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This interlaboratory study evaluated a real-time multiplex polymerase chain reaction (PCR) method

for identification of salmon and trout species in a range of commercial products in North America.

Eighty salmon and trout products were tested with this method by three independent laboratories.

Samples were collected in the United States and Canada, and only the collecting institution was

aware of the species declaration. Following analysis with real-time PCR, all three laboratories were

able to identify species in 79 of the 80 products, with 100% agreement on species assignment.

A low level of fraud was detected, with only four products (5%) found to be substituted or mixtures of

two species. The results for two of the fraudulent products were confirmed with alternate methods,

but the other two products were heavily processed and could not be verified with methods other than

real-time PCR. Overall, the results of this study show the usefulness and versatility of this real-time

PCR method for the identification of commercial salmon and trout species.
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INTRODUCTION

There are seven commercially important species of salmon and
trout in North America from the genera Oncorhynchus and
Salmo: Atlantic salmon (Salmo salar), rainbow (steelhead) trout
(Oncorhynchusmykiss), Chinook salmon (Oncorhynchus tshawytscha),
sockeye salmon (Oncorhynchus nerka), coho salmon (Oncorhynchus
kisutch), chum salmon (Oncorhynchus keta), and pink salmon
(Oncorhynchus gorbuscha). Atlantic salmon and rainbow trout are
farm-raised, whereas the remaining five species are primarily wild-
caught and are collectively referred to as Pacific salmon. TheUnited
States is a significant producer of Pacific salmon, harvesting about
300,000 t in 2008 (1), whereasCanadaproduces a highproportionof
farmed salmonids,with 110,000 t for the sameyear (2).Although the
seven commercial salmon and trout species are similar in appear-
ance, they are sold at markedly different prices due to variations in
quality, supply and demand, and marketing, as well as competi-
tion between wild-caught and farm-raised salmon (3). These price
differentials increase the potential for species substitution, which
is prohibited in the United States under the Federal Food Drug
and Cosmetic Act Section 403: Misbranded Food, and can lead to
economic fraud and food safety risks (4). Currently, National

Marine Fisheries (NMFS) inspects about one-third of U.S. com-
mercial seafood as part of a voluntary, fee-for-service program (5),
and surveys of North American seafood have reported 25-34% of
commercial products to bemislabeled (6,7).With regard to salmon,
the U.S. Food and Drug Administration (USFDA) has reported
substitution of pink salmon for chum salmon, farm-raised salmon
for wild-caught salmon, and steelhead trout for salmon (8).

The official method for seafood species identification is
based on protein analysis with isoelectric focusing (AOAC
OfficialMethod980.16), which is highly sensitive to sampling and
processing conditions and exhibits complex banding patterns that
are difficult to interpret, much less replicate among labora-
tories (9, 10). Furthermore, analysis of heat-treated foods and
closely related species is often problematic with protein-based
methods (11,12). An alternative method that shows considerable
promise for detecting commercial seafood substitution is DNA
barcoding (7,13,14). Thismethod involves sequencing a 650 bp50

region of the cytochrome c oxidase subunit I (COI) gene, termed
the “DNAbarcode”, for an unknown sample and comparing that
sequence toa comprehensive reference sequencedatabase (15,16).
This database is being developed through the International
Barcode of Life project (www.ibolproject.org) and already
includes DNA barcodes from over 900 individuals representing
the commercially important salmon and trout species in North
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America (17-19). The USFDA is also considering the use of
DNA barcoding as an official regulatory method and is cur-
rently incorporating DNA barcodes into the Regulatory Fish
Encyclopedia (13). Although DNA barcoding has been shown to
be effective in differentiating the commercially important species
of salmon and trout in North America (17), it remains relatively
time-consuming and requires costly equipment. Perhaps even
more problematic is the fact that barcode sequencing is not
amenable to the detection of mixtures without the addition of
an evenmore time-consuming, labor-intensive, and costly cloning
step, which is necessary to evaluate the diverse PCRamplification
products that would be obtained from a multispecies mixture.
Moreover, barcoding cannot be reliably used to identify species in
heavily processed food products.

Real-time PCR is a rapid method of species identification that
can be used with mixed-species and heavily processed products.
Real-time PCR assays have been developed for the identification
of several fish species, including flatfish (20), eel (21), tuna (22),
cod (23), and snappers and drum (24). Recently, a species-specific
real-time multiplex PCR method was developed to differentiate
the seven commercially important species of salmon and trout (25).
The assay is based on diagnostic nucleotides in the DNA barcode
region and targets small DNA fragments (<220 bp), enabling
species identification in a broad range of products. A small-scale
test of this method with six commercial salmon products showed
promising results; however, a more extensive investigation is
warranted to determine if this method can be used for routine
and reliable species identification with commercial salmon pro-
ducts and to verify the use of previously suggested detection
cutoff values. Therefore, the objective of this study was to
evaluate the effectiveness of the multiplex real-time PCRmethod
developed previously for identifying salmon and trout species in a
range of commercial products sold in North America and to test
themethod inmultiple laboratories using different real-time PCR
platforms.

MATERIALS AND METHODS

Interlaboratory Study Participants. Three laboratories participated
in this study: (1) Seafood Research and Education Center, Department of
Food Science and Technology, Oregon State University, Astoria, OR; (2)
Department of Integrative Biology, University of Guelph, Guelph, ON,
Canada; and (3)Center forFoodSafety andAppliedNutrition,U.S. Food
and Drug Administration, College Park, MD. These laboratories are
hereafter referred to as participants 1, 2, and 3, respectively.

