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The mitochondrial gene cytochrome c oxidase | (COI) is commmy used for DNA
barcoding in animals. However, most of the COI barcode nucletides are conserved
and sequences longer than about 650 base pairs increase the amputational burden
for species identi cation. To solve this problem, we propog a decision theory-based
COI SNP tagging (DCST) approach that focuses on the discrimation of species using
single nucleotide polymorphisms (SNPs) as the variable nleotides of the sequences
of a group of species. Using the example of 126 teleost mackel sh species (order:
Scombriformes), we identied 281 SNPs by alignment and trirming of their COI
sequences. After decision rule making, 49 SNPs in 126 sh speies were determined
using the scoring system of the DCST approach. These COI-SNbarcodes were
nally transformed into one-dimensional barcode images. Qr proposed DCST approach
simpli es the computational complexity and identi es the nost effective and fewest SNPs
to resolve or discriminate species for species tagging.

Keywords: decision theory, DCST, single nucleotide polymor phism (SNP), barcoding, COl, teleost sh, species

identi cation

INTRODUCTION

The original concept of DNA barcoding was proposed to identifg @iscriminate a given species
by a unique DNA sequenceéigbert et al., 2003Such a DNA sequence aims at tagging species like a
barcode. Itis designed to identify a species from known DNAbde sequences in a database. The
commonly used DNA barcode of animal species is the mitoch@hdiene cytochrome ¢ oxidase
| (COI) with a length of about 650 base pairs (bps). Meanwhile) €&yuences are also used for
evolutionary and ecological studigddgbert et al., 2003; DasGupta et al., 2005; Meier et al., 2006;
Austerlitz et al., 2009; Kress et al., 2015; Park et al.)2018

However, most nucleotides of the COI gene are conserved gnaberent species except
a minor proportion representing single nucleotide polymorphisn8NPs). Several disease
studies have used specic SNP to predict the predisposition figeake and the e ects of
therapeutic approaches. This concept has rarely been used dgmta species or improving
the information content of DNA barcode sequences. The mdjene t of using SNPs is the
reduction of computational burden by removing the more abantl non-informative, identical
homologous nucleotides.
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Yang et al. Scombriformes Species Tagging by DCST

As an example, the tagging of sh species is not optimized ahat provides a decision that is completely rational, has perfe
yetwith respect to informative DNA barcoding. Some sh spscieaccuracy and easy understanding. Possible alternatives an
have very similar morphology and it is di cult to distinguish outcomes are considered as follows: Step (1) clearly de re th
those similar species, especially for marketing, consemati given problem, step (2) organize all the possible alternstive
and forensic purposes. Seafood mislabeling or fraud is step (3) be aware of all possible outcomes, step (4) consider
common societal and legal problem in sh tradin§4rmiento- the bene ts of each alternative and outcome, step (5) create
Camacho and Valdez-Moreno, 20land the seafood economy mathematical decision theory rule model, and step (6) make a
(Vandamme et al., 2016; Willette et al., 2R1Currently, DNA  decision by evaluating the models.
barcoding is a reliable system for species identi cation and Based on such understood decision making, we propose here
authentication and itis necessary to apply barcoding to masty an approach for DNA barcoding that generates shorter DNA
speciesl(iu et al., 2013; Vandamme et al., 2016; Willette et albarcodes. We here call a decision theory-based COI-SNRigggi
2017; Sarmiento-Camacho and Valdez-Moreno, 20H8wever, (DCST) approach. Given ad M matrix of sequence dat&,is
the COI sequences (650 bp) are largely uninformative and too described as:
long for an optimized application for the above purposes. 2

In the present study, we follow the original concept of DNA S.1 8.2 9.3 SLM
barcoding to develop a decision theory-based COI SNP taggin sD § 21 22 23 2M
(DCST) approach where only the variable nucleotides (SNPs) : :
of a given COI barcode sequence is applied for the tagging
of sh species. The Fish Barcode of Life Initiative (FISH-BOL

(Ward et al., 200pprovides a public database for DNA barcodeyhereN is the number of sequences from each speciesMurisl
sequences with images, and geospatial information for @lmoge nycleotide length. There are four nucleotide types A, Bi@
10,000 sh species3ecker etal., 20).1 C inthe matrixS Then the nucleotide frequency of distributié

We use the idea of decision theor@(inlan, 1986; Berger, g obtained in each posmoﬂ [1,M]. The frequency distribution

(nucleotides) of DNA sequences are selected to discriminat

(1)

