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Abstract

Abstract

The growing global diffusion of seafood for human consumption requires
always more accurate sanitary and quality controls. Among the globally
marketed fish, the species belonging to the fai@ppridaeare excellent
food-fishes of high economic value.

The Sparidaefamily comprises abol88 genera and 15§peciessome of
which arehighly appreciated as seafood. In ltaly, the fish species of
commercial interest are defined by the [&@(n. 19105 del 22 Settembre
2017. Among them,41species belong to th&paridae family.The
identification of these species is difficult even when external characters are
preserved due to their morphological similarity.

Species identification becomes even leartb achieve after industry
processing, when distinctive exterrtadits are removedNevertheless,
despite their similarity, sparid species have different organoleptic quality
that corresponds to variable prices in fish markets. Consequently,
substitution of commercially importa8paridaespecies is common. The
sparidspecie withhighestcommercial valueDentex is often replaced
with less expensive species or lower quality alternatives. All this premised,
Sparidaespecies identification requires immediate resolutions. Research
on fish mitochondriaDNA (mtDNA, mitogenome) has led to substantial
advances in the fields of species authentication and population biology.
The main speciéspecificDNAsequences used as markers for fish species
identification belong to the mitochondrial genes encoding ribosa6al
and12Ssubunits, cytochrome I€§th), and cytochrome c oxidasedQl).
However, current research shows that mitochondi2NA markers
perform well for certain species but may be less discriminating for others.
Therefore, thegannot be used indiscriminately for the identification of all
fish species. This situation hked to the formulation of the proposal to
study and analyze the completDNA sequence with the aim to identify
mitochondrial markeror multiple marker approaes with higher and
more specific discrimination capacitit present, mtDNA genomes of
Sparidae fishes are not conspicuously represented in the scientific
literature, which makes difficult to understand if currently used genetic
markers aréghe most effetive for sparid specgdentification.

This thesis project had the aim to study and analyze Spaadsplete
MIDNA sequence to identify mitochondrial markers or a multiple marker
approach to achieve a higher and more specific discrimination capacity.
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Abstract

We focused on th@eneraDentex, Pagellusand Pagrus listed in the
Ministerial Decree.
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Introduction

1.Introduction

1.1. General overview

Fish and fish products havecantralrole in nutrition asthey embodyan
appreciategource of nutrients and micronutrignsghich areessentiafor
health benefitsThe importance of fish ieven highefor pregnant women
and very young childreras itcontains many of the vitamins and minerals
neededlIn fact, fish can be a&rucial commpnent of ahealthydiet, as it
contributes to neurodevelopment during theet al 6 sor wodnga n c e
c hi | doé s Additiorally,t skveral studies highlight thebeneficial
effects of fish consumption in mental health and prevention of
cardiovascular diseasestroke and ageelated macular degeneration
(Mascolo et al. 2013; Papamichael et al.,, 2018&enugopal, 2018
Venugopal, 2019Farmery et al., 2018Evensmall quantities of fish can
offer essential amino acids, fats and micronutrients, such as iron, iodine,
vitamin D and calcium, which are ofteabsentin vegetablebased diets.
Furthermore, seafood products contain the highest concentration of
essential longhain omeg& polyunsaturatedafty acids of any foodstuff
(Tacon & Metian, 2013Expertsagreethat the positive effects of high fish
intake largely compensatehe potential negative effects associated with
contamination or other safety risks (FA& WHO, 2@7). This
consciousness has led to a substantial increase in the seafood products
demandthanks to the growing spread of healthy diEish provided about

3.2 billion people withnearly 20 percent of their average per capita
consumptionof animal protein In 2015, fish accounted for about 17
percent of animal protein consumed by the global populéfa®, 2018)

The fish sector in thdollowing few years isprojectedto recordan
additionalgrowthin per capita consumption, not only in Italy, which will

be matched by an increase in world production that will reach 193.9
million tons in 2026 (+ 1Qpercentcompared to 2017)FAO, 2018).
Annual per capita fisfeastinghas growrgraduallyin developing regions
(from 6.0kg in 1961 to 19.%g in 2015) and in lowncome fooddeficit
countries (from 3.4 to 7.7kg during the same period) but is still
suggestivelyhigher in industrialized countries (24.9 kg in 2015), even if
the gap is reducg (FAO, 2018)(Figure 1) (Figure).
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Figure 1 Apparentseafoodconsumption per capita, average 202315. Soure by iThe

state of world fisheries and aquaculture 2618A0, 2018.
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In Italy above all, the consumption of fish products has been growing
steadilyof + 2 percenta year for about twenty years. In 2018, per capita
consumption of 28 kg was recorded against a European average of 25 kg
(EUMOFA, 2018).

Global total capture fisheries production, as derived from the FAO capture
database, was 90.9 million tonnes in 20MGe 2016 global catch shows

an increase of 2.percent over the previous year and of 10.5 percent in
comparison to the 2002014 average(FAO, 2018)To satisfy this
demand, global fishery and aquaculture production peaked at about 171
million tonnes in 2016, with aquaculture representing 47 percent of the
total and 53 percent if nefmod uses are exclud¢BAO, 2018) Thefull

first sale value of fisheries andwaculture production in 2016 waalued

at USD 362 billion, of which USD232 billion was from aquaculture
production(FAO, 2018)(Figure 3) Aquaculture has been responsible for
the continuingemarkablegrowth of fish for human consumption

Figure 3.World capture fisheries and aquaculture production. SourcéTie state of
world fisheries and aquaculture 204.8FA0, 2018.
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China,which isthe majomproduceiof farmed food fish in 2016, héarmed
more than the rest of the woijloint every year since 1998A0, 2018)
The othermain producers in 2016 were India, Indonesia, Viet Nam,
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Bangladesh, Egypt and Norwa®f the 171 million tonnes of totalsh
production in 2016, about 88 percent (over 151 million tonnes) was
utilized for direct humarieeding(FAO, 2018) Alive, fresh or chilled is
habituallythe mosthoserand highly priced form of fish antharacterises

the largest share of fish for direct human consumption (45 percent in 2016),
followed by frozen (31 percentfrigure 4).

Figure 4. Utilization of world fisheries production, 1962 0 1 6 . Source by AT
world fisheries and20BBquacul ture 20180. FA(

MILLION TONNES UV EWEIGHT)

1962 113 170 w4 e 198 LLE3 1% ™ " 001 000 xnio a0

I Nen food purposes I Prepored of preserved B Gwod 1 horen I Uive, rosh o chilled

Currently, fsh and fish products aedsothe most traded foostuffsin the
world. In 2016, around 35 percent of global fish productiowas
internationdly traded in numeroudorms such agor human consumption

or nonredible purpose§FAO 2018) The 60 million tonnes (live weight
equivalent) of total fish and fish products exported in 2016 represent a 245
percent increase over 197BAO 2018) During the same period, world
trade in fish and fish products also grew significantly in value termi, wit
exports rising from USD 8illion in 1976 to USD143 billion in 2016

1.2. Sparids: fisheries and acquaculture

In 2016 the world fish production was of 16.939.123,7 tonnes, of which
about47% comes from aquaculture and tresiduefrom fishing. As for
aquaculture,Percoidei represent the 11% of total production, with a
quantity of fish produced equal to 8.104.243 tonnes. This group of fish
constitutes the largest paof aquacultureworld production after the
Cypriniforms (63%) andollowed by Salmoniformeq7%). Many species

of fish caught anfarmedfor commercial purposes belong to the order of
the Perciforms, including the tilapies (famiBichlidae), the sparid, the
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sea bass (familjatidae), the seriole (familyCarangidag, the groupers
(family Serranidae), the barramundi (famlilgtidae), the cobia (family
Rachycentridakg the perca (familyercidag, etc As for aquaculture, the
Cichlidae family (Tilapia) representshe 65% of the amount produced,
while the Sparidaefamily is 6.8% with a total production of 12,817.54
tonnes (fishing and aquaculture). In 2006 the productiospafidswas
528,238 tonnes but in 2016 reached 661,260.05 tonnes, with a 52% from
aguaculture (339.176.05 tonnes). and the remaining 48% of prawalucti
from fisheries (322.084 tonnes) (FAO FishStatP2@4 8)

The FAO data on catches concesid species (ASFIS List of Species for
Fishery Statistics Purpogd&AO, 20183 as reported in th€éablel.

However, aboutt0% of the catch312672,49tonnes) are designated as
"porgies, seabreamsei’, without indicating thedifferent species. Two
species recorded a production exceeding 10.000 $ivel seabream and
Black seabreajnwhile the remaining species were lesgortart. The

main farmed speies in the world are: Blackhead seabream,
Blackspot(=red) seabream, Common dentex, Common pandora, Common
two-banded seabream, Gilthead seabream, Goldlined seabream, Japanese
seabream, Pink dentex, Red porgy, Sharpsnout seabream, Silver seabream,
Sobaityseabream, White seabreaAmong thesgonly for four species
(Black seabream, Gilthead seabream, Red porgy, Silver segbream
recorded avolume in tons greater than .000 tons in 2016. In 2007,
approximately 682% of the 339.76,05 tonnes produced carfrem Asia
(Silver seabreain while about24,14% camefrom Europe and Africa.
(OverGilthead seabreanfFAO FishStatPlus, 2018)
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Table 1. Global production by production source 2021.6. The catches (wild
and farmed) are intended for the whole waalttd expressed in tonnes (100

Kg) (FishstatJ). m: .wwwFAOQ.org/fishery/statistics/software/fishstatj/en FAO.

Black musselcracker
Black seabream
Blackhead seabream
Blackspot|=red) seabream
Bluespotted zeabream
Bogue
Carpenter sesbream
‘Comman dentex
Common pandora
Common two-banded seabream
Congo dentex
Crimson seabream
Deggerhead breams nei’
Dentex nei'
Gilthead seabream
Goldiined seabream
Goldsilk seabream
Haffara seabream
Iapanese seabream
Joithead porgy
Karanteen seabream
King soldier bream
Large-eye dentex
Pacfic porgy
Pandoras nei
Panga seabream
Pargo breams nei’
Pinfish
Fink dentex
Porgies
Porgies, seabreams nei’
Red pandora
Red porgy
Red steenbras
Saddled seabream
Salema
Sand steenbras
Santer seabream
Zargo breams nei’
Scup
ESharpznout seabream
Sheepshead
Silver seabream
EZobatty seabream
South American silver porgy
Steenbraszes nei!
Stumpnoses nei’
Twobar seabream
‘Western Atlantic seabream
White seabream
‘White steenbras
White stumpnoze
‘Yellowback seabream
Yelowfin seabream
TOTAL TOMNES

2.488
1.807
1288

7.966
3.998
1891

33362
224
1.920
6.321

559

124
2B.534
132.015

68
1553

75
4218
1.685

5.083

2.305

4.502
a1

418
258.271
11858
11.400

1.890
4.774
2.738
163
4.388
4212
159
Ta6
101.154
316F
26

334
3.485

2481

653,683

2.780
2.0B8

6.121
2.635
1831

37.706
250
2370
7.246
2351
538

234
30.723
137.712,35
12
72,1
1.438

37
6.829
1382

3.776

1.880

2.476
27

339
246.512,26
10.038
14.561

1683
4.176
2.638

4.483
2375
50
TEZ
105.401
268
B2

614
3.933
25
2.658

51
650058 81

1198
1775
1220

10.585
2.477
1.662,35

36.267
323
1.625,05
13.223
527
123

216
37.571
144.073,17

70
1527

5.693
1867

4.775

1.053

23
4.243,22

50

707.444,79

2010
1499
2.236
2.543

2.484
2.383
1.466,2

34.173
345
1616
14.716
50,8

227
35.065F
150.668,25

1502

35
5779
1.657

6.300
2.248
7.610

253.137,04
2.202
14.083

1758
4.236
3.8B91F

5.775,4
4658
a1
751
26.523
755,48

BTOF
3.895
25
43734

7B

720.504,61

2011
2.161
1785
1269

2.008
2.023,1
131504

39.643

1222
11.412,1

178

252
31.527F
141 BBE,57

63
1352
202,3

6.490
2.240

5.130
1503
2.154

385
250.558,3
6.847
13.388,8

1516
3.185
3.848

71
5.288,3
6.618
273
671
21.625
670,05 F
&0
00
ETO0F
4542
2
3.853,58

99

" .dnu- s
706.556,18

2012
1592
1.729
1232

7.333
2.502
1.268,5

40.657
410
133364
22.154,2
478
108

303
27.420F
150.108,26

1581

281.243
7.178
11.434,58

1412
3.185
3.441F
137
4.404,3
6.738
a11,1
573
54.100
6B4F
a0

480
4385
21
3.452,64
106

B4z

2013

1348
2572

7.585
1.547
151,13

39312
584
1.520
15.714,5
512

272
25280 F
165.007,13
=
74
1638

B
52
5.877
3.524
a1
3.570
1.505
5.354
61
1
274
285.025,11
6.825
11.155,5

1.287
3.526
3.513F
151
3.727,24
B.0SL
315,1
=22
B2.082
B5EF
31

s20F
5532
15
3.786,83

89

717.236,54

2014
341
1.204
2.578

2317
1.510,21
1793
as
39.580
605
1.466,35
14.778,3
624
35

272
22.520
166.318,58
(]
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1653

12
&5
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3.478

a.689
1718
10.027,18
73
77
321
301.013,88
£.860
2.526,3

1.555
4101
3.652
176
4.057,14
7.1%6
578,2
775
BB.582
116,89
32

585
5.683
14
3.385,7%

B2

___657
729.270,85

2015 2016
602 a8
247 1.083
3.078 2.685
-3 10
7.057 11.461
1733 177299
1.507 1518
268 221
36.836 40.850
557 726
1.403,13 1397,11
14.185 13.201,04
851 BE7
128 1.538
228 278
19,374 28.742
175.770,47 185.410,42
2 3
25F 2TF
1528 1575
13 16
=7 &6
5.268 5.095
7.657 5.020
3
4.500 4.875
1.463 1747
4287 6.116
43 aa
23 &3
328F 235F
304.533 312.672,48
2347 10.071
2.645,5 11.733,2
1.445 1.632
4414 4.661
3.075 1.587
163 F 160 F
3.013,42 3.855,42
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1.2.1. Aquaculture of EU species (Mediterranean-Atlantic)
A 1.2.1.1 Dentex(Common dentex)

In 2016 the total catches of tii@enticé were around 139.7,11 toas
(FAOFishStatPlus, 2018), with 1.353 tasfrom fishing and 44,11 tores
from aquaculture. Most of the figB0% of world productionfomes from
the Mediterranean Seapm country likeGreece, Libya, Italy, Tunisia and
Spain The farmedfishesoriginateonly from two countries: Turkey has a
production of 43 tonnes, while Croatia 1.11 tonnes.

A 1.2.1.2. Dentex gibbosugPink dentex)

The atches of the Dentice gibbdsare reported by &O only in the
Mediterranean, especially in Croatia and Turkey. Specifically, the fishing
was 2 tonnes (in Croatia alone) and the production for aquaculture was 61
tonnes for Turkey (FAOFishStatPlus, 2018).

1.2.1.3. Diplodus puntazz@Sharpsnout sea bream)

In the last 10 years theravenotbeenmany FAO data on catch trends for
Sarago pizzuth but only in the last 5 yeatBerehas been an increase in
catches both in fishing (95 tonnes) and in aquaculture (157,8 tonnes)
(FAOFishStatPlus, 2018). Between the leading countries in the fishing
trade there is Italy with 70 tames in 2016, while for the aquaculture there
is Greece with 140,8 tonnes.

1.2.1.4. Diplodus sargugWhite sea bream)

The total production oBarago maggiotén 2016, reached 4.093 tonnes,
of which 4.078 deriving from fisheries, the remaining 15,05 were obtained
through aquaculture (FAOFishStatPlus, 2018). According to A€
data, thewild catches of this speciemmefrom Egypt, Greece, Spain,
Libya and Tunisiaand aquaculture productiorderived from Spain,
Portugal, Italy and Greece.

1 denomination in Italian according M. MIPAAF, 22 Settembre 2017
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1.2.1.5. Diplodus vulgaris(Common two-banded seabream)

In the FAO dataof the last 10 yearshe Sarago fasciatois constantly
present onlyin relation to thefishing catches, which in 2016 was 887
tonnes, while for aquaculture the dgm@back to 2010 (11,8 tonnes) and
2008 (18,1 tonnes) (FAOFishStatPlus, 2018). Most of the fish comes from
theMediterranean Se@unisia, Italy and Israel) and a smpdirtionfrom

the AtlanticOcean(Portugal, Spain and NeherlandRegarding thethis
species was registered only in Italy and in Turkey.

1.2.1.6. Pagellus bogarave@lackspot=red sea bream)

In 2016 the total production #fezzognawas 1,539 tonnes (1,34dnnes

from fishing and 178onnes fromaquaculture) mainly fished in the North
East Atlantic (Spain and Portugal) and a small part in the Mediterranean
and CentraEastern Atlantic. Portu¢é627 tonnes) and Spain (206 tonnes)
are the main producers. As for aquaculture in the decade ZIX@he
Pezzognavas farmed only in Spain and Portugahile in 20160nly in
Spain (172 tonnes) (FAO FishStatPlus, 2018).

1.2.1.7. Pagellus erylirinus (Common pandora)

Between 2006 and 201@he production ofFragolind deriving from
fishing ranges from 9.347 to 13.901 tonnes (FAO FishStatPlus, 2018),
while the aquaculture production has progressively decreased from 197
tonnes in 2006 to 0,04 in 2016. The countries where this spec@wiisg

from are: Egypt, Italy, Croatia, Algeria, Slovenidorocco, Libya,
Lebanon, Malta, Cyprus, Israel, France, Spain, Tunisia. Most ofitte
Fragolino comes from the Mediterrane8ea(12.254 tonnes), mainly
from ltaly, Libya, Spain and Tunisiavhile a small share comes from
Atlantic countries (1.647 tores), especially Morocco. Regarding
aguaculture, there was a small production in sdistdarm in Greece
(127,27 tonnes in 2014) and in Cyprus (0.23 tonnes in 2016).

1.2.1.8. Pagrus(Red porgy)

In 2016 the total catches Bhgrd were 11,733.2 tonnes of which 3.266
were farmed and 8.467 were caught (FAO FishStatPlus, 2018). This
species is fished mainly in théestern Atlantic (Argentina and Brazil) and
in the MediterraneanSea (Egypt, Greece, Turkey). The Pagro is
considered the ost suitable species to be farmed in the Mediterranean
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countiies, in fact the majo (and only)world producers, are Greece and
Turkey.

1.2.1.9. Sparus aurataGilthead sea bream)

The first FAO statisticsegardingthe productionof Oratd, are relagdto

Italy in 197Q with a production of 10 tonnes. Since then, production has
grown rapidly and in 2016 statistics inclad@6 countries: Albania,
Algeria, Bosnia and Herzegovina, Croatia, Cyprus, Dominican Republic,
France, Greece, Israel, lItaly, Libya, aNa, Montenegro, Morocco,
Palestine, Portugal, Slovenia, Spain, Tunisia, Turkey, Yugoslavia SFR.
The production systems 8eabream are varied and range from extensive
production (valliculture in Italy and production in the lagoons in Egypt) or
semtintensive in the lagoons (Portugal and southern Spain) to highly
intensive farming systems on land, on the coasts (Greece and Turkey) and
in open sea cages (Cyprus, Italy and Spain). The total catches in 2016 of
Sea bream were 195.410,42 tonnes, of which B8542 from aquaculture

and 9.430 deriving from fishing (FABishStatPlus, 2018). Production
took place mainly in the Mediterrane8ea(156.545,42 tonnes in 2016),
although a small production was also present in the Atlantic Ocean
(4.132,97 tonnes Portug&pain and France in 201@&etweenthe major
producer countries are Turkey (37,21%), followed by Greece (31,32%),
Tunisia (7,7%) and Spain (6,46%).

1.2.2. Aquaculture of non-EU species

A 1.2.2.1. Acanthopagrus schlegeliiBlackhead sea bream)

The catches of thé. schlegelf have progressivelyincreasedoetween
2006 (3.858 tonnesand 2016 (1.772,99 tonnes) (FABshStatPlus,
2018). About aquaculture © data mention Japan, Korea and Taiwan. In
2016 the quantity produced was 1.544,99 tonwéh Taiwanbeingthe
main producer (FA&FishStatPlus, 2018 he A. schlegeliiis farmed in

1 denomination in Italiatanguageaccording td.M. MIPAAF, 22 Settembre 2017

2 does not have a denomination in Itallanguageaccording td.M. MIPAAF, 22 Settembre 2017
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lakes with brackish water. Data on fisheries, on the other hand, concern
only Taiwan, which in 2016 produced 228 tonnes.

A 1.2.2.2. Pagrus auratugSilver seabream)

The Pagro indopacificbis very popular in AustraligFAO data on total
production in 2016 are 95.127 tonnes divided into 72.286 tonnes for
aquaculture and 22.841 tonnes for fishing. Among the major producers we
find: Australia, Japan, Taiwan and N&eland. Even though the largest
aquaculture productions took place in Japan and Korea {FAO
FishStatPlus, 2018).

A 1.2.2.3. Pagrus major(Japanese seabream)

The largest amount of Pagro maggtdsefished in theNorthern Pacific.

As for aquaculture, this spies was the first of thEparidaefamily to be
farmedintensively. The first data on productigon back to 1957 in Japan
(FAO-FishStatPlus, 2018). The productioas growrrapidly in the 1970s

and within a decadghe stock quantitgurpassethe amount fished in the
Northern Pacific. Théagrus majorfarming continued tancreasdn the

80s and 9Qsut then decreased at the beginning of 2000. The latest data
goback to 2011 (Taiwan209.3 tonnes) and 2012 (Cyprd tonnes) when
there waonly acquacultur@roduction.

A 1.2.2.4. Sparidentex hastgSobaity sea bream)

Sparidentex hastas the only species of trgeneraSparidentexData on
fishing for this species have been reported since 2000 in the Persian Gulf.
The quantity fished is sma#dround 102 tonnes (FABishStatPlus, 2018).

In 2016 about 4 tonnes were obtained from aquaculture and the only
producers are Kuwait and Bhrain.
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1.3. The Sparidaefamily

Classe: Osteichtyeis
Subclass Actinopterygii
Supeorde: Teleostei
Order. Perciformes
Suborder Percoidei
Family: Sparidae

1.3.1. Systematics

The Sparidae family belongs to the order of the Perciforms that is
composed by0 suborders, 160 families, aboub40 genera and over
10.000 species. About 52 families havsilaglegenus 23 a single species
and 21 have 100 or more species (Nel2606). The suborder of Percoide
is the largest of the 20 Percifoemsulorderand includes 79 families,
including the Sparidae family, 540 genera and aboutl36 species
(Nelson 2006).

The Sparidaefamily includes about 115 species divided in 33 genera
(Nelson, 2006) although, according to Fishbase, the species are 159 and
the genera 38
(http://www.fishbase.org/Nomenclature/FamilySearchList.php?). Based
on FAO ASFISSIist (FAO. 20184). 107 pecies ofSparidaeare globdly
commercialized with different trade designatioofsthese 41 species are
commercialized in ltaly (D.M. MIPAAF, 31 January 2008; Italian
Republic, 2008).

1.3.2. Classification

The sparidsclassification ismostly basedon morphology the teetl, the
number ofspinyand soft rays of the dorsal fin, form and livery (Bauchot
& Hureau, 1986). In particular, the teeth have hgpically used by many
authors to distinguish the genres (Jordakesler, 1893; Munro, 1949;
Akazaki,1962) and to outline a classification in subfami(iggure5). In
fact, Smith (1938)groupedthe 33 genera into four subfamilies that can be
distinguished by their different teetielatedto the very variable diet of
the species:
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1 Boopsinae mainly herbivores, sometimes predating small
invertebratesthey havecompressed incisiviform teeth;

1 Denticinae they have a piscivorous disb theyare provided with
large canines in the external part of the mouth and small conical
teeth on the inside;

1 Pagellnae they are carnivorous and eat preferably small
invertebrates. Thelp a v eyot Gahines buytexternallythey have
got conical teeth while internally @y have gotmolars, both of
small size;

1 Sparinae they arecarnivorousandprey on crustaceans, molass
and small fishesdueto strongly rounded molar$catedin the
back part of the jaw, replaced in the external part by wider teeth.

Later Akazaki (1962) identified two further new subfamilies:

1 Diplodinae: they havegot 6-8 front teeth and obliquely oriented
incisors;

1 Pagrinae:they have gottwo series of molars, 4 canines on the
upper jaw and 46 canines on the lower jaw. Tlkeaniumis also
provided with flakes extending into the interorbital region.

Figure 5.Subfanlies classification based on dentiticBource byFao, 1981.
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The two new subfamilies described by Akazaki (1962) were not
considered valid by Smith (1986). Finally, in 1991 Fiedler (1991) carried
out a furtherrevision of the family, recognizing as valid only three
subfamilies:Sparinae DenticinaeandPagellinae

1.3.3 Morphology

The sparids havegot a mostly elongated bogdyomédnow compressed
laterally. They have ailvery colour, characterized by reflectiomanging

from pink, yellow to gray and darker longitudinal and transverse stains and
bands. The maximum length recorded is 2 metPegtr(s rupestris
Ctenoid scales, large and rough, are present throughout the body except
for the area of the mouth and the head; the operculum and the
preoperculum are characterized by scales but do not daprmessionsr
spikes (Carpenter & Niem, 2001 The mouth, snih and arranged
horizontally or ventrally, is extended forward and has a strong dentition
with evident heterodontids incisiviform, caniniform, molariform and
villiform t e e (Tdrtobnese, 1975). The dorsal fin is unique and elongated,
generally composedfd0-13 spiny rays in the front half and-16 soft

rays in the back; the anal fin has three spiny rays abdl $ft rays; the
pectoral fins are long and pointed; the caudal fin is biloba.

1.3.4. Phylogenetic position

The studies, realized with the udenwolecular markers, have highlighted
thatthe phylogenetic relationshipé the Sparidaefamily and subfamilies
need a revision. Orr¢2002),0rrel & Carpenter (2004nd Chiba (2009),
useddifferent type of molecular markeitheyhavedemonstratethat the
Sparidadamily is not monophyletic, unless it includes tfenereSpicarg
currently attributed to the famil@entracanthidagand thanobodyof the
subfamilies classified as such appears monophyldtits important
similarity has already beenighlightedby other authors (Regat913

Smith & Smith, 1986; Johnson 1993) who reported a morphological
comparison ofthe maxillary and premaxillary jointsMany others
morphological studies (Day, 200Day,2002 Hanel & Strumbauer, 2000)
pointed that the success of the evolutionary radiati@parids, more than
other closely related families of teleosts, appears to be linked to the high
adaptive plasticitpf mouthpartand teeth, which allowed a specialization

in food strategies and predat Consequently, e morphological
similarities could be more related to independent processes of evolutionary
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convergence (Duftmeet al., 2007) and reflect the trophic ecology @ th
species (Antoniucci et al., 2009), which does nepiroducephylogenetic
closenessFor this reason, the dental characteristitthe can not be
decisive in delineating a precise classification.

1.3.4. Reproduction

Within the Sparidaefamily, the individual species vary considerabligh
regardsto their reproductive strategy. Hermaphroditism is frequent, with
proteogenicspecies (egTanutg that are females in the first part of their
life, and proterandric specie®réam, SaragusRamblack, Mormora,
Salpg that are males in the first part of their life, with interest in some
species of the entire population while in others only aifeiwidual ae
involved. There are also gonochoric speciBgiitey, that is,of separate
sexes. Addionally, in some species an immature intersexual gdasad
develomd (rudimentary hermaphroditism). Buxto& Garrat consider
these species as "late gonochorics", referring to the period of growth in
which there are separate sexes to distinguish them"frammgonochoric”
species where no hermaphrodite tissue is present at any stage of
development. Lastly, in Pagellus bogaraveo a simultaneous
hermaphroditism was identifieds to sayhe presence of male and female
gonads (Williamson1911], Le Gall, 1929 Buxton & Garrat 1990). The
causes on the evolution of hermaphroditism as a reproductive style could
be to maximize reproductive potential (Willian2018 and thus their
individual opportunities. In Sparids, and in fish in general, progressive
hermaphrodism (in which an individual reproduces first in one sex and
then in the other) is considered the most common form of hermaphroditism
(Choat & Robertson1975; Shapirp 1981; Buxton& Garrat, 1990).
However, sequential hermaphroditism is considered bealefidhien an
individual reproduces in one sex at a moment in life and in the other sex in
another. (Ghiselin1969). As arule, the spawning period must meet the
physiological needs of the offsprinhe spawning period is influenced,

in addition to thephotoperiod and the termoperiod, by a variety of
environmental parameters, such as predation, competition, and food
availability.
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1.3.5. Habitat and geographic distribution

The Sparidaefamily is characterizedor the most parby marine fishes,

only a w species, such #gchosargus probatocephallise in fresh or

salty water (Nelson, 2006)They are dmersal and mainly coastal,
distributed in all oceans, in both tropical and temperate waters, at depths
between 0 and 250 meters (Bargelloni et al., 2008casionally they can
drive into the lagoons or form nurseri€sa¢penter & Niem, 2001 such

as in the Mediterranedea where some speciesnductthemselvesike
cyclical migratory, entering the lagoons after metamorphosis and living in
this environment for the first stages of the life cycle and then return
offshore the following year (Octob&tovember). The forces that regulate
these migrations could be intrinsic (reproduction) or linked to variations
of abiotic factors, such as fluctuatioms temperature and salinity
Frequently m juvenile stages they aigregarious,but adults are more
commonly solitary and may even go deeper than the platform and the
continental slopeGarpenter & Niem, 2001

Sparids are very common the Mediterraneaseaand oftenconstitute
most of the coastal fish faun&parids are widespread, their maximum
concentration is along th®outhern andVestern coasts of AfricaVith

over 44 specieshe Cape region in South Africgontainsthe highest
concentration ofSparidae They are the only fishes of th8paroidea
superfamily to be present in thaestern Atlantic Ocean (ktlson 1998).