Sample Collection and Preparation. A total of 80 commercial
salmon and trout products representing a variety of species and processing
methodswere obtained from retail outlets inCanadaand theUnited States
in November 2009. Forty products were collected by participant 1 from
9 locations in Oregon and Washington (USA), and the other 40 products
were collected by participant 2 from8 locations inOntario (Canada). Each
productwas assigned a random three-digit number, and only the collecting
laboratory was aware of the species declaration linked to each product.
Tissue samples from each product were subsampled into three sets of 2mL
tubes and preserved in 95%ethanol. Productswith increased susceptibility
to species mixing (i.e., canned and retort-packed salmon, salmon burgers,
and frozen salmon dinners) were individually blended with up to 30mL of
sterile water for at least 2 min prior to subsampling. Three sets of tubes
containing subsamples of all products were then distributed to all three
study participants for interlaboratory testing. Each laboratory also
received reference DNA and expected cycle threshold values (Ct) for each
of the target species, as determinedpreviously (25), to optimize the baseline
and threshold settings for each instrument. Participants were also provided
with reference tissue samples of the seven commercial salmon and trout
species as positive controls for DNA extraction and real-time PCR. These
reference sampleswere verified in a previous studywithDNAbarcoding (17).

DNA Extraction and PCR Preparation.DNA was extracted using
the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) with overnight

lysis and elution in 60-100 μL ofAE buffer. A reagent blankwas included
in each DNA extraction and subsequent PCR as a negative control.
Nucleic acid concentrations were determined using either a NanoDrop
spectrophotometer (Thermo Scientific,Waltham,MA) or a BioPhotometer
plus (Eppendorf, Brinkman Instruments, Inc., Westbury, NY) combined
with either UVettes (Eppendorf) or a Hellma Traycell (Hellma GmbH &
Co. KG, M€ullheim, Germany). Extracted DNA samples were adjusted to
20-30 ng/μL for use in real-time PCR.

TaqManminor groove binder (MGB) probes and PCRprimers used in
this study are described in Rasmussen Hellberg et al. (25). These primers
and probes target species-specific regions of the DNA barcode in all seven
commercially important salmon and trout species in North America, as
well as a universal region of cytochrome b. All probes and degenerate
primers were synthesized by Applied Biosystems (Foster City, CA), and
nondegenerate primers were synthesized by TriLink Biotechnologies (San
Diego, CA). Template DNA, primers, and probes were diluted for use in
PCR using Tris-EDTA (TE) buffer (pH 8.0) containing 0.2M trehalose as
a preservation agent (26). Each set of PCR primers and probe was
prepared by participant 1 as a 20� working solution and then distributed
to participants 2 and 3.

Real-TimeMultiplex PCR. Real-time PCR was conducted on three
different platforms: a 7500 Real-Time PCR System (Applied Biosystems;
participant 1), a StepOnePlus Real-Time PCR System (Applied Bio-
systems; participant 2), and a SmartCycler II (Cepheid, Sunnyvale, CA;
participant 3).All reactions contained 12.5μLof 2�QuantiTectMultiplex
PCRNoROXMasterMix (Qiagen), 0.10-0.60 μM final concentration of
primers, 0.10-0.60 μM final concentration of TaqMan MGB probes
(Applied Biosystems), 40-60 ng of template DNA, and sterile water for a
total reaction volume of 25 μL (25). Each sample was tested against all
seven species-specific primers and probes, along with the universal primers
and probe set. The species-specific primers and probes were combined
into three multiplex sets (one triplex set targeting S. salar, O. keta, and
O. tshawytscha; one duplex set targetingO. nerka and O. kisutch; and one
duplex set targeting O. gorbuscha and O. mykiss) for use with Applied
Biosystems instruments, and the universal set was run separately. Cycling
conditions, primer and probe details, and multiplex sets are described in
Rasmussen Hellberg et al. (25), with some modifications for use with
the SmartCycler II. This PCR platform required an alternate TaqMan
probe dye set (FAM and TET) compared to the dye set compatible with
Applied Biosystems instruments (FAM, VIC, and NED), which limited
the multiplexing capability. Therefore, instead of the triplex set used
previously to simultaneously detectS. salar,O. keta, andO. tshawytscha, a
duplex reaction was carried out with the SmartCycler II targeting S. salar
and O. keta, and a separate singleplex reaction was conducted targeting
O. tshawytscha. The two other duplex arrangements were the same as
previously described (25). The PCR cycling conditions for the universal set
were also adjusted for use with the SmartCycler II to include an extension
step of 72 �C for 60 s, based on the manufacturer’s recommendations.

All real-time PCR settings were optimized for species identification
using referenceDNA from each of the target species. Participant 1 utilized
previously established settings (baseline=3-15 cycles, threshold= 4.0�
104 (FAM), 2.0� 104 (VIC), and 1.8� 104 (NED) fluorescent units) (25);
participant 2 utilized a baseline setting of 3-15 cycles and thresholds of
5.5� 103 (FAM), 3.5� 103 (VIC), and 1.5� 103 (NED) fluorescent units;
andparticipant 3 utilized the default program settings for the SmartCycler II
(baseline = 3-15 cycles and threshold = 30 fluorescent units). The cycle
threshold (Ct) value, defined as the cycle at which the fluorescence signal
crosses the threshold level, was recorded for each sample.ACt value below
25 in fresh/frozen (uncooked) or heat-treated (partially or fully cooked)
samples or a Ct value below 30 in heat-sterilized (canned or retort-packed)
samples was used to identify species in food products, as recommended
previously (25). A nontemplate PCR control was included alongside all
reactions.

