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Northeast Atlantic (NEA) mackerel (Scomber scombrus, Scombridae) represents an economically important target
for the Norwegian pelagic fishing industry. Despite the commercial significance of NEA mackerel, little is known
about the infections with the myxosporean parasite Kudoa thyrsites (Kudoidae). The parasite may cause post-
mortem myoliquefaction of the fish skeletal muscle and therefore reduce the quality of the fish product. In this
study, we examined ‘soft flesh’ occurrence in commercial size groups of NEA ‘autumn mackerel’ caught between
2007 and 2020, and investigated the prevalence and density of K. thyrsites (qPCR) and how they related to the
occurrence of ‘soft flesh’. The present study is the first long-term investigation of the occurrence of K. thyrsites-
induced ‘soft flesh’ in NEA mackerel. After appearing stable for over a decade, the ‘soft flesh’ occurrence
increased three- to six-fold in 2019 and 2020. This increase, together with the findings that ‘soft flesh’ seems
primarily to affect the commercially most valuable mackerel size group (>400 g), may have important impli-
cations for the fishing industry and the fishery management. Molecular analysis (QPCR) suggests that the
prevalence of K. thyrsites is substantially higher than ‘soft flesh’ occurrence. The majority (87.4%, n = 76/87) of
infected mackerel did not develop ‘soft flesh’ and only individuals with high parasite density in the musculature
(12.6%, n = 11/87) showed the condition. Therefore, qPCR analyses should be used for estimating the preva-
lence of K. thyrsites in fish. The method may also be used to assess the risk of NEA mackerel to develop post-
mortem ‘soft flesh’.

1. Introduction undifferentiated spawning components: southern, western and North

Sea, although the latter seems to form a discrete unit from the other ones

Atlantic mackerel (Scomber scombrus, Scombridae) is one of the most
valuable commercially harvested fish species in European waters
(Trenkel et al., 2014), with international annual landings of approxi-
mately 1 million metric tonnes, worth over 1 billion euros (ICES, 2020a;
Ngttestad et al., 2020). The species is widely distributed in the Northeast
(NE) Atlantic Ocean, occupying temperate waters from Gibraltar to
Svalbard (36-76° N) and from Greenland to the western Baltic Sea (20°
W—36° E) (Berge et al., 2015; ICES, 2014). For assessment and man-
agement purposes the NE Atlantic (NEA) mackerel is currently consid-
ered to be one stock (ICES, 2021a) divided into three genetically

mainly due to its spatial separation from the western and southern
components during spawning (Jansen et al., 2013; Trenkel et al., 2014;
Gislason et al., 2020). From the mid-2000 s, the mackerel population has
rapidly increased in abundance and stock size, and has expanded its
geographic distribution (Nottestad et al., 2016; Olafsdéttir et al., 2019).
The southern and western mackerel components have moved further
north to the Barents Sea up to Svalbard and west to Greenland (Ngttestad
et al., 2016). Consequently, large-scale mackerel fishing and processing
has turned into thriving industries in Iceland and the Faroe Islands in
just a few years (Berge et al., 2015; Jansen and Gislason, 2013; Ngttestad
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et al., 2016). However, more recently (2014—2019), the westward
boundary retracted from the east coast of Greenland (longitude 44°W) to
the west coast of Iceland (longitude 17°W approx.), with a consequent
shift towards the northeast of the centre of gravity of the stock (ICES,
2021a; Olafsdéttir et al., 2019; ICES, 2020b).

Norway is one of the main suppliers of Atlantic mackerel in Europe
(ICES, 2020a) with annual catches representing around 20% of the total
allowable catch (TAC) in the NE Atlantic, and total annual landings
ranging between 120,000 and 230,000 tonnes in the last decade (ICES,
2020a; Nogttestad, 2020). Norwegian exports of Atlantic mackerel
consist almost entirely of frozen whole fish, mostly directed to Japan,
South Korea and China where they are further processed before shipping
to retail outlets in Japan (Abrahamsen and Hakansson, 2016; Norges
Sildesalgslag, 2019; Norwegian Seafood Council, 2021). In Norway,
Atlantic mackerel is caught in fjords, along the coast, in the North Sea
and Norwegian Sea from April to November (Haugland, 2002;
Ngttestad, 2020). The mackerel caught in the North Sea and Norwegian
Sea during autumn (i.e., ‘autumn mackerel’) consists of fish belonging to
the western, southern and northern components (Bakken and Westgérd,
1986; Uriarte and Lucio, 2001; Villamor et al., 2004), and represents the
most relevant economic target for the pelagic fishing industry (Norwe-
gian Seafood council, n.d.). Due to its high fat content and omega-3
EPA/DHA fatty acids, the ‘autumn mackerel’ is considered the pre-
mium catch quality in various overseas markets (Norwegian Seafood
council, n.d.).

Kudoa species (Kudoidae) are myxosporean endoparasites normally
infecting the skeletal musculature of marine and estuarine fish (Moran
etal., 1999a). Although Kudoa spp. are generally not associated with fish
disease and mortality or human health risks (see for exceptions: Kawai
et al., 2012; Iwashita et al., 2013; Suzuki et al., 2015; Yahata et al.,
2015), several species are of concern to the fishery and aquaculture
industries because they may generate post-mortem myoliquefaction of
the muscle tissue (reviewed by Eiras et al., 2014; Moran et al., 1999a).
The muscle degradation, commonly known as ‘soft flesh’ (or jelly flesh’)
condition, occurs after the death of the fish host (12—48 hr) and is
primarily caused by post-mortem release and digestive action of
cathepsin L peptidase on the surrounding muscle tissue (Funk et al.,
2008). Hence, heavy infections in the muscle by myoliquefactive Kudoa
species. may reduce the quality of the fish fillet and the marketability of
the fish product, resulting in both economic losses to the seafood in-
dustry and loss of consumer confidence (reviewed by Levsen, 2015; Lom
and Dykova, 2006; Moran et al., 1999a). One of the most conspicuous
‘soft flesh’-inducing species is Kudoa thyrsites, a cosmopolitan parasite
that infects the skeletal and cardiac musculature of many commercially
important wild marine fish species such as Atlantic mackerel from the
NEA Ocean (Levsen et al., 2008), South African Snoek (Thyrsites atun,
Gempylidae) off South Africa (Giulietti et al., 2020; Henning et al.,
2013) and mahi-mahi (Coryphaena hippurus, Coryphaenidae) off western
Australia (Langdon, 1991; Whipps et al., 2003), as well as important
maricultured species such as olive flounder (Paralichthys olivaceus, Par-
alichthyidae) in Japan (Yokoyama et al., 2004), coho salmon (Onco-
rhynchus kisutch, Salmonidae) in British Columbia (Canada) (Kabata
et al., 1986), and Atlantic salmon (Salmo salar, Salmonidae) in British
Columbia (Canada) (Jones and Long, 2019; Marshall et al., 2015; Moran
et al., 1999a; Whitaker and Kent, 1991), and off the Iberian Atlantic
coast, Ireland, Chile and Australia (Barja and Toranzo, 1993; Lopez and
Navarro, 2000; Munday et al., 1998; Palmer, 1994). Despite its eco-
nomic relevance, K. thyrsites has a controversial taxonomic position yet
to be clarified. In fact, its genetic regional differentiation and its wide
host and geographic range indicate that K. thyrsites may represent a
complex of cryptic species with unresolved diversity and phylogeny.

