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Abstract

Kudoa thyrsites infection of marine fish typically results in myoliquefaction, which is
only apparent 24 to 56 h post-mortem. The traditional methods for the detection of
K.thyrsites infected fish are time-consuming and destructive, reducing its market-
ability. This poses a challenge for the fish industry to remove infected fish before it
reaches the market or further processing activities. This study investigated the use
of near-infrared (NIR) spectroscopy, in combination with soft independent modelling
of class analogy (SIMCA) and partial least square discriminant analysis (PLS-DA), for
discriminating K. thyrsites infected fish from uninfected fish. Performance of the clas-
sification models was evaluated by calculating the sensitivity, specificity and preci-
sion. A total of 334 fish samples (200 sardine, 64 hake and 70 kingklip) were used
for this study. Infection of K.thyrsites was determined with the use of gPCR assays.
Ninety per cent (90%) of the sardine samples, 78% of the hake samples and 37%
of the kingklip samples were infected. Class groups of infected and uninfected fish
samples were created for the purpose of generating SIMCA and PLS-DA classification
models for each species of fish, as well as for a species independent data set. Principal
component analysis (PCA) of NIR spectra did not show any clustering for infected
and uninfected samples. Calibration and test sample sets were generated for the pur-
pose of building and testing the SIMCA and PLD-DA classification models. SIMCA and
PLS-DA were unable to classify test samples correctly into the two classes. The num-
ber of misclassifications (NMC) was higher for the SIMCA models than for the PLS-DA
models, with more than 60% incorrectly classified. SIMCA classified most of the test
samples into both classes. The precision for PLS-DA were 89% for sardine, 81% for
hake, 0% for kingklip and 87% for species independent models, however, most sam-
ples were classified at infected. The use of NIR spectroscopy and classification models
such as SIMCA and PLS-DA showed limited use as a method to distinguish between
K.thyrsites infected and uninfected fish samples. Textural and chemical changes dur-
ing extended frozen storage of the fish samples may have masked the effects associ-
ated with K. thyrsites infection. Further studies are suggested where NIR spectroscopy

is used in combination with texture analysis and image spectroscopy.
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1 | INTRODUCTION

The presence of parasites in fish fillets is a serious quality and
food safety concern (Huss, 1994). Although the parasite Kudoa
thyrsites does not pose a consumer health risk (Alvarez-Pellitero &
Sitja-Bobadilla, 1993), the infection of marine fish species by this
Myxozoan parasite is associated with quality defects such as the
development of post-mortem myoliquefaction and unsightly cysts
(Dawson-Coates et al., 2003; Gilchrist, 1924; Levsen et al., 2008;
Samaranayaka et al., 2006; Webb, 1990). The development of my-
oliquefaction is a result of a cysteine cathepsin L protease released
by K.thyrsites (Funk et al., 2008; Tsuyuki et al., 1982) and is typi-
cally apparent only 24 to several hours (38-56) post-mortem (Levsen
et al.,, 2008). This poses a quality risk to the fishing and fish pro-
cessing industries. The inability to identify infected fish early post-
mortem and separate infected from uninfected fish, makes it difficult
to manage processing and quality control.

The most common method for the detection of parasites and
parasitic worms in fish and removal thereof, is by manual visual
inspection on a light table (candling) and by manual trimming of
fillets (Cheng et al., 2013; Cunningham, 2002). This method is, how-
ever, most effective for parasitic nematodes and not applicable to
K.thyrsites, since the spores of K.thyrsites vary between 12.0pm
(Kabata & Whitaker, 1981) and 16.7 um (Cunningham, 2002; Lom &
Dykova, 2006) in diameter. Traditional methods for the detection of
Kudoa infection, such as the counting of visible pseudocysts, micro-
scopic examinations and polymerase chain reaction (PCR), are time-
consuming and destructive to the sample, making these methods
impractical for the fishing and fish processing industries.

Several optical or spectroscopic systems, either as stand-alone
or in combination, are used for online, non-invasive and non-
destructive, rapid food quality monitoring. These optical systems
include, for example: near-infrared (NIR), visible (VIS), mid-infrared
(MIR), Raman, nuclear magnetic resonance (NMR) spectroscopy,
hyperspectral imaging (HSI) and nuclear magnetic resonance imag-
ing (NMRI) (Cheng et al., 2013; Mathiassen et al., 2011). All of these
optical systems have been applied in fish quality monitoring, in-
cluding the proximate composition and lipid characteristics (Brown
et al., 2012; Karlsdottir et al., 2014; Khodabux et al., 2007), bacte-
rial spoilage (Chengetal., 2013; Lin et al., 2006; Weeranantanaphan
et al., 2011), freshness (Baknaes et al., 2002; Ottavian et al., 2013;
Reis et al.,, 2017; Sivertsen, Kimiya, & Heia, 2011; Uddin &
Okazaki, 2004), texture analyses (Careche et al., 2002; Cheng
et al., 2014; Isaksson et al., 2001) and presence of nematode par-
asites (Heia et al., 2007; Sivertsen et al., 2012; Sivertsen, Heia,
et al., 2011; Wold et al., 2001). Due to the impracticality of using
manual sorting methods to separate parasite infected fish from un-
infected fish, several researchers have demonstrated the use of im-

aging spectroscopy as a rapid, non-destructive method separating

parasite infected from uninfected fish based on the optical prop-
erties of fish muscle and parasites (Sivertsen et al., 2012; Stormo
et al., 2004, 2007). Heia et al. (2007) used VIS/NIR imaging in
transmission mode to identify nematode parasites on the surface
of cod (Gadus morhau) fillets, as well as those embedded as deep as
0.8cm into the fillet. This enabled detection of nematodes deeper
into the fillet than typically possible by manual inspection. Wold
et al. (2001) demonstrated the ability of multispectral imaging (400
to 1000nm) in combination with soft independent modelling of
class analogy (SIMCA) to distinguish nematode parasite infected
from uninfected cod fillets.