SNl SNz SNS N M

between species. These are used to generate the unique DNA 2 far fao fag fam
tags for classication. Using the DCST approach, SNPs are for foo fes fom é
extracted from COIl sequences to generate a SNP-based COI F fo1 for fos fom (@)
pattern. Finally, the SNP-COI pattern is transformed into a fr1 fr2 fra frm
one-dimensional sequence barcode.
The major aim of our proposed DCST approach is towhere each frequency is calculated as follows:
provide an e ective identi cation tool by generating an SNP-
COIl barcode. Here we apply this to the example of 126 XN
scombriform shes. fip.i2ta, c.6, D X, p i @)
k
MATERIALS AND METHODS The decision rules are created to distinguish species andalivi
Sampling and Data Pre-processing them with each step into two subgroups based on the score

each position of sequences. The calculation of score ih eac

We retrieved the COI sequences from 126 species of the bor&f N
osition is represented by:

sh (Teleostei) order Scombriformes that include represgives

of the following families: Ariommatidae, Arripidae,
Bramidae, Caristiidae, Centrolophidae, Chiasmodontidae,
Gempylidae, Icosteidae, Nomeidae, PomatomldaQN
Scombrinae, Scombrolabracidae, Scombropidae, Stroraateid
Tetragonuridae, and Trichiuridae. The sequence data, irgng
from 648 to 685 base pairs (bp) in lengths, were obtained from mid,
GenBank. Details of the family name, species name, sequence scorg D mid
length, and accession number are shown Tablel COI P

sequences\(D 126) from these scombriform shes were alignedwheremid, indicates the middle integer, i.e., the integer value

using the ClustalW tool in MEGA 7 software<(mar et al., of half of the number of sequence data (species number) in
2019. Subsequently, the®@and & protruding sequences were each subgroup,
trimmed to gain the same length of COI sequences.

SCORED scorg score score SCOr§y (4)

here the estimated value at the positipnnamelyscorg is
calculated as:

dip weight (5)

. number of data set in node
Decision-Based COI SNP Tagging (DCST) midy D > ©6)
Decision theory Berger, 2013 improves a decision-maker's
choice among a set of alternatives that need to be considereahd di p, is a parameter which balances the data for generating
Most of decision theory is normative, prescriptive and desorgpt  approximately equally sized subgroups. Therefore, bialleti |
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G.key: the key index of group
G.leftIndex: the index of left group index
G.group: the group of input data
G.rightIndex: the index of right group index
G.position: the position p of score,
1: key=0, indexGroup =2
2: WHILE key != indexGroup
3: IF Glkey].group in not null THEN
4: Calculate score of G[key].group and find position p (see eq 2~8)
5: Glkey].position = p
6: Find largest number of type with nucleotide in G[key].group[p]
7: FOR Glkey].group
8: IF group[p] is largest number of type with nucleotide THEN
9: Glkey+1].group — Glkey].group
10: ELSE
11: Glkey+2].group — G[key].group
12: IF G[G[key]. leftindex].group = 1 THEN
13: G[Glkey]. leftIndex].leftindex = -1
14: G[Glkey]. leftIndex].rightIndex = -1
15: ELSE
16: G[Glkey]. leftIndex].leftindex = indexGroup + 1
17: G[Glkey]. leftIndex].rightIndex = indexGroup + 2
18: indexGroup += 2
19: IF G[Glkey]. rightIndex].group = 1 THEN
20: G[Glkey]. rightIndex].leftindex = -1
21: G[Glkey]. rightIndex].rightIndex = -1
22: ELSE
23: G[G[key]. rightIndex].leftIndex = indexGroup + 1
24: G[Glkey]. rightIndex].rightIndex = indexGroup + 2
25: indexGroup +=2
26: KEY +=1
FIGURE 1 | Pseudocode of the DCST approach.

with almost equal frequency for each allele get the highemses nucleotide types and assigns the highest score among them.
and are selected to divide the data into 2 subgroups. ffildy ~ Non-polymorphic loci are not considered in this method,
value is used to distribute all sequence data into two sulgggo and hence they are given a score of 0. Tiweighp is
For the equation fodi p (formula 7), our proposed methodology de ned by:
selects the rst appearing SNP starting from the lowest to the 0 ifth ber of identi ed nucleotid i 1
highest order of nucleotide position although SNPs at di eren » Ifthe number of identi ed nucleotide type s

. . 1, if the number of identi ed nucleotide types is 2
positions may haye the same score. For example,'there are fowveight D 30.66, if the number of identi ed nucleotide types iS(§)
sequences in a given subgroup and the best case is that tao dat ©0.33, if the number of identi ed nucleotide types is 4
are assigned into the left subgroup and others are assigmed t
right subgroup. Accordinglydi j is calculated as (min denotes  The species can be separated into two subgroups

the minimum value): according to the score estimation for eaclscorg.
The remaining subgroups at dierent levels are
dip D 2T mid,  fip (7)  separated in the same way, and all the species are

assigned a wunique tag. The above step generates a

Moreover, two dierent nucleotide types make it easier toPS€udocodeRigure 1). _ _

sort the sequences into two subgroups for tree construction. 1he owchart of the DCST approach is shown Figure 2
Three or four nucleotide types are complex and requird-or example, the “data” contain 8 sequences (species) with the
more tree lineages. Accordingly, the logic of the weightingength for 13 nucleotides. The frequency distributi®is counted
system (formula 8) of the DCST method emphasizes the twirom “data’ (see formula 2 and 3) and the SCOREqg) are
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DATA
(trimmed sequence)