Any samples found to contain substituted species or exhibiting sec-
ondary signals of Ct < 30 were examined further to verify the results.
Fresh/frozen or heat-treated samples that exhibited a Ct value between
25 and 30 were subjected to repeat DNA extraction and real-time PCR.
These tests were carried out in duplicate, and a Q-test was used for the
rejection of outliers, as described in Smith et al. (27). The original DNA
sample was also tested with previously published methods for salmon
species identification: PCR-restriction fragment length polymorphism
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(RFLP) analysis (28) and DNA barcoding (17), as described below. In
cases when species substitution or a secondary signal below the Ct cutoff
value (i.e., mixed-species sample) was found for a particular sample by all
three laboratories, the sample was also tested with PCR-RFLP (28) and
DNA barcoding (17). Mixed-species samples were further tested with
conventional species-specific PCR (25) and sequencing of the species-
specific amplicon, as described below.

DNA Barcoding. DNA barcoding was carried out as described in
Rasmussen et al. (17). Sequences were edited and alignedwithCodonCode
Aligner version 3.5.6 andMEGAversion 4.0 (29). Species were determined
using the Barcode of Life Database (BOLD) online identification system
(http://www.boldsystems.org/views/idrequest.php) with the public record
database search option, which includes all published COI records from
BOLD and GenBank with a minimum sequence length of 500 bp. The
sequences were also examined for any previously undetected nucleotide
mismatches that might explain cross-specific primer binding and real-time
amplification signals below 30 PCR cycles.

PCR-RFLP. PCR-RFLP was carried out for a 146 bp fragment of
the cytochrome b gene, as described in Espiñeira et al. (28) with some
modifications. The reaction mixture consisted of 0.2 mM of each dNTP,
1� PCR buffer, 2 mMMgCl2, 1.25 units of AmpliTaq DNA polymerase
(Applied Biosystems), 0.6 μM of each primer, 100-300 ng of DNA
template, and sterile water for a final volume of 50 μL. PCR was carried
out with a MyCycler Thermal Cycler (Bio-Rad Laboratories, Hercules,
CA) under the following cycling conditions: 94 �C for 5 min, followed by
35 cycles of 94 �C for 30 s, 52 �C for 60 s, and 72 �C for 60 s, and then a final
extension step at 72 �C for 7 min. A nontemplate PCR control was
included alongside all reactions. PCR amplicons were digested for 2 h at
55 �Cwith the restriction enzymeFauI (NewEnglandBiolabs, Ipswich,MA)
and at 37 �Cwith the restriction enzymesMnl (New England Biolabs) and
RsaI (Promega,Madison,WI), an isochizomer ofAfaI. Restriction digests
contained 3.5-5 units of enzyme and 12.0 μL of PCR product in a total
volume of 25 μL. PCR amplicons were verified using the Lonza FlashGel
DNA System (Basel, Switzerland) with 2.2% agarose FlashGel DNA
cassettes run at 275 V for 6 min alongside a 50 bp FlashGel DNAmarker,
and restriction digest results were separated using 3.0% NuSieve 3:1
agarose gels (Lonza) run at 140 V for 50 min alongside a 20 bp EZ Load
molecular ruler (Bio-Rad Laboratories). The results were scanned and
visualized with GelDoc XR and Quantity One software version 4.5.2
(Bio-Rad Laboratories), and band sizes were recorded for each sample.

Conventional Species-Specific PCR and Sequencing. Conven-
tional species-specific PCR was carried out as described in Rasmussen
Hellberg et al. (25), with the exception that only one set of species-specific
primers was utilized per PCR tube (singleplex reaction). Each mixed-
species sample was tested with species-specific primers targeting the pri-
mary and secondary species detected during real-time PCR. All primers,
reaction conditions, and gel electrophoresis methods are described in
Rasmussen Hellberg et al. (25). The PCR products for the secondary
species were cleaned with ExoSAP-IT (USB Corp., Cleveland OH) based
on the manufacturer’s instructions and then sequenced bidirectionally at
Genewiz (South Plainfield, NJ) with an ABI 3730xl DNA Analyzer
(Applied Biosystems). All ABI files were imported into Sequencher 4.9
(Gene Codes Corp., Ann Arbor, MI) for analysis. Because the sequences
were too short for analysis with the BOLD identification system, theywere
instead examined using a nucleotide diagnostic or character attribute
approach (30,31). Diagnostic nucleotides were determined on the basis of
a set of over 350 reference sequences obtained previously (17, 18) repre-
senting the primary and secondary species detected during real-time PCR
(O. tshawytscha, O. keta, and O. gorbuscha).

Statistical Analysis. The Ct values obtained during real-time PCR
testing were compared among the three laboratories and among the three
processing groups using one-way analysis of variance (ANOVA) and
Tukey’s honestly significant different (HSD) test, with significance set at
p < 0.05. The Ct values of universal and species-specific assays were
compared using a paired samples t test, with significance set at p < 0.05,
two tailed. All statistical tests were conductedwith SPSS 13.0 forWindows
(SPSS Inc., an IBM company, Chicago, IL).

RESULTS AND DISCUSSION

Interlaboratory Analysis of Reference Samples. As shown in
Table 1, the real-timemultiplex PCRmethod allowed for detection

of each target species on all three PCR platforms, based on
reference sample testing. The use of reference DNA samples was
found to be essential for the initial optimization of threshold and
baseline settings, likely due to variations in fluorescence excitation
and emission detection among the different PCR platforms (32).
Although the default settingswere appropriate for the SmartCycler
II, the Applied Biosystems instruments required manual determi-
nation of settings. The finalized settings determined for the three
platforms resulted inCt values for each referenceDNAsample that
had standard deviations within about one cycle of the mean, on
average.

