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Riassunto

Capitolo 1 - Negli ultimi decenni, I'impiego del DNA ribosoreaper la ricostruzione delle
relazioni evolutive tra specie € stato gradualemesostituito da approcci di analisi di DNA
mitocondriale per studi di biodiversita. La valutae del polimorfismo genetico a livello di
DNA e stata estensivamente usata per comprendetassmnomia di diversi gruppi di
organismi e per identificare singoli organismi. Bete l'identificazione delle specie tramite
DNA fingerprinting non sia un concetto nuovo, solo adesso I'approama, il nome di
“DNA barcoding, sta riscuotendo un notevole successo e stauzimhando il sistema di
indagine tassonomico. Paul Hebert dell’UniversiteGdelph, in Canada, ha proposto di
utilizzare la variabilitd presente nella sequenaealeotidica di un gene target come “firma
molecolare” unica per catalogare la biodiversitaalbreve porzione del gene mitocondriale
cox1l, codificante per I'enzima citocromo c¢ ossidagbunita I, € stata proposta come
“barcode” potenziale. Il concetto chiave alla bast DNA barcoding e I'esistenza del
“barcoding gap, una discontinuita tra la variabilita intra eddrspecifica, e precisamente &
stato sperimentalmente dimostrato che la variazimredeotidica all'interno di una specie e
generalmente 10 volte inferiore alla variabilitacleotidica riscontrata tra specie. Al
momento sono attivi numerosi progetti di DNvarcodingche hanno dimostrato I'efficacia
di questa tecnica in diversi gruppi animali. NeD2® stato fondato il Consortium for the
Barcode of Life (CBOL) che riunisce molte organzpai come musei zoologici, erbari,
centri di ricerca pubblici e diversi enti privation I'obiettivo di promuovere lo sviluppo di
un sistema tassonomico universale per le speciarietiche, una sorta di “inventario della
vita” (Barcode of Life Initiative), e la creazion#i un database pubblico costituito da
sequenze di riferimento ottenute da campioni dntite certa. La metodologia proposta
potrebbe rivelarsi utile in numerosi settori sdigeit quali la biologia evoluzionistica,
I'ecologia, la biogeografia e la biologia della servazione, ed avere numerosi riscontri
pratici. Interessanti applicazioni riguardano leiesze forensi, il monitoraggio del
commercio internazionale di prodotti di origine ranle e vegetale (regolamentazioni
CITES, convenzione sul commercio internazionaléedsgecie di flora e fauna minacciate di
estinzione), la biosicurezza e la sicurezza aliarentin quest’ultimo settore, il DNA
barcodingpotrebbe venir sfruttato per il riconoscimento geadotti derivanti dall’impiego
di specie protette e in via di estinzione e pev@nge casi di falsificazione alimentare.



Capitolo 2 —La frequente sostituzione di tranci o filetti diesge ittiche pregiate con carni
di esemplari di minor valore o I'utilizzo di nomegerici usati per etichettare i prodotti
della pesca ha messo in luce la necessita di pahepun sistema di tracciabilita molecolare
degli alimenti di origine animale. L'impossibiita dcorrere al riconoscimento morfologico
quando il pesce e sottoposto a “toelettatura” eidhilo sviluppo di nuovi approcci analitici,
basati sullo studio del DNA e il DNA barcoding sirigelato un promettente strumento
diagnostico alternativo ai tradizionali metodi ddagine e a quelli basati sull’analisi delle
proteine. Dal momento che tale ricerca era finaliazall'identificazione delle specie
utilizzate per la preparazione degli alimenti eiradividuazione di eventuali casi di
falsificazione, si € proceduto ad una estesa indagj mercato al fine di scoprire le specie
maggiormente coinvolte in casi di sostituzione di@enta. Una volta ottenute queste
informazioni, si & proceduto con il reperimento3di campioni da analizzare, freschi,
congelati o processati, appartenenti a tre divgrgppi tassonomici, pesci, molluschi e
crostacei.

La procedura sperimentale ha previsto I'adozionendapproccio multi-locus basato
sull’amplificazione, con primer universali, e il(geenziamento di tre regioni mitocondriali,
i geni cox1, cob e 16S-rDNA. Successivamente, staie condotte un’analisi di similarita
di sequenza, usando BOLD and GenBank come databasferimento, il calcolo delle
matrici di distanza e la costruzione di un albemglbor-Joining per attribuire un’identita
ai nostri campioni. In generale, il DNBarcoding ha dimostrato di essere un efficiente
strumento per identificare campioni di origine saeseiuta e quindi per controllare le
informazioni fornite nelle etichette dei prodottfatti, 'analisi ha confermato, sulla base
almeno di una regione mitocondriale, la specieidrelta nell’etichetta in 32 casi tra quelli
analizzati. In contrapposizione, il 13% dei camp®nisultato frutto di un probabile evento
di sostituzione, volontaria o accidentale, con odiiduo appartenente ad una specie
differente.

Capitolo 3 — L'impiego del DNA barcoding potrebbe rivelarsi utile, non solo per |l
riconoscimento di specie vegetali di interesse r@mico, ma anche per la tracciabilita
genetica delle varieta e dei loro derivati alimentaenza la valutazione dei tratti



morfologici. Invece di usare il genoma mitocondrjgber il DNA barcoding delle piante il
miglior candidato e risultato il DNA cloroplasti@he possiede gli stessi attributi di quello
mitocondriale.

Per quanto riguarda il materiale vegetale, sonte stampionate diverse linee pure di
fagiolo (Phaseolus vulgarit.), appartenenti a landrace selvatiche e donastie a varieta
moderne coltivate, insieme ad alcune accessior®.dtoccineusP. lunatusand Vigna
unguiculata usate come fuori-gruppo. Un approccio multi-locdsa previsto
I'amplificazione di sette regioni cloroplasticheg todificanti fbcL, trnL e matK) e quattro
spaziatori intergenicirpoB-trnC, atpBrbcL, trnT-trnLe psbA-trnH, e due nucleari, ITS1 e
ITS2. | principale obiettivi della ricerca eranaividuare i marker e gli SNP con la miglior
capacita discriminante a livello di varieta, testdue distinti metodi analitici (uno basato
sulle distanze genetiche e uno sulla condivisiosiecdratteri diagnostici) per indagini di
biodiversita e studi di tracciabilita genetica €fina valutare [l'utilitd del genoma
cloroplastico in generale per la ricostruzione’'detjiine delle moderne varieta di fagiolo in
relazione ai due pool genici principali, quello Mamericano e quello Andino. La
caratterizzazione molecolare ha previsto: I) l'afigelzione e il sequenziamento di distinte
regioni cloroplastiche e nucleari; Il)elliting e I'allineamento delle regioni nucleotidiche;
[ll) la stima delle distanze genetiche e la costme del NJ; 1V) I'impiego dell’approcio
basato sull'individuazione dei caratteri diagnastidormativi, SNP e In/Del, associati ad
uno o piu gruppi tassonomici. L’approccio fenetlta confermato di essere un efficace
strumento per l'identificazione delle specie perdfa& separato membri appartenenti a
specie diverse e ha raggruppato accessioni conugmi a membri della stessa specie. A
livello di varieta, invece, il metodo si e rivelagoarsamente informativo per discriminare i
due diversi pool genici e infatti tutte le access@fferenti alla speciP. vulgarissono state
raggruppate in pochi sottogruppi con bassi valorbabtstrap Percio si e ricorsi ad un
sistema basato sulla condivisione dei carattegribatici e tale approccio si e rivelato utile
per definire 16 aplotipi all’interno della speck vulgaris sulla base delle regioni
cloroplastiche analizzate, corrispondenti ad alret sottogruppi, ognuno costituito da
accessioni Mesoamericane o Andine. Le accessialiane, invece, tendevano a
clusterizzare prevalentemente con il pool genicdiAm confermando l'origine Andina dei
fagioli comuni italiani. A differenza delle regiocloroplastiche, le regioni nucleari sono



risultate scarsamente informative e la maggiorepdgi genotipi hanno formato un unico
aplotipo, eccetto per le accessioni corrispondagti ancestrali che hanno formato un

gruppo separato.

Capitolo 4 — Un terzo caso di studio e rappresentaty.danifera la piu importante specie
della famiglia delle Vitaceae conosciuta per il sopiego nella produzione di vino. La
ricerca e stata finalizzata allo studio delle poiaiita del DNAbarcodingper la distinzione
delle piu comuni varieta di vite destiante alladlavo alla produzione enologica. Si e
proceduto con la selezione di 144 genotipi insieme altre 5 accessioni appartenenti a
diverse specie dVitis, adottate come fuori-gruppo. Dopo lo studio pilaetandotto in
fagiolo, I'applicazione della tecnica si e focaliza inizialmente in un’indagine preliminare
del genoma cloroplastico, ma €& parso subito evedé&mtsufficiente grado di variablita
genetica di tale DNA per distinguere le varietdatt le sette regioni cloroplastiche testate
sono risultate monomorfiche non solo tra varieta,anche tra le sei specie\dtis. Da qui

la decisione di passare allo studio del genomaeavel sono state amplificate quattro
regioni EST, precedentemente impiegate per la azlohe della variabilita genetica i
vinifera, e il gene GAI1, usato per la ricostruzione ddilagenesi nella famiglia delle
Vitaceae. L'analisi € ancora in corso, ma risulgagliminari indicano che numerosi SNP
esistono tra cultivar, sia allo stato omozigote etexozigote. Infatti, un problema sollevato
dall'impiego di regioni nucleari risiede proprio ll@erilevazione di casi di additivita,
attribuibili sia alla natura altamente eterozigokella specie, sia come conseguenza di
eventi di ibridazione. Dall’analisi iniziale di tréelle cinque regioni nucleari amplificate,
sembrano confermate le potenzialita della tecnaraigentificare specie diverse, mentre a
livello varietale la variabilita genetica e quinkli distinguibilita dei genotipi € meno
marcata. Precisamente, tra i 149 genotipi studdagiato possibile ricostruire 63 aplotipi di
cui 38 cultivar- specifici, mentre nei restanti icg@su cultivar venivano raggruppate
insieme. La definizione degli aplotipi ha permes$iodefinire non solo alcuni SNP
sfruttabili per il riconoscimento delle cultivar,amanche di confermare alcune ipotesi
avanzate circa l'origine di alcune cultivar, comex psempio eventuali casi di sinonimia e
omonimia. | dati ottenuti fino ad ora dimostran@ ¢hDNA barcoding applicato al genoma
nucleare potrebbe essere uno strumento utile piegerprinting di cultivar di vite sia per

10



studi di biodiversita che per scopi di tracciahilalimentare, applicata anche a prodotti

derivati, come i vini.

Capitolo 5— La strategia del DNA barcoding potrebbero riv@lastremamente utile per la
vita quotidiana in quanto potrebbe contribuireiddtificazione univoca di specie in tutte
quelle situazioni in cui i tratti morfologici sorth valore limitato. In sintesi, tali ricerca ha
permesso di:

- testare il potere diagnostico del gene mitoconercalxl come marcatore genetico
specie-specifico e dimostrare la sua utilita petrd&ciabilita genetico-molecolare
applicata a prodotti alimentari di origine marina,

- spingere la tecnica del DNBarcodingfino al caso limite della SNBetectionper
distinguere entita genetiche infra-specie (variatBinterno di due specie coltivate
ed economicamente rilevanti, quBli vulgarise V. vinifera rivelando la sua abilita
nella definizione di aplotipi cultivar-specifici;

- porre le basi per il futuro sviluppo di saggi diagtici piu rapidi ed affidabili, basati
sulla costruzione di una piattaformanicroarray, che consentiranno il
riconoscimento genetico di materiali animali e wafjee derivati trasformati di

carne, semi e frutti.
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Summary

Chapter 1 - In the last decades, the employment of ribosdDNA to infer the phylogentic
relationships among organisms was gradually sutstitby the analysis of mitochondrial
DNA for biodiversity studies and molecular systeicwat The detection of nucleotide
polymorphisms was extensively used to understaedtakonomy of several taxa and to
identify single organisms. Although the speciesitdieation through DNA typing is an old
concept, only now the approach under the label @DNA barcoding” is gaining an
incredible success and is revolutionizing the wapractice taxonomy. Paul Hebert of the
University of Guelph, in Canada, proposed the usthie term to describe the technique
that exploits a short DNA sequence, a barcode, fanstandardized region of the
mitochondrial genome, precisely citochrome oxydaéeox1), as a universal and unique
identification marker for animal species. The calea of DNA barcoding is the existence
of “barcoding gap”, a discontinuity between theaantand interspecific divergence values,
precisely the variation of the nucleotide sequenaésin species is proved to be usually 10
fold less than the differences among species. 8kywwpjects have demonstrated the
effectiveness of this approach in many groups ohals.

In 2004 Consortium for the Barcode of Life (CBOLasviaunched and joined several
organizations as natural history museums, herbegggarch centres and private patterns
with the purpose of promoting the development abersal system for eukaryotic species
inventory (Barcode of Life Initiative) and the ctiea of a public database of documented
and vouchered reference sequences.

DNA barcoding can turn out of great support for pnaspects of the life because it
can facilitate rapid and large-scale biodiversityveys, both for several research fields,
such as evolutionary biology, ecology, biogeograghg conservation biology, and also for
many practical uses. These applications range fianensic science, international trade
monitoring (CITES regulations), biosecurity, e.gr $urveillance of disease vectors, to the
food traceability. In the food sector, DNA barcaglinould be valuable for recognizing
products prepared from protected and threatenedtiespeand for preventing the

mislabelling of commercial species.
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Chapter 2 - The seafood certification is gaining particulareation because it was
demonstrated that mislabeling of fish productsydrdent or not, and the use of vernacular
or generic labels for fisheries that contain botistainable and non-sustainable fished
species are known to occur. The lack of morphokigfeatures, lost when the fish is
filleted or processed, makes the traditional auibgy tests impossible to carry out.
Therefore the species identification demands theldpment of new analytical methods
and molecular techniques based on DNA analysigairticular DNA barcoding, have
proven to be an promising tool, alternative to titaelitional methods and those based on
protein analysis.

Since the research purpose was to assay the jtgeaftDNA barcoding technique as
tool of diagnosis for the identification of seafoedmponents to detect cases of fish
substitution, an intensive search of the most comspecies, involved in mislabeling and
substitution events, were conducted. Once completedoroceeded with the collection of
37 samples to analyze, including raw, frozen amdgssed commercial seafood, from three
different taxonomic groups, fishes, molluscs angstaceans. The experimental procedure
adopted was a multi-locus approach based on thdifeaion and sequencing of three
mitochondrial markers, cox1, cob and 16S-rDNA genssg universal primer pairs. After
that, a sequence similarity search, using BOLD @edBank as reference databases, and
the computation of distance matrices and buildih§ld tree to assign the identity of the
specimens were performed. Overall, the techniqoggat to be an efficient tool to ensure
the correct detection of food composition and ttwusontrol the label information. In fact,
32 samples were correctly identified and, on th&daf at least one region, it was possible
to confirm the origin of the meat declared on thigel. On the opposite, about 13% of the
analyzed samples were shown to be most likely gutesd, voluntary or by accident, with

different species.

Chapter 3 - The employ of DNA barcoding to crop plants cotloin out valuable to
accurately identify species and also for geneticdability of varieties and food derivates,
without scoring morphological traits. Instead oingsthe mitochondrial genome, for DNA
barcoding of plants the best candidate genomepieesented by the chloroplast one that
owns the same attributes of the mtDNA. The techenngas applied to several pure lines of
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Phaseolus vulgaridelonging to wild, domesticated and cultivated omm beans, along
with a few P. coccineusP. lunatusand Vignha unguiculataaccessions. A multilocus
approach was exploited using three chloroplastogesgions (bcL, trnL and matk and
four intergenic spacerspoB-trnC, atpBrbcL, trnT-trnLand psbA-trnH together with the
nuclear ITS1 and ITS2. The main goals were to pi®vine markers and SNPs showing the
best discriminant power at variety level in comnfman germplasm, to test two distinct
methods i(e. tree-based versus character-based) for biodiyessialysis and traceability
assays and to evaluate the overall utility of mpikest DNA barcodes for reconstructing the
origin of modern ltalian varieties in relation teettwo main gene pools, Mesoamerican and
Andean ones. The experimental strategy includedfdhewing steps: i) amplifying and
sequencing of the distinct cpDNA regions along with ITS1-ITS2 for rDNA regions; ii)
editing and alignment of sequences; iii) clustemhgequences by NJ method supported by
bootstrapping analysis; iv) character-based metihadl consists in the identification of
taxonomic groups through the sharing of specifiorimative character states, SNPs or
In/Dels, narrowed to one nucleotide position oreegted to multiple positions. Our results
indicated that the phenetic approach, based ondimputation of a distance matrix and the
derived NJ tree, confirmed to be a powerful techaitp correctly separate different species
and to cluster together accessions correspondimgeimbers of the same species. At the
varietal level, on the opposite, this method resgato be scarcely informative to
discriminate gene pools and to identify varietigghin P. vulgarissince all the accessions
tend to group in few subgroups with low bootstragpialuesThus a second approach, the
character-based system, was tested and it revealeel useful to detect withiR. vulgaris
species a total of 16 haplotypes, over all cpDNAiaes, corresponding to as many
subgroups, each one made up by Mesoamerican oraAratEessions. Instead, the Italian
accessions tended to cluster with one or the ajeae pool, even if most of the Italian
commercial varieties grouped with the Andean pawificming the Andean origin of the
Italian common beans. Differently from chloropl&A regions, as expected, the nuclear
ITS data set oP. vulgarisresulted poorly informative and almost all acomssiwere

clustered together in one single group, excepthferancestral entries that clustered apart.
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Chapter 4 - A third study case is represented\hyviniferg the most important species of
the Vitaceae family, known for its employment fbe tproduction of wine. The study aimed
at investigating the potentials of DNA barcodingltstinguish the most common grapevine
cultivars destinated to table consumption of togheduction of wines. We proceeded with
the selection of 144 grapevine genotypes along ethler 5 accessions Witis spp. adopted
as reference standards and out-types. After thet @tudy conducted in bean, the
application of the technique in grapevine was aflifi focused on the use of chloroplast
DNA, but from a preliminary analysis of the cpDNiAwas evident that this genome was
not enough variable to distinguish grapevine calsv In fact all the seven chloroplast
markers tested resulted to be monomorphic not anlgng varieties, but also among the
six species within the genudtis. Thus we moved beyond to the nuclear genome and
amplified precisely four ESTs, previously employed SNP detection in grapevine, and
the GAILl gene, already used for the constructiomploflogeny of Vitaceae family. The
analysis is still ongoing, but the preliminary riésundicate that several SNPs exist among
cultivars, both at homozygous and heterozygousustafhe problem of using nuclear
regions relies on the detection of additive patieirat may be symptom of hybridization
event. From the initial analysis of three out o five markers, it seems confirmed the
potentials of the technique to identify differergesies, while at sub-species level the
genetic variability and thus the distinctiveness tbé genotypes seem less marked.
Precisely, among the 149 genotypes studied, it pessible to define 63 haplotypes of
which 38 were cultivar-specific, while the othesea grouped several varieties at the same
time. The haplotype reconstruction allowed not omby define some SNP markers
exploitable for cultivar recognition, but also tormborate some hypothesis, regarding the
origin of some local cultivars, thought to be inxad in misidentification events
(synonymy/homonymy). The obtained data proved ¢h&NP detection technique applied
to the nuclear genome could be a suitable toolgi@pevine fingerprinting useful for
biodiversity and food traceability aims.

