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Abstract

In this study, the microbiota of ready-to-satstrommingrom three Swedish producers were studied usicgnabined
approach. The pH values of the samples ranged batWe57+0.01 and 6.98+0.01, whereas thgirvalues were
between 0.911+0.001 and 0.940+0.001. The acetid aoncentration was between 0.289+0.009 ¢/100 g and
0.556+0.036 g/100 g. Very low concentrations ofitaacid were measured. Viable counting revealedpitesence of
mesophilic aerobes, mesophilic lactobacilli anddaocci as well as halophilic lactobacilli and Babcci, coagulase-
negative staphylococci, halophilic aerobes and raes. Negligible counts for Enterobacteriaceaeu®smonadaceae
and total eumycetes were observed, whereas neestdfiucing anaerobes were detectasteria monocytogeneand
Salmonellaspp. were absent in all samples. Multiplex re@etiPCR revealed the absence oftthat/A, bont/B, bont/E,
bont/F, and 4gyrB (CPgenes, which encode botulinic toxins, in all #snples analyzed. Metagenomic sequencing
revealed the presence of a core microbiota dominde Halanaerobium praevalens, Alkalibacterium gilvum
Carnobacterium Tetragenococcus halophilu€lostridiisalibacter and PorphyromonadaceaePsychrobacter celer
RuminococcaceadMarinilactibacillus psychrotoleransStreptococcugfantis and Salinivibrio costicolawere detected

as minority OTUs. GC-MS analysis of volatile compats revealed the massive presence of trimethykaria sulfur
compounds. Moreover, 1,24-trithiolane, phenolstokes, aldehydes, alcohols, esters and long chipmatic
hydrocarbons were also detected. The data obtaifieded pro-technological bacteria, which are veslhpted to
saline environments, to be discovered for the firee. Further analyses are needed to better glthé extent of the

contribution of either the microbiota or autolytinzymes of the fish flesh in the aroma definition.

Keywords: fermented fish16S rRNA gene amplicon target sequencifgragenococcus halophilu€arnobacterium

Porphyromonadaceadrimethylamine.
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1. Introduction

The fermentation of fish flesh represents one efrifost ancient methods to preserve or even entibacguality of
seafood (Speranza et al., 2015). Indeed, in sogiene of the world, fishing can be strictly affettey seasons; hence,
for some populations, the preservation of caugitt f pivotal. Fermented fish products are actuedipnmon in east
and south-east Asia, as well as in Nordic Euromeamtries, where the fermentation of fish musclefisn associated
with salting (Skara et al., 2015; Speranza et2815). In more detail, in the latter countriesppipally represented by
those included in the Scandinavian Peninsula apthrid, salting of fish has been particularly difftcdue to the
scarcity of salt; hence, instead of full-salt prea@on, low-salt fish preparations have been eivgllly developed since
the Viking Era (Skara et al., 2015). The productipncesses usually vary in accordance with the gjscies, salt
availability, environmental temperatures, storagehhiques, raw material manipulation, and traditigmirable
examples of traditional fermented and ripened fisbducts in the northern European countries areesemted by
hakarl, obtained from the Greenland shark (Osimani e2@1.9);rakfisk andgravlax both of which are obtained from
salmonid freshwater fislsurstrommingand other barrel-salted ripened herring and si{@#ara et al., 2015).

In particular, the consumption of herring by Scaagiian and other populations on the Baltic and IN8e&a dates back
to 5,000 years ago (Kurlansky, 2002). During theesinth century, on the Swedish coast of the Gufathnia, the art
of herring preservation by local people gave bigtthe so-calledurstromming(Kurlansky, 2002). The name of this
refined food preparation comes from the fusionaaf houns, sur’ (English meaning of sour or acid) anstfgmming,
which is the local name for the herrifglgpea harengusar. membras) caught in the northern regions @Rahltic Sea
(Skéra et al., 2015). It is assumed that the pegjoar ofsurstrommingvas invented to overcome the lack of salt, which
is commonly used for the preservation of herrings.

In accordance with a royal ordinaneirstrommingmust be obtained from herring caught between Aqmd May,
whereas some authors have reported that herringpeacaught until July before spawning (Alm, 1965irlknsky,
2002). The preparation @&urstrommingusually starts with a 1-2-day presalting step @& tterring in saturated salt
solution. The heads and entrails of the herringsthen removed, whereas the gonads (roe) and pyega are
retained. Subsequently, the as-prepared herrimgkefito ferment in sealed barrels, which can 128l pounds of fish,
containing a weak brine (17% salt) from 3-4 to Pwleeks at 15-18 °C, depending on the traditionatgss applied
(Kurlansky, 2002; Skara et al., 2015). The baraeéssporadically rotated for a few days and therest The biological
reactions that occur during such a process ledldetgroduction of gas that escapes from the sta#ee barrel. The
herring and brine are then placed in cans, wheradetation can continue, until the formation ofidge on the top and

bottom of the can (Kurlansky, 2002; Skara et &€01%). Surstrémmings characterized by a wine-colored fermented
3



85 flesh that, as described by Kurlansky (2002) ineay\suggestive wayfizzes out, bubbling like fermented cider and
86  smelling like a blend of Parmesan cheese and tige iater from an ancient fishing vessé is therefore undeniable
87  that the consumption slurstrommingepresents a real challenge even for the mostglasdiates.
88 It is already acknowledged that during the fermeomaof herring, chemicals and microbiological sities strongly
89 influence the safety and sensory traitssofstromming In greater detail, as reported by Skara et &11%2, autolytic
90 enzymes (e.g., calpains, cathepsins, proteasontesaspase, etc.) that naturally occur in fishhflaad in the pyloric
91 ceca of the gut, combined with the organic acidg. (¢éactate, propionate, butyrate, and acetaté)hgarogen sulfide
92 that are produced by the metabolic activity of mhierobiota, contribute to the definition of the maiaits of the final
93  product. Moreover, the salt contained in the bsheuld prevent the growth of spoilage bacteria taat lead to the
94  rotting (protein decomposition) of herrings (Sk&taal., 2015). It is noteworthy that fish gut cantin pathogenic
95  Dbacteria, some of them able to grow at low tempieeage.g Clostridium botulinumandListeria monocytogengéence,
96 where fermentation conditions of fish are not corgpathogenic bacteria may potentially be preserthe final
97  product, thus representing a health threat foctmesumers (Kése, 2010; Waisundara et al., 2016).
98 Despite the long history asurstrommingconsumption, a lack of knowledge is available esning the microbial
99  consortia involved in herring fermentation. Indetdthe authors’ best knowledge, only one study diaées back to the
100 year 2000 is available in the scientific literat@ik@bayashi et al., 2000). Although the study obisgashi et al. (2000)
101 shed a first precious light on some of the viablerabial species occurring isurstromming the complex microbial
102 consortia that are likely involved in the fermeitatof such a delicacy remain unknown.
103 At present, a number of reliable microbiologicalieiques are available to aid in obtaining in-ddpthwledge of the
104  microbial species occurring in fermented food neassi In more detail, in addition to conventionahigiques based on
105 the use of selective growth media, the study ofralial DNA or RNA prepared directly from the foodatrix allows
106 the detection of both major and minor species. Agntile most applied and sensitive molecular methoes}-
107  generation sequencing and real-time polymerasanabaition (PCR) provide sound data for microbiaabprofiling
108 of foods.
109 Based on these concepts, a combined approach bagké use of selective growth media, 16S rRNA gamelicon
110 target sequencing and real-time PCR was adoptsiitly the microbial species occurring in readydbsarstromming
111 samples collected from three different Swedish peeds. Moreover, a first characterization of #hestromming
112 volatilome was carried out via gas chromatograplagsrspectrometry (GC-MS) analysis.
113
114 2 Materialsand methods

115
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2.1. Sampling

Fifteen samples of ready-to-eat (cannedjstromming(Figure 1) were purchased during April 2019 frohmet
different producers located in Sweden. Samples wedified as follows: S1-S5 (expiration date 02@0abtained
from Producer 1, S6-S10 (expiration date 12.20H%ioed from Producer 2, and S11-S15 (expiraticie d2.2019)
obtained from Producer 3. Each sample consistd@@fy/can of whole unpasteurized fermented heirirgine stored
at 5°C. No further information on the samples wesvigled by the producers or from the can label.tAé8 samples

were analyzed before their expiration date.

2.2. Chemical-physical measurements

pH values okurstrommingsamples were determined with a pH meter equippgtédam HI2031 solid electrode (Hanna
Instruments, Padova, Italy).