Although NEA mackerel is one of the most valuable fishery resources
in Europe, relatively little is known about K. thyrsites infections in this
fish species. Levsen et al. (2008) investigated the occurrence of
K. thyrsites-induced ‘soft flesh’ condition (hereinafter referred as ‘soft
flesh’) in mackerel (n = 1475) caught in the North Sea from 2003 to
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2006 using manual muscle texture testing and microscopy. Although the
occurrence of ‘soft flesh’ was generally low over the entire sampling
period (0.8—1.0%), they found that mainly larger mackerel corre-
sponding to the commercial size groups II (400—600 g) and III (>600 g)
developed ‘soft flesh’. Similarly, the occurrence of ‘soft flesh’ in mack-
erel caught from the same area between 2007 and 2013, revealed that
fish over 400 g were the most affected (Levsen, 2015). The molecular
findings indicated that the K. thyrsites prevalence ranged between 0.4%
and 40% (Levsen, 2015). However, it has recently been discovered that
false positive and negative samples may occur when using the PCR assay
adopted in the former study (A. Levsen, personal observation). Conse-
quently, the prevalence of K. thyrsites-infections in NEA mackerel is
largely unknown, and the manifestation of ‘soft flesh’ is still the proxy
for the assessment of K. thyrsites infections.

The aim of the present study was, (1) to examine the long-term
variations of K. thyrsites-induced ‘soft flesh’ in commercial size groups
of NEA ‘autumn mackerel’ collected from 2007 to 2020, and (2) inves-
tigate the prevalence and density of K. thyrsites using molecular methods
(gPCR), and how they relate to the occurrence of ‘soft flesh’.

2. Material and methods
2.1. Long-term data set (2007—2020) and biological samples

The mackerel included in this study (N = 13105) were sampled
during 31 surveys that covered the northern North Sea and the southern
Norwegian Sea (ICES Division 27.4.a —27.2.a.2) during the main fish-
ing season (autumn) from 2007 to 2020 (Table 1). Season and area of
sampling were selected for the purpose of targeting the so called
‘autumn mackerel’, which is considered the premium catch quality for
the EU and non-EU overseas markets (Norwegian Seafood council, n.d.).

The mackerel were examined for ‘soft flesh’ onboard Norwegian
commercial fishing vessels, as part of the “Surveillance Programme for
Parasites and Microbes in Commercial Pelagic Fish” led by the Institute
of Marine Research (IMR) in Bergen (Norway). Prior to examination, a
subsample of fish (N = 3966) was measured (total length, TL; mm),
weighed (total weight, TW; g) (see Table 2) and subsequently attributed
to three size groups (SG) based on the size categories used by the Nor-
wegian pelagic fishing industry: small, SG I < 400 g, medium, SG II
400-600 g, and large, SG III > 600 g (Levsen et al., 2008).

2.2. Assessment of the ‘soft flesh’ occurrence during 2007—2020

The skeletal muscle of 13105 mackerel were examined for the ‘soft
flesh’ condition as follows: the fish of each catch were kept in plastic
bags and cool stored (10 °C) prior to the gross examination for signs of
‘soft flesh’. The gross examination procedure was carried out 48 hr post-
catch, based on manual muscle texture testing and visual inspection of
the muscle appearance, i.e., whether the basic segmental myomere
structure was degraded (i.e., affected by ‘soft flesh’) or intact (i.e., not
affected by ‘soft flesh’) (Levsen et al., 2008). From every mackerel
showing light to clear signs of ‘soft flesh’ at gross examination, two
subsamples of muscle tissue were taken from each fillet side of all fish
and subjected to microscopic examination on board. According to the
procedures provided by St-Hilaire et al. (1997a), the samples were
placed on glass slides, moistened with saline water, and then minced
with a scalpel. The squash preparations were either (i) examined directly
in a brightfield microscope (400X magnification) for myxospores, or (ii)
stained with Giemsa prior to examination. When Kudoa-like spores were
detected, approx. 1 cm® of muscle tissue was dissected from the area
adjacent to the dorsal fin and collected in individual vials. Samples were
stored at —20 °C and shipped frozen to the Institute of Marine Research
(IMR) in Bergen (Norway), for further molecular analyses.

2.2.1. Molecular identification
DNA was extracted from 40 mg of muscle tissue from each ‘soft



L. Giulietti et al.

Table 1
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Overview of fish samples, subsampling and detection methods used for 31 surveys conducted between 2007 and 2020. N indicates number of fish sampled. Fishing

grounds are given as ICES fishing areas and common name of sampling localities.

Detection method

Year Month ICES Sampling N Texture testing and visual inspection of Microscopy of fresh or stained qPCR muscle and
area locality muscle muscle blood

2007 472

November 4.a NNOS 200 X X -

November 4.a NNOS 272 X X -
2008 678

September  4.a NNOS 262 X X -

October 4.a NNOS 120 X X -

October 4.a NNOS 150 X X -

October 4.a NNOS 146 X X -
2009 110

October 4.a NNOS 110 X X -
2010 699

September  2.a.2 SNWS 249 X X -

September  2.a.2 SNWS 450 X X -
2011 489

September  2.a.2 SNWS 249 X X -

September  4.a NNOS 240 X X -
2012 80

September  2.a.2 SNWS 40 X X -

September  4.a NNOS 40 X X -
2013 40

October 4.a NNOS 40 X X -
2014 80

September  2.a.2 SNWS 40 X X -

October 2.a.2 SNWS 40 X X -
2015 800

September  2.a.2 SNWS 200 X X -

September  2.a.2 SNWS 200 X X -

September  2.a.2 SNWS 200 X X -

September  2.a.2 SNWS 200 X X -
2016 810

September  2.a.2 SNWS 209 X X -

September  2.a.2 SNWS 201 X X -

September  2.a.2 SNWS 200 X X -

September  2.a.2 SNWS 200 X X -
2017 716

September  2.a.2 SNWS 254 X X -

September  2.a.2 SNWS 462 X X -
2018 4628

September  2.a.2 SNWS 819 X X -

October 4.a NNOS 3809 X X -
2019 2903

October 4.a NNOS 1400 X X -

October 4.a NNOS 1503 X X -
2020 600

October 4.a NNOS 600 X X X

NNOS: northern North Sea; SNWS: southern Norwegian Sea.

flesh’-affected mackerel by using DNeasy® Blood and Tissue Kit (Qia-
gen, Hilden, Germany) following the manufacturer’s instructions. DNA
concentration was measured using a NanoDrop® ND-1000 spectropho-
tometer 3.8 (Nanodrop, DE, USA). Partial small subunit SSU rDNA (18 S)
sequences were amplified by PCR using the primers pair K.thyr18Sfor_3
(5'-GGT CAT ATG CTC GTC TCA AAG-3’) and K.thyr18Srev_3 (5'-TCG
GTC AAG ACA ATT TAA CCG-3) (Levsen, 2015) following the proced-
ure reported in Giulietti et al. (2019). Purification and sequencing of
PCR products were carried out by Eurofins (Cologne, Germany), using
the amplification primers. The assembled sequences were aligned using
BioEdit v7.0.5.3 (Hall, 1999) and the identity checked using BLAST
searches (www.ncbi.nlm.nih.gov/BLAST).

