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a b s t r a c t

Consumption of Atlantic salmon is a common cause of fish allergies with parvalbumin (Sal s1) being the
major allergen. The presence of DNA encoding Sal s1 indicates the presence of Atlantic salmon in food.
Using real-time polymerase chain reaction (PCR), the effects of food processing on the ability to detect
and quantify the Sal s1 gene were determined. The method was specific for salmon and did not cross-
react with 53 other species. Baking and pressure cooking caused a 5–100-fold decrease in detectable cop-
ies of the Sal s1 gene. Despite a 98% reduction in detectable copies following pressure cooking for 60 min,
the relative standard deviation (RSD) between replicates was 20% and the response was 100-fold grater
than the lowest copy number of Sal s1 reliably detected by the assay. Despite efforts to develop a quan-
titative assay, the PCR assay was qualitative. It is impossible to predict the effects of food matrices not
included in this study, some of which may affect the reliability of the assay. Analyses of raw and pressure
cooked salmon using a commercial PCR kit indicated comparable results to the PCR assay.

Published by Elsevier Ltd.
1. Introduction

Fish, peanuts, shellfish, and tree nuts account for the majority of
food anaphylactic reactions in the United States of America (Samp-
son, 2000). Consumption of Atlantic salmon (Salmo salar) is one of
the most common causes of fish allergies with parvalbumin (Sal s1)
recognised as the major allergenic protein (Elasyed & Bennich,
1975; Elsayed & Apold, 1983). Reliable detection and quantifica-
tion methods for allergenic foods are necessary to ensure compli-
ance with food labelling regulations and ensure consumer
protection. However, no commercial methods exist for the quanti-
fication of fish and detection can be problematic because numer-
ous antigens have been detected in fish (Aukrust, Apold, Elsayed,
& Aas, 1978; Aukrust, Grimmer, & Aas, 1978; Dory et al., 1998;
James, Helm, Burks, & Lehrer, 1997). In addition, allergic individu-
als cross-react differently to different species of fish (de Martino
et al., 1990; Dory et al., 1998; Hansen, Bindslev-Jensen, Stahl Skov,
& Poulsen, 1997; Pascual, Martin Esteban, & Crespo, 1992; Sten
et al., 2004).

Real-time polymerase chain reaction (PCR) provides a sensitive
tool for the specific detection of DNA markers in allergenic foods.
However, it does not detect the allergen. Therefore, the detection
of fish by PCR does not necessarily indicate the presence of aller-
Ltd.
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genic protein (Lindstrøm, Van Do, Hordvik, Endresen, & Elsayed,
1996). DNA-based methods offer many advantages over protein-
based methodologies. These include ease of extraction and insensi-
tivity to factors that may induce conformational changes in the
protein (i.e., food processing and preparation) that inhibit its detec-
tion. This is a concern since during processing a protein may be-
come denatured making it undetectable by enzyme-linked
immunosorbent assay (ELISA) but still able to generate an aller-
genic peptide when digested. Processing of food can also cause
DNA degradation and affect nucleic acid-based detection of ana-
lytes (Hrnčírová, Bergerová, & Siekel, 2008; José Chapela et al.,
2007; Masataka, Tomohiro, & Katsumi, 2004; Peano, Samson,
Palmieri, Gulli, & Marmiroli, 2004; Bauer, Weller, Hammes, & Her-
tel, 2003).

Common preparations of Atlantic salmon fillets include baking
and canning, raw salmon is used for products such as sushi. Most
baking procedures utilise an oven temperature of approximately
190 �C and baking times ranging from 10 to 40 min. Canning of sal-
mon requires pressure heating the fish in air-tight jars, cans, or
pouches to a temperature that destroys contaminating microor-
ganisms such as Clostridium botulinum. Typical canning conditions
for a 6 oz can of salmon are 121.1 �C and 20 psi (psi) for 35 min
(Manual on fish canning, 1988).

