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Abstract

DNA barcoding is a powerful sequencing-based topotlie detection of fish species
substitution. However, various cooking methodsehidne potential to reduce the quality and
success of DNA sequencing. The objective of thuidyswas to determine the effects of common
cooking methods on DNA sequencing results with oliHength (655 bp) and mini-barcodes
(208-226 bp), and to determine the optimal methoglpto use for species identification of
various fish products. Six types of fish (salmima, scad, pollock, swai and tilapia) were
prepared in triplicate using the following methodscooked, baked, fried, broiled, acid-cooked,
smoked and canned. DNA was extracted from eacpleaand tested using full and mini-
barcoding of the cytochronteoxidase subunit | (COI) gene. The resulting segas were
compared based on quality parameters, successaatégenetic identifications. SH-E mini-
barcoding showed the highest overall success (82:94%), followed by full barcoding (90%),
and SH-D mini-barcoding (67-90%). Across the indiial cooking methods, SH-E mini-
barcodes performed as well or better than full bdes for most samples. The sequencing
results were fairly consistent across cooking magsgheith the exception of canning, which
showed marked decreases in sequencing successy,caral length. Despite the reduced
sequence length of mini-barcodes compared to &rddes, identification of fish species was
largely consistent across the methods. Overallyghelts of this study show that DNA barcoding
is a robust tool for fish species identificationdahat mini-barcoding has high potential for use
as a complement to full barcoding.

Keywords: DNA barcoding; fish; species identification; naisklling; mini-barcodes; species

substitution
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1. Introduction

Fish is an important staple of the world’s food @ypaccounting for ~17% of the global
population’s intake of animal protein in 2013 (FAZD16). Globally, aquaculture and fisheries
production has been increasing at an average arateadf 3.2% over the past five decades, with
a combined production of 167.2 million tonnes ir120 The United States is the top importer of
fish and fishery products, totalling $20.3 billion2014 (FAO, 2016). Fish and seafood prices
are volatile because they are susceptible to atyasi constantly changing factors, such as
product quality and supply and demand. These pliféerentials, combined with factors such as
increased consumption of processed fish, as wélicasases in international trade, have
increased the vulnerability of fish to fraudulerdnket practices (Hellberg & Morrissey, 2011).
One type of economic fraud affecting the seafoaldistry is the occurrence of species
substitutions (NOC, 2016). This practice is laygabtivated by the economic benefits of
substituting inexpensive species for advertisedlabelled premium species. There have been
numerous reports of mislabelling of fish speciethm United States, including Atlantic salmon
(Salmo salar) mislabelled as Pacific salmo@rfcorhynchus sp.) (Cline, 2012), striped bonito
(Sarda orientalis) mislabelled as tongol tun@hunnus tonggol) (Mitchell & Hellberg, 2016),
and Indian scad)ecapterusrusselli) mislabelled as mackerel (unspecified) (Shokralla,
Hellberg, Handy, King, & Hajibabaei, 2015).

Besides economic deception, fish species substitugi problematic from the standpoint
of food allergies and other health risks. Allesgie specific varieties of seafood, including fish,
crab and other shellfish can be life-threateningi&er, Munoz-Furlong, & Sampson, 2004)
and put consumers of adulterated fish and seafomtlipts at increased risk. Proper labelling of

fish species is also important so that at-risk aomexs, such as pregnant women and young
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children, can avoid fish that contain concerningels of mercury, a potent neurotoxin
(EPA/FDA, 2014). Another health concern associatgd mislabelling is the exposure to
tetrodotoxin, a neurotoxin found in certain speagpuffer fish. In one instance an individual
purchased what was labelled as “monk fish, guttetread off, product of China,” from an
Asian market in Chicago, IL, and became ill soderafCohen et al., 2009). The FDA field
office analyzed the purchased fish to discover ithaas not monk fish, but puffer fish of the
toxic variety. Furthermore, wax esters, which cagestrointestinal discomfort, are found at high
levels in escolarl{gpidocybium flavobrunneum), a common substitute for “white tuna” sushi
products (Lowenstein, Amato, & Kolokotronis, 2009arner, Timme, Lowell, & Hirshfield,
2013).