2.3. Assessment of K. thyrsites prevalence in blood and muscle and
comparison with the ‘soft flesh’ occurrence

A total of 200 Atlantic mackerel caught in October 2020 in the
northern North Sea were screened for the presence of K. thyrsites infec-
tion in blood and muscle samples using a specific qPCR assay targeting
the SSU rDNA (see Section 2.3.1). The same fish were also examined for

‘soft flesh’ occurrence by manual texture testing. The procedures were as
follows: (i) Immediately after catch, blood was collected by puncture of
the heart ventricle using a sterile needle and 3 ml EDTA-coated vacu-
tainers (BD Vacutainer) and placed on ice until centrifugation. Blood
was centrifuged at 3000 x g for 10 min at 4 °C, and the entire blood cell
fraction was frozen at — 20 °C. (ii) The fish were then measured (TL; mm)
and weighed (TW; g). (iii) The fish were then cool stored on board and
examined for ‘soft flesh’ condition 48 hr after catch, following the
procedure detailed above (see Section 2.2). A skeletal muscle sample of
1 cm? size was taken from the area adjacent to the dorsal fin of all fish,
and stored in individual vials at — 20 °C for later DNA extraction and
gPCR analyses. The dorsal fin area was selected because it typically
shows high density of K. thyrsites in infected mackerel and is easy to
sample (Giulietti et al., in prep.).

2.3.1. DNA extraction and qPCR assay

For each fish sample, 1 g of skeletal muscle tissue was homogenized
by TissueLyser (Qiagen, Hilden, Germany), in 200 pl sterile PBS buffer
with four glass beads (5 mm). An aliquot of 20 mg of the homogenate
was then used for DNA extraction. The procedure was performed by
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Table 2
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Sample size, fish host biometrics and occurrence of K. thyrsites-induced ‘soft flesh’ in Atlantic mackerel per sampling year.

Biometrics - all fish examined

Biometrics - ‘soft flesh’ affected fish

Year N fish N fish TL mean + SD TW mean + SD N ‘soft flesh’ Occurrence ‘soft TL mean + SD TW mean + SD
examined measured (range) (range) affected fish flesh’ (%) (range) (range)

2007 472 200 330 + 24 409 + 95 3 0.64 355 + 15 532 4+ 111
(265-450) (212-886) (340-370) (456-660)

2008 678 678 362 + 17 581 + 93 12 1.77 362 +£ 13 607 + 86
(330-425) (450-944) (350-395) (506-774)

2009 110 110 350 + 17 489 + 74 1 0.91 330 440
(310-390) (310-753)

2010 699 429 330 + 27 439 + 121 3 0.43 332 + 32 442 + 127
(235-425) (230-725) (295-355) (295-520)

2011 489 489 325 + 27 408 + 112 3 0.61 358 + 8 562 + 42
(245-395) (195-775) (350-365) (515-595)

2012 80 80 324 + 25 398 + 111 0 0.00 n.d. n. d.
(270-385) (214-718)

2013 40 40 313 +£ 27 336 £ 97 0 0.00 n. d. n. d.
(255-380) (158-622)

2014 80 80 355 + 24 421 + 92 0 0.00 n. d. n. d.
(270-410) (245-638)

2015 800 800 n. d. 400 + 82 10 1.25 360 + 16 432 £ 72

(192-720) (335-385) (372-566)

2016 810 402 354 + 20 372 + 64 2 0.24 367 £ 3 458 + 6
(300-410) (200-584) (365-370) (454-462)

2017 716 166 357 + 18 421 + 70 6 0.83 373 £19 460 + 62
(320-400) (274-627) (350-400) (406-582)

2018 4628 124 369 £+ 16 457 £ 71 24 0.50 361 £ 12 439 £+ 52
(315-405) (266-659) (340-385) (332-554)

2019 2903 157 362 + 22 451 + 86 57 1.96 369 + 17 473 + 60
(300-442) (226-690) (340-442) (358-652)

2020 600 211 368 + 21 441 + 77 22 3.66 371 £15 453 + 44
(310-435) (239-650) (340-410) (352-533)

TL: Total length (mm); TW: Total weight (g); SD: standard deviation.

using DNeasy® Blood and Tissue Kit (Qiagen, Hilden, Germany) and
following the manufacturer’s instructions. For blood samples, DNA
extraction was performed on 9 pl of mixed blood cell fraction diluted in
211 pl sterile PBS, using the same commercial kit. DNA concentration
was determined using Qubit™ 2.0 Fluorometer (Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA) and normalized to 10.0
ng/pl. The qPCR for K. thyrsites was conducted using an assay targeting
the SSU rRNA gene (target, 82 bp product) (Funk et al., 2007). The
cytochrome B (cytB) of Atlantic mackerel was used as endogenous
control (reference, 60 bp product) (Velasco et al., 2013). The specificity
of both assays was evaluated in silico by BLAST (http://www.ncbi.nlm.
nih.gov/BLAST/), and in vivo by testing fish DNA as well as DNA iso-
lated from other non-target microorganism commonly found in Atlantic
mackerel (e.g., Goussia spp., Sphaerospora spp., Ceratomyxa spp., Ich-
thyofunus spp., K. islandica). The qPCR assay was run using TagMan™
Fast Universal PCR Master Mix (2X), no AmpErase™ UNG (Life Tech-
nologies, Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions, with 2 pl of normalized gDNA (10 ng/ul) in
a reaction mix containing 10 pM of forward primer, 10 pM of reverse
primer and 10 pM of probe in a total volume of 10 pl on 96 well-plate.
For the qPCR assay, amplification and fluorescence detection were
performed by a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) for 40 cycles, following the procedures
reported in Funk et al. (2007). All assays were carried out in duplicate,
with Drift and No-template-controls (NTC; nuclease free water) included
in each RT-qPCR run and a threshold value of 0.2 applied to all data.
Outliers within the replicates resulting in standard deviation > 0.25
were rejected.

2.3.2. Standard curve generation, copy number and density calculation

A 1200 bp amplicon of the SSU rDNA was generated by PCR from
reference K. thyrsites isolate following the procedures provided by Giu-
lietti et al. (2019). The amplicon was purified using quick® PCR puri-
fication kit (Qiagen) and sequenced by Eurofins (Cologne, Germany), to

confirm identity. DNA concentration of the amplicon (ng/pl) was then
measured, in triplicates, using Qubit™ dsDNA HS Assay Kit and Qubit™
2.0 Fluorometer (Life Technologies, Thermo Fisher Scientific, Waltham,
MA, USA) and normalized to 100.0 ng/pl. The amplicon copy number
was calculated using the DNA/RNA Copy Number Calculator (htt
p://www.endmemo.com/bio/dnacopynum.php). A 10-fold serial dilu-
tion of the amplicon was made to generate a standard curve and
determine the endpoint of the assay. Three independent serial dilutions
were prepared, so that each of the dilution steps was represented in
triplicate. 10 pl aliquots of each dilution were prepared and frozen at —
20 °C for one use only. A 5-points standard curve was obtained by linear
regression analysis of the threshold cycle (Ct) value on y-axis, and the
log of the initial copy number present in each sample dilution (x-axis).
Slope and R? (coefficient of determination) values were determined by
the Quantstudio™ Design and Analysis Software (Version 1.5.1, Thermo
Fisher Scientific, Waltham, MA, USA) and the amplification efficiency (E
%) was calculated as E = [10 (1/slope) — 1]-100 (Peirson et al., 2003;
Rasmussen, 2001; Rutledge and Coté, 2003). An E between 90% and
110% with R? > 0.99 was considered acceptable (Raymaekers et al.,
2009). The K. thyrsites density in Atlantic mackerel was defined as SSU
rDNA copies per mg of fish tissue (DNA molecules/mg). The calculation
was carried out as follows: [(number of copies of SSU rRNA) x (35 pl of
total elution volume of extracted DNA)/20 ng qPCR DNA input] mg — 1
of fish tissue.