\
S1 CCATCACAACCA

§2 CCATTCCAATTA
§3 CTGCTATGCTCA
§4 TCGTCACAATCG
§5 CCGCTATGATCA
86 TCGCTATAACCA

§7 TCACTATGGTCA
. §8 TCACCATAATTA
15t group

N -

1
1
1
1
1
1
1
1

U

1
's, :c
1S51C
s
2 group

1 2 3 4 5 6 7 8 9 10 11 12

4th group
2 3 4 5 6 7 8 9 10 11 12
| BERERREERE
ICICITIAITIGIAITICIA T,

core0.02.00.00.00.00.00.02.00.00.00.02.0

1 2 3 4 5 6 7 8 9 10 11 12

B T T T T o TaToToTa Tl
s1IclcITICIAICIAIAICICIAITI

S, ICICITITICICIAIAITITIAIC)
s;lelTiciTialTigiciTicialc!

| T D o e o i el
S¢yTyC T C A C A AT C G T,

INPUT Ss ICICICITIAITIGIAITICIAITI
tplclclplalpialalcliclalp!

Se (T,C\C T AT |A A CiCAT,
S71TICICiT AT |GG T |CAC,

Sg LTICICICIAITIAIAITITIAITI

DCST

score2.01.31.81.81.31.81.81.21.51.51.31.8

OUTPUT

FLOWCHART

FIGURE 2 | Flowchart of the DCST approach. This is an example to show hoCST approach operates. S1-S8 indicates eight sequencesdm eight species. In
each level, the sequences are subgrouped according to the sare system of DCSF approach, i.e., the nucleotides with theighest score are divided into two parts.
Sometimes, the nucleotides at the same position may be chose several times depending on the score performance.

ToT T T T T 1
S, CCEBC A C AR CCAT,
S,ICICITITICICIA|AIT|ITIA|IC)
83| C|TICIT IAITIGICIT CIAIC, collect each position which is selected
S C,C, €T, AT, GA T CAT,
score0.01.52.0151.5202.01.51.51.50.02.0 ‘
5th group
1.2 3 4 5 6 7 8 9 10 11 12
Tt e T AT e T AT T e T e o T
by S1(CC TERA,C R R CC AT, ‘ sort & merge l
S;ICICITITICICIAIAITITIAIC]
score0.00.0002.02000000020200020 13 4 2 4 3 7 1.2 3 47
T ToTaT T T T T
s1 ICITICICICITIAI s1ICICITICIAI
1.2 3 4 5 6 7 8 9 10 11 12 S, ICITITICITITIAI $,I1CICITITIA]
ST CHNC ACAA® C G, T, S; Iclclimlginilglgl §;lciTlclElg!
Gl Bl Il el Rl el Tl Bl il el Il Il e G I B Bl Bl Tl e B Bt Bl Bl |
SgITICICICIAIT|AIAITIT|A T 8§;,T,T,C,C,C, T A §, T C,T,CA
score0.00.02.0000.0200.0000020200.0 S5 ICICITICITICIGI SgICICICITIGI
6th group SB:T:C:T:C:T:C:A: SG:T:C:C:T:A:
1.2 3 4 5 6 7 8 9 10 11 12 S;1TIC T;C|T|C;G; §;|TC|C TG,
Sy T ,C, THACIATAIT C,G T, SglTiclcliclicliclal  §glTiciciclal
SgITICICITIA|IT|A|A|ICICIA T,
S;'tlclclalalriglgiT!c!alc! DNA Tag generated
1 1 1 1 1 1 1 1 1 1 1 1
Sg T, C,C CA T ARAT, T AT, ‘
score0.00.01.52.0001515151.51.51.51.5
3rd group 7t group
125 4 s 6/t 0 w0m (UL N0 DO JOAD OO
#SG:T:C:C:T:A:T;A:A:c:c:A:T: CCTCA CCTTA CTCTG TCTCA CCCTG TCCTA TCCTG TCGCA

S;1TICICIT

IA1ITIGIGITICIAIC]

score0.00.00.00.00.00.02.02.02.00.00.02.0 J

calculated (see formula 8). The positiong; andpg at the rst
group has 8 sequences (species), thereforenttieandmidg are

8
follows (formula 7):

8 .
fa1 D j4
fc1 D j4

2 fe1 D j4
fr1 D j4

di 1 D min

and

8 .
ng D j4
fcs D j4

3 feg D j4
frs D j4

di g D min

0

0j

6
1
1
0

ooo0U

O000

ohN~OP

PrOWWN

where there are two types m (C and T) and three types ips,
(A, C, and G) henceveighg is 1 andweighg is 0.66 (formula 8).
The scores are calculated as follows (formula 5):

4 0
scor@DTC1D2.O

and

4 2
scorg D 7 C 066D 1.2

This way we can get all scores of positigns pg, shown in
Figure 2, and the maximum score in positiop; is calculated
in the rst group. All sequences are divided into subgroupsfull aligned data set is available at http://shorturl.aMBW).

with “up” and “down” sides as branches related to nucleotides
(e.g., Cand T). Then, the sub-group follows the same proaadur

5 D 4 (formula 6) and thedi ; anddi g are calculated as as mentioned above until the end (i.e., 7th group). This

way the positionsp1, p2, p3, ps, and p; are found. In this
example, the positionsps and ps4, are chosen twice, i.e.,
2nd group/6th group and 3rd group/5th group. Therefore,
much shorter informative barcode sequences become alailab
using DCST.