To the northwest, in the cold waters of the Benguela stream, off Namibia,
the number oBparidaespecies is drastically reduced and then increased
again in the warmer waters of Angola and the Gulf of Guinea. To the north
east of the Cape region, the numbefptaridaespecies decreases in the
warm waters of the Aghulas stream up to only 12 speciteiRed Sea.
With relation tothe distribution of sparidshe Western Pacific Ocean is
less importan Only 21 species were found froMorthern Japan to
Southern Australia an®@outhern New Caledonia. While tlsparids are
completely missing in the centrBacific, there are two other species of
Sparidae (Archesargus pourtalesiand Calamus brachisomjisin the
Eastern Pacific.
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1.4. Seafood frauds

1.4.1. Universal notion of food frauds.

Food adulteration isot a modernphenomenormand probablyiit is as old
asthefoogp r ocessing. I n the Omoedogtthind sc
problemwas the analytical chemist Frederigkcum (Accum, 1820)who

did a treatise on adulteration of food acadlinary poisonspublished in
1820.The sophisticationf methods used to commit frawah the contrary
constantlychangs, accordingto the progress of production systems.
Currently, there is no legislative or definite definition of food fraud. A
complete definition generally used by different bodhias ben defined by

the Food Fraud Initiative of Michigan University F o o d Fraud:
collective term encompassing the deliberate ementional substitution,
addition, tampering or misrepresentation of food, food ingredients or food
packaging, labeling, productinformation or false or misleading
statements made about a product for economic gain that could impact

c ons ume r(Spmlke&aMoyeh 2011).

Food frauds mostlydone for economic reasons, so that the US Food and
Drug Administration (FDA)-catagordafd t o
t he AEconomically Motivated Adul t
Afraudul ent , i ntenti onal substitut
produd for the purpose of increasing the apparent value of the product or
reducing t he c oltfdodfraddisirequentlpimsgirddbyg t i o r
economic motivationjts impact maylead toa tangible riskfor public

health. In fact, any tipes of fraudstdt in amodificationof the identity

and/or purity of the original ingredient by substituting, diluting, or
modifying it by physical or chemical means and, as the fraudulent
ingredient is unknown, such a manipulation may pose toxicological or
hygienic reksor allergen risk€o the consumer (Moore et al., 201Zh

date, the estimate cosi$ food frauds to the world economy are around

$49 billion foryear(US) (NSF international, 2013Distincttypesof food

fraud have beerecognizegasdescribedn Table2.
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Table 2 Differenttypesof food fraud §pink 2007, Spink,2009b).

p
A component of the finished productis  Substitution ~ with  an  alternate Fraudulent component
fraudulent ingredient this can include

misrepresentation of  geographic,
Adulteration /dilution/ replacement botanical, varietal, or animal origin, or

the additional of a non-food grade

substance. A component of the finished

product is fraudolent.
Legitimate product and packaging are Change the chemical-physical and/or Fraudulent packaging information
used in a fraudulent way organoleptic characteristic of a product,

due to spontaneous degenerative

processes or to

poor management or conservation e.g.

changed expiry information.

Tampering/alteration

Legitimate productis made in excess of  Under-reporting of production Fraudulent product is distributed
production agreements outside of regulated or controlled
supply chain
Legitimate product is stolen and passed  Stolen products are co-mingled with Fraudulent product is distributed
Theft off as legitimately procured legitimate products. outside of regulated or controlled
supply chain
m The sale or distribution of legitimate Relief food redirected to markets where  Shortages or delays of relief food to
products outside of intended markets aid is not required needy populations
lllegitimate product is designed to look  “Knock-offs” of popular foods not Fraudulent product of lesser quality
m Iike but not exactly copy the legitimate  produced with same food safety
product assurances

o All aspects of the fraudulent product Copies of popular foods not produced Fraudulent product
Counterfeit -
and packaging are fully replicated with same food safety assurances

1.4.2. Tipe of seafood frauds in the world

In the draft reporiiThe food crisis, fraud in the food chain and the control
thereoffiof EU Parliamenthasreportedhat theproductswhich face more
risk include fish, olive oil and organic foads

In the February 2009 U.S. Government Accountability Officé\@ has
done areporton seafood fraugShames, 2009)Nevertheless his report
was intended to focus on economic risks, and only brafbd possible
public health risks (a toxic pufferfish incident, in which it was mislabeled
as monkfish, and allergen risks due to mislabeling sthdyof Spink&
Moyer (Spink& Moyer, 2011)builds onthe GAO Seafood Fraud Report
(Shames, 2009y exploring more of the potential EMA, fo$sociated
public health risks, andontainsadditionalcomments in the right hand
column(Table 3.
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Table3. GAO seafood fraud report: types of food fraud and potential public health risk
(Shames, 2009

GAQO seafood fraud report detail New comment potential public
health food risk
Transfemng cargo  Avoid tanffs or Compromised storage, handling, and
Transshipment among different anti-dumping duties traceability (in the event of a recall)
transports and

countries

Substituting less Increase profits dueto  Misrepresented species may be toxic
costly species and cost differential or cause allergic reactions
misrepresenting

them as more

eXpensive species

Misrepresenting Generally, avoid costs  Undeclared allergens, toxins from

Species
substitution

vl country of origin,  and maximize profits  banned locals (for example,
mislabelingor . : . C ]
misrepresentati ingredients, so on ciguatoxin-prone reefs), weight
’ increased added through other

on N
unknown matenials, so on

Seafood fraud caaccurduring any sector of the supply chain, from the
boat or farm to theradedistribution, and in different forms, including
species subdtition, improper labellingplus hiding out the true origin of
seafood products, or adding extra breading, water or glazing to seafood
products to increase their apparent weightafner et al., 2016; Upton,
2015). Among them, existing reports indicate thathe substitution with
differentspecies, particularly the case of expensipeciegeplaced with
cheaper alternatives but also thecurrenceof threatened speciestailed

as more sustainable, are currently the most conspicuous types of fraud
(Warner et al., 2016; Xiong, et al., 2016b; Johnson, 2@dgasionally
species substitution magcurinvoluntarilyand not encompass economic
gains; for instance, errors may occuridg fishing operations when catch

is erroneouslylabelled on board or at landings, generally due to
morphological similarity of species in mixed fisheries, or when a big
volume of catch is managed rapidly foansmittingin a short time
(GarciaVazquezet al.,, 2012).Though fishers may mislabel seafood,
especially if they caught it illegally, the literaturproposes that
mislabelling is most often done by distributors and the final seafood
retailer (e.g., fishmongers and restauraimsprder toimprove profits
(Pardo et al., 2016). Particularly, deliberate mislabellingrglerwhen
seafood isoldprocessedSubstitution rateareenormouslydependingn
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the species, since some are often sold mislabeHleoligh others
infrequentlyor never (BénarCapelle et al.,, 2015). In some cases, the
gradeof mislabelling is also dependent on the time of the yeavhich

some species are purchased (Warner et al., 2015). The fraudulent activity
of mislabelling obviously generates consumer economic loss.
Nevertheéss it can occasionallycreatea hazard for consumeit an
innocuoudish is substituted with a species associated with some types of
food poisoning or exposure to certain allergens (Johnson, 2014). For this
reason in the last years seafood mislabellihgs beennternationally
recognized as a significanssue and media attention hasonstantly
focused on this topic, highlighting the alarming number of reported cases.
Aquaculture has been playing an increasing role in seafood fraud; in fact,
consumersacross the world may eaéveralpopular farmed fish without
evenknowingit, since they are frequently camouflaged as wddight,
highervalue fish (Warner et al., 2018)ceanaanon-profit international
organization focused on oceans conservationriechrout a broad
investigation on seafood mislabelling worldwide, analysing more than 200
studies published since 20a6,identify general trends in seafood fraud
(https://usa.oceana.org/publications/reports/deceplisteesseafood
swapsfoundworldwide). This investigation covered 55 countries with a
total of 25.700 samples of seafood analysed for mislabelling (US and EU
accounted for threguarters of the studies and cases). About 65% of the
studies reviewedcontain strong evidence of economically moated
adulteration of seafood productBhe 16% of the species identified as
substitutes are considered to have some level of elevated conservation risk
(either threatened or close becoming threatened with extinction in the
near future) by the IUCN. Mogif them (nearly 12% of all the species
substituted) are considered criticalhyeatenegthreatenedar vulnerable.

An alarming percentage of 58% of the samples identified as substitute
species demonstrateda speciespecific health risk to consumers
including parasites, environmental chemicals and aquaculture drugs, and
other natural toxins such as histamine, ciguatera, gempylotoxin or
tetrodotoxin. To date, only US seafood fraud seems to represent
approximately 15% (40% for soms&pecie} of the total analysed seafood
productsRegarding=U, a concretdiminutionof cases has been observed
during the last few years andfter the application of legal provisions
pointed at preventing illegal fishindUU) andimproving transparency

and accountability in the seafood supply chain, seafood fraud rates have
apparently begun to decrease since 2011, primarithose EU countries
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where the rules are enforced, and for those products covered by the legal
provisions(Warner et al.2016) The preliminary data of the EU suggest
that catch documentation, traceability and consumer labeling is feasible
and effectiveor fighting seafood fraud.

1.4.4. Sparids and frauds

The family of sparids includes numerous genera amdagts numerous
species that are commercially valuable for the quality of their meat, but
also species of inferior value that can be easily confused. This confusion
originatesbecausgwithin the various genera, the species are very similar
to each other or eveike species of different families. For this reason,
within the Sparidaefamily, different substitution scenarios can octr:
concerning species belonging to the sagpeera 2) relates to similar
species but belonging to different genéhis linked to the possibility of
confusing very similar species but belonging to different families. Fraud
for substitution of similar species is very frequent because the damand
the Eubpean market of precious species is so high that it is addressed to
species imported from nelBU countries, from the Atlantic and Indo
Pacific Oceans toencounterdomestic needs. Fortunately, thenifest
heterodontia(Figure 5) that characterizes the dffent genera of the
sparics can beusedfor the identification of those species that can be easily
confused or deliberately replaceth general, it iseasy (for skilled
operators)to unmask substitution fraud between species of a different
generathan those that imply the use of species belonging to the same
genera It is even easier to identify the substitution frauds of species
belonging to different families.

Theunmask bthe fraud igpossiblethrough the macroscopic examination
of the dentaltable for the species belonging to the genebente,
especiallyfor the Dentex macrophthalmusnd Dentex angolensigrom

the species belonging to the geneRagellus Pagrus Diplodus,
Spondyliosomawhile to recognize withcertainty the other species
belonging to the gener8oops, Sarp# is necessary to use the microscope
because the differences in their teeth are imperceptible to the naked eye

1.4.4.1 Replacement among species belonging to the same genera
Dentex it is possible to differentiate tH2entex dentefDentice) from the
other species belonging to tkame genera because it lgagscaniniform
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teeththatare quite linear and quitégh compared to th®. barnardiand
D. canariensisvhere they are mucitobust and of bigger diametefrhe
Dentex macrophthalmus characterized bynny, protruding and slightly
arched caniniforms, while the teeth of entex gibbosuare thinner even
if they are lesglelicatethan those of th&entex denteXMalandra&
Renon, 1998Manzoni, 1993 (Table 4).

Pagrus even if the most important and frequent species on the Italian
market are alhamediP a g rPopagrué P. caeruleostictus, P. aurigat

may be useful, for its merit, to recognize with certaintyRhgrusauriga.

In fact, in this species the conical teeth (also called premolars) are always
present in lower numbers-@Lfor emiarcata) compared to the othergy.

In addition, the tip of all canine and conical teeth is dark gray, while in the
others it isalways clea{Malandra& Renon, 1998Manzoni, 1993(Tabe

5).

Pagellus differentiating the Pagellus erythrinusfrom the Pagellus
bellottii is possible because tfiest has the upper developed conical teeth
and the lower ones are almostsWaped. Throug a dorsal view of the
mandibular profile, itan benoted that the mandible is bilobed and on each
side symmetrically protrudes a canine laterallyPlellottii the canines,
always equidistant from each other, are slimmer almost transparent and
through an observation under the microscope, you can highlight their
typical hook shape (especially the lower or{®alandra& Renon, 1998
Manzoni, 1993 (Table 6).

42



Table 4. Species belonging to the Dentex genera of commercial importance iDNaly (

n. 19105 del 22 Settembre 2017). Revised from FAO webpage
(http:/lwww.FAQ.org/fishery/species/search/en).
Specie Eye T eeth Gill rakes Fim Colowr
D angdlensic Eye diameter  Severalrows ofcanine-  Fimt amh O or DO A [3 P VI Colour rad with silvery
(Dentice atlantice) grater than  lik= testh, cuterrow the 10 bower and 6 9/10increasin g 5 redlections, head dadcer
of the strongzst with 4 to 6 to Suppers. ginlength uvp znd belly lightzr;, 2 small
interorbital better developed to the 4%0r 57 dark ama  zbove the
space and of  anterior testh in each and subegual insertions of pectorzl fins;
the suborbital  jaw, the uppers wisiblz therzafter dorsal and anal fns red
spacz which  when mouth is closad longast spine except on their basas
is U5 or 1/6 44 to 1% of pelvic fins lisht<olovr=d;
of the head head length). pectoral fins and cavdal
fin r=ddish
Erdomctsr Sevedwwscicmme Fatach 4o DXI %10 Al [+ Pl¥1E LA Coloorredduk wilh
D. barmards ks o e kool cokrsow e 16loweramd®  (famtbrovery F 5 sllvery soflarfiom
{Denticz atlantico) oftha siroapest with 4 o 6 o 11 nppem whoot; Hhowe A bape el -broemsl
mlevorbutal verywell-develogel followme 3°- nprol om e postersor emd
lise mpace. g T ) A" vy of the bame of the domal
e e g amel im, 2md 2 wpot el I
[ S [ T _—
fma_Sofl parion of the
. domal fm with dak
A e mcve crom
: pmal ralink bl with
‘black e
Eye diameter  Several mows ofcanine-  Fimtarch 10to DXIIS/10 A C. P Vi Colour reddish with
D. canariensis smaller than lit= teath, outer ow the 13 lowerand 6 (fist tro very L] 5 silvery flections. Belly
(Dentice atlantico) width of stronzast with 4 to 6 to Suppen short; those lighter and head darler.
suborbital wery wall-devaloped following 3°- A dasic r=d spot
space inlarge  anterior testhin zach 455 vy postzriorly onbass of
individual jaw. long and dorsal fin extending wall
filamentous) beyond sealy sheath A
dark area at pectoral dn
axils; aliznad dark spots
on soft portion of domal
4n. Cavdal fin darkered,
wery fin=ly adged with
black Insoms
individuak, 2 greenish
vellow band batwezn
e,
D. dentex Er mol, Sevedromoicmme Fimt ach 9 o DXELV2 Al c P vI In the youmg specames
[Dentice) mhoehutal B leolh, oy rowr by 10 (mremme = m ] 1415 5 preyah, spollal wilh
for the sroapest with 4 boworaml S ar 9 lenpth from ‘black ombacdk anl ngyper
o & vay wdl- oDppean e 17 o 4™ mien, beromme ke
developa aslevior leclh or 5 mmd il sexuall meaboraty; obd
= ackh mhapal miriimk ae bhak
Soreaiier) ey, amd e dak gol
‘beroms diffwawith e
Ewe diametsr  Several rows ofcanine- Fimt arch 3 to DEI AT C P VI Colour  reddish with
D gibbocus aboutequalte  like testh outer ow 10 bwer and 6 1011 (st e 17 14 5 bluish silvery
(Dentice gibbosa) width of nuchthe srongestwith  to Suppers. . bwo very shost rflactions; bally lighter
suborbital 4 to 6 batter davelopad thos= 2nd head darkar. A small
space anterior tzath in zach following vary black  zpot  behind
Jaw. long and posterior end of dorsal
filamentous) fn; 2 brownish black
spot at pactoral fin axils;
a2 dark ama at uvpper
anzle of operele; lor 2
dark lin=s on soft pert of
domal fin Cavdal fin
=4, adead with black
Large  individuals ar
often tinged wins rad and
spotted  with black on
head (males) or grayish
(Emales)
Ewe vay HNomoom wsows of Fimtark 17to DRI AT [ P vI Coloanr of body aml S
D. macrophialnms Lage, i came ke ok, oler 20 bwer amd 9 lo11 ] 318 1817 5 veildmh, balexal e moe
(Dentice occhions) dter wow the sbosgest, with o 12 npyern. (memem 3 ght wl;  pmom
Bm 4 wdl dewbpal lemgth from 1 yoiom of donal fm
anlevsor ieefl (m opper 075 hen wininh atbme Aml fm
e, wmible whem derseme) algal  with ik
‘wooth i doserd) and 10 mfersor magm of lower
ol alevior  leclh cantal fm kobe while
(eleaiy mcller tham the The coomtion beromes
Tpper canimes) i lowrar e mirme oy e
A T RO
Eye diameter Several rows ofcanine-  Fimt arch § to DI Al C P VI Colour light red with
D. maroecans grater than  like testh outer w12 bwerand 7 11 L] 5 silvery rflzctions; head
(Dantic= ros3) of the  nmchthe stronzastwith  to Guppars darler and fins pinkish;
interorbital 4 to 6 ey well- distal part of dorsal and
space daveloped anterior te=th znal fins mor= intensaly

in sach jaw, the vppers
wisible whan mouth is
closd
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Table 5.Species belonging to the Pagigeneraof commercial importance in ItapM

n. 19105 del 22 Settembre 2017)Revised from Fao webpage
(http:/www.FAQ.org/fishery/species/searchlen
Specie Eye Teeth Gill rakes Fins Colour
P gfricanus Baws provided DX AIT c [E VI Rose with silvery reflections,
(Pagro atlantico) with large 10/11(first two Rk 3 s mes with blue specks on the
caniniform teeth, 4 very developed). sides. Presence of a reddish-brown
upper and 6 lower stain af the armpit of the pectoral fins
ones, followed by above the base of the fing pinkish
various series of uneven fins with orange margin.
teeth smaller and
blunt conical that
become
molariforms.
JTrws provaded. D A [H P VI Colowr fim goldem os¢ Io 1ed, o
P_auratus ik bape (ficst two very 5  weddish beoazs, with bise specks on
(Pagro indopacificn) camimiifoom teel shoat; thoe: e wyper pat o the bips, mogim of
b followed by followimg) e blackizh credal f; bl wilh
P oy, s vaiows s of mferior lobe wills while st the
% ‘mmolai fomme: dicsiall aad.
Anterior teeth  Gill rakers on first DXI AI C 1y VI Colour pink with sitvery reflections
canine-like, 4 in  arch10orll 1112 89 17 13 3 and 4 or 5 dark red alternatingly broad
upper asd 6 in  lowerand6to8 (first two very 16 and marrow cross bars. Adults ofa
fower jaw,  uppers short; those ‘more infense wine red with the cross
followed by following 3°4°-3° bars less well visible than in the
bhunter teath that vary long and young. Had dark batwesn nape and
‘become filamentous), correr of mouth; hind edge ofopercle
progressively very dark. Dorsal fin pirk with some
= molar fike and are black on the membranes separating the
arranged in2 or 3 filamentous spines and with orange on
fows. Behind the distal parts of softraye. Aml fin
ow  of large similar in colour to the dorsal. Pectoral
canine-like  teath fins pinkish erange. Pelvic fins wine
there are some red edged with black Candal fin
smaller testh grevich at base, pink or orange edged
with black distally.
Aslexior ecdh FustacklOb 13 DXLET A [ P VI * il fleciicas and
P casrulzostictus comm:Be, 4 m lower ad & or 7 o2 v9 16 15 5 Iarpe blmish black spots on back aad
(Pagro) wpa amd 6 m wppas ez first 2 spimess sades Head darker, om the
lower W, very: teroubital space. A dark spot at bases
followed by - 3" o3 of kst doczal zoft orys cvending on o
blemier eeth dot lompest, e shenih of e fim bet becomimy
‘become filamemiows in e il ape_ Candal fin pkich, the
‘molalike and am or pukizh mdvidmk: vy ofies.
aanged in 2 oc 3 wilh mm—cTows inrgula dak ok o
wowz Belimd the end and back; old smles with yellow
ww  of [lupe on ihe head duimp e epodection
camme e &ew Seoe
ae ome smalla
ol
P.ingjor Anterior tezth DxII AT [ 19 VI Colour reddish with bluish silvery
(Pagro maggiors) canine-like, 10412 (first two e 14 3 reflections.
% followed by very developed)
blunter teeth that
become
progressively
molar-like
Eol . Gl pkers s, DXEI Al C P VI Colowr pisk wilh sbvery wmilechons,
P Pagrus miericnly  wilk  lower lmb of first oz ¥ B 15 5  Nphkrombelly; head dark fommype kb
(Pagro) pe cmmbke mhwihioll,s 7 ample of mouth; sometimes, fiw: biwe
icels, 4 m wpar  tof omwppermb. doks presest omwpper sides, pariiculardy
and 6 m bower pw, X n wmy v
followed by ofiem a2 szomewhsl dwker mes at
smaller ad pecical fm xik; oedad fin daik pik,
iecl dat become
‘molar ke towad
e posieior fad
ofjaws; e 2 owler
wws of shomg
ol e flanked m
e regiom amierior
io e molaz by
=venl mws of
very small eth
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Table 6.Species belonging to the Pageljeneraof commercial importance in Italy (DM

n. 19105
(http:/www.FAQ.org/fishery/species/searchlen

Specie
P.acarne
{Pagello)

i

Wﬂ‘"\i’ g

P. gffinis
{(Pagdlo indiano)

P bellotti
{Pagello aflantico)

P bogaraveo
{Pagello pezzogna o
Pezzogna)

i

D. erytlwinis
{Pagello fragoline o
fragolino)

B

del

Eye

22  Settembre

Teeth
jaws

Gill rakes
Both with
pointed teeth
anteriorly and molar-
like ones posteriotly.
An inner band of
numerous  dightly
smaller,  cardiform
teeth behind the outer
row of pointed teeth.
Molars arranged in 2
10Ws

Both with
pointed teeth
anteriorly and molar-
like ones posteriorly.
An inner band of
numerous  dightly
smaller,  cardiform
teeth behind the outer
row of pointed teeth
Molars arranged in 2
TOWs.

Gill rakers
on first
arch 9 or
10 lower
and S or 6
uppers.

jaws

painted teeth
anteriordy and molas-
bke ones posteriody.
An inner band of
smaller, canfiform
teeth behind the onter
ww of poinied teeth.
Maolas amnged in 2
TOWs

Both with
pointed teeth
anteriorly and molar-
like ones posteriotly.
An inner band of
numerous  dightly
smaller,  cardiform
teeth behind the outer
row of pointed teeth
Molars arranged in 2
3 rows superiorly
and 2 rows inferiotly.

jaws

2017) Revised

DXIVXII
10/12

DXII
911

D
XWX
11114

DXII
10411

45

AT
9/10

AT
10

1113

8/9

Fins

C
17

17

17

from
P VI
15/16 5
P Y1
5
P Vi
5
P Vi
1617 5
P VI
15 5

Fao webpage

Colour
Brown-reddish colour on the
back, instead the belly silver;
Black spot above the pectoral fin
base that extends to the top of the
base of the fins; buccal cavity and
gills of colour yellow-orange or
red salmon: fins pink.

Colour more less bright red with
silvery reflections; often blue
spots following scale rows on
sides; interorbital space darker; a
small, dark red spot at origin of
lateral line and along upper
margin of operde; base of
pectoral fin darker; fins pinkish
yellow (in many specimens from
the Gulf of Guinea) or greyish.
Caudal fin often margined with
red or orange; inside of mouth
whitish. The red vertical bars
described by authors may
correspond to a fight pattern.

pectora fin base. And another at
the angin of the side line; bocreal
carity and gills of colowr yellow-

Colour is silver in colour with a
pink tinge upper the edge of
operculum is dark red; a red spot
particularly above the pectoral fin
base; buccal cavity and gills of
colour dark brown.
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1.4.4.2 Substitution between species belonging to different genera
Another possible fraudcan occur with the sale of species belonging to
different genera. For example:

o Pagrosold forD. angolensis, D. barnardi, Dzanariensisas they
are both reddish colored
o Pagrosold for Ragello fragolino P. erythrinus);

The monospecific genera suchSsarus Oblada Sarpa Spondyliosoma
do not pose doubts to their precise identificatibianks taheir different
dental conformatiofMalandra& Renon, 1998).

1.4.4.3 Replacement among species belonging to different families

As for the substitution between species belonging to different families
Dentex Pagellusor Pagrus beingpink-redin color of the liverythey are

liable to befraudulently substituted with somepecies ofLutianidae
(Lutjanusbohar, L. sebae,.lmalabaricu$ belonging to Indian and Pacific
Oceans(Malandra & Renon, 1998) The substitution can also occur
betweersparidswith silver-gray in color of the liverysnapperand rgy)
andLetrinidae (Lethrinusatlanticug (Malandra& Renon, 1998jFigure

6). Also, in this case the analysis of the dental table is indispensable, since
the familiesSparidae, Luthianida@andLethrinidaehave in common the
following characters: ventral fins in thoracic position, a single dorsal fin
along the entire dorsal margin, ovoidal shape of the body, caudal bilobata
fin (Carpenter, 1989Allen, 1985)(Figure7 and 8).

46



Introduction

Figure 6. Speciesf family Lethrinus and Lutjanus suitable to replace species belonging
to Sparidae family

Figure 7. Morphologicalfeaturesof Lethrindaeand SparidaeSource byCarpenter
1989.
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Figure 8.Morphologicalfeaturesof Lutjandaeand Sparide Source byllen, 1985.
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1.5. Seafood frauds: how to fight them?

In most countries of the world, there are different government agencies
responsible for regulating seafood fraud and theretia smmgle food law
directly addressg all aspects. The responsibility for contradsusually
shared amongfficial food monitoring authorities, border protection
agencies, customs import authorities and specialist agencies within the
national police force.

The prmarydriver of fish fraud $ the profitof the perpetrators. Some of

the most common cases of fish fraud are replacement of -\ales
specieswith more expensive varieties and mislabelling of illegally caught
fish to laundering through the legitimate fish marketing chain. Addition
aspects that contribute to fish fraud are (FAO, 2018):

a) a deficiency of harmonisation between common fish names applied at
national level in the different country (eg. some species have the same
common names);

b) importation controlare notrigorous,where accredited methods of fish
species identification usin@NA barcoding are not regularly used;

C) poor organisation at national level between food control authorities;

d) the absence of an approved international regalatn fif ood f r au
The globaltrade management of the fishery and aquaculture is regulated
by a combined control system that covers throughout the supply chain to
retail, with the dual objective of ensuring the sustainability of the sector
and the traceability of the produciis EU dter the implementation of legal
provisions intended at preventing illegal fishing IUU (EC, 2016) and
improving transparency and responsibility in the seafood supply chain
(EU, 1169/2011), seafood fraud rates have apparently started to decrease
since 2011(Warner et al., 2016 primarily in those EU countries where

the rules are obligatory.

The European Union (EU), within the renewal plan of the Common
Fisheries Policy and the Common Market Organization, with the Cape IV
of Regulation (EU) 1379/2013 (EU,379/2013) have introduced new
requirements for the labelling of fisheries and aquaculture products. These,
as well as providing consumers with more complete information, integrate
the provisions of Regulation (EU) 1169/2011 and acts as a tool to prevent
frauds. The dispositions introduced by Regulation (EU) 1379/2013 entered
into force the 14st November 2014. This regulation, at the Art. 35 of the
Cape 1V, establishes the nemandatorylabelling requirements for
Fisheries and Aquaculture Products (FAPS):
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a) commercial and scientific name of the species;
b) production method (A
Aé farmed é0) ; area whe
FAO Major Fishing Areas (FAO, 2018b);

c) category of fishing gear used,;

d) whether the product has been defrosted (with limited exceptions);

e) date of minimum durability where appropriate.

In addition, prepacked fishery and aquaculture products marketed in the
European Union (Member Organization) must also display afelbgant
information specified in Articles 9 and 10 of Regulation (EU) 1169/2011

on the provision of food information to consumers.

The Art. 35 of the Regulation (EU) n. 1379/2013, refers to the Common
Customs Tariff Combined Nomenclature (CN) (EEC, 26987).
According to Art. 35 of Cape 1V, prpacked and neprepacked FAPSs,
registered in Annex | of the Regulation (EC) n. 1379/2013 under letters
(a), (b), (c) and (e), may be Aof f
mass cat ecgomrectlyl,a boenlleyd.i fThe fAmass cat
includes restaurants, canteens, schools, hospitals and catering enterprises.
In addition, with the Regulation (EU) n. 1169/2011 a detailed definition
for mass cat e ramyesablishaent (maudirgveliokedr: A

a fixed or mobile stall), such as restaurants, canteens, schools, hospitals
and catering enterprises in which, in the course of a business, food is
prepared to be ready for consumption by the final consomer Whi | e i n
Regulation (EU)n1 16 9/ 2011 c | e ashdllyapply m@br t s
foods intended for the final consumer, including foods delivered by mass
caterers and foods intended for supply to mass caterers The FAPSs

to in points (a), (b) and (c) are all under the Chaptey thh¢ Common
Customs Tariff Combined Nomencl atu
and Crustaceans, Mol |l uscs and- ot he
processed FAPs (fresh, chilled or frozen) as whole, filleted or minced and
can be also found certain prosed products, such as those dried, salted,

in brine or smoked, the point (e) r
algaedo, under the Chapter 12 at of
the other processed FAPs (preserves, gegserves, cannedydaded,

ecc), falling under Chapter 16 of the Customs Tariff Cddejothave to

be labeled according to the Art. 35.

é ca
re t
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Table 8. Product categories of the Council Regulation (EEC) n. 2658/87 (and its
following amendments), which fall under the Cape IVtled Regulation (EU) n.
1379/ 2013 as reported by D6AmMico et al

Point CN Description of the goods
Annex I of code
Reg. (UE)
1379/2013
a) 0301 Live fish

0302 Fish, fresh or chilled, excluding fish fillets and other fish mea
heading 0304
0303 Fish, frozen, excluding fish fillets and other fish meat of heac
0304
0304 Fish fillets and other fish meat (whether or not minced), fresk
chilled or frozen
(b) 0305 Fish, dried, salted or in brine; smoked fish, whether or not
cooked before oduring the smoking process; flours, meals ar
pellets of fish, fit for human consumption consumption
() 0306 Crustaceans, whether in shell or not, live, fresh, chilled, froze
dried, salted or in brine; smoked crustaceans, whether in she
not, whether or not cooked before or during the smoking
process; crustaceans, in shell, cooked by steaming or by boi
in water, whether or not chilled, frozen, dried, salted or in brii
flours, meals and pellets of crustaceans, fit for human
0307 Molluscs, whether in shell or not, live, fresh, chilled, frozen,
dried, salted or in brine; smoked molluscs, whether in shell o
not, whether or not cooked before or during the smoking
process; flours, meals and pellets of molluscs, fit for human

consumptn
(e) 1212 Seaweeds and other algae
20
00
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Table 9. Product categories of the Council Regulation (EEC) n. 2658/87 (and its
following amendments) regarding the species Dentex dentex and Pagellus spp., which fall
under the Cape IVoftheegul ati on (EU) n. 1379/ 2013 as
2016, modified by the autor.