Total titratable acidity (TTA) was determined usib@ g of thesurstrémmingsamples, which were homogenized in 90
mL of distilled water for 5 min at 260 rpm usingtomacher 400 Circulator apparatus (VWR Internati&BI, Milan,
Italy). The results are expressed as the totalmel(mL) of 0.1 N NaOH used to achieve a pH of 8.3.

The concentration of salt (sodium chloride) wasesssd by gravimetric analysis in accordance with rtrethod
suggested by the Italidatituto Superioredi Sanita(ISTISAN, 96/34).

The water activity (@ was measured in accordance with the 1ISO 2180%:26hdard method using the Aqualab 4TE
apparatus (Meter Group, Pullman, USA).

The acetic acid and lactic acid concentrations weeasured using the Acetic Acid (Acetate Kinase hddufrormat)
test kit and D-/L-Lactic Acid (D-/L-Lactate) (Rapitest kit, respectively, from Megazyme (Bray, &madl).

For each sample, the measurements were performeapiicate, and the results are expressed as the mstandard

deviation.

2.3. Microbiological analyses

For the assessment of microbial viable counts, tyvéwe grams of eaclsurstrommingsample were homogenized in
225 mL of sterile peptone water (peptone, 1 g/lihgis Stomacher 400 Circulator apparatus (VWR h#gonal PBI,
Milan, Italy) for 5 min at 260 rpm. The obtainedrhogenates (dilution 1%) were further diluted ten-fold and subjected

to viable counts of the following groups of micrganisms: i) total mesophilic aerobes on plate cagatr (PCA) (cod.
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147 85941, VWR Chemicals, Milan, Italy) incubated afGGor 48 h; ii) total halophilic aerobes enumedaten PCA with
148 8% NaCl after incubation at 30°C for 7 days; iibtal halophilic anaerobes counted on PCA with 8%CNafter
149 incubation in anaerobic jars using AnaeroGen 2/&rhosphere Generation Systems (cod. AN0025, Theaientific,
150 Massachusetts, USA) at 30°C for 7 days; iv) medimplictic acid bacteria (LAB) on De Man, Rogosada®harpe
151 (MRS) agar (cod. 84607, VWR Chemicals) incubated0atC for 48 h and M17 agar (cod. CM0785, Oxoithitd,
152 Basingstoke, UK) incubated at 22 °C for 72 h foureeration of presumptive lactobacilli and lactodpoespectively;
153  v) halophilic LAB on MRS and M17 agar with 8% Nai@tubated at 30 °C for 7 days and at 22 °C for a@sdor
154  enumeration of presumptive halophilic lactobadilid lactococci, respectively; vi) Enterobacteriaceaunted on
155 Violet Red Bile Glucose Agar (VRBGA) (cod. 85845MR Chemicals) after incubation at 37°C for 24 hr(ldaali et
156 al., 2017); vii) Pseudomonadaceae enumerated ardBs®nas Agar Base (PAB) (cod. CM0559, Oxoid Lidjiteith
157  cetrimide-fucidin-cephalosporin (CFC) selective gement (cod. CM0559, Oxoid Limited) and incubase®0 °C for
158 24-48 h; viii) staphylococci enumerated on Mann8alt Agar (MSA) (cod. LIOF610029, Liofiichem, Reosedegli
159  Abruzzi, Italy) (Chapman, 1945) and incubated &tG3Tor 24-48 h; ix) total eumycetes enumerated @ast Extract
160 Peptone Dextrose Agar (YPD) (cod. J903, VWR Chelmjg@usubel et al., 1994) incubated at 25°C forh7and x)
161 halophilic eumycetes counted on YPD agar added 8¢thNaCl after incubation at 25°C for 72 h. MRS amti7 agar
162  were supplemented with cycloheximide (cod. 441892W/R Chemicals) (250 mg/L) to prevent eumycete ghow
163 while YPD agar was supplemented with chloramphénfcod. 0230-EU-100G, VWR Chemicals) (100 mg/L) to
164 prevent bacterial growth. For counting sulfite-reitig clostridia, homogenates were treated in amatth at 80 °C for
165 10 min and cooled in iced water. Aliquots (0.1 noif each dilution were spread on Tryptone Sulfiteigcin (TSN)
166 agar (cod. 610074, Liofilchem) and incubated at@7or 24 h under anaerobic conditions using thegknGen 2.5
167  System.

168 Finally, a miniVIDAS apparatus (bioMérieux, Marcitoile, France) was used to assess the preseseatzbofl.
169 monocytogeneandSalmonellaspp. through the enzyme-linked fluorescent asEay¥A) method, in accordance with
170 the AFNOR BIO 12/11-03/04 and AFNOR BIO 12/16-094&ndard methods, respectively (Haouet et al.7201
171 monocytogenedetection was carried out through penrichment in half Fraser broth (cod. 84721, VWR Chemicals)
172  with incubation for 24 to 26 hours at 30°C + 1°Glidwed by enrichment in Fraser broth (cod. VWRC33.0001,
173 VWR Chemicals) with incubation for 24 hours at 372@°C. Salmonellaspp. detection was carried out throughpre
174  enrichment in Buffered Peptone Water (cod. 88131AMWR Chemicals) with incubation for 16 to 22 hoats37°C +
175 1°C, followed by enrichment in SX 2 broth (cod. 221bioMérieux) with incubation for 24 hours at €2¢ 1°C.

176

177  2.4. DNA extraction from surstrdmming samples
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The 1.5-mL aliquots of each sample homogenate &duing approximately 150 mg of the sample) (dilntib0™")

prepared as described in paragraph 2.3 were aggadffor 5 min at 16000 g, and the obtained cédléfsewere stored
at -20°C until use. The total microbial DNA wasrexted from the cell pellets using an E.Z.N.A. &1NA kit (Omega
Bio-tek, Norcross, GA, USA) following the manufattls instructions. The quantity and purity of éheéracted DNAs
were checked using a Nanodrop ND 1000 (Thermo FiShintific, Wilmington, DE, USA). DNA extracts wethen

subjected to 16S rRNA gene amplicon target sequgr(€@simani et al., 2019).

2.5. DNA library preparation and sequencing

Microbiota were studied by amplifying the V3 and ¥&gions of 16S rRNA using primers and conditionsvipusly
described by Klindworth et al. (2013). Library paegtion was performed according to the Illumina agehomic
procedure. Sequencing was performed using a Migtoument (lllumina) with V3 chemistry and the gexied 250-

bp paired-end reads, following the producer’s indfons.

2.6. Bioinformatics

After the sequencing reads were assembled, theg weality-filtered and processed using QIIME 1.8dftware
(Caporaso et al., 2010) and the pipeline descrityeBerrocino et al. (2017). Centroid sequencesacheluster were
manually check using the Blast tool to confirm taeronomic assignment. QIIME was used to rarify @EU table at
the lowest number of sequences per sample andilw ibifiltered at 0.2 % in at least 2 samplesheTOTU table
displays the higher taxonomy resolution reachednithe taxonomy assignment was not able to reachpbeies level,
genus or the family name was displayed. The stlspackage Kruskal-Wallis was used to find ddfeces (FDR <
0.05) in microbial taxa abundance profiles anchim &lpha diversity index according to producersaAseasure of the
association between microbial OTUs and volatiloraeiables, Spearman’s rank correlation coefficieatwbtained
through the function psych and plotted using therpmot package in R (FDR < 0.05). To explore th&atienship
between microbiota volatiliome profiles, a princigamponent analysis (PCA) was carried out on tltkvidual
datasets, and the results were then integrated) uimertia analysis (CIA). CIA analysis was penfied and is
presented as a plot derived using the made4 padkage R environment.

The 16S sequences are available at the SequendedRedve of NCBI (accession number SRP217047).
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2.6. Real-time PCR analyses for the detection aflimic toxin genes

C. botulinumwas analyzed in accordance with the multiplex-tma¢ PCR method of the Italian National Reference

Centre for botulism_(http://old.iss.it/binary/cnebht/CNRB31.010.pdf) for detection of the targenggbont/A, bont/B,

bont/E, bont/Fand4gyrB (CB that codify for botulinic toxins.

Briefly, 25 g of surstrommingsample was blended in 225 mL Triptone Peptone Ghkicdeast extract (Microbiol
Diagnostici, Italia), incubated under anaerobi@i80°C for 96 h and then extracted with 6% Chédle®-(Bio-Rad,
Milan, Italy). The amplification was carried outimg the QuantiTect multiplex No Rox Kit (Qiagen) @anStratagene
Mx3005P (Agilent Technologies) thermal cycler, atiet primer and probe nucleotide sequences ared liste
Supplementary Table 1. Two different master mixesansed concurrently, with the following thermadfle: 1 cycle
at 95°C for 15 min, followed by 40 cycles at 94%€ 80 s and 56°C for 90 s.

