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Immediately after the harvest of lumpfish (Cyclopterus lumpus) roe in artic regions, a
common practice is to preserve the fresh roe in brine to produce a salted
intermediate product (SIP), which can be transported and stored refrigerated for
up to 1 year prior to retail processing. Because the roe is susceptible to microbial
growth and lipid oxidation, the brines have been composed of mixes of salt (>10%)
and benzoic acid tomanage the quality and safety of the SIP. However, a demand for
reducing the use of salt and benzoic acid is appearing on the European market.
Therefore, the aim of this study was to evaluate the effect of five different brines
comprised of combinations of salt, organic acids, and antioxidants on controlling
microbial and chemical changesof the SIP, to be able to avoid theuseof benzoic acid
and reduce the salt content. Freshly harvested roe was mixed with brines to obtain
7 or 10% (w/w) NaCl and combinations of acetic, benzoic and/or lactic acids with or
without additionof VivOx 7.5 (IFF Inc.) orHerbaloxD-450 (Kalsec Inc.) as antioxidants.
Brined roes were stored refrigerated (1.94°C ± 0.56°C) with sampling after 50, 80,
120, 210, 288 and 353 days. Regardless of the treatment applied, aerobic viable
counts increased to >6.1 logCFU/g after 120 days of storage and themicrobiota in all
treatments became dominated byDebaromyces hansenii as identified usingMALDI-
TOF and metagenome sequencing. The addition of antioxidants reduced the
formation of lipid hydroperoxides and thiobarbituric acid reactive substances.
Both Herbalox and VivOx reduced the formation of 1-penten-3-ol, whereas
VivOx increased the formation of pentanal in the roe. Concentrations of 2-
methyl-butanol and 3-methyl-butanol were markedly reduced by treatments that
included benzoic acid, which may be related to differences in the activity of the
microbiota. Herbalox was more efficient than VivOx in reducing oxidative changes
whereas the effect of organic acids on oxidative alterations remained inconclusive. In
conclusion, it was possible to reduce the salt content and avoid the use of benzoic
acid without affecting the microbial and oxidative stability of the SIP as well as its
safety.
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1 Introduction

Roe from lumpfish (Cyclopterus lumpus) is considered a delicacy
in many countries and Scandinavia has a long tradition for
producing different salted lumpfish roe products (Basby et al.,
1998a; Johannesson, 2006). The roe makes up approximately 25%
of the weight of the female fish at the time of harvest. In the North
Atlantic Ocean 2,000–8,000 tonnes of roe is harvested every year
with major producers located in Iceland, Greenland, Norway and
Canada (Kennedy et al., 2019). Smaller amounts of fresh lumpfish
roe are produced in other countries including Denmark and Sweden
(Kennedy et al., 2019).

The main season for lumpfish roe fishing in the North Atlantic
Ocean is generally limited to a fewmonths during spring (Johannesson,
2006; Kennedy et al., 2019). Distribution of lumpfish roe to consumers
throughout the year therefore represents a challenge, particularly,
because significant quantities of lumpfish roe are landed in regions
where transport to producers in e.g., Europe and the United States
requires weeks/months. These logistic challenges are highly important
for Greenland, where lumpfish are caught along the more than
2,000 km long coastline of West Greenland, but may also be
relevant for other roe producing regions such as Canada, Iceland
and Norway. Fresh lumpfish roe has a short shelf-life and at landing
sites a simple process that includesmixing of roe with brines (composed
of salt and organic acids) has traditionally been used for preservation
(Johannesson, 2006). This refrigerated and salted intermediate product
(SIP) with 10%–14% NaCl and 0.2%–0.4% sodium benzoate is
subsequently transported to a factory, where it is stored for up to
1 year until further processing (Figure 1). For example, production of
ready-to-eat lumpfish “caviar” involves desalting the SIP, adding a new
brine, red or black natural colours, packing in glass containers and
pasteurizing the product for final sale to the retail market (Bledsoe et al.,
2003; Kennedy et al., 2019). As a raw material the quality attributes of
SIP is expected to influence sensory properties of final roe products.
Despite the value of both SIP and final lumpfish roe products, we found
no published studies of SIP quality changes during storage.

Both microbial and oxidative changes may be relevant for
quality changes in roe preserved by traditional SIP formulations
with high salt and benzoic acid although this remains to be
documented. Moreover, new SIP formulations with reduced salt
and benzoic acid concentrations are desirable in line with requests
from costumers. However, how these should be formulated to

ensure sufficient preservation with respect to microbial changes is
not known. Research on the ability of other organic acids to preserve
SIP is therefore required. SIP with reduced salt content compared to
the traditional recipy is also of interest to potentially maintain the
pink colour of the fresh roe, limit product loss by dehydration and
reduce transport of salt to remote regions, e.g., Greenland
(Albarracín et al., 2011). Benzoic acid has previously been
reported to increase the risk of food allergy in sensitive
individuals (Chipley, 2020), hence replacing benzoic acid in SIP
will reduce the risk of roe products causing food allergy.

Lumpfish roe contain approximately 4.5% (w/w) lipid and a high
percentage of unsaturated fatty acids (Basby et al., 1998b; Vasconi
et al., 2020; Pountney et al., 2022). These fatty acids are prone to
oxidation, which can cause undesirable changes during storage, e.g.,
rancid odour and off-flavour. Rosemary extracts for preventing
oxidation of other fishery products have previously been shown
to be effective for a wide variety of food products (Ozogul et al.,
2010) and may reduce oxidative changes in SIP. Additionally,
rosemary extracts can have antimicrobial properties in foods
(Campo et al., 2000), potentially giving it a dual protective effect
on the lumpfish roe. To the best of our knowledge, the effect of
rosemary extracts has yet to be investigated for salted lumpfish roe.

The aim of this study was to investigate the effect of brines with
reduced salt and different combinations of organic acids and
antioxidants based on rosemary extracts, on microbial and
oxidative stability of SIP. Firstly, SIP with five different brines
were produced in Greenland. Secondly, roe products were
transported to the Technical University of Denmark (DTU,
Denmark), chemically characterized and stored at +2°C for
1 year with sampling at regular intervals for assessment of
microbial and oxidative changes.

2 Materials and methods

2.1 Lumpfish roe, brine ingredients and roe
treatments

Lumpfish (Cyclopterus lumpus) were caught off the coast of
Paamiut, Greenland (FAO 21, 1E) in April 2022. The lumpfish roe
was manually removed from the carcass, and the roe membranes
were removed. This was done for easier mixing of the roe with the

FIGURE 1
Illustration of the vertical production process of the lumpfish roe from catching in Greenland to the finished pasteurised consumer product.
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brines, which is a slightly different procedure than the industrial
processing (Figure 1). Fresh roe was stored refrigerated (3.5°C) for
up to 4 h until further processing.