2 x Eg S. Decripticn of iks poods
215
() G300 Live fuh
0301 8983 B} - - -Bea breams of the species Derles dender and Pogelivs spp
030 Fink, fresh or chillsd . excludimg fith flllets and ather fith meat of beading 0304
302 « JSmappens (Sprridar)
03028310 00 == «Gea breams of the specizs Devtex Femder and Pogellvs 550
0303 Fith, frozen, exclading fsh Tllets and siber fith meat of heading 004
30E0 00 «= « = 5ea breams of the species Dvmiex cenfex and Pagelivs spp
a30d Fioh fillets and other fizh meat (w hether or not minced ) freth, chilled @r frozen
0ad 4] -Fillets, fresh orchilisd, from other fish
0304 2950 &0 sesas  of5ea breams of the species Dvmiar denfex and Fogelas spp
304 5300 31 soas [ntended for processng
0304 2620 40 - = --- Sea breams of the species Denrey dewser wed Popellus pp
0304 £1 - Frazen fillees of otker fish
0304 B9800 30 wewn s 5ea breams of the species Denter Semtix and Fopallud 200
0304 23 10 weeeooe Sides, mweiglang move San 50 f per puece, intemded for procen
R4 20 eenn Sen troam s of S apecas Devey deerer and Page s 2pp,
Fish, dried. salted or in brime; smoked fish, whether or sot cooked befare or during th
ib) [vEfal] smaking precest: Oours, meaks amd pellets ol Tish, Gt for buman contumptien comsumpt
Q3050000 30 .- Ses beeass of the species Dewer denner and Pagelas opp.
030531 - Fish fillees, dried, salted o i brine, but eot smoked
Q30553890 70 ----Ses breams of the species Demex dewer and Pagelng 2pp
03053990 8 += =« Basses (Dicentarchus labrax )

LENEEF T TERE - ]
305 -Smoked fisk, including filless, otherihan adibls Sk offal
03054950 40 vn an Gea breams of the speaies Dvnfes drnfor and Fopdle 35
030551 « Dried fish, other than«dible G3h offal, whether or nof salied bol! smoked

__ 0305l &l - = = = Sea breams of the specien Dvmrex dewer and Poge Mg 220
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Currently the Art. 35 is not applicable to prepared and processed FAPs and
the dishes made of seafood can be indicated in the migmgeneral and

i ncompl ete names, such as fnDentice:
specifications. In this way, restaurants and other mass caterers are not
obliged to put the mandatory information on their menus unless the
Competent Authority requires sbhey can do it voluntarily to advance the
credibility of their business, as they are just obliged to keep such
information and show the documents to the consumers if they require it. In
these regards, it has been highlighted mislabeling of fish andoseafo
restaurants and take aways are suggestively greater than that happening at
retail level (Pardo et al., 2016). Frauds at restaurant level are much more
frequent in the case of sales of local seafood often substituted with
imported similar products, agell as the replacement of wild with farmed

fish is frequent (Warner et al., 2016). Sparids is an excellent example of
this problem; mislabeling oSparidaespecies could be voluntary and
aimed at charging higher prices on low commercial value specism(Ar

et al., 2015a).

This problem is strongly felt by the UE thatith Resolution of 12 May

2016 on traceability of fishery and aquaculture products in restaurants and
retail (2016/2532 RSP), published @fficial Journal of the European
Union, C 76, 28 February 20X8U, 2016)at pointl) statesiExpresses

its serious concern and discontent at the results of various studies showing
significant levels of mislabelling on fish products sold on thentzket,
including in the restaurants of the EU institutions; reaffirms that the
intentional and fraudulent mislabelling of fish species is a breach of EU
regulations, including the Common Fisheries Policy, and may constitute a
criminal offence under nati@nl| | awd (Calls antthe Blgmber

States to strengthen national controls, including on-pratessed fish for
restaurants and the catering sector, in an effort to tackle fraud and identify
the stage in the supply chain where fish is mislabellezhnserned by the
substitution of higlquality species with lowej ual i ty c,caunt er
p o i n tNotdslhpnt sadine commercial fish denominations in force in the
Member States vary among them owing to national practices that could
lead to a degree of céusion; welcomes the work undertaken by the
Commission to launch a pilot project, as adopted by Parliament, aimed at
introducing a public database which will provide information on
commer cial denominations in all the
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As for the comrercial fish denominations in force in the Member States
mentioned in point 11 of the Resolution of the EU Parliament of 2016 and
in point a) at the Art. 35 of the Cape IV of the Regulation n. 1379/2013,
they are established in each Member State with speegdulatory device.
In fact, the subsequent art. 37 point 1 of the Regulation n. 1379/2013,
regul ates further clarifications
seafood product, asking the Member States to publish a list of the
commercial designationaccepted in their territory, together with their
scientific names, to which the food business operator must comply for the
correct preparation of labels and traceability syst&pescifically, the list
shall indicate:
(a) the scientific name for each sfges; in accordance with the FishBase
Information System or the ASFIS database of the Food and Agriculture
Organization (FAO), where relevant;
(b) the commercial designation:
() the name of the species in the official language or languages of
the Member &te concerned;
(i) where applicable, any other name or names that are accepted or
permitted locally or regionally.
The provisions of art. 37, letter a) has generated considerable operational
difficulties for administrations, food business operatorstaaccompetent
authority for the verification of traceability.
In detail, it is highlighted that, for the identification of the scientific name,
according to the characteristics of the product, the geographical
distribution and other parameters, the R&d) 1379/2013 identifies the
"FishBase information system" (ASFISS) which presents a large collection
of "fish", about 33.700 species, but no information on crustaceans, bivalve
molluscs, molluscs cephalopods, echinoderms, tunicates, etc.
With this in mind the Ministry of Agricultural, Food and Forestry Policies,
with the Ministerial Decree of 22 September 2017 concerning the
"Attribution of denominations in Italian of fish species of commercial
interest" (DM 19105 of 22 September 2017), intended to peosetails
for identifying the taxonomic characteristics of fish species of commercial
interest (in the attached actually are present 1054 species) in the Art. 5
regulates the reference to the SealifeBase and Worms databases (World
Register of Marine Spead® exclusively for crustaceans, molluscs,
echinoderms and tunicates, in addition to Fishbase and ASFIS, identified
for fish. The decree leaves unchanged the reference to the ASFIS database,
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prepared by the FAO, which, however, gives only indication of the
scientific name.

In the neantime, at EU levgitwas est abl i shed #fAThe
mar keted fishery and aquaculinthar e p
Resolution of European Parliament, where commercial denominations in

all the EU official langugesare preserdndavailable at théollowing link:
https://mare.istc.cnr.it/fisheries/demo/index.xhtml?lang=en

In conclusion as mentioned in the point 3 by the Resolution of European
Parliament:

ASupports a strong traceability sy:¢
which would give confidence to consumers and, in turn, decrease

commercial dependency on imported dishand aquaculture products,

thereby strengthening the EU market; calls on the Commission to exploit

the potential of DNA barcoding, which could assist in the identification

of species by DNA sequencing, in ol

The European lawims to ensure a high level of protection of human life
and health, establishing a comprehensive system of traceability with a
"farm to fork" approach. Therefore, traceability must be assured at all
production steps. Scientific and technical methods hhwvays to support
Community legislation. This research provides the basis for the molecular
traceability of fish products.

Currently, there is a need for harmonization and standardization of
analytical technigues and for universal access to a standaroasata
Nowadays, there is not an official and univocal methigrnationally
used for the genetic identification of species. In Italy, official laboratories
(Ministry of health, Zooprofilattici Institutes, etc.) do not use all the same
protocol of analysisfor species identification. A better cooperation
between food control authorities and law enforcement agencies is required
to prevent andight food fraud activities. The introduction of new and
performing analytical method for fish species identificatimeans that
food inspectors and consumevsl be awarethatwhat isdeclared on the
label exactly corresponds to the real purchased food product.

1.6. Seafood species identification: DNA analysis

Label information frequently do not offer enough secuaibput the true
contents of a seafood produ&eg section 1)5 Consequently, it results
highly necessary to identify and/or authenticate seafood components to
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guard both consumers and producers from illegal substitutions. Fish
species identification is swally based on the analysis of many
morphological and meristic featureseé section 1)4mainlyrepresented

by body shape, colouraumber and position diihs or teeth shape, which
have also been incorporated and descripted in detail on identification
sheets proposed by FACdrpenter & Niem, 2001)Another important

tool to identify fish by morphologic features is represented by the online
"FishBase information system" which presents a large collection of “fish",
about 33,700 species (taxonomy, biolpggphic ecology, life history and
uses) The SehaifeBase and Worms databases (World Register of Marine
Species) are useful to identifyexclusively fcrustaceans, molluscs,
echinoderms and tunicates.

During realinspection activity, however, this kind gbproachfrequently
requires considerabkxpertiseand can be used only when specimens are
intact. On the opposing species identification becomes extremely
complicated in fillets and other prepared forms, eotdlly impossible in
highly processed products as key morphological characteristics are absent
Consequentlyto implementlabelling regulations and prevent product
substitution, there is a need for sensitive analytical methods that can be
used to determine thspecies of a seafood product with obvious
external features. Methods for species recognitioprameipally based on
thefinding of polymorphismin proteins oDNA that areexclusiveto each
species, as a sort dfingerprind. The diagnostictechniqus used to
establish the unique fingerprintustbe adjustedfor the specific product
under examination besides being able toffer incontrovertible and
repeatable resultdost importanthallenges areharacterisetdy the fact

that several species midtve similar fingerprints or individuals from the
same speciedisplaydifferent fingerprints due to intrspecies variation
(Rasmussen & Morrissey, 2008rurthermore certain processings
known to denature proteins and partially degfiatli#\, making anajsis of
processed seafoofbods especially hard (Armani et al.,2012a). To
conclude somecompoundsexistingin processed foods may also act as
inhibitor during laboratory analysis (Teletchea et al., 200$)merous
analyticalmethodshave been developed and optimized fordtierence

of seafood species in a variety of product types. Traditional methods used
in species identification are basessentiallyon the separation and
characterization of specific proteins using electroplorétchniques
(Teletchea, 2009kuch as
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-isoelectric focusing (IEF),
-capillary electrophoresis (CE),
-high-performance liquid chromatography (HPLC),

-immunoassay systemgEnzyme Linked Immuno Sorbent Assay
ELISA).

IsoelectricFocusing methodology (Lundstrom, 1980) was used by FDA as
official method tcafford speciesspecific biochemical patterns for some of
thefish species reported in the Regulatory Fish Encyclopé&dian ifthis
methodhas beempositively used in several sas, it cannot always be
applied,speciallyfor processed productsost proteins aréemperature
labile, they become irreversibly denatured a$tieongheat processing or
drying andconsequentlgan no longer be examined by techniques suitable
for their naturalstates (Teletchea, 2009. proteinbasedtechniquethat
maydemonstratéo be useful, even in heaterilized products, iEnzyme
Linked Immunosorbenfssay (ELISA). However, it can be ineffective at
differentiating closely related species andutissinclined to cross
reactivity with nontarget proteins (Rasmussen & Morrissey, 2008).
Additionally, seafood processing magccasionally induce antigen
conformational chang@roducingaltered epitopes that are not recognized
by specific antibodies (Peely, 2015) At t he begi nniang of
arti cl eThetlabel IssaddSnapper, the lab said balahédy wa s
published. Since that timeesearchers hawgedto develop new methods,
based oNA markers, for seafood species identificatibaday, most of

the methods for seafood species identification are bas@iNéranalysis
(Griffith et al., 2014). The use @fNA-basedapproachepresents in fact a
number ofbenefitsover proteinbased methoddgirst of all molecular
evolution and phylogenetistudies haveevealedthat, because of the
degeneracy of the genetic code and the presence of mangodiny
regions,DNA provides much mordatathan proteins do (Teletchea et al.,
2005).Before while proteins vary with tissue type, age, and statusADN

is mostly independent of these factors, is present in all cell types and
therefore it can beecoveredrom any tissueallowing the collection and
storage of samples in every stage of the fishery chain (Civera, 2003). Other
key feature, even though it ght betransformedby various processing
(e.g. canning, heating), is th&@NA is general more resistant and
thermostable than proteins (Teletchea et al., 2005). For these reasons,
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many DNA-based methods have been applied, and are currently being
studiedfor seafood species identificatidassentially in all the techniques
theDNA:s firstly extracted from thadsueand then th®©NA fragment(s)

of interest is amplified using Polymerase Chain Reaction (PCR). The
resultantPCR amplicons are then analyzed (differently according to the
technique) to reveal the characteristic polymorphisms under study. These
approachewsary in theirseriesof applicationsdifficulty and costsand
depending on the objective of the study, kofdsamples analyzed and
available funds, it is possible to choose between different methods based
on their respective advantages and disadvan{@géstchea, 2009).

1.6.1. Polymerase Chain Reaction (PCR).

Developed in 1983 by Kary Mullis and colleagustullis et al., 1986),
Polymerase Chain Reaction (PCR)nisw routinely applied in labs to
amplify part of theDNA. Amplification of genetic material with PCR
necessitatea thermostabl®NA polymerase, 2 oligonucleotide primers, 4
deoxynucleotide triphospltes (dNTPs), and magnesium ions. PCR
involves numerous cycles of 3 reaction steps carried out at different
temperatures: denaturation (approxi
and extensi on ( @prgughthese drstepsetheyemlaze U C)
DNAis initially dividedinto 2 single strands by heat denaturation, then the
oligonucleotide primers anneal to complementary sequences on opposing
ends of aspecificfragment of the templat@NA, and next a thermostable
DNA polymerase uses the 4 dNTPsptoducecopies of the targdDNA
fragment. DNA polymerases copy singirandedDNA templates by
adding deoxynucleotides to a growing chain (extension product). Chain
elongation occurs at the 3' end of a primer and the extension product grows
by the formation of a phosphodiester bridge between thgdsoxyl group

on the primer and thg-phosphate group of the incoming deoxynucleotide.
Growth occurs in the 5> 3' direction. Generally, about 20 to 50 cycles of
denaturation, annealing, and extensiondamee and theDNA fragment is
amplified into millions of copies. The amplifieddNA fragment, called
amplicon, is then present enoughamounts for analysis by a variety of
postPCR analysis. If standard PCR conditions do not yield the desired
amplicon, PCR optimization is necessaryaigtain better results. The
stringency of a reaction ay be modulated such that the specificity is
adjusted by altering variables (e.g., reagent concentrations, cycling
conditions) that affect the outcome of the amplicon profile (Lorenz,)201
Occasionally success simply maydepend onon changing the
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concefration of MgCI2, dNTPs, primers, templa@NA, or DNA
polymerasethe concentration of MgCI2 can have a profound effect and
yield of amplification.

Stabilizer reagentspossibly will yield results when all else fails. For
example, addition of specific pens such as Bovine serum albumin
(BSA) is describedto improve PCR performance (Farell & Alexandre,
2012). Modification of cycling condition may also represent a valid
strategy, especially regards the annealing time and temperature (Lorenz,
2011).

Realtime PCR uses specialized thermocyclers tip&trceive the
fluorescent signal irseparatelywell. This signal is indicative of the
guantity of doublestrandedDNA within the reaction tube or well. This
signal, in relative fluorescent units, is plotted by the thermocycler software
versus cycle number

1.6.2. Genetic markers for PCR-based analysis

A molecular marker may baefinite as aDNA sequence that can be used
to 06mar k66 a s p e préecisechoomgsare,ii.g. maokar (| o
gene (Bhattacharya et al., 2015). Marker genekrao@nto haveanexact
location or clear phenotypic expression that cadgistenguishedy simple
analytical methods and which can tremablethe study of inheritance of

a trait or a gene (Hohenlohe et al., 2011). Molecular genetic markers are
powerful tools to detect genetic variation between individuals, populations
or species. The genetivariation is essentiallyrepresented by point
mutationsnamedalso single nucleotide polymorphismSNP3$, indels
(insertions or deletions of nucleotide sequences), inversion of a segment
of DNAwithin a locus, and rearrangemenDifA segments aroundaecus

of interest (Dudu et al., 2015Y.0 choosea good genetic marker for
seafood species identificationassentiato consider some aspects

1 Inter-species variability: All organisms are subject to mutations
because of normal cellular operations or natdons with the
environment, leading to genetic variation (polymorphism) that
developsthe ability of organisms to adapt to changing environment
and is necessary for survival of the speciesoimbinationwith other
evolutionary forces like selection digenetic drift, genetic variation
arisesamongindividuals leading to differentiation at the level of
population, species and higher order taxonomic groups. A suitable
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DNA marker for the identification at species level should be
sufficiently variable beteen species (particularly between the closest
ones) and display either low or no inspecific variations across the
geographic distribution area (Teletchea et al., 2005).

1 Marker sequence length: Depending on thgpe of samples analysed,
the quality ofDNA variesgreatly the method chosen to isolate the
marker.
In un-processed seafoo®NA is generally unaltered and lar@NA
fragments (~12 kb) can potentially be amplifiedith classical PCR
apporoach(Teletchea, 2009)other authors amplified much larger
fragments such as -8 kb and more with Long PCR approach
(Mascolo et al.,, 2017Miya et al., 2001 However, amplicons of
>1000 bp may need extra time to be completed during the extension
step ancheed to consider exttame to sequence that frangments with
classical Sanger geencing.
In the case of amplification witReatTime PCR the amplicon size
plays an important role in amplification efficiency, it is generally
recommending the use of relatively short amplicorgtles, in the
range of 50 to 15(bp) base pairs (Debode et al., 2017)
The amplicon size, moreover, depends on the platform of sequencing
method (Take 7).
The quality and the tipe of samples analysed, influencemidudker
sequence lengthn many processed seafood produBtslA may be
degraded by treatments such as heat exposure, high pressure, low pH,
irradiation, drying, nucleases that cause enzymatic degradation,
depurination and hydrolysis, among others and, in this case,
identification methodmustbe based on the analysisvery shorDNA
fragments(~50 and 250 bp(Carvalho et al., 2015; Cawthorn et al.,
2012).
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Tabe 7. Amplicon size and platform of sequencing method

Platform type Amplicon size (bp)
Roche 454 GS FLXTM 700-800
c Life technologies lon Torrefit 100, 200, 400
Q
g lllumina MiSeq400C 150
c
S o
5, lllumina MiSec 300
lllumina MiniSecd 150
c MinlON*4 (Oxford Nanopore Up to 300
o .
= Technologies Ltd)
@
c
(O]
2
[N

1 Available sequences: appropriategenetic marker should lggenerally
studied formany species topermit comparison of the nucleotide
sequence from an unknown sample with reference sequences in a
database (Giusti et al., 2016; Teletchea et al., 2005).

1.6.3. Nuclear DNA or mitochondrial DNA??

Theidentificationof seafoodspecies can be carried out using either nuclear
DNA (nDNA) or mitochondriaDNA (mtDNA) (Martinez et al., 2005). In
animals, mDNA occurs as a single doubtelical circular molecule
containing 13 protektoding genes, 2 ribosomal genes? aoncoding
region, and severaRNAs (Waugh, 2007). Tame, most studies focused
onmtDNArather than DNAdue to several advantages. Firstlyigplays
overall a higher copy number (about 1,000 X the copie®bdIA); in fact,
since each mitochondrion contains e&tDNA circular molecules and in
turn each cell has several mitochondria, exploitable souodlafis alike
relatively abundant even though sample tissue is limited (Waugh, 2007);
MtDNAIt is relatively simple and small compared @\ because it lacks
features such as large nroading sequences (introns), pseudogenes,
repetitiveDNA and transposable elements; it is maternally inherited, as in
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fish the paternal niiNAis degraded after entering the egg (Brown, 2008),
so that individuals have only one ed# and this avoids sequence
ambiguities from heterozygous genotypes; moreovarstiially evolves
much faster than nucleBINA and its higher relative mutation rate results
in the accumulation of enough sequence differences to enable
discrimination of clgely related species (Rasmussen & Morrissey, 2008);
then, the complete sequence mfDNA is known for several aquatic
organisms, becaustudiedfor evolutionary studies (Palumbi et al., 2002);
lastly, mtDNA is usually preferred due to theonceptthat its circular
structure gives it greater resistance to tiedticed degradation and it can
be consequently considered a bedispiranin processed seafood analysis
(Civera, 2003). On the contrary, one disadvantage of usiiNA is
assumedby the fat that hybrids cannot be distinguished (Brown, 2008).

1.6.3.1. Most used nuclear genes

Infact, cespite the numerousenefitsof mMtDNAIn species identification
research, a number ofDNA targets have also proven to pesitive
particularly in identifying farmed seafood that are quite often represented
by hybrids, as in case of tilapia, catfish and carp species (Rehbein, 2013),
and also for wild freshwater fish, where hybridization between related fish
species is not unusual (att et al., 2006). Irseveralstudies, different
varietiesof nuclear genes have been used for identification of fish species
by PCR. The nucleaS rRNA gene, which consists of a small 120 bp
conserved region coding f66rRNAand a variable region obn-coding

DNA, termed the notranscribed spaceN{[ S, thathavea speciespecific
length and sequence has been used in the pastdgnizemackerel,
gadoids, salmonids, sharks, and others (Aranishi et al., 2005; Moran &
GarciaVazquez, 2006; Pendas at, 1995).Additional tested genes are
represented by the53 gene (Carrera et al., 2000), the nuclear ribosomal
internal transcribed spacerl2 £2 locus, thelBSrRNAgene, the internal
transcribed spaceflTS 1) located between thE8BSand5.8SrRNAgenes
(Herrero et al., 2011) protein encoding genes like rhodopsin (Rehbein,
2013; Sevilla et al., 2007)}actin or b-actin (Lee & Gye, 2001),
parvalbumin (Rehbein, 2013) and f@6 ribosomal protein (Chow &
Hazama, 1998), and a major histocompatibilitynplex MHC) class I
gene (Rasmussen & Morrissey, 2008). In gadoid species identification,
partial DNA sequence encoding the integral membrane protein of
cytoplasmatic microvesicules pantophysinl was sometime chosen
(Hubalkova et al., 2008).DNA also comains short tandemly repeated
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segments oDNA that occur throughout the genome and exhibit a high
degree of polymorphism, known as microsatellites. Thanks to their high
levels of degeneracy and variability, microsatellites, also referred to as
Variable Nuniber of Tandem Repeat¥NTR, havedemonstratedo be

very valuablein studies on population genetics and have been used, for
examplein distinguishing species efiropean sturgeons (Chassaing et al.,
2011) as well as other commercial marine speiiekiding rainbow trout,
channel catfish I¢talurus punctatus suncatfish Horabagrus
brachysomg carp, salmonids andiriousmore (Rasmussen & Morrissey,
2008).

1.6.3.2. Most used mitochondrial genes

The cytochrome bcfyth) certainly was the most appreciated gene of the
first decade of 2000, used in more than half of the phylogenetic studies
published in those yearmostly thanks to the fact that it contains both
slowly and rapidly evolving codon positions, as well as more conservative
and more variable regions or domains overall, which malepitopriate

for the differentiation of even closely related species througlipribject

of universal primers (Pereira et al., 2008). It has in fact been used,
nowadays as in the past, to identify flatfish, gadoids, anchovies, eels,
scombroids, anglerfish and many others (Castigliego et al., 2015; Armani
et al, 2011; Chow et al., 2008in & Hwang, 2007; Pepe et al., 2007;
Santaclara et al., 2006; Akasaki et al., 2006; Pepe et al., 2005M&tdo

et al., 2003; Sotelo et al., 2001). Other commuabNAtargets in species
identification research are the smaRSrRNA gene (819 to 975 bm
vertebrates) and the largg8SrRNAgene (1571 to 1640 bp in vertebrates).
The RNA genes ardetweenthe most conserved nucleotide sequences
existingin a cell. Percentagesf the 16srRNA sequence from distantly
related organisms have been foustéhngely similar. That means that
sequences from remotely related organisms can be exactly aligned with
each other to measure true differences between them (Bhattacharya et al.,
2015). For thisnotive, it have been widely used to determine taxonomy,
phylogery (evolutionary relationships), and to estimate rates of species
divergence amongumerouscommercial species, such as flatfish, eel,
cardinalfish, mackerel, icefish, hairtail species, crab, cephalopods (Armani
et al., 2015c; Lakra et al., 2011; Chakrabeittal., 2005; Imai et al., 2004;

Itoi et al., 2005; Chapela et al., 2002). With éxpansiorand the success

of theDNA-Barcoding technique proposed by Hebert et al. (2003) (Hebert
et al., 2003),Cytochrome oxidase subunit (ICOI) gene has been
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recognizd by many authors as the marker of choice for species
discrimination. It has in factlaetterpotential for phylogenetic studies than
any other mitochondrial gene and there are a broad range of very robust
universal primers applicable across a wide rasfgaxa. In addition to the
cyth COI and RNA sequences, therare several additionamtDNA
targets In general, nortoding segments like the-loop exhibit elevated
levels of variation relative to coding sequences such ascyfie
presumably due to reduced functionahits and relaxed selection
pressure. Thanks to the hyper variabkoop or control region sequence

it has recently been used as target in commercial seafood identification
studies (Nagpure et al., 2015; Natachalet2016; Pedros&erasmio et

al., 2012) Additionalless used markes represented by the gene coding
for cytochrome oxidase subunit HICQOIII), which has been used to
differentiate rainbow trout@ncorhynchus mykiysand Atlantic salmon
(Salmo salay, and the flanking region betwed@OIllll and theNAD
dehydrogenase NADY) used to differentiate various speciestahas
(Mya et al., 2015).

1.6.4. DNA-Barcoding.

Growths inDNA-sequencing technology has permits the opportunity of
using variations in short sequencesDNA as labels for species in a
technique that has become knowrbdA-Barcoding (Waugh, 2007). The
intent of DNA barcoding is to use one or a few reference gemesgign
newly sampled individuals to species, or to identify cases in which no
name yet occurs for a specified species (Hanner & Gregory, 200N AA
barcode is in fact a short sequence of nucleotides reserved from an
appropriate par tnome that ia nsedoto ideatifyiitsatmd s
species level. Intraspecific variation in this fragment is an order of
magnitude less than that observed interspecifically, and this offers the
means by which species are differentiated (Waugh, 2007). Essentially, the

ampl|l i fied target fragment i s sequen
is matched with existing barcodes or material from voucher specimens
deposited on of ficial dat abas

D at a bhaps/e3dd@tsystems.org/ The Kimura 2parameter (K2P)
genetic distance correction is used to quantify sequence divergences
among individuals since it is the most effective model when distances are
low (Hebert et al., 2003). Hebert et al. (2003) proposed in fact to
standardize the various approaches used in species identification through
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the establishment of BNA-Barcoding system, similar in practice to a
supermarket barcode, for all living organisms, based on a single sequence,
represented by a ~63fp portion of te COI gene.COIl has so far
prospered in providing species level resolution across diverse groups of
insects, birds, fishes and primates and also confirmed the ability to
differentiate species in other compartments of life, including protists and
fungi (Hamer & Gregory, 2007). Several studies have shown the
applicability of DNA barcoding for accurate identification of a wide range
of fish species (Armani et al., 2015a; Carvalho et al., 2011; Carvalho et al.,
2015; Cawthorn et al., 2012).

Therefore, the usef the geneCOIl had suffered successprdemporary
research shows that mitochondrial DNA markers perform well for certain
species but may be less discriminating for others (Twttal, 2005).
Commonly usedCOI markers may evolve too slowly and have low
nucleotide sequence divergence in certain taxonomic groups, thus
impeding discrimination of closely related fish speciesg( Tung
(Rubinoffet al, 2006; Warcet al. 2009; Tericet al, 2010 when the gene
does not contain effective regions for barcoding applications (Desgle
al., 2014). Consequently, th€OlI barcode sequenceannot be used
extensively for the identification of all fish species. This situationldths

to the formulation of the proposal toudy and analyze the complete
MtDNA sequence with the aim to identify mitochondrial markers
multiple marker approachddliya et al, 2015) with higher and more
specific discrimination capacity.

1.6.5. Pcr primer pairs: importance of their selection in analytical
techniques

PCR primer pairs are responsible for bindaxgctregions of targeDNA

to define the PCR fragment to be amplified and tlairetyis probably

the mostsignificantfactor to consider for thefficaciousidentification of

seafood species (Rasmussen & Morrissey, 2008). Primer depigintisd

at obtaining a@quilibriumbetween two goals: specificity and efficiency of

amplification. Specificity isdefinite as the frequency with which a

misprimingincidentoccurs. Primers with poor specificibe disposedo

generatd®CR products with undesirable amplicons. Efficiency is defined

as how close a primer paianamplify a product to théheoreticoptimum

of a twofoldintensificationof product for each PCR cye[Dieffenbach et

al., 2008).Togetherspecificity and efficiency of amplification mainly

depend on some primer design variables. The specificity is genéually
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by the length of the primgthe annealing temperature of the PCR reaction.
Also, the placemet of the 3' end of the primer is critical for a successful
PCR reaction: perfect bapairing between the 3' end of the primer and
the template isbest for obtaining good results (Kwok et al., 1990)
Additional factors influencing primers efficiency atest Guanine (G) and
Cytosine (C) content and the primer Tmside a primer pair, the GC
content and Tm should be well matched, as poorly matched primer pairs
can be less efficient and specific because loss of specificity arises with a
lower Tm and the primer with the higher Tm has a greater chance of
mispriming under tese conditions.