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

yellow channel for the internal amplification canitr

2.7. GC-MS analysis of volatile components

Solid phase micro extraction (SPME) was used ttecbVolatiles, according to Savini et al. (201&)Varian 3900 gas
chromatograph coupled to a Saturn 2100T ion tragsnatector (Varian Analytical Instruments, Wal@ueek, CA)
was used to separate and identify aroma componemsGC conditions were as follows: fused silicpilkary column
ZB-5 (30 m L, 0.25 mm ID, 0.2pm FT; Phenomenex, Torrance, CA); oven temperahmeasing from 40 to 220 °C,
at a constant rate of 6 °C/min; carrier gas (HeyflL.0 mL/min (constant flow mode); transfer linedaion trap
temperatures 220 °C.

Experiments of both electronic impact fragmentaifgh 70 eV) and chemical ionization (Cl) (reageasgmethanol)
were performed. Full-scan MS data were acquiredtiea mass range from 31-250 amu. lIdentification of
chromatographic peaks was accomplished by compatsdovats retention indices (RIs) and mass fragaten

patterns of pure analytical standards; comparisobM$ data published in the NIST/EPA/NIH Mass Spadtibrary
8



240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

Version 2.0a, built July 1, 2002 (National Inst#uwif Standards and Technology); and analysis ofCthmass spectra
using Rl data reported in the published literatuaed listed in several authentic online databases

(http://webbook.nist.gov, https://pubchem.ncbi.min.gov, http://www.flavornet.org). RIs were detémed for SPME-

GC/MS by using a series of n-hydrocarbons (C6-G3@®ma-Aldrich, St. Louis, MO).
Experimental data (volatile component abundancejewsubjected to analysis of variance (ANOVA), arb t
significance of means was evaluated by Tukey-Kr&nelonest Significant Difference (HSD) test (P <0%).

Statistical analysis was performed using the soBwWaIP® Version 10 (SAS Institute Inc., Cary, NC).

2.8. Statistical analysis

The Tukey-Kramer’'s Honest Significant DifferenceSB) test (level of significance 0.05) was used taleate
differences within samples by one-way analysis afiance (ANOVA). The software JMP Version 11.0.0A8S

Institute Inc., Cary, NC) was used to carry outests.

3. Results

3.1. Physicochemicaheasurements

The results of the physicochemical analyses ofy¢adatsurstrommingsamples are reported in Table 1. pH values
ranged between 6.67+0.01 (sample S6) and 6.98{3&hple S8), whereas, a¥alues were between 0.911+0.001
(samples S9 and S10) and 0.940+0.001 (sample 3@).cdncentration of NaCl was between 8.88+0.21 (/g0
(sample S12) and 6.49+0.16 g/100 g (sample S5). ¥dldes measured in the analyzastrommingsamples ranged
between 7.4+0.42 mL of 0.1 N NaOH (sample S9) af8¢000 mL of 0.1 N NaOH (sample S14). The acetid a
concentration was between 0.289+0.009 ¢g/100 g (&a81) and 0.556+0.036 g/100 g (sample S15). Kinadry low
concentrations of lactic acid were measured ambagamples, with most of the values being <0.0aQR0 g and

the maximum value being 0.041+0.006 g/100 g (sarBpk).

3.2. Microbiological analyses
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The results of viable counts for total mesophilierabes, presumptive mesophilic lactobacilli andtdeacci,
Enterobacteriaceae, Pseudomonadaceae, coagulagespegtaphylococci, sulfite-reducing anaerobes adothl
eumycetes are reported in Table 2.

Total mesophilic aerobes showed viable counts EtwWe67+0.04 log cfu/g (sample S2) and 4.08+0.@R#P dfu/g
(sample S14); means among producers were sigrifychigher for producers A and B, whereas produceshowed
the lowest value.

Presumptive mesophilic lactobacilli counts wererahterized by values that ranged between 4.57+h@8cfu/g
(sample S3) and <1 log cfu/g (samples from S6 #)SA significantly higher mean value was record@dproducer
A, whereas producer B showed the lowest value.

Presumptive mesophilic lactococci showed countaéen 4.80+0.20 log cfu/g (sample S2) and <1 lodggcfeamples
from S6 to S14). Producer A showed the highest meare, whereas producer B showed the lowest value.

Very low counts were observed for Enterobacteriacaad Pseudomonadaceae, both presenting <1 log foiuéll
samples.

As for coagulase-negative staphylococci, countavéen 5.77+0.07 log cfu/g (sample S5) and 2.60+6fdR) (sample
S8) were detected. A higher mean value was repdotedroducer A, whereas producers B and C sholweddwest
values.

For all samples, sulfite-reducing anaerobe coustew? log cfu/g.

Finally, excluding sample S4, which showed vialdarts of 1.92+1.30 log cfu/g, total eumycetes wekdog cfu/g in
the remaining samples. The highest mean count estd in samples from producer A.

Counts of total halophilic aerobes and anaerobessumptive halophilic lactobacilli and lactococahd halophilic
eumycetes are reported in Table 3.

In more detail, total halophilic aerobes countgexhbetween 6.74+0.18 log cfu/g (sample S8) an@:0.96 log cfu/g
(sample S1), with samples from producer B showlreghighest mean value.

Total halophilic anaerobes had values of 6.98+0085fu/g (sample S10) and 5.61+0.13 log cfu/g (Stdth samples
from producer B showing the highest mean value.

The counts of presumptive halophilic lactobacilkre between 7.06 +0.10 log cfu/g (sample S15) a88+9.19 log
cfu/g (S13). Producer B showed the highest meameyalthereas both producers A and C showed the toxakses.
Regarding presumptive halophilic lactococci, alinpées from producer A and B showed values <1 laggcfViable
counts from producer C showed values between 5.88Hdg cfu/g (sample S15) and 4.00+0.06 log cfig@mple
S13).

No halophilic eumycetes were detected, with alldbents being <1 log cfu/g.
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Furthermore, no samples revealed the presencembnocytogenesr Salmonellaspp. in 25 g of product.
Finally, multiplex real-time PCR revealed the altsenf the target gendmont/A, bont/B, bont/E, bont/knd 4gyrB

(CP), encoding botulinic toxins, in all the sampleslgned.

3.3. 16S rRNA gene amplicon target sequencing

The total number of paired sequences obtained frstrommingsamples reached 1,475,590 raw reads. After quality

filtering, a total of 623,326 reads were used, \githaverage value of 20,777 + 8812 resaiaple, and a mean sequence
length of 465 bpThe alphadiversity index showed satisfactory coverage fdrsamples (> 95%). Alphdiversity

showed a different level of complexity based on gineducers. The highest level of complexity waseobsd in
samples from producer B, followed by samples framdpcers A and C. The latter showed a low levat@hplexity
and smaller number of observed species (FDR < Qa35hown in Figure 2.

Taking into the account the composition of the wiiiota at the highest taxonomic level (Figure 3,aould observe a
core microbiota composed d@flkalibacterium gilvum(approximately 8, 4 and 24 % of the relative atanu in
samples from producers B, A, and C, respectivélgrnobacterium(16, 24 and 18 %) etragenococcus halophilys,

63 and 16 9%),Halanaerobium praevaleng8, 1 and 9 %),Clostridiisalibacter (2, 0.15 and 15 %) and
Porphyromonadaceag@8, 0.09 and 19 %). It should also be noted skakral minor OTUs were observed in the three
producers that varied significantly across the poeds (Figure 4, FDR<0.05). Producer A was charae@ by
Porphyromonadacead}sychrobacter celeand Ruminococcaceaesamples from producer B showed the presence of
Alkalibacterium gilvum Clostridiisalibacter, Marinilactibacillus psychrotolerangnd Streptococcus infantisyhereas

producer C was defined I8alinivibrio costicolaandTetragenococcus halophilus.

