
����������
�������

Citation: Nguyen, H.T.;

Hilmarsdóttir, G.S.; Tómasson, T.;

Arason, S.; Gudjónsdóttir, M.

Changes in Protein and Non-Protein

Nitrogen Compounds during

Fishmeal Processing—Identification

of Unoptimized Processing Steps.

Processes 2022, 10, 621. https://

doi.org/10.3390/pr10040621

Academic Editor: Reza Tahergorabi

Received: 4 February 2022

Accepted: 18 March 2022

Published: 22 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Changes in Protein and Non-Protein Nitrogen Compounds
during Fishmeal Processing—Identification of Unoptimized
Processing Steps
Hang Thi Nguyen 1,2,* , Gudrún Svana Hilmarsdóttir 1 , Tumi Tómasson 3, Sigurjón Arason 1,4 and
María Gudjónsdóttir 1,4

1 Faculty of Food Science and Nutrition, University of Iceland, Aragata 14, 102 Reykjavik, Iceland;
gsh9@hi.is (G.S.H.); sigurjar@hi.is (S.A.); mariagu@hi.is (M.G.)

2 Faculty of Food Technology, Nha Trang University, 02 Nguyen Dinh Chieu, Nha Trang 650000, Vietnam
3 UNESCO GRÓ—Fisheries Training Programme, Fornubudum 5, 220 Hafnarfjordur, Iceland; tumi@groftp.is
4 Matis Ltd., Company, Icelandic Food and Biotech R&D, Vinlandsleid 12, 113 Reykjavik, Iceland
* Correspondence: thn10@hi.is

Abstract: Quality changes of protein and non-protein nitrogen compounds during industrial fishmeal
processing of fatty pelagic species (mackerel/herring rest material blend, MHB) and lean fish (whole
blue whiting, BW) were studied to identify processing steps that require optimization to allow
production of products for human consumption. Samples from protein-rich processing streams
throughout the fishmeal production were analyzed for proximate composition, salt soluble protein
content (SSP), biogenic amines (BA), total volatile basic nitrogen (TVB-N), trimethylamine (TMA),
and dimethylamine (DMA). Mass flows throughout processing were balanced based on the total mass
and proximate composition data. The quality of the final fishmeal products was highly dependent on
the fish species being processed, indicating that the processes require optimization towards each raw
material. The chemical composition changed in each processing step, resulting in different properties
in each stream. Most of the non-protein nitrogen compounds (including BA, TVB-N, TMA, and DMA)
followed the liquid streams. However, the concentrate contributed less than 20% to the produced
fishmeal quantity. Mixing of this stream into the fishmeal processing again, as currently carried out,
should thus be avoided. Furthermore, the cooking, separating, and drying steps should be optimized
to improve the water and lipid separation and avoid the formation of undesired nitrogen compounds
to produce higher-value products intended for human consumption.

Keywords: fishmeal; protein; biogenic amines; trimethylamine; dimethylamine; TVB-N

1. Introduction

Fish is a nutrient-dense food containing high-quality proteins with a well-balanced
amino acid composition, long-chain polyunsaturated fatty acids (LC PUFA), and micronu-
trients [1,2]. In 2015, fish contributed to about 17% of the human intake of animal proteins
and 7% of the world’s total protein consumption [3]. Global fish production reached about
179 million tons in 2018, of which approximately 88% went to human consumption [3].
Nevertheless, fish is a limited resource, and the depletion of marine fisheries resources and
growing environmental challenges are global issues that require action [3]. At the same
time, the growing global human population will increase the need for fish and fishery
products [1,4]. It is predicted that more than 10% of the world’s human population could
face micronutrient and fatty acids deficiencies due to the reduced availability of fish over
the coming decades [1]. Many underutilized fish species and protein-rich rest materials are
used for low-value fishmeal intended for aquaculture or other animal feed. Most small fish
species caught on an industrial scale are used for fishmeal and fish oil production rather
than for direct human consumption [3,5,6]. The Food and Agriculture Organization of the
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United Nations (FAO) suggests that more attention should be paid to utilizing low-value
nutrient-rich fish species, such as small pelagic fish, for human food. Decreasing the use
of wild fish for fishmeal and fish oil production and redirecting fish reduction facilities
towards the processing of fish protein for human consumption can be a valuable step in
meeting the future human protein demand [4–6]. Small-sized fish species, which have a
valuable source of essential micronutrients and high-quality protein [7], can be used for
human consumption or as a start feed in aquaculture or agriculture if the processes are
updated and optimized. Fish protein products from underutilized species can also be used
in functional food or ready-to-eat products, which has encouraged food manufacturers to
develop new methods to process fish protein powders [8,9].

Fish muscle is, however, highly perishable and susceptible to degradation during han-
dling, processing, and storage. Protein stability is one of the most important characteristics
of processed fish products, affecting the nutritional, digestive, and sensory quality. Protein
changes can lead to the loss of essential amino acids, an overall decrease in nutritional
value, and protein functionality and digestibility [10–13]. Several studies have shown a
loss of salt soluble proteins (SSP) in refrigerated, frozen, and salted fish during processing
and storage [10–12,14]. However, there is little information available on protein changes
driven by heat and drying treatment during fishmeal processing.

Non-protein nitrogen compounds formed during the degradation of proteins play a
significant role in determining the taste and smell of fishery products. Free amino acids,
peptides, purine bases, urea, and trimethylamine oxide (TMAO) are the main components
of this chemical group [15]. Post-catch handling and processing may cause changes in
proteins due to the formation of undesirable non-protein nitrogen compounds such as bio-
genic amines, total volatile basic nitrogen (TVB-N), trimethylamine (TMA), dimethylamine
(DMA), and ammonia [13]. Therefore, it is important to control and minimize the formation
of these compounds if the products are intended for human consumption.

