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Abstract: Fish of the tribe Thunnini represent a significant proportion of the stock caught by the
fishing industry, with many of these fishes being collectively called tuna. However, only certain
species can be used legally as an ingredient in canned tuna products, depending on regional food
regulations. In Taiwan, only Thunnus species or Katsuwonus pelamis can be used as canned tuna.
Here, we authenticated 90 canned tuna products, including 25 cat food samples, by sequencing
two mitochondrial regions, 16S rRNA (16S) and the control region (CR). BLAST analysis revealed
that Sarda orientalis, Euthynnus affinis, Auxis rochei, and Auxis thazard are all used as substitutes
for legitimate tuna products. We found that 63.33% of investigated samples are true canned tuna,
i.e., contain Thunnus species or skipjack tuna. We advocate that the Taiwanese government publishes
an official standardized list of fishes, especially so that scientific, Chinese and vernacular names can
be assigned unambiguously based on a “one species-one name policy”, thereby clarifying which
species can be used in seafood products such as tuna. Furthermore, we feel that the large-scale and
long-term monitoring of canned tuna products is warranted to fully assess the extent of tuna product
adulteration in Taiwan.

Keywords: Thunnini; substitution; mislabeling rate; one species-one name; adulteration

1. Introduction

Approximately 17% of the global human population’s intake of animal protein in
2017 constituted fish [1]. Although aquaculture satisfied about half of that consumption,
wild-capture from oceans, lakes and rivers remains a mainstay of the global fishing industry.
Among these wild-caught fishes, scombrids are particularly important fishery resources,
especially species in the tribe Thunnini that constitute ~10% of the international seafood
market [2,3]. In 2018, the global catch of Thunnini species represented ~7.9 million tons,
58% of which can be attributed to skipjack tuna (Katsuwonus pelamis) (in Chinese: IF fi)
and yellowfin tuna (Thunnus albacares) (in Chinese: % fi&fif) [1]. A large proportion of the
Thunnini catch is destined for the canning industry [4,5].

The tribe Thunnini comprises five genera: Thunnus (in Chinese: fifi[5), Katsuwonus
(in Chinese: 1FE /&), Auxis (in Chinese: {E&), Euthynnus (in Chinese: /&), and
Allothunnus (in Chinese: #lli#/&). Fishes of this tribe can be generally termed “tuna”. For
example, Auxis rochei is called bullet tuna (in Chinese: [EITEN), Euthynnus alleteratus is
little tunny (in Chinese: /\2fi#), and Allothunnus fallai is slender tuna (in Chinese: #fifif).
However, the Chinese translation of tuna is fiff in Taiwan or £:48 1 in Mainland China,
which specifically refers solely to Thunnus spp. Previously, many different scombrids were
used as an ingredient in “canned tuna”, even if they did not belong to the tribe Thunnini.
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For instance, Sarda (in Chinese: Ffi5/&) spp. were once widely used in canned tuna because
they possess a similar taste and texture to it [6]. Importantly, a species of the tribe Thunnini
may not always be used legally as a canned tuna product ingredient. Various legislative
bodies have developed regulations that clearly define which species can be used in canned
tuna products (Table 1). The Food and Agriculture Organization (FAO) and the federal
government of the United States allow spotted tuna to be used as canned tuna, but that
species is prohibited by Taiwanese and Japanese regulations. In general, fishes of the genus
Thunnus and skipjack tuna are widely recognized as legal canned tuna species. To align
with international standards, the Taiwan Food and Drug Administration allows skipjack
tuna to be used in fifj (for tuna)-labeled canned tuna products, even though it does not
belong to the genus Thunnus, but other “pseudo-tunas” can no longer be used legally as a
canned tuna ingredient.

Table 1. Scientific, English common, Chinese common and vernacular names of scombrid fishes permitted by various

legislative bodies as canned tuna or bonito products.

e e English Chinese Chinese Vernacular . 1 2 3 4 European
Scientific Name Common Name Name Name Taiwan FAO USA Japan Union 5
Thunnini tribe
& EN
Thunnus alalunga Albacore tuna R ligl i ﬁ; Eﬁiﬁ% $El W v v v v v
HAF. HarE. BA.
Thunnus albacares  Yellowfin tuna g HH . ERELMEM. E v v v v v
ligH
Thunus Blackfin tuna L v v v v
atlanticus
Thunnus obesus Bigeye tuna K H fi ;gﬁ g Jﬂkgg\l? ;E Eﬁ 4 v v v 4
Thunnus maccoyii Southetzlr;laalueﬁn 5 2 fid v v v 4
Thunnus thynnus Atlan:;cnt;lueﬁn KGR v v v v
Bl EER . B
- ) BOWGlE. URERG
Thunnus orientalis PaCIf:lE;uEfm KERE M B SEA S v v v v v
FEH Eﬂﬁi Al 5
B
. Bk B, RHE.
Thunnus tonggol Longtail tuna oI BN v v v 4 v
TR, fEAF. /N
Katsuwonus Skipjack tuna IF g N N v v v v v
pelamis fu. . K
. . e BEEF. TIA. B8
Auxis rochei Bullet tuna [E] FE B {\% gét§@¥*§ B v
fEE T fi. JpRfEE . ST
Auxis thazard Frigate tuna i TR TAEHE . R A v
L A
= A T IN C TSN FEEN
Euthynnus affinis Kawakawa £t Mg, fErE, R FE v v
fivz
Euthynnus .
dlletoratus Little tunny NN v
Eu‘thynmls Black skipjack Lt v v
lineatus tuna
Allothunnus fallai Slender tuna il e v
Sardini tribe
FCIE TN 3 ITE) N
Sarda orientalis Oriental bonito TR % R TR Ry 4
B PaRELE
Sarda sarda Atlantic bonito 1 fis v
Sarda chilensis Eastern Pacific B s fis v

bonito

L1074 [ AN ERE I RGE] — (SRR IE 2RI &] |, Taiwan; 2 Standard for canned tuna and bonito CXS
70-1981, Codex Alimentarius FAO-WHO; 3 Code of federal regulations CFR 21. Sec. 161.190. United State Food and Drug Administration,
USA; * KEEVITG 36 % UK PEYfLES o HASE A, Japan; ® European regulation (Council Regulation (EEC) No 1536/92) [7-11].
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Seafood mislabeling is profuse worldwide [12-21]. Such mislabeling can be catego-
rized into two types, i.e., deliberate or unintentional. Deliberate mislabeling primarily
involves the substitution of high-priced fishes with low-priced ones for financial reasons,
though the reverse scenario also arises occasionally, perhaps due to illegal fishing. Unin-
tentional mislabeling occurs when morphologically similar fishes are misidentified, when
the usage of vernacular names is not unified, or when product information is lost along the
supply chain. Whatever the form of mislabeling, it ultimately entails consumer deception,
public health risk, problems for fisheries management, and has religious implications
(reviewed in Chang et al. [22]).

Traditional morphology-based identification is rarely applied to seafood because many
products undergo physical (e.g., filleting) or chemical (e.g., smoking) processing before
being sold. These aspects of food processing typically eliminate diagnostic morphological
characters needed for species authentication. Fortunately, molecular authentication based
on nucleic acid sequence similarity can overcome this limitation. DNA can be obtained
from a tiny piece of tissue and it is more resistant to degradation and food processing.
Therefore, DNA-based authentication is being widely employed to identify species in
seafood [15,21,23-30].