Using real-time PCR, the effects of food processing on the ability
to detect and quantify the Sal s1 gene were examined along with
the ability to detect salmon spiked into another fish homogenate.
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2. Materials and methods

2.1. Atlantic salmon

Raw fillets of farm raised Chilean Atlantic salmon (S. salar)
were obtained from a local market. Replicate fillet portions of
20 g (approximately 8 � 3 � 1 cm) were baked in a laboratory
oven for 10, 20, 30, and 40 min at 190 �C. Four portions were pre-
pared for each time period. Pressure cooking in an autoclave was
used to imitate canning. Replicate fillet portions of 170 g were
pressure cooked in cans using typical canning conditions
(121 �C at 20 psi) for 10, 21, 35, and 60 min using an MK II auto-
clave (Consolidated Stills and Sterilizers, Boston, MA, USA). Three
portions were prepared for each time period. The masses of the
fillet portions were measured before and after the heat treat-
ments to determine the loss of moisture content of the meat
due to processing.

2.2. DNA extraction and quantitation

Test samples of the raw (n = 6), baked (n = 4 for each time per-
iod), and pressure cooked (n = 3 for each time period) salmon por-
tions were prepared by homogenising in a laboratory blender
(Waring, Torrington, CT, USA). DNA was extracted from 25 mg of
test portions using the Qiagen DNeasy� Blood and Tissue kit
(Valencia, CA, USA) following the spin-column protocol for the
analysis of muscle tissue and analysed without further dilution.

The amount of total DNA extracted was determined using a ND-
100 Spectrophotometer (NanoDrop, Wilmington, DE, USA) and its
software for DNA quantification. The amount of DNA measured
was corrected for changes in the mass of the meat due to process-
ing (see Section 2.1). Baking for 10 and 40 min typically resulted in
losses of mass of 10% and 30%, respectively. Pressure cooking typ-
ically resulted in a reduction in mass of <12% after 60 min while
21 min or less resulted in no loss. The data presented have been
accordingly corrected and are expressed per gram wet weight of
unprocessed raw salmon. Each processed sample was analysed
simultaneously with a raw fillet sample.

2.3. Detection and quantification of the Sal s1 gene

The presence and copy number of the Sal s1 gene were deter-
mined using real-time PCR (iQ5, BioRad, Hercules, CA, USA)
employing 50 ATGGCCTGTGCCCATCTGTGC 30 (IFF 156) and 50

GGACTTCGAGGCAAAGCCAAT 30 (IFF 157) as primers according to
a procedure developed by Rehbein and Kress (2005) with the fol-
lowing modifications. The PCR assay contained 3.2 lL of undiluted
DNA extract (according to Section 2.2), 500 nM of each primer, and
10 lL of SYBR Green Mix (Thermo Scientific, UK) in a total volume
of 20 lL. Raw fish samples typically included 15 ng/lL of total DNA
per extract. The PCR samples were heated at 95 �C for 15 min, fol-
lowed by 40 cycles of 1 min/95 �C, 30 s/61 �C, and 30 s/72 �C. The
initial copy number of the Sal s1 gene in processed salmon was
determined by comparing the observed cycle threshold (Ct) value
with a standard curve prepared using DNA from unprocessed sal-
mon. The number of copies in the DNA extract used to prepare
the standard curve was determined based on one copy per 3.1 pg
of haploid genome (Gregory, 2008).

2.4. Cross-reactivity

Fifty-four fish species representing 30 families and 10 orders
were extracted as described in Section 2.2 and analysed as de-
scribed in Section 2.3. All species were extracted and determined
in triplicate, the results were compared to that of Atlantic
salmon.
2.5. Comparison of the PCR assay to a commercially available PCR-test
kit

The results of the PCR assay were compared with results from a
commercial test kit, SureFood� Allergen Fish real-time PCR-test kit,
manufactured by Congen Biotechnologie GmbH (2005) and distrib-
uted by R-Biopharm (Marshall, MI, USA). The commercial test kit
was designed for the qualitative detection of fish with no informa-
tion provided regarding its use for quantitative measurements.
Though the commercial test kit was designed for the qualitative
detection of fish, the quantitative performance was also evaluated.
Further, the performance of the test kit with extracts prepared
using the SureFood� PREP Allergen kit (distributed by R-Biopharm)
was compared to extracts prepared using the Qiagen DNeasy�

Blood and Tissue kit (see Section 2.2). Both extraction kits recom-
mend cell lysis times of 1 h or more and use of spin columns to
purify the nucleic acids. Since lysis was not complete in 1 h, ex-
tracts were lysed for 1, 6, and 16 h and the results compared.