Fish identification is often reliant on taxonomeafures; however, these features are
removed during processing, making it challengingdourately identify fish to the species level.
DNA barcoding is a common method used for spedestification in these situations and has
been adopted by the FDA for use in testing reguydish samples (Handy et al., 2011a). This
method is a DNA sequencing-based technique in whistandardized genetic region is targeted
across multiple species and queried against atirexigorary of reference sequences (Hebert,
Cywinska, Ball, & DeWaard, 2003). The standard Dbskcode for identification of animal
species is a ~650-bp region of the gene codingyftmchromec oxidase subunit 1 (COI). DNA
barcoding of this region has been successful intitygng myriad fish species around the world
(Hubert et al., 2008; Kim et al., 2012; Landi et aD14; Steinke, Zemlak, Boutillier, & Hebert,
2009; Ward, Zemlak, Innes, Last, & Hebert, 2005nMget al., 2008; Zhang & Hanner, 2012).
Whilst DNA barcoding is known to be widely succegstith uncooked fish, various cooking

methods can potentially affect the quality and taraf DNA sequences. Subjecting a sample to
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high temperatures, pressure and other forms ofgsiag is known to degrade DNA, making it
more difficult to successfully identify a speciée(lberg & Morrissey, 2011). To aid in the
identification of fish that have undergone procegsa mini-barcoding system has been
developed (Shokralla et al., 2015). These minchades target 127-314 bp regions of the COI
gene and have been shown to be more successhedaies identification for certain fish
products compared to the full-length barcode. Bipally, Shokralla et al. (2015) reported a
sequencing success rate of 20.5% when using thkeifigith DNA barcode with heavily
processed fish products, while individual mini-lmate primer sets achieved success rates of
27.3-88.6%.

Although fish mini-barcodes have been developegly trave not yet been extensively
researched for use with regulatory samples. Furtbee, there is currently a lack of information
regarding the most appropriate technique to usédorsamples that have been cooked in
different ways. Therefore, the objective of thisdy was to determine the effects of common
cooking methods on DNA sequencing results using hdl-length and mini-barcodes, and to
determine the optimal methodology to use for speicientification of various fish products.

The two mini-barcodes (SH-D and SH-E) that showedgreatest success rates in Shokralla et
al. (2015) were selected for use in this study.

2. Materialsand Methods

2.1. Sample collection

Six common types of fish were collected for tesimg¢his study representing a cross-section
of ocean and fresh water fishes with either oilywite flesh. These included: salmon, tuna,
scad, pollock, swai, and tilapia. All samples weolected fresh/frozen either as whole fish or

as fillets. Uncooked tissue was obtained from espeties and tested in triplicate to serve as a
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baseline sequencing control. Following collectieach fish sample was stored frozen atc20

in a Whirl-pak bag (Nasco, Fort Atkinson, WI).

2.2. Cooking methods

Prior to cooking, fish samples were thawed overnagl#C and whole fish were filleted.
Then, each fillet was cut into portions weighingagximately 100 g and the portions were
prepared in triplicate using six common cookingoes: acid (ceviche), baking, broiling,
canning, frying, and smoking. Whenever possibbetipns cooked using the different methods
were confined to a single fish. If portions had#&prepared from multiple individuals of a
particular species, uncooked tissue samples ofi@edohdual first underwent full-length DNA
barcoding as described below to ensure that alhtigiduals within a species had identical
DNA sequences. Taking all replicates into accoanbtal of 18 fish samples were tested with
each preparation method, for an overall total & 42mples (including the uncooked controls).

For acid cooking, fish portions were submerged%ndcetic acid and held for 4 h at 4°C in
sealed plastic bags. Upon removal from the abilportions were rinsed one time with distilled
water to stop the cooking process. For bakingptions were placed on aluminium foil in a
metal baking sheet and baked at 180°C for 30 miantl the internal temperature reached 63°C
(USDA, 2015b). For broiling, the fish portions waslaced on aluminium foil in a metal baking
dish and placed 10 cm directly below a gas brdidene set on high for approximately 20 min,
or until the internal temperature reached 63°C (ASPD15b). To pressure-can the fish, the
portions were placed in 250-mL glass jars with wecap metal lids. Water was added to bring
the total volume of material in the jars to approately 10 mm from the lip of the jars. The jars
were canned in a Presto brand pressure cannelQlaaa, WI) operated at 118°C for 100 min

(USDA, 2015a). Digital thermocouples placed ingtue jar indicated that the fish were exposed
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to approximately 17.540f heat (1.0 F= 1 min at 121°C). For deep frying, vegetablenabk
heated in a saucepan to 180°C and then the poxtieresadded until fully cooked, with an
internal temperature of 63°C (USDA, 2015b). Finalbr smoking, each portion received an
even coating of table salt (sodium chloride) and Wwald at 4°C for 4 h. Next, the portions were
rinsed briefly with distilled water to remove th&face salt and smoked in a Masterbuilt Electric
Smoker (Columbus, GA) at 93.3°C, with an intereahperature of at least 71.1°C for 30 min
(Hilderbrand, 1999).