3.4. GC-MS analysis of volatile components

Thirty-five substances were consistently or tem#dyi identified in sample aromas (Table 4). Trinyédimine (TMA)
and sulfur compounds (mainly dimethyl, methyl ettarid bis[1-(methylthio)ethyl] disulfides, and dithg trisulfide)
dominated the volatilome profile of samples fromducers A and B and were abundantly representéteisamples
from producer C. The 1,2,4-trithiolane was deteaiaty in samples from producer C. Phenols and lestomere the
most represented compound in samples from prodDcevhereas aldehydes were more represented in sarfipin

producer A. Alcohols (2-methyl-2-butanol, 1-pen&ioi, 3-methyl-1-butanol, 1-pentanol, 2-penten-1isbcten-3-ol)

11



330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

were more represented in samples from produceag filom producers A and B. Esters (ethyl acetatg| dutyrate,
ethyl 2-methylbutyrate, propyl butyrate, butyl natie) were more abundant in samples from produgewtireas
neither volatile fatty acids (from C1 to C5) nodatile alcohols (ethanol, propanol, 2-propanol) evdetected. Finally,

some long-chain aliphatic hydrocarbons (dodecaitdane, heptadecane) were detected in all archbamples.

3.5. Correlations between microbiota and volatilopmefiles

Plotting the correlation between the OTUs and V@BEigure 5, FDR<0.05), it was observed tidkalibacterium
gilvum, Marinilactibacillus psychrotoleransand Psychrobacter celershowed a positive correlation with
1,3-ditert-butylbenzene, 2-methyl-2-butanol and eteie, while Porphyromonadaceaecorrelated with
2-heptanone, 3—methyl-1-butanol, ethyl 2-methyltatsyand heptanal. Coinertia analysis was carngdcombining
the PCA of the microbiota (OTUs) and VOCs, to emsdudifferences among the three producers (Figl't&).analysis
revealed a significant relationship between therofiota and VOCs (RV coefficient = 0.55; Monte @aR = 0.02).
The first horizontal component accounted for 55.3%he variance, and a second vertical componecdunted for

another 31.71%. We observed a clear separatidrecfamples according to the producers (Fig. 6).

4, Discussion

As reported by Skara et al. (2015), the annual yetdn of surstrommings not negligible, being approximately 600
tons. Notwithstanding, the physical-chemical anarobiological characteristics of this fermentechfisave mostly
been unexplored. To the authors’ knowledge, onky stady on the microbiota stirstrommings actually available in
the scientific literature (Kobayashi et al., 200@gether with one dealing with the detection ofiical contaminants
(organoarsenic compounds) in the same product {&ieh al., 2012).

In more detail, the study by Kobayashi et al. (20fizused on the identification of strictly anadwlhalophiles
isolated from only two cans aurstrémming Although limited, the study of Kobayashi et &000) provided a first
interesting glimpse of the bacterial species ingdlin the microbiological activities that lead e tproduction of such
a peculiar Swedish food.

The surstrommingsamples analyzed in the present study were athctexized by pH values ranging between 6.67 and
6.98, hence close to neutrality; the recorded waluere in accordance with those reported by Koliayasal. (2000) in
the same food matrix. NaCl values measured in thsgnt study were slightly lower than those presfipueported by

Kobayashi et al. (2000), who reported values fro®.® %. It is noteworthy that salt interacts wittyafibrillar
12
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proteins, thus affecting the water-holding capafigub-Ekgreen et al., 2019). In salted foods, isattansferred by the
concentration gradient, whereas water is trangeloseosmotic pressure between the muscle and ttiegsenedium;
furthermore, in salted fish, fat and skin can iafiae the results of the salting process (Laub-Ekges al., 2019). The
a, detected in the analyzesurstrommingsamples was between 0.911 and 0.940. Regarding mmHaavalues,
surstrommingwvas found to be a ready-to-eat food that is paadintable to support the growth &f monocytogenes
Indeed, as reported by Regulation (EC) 2073/2008, eanended by Regulation (EC) 1441/2007, on miotobical
criteria for foodstuffs, products that are unaldlestipport the growth df. monocytogeneare those with a pHd 4.4 or
ay < 0.92, or with a pH 5.0 and @ < 0.94. It is noteworthy that all the analyzed saamhowed pH values above the
limits established by the above-mentioned reguatmgencies, and 3 out of 15 samples showgdadues > 0.92.
Notwithstanding, all the samples revealed the ateseril. monocytogenem 25 g of product. Further studies are
needed to better clarify whether the final pH valdetected irsurstrommingwere constantly maintained throughout
fermentation or had been influenced by a microbianzymatic deacidifying activity during productio

The values of acetic and lactic acids were almosidcordance with those reported by Kobayashi.et28000) for
surstromming Interestingly, the samples analyzed in the prestrly and those analyzed by Kobayashi et al. R00
revealed higher amounts of acetic acid with respelctic acid.

Despite a scarcity of knowledge about the micr@biatolved in the production afurstrommingit is acknowledged
that the preparation of this Swedish sour herrisgcarried out without the use of starter culturdence, the
autochthonous microorganisms presensunstrémmingare likely of environmental or animal origin (e.§sh gut or
skin).

The high counts of total mesophilic aerobes hidttligtense microbial activity during the shelf ligé the product.
Such microbial groups encompass a large propodfagither pro-technological, spoilage or pathogdracteria. The
presence of an active microbial fraction was aksdfied by the swollen cans, which were deformed thinternal gas
formation. Moreover, the total halophilic aerobeists were in accordance with the values reporteGagsem et al.
(2019) for salted fermented mullet fish (Hout-Kgsédr which halophilic bacteria counts were betw&e26 and 5.14
log cfu/g, with an average value of 4.32 log cfu/gwer counts for halophilic bacteria were detedigdNVawire et al.
(2019) in salted pressed spotted sardine (Amblggastm), with values between 2.0 and 2.8 log cfu/g

Among lactic acid bacteria, halophilic lactobacdind lactococci were prevalent with respect to eéhogltivated on
growth media without NaCl supplementation. Lactadabacteria constitute a large group of microoigas that
produce lactic acid as the major metabolite of chylrate fermentation (Frangoise, 2010). Their bwta activities
lead to the production of a wide range of fermemgeatiucts of either vegetable or animal origin,resgnting one of

the most important groups of pro-technological micganisms. Marine lactic acid bacteria are knowrcdlonize
13
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extreme environmental niches, such as sea wateticLacid bacteria are normally included in the mitrobiota of
fish, and their occurrence is influenced by watdingy or environmental stress (Ringo and Stor®94). In further
detail, lactobacilli have already been detectedAttantic salmon, pollock, Arctic char, cod and tainv trout;
moreover, the presence lofuconostoclactococcusVagococcusStreptococcusandWeissellahas also been reported
(Francoise, 2010). Among halophilic lactic acid tesi@, the gener&taphylococcusnd Tetragenococcusisually
dominate during the production of fermented seaffbaira et al., 2007), thus contributing to lowerithe pH and
reducing the risk of putrefaction; however, a comgtt of the flesh degradation is also performeegogenous fish
enzymes (Francoise, 2010).

Enterobacteriaceae encompass either spoilage bogmtic bacteria; the low viable counts generadlgorded in
surstrommingfor this bacterial family, as well as the absemfeSalmonellaspp., confirm the establishment of
unsuitable environmental conditions for their suabiin salted fermented fish, as previously repbitig other authors
(Alfonzo et al. 2018; Gassem, 2019; Wawire et2019).

Regarding Pseudomonadaceae, it is known that menalbéine genuPseudomonasan be naturally present in the fish
environment, being the causative agent of fishcitide or spoilage of processed fish (&aiova et al., 2017). In the
analyzed samples, low Pseudomonadaceae countscawmsistently recorded. Notwithstanding, it is knothat some
Pseudomonaspecies have strong lipolytic activity that colldve interacted with the fat of canned herringssth
contributing to the flavor definition ofurstrémming Moreover, Osimani et al. (2019) have recentlygasted that
Pseudomonaspecies can have a role in the reduction of cor@EAMA in fish flesh. Further research is needed
better understand the dynamics of such bacteniailitss during the fermentation stirstrémming

Data regarding coagulase-negative staphylococééateld in the present study are in accordance thithresults of
Gassem (2019), which reported counts between 23@B &85 log cfu/g, with an average value of 3.28d&u/g. In the
study of Gassem (2019), among the detected speSephylococcus epidermidisStaphylococcus hominis
Staphylococcus xylosusand Staphylococcus saprophyticwgere those dominating the fermentation processs It
noteworthy that, in the analyzedrstrommingsamples, the presenceSthphylococcus epidermidigas also confirmed
by metagenomic sequencing, although they presentathority OTU. As reported by Zeng et al. (20Ipfptease and
lipase activities of coagulase-negative staphylocpooduce various flavor compounds, which can dsponsible for
the texture and flavor development in salted fererfish.