Unique tags are generated when each species gets separated.
Here, we use the code 128 (standard) of one dimensional
barcodes to display each tag which is generated from a
one dimension barcode image creator package called python-
barcode 0.8.1. The standard code 128 in a one dimension
barcode is an alphanumerical or numerical-only tool to gexter
barcode images.

RESULTS

Retrieval of COl Sequences

In this study, we retrieved 126 COI sequences of the sh order
Scombriformes from GenBank. The 126 original COIl sequences
are shown inFigure 3 (the full original data set is available
at http://shorturl.at/ayEJ?2).

Alignment of COI Sequences

After performing multiple sequence alignments using the
clustalW method in MEGA 7 softwareK(imar et al., 201y the
resulting 126 aligned COI sequences are showrigure 4 (the
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Scombriformes Species Tagging by DCST

1 10 20 30 40 50 640 650 660 670
1 A. bondi CTATATCTAGTATTTGGTGCATGAGCTGGAATAGTAGGCACAGCCTTAAG . ACCAACACTTATTC
2 A.indica CCTATATCTAGTATTTGGTGCATGAGCTGGAATAGTAGGCACAGCCTTAA . TACCAGCACTTATTC
3 A. georgianus CCTTTATCTAGTATTCGGTGCATGAGCTGGAATAGTAGGCACCGCTTTAA . TACCAACACCTGTTC
4 A. trutta CCTCTATCTAGTATTTGGTGCATGAGCTGGTATAGTCGGCACCGCTTTAA . TACCAACACCTATTC
5 A. truttaceus CCTCTATCTAGTATTTGGTGCATGAGCTGGTATAGTCGGCACCGCTTTAA . TACCAGCACCTATTC
6 B. brama CCTCTATCTAGTATTTGGTGCATGAGCCGGGATAGTAGGCACGGCCCTAA . TACCAACACTTATTC
7 B. dussumieri CCTCTATCTAGTATTCGGTGCATGAGCTGGGATAGTAGGCACCGCCCTAA . TACCAACACTTATTC
8 B. orcini CCTCTATCTAGTATTTGGTGCATGAGCTGGGATAGTAGGCACAGCCTTAA . TACCAACACCTA
9 P brama CCTTTATCTAGTATTTGGTGCATGAGCTGGAATAGTGGGCACAGCCTTAA . TACCAACACTTA
10 P. petersii CCTTTATCTAGTATTTGGTGCATGAGCCTGAATAGTGGGCACAGCCTTAA . TATCAACACTTA
117 L. altifrons CCTATATCTAGTATTTGGTGCATGAGCTGGTATAGTGGGCACCGCCTTAA . TATCAACATTTA
118 L. roelandti CTTTATTTAATCTTTGGTGCATGGGCCGGAATAGTAGGCACAGCCCTAAG . ATCAACACCTG
119 L. savala CCTTTACTTAGTATTTGGTGCATGAGCCGGGATAGTAGGCACCGCTTTAA . TACCAACACTTATTC
120 S. niphonius CCTCTATCTAGTATTCGGTGCATGAGCTGGAATAGTTGGCACAGCCCTAA . TATCAACACTTA
121 T. auriga CCTCTACTTAGTATTTGGTGCATGAGCCGGAATGGTCGGCACAGCCCTAA . TACCAACACTTATTTTGATTCTTTGGCCA
122 T. brevis CTCTACTTGGTATTTGGTGCATGAGCCGGAATAGTAGGCACAGCCTTAAG . ACCAGCACTTA
123 T. japonicus CTCTACTTAGTATTTGGTGCATGAGCCGGAATGGTCGGCACAGCCCTAAG . ACCAACACTTA
124 T. lepturus CCTTTACTTAGTATTTGGTGCATGAGCCGGAATAGTAGGCACAGCTTTAA . TACCAACACTTA
125 T. nitens CCTCTACTTAGTATTTGGTGCATGAGCCGGAATGGTAGGCACAGCCTTAA . TATCAACACTTATTT
126 T. cristatus CTCTATCTAATATTTGGTGCATGAGCTGGGATAGTCGGCACAGCCCTAAG . ACCAACACCTA

FIGURE 3 | Original COI sequencesr{ D 126) of the sh order Scombriformes (Teleostei). This is an @mple of a group of species and sequences that shows 1st to
10th, 117th to 126th species and 1st to 50th, 640th to 668th position, respectively. The full original sequences for alpscies are available from http://shorturl.at/
tBMVW.