Once cooked, the prepared fish samples were stasete wire-closed Whirl-pak
collection bags at°€ for two days prior to the start of analysis. sThiorage method simulated
the collection of a consumer complaint sample wWwaild be transferred to the laboratory and

analyzed after arrival.

2.3. DNA extraction

DNA was extracted from fish samples using the DMdeod and Tissue Kit (Qiagen,
Valencia, CA), Spin-Column protocol following theodifications described in Handy et al.
(2011b). Tissue samples (~10 mg) were mixed witptb@uffer ATL and 5.56 pL Proteinase K
and then incubated at 56°C in a dry heat blockchBat of extractions included a reagent blank
without sample tissue as a negative control. Hmepdes were incubated for 3 h, with vortexing
at 30 min intervals. Following incubation, equalts (55.6 puL) Buffer AL and 95% ethanol
were added to the sample tubes. Samples were edriexmnediately to yield a homogenous
solution and then transferred by sterile pipette DNeasy Mini spin columns placed inside 2
mL collection tubes. The samples were centrifugedQ0 x g) for 1 min and the columns were
placed inside new collection tubes. Next, 140 pMJABuffer was added to each column and

the centrifugation process was repeated. Colunane placed inside new collection tubes and
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140 pL AW2 Buffer was added prior to centrifugatetr?0,000 x g for 3 min. Following
centrifugation, each column was placed inside @ete.5 mL microcentrifuge tube and 50 pL

of AE buffer preheated to 37°C was pipetted geotlgr the column membrane. The samples
were incubated for 1 min at room temperature (2@G2%5nd then centrifuged (6,000 x g) for 1
min. The eluted DNA was used in the polymerasercheaction (PCR) and DNA sequencing, as

described below.

2.4. PCR and DNA sequencing

All samples (n = 126) underwent PCR and DNA seqimgnasing both full barcoding (655
bp) and mini-barcoding (208-226 bp) of the COI geRall barcoding was carried out as
described by Handy et al. (2011b) while mini-baiogdvas carried out as described by
Shokralla et al. (2015) using primer sets Mini_SH2D8 bp) and Mini_SH-E (226 bp), with
some modifications. For full barcoding, each reactube contained 6.25 pL 10% trehalose, 3.0
ML molecular grade 30, 1.25 pL 10X buffer, 0.625 pL Mg&b0 nM), 0.062 uL dNTPs (10
mM), 0.06 pL Platinum Taq (5U/uL; Invitrogen, Cdudsl, CA), 0.125 pL of each 10 uM primer,
and 1 pL of DNA template. Cycling conditions foetfull barcode were carried out as in Handy
et al. (2011b): 94°C for 2 min; 35 cycles of 944€ 80 s, 55°C for 40 s, and 72°C for 1 min; and
a final extension of 72°C for 10 min. For mini-bading, each reaction tube contained 16.0 pL
molecular grade $0, 2.5 pL 10X buffer, 2.5 puL Mgg(50 nM), 0.5 pL dNTPs (10 mM), 0.5
puL Platinum Taqg (5U/uL; Invitrogen), 0.5 pL of eab® uM primer, and 2 pL of DNA template.
The cycling conditions for amplification of the miparcodes were carried out as follows: 95°C
for 5 min; 35 cycles of 94°C for 40 s, 46-50°C fomin, 72°C for 30 s; and a final extension of

72°C for 5 min. An annealing temperature of 46°&wsed for primer set Mini_SH-E and an



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

annealing temperature of 50°C was used for prireeMsni_SH-D. Thermocycling was carried
out with a Mastercycler pro S (Eppendorf, Hamb@grmany).

PCR product confirmation for both full and minirbades was carried out according to
Handy et al. (2011b). PCR products (4 pL) werelémbonto pre-cast E-Gels (Life
Technologies, Carlsbad, CA) and the total volume kraught up to 20 puL with dd,B. The
gel was run for 20 min using an E-Gel iBase (Liexfinologies). Images were captured using
the Bio-Rad Imaging System with Quantity One v4gbftware. All PCR products were
cleaned up using EXoSAP-IT (Affymetrix, Santa CJa&4&) following the manufacturer’s
instructions. Next, bidirectional cycle sequencives carried out using M13 primers as
described in Handy et al. (2011b). Sequencing elgawas performed using an Edge Pro Bio
PERFORMA DTR V3 96-well short plate (Edge Bio, Geitsburg, MD) and the samples were
run on a 3500x| Genetic Analyzer (Thermo Fisheeiic, Waltham, MA) using POP7

polymer (Thermo Fisher Scientific).

