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Abstract

Atlantic cod (Gadus morhua) is a commercially important species of white fish, and one of three
species legally identifiable as cod in the UK. Mislabelling of G. morhua does occur, as does the
substitution of G. morhua for less expensive species. Sensitive molecular tests based on PCR have
been developed for this species, but they have limitations, including the need for expensive thermal
cycling equipment, and complex DNA extraction procedures. A loop mediated isothermal
amplification (LAMP) assay was designed for the G. morhua cytochrome b gene, which was capable
of detecting 0.1% w/w G. morhua in a homogenised raw fish mix. The LAMP assay was also able to
detect G. morhua DNA when a rapid sample preparation was used, involving heating 100mg of fish
in a 1ml aliquot of water and testing the supernatant, showing a higher tolerance of amplification
inhibitors than a PCR assay. The LAMP assay did not generate a positive result when challenged with
a range of non-target species, including Gadus macrocephalus, and Gadus calchogrammus,
indicating a high level of specificity. Direct detection of a positive reaction using propidium iodide

was also demonstrated.



1. Introduction

Atlantic cod (Gadus morhua), is a commercially important species of marine fish, and alongside
Pacific cod (Gadus macrocephalus) and Greenland cod (Gadus ogac), constitute three species legally
permitted to be labelled as cod in the UK (Fish Labelling (England) Regulations, 2010). Cod is the
most heavily consumed whitefish in the UK, with cod products equating to 136,000 tonnes of whole
fish, or 9% of the total world catch, sold each year (SEAFISH, 2013). During the last century,
populations of G. morhua were greatly reduced primarily by overfishing and poor fisheries
management, but also by disadvantageous climate effects (Mieszkowska et al., 2009). The desire to
protect the remaining G. morhua populations from catastrophic overfishing, and allow the recovery
of Atlantic stocks lead to a concerted effort by EU fisheries authorities to conserve this resource,
resulting in the instigation of the Total Allowable Catches (TAC) quotas, set in the Common Fisheries
Policy. The instigation of these measures, alongside improved labelling regulations and traceability
requirements has assisted in the protection of G. morhua stocks. Labelling schemes, such as the
Marine Stewardship Council (MSC) ecolabel have been used to enable consumers to identify
products that are produced from a certified sustainable source, and encourage the purchase of

products from regulated sustainable fisheries (Kaiser & Edwards-Jones, 2006).

A significant danger to the sustainable management of G. morhua fish stocks is lllegal, Unreported
and Unregulated (IUU) fishing, which can introduce mislabelled or untraceable fish products into the
supply chain (Helyar et al., 2014). The mislabelling of fish can be carried out by simple error or
misinformation. It can also be carried out fraudulently, in order to misidentify a cheaper product as
another more expensive one, for example the mislabelling of Vietnamese catfish (Pangasius spp.) as
the more lucrative G. morhua (Miller et al., 2012). Deliberate mislabelling can be utilised to avoid
fisheries regulations, as seen with the mislabelling of the highly regulated and vulnerable G. morhua
as sustainably sourced G. macrocephalus, in the UK (Miller et al., 2012). A recent Italian study found
10/65 salted cod, and 40/40 battered cod chunks were mislabelled non-cod fish (Di Pinto et al.,
2013). A study in Ireland tested 156 cod and haddock products from a variety of commercial retailers
and restaurants, and found 25% to be mislabelled (Miller & Mariani, 2010), whilst a study of 95 cod
products in the UK found a mislabelling rate of 7.4%, with substitute species including

Melanogrammus aeglefinus and Pangasius spp (Miller et al., 2012).