1 10 20 30 40 50 640 650 660 670 680 690 700
1 A. bondi TATATCTAC T AT ... CCTGC ‘CCCATCCTTTACCAACACTTATTC--============
2 A.indica CTATATCTAGTATTTGGTGCAT CCCGC. CCAATCCTTTACCAGCACTTATTC-
3 A. georgianus CTTTATC TCGGTGCAT CCCGCAGGTGGAGGGGACCCAATTCTCTACCAACACCTGTTC
4 A.trutta CTCTATC T AT CCCGCAGGCGGAGGGGACCCAATTCTCTACCAACACCTATTC
5 A tr CTCTATC TTGGTGCAT CCCGCAGGCGGAGGGGACCCAATTCTCTACCAGCACCTATTC -
6 B.brama CTCTATC T AT CCTGC CCTATCCTCTACCAACACTTATTC—
7 B ieri CTCTATC TCGGTGCAT CCTGCAGGCGGAGGAGACCCCATCCTCTACCAACACTTATTC-—============
8 B. orcini CTCTATC! T AT CCTGCAGGC CCATCCTTTACCAACACCTA= === === mmm === m e
9 P.brama CTTTATC T AT CCTGC. CCCATCCTCTACCAACACTTA-——==============
10 P. petersii CTTTATCTAGTATTTGGTGCAT CCTGCAGGAGGGGGAGACCCTATCCTCTATCAACACTTA- —~ === ===========
117 L. CTATATCTA T AT CCCGC: 'CCCATCTTATATCAACATTTA-—-——=———=—======—
118 L.r TTTATTTAATCTT AT CCGGC: CCCATCTTATATCAACACCTG-——==============
119 L. savala CTTTACTTAGTATTTGGTGCAT CCCGCAGGAGGAGGAGACCCTATTCTGTACCAACACTTATTC- ———==========
120 S. niphonit CTCTATC TCGGTGCAT CCGGCAGGAGGAGGAGACCCAATCCTTTATCAACACTTA-——==—========-==
121 T. auriga CTCTACTTAGTATTTGGTGCAT CCCGCAGGAGGAGGAGACCCAATCCTGTACCAACACTTATT
122 T. brevis TCTACTTGGTATTTGGTGCAT CCCGCAGGAGGAGGAGACCCAATCCTGTACCAGCACTTA~
123 T. japoni TCTACTTAGTATT AT CCCGC. CCAATCCTGTACCAACACTTA-
124 T. lepturus CTTTACTTAGTATTTGGTGCAT CCCGCAGGAGGAGGAGACCCTATTCTATACCAACACTTA-
125 T. nitens CTCTACTTAGTATT AT CCCGC. CCAATCTTATATCAACACTTATTT
126 T. cristatus TCTATCTA, T AT CCAGC, GGGGACCCCGTCCTCTACCAACACCTA-—===============

FIGURE 4 | 126 aligned COI sequences of the sh order Scombriformes (Tebstei). This is an example of a group of species and sequensethat shows 1st to 10th,
117th to 126th species and 1st to 50th, 640th to 668th position, respectively. The full original sequences for all specere available from http://140.127.112.213/
DNA_barcode/download/Scombriformes_COI_aligned.tar.

Trimming of COI Sequences Species-Tag Barcode Generation of COI
The position 1 to 35 and 673 to 696 of 126 alignedsequences

COIl sequences are trimmed (i.e., protruding th€ &d One-dimensional barcodes were generated from these unique

3° ends of sequence) that is shown daSgure5 (the tags (shown aBigure 7, the full tags of one dimensional barcodes

fully trimmed data set is available at http:/shorturl.at/ for 126 scombriform species are available at http:/shorturl

tTUO4). Counting from the trimmed sequences, 281 SNPsat/szJL1). These one-dimension barcode images of tags allow

were identi ed. information retrieval with a barcode scanner for technieald
scienti c applications.

Decision Process of COI Sequences

The decision process was created according the decisigp|]SCUSSION

rule, and each unique tag was generated from each selected

position (shown inFigure 6). Figure 6 showsith position of The original concept of “DNA barcoding” was thought to
nucleotides in each node, and all tags were collected aridentify and discriminate between species by di erent geneti
arranged from each node. Consequently, the original dattags or markers. After a longer search for a most informative
of COIl sequences with 636 bp length were curtailed int@gene sequence, the mitochondrial COIl gene was found to be
specic COI-SNP of only 49 bp length. Accordingly, our most informative in animals at the species level. Besides for
proposed DCST approach can e ectively obtain shorter tags frortaxonomic identi cation purposes, it is commonly used recently
COl sequences. in evolutionary and ecological studiesi€bert et al., 2003;

Frontiers in Genetics | www.frontiersin.org 7 April 2019 | Volume 10 | Article 259


http://shorturl.at/tBMVW
http://shorturl.at/tBMVW
http://140.127.112.213/DNA_barcode/download/Scombriformes_COI_aligned.tar
http://140.127.112.213/DNA_barcode/download/Scombriformes_COI_aligned.tar
http://shorturl.at/tTU04
http://shorturl.at/tTU04
http://shorturl.at/szJL1
http://shorturl.at/szJL1
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Yang et al. Scombriformes Species Tagging by DCST