The increasing global popularity of Japanese cuisine has markedly increased market
demand for tuna, since Thunnus fishes are important elements of sashimi and sushi. The
development of freezing technology and booming global trade in the early 1970s has
transformed the bluefin tunas (T. thynnus (in Chinese: K VG #:21), T. maccoyii (in Chinese:
75 1), and T. orientalis (in Chinese: A1~ f&fiff)) from a cat food into a delicacy served
at high-end restaurants [31]. Bluefin tunas are the most sought after of all Thunnus fishes,
attaining the largest size and greatest price. However, increased consumption has also
threatened their stocks, which are decreasing and the status of all three species is deemed
Critical (IUCN). Today, regional fishery management organizations are responsible for
managing and monitoring tuna fishing in order to keep it sustainable [32].

The soaring demand for Thunnus fishes, especially bluefin tuna, makes them very
vulnerable to mislabeling. Previous molecular authentication studies on sushi reported
that many fishes are used as substitutes for Thunnus species, including escolar (Lepi-
docybium flavobrunneum) (in Chinese: [ i 2%§i%), salmon (Salmo salar) (in Chinese: %
K% ), banded rudderfish (Seriola zonata) (in Chinese: FE#A%ill), great amberjack (Seri-
ola dumerili) (in Chinese: F1JXfiii), skipjack tuna, little tunny, as well as various shark
species [14,17,18,20,33-37]. Furthermore, the value of different Thunnus species varies,
prompting high-priced bluefin tuna or bigeye tuna (T. obesus) (in Chinese: "k H fiff) to be
substituted for a cheaper species such as yellowfin tuna. Notably, enforcement of fishery
management can drive reverse substitution, whereby high-priced bluefin tuna is sold as
cheap yellowfin tuna or Thunnus fishes are labeled as skipjack tuna to enable market entry
of illegal catch [33,38,39].

Although DNA-based methods are very powerful tools for authenticating fish prod-
ucts, food processing, and especially canning, can limit their applicability. To date, con-
ventional DNA barcoding remains the most widely deployed authentication approach,
whereby a ~650-bp region of the mitochondrial gene encoding for cytochrome ¢ subunit I
(CQl) is sequenced as a bioidentification “barcode” [40,41]. However, the high heat treat-
ment integral to the canning process largely degrades DNA into small fragments [42,43], so
shorter fragments (or nested polymerase chain reaction, PCR) must be deployed for canned
products [4-6,39,44,45], but a comprehensive investigation of canned tuna substitution
in a particular region has not yet been conducted. In Taiwan, the mislabeling rate of
tuna products varies according to the product type. Chang et al. [22] documented that
all tuna-labeled meals produced at conveyor-belt sushi restaurants appear to truly come
from Thunnus fishes, but Xiong et al. [46] and Hwang et al. [44] detected mislabeled Taiwan
canned tuna products. Therefore, the goal of this study is to estimate levels of canned tuna
product adulteration and to determine which species of scombrids are being marketed as
canned product in the Taiwanese market.
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2. Materials and Methods
2.1. Sample Collection

We purchased a total of 90 canned tuna products, belonging to 59 brands, from grocery
stores or online, encompassing all major brands in Taiwan. Twenty-five of the collected
samples represented canned cat food. Cans were selected if their label showed the Chinese
word fiff (for tuna), if the company website claimed the product was made from Thunnus
fishes, if the ingredients list contained Thunnus spp. or skipjack tuna, or if an image on
the label indicated the can harbored Thunnus fishes. We recorded information, typically
written in Chinese, on brand, manufacturer or importer, place of manufacture, labeling,
and ingredients. If the cans were imported from the USA or Japan, the respective English
or Japanese labels were also recorded (Table 2). The sampled cans were first photographed
using a smartphone (Supplementary Information S1), and then a small quantity of the
contents of each can was removed using autoclaved dissection tools, washed with 95%
ethanol, before being preserved in 99.5% ethanol at —20 °C until DNA extraction. Some of
the canned cat food products contained more than one type of meat, so potential Thunnus
meat was selected based on color and texture.

2.2. Molecular Identification

DNA was extracted from each of the 90 tissue samples using DNA Extraction Kit
S (Cat No./ID: GS100, Geneaid). PCR amplifications of the mitochondrial 16S rRNA
fragment (165) (85 bp) were performed in a mixture containing 5 ng template DNA, 12.5 uL.
of 2x Taq PCR MasterMix (GN-PCR201-01, Genomix), and 12.5 pmol of each forward
and reverse primer. We used primers designed by Horreo et al. [47] and modified them
by adding M13 primer to facilitate sequencing: Forward, M13F(-20)16S-HF (5'-GTA AAA
CGA CGG CCA GTA TAA CAC GAG AAG ACC CT-3'); Reverse, M13R(-24)16S-HR1+2
(5’-AACAGCTATGACCATGCCCRCGGTCGCCCCA AC-3'). These primers were made
up to a final volume of 25 pL using distilled water. If BLAST analysis (in the NCBI
basic local alignment search tool) indicated that a sequenced 16S fragment belonged to
Thunnus spp., we PCR-amplified a fragment of the mitochondrial control region (CR,
approximately 236 bp) from the same DNA sample. CR amplification was conducted in a
mixture containing 5 ng template DNA, 12.5 uL of 2x Taq PCR MasterMix (GN-PCR201-01,
Genomix), and 12.5 pumol of each forward and reverse primer—Forward, Tuna-CR_F;
Reverse, Tuna-CR_R1 or Tuna-CR_R2 [48]—made up to a final volume of 25 uL using
distilled water. Thermal cycling began with one cycle at 95 °C for 4 min, followed by
35 cycles of denaturation at 95 °C for 30 s, 47-55 °C for 30 s, and 72 °C for 30 s and, finally,
a single extension step at 72 °C for 7 min. PCR products were purified using a PCR DNA
Fragment Extraction Kit (Geneaid, Taipei, Taiwan). The amplified mitochondrial fragments
were subjected to Sanger sequencing, performed by Mission Biotech. (Taipei, Taiwan)
using M13 sequencing primers. Primer sequences linked to the amplified fragments were
trimmed before constructing the contigs using CodonCode Aligner. The mitochondrial
sequences we generated in this study have not been submitted to GenBank as they do not
come from voucher specimens.
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Table 2. List of all canned tuna product samples authenticated by 165 rRNA BLAST and the results of neighbor-joining (NJ) analysis based on the mitochondrial control region (CR).

English
Sample Manufacturer Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CR NJ . True
No. Brand or Manufac- . . . Haplotype . g Mislabeled Canned
Code I Label Label Ingredient tion of Labeling (No. of Hits) Analysis
mporter ture I X Code Tuna
ngredient
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
LA . thynnus (4), T.
1 T1 S @g‘;ﬁ Taiwan mae  Lghttuma e Thuninus NO Hap_F  albacares (14), T.  T. albacares NO YES
Lo in oil spp- .
maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
i Skipjack Auxis thazard
. BRe . et . tuna or (6), A. rochei (7),
2 T53 puap=ctivl fran Taiwan mi‘;‘&,}%@ﬁ fEE {7 I5%. oriental YES Hap_G Euthynnus YES NO
bonito affinis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
AN thynnus (4), T.
3 T57 g PURE iy Fopemm et ffifit Thuninus NO Hap F albacares (14), T. NO YES
B sweet corn spp- ..
maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
HLSHIH & . N
4 T62 = B L Taiwan  BGF(H5  Tunainoil  grapes  Onental YES Hap A SWrdaorientalis NO NO
) bonito 3)
B 1)
SHKE fifi . . S
— . 0 Tuna in . Oriental Sarda orientalis
. [l Y =} ﬁl
5 T2 = AL Taiwan A brine B G bonito YES Hap_A 3 NO NO

&)
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Table 2. Cont.