Counts of halophilic anaerobes were in accordarite tive data published by Kobayashi et al. (2008)o reported
counts between 6.30 and 6.70 log cfu/g, thus amiriig the strong association of such a microbialgraith the salty

and anaerobic environmental conditions establigh&de thesurstrémmingcans.
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Counts of total eumycetes were lower than the wataported by Gassem (2019) for the same micrgiodalp, which,
in salted-fermented mullet fish, showed an averagee of 1.33 log cfu/g. Eumycete countsurstrémmingwvere also
lower than those reported by Wawire et al. (20h9alted pressed spotted sardine, where total fwogats showed a
maximum value of 3.60 log cfu/g. Yeasts of marim@iao have been previously isolated from seawadegweeds,
marine fish and mammals, as well as seabirds (2ala)., 2014); hence, further research is needdxtter elucidate
their eventual contribution during herring fermeiuta.

Interestingly, no sulfite-reducing anaerobes wartected. Anaerobic sulfite-reducing bacteria amegaly considered
to be indicators of clostridial contamination. Ndahgtanding, as reported by Prevost et al. (2088¢h a bacterial
group is not supported by any taxonomical constitarahence, their significance should probablyrbeonsidered.
Indeed, many other bacterial genera can presentlfidieseducing phenotype, includingeromonas Citrobacter,
EnterobacterEnterococcusEscherichia Hafnia, Klebsiellg Tissierella andVeillonella (Prevost et al., 2013).
Regarding clostridia, the absence of the targe¢gigont/A, bont/B, bont/E, bont/End4gyrB (CP) encoding botulinic
toxins, in all the analyzed samples revealed e rissociated with the presenceCobotulinumstrains in the analyzed
surstrommingsamplesC. botulinumis the causative agent of foodborne intoxicatiansed by the consumption of
preformed toxins, which are responsible for a severuroparalytic disease called botulism. The ppthes a spore-
forming, obligately anaerobic, mesophilic bacteritimt is able to grow at temperatures between 127 37 °C.
Moreover, psychrotrophic strains are also able gab®.0 °C (Carter and Peck, 2015). As revieweaster and Peck
(2015), genes that encode neurotoxins are situgtgether in one of two conserved neurotoxin clgstéfnder
anaerobic conditions, spore germination may océoltpwed by bacterial multiplication, thus releaginoxins
(Thwaites, 2017)C. botulinumspores are extremely heat resistant; hence, toeaisi safety of low-acid canned food,
which are particularly at risk, the thermal procissasually aimed at reducing the spore concentigfRamaswamy et
al., 2013). As reported by Gauthier (2016),botulinumcan occur naturally in the gut of both marine &eshwater
fish. Such a human pathogen can produce up to seeagnized toxin types (A—G), among which typesEmiostly
involved in human foodborne diseases related tod@nsumption (Gauthier, 2015). As reported by Eo@@e (2010),
the growth ofC. botulinumtype E can be inhibited by the combination of Né&&6%), low temperature (< 5 °C) and
low pH (< 4.5). Recent cases of foodborne botulifos seafood were caused by the consumption of‘rauktuk
(skin and blubber from beluga whale, stored in esttgllastic bags) andhkfisk a commercial vacuum-packed, hot-
smoked whitefish (Carter and Peck, 2015). It ienatrthy that smoked fish produced in Arctic andtinem temperate
regions has also been associated with cases of mimotulism (Gauthier, 2015). Hence, monitoring ehf®od
regarding the presence 6f botulinummust be constantly conducted to protect the he#ltbonsumers, especially

when canned foods not subjected to strong heatagnent are considered.
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The application of 16S rRNA gene amplicon targejusmcing to DNA directly extracted from thseirstrémming
samples allowed major and minor taxa to be detetived permitting the depiction of the first in-depverview of the
complex, previously undiscovered, microbiota ocegrin such an intriguing traditional food. It isteworthy that the
amplification of the V3-V4 region, applied in theepent study, has already been suggested by Klirdwoal. (2013)
for the study of marine bacteria. Moreover, the V8+egion shows the best overall coverage for difie applications
and, being widely used by the scientific community, study allows comparisons among available @téas be
performed (Klindworth et al., 2013).

Regarding thesurstrommingunder studyAlkalibacterium gilvumwas found in all samples. This bacterial speces i
slightly halophilic, highly halotolerant and alkgattilic lactic acid bacterial species that was fisstlated from soft and
semi-hard cheeses (Ishikawa et al., 2013). Suchonriganisms can grow at NaCl concentrations betvieddo and
15-17.5 % (w/v), with an optimum between 2.0% ar@& moreover, the optimal pH for growth is betw&h and
9.5 (Ishikawa et al., 2013). The abovementionedsiaihygical features likely explain the presenceAt¥alibacterium
gilvumin the analyzed samples that showed pH and Naldksan accordance with those optimal for such dvéadt
species. Indeedlkalibacteriumincludes species that are highly adapted to bviith, members of this genus detected
in green olive brine containing 10-11% (w/v) NaCu¢ena-Padros and Ruiz-Barba, 2019). The majordetation
product ofAlkalibacterium gilvumfrom D-glucoseis lactic acid; moreover, formic acid, acetic aail ethanol with a
molar ratio of approximately 2:1:1 can also be pit, without gas formation (Ishikawa et al., 2018)erestingly the
presence ofAlkalibacterium gilvumhas also been reported by Schornsteiner et all4{2ih cheese rind, with a
hypothesized antilisterial activity (Roth et alQ1®). Although this latter feature should be furthevestigated, such
activity could likely contribute to assure the s$gfef surstrommingwhich, due to its,aand pH values, can support the
growth of L. monocytogenedt is noteworthy that the genudkalibacteriumhas also been detected in salted and
fermented seafoods as jeotgal (Guan et al., 2@1%peu-jeot, a traditional Korean salted seafdoad et al., 2013), as
well as inhakarl samples (Osimani et al., 2019) and marine envimrisi(Jang et al., 2017), thus confirming the high
adaptation of such a bacterial genus to alkalirgt saline conditions. To the authors’ knowledge,otiwer report of
Alkalibacterium gilvumis available in the scientific literature for faer data comparison.

Carnobacteriumwas widely distributed in all the samples. Thistita acid bacteria genus comprises rods that were
isolated for the first time from poultry meat swrat a low temperature (Stiles and Holzapfel, 199@jleed,
carnobacteria have been massively detected in waqackaged meats stored at a refrigerated temperatith the
ability to decarboxylate one or more amino acidas@buri et al., 2011; Katgn-Krajewska and Dolatowski, 2012).
Species ofCarnobacteriumhave also been isolated from lightly preservedosmshproducts, such as salted lumfish,

cold-smoked salmon, gravad rainbow trout, shrimpeb(Francoise, 2010), and alkaline-fermented skideg et al.,
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2017). Interestingly, Zhang et al. (2019) recedtiynonstrated that both bacteriocins and organdsgonainly formate
and acetate) produced IGarnobacteriumspecies are key antimicrobial activity factors ree@ in foodstuffs, thus
representing a potential biopreservative. Regarthiglatter feature of carnobacteria, Tulini et(@014) demonstrated
that aCarnobacterium maltaromaticurstrain, isolated from minimally processed smokedwm-packed fish, was
able to produce carnobacteriocins B1, BM1, and rtimécrobial peptide encoded by the gene chnX, wgttent
antilisterial activity (Alves et al., 2005; Reisadt, 2011). Similarly, Sahnouni et al. (2016) #&eH carnobacteria strains
from the gut of Atlantic horse mackerel, Europedichard and Atlantic bonito with antibacterial agty towards
Staphylococcus aureugscherichia coli Pseudomonas aerugingsiaisteria innocua Salmonellaspp. andVibrio sp.
(Marti-Quijal et al., 2019). Hence, the presence&afnobacteriumspecies irsurstromming(deriving from either the
gut or skin of herrings) coulbe pivotal for inhibition of the survival or prevén of the growth of potential foodborne
pathogens in such foods.