2.3.3. Molecular identification

K. thyrsites qPCR-positive samples were randomly selected among
both intact and ‘soft flesh’-affected fish for PCR amplification and
sequencing, in order to confirm amplicon identity. 45 samples repre-
sented both blood (N = 20) and muscle (N = 25) were subjected to PCR
and subsequently the amplicons were sequenced and analysed as
described above.
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2.4. Data analysis

Statistical analyses were performed using Statistica® 13.5.0.17
(TIBCO Software Inc., CA, USA), except Bernoulli GLM (see below)
which was carried out using R (R Core Team, 2020). In Statistica, the
continuous data were tested for normality and homogeneity of variance
using Shapiro-Wilk and Levene’s tests, respectively. When the assump-
tions were violated, non-parametric tests were used.

2.4.1. Data analysis of occurrence of ‘soft flesh’ from 2007—2020

The occurrence (%) of ‘soft flesh’ was calculated as percentage of
‘soft flesh’-affected fish of the total number of fish examined by manual
texture testing, visual inspection and microscopic analysis (Levsen et al.,
2008). The data obtained from different research cruises were grouped
by year, as they were carried out in the same season and the same
geographical area. Since fish TL correlate to TW, the weight was selected
as the host size descriptor in all statistical analyses. Occurrence of ‘soft
flesh’ and fish TW over the 14 years sampling period (2007—2020) were
calculated. Differences in the proportions of intact and ‘soft fle-
sh’-affected fish across years were tested using chi-square (y?) test; data
from 2012—2014 were then pooled (low N). Spearman’s rank correla-
tion coefficient (r;) was used to examine the relationship between fish
mean TW and ‘soft flesh’ occurrence over the entire sampling period.
The proportion of ‘soft flesh’-affected fish in the three mackerel SGs (SG
I <400 g, SG IT 400-600 g and SG III >600 g) over the 14 years sampling
period was calculated. Possible differences in the occurrence of ‘soft
flesh’ between the mackerel SGs were analysed considering data of all
sampling years together by y? test. Differences in mean TW between
intact and ‘soft flesh’-affected fish over the entire sampling period were
tested by T-test.

2.4.2. Data analysis of K. thyrsites epidemiology and occurrence of ‘soft
flesh’ in 2020

Basic epidemiological descriptors such as parasite prevalence (pro-
portion of hosts infected; P, %) and density (DNA molecules/mg) based
on gPCR analyses, were calculated. Density was set to ‘0’ in samples that
tested negative. The occurrence (%) of ‘soft flesh’ was calculated as
described above. Parasite prevalence and ‘soft flesh’ occurrence in male
and female individuals were compared by Fisher’ s exact test. Agree-
ment between the muscle and blood prevalence was assessed by Cohen's
Kappa (k) test and qualitative interpretation of k was based on Landis
and Koch (1977). Differences in parasite density in blood and muscle
between male and female individuals were tested by Mann-Whitney
U-test. Mackerel were categorized into size groups SGs (see Section
2.1) and possible differences in the occurrence of ‘soft flesh’ and in the
prevalence of K. thyrsites infection between SGs were analysed using 2
test. Kruskal-Wallis test was run to check for differences in parasite
density in blood and muscle between SGs. Mann-Whitney U-test was
used to analyse possible differences in TL and TW between infected and
uninfected fish, and between intact and ‘soft flesh’-affected fish. Since
fish TL correlate to TW, the weight was selected as the host size
descriptor in all statistical analyses. The possible relationship between
fish TW and parasite density in the blood and muscle were tested by
Spearman’s rank correlation coefficient (rs).

The K. thyrsites prevalence in mackerel (n = 200) was modelled as a
function of the explanatory variables TW, Fulton's K (K =W(g)x 10%/L
(mm)s) and sex. A Bernoulli generalized linear model (GLM) for
absence-presence data was fitted using the logit link function by back-
wards selection based on Akaike information criterion (AIC) values and
significance of individual variable effects. Variance inflation factors
(VIFs) were used to find a non-collinear set of explanatory variables
(Zuur et al., 2009). The variables (TW, K and sex) had VIF values smaller
than 3, so they were all used in the analysis. Data exploration, model
selection and model validation were carried out using R (R Core Team,
2020) following Zuur et al., (2009, 2010) and Zuur and Ieno (2016).
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3. Results
3.1. Molecular identification

Kudoa spp. SSU rDNA sequences (1200 bp in length) were obtained
from the skeletal muscle of the 143 ‘soft flesh’-affected fish examined
over the 14 years period, and from the 45 positive blood and muscle
samples (20 blood, 25 muscle) from 2020. All sequences were identical
and matched 100% with a SSU rDNA sequence of K. thyrsites from
mackerel caught in the North Sea (GenBank accession no. EU154349).

3.2. Long-term variations of ‘soft flesh’ occurrence in Atlantic Mackerel
during 2007—2020

The occurrence of the ‘soft flesh’ condition in Atlantic mackerel
collected from the area in the northern North Sea and the southern
Norwegian Sea during 2007—2020, along with basic host biometric
data, are given in Table 2. The occurrence of ‘soft flesh’ in mackerel
varied significantly across the investigated period (2 test, P < 0.001),
ranging from to 0-3.66% (Fig. 1A, Table 2).

Occurrence was 1.77% in 2008 after which it decreased significantly
(x? test, P < 0.001) and remained comparatively stable (0.6%, on
average) for over a decade, except for 2015 when an unusual peak was
observed (1.25%). Then, the occurrence increased significantly (X2 test,
P < 0.001) in 2019 (1.96%) and further in 2020 (3.66%) (X2 test,
P < 0.001) (Fig. 1A).

From 2007-2020, mackerel mean TW (i.e., including intact and ‘soft
flesh’-affected fish) ranged from 336 to 581 g. The intra-annual varia-
tion (SD) ranged from < 400 g to > 600 g, covering the three com-
mercial size group categories (Levsen et al., 2008) (Fig. 1B, and Table 2).
A continuous decline of mackerel mean TW was observed from 2009 to
2016 (Fig. 2), except for 2014 when an unusual peak was observed. After
2016, the mean TW increased again, and remained stable. Mean TW and
occurrence of ‘soft flesh’ were significantly positively correlated over
the whole sampling period (Spearman’s rank correlation coefficient ry =
0.62, p = 0.02).