Chapter 5 —The DNA barcoding assay could be of great supfmrthe everyday life
because it can provide valuable information to wmnexpally distinguish species in all
those situations where morphological charactersoaitenited or null value. Overall, the

present research allowed to:
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testing the diagnostic power of the mitochondriakX as genetic species-specific
tag and proving its utility for the molecular tratdity applied to seafood derivates;

pushing the barcoding technique toward the lim#ecaf SNP detection to identify

genetic entities below the species level (varidéty)two important crop species,

such asP. vulgarisandV. viniferg demonstrating its ability for the definition of
cultivar-specific haplotypes;

putting the basis for the future development ofdiaand reliable diagnostic assays,
based on microaray technology, suitable for theetiemecognition of animal and

plant materials and marine, seed and fruit-derprediucts.



Chapter 1

General introduction
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"Biodiversity and taxonomic crises”

The biodiversity, intended as “the biological dsigy among living organisms from all
sources, including terrestrial, marine and othemafig ecosystems, and the ecological
complexes of which they are part” (Internationah@ention on Biological Diversity, 1992;
http://www.cbd.int), has emerged in the nineties aagopic of growing concern for
sustainable development. Taxonomy is the scieratedibals with the definition, diagnosis,
description and naming of organisms and the sulesgqurganization of this information
into systems of classification (Lipscomb, 2003)e@8ps identification is essential for large-
scale biodiversity monitoring and conservation gr&lmeasuring of species richness is the
most useful indicator of biodiversity. Initially, ast species were differentiated by their
adult morphology but more sophisticated approablage been added over the generations.
Electron microscopy, behavioural traits and biocitainmarkers became all tools that
taxonomists have acquired to improve the science  dhxonomy
(http://www.barcoding.si.edu).

The first system of cataloguing of species was flmehmore than 250 years ago by
the Swedish naturalist Carl von Linné (1707-1778ovbegan the formal taxonomy by
means of the introduction of the binomial speciemenclature (including the genus and
species name), relied mainly on morphology, to diesdhe biodiversity (Linneus, 1756).
His pioneer work represented a milestone towardassiication system of the species,
even if he underestimated the real biological diigron the Earth.

Currently taxonomic knowledge is far from completedp to now, using
morphological and behavioural observations and nrexently biochemical markers,
taxonomists were able to identify, describe andsifg just a fraction of the estimated
species. Although approximately 1.7 million spediese been described, the majority of
species on the Earth remains still unknown and iestimated to vary widely, from 5
millions to more than 100 millions (Hawksworth an&alin-Arroyo, 1995;
http://tolweb.org/tree/). The gap in our knowledegn be split into two types: whereas
above the generic level, discovery of new famil@slers and phyla is rare, at the species
and genus level we ignore most of the diversitynemny taxa. Furthermore, there is a clear
bias of focus on particular groups, mainly largelkayotes, such as vertebrates or

flowering plants, while for smaller taxa that reguexpert skills for correct identification,
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such as nematodes, insects and microorganismspetfeentage of known diversity is
definitely lower (Blaxter, 2003). It is estimatduht less than 10% of vertebrates remain to
be described, but more than 50% of terrestrialrapibds and up to 95% of protozoa are
undescribed (www.cbd.int).

Unfortunately the global biodiversity is being ladtan unprecedented rate, 50-100
times the natural rate, as result of human aawithat are responsible for an increase of
extinction rates of many species (www.cbd.int; Neasteret al, 2006). At the same time,
we are assisting to a “taxonomic crisis”: part bé thiodiversity will remain unknown
because the work of cataloguing species with tiatht morphological methods is long,
laborious and demands high level of expertise, aoshmon (Heberet al, 2003a). In
addition, the “morphological taxonomy” revealedhe inadequate to account the Earth’'s
biodiversity because of other three limitationgstiomoplasy (Vencest al, 2005) and
phenotypic plasticity to environmental factors (&a@ers, 2005) of a given diagnostic
character employed for species recognition can feah incorrect identification. Second,
this approach overlooks morphologically cryptic @aaxsuch as sibling species.e(
morphologically identical species, but geneticalljferent) that are common in many
groups (Knowlton, 1993; van Velzest al, 2007). Third, since morphological keys are
often effective only for a particular life stage gender, many individuals, mainly in their
juvenile stages, cannot be identified (Pegaal, 2006). Therefore, even if the binomial
Linnaean naming system is well established anddbyassed, its incapacity to solve these
crisis, caused by the combination of the erosionEafth’s biodiversity and severe
impediments to taxonomic research, has led to se®k adequate species identification
instruments for cataloguing the biodiversity. DNAsled taxonomy could reveal a valuable
support to the classic taxonomy allowing to copéhwiihe growing need of accurate and

accessible taxonomic information (Taetzal, 2003).

The answer of DNA-based taxonomy

A taxonomic character is defined as “any featurea afubject of a taxon that marks the
difference with the subject of another taxon” (Agal983). It has long been recognized
that DNA sequence diversity, whether assessed tijirec indirectly through protein

analysis, can be used to discriminate species bectie nucleotide composition of the
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genome is specific of a given species (Manwell @wmker, 1963). Microgenomic
identification systems permit life’'s discriminatighrough the analysis of the nucleotide
polymorphisms of a small segment of the genome €Heal al, 2003a). The advantage to
use directly DNA, rather than proteins, is thas timolecule is relatively stable allowing its
extraction from many different types of samples;luding museum specimens with
damaged DNA, and from all stages of life (Blax@904). Furthermore, DNA analyses are
independent of the tissue origineg, muscle, gonad, bone, etc.) because all cell types
contain identical genetic information and the DNormation content is higher compared
to that of proteins, because of the degeneradyeofénetic code (Civera 2003).

The employment of a DNA-based system to investigat@utionary relationships
was first applied by Carl Woese who recognized dkistence of the Archea domain by
using the highly conserved 16S-rDNA gene codingliersmall ribosomal subunit (Woese
and Fox, 1977). Subsequently, this approach wabdurexploited in several taxonomic
groups with few morphological diagnostic charactass viruses, protests and bacteria
(Nanney, 1982; Pace, 1997; Allander al, 2001). This approach, known as “DNA
taxonomy”, differs from DNA barcoding because iedmot aim to link the genetic entities
recognized through sequence analysis with Linn@&cies and thus it is most useful for
groups of organisms that lack detailed taxonomstesyis (Blaxter, 2004). In this case, the
development of an universal system led to the dutction of the term “Molecular
Operational Taxonomic Unit” (MOTU) (Floyet al, 2002; Blaxteet al, 2005). For those
organisms, such as meiofauna (Markmann and TawWi@5)2or microorganisms, the
concept of MOTU was largely applied to describestdus of genetic entities that are
recognized exclusively on the basis of the sequsmagarity without any reference to the
species name imposed with Linnaean binomial classibn.

According to Tautz’s idea, instead, the DNA-basedhomy system by means
of detection of nucleotide sequence differences smgle gene for the identification of the
organisms, would represent just an additional foplassigning taxonomic status, through
matching the DNA sequence to a species alreadyldédbwith Linnaean name, without
giving to it a central role (Godfray, 2002; Tawt al, 2003). This approach considers
DNA-based system as a “new scaffold for the accatedl taxonomic knowledge” and
does not want to be a replacement, but only afplelhe conventional taxonomy. Infact, as
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none would use a single morphological charactatefine or identify an organism, DNA
sequence alone would not be sufficient to charaetea species (Fergusen al, 2002),
except for some character-poor organisms, suchoisnematodes, but an integrative
approach, combining broad range of data from plypnottraits to molecular markers,
could add robustness to the species recognitiomr{DPR003; Willet al, 2005; Padial and
De La Riva, 2009; Smitkt al, 2007). The introduction of DNA-based taxonomgteyn,
integrating the traditional taxonomy, was propose#002 in Munich, Germany, during the
DNA Taxonomy Workshop where it was discussed theaitb use the DNA as a new
character for a taxonomic reference system andhmmarkers could be the most suitable
for this purpose.

DNA barcoding: a new name for an old concept

The first time that the term “DNA barcoding” appedrwas in 1993 to designate an
universal DNA typing system. The group led by Ardetveloped a molecular approach in
parasitology based on the detection of allelic sega variation of a specific target locus
(Arnot et al, 1993). However this concept did not gain muckrdaibn until 2002, date of
the first DNA barcoding publication. Paul Heberttbe University of Guelph, Ontario,
Canada, proposed the use of this term to desdmdbéethnique that exploits a short DNA
sequence, a barcode, from a standardized regitimeojenome as a universal and unique
identification marker for animal species (Hebatral.,2003a). The system entails detecting
nucleotide polymorphisms of a nucleotide snippdé8 Bp in length, from the 5’ end of the
mitochondrial locus coding for the cytochrome cdasge subunit 1 (cox1), from ideally all
metazoans.. This sequence should contain enougjueimnformation, in terms of SNPs
(Single Nucleotide Polymorphisms) and In/Dels (hisa/Deletions), shared among
individuals of a species with slight variationst Bpecific of one species. The core idea of
DNA barcoding is the existence of “barcoding gapig(re 1) that means that the variation
of the nucleotide sequences within species is neghthan the differences among species
(Hebertet al.,2003a).
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Figura 1. Schematic representation of the inferred barapdap (from Meyer and Paulay, 2005).

DNA barcoding aims to provide a rapid and reliaiolel for species-level identification by
comparing a short DNA sequence from an unknownispgtto a comprehensive library
of reference ortologhous sequences related to iegriand vouchered specimens of
established identity (Hajibaba@t al, 2006a). The two essential components for an
effective DNA barcode system are the standardimatio an uniform barcode sequence,
such as cox1 gene, and a library of sequencesdittk@amed voucher specimens (Hebert
et al, 2004a). Thus, the sequence of the target geaebben likened to the Universal
Product Codes of manufactured products employdgtieérmarkets to identify all products
sold, but instead of 10 alternate numbers at 1itipos, genomic barcodes have only four
alternate nucleotides at each position with a hstgeg of sites available (Hebegt al,
2003a). It is calculated that 15 variable sitecax1 gene provide one billion different
nucleotide combinations corresponding to as manydrcode patterns, even if only a
relatively few of them could actually result in ytymous mutations, thereby reducing the
actual amount of information afforded by cox1 (DiSet al., 2005).

The DNA project was proposed as a standard glojsies for fast and accurate
identification of organisms exploitable from a widgoup of users, without any expertise,
than is possible at present. The main ambitionBMNA barcoding are: i) to assembly a
database of reference sequences which can be sigetbal to assign unknown specimens
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to species (Heberet al, 2004a), and ii) to facilitate the discovery odwn species,
particularly in cryptic, microscopic and other urgtadied taxonomic groups because of
their complex or inaccessible morphology. Its tytils evident for associating the sexes in
dimorphic species (Sheffieket al, 2009) or the larval and adult forms (Kohler, 2p@and
for the identification of fragmentary remains (Woagd Hanner, 2008). Current studies
suggest that in several taxa species can be delthég a particular sequence or by a tight
cluster of very similar sequences (Hebetrtal, 2004b; DeSallet al, 2005). It was also
advocated that the information contained in the lceequence could have some
phylogenetic value and it could contribute to dithe Tree of Life (Warckt al, 2005), but
this is still one of the more controversial issu@mcerning the technique and many
scientists agree that any sequence does not cosmaingh information to reliably infer
phylogenetic relationships among organisms (Hapleatt al., 2006b).

Several projects have demonstrated the effectigeofethis approach, based on cox1
gene, in many groups of animals, such as birds€Hebal, 2004a; Keret al, 2007), fish
(Wardet al, 2005), gastropods (Remigio and Hebert, 2008)stacea (Costet al., 2007),
cowries (Meyer and Paulay, 2005), spiders (Baaptt Hebert, 2005; (Greenstoeeal,
2005), ants (Smith, 2005), springtails (Hogg antbéte 2004), mayflies (Ba#t al, 2005)
and several arrays of Lepidoptera (Hebettal, 2003a, 2004b; Janzest al, 2005;
Hajibabaeiet al, 2006a). In addition many campaigns have beenclad in order to
construct libraries of cox1 sequences of pest issdisease vectors and other economically
important groups Table 1) (Miller, 2007). Finally other studies are undeywaith the
object to extend DNA barcoding to other taxonomicugs, such as plants (Kressal,
2005), fungi (Seiferet al, 2007; Geiseet al, 2007), macroalgae (Saundetsal, 2005)
and protests (Scicluret al,, 2006).
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Table 1.Major barcoding project launched by the principaanizations involved in the barcoding
of the Earth's life

Campaign Goal Website
FISH-BOL coxllibrary for 30,000 species of http://www.fishbol.org
(Fish Barcode of Life Initiative) marine, freshwater fish of the world
ABBI cox1 barcode data for 10,000 known http://www.barcodingbirds.o
(All Birds Barcoding Initiative) species of world birds rg
All-Leps cox1 barcode library for 160,000 http://www.lepbarcoding.org
(All Leps Barcoding Initiative) known Lepidpetra species
BIOCODE inventory of all non-microbial life  http://www.mooreabiocode.o
(Moorea Biocode Project) on the French Polynesian island rg
PolarBol barcoding the northern biota of Canadhttp://www.polarbarcoding.o
(Canadian Arctic Initiative) and other circumpolar countries rg
CMarz inventory of the marine biota, around http://www.cmarz.org
(Census of Marine Zooplankton) 6800 species representing 15 phyla
TBI cox1 barcode database of 2000 specié#tp://www.dnabarcodes.org
(Tephritid Barcode Initiative) of all tephritid fruit flies
MBI identifying 26000 known mosquito  http://www.dnabarcodes.org

(Mosquito Barcoding Initiative)  species (mainly the disease-bearing)

DNA barcoding theory

The gold standard for any taxonomic system is h#ita to deliver accurate species
identifications. At this regard, it is important verify the capacity of the approach to aid
the initial delineation of a species, by means @fining clusters of individuals species-
specific. Heberet al (2004b) proposed that the validation of the DNakdoding technique
should be performed by evaluating genetic distamgdsn and between species and by a
clustering method, such as distance-based neighbmad (NJ) tree.

The ability of DNA barcoding system to identify anknown organism should rely
on a divergence—thresholide. exploiting the barcoding gap between variabilityra- and
interspecies. The standard divergence thresholgevadlvised to flag a species using the
cox1 gene is so far 10 times the mean intraspee#ration ('10-fold rule’). In the first
paper published by Hebeat al. (2003a) it was reported that cox1 species profds 100%
successful in identifying species within the Lepgteya, that is one of the most
taxonomically differentiated order of animals, eviénwith low sequence divergence
(Janzeret al, 2005). The divergence values between species arginarily greater than
3%, with the exception of only four cases, congengpecies genetically distinct but with
low divergence values (0,6-2,0%), probably due heirtrecent origin, and thus it was

proposed to use this genetic threshold for recagmizpecies. The 10-fold rule resulted
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valuable in several animal taxonomic groups, astiNé&merican birds (Heberét al,
2004a; Hajibabaegt al, 2006a), sardines (Grant and Bowen, 1998), figkiémsrd et al.,
2005), moths (Heberet al, 2003b), springtails (Hogg and Hebert, 2004),staceans
(Lefebure et al, 2006) and spiders (Paquin and Hedin, 2004), ibuesulted poorly
resolutive in other taxa as Cnidaria (Sheateal, 2002), gastropods (Meyer and Paulay,
2005) and butterflies (Wiemers and Fiedler, 200he possibility to use a standard cox1
threshold for species diagnosis could be very @stiamg because could skip the necessity of
morphological assayes, but its definition requitestest it also in other geographical
regions and taxonomic groups in order to covethalbiodiversity existing for the species
under investigation (Hebeet al, 2004a).
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Figure 2. Intraspecific compared to interspecific COI distes (K2P) for individual species in a
genetic assay comparing 73 accessions correspotuasgymany birds genotypes. For each species,
maximum intraspecific variation is compared to miaom interspecific congeneric difference. Only
for illustration purposes, an hypothetical cutdf2d0% between intra- and interspecific divergence
values was chosen. This divides the graph into fpadrants that represent different categories of
species: () Intraspecific distance < 2% and imtecdfic distance > 2%: concordant with current
taxonomy; (1) Intraspecific distance and intergpedistance > 2%: probable composite species
(i.e., candidate for taxonomic split); (lll) Intraspkcidistance and interspecific distance < 2%:
recent divergence, hybridization or possible symayty (IV) Intraspecific distance > 2%;
interspecific distance < 2%: probable taxonomic ideistification of specimen (modified from
Hebertet al., 2004a).