2.6. Detection of the Sal s1 gene in fish

Raw fillets of farm raised Chilean Atlantic salmon (S. salar) and
Atlantic croaker were obtained from a local market. The fillets
(approximately 300 g each) were homogenised separately in a
blender. The Atlantic croaker was spiked with Atlantic salmon
homogenate to achieve concentrations of 0%, 0.005%, 0.01%,
0.05%, 0.1%, 0.5%, 1%, 5%, and 10%. The spiked samples were
homogenised again and the DNA extracted as described above.
The amount of Sal s1 copies g�1 food was determined as described
in Section 2.3. Seven replicates of each level of spiked material
were extracted and the Sal s1 content determined using the stan-
dard curve (see Section 2.3).

3. Results

3.1. Effects of processing on DNA content

The amounts of total DNA from raw and processed Atlantic sal-
mon fillets are given in Table 1. Spectrophotometric analysis of raw
salmon indicated s total DNA content of 674 (RSD = 9%,
n = 6) lg g�1 wet weight fillet. Only 63–70% of the total DNA was
measured after baking of salmon fillets at 190 �C for 10, 20, and
30 min. Baking for 40 min resulted in being able to measure only
33% (RSD = 30%, n = 4) of the total DNA. Pressure cooking of salmon
at 121 �C and 20 psi resulted in a less extractable total DNA than
baking. After 10 and 21 min at 121 �C and 20 psi, an average of
59% (n = 6) of the total DNA could be measured. Pressure cooking
for 35 and 60 min resulted in decreases to 29% (RSD = 38%, n = 3)
and 11% (RSD = 27%, n = 3), respectively, of the original amount of
DNA.

3.2. Determination of copy number of Sal s1

A standard curve was prepared from DNA extracted from Atlan-
tic salmon at 3 � 104, 3 � 103, 3 � 102, 3 � 101, and 3 � 100 copies
of the Sal s1 gene. A standard curve with an amplification efficiency
of 97.9% and the corresponding PCR curves are shown in Fig. 1 with
a plot of the Ct value versus initial copy number prior to amplifica-
tion. The assay was able to reliably detect 30 copies of the target
sequence in a PCR reaction, an amount equivalent to 3.8 � 104 cop-
ies g�1 wet weight of raw Atlantic salmon.

Table 1 presents the effects of processing on the Sal s1 gene
copy number. Raw fillets of Atlantic salmon contained 1.2 � 108

(RSD = 17%, n = 6), copies g�1 wet weight. Baking of Atlantic sal-
mon fillets at 190 �C for 10–30 min decreased the copy number
by 50–53% to 6 � 107 (RSD = 33%, n = 4) copies g�1 salmon fillet,



Table 1
Effects of processing Atlantic salmon on the detection of total DNA and the Sal s1 gene.a

Preparation (min) DNA contentb Copy number of Sal s1c Number of replicates

(%) RSD (%) (�107) (%) RSD (%)

Raw 100 9 12 100 17 6
Baked (10) 70 14 6 47 33 4
Baked (20) 63 19 6 48 33 4
Baked (30) 63 22 6 50 33 4
Baked (40) 33 30 1.6 13 25 4
Pressure cooked (10) 59 22 6 54 33 3
Pressure cooked (21) 58 24 6 50 33 3
Pressure cooked (35) 29 38 5 40 20 3
Pressure cooked (60) 11 27 0.3 2 20 3

a Atlantic salmon fillets were analysed either raw, after baking at 190 �C, or after pressure cooking at 121 �C and 20 psi for the listed time periods. Each processed sample
was analysed simultaneously with a raw fillet sample.

b The content of total DNA relative to the amount of total DNA in raw salmon fillets. The DNA was extracted using the DNeasy� Blood and Tissue kit (Qiagen, USA) and
quantified using a ND-100 Spectrophotometer (Nanodrop, USA). Data are presented as the means and relative standard deviations (RSD).

c Sal s1 gene copy number and percent change relative to raw salmon fillet samples expressed per gram wet weight. The copy numbers were measured by real-time PCR
using IFF 156 and IFF 157 as primers. Data are presented as the means and relative standard deviations (RSD).