Five treatments for production of SIP using different
compositions of brines were studied (Table 1). Brines were
prepared according to the recipes using different concentrations
of salt, benzoic acid (sodium benzoate, BAC, Sigma-Aldrich, STL,
United States), acetic acid (sodium acetate, AAC, Macco
Organiques, Vallyfield, Québec, Canada) and lactic acid (LAC,
Purac Powder 60, Corbion, Netherlands). Additionally, for three
of the treatments one of two antioxidants, i.e., Herbalox® D-450
(0.019%, HER, Kalsec Inc., CA, United States) containing rosemary
(Rosmarinus officinalis) extract and VivOx 7.5 (0.046%, VIV, IFF,
NY, United States) containing a mixture of rosemary (Rosmarinus
officinalis) extract and maltodextrin, was also added to the brines.

The ingredients used for each treatment (Table 1) were weighed,
added to the roe and mixed with tap water. The tap water used
comes from the municipal water treatment plant run by the
Greenland Utility (Nukissiorfiit). The water is treated using a
sand filter and UV-treatment and is regularly checked for its
chemical and microbiological quality to ensure compliance with
the Greenland drinking water guidelines. For each treatment two
food grade polyethylene buckets were each filled with 10 kg of roe
and 2 L of brine for final storage. Amesh was added to each bucket to
submerge the roe in the brine during storage. The antioxidants were
added so that the content of carnosic acid and carnosol was the same
for all treatments containing antioxidants (LAC + BAC + VIV, AAC
+ LAC + HER and AAC + LAC + VIV).

2.2 Storage and sampling

Buckets with brine-salted roe were shipped refrigerated (3.5°C ±
0.9°C) to DTU, (Kgs. Lyngby, Denmark) and stored at 1.94°C ±
0.56°C. Samples were withdrawn from each bucket for further
analysis on day 50, 80, 120, 210, 288 and 353 after the initial
brine-salting process in Greenland. Microbial enumeration was
performed on the day of sampling, whereas samples for chemical
analysis were stored at −80°C until further analysis.

2.3 Product characteristics

The content of dry matter (DM) and pH were measured as
described by Dalgaard et al. (1993). The salt content was determined
using an automated potentiometric titration (785 DMP Tritino

titrator, Methrom, Herisau, Austria) method (AOAC method
976.18 (AOAC, 2000), AOAC method 937.07 (AOAC, 1996) and
AOAC method 971.27 (AOAC, 1976)). Organic acids were
determined by using HPLC-DAD (Agilent 1,200 series, Agilent
Technologies, CA, United States) as described by Dalgaard and
Jørgensen (2000). External standards were used for identification
and quantification of benzoic and lactic acids. An enzymatic acetic
acid assay (Megazyme, Wicklow, Ireland) was used to quantify the
concentration of acetic acids. All analyses were carried out in
biological duplicates with technical replicates (n = 2 × 2).

2.4 Microbiological analysis

2.4.1 Microbial changes
At the time of sampling, 20 g of roe were aseptically withdrawn

from each sample bucket and diluted 10-fold in chilled (5°C)
peptone buffered saline water (PS, 0.85% NaCl and 0.1%
peptone) and homogenized for 60 s in a Stomacher 400 (Seward
Medical, London, UK). Further appropriate 10-fold dilutions of the
homogenates were made in chilled PS. Aerobic Viable Counts
(AVC) were determined by spread plating (15°C, 7 days) on
Long and Hammer agar (LH) with 1% NaCl (NMKL, 2006).
Lactic acid bacteria (LAB) were enumerated by pour plating
(25°C, 3 days) in nitrite actidione polymyxin agar (NAP) with
pH 6.2 (Davidson and Cronin, 1973). Yeasts and moulds were
enumerated by spread plating (25°C, 3 days) on Oxytetracycline
Glucose Yeast Extract (OGYE) agar (CM0545, Oxoid, Basingstoke,
United Kingdom) with oxytetracycline commercial supplement
(SR0073A, Oxoid). Presumptive Pseudomonas was enumerated by
spread plating (25°C, 2 days) on CFC/Pseudomonas agar (CM0559,
Oxoid) with Pseudomonas selective supplement (SR0103, Oxoid).
All analyses were carried out as single determinations of biological
duplicates (n = 2) and results were reported as log CFU/g of roe.

2.4.2 Identification of bacterial isolates using
matrix-assisted laser desorption/ionization - time-
of-flight (MALDI-TOF)

To identify the dominating microbiota in each SIP treatment
after 50, 120 and 353 days of storage, representative colonies on LH
agar plates were isolated. For each of the five treatments and at each
of the three sampling times, eight colonies were isolated. However,
more isolates were selected when colonies seemed more diverse.
Colonies were grown in BHI broth (CM1135B, Oxoid) and pure
cultured using LH, both incubated at 15°C during 3–7 days. Proteins
from colonies on fresh agar plates were extracted with the ethanol/

TABLE 1 Overview of the composition of the five studied roe treatments.

NaCl (%) Organic acids Antioxidants Code

10.1% (HS) 0.15% Sodium benzoate (BAC) None added HS + BAC

7.2 0.25% Purac Powder 60 (LAC); 0.22% Sodium benzoate (BAC) 0.046% VivOx 7.5 (VIV) LAC + BAC + VIV

6.9 0.35% Sodium acetate (AAC); 0.35% Purac Powder 60 (LAC) None added AAC + LAC

6.9 0.35% Sodium acetate (AAC); 0.35% Purac Powder 60 (LAC) 0.019% Herbalox D-450 (HER) AAC + LAC + HER

6.9 0.35% Sodium acetate (AAC); 0.35% Purac Powder 60 (LAC) 0.046% VivOx 7.5 (VIV) AAC + LAC + VIV

Abbreviations: HS: high salt, AAC: sodium acetate, BAC: sodium benzoate, HER: Herbalox D-450, LAC: lactic acid added as purac powder, VIV: VivOx 7.5.
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formic acid/acetonitrile protocol used by Nonnemann et al. (2019),
as described by Bizzini et al. (2010). Mass spectra were produced
with Matrix-Assisted Laser Desorption/Ionization Time of Flight
(MALDI-TOF) mass spectrometry using a Maldi-Biotyper® Sirius
one RUO Instrument (Bruker Daltonics, Billerica, Massachusetts,
USA) with the MBT Compass library. Log scores between 0 and
3 were calculated by the Biotyper algorithm (Bruker Daltonics,
Bremen, Germany). Log scores <1.7 do not lead to identification.
Log scores 1.7 ≤ x < 2.0 provide genus identification, while log
scores ≥2.0 provide species identification. All isolates were analysed
in triplicates.