English
No Sample Brand Man:rfacturer I\I/;La:e f(:,fc- Chinese English Declared Transla- Inconsistent :Iis {(ﬁNAe 16S BLAST CRNJ Mislabeled C;r::; d
Code u Label Label Ingredient tion of Labeling plotyp (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Katsuwonus
. e Tuna flakes . Thunnus pelamis (7),
I 0 ; th ff
6 T3 LR Et HOR A Taiwan TR in brine fii fi spp. NO Hap_C Thunnus YES YES
albacares (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
Tuna flakes Thunnus thynnus (4), T.
7 T52 TP HRAN Taiwan Plilokfi (& i chili ol fifi NO Hap_F albacares (14), T. NO YES
chriro SPP- maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Skipjact
tuna or
) . — BR i Tuna 18152 (B oriental Sarda orientalis
E HEE =} L Y bl
8 T4 T A, Taiwan o (G {718 sandwich ) bonito YES Hap_A 3) ? NO
(Thunnus
spp-)
R Skipjact ' '
9 T49 T HEEHE T A Taiwan Kl Corn tuna T 115 tu.n a Oli YES Hap_A Sarda orientalis NO NO
Corn Tuna orienta 3)
bonito
e s Euthynnus
3 w@
10 T18 BIER . grfiges Taiwan  KEES biﬁznfuia fif Ths"””us NO Hap_B affinis (4), E. YES NO
= PP lineatus (1)
=L Euthynnus
11 20 giE] #OFifrsh Taiwan —”Hﬁ;”ﬁﬁ fif iy Th;}‘g”;“ NO Hap_B affinis (4), E. YES NO

lineatus (1)
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Table 2. Cont.
English
No Sample Brand Man:rfacturer I\I/;La:e f(:,fc- Chinese English Declared Transla- Inconsistent :Iis I’ftNAe 16S BLAST CRNJ Mislabeled C;r::; d
Code u Label Label Ingredient tion of Labeling ployp (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Auxis thazard
. . ) . Thunnus (6), A. rochei (7),
7 I fa iy fil
12 T21 fickf i fie BRI AT, Vietnam i f e 9H fififi spp. NO Hap_G Euthynnus YES NO
affinis (1)
Katsuwonus
. N - . PN @ Thunnus pelamis (7),
13 T5 AL W Taiwan () fifi spp. NO Hap_C Thunmmes YES YES
albacares (1)
14 T6 e EFAS Tawan  RHEK gogmee QUenal ygs Hap_a ~ Strdacrientali NO NO
H () bonito 3)
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
TR Thunnus thynnus (4), T.
15 T7 LI THE A Taiwan DIRFT iy £ (fifi &) spp- NO Hap_F albacares (14), . T. albacares NO YES
AR () (Thunnus) maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Bamboo Skipjack (Suzlsrg:;;?g)
16 T8 AL WA Taiwan S GRS shoots 1E B (fif %) tuna NO Hap_G Euth ’ YES NO
tuna (Thunnini) ULynnis
affinis (1)
TR ek o
17 T9 AR EEAS Taiwan DI fitifia Th;”pnus NO Hap A S04 g;e” talis YES NO

AR (SEE
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Table 2. Cont.

English
Sample Manufacturer  Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CRNJ . True
No Brand or Manufac- . . . Haplotype . . Mislabeled Canned
Code I " t Label Label Ingredient tion of Labeling Cod (No. of Hits) Analysis T
mporter ure Ingredient ode una
- g —('I@ﬁ it ) Skipjack Sarda orientalis
18 T54 RN WE A Taiwan ik iy £ Slices tuna  II-fi# (fifj 1) tuna NO Hap_A 3) YES NO
H (Thunnini)
Skipjack Auxis thazard
19 T55 RNt HEAN Taiwan HEffiA Oniontuna  1FHE (Bf7F) tuna NO Hap_G (6)'EA' ; ochei (7), YES NO
(Thunnini) ut' yrnus
affinis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
Tuna flakes Thunnus atlanticus (2), T.
, , o with L R spp thynnus (4), T.
20 T10 =SR] ELii Taiwan T A bamboo e ki ‘a'ék NO Hap_F albacares (14), T. NO YES
shoots tllfr]m maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
GHE=m" Tuna flakes Thsunmls Thunnus
21 T46 o =y Taiwan VR Al ol fit B 1 i NO Hap_H tonggol (1), T. NO YES
H) t5r11 a obesus (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
Thunnus atlanticus (2), T.
N thynnus (4), T.
£ A .
2 T61 & - Taiwan H ﬁa‘i Tuna flakes — fif. Spp-, NO Hap_F  albacares (14), T. NO YES
Fr () in oil i skipjack .
trna maccoyii (6), T.

obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
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Table 2. Cont.
English
Sample Manufacturer  Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CRNJ . True
No Brand or Manufac- . . . Haplotype . . Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Thunnus Auxis thazard
5 o : FIUZEN fififa . B spp- (6), A. rochei (7)
kv kv (=} i 4 ’ ’ 7
23 T11 H G G Taiwan il . skipjack NO Hap_G Enthynnus YES NO
tuna affinis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
= thynnus (4), T.
- - 4
24 T12 B PO’ Taiwan b\ﬁ??j‘ﬁmﬁ Tuna slice fif Thunnus NO Hap_F albacares (14), T. NO YES
SPP- maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
o — . thynnus (4), T.
25 T45 B2k B2 Thailand %,,\Eﬁﬁf;ﬁ AGItheh firfi Thunnus NO Hap_F albacares (14), T. NO YES
RIS style tuna SPp- maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
. Skipjact
' ERRRAT o
A\
26 T13 eipp  BEBR Taiwan Bl A Tuna fish Y755, tuna Orl YES Hap_A Sarda orientalis NO NO
T %) orienta 3)

bonito
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Table 2. Cont.
English
Sample Manufacturer Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CR NJ . True
No Brand or Manufac- . . . Haplotype . . Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Thunnus
tonggol (101), T.
orientalis (4), T.
Tuna flakes att ;:;::izs (5;2))/TT
\ e . , T
27 T56 ERLE I[ﬁﬁn%ﬁ Taiwan ] A1 fe with fif f. Thunnus NO Hap_F albacares (14), T.  T. albacares NO YES
il bamboo spp- .
shoots maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
o Tuna in R spp Thunnus
g &= : . . h AMHARS B o
28 T14 BB PR Taiwan K Sl brine P skipjack NO Hap_H tonggol, T. NO YES
obesus
tuna
Thunnus Auxis thazard
o e e . HrEE= Tuna P spp., (6), A. rochei (7),
29 47 UEES LLEES Taiwan HH v fifg £ sandwich HREERON skipjack NO Hap_G Euthynnus YES NO
tuna affinis (1)
Thunnus Auxis thazard
o s e . Hr B ) Mg R spp., (6), A. rochei (7),
30 T58 E N FEE MAE Taiwan ki i Tuna slice . skipjack NO Hap_G Euthynnus YES NO
tuna affinis (1)
Thunnus Auxis thazard
Viridis e g . i . s, B spp. (6), A. rochei (7)
i ﬁ] m N I 7 ’ 4
31 T15 Vivus FEE MAE Taiwan V'V fifalr Tunaslice . skipjack NO Hap_G Enthynnus YES NO
tuna affinis (1)
Skipjact
. e . [ fa Tuna flake . tuna or Sarda orientalis
32 T16 BES BESEES Taiwan - in oil {9 £1 52, oriental YES Hap_A 3) NO NO