SIMCA is a flexible, problem-dependent, multi-application use
of principal component analyses (PCA)-modelling, where objects
in one class or group show similar rather than identical behaviour
(Wold et al., 1987). A SIMCA model is typically based on separate
principal component (PC) models, one for each class or classification
group. A calibration samples set is then used to build the SIMCA
model by calculating PC models for the separate class groups. An
ideally independent test sample set can then be subjected to the
same PC model projections for classification into the separate
class groups. Partial least squares discriminant analysis (PLS-DA)
is another type of multivariate data analysis method that is used
for classification of samples into different classes or groups based
on similarity (Ballabio & Consonni, 2013; Brereton & Lloyd, 2014;
Gromski et al., 2015; Grootveld, 2014; Szymanska et al., 2012).
Classification of expired and non-expired vacuum packaged smoked
salmon based on PLS-DA models and hyperspectral imaging spec-
troscopy in the short-wave NIR has been demonstrated by Ivorra
et al. (2013). Ottavian et al. (2013) investigated the use of differ-
ent PLS-DA models for classification of frozen-thawed fish samples
independent of fish species. These authors demonstrated overall
classification accuracies between 80% and 91%, depending on the
PLS-DA strategies used.

The possibility of using NIR spectroscopy as a rapid, non-
invasive quality control method for the detection of Kudoa-parasite
infection before myoliquefaction is visible, especially in sardines
(Sardinops sagax ocellatus) and Cape hake (Merluccius capensis and
M. paradoxus), would be of great value to the fish processing indus-
try. NIR spectroscopic classification of fish as either being ‘parasite
free’ or ‘parasite infected’ will enable informed decision-making
during quality control regarding further storage or immediate pro-
cessing. The infection by K. thyrsites and K. paniformis is considered
a quality risk, rather than a consumer health risk (Alvarez-Pellitero
& Sitja-Bobadilla, 1993). The development of a method than can
rapidly identify Kudoa infected fish is crucial for optimum utiliza-
tion of Kudoa infected fish (Samaranayaka et al., 2006). Alternative
utilization of K. thyrsites fish may include production of fish protein
hydrolysates (FPH), therefore increasing its market value. However,

up to date, no such rapid detection method, specifically for the
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detection of Kudoa infection, has been reported. Although sev-
eral studies have demonstrated the application of VIS/NIR (Wold
et al., 2001) and hyperspectral imaging (HSI) (Sivertsen et al., 2012;
Sivertsen, Heia, et al., 2011) as effective quality control methods
for industrial, non-destructive detection of parasitic nematodes in
fish and fish fillets, no research has been documented about the
use of NIR spectroscopy for the detection of specifically Kudoa
species. Neither has a handheld instrument been considered. The
aim of this study was to investigate the use of a handheld, MicroNIR
spectrophotometer, in combination with SIMCA and PLS-DA clas-
sification techniques, as a non-destructive, rapid method for the
discrimination of K.thyrsites infected and uninfected fish species,
including sardines (Sardinops sagax ocellatus), Cape hake (Merluccius

capensis) and kingklip (Genypterus capensis).

2 | MATERIALS AND METHODS

2.1 | Samples

A total of 200 sardine, 64 Cape hake and 70 kingklip samples
were supplied by the Department of Forestry, Fisheries and the
Environment (DFFE, Cape Town) from several batches of pelagic
and demersal surveys. All samples were kept frozen at -18°C until
the presence of Kudoa thyrsites was determined with the use of the
real-time quantitative polymerase chain reaction (QPCR) protocol as
a qualitative diagnostic tool. The extraction of DNA for gPCR analy-
sis was performed before the NIR spectra have been recorded to
ensure no DNA transfer between samples and prevention of false
positives.

2.2 | DNA-based identification of Kudoa thyrsites
infection

DNA from composite muscle tissue samples were extracted with the
use of the Qiagen DNeasy Mini Kit (Qiagen, Whitehead Scientific
Pty., Ltd., Cape Town). The composite tissue samples were col-
lected from the anterior, centre and posterior location of each fish
fillet. Sterile scalpels were used for each sample to prevent DNA
transfer between samples. A custom TagMan® single nucleotide
polymorphism (SNP) genotyping assay was used for the determina-
tion of the presence of K. thyrsites at the Centre for Proteomic and
Genomic Research (CPGR, Cape Town, South Africa).