Tetragenococcurepresents one of the major lactic acid bactezigern involved in the fermentation of fishery protdu
(Ly et al., 2018) and one the main specibstfagenococcus haloph)laletected irsurstrommingoy Kobayashi et al.
(2000). The presence of this moderately halophitid homofermentative microorganism, which is ablgrow in 18%
NacCl (e.g.,T. halophilusand Tetragenococcus muriaticyshas been reported in traditional Japanese diygidsauce
(Satomi et al., 1997; Kimura et al., 200brahok and kapi, produced in Cambodia with mudfish and shrimps,
respectively (Chuon et al., 2014), pa-daekandpla-ra produced in Laos and Thailand, respectively, vrigshwater
fish (Marui et al., 2015), in anchovy sauce (Kimatt 2019), and irmoromj a fish-sauce mush produced with
mackerel (Fukami et al., 2004). Different authoavé reported thatetragenococcuaminopeptidases play a pivotal
role in amino acid production and flavor definitionsalted fermented fish (Fukami et al., 2004; di et al., 2010).
Interestingly, Kobayashi et al. (2000) isolat&€d halophilusfrom puffer fish ovaries, thus suggesting the radtu
occurrence of this bacterial species in the fisdyband, hence, likely explaining its presencesimstromming It is
noteworthy that species dfetragenococcusan exertsome beneficial effects on health, such as immumitatory
activity and amelioration of atopic diseases (Chainal., 2019). Notwithstanding, the metabolic attg of T.
halophilus during the fermentation of salted foods can lemdhe production of biogenic amines (e.g., histanin
cadaverine, putrescine, and tyramine), thus reptiegea potential health threat for consumers (Chtial., 2019).
Very recently, Kim et al. (2019) isolatedrahalophilusstrain (MJ4) that is able to repress the formatibnadaverine
during the fermentation ofaeu-jeot(salted shrimp), thus representing a potentiatestaulture for the reduction of
biogenic amines in salted fermented fish.

As previously reported by Kobayashi et al. (200@8/anaerobium prevalensas one of the main species detected in

surstromming Such species of strictly anaerobic halophilesdpee acetic, propionic and lactic acids, thus Jikel
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contributing to the specific aroma sfirstrémming(Kobayashi et al., 2000Moreover,Halanaerobium prevalens
able to produce hydrogen and carbon dioxide, lepttirthe swelling oburstrémmingcans.Halanaerobium prevalens
is a non-spore-forming rod that is able to growldtvalues between 6 and 9 with an optimum at 7 #xplaining its
presence in the analyzedrstrommingsamplesvith pH values between 6.67 and 6.98 (Zeikus etl@83). Moreover,
Halanaerobium prevalenisas demonstrated the ability to grow at NaCl cotre¢ions up to 20%, with an optimum at
13%, but with no significant growth at NaCl valug&% or >30% (Zeikus et al., 1983). Species of the genus
Halanaerobiummemerged as those dominating saeu-jeot (Jung @0d!3) and myeolchi-aekjeot, a traditional fermente
fish sauce prepared by fermenting anchovies in bagitentrations of salt (Singh et al., 2017). is thtter preparation,
Halanaerobiumtogether withTetragenococcuand Staphylococcus;auses the salt-fermentative hydrolysis of protein
components in anchovies, with the consequent releAsamino acid through exogenous and endogenauegses
(Singh et al., 2017).

RegardingClostridiisalibacter species belonging to this genus have already Hetetted in deep-sea hydrothermal
environments (Jiang et al., 2015); moreovElgstridiisalibacter paucivoranshas been isolated from olive mill
wastewater (Liebgott et al., 2008). This moderataljophilic spore-forming bacterium was observedriow at NaCl
concentrations between 10 and 100 g/L, with amayota of 50 g/L. The pH range for growth was betwddénand 8.5,
with an optimum of 6.8Clostridiisalibacterwas also detected on the surface of semi-hardshddénbo (Ryssel et al.,
2015) and Raclette type cheeses (Roth et al., 2@d@gther withMarinilactibacillus psychrotoleransyhere the latter
species, found as minority surstromming exerted potential antilisterial activity in theadyzed cheeses (Roth et al.,
2010).

The Porphyromonadaceae family includes the follgwitbacterial genera, namelyFalsiporphyromonas
Fermentimonas Gabonig Gabonibacter Lascolabacillus Macellibacteroides Massilibacteroides Microbacter,
Petrimonas Porphyromonas and SanguibacteroidesMembers of this bacterial family, found as pafttloe core
microbiota of allsurstrommingsamples, have already been detected in the duiletilapia (Yu et al., 2019; Zheng et
al., 2019). As reported by different authors, sdPoephyromonadaceae genera may represent a threathtdiumans
(e.g., periodontal diseases caused Rgrphyromonas gingivallsand aquatic organisms (Kontani et al., 1999;
Summanen et al., 2009; Lawson et al., 2010; Rugsal, 2015). It is noteworthy that many of thexgm belonging to
Porphyromonadaceae have been previously detectedgdthe anaerobic digestion processes of sludgen fr
wastewater treatment plants (Kong et al., 2019; éinal., 2019; Sanchez-Andrea et al.,, 2014). Other
Porphyromonadaceae genera have also been detedemdi samples or tissues of animal or humanmiidiagener et
al., 2014; Mourembou et al., 2015, 2016). Furtmestigation is needed to better clarify the raégshis bacterial

family in the analyzedurstrommingsamples.
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546  Although a minority OTU,Arcobacterwas found in all the samples, highlighting potentafety issues for the
547  consumers. This emerging foodborne and waterbomogen can serve as the causative agent of differe
548 gastrointestinal diseases (e.g., abdominal cramgsveatery diarrhea) (Hsu and Lee, 201B)cobacterhas been
549  previously detected in various foodstuffs, inclugseafood (e.g., shellfish), with an average pesvad of 32.3 %, and
550 the water environment, including seawater (Rivaalt2004; Collado et al., 2009; Ghane, 2014; tawiet al., 2014,
551 Hsu and Lee, 2015; Leoni et al., 2017). As repoltgd@hang et al. (2019), information concerning pinevalence of
552  Arcobacterin retail seafood products is still scarce; herdata obtained in the present study $arstrdmmingcan
553  contribute to improving knowledge related to thewecence of such pathogens in ready-to-eat foausrdstingly,
554  Zhang et al. (2019) found that among a total of 84@ples that included bivalves, shrimps and ceplals collected
555 from local retail seafood markets in Germany, 17.6%the analyzed samples were positive for the gres
556  Arcobacter Among the detected speciesicobacter butzleriwas predominant, followed b&rcobacter venerupjs
557  Arcobacter cryaerophilysArcobacter aquimarinusArcobacter skirrowiiandArcobacter thereiugZhang et al., 2019).
558 Regarding volatile compounds detectedsimstrémming it is well known that aroma components of ferneentish
559  mainly originate from microbial proteolytic and dilytic activities; further oxidation and metabolisshfatty acids and
560 amino acid catabolism lead to the final productih@ugh the pathways of aroma component generdtioe been
561 studied in some fermented foods, such as wine, &eérdairy products (Smit et al., 2005), researnchhe flavor of
562 fermented fish is still limited to identificatiorf the volatiles produced by different microorganis(@ang et al., 2019).
563 In such a context, the use of mass spectrometegsential for analyzing complex mixtures of natsabstances, in
564  order to provide detailed and reproducible infoiorabout the molecular structure of unknown congu® that can
565 be compared with mass spectrum libraries (Mozzoal.e2015). In fact, due to the complexity of foatbmas, the
566 chromatographic behavior (retention indexes) isffam enough for unambiguous identification of anedographic
567 peaks. For this reason, chemical ionization expemisiwere also carried out since the lower enargact allows the
568 analytes to be less fragmented and therefore thiecmlar weight of an unknown analyte can be morsilea
569  determined.

570 Regarding the analyzesurstrommingsamples, high levels of TMA were detected. TMAttgD fish and ammoniacal
571  smells) is produced by the reduction or/and denation of trimethylamine N-oxide (TMAQ), which isiasmolyte in
572  saltwater fish (Jung et al., 2013). TMA was theyamitrogen-containing compound detected, despiéipus findings
573 by other authors who evidenced the presence ofriatyaof pyrazines (Giri et al., 2010; Udomsil dt, 2010). As
574  reported by Ndaw et al. (2008), the TMA contentresgnts one of the most widely used parameterhéoevaluation
575 of spoilage in seafood. The flesh of fresh fishurgity contains trimethylamine oxide (TMAO), a telsss nonprotein

576 nitrogen compound with varying contents dependinghe fish species, size and age (Huss, 1995; Orogi, 2006).
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Spoilage of fish is influenced by the presence MAD, particularly under anaerobic conditions. A ruen of spoilage
bacteria are able to utilize TMAO as the terminat&on acceptor in anaerobic respiration, resgltmoff-odors and
flavors due to the formation of TMA (Dalgaard et, d1993). As reported by Broekaert et al. (20Bychrobacter
shows the ability to produce slight amounts of TivArown shrimps.