Reference tissue samples that were provided as positive con-
trols for DNA extraction and real-time multiplex PCR were also
detected by all three participants, with most of the standard
deviations within about one cycle of the mean, similar to the
results found with reference DNA testing. However, one excep-
tion was the O. keta reference sample, which showed elevated
Ct values when tested by participants 1 (Ct = 26.7) and 2 (Ct =
27.7). The universal Ct values for this sample were also high for
these two laboratories (27.3-27.4). Elevated Ct values (Ct =
25-30) were previously found more frequently for reference
tissue samples ofO. keta compared to other species (25), indicat-
ing that the O. keta primers and probe set may be more sensitive
to DNA degradation.

Interlaboratory Analysis of Commercial Products. As shown in
Table 2, a total of 80 salmon and trout products were tested by all
three study participants with real-time multiplex PCR. These
items represent many of the product types available in North
America, including fresh/frozen fillets, frozen salmondinners and
burgers, smoked salmon and trout, salmon jerky, canned salmon,
and retort-packed smoked salmon. Overall, there were 28 fresh/
frozen (uncooked) products, 29 heat-treated (partially or fully
cooked) products, and 23 heat-sterilized (canned or retort-packed)
products. On the basis of the results of real-time multiplex PCR,
all three laboratories were able to identify species in 79 of the
80 products (98.8%),with 100%agreement on the species assignment.

Table 1. Average Ct Values Obtained with Reference DNA and Reference
Tissue Samples Following Determination of Real-Time PCR Settingsa

species assay

reference DNA

Ct ( SD

reference tissue

Ct ( SD

O. tshawytscha species-specific 20.9( 1.0 20.5( 0.9

universal n/a 19.5( 1.3

O. nerka species-specific 19.9( 1.0 18.0( 0.8

universal n/a 17.5( 0.5

O. keta species-specific 20.2( 0.7 24.1( 5.6

universal n/a 25.6( 2.9

O. kisutch species-specific 20.1( 0.9 21.2( 1.1

universal n/a 20.4( 0.8

O. gorbuscha species-specific 20.3( 1.3 17.5( 0.1

universal n/a 18.6( 0.8

O. mykiss species-specific 18.7( 1.0 19.4( 1.4

universal n/a 20.1( 1.3

S. salar species-specific 18.7( 1.4 17.7( 0.2

universal n/a 17.2( 0.4

a The expected Ct values for the reference DNA were determined by participant
1 during method development (25), and participants 2 and 3 adjusted real-time
PCR settings accordingly to allow for similar Ct values and no background signals at
Ct < 30. The Ct values in the table are reported as the average and standard
deviation of combined test results obtained by the three study participants.
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Table 2. Real-Time PCR Results for All Commercial Salmon and Trout Productsa

sample

sample

code

processing

group

product

description

species

declared

species

identified

species-specific

Ct ( SD

universal

Ct ( SD

1 383 fresh/frozen Alaskan salmon fillet, Santa Fe style salmon O. gorbuscha 19.4( 0.9 19.2( 1.2

2 117 boneless trout fillet O. mykiss O. mykiss 21.0( 1.7 21.5( 0.6

3 501 frozen dinner (uncooked), salmon fisherman’s pie S. salar S. salar 20.9( 2.7 20.5( 1.5

4 424 frozen dinner (uncooked), wild salmon with basil O. keta or O. gorbuscha O. gorbuscha 18.4( 0.9 18.1( 0.1

5 142 maple salmon skewers O. keta or O. gorbuscha O. keta 18.1( 1.0 18.7( 0.3

6 583 salmon fillet O. keta O. keta 18.6( 0.9 18.7( 0.7

7 715 salmon fillet O. kisutch O. kisutch 19.9( 1.5 18.2( 0.8

8 922 salmon fillet O. mykiss O. mykiss 20.1( 1.2 20.5( 0.5

9 609 salmon fillet S. salar S. salar 19.5( 0.7 18.5( 1.3

10 484 salmon fillet S. salar S. salar 20.2( 0.2 20.7( 0.3

11 415 salmon fillet S. salar S. salar 19.5( 0.3 19.6( 0.2

12 842 salmon fillet O. keta or O. gorbuscha O. keta 18.6( 0.9 18.9( 0.6

13 725 salmon steaks S. salar S. salar 19.8( 0.8 19.8( 0.6

14 517 skinless boneless salmon portions S. salar S. salar 17.9( 0.9 18.8( 1.2

15 855 Thai chili salmon fillet O. keta O. keta 18.9( 1.2 18.7( 0.5

16 578 trout fillet O. mykiss O. mykiss 19.3( 2.0 20.6( 1.4

17 903 whole dressed trout O. mykiss O. mykiss 19.6( 0.9 20.8( 0.4

18 373 wild Pacific salmon O. keta O. keta 17.8( 1.7 17.7( 0.3

19 673 wild Pacific salmon breaded fillet, lemon pepper O. keta or O. gorbuscha O. gorbuscha 18.9( 1.6 18.8( 1.3

20 192 wild Pacific salmon fillet O. gorbuscha O. gorbuscha 19.1( 1.1 19.1( 0.3

21 363 wild Pacific salmon fillet O. keta or O. gorbuscha O. gorbuscha 18.2( 1.8 17.7( 0.7