1.6.5.1. Universal primers

Universal primers are designed to anneal to regioBdNafthat areusually
conserved across species groups and ampbfyafragment thadisplays
interspecies variation (Rasmussen & Morrissey, 2008). Althangrersal
primerscanbind to a wide variety oDNA templates, they cannot assure
DNA amplification of all types of organisms, due to the presence of
mutations which cause primer sequence mismatches (Armani et al.,
2012a). Consequently even yet the Taq ptymerase is tolerant to
mismatches, these primers aruallydegenerated at variable nucleotide
sites to increase the possibility of amplification, with a single PCR
reaction, of the same DNA fragment from a wide range of taxa (Lang &
Orgogozo, 2011). Dueo the widespread use ohtDNA in genetic
research, many universal primers have been designed on this molecule and,
particularly for seafood, most of the available primers were projected on
the cytb, COIl, 16§ 12Sgenes (Armani et al., 2012aBetweenthese
primers, those targeting ti&OI gene are often degenerated while the high
degree of conservation df6S gene does noheed this modification
(Cawthorn et al., 2012). The possibility to amplfiXAfrom a wide range

of species has also been testeduigh the utilization of cocktail of primers
targeting different molecular genes (lvanova et al., 2007). Universal
primers are useful for the amplification oA fragment that will be
analyzed through poflCR methods, such as PCR coupled with
Restricton Fragment Length Polymorphism (PE&¥LP) and PCR
sequencing

1.6.5.2. Specie-specific primers.

Speciesspecific primers are designetlased onsingle nucleotide
polymorphisms $NP$ to anneal only tdNA from a given species or
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category (Lockley & Barsley, 2000).Though this method requires
detailed knowledge of thHeNA sequences from target species, tlatais
becoming available with the access to public genetic databidsgs
quality primers can be designed throwggecificallydedicated available
software (Beacon designer, Primer3, DNASTAR etc.) as welirasted
manually. In this latter case, thri&ey parameters should be considered
(Giusti et al., 2016):

a) The specificity of the primers toward the target sequence, whittei
capability of the primers to amplify only theremeditatedarget (and
obviously not to amplify anyunplannedones). The selection of the
conserved or polymorphic regions for designing commorgenera-
specific primers can be carried out by aligniing sequences witoftware
like BioEdit (Hall, 1999);

b) The amplicon length, whiamustbe different between targpiNA of at
least100bp to easily discriminate them on an electrophoresis gel, should
also be selected by taking into consideration thel lef DNA degradation

of the samples analyzed;

¢) The annealing score can be assigned by specific software, utimas
Analyzer (Thermo Fisher ScientifigvValtham, MA, USA to thebased on

the primersdé overal/l characteri sti
molecular weight, extinction coefficient, and tendency to form dimers).
Once the size of the product has been predicted, identification is confirmed
if the expected sized amplicon ieseon a gel. By pairing specispecific
primers with a nonselectivéas e.g. familyspecific) counterpart, it is
possible to test for the presence of more than one species simultaneously,
as in the case of multiplex PCR approach. Thes®&active primetends

to be based on a sequence that is common to all species under study in a
given system; its precise location in the gene can be used to dictate the size
of the amplification products that will be generated (Lockley & Bardsley,
2000). The utilization P speciesspecific primers, allowing species
detection by the presence (or absence) of the PCR amplicon on an agarose
gel, do not need for traditional analytical procedures such asHRLR

or PCRsequencing.
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1.6.6. Post-PCR analytical methods

Succeeding?CR amplification, the resultinNA fragmentsmust be
properly analyzed with techniques that mightbasideredy a relatively

low procedurecost (for routinely application in labs) and, obviously,
should be reproducible, quick, and depenedablfhe most common
traditional method for fish species identification are PCR coupled with
Restriction Fragment Length Polymorphism (RRRLP), most used in
the past and a little put aside in the last years, and$&gQRencing, which
nowadays representsetimost applied one.

1.6.6.1. Restriction Fragment Length Polymorphism (PCR-RFLP).
PCRRFLP is atechniquein which an amplified fragment is cut by
endonucleasesdentifying specific restriction sites, resulting in few
smaller fragments of different sizes. The different fragments are then
separated by agarose gel electrophoresis. When no sequences are available
for precisegroups of species, the target DNA fragmenistbe anplified
initially by PCR and then sequencedfiiod polymorphisms among the
species of interest and choose thppropriate restriction enzymes
(Teletchea, 2009)When the sequence of the fragment has been
established, the initial sequencing step is nodomgcessary, because the
PCR amplicon of interest is simply digested with the preselected restriction
enzymes and then its restriction pattern is compared with reference
samples for species identification.mdain difficulty of PCRRFLP is the
possibilityfor intraspecies variation, in which individuals from imilar
species exhibit different restriction patterns due to degeneracy DiNAe
fragment being analyzed (Lockley & Bardsley, 2000). For this reason, it
has beersuggestedhat species identification with PGIRFLP be carried

out with caution if there is naconsiderableinformation available
concerning sequence polymorphisms within and between species groups
(Sotelo et al., 2001).

1.6.6.2. Classical PCR-Sequencing techniques.

Although PCRsequencing was originally time consuming, technically
demanding and rather expensive, both prices and time tousy
significantly been reduced, and this method has practically become the
gold standardn species identification, since riesults the method that
produces the largest amount of informatiGei(uso et al 2019; Teletchea,
2009). TheDNA sequencingechniquedeveloped by Fred Sanger (Sanger
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et al.,, 1977) forms the basis of automated "cycle" sequencing reactions
today This type of sequencing, also known as the chain termination
method, works as a classical PCR on the purified PCR fragment using the
same primersogethemwith a DNA polymerase, normal deoycleoside
triphosphates (ANTPs) andontrarily from the classial PCR, modified
nucleotides (ddNTPs) that terminai@NA strand elongation. These
ddNTPs |-@H droupathat3isNjequired for the formation of a
phosphodiester bond between two nucleotides, causing the extension of
the DNA strand to stop when a ddNTP aslded. TheDNA sample is
divided into four separate sequencing reactions, containing all four of the
standard dNTPs (dATP, dGTP, dCTP, and dTTP)NA polymerase,

and only one of the four ddNTPs (ddATP, ddGTP, ddCTP, or ddTTP) for
each reaction. Afterounds of templateDNA extension, theDNA
fragments that are formed are denatured and separated by size using gel
electrophoresis with each of the four reactions in one of four separated
lanes. The DNA bands can then be visualized by UV light or
autoradiogaphy, and théNA sequence can be directly read off the gel
image or the Xay film. The ddNTPs may also be radioactively or
fluorescently labeled for detection in automated sequencing machines. The
four reactions can be incorporated into one reaction and theDNA
sequence can be read from radioactive or fluorescent labels. A camera
captures an image of this fluorescence, assumed that each of the four
ddNTPs has its own unique fluorescent spectrum and thus there are four
possible fluorescent images. &hmages captured by the camera are
converted to a readable form called electropherogranui@i), from

which the sequence of theNA of interest can then be determined.
Consequentlythe electropherogram is a graphicahgeof data received

from a segencing machine and is also known as a trace

Noteworthy, universal primers afieequentlytailed with nondegenerated
nonrh omol ogous sequenc etsimmove segunending 5 N;j
production(Binladen et al., 2007; Messing & Vieira, 1982; Steffens et al.,
1993). M13 universal tails are thgreatestused to date and are
characterizethy short sequences belonging to the genome of thetyylel

M13 phage, a filamentous bacteriophage with a genairsinglestranded
circularDNA. These tails have in fact been proved to be utilized as cloning
site in Sanger sequencing technique (Sanger et al., 1977) which requires
singlestrandedDNA as a template and M13 can be easily obtained in this
form.
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Figure 10. Sequence ladder by radioactive sequencing compared to fluorescent peaks
Source by Abizar at English Wikipedia, CC -BX 3.0,
(https://commons.wikimedia.org/w/index.php?curid=3800855
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1.6.6.3. Forensically Informative Nucleotide Sequencing (FINS).

Forensically informative nucleotide sequencing (FINS) methodthat
combines DNA sequencing and phylogenetic analysis, used to identify
samples based on informative nucleotide sequences. The sequence with
the lowest genetic distance, or number of noiidkee substitutions, from

the target fragment represents the species group to which the original
sample belongs (Bartlett &avidson, 1992). A combination of 2
mathematical modeling systems is generally employed to carry out the
phylogenetic analysis: th€amuraNei method, to calculate the genetic
distances among sequences (Tamura & Nei, 1993), and the Neighbor
Joining method, to construct a phylogenetic tree based on these genetic
differences (Saitou & Nei, 1987 Clearly, since FINS is based on
nucleotice sequence substitutions, itsgnificantto choosea fragment
thatdisplayshigh interspecies variability but low intrapecies variability

to avoid ambiguities in the determination of species (Rasmussen &
Morrissey, 2008). FIN®epresent reliable chnce toevaluatethe nature

of seafood products and to verify the information reported on the label. To
date, numerous studies, selecting different genetic markers, have applied
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this technique to fish species identification (Armani et al., 2015c; Blanco
etal., 2008; Esfjjeira et al., 2009; Esfieira et al., 2008; Lago et al., 2011)

1.6.7. Methods not requiring post-PCR analysis

Since for many specieompletesequence information hésdaybecome
available, species may be directly identified through sipblese PCR
techniques that exploit the detection capability of spespesific primers
explicitly designed. Specific primers, under suitable stringent reaction
conditions, generate a fragnt only in the presence &@NA from a
specifiedspeciesCeruscet al., 2019. This possibility has the potential to
produce considerable savings of time and effort within the laboratory. In
fact, once amplified thBNA, species authentication can be giyrcarried

out through visualization by agarose gel electrophoresis or by melting
analysis in real timé&CR.

1.6.8. Multiplex PCR.

Multiplex PCR permits the simultaneous amplification of many targets in
the same reaction and is considered one of thefpe r r-ed g @m@c i n g
techniques, due to its rapidity and simplicity of execution, considered an
alternative method to be particularly used with screening purposes to
minimize expenses and save tineafta et al., 2006 Target specieBNA

can in fact e analyzed in a single run by using a combination of species
specific primers resulting iIDNA fragment lengths that vary with species.
The length of the fragments can be predicted if the complete sequence is
known, and apecifiedspecies can be identifileby the appearance of an
amplicon of appropriate size on an agarose gel. The main challenge in
setting up a multiplex PCProficient of specifically distinguishing
between very closelyelated species from a phylogenetic point of view is

to design suitalel primer (Castigliego et al. 201%jitially, they obviously
should be characterized, as aldeclaredabove, by a good level of
specificity. The number of regions of a certain gene thserges
sufficiently among all the species to be able to distinguish between them
is however limitedSq, the possibility of alternatives is also limited, so that
the higher the number of species, the lower the potential number of these
alternatives. Thereforehé number of species included in the assay
undoubtedly influences iefficiency, also because this technique is based
on a delicate equilibrium among the specspgcific primers, and the
presence of many pairs in the reaction increases the chance iofngpta
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unspecific primer annealing on the sampleA, spurious amplification
products and may increase the possibility to obtain the formation of primer
dimers (Giusti et al., 2016). Thereforeselectingprimers with a low
capability of heteradimerizationis required and, if not possible, reducing
the number of primers in the reaction mix. One option is to choose a
common forward or reverse primer. Moreover, the utilization of primers
with very similar optimum annealing temperatures is recommended
(Castiglego et al., 2015)Additional fundamental step for obtaining a
specific amplification stringentlyconnected with primers concentration,

is the selection of an adequd@dlA template concentration. In fact, if the
primertemplate ratio is too low, specifigroducts will not accumulate
exponentially while primer dimers may be amplified more efficiently than
the desired targetMoreover Taq polymerase, dNTPs and MgCI2
concentration should be opportunely evaluated, as well as the cycling
condition (Giusti etla, 2016).Suitablecontrols should also be included to
preventthe possibility of false positive or negative results being obtained
(the lack of amplified fragment on the gel may be due to technical
problemsrelativelythan due to the absence of the taigpdA) (Teletchea,
2009).

1.6.9. Real-time PCR (RT-PCR).

Realtime PCR (also known as quantitative PCR, Riaé quantitative
PCR, or gPCR) is a method of simultanedNA amplification and
detection (Teletchea, 2009). It is in fact an automated proséEse no
postPCR processing isiandatoryto analyze the amplification output. In
this way, theprobabilitiesof postPCR contact contaminatiatecreaseas

it is possible to observe and analyze-RTR products without removing
them from the instrument. This is attributable to the technique ability to
detect, at every cycle of the PCR, the amount of PCR product (amplicon)
using fluorescence (Salihah et, &016). A fluorescent reporter molecule

is in fact comprisedin the assay mix and monitored with an optical
thermocycler that provides fluorescent excitation and quantification of the
fluorescent emission. The fluorophores may be covalently linked to an
oligonucleotide to form a labelled primer @robe ormay be free
molecules that bind to double strand@dA. Many different designs are
possible, the common feature being that they ndisgilaya change in
fluorescence during PCR so that product accunauiatan be monitored.

A RT-PCR reaebut is given as the number of PCR cycles ("cycle
threshold” Ct) necessary to achieve a given level of fluorescence. The most
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popular reatime PCR assay, sval |l ed ATaqgMano appr
several seafood species idéoation studies (Taboada et al., 2017; Bajzik

et al., 2012; Lopez & Pardo, 2005; Velasco et al., 2013) is based on the
hybridization of a dual labelled probe to the PCR product, and the
development of a signal by loss of fluorescence quenching as PCR
degades the probe (Ponchel et al., 2003). Another common approach is
foundedupon the binding of the fluorescent dye SYBRGreen | into the
PCR product (PE Applied Biosystems, Warrington, UKjofta et al.,

2005 Chuang et al., 2012).

1.6.10. Next generation sequencing (NGS) technologies

Next-generation sequencing (NGS), also identified as -thgbughput
sequencing, is the catetl term used to describe a few different modern
sequencing technologies including:

1 lllumina (Solexa) sequencing,

1 Roche 454equencing,

1 lon torrent: Proton / PGM sequencing,

1 SOLID sequencing.

These recent technologies permit to sequ&Né andRNAmuch more
quickly and cheaply than the earlier used Sanger sequencing, and as such
have revolutionised the study of genomics andeswdar biology. The
biggest advantages are:

V offersa highresolution, basey-base view of the genome

V capturegogetherdarge and small variants that might otherwise be
missed

V recognisespotential causative variants fadditional follow-on
studies of gene expression and regulation mechanisms

V carries large volumes of data in a short amount of time to

sustenancassembly of novel genomes

Presentmethods, which mosthcount onon PCR amplification, are
nowadays exploited for the aliysis of an extremely wide range of seafood,
from fresh to processed (marinated, salted, smoked, canned, frozen, etc.),
arebased orDNA Sanger sequencinghese methodsyhile reliable for

the identification of single species, have be#gmonstratedpooiy
effective for the detection of species within mixed foods (Le Fresne et al.,
2011), since Sanger method has been designed to produce a single
sequence, generally from a single amplicon. On the other hand, even
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though other methods not requiring sequegatep, as multiplex PCR or

the more appreciated RACR, allow specieecognitionin complex food
matrices, the number of detectable species is often too exiguous.
Furthermorethese techniques necessarily need the use of specific suitable
primers,restaining the usefulness of the analysis if applied to products
containingunknownspecies. Thigleficiencycould represent a limit for

food inspection activities aimed ataximizing consumer safeguard. In
fact, the evermoreomplex global seafood chain magt as a boost for
fraudulent activities. Highly processed products composeddweral
species are those most at risk for mislabelling and may compromise
consumer 6s safety i f | rnFerthésereasans t o X i
Next Generation Sequencing (NGS) technologies could effectively
become a turning point in the food inspection field, overcoming the limits
of the standard analytical methods in the detection of multispecies
matrices. NGS technol oqd generatio@ | s o
sequencing technologieso or Ahigh
represent a fundamental shift away from the application of automated
Sanger sequencing fDINA analysis (Metzker, 201@eruscet al., 201%.

In fact, massively parallel aradonal sequencing have increased the ability

to increasesequence information even from a single molecule within a
complex or degraded DNA source. NGS is already becoming a standard
approach inmany studies in many different fields, particularly for
sequacing of genomes (Green et al., 2006; Miller et al., 2008scoloet

al., 2019; Ceruset al, 2019 and metagenomic studies (Branedong

et al., 2015; Hajibabaei et al., 2011; Yu et al., 2012). With NGS it is
possible to identify species on a large sgcalising aso-called
metagenomics (also referred to as metabarcoding) approach (Staats et al.,
2016). NGS power is increasingly favoralipservedalso for species
identification in foodpbecausd is possible to conduct a food metagenomic
approach to dett species in highly processed products, without previous
knowledge of which species are expected to be found. Despite the evident
benefit that it could provide to food inspection, only few studies with this
purpose have been conducted. A recent airected by Prosser and
Hebert (2017), applied metabarcoding to the identification of the botanical
and entomological sources of honey, since theljcate a substantial
difference in the market value of the various product types. Preliminary
studies were pesfmed on artificial meat species mixture samfperify

t h e meabilhydoddétect all species within a mixture (Bertolini et al.,
2015; Tillmar et al., 2013). Thenethod was practically applied to
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commercial products by the work of Mufi@olmenercet al. (2017), that
detected the animal species contained in candies, selected as a model of
highly processed foods. The research background results somewhat weak
even for the seafood products analyBesed orour knowledges, only one

study applied NGSethniques on species identification within fish cake
(Park et al., 2012)The first complete study comparing the different
sequencing methods applied on fratDNA to identify a marker region
suitable as barcoding in sparids, is the study conducted by our research
group (Mascoleet al, 2019).

1.6.10.1. Analytical workflow of the most common NGS technologies
(Illumina).

The definition ANG@scoupledcwitntbelideayaf & s o,
system improving sequencing phasajirectedto define a more complex

and integrated system, essentially characterized by three conseenyive
efficient analytical steps, each of whiahust suitably work in order to
allow an optimal global reaction output. These analytical steps are
represented by the (1) library preparation, the (2) massive pdbalial
clonal amplification and the final (3) sequencing by synthesis. These three
basic analytal steps are common to all the current NGS platform type,
which are distinguishable from each otl&sed orthe technique they
used to execute them. Workflow description Ibfimina platform is
reported below.

1.6.10.1a. Library preparation phase.

NGS firstly requires the conversion of the source genome into standard
libraries suitable for loading onto a sequencing instrument. The techniques
usedfor preparing libraries partly vary according to the type of the target
(whole genome, different parts@énome simultaneously, single sequence
fragment) but generally involves ioasually breaking genomicdDNA
(chemically, mechanically orusing primers amplifying a specific
fragment) into smaller sizes from which either fragment templates or mate
pair templates are created. Then, randomly broken fragments are end
repaired and fused on bo8® and 56 end with ad.
chemically synthi#zed short oligonucleotides with known sequence that
contain theessentiaklements for the immobilization of the template on a
solid surface and sequencing (Van Dijk et al, 2014). Each platform has
characteristic adaptors. lllumina adaptors are calledard P7. P5
comprehenda specific site able to subsequently hybridize with a
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complementary one located on oligonucleotides covalently linked to the
solid surfacgFigue 1.11).

Figure 11 lllumina (Nextera) workflow display how two tagmentations are required to
produce PCR amplifiable library molecules prepared for sequencing. (a) Transposomes
fit in into genomic DNA. (b) Tagmentation produces amplifiable andamoplifiable
library molecues until transposomes run out. (c) The library is cleaned to remove Tn5
protiens bound to the ends of DNA fragments, then -B@Rlified to add flowcell
compatible adapters and dumldexes for multiplexed sequencing. Source by James
Hadfield: Too good tdve true?! What can Nextera do for you?
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1.6.10.1b. Massive parallel DNA clonal amplification phase.

Beforethe sequencing step it essentiako product clusters, which are
grouped of identical molecules spatiallyivided from each other, through

a clonal PCR. The immobilization of spatially separated temptaitions
permits thousands to billions of sequencing reactions to be performed
concomitantly The cluster generation methadsitilized in Illlumina
technology, issolidphase amplification It is also namedfibr i d ge
amplificationo and t IDHAixHounad ®lthe gr o u
surface of a flow cell. Each cluster is seeded by a single teniphite
strand and clonally amplified through bridge amplificationluh@ cluster

has roughly 1.000 copieRespectivelycluster of the flow celproductsa

single sequencing read; for example, 10.000 clusters on the flow cell
would produce 10.000 single reads and 20.000 paired ends(Feguie

12).
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1.6.10.1c. Sequencing by synthesis phase.

With NGS methodsis possible toprodwce DNA in vitro through the
utilization of DNA polymerase, dNTPs and suitable trigger primers for
copying the DNA template. It is the possibly to detect the bases
incorporated in the sequence during the amplification phase (real time
detection)relatively than at the end such as occurred in Sanger method.
lllumina technology is characterized by thessa | | ed dAcycl i c
t er mi n atas thexnamaudyestsuses reversible terminators in a
cyclic method that comprises nucleotide incorporation, fluorescence
imaging and cleavage. In the first steIdA polymerase, bound to the
primed template, adds or incorporates just one fluorescemlyified
dNTP (noteworthy, differently from the Sanger technique, the dNTPs are
already fluorescent, permitting their real time detection by the system),
which embodieghe complement of the template base. After the addiction
of the fluorescent complememy dNTP, a chemical reversible stop of
DNA synthesis takes place, and imaging is then performed to determine
the identity of the incorporated dNTP. Following incorporation, the
remaining unincorporated nucleotides are washed away. This is followed
by a ckavage step, which removes the terminating/inhibiting group and
the fluorescent dye (Metzker, 2010). Additional washing is performed
before starting the next incorporation step. The technological evolution of
lllumina system is thus represented by the labdity of extremely
accurate optical techniques capable to quickly detect the fluorescent
emission emanated from each base and consequently permit to exactly
reconstruct the target sequeliEgurel12).
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Figure. 12. The cut ends are repaired and adapters, indices, primer binding sites, and
terminal sites are added to each strand of the DN#e DNA attaches to the flow cell via
complementary sequences. The strand bends over and attaches to a second oligo forming
a bridge. A polymerase synthesizes the reverse strand. The two strands release and
straighten. Each forms a new bridge (bridge amplification). The result is a cluster of
DNAs forward and reverse strands clones.

Tagged nucleotides are added to the DNA strétath of the four nucleotides have a
recognizing label that can be excited to emit a characteristic wavelength. A computer
records all the emissions, and from this data, base calls are made. Source by Illumina
(https://emea.illumina.com/science/technology/getierationsequencing/sequencing

technology/2channelsbs.html?langsel=/i)/.
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Research aims
The present work aigto:

1 improve the techniques currently usedmtDNA isolation from fish
muscle andlevelopa rapid, simple, and efficient method to extract
and sequence; it

1 apply the selected method fotDNA isolation and sequencing from
fish muscle to obtaithe completentDNA sequence of some species
of the gausDentex PagellusandPagrus

1 study and analyze the completdDNA sequence with the aim to
identify mitochondrial markers or multiple marker approaches with
higher and more speespecific discrimination capacity;

1 identify amDNA gene with variable sgpience useful for sparids
species discrimination, providing a rapid and simple tool that could
be useful for fish industry.

In particular, the projects have been divided in nine chapters, on the basis of
the research steps addressed:

Chapter 1  Development of a method to extract and amplify the
complete mithogenome of sorBparidaespeciesMascolo, C., Ceruso,
M., Sordino, P., Palma, G., Anastasio, A., Pepe, T. (20tafian Journal
of Food Safety6:6154 pag.758. Doi: 10.4081/ijfs.2017.6154
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sequencing methods from fish tisst#ascolo, C., Ceruso, M., Palma, G.,
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mitochondrial genome of the Pink dentBentex gibbosugPerciformes:
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Chapter 1

Development of a method to extract and amplify the
complete mithogenome of sorBparidaespecies

Mascolo,C., CerusoM., Sordino,P.,Palma,G., AnastasioA., Pepe T. (2017) Italian
Journal of Food Safet:6154pag.7578. Doi: 10.4081/ijfs.2017.6154
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Development of a method to extract and amplify the complete

mithogenome of som8paridaespecies.
1.1.Abstract

Previous studies showed that fish mitochondrial DRADNA) is set up by

a closed circular molecule of 4& kilobases (kb), comprising 2 ribosomal
RNA genes (rRNA), 22 transfer RNA genes (tRNA), 13 pretading
genes and 2 necoding regions. The analysis of singkDNA genes, such
asCytb, COI, 16%nd12S,or short segment of them, has been widely used
against species substitution in both fresh and processed fish products. The
analysis of the complete mitochondrial genome of fishery products allows
to better study and characterise fish species. The ainisaesearch was to
extract and amplify the completed@®ODNA of some fish species of
commercial interest belonging to tBparidaefamily. The studied species
were Dentex dentexDentex gibbosydDentex nufar Pagellus acarneand
Pagellus erythrinus The atire mitogenome was obtained by gene
amplification using long polymerase chain reactions. The analysis of the
complete mitochondrial sequences will allow to gain further insights on
these species and to find polymorphic sites that assess the degreetiof gen
variability of the species belonging to the fanfllgaridae

1.2. Introduction

The molecular characterisation of the entire mitochondrial genome provides
complete genetic information for phylogenetic analysis of organisms. The
complete nucleotide saqnce of fish mitochondrial genomes was
determined from a growing number of species (Miya et al., 2003). Fish
mitochondrial DNA (ntDNA) is a circular molecule of 267 kilobases (kb)

kb in length, normally consisting of 2 ribosomal RNA genes (rRNA), 22
transfer RNA genes (tRNA), 13 protetoding genes and and 2 nooding
regions (Shi et al., 2012). The studyrofDNA has become a very useful
approach in population genetics and eviohdry studies (Manchado et al.,
2004) and is used as marker to detect fraudulent substitutions in prepared
and transformed fish products (Pepe et al., 2005, 2007); the nucleotide
sequences that are fragments belonging to the gsmeshrome Kcyt b
geres,ribosomal 16&nd12S subunitsandcytochrome ¢ oxidase subunit 1
(COI) (EspHieira et al., 2008; Hubalkova et al., 2008; Zhang and Hanner,
2012; Chin et al., 2016). However, the use of short segments iofDiNA
(~100700 base pairs) may give ambayis results, because the fragments
are too short to contain sufficient genetic information, and the variations
among species are represented by few polymorphisms expressed by point
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mutations (Bottero et al., 2007). It appears that more mitochondrial genomi
information is needed to highlight the presence of more variable regions
within the species. Th8paridaefamily is one of the most valuable and
popular fish resources in the world and comprises about 41 species of
different commercial value (D.M. MIPAAF31 January 2008; Italian
Republic, 2008). Species substitution is very common in prepared and
processed fish products, due to the profits resulting from the placing on the
market of less expensive species. At the present time, Syraeidae
complete mitghondrial genome sequences are available in GenBank
(Acanthopagrus latus, Acanthopagrus schlegelii, Dentex tumifrons,
Pagellus bogaraveo, Pagrus auriga, Pagrus major, Parargyrops edita,
Rhabdosargus sarba, Sparus auljaticrease the mitochondrial genomic
data on the otherSparidaespecies appear of great interest. The extraction
and the amplification of the mitochondrial genome is a primary key to
correctly continue the study of mitochondrial DNA through the comparison
and analysis of properly obtainedgsiences. The aim of this research was
to find a useful method for the extraction and amplification of the complete
MDNA of five fish species of commercial interest belonging td8paridae
family, with the future aim to analyze and compare them, incrgasur
knowledge with regard t8paridaemitogenomics. ThentDNA was isolated
using longpolymerase chain reaction (PCR). The long PCR method was
selected because represents a major advance for thgidlghpurification

of MDNA (Yamauchi et al., 2004nd is one of the most efficient ways to
isolate and successfully sequencerttiee mitogenome of fishes (Miya and
Nishida, 1999).

1.3. Materials and Methods

A total of five differentSparidaespecies were tested. Here, the species
Dentex dentex, Dentegibbosus, Dentex nufar, Pagellus acaraed
Pagellus erythrinusvere analyzed. The whole specimens were identified,
according to their anatomical and morphological features, as belonging to
D. dentex, D. gibbosus, D. nufar, P. acaam&P. erythrinusspecies at the
Department of Veterinary Medicine and Animal Production, University
Federico Il, NaplesD. dentexspecimen was fished iAdriatic Sea(near
Vieste).D. nufar, P. acarnendP. erythrinusspecimens were supplied at
Salerno fish markeD. gibbosusspecimen was collected at Pozzuoli fish
market. Fish were frozen on board2®0°C and shipped in insulated boxes

to the laboratory. The tissues sampled from each specimen were: tongue
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muscle, dorsal fin, skeletal muscle, caudal fin and liver. TotA was
extracted from each sampled tissue, using the following methods: DNeasy
tissue kit (Qiagen, Hilden, Germany) and NucleoSpin tissue kit (Macherey
Nagel, D¢ren, Germany), both accord
CTAB based method (Doyle dnDoyle, 1987), saltingut method
(Martinez et al., 1998). Extracted DNA was quantified using NanoDrop ND
2000C (Thermo Scientific, Waltham, MA, USA). DNA concentration was
expected to be between ~35 and 200 ng/mL and the purity of DNA in the
range of 1.82.0 ratio of absorbance wavelength A260/A280.
Electrophoretic analysis was also done using 1% agarose gel to examine the
degree of degradation or the extracted DNA. For the long PCR (Miya et al.,
2001), the primers that were used are shown in ThhleThese primers
were chosen after multiple alignment (Figuré) lising BioEdit Sequence
Alignment Editor (Hall, 1999) oEparidaecomplete mitochondrial genome
sequences available in GenBaAlcanthopagrus latuNC_010977.1Xia

et al., 2008),Acanthopagrusschlegelii (JQ746035.1, Shi et al., 2012),
Dentex tumifrons(NC_029479.1, Zeng et al., unpublishedagellus
bogaravedNC _009502.1, Ponce et al., 200Bagrus majoi(NC003196.1,
Miya et al., 2001)Pagrusauriga (NC005146.1, Ponce et al., unpublished),
Parargyrops edita(EF107158.1, Xia et al., 2007Rhabdosargus sarba
(KM272585.1,Li et al.,, 2016)Sparus aurata(LK022698.1, Dray et al.,
2014). The primers were used to amplify the complete mitochondrial
genomes in two long PCRs (tvebep strategy) (Fige 1.2). Long PCRs
(final volume=50 pL) were performed in a PTOO0 thermal cycler (MJ
Research) and standardized as follows: 29.75 pL sterile distilled H20, 10
uL Q5 PCR buffer (NEB), 5 uL dNTP (2 mM), 0.75 uL forward primer (50
pmol/pL), 0,5 pL reverserimer, 1 pL of 2000 U/mL Q5 Higfridelity Taq
polymerase (NEB), and 3 pL (100 ng) of DNA template. The thermal cycle
profile is that ofshuttle PCR: denaturation at 98°C for 10 seconds, with
annealing and extension combined at the same temperature 62°C)
minutes and 20 seconds. Doubteanded PCR products were purified using
High Pure PCR Product Purification Kit (Roche, Basilea, Switzerland).

Table 11. Sequences of selected long polymerase chain reaction primers
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Ne° Primer 5 — 3 Tm

FW 6 S_LA;GSH GATGTTGGATCAGGACATCCYAATGGTGCA| 70,2 °C
L12321- o

FW 5 LEU GGTCTTAGGAACCAAAAACTCTTGGTGCAA | 72,8 °C

REV 2| SLA-16SH | TGCACCATTRGGATGTCCTGATCCAACATC| 70,2 °C

REV 8 LLlEZng;I: TTGCACCAAGAGTTTTTGGTTCCTAAGACC | 72,8 °C

Figure 11. Alignment of forward primer sequences with their respective
annealing sites on the mitochondrial genome @&paridaespecies. The
primer order was 5 1T3. Dots indicat
divergent sites are indicated by the cgomxling nucleotide. Reverse
primers (SLA-16SH, annealing site at 3790 bp; L12321LEU R, annealing
site at 13282 bp) were obtained from the reversed and complement
sequences of forward primers.