2.4.3 Culture-independent analysis of SIP samples
using shotgun metagenomic sequencing

DNA was extracted from duplicate SIP samples from each of the
five treatments on day 50 and 353 of the storage experiment using
the 10-1 dilution in stomacher bags (see section 2.4.1) that had been
stored frozen (−80°C) following the microbiological analysis. In
short, aliquots of 10 mL from each sample were centrifuged at
8,960 g at 5°C for 10 min to obtain a pellet containing the microbial
cells. DNA was extracted from the pellet with the DNeasy
PowerFood kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. Extracted DNA was quantified using
Qubit 3.0 (Invitrogen, Carlsbad, CA, United States) with the
Qubit DNA HS Assay Kit (Invitrogen). DNA samples were sent
on ice to Eurofins Genomics (Konstanz, Germany) for quality
control and Illumina 150 bp paired-end metagenomic shotgun
sequencing. One sample (Day 50, AAC + LAC treatment) failed
to be sequenced. The raw metagenomic data were submitted to the
European Nucleotide Archive (ENA) under project number:
PRJEB78984. The raw sequencing data of the 19 samples were
processed with CLC Genomics Workbench 24.0. (Qiagen,
Aarhus, Denmark) and CLC Genomics Microbial Module 24.0 to
trim away adapters and low-quality reads with quality scores below
0.05. After trimming, 22.6–37.4 million reads remained for each
sample, with a median of 26.9 million reads/sample. For taxonomic
profiling, a database containing all Fungal NCBI RefSeq genomes
(RefSeq Fungal, 584 genomes, 30th January 2024, ncbi. nlm.nih.gov/
refseq/) was downloaded together with QIAGEN Microbial
Insights–Prokaryotic Taxonomy Database Family (QMI-PTDB,
version 2.0). The latter is curated and based on reference
genomes with representation of all prokaryotic families based on
annotations from the Genome Taxonomy Database (GTDB, gtdp.
ecogenomic.org). Both RefSeq Fungal and QMI-PTDB family
databases were used to create a combined taxonomic profiling
reference index, which was applied for taxonomic profiling in
CLC Genomics of each sample with a minimum seed length of
30 bp and adjusted for read length variation. Taxonomic
classification resulted in 0.4–20.3 million assigned reads for each
sample with a median of 6.6 million classified reads and a total of
153.4 million assigned reads. Taxonomic classification results were
filtered to remove sequencing noise and extremely low abundance
species by removing taxa with less than 1,000 classified reads
combined across all 19 samples. The filtered taxonomic
abundance tables were merged, exported, and used as input for
taxonomic visualizations in GraphPad Prism 10 (GraphPad
Software, Boston, MA, United States).

2.5 Chemical analysis

All analyses on roe samples (five treatments, six sampling
points) were carried out in biological duplicates with analytical
replicates (n = 2 × 2) except for analysis of volatile oxidation
products, which were carried out in triplicates (n = 2 × 3). If any
exceptions, these are noted in the method description.

2.5.1 Lipid extraction
The lipids were extracted using chloroform and methanol

according to the Bligh and Dyer (B&D) method with a reduced
amount of solvent (Bligh and Dyer, 1959; Iverson et al., 2001). After
oil extraction and the evaporation of chloroform, the lipid content
was determined gravimetrically. The results were reported as a
percentage of the sample weight.

2.5.2 Determination of free fatty acids (FFA)
The FFAs in the lipid extracts were titrated with NaOH using

phenolphthalein as an indicator according to AOCS Method Ca 5a-
40 (AOCS, 2004). Aliquots of 10–15 g of the lipid extract were mixed
with ethanol (25 mL) and some drops of the indicator were added.
Then, the sample was titrated with 0.1M NaOH until a faint pink
colour appeared. The volume of NaOH used for titration was used to
calculate the FFA content (%). The results were reported as the
amount of FFAs (%) by the oleic acid content of the oil.

2.5.3 Determination of content of tocopherols
The tocopherol content was determined according to AOCS

Method Ce 8–89 (AOCS, 1998). Approximately 1 g of lipid extract
was evaporated to dryness under nitrogen and re-dissolved in
heptane (1 mL). The extract was analysed by HPLC–FLD
(Agilent 1,100 series, Agilent Technologies) as described by Lu
et al. (2015). Results were quantified as µg/g sample.

2.5.4 Content of carnosic acid and carnosol
The main antioxidant compounds in the rosemary extracts were

the phenolic compounds carnosic acid and carnosol. Samples were
analysed for the content of carnosic acid and carnosol on days
50 and 353. Roe was weighed (0.5 g) into a centrifuge tube, and
2.5 mL solvent (acetone or ethyl acetate) was added. The sample was
shaken (20 s) and sonicated for 30 min. The sample was centrifuged
(3.500 rpm, ≈2.602 × g, 10 min) and the upper phase was transferred
to another centrifuge tube and the solvent was evaporated. The
procedure was repeated twice and the pooled evaporated upper
phase was redissolved in 1 mL MeOH with iso-ascorbic acid (1 mg/
mL) and filtered (0.2 µm). The extraction was performed in
duplicates (n = 2). The flow on the HPLC-DAD (Agilent
1,200 series, Agilent Technologies) was 0.9 mL and a gradient
method was applied with two solvents, A) Water (pH 3,
adjusted with phosphoric acid) and B) Acetonitrile. The
gradient method was as follows: 0–20 min 5% Solvent B,
20–25 min 100% Solvent B, 25–27 min 40% Solvent B. A
Zorbax ® Eclipse XDB-C8 (5 µm 4.6 × 150 mm, Agilent
Technologies) column was used for the separation. The
compounds were detected at 280 nm on a UV detector. For the
quantification of carnosic acid and carnosol a calibration curve was
prepared in MeOH and results were quantified as µg/g sample.
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2.5.5 Determination of peroxide value (PV)
PV was determined on the lipid extracts using the colourimetric

ferric-thiocyanate method and measured spectrophotometrically at
500 nm, as described by Shantha and Decker (1994), with few
modifications as the solvent volume was increased by 2%. The
calibration curve was prepared with ferric chloride, and PV was
quantified as meq. ROOH/kg oil.

2.5.6 Determination of thiobarbituric acid reactive
substances (TBARS)

Samples were analysed for changes in TBARS over the storage
period according to Vyncke (1970). Aliquots of 15 g of samples were
mixed with 30 mL 7.5% Trichloroacetic acid using an Ultra Thurrax
(10,000 rpm, 15 s) and filtrated. Five mL of the filtrated extract were
transferred to each of two test tubes. Five mL of 0.02M 2-
thiobarbituric acid were added to one tube, whereas 5 mL of
water were added to the other tube as a blank. The tubes were
then heated (90°C, 40 min) in a water bath and cooled in water.
Absorbance of the samples were measured spectroscopically at
530 nm (Shimadzu UV-1280, Holm and Halby, Brøndby,
Denmark). An external calibration curve was performed using
1,1,3,3-tetraethoxypropane (TEP, malondialdehyde bis (diethyl
acetal)) dissolved in 7.5% trichloroacetic acid (TCA) as the
standard to calculate the concentration of TBARS. The results
were quantified as µmol/kg sample.