22 445 wild Pacific salmon fillet O. keta or O. gorbuscha O. gorbuscha 19.1( 1.0 18.6( 0.6

23 127 wild Pacific salmon fillet O. keta or O. gorbuscha O. keta 18.7( 1.2 19.3( 0.5

24 255 wild Pacific salmon fillet O. keta or O. gorbuscha O. gorbuscha 17.6( 1.0 17.1( 0.2

25 147 wild salmon fillet O. kisutch O. kisutch 22.6( 1.3 21.1( 0.4

26 168 wild salmon fillet O. nerka O. nerka 18.5( 0.7 17.5( 0.2

27 717 wild salmon portions, vacuum-packed O. nerka O. nerka 18.2( 0.4 17.7( 0.8

28 426 wild salmon skin-on fillet O. nerka O. nerka 18.8( 0.4 18.8( 0.9

29 856 heat-treated cold-smoked nova-style Alaskan wild salmon lox salmon O. keta 18.5( 1.2 19.8( 0.8

30 958 cold-smoked salmon O. tshawytscha

(verbal declaration)

S. salar 19.1( 1.3 19.7( 1.0

31 888 cold-smoked salmon S. salar S. salar 18.9( 0.2 19.5( 0.5

32 422 cold-smoked salmon pinwheels salmon S. salar 22.7( 0.9 22.6( 0.9

33 279 cold-smoked wild Alaskan salmon O. nerka O. nerka 19.4( 0.3 19.7( 0.6

34 266 cold-smoked wild nova salmon salmon O. keta and O. tshawytscha 18.4( 1.1; 23.8( 0.9 18.7( 0.5

35 260 cold-smoked wild Pacific salmon O. nerka O. nerka 19.1( 0.7 19.1( 0.3

36 980 frozen grilled salmon fillet salmon O. gorbuscha 19.0( 1.5 18.4( 0.8

37 948 frozen parfried salmon burger (from whole fillet) O. keta or O. gorbuscha O. gorbuscha 19.1( 1.4 20.1( 3.2

38 833 hot-smoked farm-raised salmon O. kisutch O. kisutch 21.9( 2.3 21.0( 1.0

39 978 hot-smoked farm-raised salmon, cracked pepper salmon O. kisutch 21.7( 1.7 21.0( 0.8

40 808 hot-smoked premium wild salmon salmon O. keta 19.0 ( 0.9 20.1( 1.0

41 836 hot-smoked salmon O. keta O. keta 20.2( 1.2 21.1( 0.5

42 244 hot-smoked salmon, cracked pepper S. salar S. salar 19.4( 0.2 20.1( 0.3

43 843 hot-smoked wild Alaskan salmon O. nerka O. nerka 19.5( 0.5 19.4( 0.8

44 911 hot-smoked wild Pacific salmon salmon O. keta 19.1( 2.2 19.7( 1.3

45 822 hot-smoked wild salmon O. tshawytscha O. tshawytscha 21.5( 2.3 19.1( 0.6

46 636 jerky chew, shredded salmon salmon O. keta 19.4( 1.9 20.6 ( 1.8

47 568 jerky, wild salmon, regular flavor, cherry

and alder smoked

O. tshawytscha O. tshawytscha 17.9( 0.5 17.3( 0.6

48 873 jerky, wild salmon, teriyaki flavor, cherry

and alder smoked

O. tshawytscha O. tshawytscha 19.8( 0.6 18.9( 1.0

49 894 jerky, wild salmon, wine-maple smoked salmon O. keta 20.1( 1.4 21.5( 1.0

50 789 oven-smoked salmon, fully cooked S. salar S. salar 18.9( 1.0 19.5( 1.0

51 176 smoked salmon O. nerka O. nerka 19.4( 0.5 19.1( 0.4

52 212 smoked salmon ring, sliced O. kisutch O. kisutch 19.2( 1.2 18.4( 0.1

53 384 smoked salmon, peppered S. salar S. salar 20.2( 0.5 20.4( 0.7

54 338 smoked salmon, peppered S. salar S. salar 19.5( 0.9 19.7( 0.8

55 871 smoked wild Pacific salmon O. kisutch O. kisutch 22.2( 1.1 21.2( 0.8

56 890 smoked wild salmon O. nerka O. nerka 18.5( 0.1 18.0( 0.5

57 536 smoked wild salmon O. nerka O. nerka 18.5( 0.4 18.8( 0.5

58 104 heat-sterilized canned Pacific salmon O. gorbuscha O. gorbuscha 21.3( 0.9 23.9( 0.5

59 829 canned Pacific salmon O. gorbuscha O. gorbuscha 21.1( 1.1 23.0( 0.1

60 590 canned Pacific salmon O. nerka O. nerka 21.7( 0.7 23.3 ( 0.3

61 276 canned Pacific salmon O. nerka O. nerka 20.3( 0.6 21.7( 0.5

62 803 canned Pacific salmon Thai salad O. gorbuscha O. gorbuscha 27.3( 2.1 29.8( 2.9

63 345 canned salmon O. gorbuscha O. gorbuscha 20.0( 0.6 21.3( 0.3

64 380 canned salmon O. nerka O. nerka 20.6( 0.5 21.9( 1.0

65 408 canned salmon S. salar S. salar 25.3( 1.1 24.9( 2.1
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The one product that could not be identifiedwas hot-smoked and
retort-packed Alaskan salmon (sample 77). None of the three
study participants was able to obtain a Ct value below 30 for this
product with any of the species-specific assays, and the universal
Ct value for this product was also above 30, indicating that
the sample was heavily degraded. All three study participants
detected two cases of species substitution (samples 30 and 80) and
two cases of mixed-species samples (samples 34 and 66). These
products are discussed in detail in later sections. The majority
(75%) of fresh/frozen products labeled “O. keta orO. gorbuscha”
was identified as O. gorbuscha, and the remaining products were
identified as O. keta. There were 10 fresh/frozen or heat-treated
products purchased in the United States that were labeled
“salmon” with no species declaration, and testing with real-time
multiplex PCR indicated that 80% contained either O. keta or
O. gorbuscha. O. keta and O. gorbuscha have the lowest values
among the commercial salmon species, with average 2008

ex-vessel prices of U.S. $1.17 and U.S. $0.64 per kg, respec-
tively (1), and it is not surprising that they are the main species
present in generically labeled salmon products.