Globally, 65–75% of the fishmeal and fish oil is produced from small pelagic fish [3,6,16].
Pelagic fish species constitute a large part of the captured fish in Iceland and made up
51% of the total catch in 2020. Blue whiting (Micromesistius poutassou), Atlantic mackerel
(Scomber scombrus), and Atlantic herring (Clupea harengus) are the three dominant pelagic
species, accounting for 42% of the total catch. However, these species only accounted
for about 13% of the total value [17]. Therefore, much can be gained from developing
higher-value products from these species. In Iceland, most of the herring and mackerel
catches are processed for human consumption as frozen, headed, and gutted or filleted
fish. The side streams (cut-offs, heads, guts, viscera, backbone, etc.) are collected and
used for fishmeal and fish oil production, along with any bycatch [18,19]. The mackerel
and herring seasons overlap, and these species are thus often processed into fishmeal
and oil simultaneously. Mackerel and herring are histidine-rich species [20,21], and fish
guts are rich in a wide variety of enzymes and bacteria. Biogenic amines are generated
from the decarboxylation of free amino acids by endogenous enzymes of raw material
or by bacterial activities. Biogenic amines, such as histamine, tyramine, putrescine, and
cadaverine, are a potential health risk because of their toxic characteristics [22,23]. It is
thus of high importance to limit the formation of biogenic amines during production. This
is one of the main challenges when producers want to optimize the utilization of side
streams from mackerel and herring fishmeal processing for human consumption into the
development of other high-value-added products.

Blue whiting made up about 50% of the pelagic catch around Iceland in 2020 [17]. This
species is used primarily for fish meal production and is generally not considered tasty
enough for direct human consumption. Blue whiting is a lean fish of the gadoid family, with
high trimethylamine oxide (TMAO) and TMAOase levels [24]. During post-catch handling
and processing, TMAO may be broken down by spoilage bacteria into trimethylamine
(TMA), generating pungent and undesirable fishy flavours and odours. Moreover, TMAO
may be split into dimethylamine (DMA) and formaldehyde (FA) under TMAOase catalysis.
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It has been shown that TMAO decomposition plays an important role in the total volatile
base nitrogen (TVB-N) production in this species [24].

Traditional fishmeal/oil products have been processed with the same technology for
decades, forming low-quality products of relatively low economic value. These production
processes are primarily purposed toward water removal. Meanwhile, the protein quality,
lipid removal, and separation of unwanted non-protein nitrogen compounds have not
been considered in detail [16,25]. Furthermore, the processes are not optimized towards
variations in the raw materials or the processing of different species.

This study therefore aimed to indicate how proteins and unwanted non-protein nitro-
gen compounds change and/or separate during processing from the initial raw materials
to the final products during processing of different pelagic species. Evaluating changes in
protein characteristics during each step of the current fishmeal processes is crucial in order
to systematically change these processes towards producing high-quality, protein-rich prod-
ucts for human consumption. The changes in protein and non-protein nitrogen compounds
during traditional processing of fatty pelagic fish species and leaner fish were investigated
to identify necessary improvements towards the production of protein products for human
consumption, as affected by species and raw material characteristics.

2. Material and Methods
2.1. Raw Material and Sampling
2.1.1. Raw Materials

Raw materials were collected on two occasions to compare the efficiency of a fishmeal
factory during the processing of a fatty (a mackerel/herring blend, MHB) raw material and
lean raw material (blue whiting, BW).

The Atlantic mackerel/herring was caught from 3 September to 7 September 2017,
off the southeast coast of Iceland, by midwater trawling. The mackerel and herring were
mechanically headed and gutted (Baader 221: Automatic Pelagic Processing Line) upon
arrival to the processing facility. The cut-offs were collected along with the bycatch, and
the material was pumped into the fishmeal processing facilities, where it was stored in a
receiver tank and kept at 3 ± 1.5 ◦C until processed 1–3 days upon arrival to shore. The raw
materials for the MHB fishmeal production contained 58% of Atlantic mackerel (Scomber
scombrus) cut-offs, 37% of Atlantic herring (Clupea harengus) cut-offs, 4.5% of blue whiting
(Micromesistius poutassou), and about 0.5% of bycatch species.

The blue whiting was caught on 30 April 2019, south of the Faroe Islands, by midwater
trawls. The BW was refrigerated at 2 ± 2 ◦C on board for 24 h before being transferred to
the fishmeal processing facility, where it was processed in the same way as the MHB as
described in the following section. More detailed information about the raw materials and
their handling were described by Hilmarsdottir et al. [16].

2.1.2. Sampling during Industrial Fishmeal and Oil Processing

A detailed flow chart of the industrial fishmeal and oil production processes is pre-
sented in Figure 1. Upon arrival at the factory, the raw material was preheated for 20 min
at 55 ◦C. Next, the mixture entered a cooking step at 85–95 ◦C for 20 min before being
drained and pressed to remove excess water. Then, the press liquid and drained liquid
were transferred to a decanter, forming a liquid mixture called separated press liquid. The
separated press liquid entered centrifuges and evaporators to separate the fish oil from the
solid processing streams. The liquid streams were led through two evaporators to produce
a concentrate, which was combined with the press cake and sludge before drying.
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Figure 1. Industrial fishmeal and fish oil production process. The green colour indicates the solid
streams throughout the process, the blue represents the liquid streams, and the yellow colour
expresses the oil streams. Mass balance from 1000 kg of raw material was calculated for blue whiting
(BW) and mackerel/herring blend (MHB), shown by red lines. The quantity of each processing
stream and the amounts of water, lipid, and fat-free dry matters (FFDM) in each stream are shown
in kg. The flow chart was adapted from Hilmarsdottir et al. [18].

The first drying step was performed in a rotary disc steam dryer for 30 ± 5 min (steam
temperature of 160 ◦C, drying temperature of 95 ◦C), reducing the moisture content of
the material to approximately 40–50%. The material underwent a second drying step
in a Hetland air dryer for 16 ± 2 min (maximum input air temperature 450 ◦C, drying
temperature 150 ◦C at the middle of the dryer, wet bulb temperature of about 65 ◦C). Some
fine particle meal (fine meal) was blown out through the air duct during the air drying.
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This meal was recovered and combined with the rest of the dried meal, forming the final
fishmeal, which had a moisture content of 5–10%.