2.5.7 Determination of volatile compounds by
dynamic headspace GC–MS

Approximately 10 g of the roe were weighed and mixed with
25 mL water and 30 mg of internal standard solution (30 μg/g of
4-methyl-1-pentanol in rapeseed oil). The samples were purged
for 30 min at 37°C with a nitrogen flow of 340 mL/min and
volatile compounds were collected on Tenax® GR tubes. After
collection, the Tenax® tubes were flushed with a nitrogen flow of
50 mL/min for 20 min. The collected volatiles were desorbed
from the Tenax® tubes by an automatic thermal desorber (ATD
Turbomatrix 450, PerkinElmer, Norwalk, CT, USA) at 230°C
combined with Agilent 6,890 (Palo Alto, CA, USA) GC coupled
with a mass spectrometer (HP 5973 Network Mass Selective
Detector, Agilent Technologies). The initial GC oven
temperature was 55°C for 1.5 min, with increment at 2.0°C/
min to 90°C, then increment at 8.0°C/min to 230°C, where it

was held for 8 min. The MS conditions were: Electron ionisation
mode, 70 eV, mass-to-charge ratio scan between 30 and 250).
External standards (2-ethyl-furan, pentanal, 1-penten-3-ol, 3-
methyl-butanol, 2-methyl-butanol, 2-pentenal, hexenal, 2-
penten-2-ol, 2-hexenal, 4-heptanal, 1-octen-3-ol, octanal, 2,4-
heptadienal, nonanal and 2,6-nonadienal (Sigma Aldrich, MO,
United States)) were used for calibration curves. The standards
were dissolved in ethanol, added to Tenax® tubes in
concentrations ranging from 5 to 1,500 ng/g, and analysed by
the same method described above. The results were given in ng/g
of roe. The LOQ was determined as the lowest concentration used
for the standard curve.

2.6 Data analysis

Graphical representations and statistical analysis were
performed with GraphPad Prism 10 software. The analysis for
increases in microbial concentrations, PV and TBARS were
performed by using the built-in tool for simple linear
regression including F-ratio and P-value to test if the slope
was significantly different from zero. In case of a slope
significantly different from zero, the mean of the values was
analysed with two-way ANOVA using a post hoc analysis in the
form of the Bonferroni t-test to analyse which treatments were
significantly (p < 0.05) different over time. Correlations between
microbial concentrations, FFA, PV, TBARS and concentrations
of volatile compounds data were investigated by a Principal
Component Analysis (PCA) using RStudio version 2023.03.1 +
446 (R-Core Team, 2023).

3 Results

3.1 Product characteristics

As expected, similar pH and salt contents were achieved in
roe samples from the LAC + BAC + VIV, AAC + LAC, AAC +
LAC + HER and AAC + LAC + VIV treatments. Moreover,
similar contents of acetic acid and lactic acid were found for roe
in the AAC + LAC, AAC + LAC + HER and AAC + LAC + VIV
treatments (Table 2).

TABLE 2 Characteristics of lumpfish roe from the five studied treatments.

Treatments pH (avg ± SD) NaCl in the water
phase (%±SD)

Lipid
(%±SD)

Organic acids in the water phase
(ppm±SD)

Acetic
acid

Lactic
acid

Benzoic
acid

HS + BAC 6.06 ± 0.03 12.35 ± 0.50 3.90 ± 0.26 NDa NDa 1779 ± 90

LAC + BAC + VIV 5.49 ± 0.05 8.72 ± 0.08 3.70 ± 0.29 NDa 2,980 ± 111 2,459 ± 74

AAC + LAC 5.40 ± 0.06 8.36 ± 0.08 3.68 ± 0.32 3,312 ± 537 4,084 ± 138 NDa

AAC + LAC + HER 5.39 ± 0.06 8.44 ± 0.32 3.72 ± 0.31 2,869 ± 29 3,858 ± 350 NDa

AAC + LAC + VIV 5.38 ± 0.06 8.52 ± 0.12 3.72 ± 0.45 2,946 ± 628 4,071 ± 119 NDa

aND, not detected. Abbreviations: HS: high salt, AAC: sodium acetate, BAC: sodium benzoate, HER: Herbalox D-450, LAC: lactic acid added as purac powder, VIV: VivOx 7.5.
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3.2 Microbial changes and identification of
microbiota

AVC increased from 5.5-6 log CFU/g at day 50 to between
6.1–6.5 log CFU/g after 120 days of storage and remained fairly

stable through the remaining storage period for all treatments
(Figure 2A). Significant (p < 0.05) differences between
concentrations of AVC and yeast and moulds were only seen on
day 50 for the HS + BAC treatment and on days 288 and 353 for the
AAC + LAC + HER treatment with higher concentrations of AVC,

FIGURE 2
Microbiological concentrations of the roe samples during refrigerated storage. AVC (A) determined on Long and Hammer agar, concentrations of
yeast and moulds (B) determined on OYGE agar, concentrations of presumptive Pseudomonas spp. on CFC agar (C) and concentrations for lactic acid
bacteria (D) determined on NAP agar, for the HS + BAC (C) LAC + BAC + VIV ( ), AAC + LAC ( ), AAC + LAC + HER ( ) and AAC + LAC + VIV ( )
treatments. Symbols and error bars indicate avg. ± SD.

TABLE 3 Identification of isolates by MALDI-TOF reported as % of the total isolates investigated.

HS + BAC LAC + BAC + VIV AAC + LAC AAC + LAC
+ HER

AAC + LAC + VIV

Days 50 120 353 50 120 353 50 120 353 50 120 353 50 120 353

Isolates (n) 8 7 9 8 8 11 7 8 18 8 6 15 8 9 13

Debaryomyces hansenii 25 100 88.9 50 87.5 100 71.4 62.5 50 87.5 - 20 50 44.4 53.8

Candida zeylanoides - - - - - - 14.3 12.5 - - 16.7 6.7 - - 15.4

Psychrobacter spp. - - - - - - - 25 16.7 - 50 26.7 - - 23.1

Latilactobacillus spp. - - 11.1 - - - - - 27.8 - - 26.7 - - -

Staphylococcus equorum - - - - - - - - - - - 6.7 - - -

No IDa 75 - - 50 12.5 - 14.3 - 5.6 12.5 33.3 13.3 50 55.6 7.7

aNO ID, it was not possible to identify the organism byMALDI-TOF., Abbreviations: HS: high salt, AAC: sodium acetate, BAC: sodium benzoate, HER: Herbalox D-450, LAC: lactic acid added

as purac powder, VIV: VivOx 7.5.
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indicating that the microbiota was dominated by yeast and moulds
(Figures 2A,B). After 210 days of storage, significantly (p < 0.05)
higher concentrations of yeast and moulds were seen in HS + BAC
compared to roe samples from treatments with acetic and lactic
acids (AAC + LAC, AAC + LAC +HER and AAC+ LAC +VIV). No
significant (p > 0.05) increase was seen in growth on CFC media for
any of the five treatments and the average cell concentration was

4.76 ± 0.68 log CFU/g (Figure 2C). Day 50 concentrations of lactic
acid bacteria were significantly (p < 0.05) higher in roe from
treatments without benzoic acid (4.4–5.4 log CFU/g, AAC +
LAC, AAC + LAC + HER and AAC + LAC + VIV), than in roe
from treatments with benzoic acid (1-2 log CFU/g, HS + BAC and
LAC + BAC + VIV). Between day 50 and 353, significant (p < 0.05)
growth of lactic acid bacteria was exclusively seen in roe from
treatment HS + BACwith an increase of 1.17 log CFU/g (Figure 2D).