The problem of using the barcoding gap is thahdk$ strong biological support and
can generate errors, in particular false posiiiveopulations within one species show high
rates of intraspecific divergencesg. in allopatric populations with interrupted get@af,

and false negatives, when no sequence variatidieibarcoding region is found between
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different species reproductively isolated (spedeéinition in agreement with the Mayr
biological species concept) (Mayr, 1963). In theases the issue becomes distinguishing
between populations within the same species arfierélift species and that raises the open
question regarding the definition of the speciesicept. Meyer and Paulay (2005)
demonstrated that the barcoding gap existence dmildeavly dependent of the sampling
of the species. The individuals chosen to represanh taxon in the reference database
should cover the major part of the existing divgraitherwise an incomplete sampling
could lead to a “barcode gap” that could not cqoesl to the reality. DNA barcode
exclusively promises robust specimen assignmediaithes for which the taxonomy is well
understood and the representative specimens amywsdmpled (DeSallet al, 2005),
whereas identification difficulties arise when teknown specimens come from an under-
described taxa (Rubinofét al, 2006a). Therefore it should be proper carrying an
extensive sampling, with specimens from multiplegtric populations for each species,
to assess within species-variability and, mainlgnsidering species boundaries as a
revisable concept (Frezal and Leblois, 2008).

Along with this rule, a second criterium usefulestimate the validity of the assay is
the construction of a distance tree (Neighbouridginto give a graphic representation of
the genetic distances. The NJ tree does not depenthe barcoding gap, but on the
coalescence principle of conspecific populatiomg, individuals belonging to the same
species tend to cluster together, but sapearatedyn fdifferent species, and the
bootstrapping values give an estimate of the quafithe branching. Anyway, also the NJ
tree profile can fail because of incomplete sangplipresence of not reciprocally
monophyletic species and when it is applied wittsely related species or at intraspecific

level, situations that show low divergence values.

Data management on BOLD

Since the advent of DNA barcoding, the constructadna new sequence repository,
constituited only by validated nucleotide sequencesssential for the correct application
of this genomic approach. A comprehensive DNA segedibrary is essential for correct
identification to species, genus, family or evedeorlevel (Ekrenet al, 2007). Up to now
the most common databases freely accessible usefeasnce systems were the GenBank,
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EMBL and DDBJ that constitute the International Mwtide Sequence Database (INSD).
The necessity to develop a new reference datgsetfisally for taxonomic identification
was dictated by the fact that these databases,ikthezy collect sequences of thousands of
species, they are not suitable for taxonomic pweposhey are constituited by entries that
void of any established taxonomic standards duswigmission phase, they are often not
carefully edited and can suffer from species angdufaiion misidentification, missing
information and inconsistent terminology (Ra&tsal, 2003). For example, Forster (2003)
found that half of all published studies of humatbMA sequences contain mistakes, not
to mention Numts. When GenBank is interrogated ams of BLAST (Basic Local
Alignment Search Tool) algorithm, the BIT scorer@@nt identity and E-value) associated
with each sequence hit is not a rigorous measurevofutionary distance or genetic
similarity and depends on the size of the dataleseg searched (Karlin and Altschul,
1990). Since these problems could lead the scisrtbiswrong conclusions in population
and evolutionary studies, it is important to depehew affidable sequence databases. In an
attempt to catalogue all life forms in DNA termise tConsortium for the Barcoding of Life
(CBOL) was established with the aim of sequencimglogene in all biological species, in
a large-scale initiative named the Barcode of Lifgtiative (www.barcoding.si.edu)
(Savolaineret al, 2005; Ratnasingham and Hebert, 2007). Subsdguéme Barcode of
Life Data System (BOLD, available on http://www.badinglife.com) was born to answer
to this necessity and provides support for a lagpe barcode project. BOLD at the
beginning was a repository uniquely for cox1 segesnbut currently it is expanding to
include also the ITS regions, the official sequender fungi barcoding, and the
combinationmatK/trnH-psbA as standard markers for land plants barcodingdetails,
BOLD is a collaborative online workbench that irads three different components: the
Data Management and Analysis System (BOLD-MAS), gpecies Identification Engine
(BOLD-ID) and the External Connectivity (BOLD-EC).
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Figure 2. Home page oBarcode of Life Data SysteBOLD) web site(Source:
www.barcodinglife.org/views/login.php).

Data Management and Analysis System (BOLD-MAS)

DMAS provides a repository for barcode records #@neiibhits a simple interface that
allows the submission and uploading of new sequehzgassword-protected projects. It
includes information on the place of harvesting afmlage for each specimen, photographs
and trace files for each sequence record andesdkthecords have to be linked to a voucher
specimen. Precisely, BOLD collects currently forcleaspecimens hosted seven data
element: (1) species name, (2) voucher data, (Beatimn record, (4) identifier of the
specimen, (5) cox1l sequence of at least 500 b, feiv ambiguous base-calls, (6) PCR
primers used to generate the amplicon and (7) fi@se The core data element in BOLD is
a biphasic record consisting of both a “specimaggy and a “sequence page”. The
former assembles data about source of each speantleding the specimen’s donor and
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identifier, taxonomy, collection data (includingagpatial coordinates and digital images),
the repository and catalog number of the vouchecispen. Each specimen page is coupled
to a sequence page that records the barcode seq(Feh8TA format), PCR primers and
trace files, amino acid translation, and ultimatitly GenBank accession number. Finally,
once the barcode records are submitted in BOLDy the data are directly uploaded into
GenBank because in 2004 GenBank, EMBL and DDBJbdats sealed an accord with
CBOL that provides for each barcode standard DNsiisece and relevant supporting data
stored in CBOL are automatically moved to GenBa®&vplaineret al, 2005). GenBank
and the other databases of INSDC expanded thes fiefccore specimen annotation in their
database architecture to more effectively servedaiing and introduced the keyword
‘BARCODE” for those records that meet the apprafiguidelines established by BOLD
(Hubertet al,, 2008).

Identification Engine (BOLD-ID)

The species identification engine is the web tealilable for the comparison and matching
of sequences from new specimens to the barcodeyibfhe BOLD-ID includes a simple
user interface to allow cox1 sequences to be ahtiete a search field and automatically
compared against the existing dataset. BOLD-ID makse of a combination of BLAST
alghorithm and Hidden Markov models based on a algvotein alignment for coxl
marker, while for ITS and matK and trnH-psbA it doys only the BLAST algorithm.
BOLD provides a probability-based match profile iogading the likely identity of the
source species. Additional information is also kA€, such as links to the species page
that provides photographs useful in confirming ithentification. Currently, an uploaded
version offers the chance to analyse barcode data 6ther target genes and non-coding
regions, more useful in other taxonomic groupes matk/trnH-psbAfor plants and ITS for

fungi.

External Connectivity (BOLD-ECS)

Assembling the sequence information into a compreilre DNA barcode library requires

the development of a data managing system, basedlmwratory Information Management

System (LIMS), capable of providing an audit tfait each barcode record. This piece of
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software, which is under development at the Uniteisf Guelph, will be very useful in
the handling of data from routine analysis and witend the capabilities of the current
Management and Analysis System (MAS) (Hajibaleaail, 2005).

DNA barcoding technical flowchart

The experimental steps of a DNA barcoding assayemgsimple and straightforward:

- sampling and voucher specimestorage in a public repository of all the specise
from which the nucleotide sequences are derivecek $bquences have to be
retrieved from “holotype” specimens,e. original individuals stored in public
collections (museum, herbarium, zoos, frozen tissumlections and other
repositories of biological materials) or newly ealled, which are identified by
expert taxonomists by means of morphological chhara@nd that provide the basis
of the taxonomic system (Dalebaattal, 2004). As in most cases it is impossible to
obtain the DNA information from these specimensisiimportant to select new
individuals with certain identities that should $tered as reference specimens. An
identification voucher, along with supplemental adatuch as images, locality
information and ecological data, is associatedhiesé¢ specimens that must be
conserved as reference for future analyses. Ferréason it is important to carry
out a long-term storage of the specimens presemiadntegrity of the organisms,
but for those specimens that have to be compleletyroyed to extract DNA, such
as for small insects, the only way to conserve soragphological information is to
photograph the specimen before destruction (Tawtal, 2003). The need to
preserve specimens warrants the transparency afatadase because it allows the
reviews and re-analyses of a given sample, nege$sature in a discipline, the
taxonomy, where the names of organisms are tempanat can be revisionable and
the misidentification are common;

- extraction of genomic DNAa tissue sample is taken from the collected idd@&ls
and DNA is extracted from them. If the specimefresh the DNA isolation should
be easy, but in the case of old samples storedrindlin or in the herbarium, the
procedure is more complex, requires specific patadaptations and sometimes it

does not work. Once purified, the genomic DNA mbst stored in museum
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collections, desiccated or frozen, in way of allegvisubsequent amplifications of
additional genes (Blaxter, 2004);

amplification and sequencing of specific targetioegonce extracted, DNA serves
as template from which the barcode cox1, IW&tK andtrnH-psbAmarkers are
amplified by PCR using universal primers (Folne¢ral, 1994). The development
of taxon-specific primers and their combinations however sometimes necessary
to obtain greater intra-generic accuracy (e.g.laeef, Neigelet al, 2007), such as
the primers cocktails required for fish species (et al, 2005; Ivanoveet al,
2007) or the primer sets needed to distinguish éetwprimate genera (Loreet
al., 2005). The obtained amplicons are then sequebaticectionaly and then
manually checked and edited in order to validatguseace quality and detect
eventual polymorphic sites, result of co-amplificat of nuclear pseudogenes
(Bensassoet al, 2001);

construction of reference databasequence information from the voucher samples
are deposited in the database accessible from B@.[allow unambiguous
identification of specimens of unknown origin. Onifhen the barcoding data are
validated by the neighbour-joining method and byleating genetic distances
within and between species, the type specimenladdsociated sequence provide
a reference record;

interrogation of barcode databasthe identification step consists in the submissio
of the cox1 sequence obtained from an unidentgadple, the ‘query’ sequence, to
the BOLD database through the BOLD-IDS in orderfitml the perfect match.
BOLD-IDS accepts the DNA sequence from the barcode regi@h raturns a
taxonomic assignment to the species level, whersilples through the same
sequence similarity search and the clustering noetised for the validation step. In
the case of cox1 marker, there are four differequences subset in function of the
validation of the sequences contained: only a sub&eBOLD repository is a
validated dataset because it includes sequencedseaith a sequence length of 500
bp, with a species level identification and refdrte many species represented by
one or two individuals showing less than 2% segeeatigergence. BOLD engine

delivers a species identification providing theckisest matches, with a divergence



value less than 1%, with the reference standardl heithin the database
(Ratnasingham and Hebert, 2007). BOLD also genemtaxonomic identification
summary and a NJ tree of species barcode sequehues.the system can map
specimen collection localities on a distributionpwaith high resolution and allows
morphological comparison of voucher specimens wdygpropriate digital images
are loaded. If the match is not obtained, the qgeguence is assigned to a genus
with a similarity divergence lower than 3%. Abovg & the unknown specimen
does not match to any existing records in the lardibrary, it should be flagged as
a ‘problem taxa’ that deserves supplemental taxan@malyses, rather than being
discounted as a taxonomic error, suggesting thé#teosampling was not complete
or we may be in presence of a new species, sueh a@gptic species, or a hew

haplotype or geographical variant.

Overall, there are many technical advantages eladONA barcoding. The technique is
not influenced by subjective assessments, it isorkible at any time and by any
researcher and therefore it represents an univepgdicable method, that can be linked to
any kind of biological or biodiversity informationThe experimental procedure of
extracting DNA and amplifying specific markers ehnically easy and usually does not
require the destruction of the sample, that sometira valuable and therefore it should be
safeguarded. The technique is fruitfull and effexin terms of cost and time, and enables
automated species identification, particularly ukeéf large sampling campaigns, as of
Craig Venter’'s Global Ocean sampling team (Ruetchl.,, 2007). The storage of DNA does
not need particular attention because the molasulery stable and any sample can be split
into multiple subsamples, which can be sent to mamgeums as backups. Regarding
DNA sequencing step, if the techniqgue was consttlergpensive in the past, now the

technological progress warrants a cheaper and fasteof sequencing (Tawt al, 2003).

The mitochondrial genome

The mitochondrial genome (MtDNA) is a small circujgnome and its size, structure and
gene content vary considerably among organismspolisesses several remarkable
characteristics that make it a very useful molacolarker in evolutionary studies. First of
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all, mtDNA exhibits a non-Mendelian mode of inheante that determines biased
segregation of cytoplasmic genes (Birky, 2001). €&alty the inheritance of this genome is
maternal, with some exceptions of paternal or lep@ MtDNA inheritance (review by
Korpelainen, 2004). Second, since it is non-recoinli, the entire genome represents a
single linkage unit and that, along with its hagloature, promotes the loss or the fixation
of mtDNA haplotypes, reducing the diversity and shsequence ambiguities from
heterozygous genotypes within species(Avise, 1988iyd, although the important cellular
functions held by the organellar genes, mtDNA gelieevolves faster, about 5-10%, than
single-copy nuclear genes at a rate of approximeéeb per million years in bilaterian
metazoans (Ballard and Kreitman, 1995), allowing thiscrimination of even closely
related species (Jua al, 1996; Browret al, 1979). The reason of this high evolutionary
rate is due to frequent occurrence of mutationseaupy high amount of reactive oxygen
radicals (ROS) produced during the respiratory rgh#hat can chemically alter DNA,
coupled with the absence of a compact protein-DNAmlex that leaves mtDNA more
accessible and, at the same time, more vulnerabi@mages caused by ROS (Salgato
al., 2008). The evolutionary rate of the mtDNA is hotmogeneus, but it displays variation
in different regions that are subject to strongctional constraints. Generally, the slowest
evolving mitochondrial genes are those encodingwioeribosomal RNAs (rRNAs) and the
22 transfer RNAs (tRNAs), D-loop central domain ar@mhsynonymous sites in protein-
coding genes, while the most rapidly evolving regiare the two peripheral D-loop region
domains, called CSB and ETAS, the intergenic secggeand synonimous sites (Pesetle
al., 1999). Among functional regions in mammals, lighest degree of conservation, with
an average pairwise similarity over 75%, was foumdhe genes coding for the three
subunits of the cytochrome ¢ oxidase, the cytoclkertimthe 16S rRNA and some tRNAs
(Sacconeet al, 1999). Furthermore, since many mitochondrialegeare highly conserved
at the amino acid level, usually the mutations rameowed at third codon position, with
predominance of transitions than transversions;esih is less constrained by selection
because of its four-fold degeneracy (Heletral, 2003a). Therefore, the mutations usually
are silent and selective neutral (Browet al, 1979), providing many potentially
phylogenetically informative characters. Finalllywias reported that some nucleotides are
more susceptible to mutations than other, the &rqu of mutation for all four nucleotides
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iIs not equal and the direction of mutation is namdom. For example, the nucleotide
composition at third position site is strongly l@dsfor instance A-T in arthropods and G-C
in chordates, reducing information content (larinetlal., 2007; Heberet al, 2003a). In
addition, the mtDNA is present in multiple copiesthe cell and that should improve the
possibility of amplifying template molecules alsopresence of highly degraded DNA, as
in processed food, compared to the nuclear encaslitgje-copy genes. Furthermore, its
lack of introns and the low frequency of DNA deabeis and insertions simplify sequences
alignments of different species because sequermpeaya rare (Saccoret al, 1999). Since
its reduced size, it was the first eukariotyc geadmbe completely sequenced in human
(Andersonet al, 1981) and many other mitochondrial genomes fdiiferent organisms
were recently sequenced and they are now accessibléhe MitBASE Web site,
http://www.ebi.ac.uk/htbin/Mitbase/mitbase.pl), imtegrated and comprehensive database
of mitochondrial DNA. The knowledge of several cdete mitochondrial DNA allows not
only the design of robust and universal primersbéndao routinely recover specific
segments of the mitochondrial chromosome in a wahge of eukaryotes (Folmet al,
1994; Simmons and Weller, 2001), but also spegpifimers able to amplify in determined
species without requiring subsequent sequencing steother PCR-based techniques
(Montiel-Soseet al,, 2000; Lin and Hwang, 2008).

The ideal barcode marker and the cox1 gene

The main difficulty of DNA barcoding was to findehdeal marker that discriminates any
species in a given kingdom. In the past, many regjizave been tested for species-level
biosystematics, but there was not a consensus marike the choice of the sequence
depended on the group under investigation. Selecifcan appropriate target market is a
critical decision and five criteria must be sassdfito evaluate if the genetic loci are
appropriate for DNA barcoding of animals and plafisst of all, an ideal region should be
orthologous among taxa, better if amplifyable usimgiversal primers, in order to
standardize the procedure across a wide rangexaf(@mestead and Palmer, 1994; Kress
et al, 2005; Taberlett al, 1996). The use of universal primers is partiguianportant
when environmental DNA, containing a mixture of maspecies to be identified, is
analyzed. Then, it should possess significant sgdevel genetic variability to allow
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identification of species, but high conservatiote raithin species in order to generate the
barcode gap (Barrett and Hebert, 2005; Hebewl, 2003a). It should be of appropriate
sequence length, about 700 bp, to provide enougffogénetically informative sites to
easily assign species to its taxonomic group (gefausily, etc.), but at the same time to
allow PCR amplification and DNA sequencing in omaation. Shorter regions, even if
highly variable, may not provide a sufficient numloé variable characters to generate a
resolved NJ tree (Shaet al, 2005). Furthermore, the DNA barcode target shdad
technically simple to sequendeg. without any long repeat regions, easy to analyee,
length-conserved (with more SNPs than In/Dels) woidh alignments ambiguity and
recoverable from degraded DNA samples, such ashallgmeserved tissues stored in
museums, forensic materials or processed food ¢hekeet al, 2005; Taberlekt al,
2007). Finally, identifying hybrids would be desidele and, in the case of long established
natural hybrid species, this should not be probtem@owanet al, 2006). In cases of
recent hybridization or ongoing introgression it net possible to make a reliable
identification using organellar DNA regions, butéquires the use of nuclear regions able
to recover different allelic variants from a sam(@aseet al, 2005). Nevertheless, in the
cases of identification of breeds, geographic nggor individual assignments, markers
should possess different features and show consistega-specific variability. Therefore,
In some cases, a strong haplotypic structure wighspecies can allow allocation of an
individual to a particular geographic population.