When the results among study participantswere compared, the
means of the species-specific Ct values obtained for all commer-
cial products were within about 1 cycle of each other, ranging
from 19.7 ( 2.2 (participant 1) to 21.0 ( 2.3 (participant 2)
(Figure 1). Although the Ct values were in general agreement
among the three laboratories, there was a significant difference
(p<0.05) between participants 1 and 2 when the species-specific
results for fresh/frozen, heat-treated, and combined products
were compared. This is likely due to slight variations in the real-
timePCRplatforms and settings used.However, these differences
did not affect the ability of either laboratory to identify species in
commercial products. Overall, the results were very similar
among the three laboratories, despite the potential for variation
during the DNA extraction and real-time PCR steps carried out

Table 2. Continued

sample

sample

code

processing

group

product

description

species

declared

species

identified

species-specific

Ct ( SD

universal

Ct ( SD

66 733 canned salmon chunk style O. gorbuscha O. gorbuscha and O. keta 21.8( 0.7; 27.8 ( 1.2 23.4( 0.4

67 412 canned salmon, natural flavor S. salar S. salar 22.6( 0.5 22.7( 0.2

68 718 canned wild Alaskan salmon O. nerka O. nerka 23.8( 0.3 26.3( 0.5

69 382 canned wild Columbia River royal salmon O. tshawytscha O. tshawytscha 26.7 ( 0.2 26.8( 0.9

70 624 canned wild Pacific salmon O. gorbuscha O. gorbuscha 20.5( 0.6 21.8( 0.2

71 589 canned wild Pacific salmon O. gorbuscha O. gorbuscha 19.5( 0.5 20.2( 0.3

72 904 canned wild Pacific salmon O. gorbuscha O. gorbuscha 21.0( 0.9 23.3( 0.1

73 741 canned wild Pacific salmon O. nerka O. nerka 21.2( 0.2 23.1( 0.3

74 537 canned wild Pacific salmon O. nerka O. nerka 20.7( 0.1 22.2( 0.5

75 407 canned wild salmon O. gorbuscha O. gorbuscha 23.1( 0.6 25.9( 1.1

76 135 canned wild salmon O. nerka O. nerka 22.5( 1.0 23.6( 0.4

77 991 hot-smoked and retort-packed Alaskan salmon O. gorbuscha not identified >30.0 >30.0

78 218 hot-smoked and retort-packed salmon O. nerka O. nerka 25.1( 1.3 29.6 ( 2.6

79 196 retort-packed grilled wild salmon steak,

mandarin orange glaze

O. gorbuscha O. gorbuscha 22.4( 0.7 24.8( 0.4

80 752 smoked and canned Alaskan salmon O. kisutch O. keta 25.4( 1.9 >30.0

aEach product was linked to a random, three-digit sample code so that only the collecting institution was aware of the species declaration. The Ct values determined for each
sample are reported as the average and standard deviation of combined test results obtained by the three study participants. Species in fresh/frozen and heat-treated products
were identified on the basis of a Ct value below 25.0, and species in heat-sterilized samples were identified on the basis of a Ct value below 30.0. Only the signals detected within
these Ct cutoff values are reported.

Figure 1. Comparison of real-time multiplex PCR results for species-specific assays according to processing group (fresh/frozen, heat-treated, or heat-
sterilized) and study participant (1, 2, or 3). The species-specific Ct values among processing groups and study participants were statistically analyzed for the
79 products in which species were detected. Error bars represent the standard deviation within each group. a, Mean species-specific Ct value is significantly
different (p < 0.05) from themean species-specific Ct value of participant 1 for the same processing group, according to ANOVA, Tukey’s HSD test (p < 0.05).
b, Mean Ct value of the heat-sterilized group is significantly different (p < 0.05) from the mean Ct values obtained by the same study participant for other
processing groups, according to ANOVA, Tukey’s HSD test (p < 0.05).
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independently by each study participant. There were no signifi-
cant differences among the mean species-specific Ct values
reported by the three laboratories for the heat-sterilized group,
due to thewide variation in detection levels for these samples. The
means of the universal Ct values obtained for all commercial
products by the three study participants were within 0.4 cycle of
each other, ranging from 20.7( 3.2 (participant 1) to 21.0( 3.3
(participant 3) (results not shown). These values showed greater
variability than the species-specific values, and there were no
significant differences among the three laboratories for the
universal Ct values found within any of the processing groups.