For all treatments, the roe microbiota observed on day 50, as
identified byMALDI-TOF, were dominated by yeast (Debaryomyces
hansenii and Candida zeylanoides) and by unidentified
microorganisms, as exemplified by the HS + BAC treatment,
where 75% of the day 50 microbiota was unidentified and the
remaining 25% consisted of D. hansenii (Table 3). After 353 days
of storage, the microbiota of the treatments HS + BAC and LAC +
BAC + VIV were dominated by D. hansenii (>88% of the
microbiota), whereas AAC + LAC and AAC + LAC + VIV had a
more diverse microbiota including species of Psychrobacter and
Latilactobacillus. Roe from the AAC + LAC + HER treatment was
dominated by D. hansenii, but also contained C. zeylanoides and
Psychrobacter (Table 3).

Similar results were obtained by metagenomic sequencing,
however with even more pronounced domination of D. hansenii
across all treatments during storage (Figure 3). In general, a higher
diversity with differentAscomycota spp. was seen on day 50, whileD.
hansenii made up 96% ± 3% of the metagenomic abundance in
samples on day 353 (Supplementary Table S1). Bacteria were
generally found in low abundance making up only 1.5% ± 1.7%
of the metagenome. Only two bacterial families were found in

FIGURE 3
Microbiome composition of brined treated lumpfish roe as determined by metagenomic sequencing of roe samples (n = 2 for each of the five
treatments) after 50 and 353 days of storage. One roe sample (day 50, AAC+ LAC) failed to be sequenced. Exclusively, taxa present at a relative abundance
of at least 1% in one sample are shown in the legend.

FIGURE 4
Effect of refrigerated storage on the content of % free fatty acids
(FFA) in roe samples of the HS + BAC (C) LAC + BAC + VIV ( ), AAC +
LAC ( ), AAC + LAC + HER ( ) and AAC + LAC + VIV ( ) treatments.
Symbols and error bars indicate avg ± SD.
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relative abundances >1% with Catellicoccaceae exclusively found in
roe from the HS + BAC treatment after 50 days and with
Lactobacillaceae having the highest abundance (2%–5%) in roe
samples from the AAC + LAC, and AAC + LAC + HER
treatments after 353 days (Figure 3). While not mirroring the
abundances detected by the MALDI-TOF identification,
Psychrobacter spp. Sequences were only found in roe samples
preserved with AAC containing treatments after 353 days (data
not shown). Similarly, C. zeylanoides, belonging to the class
Saccharomycetes, were found in all metagenomic samples of
day 50 and 353, though at abundancies below 0.01% (data
not shown).

3.3 Chemical changes

The content of free fatty acids (FFAs) increased by 8%–10%
during storage of roe from all treatments, though a lower content of
FFA was seen in the roe from the HS + BAC treatment throughout
the storage period (Figure 4).

Tocopherols possess antioxidative properties and acts either as
scavengers of radicals or by reacting with singlet oxygen, hence a
reduction in tocopherols is often seen in oxidized products (Pazos
et al., 2005). Of the four analysed tocopherol homologues, α-
tocopherol was the only one detected and higher concentrations
were found in roe from treatments with added antioxidants
(~12.7 μg/g) compared to treatments without antioxidants
(~7.2 μg/g). No significant (p > 0.05) consumption of α-
tocopherol was observed during storage for any of the five
treatments (data not shown).

Similar contents of carnosic acid and carnosol were found in roe
samples treated with antioxidants. The content of carnosic acid
decreased, though not significantly (p > 0.05) for LAC + BAC + VIV
and AAC + LAC + HER during storage (0.65 μg/g reduction). A
significant (p < 0.05) decrease of 1.29 μg/g was seen for AAC + LAC

+ VIV (Figure 5A). During storage, the initial content of carnosol in
LAC + BAC + VIV was reduced to undetectable levels, whereas the
initial contents in AAC + LAC + HER and AAC + LAC + VIV were
significantly (p < 0.05) reduced during storage by 2.83 and 3.97 μg/g,
respectively (Figure 5B). As expected, neither carnosic acid nor
carnosol was detected in roe from the HS + BAC or AAC + LAC
treatments (data not shown).

Primary oxidation products can be measured by determinations
of PV, which measures the amount of lipid hydroperoxides in the
sample. Treatments with antioxidants (LAC + BAC + VIV, AAC +
LAC + HER and AAC + LAC + VIV) showed lower initial PV
(<2.04 meq. ROOH/kg oil) in roe samples compared to treatments
without antioxidants added (>4 meq. ROOH/kg oil, HS + BAC and
AAC + LAC; Figure 6A). Significant (p < 0.05) increases were seen
during 288 days of storage of roe from all treatments except for AAC
+ LAC, which is due to the higher PV levels at days 80 and 120.
Importantly, the lowest increase over time was observed in roe from
the AAC + LAC + HER treatment, which only increased from
0.99 meq. ROOH/kg oil to 2.79 meq. ROOH/kg oil after 210 days of
storage (Figure 6A). The PVs of the remaining four treatments
increased to 7–8 meq ROOH/kg oil after 210 days of storage. This
indicates that the addition of Herbalox was more effective in
suppressing hydroperoxide formation compared to VivOx 7.5.
Significant (p < 0.05) decreases in PV were observed after
288 days of storage for samples containing acetic acid and lactic
acid (AAC + LAC, AAC + LAC + VIV and AAC + LAC + HER),
with AAC + LAC showing the largest decrease of
6.3 meq. ROOH/kg oil.

Secondary oxidation products can be measured by TBARS. A
significant (p < 0.05) increase was observed in TBARS over time in
roe from all treatments. TBARS were significantly (p < 0.05) higher
for AAC + LAC throughout storage compared to the other
treatments, though TBARS in roe samples of HS + BAC also
showed a tendency to be higher than TBARS of samples of roe
from treatments with antioxidants. Significantly (p < 0.05) lower

FIGURE 5
Content of carnosic acid (A) and carnosol (B) in the roe samples of the LAC + BAC + VIV ( ), AAC + LAC + HER ( ) and AAC + LAC + VIV ( )
treatments after 50 and 353 days of refrigerated storage. HS + BAC and AAC + LACwere analysed, but compounds were not detected. ND, measured but
not detected. Different letters above similar coloured bars indicate significant differences, i.e., significant reductions over time within the
specific treatment.
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TBARS was seen after 220 days of storage for roe samples with added
antioxidants (LAC + BAC + VIV, AAC + LAC + HER and AAC +
LAC + VIV) compared to roe samples without added antioxidants
(HS + BAC and AAC + LAC; Figure 6B).

Secondary oxidation products can also be measured by analysis
of volatile oxidation products. The quantification of volatile
compounds by GC-MS gives a more nuanced understanding of
the secondary oxidation occurring during storage compared to
TBARS, as the formation of specific volatile compounds can
often be related to the oxidation of their precursors, mainly fatty
acids. A total of 15 volatile compounds were quantified, but only 2-
ethyl-furan, 2-penten-2-ol, 1-penten-3-ol, 3-methyl-butanol, 2-
methyl-butanol, pentanal and nonanal had concentrations above
the LOQ (approx. 10 ng/g) of the method or increased to above LOQ
within the storage period.