Because of its peculiar features, the mitochondidA (mtDNA) has been elected
as the molecule of choice for barcoding studiesJoith Avise (Aviseet al, 1987) was the
first to propose the employment of the mtDNA toaeery the evolutionary history within
species. After that a huge mole of phylogenetidissiwere published and now the mtDNA
represents the first target genome suggested aksderce of DNA barcoding markers in
metazoas. In the past some mitochondrial genesdergabosomal DNA (12S, 16S) have
been widely exploited, but the presence of frequesertions and deletions (indels)
complicated the sequence alignments (Doyle and ,G20Q0). Then, the interest was
focused on the protein-coding regions that offex #dvantage of being arranged into
codons. Among the 13 protein-coding genes, cox® ges proposed as suitable sequence
for DNA barcoding (Heberét al, 2003a). The entire gene is long 1,600 bp, bly tre
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portion of 648 bp located near to the 5 end of ¢fame proved to be very powerful in
discriminating species and phylogeographic groujghinv species. The coxl gene was
selected as the core of the global bioidentificasgstem for animals because it shares all
the criteria above mentioned (Chageal, 2005). First of all, the universal primer paios f
cox1l allow the routine recovery of the marker froepresentatives of most animal phyla
(Folmeret al.,1994; Zhang and Hewitt, 1997) with no evidenceemionvery of the nuclear
pseudogenes (Hebest al, 2003a). Second, the alignment of this regioerieugh easy
since the occurrence of insertions and deletionsaie and the evolution source is
essentially based on the nucleotide substituiorbértet al, 2003a). Third, cox1 appears
to possess a greater range of phylogenetic sigimiatsany other mitochondrial gene, but its
evolutionary rate is not constant among all theaz@tn. In common with other protein-
coding genes, its third position nucleotides showigh incidence of base substitution,
about three times greater than that of 12S or D8%Ar regions (De Giorget al, 1991;
Ruttkay et al, 1990; Knowlton and Weigt, 1998), but exhibitsvimucleotide variation
level, for example within Cephalopods (Lindgreh al, 2005; Strugnell and Lindgren,
2007) or in plant kingdom (Fazekesal, 2009). Anyway, cox1 evolution showed not only
high rates of species discrimination (>95%) in @as vertebrate and invertebrate groups
(Hebertetal., 2003b, 2004b), but also proved to be enougiama to distinguish different
phylogeographic groups within a single species @hyand Jarrell, 1993; Cox and Hebert,
2001; Wares and Cunningham, 2001). The efficienfcgox1-based barcoding has been
documented also for a few groups of fungig( Penicillium spp., Seifertet al, 2007;
Aspergillusspp., Geiseet al, 2007), macroalgae (Rodophyta, Saunders, 20@bpaniests
(Paramecium and Tetrahymenas, Bathal, 2006). Additionally, smaller fragmentsg(
100 bp) of the standard cox1 barcode - ‘mini baesbd have been shown to be effective
for species identifications in specimens whose DiNAdegraded or in other situations

where obtaining a full-length barcode is not feks(blajibabaeet al, 2006b).

Land plants: the two-tired approach

As said previously, the rate of genomic evolutionmitochondrion, as well as in nucleo, is
not equal for all living species, but can evenatifit the ordinal level. Most mitochondrial
DNA regions in plants exhibit lower nucleotide sttiogion rates than plastid or nuclear
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genomes, unsuitable to distinguish between taxim@aand Herbon, 1988), with some
exceptions in specific taxa (Cled al, 2004), and thus land plants, especially angiospe
seem to be problematic for DNA barcoding. Wodfe al (1987) showed that rates of
synonimous substitution in angiosperm mitochondgethes are anomalously low, a few-
fold lower than in chloroplast genes, from 10 tef@@ lower than in nuclear genes of both
angiosperms and mammals, and from 5- to 100-folkkfathan in mammalian mt genes
(Choet al, 2004). Furthermore, the mitochondrial genomplamts undergoes rapidly and
significant rearrangement (Palmer, 1992) and geneide horizontal gene transfer, both
at intra and interspecific levels (Wong and Hen2€0Q3) thereby precluding the existence
of universal intergenic spacers useful as idemsifeg the species level. As a consequence,
all these features exclude species identificatiaseld on any mitochondrial regions that
resulted inappropriate for discriminating plantsps.

Thus for the study of plant barcoding the two priynaources of informations
storically are the chloroplast genome (Palmer Herld®88; Clegg and Zurawski, 1992)
and nuclear ribosomal DNA repeat region (Baldw®92; Hamby and Zimmer, 1992). The
CBOL Plant Working Group (PWG) agrees that the nsaable genome is the chloroplast
one (cpDNA) because it may represent the plant teopart of the animal mtDNA.
Chloroplast DNA sequences, both coding and nonagpdegions, have been extensively
used to infer plant phylogenies at different taxamolevels (Table 1). The choice of the
sequences to adopt depends on the taxonomic growgstigated as well as on the
phylogenetic level studied in order to select tlgions with the more appropriate
substitution rate (Shawt al, 2005). Plant studies report a more modest glolitDNA
barcoding to discriminate among closely relatedcigsecompared to animals (Kress and
Erickson, 2007). Untill now, the ideal DNA markeorfplants that meets all barcode
standards was not found yet: “The hope of findingirgle, short sequence of DNA from
one gene that will reveal the identities of allmaor animals could be akin to a search of
Holy Grail” (Rubinoff et al, 2006). All the markers, plastid and nucleartaggsingularly
to evaluate their ability to discriminate speciesrpin plants, exhibited an efficacy lower
than the mitochondrial cox1 marker for animals, &s$ that 85% of the genera examined
could be propely identified (Kress and Ericksor)isllack of resolution, encountered when

only one single DNA region was used for barcodingppses, has led to develop the idea
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of an integrated approach based on employing skelo@iaat the same time (Chase al,
2005; Cowaret al, 2006; Sasst al, 2007; Fazekast al.,2008) that was also welcomed
by critics of barcoding. Some combinations of DN&jions for a multilocus DNA barcode
system have been proposed during the Second ItimrakBarcode of Life Conference
held in September 2007 in Taipei, Taiwan, but atsent no marker combination
demonstrated to work universally in all taxonomioups. In fact, it was demonstrated that
not all regions are complementary and universakfbthe genera, but certain species are
resolved only if differing sets of specific regica® included in the analysis (Fazekasl,
2008). Combining the most variable plastid regignevided only marginally different
success rate (Kresgt al, 2005; Chaset al, 2005; Kress and Erickson, 2007; Fazes@s
al., 2008), suggesting that species discriminatiomas always limited by inadequate
variability at the chosen locus/loci and raising thsue regarding the discreteness of plant
species and the nature of species boundaries ohakie markers from a single genetic
linkage group. In fact barcode species resoluti@sed on monophyly criterion, reaches for
equal level of PICs (parsimony-informative charetevalues like 90-98% for the animal
data sets using only cox1 sequence, while in plrggesolution achieves 46% if using a
single plastid gene and a plateu of 71% when sky#estid markers are combined
(Fazekaset al, 2009). Furthermore, when compared the distdoudf intraspecific and
interspecific genetic distances across animal dauk genera derived from many published
projects, it is resulted that the values of intesfic distance are much greater in animals
than in plants. In addition the degree of overlapMeen inter- and intraspecific distance is
usually wider in plants than in animals and thugduces the ability of the used regions to
discriminate species (Fazelkatsal, 2009).

The most appreciated multi-locus proposal was thwe-tiered approach”, suggested
by Newmasteret al (2006), that consists in employing a conservatieding region
common across the land plants at a first tier, “dechor”, that provides resolution at
superior ranksgg., family and genus) and for distantly related aand a more variable
(coding or noncoding) region as “identifier” to prde resolution for closely related taxa or
at lower taxonomic level, below the family leveliélly and Taberlet, 1994; Olmestead and
Palmer, 1994) such as the combinatibclL gene trnH-psbAintergenic spacer (Kress and
Erickson, 2007). Anyway, the scientific communiteaed, as standard combination, the
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plastid genenatK, a maturase-encoding gene, with a more rapid isutish rate tharrbcL
useful at the genus and family levels, alone axambination withtrnH-psbA(Newmaster
et al, 2007; Chaset al, 2007; Lahayeet al, 2008). In addition, Taberledt al. (2007)
focused on the feasibility of barcoding plants frbighly degraded DNA that is of interest
for ancient DNA studiese(g permafrost samples) and other applied fields. (@gcessed
food, customs and medicinal plants). They promtitedchloroplast trnL (UAA) intron or a
shorter fragment of this region (the P6 loop, 18-bp), which, despite the relative low
resolution, can be amplified with highly conseryetners.

The potentials of plastid markers have being testadl several projects have been
launched. For example, the “Darwin Initiative fbetSurvival of Species” funded a project
at the Royal Botanical Garden, in Kew, on the bdirog of the orchids of Costa Rica and a
project, in collaboration with the University ofhkEmnensburg (South Africa), which aims
to barcode the flora of the Kruger National ParlSwuth Africa. Other projects underway
are at the Smithsonian Insitute to generate DNAcdmes for all economically plants,

especially medicinals and poisonous plants (Coetat, 2006).

DNA barcoding toward taxonomy, population geneticand

phylogeny
The proposal of using DNA barcoding as new iderdifon tool turned on a heated debate
about the potential uses of this technique. Theoeates of DNA barcoding claim that it
will revitalize biological collections and speed species identification and inventories
(Savolaineret al. 2005; Gregory, 2005; Schindel and Miller 2005hevneas its opponents
argue that it will destroy traditional systemataisd turn it into a service industry (Ebach
and Holdrege 2005). Mainly the researchers thakwath tropical environment are among
the most active advocates of DNA barcoding sineg¢ tiabitat is the heart of biodiversity
and offers a variability of species, often unknoamd thus without any recognized expert
taxonomist able to recognize it (Janzen, 2004). DiNgkcoding is interested because it
involves and complements different scientific fegldn particular taxonomy, molecular
phylogenetics and population genetiEgy(ire 2).

The taxonomy’s task is to classify all the biodsigr on the Earth employing the
Linneum binomial naming system. In the past cenggcific rules have been introduced
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by international commissions of scientists in orderstandardize this procedure and
avoiding cases of synonymias. the same species has two names, and homonyieies,
the same name is related to different species :{fttpw.iczn.org). The DNA barcode
project does not have the ambition to build theeTotLife, but rather to produce a simple
diagnostic tool based on strong taxonomic knowle(®ghindel and Miller, 2005). DNA
barcoding can be just considered an additionarunstnt complementary to taxonomic
surveys for routine species identification and d@b@ of cryptic species in a more
standardized way. In this context, DNA barcodingiesz on the species concept used
previously by taxonomy to define the species. SDS& barcoding approach is blurred by
species-level paraphyly and polyphyly that werevpdbto be really common, around 21%
of cases in animal species, the use of mtDNA barcody lead to ambiguous or erroneous
identification in as many cases (Funk and Omlar@)32(Funk and Omland, 2003). In
addition, in presence of recently diverged spethas share alleles for some time after the
initial split because of ongoing gene flow, DNA tading does not warrant an unequivocal
identification. For example, in the case of vergemt radiation of cichlid fishes in Lake
Victoria, the morphological distinctiveness hasltwp much faster than has the molecular
one determining morphology-based taxonomy more powvgMeyer et al, 1990).
Regarding a second potential use, species discothasyis not a valid exploitation of the
technigue because it requires a species concepa @odroboration system and no single
source of data can by itself be considered enonglefine a species (DeSalle, 2005). As no
taxonomist would describe a new species basedysmbeh single morphological character,
so also the barcoding community does not claim tha single gene is enough to
characterize all the metazoans. Furthrmore, it dooé necessary defining valuable
markers and a cut-off value of intraspecific vaitigbin order to discriminate organisms
and delimitate species entity that was undergometéoruption of gene flow for a period of
time lasting enough to allow the formation of a ngpecies (Savolainest al, 2005). In
particular situations, when crypticism might occlNA sequences, like any other
molecular markers, from allozymes to DNA markef@ @ssist in species discovery, by
flagging potential candidates for new species unhgh then need to be confirmed using
an integrated taxonomic approach (Wéitial, 2006; Rubinoff, 2006a,b).
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Figure 2. Major components of the Barcode of Life projeatsl dheir contribution to taxonomy,
molecular phylogeny and population genetics. Thagm shows how DNA barcoding libraries
can support the conventional taxonomic workflow High-throughput identification of unknown
specimens and by helping to draw attention to ned eryptic species. Barcode sequences and
collateral data for each specimen are accessibteigh a global online data base (e.g. BOLD:
http://www.barcodinglife.org). This information cabe useful in other contexts, such as
phylogenetics (Tree of Life projects) and populatievel studies. In addition, archival DNA and
tissue specimens collected in barcoding projectsvige an excellent resource for other
investigations. Butterfly images are taken from t@abase of Daniel Janzen and Winnie
Hallwachs (http://janzen.sas.upenn.edu/) (Hajibabial.,2007).

In poorly studied taxonomic groups, DNA barcodimglld be used in the view of “reverse
taxonomy”,i.e. describing the species first using just the polgghsms of their mtDNA,
rather than analyzing DNA from previously morphotadly identified specimens, with the
possibility in the future to add morphological infeation and formal species description
(Markmann and Tautz, 2005; Smith, 2005). In thistegt, it was introduced the concept of
MOTU to define taxa, mainly for microbial life whermorphological inspection is

precluded, without any reference to the correspocgléo species concept (Blaxtdral,
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2005). Therefore DNA barcoding and metagenomicsge great insights for biodiversity
studies of meio- and microfauna, groups frequeatigierestimated because of their small
size (Tringe and Rubin, 2005; Tysenal, 2004).

If the purpose of taxonomy is the identificationafanisms, the assignment of the
species to higher level taxa is associated witreggimg phylogenetic hypotheses, which
can potentially be inferred directly from DNA seques. Although the sequences collected
within the framework of DNA taxonomy are intendedihparily to provide identification,
rather than phylogenetic resolution, a DNA taxonatayabase will nonetheless constitute
an invaluable resource for phylogenetics. In fasten if the main domain of DNA
barcoding is the species identification, it was dastrated that it can contribute to refining
species discovery once that the barcode databasestablished, flagging candidate
exemplar taxa for a comprehensive phylogeneticysfuain Velzeret al, 2007). Increasing
the taxon sampling aids the recovery of the corpbglogeny by reducing branch lengths
and homoplasy, both factors that can mislead pleyles (Zwickl and Hillis, 2002), and
Barcode of Life projects can create a perfect taruno sampling for conducting
phylogenetic studies on different branches of theeTof Life. It was also advocated that
the information contained in the coxl sequence ccddve some phylogenetic value
because the tree reconstruction above the genekiseoften conforming with the classical
phylogeny (Warcet al, 2005). Actually, the estimation of the speciéglpgeny through
DNA barcoding is not conceptually correct becausgerives from the employment of an
organellar marker that does not correspond to & §enthe speciation and thus it cannot
keep track of the evolutionary history of the t§B&axteret al, 2005). Therefore generally
the topology of the resultant gene tree is not ooergt with the species tree because of
several factors (Ekrem, 2007)Ekremt al, 2007). Events, such as interspecific
hybridization or repetitive introgression patterndergthorsson et al. 2003),
polyploidization and horizontal gene transfer (aettal, 2003; Dasmahapatra and Mallet,
2006), can create confusion for recovery of taxdfinides. In addition, character
convergence andccidental recovery of Nuclear Mitochondrial DNAWNIT) or Nuclear
Plastid DNA (NUPT), nuclear copies of organellar ®Nequences translocated into the
nuclear genome of eukaryotic organisms (Zhang arity 1996; Willlams and
Knowlton, 2001), confounds phylogenetic and popaltagenetic analyses since they have
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different evolutionary patterns and mode of inlzrde and they own their particular codon
structure, non-synonymous mutations, premature stogons and insertion-deletions
(Strugnell and Lindgren, 2007). Therefore, adop@nmulti-locus barcoding system, also
called non-cox1 barcode (Bakker, Second InternatiBarcode of Life Conference, Taipei,
September 2007), with more than one gene, eaclesepting a distinct linkage group,
nucleo and organellar genome, could contributeréplicate” estimates of the species tree
from one or more indipendent gene trees (Moore5)1L99

Finally, it is interesting to evaluate the conttion of DNA barcoding for population
genetics. This branch of biology studies genetigatian of populations within a single
species to investigate issues, such as migratioml @eographic drift. The
microevolutionary-level assay in the past was itigated by means of allozymes of a
particular locus, but their nuclear origin led toncerns regarding allele frequencies and
heterozigosities (Aviseet al, 1987). Subsequently, the estimation of withieees
variability was performed analyzing the mtDNA th@abvided accessible data for strong
genealogical inference and it showed that manyispexxhibit a deep and geographically
structured mtDNA evolutionary history (Tavares aBaker, 2008). Study of the
relationship between gene genealogy and populggography constitutes a discipline that
can be called intraspecific phylogeography (Awesel, 1987). The understanding of the
evolution of species strongly structured phylogieady cannot be fully performed without
references to the intraspecific phylogeographiacstire. DNA barcoding can provide a
first signal of the extent and nature of populatiovergences and can facilitate comparative
studies of population diversity in many speciesfddinately, the genealogy recorded by
MtDNA is far from a complete characterization ofr&specific phylogeny, in particular
when males and females differ in phylogeographjcaéllevant characteristics. Other
difficults arise when intraspecific variation, cadsby incomplete sampling or related to a
real distinction among specimens (Dasmahapatra NMaltket, 2006), and intragenomic
variation, due to heteroplasmy (Terranataal, 2007), are detected. Therefore, a better
approach should be the application of a multi-logpgroach because more informative and
less sensitive to specific gene genealogies. Thdadiity of high-trhoughput sequencing
technology, fine-scale sequence analysis methadsh) &s SNPs, are contributing to
population-level studies (Brumfiekt al, 2003).
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The character-based approach

Currently, the most common way to use DNA barcodéads based on the phenetic
approach, based aenetic distance and clustering method. It hasrbecapparent that this
kind of approach has strong limitations, due to ittmnstant mtDNA rates of evolution
between and within species and between differeatigg of species resulting in broad
overlaps of intra-interspecific distances (Kipliagd Rubinoff, 2004). Despite the reported
efficiency of the divergence-threshold method imesal cases, this approach presents some
drawbacks, as said previously.