In order to detect mislabelled fish it is necessary to be able to determine the correct fish species

present in the sample. When dealing with whole fish, this can be carried out via visual evaluation of



morphological traits, but this methodology is ill suited to dealing with highly processed or mixed
samples, wherein the distinguishing features have been removed. Sensitive molecular testing, based
on nucleic acid amplification tests (NAATs) such as PCR, has been applied for the determination of a
wide range of fish species and food products, including caviar (Boscari et al., 2014), grouper
(Sumathi et al., 2015), salmon (Herrero et al., 2011) and European sole (Herrero et al., 2012). Real-
time PCR assays have also been developed for the authentication of G. morhua, targeting the
genomic Pan | gene (Hird et al., 2012) and cytochrome oxidase subunit 1 gene (CO1), located in the
mitochondrial DNA (Herrero et al., 2010). Mitochondrial DNA genes make attractive targets for
speciation assays, as they are present in multiple copies in each cell and also differ significantly
between species (Yang et al., 2014). The cytochrome b gene (cyt b) has been used as a target for
genetic barcoding in fish species (Ardura et al., 2013), and for species identification in cod products

using PCR-RFLP analysis (Akasaki et al., 2006)

The use of PCR based testing from food or fish samples necessitates the isolation and purification of
nucleic acid from the sample prior to the reactions, as certain compounds present in the samples
may inhibit PCR (Rossen et al., 1992). A number of compounds found in common food ingredients
have been demonstrated to inhibit PCR, including polyphenols and polysaccharides (Pinto et al.,
2007), and proteins and fats (Rossen et al., 1992). Additionally, it has previously been shown that the
heated lysates of seawater fish can inhibit PCR (Fach et al., 2002). The requirement of pre-PCR DNA
isolation is a significant drawback to the application of PCR for the speciation of fish in foodstuffs, as
extraction methods can be expensive, time consuming, and require skilled technical staff (Vetrone et
al., 2012). PCR also requires either time consuming post amplification analysis, such as agarose gel

electrophoresis, or expensive real-time monitoring systems.

An alternative NAAT is loop-Mediated Isothermal Amplification (LAMP) a novel nucleic acid
amplification method, designed to amplify target nucleic acid in a highly specific and rapid manner,
under isothermal conditions (Notomi et al., 2000). A strand displacement DNA polymerase is used in
conjunction with a specially designed set of four primers (forward primer: F3, backward primer: B3,
Forward inner primer: FIP, Backward inner primer: BIP), specific to a total of 6 distinct regions of the
target DNA sequence. End point detection can be carried out via product separation using agarose
gel electrophoresis, or visual detection via the addition of reporter dyes such as SYBR green (Chen et
al., 2012) or propidium iodide (Hill et al., 2008). LAMP is known to have a higher tolerance to the
presence of inhibitory compounds than PCR, due to the robust nature of the thermostable bst

polymerase (Francois et al., 2011), enabling a simplified sample preparation processes.



This report details a G. morhua LAMP assay, specific to the mitochondrial cytochrome b gene (cyt b),
and the application of this assay for the detection of G. morhua cooked and uncooked fish directly

from heated fish lysates.



2. Materials and Methods

2.1 Samples

Samples of commercially available fish products were sourced from a supermarket in the UK (Table
1). All products were certified by the Marine Stewardship Council (MSC) ecolabel, requiring the
display of the correct seafood species on the product packaging. After purchase, fresh fish products
were stored at -20°C to prevent spoilage and retain DNA integrity, whilst tinned products were kept
unopened, at room temperature. The duration of freezing before use did not exceed 1 month. Prior
to DNA extraction the samples were thawed, and washed in molecular grade water to remove any

sauce or breadcrumb covering.

2.2. Commercial kit based DNA extraction

DNA extractions were carried out using a QIAmp DNA mini kit (QIAGEN Inc., USA), following the
protocol for DNA extraction from tissue. The protocol utilised 25mg of tissue per extraction. DNA

was eluted in a single 100ul volume of molecular grade water.

2.3. Simplified DNA extraction

Simplified DNA extractions were carried out by adding 100mg of fish to a 1ml aliquot of molecular
grade water in an eppendorf tube. The end of a sterile microbiological inoculation loop was used to
homogenise the sample by beating it against the tube walls for 10 seconds. The tubes were briefly

centrifuged and the supernatant was removed as the template for the PCR or LAMP reactions.