Effects of Processing on Real-Time PCR Signal Detection. As
shown in Figure 1, all study participants reported significantly
higher (p < 0.05) Ct values for the heat-sterilized products
compared to the fresh/frozen and heat-treated products. The
combined mean species-specific Ct value for the heat-sterilized
products was 22.5 ( 2.3, compared to 19.2 ( 1.5 and 19.7 ( 1.6
for the fresh/frozen and heat-treated products, respectively. The
combinedmeanCt values for the universal assaywere also signifi-
cantly higher (p < 0.05) in the heat-sterilized group (24.6 ( 3.8)
compared to the fresh/frozen (19.1 ( 1.3) and heat-treated
(19.7 ( 1.4) groupings (results not shown). Elevated Ct values
are generally expected with heavily processed products due to the
high level of DNA degradation that takes place during heat
sterilization. Previous studies have also reported Ct values of
heat-sterilized products to be 3-4 cycles higher than those of raw
or lightly processed samples (25,33,34). Despite the later signals
for the heat-sterilized products, 22 of the 23 samples tested were
successfully identified by all study participants on the basis of
the previously suggested species-specific Ct cutoff value of <30.
These products showed wide variations in DNA quality and
signal detection, with Ct values ranging from 19.0 to 29.8 for
species-specific assays. Most universal Ct values obtained with
these 22 products were also within the 20-30 cycle range;
however, universal Ct values above 30 were recorded by one or
more of the study participants for samples 80 (smoked and
canned Alaskan salmon), 62 (canned Pacific salmon Thai salad),
and 78 (hot-smoked and retort-packed salmon).

In the case of the heat-sterilized group, the combined mean
Ct values of the species-specific (22.5 ( 2.3) and universal
(24.6 ( 3.8) assays were significantly different from each other
(p < 0.05, paired samples t test), but there was no significant
difference between these two assays for the other two processing
groups. The universal set previously showed decreased efficiency
and sensitivity compared to the species-specific assays, likely due
to themultiple degenerate sites foundwithin the universal primers
and probe (25). Furthermore, the universal targetDNA fragment
is relatively long (205 bp) compared to most of the species-specific
assays, with which six of the seven target DNA fragments are <200
bp in length, and it is therefore more sensitive to the effects of DNA
degradation.Overall, the results indicate that thepreviously suggested
species-specific cutoff values of Ct < 30 for species identification in
heat-sterilized products and Ct < 25 in fresh and lightly processed
products enable species identification in most cases (98.8%).

Species Substitution. Species substitution was detected in 2 of
the 79 samples (2.5%) that could be identified at the species level.
One product was a cold-smoked item sold at a seafood counter
(sample 30) that did not have a species label but was verbally
declared to be farmed O. tshawytscha. This product was deter-
mined to be S. salar by all three laboratories, on the basis of the
results of real-timemultiplex PCR. The other substituted product
(sample 80) was a smoked and canned item labeledO. kisutch that
was determined to be O. keta by all three laboratories. Both of
these cases represent substitution of a lower value species for a
higher value species. For example, in 2008 the average ex-vessel

price for O. tshawytscha was U.S. $7.19/kg compared to an
average import price forS. salar ofU.S. $5.57/kg, and the average
ex-vessel price ofO. kisutch (U.S. $2.66/kg) was more than twice
that for O. keta (1, 35). Additional testing of these products with
DNAbarcoding and PCR-RFLP confirmed the species diagnosis
of S. salar for sample 30, with a 100% barcode sequence identity
match. However, sample 80 was a heavily processed product
that contained highly degraded DNA and/or PCR inhibitors
(universal Ct > 30) and could not be identified with DNA
barcoding or PCR-RFLP. As a follow-up, three additional cans of
this product were also collected from the same retail store for testing
with real-time multiplex PCR. These products were also found to be
heavily degraded and/or contained additional PCR inhibitors due to
smoking (universalCt>30) anddidnot showpositive signals forany
species below 30 cycles. The lowest signals observed in these products
were for O. kisutch, the species listed on the label, with Ct values
ranging from30.9 to34.95,but it shouldbenoted that theseadditional
cans were from a different lot than sample 80.

Mixed-Species Samples. Two products were found to contain
multiple species on the basis of the real-time multiplex PCR
results of all three study participants. Sample 34, a cold-smoked
product labeled “salmon”, was found to contain O. keta as the
primary species and O. tshawytscha as the secondary species,
whereas sample 66, a canned product labeled O. gorbuscha, was
found to containO. gorbuscha as the primary species andO. keta
as the secondary species. In a verbal communication with the
salmonproduction department for sample 34, it was revealed that
this product primarily containsO. keta and occasionally contains
O. tshawytscha. Therefore, it is possible that O. tshawytscha was
detected as the secondary species in real-time PCR as a result of
processing operations at the facility. Additional testing of these
two products with DNA barcoding and PCR-RFLP confirmed
the primary species in both cases, with 100% barcode sequence
identity matches. The results of PCR-RFLP also showed a very
faint secondary band pattern in an agarose gel corresponding
to the secondary species (O. tshawytscha) in sample 34; however,

Figure 2. 3% agarose gel showing the results of conventional species-
specific PCR for samples 34 and 66. Sample 34 was tested in singleplex
reactions with the O. tshawytscha assay (103 bp) and the O. keta assay
(104 bp). Sample 66 was tested in singleplex reactions with theO. gorbuscha
assay (143 bp) and the O. keta assay. All species-specific assays
included a nontemplate control (NTC), and the gel was run with a
20 bp molecular ruler (M).
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no secondary band pattern was observed for sample 66. The
DNA barcode sequences obtained for these products did not
show any unexpected nucleotide substitutions in the primer or
probe binding regions that would have led to cross-reactivity.

