-1 Candidatropicalis CBS:2320 99% KY106851.1
H2-2 TorulasporadelbrueckiiCBS 1146 100% NG 058413.1
TorulasporapretoriensisCBS 11124 KY109883.1
TorulasporaquercuuntCBS 11403 NG 058413.1
H2-3 Cladosporium tenuissimu@CC:M024/17 100% KY781762.1
H3-4 Candida parapsilosi€BS:2915 100% Y102317.1
H3-5 Debaryomyces hanse@BS:11096 100% KY107560.1
Debaryomyces prosopidi€M 9913 NG_055701.1
Debaryomyces subglobosiGM 1989 NG_055699.1
Debaryomyces fabr{@BS:4373 KY107483.1
H3-6 Saccharomyces cerevisi@BS.7961 100% KY109313.1
H4-7 Debaryomyces hanset@iBS:11096 100% KY107560.1
Debaryomyces prosopidi€M 9913 NG_055701.1
Debaryomyces subglobosiGM 1989 NG_055699.1
Debaryomyces fabr{@BS:4373 KY107483.1
H6-8 Candida zeylanoideSBS:947 100% KY106918.1
H6-9 Alternaria sp strairQCC/M011/17 99% KY744118.1
H6-10 Debaryomyces hanset@BS:11096 100% KY107560.1
Debaryomyces prosopidi€M 9913 NG_055701.1
Debaryomyces subglobosiGM 1989 NG_055699.1
Debaryomyces fabr{@BS:4373 KY107483.1
H6-11 Alternaria sp. isolate 1A1 100% MF379649.1
H6-12 Epicoccum sp CN018 100% KX954392.1
Phoma herbarum JN0408 MG004796.1
H7-13 Moristroma quercinunBN1678 98% AY254051.1
H7-14 Candida zeylanoideSBS:947 100% KY106918.1
H7-16 Debaryomyces hanse@BS:11096 100% KY107560.1
Debaryomyces prosopidi€M 9913 NG_055701.1
Debaryomyces subglobosiGM 1989 NG_055699.1
Debaryomyces fabr{eBS:4373 KY107483.1
H7-17 CandidaglabrataCBS:859 99% KY106478.1
H8-18 Candida parapsilosi€BS:2193 99% KY102320.1
H9-19 Yamadazyma mexicaBS 7066 97% NG_058439.1
H9-20 Debaryomyces hanse@BS:11096 100% KY107560.1
Debaryomyces prosopidi€M 9913 NG_055701.1
Debaryomyces subglobosiGM 1989 NG_055699.1
Debaryomyces fabr{tBS:4373 KY107483.1
H9-21 Saccharomyces cerevisi@BS: 7961 100% KY109313.1
H10-22 Debaryomyces hanse@BS:11096 100% KY107560.1
Debaryomyces prosopidi€M 9913 NG_055701.1
Debaryomyces subglobosiGM 1989 NG_055699.1
Debaryomyces fabrytBS:4373 KY107483.1
H10-23 Sporobolomyces salmoneus CBS:488 100% KY109767.1
Sporobolomyces roseus OL10 KF273854.1
H10-24 Saccharomyces cerevisi@BS.7961 100% KY109313.1

& Bands are numbered as indicated in Supplementary Figure 2
b Percentage of identical nucleotides in the sequence obtained from the DGGE bands and the sequence of the closest
relative found in the GenBank database.



Table 4 Incidence of the major taxonomic groups detected by 16S amplicon target sequencing. Only OTUs with an incidence above 0.2% in at least 2 biological replicate were
averaged.

OoTU H1I H2 H3 H4 H5 H6 H7 H8 H9 HI10

Abyssivirga 019 288 292 573 356 552 293 6.88 481 441
Acinetobacter 000 004 09 000 000 000 000 O0.00 0.00 0.00
Alkalibacterium 0.06 015 010 024 013 019 018 018 021 0.23
Anaerobacillus 000 091 001 000 040 006 000 002 000 0.00
Erysipelothrix 005 015 023 020 013 013 005 011 013 0.02
Lactococcus 046 014 005 026 007 011 009 0.06 029 0.67
Listeria 000 029 000 000 016 005 000 0.02 001 o0.00
Oceanobacillus  43.69 184 217 376 0.71 332 508 152 405 115
Ochrobactrum  0.00 057 000 000 0.27 006 000 001 0.01 0.00
Photobacterium 0.01 0.67 0.07 010 014 100 035 010 020 0.20
Proteiniclasticum 0.00 014 043 035 024 003 0.00 0.08 013 0.00
Pseudomonas 4299 029 031 025 065 824 13.04 465 257 1096
Saphylococcus 0.00 017 0.00 000 271 000 000 000 0.00 0.00
Tissierella 12.37 87.77 9256 88.66 90.42 80.75 77.82 86.07 87.09 82.11

OTU Operationa Taxonomic Units
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Fig. 2

KY102317.1 Candida parapsilosis CBS:2915
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Fig. 3
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Fig. 5
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Highlights

The microbiota of hakarl was studied using a polyphasic approach

Both metagenomic sequencing and PCR-DGGE highlighted the dominance of Tissierellasp.
The contribution of Pseudomonais the detoxification of shark meat was hypothesized

The fungal community was mainly represented by Debaryomyceand Candidaspecies

Real-time PCR showed the absence STEC and Pseudomonas aeruginosaall the samples