2.5. Analysis of DNA sequences

Following sequencing, the raw data was assemblécedited using Geneious v.5.4.7
(Biomatters Ldt., Auckland, New Zealand). Fullgg¢im barcode sequences were analyzed in
accordance with quality control (QC) parameteratdsthed by Handy et al. (2011b), which call
for bidirectional sequences with > 500 bp and <dé#biguities or single reads with > 500 bp
and_> 98% high quality bases (HQ). Because QOnpetexrs have not yet been established for
mini-barcodes, the data were examined in two widysall sequences that were successfully
assembled were examined and (2) similar QC paramestablished for full-length barcodes
were applied to the mini-barcodes (i.e., bidiratdilosequences that are > 76% of the target

length and have < 2% ambiguities or single readsdle > 76% of the target length and have >
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98% HQ). Consensus sequences were generated $aceessful files and aligned in Geneious
using the “Muscle Alignment” default settings. Té¢wnsensus sequences were then queried
against the Barcode of Life Database (BOLD;
http://www.boldsystems.org/index.php/IDS_OpenldEeyj using the Public Record Barcode
Database. If an identification could not be mad& BOLD, the sequence was then searched
using GenBank, using the Basic Local Alignment Sediool (BLAST;

http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.6. Statistical analysis

The sequence lengths, quality scores (% HQ), armeptambiguities within each set of full
and mini-barcodes were compared across cookingaugthsing the Kruskal-Wallis H test (one-
way ANOVA on ranks), using a significance levelpof 0.05. Statistically significant results
were then analyzed with the post-hoc Dunn’s teshgithe Bonferroni correction for multiple
tests p < 0.007). To compare the sequencing successadndefrates of full barcodes, SH-D
mini-barcodes, and SH-E mini-barcodes, CochrantesPwas used with a predetermined
significance level op < 0.05, two-tailed. Analyses were carried out gsBM SPSS Statistics
23 (Armonk, New York, USA).
3. Resultsand Discussion

3.1. Full barcodes

Full barcoding showed an overall sequencing suaegef 90% (113 of 126 samples) when
the results of all species and cooking methods wengined. Sequencing success rates varied
by species, with the highest rate (100%) obsergedwai and salmon, followed by 86% for
scad, pollock and tilapia, and 81% for tuna. Whemgared based on cooking methods, the

success rate was highest (100%) for samples thatlveked, broiled, fried and smoked,

10



232 followed by 94.4% for uncooked and acid-treated@amand 39% for canned samples (Fig.
233 1a). Similarly, Shokralla et al. (2015) reporteldwa sequencing success rate (20.5%) for full
234  barcoding of heavily processed, shelf-stable cororakifish products and Armani et al. (2015)
235  reported a 0% success rate for full COI barcodingpaned seafood samples. The low success
236 rates found with canned samples can be attribot#laetdegradation of DNA that occurs during
237  the canning process, which includes high pressuddemperature. Previous studies have found
238 that the DNA is degraded into fragments with maximengths of approximately 250-350 bp
239  during canning (Chapela et al., 2007; Hsieh, Cadiwang, 2007; Pardo & Pérez-Villarreal,

240  2004).

241 As shown in Table 1, the average full barcode lemgttained for successfully sequenced
242  samples was equal to or near the target lengtb®b for most of the cooking methods. The
243  two cooking methods that showed notable reductiosgquence length were canning (644 + 25
244  bp) and broiling (646 % 35 bp). These results Wity due to DNA degradation from the high
245  heat treatments used with these cooking methodsshAwn in Table 2, the average sequence
246  quality was relatively high for all cooking metha@sted with full barcoding, ranging from 95.6
247 = 5.6% HQ for broiling to the highest score of 9%.9.7% HQ for frying. The average percent
248  ambiguities among the full barcodes was very l@anging from 0.02 + 0.05% for the fried and
249  smoked samples to 0.32 + 0.50% for the uncookeghlemniTable 3). According to the Kruskal-
250  Wallis H test, there were no significant differes@e> 0.05) in the cooking methods when the
251  full barcoding results were compared based on segulength, quality scores, or percent

252  ambiguities. Overall, these results suggest thihb&rcodes are a robust tool for successfully
253  sequencing fish products for most cooking methwadtk, reduced success observed for canned