These two products were further investigated with conven-
tional species-specific PCR targeting both the primary and
secondary species (25) and DNA sequencing of the PCR ampli-
cons of the secondary species. The results of conventional species-
specific PCR showed the presence of both the primary and
secondary species detected during real-time PCR for both pro-
ducts (Figure 2). Due to the short lengths of the amplicons for the
secondary species (103-104 bp), DNA sequencing resulted in
read lengths of only 24-33 nucleotides (nt) after the forward and
reverse primers were removed. Identification with the BOLD
identification system was not possible using these short sequences,
and instead the sequenceswere analyzedon the basis of diagnostic
nucleotides (30, 31) (Figure 3). The forward (24 nt) and reverse
(32 nt) sequences recovered from sample 34 contained five
diagnostic sites that differed betweenO. tshawytscha andO. keta
(Figure 3A). The nucleotides occurring at each of these sites

corresponded to those diagnostic for O. tshawytscha, supporting
the results of real-time PCR. The forward (33 nt) and reverse
(28 nt) sequences recovered from sample 66 overlapped at
nucleotide positions 551 and 552 to form a complete fragment,
representing all nucleotide positions between the forward and
reverse primer-binding sites (Figure 3B). Within this region, there
were six potentially diagnostic sites that could have allowed for
differentiation ofO. keta andO. gorbuscha. However, at three of
these sites (positions 544, 568, and 583) the sequencing trace file
contained two overlapping peaks corresponding to the nucleo-
tides present in these two species. At two of the diagnostic sites
(535 and 539) a base call was made corresponding to nucleotides
in one (position 539) or both (position 535) species, but a
neighboring peak for thymine (T) showed an extended slant in
both cases, indicating a possible overlapping peak. The remaining
diagnostic site (562) contained an adenine (A) base, which has
been observed at this site in both O. keta and O. gorbuscha.
Overall, these results support the real-time PCR diagnosis of a
mixed-species sample, but do not provide conclusive evidence
regarding the species profile of this product.

Figure 3. Diagnostic nucleotide analysis showing consensus sequences from over 350 reference samples aligned with the base calls and trace file peaks
obtained for (A) sample 34, sequenced with O. tshawytscha-specific primers, and (B) sample 66, sequenced with O. keta-specific primers. Sequence
fragments shown do not include the primer-binding regions. The nucleotide position is relative to the 50-end of the 652 bpDNAbarcode, and the shaded regions
indicate diagnostic nucleotide sites. aSequence obtained with reverse primer. bSequence obtained with forward primer. A, adenine, green; T, thymine, red; C,
cytosine, blue; G, guanine, black; W, A or T; Y, C or T; M, A or C; R, A or G.
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Delayed Secondary Signals. Secondary signals of Ct = 25-30
for fresh/frozen and heat-treated products were initially recorded
for 15 samples, with only 1 of these samples exhibiting a secondary
signal in multiple laboratories. Although the cutoff value for
fresh/frozen and heat-treated samples was Ct < 25, secondary
signals below 30 were not reported previously (25) and may be
indicative of a low level of secondary species or cross-contamina-
tion. Following additional testing with real-time PCR for all 15
samples, the average Ct values were over 30 for 6 of the samples
and another 5 samples were found to have DNA contamination.
However, there were 4 samples (5, 18, 19, and 44) that exhibited
recurring signals at Ct = 28.4-29.9 specific for O. nerka, even
after repeat DNA extraction and real-time PCR, indicating that
the tissue samples for these products may have been cross-
contaminated during either processing or subsampling.

The 4DNA samples that exhibited recurring secondary signals
in real-time PCR and the 5 contaminated DNA samples were
tested further with PCR-RFLP and DNA barcoding. Both tests
confirmed the primary species in all cases, with barcode sequence
identity matches of 99.5-100%, but a secondary species was not
detected. There were no unexpected nucleotide substitutions that
might have led to increased cross-reactivity in the primer and
probe-binding regions of the DNA barcode sequences for these
samples. Although no secondary species were observed in the
PCR-RFLP test, the band patterns produced during this assay
were faint even for the primary species, and a secondary species
would have been difficult to detect at low levels. Overall, the
results indicate that the secondary signals at Ct = 25-30 were
either caused by nonspecific amplification or a low level of
secondary species present at levels undetectable by other methods.
Previous testing of the real-time PCR method with DNA
admixtures of reference samples showed detection limits of
0.1-10% for the target species when the cutoff valuewasCt<30
and detection limits of about 10-20% for a cutoff value of Ct
<25 (25). Taken together, these findings suggest that a cutoff value
of Ct < 25 for fresh/frozen and heat-treated samples is appro-
priate, allowing for species identifications that are consistent with
previously established methods while minimizing false-positive
signals from trace contamination.

Conclusions.The real-timemultiplex PCR assay tested here is a
rapid, sensitive, and reliable method for identification of salmon
and trout species in commercial products. Test results among
all three laboratories revealed the ability of this assay to identify
species in a range of product types, including 96% of heat-
sterilized products tested. The results of this study are also
promising with regard to the surprisingly low level of species
substitution detected in salmon and trout products (2.5%). As
demonstrated here, the assay is reproducible and robust and can
be carried out using a variety of real-time PCRplatforms either in
a single-tube format or in 96-well plates. Furthermore, the
method is relatively inexpensive, with an average price per sample
of U.S. $7-9 after DNA extraction, and it does not require time-
consuming post-PCR processing steps. This method may be
applied in regulatory settings as a rapid and high-throughput
screening tool for testing commercial salmon and trout products.
This study illustrates the high potential to make use of the large
volume of reference sequences in the Barcode of Life database for
the development of real-time PCR assays targeting commonly
substituted seafood species.
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