Polysulfides have been previously reported in déffé fermented fish products (Giri et al., 2010a1@b; Udomsil et
al., 2010) to be responsible for undesirable, cffez fecal notes; furthermore, 1,2,4-trithioladefected in samples
from producer C, has already been associated wghiitake mushroom flavor (Politowicz et al., 2018etones,
detected in samples from producer C, have beertiassd with a cheesy note (acetone, 2-pentanohepganone, 2,3-
octanedione). According to Udomsil et al. (2010m&thyl butanal has already been described as pamomd that is
responsible for a meaty note, whereas aliphatiergldes (2-hexenal, heptanal), derived from fatiy acitoxidation
and enzymatic oxidation, are usually responsibiénésbaceous and grassy aromas.

Branched chain alcohols, which were mainly deteateshmples from producer C, could originate frearbohydrates
by the Embden-Meyerhof-Parnas pathway and from ansicids via the Ehrlich pathway, whereas 1-octem-3-
(mushroom odor) is considered to be an oxidati@upet of unsaturated fatty acids (Xu et al., 2018).

Esters (ethyl acetate, ethyl butyrate, ethyl 2-wylbtityrate, propyl butyrate, butyl butyrate) cohtrie to fruity and
buttery notes (Udomsil et al., 2010), and they wayandantly detected in samples from producer BBpagh neither
volatile fatty acids (from C1 to C5) nor volatileeahols (ethanol, propanol, 2-propanol) were detgct

Regarding long chain aliphatic hydrocarbons, hegtade has been previously detected in fermentbdofisducts by
Giri et al (2010); the same authors suggestednfaikanes could result from the decarboxylatiomigher nonvolatile
fatty acids. However, due to their low volatilitydh high perception threshold, their contributionseomple aromas
could be negligible. As recently reported by Lwakt(2019), TMA, ketones, aldehydes, and alcohodsaéso the main
odor components in Asian and American carp meatfjrcoing the presence of such compounds in fisifle

The present study provides a first glimpse intovblatilome ofsurstrommingwhich requires further in-depth analyses
to better clarify the extent of the contributioneaither the microbiota or autolytic enzymes offikh flesh in the aroma

definition.

5. Conclusions

Data obtained from a combination of culture-depahdend -independent techniques allowed major andomi
microbial species harbored in ready-to-satstrémmingsamples to be discovered for the first time. Irthfer detail,

pro-technological bacteria, which are well-adagtedaline environments, characterized the micrgiaglulation of all
20
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the samples. On the one hand, the presentklahaerobium praevalerss one of the dominant species of halophilica
bacteria was confirmed; on the other hand, the menoe of Alkalibacterium gilvum Carnobacterium
Tetragenococcus halophilu€lostridiisalibacter andPorphyromonadacearevealed a core microbiota characterized
by complex microbial associations that requireHertinvestigation. In addition to potential safetgues arising from
the presence ofcrobacter the absence df. monocytogenesSalmonellaand C. botulinumis noteworthy in all
samples.

Moreover, volatile compounds were detected in ferea fish, thus representing the first attemptharacterize the
strong and peculiar aroma sdirstromming In more detail, high levels of TMA and sulfur cpounds were detected in
all samples, followed by phenol, ketones, aldehydiEshols, esters and long-chain aliphatic hydioaas.

Further in-depth research is needed to establishrdles of the microbial species that are presemindg herring

fermentation, as well as their influence on thengical-physical and volatile features @frstromming
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FIGURE CAPTIONS

Figure 1. Ready-to-easurstrémming

Figure 2. Boxplots showing the-diversity measures of theurstrémmingmicrobiota of Producer A, Producer B, and

Producer C samples. Individual points and brackepsesent the richness estimate and the theoretizatlard error

range, respectively.

Producer A, samples S1-S5; Producer B, samplesl86P8oducer C, samples S11-S15

Figure 3. Relative abundance of the microbiotasimstromming Only OTUs that showed an incidence greater than

0.2% in at least 2 samples are shown.

Producer A, samples S1-S5; Producer B, samplesl86P8oducer C, samples S11-S15

Figure 4. Boxplots showing the relative abundance of diffiigdly abundant OTUs based on the Kruskal-\Wa#ist t

(FDR < 0.05) in thesurstrommingmicrobiota of Producer A, Producer B, and Prod@eamples.

Producer A, samples S1-S5; Producer B, samplesl86P8oducer C, samples S11-S15

Figure 5. Correlation plot showing Spearman’s correlatiotween microbial OTUs and the volatilome profile of

surstromming

Only significant associations between OTUs and V@resshown (FDR< 0.05).

The intensity of the colors represents the degfemelation, where blue represents a positiverele@f correlation

and red represents a negative correlation.

Figure 6. Coinertia analysis (CIA) of the microbial commynifOTUs) and volatiiome (VOCSs) isurstrdmming

samples.
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907 Samples projected onto the first two axes and grdwgrcording to producers A (samples S1-S5), B §s156-S10),

908 and C (samples S11-S15).
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Table 1. Physico-chemical parametersxrstromming

Sample pH Ay NaCl TTA Acetic acid Lactic acid
(9/1000) (mL of 0.IN NaOH) (g/100g) (9/100g)

S1 6.93+0.01 0.929+0.003  6.92+0.57 5.2+0.07 0.2819 < 0.00002
S2 6.80+0.01 0.940+£0.001  8.28+0.00 4.7+0.21 0.348x0 < 0.00002
S3 6.83+0.01 0.937+0.001  8.59+0.37 4.7+0.21 0.3 < 0.00002
S4 6.95+0.01 0.935+0.001 7.43+0.16 4.3+0.21 0.322B0 < 0.00002
S5 6.79+0.01 0.928+0.001 6.49+0.16 4.5+0.49 0.290% < 0.00002
S6 6.67+0.01 0.917+0.000 6.79+0.16 5.0+0.21 0.49014® < 0.00002
S7 6.83+0.01 0.914+0.002 7.38+0.08 5.7+0.78 0.470BM < 0.00002
S8 6.98+0.01 0.922+0.001 7.36+0.24 4.5+0.14 0.472D < 0.00002
S9 6.72+0.01 0.911+0.001 7.91+0.14 7.4+0.42 0.438® < 0.00002
S10 6.76+0.00 0.91140.001  7.69+0.01 6.7+0.28 0.0 < 0.00002
S11 6.81+0.01 0.916+0.003 7.57+0.13 4.3+0.28 0.09B26 < 0.00002
S12 6.77+0.01 0.921+0.001 8.88+0.21 4.6+0.49 0.810m3 < 0.00002
S13 6.84+0.01 0.922+0.002  8.46+0.17 4.0+0.14 0.84%38 0.001+0.001
S14 6.84+0.01 0.917+0.001  8.72+0.07 4.0+0.00 0.82136 0.004+0.002
S15 6.91+0.01 0.916+0.001  8.62+0.06 4.4+0.14 0.65136 0.041+0.006
Mean values

Producer A 6.86+0.07 0.933x0.001 7.54+0.88 4.620.3% 0.316+0.023 < 0.00002
Producer B 6.79+0.f2 0.915+0.001 7.42+0.42 5.8+1.19 0.459+0.282 < 0.00002
Producer C 6.83+0.05 0.918+0.001 8.45+0.5% 4.2+0.26 0.368+0.108  0.009+0.018

Values are expressed as means + standard deviation.

For each producer (A, B, C) means followed by défe letters are significantly differer®® € 0.05).

Producer A, samples S1-S5
Producer B, samples S6-S10
Producer C, samples S11-S15



Table 2. Results of viable counting of bacteria and eungg@iSurstrémming

Total

Sample* M esophilic M esophilic Enterobacteriaceae = Pseudomonadaceae = Coagulase- Sulfite-reducing Total
mesophilic presumptive  presumptive negative anaer obes eumycetes
aerobes lactobacilli lactococci staphylococci