The content of pentanal (Figure 7A) in roe increased to
above the LOQ for LAC + BAC + VIV and AAC + LAC + VIV
treatments after 288 days of storage, whereas contents in roe
from HS + BAC, AAC + LAC and AAC + LAC + HER treatment
remained below the LOQ throughout storage. The content of 1-
penten-3-ol (Figure 7B) increased to more than 400 ng/g in roe
from the HS + BAC treatment, and to more than 200 ng/g in roe
from AAC + LAC, whereas the content in roe samples with
antioxidants (LAC + BAC + VIV, AAC + LAC + HER and AAC +
LAC + VIV) remained around or below 100 ng/g throughout the
storage period, with the highest final content seen in LAC + BAC
+ VIV (123.4 ± 8.4 ng/g) and the lowest in AAC + LAC + HER
(57 ± 6.7 ng/g). The contents of 2-methyl-butanol (Figure 7C)
and 3-methyl-butanol (Figure 7D) increased during storage for
roe samples prepared in brines containing both acetic and lactic
acids (AAC + LAC, AAC + LAC + HER and AAC + LAC + VIV),
whereas roe samples preserved with benzoic acid (HS + BAC and
LAC + BAC + VIV) showed significantly (p < 0.05) lower
increases during storage. Of the remaining volatile
compounds with concentrations above the LOQ, the content
of 2-ethyl-furan increased to ~95 ng/g in roe from AAC + LAC,
and to 38 ng/g in HS + BAC, whereas roe samples with
antioxidants remained below 25 ng/g throughout storage, yet
again showing the effect of the added antioxidants and of the
higher salt content. 2-penten-2-ol showed the highest increase

during storage of roe in HS + BAC with a final content of ~18 ng/
g, AAC + LAC increased to ~11 ng/g, whereas roe samples
prepared with antioxidants remained around 5–7 ng/g. The
content of nonanal showed no consistent trend, fluctuating
with both increases and decreases in roe samples throughout
the storage period. The decrease in PV in roe samples after
288 days of storage, as seen in Figure 6A, could not be explained
by changes in secondary oxidation products as determined by
changes in TBARS (Figure 6B) or volatile compounds
(Figures 7A–D).

The PCA plot, as shown in Figure 8, clearly demonstrates how
different treatments affect the roe samples and highlights which of
the analysed chemical and/or microbiological quality attributes are
important for the variation in each treatment. This analysis allows
for the evaluation of correlations (positive or negative) between
treatments and the measured parameters in the roe.

Principal component 1 (PC1) and PC2 explain 30.64% and
21.24% of the variation in the data, respectively. The plots show a
clear time-related tendency along PC1, whereas PC2 appears to
explain variance between treatments (Figure 8B). Based on the
locations of scores along the PC1-axis, roe samples preserved
with antioxidants appear to vary less with time compared to
samples without antioxidants. Roe samples from days 288 and
353 of all treatments, except HS + BAC, are in the 1st quadrant
(Figure 8B) and correlates with both free fatty acids, lactic acid
bacteria and the three volatile compounds pentanal, 2-methyl-
butanol and 3-methyl-butanol, i.e., higher content (Figure 8A).
This corresponds well with the observed higher contents of FFA
(Figure 4), 2-methyl-butanol, 3-methyl-butanol and pentanal in
roe samples from the AAC + LAC + VIV and LAC + BAC + VIV
treatments (Figure 7). The position of AAC + LAC + HER treated
roe can be explained by changes in concentrations of FFA, 2-
methyl-butanol and 3-methyl-butanol. Samples of HS + BAC
from day 288 and 353 appear to correlate with PV, yeast and
moulds and the two volatile alcohols 2-penten-2-ol and 1-
penten-3-ol. The higher TBARS, PV and 1-penten-3-ol explain
the location of roe samples of the HS + BAC and AAC + LAC
treatments. Additionally, the general increases in the values of
most parameters during the storage period explain the
variance along PC1.

FIGURE 6
PV (A) and TBARS (B) in roe samples of the HS + BAC (C) LAC + BAC + VIV ( ), AAC + LAC ( ), AAC + LAC + HER ( ) and AAC + LAC + VIV ( )
treatments during refrigerated storage. Symbols and error bars indicate avg. ± SD.
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4 Discussion

4.1 Microbial changes

AVC showed levels of 6.1–7.4 log CFU/g during the final storage
period (>120 days) in roe from all treatments. The high AVC levels
are similar to values reported in literature for storage of other roe
products stabilized with markedly lower salt concentrations of 3%–
5% salt with and without organic acids (Basby et al., 1998c; Panjaitan
et al., 2020; Lopez et al., 2021). The lack of effect on AVC of the
addition of organic acids to the roe was unexpected, since previous
research has shown its ability to reduce microbial growth in roe
products (Lopez et al., 2021), in brined shrimp (Mejlholm et al.,
2008) and for white sturgeon caviar during long term storage at −2°C
(Lopez et al., 2021). In contrast to studies of other fishery products
(Campo et al., 2000; Feng et al., 2022), no apparent antimicrobial
effect of rosemary extract was observed in our study, potentially due
to composition of the microbiota, low product pH or high salt
content of the roe.

Over the course of the storage period, the microbiota of all
samples became dominated by the yeast D. hansenii (Figures 2, 3;
Table 3). This was unexpected for roe samples treated with a brine
containing benzoic acid, as this organic acid typically inhibits yeast
(Chipley, 2020). However, the effect of organic acids depends on the
pH and product type. For instance, the minimum inhibitory

concentration (MIC) of benzoic acid against D. hansenii varies
with pH: 100–200 ppm at pH 3.5, 250–500 ppm at pH 5, and
1,500 ppm at pH 7 (Fleet, 2011; Chipley, 2020). Despite >1,500 ppm
benzoic acid (Table 2) growth of D. hansenii was not prevented
during storage of the studied SIP treatments. Concentrations of
AVC and yeast in freshly produced SIP from Paamiut were,
respectively, 3.2 ± 0.5 log CFU/g and 2.1 ± 0.2 log CFU/g during
the 2022 season (n = 36; results not shown). The yeast, present after
processing, grew in SIP as observed in the present study. The 50-day
microbiota for HS + BAC was less dominated by yeast than other
treatments, which could result from >12% water phase salt, to some
extent, reducing growth of D. hansenii. Bagge-Ravn et al. (2003)
found yeast to account for 21% of the microbiota recovered from
equipment used when SIP is further processed into retail lumpfish
roe products. This may suggest yeast from SIP have contaminated
the processing equipment. Higher day-50 concentrations of lactic
acid bacteria were seen in roe samples stabilized in brines without
benzoic acid (Figure 2C), indicating an initial inhibiting effect of the
benzoic acid on the lactic acid bacteria.