Samples were collected at key locations throughout the processing, as indicated in
Figure 1. After collecting, the samples were cooled overnight to 0 ± 2 ◦C and transported
the following morning to the laboratory. The samples were then stored at −25 ◦C until
analysis, which took up to six months for the MHB and three months for the BW. Prior
to analysis, samples were left to thaw at 0–4 ◦C for 12–36 h. Three samples (n = 3) were
collected at each location, and chemical analyses were performed in duplicate for each
individual sample. In order to assess the effectiveness and quality changes occurring
during processing, a combination of well-known and/or accredited analytical methods,
which are commonly applied during food production, were applied. The same analytical
methods were furthermore applied to both raw materials, as that allows quantitative and
qualitative comparisons of processing of the two raw materials. The applied analytical
methods are described in detail in Sections 2.2–2.4.

2.1.3. Chemicals

All chemicals used in the study were of analytical grade and purchased from the
Sigma-Aldrich Company (Missouri, TX, USA).

2.2. Proximate Composition Changes during Processing

Water content was measured according to ISO 6496:1999. About 5.0 g of sample
was weighed and placed in a small porcelain bowl. The bowls were left to dry for 4 h at
104 ± 2 ◦C and allowed to cool to ambient temperature in a desiccator for 30 min before
being weighed again.

Crude protein content of the samples was measured according to ISO 5983-2 (2009).
About 2 g of homogenized sample was digested in 17.5 mL concentrated H2SO4 in the
presence of two Kjeldahl tablets (each tablet contains 0.4 g CuSO4 and 3.5 g K2SO4) as an
oxidative catalyst at approximately 420 ◦C for 2.5 h. The digested sample was made alkaline
by adding NaOH, and the nitrogen distilled off as NH3. The NH3 was then “trapped” in a
1% boric acid solution. The amount of ammonia nitrogen in the solution was quantified by
titration with a standardized H2SO4 solution. The nitrogen content was multiplied by 6.25
to obtain the ratio of crude protein.

Lipids were extracted from 25 g samples with 50 mL of chloroform, 50 mL of methanol,
and 25 mL or 0.88% KCl according to the Bligh and Dyer method [26]. After homogenizing
for 4 min, the mixture was centrifuged at 2500 rpm for 20 min at 4 ◦C. The lower chloroform
phase, containing the lipid fraction, was collected and filtrated on a glass microfiber filter
paper under vacuum suction. The extracts were then removed from the upper phase and
filled with chloroform to reach a volume of 50 mL. Exactly 2 mL of the chloroform phase
was pipetted in a glass tube and blown by a nitrogen jet at 55 ◦C to remove the solvent. The
remaining solution was weighed to determine the total lipid content.

Ash was defined as the remaining components of the dry matter. The ash content was
calculated as the total wet weight (100%) after removing the water, lipid, and crude protein
contents. Fat-fee dry matter (FFDM) was calculated as the total wet weight (100%) minus
the water and the lipid contents. The water, crude protein, lipid, and ash content were
expressed as a percentage of wet weight.

2.3. Mass Balances during Processing

Material balances are essential for effective process development in the food indus-
try [27] and aid in assessment of the quantity of products and side streams.

As the fishmeal and fish oil production was assessed under steady-state conditions, the
mass of the raw materials entering the process facilities equalled the mass of the products
and other exiting processing streams [28]. The raw materials are composed of three major
components: solids (FFDM), lipids, and water. The primary purpose of the fishmeal process
lies in the separation of these major components [13]. The mass balances were established
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throughout the production, and the quantity of side streams was estimated based on
changes in these components after each processing step. The overall mass balances were
calculated based on an input of 1000 kg of raw materials. When fitting the mass balance
between operation steps, average values were used on an FFDM base.

2.4. Protein Changes during Processing
2.4.1. Salt Soluble Protein Content (SSP)

Salt soluble proteins (SSP) were extracted from the samples with a NaCl buffer
(1 M NaCl and 0.02 Na2CO3, pH 7.0) according to the method described by Kelleher
and Hultin [29]. Exactly 190 mL of buffer solution was added to 10 g sample, and the mix-
ture was homogenized in an Ultra-Turrax homogenizer (Ika Laborttechnik, T25 basic,
Staufen, Germany) for 1 min. The mixture was incubated on ice for an hour before
being centrifuged at 4 ◦C for 15 min at 10,000 rpm (Avanti Centrifuge J.10, Beckmann
Coulter, Fullerton, CA, USA). The SSP were measured by quantifying the amount of sol-
ubilized protein in the supernatant based on the Bradford method [30]. The diluted
supernatant and the Bradford reactive solution were placed in a 96-well microplate, and
the absorbance read at 595 nm (Sunrise Microplate Reader, Tecan GmbH, A-5082 Grodig,
Austria). The SSP were calculated based on a calibration curve made with bovine serum
albumin with concentrations ranging between 0.1–1.4 mg/mL. Results were expressed as a
percentage of the wet weight.

2.4.2. Biogenic Amines (BA)

Samples were tested for biogenic amines, including tyramine, putrescine, cadaverine,
and histamine, using a method developed by Olajos [31]. About 5 g of the sample was
homogenized with 45 mL of 0.6 M perchloric acid using an Ultra-Turrax homogenizer
for 1 min. The homogenate was then filtered through a Whatman pleated filter paper
113 V. The filtrate was pressed using a disposable syringe assembled into a membrane
filter (pore size 0.45 µm). This extract was then used for the measurement by using liquid
chromatography (LC-30/20 AD with two low-pressure pumps high-performance liquid
chromatography (HPLC) system) (Shimadzu, Kyoto, Japan). The BA were separated on a
reversed-phase column (Zorbax Eclipse Plus C 18 4.6 × 250 mm, 5 µm), and after online
derivatization (post-column derivatization) using ortho-phthalaldehyde, they were mea-
sured by fluorescence detection. A standard curve was made using a mixture of standard
solutions, including tyramine hydrochloride, putrescine dihydrochloride, cadaverine dihy-
drochloride, and histamine dihydrochloride solutions, spanning a range of 2.5–100 mg/L.
The BA contents were calculated and expressed as g/kg wet weight (ww).