2.4. Primer Design

LAMP primer sets were designed for the cytochrome B gene of G. morhua. A selection of available

cyt b gene sequences were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/genbank/), with

the following accession numbers; HM802896.1, K1645860.1, KJ645857.1, K1632817.1, KJ632815.1,
KJ632814.1. Sequences were aligned using ClustalX (Larkin et al., 2007), and primer binding sites
were chosen to ensure coverage of all sequences. Alignments were also carried out between the G.
morhua cyt b sequences, and cyt b sequences from the most genetically similar non-target
organisms, G. macrocephalus (EU729384.1), G. Ogac (KC128864.1), and Gadus chalcogrammus
(KC128867.1). Primer binding sites were chosen that would ensure sufficient mismatches between
the non-target species (totalling between 6 and 8 mismatches per primer set), and particularly a
mismatch at the 3’ end of the B2 region of the BiP, and the 5’ end of the Blc region of the BiP which

have both been shown to prevent LAMP autocycling (Badolo et al., 2012; Duan et al., 2014). The
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location of the primer binding sites on the G. morhua cyt b gene, and mismatches between the

primer sequences and the most genetically similar non-target fish species are shown in Fig.1.

LAMP primers were designed using PrimerExplorer Version 4 (http://www.primerexplorer.jp/e/).

The additional optional loop primers were not designed. Primer specificities were checked using
BLAST (http://www.blast.ncbi.nlm.nih.gov/). LAMP primers were synthesised commercially

(Eurofins, Germany). LAMP primer sequences are shown in table 2.

2.5. LAMP reactions

LAMP reactions were set up using reagents from a Mast Isoplex DNA amplification kit (Mast Group
Ltd, UK; under license from Eiken Co., Ltd., Japan), using half volume reactions, as follows; 2.5ul five
times LAMP reaction buffer, 0.5ul of 8U/ul Bst polymerase (New England Biolabs, USA), 0.5ul of
primer mix containing 40pmol of FiP and BiP primers, and 5pmol of F3 and B3 primers, 6.5ul
molecular grade water. Finally, 2.5ul of DNA sample or water was added to the reaction. Reactions
were carried out in a heating block at 63°C for 60 minutes. Reactions were terminated by heating to
80°C for 1 minute in order to denature the Bst polymerase. The detection of LAMP reaction products
was carried out via agarose gel electrophoresis (1.5% w/v), with UV transillumination. Endpoint
direct detection was carried out via the addition of 1ul of 1mg/ml propidium iodide (Invitrogen, US),

with UV transillumination applied to cause fluorescence.

2.6. PCR reactions

PCR reactions were set up as follows; 12.5ul RedTaq reaction mix (Sigma Aldrich, UK), 0.5pmol F3
primer, 0.5pmol B3 primer, 2.5ul DNA sample. Reactions were then made up to 25ul with molecular
grade water. Reaction conditions were as follows; 94°C for 5 minutes initial denaturation; 30 cycles
of 94°C for 30 seconds, 49°C for 30 seconds and 72°C for 30 seconds; 72°C for 5 minutes final
extension. Thermal cycling was carried out in an ABI 2720 instrument (Applied Biosystems, UK). The
expected reaction product was an 185bp fragment. Reaction products were visualised using agarose

gel electrophoresis (1.5% w/v), with UV transillumination.

2.7. Initial test of G. morhua cyt b LAMP reaction and detection methods

Nucleic acid was extracted from 100mg of uncooked G. morhua, G. macrocephalus, and G.
chalcogrammus fillet, using the rapid extraction method. LAMP reactions were carried in duplicate

using the extracted nucleic acid as a template. A reaction containing molecular grade water in place
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of DNA was used as a negative control. Reaction products were visualised using agarose gel

electrophoresis.

2.8. Direct detection of LAMP reaction positivity via end-point addition of propidium iodide

A positive LAMP reaction, containing G. morhua DNA extracted using the rapid method, and a
negative reaction containing molecular grade water were carried out. Endpoint visual detection was
carried out via the addition of propidium iodide (of 1l of 1mg/ml stock), and images were taken of
the visible fluorescence, both in the absence and presence of UV excitation, provided by a UV

transilluminator.