The Kudoa thyrsites assay mix contained two PCR prim-
ers (5-CCTATCAACTAGTT-GGTGAGGTAGTG-3' and 5-TCTCC
GGAATCGAACCCTGAT-3’) that flanked the region containing the
SNP site specific to K.thyrsites. The assay mixes also contained two
TagMan® probes, one that matched the heterologous allelic variant
K.thyrsites (5-ACCCGTTAACACCTTG-3’), labelled with VIC (a fluo-
rescent dye, proprietary to Life Technologies; Anonymous, 2017) and
another that matched the homologous allelic variant: K.paniform-
is/K.miniauriculata/K.dianae (5-CGTCACAACCTTG-3’), labelled with
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FAM (6-carboxyfluorescein). A template control (NTC) containing no
DNA, a positive control and a fluorescent quencher (NRQ) were in-
cluded in each assay. All TagMan® assays were performed in 384-
well plates by amplifying 20ng DNA in a 5pL volume PCR reaction
mix containing 0.9 pM primers and 0.2 pM probes. A working master
mix for each sample in each assay was prepared by mixing 0.25uL
of TagMan® assay mix (20x), 2.5uL TagMan® Genotyping Master
Mix (Thermo Fisher), 0.25uL water and 2uL of genomic DNA at
20ng. Reactions were performed with the following protocol on the
7900HT Fast Real-Time PCR System: a pre-reading of the plate to
record the background fluorescence; followed by the standard PCR
cycle. The PCR cycle was performed with the following parameters:
95°C for 10min, 40cycles of 95°C for 15s and 60°C for 1 min and
post-reading of the plate. End-point fluorescence was read on the
7900HT Fast Real-Time PCR System using the SDS version 2.3 soft-
ware (Applied Biosystems, USA). The TagMan® Genotyper software
1.3 was used to generate allelic discrimination plots for the alleles:
K.thyrsites (allele 1 - labelled with VIC) and K. paniformis/K.miniauric-
ulata/K.dianae (allele 2 - labelled with FAM).

2.3 | NIR spectral acquisition

NIR absorbance spectra were collected using a MicroNIR 1700
(VIAVI Solutions, formerly JSDU, Santa Rosa, CA, USA) miniature
NIR spectrophotometer. The MicroNIR instrument consists of a
linear variable filter as the dispersing element, that is coupled to
a linear detector array (128-pixel uncooled InGaAs photodiode
array), containing a pair of integrated vacuum tungsten lamps as
light source and a 16-bit analogue-to-digital converter for ana-
logue conversion. NIR spectra were collected in the NIR region
(908 to 1680 nm) of the electromagnetic spectrum at 6.2 nm inter-
vals, resulting in 125 wavelength bands. The MicroNIR spectro-
photometer was used in diffuse reflection mode and measurement
parameters of integration time and number of scans were set to
14,600 ps and 50 scans. All fish samples were thawed and con-
ditioned at room temperature for 20min before being scanned.
Three spectra were collected per fish sample at the posterior,
centre and anterior anatomical locations and the average for each
sample was calculated. Spectra were collected from only the flesh
side (inside of the fillet) of each fish sample to capitalize on dif-
ferences in reflectance values related to softer tissue (Cheng
et al., 2014; Shan et al., 2018) because of myoliquefaction related

to K. thyrsites infection.

2.4 | Multivariate data analyses

All multivariate data analyses were performed with the use of The
Unscrambler software, version 10.4.1 (CAMO software, 2017,
Oslo, Norway). Graphs and figures were generated with use of The
Unscramble software and Microsoft Excel (Microsoft Office, 2016).
Multiplicative scatter correction (MSC) was applied to the NIR
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able sources of variation. Savitzky-Golay firts- and second-deriv-
atives were also tested as pre-treatment techniques to investigate
any improvement in classification results.

Exploratory PCA was performed on pre-treated spectra for each
fish species, respectively, as well as for all fish samples combined
(species independent sample set) to determine any degree of clus-

tering between K. thyrsites infected and uninfected samples.

2.5 | Calibration and test sets

SIMCA and PLS-DA models for classification of K. thyrsites infected and
uninfected fish samples were developed for sardine, Cape hake and
kingklip, respectively, as well as for all the samples together (species in-
dependent sample set). To build and test the classification models, cali-
bration and test samples sets (Table 1) were generated. This was done
by randomly placing one third of the infected and uninfected samples
for each respective fish species into the test set; thus, leaving two-thirds
of the data set as the calibration set. In the case of the species independ-
ent sample set, it was ensured that both the calibration and test sets
contained sardine, Cape hake and kingklip samples for both the infected
and uninfected classes. Full cross-validation (CV) was used as validation
method when classification models were developed which were then
tested on the independent test sets. The number of samples used in the

calibration and test sets, respectively, are summarized in Table 1.

26 |
PLS-DA

Generating classification models: SIMCA and

SIMCA was used to develop SIMCA classification models for each

fish species and for the species independent data set. The statistical

TABLE 1 Number of samples in calibration and test sets for
the classification classes: Kudoa thyrsites infected and uninfected
fish samples (sardines, Cape hake and kingklip), used for the
development of SIMCA and PLS-DA models and independent
testing.