An alternative to the phenetic approach is theadtar-based system that focuses on
the concept that previously established taxonomoams can be identified on the basis of a
binary signal, presence or absence of a discratleoiide substitution, the character state,
or combination of characters within a short DNAsece (Raclet al, 2008). Members of
a given taxonomic group share sequence polymorhisgmmed “characteristic attributes”
(CAs), that are absent from other groups. CAs &@gnibstic character states (genes, amino
acids, base pairs or even morphological, ecologicabehavioural attributes) which are
found only in one clade, but not in an alternateugrthat descends from the same node.
CAs are divided in two major groups:pire CA is shared by all members of the clade and
is absent from the other clades, whilepirjvate CA is shared by only some members of a
clade, but is absent from the other clades (Raht, 2008). Both pure and private CA can
either besimple CA, when confined to a single nucleotide position,compoundCAs
which are combined states at multiple nucleotidsitmms (DeDalleet al, 2005). These
diagnostic characters, in the case of DNA barcqdarg SNPs, an emerging class of
molecular markers that include single DNA base mmuta and small insertions or
deletions that occur at single position in the geaoThe challenge of the approach is that
the character-based assessment does not convesédoence polymorphisms in genetic
distance, procedure that determines the loss afactea-state information. Therofore, for
those groups where the genetic distance is smalluse of scarse number of sequence
polymorphisms, such as at the population level piinenetic approach could be substituted
by the character-based system that retains evohryoinformation contained in character-
state data. Thus a taxa could be distinguisheddyptesence or absence of a particular CA

and, since all classical taxonomic practices araragter-based, this makes the DNA
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characters obtained by DNA barcoding compatibla diagnostic context with the process
of current taxonomic research, allowing the intdgraof the CAs with the traditional
morphological, ecological, behavioural and repraigec traits (DeSalleet al, 2005).
Furthermore, in contrast with distance-based teghniwhich depends on the degree of
“barcoding gap” and thus on the taxon sampling, ¢haracter-based system delineate
separate groups without reference to the amourtdivergence within and among taxa.
However, these potential diagnostic entities, datienservation units, CUs, or evolutionary
significant units, ESUs (Vogler and DeSalle, 199%¢tected by the character system,
cannot be considered new species, they requirgratexl taxonomic to corroborated the
species discovery process (Rubinoff, 2006 a,b). §ystem proved to be a valid tool to
discriminate not only different genera and spe¢iesly et al, 2007), but mainly it has
been shown to be applicable at population levetira al, 2008). Finally, the application
of CAs facilitate the authomatization for the idéoation of the sequence polymorphisms
through the design of a microarray platform or pidaSNP detection format using PCR
technique based on Tag man probe, avoiding the wmrglex procedure of sequencing

and data analyzing.

DNA barcoding potentials in practical fields

Today's society has to resolve many crucial biatabiissues, among which are i)
maintaining biodiversity and thus providing measuref biological diversity, ii)
contributing to the conservation and trade suraede, iii) resolving the Tree of Life, iv)
ensuring the bio-security and avoiding pandemite dchievement of such goals requires
accurate taxonomic identification that has tradiilty been domain of taxonomists because
the classical methods, based on morphology, dendagaat skills and time (Frezal and
Leblois, 2008). The recent development of fastialke tools for species identification for
both animals and plants, largely based on DNA fipgeting, is of great support for many
aspects of the life, from large-scale biodiverstyvayes to forensic science. There are
several situations where limited morphological traare available and, thus, relevant
species identification must be molecular-based@NA barcoding could reveal a powerful
resource. DNA barcoding could be of great supporetognize species in all stages of life
of an organism, from juvenile to adult forms (Wedlsd Stevens, 2008; van Velzenal,
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2007) or in presence of small, damaged or incoraeecimense(g., stomach extracts)
that lack of diagnostic features (Blaxtetr al, 2005; Webbet al, 2006). Finally, DNA
barcoding is the only tool exploitable for the detmation of the taxonomic identity of
forensic specimens (Dawnay al,, 2007), in food traceability (Wong and HannerQ&0or

in the protection of the biodiversity against igédunting of endangered animals in order
to warrant biodiversity conservation and managenpmiicies (Palumbi and Cipriano,
1998).

Food traceability

Traceability is defined as “the aptitude to fine thistory and the usage or localization of an
article or activity with the means of a registerddntification” (norm 1SO 8402). Many
aspects of food chain, species origin, geographiegion, commercial treatments, food
composition and brand name, can be subjected toldiant practice and therefore need
posteriori verification of the information decleared on thabél. The problem of food
authentication has emerged recently due to corahtkeleconomic impact, health hazards,
caused by food containing allergens (Tanabal., 2007) and food poisoning (Hsiehal,
2002), and ethical and religious issues (Montietega al, 2000) associated to the illegal
mislabelling trend of food products. In additiohetfood concerns caused by the frequent
food emergenciese., BSE, avian flu, mouth disease, etc.) has regswrthe public
awareness regarding the implementation of the ataliy and safety of food products sold
in the market (Teletchest al., 2005).

In particular, the detection of events of food ifadation in seafood products is
gaining particular attention because it was demated that mislabeling of these
derivatives and the use of vernacular or geneheltafor fisheries are known to occur
(Marko, 2004). In addition, species identificatics necessary in order to prevent the
commercialization of species for which a conseoratpolicy exists (Civera, 2003). The
extensive and unregulated hunting and trade of eghahough illegal since the 1982,
continues and thus pointed out the necessity oéldping new systems of monitoring to
safeguard protected populations (Palumbi and Qipria998).

Two important directives regulate the trading exades in the European Union (EU)
in order to enforce conservation and health-relaggmilations: i) Reg. CE 853/2004 aims
to eliminate toxic products and endangered spdoogs trade and ii) EU Reg.104/2000
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establishes that seafood labelling must includerciadications of commercial name,
method of production (wild or farmer, organic oteinsive) and capture area of the species
(Civera, 2003). The DM 14/01/2005 in addition redpothe updated list of all the
commercial and scientific names for each marineispaised for food production.

The task of veterinary inspection consists in teection of commercial frauds, when
there is the substitution of low-quality speciesdanore valuable one, and sanitary frauds
when a hazardous species is sold on the market andéferent name. A first analysis is
normally realized on the basis of morphologicalt$taso the skills of the staff are very
important. But this kind of species identificatifor fish products are complicated by many
factors, such as: globalization of the seafood stiguand consequent introduction in the
markets of large numbers of both wild and cultuned species to be examined; ii) sale of
processed fish food, as frozen filets, minced mfsit, paste, dried, smoked or canned
products, lacking the morphological traits usetul the traditional identification procedure;
i) insufficient trained people employed in specidentification (Civera, 2003). The lack
of morphological features, lost when the fish Istéd or processed, makes the traditional
authenticity tests impossible to carry out. Themefthe species identification demands the
development of new analytical methods and the nutdecdiagnostic techniques have
proven to be effective for this aim because they @pable of bypassing the inherent
problems of morphology-based identification meth@feng and Hanner, 2008).

Use of DNA barcoding in crop plants

The adoption of DNA barcoding is not limited to thgecies level, but there are cases in
which it is worth testing the potentials of DNA bading also at sub-species level. In the
animal kingdom, the application of organellar DNA, particular cox1 gene, allowed to
reconstruct a large number of phylogeopgraphic mggpuproving that intraspecific
information contained by this marker can be usetinfarove identification and potentially
to identify geographic origins of new species (T&teaet al, 2005). Instead in the plant
kingdom, the application of DNA barcoding to digfirish varieties is complicated by the
difficult to find a marker variable so to count eigh polymorphisms to distinguish single
varieties. The exploitation of the DNA barcodingciop plants at variety level is relevant
in particular cases, such as for potato clonessifiatv different characteristics in relation to
their final consumption (Ashkenast al, 2001) or the genetically modified organisms
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(GMOs) that represent a special case of varietiyemiication test. Proving the authenticity
of crop seeds could be of interest not only for bgers that seek guaranteed yelds, but
also for the plant breeders. In fact plant breadgrts (PBR) on specific plant materials
include the exclusive right to breed and to seiea plant variety in order to guarantee to
the breeder the control of the propagation matetti@ harvest of the variety material and
the right to collect royalties on it for a givenmber of years (Llewelyn and Adcock,
2006).

In Italy, a newly selected variety in order to legistered and commercialized must
be distinguishable from all the other varietieg] aharacterized by uniformity and stability
(DUS). DUS testing could be performed on the bakimorphological traits and molecular
markers. Traditional systems used nowadays, sucRFa$, SSR or AFLP, are highly
discriminating but time-consuming. After the intumtion of DNA barcoding, this new
technigue could represent a valid alternative aditional ones in order to distinguish one
varietal genotypeif. pure lines, F hybrids, and clones) from another by means of
detection of specific SNP markers and/or haplotyipeselected chloroplast regions. The
most problematic aspect is that the variety isandelimited biological entity as the species
because a variety is not reproductively isolated thierefore the genetic delimitation is not
so marked as at the species level. Although theiromece of DNA polymorphisms in
specific chloroplast regions is less frequent amwageties than species (Newmasteal,
2007), testing the potentials of this techniqueistinguish crop varieties could turn out
valuable also for the genetic traceability of &god products. Therefore DNA barcoding
should be further investigated at the sub-speaesl|to ascertain whether it provides
essential features to become the new legal starmgpdbach for rapid identification of

varieties and authentication of either row materaltheir food derivatives.
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Abstract

DNA barcoding is a microgenomic identification systthat allows the discrimination of
life forms through the analysis of a small portiohthe mitochondrial gene cox1 for
animals. In this paper we report a practical apggpilcca of DNA barcoding as a forensic tool
to empower genetic traceability of marine organisnparticularly in commercial
applications. We adopted a multi-locus approactedbamt only on cox1, but also on cob
and 16S-rDNA genes, using the sequences depoaitBALD and GenBank databases as
reference standards. Our method proved to be a dadt reliable tool to recognize
crustaceans, molluscs and fish fillets void of nmmipgical attributes. Five of the 37
analyzed seafood specimens were shown to derivelikely from substitutions, voluntary
or by accident, with different species. This applowill clearly be useful in implementing
conservation policies, particularly for monitorintpe illegal trade of protected and
endangered species or to detect mislabeling in ceneiad processed seafood.

Keywords: DNA barcoding, genetic traceability, BOLD, seafpodslabeling
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Introduction

DNA barcoding is a technique for identifying spechgy obtaining a short DNA sequence
from a known gene and comparing it with databasestbologous sequences from species
of expert-identified voucher specimens (Helstral, 2003). It aims to obtain a single gene
universally amplified across metazoans, so thatspéicies will be delineated by their
unique barcode sequence or by a tight cluster i9f sienilar sequences (Wasd al, 2005).

In fact the core assumption of DNA barcoding istttiee variation of the nucleotide
sequences within species is much less than thereliftes among species (Meyer and
Paulay, 2005)).

Animal DNA markers suitable for genetic traceabifiturposes usually belong to the
mitochondrial genome. In animals, the mitochondnhibits a higher rate of nucleotide
substitution compared to nuclear DNA, is usuallyten@ally inherited thus minimizing
issues of hybridization and its high copy numbaeiilitates PCR and sequence recovery,
even from degraded tissues (Saccenal, 1999; Herberet al, 2004b). Furthermore, its
simpler composition compared to nuclear DNA dudétgdack of introns, pseudogenes or
repetitive sequences allows easy global multiptueace alignments (Liet al, 2005).
Finally, the availability of several complete mtDNy@nome sequences allowed the design
of robust and universal primers, which enable reutiecovery from specific regions in a
broad range of eukaryotes (Folmetral, 1994; Simmons and Weller, 2001), as well as
taxon specific primers, able to amplify only in gated species without requiring
subsequent sequencing step or other PCR-basedigeebnMontiel-Sosat al, 2000);
(Lin and Hwang, 2008)).

The coxl gene, encoding for cytochrome oxydasersubuvas originally proposed
as specific mitochondrial marker for DNA barcodiing the animal kingdom. A 648
nucleotide long sequence was selected near to’teedsof the gene with two conserved
flanking sites where universal primers were degigaeross a wide taxonomic range of
animal groups (Heberet al, 2003; Folmeret al, 1994; Rachet al, 2008)). The
bioidentification system based on cox1 has supplexy reliable results in several animal
clades tested so far (Hebest al, 2004a; Hogg and Hebert, 2004; L&t al, 2005;
Hajibabaeiet al, 2006a; Yooet al, 2006; Dawnayet al, 2007) and has also provided
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especially strong resolution at the species lemefish (Hogg and Hebert, 2004; lvanosta
al.,, 2007; Hubertet al, 2008). Due to these results, the barcoding comimuhas
committed itself in an initiative called Fish-BOEi§h Barcode of Life initiative) that seeks
to assemble a comprehensive reference system, basedx1l marker, for all the 20,000
marine  and 15,000 fresh-water  fish  species  estionateon Earth
(http://www.fishbol.org/index.php This project aims to contribute to the managenaén

fish biodiversity and, in conjunction with other lbveesources, such as FishBase

(http://www.fishbase.org/search.php) or FishTraakp(//www.fishtrace.org/ it will help

to develop the Catalogue of Life (http://www.cataleoflife.org/search.phpan exhaustive

database of all known species of organisms on Earth

Although cox1 is the most popular candidate for Dh#coding in animal species,
other regions have been suggested as barcode wsiatker cob gene encoding for
Apocytochrome-b (Liret al, 2005; Pepet al, 2007), that represented in the past the most
sequenced marker for phylogenetic purposes in akevaxa, the cox2 and cox3 genes
encoding for mitochondrial cytochrome oxydase sitblinand subunit 1ll, respectively
(Parket al, 2007), the nadl gene (encoding for NADH dehydnage 1 subunit (Ra&h
al., 2008) and the ribosomal 16S-rDNA (Willows-Murebal., 2005). In contrast the only
nuclear DNA region investigated for barcoding ptitdnis that of internal transcribed
spacers of the ribosomal RNA genes, ITS1 and IT8arkmann and Tauz, 2005). ITS
regions have been officially proposed as the DNAcbde for fungi (Zeng and De Hoog,
2008) and now the identification engine through -b&&ed markers is available on the
BOLD web site. In addition ITS markers have beercsasfully used for the identification
of plants (Saset al, 2007), protozoa (Guggiari and Peck, 2008) aedhwater sponges
(Meixneret al,, 2007).

DNA barcoding can find application in several feldrom monitoring biodiversity
(e.g., taxonomic, ecological and conservation studiesforensic science for recognizing
species in all the circumstances in which distugtmorphological characters, routinely
used for the attribution of taxonomic entities, apanty or absent (Armstrong and Ball,
2005). This potential turns out particularly useful recognizing organisms in presence of
morphological ambiguities,e. in larval stages (Pegg al, 2006) or because of homoplasy
and phenotypic plasticity of a given diagnosticrelcter to environmental factors (Vences
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et al, 2005). In addition, DNA barcoding could contiiéito monitor the illegal trade of
wildlife products, such as protected and endangspaties (Baker and Palumbi, 1994;
Baker et al, 2000; Shivjiet al, 2002), or to detect the species origin of conumér
processed food items (Dawnatyal, 2007; Tanabet al., 2007).

The application of this technique in food autheatimn is gaining attention because
of food safety concerns, caused by the frequergscaEmarket substitutions (Hsieh, 1996;
Marko et al, 2004) as well as recent food emergencies (Tredetet al, 2005). Therefore
the identification of the origin of feed and foowjredients is of primary importance for the
protection of consumers against potential food tadaion and faulty ingredient
declaration (Tanabet al,, 2007), GMOs (Ronningt al, 2005) and food poisoning (Hsieh
et al, 2002). As reported by U.S. Food and Drug Adntiateon the substitutions of fishes
in seafood derivates are getting very common amdade the development of analytical
methods to detect voluntary or involuntary mislaip!
(http://www.fda.gov/Food/FoodSafety/Product-
SpecificInformation/Seafood/RegulatoryFishEncycdipR FE/ucm071528.htin

Several methods are available as identificatiomstémr fish species, from traditional

morphological observations to molecular approathasinclude genomics and proteomics
technigues (Rehbekt al, 1995; Martinez and Danielsdottir, 2000; Tradtaal, 2005). In
this paper we quantify the power of DNA barcodirsgaagenetic tool implemented in the
diagnosis and detection of fish components anderidentification of species in seafood
products. PCR with sequence-specific universal @rimwas employed to amplify three
mitochondrial genes (mtl16S-rDNA, coxl and cob) @w,yr frozen and processed
commercial seafood. Two approaches were investg@atealetermine the power of DNA
barcode data to correctly identify food productsstFsequences were directly compared
with existing libraries of DNA sequence using th&ld identification engine at BOLD
(Barcode of Life Database, based on the HMM alparidesigned by Eddy (1998), and
GenBank using BLAST (Altschut al, 1990). A second tool for product identificatias
implementation of distance-based approach usingtmdds, which provide a visual
inspection of query sequence identity based ontteelogy. The aim of the study was to

verify the label information of several seafood gurcts in a multi-locus DNA barcoding
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strategy and also to estimate and compare thebilgifaof the two most common gene
repositories used for phylogenetic and forensippses, GenBank and BOLD databases.

Materials and Methods

Collection of seafood samples

A total of 37 seafood samples, including raw, froznd processed meat, of different
commercial brands were collected from markets awdegies of the North-Eastern Italy.
Most of them reported on the label a clear indaatof both genus and species of the
organism, in addition to the common name and capplace, as required law. The others
were obtained at the marketplace of Chioggia (M@n&nd they showed only the common
or vernacular name with, sometimes, the indicatbrthe origin area. In particular, the
commercial products included 30 fishes, three anesins and four molluscs: some of them
were sold as fresh or frozen skinned fillets, whdéhers had undergone different
treatments, such as heat treatments and cannisggs@sTable 1). Finally, three seafood
products included more than one species and tlemtge names of the organisms were

indicated on the label.