Rev 2 Fwb

biasrnd eserna | wo1 H noz B -colp—— col nap¢e B nD5 —L cpebp HNDiGeER
i | ND3 |
NDB

FwE RevE
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Figurel.2. Schematic model of the structural organisation ofSpparidae

(e.g. Pagrus major NC003196.1) mitochondrial genome. Primer annealing
sites are indicated by green arrows (~9.5 kb amplicon) and pink arrows (~8
kb amplicon).

SLA16SHR ——————-—=G ATGTTGGATC AGGACATCCY AATGGTGCA- --—————————
A.latus = L i e T eimimimim mom ey mpmimim i amnn
Seatirabal | soocopmssnes oemsmEess EeeERES T s s S R
Hesarha: 0 comooossans SEieleTiiieem SR TP encsmaaiinaess SRR
Azsohlegel: aw IeUeEs SUhkreeed s Y AR SR
P.DOGATave  cuveuwceees samanaenns asannanen iR R Y
DRI EFONE cmmem s moms soimmom oo e o M caneimi it e e e
Bledita,: cooommsdneed Oomsmiossie s Rnme T e s S R
Bomajor: — csodscaenavel Laisdosniiiisan e . T T s bR R N
Praurmigdl | SEISOLSES By Banaes W oREnenEE i s
......... | T . NS e OV (e NSO, | pE— T——
1326 1327 13280 13280 3300
L12321-LEU —-——GGTCTTA GGAACCARARA ACTCTTGGTGE CAA-———-——-= ——————————
Axtatus: SEooound SLiGEeiersy Urulelisne CRUEenhE ehai =i
Stamrabnl 0 SERSUIEEE BRI ENINEY BanSiiSE ekt aEiaaass =
R.sarba B T [t i Sy St i
PLBSCRLEgel: e weammed EEEOOMEEDER R SR s 4 e
Pobogatave  aiaissRniinn MSEsiinmieet R e auaian e aees e e =
DobunEFran  ARnsdolng DRGErieey TRl CIRReUNEG v =%
£ = o o - O =,
BUMa PO ot soniesSmieinon Siessneing e i S eretey St i
BlaiFigal  ccosueemmns MEsseiseie i Seiey S s b S =

1.4. Results

DNA was correctlyextracted from all examined samples. The best quality
and quantity of DNA was obtained from the dorsal fin using DNeasy tissue
kit (Qiagen). The long PCR approach allowed to obtain the complete
mitochondrial genome d@. dentex, D. gibbosus, D. nufar,&arneandP.
erythrinus in two wellresolved amplicons ranging of ~8 and ~9.5 kb
(amplicon A: L12323l eu/ SLA-16SH, and amplicon B:-BA-16SH R/
L1232%LeuR, respectively). These two fragments were complementary to
each other. High yields of specific lgf?CR amplicons were obtained for
the tested specieB. gibbosusand P. erythrinus without any further
optimization of the long PCR conditions (Figute3). Weakness in the
reproducibility of amplification was found in the other three species, in
particular for the longer (~ 9.5 kb) amplicon.
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Figurel.3. Long polymerase chain reaction products. Lane 8 kb
amplicon of Dentex gibbosus; lane 2 8 kb amplicon of Pagellus
erythrinus; lane 3~ 9.5 kb amplicon of Dentex gibbosus; lane~49.5 kb
amplcon of Pagellus erythrinus; lane &eneRuler 1 kb DNA Ladder
(ThermoFisher Scientific, Waltham, MA, USA); lane Bambda
DNA/Hindlll marker (ThermoFisher Scientific).

1.5. Discussion

Preliminary results of this study allowed suggesting a useful médindie
extraction and amplification of the complete mitogenome of five species
belonging to th&Sparidaefamily. The best results were obtained Emantex
gibbosusandPagellus erythrinusThe amplification was alspossible for

the other three speci®entex dentex, Dentex nufand Pagellus acarne
with a still lower degree of reproducibility. For these three species, we are
testing different primer set amplifying for smaller fragments designed to
facilitate the amplification and the sequencing steps sets in order to
increase the level of reproducibility. The mitogenome amplification is a
primary key to correctly continue the study of mitochondrial DNA. The next
step of this study will include the sequencing and analysis of the genetic
variability of the sequenced mitogenomes. The compta2NA is able to
provide important information that may highlight the presence of any
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variableregions within the species, with the aim to design primer sets that
are able to amplify speciepecific fragments.

1.6. Conclusions

This technique will allow a rapid species identification using a single PCR
reaction, providing the basis for the molecular traceabditythe fish
products, in agreement with the provisions of Regulation (EU) 1379/2013
(European CommissiQ2013).
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2.1.Abstract

Sparid fish speciehave different commercial value related to their
organoleptic features. Thmitochondrial (nt) DNA provides potential
tools to distinguish at the species levEhe enrichmentof high-quality
miIDNA from total genomic DNAIs critical to obtain entirentDNA
sequencesConventionalmDNA isolation is relatively lowcost and
proficient. However,high numbers oPCR cycles can lead to artefacts
(10 ® mutations/bp). We describe a rapid protocol faDNA extraction
and enrichment from fish tissuedased onconventional miniprep
columns, without the need to employ PCR amplification, and
paramagnetic beaddased purification.This newly described method
generates a substrate for ngeneration sequencing (NGS) analyasisl

is likely to have wider applicatiorfer mitochondrial studies on other fish
families and help ensure traceability and differentiation of fish with high
commercial value.

2.2. Introduction

Among research studies performed on fish mitochondrial DNIDA

or mitogenome), those related #pecies identification are of great
importance for food authentication and saf8yecies substitution is very
common in fish products, due to potential profits resulting from the misuse
of less expensive species to replace more expensive products (dMarko
al., 2004).Currently, nucleotide sequences belonging to mitochondrial
genes such aSytb, COI1, 16Sand 12S,are used widely as markers to
identify  fish species and possible fraudulent substitutions
(http://www.fishbol.org/) (Pepe et al., 2007; Bfgiia et al., 2008;
Cawthorn et al., 2012a; Cawthorn et al., 2012b; Shokralla et al., 2015).
However, a short nucleotide segment can contain insufficient genetic
characteristics to generate a signal differentiating species accurately,
especially where theyra closely related (Paracchini et al., 201A1s0,
some mitochondrial target regiopsrform well for certain species, kare

less discriminating for otheind this phenomenon varies greatly among
taxa and study designs. Analysis of mitogenome sequescadetter
approach for resolving these ambiguities (Arnason et al., 2002, &
Nishida, 2000)and for unequivocalspecies characterizatioallowing
exploration of alternative speesgpecific mitochondrial barcoding regions.

In vertebrates, the mitbondrial genome is a closed circular molecule of
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about 1522 kilobases (Kb) length, which encodes a set of 37 genes (2
rRNAs, 13proteincoding genesind 22 tRNASs) (Broughtoet al., 2001;

Gissi et al., 2008 MtDNA accounts for only ~2% of total cellular DNA

by mass, and the nuclear genome contains multiple mitochondrial
pseudogenes that, if included in a sequencing analysis, might be
erroneously interpreted astDNA variants HazkaniCovo et al., 2010;

Just etal., 2015). Therefore, enrichment of highality mtDNA from total

DNA extract represents a critical initial step for a correct analysis.
Different methods fomtDNA enrichment from animal tissue have been
reported (Kasamatsu et al., 19BLlrgener et al.1998) They may rely on
special equipmente(g, ultracentrifugation in CsCI density gradient),
expensive kits, or PCR amplification from total cellular DNA. The latter

is the most used method, relatively l@ast and proficient, yet leading to
artefactsbecause of high number of PCR amplification cycles that are
often needed for sufficient enrichmgQuispeTintaya et al., 2015)and
because higffidelity DNA polymerases show error frequencies typically

in the range of 1Gmutations/bp (Cline et al., 98). This can lead to
misinterpretation of results and ultimately, incorrect conclusions. The most
common way to sequence whole mitochondrial genome is based on a
combination of long and short PCR reactions with a number of versatile
primers followed by Sager sequencing method (Miya, & Nishida, 1999).
This approach reduces PCR bias and the inconsistent coverage but does
not decrease PCRe ner ated fAvariantsoOo or nuc
al., 2018).

More recently, nexgeneration sequencing (NGS) and athes in
bioinformatics tools have enabled the analysis of mitogenomes to be
extended to nomodel organisms on an unprecedented scale (Mardis,
2008). Highthroughput analysis of wholentDNA genomes across
multiple samples improves coverage breadth witl inégolution of very
low-level variants. This technology revolutionized biodiversity studies by
generating exceptional amounts DNA sequence data for comparative
genomics studies. The assembly of millions or billions of short reads
allows covering entirentDNA sequences repeatedly, and can be directly
applied in comparative analyses. Standard methods for mitochdbbiral
extraction do not provide sufficient amount for direct NGS and must be
followed by longrange PCR amplification, which can bias the
interpretation of sequencing results (Green et al., 2006; Miller et al., 2008;
Metzker, 2010).
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With the aim to find the best techniques in terms of time, costs and
efficiency to obtain the complete mitogenome sequence, we compared
combined shotgulluminaMi Seq and oO6traditional 6
long (7.3-9.3 Kb) and short amplicons (3342 Kb), respectivelywith
lllumina MiSeqapproach to miniprep kinrichedmtDNA. The methods

were tested on muscle tissue of the fan8paridae (Perciformes:
Teleostei) because it is one of the most valuable and popular fish resources
in the world, for which species substitution is very comi&nmani et al.,

2015) Therefore, the production of new sequences can enhance the
authentication of seabd products. In fact, even though the family
comprises about 38 genera and 159 species
(https://www.fishbase.de/Summary/FamilySummary.php?ID=330;
accessed 14.12.18), only for ningparidae species the complete
mitochondrial genome sequences are availab@enBank.

In particular, we performed and compared the resultheffollowing
procedures: 1) long PCR followed by NGS, 2) primer walking method
followed by Sanger sequencing,/BDNA isolation by miniprep columns
followed by direct NGS (shotgun sequerg), as reference method having
small, estimated sequence inaccuracies relative to-BSBd methods.
After comparing the three combined protocolsifdDNA enrichment and
sequencing, a rapid, simple, and efficieathniquefor mtDNA isolation
from fish muscle that can be used for NB&sed analyses was selected.
The method allowed obtaining the complete mitogenome sequences from
Dentex gibbosugMG653593) and Pagellus erythrinus(MG653592),
(D.M. MIPAAF, 22 Settembre 2017)This procedure maximizes
efficiency in separation and sequencing ofrtieNA from fish tissue also
allowing for balanced time, costs and sequence quality.

2.3. Materials and methods

2.3.1. Fish samplesOne entire specimen of each species was caught in
the Mediterranean Sea, and supplied by fish markets in Pozzuoli (Naples)
(Dentex gibbosys and Salerno Pagelluserythrinug, Italy. Whole fish

were frozen on board 20° C) and shipped in insulated boxesthe
laboratory. Specimens were identified, according to their anatomical and
morphological features, as belonging o gibbosusand P. erythrinus
species at the Department of Veterinary Medicine and Animal Production,
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University "Federico II" (Napledtaly). Muscle samples were taken and
stored at80 °C for further analysis.

2.3.2 Total genomic DNA extractionTotal genomicdDNA (gDNA) was
extracted from the dorsal fin of both specimens using the DNeasy Blood

& Tissue Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer ds i nst Thermo Fisher Scientifits i n ¢
Waltham, MA, USA), gDNA concentration was 4@/ul, and purity was

in the range of 1-2.0 ratio at A260/A280. As an important step in the
preparation of NGS libraries, quantity and integrity of extracted gDNA
were assessed by electrophoretic analysis in 1% agarose gel. A sketched
representation ofthe three sample processiagrkflows is reported in
Figure2.1.

Figure 2.1. Sample processingorkflows for mtDNA enrichment and sequencing.

Long amplicon Short amplicon Shotgun
sequencing sequencing sequencing

mtDNA
extraction

gDNA
extraction

MiniPrep

Short PCR
column

Long PCR

PCR product
purification

SEN
sequencing

lllumina MiSeq

lllumina MiSeq

2.3.3. Mitogenomeenrichmentand sequencing.

2.3.3.1 Long product amplification and NGSThemtDNA genomes ob.
gibbosusand P. erythrinus were amplified almost in their entirety as
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reportedin Mascoloet al, 2017. Amplicons were purified with thdigh

Pure PCR Product Purification Kit (Roche, Basel, SwitzerladtlDPNA
complete sequence was determingih Illumina MiSeq sequencing
(Mlumina, San Diego, CA, USA) at Genomix4life S.R.L. (Baronissi,
Salerno, Italy). Indexed libraries were prepared from 1 ug of each purified
amplicon using NexterBNA Library Preparation Kit protocol (lllumina,

San Diego, @, USA) , according to the ma
sequence index is useful to tag each sample in unique manner, so after
pooling it is possible to identify each of them. Libraries were quantified
using an Agilent Bioanalyzer 2100 (Agilent TechnokxjiSanta Clara,

CA, USA) and pooled such that each indagged sample was present in
eguimolar amounts, with a final concentration of pooled samples of 2 nM.
Pooled samples were then subjected to cluster generation and sequenced
using lllumina MiSeq 250Bystem with v3 chemistry (lllumina, San
Diego, CA, USA) in a 2x300 paireehd format at a final concentration of

8 pmol.

High-quality reads oD. gibbosuswere processed fate novoassembly
using Tadpole (BBTool, DOE Joint Genome Institute, Walnut Creek,
USA). To remove possible contaminants from the assembled contigs,
sequences were blasted against the NCBI NT database (minimalmee

set to 0.1 andmax_target_seqs 1). The taxonomic classification of each
BLAST hit was obtained, and all sequences witiest hit whose taxa were

not included in theSparidaefamily, were discarded from the assembly.
Multiple alignments of terD. gibbosuscontigs and thre®. erythrinus
contigs was performed with ClustalW 2lG(kin et al., 2007)The known
mitochondrial genome of Parargyrops editawas used as reference
(EF107158.1).

2.3.3.2 Short product amplification and Sanger sequencirg. gibbosus

and P. erythrinusmitogenomes were amplified by using the primer set
reported in Tabl.6 (supplemerdry material) Primers were designed by

eye after multiple alignment of th8paridaecomplete mitochondrial
genome sequences available in GenBank using BioEdit Sequence
Alignment Editor (Hall, 1999)Kigure2.2 - supplementary materialfhe
MtDNA sequences used for primers projecting waAanthopagrus latus
(NC_010977.1, Xieet al,, 2008),Acanthopagrus sdegelii (JQ746035.1,

Shi et al., 2012)Dentex tumifrongNC_029479.1)Pagellus bogaraveo
(NC_009502.1, Ponce et al., 200Bggrus major(NC003196.1, Miya et

al., 2001) Pagrus auriggNC005146.1)Parargyrops editdEF107158.1,

Xia et al., 2007) Rhabdsargus sarbaKM272585.1, Li et al., 2016),
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Sparus auratdLK022698.1,Dray et al., 2016 We usedVultiple Primer
Analyzer (Thermo Fisher ScientifizValtham, MA, USA to verify Tm,
screen for secondary structure, saihealing and inter primer binding
Amplicon size ranged from 1,443 bp to 3,293 bp. PCR reactions were
carried out in a 25 pl reaction volume using 2.5 pl of ANTP mix (2 mM),
2.5 pl of MgCh (10x), 0.5 pl of each primer (50 pMol/ul), 0.25 pl 6f

U/ ddq(Roche Basel, Switzerland 16.75 fk of sterile distilled water,
and 2 pl of DNA template containing approximately 80 ngflA. The
thermal cycling profile was: an initial denaturation step of 95 °C for 5
minutes (min) followed by 35 cycles of denaturation at 95 °C for 1 min,
annealing ab0-60 °C for 1 min, and extension at 72 °C for 3 min. PCR
products were electrophoresed on a 1% agarose gel, visualized via
ultraviolet transillumination, and purified using the QIAquick PCR
Purification Kit (QiagenValencia, CA, USA The amplicons wergdoned
using the TOPO TA PCR cloning kit (Invitrogewaltham, MA, USA.
Plasmids were purified with QIAquick PCR Purification Kit (Qiagen
Valencia, CA, USA and sequenced with the Automated Capillary
Electrophoresis Sequencer 37BINA Analyzer (Applied Bosystems,
Foster City, California, USA) by the Molecular Biology Service at the
Stazione Zoologica Anton Dohrn. Mitochondri2NA sequences were
analyzed using the BioEdit Sequence Alignment Editor (Hall, 1999). After
sequence quality analysis of the @dnproducts, new pairs of primers
were designed to closetDNA sequence gaps by performing further PCR
reactions stejpy-step (primer walking).

2.3.3.3. Miniprep column enrichment and NGS (shotgun sequencjng
We assumed, as have otheBefontaine et al.1991; Peloquin et al.,
1993) that sincentDNA properties are similar to those of bacteNA

(i.e. it is supercoiled and its size is in the range of conventional plasmids),
a common miniprep kit can be used for extraction and enrichment of
MIDNA from fish tissues.In detail, tissue samples (25 mg of dorsal
muscle)were collected into microcentrifuge tubes (2 ml), with 80 pl of
cold 1% PBS and with 1 of&m stainless steel beads (Qiagen, Valencia,
CA, USA). Two samples for each speciBs gibbosusDG1 and DG2P.
erythrinus PE8 and PE9) were grinded @iagen Retsch TissuelLyser
Mixer Mill Grinder DNA-RNA Homogenization 85210 MM30D{agen,
Valencia, CA, USAati 18 °C (TissueLyser Adapter Sets were cooled at

T 18 °C for 12 h)with oscillation frequencies of 30 Hz for 30, 15 and 5
min.
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Next, lysate tisses were pelleted by centrifugation at 8009 for 8 min

at room temperature. THdtDNA was extractedn duplicate by sample
using theQIlAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA)
according to the man DNAavastelutedeto 5®s i n ¢
pl of elution buffer. DNA quality and quantity were determined using
Qubi t E 4 HTherma Seiemsfit lact, Waltham, MA, USA) and
Agilent 4200 TapeStation system (Agilent Technologies, Santa Clara, CA,
USA) respectively, at Genomix4life s.r.l. (Baronissi, Salerno, ltaly).
MtDNA NGS was performed at Bibab Research s.r.l. laboratories
(Rome, lItaly). Libraries were prepared from 1 pg of each purbih
sample, using XT kit (lllumina, San Diego, CA, USA) according to the
manufacturerdéds instructions, and q
2100 chip HSDNA (Agilent Technologies, Sant@lara, CA, USA) and
Qubi t E 4 F(hermo Sciemificdnc., Waltham, MA, USA).
Then, libraries were pooled in equimolar amounts at a final concentration
of 4 nM. Pooled samples were subjected to cluster generation and
sequenced using lllumina MiSdtlumina, San Diego, CA, USA) in a
2x300 D. gibbosuyand in a 2x250K. erythrinu$ pairedend format at a

final concentration of 16 pM.

The quality of raw sequencing reads was assessed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projectstdg/), followed by
removal of lllumina adapters and trimming using Trimmomatic (v0.33)
(Bol ger et al., 2014). Tr-ameen@@® wa :
of reads, eliminating bases with a Phred score of +33. Paired reads were
processed simultanedys and the orphan reads were removed. High
guality reads were used as input & novoassembly of mitogenomes

with a hybrid assembler method using Velvet (Zerbino et al., 2008) and
MIRA (Chevreux et al., 1999). Scaffolds were obtained with Scaffolding
Pre-Assemblies After Contig Extension (SSPACE) (Boetzer et al., 2011),
and their annotation was made with Infernal: INFERence of RNA
ALignments, and with BLAST/BLASTX for coding sequences (CDS)
using RefSeq and MitoFish (lwasaki et al., 2013).

2.3.4 Data analysis

To study theDNA polymerase error frequencies amtify any sequencing
errors,we analysed the consensus sequences obtained with long and short
PCR clones in each species for variants. With minimum sequence and
assembly mistakes, sequencebtained by shotgun sequencing of
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Miniprep columnenriched mtDNA were considered as reference.
Sequences were compared calculatthg average nucleotide identity
(ANI) using QUAST 4.6.1 (Gurevich et al., 2013) and MUMmer (Delcher

et al., 2003). ANI is theppropriatein silico alternative forDNA-DNA
hybridisation (DDH) using blast algorithm. ANI method, in this case,
followed the basic algorithmAll Sparidae mtDNA sequences were
compared with that of a very distant arctic fiBagothenia borchgrevinki
Percentage of nucleotide identity of the matching regions was calculated
as average for all matching regions. The percentage threshold for species
boundary is 95% ANI (Richter, & RosselMora, 2009).

2.4.Results

2.4.1. Long product amplification and MiSg NGS DNA extracted from

D. gibbosusand P. erythrinusmuscle tissue was of good quality and
guantity (40/80 ng/ul). fie long PCR approach allowed amplifyitige
complete mitochondrial genometbiese two sparid fish specié®r each
speciestwo well-resolved ampliconsf 7336 and 9348 Kivere obtained,
complementary to each oth&GS allowed to obtaihigh quality reads of

D. gibbosus(7336 kb amplicon: 4034628 reads; 9348 kb amplicon:
4969506 reads) arfel erythinug7336 kb amplicon6626B8 reads9348

kb amplicon: 3264850 reads Reads wereassembled witra de novo
method Quality control was performed on the raw sequencing data to
remove lowquality portions while preserving the longest hagality
reads After normalization high-quality readswere assemt#d for each
sample separatelyoe novoassembly and alignment witRarargyrops
editareference mitogenome revealed the presence of five sequence gaps
for D. gibbosusand one forP. erythrinus (Table 2.5 - supplementary
material) with a total number of unsequenced bases of 5248 bp (17.96%)
in D. gibbosusand 3025 bp (31.29%) iA. erythrinusmiDNA sequences

2.4.2. Short product amplification and Sanger sequencinhe DNA
samples obtained from muscle cells of the dorsal fib.@fibbosusandP.
erythrinuswere of good quality and quantity (40/80 ng/ul). The PCR
primers designedor short product PCR amplification (Table62-
supplementary material) by alignment with the compigi2NA genomes

of Sparidaeavailable in GenBank (Figure2- supplementary niarial),
showed good efficiency. The consensus sequences obtained after amplicon
assembly were alignedith the complete sequence of thd. edita
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mitochondrial genomeEF107158.). The coverage was of 9867 bp r
gibbosug58.83%) and 9130 bp f&. erythrinug54.25%)

2.4.3. Miniprep column enrichment and NGSThe mitochondriaDNA
fractions were isolatedsing 5 min fragmentation timwith QIAprep Spin
Miniprep Kit (Figures 2.3, 24 - supplementary material). The.
erythrinusandD. gibbosussamples selected for MiSeq sequencing were
PE9 and DG1, respectively, because,pdeslower concentration of
gDNA, they were richer imtDNA (Figures?2.3, 2.4 - supplementary
material). NGS produced2300388reads forD. gibbosusand 3659022
readsfor P. erythrinus.The quality control was performed on the raw
sequencing data to remove lauality portions of reads while preserving
the longest higlguality ones. After normalization, higiuality reads were
assembled for each sample separately (Tdbke - supplementary
material). Coverage was calculated usidg novoscaffolds (Table2.8 -
supplementary materjal For D. gibbosus the longest and over
represented scaffold was the complete mitogenome of 16771 bp (Figure
25 - supplementary material) (Mascolo et al., 2018). Foerythrinus
instead, two different scaffoldswere selected that matched the full
mitochondrial characteristics: scaffold_1 length: 12091 bp and scaffold_3
length: 4543 bpAt first, both scaffoldsvere annotated separately. Finally,
the full sequence of 16828 bp Bf erythrinuscomplete mitogenome was
obtained for annotation (Ceruso et al., 2018).

2.4.4. Data analysis Results of the ANI analysis were reported in the
Tables2.1,2.2. The analysed genome fractionDofgibbosusvas 66.23%

for long PCR amplicons and 59.13% for Sanger sequencing of short
amplicons; the analysed genome fractioR oérythrinuswas: 61.99% for

long amplicons and 58,53% for short ones. We did not fifidrdnces in

the number of mismatches between sequences obtained with long PCR and
the sequences obtained using shotgun sequencing. Instead, significant
sequence variation was observed when shotgun sequences were compared
with Sangetbased sequences of shamplicons (Table.3, 2.4).

Table 2.1. D. gibbosus average nucleotide identity (ANI). Percentage of identity
(1=100%) between shotgun sequences (mtDNA_extraction_gibbosus)ong
(Long_amplicon) and short (Sanger) PCR products, Rnidorchgrevink{Pagothenia).

mIDNA extraction Long_amplico Pagothenia Sanger
gibbosus n
mtDNAextraction 1 0,99843 0,7216384615 0,9755
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gibbosus

Long_amplicon  0,99843 1 0,6996428571 0,9603
Pagothenia 0,7352428571 0,7115571429 1 0,7107
Sanger 0,9754444444 0,9603333333 0,7136625 1

Table 2.2. P. erythrinus average nucleotide identity (ANI). Percentage of identity
(1=100%)betweershotgunsequences (Complete_enging (Long_amplicon) and short
(Sanger) PCR products, afd borchgrevinki (Pagothenia).

Long_amplicon Complete_ery Pagothenia  Sanger

Long_amplicon 1 0,99961 0,7065625 0,96715
Complete_ery 0,9993909091 1 0,7345785714 0,9921777778
Pagothenia 0,7107 0,7318928571 1 0,7516666667
Sanger 0,96745 0,98025 0,7490333333 1

Table 2.3. Statistics of D.gibbosus long (Long_amplicon) and short (Sanger) PCR
product alignment with shotglsequence

Genome statistics Long_amplicon Sanger
Genome fraction (%)* 66.233 59.132
Total aligned length? 11108 9933
NG50 17005 16800

117



Comparison omitochondriaDNA enrichment andequencing method

from fish tissue

NGAS50 11108 9933
Unaligned

# fully unaligned contigs™ 0 0
Fully unaligned length* 0 0

# partially unaligned contigs 1 1
Partially unaligned length 5897 6867
Mismatches

# mismatches 0 12

# indels 0 14
Indel length 0 16

# mismatches per 100 kb' 0 121

# indels per 100 kb®S 0 141.17
# indels (<= 5 bp) 0 14

# indels (> 5 bp) 0 0

#N's 5913 7066

# N's per 100 kb- 34.772 42.060
GC (%)* 45.29 45.96

A Percentage of aligned bases in the reference gerfbrotgl number of aligned bases in the
assembly; NG50 is the length for which the collection of all contigs of that length or longer covers
at least half the reference genome; NGASV' stands for "aligned") similar to the corresponding
metrics without "A" but in this case aligned blocks instead of contigs are considered. Aligned
blocks are obtained by breaking contigs at-asisembly events and removing all unaligned bases.

Y number of contigs that have no alignment to the reference sequeatd;length of all unaligned
regions in the assembly (sum of lengths of fully unaligned contigs and unaligned parts of partially
unaligned ones); A average number of mi smat ch
sequencing errors are not distingidhand are counted equalfyaverage number of indels per
100000 aligned bases. Several consecutive single nucleotide indels are counted as dne indel;
average number of uncalled bases (N's) per 100000 assembly™asaispumber of G and C
nucleotids in the assembly, divided by the total length of the assembly.
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Table 2.4. Statistics of P. erythrinus long (Long_amplicon) and short (Sanger) PCR
product alignment with shotgisequence

Genome statistics

Long_amplicon

Sanger

Genome fraction (%)*
Total aligned length”
NG50

NGAS0

Unaligned

# fully unaligned contigs™
Fully unaligned length*

# partially unaligned contigs
Partially unaligned length
Mismatches

# mismatches

# indels

Indel length

# mismatches per 100 kb'
# indels per 100 kb®

# indels (<=5 bp)

# indels (> 5 bp)

#N's

# N's per 100 kb"

GC (%)*

61.992

10436

10437

10436

5

47.91

44.19

54.528

9176

16900

9176

7724

10.9

21.8

2

0

7793

46112

44.83

A Percentage of aligned bases in the reference gerfotail number of aligned bases in the
assembly; NG50 is the length for which the collection of all contigs of that length or longer covers
at least half the reference genome; NGAZU' stands for'aligned") similar to the corresponding
metrics without "A", but in this case aligned blocks instead of contigs are considered. Aligned
blocks are obtained by breaking contigs at-agsembly events and removing all unaligned bases.
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¥ number of contigs thdave no alignment to the reference sequenteal length of all unaligned

regions in the assembly (sum of lengths of fully unaligned contigs and unaligned parts of partially
unaligned ones); A average number eoSNPsmands mat ch
sequencing errors are not distinguished and are counted eGualigrage number of indels per

100000 aligned bases. Several consecutive single nucleotide indels are counted as dne indel;
average number of uncalled bases (N's) per 100000nhisbasesP4otal number of G and C
nucleotides in the assembly, divided by the total length of the assembly.

2.4.5. Comparing speed, costs and accurablext-generation sequencing

has become a very useful way in laggale DNA sequence analysis,
opening the possibility to enable cadtective highthroughput
approaches. In order to evaluate the characteristics associated to each
methodological approach that we used to extract, enrich and sequence the
entire mitogenome of Spdrifish species (Fig. 1), we present a dige

side empirical comparison based on data gathered by direct or-dtxands
experience of the authors, fQuom co
analysis indicated that, whereas the shotgun approach correldit@s®8
platforms, it allows faster, less expensive, more accurate and consistent
analysis omtDNA genome sequencéBable 5 supplementary material

2.5. Conclusion

The size of the mitogenomes sequenced during this study was similar to
that determined for fish within tHeparidaefamily, as well as for teleosts
belonging to other families (Broughton et al., 2001; Inoue et al., 2001,
Miya et al., 2001). lllumina MiSegequences were confirmed by Sanger
method (short amplicons), and blasted against the NCBI NT database. The
taxonomic classification of each BLAST indicates unambiguous
taxonomic membership to the teleost fish fanSiparidae The consensus
sequences gendea by long and short amplicons mapped to nucleotide
sequences obtained by shotgun sequencing. Each of these mapped
sequences was used to perform the ANI analysis. We did not find a
significant difference in the number of nucleotide variations between
congnsus sequences obtained with long PCR, but significant variation was
detected in consensus sequences obtained with short amplicons followed
by Sanger sequencing. Probably, thidug to different error rates among
Taqg DNA polymerasesTaq error rate wameasured at about 1 in 9000
nucleotidegTindall et al., 1988) buidelity values differ among research
groups and assay method&c{nerney et al., 2014However, it is reported
that Q5 HighFidelity DNA Polymerase (NEB, Ipswich, MA, USA) error

rate is<0.44 x 10° (https://www.neb.com/toolandresources/selection
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charts/dngpolymeraseselectionchart) and thatTag DNA polymerase
(Roche, Basel, Switzerland) error rate is 1.3l with a mutation
frequency of 5.1%
(http://netdocs.roche.com/ddm/effective/pdf _0900b2fc80b90ba4.pdf).