bonito
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Table 2. Cont.
English
Sample Manufacturer Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CR NJ . True
No Brand or Manufac- . . . Haplotype . . Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
=SS - Euthynnus
33 T44 GES FEEEE Vietnam L0 it £ Skipjack NO Hap_B affinis (4), E. YES NO
= tuna .
lineatus (1)
Thunnus
e e e Tuna flakes e R spp Thunnus
34 T17 Flif et Taiwan TR S S T NO Hap_H tonggol (1), T. NO YES
in oil fi skipjack
obesus (1)
tuna
Thunnus Auxis thazard
S . . = WA . spp. (6), A. rochei (7),
35 T19 [rRES I S B Taiwan P Tuna in oil P skipjack NO Hap_G Euthynnus YES NO
tuna affinis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
Thunnus atlanticus (2), T.
SRR s Shredded thynnus (4), T.
B E fi i
36 22 KY HLiGE  ieam — Ml light tuna it B8 Spp-/ NO Hap_F  albacares (14), T. NO YES
LI7%) h:5) . A skipjack g
in oil tuna maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
Thunnus thynnus (4), T.
37 T23 K i TR % Vietnam iy e i F spp NO Hap_F albacares (14), T. NO YES

maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus

pelamis (1)
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Manufacturer Place of 16S rRNA True
Sample Chinese English Declared Transla- Inconsistent 16S BLAST CR NJ .
No. Code Brand or Manufac- Label Label Ingredient tion of Labeling Haplotype (No. of Hits) Analysis Mislabeled Canned
Importer ture Ingredient Code Tuna
s et Kat
ALALTE 5 Thunnus pihsziilgsoz%s
e =g . AL ik i 1 ,
38 T24 e A Thailand = A i fig spp. NO Hap_C Thunmms YES YES
albacares (1)
Katsuwonus
39 T25 ae PMCED ponesia 2R it fa Thuninus NO Hap_C pelamis (7), YES YES
[£)) ndonesia HEA spp- ap- Thunnus
albacares (1)
4 ] Thunnus
e B O Thunnus
(i — e e b .
40 T27 MACORO RAUUE  Gigam =gy Tuwnaflake AL SPP- NO Hap_H tonggol (1), T. NO YES
C1Rg) in oil f skipjack
fiti R obesus (1)
tuna
Skipjact
N b==3 . .
41 T28 MEE EEY Taiwan fﬁﬁﬁ?}%ﬁ) JiE 1152 g‘r‘f; ol YES Hap A S04 g;“’”t”l“ NO NO
bonito
Calif Skipjack ThSLI‘)’;””S Katsuwonus
. . . alifornia tuna ; T .
42 T29 California Unlcqrd Thailand Freshifid shredded BN skipjack NO Hap_C pelanis (7), NO YES
Fresh Public i e in sovbean (IEfi#2) tuna Thunnus
Y (skipjack albacares (1)
oil
tuna)
Thunnus
, ESl N = . P 4l e 2o spp., Sarda orientalis
43 T30 FE4 o Taiwan i, i RS AR TN skipjack NO Hap_A 3) YES NO

tuna
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No S(ajmple Brand Man:rfacturer l\Ililaarfflf(;fc- Chinese English Declal'.red T{'ansla- Incons'istent I?Iifalr(ﬁ];];e 16S BLA.ST CR N]' Mislabeled C;r::; d
ode I Label Label Ingredient tion of Labeling (No. of Hits) Analysis
mporter ture I dient Code Tuna
ngre ien
Skipjact
o . T S £ (h : :
44 T40 ==+ kS L;Ez*ﬁ Taiwan il g,}%gﬁ 1 (752 :;11-112?1 ;rl YES Hap_A Sarda g;entulls NO NO
bonito
Auxis thazard
— — . =Ty light meat Thunnus (6), A. rochei (7),
45 T31 = = Taiwan oy & fififi Spp. NO Hap_G Eutymmas YES NO
affinis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
TS Tuna atlanticus (2), T.
AR omega3 in Thunnus thynnus (4), T.
46 T32 TS (i E* Thailand RN ] extra FEI%EHE NO Hap_F albacares (14), T. NO YES
i virgin Spp- maccoyii (6), T.
Omega3 olive oil obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
Tuna atlanticus (2), T.
TfEREREY] chunks in Thunnus thynnus (4), T.
47 T33 T i e SN Thailand MR extra A NO Hap_F albacares (14), T. NO YES
fig virgin SPP- maccoyii (6), T.
olive oil obesus (4), T.
alalunga (1),
Katsuwonus

pelamis (1)
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Brand

Manufacturer Place of

Chinese
Label

English
Label

English
Transla-
tion of

Ingredient

16S BLAST
(No. of Hits)

True
Canned
Tuna

Kl a2
LR

Bluefin
tuna

bluefin
tuna

Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.

thynnus (4), T.
albacares (14), T.
maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)

YES

FIER

Thunnus
Spp-,
skipjack
tuna

Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.

thynnus (4), T.
albacares (14), T.
maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)

YES

|
i

o
=0

AL
9

Thunnus
spp.-

Euthynnus
affinis (4), E.
lineatus (1)

NO
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Manufacturer Place of . . . 16S rRNA True
No Sample Brand or Manufac- Chinese English Declal'.red T{'ansla- Incons'lstent Haplotype 16S BLA.ST CR N]' Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Thunnus
tonggol (101), T.
orientalis (4), T.
Thunnus at;lantlcus 2),T.
. . F i f ; spp. thynnus (4), T.
51 T43 B A dh Taiwan i it fe S NO Hap_F albacares (14), T. NO YES
TE9H skipjack iy
tuna maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Sarda Thunnus
TR i i orientalis ) o
N 1
52 T48 GERRN iy Taiwan  BEF(HS  inextra (IS SPP- YES Hap A SWrdaorientalis ? NO
&SAFE i PIE) (oriental 3)
P E) Vvirgin bonito)
olive oil
. . Thunnus obesus
. Chinese: Chinese:
Kirkland klsriklr?;d fiffa/ Thunnus ((g)) 4 ;: ;lhbya ZZZSS
53 T42 signa- Costco Fiji g Albacore English: spp./English: NO Hap_D S NO YES
turef} TERY (2), T. alalunga
ture o Albacore albacore . .
i e 9t (3), T. orientalis
tuna tuna
@
Thunnus
tonggol (101), T.
orientalis (4), T.
Chinese: Chinese atlanticus (2), T.
TN Al . m and thynnus (4), T.
54 T26 LA F ot Japan m?ﬁgﬁ“” Tuna in @ /]ﬂén _ Japanese: NO Hap_F  albacares (14), T. NO YES
21t SOy sauce iagaz) &€ Thunnus maccoyii (6), T.
spp. obesus (4), T.
alalunga (1),
Katsuwonus