2.4.3. Total Volatile Basic Nitrogen (TVB-N), Trimethylamine (TMA) and Dimethylamine
(DMA)

TVB-N was determined using the steam distillation method described by Malle and
Poumeyrol [32]. Approximately 50 g of sample was homogenized with 100 mL of 7.5%
aqueous trichloroacetic acid solution. The blend was filtrated through a Whatman pleated
filter paper 113 V. Then, 25 mL of the extract was transferred into a distillation flask with
6 mL of 10% NaOH solution. Steam distillation was then performed using a Kjeldahl-type
distillatory, and the TVB-N was collected under a condenser into a beaker containing 10 mL
solution of 4% boric acid and indicators (0.04 mL of methyl red and bromocresol green),
which turned green when alkalinized by the TVB-N. The alkalized mixture was titrated
with a standardized H2SO4 (0.037 N) solution using a 0.05 mL graduated burette. Complete
neutralization was achieved when the colour turned pink on addition of a further drop of
sulphuric acid solution.

The TMA and DMA were measured according to the liquid chromatography–mass
spectrometry method described by Baliño-Zuazo and Barranco [33]. About 2.5 g of sample
was homogenized with 50 mL of 10 mM acetic acid solution and centrifuged at 13,400 rpm
at 4 ◦C. Twenty µL of the supernatant of the extract was mixed with 480 µL of tetraethy-
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lammonium chloride hydrate 3.2 µg/mL in acetonitrile/water (6:4), 20 µL of 0.5 M bi-
carbonate buffer, and 1 mL of tert-butyl bromoacetate (5 mg/mL in acetonitrile). The
mixture was incubated in a water bath for 1 h at 60 ◦C for a derivatization reaction. The
derivatized samples were analyzed using a Luna HILIC column (150 × 2 mm I.D., 3 µm)
(Phenomenex Torrance, CA, USA) in a Dionex Ultimate 3000 HPLC (Thermo Fisher Scien-
tific, Waltham, MA, USA) coupled to a TSQ Quantiva mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The TVB-N, TMA, and DMA were calculated and indicated
as mg N/100 g ww.

2.5. Statistical Analysis

All data summaries and statistical analyses were performed using the IBM SPSS Statis-
tics software (Version 22, IBM, 1 New Orchard Road, Armonk, New York, NC 10504-1722,
USA) and Microsoft Office Excel 2013 (Microsoft Inc., Redmond, WA, USA). One-way
analysis of variance (ANOVA), Tukey’s HSD tests, and Student t-tests were performed
on means of the variables. Significant difference was set at the 5% level (p < 0.05) for all
statistical analyses.

3. Results and Discussion
3.1. Changes in Proximate Composition during Processing

The water content of the blue whiting (82.9 ± 0.6%) was significantly higher than
in the mackerel/herring blend (64.6 ± 3.3%) (p < 0.05). By contrast, the MHB had a
significantly higher lipid content (19.5 ± 2.0%) than the BW (1.8 ± 0.1%). The difference
in water and lipid contents between the different raw materials agrees with the species-
dependent lipid content, as water and lipid content have an inverse linear relationship in
fish muscle [34,35]. The BW had slightly higher water and lower crude protein content
than the blue whiting reported by Egerton et al. [34], which had lipid, crude protein, and
water contents ranging between 3–5%, 16–18%, and 75–80%, respectively. These differences
can mainly be explained by different location and time of fishing [36].

Water content decreased significantly during pressing to 51.5 ± 2.3% and 47.9 ± 1.6%
in the BW and MHB press cakes, respectively (Figure 2). The water content of the sludge
was 62.4 ± 0.6% and 56.3 ± 0.9% in the BW and MHB, respectively, which was significantly
lower than the water content in the separated press liquid (91.1 ± 0.0% and 71.2 ± 2.1%).
These results confirm that the press and decanter play an important role in water removal.
Water content is an important quality parameter of fishmeal. Low water content can inhibit
protein browning and bacterial-caused deterioration. However, too low water activity
increases the risk of lipid oxidation and loss of protein solubility [37]. Therefore, a water
content of 5–12% is generally recommended for fishmeal [13,25]. The final BW and MHB
fishmeal had water contents close to the suggested range (6.4 ± 0.1% and 4.6 ± 0.2%,
respectively) and are comparable to earlier published results for these species [38,39].

Most of the lipids followed the liquid processing streams after the separation steps,
resulting in increased crude protein and decreased lipid content in the press cake and
sludge (Figures 1 and 2), more so in the MHB processing due to the higher lipid content in
the raw material. The MHB press cake had a crude protein content of 37.5 ± 2.4% and a lipid
content of 8.8 ± 0.6%, compared to 12.0 ± 0.3% crude protein and 19.5 ± 2.0% lipid content
in the raw material. Similarly, after passing the decanter, the sludge contained 34.6 ± 0.7%
protein and 4.7 ± 0.2% lipid, compared to 10.0 ± 0.2% protein and 18.2 ± 3.3% lipid in the
separated press liquid. The crude protein content significantly increased while the lipid
content decreased in the final MHB fishmeal (65.2 ± 0.3% protein and 14.3 ± 0.2% lipid)
compared to the raw material (Figure 2b). Both the proportional protein and lipid contents
were significantly higher in the final BW fishmeal than in the raw material, mainly due to
water removal. The BW fishmeal had a similar crude protein content to the BW fishmeal in
earlier studies (68–70.5%) [38,40]. The protein contents of the fishmeal were comparable to
fishmeal made from other pelagic species reported in the literature [38,41,42] and higher
than the protein content in fishmeal made from both cod and saithe (61.9%) [39] and
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tuna cut-offs (56.2–59.1%) [43]. The lipid content of fishmeal from pelagic fish is typically
between 6–10% [39,41]. The MHB fishmeal had a considerably higher lipid content and
lower protein content than the BW fishmeal, reflecting the different composition of the
raw materials used [13]. Lipid separation is thus of special importance during processing
of fatty fish species. However, both the BW and MHB fishmeal had a high lipid content
and were thus classified as type C fishmeal and should not be used for human food under
current processing conditions [13,18,25]. The high lipid content indicates inefficiency
in lipid separation and removal during processing of both species. The processes thus
require optimization with regards to the lipid separation if the fishmeal is intended for
human consumption. However, the optimal processing changes might be different while
processing the two different species. Hilmarsdottir et al. [18] suggested that optimization of
early processing steps, including the heating steps, would improve lipid separation during
fishmeal processing of a mackerel–herring blend. Furthermore, their study suggested that
drying the press cake, the sludge, and the latter concentrate individually could result in
more flexibility in processing and process control, ultimately leading to the production of
higher-quality products.