Classification classes

Infected Uninfected Total number

Sample sets fish fish of samples
Calibration set

Sardines 120 14 134

Cape Hake 33 10 43

Kingklip 17 29 46
Test set

Sardines 59 07 66

Cape Hake 17 04 21

Kingklip 09 15 24
Total number of 255 79 334
samples

significance level for the SIMCA classification was set at 5%. This
assumed that there was a 5% risk that a particular test sample would
fall outside the class, even if it belonged to the class; while 95% of
the test samples which truly belonged to the class would fall inside
the class (Esbensen, 1994). Explained variance plots for the PCA
class models were studied to determine the number of factors to be
used for prediction of the test set samples.

Graphical interpretation of the SIMCA classification results were
done with the use of Coomans plots where the transverse distances
from all the test samples to the two classes were visualized. To in-
vestigate correct classification of test samples, the leverages were
also studied in the distance vs. leverage plot (Si vs. Hi), also called the
membership plot. The membership plot showed the limits used in the
classification for both the distance to the model (the residual standard
deviation) and the leverage (distance to model centre) measured for
each sample. Test samples that fell inside these limits were highly likely
to belong to the model or class at the chosen significance level of 5%.
The model distance plot was studied to visualize the distance between
the two class models, namely K.thyrsites infected and uninfected and
to quantify whether the models were different. The variable discrim-
ination power plots were evaluated to determine the discrimination
power of each variable in the two-model comparison. A value near 1
indicated no discrimination power, while a value greater than 3 indi-
cated good discrimination for a particular variable (Esbensen, 1994).

A PLS-DA model was developed for each fish species separately,
as well as for all fish species together (species independent data set) to
discriminate fish samples with K.thyrsites present (infected samples)
from uninfected samples. PLS-DA is a classification technique used
to separate different groups of samples by linking two data matrices,
namely the independent variables, X (NIR spectra) and the dependent
variables, Y (class membership) (Brereton & Lloyd, 2014; Gromski
et al., 2015; Szymanska et al., 2012). The differences between the
two groups of samples were modelled with the partial least squares
(PLS) regression algorithm, but coding for class membership using the
response variable -1 for members in one class and+1 for members
in the second class. In this study, fish samples that were identified as
K.thyrsites infected were placed in the ‘infected’ class with response
variable +1, while those samples not infected were placed in the ‘un-
infected’ class with response variable -1. The calibration set was used
to run the PLS regression (with full CV). The explained variance plots
were studied to determine the number of factors to be used for pre-
diction of the test set samples. The developed model was then used
to classify the samples in the test set. Test samples with predicted
values 20 were assigned to the infected class, while test samples <0
were assigned to the uninfected class.

Classification performances of SIMCA and PLS-DA were eval-
uated in terms of (i) sensitivity; which represents the confidence
of the class space, (ii) specificity; which is the fraction of samples
not belonging to the modelled class that is correctly rejected by the
model and (iii) precision; which is the ratio of the number of sam-
ples correctly accepted and the total number of samples accepted
by the model (Oliveri & Downey, 2012; Szymanska et al., 2012).
Calculations of these were as follows:
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FIGURE 1 Representative raw NIR spectra for sardine (a), Cape hake (c) and kingklip (e) data sets and MSC pre-treated spectra for
sardine (b), Cape hake (d) and kingklip (f) data sets, respectively. Blue lines represent Kudoa thyrsites infected samples and red lines represent

uninfected samples.

o TP
SenSlthlty = TP—{——FN

e TN
SpeCIﬁCIty = TN—-I-FP
Precision = L
“TP+FP

where (i) TP is the true positive samples correctly classified inside the
class, (i) FN is the false negative samples falling outside the classified
class, (iii) FP is the false positive samples extraneous to that class but
classified within the class and (iv) TN is the true negative samples clas-
sified correctly outside the class. In the case of SIMCA, test samples
classified into both classes and test samples not classified in any of
the two classes, were counted as misclassifications. The number
of misclassifications (NMC) was calculated as the sum of FP and FN
(Szymanska et al., 2012). Confusion matrices were generated for the
PLS-DA classification results.

The number of samples in the two classes were unequal for all
the data sets. To compensate for this, the X-matrix for the PLS model
was weight centred by subtracting the average of the means of the
two class groups from the column values (Brereton & Lloyd, 2014).
This was done using Microsoft Excel (Microsoft Office, 2016) to in-
vestigate any improvement of the classification performance of the
PLS-DA models.

3 | RESULTS AND DISCUSSION

3.1 | Quantitative polymerase chain reaction for
qualitative analysis

Results from the TagMan® qPCR assays for Kudoa thyrsites
showed that 179 sardines (prevalence of 90%), 50 Cape hake

(prevalence of 78%) and 26 kingklip (prevalence of 37%) samples
were infected with K. thyrsites. None of the samples tested posi-
tive for the presence of allele: K. paniformis/K. miniauriculata/K. di-
anae. The prevalence of K.thyrsites for all 334 samples analysed
was 76%. Therefore, the total 255 samples that tested positive
for K.thyrsites infection and the 79 samples that tested negative
for K.thyrsites infection used to generate classification models.
Due to the high prevalence of K.thyrsites in sardines, the calibra-
tion sample set for the sardines contained 120 samples in the in-
fected class and only 14 in the uninfected class. This resulted in
the number of samples for the two classes to be unequal, which is
not ideal for generating classification models based on NIR spec-
tra (Brereton & Lloyd, 2014; Grootveld, 2014). If the one class is
represented by a much larger number of samples compared to the
second class, it may result in a classification model to be biased
towards the class being represented by the larger number of sam-
ples. The number of samples in the two classes for the Cape hake
and kingklip calibration sets were also unequal, however, the dif-
ference in number of samples was much smaller compared to that

of the sardine calibration set.