The occurrence of ‘soft flesh’-affected mackerel per commercial SGs
over the 14 years sampling period is presented in Fig. 1B. Over the whole
sampling period, the ‘soft flesh’ occurrence was 1.09% (n =143/
13105). In the subsample of 3966 fish that were size measured (TW), the
‘soft flesh’ occurrence was 1.2% (n = 19/1531), 5.7% (n = 117/2064)
and 1.9% (n = 7/371) in SGs [, IT and III, respectively. Comparison of the
occurrence between the mackerel SGs showed significant differences
across all years (Xz test, p < 0.001); in particular, fish belonging to SG II
appeared to be the most affected by K. thyrsites-related ‘soft flesh’ (2
test, p < 0.001). The mean TW of ‘soft flesh’-affected fish (n = 143;
mean TW + SD: 474 + 76) was significantly larger than the mean TW of
intact fish (n = 3823; mean TW =+ SD: 442 + 114) (T-test, p < 0.001).

3.3. K. thyrsites molecular epidemiology and occurrence of ‘soft flesh’ in
Atlantic mackerel in 2020

The 200 mackerel screened for K. thyrsites infections using qPCR had
mean TW =+ SD 443 + 71 g (range 239—650 g). Males constituted 43%
(n = 86/200) of the sample, but TW did not differ significantly between
female and male mackerel (Mann-Whitney U-test, p > 0.05). K. thyrsites
DNA was detected in 87 out of the 200 mackerel examined (overall
P = 43.5%). Moderate agreement was observed between muscle and
blood prevalence (Cohen's Kappa test, k = 0.45): 31% (n = 27/87)
mackerel tested positive only in the blood, 23% (n = 20/87) tested
positive only in the muscle and 46% (n = 40/87) tested positive in both.
‘Soft flesh’ occurred in 11 fish out of the 200 mackerel examined (5.5%)
and all of them tested positive for K. thyrsites DNA by qPCR. The prev-
alence of infection in intact fish was 40.2% (n = 76/189). Thus, of the
87 qPCR-positive fish, only 12.6% (n = 11/87) developed ‘soft flesh’,
while the majority were intact (87.4%, n = 76/87). Microscopical
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Fig. 1. A) Time series (2007-2020) of K. thyrsites-induced ‘soft flesh’ occurrence in Atlantic mackerel expressed as mean =+ CI. B) Percentage of ‘soft flesh’-affected
fish in the commercial SGs of Atlantic mackerel per sampling year (2007—2020).

700

650

600

550

500

450

Total weight (g)

400

350

300

250

= |Mean
IMean + 0,95 CI
IMean + SD

200

2007
2008
2009
2010

e O
S I

2011
2012
2013
2014
2015
2016
2017
2018
2019

Fig. 2. Atlantic mackerel body weight expressed as mean TW =+ CI and + SD
examined for K. thyrsites-induced ‘soft flesh’ condition during 2007-2020.

examination of ‘soft flesh’-affected skeletal muscle tissue revealed the
presence of mature K. thyrsites myxospores.

The prevalence and density of K. thyrsites (QPCR) in blood and muscle
samples per SGs, and in intact or ‘soft flesh’-affected fish are given in
Table 3. Comparison of the prevalence in blood and skeletal muscle of
intact and ‘soft flesh’-affected fish showed significant differences be-
tween infection sites. In particular, the prevalence in the blood and in
the muscle of ‘soft flesh’-affected fish (P = 63.6%, n=7/11, and
P =100%, n = 11/11, respectively) was significantly higher than in
intact fish (P = 21.2%, and n = 40/189, and P = 26%, n = 49/189,
respectively) (Fisher’ s exact test, p < 0.01 and p < 0.001, respectively).
In the 11 ‘soft flesh’-affected fish, 63.6% (n = 7/11) specimens tested
positive by qPCR both in blood and muscle tissue, while 36.4% (n = 4/
11) fish tested positive only in the muscle. In the 76 infected but intact
fish, 35.5% (n = 27/76) fish tested positive only in the blood, 47.4%
(n = 36/76) only in the muscle, and 17.1% (n = 13/76) were positive in
both tissue sites.

Parasite density in the muscle was significantly higher than in the
blood, both in intact and in ‘soft flesh’-affected fish (Mann-Whitney U-

test, p < 0.001 for both tests) (Fig. 3). The muscle of ‘soft flesh’-affected
fish showed significantly higher density of K. thyrsites DNA compared to
the muscle of intact fish (Mann-Whitney U-test, p < 0.001) (2 fold
higher on average), while the density in the blood did not differ
significantly between intact and ‘soft flesh’-affected fish (Mann-Whitney
U-test, p > 0.05) (Fig. 3).

Statistical analyses showed that the occurrence of ‘soft flesh’ did not
differ significantly between male and female mackerel (Fisher’ s exact
test, p > 0.05). However, the overall prevalence of K. thyrsites infection
as inferred from qPCR, was significantly higher in males (53%, n = 46/
86) than in females (36%, n = 41/114) (Fisher’ s exact test, p < 0.001),
while parasite density in the blood and muscle did not differ between
female and male mackerel (Mann-Whitney U-test, p > 0.05).

Parasite prevalence based on qPCR and occurrence of ‘soft flesh’ did
not differ significantly among the three SGs (2 test, p > 0.05 for both)
(see Table 3). Considering all 200 fish examined, parasite density in the
blood and muscle did not differ significantly among SGs (Kruskal-Wallis
test, p > 0.05 for all tests). Similarly, no significant variation in parasite
density was observed in blood and muscle among SGs, when considering
intact and ‘soft flesh’-affected fish separately (Kruskal-Wallis test,
p > 0.05 for all tests).

Infected fish (QPCR) (mean TW =+ SD: 457 + 64) were significantly
larger than uninfected fish (mean TW = SD: 433 + 77) (T-test,
p < 0.05). However, no significant differences in weight occurred be-
tween intact (mean TW =+ SD: 442 + 74) and ‘soft flesh’-affected fish
(mean TW =+ SD: 462 + 54) (T-test, p > 0.05).

There was a weak positive correlation between parasite density in
muscle and fish TW (rs = 0.17, p < 0.05), but not between parasite
density in blood and fish TW (p > 0.05). Fulton's K had no significant
effect and was excluded from the model. The final Bernoulli GLM
included the explanatory variables TW and sex, and indicated (with
lowest AIC, 4.27% of deviance explained) a significantly positive rela-
tionship between TW and prevalence (p = 0.03), with higher prevalence
in males (p = 0.01) (Fig. 4).

4. Discussion

To the best of our knowledge, the present study is the first long-term
investigation of the occurrence of K. thyrsites-induced ‘soft flesh’ in NEA
mackerel. Over the 14 years sampling period, we demonstrated a three-
to six-fold increase in the occurrence of ‘soft flesh’ in ‘autumn mackerel’
in the last two years (2019-2020). Furthermore, our study showed that
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Table 3
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Prevalence and density of Kudoa thyrsites in blood and muscle tissue of different commercial size groups of Atlantic mackerel caught in the northern North Sea in 2020.