Figure 2. Proximate composition (%, g/100 g ww) in BW (a) and the MHB (b) fishmeal products
during industrial processing.

The press cake of both raw materials contained higher amounts of ash than other
intermediate stages of processing or 13.7 ± 1.9% and 5.7 ± 1.5% in the BW and MHB,
respectively. The high ash content of the press cake reflects that the bones of the fish were
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mainly left in the press cake. This was especially evident in the BW processing. After
entering the decanter, the remaining ash content remained in the sludge, resulting in a
lower ash content in the separated press liquid (0.3 ± 0.0% in BW and 1.3 ± 0.8% in MHB).
The water and lipid removal led to a relative increase of ash content in both the BW and
MHB fishmeal (15.6 ± 0.4% and 15.9 ± 0.7%, respectively), of which results are comparable
with values observed in anchovy fishmeal (15.0%) [41] but lower than those seen in fishmeal
made from cod and saithe off-cuts (22.4%) [39].

3.2. Mass Balances during Processing

The factory produces fishmeal and fish oil from around 1200 tons of raw material per
hour when operating at full capacity [18]. However, to ease the assessment of yield and
size of processing streams, a basis of 1000 kg of raw materials was set for the mass balance
calculations. The different raw materials resulted in very different proportions of mass
flow through the press cake, sludge, and concentrate, as well as differences in the yield of
fishmeal and oil (Figure 1), but processing yields are highly dependent on the chemical
composition of the raw materials [13]. The ratios between the press cake and separated
press liquid were approximately 3:4 and 1:2 for the BW and MHB, respectively, indicating
that the chemical composition had a high impact on the balance between the liquid and
solid streams during processing, and thus the effectiveness of the process. The obtained
ratios between the press cake and press liquid furthermore indicate that the pressing was
more efficient in the MHB than in the BW. In agreement with this, the MHB, which had
higher FFDM and lipid content in the raw material, resulted in a higher production yield of
both fishmeal and oil than the BW (Figure 1).

Although most of the lipids followed the separated press liquid, a significant amount
of lipids remained in the press cake (approximately 4% and 9% in the BW and MHB,
respectively) and sludge (3% and 5% in the BW and MHB, respectively). After evaporation
of the press liquid, the concentrate was mixed with the sludge and press cake prior to
entering the drying steps. The press cake contributed the biggest proportion (44% and
54%) of the total mass in the combined solid stream, followed by the sludge (39% and 27%),
and the smallest proportion originated from the concentrate (17% and 19%) during the BW
and MHB fishmeal productions, respectively. The press cake was the highest contributor
of lipids (39% in BW and 67% in MHB) in the fishmeal. In BW, the highest contributor to
water was the sludge (38%), whereas the concentrate was the highest contributor of water
to the MHB fishmeal (44%). The different contributions of the solid streams towards the
composition of the final fishmeal during processing of the two different raw materials are of
high concern and highlight the importance of adjusting the processing towards the optimal
efficiency and quality of each raw material. The high water content in the BW production
indicates that the decanter did not operate properly, potentially due to overload, leaving
a higher water proportion in the BW sludge (38%) compared to the MHB sludge (21%)
(Figure 1). Overload of the decanter should thus be avoided. Assessment of the fishmeal
composition, furthermore, identified the high importance of efficient lipid separation, both
from the BW sludge and the MHB press cake, indicating that the initial processing steps
require optimization for the removal of lipids during processing of both species.

Most of the lipids present in the separated press liquid were effectively extracted
with the two centrifuges, forming the final fish oils and decreasing the lipid content of the
fishmeal. However, only 26% of the lipid content of the BW raw material was extracted to
form the BW fish oil, whereas 86% of the MHB lipid content in the MHB raw material was
extracted to form the MHB fish oil. This could partially be dependent on differences in the
total lipid content as well as the lipid composition and availability of lipid classes between
the species [16]. Improving the lipid separation from the solid streams and directing them
toward the liquid streams would therefore not only increase the fishmeal quality but also
increase the oil yield. The different efficiency of the processing steps due to the variation in
chemical compositions of the different raw materials indicate that further optimizations of
the processing of each species are necessary.
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The BW and MBH fishmeal could both be classified as type C fish protein concentrate
(FPC), according to their lipid content. For a type A FPC, the lipid content should be lower
than 0.75% [13,25]. Substantial changes are thus required during processing of both species
to obtain a type A FPC classification of the products. However, as the solid streams differ
in proximate composition (Figure 1), a suitable end product needs to be aligned with the
properties of each raw material and each processing stream, including the quality of the
proteins, which are discussed in the following section.

3.3. Protein Quality Changes during Processing
3.3.1. Salt Soluble Protein Content (SSP)

Salt soluble protein content (SSP) decreased significantly during processing, from
5.7 ± 0.7% to 0.9 ± 0.0% in the BW and from 6.1 ± 0.5% to 0.9 ± 0.0% in the MHB
(Figure 3a,b), indicating substantial protein denaturation and associated loss of protein
solubility during the processing of both species. Generally, the total protein content in fish
muscle ranges from 11–24% wet weight, in which SSP account for 85–90% [2,44]. Low SSP
content was expected in this study due to the high content of connective tissues (stroma
protein) in the raw material [45]. Moreover, the low SSP in both BW and MHB raw mate-
rials may be due to protein denaturation during cold storage before processing and the
frozen storage of the samples until they were analyzed. The SSP content in the BW was
slightly higher than in the blue whiting studied by Derkach et al. [46], which had an SSP
content of 5.2%.