Our analysis of staff time, labor costs and performance characteristics of
three different enrichmentsand sequencingprocedures allowed to
determine thathe best methodology for complet@DNA sequencing is

the shotgun sequencing, based matDNA enrichment with miniprep
columns followed by MiSeq NGS. This rapid, simple, and efficient
procedurecan be usedbr routine molecular biology studieBreparation

of enrichedntDNA without PCR amplification simplifies the analysis and
delivers an unbiased sequence. The analysis of fish species based upon
appropriate and careful analysis of shotgun sequencing ofnidDéNA
provides sequences that hawiéde application in fish identification,
phylogenetics and biogeography. Continuous improvements in sequencing
platforms and analysis tools will make this method more reliable and cost
effective. The significant advances in these competing sequencing
platforms have been foreshadowed by the manufacture promise in further
cost reductions in the near future. This would make shotgun sequencing of
the wholemtDNA the preferred option for fish identification in many
research and industrial applications. A congxaniof the platforms at the
same level of coverage is useful to provide a guide to likely comparative
performance since the number of reads on these platforms will increase in
the future (Brozynska et al., 2014). Costs will change for each platform as
read length and volume are increased. However, cost is not the only
advantage of this approach. This technique provides the basis for the
molecular traceabilityf fish products, in agreement with the provisions

of Regulation (EU) 1379/2013 (European Commissi®13, in orderto
guarantee consumer safety and as support for official control activities.
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Supplementary material

Table 2.5. Gaps in Dentex gibbosus and Pagellus erythrinus mtDNA sequences after de
novo assembly.

Gap Length (nt) Position (nt)*
1 2876 16561- 3156
3 2 149 4238- 4559
(@]
% 3 1255 5784- 7143
a 4 951 10933- 12087
5 17 14655- 15030
" 1 1743 2563- 4306
2
<
>
]
a

* Gap position after alignment with the complete mitochondrial genome sequeRaeaodyrops
edita(EF107158.1
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Table2.6. Primer pairs used for generating short amplicons.

N° Name 56Y 36 Position Amplicon 'l'm
(nt)* size (ntA C
Fwi1497 GCCGGTAAAACTCGTGCCAGC 1497
1 2412 50.0
Rev3908 CGGTCCTTTCGRCTACT 3908

Fw3760 GATGTTGGATCAGGACATCCYAATGGTGCA 3760

2 1443 56.0
Rev5203 CTAGGAAGTGGTGTAGTGGAAGCAC 5203
Fw5067 CTGTGCCTGAAGTAAAGGGCCAC 5067

3 3050 67.6
Rev8117 GGGTAGTCRGAGTATCGACG 8117
Fw7657 CACATGTTTYACAGTYGG 7657

4 2652 50.0
Rev10309 CCYTGRAATGTYCCTTCTCG 10309
Fw10156 TACAGGKGCAGTTGCAGTTGCCGCCCT 10156

5 3124 72.0

Rev13280 TTGCACCAAGAGTTTTTGGTTCCTAGACC 13280

Fwi13118 CACCGAGAKAGGCTYGCTA 13118

6 2592 56.0
Revl5710 GAGTDACAACGGTGGTTTTTCAAGCC 15710
Fw15422 GAGAATCHGCAGCAAGAGC 15422

7 1283 50.0
Rev16993 AGAACGYTAGCTTTGGGAG 16993
Rev1716 CATAGTGGGGTATCTAATCCCAGTTTG 1715

8 3098 68.0
Fwi15422 GAGAATCHGCAGCAAGAGC 15710

* Primer position after alignment with mitochondrial genomeSpéridaeavailable in GenBank
(NC_010977.1, JQ746035.1, NC_029479.1, NC_009502.1, NCO003196.1, NC005146.1,
EF107158.1, KM272585.1,K022698.1); A Amplicon size is the effective size of amplified
produds.

123


https://www.ncbi.nlm.nih.gov/nuccore/LK022698.1

Comparison omitochondriaDNA enrichment andequencing method

from fish tissue
Table 2.7. Summary statistics file novaassembly.

Longest Rawreads ECreads % reads passin¢ Raw nt

scaffold EC
D. gibbosus 16771 2300388 2247342  97.69 547583072
P. erythrinus 12091 3659022 2414609 65.99 918414522

Longest scaffold: lengthf the longest scaffold; Raw reads: number of raw reads used as input; EC
reads: number of reads used for assembly, after quality control and error correction; % reads passing
EC: percentage of the raw reads that the EC reads represent; Raw nt: nunizégaiides used

as input.

Table 2.8. Summary statistics fuyverage

Raw EC cov Median 10th percentile cov bases>= % GC

cov cov Q40 % GC
D. gibbosus 242.26 169.14 19 3 1851830 43.2
P. erythrirus 771.69 266.04 17 3 951847 42.2

Raw cov: average depth séquence coverage provided by the raw data; EC cov: coverage after
quality control and error correction; Median cov: median actual depth of coverage in the assembly;
10th percentile cov: 10th percentile depth of covera@@% of sites have greater coage; bases

>= Q40 % GC: number of bases that have a PHRE&dDe quality greater or equal to Q40; % GC:

GC content.
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Table 2.9. Analysis of time, costs and sequence quality for each analysed methodology.

Methods formtDNA sequencing Time Costs Base Call
Accuracy

Step by  Total Stepby  Total
step step

1- Short amplicon sequencing

a Total genomidDNA extraction 3h 320 h 7 0 960
b- Short PCR and amplicot 6h 5 U
- purification
)
z c- Cloning 6h 40 4
d- Sanger sequencing 2h 8 U ~99.4%
e Data analysis and primer desigr 3 h
2- Long amplicon sequencing
a Total genomidDNA extraction 3h 130 h 7 0 768
@ b- Long PCR and amplicor 10h 7 0
§ purification
wn
c- lllumina MiSeq 48 h 370 99.9%
e Data analysisind primer design 4h
3- Shotgun sequencing
a MtDNA extraction 1h 49 h 2 0 372
2
% b- lllumina MiSeq 48 h 370 99.9%

1Tot al time of the first met hod daasdrkbnewly 16
generatedntDNA sequence per cycl&or the second method, time and costs are referred to a
minimum of two long amplicons. For the third method, time and costs are referred to the entire
mitogenome? Base calling accuracy, measured by the Phred quality score (Q scthe)n®st
common metric used to calculate the accuracy of a sequencing platform. It indicates the probability
that the sequencer calls a given base erroneously. Low Q scores can incregesitalsevariant

calls, which can result in imprecise conclusigqEwing et al, 1998; Ewing and Green, 1998
https://www.illumina.com/documents/products/technotes/technecdpes. pdf
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Figure 2.2. Position of the short PGRnplicons. Alignment with Sparidae mitogenomes
available in GenBank (NC_010977.1, JQ746035.1, NC_029479.1, NC_009502.1,

NC003196.1, NC005146.1, EF107158.1, KM272585.1, LK022698.1). Primer pairs 1
are reported in Table 2.

Identity

Acanthopagrus (latus)
Acanthopagrus 2 (schlegelii)
Dentex (tumifrons)

Pagellus (bogaraveo)
Pagrus (auriga)
Parargyrops (edita)
Rhabdosargus (sarba)
Sparus (aurata)

Pagrus 2 (major)

Figure 2.3. Quality control oPagellus erythrinugntDNA extraction and enrichment.
Two large peaks were observed corresponding to a lower marker (average size 100 bp,
from 65 to 151) and the mtDNA fraction (13843 bp, from 12588 to 18683) (sample PE9).

& -
& &
3 K,

40 q
30 4

20 4

Sample Intensity [FU]

10 4

Size
[bp]

Figure 2.4. Quality control of Dentex gibbosus mtDNA extraction and enrichment. Two
peaks were observed, a major one corresponding to a lower marker (average 100 bp,
from 58 to 180) and a minor fraction (6264, from 250 to 60000) (sample DG1).
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Figure 2.5. Scaffoldcoverage of the complete Dentex gibbosus mtDNA sequence.
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3. Abstract

The Pink dentexDentex gibbosuRafinesque 1810s one of the
most commercially importai@paridaespecies and it is often subject
to fraud. Here, we report the complete mitochondrial genome of
Dentex gibbosusThe mitogenome is 16.77kp in length and
contained 13 protetooding genes, 2 rRNA genes, 22 tRNA genes
and 2 norcoding regions.The overall base composition @f.
gibbosusmtDNA is: 27,8 % for A, 28,60 % for C, 16,5 % for G,
27,05 % for T.

The Pink dentexOentex gibbosyss a commercially importar@paridae
species inhabiting the West African coast from Portugal to Angola,
including Madeira, Canary and Sao To#Agncipe archipelagos (Wiret
al. 2008). This sparid species is also present in the Mediterranean Sea
except for the nortlwestern coast and the northern Adriatic Sea (Dooley
et al. 1985).D. gibbosuds now classifiedaB L east Concer no
List of Threatened Species in the Mediterranean Sea (Rass]l2014).
Species substitution is very common in processed fishery products
belonging toSparidaefamily. In particular,Dentex dentexand Pagrus
pagrus are ofte fraudulently replacedith D. gibbosugKatavic et al.,
2000). Here, we describe the complete mitochondrial genome
(mitogenome) oD. gibbosugGenBankMG653593. A specimen caught
in the Mediterranean Sell (38°25'15.1" E 3°53'09.4'Wwas identified as
D. gibbosushased on morphological featur&NA was extracted and is
currently stored at Department of Veterinary Medicine and Animal
Production, University "Federico 11", Naples, Italyhe mitogenome db.
gibbosushas been obtained from higiroughputsequencing on complete
mitochondrial DNA with lllumina MiSeq 2500 System (lllumina, San
Diego, CA, USA).The complete sequenceli§.771bp long, containing
13 proteincoding genes, 2 ribosomal RNA genes (12S rRNA and 16S
rRNA), 22 transfer RNA genes (tRNA) and two rooding regions (B
loop and Lorigin). Mitochondrial arrangement and gene distribution are
in agreement with the classic ventate mitogenomes (Wareg al 2008).
The majority of mitochondrial genes are encoded on the heavy strand,
while the NAD dehydrogenase subunit BIP6) and eight tRNA genes
[GIn, Ala, Asn, Cys, Tyr, SefUCN), Glu, Pro] are encoded on the light
strand. Basecomposition issimilar to other Sparidae mitochondrial
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genomes, witl27,8 % for A, 28,60 % for C, 16 5 % for G, and 27,05 %
for T (Cerusoet al, 2018). All proteircoding genes started with an ATG
start codon bu€OIl andND4, which started with GTG. Stagdons were

of 4 typesj.e. TAA (ND1, ATP8 ATPG NDA4L, ND5, ND§, AGG (COl),

T (COII,ND3,ND4 CYTB and TA D2, COIll). The 12S and 16S rRNA
genes were located between tR&IA" (GAA) andtRNA®Y (TAA) genes
andwere separated by the tRMAgene as in other vertebrates (Li et al.
2016). The 22 tRNA genes vary from 66 to 74 bp in length. The 1091 bp
long control region is located betwe@®NA™ (TGG) andRNA(GAA).

The noncoding region (kstrand origin of replication) is 40 bp long asd
located betweedRNA'®" (GTT) and tRNA™Y® (GCA). To validate the
phylogenetic position oD. gibbosus we construct a phylogenetic tree
using MEGAG6 software (Tamuret al. 2013) (Figure3.1). The resultant
phylogeny shows thab. gibbosusis closely redted toD. dentex in
agreement with Chibat al. (2009). Results of this study provided useful
genetic information for further studies on phylogeny, species identification
and population genetics Bparidaespecies.

137



The complete mitochondrial genome of iek dentexDentex gibbosu

PerciformesSparida

Figure 3.1. Phylogenetic analysisf D. gibbosus based on the entire mtDNA genome
sequencesf 11 sparid fishesvailablein GenBank.Five outgroup specied (tjanus

peru, Lutjanus rivulatusLethrinus obsoletus, Chaetodontoplus septentrionalis and
Chaetodon auripesjvere selected and the maximum likelihood method was used.
Numbers above the nodes indicate 1000 bootstrap values. Accession numbers are shown
behind species names.
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4. Abstract

The common pandor@égellus erythrinusl.innaeus 175Bis one

of the most commercial caught fish species in the Mediterranean Sea
and its potential as a significant aquaculture species is recognized.
Here, we sequencedPagellus erythrinuscomplete mitochondrial
genome. The sequence is comprisel&828bp and consists of 13
proteincoding genes, 2 rRNA genes, 22 tRNA genes and a two non
coding regions (Bloop and Lorigin). The overall nucleotide
compositon is: 27.5% of A, 28.2% of C, 27.5% of T and 16.8% of
G.

The common pandoraPagellus erythrinusis a benthopelagic sparid,
distributed in the eastern Atlantic, from Scandinavia to GuBissau,
including Cape Verde, Madeira and the Canary Islands (®and991),
and in the entire Mediterranean Sea. It is also rarely recorded in the Black
Sea (Bauchot and Hureau, 1988).erythrinusis one of the sparid fishes
which are harvested commercially in the greatest amounts in the
Mediterranean Sea, and itstpotial as a significant aquaculture species is
recognized (Basurcet al 2011). However, genetic information about this
specieshas yet to be adequately addresséere, we report the complete
mitochondrial genome (mitogenome) dP. erythrinus (GenBank
MG653592. A specimercaughtin the Mediterranean Sel ¢0°22'54.0"
E 14°35'44.0"wasidentified on anatomical and morphological features.
DNA extracted from dorsal fin tissue is currently stored at Department of
Veterinary Medicine and Animal Production, University "Federico 11",
Naples, Italy.The complete mitogenome Bf erythrinuswas determined
by usinga combination of long and short PCigllowed by Sanger and
lllumina MiSeq2500 Systen(lllumina, San Diego, CA, USA9equencing
methods. The complete sequenceds828bplong, containing 13 protein
coding genes, 2 ribosomal RNA genes (12S rRNA and 16S rRNA), 22
transfer RNA genes (tRNA)na two noncoding regions (Bloop and L=
origin). Mitochondrial structure and gene organization are in agreement
with the typical vertebrate mitogenomiefeira 200D The majority of
mitochondrial genes were encoded on the heavy strand, witNADRe
dehydogenase subunit ND6) and eight tRNA genes [GIn, Ala, Asn,
Cys, Tyr, Se(UCN), Glu, Pro] being encoded on the light straBdse
composition i27.5% A, 28.2% C, 27.5% T and 16.8%d@nilar to other
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Sparidaemitochondrial genomes (Cerusbal, 2018). All proteircoding
genes started with an ATG start codon with the excepti@Q©dandND4,
which started with GTG. Four types of stop codons were detdated,
TAA (ND1, ND2, ATP8 ATPG COIIll, ND4L, ND6), AGG (COl), T
(COII,ND4, CYTB and TAG(ND3, ND5. The 12S and 16S rRNA genes
were located between tRNA"® (GAA) andtRNA®Y (TAA) genes, and
were separated by the tRNAgene as in other vertebra@sascoloet al,
2018. The 22 tRNA genes vary from 66 to 74 bp in lengthe 1154 bp
long control region is located betwe@®NA™ (TGG) andRNA(GAA).
The noncoding region (kstrand origin of replication) is 3dp long and is
located betweetRNA'S"(GTT) andtRNA™YS (GCA).

The phylogenetic position d?. erythrinuswas validated using MEGAG6
software (Tamurat al 2013), with the entire sparidtDNA sequences
availablein GenBank The specied.utjanus pery Lutjanus rivulatus
Lethrinus obsoletysChaetodontoplus septentrionalignd Chaetodon
auripeswere used as outgroup for tree rooting (Figuig. The resultant
phylogeny shows tha. erythrinusis closely related t®. tumifronsand
Pagrus spp., in agreement with the work of Chiba et al. (200M).
erythrinus complete mitochondrial genomewould be helpful in
understanding thehylogenetics, evolution and species characterization of
sparids.
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Figure 4.1. Phylogenetic analysief P. erythrinus based on the entire mtDNA genome
sequencesf 11 sparids and 5 outgroup species by maxiiketihood method. Numbers

above the nodes indicate 1000 bootstrap values. Accession numbers are shown behind

species names.
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5. Abstract

The common dentexDentex dentexl.innaeus 175Bhas a significant
economic importance and is a highly valued table fish in the Mediterranean
region. The paucity of genetic information relating to sparids, despite their
growing economic value, provides the impetus for exploring the
mitogenomics of thidish group. Here, we sequenc&kntex dentex
complete mitochondrial genome. The sequence is compriskEsi i 7bp

and consists of 13 protegoding genes, 2 rRNA genes, 22 tRNA genes
and a two nortoding regions (Boop and Lorigin). The overall
nucleotde composition is: 27.5% of A, 28.7% of C, 26.9% of T and 16.9%
of G.

The Common dentexQentex dentex,innaeus 175Bis one of the most
commercially caught fish speciem the MediterraneaS8ea very
appreciated in European markets. It is a littoral laewthopelagic sparid
distributedin the eastern Atlanti©cean and in the entire Mediterranean
Sea Bauchot and Hureaul986). Despite its significanteconomic
importance genetic information regarding this species is limited. We
report the complete mitochondrial genome Df dentex (GenBank
MG727892). A specimen wasaughtin the Mediterranean Sea (N
41°46'58.3", E 16°26'06.7") andlentified based on morphological
featues.Total DNAwas extracted from dorsal fin tissue using the DNeasy
Bl ood & Tissue Kit (Qiagen) accordi
The complete mitogenome @f. dentexhas been obtained from high
throughput sequencing on whole mitochondd&lAwith lllumina MiSeq
2500 Systen(lllumina, San Diego, CA, USA)he complete sequence is
16,907 bp long, containing 13 protextoding genes, 2 ribosomal RNA
genes (12S rRNA and 16S rRNA), 22 transfer RNA genes (tRNA) and two
non-coding regions (Bloop and l-origin). Mitochondrial structure and
gene organization are in agreement with the typical vertebraigenibme
(Wang et al. 2008). The majority of mitochondrial genes were encoded on
the heavy strand, with ti¢AD dehydrogenase subunit§D6) and eight
tRNA genes [GIn, Ala, Asn, Cys, Tyr, S&FCN), Glu, Pro] being encoded
on the light strand. Base composition is 27.5% A, 28.7% C, 26.9% T and
16.9% G, similar to otheBparidaemitochondrial genomes (Sket al,
2012;Drayet al. 2016). All proteircoding genes started with an ATG start
codon bu COI, which started with GTG. Stop codons were of 4 types,
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TAA (ND1, ND2, ATP8 ATPG COIlIl, ND4L, ND5, ND6), AGG (COI), T
(COII,ND4, CYTB and TAG (ND3J). The 12S and 16S rRNA genes were
located between tHRNA"® (GAA) andtRNA®! (TAA) genes, anavere
separated by the tRNA gene as in other vertebrates (Li et al. 2016). The
22 tRNA genes vary from 66 to 74 bp in length. The 971 bp long control
region is located betwedRNA™ (TGG) andtRNA"® (GAA). The non
coding region (kstrand origin of replication) is 3% long and is located
betweertRNAS"(GTT) andtRNAYS (GCA).

To validate the phylogenetic position Bf. dentex we used MEGAG6
software (Tamura et al. 2013) with the entilDNA sequence ofhie
sparidsAcanthopagrus latyg\canthopagrus schlegelDentex tumifrons
Pagellus bogaraveoPagrus majoy Pagrus auriga Parargyrops edita
Rhabdosargus sarband Sparus aurata The specied_utjanus peruy
Lutjanus rivulatusLethrinus obsoletyChaetodontoplus septentrionalis
andChaetodon auripewere used as outgroup for tree rooting (Fiduie.
The resultant phylogeny shows tHat dentexis closely related td.
tumifronsand Pagrusspp., in agreement with the work of Chiba et al.
(2009).The study of the mitochondrial genome®f dentexand closely
related speciemay reveal novel barcoding regions and inform on lineage
diversification patterns in sparids.
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Figure 5.1. Phylogenetic analysisf Dentex dentex based on #mire mtDNA genome
sequencesf 9 sparids and 5 outgroup species by maximum likelihood method.
Numbers above the nodes indicate 1000 bootstrap values. Accession numbers are
shown behind species names.
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6. Abstract

The Axillary seabream KHagellus acarneRisso 1827) belongs to the
Sparidaefamily, order PerciformesThis highly-valued commercialish
species is distributed along the northern and eastern Atlantic coasts from
Norway to Senegal, and throughout the Mediterranean Sea. Its complete
mitochondrial genome is 16,486 bp in length, consisting of 13 protein
coding genes, 22 tRNA genes, twoNR genes, and two necoding
regions region (Bdoop, 808 bp and dorigin, 29 bp). Its overall base
composition is A: 26,8%, C: 29%, G: 17.6%, and T: 26.6 %.

The axillary seabreanPégellus acarneRisso 1827)s a demersal fish
belonging to theSparidaefamily. Its geographical distribution extends
from the Black Sea and the Mediterranean, along the west coast of Europe
and Africa, to Norway and Angol&éntos et al. 1995p. acarnes a very
common species especially in the Mediterranean, where lievalent in
commercial and artisanal catches. It is listed as Least Concern in the IUNC
Red List of Threatened Speciesith the recommendatioof reducing
current fishing effortgRussell et al. 2014)In this study, the complete
mitochondrial genome d®. acarnewas sequencedith lllumina MiSeq

2500 System (lllumina, San Diego, CA, USfGenBank MG736083).
The specimen wasollectedin the Mediterranean Sea (FAO area 37; N
40°54'47.40", E 14°43'56.6") andentified based on morphological
features.The complete sequence wi6,486bp in length, includingl3
proteincoding genes, 2 ribosomal RNA genes (12S rRNA and 16S rRNA),
22 transfer RNA genes (tRNA) and two rooding regions (Bloop and
L-origin). This gene arrangement is similar to the typical vertebrate
mitogenome (Wang et al. 2008). Most of thexe® were encoded on the
heavy strand, while thBAD dehydrogenase subunit BD6) and eight
tRNA genes [GIn, Ala, Asn, Cys, Tyr, S&CN), Glu, Pro] are encoded

on the light strand. The nucleotide compositioAi®6,8%, C: 29%, G:
17.6%, and T: 26.6%which is similar to otheSparidaemitogenomes
(Xia et al. 2008; Shi et al. 201Pray et al. 2016). Proteisoding genes
began with an ATG start codon, with the exceptio@6fi andND4 that

start with GTG. Four types of stop codons revealed are T™MRL(ATPG
COIll, ND4L, ND5), AGG COI), T (COIl, ND4, Cyth) and TAG ND2,
ATP8,ND6). The 12S and 16S rRNA genes were located between the
tRNAP™® (GAA) and tRNA® (TAA) genes, and were separated by the
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tRNAV? gene as in other vertebrates (Li et al. 201’&)9 22 tRNA genes
vary from 66 to 73 bp in length. The 808-lmjmg control region is located
between tRNA™ (TGG) and tRNA"(GAA). The noncoding region (k
strand origin of replication) is 38 long and is located betwetRNAAS"
(GTT) and tRNAYS(GCA).

The phylogenetic position dP. acarnewas validated using MEGAG6
software (Tamura et al. 2013) to construct a maxirikelihood (ML)

tree with 1000 bootstrap replicates, containing the complete mitogenomes
of 10 Sparidaespecies (Figuré.1). The resultant phylogeny shows that
theP. acarneis closely related t®. bogaraveavith high bootstrap value
supported. The study of the mitochondrial genontfe. @icarnemay reveal

novel barcoding regions and deepen our knowledge of the evolution of
sparid fishes
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Figure 6.1. The phylogenetic positi@f Pagellus acarngvas validated by ML method

with the complete mitogenomes of 9 sparids and 5 arbitrary outgroup species (Lutjanus
peru, Lutjanus rivulatus, Lethrinus obsoletus, Chaetodontoplus septentrionalis,
Chaetodon auripes). Numbers above the nodes indicate 1000 bootstrap values.
Mitogenome accegsi numbers are listed behind the species names.
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7. Abstract

The complete mitochondriajenome of the Angolan denteXdntex
angolensisPoll and Maul, 1953) is 16.581 bp in length and contains 13
protein-coding genes, 22 transfer RNA genes and 2 ribosomal RNA genes.
The overall base composition bf angolesisntDNA is: 27,4 % for A, 28

% for C, 16,7 % for G, 27,9 % for T. Phylogenetic analysis indicated that
D. angolensis is most closely related to D. tumifrons. Whole genome
sequencing ofD. angolensismitochondrial DNA will contribute to
improve knowledge abo@paridaeevolution.

The Angolan dentetDentex angolensjhas one of the highest economic
value among marine fishes (DM n. 19105 del 22 Settembre 2017). For
consumption purposes, it is marketed fresh, frozen, and sometimes dried
salted. D. angolensis widely distributed in the Eastern Central Atlantic
along the West Coast of Africa from Morocco to Angola, including Canary
Islands (Rico et al., 1995). The economic value of D. angolensis is driving
overfishing in some regions, with substantial (10%/ygawpulation
decline (Aheto et al. 2011) . Thus,
Threatenedo in the Red List of Thr e
To make a step forward our understanding of the evolution of sparid
mitogenomes, we sequenced ttamplete mitochondrial genome DBf
angolensis (GenBank accession no.MH593823). A whole specimen
caught in the South Atlantic Ocean (FAO area 47; S 8°27'07.1", E
13°00'05.0") was identified as D. angolensis based on morphological
features.DNA extracted vas stored at the Department of Veterinary
Medicine and Animal Production, University "Federico II", Naples, Italy.

D. angolensis mitogenome has been sequenced with Illuvhieq2500
System (lllumina, San Diego, CA, USA). The complete sequence is 16.581
bp long, containing 13 proteicoding genes, 2 ribosomal RNA genes (12S
rRNA and 16S rRNA), 22 transfer RNA genes (tRNA) and twocaxting
regions (Dloop and Lorigin). Mitochondrial array and gene distribution

are in agreement with other vertebrate métogmes (Wang et al., 2008).
Base composition is similar to one measured in other mitochomxaAl
sequences @paridaespecies, with 27,4 % for A, 28 % for C, 16,7 % for

G, 27,9 % for T (Ceruso et al., 2018). Mitochondrial genes were distributed
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in two goups: most of the genes were encoded on the heavy strand, while
the NAD dehydrogenase subunit 6 (ND6), and eight tRNA genes [GIn,
Ala, Asn, Cys, Tyr, Se(UCN), Glu, Pro] are on the light strand. All
proteincoding genes begin with an ATG start codon except for COI that
started with GTG. Stop codons were of 4 types, i.e. TAA (ND1, ND2,
ATP8, ATP6, COIIll, ND4L, ND5, ND6,), AGG (COl), T (COll, ND4,
CYTB) and, TAG (ND3). Ribosomal subunit 12S (954 bp) was located
between the tRNAPhe (GAA) and tRNALeu (TAA) genes, while 16S
(1674 bp) was found between tRNAVal (TAC) and tRNALeu (TAA)
genes, as in other vertebrates (Mascolo et al. 2018). The 22 tRNA genes
vary from 66 to 74 bp in length. The control region is 904 bp long and is
located between tRNAPro (TGG) and tRNAPhe (GAA). The-ooding
region (L-strand origin of replication) is 35 bp long and is located between
tRNAAsn (GTT) and tRNACys (GCA). To validate thghylogenetic
position of D. angolensis, we constructed a phylogenetic tree using
MEGAG6 software (Tamura et al., 2013) (Figurel). The resultant
phylogeny shows that D. angolensis is closely related to D. tumifrons, in
agreement with Chiba et al. (2009his study can be used to evaluate
genetic diversity and population structure of sparids, and to provide key
information for phylogenetic studies.
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Figure7.1. Phylogenetic analysis @f. angolensidhased on the entiatDNA genome
sequences of 1§parid fishes available in GenBank (Acanthopagrus latus NC_010977.1;
Acanthopagrus schlegelii JQ_746035.1; Dentex MG_727892.1; Dentex gibbosus

MG_653593.1; Dentex tumifronsNC_029479.1; Pagellus acarne
MG_736083.1; Pagellus bogaraveo NC_009502.1; Regeltythrinus MG_653592.1;
Pagrus auriga AB_124801.1; Pagrus major NC_003196.1; Parargyrops edita
EF_107158.1; Rhabdosargus sarba KM_272585.1; Sparus aurata LK_02268&1).
outgroup species (Lutjanus peru KR362299.1, Lutjanus rivulatus AP006000. inusthr
obsoletus NC009855, Chaetodontoplus septentrionalis NC009873 and Chaetodon auripes
NC009870) were selected and the maximum likelihood method was used. Numbers above
the nodes indicate 1000 bootstrap values.
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8. Abstract

The Red porgy(Pagrus Linnaeus 1758)s a significant species of
commercial and recreatiorfaheries in the Southeast Atlantic coast of the
United States, Argentina, and the Mediterranean coasts. The complete
mitochondrial genome of thRed porgieis 16,167 bp in length and
contains 13 proteHecoding genes, 22 transfer RNA genes and 2 ribosomal
RNA genes.

The Red porgy or common seabreadfadrus pagrusis a significant
species of commercial and recreational fisheries of the Sparidae family
(DM n. 19105 del 22 Settembre 2017Because of ovefishing
populations have declineghdin some areasinimum size restrictions
have been established to try to compentidas. The Red porgys also a
species of great commercial importance for the aquaculture industry,
because of its high market request, good advance rates and adaptability in
culture envionments Russell et al, 2014P. pagrusis distributed along
warm costs of the Atlantic Ocean, in the western coast of Europe and the
Mediterranean Sealong the eastern coasts of North and South America
and theCaribbean Se@FAO FishFinder, 2019).

To make a step forward our understanding of the evolution of sparid
mitogenanes we sequenced the complete mitochondrial genomee. of
pagrus A whole specimen caught in theiddle of Mediterranean Sea
(FAO area 37.1was identified asP. pagrusbased on morphological
features. DNA extractedvas stored at the Department of Veterinary
Medicine and Animal Production, University "Federico II", Naples, Italy.