3.2 | Spectral characterization and PCA

Figure 1 shows some typical absorbance spectra for the raw and
MSC pre-treated NIR spectral data for representative samples from
the sardine, Cape hake and kingklip data sets. Visually it was not
possible to observe significant differences between the spectra for
infected and uninfected samples. PCA were performed on the MSC
pre-treated spectra for all fish species separately, as well as for all
fish samples together, to investigate any form of clustering associ-
ated with the presence of K. thyrsites (Figure 2). Savitzky-Golay firts-
and second-derivatives pre-treatment were also performed, but did

not improve PCA models.
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The three-dimensional score plots (Figure 2a-c) showing PC1
vs. PC2 vs. PC3 for sardines (variance for PC1 was 85%, PC2 was
8% and PC3 was 3%), Cape hake (variance for PC1 was 93%, PC2
was 4% and PC3 was 2%) and kingklip (variance for PC1 was 71%,
PC2 was 21% and PC3 was 5%) showed no clustering of K. thyrsites
infected and uninfected samples. This was also the case for the spe-
cies independent sample set (variance for PC1 was 70%, PC2 was
23% and PC3 was 4%). Score plots for PC4, PC5 and PC6 were also
investigated, however, there was no clear clustering of infected and
uninfected samples when these principal components were consid-
ered. Since there was no clustering between infected and uninfected
samples, the loading plots were not investigated.

Clear clustering of the different fish species (Figure 2d) was evi-
dent, with separation between sardine, Cape hake and kingklip sam-
ples. This grouping based on species of fish was expected since the
fatty acid profile, fat, protein and moisture contents differ significantly
between fish species (Koubaa et al., 2011; Ozogul et al., 2008; Usydus
et al., 2011). O'Brien et al. (2013) demonstrated the viability of NIR
spectroscopy and SIMCA to classify fish according to different species.

To further investigate possible clustering between infected and
uninfected samples, the means, standard deviations and the differ-
ence in mean MSC pre-treated NIR absorbance spectra for the sar-
dine, Cape hake, kingklip and species independent data sets were
investigated. This was also done to identify specific wavelengths
where differences between infected and uninfected fish samples
may be evident. Visually, no spectral differences between infected

and uninfected samples were observed for sardines, Cape hake,

FIGURE 2 Three-dimensional (3D)
PCA score plots for MSC pre-treated
data, showing PC1 vs. PC2 vs. PC3 for the
sardine (a), Cape hake (b), kingklip (c) and
species independent (d) data sets. Kudoa
thyrsites infected samples are represented
as blue dots and uninfected samples as
red dots.

kingklip. However, for the species independent spectral data set
(Figure 3) the MSC pre-treated spectra showed a difference in the
mean absorbance values at 890-1380nm between infected and un-
infected samples. The infected samples had lower mean values be-
tween 890 and 1380nm compared to the uninfected samples.

The difference in mean spectra between infected and unin-
fected sardine samples (Figure 4, blue line) showed an absorption
band between 1218 and 1342 nm and a peak at 1390nm. These may
have been related to CH, (C-H stretch second overtone and 2xC-H
stretch and C-H deformation) (Osborne et al., 1993); possibly asso-
ciated with fatty acids (Khodabux et al., 2007). No significant ab-
sorption band or peaks were evident in the Cape hake and kingklip
difference spectra.

The functional groups of components such as proteins, water,
fatty acids and carbohydrates, absorb at several NIR wavelength
ranges and can overlap with the absorption of other component
functional groups (Osborne et al., 1993.) This makes it difficult to
identify specific absorption regions from raw spectra. When vi-
sualizing the difference in the mean MSC pre-treated NIR spectra
values for infected and uninfected samples for the species indepen-
dent data set (Figure 4), absorption peaks at 933nm and 1137 nm
and a band at 1206-1290nm, were observed. The peak at 933nm
may be related to C-H stretch, third overtone of CH, (Osborne
et al., 1993) which may be associated with fatty acids (Khodabux
et al., 2007). The peak at 1137 nm and the band at 1260-1290nm
could also be associated with fatty acids (2 x C-H stretch and C-H
deformation modes associated with CH,) (Khodabux et al., 2007;
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Osborne et al., 1993). Absorption peaks related to fatty acids are
mainly attributed to the C-H and CH, vibrations with the first
overtone of C-H stretch in the range of 1718-1760nm and the
second overtone in the range 1100-1390nm. In this study, it was
expected to observe differences in NIR spectra between infected
and uninfected samples at wavelengths associated with water, pro-
teins, peptides and amino acids because of the extensive protein
breakdown associated with K. thyrsites infection (Funk et al., 2008;
Langdon, 1991; Samaranayaka et al., 2006; Tsuyuki et al., 1982).
Extensive protein hydrolyses because of the activity of cysteine
cathepsin L proteases excreted by K.thyrsites (Funk et al., 2008;
Samaranayaka et al., 2006; Tsuyuki et al., 1982) result in release
of moisture (Ofstad et al., 1996) and peptide fragments. In general,
N-H stretch first overtone of CONH, of proteins and amino acids
are typically visible at 1430 nm (Osborne et al., 1993) and O-H first
overtone associated with water is typically visible at 1440-1450 nm.
Proteins and peptides have broad, strong bands that are difficult to
differentiate due to considerable overlap of the bands. NIR spectra
of fish may be dominated by absorption peaks attributed to protein
at 1510nm, 1700 nm and 1738 nm (Uddin & Okazaki, 2004).