DNA extraction, amplification and sequencing

Total genomic DNA was extracted and purified fromstie tissue of the 37 samples using
GenElute Mammalian Genomic DNA Miniprep Kit (SIGMAJllowing instructions of the
manufacturer with few changes. The specific DNAcbde region of each target gene was
amplified in duplicates. All PCR experiments wererfprmed using a GeneAmp PCR
System 9700 (Applied Biosystems, Foster City, CAA)Y and the amplification were
carried out respecting the instruction supplied Barcoding Animal Life website

(http://www.dnabarcoding.ca/primer/Index.hjml

Typical conditions for cox1 amplification includeet initial denaturation at 94°C for
1 min, five cycles of 94°C for 30 sec, annealind@t55°C for 40 sec, and extension at
72°C for 1 min, followed by 30-35 cycles of 94°G 8D sec, 55-60°C for 40 sec, and 72°C
for 1 min, with a final extension at 72°C for 10miollowed by indefinite hold at 4°C. We
tested only one pair of universal primers for tharkers 16S-rDNA and cob, whereas for
the cox1 gene we first tested the universal prinfrens Wardet al (2005) and where the
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primers failed, a different pair was exploited. Tise with the nucleotide sequence for each
primer along with annealing temperature and theesponding reference is reported in
Table 2 The 25 pl PCR reaction volumes included 1x PCfReb100 mM Tris-HCI pH
9.0, 15 mM MgCj} and 500 mM KCI), 0.2 mM dNTPs, 0.4 uM of each parnil U ofTaq
DNA polymerase and 15 ng of genomic DNA as templ&eR products were purified
enzymatically by EXO/SAP (Amersham) and then dlyecequenced bi-diretionally
according to the original Rhodamine terminator eystquencing kit (ABlI PRISM Applied
Biosystems). Sequences were assembled into costigsened for errors in Mega V 4.1

(beta) (Kumaret al, 2008) and exported in FASTA format for use itatfase searches and

tree based alignments.

Table 2.List of universal primers used for each mitochoaldmarker with their nucleotide
sequence.

Marker Primer name  Primer sequence (5'-3") Ta (°C) References

coxl FishF2 TCGACTAATCATAAAGATATCGGCAC 60 Wardt al, 2005
FishR2 ACTTCAGGGTGACCGAAGAATCAGAA 60 Wardt al, 2005
LC0O1490 GGTCAACAAATCATAAAGATATTGG 60 Folmeet al, 1994
HC02198 TAAACTTCAGGGTGACCAAAAAATCA 60 Folmeet al, 1994

16S-rDNA  16Sar-5 CGCCTGTTTATCAAAAACAT 55 Palumbi, 1996
16Sbr-3 CCGGTCTGAACTCAGATCACGT 55 Palumbi, 1996

cob GLUDGH TGACTTGAARAACCAYCGTTG 60 Palumbi, 1996
CB3-H GGCAAATAGGAARTATCATTC 60 Palumbeét al, 1991
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Table 1.Commercial samples analyzed by the multi-locus Ddd#coding approach developed (n.a., not available)

No. Product description  Origin Species declared in the label Organism  Family Prossing treatments
16 Blue shark Pacific Ocean, FAO 71 Prionace glauca Fish Carcharhinidae Frozen fillet
15 Atlantic herring n.a. Clupea harengus Fish Clupeidae Smoked, vacuum packaged
33 European anchovy n.a. Engraulis encrasicolus Fish Engraulidae Brine, canned in vegetal oil
34 Atlantic cod n.a. Gadus morhua* Fish Gadidae Raw fillet
24 Pacific cod n.a. Gadus macrocephalus Fish Gadidae Dried salted (baccald)
53 Mako shark n.a. Isurus oxyrhincus Fish Lamnidae Frozen fillet
9 Nile perch n.a. Lates niloticus Fish Latidae Frozen fillet
27 Nile perch Victoria lake, Africa Lates niloticus* Fish Latidae Raw fillet
21 Angler n.a. Lophius piscatorius Fish Lophiidae Raw fillet
South Pacific hake South-West Pacific Ocean atahfic Ocean Merluccius gayi/productus Fish Merlucciidae Frozen, pre-cooked
Atlantic hake South-East Atlantic Ocean Merluccius hubbsi Fish Merlucciidae Frozen fillet
Scarlet snapper SouthAfrica Ocean and Indian ©cea Merluccius capensis/paradoxus Fish Merlucciidae Frozen, pre-cooked
Patagonian grenadier  Pacific Ocean Macruronus magellanicus Fish Merlucciidae Frozen fillet
29 Striped catfish n.a. Pangasius hypophthalmus* Fish Pangasidae Raw fillet
50 Striped catfish n.a. Pangasius hypophthalmus Fish Pangasidae Raw fillet
13 Turbot South-East Atlantic Ocean Paralichthys isosceles Fish Paralichthydae Frozen fillet
28 European perch n.a. Perca fluviatilis* Fish Percidae Raw fillet
4 European plaice North-East Atlantic Ocean Pleuronectes platessa Fish Pleuronectidae Frozen fillet
51 European plaice n.a. Pleuronectes platessa Fish Pleuronectidae Raw fillet
12 Rainbow trout Farmed in Italy Oncorhynchus mykiss Fish Salmonidae Smoked, vacuum packaged
19 Atlantic salmon n.a. Salmo salar Fish Salmonidae Smoked, vacuum packaged
30 Yellow-fin tuna n.a. Thunnus albacares* Fish Scombridae Raw fillet
36 Tuna chunks sashimi  n.a. Thunnus albacares Fish Scombridae Raw fillet
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35  Yellow-fin tunafillets n.a. Thunnus albacares Fish Scombridae Raw fillet
31 Tuna n.a. Thunnus albacares Fish Scombridae Carpaccio
23 Malabar grouper n.a. Epinephelus malabaricus Fish Serranidae Raw fillet
22 Common sole n.a. Solea solea Fish Soleidae Raw fillet
17 Smoked swordfish n.a. Xiphias gladius Fish Xiphiidae Smoked, vacuum packaged
32 Swordfish carpaccio n.a. Xiphias gladius Fish Xiphiidae Carpaccio
37 Swordfish fillets n.a. Xiphias gladius* Fish Xiphiidae Raw fillet

2 Greenshell mussel Pacific Ocean Perna canaliculus Mollusc Mytilidae Frozen

25 Common octopus n.a. Octopus vulgaris Mollusc Octopodidae Raw

52 Jumbo squid n.a. Dosidicus gigas Mollusc Ommastrephidae = Raw

18 Great Atlantic scallop  North-East Atlantic Ocean Pecten maximus Mollusc Pectinidae Frozen
11 Northern red shrimp n.a. Pandalus borealis Crustacean Pandalidae Frozen
7 Pink prawn Pacific Ocean and Indian Ocean Metapenaeus affinis/monocerosCrustacean  Penaeidae Frozen
14 Whiteleg shrimp n.a. Penaeus Vannamei Crustacean Penaeidae Frozen

*, only the common name is indicated in the lab®, scientific name is deducible in agreement withltalian Ministerial Decree of the 14/01/2005.
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BLAST and phenetic analyses

For forensic identification of species identity,tlha similarity analysis and a phonetic
approach were employed to check the correspondesiveeen sequences of the unique
amplicons used as query with the sequences degasit@enBank and BOLD databases.
Homology searches were conducted using the BLA§drahm against GenBank database
and the global alignment through Hidden Markov Mo@#ViM) against BOLD engine.
Therefore two different databases were used aserefe system: GenBank, for all the
markers, and BOLD, only for cox1 region. In theeca$ specimen identification through
BOLD, there were two tiers of comparison. The fiasstempt was conducted against a
reference subset of the database made up onlylis\atesdl sequences link to at least three
voucher samples. When the BOLD interrogation reggbmio match, we used the full
database that includes every cox1 barcode receet, envalidated because represented by
only one or two specimens.

The phenetic analysis was developed with CLC Sexpieviewer 6.2 for coxl
marker. The genetic distances among sequencescakxdated using the K2P parameter
and the visual representation was based on thdraotisn of a Neighbour-Joining tree.
The phenetic approach consisted in the inference N3 tree only for cox1 marker with,
when possible, four validated sequences retriek@d BOLD for each species along with
the sequences of the samples. In addition, fospieeies where the cox1 sequence was not
available we used sequences from GenBank for thpseies. The reliability of the clusters
formed at the species level in the tree was evadulay means of a bootstrap test with 1,000
replications. An additional NJ tree was developsith@g Mega v.4.1 software for the genera
that resulted to be polyphyletic, such Hsunnus Macruronusand Gadus all the cox1
sequences were retrieved from BOLD, or GenBank wdnéew entries were available in
the former database, to draw a genus-specific itreerder to clarify the relationships

among the species within that genus.
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Results and Discussion

DNA extraction and PCR-based amplification success

We successfully isolated total genomic DNA from 3 seafood-derived specimens of
different commercial brands, including raw and &ozprocessed products, and skinned
fillets. All of these DNA preparations proved to bhecessible to amplification by PCR

using universal primers. The PCR conditions as a®lthe universal primers adopted (see
Table 1) were in agreement with the protocol intlices supplied on the official barcode

website (http://www.dnabarcoding)carhe primers generated reliable and reproducible

single amplification products, with an average tbngf about 700 bp for cox1, 500 bp for
16S-rDNA and 850 bp for cob gene. All the mtDNA seqces were deposited in NCBI
databases on December 12, 2009 (GenBank Accessimben: GU324135 - GU324234;
Appendix 1).

In particular, 16S-rDNA primers worked universalbllowing the recovery of the
sequences for all commercial products, with oneeption. They proved to be highly
effective in generating a single amplicon for eaatget gene in all fish, mollusc and
crustacean seafood derivatives, whereas primes ppécific for cox1 and cob genes were
less performing in terms of amplification succend/ar specificity. The amplification of
the cox1 target region failed in two crustaceand ane mollusc, while the cob-specific
primers never worked in molluscs. In the casespefces mixture, sequencing problems
were not experienced and double peaks were netextdd. This could be due to either the
absence of co-listed species or the predominanonefrelative to others in the mixture.
On the basis of the agarose gel-based electrophoaeslysis and sequence-specific
amplification results, it was evident that the DMAs correctly preserved and thus it was
possible the direct sequencing of all ampliconac&ithe substitution events, fraudulent or
by accident, generally involve fresh fillets sofdlocal marketplaces rather than seafood
stuff commercialized by famous brands, we aimednalyze mainly fresh raw fillets and a
few frozen foodstuff, avoiding in this way problem&ated to the isolation of genomic
DNA from processed items (see Table 1). Thereforg important to test the primer pairs
and the PCR conditions used in this assay alsopecisiens subjected to highly
denaturating treatments, such as high temperataréoav pH exposures, which often affect
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the integrity of the DNA hampering the amplificatiof target regions longer than 200 bp
(Chapeleet al.,, 2007; Rasmussen and Morrissey, 2008; Espigeiah, 2009).

Validation of the selected markers

To test and confirm the species declared on thel lsfbeach seafood product, we selected
as target markers the reference barcode region alaxiy with other two sequences, 16S-
rDNA and cob genes. These sequences were chosanseethey represent some of the
most common regions used for identification an@mfgic purposes and in fact they showed
the widest taxonomic representation in the nualieotiatabases of NCBI compared to other
very common markers exploited for the same purpcassh as nadl, coding for NADH
dehydrogenase subunit 1, or cox2, coding for cytmole ¢ oxidase subunit Eigure 1).
The choice of testing more than one target geneprdmg to a multi-locus DNA
barcoding, is mainly due to the possibility of daliion of label information contents or
attribution of species to a commercial product bging independent replicates.
Furthermore, since the BOLD sequence repertoryois far from being complete, using
two additional genes improved the chance to findexd matches also for those species for
which the cox1l sequence was not available (Davetagl, 2007). Obviously the central
issue is the necessity to develop a reliable databath adequate reference sequence data
able to accurately identify species.
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Figure 1. Proportion of sequence accessions related to ¢@dl, cox2, cox3, 16S-rDNA and cob
genes deposited in GenBank and/or BOLD databases.

BLAST and NJ distance-based approaches

A double approach was followed to check the idgrdgitour samples: a similarity search,
to establish the correspondence between sequehdbe ®CR products with that of the
gene deposited in the databases, and a distaned-tzggproach, commonly used for
barcoding analyses.

To investigate the authenticity of the informati@ported in the labels, we compared
DNA sequences from retail samples with those deépdsin two online sequences
repositories: GenBank, the gene database develtsped NCBI, and BOLD, the new
sequence repository born to support the large-sbdl& barcoding projects available,
through  the  dedicated BOLD-ID engine, on the BOLD ebgite

(http://www.barcodinglife.org/views/login.php

BLAST analysis is a suitable technique to find oegi of local similarity between
sequences, a feature that can turn out usefuktdifgt species in a forensic context. BOLD
engine, instead, generates species identificatisingua quick alignment of a query
sequence to the global alignment of all refererempiences followed by a linear search of
reference library. This genetic identification gyatdelivers a species identification if the

query sequence shows a tight match, less than 1&4géince, to a reference standard

79



(Ratnasingham and Hebert, 2007). Since the expatahprocedure is almost standardized
and affordable and fishes are considered an ideget for cox1 validation in forensic
context, the major limitation lies in the saturati@f authenticated reference DNA
sequences: the richer is the database the moreeh#mere are to recognize an unknown
specimen. Since BOLD is being developed using veushmples, this sequence repository
should contain only validated sequences that ammptly to be directly used for
identification purposes (Wong and Hanner, 2008)h@ugh this feature, only a subset of
BOLD repository is a validated dataset becausadiudes sequence records referred to
species represented by three or more individualswisiy less than 2% sequence
divergence. Unlike BOLD, it is universally recogadzthat GenBank contains reliable as
well as unverified sequences due to the lack oflityuaontrol during the sequence
submission phase (Forster, 2003). Thus the recdar&enBank is motivated by the fact
that coxl sequences for the target species waslnatys public in BOLD for all the
samples and the exploitation of other two genesdcmoprove the chance to find a match
with a deposited sequence. This approach allowetb usst the effectiveness of BOLD
repository in order to verify if this web resourcan be considered a valid tool to identify
organisms and eventually to be applied for pracpogposes as detecting frauds in seafood
trade.

In the BLAST analysis approach, for each querysadf the most similar reference
sequences is provided along with the BIT score winicorporates the percent identity (%)
estimate and E-value, while in the BOLD searchdpecies level match is valuated by a
specimen similarity with divergence value less th&h and, if the match is not obtained,
the query sequence is assigned to a genus witmikasty divergence lower than 3%. On
the basis of the mitochondrial DNA barcodes gemeran this study, 15 fishes and one
mollusc out of 37 selected seafood products co@dptoperly assigned to the species
reported in the label by means of all the threekeragenesTable 3A,B). Additionally 12
seafood products, of which 11 were fish and oneolusc, were correctly identified as the
species reported on the labels by means of two enag&nes, while in other five cases,
including two crustaceans, two fishes and one mso]lthe identification was based just on
one marker gene. For five commercial products, wiendt obtain any match with that
declared on the label by means of any marker, #\tbe standard sequence for that species
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was available in the databases (see Table 3A,B% fifiding led us to conclude that the
specimens may have been subjected to substitutemsand this idea is also supported by
the fact that the match obtained at the specied lgas the same using all three mtDNA
genetic markers.

The region that showed the highest number of pesiind unambiguous matches
was the cox1 gene (Table 3A). It scored the mesjuent matches at the species level, 26
out of 32, with the expected reference sequenctatmd in GenBank database. When the
similarity search was carried out using the BOLDabase, the number of matches
decreased to 21, mainly because of problems retatéte identity of tuna species. In fact,
when the ID engine at BOLD was queried, the sequiencresponding to the cox1 region
from tuna specimens was always assigned at thé ¢é\genus only. Regarding the 16S-
rDNA gene, even if the query of GenBank allowedaiassign the origin of the meat to the
species level for 28 out of 37 samples, nine odehmatches produced equal identity scores
with more than one species, so providing no unautigly reliable identification result
(Table 3B). Finally, the cob gene was the most lgrolatic marker. In fact, although it
represented the best target for many phylogeneaiicfarensic studies of animals in the
past, now it is becoming replaced by cox1 through international campaigns, such as
Fish-BOL. This sequence scored the worst rate sigament with only 21 out of 37
products properly identified, five of which proddcequal scores with several species
(Table 3B). Nevertheless, it is noteworthy thative situations the missing confirmation of
the meat origin by means of the cob marker couldttyéutable to the unavailability of the
reference sequence in the GenBank, events moneeinedpr this region rather than for the
other two sequences (see Table 3). Unlike cob nedgie missing standards were only two

for 16S-rDNA and for cox1 gene four and two in GanB and BOLD, respectively.
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Table 3A. BLAST results obtained using as query cox1 secgegederived from the commercial seafood producteusiaidy.