Infection ‘Soft flesh’ Prevalence (%) (95% CI) Density (mean + SD (min-max))
parameters Occurrence (%) (95%
(@)
Overall Blood Muscle Blood Muscle
All fish (n = 200) All size groups 5.5 (0.03-0.10) 43.5 23.5 30.0 1.6 x 10? 1.1 x 10°
(n = 200) (0.37-0.51) (0.18-0.31) (0.24-0.37) +1.3 x 10° + 5.2 x 105(0-5.7 x10°)
(0-1.7 x10%
SGI1<400g 1.9 (0.00-0.10) 30.8 13.5 19.2 1.8 x 10! 3.3 x 10* £ 2.3 x 10°
(n =52) (0.19-0.45) (0.06-0.26) (0.10-0.33) + 8.8 x 10" (0-1.6 x10%)
(0-6.3 x10?)
SGII 400-600 g 7.7 (0.04-0.13) 48.6 28.2 33.8 2.2 x 102 1.4 x 10° + 6.0 x 10°
(n =142) (0.41-0.58) (0.21-0.36) (0.26-0.42) +1.6 x 10° (0-5.7 x10%)
(0-1.7 x10%
SGIII > 600 g 0.0 (0-0.46) 33.3 0.0 (0-0.46) 33.3 0+0 1.2 x 10% + 2.8 x 10?
(n=6) (0.04-0.78) (0.04-0.78) (0-6.9 x10%)
‘Soft flesh’-affected 100.0 100.0 2.6 x 10° 1.6 x 10° £ 1.5 x 10°
fish (n = 11) (0.72-1.00) (0.31-0.89) (0.72-1.00) +5.3 x 10° (0-5.7 x10%)
(0-1.7 x10%
Intact fish 40.2 26.0 2.1 x 10! 1.7 x 10* £ 1.5 x 10°
(n=189) (0.33-0.48) (0.16-0.28) (0.20-0.33) + 8.8 x 10! (0-1.9 x10%
(0-9.0 x10%)

SG: size group; CI: confidence interval; SD: standard deviation; min-max: minimum and maximum.
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Fig. 3. Density of K. thyrsites parasite in blood and muscle of intact and ‘soft flesh’-affected Atlantic mackerel, expressed as median, 0.25-0.75 percentiles and range.

Asterisks indicate significant differences. Significance was fixed at p < 0.05.

the prevalence (based on qPCR) of K. thyrsites in NEA mackerel is much
higher than previously estimated when using ‘soft flesh’ occurrence as a
proxy. Most of the K. thyrsites infected fish stayed intact, while only
heavily infected fish seemed to develop ‘soft flesh’. Thus, we propose
qPCR as the primary method for assessing the prevalence of K. thyrsites,
as well as for estimating the risk of development of ‘soft flesh’.

4.1. Changes in ‘soft flesh’ occurrence during 2007-2020

The occurrence of K. thyrsites-induced ‘soft flesh’ in the NEA ‘autumn
mackerel” was apparently low and stable from 2003 to 2006 (Levsen
et al., 2008). The data reported here relate to the period 2007-2020 and
demonstrate a three- to six-fold increase in the most recent years
(2019-2020), thus representing the highest records since the onset of
the Kudoa-related ‘soft flesh’ monitoring of Atlantic mackerel in 2003.
From the fishing industry’s and the fishery management’s perspective,

this steep and apparently sudden increase of ‘soft flesh’ occurrence can
be of great economic relevance. However, since large-scale screening of
‘soft flesh” occurrence from different NE Atlantic fishing areas over all
seasons was beyond the scope of this study, no conclusions can be drawn
from these findings regarding the economic and reputational conse-
quences of K. thyrsites-infections for the NEA mackerel fishing industry.

4.1.1. Effect of fish host spawning and migrating behaviour

The observed variation in ‘soft flesh’ occurrence may reflect changes
in K. thyrsites prevalence which may have several possible explanations.
One hypothesis is that the increased infection can be related to changes
in the proportions of the infected southern and western mackerel com-
ponents intermixing in the feeding areas during the last 14 years of
sampling. As for most other marine myxosporeans, the life cycle of
Kudoa species is not yet understood. However, all known myxosporean
life cycles are indirect and involve annelids (e.g., oligochaetes and
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Fig. 4. Model fit of the Bernoulli GLM for the probability of K. thyrsites infection over the fish total weight, in female and male Atlantic mackerel. The grey shades

represent the 95% confidence bands.

polychaetes) as invertebrate hosts and fish as vertebrate hosts (reviewed
by Eszterbauer et al., 2015). In the annelid, sexual processes culminate
in the production of actinospores (a waterborne stage) infective to the
fish host, where another cycle of sporogony results in the production of
myxospores (reviewed by Eszterbauer et al., 2015). Being a pelagic fish,
mackerel is likely infected when being exposed to contagious water in a
particular area of its geographic distribution range where the annelid
host occurs. This area is presently not known but can be inferred from
the occurrence of K. thyrsites in farmed fish or other wild fish species that
do not migrate extensively. Thus, K. thyrsites-infections have been
detected in sea trout (Salmo trutta, Salmonidae) and farmed Atlantic
salmon along the Iberian Atlantic coast, northern France, southern En-
gland as well as southern and western Ireland (Barja and Toranzo, 1993;
Holliman, 1994; Holliman and Feist, 1993; Palmer, 1994; Prudhomme
and Pantaleon, 1959). These findings, along with the lack of records of
K. thyrsites-infections from susceptible hosts such as farmed Atlantic
salmon in the northern seas, suggests that the distribution of the putative
invertebrate host is restricted to these and more southern waters. The
NEA mackerel is a highly migratory fish and seems to consist of three
spawning components: a northern component which includes in-
dividuals spawning in the North Sea and Skagerrak (ICES Subarea IV and
Division IIl.a), a western component whose spawning areas are in
western European waters (ICES Divisions and Subareas VI, VII, and VIII.
a,b,d,e), and a southern component spawning along the Iberian Atlantic
coast (ICES Divisions VIIIc and IXa) (ICES, 2021b; Jansen et al., 2013;
Trenkel et al., 2014; Villamor et al., 2004). Since the spawning and
nursery areas of the western and southern components overlap with the
probable contagious area of K. thyrsites (e.g., Iberian Atlantic coast,
southern Ireland and England), mackerel belonging to these components
may become infected in these regions during spawning migrations, or as
juveniles (Levsen et al., 2008). After sexual maturation at age 2 or 3,

NEA mackerel spawn every year from January to July (ICES, 2016). In
summer, mature fish of the southern and western components migrate to
the feeding areas in the North and Norwegian Seas, where they intermix
with the northern component (Bakken and Westgard, 1986; Uriarte and
Lucio, 2001; Villamor et al., 2004). The fish of all three components
remain in these feeding areas until autumn, thus constituting the
so-called ‘autumn mackerel’ that are particularly targeted in the present
study. After extensive feeding, each component migrates back to its
respective spawning area (Belikov et al., 1998; Iversen, 2002; Jansen
et al., 2012; Ngttestad et al., 2016; Uriarte and Lucio, 2001; Villamor
et al., 2004), where new infections with K. thyrsites may occur. Hence,
fish of the southern and western components may represent the mack-
erel stock fraction that carries K. thyrsites-infections andmay develop
‘soft flesh’ (Levsen et al., 2008). If so, the part of this particular fraction
of the NEA mackerel stock that migrates each year into more northern
waters, seems to have increased in recent years.