P. pagrusmitogenomewas been sequenced withumina MiSeq 2500
System (lllumina, San Diego, CA, USA)he complete sequencelis.167
bplong, containing 13 proteksoding genes, 2 ribosomal RNA genes (12S
rRNA and 16S rRNA), 22 transfer RNA genes (tRNA) and twocmaing
regions (Bloop and Lorigin). The gene arrangement is in agreement to
the typical vertebrate mitogenonf&/ang et al, 2008. Mitochondrial
arrangement and gene delivery are in pact with other vertebrate complete
mitogenomes (Wang et aR008). Mitochondrial genes were scattered in
two sets: greatest of the genes were encoded on the heavy strand, while the
NADH dehydrogenase subunit 6 (ND6), and eight tRNA genes [GIn, Ala,
Asn, Cys, Tyr, Ser (UCN), Glu, Pro] are on the light strand. Aitogr
proteincoding genes begin with an ATG start codon except for COI that
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started with GTG. Stop codons were of 4 types, i.e. TAA (ND1, ATPS,
ND4L, ND5, ND6,), AGG (COI), T (COIl, ND4, CYTB) and TA (ND3,
ATP6, COIll, ND2). Ribosomal subunit 12S (797 bpas positioned
between the tRNAPhe (GAA) and tRNALeu (TAA) genes, while 16S
(1676 bp) was start between tRNAVal (TAC) and tRNALeu (TAA) genes,
as in other vertebrateand sparids (Ceruso et al., 20Mascolo et al.
2018). The 22 tRNA genes vary from @644 bp in length.

D-loop is 712bp long and is set between tRNAPro (TGG) and tRNAPhe
(GAA). The noncoding region (kstrand origin of replication) is 36 bp
long and is sited between tRN¥sn (GTT) and tRNACys (GCA).
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9.1. Abstract

Sparids have different organoleptic properties that correlate with a wide
variety of retail prices in the market. Components of the observed
morphology are rarely sufficient for full identification of these fish species,
whose authentication requires spdist knowledge. Genetic diversity or
variation and their measurements enable molecular methods as one of the
most suggested remedies faiud pro alio frauds. Genetic approaches
have the potential for reducing costs and providing correct identification
for a large number of market products. Mitochondrid) DNA sequences
(16Sand12Sribosome subunitszytochrome bBCyth, and cytochrome ¢
oxidase 1COI) have been widely used for fish species identification. Yet,
these mtDNA regions perform well for cerila species but are less
discriminating for others. Here, we report the first studythaf whole
MIDNA of the perciform fishes of the familgparidaewith the aim to
select more efficient barcoding markers fakonomical discrimination
against frauds. Fapeciedevel sequence informatiome analyzed and
compared the whole sequencetbirteen Sparidaemitogenomes, nine
publicly available and four recently sequenced oresparticular, we
searched for effectivBNA barcode markers for the correct idénétion

of sparid species by looking for interspecific variable regitarsked by
conserved sequences for PCR primer design. We found that only four
MIDNA genes are devoid afisertions or deletions, which can complicate
the process of sequence alignmeAmong them,NAD genes show
encouraging utility irdiscriminating closely related sparid species owing
to nucleotide sequence variability compared with classical bardodes
species. Discrimination capacity NAD genessuggests their application

as altenative mtDNA tools for the identification oSparidaefishes. In
particular, NADS fragments with high interspecific nucleotide sequence
divergence were amplified and appear flawless Sparidae species
identification.
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9.2 Introduction

The growing global diffusion of seafood for human consumption requires
always more accurate sanitary and quality contrgdarids, comprises
about 38 genera and 159 species
(https:/iwww.fishbase.de/Summary/FamilySummary.php?ID=330), some
of which are greidy appreciated as seafood (Tinaetial, 2019). The
identification of Sparidae species is not feasible even when external
characters are preserved due to the morphological resemblance of these
fishes (Antonuccet al, 2009). Species identification benes even more
difficult to achieve after industry processing, when distinctive external
traits are emoved. Despite their similarity, seabreapecies have
different organoleptic quality that corresponds to variable prices in fish
markets. Consequently substitution of commercially important sparid
species seafood is common (Armanial, 2015; Cawthorrt al, 2015).

For example, the morexpensive sparid speci@®entexand Pagrusare
often replaceavith D. gibbosugKatavicet al, 2000)

All this premised,Sparidae species identificatiorrequires immediate
solutions. Further development of molecular methods is instrumental in
overcoming economically motivated mislabelling or substitution of-high
value porgy species with less expensive or lower ityualternatives.
Research on fish mitochondriBINA (mDNA, mitogenome) has led to
substantial advances in the fieldsspecies authenticatiand population
biology (Miya et al, 2001). The main specispecific DNA sequences
used as markers for fish species identification belong to the mitochondrial
genes encoding ribosontE®Sand12Ssubunits, cytochrome I£§th), and
cytochrome c oxidase ICQIl) (Pepeet al, 2007;Chibaet al, 2009;
Cawthornet al, 2012; Giustet al, 2019).COl is a moderately variable
nucl eoti de s e PNAbnacrec okdreddwnf oas t@ax a i
many animal and vegetal groups (Helatral, 2003). Howevergurrent
research shows that mitochondi@NA markers perform well for certain
species but may be less discriminating for others (Tebtéd, 2005; Liet

al., 2018).Widely usedCOI markers may evolve too slowly and have low
nucleotide sequence divergence in certain taxonomic groups, thus
hamperig discrimination of closely related fish speciesg( Tung
(Rubinoff et al, 2006; Wardet al. 2009; Tericet al, 2010; Cawthorret
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al., 2015) when the gene does not contain effective regions for barcoding
applications (Deaglet al, 2014).
Therefore the COI barcode sequen@annot be used indiscriminately for
the identification of all fish species. This situation Had to the
formulation of the proposal to study and analyze the compiiDdNA
sequence with the aim to identify mitochondrial markersmultiple
marker approache@Miya et al, 2015) with higher and more specific
discrimination capacity.
For correct, quick and reliable species identification, it is essential to query
the entiremtDNA genome for >100 bp mtDNA sequences with high
interspecific divergence (Deagi al, 2014;Shokrallaet al, 2015.
At present,mtDNA genomesof Sparidaefishesare not conspicuously
represented in the scientific literature, making difficult to understand if
currently used genetic markers are most effectore sparid species
identification.
We have recently developed a fast and reliable method for sequencing the
entire mitochondrial genome of fishes (Mascelal, 2019). To increase
knowledge otheSparidagamily mitogenomes, we obtained the complete
mMtDNA sequence of four commercially important seabream species
(Ceruscet al, 2018a, 2018b; Masco#t al, 2018a, 2018h)In this report
we analysedhirteencomplete mitogenomes eparid, nine available in
GenBank, and fourecentlysequencedThe aim was to find the most
effective gene fragments for sparid species discrimination.

9.3. Materials and Methods

9.3.1. Sparidae mtDNA genome data and sample processing

A total of thirteen complet&paridaemitogenomes were analyzed and
compared Tab. 1). Nine mitochondrial genome sequences considered in
this studywere available in GenBank and belongAocanthopagrus latys
Acanthopagrus schlegelibentex tumifronsPagellus bogaraved?agrus
major, Pagrus auriga Parargyrops edita Rhabdosargus sarbaand
Sparus aurataln addition, this research group has relgegénerated the
complete mtDNA sequence of other four sparid speé€lestex,Dentex
gibbosusPagellus acarnendPagellus erythrinugCerusoet al, 2018a,
2018b; Mascol@t al,, 2018a, 2018bp. dentexspecimen was captured in

172



Frauds and fish species authentication: study of the complete

mitochondrial genome of some Sparidaeto provide specific barcode
markers

middle Adriatic Sea,D. gibbosusand P. auriga fishes were caught in
Thyrrhenian Sea, ang. majorin the Northwest Pacificnorthward to
Japan.All these species were supplied by municipal fish market in
Pozzuoli (Naples, Italy)P. acarne, P.erythrinus S. aurata and P.
bogamveospecimens were caught in middle Thyrrhenian sea and supplied
at fish market in Salerno (Italy). Fishere frozen on board a20°C and
shippedin insulated boxes to the laboratory. Whole specimens were
classified at the species level according to rthanatomical and
morphological features at the Department\Materinary Medicine and
Animal Production, University of Naples Federico II, Naples (ltaly).

9.3.2 Total genomic DNA extraction

Total genomicDNA was extracted from the skeletal muscle using the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) according to the
manufacturer 6s i ns DMAwm@ag quantified usingph e e
Nanodrop Thermo Fisher ScientificWaltham, Massachusetts, USA).

DNA concentration was 40 ng/ul and purity was in the range 620.8

ratio at A260/A280. Electrophoretic analysis in 1% agarose gel was
performed to examine the extraclBNA.

9.3.3.Mitochondrial DNA extraction, sequencing and assembly

A tissue sample wascollectedfrom the dorsal portion of the skeletal
muscle of each specimeihen, 25 mg of muscle were weighted and
collected into 2 ml vials with 80 pL ieeold 1% PBS and-Bnm Stainless
Steel Beads (Qiagen, Valencia, CA, USA). Samples were grindd® at
°C (TissueLyser Adapter Sets were cooled-H °C for 12 h)with
oscillation frequencies of 30 Hz for 5 minutes @iagen Retsch
Tissuelyser Mixer Mill Grinder DNARNA Homogenization 85210
MM301 (Qiagen, Cridersville, OH, USANext, lysates were pelletdxy
centrifugation at 8000xfor 8 min at room temperatur®@ItDNA was
extracted using the QIAprep Spin Miniprep Kit (Qiagen, Germantown,
MD , USA) according to the manufact
pL of elution buffer(Mascoloet al, 2019) DNA quality and quantity was
determined usingQu bi t E 4 F (Theomo oScientifie rinc.,
Waltham, MA, USA) and Agilent 4200 TapeStation system (Agilent
Technologies, Santa Clara, CA, USA) respectively (Genomix4life,
Baronissi, Italy). Genome sequencingsaperformed at Big-ab Research

(Rome, Italy), where libraries were prepared from 1 ug of each purified
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mIDNA sample, using XT kit (lllumina, San Diego, CA, USA) according
to manufacturerds instructions. Lil

Bioanalyer 2100 chip H®NA (Agilent Technologies, Santa Clara, CA,
USA)andQu bi t E 4 HTherma Sciemsfit lact, Waltham, MA,
USA), and pooled in equimolar amounts, 4 nM being the final
concentration. Pooled samples were then subjected to clustertgenera
and sequenced using an lllumina MiSeq 2500 System with v3 chemistry
(Mlumina, San Diego, CA, USA) in a 2x300 pairedd format at a final
concentration of 16pM pmol. The quality of raw sequencing reads was
assessed using FastQC
(http://www.bioinformaics.babraham.ac.uk/projects/fastqc/), followed by
removal of lllumina adapters and trimming using Trimmomatic (v0.33)
(Bolgeret al 2014) . Trimming was perfor
eliminating bases with a Phred score of +33. Paired reads wersgeoc
simultaneously, and orphan reads were removed. High quality reads were
used as input to perform mitogenome novoassembly with a hybrid
assembler method using Velvet (Zerbied al, 2008) and MIRA
(Chevreuxet al, 1999). Scaffolds were obtained with Scaffolding-Pre
Assemblies After Contig Extension (SSPACE) (Boetteal, 2010), and
annotation was made with Infernal: INFERence of RNA ALignments, and
BLAST/BLASTX for coding sequences using RefSeq and MitoFish
(Mitochondrial Genome Database of Fish; lwasalal, 2013).

9.3.4 Comparative analysis of mtDNA data

The complete mitogenome of the thirteégaridadfishes was subjected to
comparative analysis using several bioinformatics tools in order to find the
mog effective genes for species identification.

The alignment image of the thirteSparidaecomplete mitogenomes
considered in this study was obtained using Circos 0.69 softidikban

et al, 2011). Hamming Distance algorithm was used to evaluate in percent
the genetic dissimilarity among species and genes (Mitchell, 1998).
Overall meanp-genetic distance analyses were conducted using the
Maximum Composite Likelihood model (Kumat al, 2018 Tamuraet

al., 2004).The nucleotide sequence variability was determined by aligning
geneby-gene sequences 8paridaespecies using MEGA 6.0 (Saite

al.,, 1987). Pairwise and multiple alignments were performed with
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ClustalW. The parameters of gap ogeenalty and gap extension penalty
were 15 and 6.66, respectively. TBD&A weight matrix was the 1UB
matrix, and the transition weight was 0.5. The negative matrix was off and
the delay divergent cutoff was 30%. Gene divergence was determined
geneby-genein terms of variable sites using analysis modality of MEGA
6.0. The number of variable sites is displayed with the total number of sites
(Variable sites/Total # of sites). Variable sites were calculated after
removal of missing/gap sites from all the reatide and amino acid
sequences. Protein coding gene (PCG) sequences were translated into
amino acid sequenceshose variability was calculated with MEGA 6.0
with the same modality used for nucleotide sequenEesh coding
sequence of thehirteen Spariche mitogenomes was subjected to
comparative analysis in order to find conserved regions (CR), using
BioEdit software, version 7.2.5he following parameters have been set:
minimum segment length (actual for each sequence):mi&imum
average entropy: 0.2aps limited to 2 per segment, contiguous gaps
limited to 1 in any segment.

9.3.5.NAD5 sequence analysis and comparison with databases

NADS primers were designedy eye after multiple alignment of the
Sparidaecomplete mitochondrial genome sequences lETr&d) using
BioEdit Sequence Alignment EditoHéll, 1999) To verify melting
temperature (Tm), secondary structure, -aelfiealing and intgorimer
binding, Multiple Primer Analyzer was used (Thermo Fisher Scientific
Waltham, MA, USA. Then, theefficiency of NAD5 primers for sparid
species identification was testedsilico, with Unipro UGENEsoftware
(Kumar andChordia, 201% Amplicon sizes 0605 bp an®65 bp were
amplified from fresh specimens of the followif8paridaespecies:D.
dentex, D. gibbosus, P. acarne, P. bogaraveo, P. erythrinus, P. auriga, P.
major, andS. aurata PCR reactions were carried out in a 25 pl reaction
volumecontaining 16.75 pbf sterile distilled water, 2.5 ul of ANTP mix

(2 mM), 2.5 pl of MgC# (10x), 0.5 pl of each primer (50 pMol/ul), 0.25
pulof 5 UTag (Roche, Basel, Switzerlapdand 2 ul ofDNA template
containing approximately 80 ng BINA. The thermal cycling profile was:

an initial denaturation step of 95 °C for 5 min followed by 45 cycles of
denaturation at 95 °C for 1 min, annealing at 55 °C (505 bp fragment) and
51 °C (265 bp fragment) for 1 min, and extension at 72 °C for 1@ar.
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primers (Armaniet al,, 2015) were used as positive control. PCR products
were electrophoresed on a 1% agarose gel, visualized via ultraviolet
transillumination and purified using the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany
Amplicons weresequencedby Sanger methodvith the Automated
Capillary Electrophoresis Sequencer 3730 DNA Analyzer (Applied
BiosystemsFoster City, CA, USAjat the Molecular Biology Service at
the Stazione Zoologica Anton DohrNADS5 sequences were analyzed
using the BoEdit Sequence Alignment Editor (Hall, 199All the
obtained sequences were used to run a BLAST analysis on GenBank for
species identification and to assess the concordance between
morphological and molecular analyses (Ratnasingham & Hebert, 2013).

176



Frauds and fish species authentication: study of the complete

mitochondrial genome of some Sparidaeto provide specific barcode

markers
Table 9.1. List of the Sparidae species with complete mtDNA sequence considered in this

study.
N° SPECIES AC. FAO FISHING AREAS REFERENCES
NUMBER
1 Aca“g‘tagagms NC_010977.1 FAO 71 Xia et al, 2008
o Acanthopagius 5 2460a5 ¢ FAO 71 Shietal, 2012
schlegelii
Ceruscet al,
3 Dentex MG_727892.1 FAO 37 2018a
. Mascoloet al,
4  Dentex gibbosus MG_653593.1 FAO 37 2018b
. Zenget al,
5 Dentex tumifrons NC_029479.1 FAO 71 unpublished
6 Pagellus acame MG_736083.1 FAO 37 Mascoloet al,
- ‘ 2018a
Pagellus
7 bogaraveo NC_009502.1 FAO 27 Ponceet al,, 2008
Pagellus Cerusocet al,
8 erythrinus MG_653592.1 FAO 37 2018b
. Ponceet al,
9 Pagrus auriga  AB_124801.1 FAO 37 unpublished
Farmed and supplied from
10 Pagrus major  NC_003196.1 Andalusia(Spain) fish Miya et al., 2001
market
11 Pari&?ﬁg OPS  EF 107158.1 FAO 71 Xia et al, 2007
Farmed Daya Bay
1o~ Rhabdosargus .\, 575505 1 Aquaculture Center, Li etal, 2016
sarba .
Guangdong (China)
13 Sparusaurata LK 0226981 armedand supplied from o o) 5014

Jaffa (Israel) fish market
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9.4 Results and Discussion

9.4.1 DNA extraction and NGS sequencing

For Next Generation Sequencing (NGRIDNA was separated from the
nuclearDNA by using a Miniprep Kit (see M&M). This approach yielded
good quantity and qualitmtDNA samples from muscle tissugalde 9.2).

Quality control of NGS raw sequencing data eliminated -tpwality
portions while preserving high quality portion of reads.r iegh quality

reads were normalized and assembled for each sample separately by
calculatingcoverage usinde novascaffolds. NGS data and read numbers
are reportedh Tade 9.3.

Table 9.2 MtDNA sample quantity and quality.

D. dentex D. gibbosus P.acarne P. erythrinus

DIN 4.7 55 4.2 6.2

DNAconcentrat 3.92 3.59 6.36 6.24

DIN: DNA Integrity Number.
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Table 9.3. NGS analysis

D. dentex D. gibbosus P. acarne P. erythrinus

NGS reads number 2567324 2300388 3487934 3532942

STATISTICS FOR DE NOVO ASSEMBLY

Longest scaffold length 16907 16771 17127 12091
Raw reads 2626640 2300388 3487934 3659022
EC reads 2567324 2247342 3377514 2414609
% EC passing reads 97.74 97.69 96.83 65.99
Raw nt 529475558 547583072 798005139 918414522

STATISTICS FOR COVERAGE

Raw Cov 227.32 242.26 170.84 771.69
EC cov 175.95 169.14 121.52 266.04
Median cov 48 19 27 17
10th percentile cov 6 3 4 3
Bases>= Q40 % GC 2114109 1851830 3935921 951847
% GC content 41.7 43.2 43.2 42.2
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. Summary statistics fate novoassembly includesaw reads number of raw reads used as input;
EC reads number of reads used for assembly, after quality control and Error Correction (EC); %
EC passing readspercentage of the raw reads that the EG@saapresent; raw rtnumber of
nucleotides used as inp@Bummary statistics fotoverag includes:raw cov- average depth of
sequence coverage provided by the raw data; EC coverage after quality control and error
correction; median covmedian atual depth of coverage in the assembly; 10th percentile cov
10th percentile depth of coverage90% of sites have greater coverage; Bases >= Q40 % GC
number of bases that have a PHR&fale quality greater or equal to Q40.

9.4.2. Sparidae mtDNA analysis

9.4.2.1. Sparidaemitogenome structure

All thirteen completesparid mtDNA genomes analyzed in this study
contained 37 genes (13 protein codingtRRA and 2ZRNAgenes) and 2
non-coding regionsl(-origin of replication and-loop), as typically found
in fish species (Satoht al, 2016).Mitochondrial genes of the studied
sparid species were arranged in the same order as in the typical vertebrate
mitogenome (Wang et al. 2008). Most mitochondrial genes were encoded
on the heavy stind, with onlyNAD dehydrogenase subuni{MAD6) and
eighttRNA genes fRNAS" tRNA' tRNAS" tRNAYS tRNAY, tRNAS
(UCN), tRNA"Y, tRNA™] encoded on the light strand. Th@Sand16S
rRNAgenes were located between tR&IA " (GAA) andtRNACY(TAA)
genes and were separated bytRIA'® gene as in other vertebrates ¢t
al., 2016). The control region is located betwdBNA™ (TGG) and
tRNA" (GAA). The noncoding region I(-strand origin of replication) is
located betweetRNAS"(GTT) andtRNA™YS(GCA). Mitogenomes of the
newly sequence8paridaespeciesD. dentexD. gibbosusP. acarneand

P. erythrinu$ possesshe same organization described abdheddes 9.4-
9.7). Likewise, their sizeand base compositioare similar to those
determined for fish within th&paridaefamily and other teleost families
(Broughtoret al, 2001; Inoueet al, 2001b; Miyaet al, 2001) Talde 938).
Genome length of spariditochondria varied from 16486°( acarng to
17031 bp P. major). Protein coding and necoding gene lengths are
shown inTades9.9 and9.10.
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Table 9.4. Mitochondrial genome organization of DentfeXumbers correspond to
nucleotides contributing to gene length variation. Negative numbers indicetiapping

CENE ANTICODON POSITION SIZE SINANMD STAET EWD Fl
tRNA-Phe GAA 11555-11626 68 H 0
1S ENA MEHIZF L H a
tRNA-Val TAC 12581-12652 72 u 0
1S ENA RETHMT 1w H 0
tRNA-Len (UUR) TAA 14345-14420 73 H 0
Nl BAZLISIDS 075 | ATG  TAA 45
tRNA-Tle GAT 15401-15470 70 u -1
ENA Cha by ] TSATOIS 540 n L . |
RN A-Nlet CAT 15540-15609 70 u 0
Nl 1S6L0-I6656 W4T H ATG  TAA 2
tRNA-Trp TCA 3-72 70 H 0
A Aln g il ML ] L =
tRNA-Asn GTT 143215 73 L -
Ry migin L shasd 271255 15 - 0
tRNA-Cys GCA 256321 66 L 0
ENA Ty GTA 172301 70 L a
cor 383-1958 1566 u GTG  AGG -13
BENA- S (U] A 146 2016 n L 2
tRNA-Asp GTC 2015-2081 73 H -8
Ccon 2W00-2790 601 H ATG T 0
tRNA-Lys TTT 2701-2864 74 H |
Algd 2663013 162 H ATG  TAA -1
Atpé 30243707 684 u ATG  TaAd -1
Comn T4 786 H ATG  TAA . |
tRNA-Gly TOC 44824563 72 u 0
Nl A5G40 111 H ATG TAG 2
tRNA-Arg TCG 40134084 72 H 0
Faldl ADE5-5251 207 H ATG  TAA 7
Nadd S275-6655 1381 H ATG 5 0
ENA Fa: GIG 66566724 A H 0
RNA-Ser (ACY) GCT 67256792 58 u <5
ENA Lem (CON) TAG GTDGRTL s H 0
Nadf 68728710 1838 u ATG  TAA -4
Nl FN79228 512 L ATG  TAA 0
tRNA-Glu TTC 92206297 [ L -4
Cris DI0Z-10442 41 H ATG T 0
tRNA-Thr TGT 10443-10516 74 H -1
ENA Fra b i) 1051610586 n L 0
Control region (D-lop) 15587-11558 073 - 0
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nucleotides between adjacent genes; H and L indicate genes transcribed on the heavy and
light strands, respectively
Table 9.5. Mitochondrial genome organization of Pagellus acdidembers correspond
to nucleotides contributing to genkength variation. Negative numbers indicate

G ANTICODON POSITICN S78 SIRAND START END ™
tRNA-Phe GAA 2704 68 H 0
125 A 05 16 o5z H
tRNA-Val TAC 1046-1117 72 H S|
Lis rENA 11228514 1607 H
{RNA-Len {UUR) TAA 2815-2887 73 i
Nmill IRRR 1867 o5 H ATG ThA 0
tRNA-Tle GAT 3367-3036 70 H -5
A Gl ™ 164006 n L a
RN A-Met CAT 40064075 70 H =
Fmil 40765112 1047 H ATG TAG 0
{RNA-Trp TCA 5121-5180 70 u
BINA Al e S191-525 6 L 0
tRNA-Am GTT 5261-3333 73 L =2
R - AM-TT0 1% -
tRNA-Cys Gca 5371-5437 67 L
ENA Ty GIA S43% 5507 70 L
cot 5500-T074 1566 H GTG  AGG =2
BINA S (OCHN) TGA 70627132 7 L az
tRNA-Asp GTC T136-7208 73 H -4
con TIT-T0T an H ATG T +
tRNA-Lys TIT T008-7081 T4 H 0
Alpd TIRT-F147 155 H ATG TAG +2
Atpb 8141-3824 634 H ATG  TAA 2
Ccon 240600 726 H ATG ThA 1
tRNA-Glv TOC 06000680 71 H 5|
Fmil DGR L0030 1 H ATG T 0
tRNA-Arg TCG 10030-10101 72 H 0
Nl 1000210398 207 H ATG ThA 0
Nadd 10362-11772 1381 H ATG T 2
A T oIG 1177311841 a0 H 0
fRNA-Ser (AGY) GCT 11842-11810 69 H 0
ENA Lra (CON) TAG 11002-11990 71 H +
Nads 11801-13826 1839 i ATG  TAA 0
Nl 1306 UM7 53 L ATG TAG -4
tRNA-Glu TIC 14348-14416 60 L 0
Cris 1556 14 H ATG T +7
tRNA-Thr TGT 15563-15634 72 H =5
ENA Fra GG 5G4 15704 11 L 1
Control rezion {D-loop) 15705-26 308 = 0
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overlapping nucleotides between adjacent genes; H and L indicate genes transcribed on
the heavy and light strands, respectively.
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Table 9.6.Organization of the Dentex gibbosus mitochondrial gencidumbers
correspond to nucleotides contributing to gene length variation. Negative numbers
indicate overlapping nucleotides between adjacent genes; H and L indicate genes
transcribed on the heavy and light strands, respectively.

GENE ANTICODON POSITION SIZE SIEAMD START END 3
tRNA-Phe GAA 1-68 68 H 0
115 (ENA @0z 055 H 0
tRNA-Val TAC 1023 -1084 T2 H ]
LisrENA 10952790 1606 H 0
tRNA-Len (UUR) TAA 2701-2863 73 H ]
Nl IR64-10I% 075 H ATG  TAA 47
(RNA-Tle GAT 38443013 70 H ]
BNA Cla by . c] 39133953 7 L a
tRNA-Met CAT 30834052 70 H ]
Nl 40535008 ™7 H ATG T 0
tRNA-Trp TCA 5080-5168 70 H ]
OINA Al e 1605237 @ L +3
tRNA-Asm GTT 5230-3311 73 L ]
Ry mwipin L sl 25150 40 - 0
tRNA-Cys GCA 5351-3416 66 L ]
[ GIA SAL7-54%6 70 L +3
cor 54887053 1566 H GTG AGG -3
BNA Sex (DT ™A 17111 n L +
tRNA-Asp GTC T114-7186 73 H <10
con TI05-7RRS @ " ATG T 0
tRNA-Lys TTT T886-7050 T4 H <2
Alpx TO61-F12E 162 H ATG TAA O
Atpb 8118-8801 634 H ATG TAA ]
comn ER0Z-D5%5 7RG " ATG T 0
tRNA-Gly TCC 05870658 72 H ]
Nl 065010007 51 H ATG T 0
tRNA-Arg TCG 10008-10078 71 H ]
T 107910375 w7 H ATG TAA 7
Nadd 10360-11749 1380 H TG T ]
A E: GIG 11750-11818 @ H 0
fRNA-Ser (AGY) GCT 11819-11886 68 H <8
ENA Lem [CON) TAG 1120311065 7 H 0
Nads 11966-13804 1838 H ATG TAA 4
Nmli 1320114322 Y] L ATG  TAA 0
{RNA-Gln TTC 14323-14301 a0 L -5
Cyle MI96-15516 1ML H ATG T 0
tRNA-Thr TGT 15537-15610 74 H a
BNA Fra GG 15610-15679 70 L 0
Control region {D-lbop) 15680-16771 1091 = ]
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Table 9.7.0Organization of the Pagkls erythrinus mitochondrial genomeNumbers
correspond to nucleotides contributing to gene length variation. Negative numbers

ANTICODON POSITION SU7E SINAMD START END T
tRNA-Phe GAAL 161-228 68 H 0
1ISENA o) s 55 H 0
tRNA-Val TAC 1183-1254 7 H ]
Lis rlNA 1242850 A6 H 0
{RNA-Len (UUR) TAA 2051-3023 73 H 0
Nmil 30243908 075 H ATG TAA 0
RN A-Tle GAT 40044073 0 H -5
BINA- Gl s A0TTALA n L -1
RN A-Met CAT 41434212 0 H =]
Nmilt AT13-5158 MG H ATG Th 0
tRNA-Trp TCA 52505328 0 H 0
BINA- Al ™me 3205307 & L 0
RN A-Asn GTT 53005471 73 L +1
Ry mripm L shral T2 506 E1] -

RN A-Cys GCa 5507-5572 66 L
BINA- T GIA S5TI504T - L
col 56447208 1565 H GTG  AGG +2
BINA- S OCN) A TINP-T267 n L az
RN A-Asp GTC TITO-T342 73 H =2
con TISLRML a9l H ATG T +£
RN A-Lys TEE 8042-8115 74 H 0
Algd B R E 1= H ATG TAA .t
Atp6 8275-8058 684 H ATG  TAA -0
Com SR OTAT 726 H ATG TAA -1
RN A-Gly TCC 97438813 71 H =]
Nl DEL4-10164 35 H ATG TAG 0
tRNA-Arg TCG 10163-10233 71 H 2
Nl 10TT4-10530 07 H ATG  TAA 0
Nad4 10524- 11004 1380 H GTG T -7
RRA-T GIG 511573 & H 0
RNA-Ser (AGY) GCT 1197412041 68 H 0
ENA Lrm (CUN) WG ZMEIZI0 b H +6
Nads 12121-13050 1830 H ATG  TAG 0
Nl BYSG-IATT e L ATG TAA -4
{RNA-Glu TIC 1447814546 i L 0
Crie MWL 1ML H ATG T +
tRNA-Thr TGT 15682- 15765 4 H 0
NA Fre me 1576515834 0 L -1
Conirol region (D-loop) 15835-160 014 - 0
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Base composition % bp total

Species T C A G AT
Acanthopagrus latus 27,3 28,8 26,8 171 54,1 16609
Acanthopagrus schlegelii 27,9 27,9 28,0 16,2 55,9 16649
Dentex 26,9 28,7 275 16,9 53,59 16656
Dentex gibbosus 26,05 28,6 27,8 16,5 54,8 16771
Dentex tumifrons 26,4 29,5 27,1 171 53,4 16616
Pagellus acarne 26,6 29,0 26,8 17,6 53,4 16486
Pagellus bogaraveo 26,7 29,1 26,9 17,2 53,7 16941
Pagellus erythrinus 27,5 28,2 27,5 16,8 54,9 16828
Pagrus auriga 26,9 28,7 27,7 16,7 54,6 16628
Pagrus major 27,0 28,8 27,5 16,7 54,5 17031
Parargyrops edita 27,0 29,0 26,0 18,0 54,3 16640
Rhabdosargus sarba 27,3 28,8 26,8 171 54,1 16644
Sparus aurata 26,9 28,8 27,6 16,7 53,3 16652

indicate overlapping nucleotides between adjacent genes; H and L indicate genes
transcribed on the heavy and light strands pesdtively.