Raw fish muscle typically contains between 12% and 22% protein
(Foline et al., 2011; Gokoglu et al., 2004; Koubaa et al., 2011; Usydus
et al., 2011; Weber et al., 2008), while lipids and water together
make up about 80% of fish muscle (Ofstad et al., 1996). The moisture
content of fish muscle ranges from 65% to 80% (Bulla et al., 2011;
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Wavelength (nm)

——Sardines
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Kingklip

= All fish
samples

1240 1290 13 1390 1440 1490 1540 1590 1640 1690

Wavelength (nm)

Gokoglu et al., 2004; Roncarati et al., 2012) as influenced by catching
season (Boran et al., 2008). Fish muscle has a very low carbohydrate
content, ranging between 0.2% to 1.5% (Francoise, 2010). The ob-
served differences in difference spectra for the fish species inde-
pendent dataset could be due to the changes in moisture content,
fatty acids and protein structure between the difference fish spe-
cies. These changes probably occurred during frozen storage of the
samples. Atanassova et al. (2024) demonstrated clear differences in
NIR absorption patterns, mainly at the O-H and N-H bands, between
fresh and frozen-thawed carp (Cyprinus carpio) samples. Similar re-
sults were obtained by Cheng et al. (2015) for reflectance values of
fresh, cold-stored and frozen-thawed grass carp fillets.

Differences in NIR spectra associated with proteins and water
were not evident between infected and uninfected fish samples.
It is hypothesized that structural changes due to prolonged frozen
storage of the fish samples used in this study reduced or masked
the effects of the K. thyrsites associated proteolytic activity (Zhou &
Li-Chan, 2009).

3.3 | Prediction ability of SIMCA and
PLS-DA models

Comparing the use of Savitzky-Golay firts- and second-derivatives
as pre-treatment techniques with that of MSC, no improvement in
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models were obtained. Cheng et al. (2015) also reported that spec-
tral pre-processing techniques such as standard normal variate and
firts- and second-derivatives did not improve the performance of
classification models, including SIMCA and PLS-DA, for discrimina-
tion between fresh and frozen-thawed fish. On the other hand, a
study by Shan et al. (2018) illustrated that the effects of spectral
pre-processing techniques depended on the type of spectral noise
generated from whether the spectra were obtained from the skin-
side or from the flesh-side of fish. These authors found that PLS
models developed using spectra obtained from the fish-flesh and
pre-processing by the second derivative method, resulted in the
best prediction models for storage time of fresh and frozen-thawed
fish fillets; while MSC pre-processing method performed better with
spectra from the skin-side of the fish.

Pertaining to the SIMCA classification, the number of factors
used for the sardine test set were two for the PCA infected model
and three for the PCA uninfected model. For Cape hake, two factors
were used for the PCA infected model and one factor for the unin-
fected PCA model. For kingklip and the species independent test
sets, three factors were used for both the infected and uninfected
PCA models. Figure 5a,b shows, as examples, the Coomans plots
for the results of the SIMCA classification for the sardine and the
species independent test sets, respectively. In both the sardine and
species independent SIMCA classification models, there were poor
separation between the infected and uninfected calibration sample
sets (Figure 5). This was expected, as a clear separation of the two
classes was not seen in the overall PCA models of the calibration
sample sets. Bachle et al. (2012) reported similar challenges with
poor classification ability of SIMCA when clusters of groups were
close to each other or overlapped in the PCA score plots.

Classifications of the sardine samples in the test sets were poor,
since samples mostly fell outside both classes (Figure 5a for sardine)
or inside both classes (Figure 5b for species independent set). Similar
results were obtained from the Coomans plots for SIMCA classifica-
tion of the Cape hake and kingklip test sample sets. The number of
samples in both the Cape hake and kingklip total data sets were low
(total samples of 64 and 70, respectively). Theoretically the number
of samples in a data set should be more than 100, or 5 times the
number of X-variables (Grootveld, 2014).

Classification results for the SIMCA models for sardines, Cape
hake, kingklip and the species independent test sample sets are given
in terms of the NMC (Table 2), which is the sum of false positive (FP)
and false negative (FN) (Szymanska et al., 2012). Samples classified
as belonging to both classes were counted as false positives (FP).
Samples not classified at all were counted as FN. The number of true
positives (TP) and true negatives (TN) are also indicated in Table 2.