4.1.2. Effect of fish host ecological changes

Another possible explanation of the variation in K. thyrsites infection
from 2007 to 2020 may be related to important changes in the ecological
or biological characteristics of the fish host (e.g., stock size). A contin-
uous decline of mackerel body size (TW) was observed between 2009
and 2016, to then remain stable in the following years. The data re-
ported here indicate that mackerel TW and relative ‘soft flesh’ occur-
rence show a similar trend over time (see Figs. 1A and 3) and that they
are weakly but significantly correlated when tested over the whole
sampling period. The observed variation in mackerel TW is largely
consistent with the findings of Olafsdéttir et al. (2016) who documented
a continuous decline of weight-at-age and body growth between 2005
and 2013. They studied mature mackerel caught during the autumn
season in the Norwegian Sea, northern North Sea, and west of Ireland,
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which partially coincide with the present sampling localities.

The mechanisms underlying the apparent correlation between fish
TW and ‘soft flesh’ occurrence, are not yet clear. Fish body weight may
represent a confounding variable, which masks the effects of other
relevant biological and ecological changes (e.g., stock size) in the
mackerel population that may have contributed to the increase of the
‘soft flesh’ occurrence in recent years. For example, Olafsdottir et al.
(2016) showed that the decline in weight-at-length and growth of
mature Atlantic mackerel during 2005—2013 was influenced by
mackerel stock size and the extended feeding migration range. Thus, the
authors suggested that higher foraging costs and intensified competition
for limited food resources, associated with larger mackerel stock size in
the summer feeding grounds, resulted in a progressive reduction in
weight-at-length and growth of mature Atlantic mackerel. In light of
these aspects, it can be hypothesized that changes in mackerel feeding
migration range and stock size from 2005 onwards may have indirectly
determined changes in prevalence of K. thyrsites and in the relative
occurrence of ‘soft flesh’. Thus, another hypothesis is that larger
mackerel stock size in the summer feeding grounds may have increased
the chance of fish-to-fish transmission of K. thyrsites. Direct transmission
would represent a rapid mean of spreading the infection between indi-
vidual fish hosts, thus omitting the putative alternate invertebrate host,
at least temporarily (reviewed by Canning and Okamura, 2004), as has
been observed in some parasitic trematodes and nematodes (Poulin and
Cribb, 2002; Levsen and Berland, 2002). Direct transmission may occur
through ingestion of infected tissue (cannibalism), by cohabitation with
infected fish, or by exposure to unidentified presporogonic infective
stages in the water, as experimentally demonstrated in some enteric
Enteromyxum spp. (Enteromyxidae) in captive fish (reviewed by Esz-
terbauer et al., 2015). However, due to the lack of information on the
K. thyrsites life cycle, no conclusions can be drawn from our findings
regarding the possibility that direct transmission can actually occur in
mackerel.

4.2. Occurrence of ‘soft flesh’ in commercial SGs in 2007-2020

Mackerel of intermediate size (SGII, 400—600 g) had the highest
occurrence of ‘soft flesh’-affected fish (5.7%), compared to larger (SGIII,
>600 g) and smaller (SGI, <400 g) mackerel, with 1.9% and 1.2%,
respectively. The present findings can be of great economic significance
for the fishing industry. Indeed, the economic value of Atlantic mackerel
in various markets increases with fish weight. In particular, fish over
250 g can be priced up to 5 times higher than fish below this size (Norges
Sildesalgslag, 2021).

Our results are in close correspondence with those observed during
2003—2006 by Levsen et al. (2008), who found that primarily larger
fish > 540 g developed ‘soft flesh’. The observed occurrence of ‘soft
flesh’ in the three SGs may reflect differences in K. thyrsites prevalence
among SGs. According to recent data on the age structure of the NEA
mackerel stock, 300-700 g fish are 3-8 years old and sexually mature
specimens (ICES, 2014; Olafsdéttir et al., 2016). Under the hypothesis
that fish acquire the infection in the western or southern spawning and
nursery areas and that reinfections can occur throughout the lifespan of
the fish (Castro et al., 2018; see Section 4.1), larger mackerel which have
spawned multiple times already, should have highest prevalence of
infection and thus highest probability to develop ‘soft flesh’. However,
our results indicate that large SG fish are less affected than medium SG
fish, with values similar to fish of the small SG. The reason for these
apparently contradictory results can be explained by limited number of
individuals in the large SG compared to small and medium sized fish,
which may be due to the progressive weight-at-age reduction trend in
the NEA mackerel stock (Olafsdéttir et al., 2016), resulting in decreasing
numbers of large SG fish but increasing numbers of medium SG fish.
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4.3. K. thyrsites molecular epidemiology and occurrence of ‘soft flesh’ in
2020

To date, limited information exists on the prevalence of K. thyrsites in
the NEA mackerel stock and the occurrence of ‘soft flesh’ is currently
used as a proxy of infection. The molecular data reported here demon-
strated that the prevalence of K. thyrsites in mackerel is approximately
eight times higher than the occurrence of ‘soft flesh’ measured through
texture testing. The discrepancy between these results can be explained
by the evidence that ‘soft flesh’ occurred only in fish heavily infected in
the muscle (i.e., high density) which seem to represent only a smaller
fraction of all infected fish. Thus, if the density in the muscle is low, e.g.,
as in early stage infections, it is possible that fish inspected by manual
texture testing do not develop ‘soft flesh’, thus, generating false negative
results. Our findings closely match those of St-Hilaire et al. (1997b),
who, investigating the relationship between the intensity of K. thyrsites
infection and the quality of flesh in Atlantic salmon, found that only
heavily infected fish (>20 000 spores/g of muscle tissue) developed ‘soft
flesh’.

The infection of K. thyrsites in blood does not seem to play a role in
determining the occurrence of ‘soft flesh’. Indeed, differently from what
observed in the muscle, parasite density in the blood did not differ
significantly between intact and ‘soft flesh’-affected fish (see Fig. 3). The
lower parasite prevalence and density in the blood compared to the
muscle (see Fig. 3 and Table 3) could indicate that the blood functions as
vehicle of transport for the parasite, whereas, as known, the skeletal
musculature is the main site of infection where the parasite proliferates
during sporogony (reviewed by Molnar and Eszterbauer, 2015). This
hypothesis is also supported by the findings that, although generally
low, the density in the blood varied widely across the samples, possibly
depending on the infection stage in the fish host. K. thyrsites may be
detected in blood at different stages of the infection, i.e., early, late, or as
indicator of previous infections (reviewed by Molnar and Eszterbauer,
2015). In some mackerel the blood was positive for K. thyrsites, even if
the musculature was negative. In these fish, the parasitic infection in
blood may be due to the presence of presporogonic stages (i.e., early
stage infection) which precede the subsequent invasion of the skeletal
musculature of mackerel (reviewed by Feist et al., 2015; Marshall et al.,
2015; reviewed by Molnar and Eszterbauer, 2015; Moran et al., 1999b).
Some mackerel tested positive at both sites (i.e., muscle and blood). In
these fish, the blood may contain traces of parasite DNA, possibly
originating from sporoplasm and myxospores from late or previous in-
fections. This hypothesis is supported by the findings of Moran et al.
(1999¢), who detected K. thyrsites-PCR positive signals in the blood of
Atlantic salmon without, however, observing any Kudoa-related stages.