2.9. Sensitivity of the G. morhua cyt b LAMP and PCR assays

A portion of uncooked G. morhua fillet was homogenised, and diluted in homogenised Theragra
chalcogramma fillet, to produce a series of fish samples containing 100%, 10%, 1%, 0.1% and 0.01%
w/w G. morhua. DNA extractions were carried out on each dilution using the rapid extraction
method, and a commercially available spin column based kit. LAMP and PCR reactions were then

carried out on each DNA sample produced by each method.

Specificity of the G. morhua cyt b PCR and LAMP assays

DNA was extracted from all available fish samples, using both extraction methods. PCR reactions
were carried out using DNA from all samples, extracted using both methods. LAMP reactions were

carried out using DNA extracted using the rapid extraction method.



3. Results and Discussion

3.1. Initial test of G. morhua cyt b LAMP reaction

The G. morhua cyt b LAMP reaction was successfully able to amplify G. morhua DNA, extracted from
the G. morhua fillet using the rapid extraction method. The amplified product was visible after
agarose gel electrophoresis, with the varying sized concatamers of amplified DNA appearing in the
characteristic ladder-like pattern particular to the LAMP reaction (Fig.2.). Importantly, the reaction
was not inhibited by compounds present in the crudely extracted DNA, which had not been

processed to remove impurities.

The ability of LAMP to amplify target DNA from crude samples, without the need for elaborate DNA
extraction methodologies, has been utilised with a number of different sample matrices, including
urine (Edwards et al., 2014), blood (Ebbinghaus et al., 2012), egg white (Ohtsuka et al., 2005) and
supernatants from homogenised beef (Wang et al., 2012). This is possible as the LAMP reaction has a
greater tolerance to endogenous amplification inhibitors than PCR, due to the greater stability of the
bst polymerase enzyme used to drive the reaction (Francois et al., 2011). Direct amplification from
heated fish lysate removes the need for complex, time consuming, and expensive extraction

methodologies.

The cyt b LAMP assay did not produce amplified product from DNA extracted from G.
macrochepalus, or G. calchogrammus, two of the most genetically similar species to G. morhua. This
confirms the high level of specificity predicted with the intelligent choice of primer binding sites,
with 8 mismatches present in the primer binding regions in the cyt b gene of these species (Fig.1.).
Mismatches in primer regions that have been shown to prevent LAMP amplification (Badolo et al.,
2012; Duan et al., 2014) were incorporated into the primer design to ensure amplification would not

occur using the DNA of these organisms.

The ability of the assay to correctly detect G. morhua DNA, but not that of G. macrocephalus is
significant, as mislabelling of G. morhua as the less endangered G. macrocephalus is one of the most
commonly encountered mislabellings of G. morhua (Miller et al., 2012). Mislabelling in such a way
damages the ability of the consumer to make an ethically considered choice when purchasing cod,
and increases the difficulty of maintaining traceability of the G. morhua fishery. The cyt b LAMP
assay could be applied for the detection of such mislabelling, in addition to being used to detect

substitution of relatively expensive G. morhua fish with less expensive species.



3.2. Direct detection of LAMP reaction positivity via end-point addition of propidium iodide

The visual detection of a positive reaction was enabled via the addition of propidium iodide after the
reaction had been terminated (Fig.3.). The colour change was ambiguous in natural light, with no
discernible difference between positive and negative reactions. Under UV light, however, the
difference in fluorescence was readily visible, with the positive reaction producing a strong red

fluorescence.

A range of indicators allowing visible detection of positive LAMP reactions via the detection of
reaction by-products have been described, such as calcein and hydroxyl napthol blue, which produce
a colour change in response to the generation of phosphate ions (Goto et al., 2009; Tomita et al.,
2008). However, detection dyes such as these, which detect reaction by-products have been shown
to reduce assay sensitivity when compared with the end-point addition of intercalating agents
(Wastling et al., 2010). The utilisation of this detection dye with the G. morhua LAMP assay enables
sensitive molecular detection of G. morhua DNA without the requirement of an expensive and

cumbersome real-time detection system, or lengthy post amplification processing.