pelamis (1)
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No. S(ajmple Brand Man:rfacturer l\Ililaarfflf(;fc- Chinese English Declal'.red T{'ansla- Incons'istent I?Iifalr(ﬁ];];e 16S BLA.ST CR N]' Mislabeled C;r::; d
ode I Label Label Ingredient tion of Labeling (No. of Hits) Analysis
mporter ture I dient Code Tuna
ngredien
Thunnus
tonggol (101), T.
orientalis (4), T.
Chinese: Chinese: atlanticus (2), T.
KHLE AT fife/ Thunnus thynnus (4), T.
55 T50 Bt e ~ Thailand fifi fiE (= Japanese: spp./Japanese:  NO Hap_F albacares (14), T. NO YES
A) EAROAES yellowfin maccoyii (6), T.
<5 tuna obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
- - - Chinese: Chinese
4O KODANML H4 O W i1/ and Euthynnus
56 T51 wm(am GROUP Thailand W= AE Light tuna S Japanese: NO Hap_B affinis (4), E. YES NO
7 7) CO.,LTD fif fe ]agage;e. Thunnus lineatus (1)
spp.-
. Chinese:
. HOTELf C%“ﬁge' yellowfin K‘g;]‘;z’s"?%s
57 T59 HOTEI Sz Thailand Vi i fa i /} . tuna/Japanese: NO Hap_C p Th ’ YES YES
X o fifj / Japanese: skipjack unnus
- o ) albacares (1)
tuna
Thunnus
tonggol (101), T.
orientalis (4), T.
Chinese: Chinese atlanticus (2), T.
_ S B fif and thynnus (4), T.
58 T65 HOTEi ﬂ;i j Japan %g%ﬂ%g% fi/Japanese: Japanese: NO Hap_F albacares (14), T. NO YES
A CIEVSES yellowfin maccoyii (6), T.
<5 tuna obesus (4), T.
alalunga (1),
Katsuwonus

pelamis (1)
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Sample Manufacturer  Place of Chinese Declared Transla- 16S BLAST CRNJ . True
No. Brand or Manufac- . . X g Mislabeled Canned
Code Label Ingredient tion of (No. of Hits) Analysis
Importer ture . Tuna
Ingredient
Thunnus
tonggol (101), T.
. . orientalis (4), T.
Chinese: Ch“Tese' atlanticus (2), T.
Xt/ skipjack thynnus (4), T
Lt AR -
59 T60 S 7 ‘%ﬁﬂ Thailand 7{%#% Japanese: tuna/ . albacares (14), T. YES YES
=t - ERROAES J aelﬁ?)lesii maccoyii (6), T.
<5 Y ¢ obesus (4), T.
una alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
Chinese: Chinese atlanticus (2), T.
N U p—. @ and thynnus (4), T.
60 T34 JITeES R Thailand &fi‘q?ﬁ’}; it/ Japanese: albacares (14), T.  T. albacares NO YES
@it - ] N
= AR a;agezfe. Thunnus maccoyii (6), T.
spp. obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Chinese: C}:rr:sse Katsuwonus
ST [ETPES VAN . Fie i fgsa/ ) pelamis (7),
61 T35 iTES et Thailand L8 Japanese: Japanese: Thunms YES YES
3¢ Thunnus

spp.

albacares (1)
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0 Code Brand or Manufac- Label Label Ingredient tion of Labelin Haplotype (No. of Hits) Analysis Mislabeled Canned
Importer ture 8 I . 8 Code Yy Tuna
ngredient
Chinese:
Thunnus
Chinese: spp- and Katsuwonus
- WiTE ) FASE (i . fifg i, i skipjack elamis (7),
62 T38 frasE o Thailand L f Light tuna #/Japanese: tulﬂa / NO Hap_C p Thunm(ts) NO YES
F<A Japanese: albacares (1)
Thunnus
spp.
Thunnus
tonggol (101), T.
orientalis (4), T.
. Chinese atlanticus (2), T.
Chinese:
‘ ‘ ARSI i i1/ and thynnus (4), T.
63 T39 AR AN, Japan i ) Japanese: NO Hap_F albacares (14), T. NO YES
it (2 HE) Japanese: Th .
3¢ 2 UNNus maccoyii (6), T.
spp. obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
Chinese: Chinese: atlanticus (2), T.
I=53 TR fifi e/ Thunnus thynnus (4), T.
64 T63 Hagoromo 7 — Xtk Japan (’Mlﬁé ﬁ% Japanese:  spp./Japanese: NO Hap_F albacares (14), T. NO YES
At A AL D albacore maccoyii (6), T.
<A tuna obesus (4), T.

alalunga (1),
Katsuwonus
pelamis (1)
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Manufacturer Place of . . . 16S rRNA True
No Sample Brand or Manufac- Chinese English Declal'.red T{'ansla- Incons'lstent Haplotype 16S BLA.ST CR N]' Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Thunnus
tonggol (101), T.
orientalis (4), T.
Chinese: Chinese: atlanticus (2), T.
B o fgsa/ Thunnus thynnus (4), T.
65 T64 SSK N Japan TR Japanese:  spp./Japanese: NO Hap_F albacares (14), T. NO YES
T EAROAES yellowfin maccoyii (6), T.
<5 tuna obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Canned cat food
Hello Katsuwonus
THAI . Fresh %1 fig Thunnus pelamis (7)
L £ ’
66 B1B SEEDS UNION Thailand ey Tuna i f1 Spp. NO Hap_C Thunms YES YES
(TG Al R) albacares (1)
TunaZ 4
KRIRE(FHA Chicken & E i Thunnus Kt;il,‘;umz;zsozz%s
67 B1C SEEDS  UNICORD  Thailand IR Tuna light @ D spp., NO Hap_C pThwmus / YES YES
A ZADN CHE A .
IR+ Byl meat chicken albacares (1)
)
. . Katsuwonus
" Chicken & - Chicken, .
. Tuna &4 : i ANNEE] pelamis (7),
68 B2E SEEDS UNICORD Thailand . tuna light Thunnus NO Hap_C YES YES
KIRE Elififi Thunnus
meat spp-
albacares (1)
Tuna 4 Light tuna i Whitebait, ngzf:so?;;s
69 B2F SEEDS ~ UNICORD  Thailand ‘%‘;@"' meat & fi. WIfF Thunnus NO Hap_C P YES YES
TS shirasu A spp-
albacares (1)
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Sample Manufacturer Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CR NJ . True
No Brand or Manufac- . . . Haplotype . . Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
. . Katsuwonus
THAI ' B1s§ro Cz:t Tuna light Ll Thunnus pelamis (7),
70 B2G SEEDS Thailand FEkSR meat + . spp., NO Hap_C YES YES
UNION i shrim fHL WRIN shrim Thunnus
Rl p p albacares (1)
(e fif Thunnus Euthynnus
71 BID YA?’FHE HiQFood  Thailand &0l /] i ﬁ%ﬂ ®  pp. b NO Hap_B affinis (4), E. YES NO
~ “= stick lineatus (1)
. Katsuwonus
P ET B
Pataya . 5L sl i L pelamis (7),
72 B3A GOEN Thailand H & fif o spp-, NO Hap_C YES YES
Food e L chicken Thunnus
ANTAEN albacares (1)
. Katsuwonus
2 BT SEL
Pataya . L s e Bt Thunnus pelamis (7),
73 B3B GOEN Thailand F1Erfifi + spp., NO Hap_C YES YES
Food + BN (53 Thunnus
Fa+lid salmon
albacares (1)
TLRE MR e Thunnus Euthynnus
74 B3F TREE Lo Thailand S0 fi Mg W spp., NO Hap_B affinis (4), E. YES NO
Food R ;
R snapper lineatus (1)
TURER P Thunnus Euthynnus
75 B3H TLRFM P;gzﬁa Thailand Lot fi e " fir spp., NO Hap_B affinis (4), E. YES NO
S+ 'X shrimp lineatus (1)
CIH-C08H
= . i Thunnus Katsuwonus
JETN=CR 1 ;
76 Cl1A FiEEE  UNICORD Thailand E’ﬁVﬁr’j&fF . R spp., beef NO Hap_E pelamis (1) YES YES
A
CIH-C0219 I Erfif Thunnus KZ?ZZZZO?%S
77 C1B EWEEK UNICORD  Thailand — Efififfi&l) bSO /R T spp., NO Hap_C P / YES YES
| . Thunnus
G by whitebait