Figure 3. Salt soluble proteins (%, g SSP/100 g ww) in chosen BW (a) and MHB processing samples
during industrial fishmeal production (b). Lowercase letters indicate significant differences in SSP
between sampling locations, while uppercase letters indicate significant differences between two
types of raw materials at the same processing step. Statistical significance levels were set to p < 0.05
for all analyses.
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The SSP significantly decreased right after the cooking steps and remained stable
during the following steps, reflecting that the proteins were already mostly denatured
during cooking. This is in agreement with earlier studies, which have shown that protein
denaturation occurs mainly during the cooking step as cell membranes break down, and
the fat depots rupture, separating the oil and water from the fish muscle [13]. Heating
thus causes irreversible changes to the protein structure, such as protein unfolding, ex-
posing previously hidden hydrophobic groups, or heat-induced aggregation, resulting
in decreased content of salt soluble proteins [45,47]. The very low SSP content after the
cooking step indicates that most myofibrillar proteins denatured, and sarcoplasmic proteins
precipitated during the heat treatment. These protein changes can furthermore decrease
protein digestibility in vitro [48]. Actin, myosin, and sarcoplasmic proteins account for
85–95% of total fish proteins [44]. Fish myosin begins to denature at around 35 ◦C; sarcoplas-
mic proteins are denatured at around 44 ◦C, while actin is denatured in the temperature
range of 58–68 ◦C [49–51]. Most fish proteins have thus denatured at temperatures around
75 ◦C [13]. Significant decreases in protein solubility due to heat processing have also
been reported earlier [52,53]. A proportional increase was observed in SSP in the final
fishmeal compared to the solid streams entering the dryers. Although some further protein
denaturation is expected to occur during the drying step, this increase in SSP can mainly
be explained by the removal of water and lipids during drying.

SSP content is related to protein solubility, which is considered the first functional
characteristic during the development and testing of a new protein ingredient. Protein
solubility is the primary property of proteins used in liquid foods [45]. The low SSP in the
fishmeal hence limit their practical uses. The heat treatment applied in the current fishmeal
processing appears to be too rough. For the products to be fit for human consumption, the
heating step thus requires changing. Adding a suitable amount of polyphosphate or su-
crose could potentially protect the proteins from denaturation during drying, as suggested
by Shaviklo [8]. In addition, potential alternative processing solutions could involve the
reduction of the temperature but extending the heating step duration both during cooking
and drying or use tailored enzymes (proteases) to facilitate more effective protein break-
down without losing the SSP. The use of enzymes may decrease the processing time, lower
the energy input, and increase the economic effectiveness as shown in various industrial
food processing, such as fish protein concentrate or hydrolysate production [54]. Protein
hydrolysates are good nutritional supplements since they have high bioavailability and can
be utilized for various metabolic activities [55]. The enzymatic process could be performed
at a temperature range from 45–60 ◦C [56,57] for an extended time. However, these temper-
ature conditions can also promote microbial, biochemical, and chemical spoilage during
processing [58–60] and should thus be applied with care. The products derived from an
enzymatic protein hydrolysis can have a bitter taste, which is one of the key issues that
limits its application in food products [57]. However, this showcases the wide potential
that lies in pelagic fish processing and high-quality product development and innovation.

3.3.2. Biogenic Amines (BA)

The four BA, tyramine, putrescine, cadaverine, and histamine, decreased during
processing and were more strongly indicated in the MHB than in the BW processing
(Figure 4a,b). Cadaverine was the most abundant biogenic amine in all sampling locations
during processing of both BW and MHB. In the BW process, histamine was only detected
in the raw material (0.3 ± 0.1 g/kg ww) and the liquid streams (press liquid and separated
press liquid, each with the content of 0.01 g/ kg ww). No histamine was detected in
the BW fishmeal, indicating that the histamine was successfully removed during the
processing. The histamine level in the initial MHB raw material was 3.5 ± 0.2 g/kg ww
and decreased to 0.8 ± 0.1 g/kg ww in the final fishmeal. However, higher histamine levels
were detected in all processing streams in the MHB processing than what is acceptable for
human food (<0.2 g/kg ww), as established by the European Commission Regulation No
2073/2005. The histamine in the raw materials was higher than the acceptable level for
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human consumption but was at acceptable levels for fishmeal in BW (<1 g/kg ww) [61].
High BA levels in the BW and MHB raw materials may have resulted from bacterial activity
during the delay between catching and processing [13,18]. Since both mackerel and herring
are histidine-rich species, and the raw material used for fishmeal processing contained a
large ratio of viscera and dark muscle, the risk of bacterial growth is high [62]. Furthermore,
the generation of BA in mackerel and herring has been shown to occur even when stored at
low temperatures, such as 2 ◦C [21].

Figure 4. Biogenic amines (BA) (g/kg ww) obtained during fishmeal and oil processing from BW
(a) and MHB (b). Within each BA type, lowercase letters indicate a significant difference between
sampling locations, while uppercase letters show significant differences between raw materials at the
same processing step. Statistical significance levels were set to p < 0.05 for all analyses.

The BA content was significantly higher in the MHB than the BW raw material, and the
same trend was seen in the corresponding fishmeal. This indicates that the BA formation is
species specific [63,64]. Histidine, the precursor to histamine, exists in abundance in the
dark muscle of fish. Thus, dark-muscle-rich fish species generally contain more histidine
than leaner species [59,63]. Furthermore, there is a positive correlation between the amino
acid histidine and the amount of histamine formed [65]. Tuna and mackerel, which belong
to the scombroid family, thus often have high histidine levels [60,64], resulting in high
histamine contents in products from these species. This is in good agreement with the
different BA levels in the species in the current study, but no histamine was found in the
BW fishmeal, while a histamine content of 0.8 g/kg ww was obtained in the MHB.