1 10 20 30 40 50 580 590 600 610 620 630 640

1 A. bondi TAGTATTTGGTGCATGAGCTGGAATAGTAGGCACAGCCTTAAGCCTACTC ... AAACCTAAATACAACCTTTTTCGACCCTGC CCCATCCTTTACCA

2 A.indica TAGTATTTGGTGCATGAGCTGGAATAGTAGGCACAGCCTTAAGCCTACTC AAACCTTAACACAACCTTCTTCGATCCCGC CCAATCCTTTACCA

3 A. georgianus TAGTATTCGGTGCATGAGCTGGA. ACCGCTTTAAGCCTGCTT TAATCTGAATACAACCTTTTT! 'CCGC ‘CCAATTCTCTACCA

4 A.trutta TAGTATTTGGTGCATGAGC! GGCACCGCTTTAAGCCTACTT CAACCTAAATACAACCTTTTTCGACCCCGCAGGC! CCAATTCTCTACCA

5 A tr TAGTATTT! ATGAGC' 'GGCACCGCTTTAAGCCTACTT CAACCTAAATACAACCTTTTTCGACCCCGCAGGCGGAGGGGACCCAATTCTCTACCA

6 B. brama TAGTATTTGGTGCATGAGCC! ACGGCCCTAAGCCTACTC AAACCTAAACACAACCTTTTT CCTGC CCTATCCTCTACCA

7 B. dussumieri TAGTATTCGGTGCATGAGCT! ACCGCCCTAAGCCTACTC AAACCTGAATACAACCTTCTTCGACCCTGCAGGC 'CCCATCCTCTACCA

8 B. orcini TAGTATT ATGAGC' ACAGCCTTAAGCCTCCTT AAACCTAAACACAACCTTCTTCGACCCTGCAGGC CCATCCTTTACCA

9 P brama TAGTATTTGGTGCATGAGCTGGAATAGTGGGCACAGCCTTAAGCCTACTC GAACCTAAACACAACCTTCTTTGACCCTGC CCCATCCTCTACCA
10 P. petersii TAGTATTTGGTGCATGAGCCTGAATAGTGGGCACAGCCTTAAGCCTACTC GAACCTAAACACAACCTTCTTTGACCCTGCAGGAGGGGGAGACCCTATCCTCTATCA
117 L. altifrons TAGTATTTGGTGCATGAGC ACCGCCTTAAGCCTACTT GAACCTAAACACGACCTTCTTCGACCCCGC 'CCCATCTTATATCA
118 L. roelandti TAATCTTTGGTGCATGGGCCGGAATAGTAGGCACAGCCCTAAGCCTGCTA CAACTTAAATACAACATTCTTTGACCCGGC CCCATCTTATATCA
119 L. savala TAGTATTTGGTGCATGAGCC! ACCGCTTTAAGCCTTCTA CAATTTGAATACCACATTCTTTGACCCCGC CCTATTCTGTACCA
120 S. niphonius TAGTATTCGGTGCATGAGCTGGA TGGCACAGCCCTAAGCCTGCTT TAACCTAAATACAACCTTCTTCGACCCGGC CCAATCCTTTATCA
121 T. auriga TAGTATTTGGTGCATGAGCCGGAATGGTCGGCACAGCCCTAAGCCTTCTA AAATCTTAACACTACCTTCTTTGACCCCGC CCAATCCTGTACCA
122 T. brevis TGGTATT ATGAGCCGGA. ACAGCCTTAAGCCTTCTC CAATCTCAACACTACATTCTTTGACCCCGC 'CCAATCCTGTACCA
123 T. japonicus TAGTATTTGGTGCATGAGCCGGAATGGTCGGCACAGCCCTAAGCCTTCTA AAATCTTAACACCACCTTCTTTGACCCCGC CCAATCCTGTACCA
124 T. lepturus TAGTATTTGGTGCATGAGCCGGAATAGTAGGCACAGCTTTAAGCCTTCTT CAATTTGAATACCACATTCTTTGACCCCGCAGGAGGAGGAGACCCTATTCTATACCA
125 T. nitens TAGTATTTGGTGCATGAGCCGGAATGGTAGGCACAGCCTTAAGCCTTCTT CAATCTTAACACTACATTCTTCGACCCCGC CCAATC A
126 T. cristatus TAATATT ATGAGC' GGCACAGCCCTAAGCCTTCTT ... AAACCTCAACACAACATTCTTCGACCCAGCAGGAGGCGGGGACCCCGTCCTCTACCA

FIGURE 5 | Trimmed COI sequencesif D 126) of the sh order Scombriformes (Teleostei). This is anl@sis of part of species and sequences that shows 1st to 10th
117th to 126th species and 1st to 50th, 580th to 636th position, respectively. The reference sequence listed at the top @nof gure is derived from the accession
number KT883659.1 forA. bondi. The 1st position ofA. bondi at the top of this gure is the 8th position of KT883659.1 forA. bondi. The full original sequences for all
species are available from http://140.127.112.213/DNA_bacode/download/Scombriformes_COI_trimmed.tar.