albacares (1)
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English
Sample Manufacturer Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CR NJ . True
Mislabeled  Canned

Code Brand or Manufac- Label Label Ingredient tion of Labeling Haplotype (No. of Hits) Analysis
Importer ture Ingredient Code Tuna

Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
BHA Wi Thunnus thynnus (4), T.
78 C2B B H i 237 Taiwan - S+ I'Ek”’ ) spp., crab NO Hap_F albacares (14), T. NO YES
otk 4 T o stick maccoyii (6), T.
obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)

Thunnus obesus
(3), T. thynnus

BHM Thunnus
S ot o . . 2 (2), T. albacares
79 c2C & B9k 2T Taiwan - 2 b spp., basa NO Hap_D @), T. alalunga NO YES

S B i
WG fish (3), T. orientalis
@

Thunnus
tonggol (101), T.
orientalis (4), T.
atlanticus (2), T.
LN <ai] Wi T Thunnus thynnus (4), T.
éﬁﬁ spp., clove NO Hap_F albacares (14), T. NO YES

fish maccoyii (6), T.

obesus (4), T.

alalunga (1),

Katsuwonus

pelamis (1)

80 caa msedim ERE S Tawan s

A+TEA
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English
Sample Manufacturer Place of Chinese English Declared Transla- Inconsistent 165 rRNA 16S BLAST CR NJ . True
No Brand or Manufac- . . . Haplotype . . Mislabeled Canned
Code Label Label Ingredient tion of Labeling (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Thunnus
tonggol (101), T.
orientalis (4), T.
Thunnus atlanticus (2), T.
DR g i s thynnus (4), T.
81 c4C LAy %I;E\ Nl Taiwan {HHE (8 A %W saEt};"a NO Hap_F albacares (14), T. NO YES
H FHH PR R chrim maccoyii (6), T.
P obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Katsuwonus
WM Flaked ,
82 csA mmEr O mnand A% tunain ffi Thunnus NO Hap_C pelamis (7), YES YES
Canning i it broth spp.- Thunnus
AV Al albacares (1)
) Auxis thazard
Hi-Q Food A .
YAMI . fiepfiey HE TN YAMI A Thunnus (6), A. rochei (7),
83 D1B * Pro&iucts Thailand El 4k 2 Platinum A E spp. NO Hap_G Euthynnus YES NO
0 affinis (1)
. Auxis thazard
Hi-Q Food ikl L j
n m .
84 DIC YAMIS  p ducts  Thailand L BEHIE] YAMI Wy s NO Hap G (O A rochei (7), YES NO
BN Co kB Platinum spp. Euthynnus

affinis (1)
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No Sample Brand Man:rfacturer I\I/;La:e f(:,fc- Chinese English Declared Transla- Inconsistent :Iis I’ftNAe 16S BLAST CRNJ Mislabeled C;r::; d
Code u Label Label Ingredient tion of Labeling plotyp (No. of Hits) Analysis
Importer ture . Code Tuna
Ingredient
Real Pet %tﬁ i Katsuu.)onus
85 D2B TRILGY  Food Thailand 3'”%‘ e i fi Thunnus NO Hap_C pelamis (7), YES YES
Company ,ﬁfﬁ,\i\’ﬁ‘r’hﬂ; spp- Thunnus
i albacares (1)
Katsuwonus
o 5 M NE X
S GAT (63 . e ) Thunnus pelamis (7)
, 2 Yo @ ,
86 D2C O'KAT AR Thailand Y ¢ 1 LE it spp. NO Hap_C Thimms YES YES
= albacares (1)
Thunnus
tonggol (101), T.
orientalis (4), T.
i it Thunnus atlanticus (2), T.
e Ay a] -5t A
EoEagily = b 20 spp., thynnus (4), T.
i o Yk
87 D2G Rico FH b ASE Taiwan D%éf%f% ﬁjﬁ@g chicken, NO Hap_F albacares (14), T. T. tonggol NO YES
HIRAE i é%i) N R skipjack maccoyii (6), T.
NETREAR tuna obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
. . . orientalis (4), T.
ﬁ?ﬁ%ﬂesﬂ% Cl:rrllsse atlanticus (2), T.
2k S35 - ﬁ Japanese: thynnus (4), T.
88 E1E LIRS N Japan fii. Wy p ) NO Hap_F albacares (14), T. NO YES
At fit/Japanese:  Thunnus i’
f = spp maccoyii (6), T.
Log whitebait obesus (4), T.

alalunga (1),
Katsuwonus
pelamis (1)
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No Sample Brand Man:rfacturer l\Ililaarfflf(;fc- Chinese English Declal'.red T{'ansla- Incons'istent I?Iifalr(ﬁ];];e 16S BLA.ST CR N]' Mislabeled C;r::; d
Code I Label Label Ingredient tion of Labeling (No. of Hits) Analysis
mporter ture I dient Code Tuna
ngredien
Thunnus
tonggol (101), T.
orientalis (4), T.
T.N. A/ atlanticus (2), T.
[RIFIER R E Wit i Thunnus thynnus (4), T.
89 E2C JRIRM BRI Taiwan A, e spp., NO Hap_F albacares (14), T. NO YES
HRRAE] f fapn fik salmon maccoyii (6), T.
A obesus (4), T.
alalunga (1),
Katsuwonus
pelamis (1)
Thunnus
tonggol (101), T.
Chinese: Chinese orientalis (4), T.
fitif. e and atlanticus (2), T.
- I 55 Japanese: thynnus (4), T.
90 E2D Y K *7;:%1;% Japan %ﬁ%ﬁagf 3 fa/Japanese:  Thunnus NO Hap_F albacares (14), T. NO YES
At R BN spp., maccoyii (6), T.
B chicken, obesus (4), T.
3. Ak salmon alalunga (1),
Katsuwonus

pelamis (1)
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2.3. Data Analysis

Edited 16S sequences were first aligned using ClustalW in MEGA11 [49], and then
the haplotypes were determined in DnaSP 6. Species identity for each 16S haplotype was
achieved by comparing them (by BLAST) to reference sequences in the NCBI GenBank
database. Following the approach of both Armani et al. [50] and Horreo et al. [51], only
matches displaying full sequence coverage and 100% similarity, and with unambiguous
species-level scientific names, were considered positive fish identifications. If more than
one fish species was shown as a positive match, all of them were considered potential
candidates (Table 2).