During storage, the microbiota became less diverse, as the
microorganisms, which were best adapted to the product
environment, came to dominate the roe samples. This is seen by
fewer taxa being present in the roe at the end of storage (Figure 3).
The exclusion of benzoic acid in the recipes of AAC + LAC, AAC +
LAC + HER and AAC + LAC + VIV brines also seemed to impact

FIGURE 7
Development of selected secondary volatile oxidation products during refrigerated storage of roe samples: pentanal (A), 1-penten-3-ol (B), 2-
methyl-butanol (C) and 3-methyl-butanol (D) for the HS + BAC (C) LAC + BAC + VIV ( ), AAC + LAC ( ), AAC + LAC + HER ( ) and AAC + LAC + VIV ( )
treatments. Symbols and error bars indicate avg. ± SD. Dotted lines indicate the LOQ of the method of approximately 10 ng/g.
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the diversity of the microbiota as several bacterial species were
detected and identified by MALDI-TOF in the roe samples without
benzoic acid. However, in the metagenomic analysis, Lactobacillales
were the only bacterial family with a relative abundance >1% in the

roe. Lactic acid bacteria have previously been shown to spoil lightly
salted lumpfish roe (Basby et al., 1998a; Basby et al., 1998c) and have
also been isolated from seafood processing equipment (Bagge-Ravn
et al., 2003). Specifically, Latilactobacillus sakei has previously been

FIGURE 8
Principal Component Analysis (PCA) based on roe samples’ microbial concentrations, FFA, PV, TBARS and volatile compounds: Loadings (A) and
Scores (B). Roe sample treatments: HS + BAC (black) LAC + BAC + VIV (pink), AAC + LAC (green), AAC + LAC + HER (dark Purple) and AAC + LAC + VIV
(light purple) sampled after 50 (■), 80 (C), 120 (▲), 210 (◆), 288(□) and 353 (○) days at 2°C.
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isolated from seafood in brine from arctic waters (Mejlholm et al.,
2008), which may explain its presence in the roe samples. Lactic acid
bacteria have previously been shown to be able to spoil seafood
products by producing sulphurous and acidic odours (Leroi, 2010).
D. hansenii was the dominant yeast detected in all samples by both
culture-dependent (MALDI-TOF) and culture-independent
(metagenomics) determinations and was especially dominant
after 353 days of storage. It was initially isolated from seawater
(Norkrans, 1966), which could lead to the lumpfish being naturally
contaminated prior to harvest and hence its presence in the roe
samples. The yeast has repeatedly been isolated from foods stored in
salt brines, such as cheese and cured meat products (Haastrup et al.,
2018; Hernández et al., 2018). The yeast is known to be halotolerant,
able to grow at low pH and in the presence of organic acids (Breuer
and Harms, 2006), probably causing it to become dominant during
storage. Literature both reports the yeast acting as a spoiler and as a
flavour-enhancer (Breuer and Harms, 2006; Ashaolu et al., 2023),
likely depending on the food matrix in which it grows and on the
microbial concentrations. Studies to elucidate its role in spoilage of
lumpfish roe should be performed in the future. The identification of
a single colony of Staphylococcus equorum in roe of the AAC + LAC
+ HER treatment on day 353 of storage is interesting as this
bacterium is generally not found to grow at temperatures below
6°C (Vos et al., 2009). The metagenomic analysis also detected DNA
from S. equorum, but at an abundance below 0.001%, showing its
presence albeit in very low amounts. Staphylococcus spp. have
previously been found to be present on processing equipment for
lumpfish roe (Bagge-Ravn et al., 2003) and have been isolated from
marine salts (Cordero and Zumalacárregui, 2000) suggesting that
the genus can be introduced through the addition of salt to the
products, or by the surrounding marine or processing environment.

The rather large number of unidentified isolates shows the
limitations of using MALDI-TOF for investigation of the
microbial community of SIP. However, this can most likely be
attributed to the size and type of library applied for identification
of the isolates. The library used for this study consists of
approximately 4,000 species and the library generally targets
clinical and terrestrial isolates (Han et al., 2021). A limitation of
culture-independent metagenomic based analysis is the
indiscriminate sequencing of DNA from all viable, non-culturable
and dead microorganisms. To counter this limitation, recent studies
using propidium monoazide have, with limited efficiency, tried to
reduce the bias even in complex communities (Yap et al., 2022; Liu
et al., 2023; Yang et al., 2023). Despite the limitations of both
culture-dependent and independent techniques, this study shows
that both approaches yielded the same result. An advantage of the
culture-based method is that it provided us with isolates of D.
hansenii, which can be used in future studies.

When storing foodstuff refrigerated for extended periods of
time, the microbiological food safety must also be considered and
ensured. For this purpose, predictive modelling is useful (Ross et al.,
2000). Predictions from the Food Safety and Spoilage Predictor
(FSSP, www.fssp.dtu.dk) forecasts that the combinations of salt,
pH and organic acids in the experimental brine treatment will
inhibit the growth of Listeria monocytogenes, which is an
important psychrotolerant foodborne bacteria pathogen
associated with lightly preserved fish products, during the storage
of the salted intermediate roe products (Mejlholm and Dalgaard,

2009). Additionally, product characteristics and storage condition
will efficiently prevent growth and potential toxin formation of non-
proteolytic Clostridium botulinum (Koukou et al., 2021).

In summary, the microbial results show that reducing the water
phase salt content from >12 to ~8% and avoiding the use of benzoic
acid in brines did not notably affect the microbial growth in the
intermediate roe products. Nor was there an evident effect of adding
the antioxidants on the microbial changes. This indicates that it is
indeed possible to change the brine recipes to lower the salt and omit
benzoic acid without affecting the microbiological quality of the
intermediate product. D. hansenii dominated microbiota of the
studied SIP product and yeast should be taken into account
when its microbiological quality is evaluated and managed.
Specifically, to limit growth of yeast it is suggested to reduce
product pH as a change from 5.5 to 5.2 will have the same
stabilizing effect as doubling concentrations of organic acids.

4.2 Chemical changes

FFA in seafood are produced by lipolysis of triglycerides, usually
by lipolytic enzymes originating from products or from the
microbiota, but heat-induced lipolysis can also occur. FFA are
more prone to oxidation during storage than fatty acids bound to
triacylglycerides or phospholipids. The FFA content increased
similarly in all roe samples during storage, regardless of the
addition of antioxidants to brines indicating that the microbial or
endogenous enzymes were likely responsible for the formation of
FFA. This finding aligns with a study by Ozogul et al. (2010), which
found that adding rosemary extract to vacuum-packed sardines
stored at 4°C had no considerable effect on reducing the FFA
formation compared to a control without rosemary extract. A
lower FFA content at day 50 was determined in roe from the HS
+ BAC treatment, which could be related to the higher salt
concentration compared to the other treatments (Figure 4). This
is likely due to an inhibitory effect of salt on lipases (Albarracín et al.,
2011). An increase in FFA has previously been linked to the rancid
odour characteristics of seafood (Refsgaard et al., 1998; Refsgaard
et al., 2000), but more studies should be performed to determine
their sensory impact in salted lumpfish roe.