cox1
No. Species declared in the label GenBank/Blast Ealwe MaxID BOLD/HMM Similarity Tree based identifi cation**
2 Perna canaliculu Perna canaliculu 0.00 99 Perna canaliclu 98.7¢ Perna canaliculu
3 Merluccius gayi/productus Merluccius hubbsi 0.00 99 Merluccius hubbsi 99.5* Merluccius hubbsi
4 Pleuronectes platessa Pleuronectes platessa 0.00 99 Pleuronectes platessa 99.67 Pleuronectes platessa
5 Merluccius hubbsi Merluccius hubbsi 0.00 100 Merluccius hubbsi 100* Merluccius hubbsi
6 Macruronus magellanicus Macruronus magellanicu®.00 98 Macruronus novaezelandiae 99.54* Macruronusspp
7  Metapenaeus affinf§monocero$'® n.d n.d.
8 Merluccius capensis/paradoxus Merluccius paradoxus 0.00 92 Merluccius paradoxus 100* Merluccius paradoxus
9 Lates niloticus Lates niloticus 0.00 100 Lates niloticus 100* Lates niloticus
11  Pandalus boreali& * n.d n.d.
12  Oncorhynchus mykiss Oncorhynchus mykiss  0.00 100 Oncorhynchus mykiss 100 Oncorhynchus mykiss
13 Paralichthys isosceles Xystreurys rasile 0.00 99 Xystreurys rasile 99.51* Xystreurys rasile
14  Penaeus vannamei Xystreurys rasile 0.00 100 Xystreurys rasile 100* Xystreurys rasile
15 Clupea harengus Clupea harengus 0.00 100 Clupea harengus 100* Clupea harengus
16 Prionace glauca Prionace glauca 0.00 100 Prionace glauca 100* Prionace glauca
17  Xiphias gladius Xiphias gladius 0.00 100 Xiphias gladius 100* Xiphias gladius
18 Pecten maximds n.d. n.d.
19 Salmo salar Salmo salar 0.00 99 Salmo salar 100* Salmo salar
21  Lophius piscatorius Lophius piscatorius 0.00 100 Lophius piscatorius 100* Lophius piscatorius
22  Solea vulgaris/solea Solea solea 0.00 99 Solea solea 99.84 Solea solea
23  Epinephelus malabaricus Epinephelus areolatus 0.00 98 Epinephelus areolatus 98.71 Epinephelus areolatus
24  Gadus macrocephalus Gadus macrocephalus 0.00 100 Gadus ogac 100* Gadus ogac
25  Octopus vulgarig Amphioctopus marginatus 0.00 99 Amphioctopus marginatus 100 Amphioctopus marginatus
27  Lates niloticus Lates niloticus 0.00 100 Lates niloticus 100* Lates niloticus
28 Perca fluviatilis Paralichthyspp 0.00 88 Paralichthys patagonicus 100* Paralichthys patagonicus
29 Pangasius hypophthalmus Pangasius hypophthalm@s00 100 Pangasius hypophthalmus 100* Pangasius hypophthalmus
30 Thunnus albacares Thunnus albacares 0.00 100 Thunnus obesus 100* Thunnusspp.
31 Thunnus albacares Thunnus albacares 0.00 100 Thunnusspp. (1) 100* Thunnusspp.
32 Xiphias gladius Xiphias gladius 0.00 99 Xiphias gladius 100* Xiphias gladius
33 Engraulis encrasicolus Thunnus albacares 0.00 100 Thunnusspp (2) 99.84* Thunnusspp.
34  Gadus morhua Gadus morhua 0.00 98 Gadus morhua 99.84* Gadus morhua
35 Thunnus albacares Thunnus albacares 0.00 100 Thunnusspp (2) 100* Thunnusspp.
36  Thunnus albacares Thunnus albacares 0.00 100 Thunnusspp (2) 100* Thunnusspp.
37 Xiphias gladius Xiphias gladius 0.00 100 Xiphias gladius 100* Xiphias gladius
50 Pangasius hypophthalmus Pangasius hypophthalm@s00 100 Pangasius hypophthalmus  100* Pangasius hypophthalmus
51 Pleuronectes platessa Pleuronectes platessa 0.00 100 Pleuronectes platessa 100 Pleuronectes platessa
52 Dosidicus gigas Dosidicus gigas 0.00 99 Dosidicus gigas 99.83 Dosidicus gigas
53 Isurus oxyrhincus Isurus oxyrhincus 0.00 99 Isurus oxyrhincus 99.84 Isurus oxyrhincus
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Table 3B.BLAST results obtained using as query 16S andsegjoiences derived from the commercial seafood ptedmder study.

16S-rDNA cob
No. Speciesdeclared in the label GenBank/Blast E-value Max  GenBank/Blast E-value Max 1D
2 Perna canaliculu® Perna canaliculu 8.00E-101 10C n.d.
3 Merluccius gayi/productus Merluccius hubbsi 0.00 100  Merluccius productus 0.00 96
4 Pleuronectes platessa Pleuronectes plat¢8ya 0.00 100 Pleuronectes platessa 0.00 99
5 Merluccius hubbsi Merluccius hubbsi 0.00 100  Merluccius hubbsi 0.00 98
6 Macruronus magellanicus Macruronus 0.00 100  Macruronus magellanicuéll) 0.00 100
7 Metapenaeus affinis/monocero$ Litopenaeus vannamei  0.00 100  Macruronus spif11) 0.00 100
8 Merluccius capensis/paradoxus Merluccius paradoxus 0.00 100  Merluccius paradoxus 0.00 99
9 Lates niloticus Lates niloticus 0.00 99 Merluccius hubbsi 0.00 98
11  Pandalus boreali Pandalus borealis 0.00 97 Oncorhynchus mykiss 0.00 100
12  Oncorhynchus mykiss Oncorhynchus mykiss 0.00 99 Oncorhynchus mykiss 0.00 100
13  Paralichthys isoscelég Xystreurys liolepis 0.00 96 Oncorhynchus mykiss 0.00 100
14  Penaeus vannamei Penaeus Vannamei 0.00 100  Oncorhynchus mykiss 0.00 100
15 Clupea harengus Clupea harengus 0.00 100  Oncorhynchus mykiss 0.00 100
16 Prionace glauca Prionace glauca 0.00 100 Prionace glauca 0.00 100
17  Xiphias gladius Xiphias gladius 0.00 99 Xiphias gladius 0.00 99
18  Pecten maximu$ Pecten maximus 0.00 99 n.d.
19 Salmo salar Salmo salar 0.00 100 n.d.
21  Lophius piscatorius Lophius piscatorius 0.00 98 Solea solea 4.00E- 95
22  Solea vulgaris/solea Solea solea 0.00 99 Solea solea 0.00 100
23  Epinephelus malabaricus n.d. n.d.
24  Gadus macrocephalus Gadus macroceph@&s 0.00 100  Gadus macrocephalyd?) 0.00 99
25 Octopus vulgaris Octopus spd) 0.00 99 n.d.
27 Lates niloticus Lates niloticus 3.00E-133 95 Chelidonichthys lucernus 0.00 96
28  Perca fluviatilis Paralichthys patagonicus 0.00 100 Paralichthys olivaceus 0.00 88
29 Pangasius hypophthalmus Pangasius hypophthalm0£0 99 Pangasius hypophthalm$3) 0.00 99
30 Thunnus albacares Thunnus albacafés 0.00 99 Thunnus albacares 0.00 100
31 Thunnus albacares Thunnus albacafés 0.00 99 Thunnus albacares 0.00 99
32 Xiphias gladius Xiphias gladius 0.00 99 Xiphias gladius 0.00 99
33  Engraulis encrasicolus Engraulis encrasicol@ 0.00 99 Thunnus albacares 0.00 97
34  Gadus morhua Gadus morhua 0.00 99 Gadus morhua 0.00 99
35 Thunnus albacares Thunnus albacafés 0.00 99 Thunnus albacares 0.00 100
36  Thunnus albacares Thunnus albacaf@s 0.00 99 Thunnus albacares 0.00 99
37 Xiphias gladius Xiphias gladius 0.00 99 Xiphias gladius 0.00 99
50 Pangasius hypophthalmus Pangasius hypophthalm@£0 100 Pangasius hypophthalm$3) 0.00 99
51 Pleuronectes platessa Pleuronectes plat¢s6x 0.00 99 Pangasius spp13) 0.00 98
52 Dosidicus gigas Dosidicus gigas 0.00 98 n.d.
53 Isurus oxyrhincus Isurus oxyrhincus 0.00 98 n.d.

83



n.d., not determined: ¢, ¢, no sequence of the labelled species is availabenBank for cox1, 16S-rDNA
and cob, respectively; no sequence of the labelled species is availabBOLD for cox1; **, the threshold
divergence value to distinguish different specesl%, specimens with divergence value minor than 1%
cluster together; *, Blast match versus validategugnce BOLD library.

(1), Thunnus obesus, Thunnus atlanticus; (2), Thunnus obesus, Thunnus atlanticus; (3), Pleuronectes
platessa, Platichthys stellatus; (4), Gadus macrocephalus, Gadus ogac; (5), Octopus aegina, Octopus
marginatus; (6), Pangasius hypophthlmus, Pangasius sutchi; (7), Thunnus albacares, Thunnus orientalis,
Thunnus thynnus thynnus; (8), Engraulis encrasicolus, Engraulis eurystole, Engraulis japonicus, Engraulis
australis; (9), Thunnus albacares, Thunnus orientalis, Thunnus thynnus thynnus, Thunnus alalunga; (10),
Pleuronectes platessa, Platichthys stellatus, Platichthys flesus, Psettichthys melanostictus, Isopsetta isolepis,
Lepidopsetta bilineata, Pseudopleuronectes americanus, Parophrys vetulus; (11), Macruronus magellanicus,
Macruronus novaezelandiae; (12), Gadus macrocephalus, Gadus ogac; (13), Pangasius sutchi, Pangasius
spp., Pangasius hypophthalmus.

Furthermore, a phenetic approach based on theraotish of a Neighbour-Joining tree,
using only the validated cox1 reference sequemnvas,adopted as additional tool to give a
graphic representation of the results obtainedgusimilarity searchKigure 2). In this NJ
tree, the entries belonging to individuals of aegivspecies were clustered in the same
monophyletic group, exception made for the casespatimens declared dhunnus,
Macruronusand Gaduswhere the subdivision of the species in distinastdrs was poorly
resolved. Regarding the sequences of the colleagedimens, most of them grouped with
the species declared in the label, allowing tha#ntification, while in few cases the coxl
sequence clustered with a different species, pitgh@drause of involuntary substitution or

faulty declaration events.
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Bootstrap consensus tree

o3

95

100

M_magellanicus_ FARG04206|INIDEPT 0042
M_magellanicus_ FARGO04406|INIDEPT 0044
M_magellanicus_FARGO04506|INIDEPT 0045
6Macruronus magellanicus Merlucciidae
M_novaezelandiae_ FOAD28505|BW1845
M_magellanicus_FARG04306|INIDEPT 0043
24Gadus macrocephalus Gadidae
G_macrocephalus_TZFP03304|04HBL0O08033
G_macrocephalus_TZFPB69306|TZO6RICKER748
G_macrocephalus_FMV25308|UW112765
G_macrocephalus_FMV09708|UW047710
G_ogac_GBGC135506|DQ356940
G_ogac_GBGC135606|DQ356941
34Gadus morhua Gadidae
G_morhua_GBGC386707|DQ487093
G_morhua_GBGC150606|NC_002081
G_morhua_GBGC182206|X99772
G_morhua_GBGC382107|AM489716
3Merluccius gay Merlucciidae
S5Merluccius hubbsi Merlucciidae
M_hubbsi_FARGO04606|INIDEPT 0046
M_hubbsi_FARG24806|INIDEPT 0248
M_hubbsi_FARG25006|INIDEPT 0250
M_hubbsi_FARG24906|INIDEPT 0249
M_gayi_FOAD31705|BW1877
M_productus_ TZFPBO3005|TZOSFROSTIO30
M_productus_TZFPBO03205|TZOSFROSTIO32
M_productus_TZFPBO03305|TZOSFROSTIO33
M_productus_TZFPBO03405|TZOSFROSTIO34
8Merluccius paradoxus Merlucciidae
1 thys. ydae
14Penaeus vannamei Panaeidae
X_rasile_FARG22006|INIDEPT 0220
X_rasile_FARG35807|INIDEPT 0357
X_rasile_FARG22106|INIDEPT 0221
X_rasile_FARG35907|INIDEPT 0358

fluviatilis
P_patagonicus_FARGA43508|INIDEPT 0434
P_patagonicus_FARGA43808|INIDEPT 0437
P_patagonicus_FARG43908|INIDEPT 0438
aPleu: Pleuron
51Pleuronectes platessa Pleuronectidae
P_platessa_GBGC731909|EU513682
P _platessa_GBGC732009|EU513681
latessa_GBGC732109|EU513680
isosceles_ FARGO6006|INIDEPT 0060

_F/

62

E

o5

s2

79

ARG25206|INIDEPT 0252
P_isosceles_FARG25306|INIDEPT 0253
17Xiphias gladius Xiphiidae
32Xiphias gladius Xiphi
37Xiphias gladius Xiphiidae
X_gladius _FOA89204|BWA892
X_gladius
X_gladius
X_gladius _FOA89404|BWA894
19Salmo salar Salmonidae
S_salar_GBGCO018006|AF 133701
S_salar_GBGC181806|U12143
S_salar_BCF48207|BCF06061
S_salar_BCF48907|BCF06073
O_mykiss_BCF43607|BCF00331
O_mykiss_GBGC149306|NC_001717
O_mykiss_BCF43707|BCF00332
O_mykiss_TZFPA15407|NEOCALO70007
120ncorhynchus mykiss Salmonidae
21Lophius piscatorius Lophiidae
L_piscatorius_gi|196168825|gb|EU683990.1
_piscatorius_gi|196168827|gb|EU683991.1
22Solea solea Soleidae

S_solea_GBGC725309|EU513748
S_solea_GBGC725409|EU513747
S_solea_GBGC725509|EU513746
S_solea_GBGC725609|EU513745
23Epinephelus malabaricus Serranidae

645
E_malabaricus_GBGC481808|EU204616
27Lates niloticus Latidae

9Lates niloticus Latidae

100

._FOA46704|BWA467

id:

87 35Thunnus albacares Scombridae
36Thunnus albacares Scombridae
T_obesus_GBGC334407|DQ835867
33Engraulis encrasicolus Engraulidae

[ T-albacares_FOAS7004|BWAS70

64

88

T_ _FOA87104|BWA871
L 1 cibacares FoAs7304iBWASTS
T_albacares_GBGC426408|EU392206
T_obesus_FOA87904|BWA879
T_obesus_FOAB88004|BWA880
T_obesus_FOA88104|BWAS81
T_atlanticus_FOA95005|BWA 1162
T_atlanticus_FOA95205|BWA 1164
T_atlanticus_FOA95305|BWA1165
T_atlanticus_FOA95405|BWA 1166
E_encrasicolus_GBGC416808|AM911181
E_encrasicolus_GBGC418308|AM911166
E_encrasicolus_GBGC416908|AM911180
C_harengus_GBGC343007|NC_009577
C_harengus_GBGC353207|AP009133
C_harengus_GBGC417308|AM911176
15CIupea harengus Clup

P_fluviatilis_FOAC53005|BWA1529
29Pangasius hypophthalmus Pangasidae

81

81

o8

99

67

o6
—
Les — SoPangasius hypophthaimus Pangasidas

P_hypophthalmus_FOAD21805|BW1778

16Prionace glauca Carcharl
P_glauca_GBGC413408|EU400175
P_glauca_FCFMTO09207|MCFS07002
P_glauca_FOAO7704|BWAO77
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53Isurus oxyrhincus Lamnidae
o8 I_oxyrinchus_GBGC549608|EU398892
I_oxyrinchus_GBGC549708|EU398891
I_oxyrinchus_GBGC549808|EU398890
_oxyrinchus_GBGC549908|EU398889
52Dosidicus gigas Ommastrephidae
D_gigas_GBCPH41307|EU068697

D_gigas_ GBCPHB80209|FJ153074
25 Octopus vulgaris Octopodidae

O_vulgaris_ GBCPH70307|DQ683208
2Perna can

P_canaliculus. GBMLB172106|DQ343604
P_canaliculus_GBMLB172206|DQ343605
—— L_vannamei_GBCMD96307|DQ534543

L— L_vannamei_GBCMD96207|NC_009626

Figure 2. Neighbour-Joining tree
constructed usinghe 104 mitochondrial
cox1 sequences available on BOLD and
GenBank databases for each species
corresponding to our specimens along
with the cox1l sequences obtained
experimentally over all specimens. The
numbers above the nodes represent
bootstrap support after 1,000 replicates.
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Three specific cases deserve more attention: inrfdbe generd hunnusMacruronusand
Gadus the genetic distinctiveness of single species was well delineated. As a
consequence, also our samples could not be correethtified by means of the relative
position of branches, affecting in this way theulss and so the efficacy of the
methodology. To further explore this aspect, a séddJ tree for each problematic genus
was constructed with (data not shown) and withBigure 3) the sequences corresponding
to the specimens under study. Regarding the géhusnusthe obtained trees proved to be
well resolved, except for the species belongingthte subgenusNeothunnus(i.e. T.
albacares T. atlanticus and T. tonggo), where theT. albacares sequences were
polyphyletic, confirming previous findings that sied the cox1 gene as less variable than
the mitochondrial DNA control regions (Vifias andd&la, 2009). Furthermor&, alalunga
and T. orientalis could not be differentiated because these twoispeare genetically
closely related and thus the chance to distingtnem from each other is influenced by the
methodology and the sensibility of the markers ugddarado Bremeet al, 1997). Since
the ability to resolve the species groups by medrassNJ tree is not limited by the number
of sequences contained in the database, the ladisaimination of our samples based on
BOLD repository could be attributable to two causas initial misidentification of the
sequences used as standard references or mosedikebre complex phylogenetic history
of the genusThunnus with frequent introgression events which can blue tesults
Consequently, for this genus would be essentigktect and adopt more than one genetic
marker, mitochondrial and nuclear, with an appmerimutation rate on the basis of

previous studies (Vifias and Tudela, 2009).
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35— FOAB88304|BWAB883|Thunnus obesus
S GBGC334207|DQ835869|Thunnus obesus,
GBGC334107|DQ835870|Thunnus obesus
FOAB88004|BWABS80|Thunnus obesus
GBGC334307|DQ835868|Thunnus obesus
FOAB88104|BWAB881|Thunnus obesus
GBGC334007|DQ835871|Thunnus obesus
65 FOAB88204|BWAB882|Thunnus obesus
GBGC334407|DQ835867|Thunnus obesus
FOA87904|BWA879|Thunnus obesus
GBGC326307|DQ835952(Thunnus albacares
35Thunnus albacares Scombridae
GBGC326407|DQ835951(Thunnus albacares
36Thunnus albacares Scombridae
FOAB88604|BWAB886|Thunnus tonggol
FOAB8904|BWAB889|Thunnus tonggol
56 | FOA88504|BWA885|Thunnus tonggol
FOAB88804] [Thunnus tonggol
3l FOA88704|BWAB87|Thunnus tonggol
56 | FOAB7304|BWAS873[Thunnus albacares
GBGC326107|DQ835954|Thunnus albacares
30Thunnus albacares Scombridae
37 | WLIND45707|WLM457[Thunnus albacares
GBGC326507|DQ835949|Thunnus albacares
FOA87004|BWAS870[Thunnus albacares
31Thunnus albacares Scombridae
FOA87204|BWAS872[Thunnus albacares
GBGC426108|EU418252|Thunnus albacares
WLIND45907|WLM459[Thunnus albacares
GBGC325307|DQ835950|Thunnus albacares
FOA87104|BWA871[Thunnus albacares
GBGC325407|DQ835947|Thunnus albacares
GBGC326007|DQ835955|Thunnus albacares
GBGC426408|EU392206|Thunnus albacares
GBGC326607|DQ835948|Thunnus albacares
65 | WLIND46107|WLM461[Thunnus albacares
GBGC326807|DQ835945[Thunnus albacares
FOAB6904|BWA869|Thunnus albacares
GBGC326707|DQ835946|Thunnus albacares
FOA95005|BWA1162[Thunnus atlanticus
FOA95305|BWA1165[Thunnus atlanticus
FOA95205|BWA1164[Thunnus atlanticus
FOA95405|BWA1166[Thunnus atlanticus
GBGC333807|DQ835873|Thunnus thynnus
FOA94605|BWA1158[Thunnus thynnus
FOA94505|BWA1157[Thunnus thynnus
GBGC333707|DQ835874|Thunnus thynnus
FOA94705|BWA1159|Thunnus thynnus
GBGC333207|DQ835879|Thunnus thynnus
38 | GBGC004906|AB097669|Thunnus thynnus
GBGC333307|DQ835878|Thunnus thynnus
45 | | FOA94805|BWA1160[Thunnus thynnus
GBGC333407|DQ835877|Thunnus thynnus
= GBGC333907|DQ835872|Thunnus thynnus
57 | GBGC333507|DQ835876|Thunnus thynnus
GBGC333607|DQ835875|Thunnus thynnus
a1 GBGCO080306|AY302574|Thunnus thynnus
GBGC165606|NC 004901|Thunnus thynnus
FOAB7604|BWAB876[Thunnus maccoyii
FOAB7504|BWAB875|Thunnus maccoyii
FOA87404|BWAS874[Thunnus maccoyii
FOA87804| 78[Thunnus maccoyii
15l FOA87704|BWA877|Thunnus maccoyii
GBGC326207|DQ835953|Thunnus albacares
FOAB6404|BWAB864|Thunnus alalunga
GBGC338907|DQ835821|Thunnus alalunga