All CR sequences used in the study of Mitchell and Hellberg (2016) were downloaded
to serve as reference sequences, and then our CR fragments and reference sequences were
aligned in ClustalW. A neighbor-joining (NJ) analysis was then conducted based on Kimura
two-parameter (K2P) distances and 1 x 10 bootstrapping replicates in MEGA11 [49].
According to the phylogenetic species concept [52], monophyly is a prerequisite for species
recognition, so our specimens were authenticated based on the reference species with
which they clustered and formed a monophyletic group (with high statistical support, i.e.,
bootstrapping value > 70) in the NJ phenogram.

2.4. Comparison of Analytical Results and Product Labels

We compared the molecular identification of each sample to the ingredient list of the
sampled cans. Since a Taiwanese government-approved standard for common names of
fishes does not exist, the English names of labeled Chinese names were ascertained from
the fish database of Taiwan (https:/ /fishdb.sinica.edu.tw/ (accessed on 26 October 2021)).
Although the Chinese symbols fi# fiicould broadly refer to any species from the genera
Auxis (in Chinese: {Ei#&), Euthynnus (in Chinese: &), and Katsuwonus (in Chinese: 1
[¥g3), skipjack tuna is the only species generally termed fi# 1 and that can be used legally
in Taiwan to make canned tuna (Table 1). Therefore, we assumed that if i 4 appeared on
the ingredient list of a canned tuna product, it specifically represented skipjack tuna. Many
of the imported products displayed labeling in Chinese and the language of source, but
in those cases we exclusively relied on the Chinese label since Chinese is the only official
language in Taiwan.

A sample was judged as displaying inconsistent labeling if the fish name in the
ingredient list could not be linked unambiguously to a Thunnus species or skipjack tuna. It
was then deemed mislabeled if the molecularly authenticated species it contained did not
match the ingredient list on the label. Where a vernacular name used in an ingredient list
refers to more than one species, a case of mislabeling was assigned when the molecularly
authenticated species did not correspond to any fishes bearing that vernacular name.
Finally, we determined a product as being true canned tuna if it contained Thunnus species
or skipjack tuna.

3. Results

We observed inconsistent labeling in 11 of 65 canned tuna products destined for human
consumption, but no such problem with cat food products. Inconsistent labeling reflected
canned tuna products also claiming to be made from oriental bonito (Sarda orientalis) (in
Chinese: # /1) or displaying the ambiguous vernacular name {# {{ 57, which can refer
to either skipjack tuna or oriental bonito (Figure 1, Table 2).
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Figure 1. Taiwanese canned tuna products displaying inconsistent labeling. “ffi” (red arrows) in
the Chinese labels declares both of these canned tuna products as legally being made from Thunnus
fishes or skipjack tuna (Katsuwonus pelamis) (in Chinese: 11-6#). (a) Oriental bonito (Sarda orientalis)
(in Chinese: B /5 ¥fi#) (white arrow) in the label indicates the product contains that species. (b) The
Chinese vernacular name {# {52 (black arrow) may represent both oriental bonito and skipjack tuna.

We successfully amplified the 16S fragment from all 90 samples, resulting in eight
haplotypes (Supplementary Information S2). All haplotypes could be identified to species-
level by BLAST analysis, but only haplotypes Hap_A and Hap_E specifically relate to
oriental bonito and skipjack tuna, respectively. More than one species was identified by
BLAST analysis for the remaining six haplotypes, but based on the number of BLAST hits
we assume Hap_B represents kawakawa (Euthynnus affinis) (in Chinese: [Zfi}), Hap_C is
skipjack tuna, Hap_D and Hap_F are Thunnus species, Hap_H is either longtail tuna (T.
tonggol) (in Chinese: £f%fiff) or bigeye tuna (T. obesus), and Hap_G is either bullet tuna or
frigate tuna (Auxis thazard) (in Chinese: fr{Ci).

Our BLAST analysis of 16S sequences revealed that 31 of our samples contained
Thunnus fishes. However, the success rate of CR amplification from those samples was quite
low (5/31; 16%). The aligned CR dataset (Supplementary Information S3) for NJ analysis
is 256 bp in length and contains 47 taxa, including 159 variable sites and 131 parsimony-
informative sites. The NJ analysis of CR sequences supports that samples T1, T7, and T56
are yellowfin tuna, and that sample T34 is longtail tuna, but we could not authenticate
sample D2G based on its CR sequence (Figure 2).

Excluding the canned cat food samples that were all accurately labeled, 25 of the
remaining 65 canned tuna products were mislabeled and a further three were potential
mislabeling cases. Our BLAST analysis confirmed that sample T36 contained Thunnus fish,
but did not reveal which species. We found the labeling of sample T48 to be misleading.
In Chinese, the symbol “fifi” (for tuna) is never associated with oriental bonito, so it is
unreasonable for the symbol for oriental bonito to be placed in parentheses following “fifj
f1” (representing “tuna fish”) on the label for this sample. We observed a similar issue for
sample T4, since neither skipjack tuna nor oriental bonito can be regarded as a type of “fifj”
(Thunnus spp.). Since the ingredient statement on the label fails to clearly indicate which
species is contained in the can, it is difficult to judge whether or not these two samples are
mislabeled. Notably, many of the products identified as exhibiting inconsistent labeling
were also found to be mislabeled. The mislabeling rate of canned products for human
consumption was 38% (25/65). Mislabeling was even more pervasive among cat food
products, with a rate of 68% (17/25). The main reason for this high mislabeling rate of cat
food products is that many claim to contain Thunnus fishes but are in actual fact made from
skipjack tuna. The overall mislabeling rate for the 90 tested products of this study is ~47%
(42/90).
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Figure 2. Neighbor-joining (NJ) tree of the K2P model of 47 taxa inferred from 256 bp of mitochondrial
control region (CR) sequences with 1000 bootstrapping replicates. Each terminal is labeled with
the GenBank accession number or sample code. Bootstrapping values > 70 are indicated on the
respective branches.

Of the 65 human food products we tested, 37 (57%) legitimately contained either
Thunnus fishes or skipjack tuna, and 20 out of 25 cat food products are true canned tuna.
Overall, the proportion of true canned tuna products is about 63.33% (57/90) in this study.
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4. Discussion

According to Article 28 of the Act Governing Food Safety and Sanitation in Taiwan,
public labeling, promotion and advertisement of foods or food additives, cleansers, utensils,
containers or packaging designated by the central competent authority shall not be false,
exaggerated or misleading. The 11 cases of inconsistent labeling we identified among
our 90 samples, which display “fifi” (for tuna) on their labels but also list scombrids other
than Thunnus species or skipjack tuna as an ingredient, obviously mislead customers into
believing these products contain true canned tuna. For this study, we solely relied on
the information on Chinese labeling, but we also noted conflicting information between
Chinese and source-language labeling of imported products. For example, the ingredient
statement in Japanese of sample T42 clearly declares that it is made from albacore tuna (T.
alalunga), but its Chinese label only states that it contains Thunnus fishes (in Chinese: fifj
fA). Similarly, the Japanese label of sample T59 indicates skipjack tuna as an ingredient
(in Japanese: h* 1), but its Chinese label specifies yellowfin tuna (in Chinese: # figfiff)
(Table 2). Such conflicting labeling of imported products not only confuses consumers but
may also circumvent legal controls.