3.3. Sensitivity of the G. morhua cyt b LAMP and PCR assay

The G. morhua LAMP assay, when combined with the rapid sample preparation protocol, was able to
detect 1% of G. morhua flesh in 100mg of non- target fish (Fig.4.). This limit of detection of 1% w/w
is the level of sensitivity suggested by the UK Food Standards Agency (FSA) for a meat speciation
assay, and it is important that the LAMP assay can detect G. morhua material at this level in order to
be of use as a detection method. This detection limit was equal to a PCR assay using the F3 and B3
primers from the LAMP reaction. Somewhat surprisingly, the PCR reaction was not inhibited by

compounds present in the DNA extracted using the rapid method.

When paired with a commercially available DNA extraction kit, the LAMP assay was able to detect a
0.1% w/w concentration of the target fish species, from a 25mg total sample. The increase in
sensitivity enabled by the commercial kit was expected for a number of reasons; the tissue lysis
procedure in the kit fully lyses the cells, releasing the entire quotient of nucleic acids in the early
stages of the extraction process. This is in contrast with the thermal lysis used in the rapid method,
which does not completely lyse the tissue, leading to incomplete release of intracellular nucleic
acids. The kit method also enables the elution of nucleic acid into a lower volume, concentrating the

nucleic acid, and hence the starting copy number present in the downstream LAMP reaction.



This sensitivity of 0.1% target species in a binary meat mixture is consistent with other DNA
amplification based methodologies for meat speciation, such as a pork specific PCR assay capable of
detecting 0.1% w/w of target described in (Yusop et al., 2012). A recently developed LAMP assay for
the detection of ostrich meat could detect a minimum of 0.01% target meat (Abdulmawjood et al.,

2014).

Although the LAMP reaction offered no benefit in sensitivity when compared with PCR, the
increased reaction speed and lack of a need for expensive thermal cycling equipment, combined
with the ability to visually identify reaction positivity, give the LAMP assay a number of advantages

over PCR.

3.4. Specificity of the G. morhua cyt b PCR and LAMP assays

In order to better determine the specificity of the cyt b LAMP reaction, the assay was challenged
with DNA extracted from a range of commercially important fish species commonly encountered in
foodstuffs. The cyt b PCR was also tested, with both the rapid and kit based extraction methods, in

order to provide a comparison with the LAMP assay (Fig.5).

The cyt b PCR reaction was able to amplify the expected product from all three G. morhua samples
when a commercial DNA extraction kit was used. There was no visible product produced when DNA
from any of the non-target species were used, confirming the high level of primer specificity

determined using BLAST.

When the rapid extraction method was employed, the PCR assay was still able to amplify a product,
however when the smoked and breaded fish was tested the reaction products were significantly
reduced, and smeared on the gel, making the determination of product size difficult. This could lead
to an increased difficulty in interpreting the results of the assay, and is not optimal for a PCR test.
The reduction in amplified product that occurred is likely due to the higher concentrations of

compounds inhibitory to tag polymerase found in these more highly processed samples.

The smearing of the bands on the gel could potentially be caused by a high level of protein binding
to the nucleic acid, inhibiting uniform migration of the DNA through the gel. This would be difficult
to detect in a LAMP reaction, due to the nature of the products when visualised in this manner.
Alternatively, it could be that a high ionic concentration in these particular samples is having a
negative effect on PCR amplification specificity. This indicates that the PCR assay would benefit from

a more thorough DNA purification step when dealing with more highly processed fish samples.



The LAMP assay was able to detect G. morhua DNA from all three G. morhua containing samples,
including the smoked and breaded fillets. The ability to detect DNA from processed foods such as
these, in the form of a heated lysate, is important as it shows that the assay is robust enough to

handle any amplification inhibitors present in these samples that are carried over into the LAMP

reactions.