Fig. 1. Standard curve for the detection of the Sal s1 gene. Standards containing 3 � 104, 3 � 103, 3 � 102, 3 � 101, and 3 � 100 copies of the Sal s1 gene (amplification
efficiency = 97.9%, R2 = 0.999, and slope = �3.373) were analysed by real-time PCR and plotted as the relative fluorescence units (RFU) after subtraction of the background
fluorescence versus the number of PCR cycles. The insert is a plot of the log of the initial copy number of the Sal s1 gene versus the Ct value. SYBR green was used as the
fluorophore for monitoring and quantifying the amplification reaction.
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whereas baking for 40 min decreased the copy number by 87% to
2 � 107 (RSD = 25%, n = 4) copies g�1 salmon fillet. A similar pat-
tern was observed with pressure cooking. Pressure cooking
(121 �C at 20 psi) for 10–35 min decreased the copy number by
46–60%, whereas pressure cooking for 60 min resulted in a 98% de-
crease in copy number to 3 � 106 (RSD = 20%, n = 3) copies g�1 sal-
mon fillet. The low relative standard deviation values (RSD)
associated with greatly decreased copy numbers (20% for a 98% de-
crease in copy number) reflects the large dynamic range of the PCR
assay.

3.3. Cross-reactivity testing

The cross-reactivity of the Sal s1 DNA assay was assessed using
filets from 54 different species of fish (Table 2). Only Sockeye (Pa-
cific) salmon generated a measurable response. Specifically, Sock-
eye yielded an average copy number of 10 � 107 g�1 fish
compared to 12 � 107 for Atlantic salmon, a cross-reactivity of
83%. All other species indicated copy numbers of less than
3.8 � 104 copies g�1 fish, the lowest amount the assay was able
to reliably detect using DNA from Atlantic salmon.

3.4. Comparison of the PCR assay to a commercially available test kit

The results of detection and quantitation of the Sal s1 gene using
the real-time PCR assay was compared to the results obtained
using a commercial test kit for fish. Though the test kit was de-
signed for the qualitative detection of fish, the quantitative perfor-
mance of the test kit was also evaluated. Extracts of raw and
pressure cooked (121 �C, 20 psi, 60 min) Atlantic salmon displayed
comparable copy numbers irrespective of whether the commercial
test kit or the PCR assay was used to amplify the extracted DNA.



Table 2
Cross-reactivity of fish species.a

Common name Scientific name PCR-test result Common name Scientific name PCR-test result

Atlantic salmon Salmo salar 12 � 107 copies g�1 fish Ladyfish Elopssaurus <
Vermillion Snapper Rhomboplites aurorubens <b Longtail Wrasse Hemanthisa leptus <
Red Snapper Lutjanus campechanus < Bermuda Chub Kyohosus sectatrix <
Lane Snapper Lutjanus synagris < Nile Tilapia Oreochromis nilotica <
Yellow Tail Snapper Ocyurus chrysurus < Barrelfish Hyperoglyphe bythites <
Grey Snapper Lutjanus griseus < Bluefish Pomatomus saltatrix <
Dog Snapper Lutjanus jocu < Cobia Rachycentron canadum <
Yellow Fin Tuna Thunnus albacares < Pomfret Brama dussumiere <
Black Fin Tuna Thunnus atlanticus < Spadefish Chaetodipterus faber <
King Mackerel Scomberomorus cavalla < Goldenfaud Tilefish Caulolatilus chrysops <
Spanish Mackerel Scomberomorus maculatus < Triple Tail Lobotes surinamensis <
Bonito Euthynnus alletteratus < Sockeye Salmon Oncorhynchus nerka 10 � 107 copies g�1 fish
Wahoo Acanthocybium solandri < Grey Triggerfish Balistes capriscus <
Atlantic Croaker Micropogonias undulatus < Spotted Triggerfish Canthidermis maculata <
Sand Sea Trout Cynoscion arenarius < Puffer Lagocephalus laevigatus <
Spot Leiostumus xanthurus < Gulf Flounder Paralichthys albigutta <
Speckled Trout Cynoscion nebulosus < Southern Flounder Paralichthys lethostigma <
Hybrid Striped Bass Morone saxatilis � chrysops < Red Hake Urophycis chuss <
White Perch Morone americana < Silver Hake Merluccius bilinearis <
Striped Bass Morone saxatilis < Hardhead Catfish Ariopsis felix <
Pompano Trachinotus carolinus < Gafftop Sail Catfish Bagre marinus <
Almaco Jack Seriola rivoliana < Hammerhead Shark Sphyrna tiburo <
Blue Runner Caranx crysos < Bull Shark Carcharhinus leucas <
Spottail Pinfish Diplodus holbrooki < Atlantic Stingray Dasyatis sabina <
White Bone Porgy Calamus leucosteus < Southern Stingray Dasyatis americana <
Red Porgy Pagrus pagrus < Tarpon Megalops <
Black Sea Bass Centropristis striata < Ground Mullet Menticirrhus americanus <
Gag Grouper Mycteroperca microlepis <