Several previous studies have indicated that BA are thermally stable even during
boiling [66,67] and are thus not likely to be primarily affected by the thermal steps. However,
in this study, significant decreases were observed in the BA after the cooking and pressing
steps, during which the total content of the four studied BA went from 5.6 g/kg ww in
the raw material to 1.5 g/kg ww in both the press cake and press liquid of the BW and
from 16.2 g/kg ww in the raw material to 2.2 g/kg ww in the press cake for the MHB.
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Overall, about 82% and 89% of the total BA content in the raw materials was removed
during the BW and MHB processing, respectively (Figures 1 and 4). These overall decreases
in BA content after processing could possibly be explained by their complex decomposition
into other volatile compounds under heating [67]. BA are of low molecular weight and
mostly water-soluble [60,68] and are thus released into the liquid streams rather than the
oil and solid streams. This results in a higher BA amount in the press liquid than press cake
(in the BW) and higher BA in the separated press liquid than the sludge (BW and MHB).
Mixing the liquid streams back into the fishmeal processing, as is currently carried out,
could thus cause problems when processing raw materials with high BA content and
should be avoided, at least for histamine-rich species such as mackerel. However, the effect
of the BA levels of other species, such as BW, should not be neglected since high levels
of individual BAs (such as cadaverine) can cause problems when adapting the processes
towards human consumption. The relative increase in total BA observed in the concentrate
(BW) and both fishmeal products (BW and MHB) may then be due to the water and lipid
removal during processing, as discussed above.

3.3.3. Total Volatile Basic Nitrogen (TVB-N), Trimethylamine, and Dimethylamine

TVB-N in fish and fishery products primarily includes ammonia, TMA, and DMA [13].
TVB-N levels are often used as a quality criterion for the freshness of raw materials destined
for fishmeal processing. Threshold values are set to not exceed 60 mg N/100 g in the raw
material if the products are intended for human consumption (European Commission
Implementing Regulation No 2019/627) [13] and should be less than 80 mg N/100 g in the
raw material for fishmeal production [13]. High TVB-N and TMA levels were observed in
the raw materials (with TVB-N contents of 83.9 ± 0.6 and 68.1 ± 3.4 mg N/100 g ww in the
BW and MHB, respectively, and TMA content of 60.3 ± 5.3 and 35.8 ± 4.6 mg N/100 g ww
in the BW and the MHB, respectively. These values indicate spoilage in the raw material
during the delay between catch and processing, in agreement with the observation of the
BA formation in the raw material prior to processing. Furthermore, the raw materials con-
tain viscera, which have a high content of bacteria and enzymes that can promote spoilage
during the transport and storage of the fish on board the fishing vessel before entering the
fishmeal processing [13,24]. The TVB-N level of the BW was higher than the recommended
level for the raw material and substantially higher than reported values in the light mus-
cle of blue whiting, even after six days of storage on ice at 0 ◦C (22.7 ± 1.6 mg N/100 g
ww) [69]. The DMA level of the BW (11.9 ± 1.1 mg N/100 g ww) was higher than in the
light muscle of blue whiting as studied by Rey-Mansilla et al. [24], who detected DMA
levels of only 4 mg N/100 g ww after seven days of iced storage. The TVB-N, TMA, and
DMA were significantly higher in the BW raw material than in the MHB. This may be due
to the BW being a gadoid fish, which has high level TMAO and TMAase enzyme [24,70].
According to the study by Mizuguchi et al. [70] DMA is formed faster in dark muscle
than light gadoid muscle, and that DMA formation was triggered by two main factors, i.e.,
nonheme iron and taurine levels, which are both abundant in gadoid dark muscle. DMA
formation is therefore of special concern during processing of BW cut-offs, which contain
a high proportion of dark muscle. Furthermore, the TMAO may already have partially
decomposed into DMA in the raw material during the delay between catch and processing,
explaining high DMA levels in the BW raw material, as discussed earlier.

The TVB-N levels decreased during the fishmeal processing of both the BW and MHB
before the drying steps (Figure 5). The water removal during drying may have resulted
in a relative increase in the TVB-N content in both final products, in a similar manner as
seen in the BA and SSP results. About 81% and 62% of the TVB-N in the raw material
evaporated during BW and MHB processing, respectively (Figures 1 and 5). TMA levels
showed similar trends as the TVB-N levels during processing (Figure 5), indicating that
TMA is a dominant component of the TVB-N, as shown by Howgate [71]. Since TMA
is a volatile amine [72], a part of the TMA content that existed in the raw material may
have evaporated during the cooking and pressing steps, resulting in lower TMA content
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in both the press cake and press liquid (in BW). More than 90% of the TMA in the raw
materials was removed during both BW and MHB processing (Figures 1 and 5). However,
the same trend was not as clearly indicated in the DMA changes. The DMA content was
stable before entering the centrifugation step. After evaporation and centrifugation, the
removal of water and oil led to significantly higher levels of DMA, TMA, and TVB-N
in the concentrate than the separated press liquid in BW (Figure 5a). TVB-N, TMA, and
DMA are water-soluble compounds; thus, they are mainly dispersed into the liquid phases
during processing, resulting in a significantly higher amount in the liquid streams (BW
press liquid and BW- and MHB-separated press liquid) than in the solid ones (BW press
cake and BW and MHB sludge, respectively). TMAO is decomposed into TMA, DMA,
and formaldehyde (FA) during thermal processing [73]. Therefore, the remaining TMA
and DMA in the products may result from two concurrent processes, the generation from
TMAO decomposition and loss due to volatilization. Rapid DMA non-enzymatic formation
was observed in fish muscle dried at 90 ◦C by Spinelli and Koury [74]. This may explain
why the DMA was not lost during the fishmeal processing in this study in the same manner
as the TVB-N and TMA (Figure 5). DMA levels increased significantly during evaporation
in the BW fishmeal processing, from 11.0 ± 0.5 mg N/kg ww in the separated press liquid
to 30.2 ± 0.6 mg N/kg ww in the concentrate. During the drying step, a large part of the
water was removed, which could lead to a relative increase in the TMA such as other dry
matter components. However, the TMA in the final fishmeal products was lower than
during processing (press cake, sludge, and concentrate). This indicates that the TMA was
removed in the drying steps, probably mainly due to the removal of water.