254  samples.
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Besides the ability to obtain a high quality seqgrit is also important that the resulting
DNA barcode enables genetic identification of tise sample. As shown in Table 4, full
barcoding resulted in species-level identificatiforsfour of the six types of fish tested in this
study, with no other species matching at levelatgirethan 98% similarity. Specifically, the
salmon was identified as Atlantic salm@&alfno salar), the scad was identified as mackerel scad
(Decapterus macarellus), the pollock was identified as walleye pollo&afus chal cogrammus),
and the swai was identified Bangasius hypophthalmus. On the other hand, the tilapia showed
top matches to numerous species of commonly fatitegia species@reochromis spp and
Coptodon zllii). The inability of DNA barcoding to identify thesamples at the species level is
likely a result of the use of tilapia hybrids inuagulture (Fitzsimmons, 2000). Due to its
reliance on mitochondrial DNA, COI DNA barcodinghcat be used to differentiate hybrid
species (Hellberg, Pollack, & Hanner, 2016). Ila thse of tuna, all samples tested matched
multiple species within th&hunnus genus with genetic similarity of 100%. These resulere
consistent with previous research, which has regarhallenges in discriminating closely related
Thunnus species using COIl-based DNA barcoding combined Bi.D (Lowenstein et al.,
2009).

3.2. Mini-barcodes with QC parameters

As mentioned previously, the mini-barcodes werdyaea in two ways: with and without
QC parameters. When QC parameters were applign tmini-barcodes, SH-E mini-barcoding
and full barcoding outperformed SH-D mini-barcodaggoss all cooking methods (Fig. 1a).
SH-E mini-barcoding showed the highest overall sasaate (92%), followed by full barcoding
(90%), and then SH-D mini-barcoding (67%). Accaoglto Cochran’s Q test, the success rate

for SH-D mini-barcoding was significantly lower théhe success rates for both full barcoding

12
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and SH-E mini-barcoding(< 0.05). There was no significant difference bemvehe success
rates of SH-E and full barcoding $0.05). The success rate for SH-D mini-barcodingeda
greatly by species, with swai having the lowestsss (14%), followed by pollock (52%), scad
(62%), tilapia/tuna (86%), and salmon (100%). @:ather hand, SH-E performed relatively
well across species, with 81% success for tilapm@es, 86% for tuna and scad samples, and
100% success for salmon, pollock and swai sampesi-barcodes also varied in terms of
success rate by cooking method. As expected, &tiakEbarcoding showed increased success
in recovering sequences from canned products (23%pmpared to full barcoding (39%).
Interestingly, SH-E mini-barcoding also outperfochiell barcoding based on sequencing
success for fish samples that were uncooked, am#led, baked and broiled, with 100% success
for each group. Unexpectedly, SH-D mini-barcodiidynot perform well with canned samples
and had the lowest success rate (28%) of all thaeeoding methods. In comparison, Shokralla
et al. (2015) reported success rates of 63.6%HeD3nini-barcoding and 88.6% for SH-E mini-
barcoding when tested with a variety of heavilygessed commercial fish products. The rates
reported in the current study were likely lower do¢he use of QC parameters as well as
differences in the types of fish tested. For examPhokralla et al. (2015) did not test products
labelled as containing swai, which showed low ssgc¢ates in the current study for SH-D mini-
barcoding.

As shown in Table 1, the average sequence lengtBHeE was equal to the target length of
226 bp for all cooking methods, and close to thgetaof 208 bp for SH-D mini-barcoding. The
canned samples showed the shortest average lesrgdsdhe SH-D sequencing results (200 £
31). As shown in Table 2, the SH-E mini-barcodag higher average sequence quality scores,

ranging from 88.9 + 6.2% for canned samples to 280)B% for fried samples. In comparison,
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the SH-D mini-barcodes ranged in quality from 7 BL.0% for uncooked samples to 90.0 +
13.8% for fried samples. Similarly, SH-E mini-bading outperformed SH-D mini-barcoding
on the basis of percent ambiguities, with overadirage values of 0.02 + 0.11% and 0.35 +
0.68%, respectively (Table 3).

Based on the results of the Kruskal-Wallis H tdetre were no significant differencesX
0.05) when SH-D mini-barcodes were compared a@osking methods for sequence lengths,
quality scores or percent ambiguities. Also, SHyBi-barcodes also did not show significant
differences across cooking methods for sequengghisnhowever, quality scores were found to
be significantly lower for canned samples as comgbén those from all other sample groups
except acid cooking (Table 2). Percent ambiguiiege significantly higher in canned samples
as compared to the other cooking methods (Tablac8prding to the Kruskal-Wallis H test,
which was followed by Dunn’s post-hoc test with Benferroni correction for multiple
comparisonsg < 0.007).