a All fish samples, except Yellowfin Tuna, Blackfin Tuna, Sockeye salmon, Wahoo, Speckled Trout, and Tarpon were authenticated by the Smithsonian Institution
(Washington, DC).

b Less than Sal s1 copy number reliably detected using DNA from Atlantic salmon, 3.8 � 104 copies g�1 wet weight.
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This was true irrespective of whether the lysis was done for 6 or
16 h, though the efficiency of lysis and the detectable copy number
were greater with the longer extraction period. The extraction kit
recommended for use with the commercial test kit displayed sim-
ilar extraction efficiencies to the procedure used with the PCR as-
say, though a slight difference was observed between the two
extraction procedures with raw salmon fillets extracted for only
6 h (data not shown).

3.5. Detection of the Sal s1 gene in fish

The detection of Sal s1 in Atlantic croaker spiked with 0–10% (g/
g) Atlantic salmon is summarised in Table 3. In absence of Atlantic
salmon, the response generated was equivalent to 3.2 � 103

(RSD = 39%, n = 7) copies of the Sal s1 gene g�1. Fish spiked with
0.1% or less Atlantic salmon generated responses comparable to
the background response observed with pure Atlantic croaker.
The lowest amount of Atlantic salmon spiked into Atlantic croaker
that generated a response significantly different from background
was 0.5%. The response measured for 0.5% Atlantic salmon in
Atlantic croaker was equivalent to 2.8 � 104 copies g�1 wet weight,
Table 3
Detection of the Sal s1 gene in fish spiked with Atlantic salmon.

No Content of Atlantic salmon (%) PCR-test result (copies g�1 fi

0 0 3.2 � 103

1 0.005 5.7 � 103

2 0.01 8.4 � 102

3 0.05 4.3 � 103

4 0.1 2.4 � 103

5 0.5 2.8 � 104

6 1 7.0 � 104

7 5 1.9 � 106

8 10 7.5 � 107
an amount comparable to lowest number of Sal s1 copies
(3.8 � 104) reliably detected using DNA standards. The low recov-
eries and the lack of a 1:1 correlation between spike level and
detectable Sal s1 copies may reflect lack of homogeneity in the ex-
tracts, the large concentration range analysed, and possible matrix
effects. These results make use of the assay for the quantification of
Atlantic salmon problematic. Despite these quantitative limita-
tions, all of the responses measured were considerably above back-
ground with the lowest response measured for a sample containing
0.5% Atlantic salmon being more than fivefold greater than the
background response.

4. Discussion

Using primers developed by Rehbein and Kress (2005), it was
possible to detect the Sal s1 gene in Atlantic salmon and confirm
a copy number of 1.2 � 108 genes g�1 wet weight.