Although the TVB-N contents in the raw material and intermediate processing streams
were generally higher in the BW than the corresponding MHB samples, the MHB fishmeal
had a significantly higher TVB-N level than the BW fishmeal. Meanwhile, the TMA and
DMA were higher in the BW than in the MHB fishmeal. This could be due to potentially
higher ammonia formation during the pre-processing delay of the MHB by-product blend
than in the BW due to a higher proportion of viscera in the MHB raw materials. Viscera,
which are rich in enzymes and bacteria, can promote protein changes and spoilage, forming
amino acids and ammonia [72], resulting in the formation of undesirable odours and
flavours. Ammonia generation during thermal degradation of protein and amino acids has
also been observed in earlier studies [75,76].

The fact that the non-protein nitrogen compounds followed the liquid streams, result-
ing in lower values in the solid streams (the press cake and sludge), indicates that processing
these streams individually could lead to lower volatile nitrous compounds in the final
products, especially if the BA-rich liquid streams are not redirected into the process. This is
in agreement with the observations of Hilmarsdottir et al. [18], who identified inefficient
water removal during the draining and concentration steps and that the lipid separation
from the fishmeal was insufficient for the production of high-quality products, such as
for human consumption or even fish feed. Hilmarsdottir et al. [18] thus recommended
that the main streams entered to final fishmeal (press cake, sludge, and latter concentrate)
should be processed separately. This would allow production of higher-quality protein
products from the press cake, while the sludge and concentrate could contribute to lower
value products. The current observations on BA, TVB-N, and TMA content support this
notion as well. However, the sludge had a high protein ratio (88 g/100 g dry matter (DM)
in BW and 78 g/100 g DM in MHB) and a low lipid and ash proportion, comparable with
the proximate composition of fish protein hydrolysates [9]. This stream, therefore, could
potentially be used to produce high-value products, such as special feeds, animal feed
enrichments, or nutritional supplements and healthy foods for human consumption, such
as fish protein hydrolysates or fish protein concentrates [8,9]. These potential uses may
bring more economic value than traditional fishmeal production. However, to develop
high-quality products for humans, other quality properties of this part, such as TVB-N and
biogenic amines of the sludge, need to comply with safety requirements. Processing should
thus primarily be optimized to reduce these unwanted non-protein nitrogen compounds.
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Adding membrane filtration at appropriate settings to the processing could potentially
provide a solution to this problem.

Figure 5. Volatile nitrogen content (mg N/100 g ww) in streams from the industrial BW fishmeal
production (a) and MHB fishmeal production (b). Within each parameter, lowercase letters investigate
significant differences between sampling locations, uppercase letters show significant differences
between raw materials at the sample processing step. Statistical significance levels were set to p < 0.05
for all analyses.

4. Conclusions

Chemical characteristics of the protein-rich processing streams in two industrial fish-
meal processes of BW and MHB were evaluated in this study. The raw materials and
processing samples were collected at the fishmeal factory. With an input of 1200 tons of raw
materials per day, the quality of raw materials entering the factory can be highly variable.
The fishmeal production processes were conducted three days post-catch to ensure enough
raw materials to fulfil the capacity criteria of the factory. However, this pre-processing
delay resulted in considerable heterogeneity and quality degradation in the raw material.
In addition, the analysis showed that processing conditions at each step could fluctuate
significantly, and the processing efficiency was highly dependent on the species being
processed. These variations furthermore influenced the chemical properties of the samples
and the quality of the resulting fishmeal products.
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Large amounts of non-protein nitrogen compounds were observed in the raw materials,
probably due to the three-day pending time from catch to entering the fishmeal processing.
Removing the viscera and proper collecting, handling, stable cooling, and storing of the
raw materials before processing would improve the safety and quality of the final protein
products. This can widen the utilization of the final protein products, potentially even for
human consumption, and simultaneously bring more economic benefits of the production.

The BW fishmeal had a higher protein content (69.1 ± 0.5%) than typical fishmeal
(64–67%), and BA and TVB-N levels were within acceptable thresholds for fishmeal. The
MHB fishmeal had a protein content of 65.2 ± 0.3% and a histamine content below 1 g/kg,
currently making it acceptable for animal feed. However, the histamine (0.8 ± 0.1 g/kg)
and TVB-N (131.4 ± 7.3 mg N/100 g) in the fishmeal were higher than acceptable for
human consumption. These two products can thus be graded as type C fishmeal with lipid
contents above 3%.

Soluble protein content and non-protein nitrogen compounds were readily released
into the liquid processing streams together with most of the water and lipids, while
high-molecular-weight proteins were retained in the solid streams. Most undesirable
non-protein nitrogen compounds were removed during the processing of both species,
especially during the drying step. The lipid quality was also highly affected by heating in
this step, as described earlier by Hilmarsdottir et al. [18]. This indicates that the drying step
requires optimization. Spray drying of the processing streams could potentially provide
milder drying and higher quality. Other unoptimized processing steps, such as pressing
and concentration, were also identified, which need to be improved in order to produce
high-quality products in the future. The testing of alternative processing is left for future
studies. Comparison between the two species, moreover, showed that the processes need
to be adapted to each raw material for higher-value product production.

In both industrial fishmeal processes (BW and MHB), the press cake had high protein
contents and low contents of non-protein nitrogen compounds, making the press cake a
promising material for the development of higher-value products. Furthermore, separate
processing of the solid streams (press cake, sludge, concentrate) thus shows promising
potential for production of a wider range of products, including high-value products
for human consumption. However, to be used as human food, the products from the
optimized processes should be studied further regarding amino acid profiles, digestibility,
and sensory attributes. It would also be of interest to study applications of the optimized
products as ingredients for the development of other value-added products included for
human consumption.
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