The “one species-one name” policy is critical to the authentication of fishery prod-
ucts [38]. Clearly, usage of scientific names could enable investigators to easily judge if a
product is mislabeled. Under European Union labeling regulations, including the species’
scientific name on fishery product labels is mandatory [53]. However, scientific names are
not required on Taiwanese fishery products nor are such names familiar to the public. Xiong
et al. [54] and Chang et al. [22] advocated the adoption of the Chinese-Latin Dictionary of
Fish Names (https:/ /fishdb.sinica.edu.tw/chi/chinesequerl.php (accessed on 26 October
2021)) as a standard list of fishes in Chinese corresponding to scientific nomenclature. This
Dictionary indeed clarifies that the Chinese symbols /7 1fi (in English: oriental bonito)
correspond to Sarda orientalis, but it does not include other Chinese vernacular names.
Thus, any official “one species-one name” standard should not only contain scientific and
Chinese names, but also incorporate vernacular names.

Notably, our success rates for amplifying the two mitochondrial DNA fragments
differed considerably—100% for 165, but only 16% for CR. The canning process is known to
damage DNA molecules, with Quinteiro et al. [43] documenting that most DNA segments
extracted from canned tuna are <100 bp in length. Therefore, it is not surprising that
amplification of the 85-bp 16S region was more successful than the 236-bp CR fragment
(Binominal Generalized Logical Model, p < 0.01).

Apart from haplotypes Hap_A and Hap_C, a single species was not identified by
BLAST for the other 16S haplotypes. There are a number of possible reasons for that
outcome. First, DNA degradation through the canning process limits molecular authentica-
tion based on longer sequences, such as via conventional DNA barcoding. Accordingly,
shorter DNA segments must be targeted, but they contain less information and so are less
likely to unambiguously assign a specific species [55]. Second, molecular identification
based on mitochondrial sequences is very sensitive to gene flow and incomplete lineage
sorting [25,56,57]. The tribe Thunnus comprises very closely related species, some of which
display genetic introgression [58,59]. Consequently, though Hap_D, Hap_E, and Hap_H
are all clearly form Thunnus fishes, their exact species identity remains unclear. Though
conventional DNA barcoding can distinguish Thunnus fishes [60-62], it would be problem-
atic to amplify the ~650 bp barcode from the degraded DNA of canned samples. Third, a
reliable database is crucial to accurate DNA-based identification [63]. GenBank does not
guarantee that deposited sequences display correct species names. For example, the BLAST
result for Hap_C matches multiple sequences for skipjack tuna sequences and one for yel-
lowfin tuna (GenBank accession number: KM055376), implying that accession KM055376
is very likely misidentified. Hence, as highlighted in a number of studies [22,64,65], a
reliable and complete DNA reference database for authenticating seafood resources is
sorely needed.
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In this study, we found that many canned tuna products in Taiwan are made from
oriental bonito, kawakawa, bullet tuna, or frigate tuna instead of legitimate Thunnus fishes
or skipjack tuna. Although oriental bonito was never found in canned cat food products,
the other three substituted fishes were identified in both human and cat food samples.
These same four species have also been reported as illegitimate tuna substitutes in other
studies [44,46,48,50,66,67]. Though istiophorid fishes have been reported as mislabeled
Thunnus products in other studies [46,68], we did not detect them in this study.

Our NJ analysis of CR sequences, including five haplotypes generated in this study,
further revealed that both yellowfin tuna and longtail tuna are used in canned tuna prod-
ucts. Yellowfin tuna is one of the commonest canned tunas [5,69], so it is not surprising
that three of our five CR haplotypes clustered with yellowfin tuna sequences (sample T34
was identified as longtail tuna, and sample D2G could not be identified to species level).
Our difficulties with amplifying the CR region mean that the specific Thunnus composition
of canned tuna products in Taiwan remains unclear. Identifying canned tuna products to
species level is important because certain Thunnus fishes have higher mercury levels [70],
posing a human health risk. Therefore, mitochondrial regions other than CR, such as ATP
synthase membrane subunit 8 (ATPS8), ATP6, and COIII could be considered [71], or smaller
CR fragments could be targeted.

We observed the terms [ &/fifi 1. or fiff f 1} commonly in the ingredient statements
of our cat food samples (Table 2), reflecting the high mislabeling rate (17/25) among cat
food products. However, most of the cat food samples (20/25) still represented true canned
tuna, albeit not the species that might be expected. To date, there is no official definition
for either of these two Chinese terms. They may be translated as “light tuna”, which often
refers to yellowfin tuna or skipjack tuna, but could actually be any fishes mentioned in
the Code of Federal Regulation Title 21 (CFR 161.190) and with flesh color in the Munsell
color system >5.3 [48]. If those terms were to be officially recognized as translations of
light tuna, then the mislabeling rate of cat food we report herein would be much lower
(down to 8/25) (Binominal Generalized Logical Model, p < 0.01). Accordingly, we implore
the responsible authorities to clearly define the terms for use in canned product labeling.

Although we found that 63.33% of our samples are true canned tuna, this outcome
may not reflect the actual adulteration level of canned tuna products in Taiwan. First, we
selected only one small piece of tissue from each can, but the mixing of tuna species in cans
has been found in the European market [4]. An assessment of how prevalent the mixing of
tuna species is in cans in the Taiwanese market would be needed to determine how close
our calculated adulteration level is to the real scenario. Second, we solely sampled major
brands, so there are some that remain to be assessed, especially of cat food. Moreover,
seasonality in scombrid catch may alter the species composition of adulterated canned tuna
products. Thus, more comprehensive and long-term monitoring of the species composition
of canned tuna products is needed.

5. Conclusions

We report an overall mislabeling rate of 46.67% among the 90 samples of this study,
with 63.33% of sampled canned products being true canned tuna legitimately made from
Thunnus fish or skipjack tuna. In many cases, the labels of the sampled canned tuna
products would confuse customers as to what species they contain. Either they contain
species such as oriental bonito that do not conform to Taiwanese legislation, or ill-defined
terms such as i 1. or Chinese vernacular names are used. We assert that a standard
list of scientific names and their corresponding Chinese and vernacular names conforming
to the “one species-one name” principle, as well as clear definitions of terms for use
in canned tuna labeling, is crucial to tackling fish product adulteration. We found that
~37% of investigated canned tuna products contain illegitimate species. In many cases,
the manufacturers have substituted so-called “pseudo-tunas”, such as oriental bonito,
kawakawa, bullet tuna, and frigate tuna, for legal species, i.e., Thunnus species and skipjack
tuna. Our study demonstrates that a pair of primers targeting a short segment (85 bp) of
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16S performs well in amplifying DNA extracted from canned food samples. However,
the limited information content provided by this short sequence hampered molecular
identification to species level, especially given the close phylogenetic relationships and
potential for gene flow among Thunnus species. Moreover, the CR fragment we targeted
largely proved uninformative, likely owing to the extreme DNA fragmentation caused by
high heat treatment during the canning process. Our previous study of seafood adulteration
in conveyor-belt sushi restaurants revealed no case of tuna fraud in such establishments [22],
so such adulteration appears to be more common in canned products. A large-scale and
long-term monitoring study would help fully establish the extent of canned tuna fraud in
the Taiwanese market.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112655/s1, Supplementary Information S1: The photos of all sampled canned tuna
items, Supplementary Information S2: The 16S haplotypes, Supplementary Information S3: The
aligned CR sequences for constructing NJ phylogenetic analysis.
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