None of the SIMCA models showed acceptable prediction ability
as more than 60% of the samples in the test sets were misclassi-
fied in all the models. The species independent SIMCA classification
model classified only 8% of the test set samples correctly. Seven in-
fected samples were correctly classified as infected (TP), while two

uninfected samples were correctly classified as uninfected (TN). The

total NMC was 102, where 98 samples were classified into both
groups, three samples were not classified at all and one infected
sample was wrongly classified as uninfected (FN). SIMCA models are
based on PC's (Oliveri & Downey, 2012). There was no clear clus-
tering of infected from uninfected samples in the PCA models for
sardine, Cape hake, kingklip and the species independent data sets
(Figure 2). This may therefore explain the low prediction ability of
the SIMCA models.

Seven factors were used for the sardine, Cape hake and kingklip
PLS-DA models; while for the species independent PLS-DA model,
five factors were used. Classification results for the PLS-DA mod-
els for the sardine, Cape hake, kingklip and the species independent
test sample sets are summarized as confusion matrixes in Table 3. In
the case of the sardines, all test samples were predicted as infected,
with the NMC calculated as 7 (all being FP). Similar classification re-
sults were obtained in the case of the Cape hake test sample set.
All the hake test samples (n=21) were classified as being infected,
with 4 false positives and a NMC of 4. For both the sardine and Cape
hake PLS-DA models, the sensitivity was calculated as 1, while the
specificity was calculated as zero (since TN=0 in both cases). The
precision was calculated as 0.89 for sardines and 0.81 for Cape hake.
These values, however, do not indicate acceptable classification abil-
ity of the models, since none of the uninfected test samples were
correctly classified as uninfected.

The kingklip PLS-DA model (Table 3) gave a NMC of 12 (FP+FN),
where three samples were wrongly classified as infected (FP) and
nine samples were wrongly classified as uninfected (FN). For the
kingklip PLS-DA model, sensitivity was calculated as zero (due to
TP=0), specificity as 0.80 and precision as zero (since TP=0).

The species independent PLS-DA model correctly classified
91% (77 of 85 samples) of the infected test samples into the in-
fected class and 58% (15 of 26 samples) of the uninfected samples
into the uninfected class (Table 3). The sensitivity of this PLS-DA
model was calculated as 0.89, the specificity as 0.58 and the preci-
sion as 0.87. Although the calculated sensitivity and precision values
seem acceptable, the correctly classified uninfected samples were
all kingklip samples (TN=15), while none of the uninfected sardine
and Cape hake test samples were correctly classified as uninfected
(FP=11). The 77 (TP) samples correctly classified as being infected
were all sardine and Cape hake samples, while none of the infected
kingklip test samples were correctly classified as infected. It seemed
though as if the species independent PLS-DA model distinguished
between the kingklip samples and the sardine and Cape hake sam-
ples. Although a species independent classification model would be
ideal, it seems as though species-specific models might be more use-
ful to distinguish between K.thyrsites infected and uninfected fish
samples. It also seemed as though the PLS-DA models (species de-
pendent and independent) classified most of the samples in the test
sets as infected, thus favouring the class with the larger number of
representative samples (Brereton & Lloyd, 2014; Grootveld, 2014).
It may be argued that greater importance was given to the infected
class since the number of samples in the different classes was unbal-

anced, where the infected class had a much higher number of samples
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calibration class are indicated in red.



Journal of \

HENNING

10 of 13
WILEY- Fish Diseases W&\

TABLE 2 Number of misclassifications (NMC) for SIMCA models
for sardines, Cape hake, kingklip and species independent test
sample sets, respectively.

SIMCA models NMC Totaln TP TN
Sardines 61 66 5 0
Cape hake 18 21 3 0
Kingklip 23 24 1 0
Species-independent data set 102 111 7 2

Note: NMC - number of misclassifications=FP+FN.

Abbreviations: n, number of samples; TN, true negatives; TP, true
positives.

TABLE 3 Confusion matrixes for the sardine, Cape hake, kingklip
and species-independent PLS-DA models, respectively.

Predicted Predicted
uninfected infected Total n

Sardines:

Test set sample number, n=66

Actual uninfected 0 (=TN) 7 (=FP) 7

Actual infected 0 (=FN) 59 (=TP) 59

Total n 0 66 66
Cape hake:

Test set sample number, n=21

Actual uninfected 0 (=TN) 4 (=FP) 4

Actual infected 0 (=FN) 17 (=TP) 17

Totaln 0 21 21
Kingklip:

Test set sample number, n=24

Actual uninfected 12 (=TN) 3 (=FP) 15

Actual infected 9 (=FN) 0 (=TP) 9

Total n 21 3 24
Species independent sample set:

Test set sample number, n=111

Actual uninfected 15 (=TN) 11 (=FP) 26

Actual infected 8 (=FN) 77 (=TP) 85

Total n 23 88 111

Abbreviations: FN, false negative; FP, false positive; n, number of
samples; TN, true negative; TP, true positive.

than the uninfected class. When dealing with unbalanced classes, it
is recommended to perform weight centring on the X-matrix for the
PLS model by subtracting the average of the means of the two class
groups from the column values (Brereton & Lloyd, 2014). To com-
pensate for the unbalanced classes in this study, this was done for all
the PLS-DA models. This, however, did not improve the classification
ability of any of the PLS-DA models.