S1 4.66+0.05 4.19+0.02 4.80+0.11 1.04+1.47 < 1.00 .57#0.13 < 2.00 <1.00

S2 5.67+0.04 3.77+0.16 4.20+0.08 < 1.00 < 1.00 #H1H < 2.00 <1.00

S3 4.96+0.02 4.57+0.18 4.80£0.20 < 1.00 < 1.00 #H3U < 2.00 <1.00

S4 4.74+0.12 4.18+0.00 4.52+0.04 < 1.00 < 1.00 HE6 < 2.00 1.92+1.30

S5 5.09+0.07 4.50+0.55 4.67+0.41 < 1.00 1.00£0.00 J78.07 < 2.00 <1.00

S6 5.40+0.02 < 1.00 <1.00 < 1.00 <1.00 3.04+0.19 < 2.00 < 1.00

S7 5.56+0.01 < 1.00 <1.00 < 1.00 < 1.00 2.96+0.26 < 2.00 < 1.00

S8 5.41+0.11 < 1.00 <1.00 < 1.00 < 1.00 2.60+£0.43 <2.00 <1.00

S9 5.35+0.06 < 1.00 <1.00 < 1.00 < 1.00 3.52+0.25 < 2.00 <1.00

S10 5.41+0.10 <1.00 < 1.00 < 1.00 1.00£0.00 3.003:0 <2.00 < 1.00

S11 4.71+0.06 < 1.00 2.68+0.14 < 1.00 1.00£0.00 380318 <2.00 < 1.00

S12 4.70+0.00 < 1.00 2.50+0.20 < 1.00 1.13+£1.59 280206 <2.00 < 1.00

S13 4.18+0.04 < 1.00 2.39+0.04 <1.00 <1.00 2.6520 <2.00 < 1.00

S14 4.08+0.89 < 1.00 2.37+0.23 <1.00 < 1.00 2.6930 <2.00 < 1.00

S15 5.35+0.63 1.6520.07 2.67+0.23 1.3040.00 2.0510. 3.94+0.16 < 2.00 <1.00

M ean values

Producer A 5.02+0.40 4.24+0.32 4.60%0.25 0.21+0.48 0.20+0.48 4.77+0.64 0.00+0.06 0.38+0.86

Producer B 5.43+0.08 0.00+0.06 0.00+0.06 0.00+0.06 0.20+0.45 3.02+0.38 0.00+0.06 0.00+0.06

Producer C 4.60+0.50 0.33x0.74 2.52+0.18 0.26+0.58 0.84+0.86 3.17+0.58 0.00+0.06 0.00+0.06

Values are expressed as log cfu/g + standard dmviat

For each producer (A, B, C) means followed by déie letters are significantly differerf? € 0.05).

*Producer A, samples S1-S5; Producer B, sampleS1®6-+Producer C, samples S11-S15



Table 3. Results of viable counting of halophilic bacteaied eumycetes iBurstrémming

Sample* Total halophilic Total halophilic  Presumptive Presumptive Halophilic eumycetes
aerobes anaer obes halophilic halophilic
lactobacilli lactococci

S1 4.99+0.06 5.69+0.11 5.99+0.09 < 1.00 < 1.00
S2 6.08+0.04 6.09+0.07 5.88+0.05 < 1.00 < 1.00
S3 5.58+0.10 5.91+0.05 5.59+0.09 < 1.00 < 1.00
S4 5.43+0.20 5.83+0.03 5.93+0.05 < 1.00 < 1.00
S5 5.90+0.36 6.01+0.25 6.15+0.21 < 1.00 < 1.00
S6 6.45+0.00 6.52+0.06 6.52+0.03 < 1.00 < 1.00
S7 6.74+0.05 6.91+0.03 6.72+0.02 <1.00 < 1.00
S8 6.74+0.18 6.64+0.14 6.68+0.04 < 1.00 < 1.00
S9 6.53+0.08 6.88+0.09 6.75+0.03 < 1.00 < 1.00
S10 6.60+0.03 6.98+0.05 6.95+0.03 <1.00 <1.00
S11 6.07+0.13 6.00+0.07 5.94+0.00 5.09+0.20 < 1.00
S12 5.92+0.13 5.87+0.09 5.88+0.16 4.16+0.06 < 1.00
S13 5.32+0.29 5.89+0.27 5.85+0.19 4.00+0.06 < 1.00
S14 5.61+0.53 5.61+0.13 5.86+0.28 4.21+0.13 < 1.00
S15 6.52+0.01 6.92+0.04 7.06+0.10 5.59+0.06 < 1.00
M ean values

Producer A 5.59+0.42 5.90+0.18 5.91+0.26 0.00+0.06 0.00+0.06
Producer B 6.61+0.13 6.790.20 6.72+0.18 0.00+0.00 0.00+0.00
Producer C 5.89+0.46 6.06+0.50 6.12+0.58 4.61+0.69 0.00+0.06

Values are expressed as log cfu/g + standard dmviat
For each producer (A, B, C) means followed by défe letters are significantly differer®® € 0.05).

*Producer A, samples S1-S5; Producer B, sampleS186+Producer C, samples S11-S15



Table 4. Volatile compounds detected in ready-tosastrommingsamples

RI* Cl base peak**  Standard*** Name Category MeaBR (TIC arbitrary units x1 (n = 5)
Producer A Producer B Producer C
60 [M+1]" Trimethylamine Nitrogen compounds 1067 £66 1307 + 142 899 + 49
59 [M+1]" Yes Acetone Ketones 74 £ 13 195 + 30 217 £198
617 89 [M+1] Yes Ethyl acetate Esters 8+4 66 + 33 25+18
639 2-Methyl-2-Butanol Alcohols 0+ 00 13+ 7
654 69 [M+1-HO]" Butanal, 3-methyl Aldehydes 12+7 11+2 19+5
681 69 [M+1-HO]" 1-Penten-3-ol Alcohols 44 +11 26 £ 23 67 £ 35
688 87 [M+1] 2-pentanone Ketones 58 £ 22 70 £20 480 £ 942
738 71 [M+1-HO]" 3-Methyl-1-butanol Alcohols 144 + 34 25+ @ 99 + 34
751 95 [M+1] Disulphide, dimethyl- Sulphur compounds 2756 + £123 1647 +576 810 + 453
774 71 [M+1-HO]" Yes 1-Pentanol Alcohols 46 + 11 32 +18 82 + 39
777 69 [M+1-HO]" 2-Penten-1-ol Alcohols 26 +7 16 +6 28 +25
806 117 [M+1] Yes Ethyl butyrate Esters 213 +%9 786 + 154 277 + 144
844 109 [M+1] Methyl ethyl disulphide Sulphur compounds 164 + 56 106 + 26 85 + 66
857 Ethyl 2-methylbutyrate Esters 843 3+2 4+
860 99 [M+1] Yes (E)-2-hexenal Aldehydes 18 £7 6+4 74
869 107 [M+1] Ethylbenzene Aromatic compounds 1+1 4+3 2+3
876 107 [M+1] Yes p/o-Xylene Aromatic compounds 12+6 10+ 4 13+8
893 119 [M+1] S-Methyl thiobutyrate Sulphur compounds 13+5 15 + 11+13
894 2-Heptanone Ketones 29%7 32 13+8
895 105 [M+1] Styrene Aromatic compounds 1%0 1+0 10+6
896 123 [M+1] Disulphide, methyl-isopropyl- Sulphur compounds 0+ 8+7 00
901 130 [M] Propyl butyrate Esters 14 #5 33+7 16 + 6
903 97 [M+1-HO]" Yes Heptanal Aldehydes 52 + 6 23+ 4 29+ 17F
977 127 [M+1] Trisulfide, dimethyl- Sulfur compounds 766 +1178 051 75 45 + 33
983 111 [M+1-HOJ" Yes 1-Octen-3-ol Alcohols 11+6 11+4 12+5
986 143 [M+1] 2,3-Octanedione Ketones 7+3 10+5 7+6
991 95 [M+1] Yes Phenol Aromatic compounds 440 +13 169 + 824 2233 + 1335
997 144 M} Butyl butyrate Esters 040 164 + 44 0@
1034 Yes Limonene Monoterpene hydrocarbons 5£2 77 bzl
1096 1,2,4-Trithiolane Sulphur compounds 00 0+0 135
1176 107 [M/2] Disulphide, bis[1-(methylthio)ethyl] Sulphur compuls 132 + 37 84 + 24 175 + 180
1200 Yes Dodecane Alkanes 1+0 0x0 56
1259 1,3-Ditert-butylbenzene Aromatic compounds 5+ 1 3+ 45 + 3F
1300 Yes Tridecane Alkanes 00 1+0 1+1
1702 60 [M+1] Yes Heptadecane Alkanes 2%1 4+3 9+6

* Kovats Retention indices (RI) calculated for DBype column using-alkanes (C6-C20); **Chemical lonization (ClI) expeents using methanol as reagent gas; ***Pure
standard matching Rl and mass spectrum. TIC, Tataturrent.
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Highlights

»  The microbiota of surstrommingsamples from three Swedish producers was studied

» Alkalibacterium Carnobacteriumand Tetragenococcusere detected in all the samples
» HalanaerobiumClostridiisalibacterand Porphyromonadaceaere also found

e Listeria monocytogeneSalmonellaand botulinic toxins genes were never detected

e The massive presence of trimethylamine and sulphur compounds was detected
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