DasGupta et al., 2005; Meier et al., 2006; Austerlitz et @9;20 subgroups. In contrast, the advantage of the balanced tree
Kress et al., 205 in algorithms and data structures area is the simple way to
Several applications of machine learning were developed increase e ciency than other types of imbalance trees{scher,
DNA barcoding taxonomy. For example, the BPSI2.0 interfac&99§. In the present study, we used a balanced tree-based
program Zhang and Savolainen, 200Mas developed by Zhang simple decision theory to arrange the species by COI barcoding
and collaborators which is based on back-propagation neuraystematically. Accordingly, the balanced tree algorib@ST
network for species identi cation.Weitschek et al. (2013) is theoretically more e ective than the imbalanced tree noeth
proposed a machine learning approach for species classi catio(figures S1, SR Like the decision tree, the computational
called BLOG 2.0 (Barcoding with LOGic) which is basedcomplexity time of DCSTI®(N M D), where N is number of
on character-based DNA barcode sequences. The supervissamples, M is the length of nucleotides, and D is the depth of tree
machine learning methods were later applied to DNA barcodeghumber of levels). Using 49 SNPs, the computational time for
for species classi cation/(eitschek et al., 20)4They collected DCST to generate speci ¢ SNP species tags is 0.14696016 s
eight datasets of DNA barcode sequences and used fo(mean SD;n D 30 runs) executed on an Intel Core i7-8750H
classi ers for classi cation analysis. The above approatta@e 2.20GHz personal computer with 16 GB RAM. The length of
in common, that the classi cation model builds up through sequences range from 648 bp to 685 bp which have approximately
a training data set, then it veri es testing data to assess th4%%C possible ATGC-combinations that would allow over 10
model performance. million species with unique DNA tags. Our proposed DCST
However, our proposed DCST is dierent from the method can,therefore, e ciently obtain shorter DNA barceéor
classi cation model “Zhang and Savolainen, 2009; Weitschelspecies tagging. The obtained DNA tags can reduce data storag
et al., 2013, 20)4or which a for a large training data set of signi cantly compared to the full length COI sequence.
sequences is necessary to validate the model before it can belt is possible that multiple positions fati ,, (formula 7) may
applied to the test data.” DCST arranges a short DNA barcodeave the same score. For example, if there are 3C, 3T, and 2A
into a shorter DNA tag, which comes closer to the barcodingiucleotides in a node, the score is 1 or 2 where 3C, 3T, and 2A
idea originally developed byiebert et al. (2003)We propose D 8, i.e.,di ; D min for midc—fcp D | % 3| D 1, midr—
here a DCST approach that generates an evolutionary COI-baseﬁg D | % 3| D 1, andmida—fap D | g 2|D 2. In
identi cation system that provides even shorter sequences f this case, both C and T have the same score for selection and
the species tagging. may be the candidates used for SNP barcoding. Both of them
As for the decision rule of DCST, we will discuss two extremeyre theoretically suitable for the subsequent step of ouppsed
cases caused by di erent designs. In case one, we search ep@ST method although di erent SNP barcode patterns may be
position sequentially when a di erent nucleotide pf" position  generated. For convenience, the SNP is selected startingy fr
is met the rst time. This case shows a disordered outcomehe lowest to highest order of nucleotide position in the DCST
and inde nite rule leading to uncertainty or imbalance ingh method. Once the SNP is selected, then the procedure stops and
number of sequences in the branches of the tréégufe S).  goes to the next subgrouping process.
In case two, we search one of the nucleotides of maximum A limitation of the DCST approach for tagging species is
divergence in each position, its result shows a skewed owdconthat it is only used to discriminate the known species with
leading to imbalance treeF{gure SJ. Although those two known barcode sequences. However, DCST can still be applied
cases can generate unique DNA tags, they cannot segregas@ny other barcode sequence such as nuclear ribosomataite
the sequence data for generating approximately equally sizeégnscribed spacer (ITS)Sgifert, 2009; Schoch et al., 2p12
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FIGURE 6 | Tree-like structure outcome. This gure shows the selected psition number and information of nucleotides for tagging 8P in 126 scombriform shes.
On the left side, the number of position within parenthesesefers to the position of the reference sequenceAriomma bondi; KT883659.1). For example, CT(243)
indicates the nucleotide at the 243th position being sele@d as a node to separate two subgroups. It also shows the shortetags from DNA COI sequences for each
species on the right side. On the right side, the 1st nucleatie of the drift sh A. bondi has the 8th position in the original sequence KT883659.1 of. bondi.
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FIGURE 7 | DNA tag barcode of B. dussumieri As an example, a DNA tag barcode is generated for the purposef fast and precise identi cation in the teleost goby
Boleophthalmus dussumieri