The addition of antioxidants inhibited the formation of
hydroperoxides compared to samples without antioxidants.
Moreover, Herbalox D-450 seemed to be more effective than
VivOx 7.5. The reason for this difference between the two
rosemary-based antioxidants is unclear, as the only difference
between them is the addition of maltodextrin to VivOx 7.5.
Further studies are needed to explore this difference. At the final
sampling point after 353 days, PV decreased for all samples
(Figure 6A), suggesting that hydroperoxides decomposed into
secondary oxidation products at a faster rate than they were
formed. This decrease in PV during storage has also been
observed in other fishery products (Larsson et al., 2007;
Elavarasan and Shamasundar, 2022; Jensen et al., 2024).

Lower increases in TBARS values during storage were observed
in roe samples preserved with antioxidants regardless of differences
in organic acid composition (Figure 6B), showing the beneficial
effect of adding the antioxidants to maintain the oxidative stability
of the roe. A similar positive effect has been shown for the addition
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of rosemary extract to other fish products, such as chilled, vacuum-
packed sardines stored at 4°C (Ozogul et al., 2010) and chilled sea
bass (Feng et al., 2022). The results indicate that the high salt content
in HS + BAC (~12% NaCl) compared to AAC + LAC (~8% NaCl)
could reduce the formation of TBARS. A similar effect of high salt
contents in reducing TBARS was also reported by İnanli et al. (2010)
and Alak et al. (2021) for salted rainbow trout (Oncorhynchus
mykiss) roe stored at 4°C. The latter study suggested that the
reduced formation of TBARS, was due to dehydration of the
caviar caused by salt addition, which changed the relative
concentrations of lipids and proteins in the samples. TBARS
have previously been reported to correlate with sensory changes
of fish products (Larsson et al., 2007). However, due to the
complexity of lipid oxidation reactions, finding a universal level
of TBARS to determine shelf-life and/or sensory changes is
not simple.

The aldehyde pentanal is linked to the oxidation of linoleic acid
(Gorji et al., 2019). The formation of pentanal appears to be related
to the presence of the antioxidant VivOx 7.5, as increases to above
LOQ were only seen in roe samples preserved with this antioxidant
i.e., LAC + BAC + VIV and AAC + LAC + VIV 5 (Figure 7A). This
could be related to the content of maltodextrin in VivOx 7.5, which
is not present in Herbalox D-450. More studies should be performed
to investigate the potential for maltodextrin to affect the formation
of pentanal. 1-penten-3-ol can be formed from the oxidation of n-3
polyunsaturated fatty acids (e.g., docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA)) (Lee et al., 2003). The addition of
antioxidants caused the formation of this volatile to be markedly
reduced compared to roe samples without antioxidants (Figure 7B).
Furthermore, a 2-fold increase was observed for HS + BAC roe
samples between 210 and 288 days of storage and the concentration
was 2-fold higher than in roe from the AAC + LAC after 353 days of
storage. We have no clear explanation for the sudden and notable
increase in this volatile compound in the HS + BAC samples
compared to the AAC + LAC samples. 2-methyl-butanol and 3-
methyl-butanol are likely derived from the amino acids isoleucine
and leucine, respectively. An intermediate step in this metabolic
pathway could involve the enzymatic degradation of 2-methyl-
butanal and 3-methyl-butanal, by alcohol dehydrogenases (ADH)
originating from the microorganisms present in the product
(Zhuang et al., 2021). From the results, it appears that the
presence of benzoic acid limited the formation of these two
volatile compounds in roe (Figures 7C,D), indicating an effect of
the organic acid on the microorganisms that produce these
metabolites during storage. Looking at the microbial
identification, it seems likely that members of Lactobacillales
could be contributing to the formation of these two volatile
compounds, as these were found in higher abundance in roe
samples without benzoic acid throughout storage. Also, D.
hansenii and Psychrobacter spp. have been reported to produce
2-methyl-butanol and/or 3-methyl-butanol in foods and model
systems (Freiding et al., 2011), supporting the likelihood that the
microorganisms of the roe contributed to the formation of these two
volatile compounds during storage. Similar to results of this study,
the contents of 1-penten-3-ol, and 3-methyl-butanol were also
shown to increase in salted white sturgeon caviar during storage
at −2°C (Lopez et al., 2021). Other authors have described 3-methyl-
butanol to be an important contributor to the odour of over-ripened

cod roe, and this compound was suggested to be a potential indicator
of spoilage (Jonsdottir et al., 2004), but further investigations must
be performed to determine the importance of volatiles for the
sensory deterioration of lumpfish roe.

All in all, the results of PV, TBARS and volatile compounds
show the value of adding antioxidants for reducing the oxidative
changes in the intermediate roe product during chilled storage.
Especially the addition of Herbalox D-450 was found to be
favourable in reducing both the formation of primary and
secondary oxidation products compared to the use of VivOx 7.5
(Figures 6, 7). As similar concentrations of the active compounds;
carnosic acid and carnosol, were added to the brines (Figure 4), the
difference might be related to the addition of maltodextrin in VivOx
7.5, but maltodextrin has previously been shown to improve
oxidative stability rather than promoting oxidation. Thus, causes
for the differences in effect of the two antioxidants should be further
investigated.

Differences in the colour of roe from the treatments were noted
during the storage period; however, the changes were not quantified.
Further work should be undertaken to characterize the sensory
characteristics of the roe during storage, as well as to determine if
the applied antioxidants affect the sensory properties of the lumpfish roe.

5 Conclusion

The present study is to the best of our knowledge the first to
evaluate microbial and oxidative changes for the brined intermediate
lumpfish roe product. The results of this study show how beneficial it
is to investigate both microbial and chemical changes of products to
be able to understand the changes, potential causes of these and the
effect of different treatments on a product’s storage stability. For the
microbial stability, no evident effect of the different combination of
organic acids in the brines on microbial concentrations was
observed, as all treatments reached AVC levels of 6.1–7.4 Log
CFU/g after 120 days of storage. The formation of the two
volatile compounds 2-methyl-butanol and 3-methyl-butanol was
likely related to the microbiota of the intermediate roe including D.
hansenii and lactic acid bacteria, which occurred in higher
concentrations in treatments without benzoic acid. Additionally,
no clear antimicrobial effect of the rosemary extracts was seen. The
yeast D. hansenii, identified by MALDI-TOF and by metagenome
sequencing, grew to high concentrations both in the high salt
treatment (10% NaCl, pH 6.1 and with benzoic acid) and in the
studied alternative treatments with reduced salt (8%), pH ~5.4 and
where benzoic acid was replaced with a combination of acetic and
lactic acids. To be able to reduce salt and benzoic acid in the salted
intermediate roe product and still be able to control the microbial
growth, this study suggests that pHmust be lowered further than the
studied level of ~5.4 as this will increase the inhibitory effect of the
added organic acids. Looking at the oxidative stability, the addition
of antioxidants reduced the oxidative reactions in terms of the
formation of hydroperoxides, TBARS and volatile compounds
compared to samples without added antioxidants. No clear effect
of the different organic acids was observed on the oxidative changes.
Herbalox D-450 was better than VivOx 7.5 at inhibiting the
formation of hydroperoxides, TBARS and the two volatile
compounds pentanal and 1-penten-3-ol. In conclusion, it is
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evident from the results that it is possible to reduce the salt content
and use alternatives to the potential food allergen, benzoic acid,
without compromising the product quality.
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