4. Conclusion

Although LAMP assays have been developed for the detection of pork, chicken and bovine meats
(Ahmed et al., 2010), and recently ostrich meat (Abdulmawjood et al., 2014), to our knowledge this
is the first report of the application of LAMP for the determination of fish species. Molecular
detection methods have been utilised for the speciation of G. morhua (Herrero et al., 2010), and
bluefin tuna (Lockley & Bardsley, 2000), amongst other fish species, but these have involved PCR
assays, which require more complex and expensive equipment. The G. morhua LAMP assay, in
conjunction with the rapid extraction method described and a visual detection dye, enables sensitive
molecular testing for G. morhua DNA whilst only requiring the facility for pipetting and a waterbath
to provide the necessary reaction temperature. This has the potential to allow for onsite surveying,
enabling the testing of fish products or fresh fish at the point of processing, with the high sensitivity
afforded by DNA amplification based methods. The limit of detection of the assay was found to be
1% w/w of target fish when combined with the rapid extraction method, and this could be improved
to 0.1% by utilising a commercial spin column based kit. The G. morhua LAMP assay has the
potential to be a useful tool for the identification of this fish species in whole or mixed samples, and

can be applied for ensuring traceability and labelling, and for general fisheries control.
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Tables

Table 1. Commercial fish products used in this study, with their state at purchase, and labelled

species
Fish product state Species (as labelled)
Fresh Atlantic cod fillet Uncooked Gadus morhua

Smoked Atlantic cod fillet

Uncooked, smoked

Gadus morhua

Breaded Atlantic cod fillet

Uncooked, breaded

Gadus morhua

Fresh Pacific cod fillet

Uncooked

Gadus macrocephalus

Tinned herring

Cooked, tinned, tomato sauce

Clupea herrengus

Pollock fillet Uncooked Gadus chalcogrammus
Salmon fillet Uncooked Oncorhynchus spp
Haddock Uncooked Melanogrammus aeglefinus

Tinned sardines

Cooked, tinned, oil

Sardina pilchardus

Smoked herring

Cooked

Clupea herrengus

Table 2. Sequences and length of the G. morhua cyt b LAMP primers

Primer Sequence Length (bp)
G. morhua cyt b LAMP F3 CCTCAGACATCGAGACAG 18
G. morhua cyt b LAMP B3 AACCCCGATGTTTCATGT 18
G. morhua cyt b LAMP FiP ATGTATATTCCGAATTAGTCAGCCG -
(Flc + F2) CCTTCTCATCCGTAGTCCA 44
G. morhua cyt b LAMP BiP | ATGGTGCCTCTTTCTTTTTCATTIG -
(Blc +B2) CTCTACAAAAAGATAGGAACCATA »
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Fig. 1. Primer binding sites of the G. morhua cyt b LAMP primer set. Shaded bases indicate

mismatches between the cyt b sequence and complementary primer sequences. The design of the

primers includes mismatches in key positions, ensuring a high level of reaction specificity.



Fig.2. Agarose gel electrophoresis of cyt b LAMP reaction products. Reactions were carried out
containing DNA extracted from G. morhua fillet (Lanes 1-2), G. macrocephalus fillet (L 4-5), and G.
chalcogrammus fillet (L 7-8). A LAMP reaction containing molecular grade water in place of DNA was

used as a negative control (L 10).



Fig.3. The post-reaction addition of propidium iodide (A) enabled visual determination of the

reaction outcome via fluorescence under UV light (B).



1000bp

Fig.4. The sensitivity of the cyt b PCR (A) and LAMP (B) reactions for the detection of G. morhua DNA
in a mixed sample. Reactions were carried out containing DNA extracted from mixes containing
100% (lanes 1 and 7), 10% (L 2 and 8), 1% (L3 and 9), 0.1% (L 4 and 10), 0.01% (L 5 and 11)and 0% (L
6 and 12) w/w homogenised uncooked G. morhua fillet, diluted in homogenised T. chalcogramma
fillet. Reactions were carried out using DNA extracted via the rapid method (L 1-6), and via a spin

column based kit (L 7 - 12).






Fig.5. The specificity of the G. morhua cyt b PCR (A, B) and LAMP (C) assays, when challenged with
DNA extracted from a range of fish products using both the spin column kit (A) and rapid extraction
methods (B, C). Reactions were carried out containing water (lane 1), and DNA extracted from C.
herrengus (L 3), G. chalcogrammus (L 4), Oncorhynchus spp (L 5), M. aeglefinus (L 6), S. pilchardus (L
7), C. herrengus, smoked (L 8), G. morhua, breaded (L 10), G. morhua, raw fillet (L 11), and G.

morhua, smoked (L 12)