for fungi and ribulose-1,5-bisphosphate carboxylase/oxggen the full length sequence contains mostly non-variable eotities
(rubisco) and maturase K (matK)Dong et al., 2014 for and only a few SNPs. Our for the rst time proposed DCST
plants. Moreover, the DCST approach can be applied tapproach ignores the non-variable nucleotides by a scoring
the sequence data retrieved by Next Generation Sequencisgstem and provides a format for the arrangement of SNP
(NGS). NGS o ers high-throughput nucleotide sequencing forpattern for the identi cation of dierent sh species. This
DNA/RNA molecules fletzker, 201} Recently, NGS has been way we provide a decision-based COI SNP tagging (DCST)
applied to metagenomic®pumpeka et al., 20L.NGS-pro ling  approach where the COI nucleotide sequences%0 bp) is
metagenomics may identify all species existing in a givea ectively reduced to a shorter COI-SNP barcode (49 bp)
environment. Using our proposed DCST approach, speciesor the most informative discrimination of 126 scombriform
speci ¢ sequences may be processed to generate species-spesicspecies.

SNP barcodes for tagging species in metagenomics. SuitéBte S

from di erent positions are selected for species tagging in OUA UTHOR CONTRIBUTIONS

proposed DCST system. However, the DCST system does not

consider the distances between the selected SNPs. Theréfer | .yc and H-WC conceived and designed the research and wrote
DCST system fails to calculate the evolutionary distanag anne paper. C-HY instructed K-CW for algorithm processing.
is unsuitable for phylogenetic analysis. The tree generated K.cw also contributed to sequence retrieval. C-HY and

Figure 6was just to demonstrate that the species in the collected.\yC revised the paper. All authors read and approved the
data set have very close relationships with very similareecgs. gl manuscript.

The practical application of this DCST system in a laboratory
situation is to provide a platform for SNP arrays which allows
fast and specic SNP genotyping. Here, SNPs belonging thNDING
C.Ol'SNP based species-tags can bg gen_otyped |nd|V|quaIIy a?ﬂis work was supported by funds of the Ministry of Science and
simultaneously. These allow species identi cation by corigoer

with DCST-generated COI-SNP based species-tags. For examé—ggg?gigi:ogagfﬁgzwaggﬁ 050252222125?;1534353'\/'35; l:r?(;
Arrayed Primer Extension (APEX) is an array-based detectioMOST 107-2320-B-03’7-016) '
and can analyze thousands of SNPs in candidate regiomt '
and Metspalu, 2008 After processing to array scanner, the
SNP pattern is generated and the species may be recognizg&JPPLEMENTARY MATERIAL
immediately by checking the species-specic SNP pattern. In ] ) ]
contrast, single gene PCR followed by sequencing needsTH® Supplementary Material for this article can be found
DNA sequencing machine and perform bioinformatics BLASTONliNe  at: https://www.frontlersm.org/artmles/lO.&BBgene.
searching. Although both full sequence of a single locus ang019-00259/full#supplementary-material
array assay of DCST-generated SNP can identify a specie$; DC8gure S1 | Sequential searching for SNP is designed to subgroup the COI
generated SNP barcode is more suitable for Species_tagdmrcosequencgs atleach level. In this case (case I), sequer?t-ial sehing is designed to

. nd the diallelic type of SNP at each homologous position and prform
generatlon because few SNPSI-Q bp) are needed rather than full subgrouping based on alternative nucleotides at this SNP. blvever, this case
|ength of COI sequences 650 bp)- In other words, 49 SNPs Only does not consider the nucleotide distribution compared to @r proposed DCST
take 49 line codes but full length needs 650 line codes. M@reov method. For example, we found the nucleotide at the rst posiion (nt 1) was a
SNPs may spread out in di erent genes for the advanced speciésP and these sequences were separated into two subgroups bsed on this SNP
tagging in future. In this case, full Iength Sequencing ofdint (T/C) at 1-level, i.e., §, Sy, S4 (T) are allocated to the top side and §, Ss, Sg, S7

b f dinth . h C) are allocated to the bottom side. In the top side of 2-levethe second
genes cannot be performed In the same reaction, howevey, arr cleotide (nt 2) is not a SNP and is skipped. Then, the thirdutleotide (nt 3) is a

detection is allowed. SNP and these sequences were separated into two subgroups bsed on this SNP
(CIT) at 2-level, i.e., $ (C) are allocated to the top side and $ and S (C) are
allocated to the bottom side. Subgrouping for the other levks follows the same

CONCLUS'ON rule as mentioned above.

X . Figure S2 | Unique searching for SNP is designed to subgroup the COI
The COI sequence with full Iength prowdes commonly accepteﬁ’equences at each level. In this case (case II), unique searchiis designed to nd

information for phylogenetic and evolutionary studies. Hower,  the SNP with only unique nucleotide for one unique subgroupred the other
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sequences are processed for next unique searching. For exapte, the rst second position (nt 2) of S3 (T) is unique compared to other<) at the 1-level, i.e.,
nucleotide (nt 1) does not show one unique nucleotide, i.e3T and 5C. S3 (T) is allocated to the top side and others (C) are allocaleo the bottom side.
Subsequently, the unique searching goes to the second nuclgtide. We found the Subgrouping for the other levels follows the same rule as meioned above.
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