Similar to the SIMCA classification models, the PLS-DA models
did not show acceptable classification results. Classification of sam-
ples into both classes is not seen with the use of the PLS-DA model

since the predicted values for the Y-variable of the test samples are

discriminated based on the threshold of zero (0). Predicted samples
are simply classified either as belonging to the one class (predicted
y20) or the other class (predicted y<0). However, PLS-DA does not
consider within-class variability (Brereton & Lloyd, 2014), making it
difficult to assign samples with values close to zero (with 1 as the level
of the infected class and-1 as the level of the uninfected class) into
the correct class. To evaluate the performance of the PLS-DA models
in this study, all test set samples with predicted y-values >0 were clas-
sified as infected and those samples <0 were classified as uninfected.

Acquisition of NIR spectra of fresh fish samples, not previously
frozen, as early as 24 h post-mortem is strongly suggested. In a study
by Atanassova et al. (2024), that investigated the use of NIR spec-
troscopy with SIMCA and PLS-DA to discriminate between fresh
and frozen-thawed fish, it was shown that the accuracy of the
models to correctly classify frozen-thawed samples was better for
samples that were treated with a second freeze-thaw cycle. This
was attributed to the extensive damage to muscle fibres after a sec-
ond cycle of freezing and thawing, compared to samples that were
freeze-thawed only once, resulting in larger structural differences
between fresh and frozen-thawed fish samples. Textural changes
(myoliquefaction) in the muscle tissue of fresh sardine samples,
which have not been frozen (Figure 6), infected with K. thyrsites were
observed as early as 24 h post-mortem. However, since some sam-
ples were frozen before aquations of NIR spectra, it is possible that
any textural or chemical differences associated with the parasite
between infected and noninfected samples were obscured by the
effect of the frozen-thaw process.

The extent of myoliquefaction as were observed in the sardine
samples, were not evident in the Cape hake and kingklip samples,
however, black pseudocysts were visible in some of the Cape hake
samples. Textural changes such as gaping and chemical (accumula-
tion of melanin and formation of black pseudocysts) changes asso-
ciated with K.thyrsites infection have been demonstrated for hake
species (Kabata & Whitaker, 1981; Tsuyuki et al., 1982). In the case
of Cape hake species, where white, light brown and/or black pseudo-
cysts may be evident due to host specific response towards K. thyr-
sites (Morado & Sparks, 1986), it is suggested to investigate the use
of imaging spectroscopy (Heia et al., 2007; Sivertsen et al., 2012;
Sivertsen, Heia, et al., 2011; Stormo et al., 2004, 2007) in an attempt
to differentiate between K.thyrsites infected and uninfected Cape
hake samples based on optical properties of fish muscle and pseudo-
cysts. Wold et al. (2001) demonstrated the use of multispectral im-
aging and SIMCA based on pixels to discriminate between different
coloured parasitic worms as well as the depth within the fish fillet
where the worms were located. The benefit of using multispectral
imaging is that pixels associated with the parasite are used to de-
velop the SIMCA models.

4 | CONCLUSIONS

In this study, NIR spectroscopy, in combination with SIMCA
and PLS-DA, was unable to satisfactory distinguish between
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FIGURE 6 Kudoa thyrsites infected
fresh sardine samples at 24 h post-
mortem. (a) Extensively myoliquefied
sardine samples. (b) sardine sample not
yet showing myoliquefaction at 24 h post-
mortem.

K.thyrsites infected and uninfected fish samples. The fish samples
used for this study were frozen for up to 8 months before being
analysed. Structural and chemical changes due to frozen storage
may have masked the chemical changes associated with K.thyr-
sites infection, thus, differences in NIR spectra and PCA were not
evident between infected and uninfected samples. Further spe-
cies dependent studies are recommended. In the case of sardine,
it is suggested to investigate the use of NIR spectroscopy and
texture analyses, in combination with the level of K.thyrsites in-
fection (namely the number of Kudoa spores per gram of muscle
tissue), to distinguish between infected samples with the potential
of developing extensive myoliquefaction and those that may still
be firm and suitable for processing. It is recommended to collect
NIR spectra of samples earlier than 24 h post-mortem and of prior
to freezing. This can be done by taking the portable, hand-held,
MicroNIR spectrophotometer onto fishing vessels. NIR spectra of
the same samples, in addition to texture and prevalence analy-
ses, should then be acquired again at 24 h post-mortem to study
differences in textural properties between early post-mortem and
24 h post-mortem samples. Kudoa thyrsites infected fish which may
not become extensively myoliquefied can then be separated and
used for further processing. Infected fish which may develop ex-
tensive myoliquefaction and not suitable for processing, may be
channelled to alternative processing, such as fish meal and/or fish
oil manufacturing. However, since the prevalence of K. thyrsites in
sardine is very high, it will be a challenge to analyse enough sar-
dine samples to obtain a calibration set with two classes of about
50 samples each. A quantity of at least 500 sardine samples may
be required to obtain 50 uninfected samples.

For Cape hake, it is suggested to investigate the use of imag-
ing spectroscopy to differentiate between K.thyrsites infected and
uninfected samples based on the presence of K.thyrsites associated
pseudocysts. Differences in optical spectra between pseudocysts
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and fish muscle tissue may be significant enough to generate classifi-

cation models. It is further recommended to ensure equal number of
infected and uninfected samples in the data sets, although this may
require analysis of large numbers of fish samples over an extended
period.
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