As shown in Table 4, the top species matches addainth both SH-D and SH-E mini-
barcoding were very similar to those obtained ler full barcodes, meaning that a similar level
of discrimination was achieved despite the redurm@dode coverage. As with full barcoding,
both SH-D and SH-E mini-barcoding identified theaps for four of the six fish types
analyzed. Although some of the SH-D mini-barcodiesults showed a top species match to a
single tuna specied (albacares), the COI mini-barcode has been determined prelyauwt to
be a reliable indicator of tuna species and adwiligenetic markers have been recommended
for this purpose (Lowenstein et al., 2009; Mitct&MHellberg, 2016; Shokralla et al., 2015).

Overall, when QC parameters were applied, SH-E-mancoding showed the greatest

sequencing success of the three methods and thesleaeh of genetic discrimination as full
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barcodes. These results indicated a strong patdatithe use of SH-E mini-barcodes as a
complementary method to full-length DNA barcodiagpecially when analyzing fish that have
been canned, acid-cooked, baked or broiled.

3.3. Mini-barcodes with no QC parameters

Because QC parameters have not yet been estabf@h@dhi-barcodes, the data were
also analyzed without standards for sequence gukditgth, or percent ambiguities. As shown
in Fig. 1b, when no QC parameters were applieti¢arini-barcodes, SH-E mini-barcoding
showed the highest overall success rate (94%wellbby SH-D (90%) and full barcoding
(90%). There were no significant differences irsthseuccess rateg ¥ 0.05), according to
Cochran’s Q test. The removal of QC parameterdimadreatest effect on the overall success
rate of the SH-D mini-barcodes, which was 67% @t parameters. In comparison, the
removal of QC parameters did not have a major effieche SH-E mini-barcoding success rate,
which was 92% with QC parameters.

Interestingly, both SH-D and SH-E mini-barcodespeudiormed full barcodes for
uncooked, acid cooked, and canned samples, whi& 8kt full barcoding showed the greatest
success with the other cooking methods (Fig. Thle cooking method with the greatest
disparity in success between full and mini-barcgdiras canning, which showed 39% for full
barcoding, 67% for SH-D mini-barcoding (no QC), &td6 for SH-E mini-barcoding (no QC).
These results are improved as compared to SH-C5BRE mini-barcoding with QC parameters,
which showed success rates of 28% and 50%, regpbctiShokralla et al. (2015) reported
similar sequencing success rates for heavily psszbsommercial fish products as compared to
the current study for mini-barcode primer set SKBB.6%), but higher rates for primer set SH-E

(88.6%). Similar to current study results, Armanak (2015) reported greater sequencing
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success for canned seafood samples when a CObamoode (139 bp) was used, as compared
to the full COI barcode.

As shown in Tables 1 and 3, in the absence of Q@npeters applied, SH-D mini-
barcodes showed significant differences acrossingakethods in terms of sequence length and
percent ambiguities, based on the Kruskal-Wallie$i and Dunn’s post hoc test with the
Bonferroni correction < 0.007). Specifically, samples that had beemedr{158 + 68 bp)
showed a significant reduction in sequence lereglcompared to samples that were fried (201 £
17 bp). These results are consistent with thogedan previous studies, in that canned products
had reduced sequencing success rates than otHengooethods (Armani et al., 2015; Chin,
Adibah, Hariz, & Azizah, 2016). In terms of pertambiguities, there were statistically
significant differences between fried (0.39 + 0.§#d uncooked samples (0.78 + 0.88%), but
not in any of the other samples. As shown in Tablhere were no significant differences
among the sequence quality scores, which ranged droaverage of 65.9 + 38.5% for canned
samples, to 86.0 £ 10.9% for broiled samples and 88.4.7% for fried samples. The lower
guality scores for canned samples are likely dubealegradation of DNA during processing.

SH-E mini-barcodes showed no significant differenicelength across cooking methods
according to the Kruskal-Wallis H test (Table The average sequence length was consistently
at the target length of 226 bp for all cooking noeth except canning, which showed an average
length of 213 + 39 bp. Average quality scores wenasistently higher than those found with
SH-D mini-barcoding across all cooking methodsgnag from 84.6 + 14.7% for canned
samples to 98.6 + 1.3% for uncooked samples (TAbl&ccording to the Kruskal-Wallis H test
and Dunn’s post hoc test with the Bonferroni caiicec(p < 0.007), the SH-E quality scores for

canned samples were significantly lower than tladsel other sample groups, except acid
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cooking (Table 2) and the percentage of ambiguwitias significantly higher for canned samples
as compared to the other cooking methods (Tabléd8)vever, the average percent ambiguity
values obtained with SH-E mini-barcoding were cstesitly lower than those obtained with SH-
D mini-barcoding across all cooking methods.