Table 9.8. Base compositioh Sparidae mtDNA.

187



Frauds and fish species authentication: study of the complete

mitochondrial genome of some Sparidaeto provide specific barcode
markers

188



)
g
g3
= &
m..b
(]
=
S 5
D D
£ 2
[
S 3
> S
T 2
2 =
» =
: £
=
= ®©
< O
= ©
s o
QU
I —
- D
= £
S o
g2
5 5
)
- £
2
)
T =
® =
»n S
= =
= O
< =
-
= £
g

markers

Table9.9.Length (bp) of proteitoding genes.

Species
Acanthopagrus latus
Acanthopagrus schlegeln
Dentex dentex
Dentex gibbosus
Dentex umifrons
Pagellis ecame
Pagellus bogaraveo
Pagellus erythrinus
Pagrus auriga
Pagrus major
Parargyrops edita
Rhabdosargus sarba

Sparus anrata

NADI1

975

973

975

NAD2

1046

1047

1047

1047

1047

1047

1047

1047

1047

1047

1050

1046

COI

1566

1566

1566

1566

1566

1566

COIm  ATPS
691 165
691 163
691 163
691 163
691 1638
691 165
691 165
£91 168
691 168
651 163
691 163
691 163
691 165

ATP6 COII NAD3

684

684

634

684

634

634

634

634

684

633

634

684

683

349

348

348

345

NAD4L NAD4
297 1381
287 1381
297 1381
297 1381
AL 1381
287 1381
FIL 1380
297 1381
A 1381
297 1381
LTS 1381
287 1381
297 1381

NADS

1839

183%

18359

1839

1839

1838

1839

1835

18359

183%

1839

1842

1842

522

522

Cytb
1120
1141
1141
1141
1141
1141
1141
1141
1141
1141
1141
1141

1141
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Table 9. 10. Length (bp) of n@oding genes.

Species D-loop L-origin
Acanthopagrus latus 943 30
Acanthopagrus schlegelii 945 33
Dentex 973 35
Dentex gibbosus 1091 40
Dentex tumifrons 936 35
Pagellus acarne 808 38
Pagellus bogaraveo 1195 124
Pagellus erythrinus 914 31
Pagrus auriga 948 53
Pagrus major 1354 39
Parargyrops edita 964 36
Rhabdosargus sarba 978 36
Sparus aurata 982 36

9.4.2.2. MtDNA comparative data
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The first alignment of the thirtee@paridae complete mitogenomes
currently present in Genbaiskowed that the similarity of the translated
sequences iwigherthan 70% compared to the reference mitogenome
(Sparus aurata This result suggests, as exigel; that the thirteen species
are very similar each other.

In particular, regarding the structure of the thirteen mitogenomes@
37 mitochondrial protehktoding genes (PCG), four gen®sND1, NADAL,
NADG, COIl) showed no changes in nucleotide sequence lengtCyltbe
gene sequence was shorter onlAidatus(1120 instead of 1141 bp) due
to a 50 12 bp deleti on anWdNAD3geré6 9 |
is 1046/1047 bp long in all sparid mitogenomesegx forR. sarba(1050
bp) (Table 9.9)COI, ATP8andNADS5 genes showed a 3 bp insertion in
some sparids, with sequence length ranging from 1563 to 156561}, (
from 165 to 168 bpATPY, and from 1839 to 1842 bfNADS. Some
species showed a2 bp deétion inATPg COIll, NAD4andNAD3genes
due to the presence of an incomplete stop cqdB8atohet al, 2016).As
expected, sequence length of ramding regions showed a variation more
consistent than that of coding genes. Remarkably, the origin ofligirtd
replication (OL) ofP. bogaraveads 2.5/3.0 times longer than in other
sparids (124 bys. 30-53 bp). Thedisplacement loopY-loop), or non
coding control region, contains the origin of heatmsand replicationThe
length of theD-loop has chang® repeatedly and independently across
sparid orders and genera, with the smallest ofe acarne(808 bp) and
the longest ones iR. bogaraved1195 bp) andP. major(1354 bp) (Table
9.10).
All protein-coding genes begin with an ATG start codon, exocapCOl
that starts with GTG in all the studied species, dAdD4 that starts with
GTG inD. gibbosusD. tumifrons P. erythrinus P. major, andP. edita
(Table 9.11). Stop codons were of 6 typas,TAA (NADL NAD2 ATP§
ATPG COIlll, NAD4L, NAD5 NAD6), TAG (NAD1 NAD2 ATP8 NAD3
NAD5 NAD6), TA (NAD2 ATPG COIll), AGA (NAD2 NAD4, AGG
(CQl), and T COII, NAD3 NAD4, Cytb)(Table 9.11).
The mtochondrial phylogenetic tree dparidaespecies(Figure 9.7,
supplementary material) shows a closlationship betweeD. dentexand
D. gibbosusin agreement with previous work (Day, 2002; Orgeglal.,
2002; Chibaet al, 2009) Also considering thgenetic dissimilarity among
species,iieHamming Distance comparison showed hatentexandD.
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gibbosusare the closest specjasith 6% of genetic dissimilarity (Figure
9.2). Therefore, species discrimination in these twgeneric species may
be more difficult than in otheBparidae species. Hamming Distance
analysis was also carried out genggbye, with the aim to find genes with
higher divergence among species. Results showedthdntexandD.
gibbosudave more genetic dissimilarity MAD4(9%),NAD5(10%), and
NAD2 (12%) than inCOIl andCytb (8%). Accordingly, analysis of thp-
genetiaddistance among all mitogenomes showed thal#ie group genes
display more sequence distance tl&@l andCytbgenes (Figure 9.3).
In addition, higher values of nucleotide sequence variability were observed
in the NAD gene group NAD1 39%, NAD2 50%, NAD3 39%, NAD4L
39%, NAD4 43%, NAD5 41%, NAD6 44%) (Table 9.1 Of note,NAD
gene sequence variability is higher compared with classical markers
currently usedor species identification,e. Cytb (36%),COlI (32%),16S
(24%) and12S(21%). About amino acidiozariability, NAD2 (35%) and
ATP8(32%) have the higher values (Table 9.12).
A comparative analysis &paridaemtDNA sequences was carried out in
order to find conserved regions (CR) that may be used to design primers.
This analysishowed that the higher number of CRs occurred within four
genesj.e. Cytb(11 CR),NAD5(10),16S(10) andCOI (8) (Table 9.13).
Among them, theCOI coding sequencieas 1398 bp conserved on a total
of 1566 (89%), featuring the longest CR (1061 bp) fountthis analysis.
Analogous situation occurs in thiéSgene, with 10 CRs containing 1621
bp distributed over a total of 1697 bp (95%)AD5 and Cytb show a
slightly different situationNAD5presents 10 conserved areas that contain
only 378 conserved nusbtides on a total of 1842 (20%). However, all
NAD5 CRs vary in length between 23 and 74 bp, dimensions compatible
with typical primer length (180 bp). On the other han@ytb possesses
11 CRs that range between 23 and 106 bp and compose 49% of the gene
nucleotide coding sequence length.
Although NAD genes show higher levels of sequence variability among
sparids, it is onlNAD5that is associated with a congruous number of CRs
to be targeted for primer design evaluation.
Therefore, theNAD5 gene appears more appropriéie barcodingas it
provides speciekevel information onSparidaefamily and is associated
with conserved areas that could be functional for primer design (Figure
9.4). Among the most used markers for fish species identificatlgtp,(
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COl, 16Sand 129, the Cytb gene also shows some conserved zones
followed by areas wh speciespecific sequence variability, therefore
useful for the purposes of species characterizalRmgarding classical
barcoding markers, it is important to note @&l and16Sare particularly
conserved among the studi8daridae which could repesent a limit for
species discrimination. Indeed, th&S genedoes not seem to be very
effective forSparidaemolecular barcoding, due to its low coding sequence
variability (21%) and low number of CRs.
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Table 9.11. Start/stop codonsgrbtein-coding genes

NADI
start  stap
ATE  TAA
ATE  TAA
ATE  TAA
ATE  TAA
ATE  TAA
ATE  TAA
ATG  TAG
ATE  TAA
ATE TAA
ATE  TAG
ATE  TAA
ATE  TAA
ATE  TAA

ATE

aTE

ATE

TG

ATE

ATG

ATE

BB B Rl

KN B

i

ATE

aTE

aTE

ATE

ATE

aTE

ATE

ATE

ATPS
sart o
ATG TG
ATG  TAS
ATE AR
ATG  TAA
ATG  TAA
ATG  TAG
ATG  TAG
ATG TR
ATE TAA
ATG TR
ATG  TAA
ATE AR
ATE AR

aTE

TG

TG

aTE

aTE

ATE

TG

ATE

ATE

ATE

aTE

TG

aTE

comr
start  stap
ATG  TAA
ATG  TAA
ATG  TAA
ATG  TAA
ATG  TA
ATG  TAA
ATG  TAA
ATG  TAA
ATG  TAA
ATG  TA
ATE TA
ATG  TA
ATG T

aTE

ATE

aTE

ATE

aTE

aTE

aTE

ATE

ATE

ATE

aTE

ATE

aTE

NADIL
start  stop
ATE TR
ATE T
ATE T
ATE  TAR
ATE AR
ATE  TAA
ATE AR
ATE  TAA
ATG  TAA
ATE  TAA
ATE TR
ATE T
ATE T

NADY

ATE

ATE

ATE

aTE

aTE

ATE

ATE

ATE

NADS
start  stop
ATE TG
ATG  TAR
ATG  TAA
ATG AR
ATG TR
ATG TR
ATE  TAA
ATE  TAG
ATE TAA
ATG  TAA
ATG TG
ATG TG
ATG TG

NADE
start  stop
ATG TG
ATG  TAA
ATG TR
ATG  TAA
ATG  TAA
ATG TS
ATE  TAA
ATG T
ATE  TAA
ATG  TAA
ATG TR
ATG  TAA
ATG  TAA

start

aTs

aTe

aTe

aTE

aTs

aTE

aTe

aTe

aTe

aTs

aTe

aTs
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Table 9.12.Nucleotide and aminoacid sequence variability Sparidae mtDNA of
Acanthopagrus latus, Acanthopagrus schlegelii, Dentex, Dentex gibbosus, Dentex
tumifrons, Pagellus acarne, Pagellus bogaraveo, Pagellus erythrinus Pagrigaa
Pagrus major, Parargyrops edita, Rhabdosargus sarba, Sparus aurata. Number of
variable nucleotide/amino acid sites of single genes/proteins on total sequence alignment.
The total nucleotide and amino acid numbers of single genes and proteins raean th
numbers obtained after alignment.

Variable sites/Total sites

Gene Nucleotide Amino acid
NAD1 391/975 39% 41/325 12%
NAD2 528/1050 50% 125/350  35%
COl 510/1567 32% 32/522 6%
Coll 235/691 34% 27/230 11%
colll 267/786 33% 35/262 13%
ATPS8 72/168 42% 18/56 32%
ATP6 313/684 45% 59/228 25%
NAD3 137/351 39% 16/117 13%
NADA4L 116/297 39% 14/99 14%
NAD4 607/1386 43% 94/462 20%
NADS 769/1842 41% 130/614 21%
NADG6 234/522 44% 48/174 27%
Cytb 413/1141 36% 35/380 10%
12s 209/967 21% / /
16s 419/1714 24% / /
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Table 9.13Distribution of conserved regions in Sparidae mtDNA genes.

N° of conserved

Gene regions Conserved sequence length (bp) Total bp conserved/Total gene length
NAD1 1 29 29/975
NAD2 1 29 29/1047
conu 3 1061. 59. 26. 25, 119, 38. 70 1398/1566
comn 3 437, 20, 187 644/691
ATPS 3 30.42. 20 92/168
ATP6 3 46, 29, 28 103/684
COIIII 4 356. 38. 74,125 593/786
NAD3 1 29 20/351
NAD4L 2 20-23 521297
NAD4 1 23 23/1381
NADS 10 25, 24, 26, 47. 50, 74, 53, 32, 24, 23 378/1842
NAD6 0 / /
Cyth 11 106, 51, 47, 44, 83, 29. 23. 69, 29, 47, 35 563/1141
12s 6 129, 64, 126. 308, 110, 180 917/955
165 10 128,107, 23, 242, 145, 141, 107, 344, 330, 54 1621/1697
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Figure 9.1. Sequence identity alignments of two extracts of tytb gene irSparidae

mtDNA(from 1 to 68 bp and from 209 to 283 bp). In Acanthopagrus latus, this gene is
1120 bp Il ong due to sequence gampwsThis 506 (
image was obtained witbnipro UGENE 1.29.
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Figure 9.2 Hamming genetic dissimilariiyy Sparidae full mtDNA genome comparison
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Figure 9.3.Overall mean pyenetic distancen Sparidaegeneby-gene comparison.
Number of base substitutions ps#te from averaging over all sequence pairs is shown.
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Figure 9.4.Typical composition of the NAD5 gene, with alternation of conserved (blue)
and variable (white) region$. n t he " Percentage I dentityo c

colored according tahe percentage of each residue in the alignment column: white
characters 40% or less, light blue 460%, blue 6180%, dark blue 81% or more.
Variable and conserved regions are distributed in a uniform way throughout the gene
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9.4.2.3. NAD5 amplificationand analysis

Following multiple alignment of th&8paridaecompletemtDNA, primers

for amplifying speciespecific nucleotide sequences were designed on
two fragments of thBlAD5gene. The primer set is reported in Table 9.14.
Two reverse primers correspatedragments of differentsizes;e vnad 5. 1
wi t kexpected PCR product of 505 bp, ané v n a d 5 . eXpectedi t h
PCR product of 265 bp.

After testingin silico specificity of the designed primers for &paridae
species (Table 9.1), PCR results shdwkat both primer pairs allow
empirical amplification in all species, as confirmed by BLAST analysis
(Figure 9.5). Sequence comparison with databases allowed correct species
identification for all tested species, with sequence similarity scores
between 98 and 100%.Species identification was made possible by
using both 505 bp and 265 bp fragments.

Table 9.14NAD5 PCR primers.
Tm

Primer name Sequence oC CG% | nt A T C G

Fwnad5 ACACCGGTCTCTGCCCTACT | 62.02 | 54.02 | 20 | 3.08 | 5.03 | 8.03 | 2.05

Revnad5.1 AGGGCTCAGGCGTTTAGGT | 69.05| 64.00 | 19 | 3.00 | 3.08 | 3.08 | 8.03

Revnad5.2 GAAGGCAAGTTGTGGTTG 63.05| 53.07 | 18 | 4.03| 4.01| 2.01| 7.06
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Figure 9.5.PCR amplification of NAD5 fragments. Both primer pairs allowed correct
amplification of the eight Sparidae species currently tested. L&nhant 916: D. dentex,
D. gibbosus, P. acarne, P. bogaraveo, P. erythrinus, P. auriga, P. major, and S..aurata
Lanel7: control ladder 1 Kb.
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9.5. Conclusions

Our results demonstrated the importance of analyzing the wibDiNA
genome of fish species for unequivocal and effective identification. This
study focused orgSparidaefamily that comprises highly commercially
valued species, in order to guarantee their correct species authentication.
In our work, the alignment of thirteen compl&paridaemitogenomes
allowed to identify two genesNADS and NAD2 whose nucleotide
sequence showed more interspecific phylogenetic divergence than
standard markers.
The selected regions of thlAD5gene have adequately high interspecific
nucleotide dissimilarity (Table 9.1ZFigures 9.3 and 9.4) to provide
unambiguousresults for Sparidae species authentication, alsomong
particularly similar species from a genetic point of view, sudD.aentex
andD. gibbosus
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Another gene that, in our opinion, deserves attention in sparid species
identification field iSNAD2 Thisidea is supported by results of Hamming
Distance, nucleotide sequence variability ang-genetic distance.
However,NAD2 gene has only one CR (29 bp long) for primers design.
Further studies are underway to verify the efficacy ofNIA@®2 gene for
this pupose.
This study contributes to the molecular traceability of fishery products, in
agreement with Regulation (EU) 1379/2013 (European Commission,
2013), onthe common organization of the markets in fishery and
aquaculture productddislabelling of fishsuch as less valuable species
that are sold under the names of more expensive ones is a growing problem
in the production and distribution chaiRor consumer protection and
safety, competent national authorities responsible for monitoring and
enforcing cald improve and make full use of available technology,
including DNA-testing, in order to deter operators from false labelling of
seafood.
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Supplementary material

Figure 9.6. Evolutionary relationships 8paridaespecies

100 MGT736083.1 Pagellus acarne
99 NC 009502.1 Pagellus bogaraveo
LK022698.1 Sparus aurata
100 [ 73 KM272585.1 Rhabdosargus sarba
JQ746035.1 Acanthopagrus schlegeli
100 100 NC 0109771 Acanthopagrus latus
100 MGT727892.1 Dentex dentex
100 MGE53593.1 Dentex gibbosus
100 AB124801.1 Pagrus auriga
MGE53592.1 Pagellus erythrinus
EF107158.1 Parargyrops edita
100 NC 003196.1 Pagrus major
100 NC 029479.1 Dentex tumifrons
100 AP006000.1 Lutjanus rivulatus
100 KR362289.1 Lutjanus peru
NC 009855.1 Lethrinus obsoletus
83 NC 009870.1 Chaetodon auripes
NC 009873.1 Chaetodontoplus septentrionalis

The evolutionary history was inferred using the UPGMA method. The optimal tree with the sum of
branch length = 1,36665277 is shown. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (500 replicateshanan next to the branches. The

tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tr8éne evolutionary distances were computed using-tiistance
methodand are in thenits of the number of base differences per site. The analysis involved 18
nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous
positions were removed for each sequence pair. There was a total of 23471 positionsal the fi
dataset. Evolutionary analyses were conducted in MEGA X.
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Conclusion

Conclusions

Currently, the supply chain of seafood is one of the most invaleetbrs

of the food industry. Therefore, fish products are subjected to several
production phases. This is the main cause that fuels the existence of fraud
in this sector.

Despite their similarity, sparid species have different organoleptic quality
that caresponds to different commercial value. In fact, they are marketed
all over the world and they are among the most expensive and appreciated
seafood. Consequently, substitution of commercially important Sparidae
species is common. Falsification, also acklealged as aliud pro alio, is
one of the most common types of fraud and it generally comprises the
substitution of expensive species with less valuable ones. The more
expensive sparid species, likBentex are often replaced with less
expensive species dower quality alternatives (e.dentex gibbosus,
Pagrus auratus Frouds are favoured by the extremely wide number of
new sparid species coming from the Atlantic and {Rdgific oceans.
Moreover, species identification becomes even harder to achieve afte
industry processing, when distinctive external traits are removed. Based
on bibliographic fonts, frauds by species substitution involve each year an
alarming part of the traded products, implying an actual damage for the
sector. The European Union maderm stringent Regulations aimed at
preventing fraud occurrences and protecting consumers, particularly
concerning the mandatory informat:.i
valid tool to support European legislation is requii2dAhas been shown

to bethe most diagnostic and helpful molecular tool for this purpose. Some
sequence regions clearly characterzeainique species and allow to
discriminate it from others. However, mitochondrial markers cannot be
randomly used for species identification infelient fishesspeciesDNA
markers may perform well for certain species but may be less
discriminating for others, in particular when fish species are closely
related. Sparids are very similar each other from a genetic and
morphological point of view. Thiedto the proposal to study and analyze
the completemtDNA sequence with the aim to identify mitochondrial
markers or multiple marker approaches with the high and more specific
discrimination capacity for each fish species. Species of the famiex
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Pagellus and Pagrus were studied to address sparid phylogenetic
interrelationships.

In accordance with the stated aims (as reported in the respective section),
the results of my Ph.D. project during the 3 years of study, were:

In the Chapter 1, the aim was to isolate the fish whole mitochondrial
genome. The most common approach, which is based on a combination of
long and short PCR reactions followed by Sanger sequencing method, was
applied. ThemtDNA was correctly amplified in in five speci¢Bentex,
Dentex gibbosus, Dentex nufar, Pagellus acaméPagellus erythrinus

of commercial interest belonging to tHgparidae family. The best
outcomes were obtained for two species analiZzdg{bbosusand P.
erythrinug. The amplification was alsapsible for the other three species

(D. dentex, D. nufaand P. acarné but with a low degree of PCR and
sequencing reproducibility.

The Chapter 2 focused on the finding of a most effective technique in
terms of time, costs and efficiency to obtain the plate mitogenome
sequence from fish tissues. With this aim, we compared three protocols in
two specieg¢D. gibbosusandP. erythrinu$: 1) lllumina MiSeq sequencing

of long amplicon (7.3.3 Kb) (Chapter 1);2 )t ré&adi ti onal 6
sequencing of short anmpbns (1.43.2 Kb), and 3) shotgun lllumina
MiSeq approach to miniprep keinrichedmtDNA.

The results showed that the best method to extract and sequence the
completemtDNA from fish tissue is the third method (shotgun sequencing,
based omtDNA enrichmet with miniprep columns followed by MiSeq
NGS). This procedure maximizes efficiency in separation and sequencing
of themtDNA also allowing to balance time, costs and sequence quality.
The selected method allowed obtaining the complete mitogenome
sequence from Dentex gibbosugMG653593) andPagellus erythrinus
(MG653592).

The protocol chosen in the Chapter 2, was subsequently used to obtain the
other sparids mitogenomes as reported in the following chapters:
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In theChapter 3, we report the complete miteandrial genome ddentex
gibbosus The mitogenome is 16.771 bp in length and contained 13
proteincoding genes, 2 rRNA genes, 22 tRNA genes and 2codimg
regions. The overall base compositionDofgibbosusmtDNA is: 27,8 %

for A, 28,60 % for C, 16,5 %or G, 27,05 % for T.

In theChapter 4, we describ&agellus erythrinusomplete mitochondrial
genome. The sequence is comprised of 16,828 bp and consists of 13
proteincoding genes, 2 rRNA genes, 22 tRNA genes and twecadimg
regions (DBloop and Lorigin). The overall nucleotide composition is:
27.5% of A, 28.2% of C, 27.5% of T and 16.8% of G.

In the Chapter 5, we sequenceDentexcomplete mitochondrial genome.
The sequence is comprised of 16,907 bp and consists of 13 grotiiy
genes, 2 rRNA genes, 22 tRNA genes and tweauating regions (Eloop
and L-origin). The overall nucleotide composition is: 27.5% of A, 28.7%
of C, 269% of T and 16.9% of G.

In the Chapter 6, we obtainedPagellus acarneomplete mitochondrial
genome is 16,486 bp in length, consisting of 13 pretenting genes, 22
tRNA genes, two rRNA genes, and two rmding regions region (D
loop, 808 bp and dorigin, 29 bp). Its overall base composition is A:
26,8%, C: 29%, G: 17.6%, and T: 26.6 %.

In the Chapter 7, the complete mitochondrial genome of thentex
angolensiswas sequenced. It is 16.581 bp in length and contains 13
proteincoding genes, 22 tRNA genasb2 rRNA genes. The overall base
composition oD. angolesis NANA is: 27,4 % for A, 28 % for C, 16,7 %

for G, 27,9 % for T. Phylogenetic analysis indicated (aangolensiss

most closely related tD. tumifrons.

In the Chapter 8, preliminary resultsshowed that the complete
mitochondrial genome of tHeagruswas obtained. 1t i$6.167bp in length
and contains 13 proteiroding genes, 22 tRNA genes and 2 rRNA genes.

In the Chapter 9, we report the first study of the whatle#DNA of some
species of th Sparidaefamily. The aim was to select more efficient
barcoding markers for taxonomical discrimination against frauds. We
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analyzed and compared thirteBparidaemitogenomesAcanthopagrus
latus, Acanthopagrus schlegelii, Dentex, Dentex gibbosus, Dentex
tumifrons, Pagellus acarne, Pagellus bogaraveo, Pagellus erythrinus,
Pagrus auriga, Pagrus major, Parargyrops edita, Rhabdosargus sarba,
Sparus auratanine publicly available and four recently sequenced ones
by our research group. In particular, we stddi@ effectiveDNA barcode
markers regions for the correct identification of sparid species by
observing for interspecific variable regions flanked by conserved
sequences useful for PCR primer design. The alignment of the thirteen
Sparidae complete mitogemes demonstrated a similarity of the
translated sequences higher than 70% compared to the reference genome
(Sparus aurata LK022698.1, mitogenome). This suggests, that the
thirteen species are very similar each other.

The genddy-gene sequence analysisosved that theNAD genes group
have encouraging utility in discriminating closely related sparid species.
In fact, their nucleotide sequence variability, compared with classical
barcodes markers, was higher. In particldskD5gene appeared with the
high interspecific nucleotide sequence variability. The study of this gene
allowed to detect conservative regions useful to design of sppefic
primers. The amplification and sequencing of the seledd&d5
fragments allowed species identification. Theref when blasted with
databases, the obtained sequences allowed correct species identification
for all tested species, with sequence similarity scores between 98 % and
100%. In conclusion, the selected regions of Ki#&D5 gene have high
interspecific nuaotide divergence to give unambiguous results for
Sparidaespecies authentication. The species identification was possible
also in case of particularly similar species from a genetic point of view,
such adD. dentexandD. gibbosug6% of genetic divergemg. Another

gene that deserves attention in sparid species identification fidiD2.

This idea is supported by results of Hamming Distance, nucleotide
sequence variability andgenetic distance. Further studies are underway
to verify the efficacy ofhie NAD2gene for this purpose.

This thesis demonstrated thBtthe study of wholentDNA of the fish
species of the familpparidaeis a fruitful method for identifying more
effective barcoding markers for taxonomical and phylogenetic
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discrimination agairtsfrauds; 2) the use ofmtDNA enrichment with
miniprep columns followed by Next Generation Sequencing (NGS)
overcomes problems deriving from PCR and shotgun sequei3gitite
compared thirteen sparids species are very similar each other from a
genetic point of view4) D. dentexandD. gibbosusare particularly similar,

with 6% of genetic dissimilarity.

In conclusion, for the first time, the analysis of the comptatNA
sequences in fishes allowed to identify a new molecular barcode marker.
The indepth analysis oSparidaemitogenomes allowed to resolve a
taxonomic dispute persisting for decades.

The development of new methods described above appear in agreement
with the provisions of Regulation (EC) No. 178/2002 (European
Commission, 2002) and Regulation (EU) 1379/2013 (European
Commission, 2013). The European law aim to ensure a high level of
protection of human life and health, establishing a comprehensive system
of traceability with a "farm to fork" approach. Therefore, traceabllig

to be assured at all production steps. Scientific and technical methods have
always to support Community legislation. This research provides the basis
for the molecular traceability ofsh products.

Currently, there is a need for harmonization and standardization of
analytical techniques and for universal access to a standard database.
Nowdays, there is not an official and univocal method used internationally
for the genetic identificatn of species. In lItaly, official laboratories
(Ministry of health, Zooprofilattici Institutesge do not use all the same
protocol of analysis for species identification. A better cooperation
between food control authorities and law enforcement ageisaieguired

to prevent and struggle food fraud activities. The introduction of new and
performing analytical method for fish species identification means that
food inspectors and consumean knowthat how declared on the label
exactly corresponds to theal purchased food product.
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Prospects for future research

The sequenceobs Spadadagranplste ritbgenonies r t e

(Acanthopagrus latus, Acanthopagrus schlegelii, Dentex, Dentex
gibbosus, Dentex tumifrons, Pagellus acarne, Pagellus bogaraveo,
Pagellus erythrinus, Pagrus auriga, Pagrus major, Parargyrops edita,
Rhabdosargus sarba, Sparus aupatksplayed that the similarity of the
sequences is higher than 70% compared to the reference g¢oanus
aurata, LK022698.1, mitogenon)e

Moreover, the mitochondrial phylogenetic tree of Sparidae species shows
a close relationship betweén dentexandD. gibbosusin agreement with
previous works present in bibliograph@rgel, 2002 Orrel & Carpeter,

2004 Chiba 2009. The Hamming Distance comparison displayed Ehat
dentexand D. gibbosusare the closest species, with 6% of genetic
dissimilarity in alignement of wholetDNA and with 12% of genetic
dissimilarity in NAD2 gene. Molecular markeiGOIl and Cytb, currently

used inSparidaefor studies of fish species identification and philogenetic
analysis, showed an even lower genetic dissimilarity. Further studies are
proceeding to verify the usefulness of th&D2 as speciespecific gene,
throught a simple and rapid amplificationwithout sequencing. In
particular, food industries could use this method for the identification of
the most important species, like dentex, D. gibbosus, P. erythrinftise
preparation of the manuscript related to thjsic is in progress).

Considering the commercial importance and the entity of frauDsmatiex

in agreement with Regulation (EU) 1379/2013 (European Commission,
2013), on the common organization of the markets in fishery and
aquaculture products, this diu will contribute to the molecular
traceability of fishery products and to the molecular characterization of the
catch based on FAO areas.

Additional studies could contribute to the development of & bio
geographical markers to better characterize the fdednean catch from
that Atlantic using the FAO Major Fishing Areas.
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Prospects for futureesearch

Several studies of other authors, realized with the use of molecular
markers, have demonstrated how the taxonomic relationships of the
Sparidaefamily necessity a reconsideration. letfehey have highlighted

that theSparidaefamily is not monophyletic, since it includes the genus
Spicara, attributed to the famientracanthidaeln this regard, in future
researches it would be appropriate to study the mitogenome sequence of
the spems belonging both to théutjanidae, Lethrinidaethat are
morphologically very similar to the sparids (as already mentioned in
Section 1.4.4.3), andentracanthidadéamilies. Supplementary studies are
proceeding to sequence other specimens of differeaiespbelonging to

the Sparidaefamily in order to get an overview of intrand interspecific
variability as complete as possible, to verify the correct taxonomic position
of different species belonging to tBparidaefamily.
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