The assay was able to detect 30 copies of the Sal s1 gene per PCR
reaction mixture, which is equivalent to 3.8 � 104 copies per gram
of wet weight salmon filet. When mixed with other fish the lowest
amount of salmon filet that could be detected was 0.5% or 5 mg
sh) RSD (%) Recovery (%) Number of replicates

39 – 7
72 100% 7
39 7% 7
60 8% 7
39 2% 7
20 4% 7
51 6% 7
87 32% 7
99 625% 7
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salmon in 1 g of non-salmon fish. Though a lowest observed ad-
verse effect level (LOAEL) for individuals with fish allergies has
not been established for Atlantic salmon, values ranging from
5 mg to 6000 mg have been published for other fish (Helbling
et al., 1999; Taylor et al., 2002). Thus, the detection of 0.5% salmon
in a mixture with other fish, an amount equivalent to 500 mg in a
100 g serving, is within the range reported for the LOAEL.

Use of the method to quantify the amount of salmon present in
a sample was problematic due to the large RSD values associated
with the analyses. This limitation in quantification, though impor-
tant does not reduce the utility of the method for the qualitative
detection of salmon. The detection of 7.5 � 107 copies of Sal s1 in
croaker with an RSD of 99% is equivalent to a lower limit of
7.5 � 106 copies, which is >200-times the copies of Sal s1 the assay
reliably detects.

Baking and pressure cooking of the salmon fillets resulted in de-
creases in the detectable copy numbers of the Sal s1 gene, which
varied with the heating time. A decrease of approximately 50% in
copy number was observed within 10 min of heating. Heating for
an additional 20 min resulted in either no significant change or a
slight decrease in detectable copy number. Further baking, for a to-
tal of 40 min, decreased the copy number to 13% of its original level
while pressure cooking for a total of 60 min decreased the detect-
able copy number to 2%. This discontinuity in the detectable copy
number of the Sal s1 gene with time of heating could reflect multi-
ple isoforms of the Sal s1 gene. Zebra fish contain a minimum of
nine isoforms of the Sal s1 gene (Friedberg, 2005). Electrophoretic
analysis of Atlantic salmon genomic DNA using another set of par-
valbumin specific primers, IFF232 and IFF233 (Swaboda et al.,
2002), indicated multiple isoforms of the Sal s1 gene (data not
shown). However, the primers used in this study were specific
for one size band of DNA only. Thus, it seems doubtful that multi-
ple isoforms are the cause of the discontinuity observed with heat-
ing, unless two isoforms had similar lengths not distinguishable in
the electrophoretic gels.

Seven of the eight heat treatments applied to Atlantic salmon
displayed a reduction in total DNA that was less than the decrease
in detectable Sal s1 gene copy number. A possible explanation for
this discrepancy is that the processing damaged the Sal s1 gene
resulting in detectable, but not amplifiable DNA. Such a situation
may result from breakage of the DNA at a site located between
the two primer binding sites.

A double-blind, placebo-controlled, oral food challenge
(DBPCFC) and IgE binding studies indicate a 98–99% reduction in
the allergenicity of canned fish (Bernhisel-Broadbent, Strause, &
Sampson, 1992). Though this reduction is due to the effects of can-
ning on proteins and not DNA damage, it does indicate the possible
utility of nucleic acid-based detection methods as an indicator of
changes in allergenicity for canning methods. Obviously more re-
search is necessary to better quantify the effects of processing on
the allergenic proteins and the DNA before nucleic acid-based
detection methods can be used as biomarkers for food processing.

The primers used in this study displayed no cross-reactivity
with 53 other species of fish. Only Sockeye salmon (Oncorhynchus
nerka) could also be detected with a cross-reactivity of 83% to
Atlantic salmon. Inasmuch as the DNA sequence of the parvalbu-
min gene of Sockeye salmon is not known, all that can be con-
cluded is that the primers designed based on the sequence of the
Atlantic salmon gene were homologous to the Sockeye salmon
gene.

5. Conclusions

Real-time PCR was used in an attempt to quantify and measure
the effects of baking and pressure cooking on the detectable copy
number of the gene encoding parvalbumin, the major allergen in
salmon. Though the utility of this salmon specific PCR assay for
quantitative purposes is questionable, the assay was comparable
in sensitivity to a commercial test kit that was not salmon specific
and cross-reacted with >35 different fish. Further research is
needed to determine the effects of food matrices on the perfor-
mance of this salmon specific assay.
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