As shown in Table 4, there was one instance in lwtiie lack of QC parameters led to
inclusion of a sequence in the dataset with a Idexszl of species discrimination as compared to
data with QC parameters applied. In this casecaessfully assembled canned tilapia sequence
obtained with SH-D mini-barcoding could not be itiged in BOLD and showed 100% genetic
similarity to multiple species in GenBank, in adtatitto Oreochromis spp. andCoptodon zillii.

This sequence was only 31 bp and showed a quabtg ©f 0%, meaning that it was only
analyzed in the data set that did not apply QCmatars.

Overall, the application of QC parameters redubedate of sequence recovery for both
SH-D (26% decrease) and SH-E mini-barcodes (2%edse). However, it also resulted in the
exclusion of a low-quality SH-D sequence that caudtl be identified genetically. While the use
of QC parameters allows for a standardized methashalyzing sequences, in some instances it
may be desirable to analyze the data without Q@rpaters in order to increase sequencing
success (e.g., for research purposes).

4. Conclusions

Overall, this study shows the robustness of fultbdes and mini-barcodes across many
different cooking methods. Mini-barcoding was fdun be advantageous over full barcoding
for the analysis of canned samples and showedasimilimproved sequencing success for many
of the other cooking methods, with SH-E mini-baiogdshowing the greatest overall success

rates. Success rates were fairly consistent acazssng methods with the exception of canned
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samples, which showed a marked reduction in sudoe&®th full and mini-barcoding. Canned

samples also showed some statistically signifidé#feérences in sequencing quality scores,

percent ambiguities, and lengths as compared totttes cooking methods. The application of

QC parameters to mini-barcodes was found to hamgngaeffects on success rates and further

research should include developing a defined raf@@C parameters for mini-barcodes. While

full barcoding continues to be the standard metbodenetic identification of fish species, this

study has shown potential advantages to includimg-lbarcoding as a complementary analytical

tool.
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Figure Captions

Figure 1. DNA barcoding success rates for fish samplesdastéhis project (n = 126) using

quality control parameters applied to (a) both &nd mini-barcodes or (b) full barcodes only
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Table 1. DNA barcode lengths for fish samples successfidbyuenced using full DNA barcoding and mini-barcgdi8H-D and SH-
E). Mini-barcodes were analyzed with and withoualgy control (QC) parameters. Results are regoatethe average + standard

deviation for samples tested with each cooking eth

Cooking Full bar code length (bp)

Mini-bar code length (bp) with QC

Mini-bar code length (bp) without QC

method SH-D SH-E SH-D SH-E
Uncooked 655 * 1 204+7 226 + 0 199 + ¥ 226 + 0
Acid 655 + 1 201 + 14 226+ 0 196 +%9 226 +0
Baked 654 + 2 203 + 9 226 + 0 192 +30 226 + 0
Broiled 646 + 35 206 + 5 226 + 0 202 ¥ 226 + 0
Canned 644+ 25 200 + 31 226+ 0 158 +%68 213 +39
Fried 655 + 0 207 +3 226 + 0 201 17 226 + 2
Smoked 652 + 11 205 + 5 226+ 0 193 +33 226 + 0
Overall 652+ 16 203 * 11 226 + 0 192 + 34 225 + 11

A different superscript letter in the same columdicates a significant difference, based on theskalsWallis H test and Dunn’s
Columns with no superscript letted vt have

post hoc test using the Bonferroni correction faitiple testgp < 0.007).

significant differences across cooking methods.
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Table 2. DNA barcode quality scores (HQ%) obtained in thigjgct for fish samples successfully sequencedgusith DNA
barcoding and mini-barcoding (SH-D and SH-E). Miarcodes were analyzed with and without qualityr@drfQC) parameters.

Results are reported as the average * standardtievfor samples tested with each cooking method.

Full barcodes HQ%

Mini-barcodesHQ% with QC

Mini-barcodes HQ% without QC

Cooking

method SH-D SH-E SH-D SH-E
Uncooked 96.3+3.3 79.8 +11.0 98.6 +1.3 78.2 +£18.7 98.6 + 133
Acid 97.0 +3.6 80.8 +20.2 96.0 + 4°2 77.3+23.2 96.0 + 4%
Baked 97.7+3.1 87.7+12.0 98.0+1.9 80.7 + 23 98.0 +1%
Broiled 95.6 +5.6 88.9+11.3 98.2+18 86.0 +10.9 98.2 +1°8
Canned 96.4 +2.6 86.5+8.5 88.9 + 6.2 65.9 +38.5 84.6 + 14°7
Fried 97.9+2.7 90.0 +13.8 98.7 +0.8 86.0 +14.7 97.1 + 67
Smoked 97.1+3.5 86.8 +11.5 95.9+6.4 81.4 +20.7 95.9 + 64
Overall 96.9 +3.7 85.9 +13.5 96.9 +4.4 79.1 +23 2688

A different superscript letter in the same columdicates a significant difference, based on theskalsWallis H test and Dunn’s
post hoc test using the Bonferroni correction faitiple testgp < 0.007).
significant differences across cooking methods.