4.4. Factors influencing K. thyrsites infection in NEA mackerel

The present results suggest that the K. thyrsites-infection probability
in mackerel is influenced by fish host body size (TW) and sex. Moreover,
the density of infection in the muscle was weakly positively correlated
with fish TW but did not differ significantly between males and females.

The positive relationship between TW and prevalence and density
may have several possible explanations including a cumulative effect of
prolonged exposure to the parasite’s infective stage. Like in other
myxosporean parasite species (Castro et al., 2018; Sitja-Bobadilla and
Alvarez-Pellitero, 1993; Swearer and Robertson, 1999), K. thyrsites in-
fections may be cumulative, i.e., the parasite is not eliminated by the
host’s immune system, whereas new infections may occur, e.g., during
spawning each year (see Section 4.1). This hypothesis is supported by
the lack of any inflammatory host response associated with the presence
of the intracellular K. thyrsites plasmodia and myxospores in the body
musculature of NEA mackerel (Levsen et al., 2008). Another hypothesis
is that larger fish may be at greater risk of infection simply because a
larger body area is available for penetration or uptake of the putative
infective stage of Kudoa spp., as previously suggested for other metazoan
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parasites (Poulin, 2000). Considering other more thoroughly studied
myxozoa, the general assumption is that fish may acquire the infection
through the skin, gills and buccal cavity (Kallert et al., 2007). If the site
of entry of K. thyrsites are the gills, a higher infection rate may occur in
larger fish due to larger gill surface exposed to the putative parasite
infective stage (Jones and Long, 2019; Muir, 1969). Alternatively, if the
site of entry of K. thyrsites is the buccal cavity, as observed in the myx-
osporean Henneguya ictaluri (Myxobolidae) in channel catfish Ictalurus
punctatus (Ictaluridae) (Belem and Pote, 2001), a higher rate of infection
may occur in larger fish as a result of higher feeding rate. The positive
correlation between prevalence and density of infections with host body
size (or age) in wild or cultured fish has been demonstrated for
numerous myxosporean species, including K. thyrsites (Jones and Long,
2019; reviewed by Schmidt-Posthaus and Wahli, 2015). Recently, Jones
and Long (2019) reported a significantly positive correlation between
K. thyrsites prevalence and density and fish body size which may be
related to the larger gill surfaces and a higher proportion of newly
recruited skeletal muscle fibres in wild Atlantic salmon smolts from
British Columbia (Canada). In K. ciliatae, the positive correlation be-
tween prevalence and fish host body size was possibly related to the
cumulative effect of prolonged parasite exposure in juvenile Indo-Pacific
whiting Sillago maculate (Sillaginidae) (Hallett et al., 1997). Similarly,
the higher prevalence of K. dicentrarchi in larger and older European
seabass Dicentrarchus labrax (Moronidae) was possibly related to para-
site accumulation, or the greater consumption of infected alternate hosts
and/or increased proximity to alternate hosts (Castro et al., 2018; Casal
et al., 2019).

Possible explanations for the fish sex-associated pattern of infections
in myxosporean parasites have not been thoroughly investigated. The
higher prevalence of K. dicentrarchi in female European seabass was
suggested to be related to the bigger size of female fish or to differential
ecological and behavioural traits (Castro et al., 2018). Indeed, during
breeding, the females of European seabass become temporarily seden-
tary at the bottom (Silan and Maillard, 1990), which enhances the
chances of contact between the fish host and the annelid host in the
parasite life cycle (Rangel et al., 2016). Similarly, it is possible that
specific ecological and behavioural traits displayed by male mackerel
may increase the probability of being infected with K. thyrsites.

Females and males did not differ significantly in size and Fulton’s K
indicating that fish body size has no immediate effect on the K. thyrsites
infection pattern across the sexes. However, it is possible that although
showing approximately the same body size, female and male mackerel
may belong to different year classes (Villamor et al., 2004). Indeed, the
males of mackerel appear to show a lower growth rate compared to the
females, thus having lower weight-at-age than the females (Villamor
et al., 2004). In light of these aspects, our results may indicate that the
probability of a mackerel being infected with K. thyrsites is related to fish
host age rather than body size and sex, supporting the hypothesis that
K. thyrsites infections accumulate in the fish host over time. However,
due to the lack of information on the age of the present mackerel, no
conclusions can be drawn from these findings regarding the influence of
fish age on K. thyrsites infections in NEA mackerel.

4.5. K. thyrsites prevalence, density and ‘soft flesh’ occurrence in
commercial SGs in 2020

Although larger individuals seem to have higher density and higher
probability to carry K. thyrsites infection and develop ‘soft flesh’ (see
Sections 4.2 and 4.4), no significant differences were observed in
prevalence and density and in ‘soft flesh’ occurrence among the tree
commercial SGs. The reason for these apparently contradictory results
can be explained by limited number of individuals in the large SG
compared to small and medium sized fish, which may be due again to
the progressive reduction of weight-at-age discussed in Section 4.2.
Moreover, and with regard to the scientific data processing, dividing
mackerel catches into commercial SGs may have certain limitations.
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Although commercial SGs represent relevant categories for the industry,
they are artificial entities that do not necessarily reflect any biological or
ecological characteristics of the fish host population which could explain
the variations in terms of prevalence and density of infections.

5. Conclusions

The present study represents the first long-term investigation of the
occurrence of K. thyrsites-induced ‘soft flesh’ in NEA mackerel. The
findings demonstrate a recent three- to six-fold increase of the occur-
rence of ‘soft flesh’ in ‘autumn mackerel’, which represents the
economically most valuable target for the Norwegian mackerel fishing
industry. The rate of this increase, as well as the indication that pri-
marily larger and, hence, particularly valuable mackerel are affected by
’soft flesh’, may have important implications for the fishing industry as
well as the fishery management. Molecular analyses (qPCR) demon-
strated that the large majority of K. thyrsites infected mackerel remain
intact, while only a minority (1/8) of fish develop ‘soft flesh’. This again
implies that the occurrence of ‘soft flesh’ significantly underestimates
the prevalence of K. thyrsites in NEA mackerel. Thus, we propose mo-
lecular tools (e.g., qPCR) as the primary method for assessing the
prevalence of K. thyrsites in this fish species.

Our study indicated that K. thyrsites infection is higher in the skeletal
muscle compared to the blood, which may function as a vehicle for
within-host transport of the parasite. The occurrence of K. thyrsites in the
fish blood may be due to the presence of cryptic presporogonic stages
which precede the subsequent invasion of the skeletal musculature of
mackerel. Alternatively, there may be traces of parasite DNA in the
blood, possibly originating from sporoplasm and myxospores from late
or previous infections. Finally, results suggest that fish host body size
(weight) and sex are the most important factors influencing K. thyrsites-
infections in Atlantic mackerel. Future efforts should be directed to-
wards monitoring the variations of the ‘soft flesh’ occurrence and the
K. thyrsites prevalence in Atlantic mackerel from contiguous geograph-
ical areas throughout the year, as well as analysing biological and
ecological traits of the fish host population (e.g., fish age) that may be
significant drivers for K. thyrsites-infections in this economically
important fish species.
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