Columns with no superscript lette vt have
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Table 3. DNA barcode ambiguities obtained in this projectffsh samples successfully sequenced using fulhidrcoding and
mini-barcoding (SH-D and SH-E). Mini-barcodes wanalyzed with and without quality control (QC) paeters. Results are
reported as the average + standard deviation fopkes tested with each cooking method

Cooking Z#:Li%iriﬁcg?%) Mini-bar code ambiguities (%) with QC Mini-bar code ambiguities (%) without QC
method SH-D SH-E SH-D SH-E

Uncooked 0.32+0.50 0.95+1.27 0.05 + 021 0.78 +0.88 0.05+0.2%

Acid 0.04 +0.07 0.40 + 0.42 0.00 + 0700 0.46 + 0.58 0.00 + 0.00

Baked 0.07 +0.25 0.13+0.34 0.00 + 0%00 0.24 + 0.49 0.00 + 0.00

Broiled 0.03+0.06 0.41 +0.46 0.00 + 0%00 0.39 + 0.47 0.00 + 0.00
Canned 0.07 +0.13 0.08 +0.22 0.15 + 0°22 0.25 + 0.4 0.23 + 0.34

Fried 0.02 + 0.05 0.08 +0.18 0.00 + 0%00 0.05+0.18 0.00 + 0.00
Smoked 0.02 + 0.05 0.26 + 0.37 0.00 + 0%00 0.41 +0.76° 0.00 + 0.00
Overall 0.08 + 0.24 0.35+0.68 0.02+0.11 0.44 +0.89 360.14

A different superscript letter in the same columdicates a significant difference, based on theskalsWallis H test and Dunn’s
post hoc test using the Bonferroni correction foitiple testgp < 0.007). Columns with no superscript lettexs bt have
significant differences across cooking methods.
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Table 4. Top species matches with genetic similarity >98%stomples that were successfully sequenced. lleseces were
gueried against the Barcode of Life Database (BQubinstances where BOLD was unable to identiegquence, it was then
gueried against GenBank. Top species matchesearatig similarities were not affected by the aplan of quality control (QC)

parameters to the mini-barcodes, unless othervatsin

Full bar coding/SH-E mini-barcoding results

SH-D mini-barcoding results

Fish type
Top species match Genetic Top species match Genetic
similarity similarity
Salmon Atlantic salmorSalmo salar) 100% Atlantic salmong salar) 100%
Tilapia %ggf:égrr]nlzis”sigp.ll?edbelly tilapia 99.8-100% glrlciai(;ghromls spp./Redbelly tilapiaQ. 100%
Tuna Thunnus spp. 100% Thunnus albacares or Thunnus spp. 99.5-100%
Scad ?Y/I‘:Cc;(;rledscadmecapterus 99.5-100% Mackerel sca®(macarellus) 99.5-100%
Walleye pollock(Gadus
Pollock chalcogrammus) 100% Walleye pollock(G. chalcogrammus) ~ 99-100%
Swai Swai (Pangasianodon 100% 99.5-100%

hypophthal mus)

Swai (P. hypophthalmus)

%0ne canned tilapia sample analyzed with mini-baec®H-D without QC parameters matched numerousiadditspecies in other

genera.
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Uncooked Acid Baked Broiled Canned Fried Smoked Overall

Full barcode 94% 94% 100% 100% 39% 100% 100% 90%
Mini barcode 89% 78% 67% 72% 28% 78% 61% 67%

Mini barcode 100% 100% 100% 100% 50% 94% 100% 92%
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Uncooked Acid Baked Broiled Canned Fried Smoked Overall

Full barcode 94% 94% 100% 100% 39% 100% 100% 90%
Mini barcode 100% 100% 94% 89% 67% 94% 83% 90%
Mini barcode 100% 100% 100% 100% 56% 100% 100% 94%



DNA barcoding is arobust method for identification of speciesin processed fish
Canned products showed marked decreases in sequencing success, quality, and length
Mini-barcoding showed a slightly higher success rate than full barcoding
Mini-barcoding and full barcoding showed similar results for species discrimination
Mini-barcoding has high potentid to be used as a complement to full barcoding
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