GBGC36707DAE5E23 Munnus alalungs Figure 3. Neighbour-Joining tree

FOA94205|BWA1154|Thunnus orientalis

e s e constructed usinthe 12 mitochondrial
GBGCO005206|AB101291|Thunnus alalunga COXl Sequences representing the Seven

GBGC339107|DQ835819|Thunnus alalunga
FOA94405[BWA1156[Thunnus orientalis SpeC|es Wlthln the Thunnus genus

FOA94105|BWA1153|Thunnus orientalis

FOABG00AIBWABGGIThunnus alalunga retrieved from BOLD and GenBank

FOAB86804|BWAS868|Thunnus alalunga .
GBGC166806|NC 005317|Thunnus alalunga databases along Wlth the COXl
FOAB86704|BWAB867|Thunnus alalunga

e e e " S DS sequences corresponding to our

GBGC181506|NC 008455|Thunnus orientalis

FOAB88404|BVAS884|Thunnus orientalis SpeCimens- The numbers above the
e e ot nodes represent bootstrap support after

| FoA9az0siBWA1155Thunnus orientalis .
J—————— GBGC339207|DQ835818(Thunnus alalunga 1,000 rep“cates

o] GBGC338607|DQ835824|Thunnus alalunga
64| GBGC338807|DQ835822(Thunnus alalunga
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About Macruronus species, the NJ tree showed only two clusters pyngu entries
independently from their specieBigure 4). This tree topology does not surprise because
this genus represents another example of taxonomiertainty. The division into two
speciesM. novaezelandiaand M. magellanicus corroborated by morphometric analysis
and different geographic distributions (Inada, 199¢as recently discounted (Balbongh

al., 2004). The lack of morphological differencesthe larval and adult stages, and the
genetic divergence in the mitochondrial cob mankeuld lead to consider these two

species as a case of synonymy (Olavatial., 2006).

6Macruronus magellanicus Merlucciidae
0i|154761023|gb|EU074460.1|Macruronus magellanicus
0i|148374017|gb|EF609405.1|Macruronus novaezelandiae
FARGO04106|INIDEPT 0041|Macruronus magellanicus
0i|154761017|gb|EUQ74457.1|Macruronus magellanicus
FOAD28505|BW1845|Macruronus novaezelandi
FARGO04206|INIDEPT 0042|Macruronus magellanicus
FARGO04506|INIDEPT 0045|Macruronus magellanicus
0i|154761021|gb|[EU074459.1|Macruronus magellanicus
0i[154761015|gb|EU074456.1|Macruronus magellanicus
FARGO04406|INIDEPT 0044|Macruronus magellanicus
| FARGO04306|INIDEPT 0043|Macruronus magellanicus
95| 0i[154761019|gb|EU074458.1|Macruronus magellanicus

——
0.0005

Figure 4. Neighbour-Joining tree constructed usitige 81 mitochondrial coxl sequences
representing the two species within thlkacruronusgenus retrieved from BOLD and GenBank
databases along with the cox1 sequences corresgptalour specimens. The numbers above the
nodes represent bootstrap support after 1,000cetes.

Finally, the Gadus taxonomy is also problematic and distinct inforivatcharacters
provided evidence toward different theories: sosged that three species.(morhua G.
ogacandG. macrocephalyscan be distinguished within the gerfBaduson the basis of
some morphological traits typical of their larvdigse, but others do not agree. In fact,
some phenotypical aspects and, most of all, ideintictochondrial cob sequences support
the assertion tha®. ogacand G. macrocephalusre synonym Kigure 5) (Carr et al,
1999).
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GBGC135406|DQ356938|Gadus macrocephalus
0i[209366405|gb|F J164618.1| Gadus macrocrocephalus
0i|209366407|gb|FJ164619.1|Gadus macrocephalus
GBGC135306|DQ356937|Gadus macrocephalus
0i[209366403|gb|F J164617.1| Gadus macrocephalus
GBGC135606|DQ356941|Gadus ogac

100

24Gadus macrocephalus Gadidae
GBGC135506|DQ356940|Gadus ogac
0i|124377051:54446994 Gadus morhua
GBGC382107|AM489716|Gadus morhua
GBGC386707|DQ487093|Gadus morhua
34Gadus morhua Gadidae

42 GBGC150606|NC 002081|Gadus morhua
651 GBGC182206]X99772|Gadus morhua

0.002

Figure 5. Neighbour-Joining tree constructed usitige 12 mitochondrial coxl sequences
representing the three species within Badus genus retrieved from BOLD and GenBank
databases along with the cox1 sequences corresgptalour specimens. The numbers above the
nodes represent bootstrap support after 1,000cete§.

This study shows that the molecular approach basedmplification of specific target
regions is an efficient tool to ensure the coraection of food composition and thus to
control the label information. The technology of Barcoding based on the sequencing
of specific mitochondrial DNA markers, is simplepust and cost-effective, features which
make it a valid tool for species authentication.a#able data demonstrated that, when
misidentification occurs on the basis of one or wemes, the cause may be generally
attributable to either absent or erroneous refereseguence entry. This underlines the need
to improve the amount of validated coxl entriestie BOLD repository because a
comprehensive DNA sequence library is essentiatdorect identification to species level
(Ekremet al, 2007). Particular cases are represented bydhasyhunnus, Macruronus
and Gadus.In the first case, the species identification wexached using 16S and cob
genes, but it was narrowed to the genus level enbtsis of cox1l. The reasons of this
failure could be probably related to the use of ¢cb&l marker that shows inappropriate

evolutionary rate for the eighthunnusspecies and to its inability to detect the frequen
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introgressive hybridizations among tuna specieshénother two cases, the poor resolution
of the tree due to the too low genetic divergermerag species could be determined by the
genetic identity of the species or by the necesdity more variable marker. Nevertheless,
when all the markers agree on the origin of théasehproduct, the misidentification could
be proof of species substitution. In this surveyoag the commercial products, we
discovered five events of probable fraudulent stligins. For instance, the specimen No.
28 was declared to be river perch that, in accgrtiinthe Italian Ministerial Decree of the
14/01/2005, should bePerca fluviatilis By means of molecular analyses, it was
demonstrated that certainly it is not that speckas, most likely Paralichthys spp., a
flounder with lower market value than the perchthis case, the mislabeling could likely
be intentional and in fact the substitution of thigey species with others less valuable is

thought to be very common.

Conclusions

Up to now several different approaches have prowedbe feasible for species
identification, such as morphological inspectiomolecular techniques based on protein
analysis, but none of them can be universally applin fact during processing, the
external features of commercial fish products ubgdclassical assays are removed by
slicing and the proteins, exploited by isoelectfocusing, liquid chromatography or
immunoassays, undergo heat treatments that denatoteins and thus make them
unavailable (Mackieet al, 1999). A different source of information is tb&lA that, even

if partially affected by heating, still represem@ianore stable molecule not so extensively
compromised by high temperature process as ocourprbteins (Unselcet al, 1995).
Therefore, the development of low cost assays s the DNA-based identification
approach, that should be able to work independerittite degree of transformation which
the food had underwent and without any variabilityelation to the fish tissue considered,
Is getting a basic issue. Outdated gel-based semugemethods, as PCR-RFLP or PCR-
SSCP, the sequence of a target gene can be useéentdy an organism even in highly
processed foodstuff (Unsedd al, 1995). While these techniques required priondedge
about what may be contained in the product, DNAcbtding does not need this
information. Actually this approach, based on afrgation, sequencing and interrogation
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of a sequence database, is not innovative, becaugsge than ten years ago a similar
procedure called FINS (Forensically Informative Mwtide Sequencing) was developed
(Bartlett and Davidson, 1992). But only with théraduction of DNA barcoding it became
an international resource for molecular identificatassays. The main drawback was that
FINS exploited different markers for different tamomic groups, while DNA barcoding
offers the possibility to standardize the proceduseng a universal region and thus to
develop a unique library based on the cox1l sequfarcall the metazoans on the Earth.
The applications of this analytical method couldtbe rapid and sensitive monitoring of
the meat of commercial interest species in foodsates in order to combat intentional or
non-intentional fish substitutions (Logat al, 2008). DNA barcoding in fact revealed
feasible to determine the species identity of lgadal samples including highly processed
food. ‘Mini barcodes’ for the standard cox1l geneemv@vestigated and they proved to be
effective for species identifications in specimavisose DNA is fragmented or in other
situations where obtaining a full-length barcodeas feasible (Hajibabaat al, 2006b).
Our goal was to test the effectiveness of the deaded identification system and BOLD
repository as a universal and sensitive tool ableestognize the species origin of a food
component in frequent commercialized seafood iteéfhe. combining data strengthen the
key role played by both effective universal primarsgl good quality DNA. Finally it was
highlighted the necessity to develop reliable andhgrehensive reference databases for
successfully application of DNA barcoding for figkentification of commercial seafood
products. So far even if GenBank database stillaresnthe best web tool for forensic
purposes, the BOLD ID proved to be enough richlitmathe correct recognition of almost

all the specimens.
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Appendix 1. List of accession numbers of the sequences rettizeen BOLD and GenBank databases and
used for the construction of the Neighbour-Joirtieg.

GBGC426408|EU392206;GBGC326507|DQ835949;GBGC 32680935945, GBGC326207|DQ835953;GB
GC426108|EU418252;GBGC326707|DQ835946;GBGC3266093B5M48;GBGC326407|DQ835951;:GBGC
326307|DQ835952;GBGC326107|DQ835954;GBGC326007|BYER GBGC325407|DQ835947;GBGC32
5307|DQ835950; WLIND46107|WLM461;FOAS7204|BWAS72;WD45907|WLM459;FOA87104|BWAS
71;FOA87004|BWA8S70;WLIND45707|WLM457;FOA86904|BWABEOA95405|BWA1166;FOA95305|B
WA1165;FOA95205|BWA1164;FOAI5005|BWA1162;FOASS104BS81;FOA88004|BWASS0;FOA8790
4|BWA879;GBGC334407|DQ835867;FOA88304|BWAS83: GBGERY |DQ835870;GBGC334207|DQ835
869:FOA88204|BWAS82:GBGC334307|DQ835868;GBGC334DQBRE5871;FOAS8804|BWASSS;FOASS
604|BWAS86;FOA88904|BWASS9;FOAS8504|BWAS85:FOASSIRWASS7;GBGC333407|DQ835877;G
BGC333907|DQ835872;GBGC333507|DQ835876;GBGC333%D8H5873;GBGC333607|DQ835875;GBG
C080306|AY302574;GBGC165606|NC_004901;GBGC3332083679;GBGC333307|DQ835878;GBGC
333707|DQ835874;FOA94805|BWA1160;FOA94705|BWAL1EHB4605|BWA1158;FOA94505|BWALL
57;GBGC004906|AB097669;GBGC338607|DQ835824;GBGCA3EB0835822;GBGC339207|DQ835818;
GBGC338707|DQ835823;GBGC339107|DQ835819;FOA86404/884;GBGC339007|DQ835820;GBGC1
66806|NC_005317;GBGC005206|AB101291;GBGC338907|B88B,FOA86704|BWAS67;FOAS6504|B
WAS865;FOA86804|BWA8S68;FOA86604|BWAS66;FOAB8404|BWSHSFOAI4405|BWA1156;FOA94205)
BWA1154;GBGC181506|NC_008455;GBGC008706|AB18502284305|BWA1155FOA94105|BWA115
3;FOA87804|BWAS78;FOA87504|BWAS75;FOA87604|BWASTOAS7404|BWAS74:FOA87704|BWAS7
7;FOA95005|BWA1162;FOA95205|BWA1164;FOA95405|BWAGFEOAI5305|BWAL165;FOAS9004|B
WAB890:FOA89404|BWA894;FOA89304|BWAS93:FOA89204|BWORBFOAD31705|BW1877;gi|16689801
3|gEU271893.1;TZFPB03405|TZ05FROSTI034; TZFPB0330@5FROSTI033; TZFPB03205|TZ05FROSTI
032;TZFPB03005|TZ05FROSTI030:FARG04606|INIDEPTOEARG25006|INIDEPT0250;FARG24906||
NIDEPT0249;FARG24806|INIDEPT0248;gi|154761023|gH)EA460.1;FOAD28505|BW1845;FARG04506
INIDEPT0045;|FARG04406|INIDEPT0044;|FARG04306|IPT0043; FARG04206|INIDEPT0042;gi|154
761019|gb|EU074458.1;gi|154761021|gb|EU074459.1GUMR 06|INIDEPT0041,gi|154761017|gb|EU0744
57.1,gi|154761015|gb|[EU074456.1;gi|148374017|glf|E4®5.1;BCF43707|BCF00332;BCF43607|BCF0033
1;GBGC149306|NC_001717;TZFPA15407|[NEOCAL070007;GBEEDO6|AF133701;BCF48207|BCF0606
1;GBGC181806|U12143;BCF48907|BCF06073;FOA47004|BWAROA46904|BWA469;FOA46804|BWA
468;FOA46704|BWA467;GBGC382107|AM489716;GBGC386DQ487093:GBGC150606|NC_002081;G
BGC182206(X99772;GBGC135406|DQ356938:0i|2093664(FJd 64619.1;gi|209366403|gb|FI164617.1;G
BGC135306|DQ356937;gi[209366405|gb|FJ164618.1;GBG6&I6|DQ356941;GBGC135506|DQ356940;gi|
124377051:54446994;GBGC732109|EU513680; GBGC7320|8681; GBGC731909|EU513682;FOAD2
1805|BW1778 :FARG25306|INIDEPT0253;FARG25206|INIOBR52;FARG06006|INIDEPT0060;GBGC4
17308|AM911176;GBGC343007|NC_009577;GBGC353207|AR88;FCFMT09207|MCFS07002;GBGC4
13408|EU400175;FOA07704|BWA077;GBGC725609|EU5133BEC725509|EU513746;GBGC725409|E
U513747;GBGC725309|EU513748;GBGC481808|EU204616F45084|BWAG45;FOAC53005|BWA1529;
GBGC418308|AM91116;GBGC416908|AM911180;GBGC416808A1181;GBGC549908|EU398889;GB
GC549808|EU398890;GBGC549708|EU398891;GBGC5496(HEED2;FARG35907|INIDEPT0358;FAR
G35807|INIDEPT0357;FARG22106|INIDEPT0221;FARG2200B)EPT0220;FOA64204|BWA642;FOA6
4104|BWAG41:FOAB4004|BWAG40;FOAG3904|BWAB39;FARGASBNIDEPT|0434;FARG43908|INIDE
PT0438;FARG43808|INIDEPT0437;gi|196168825|gb|EUS83B,gi|196168827|gb|EU683991.1:GBCPH77
709|NC_009734;GBCPH41307|EU068697;GBCPH80109|F YBGBCPH80209|FJ153074;GBCPH00010
6|/AB052253:GBCPH70007|DQ683211:GBCPH70107|DQ68328CPH70307|DQ683208:GBCMDI6307|
DQ534543;|GBCMD96207|NC_009626:|GBMLB172106|DQ3436BMLB172206|DQ343605.
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Chapter 3

Use of DNA barcoding in crop plants:P. wulgaris L.
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Abstract

DNA barcoding is a new genomic technique suitableéntify organisms by comparing a
sequence of a standardized gene region from anowrkspecimen with a comprehensive
database of orthologous sequences from speciestaiflished identity. Our research aims
to test the potential of DNA barcoding as an impeated system for genetic diversity and
genetic traceability studies not only of species dlso cultivated varieties. The technique
was applied to several pure linesR¥faseolus vulgaribelonging to wild, domesticated and
cultivated common beans, along with several aceessof P. coccineusP. lunatusand
Vigna unguiculata A multilocus approach was exploited using thrédomplast genic
regions (bcL, trnL and matKand four intergenic spacenmp@B-trnC, atpBrbcL, trnT-trnL
and psbA-trnH together with the nuclear ITS1 and ITS2. The ngoals were to identify
the markers and SNPs that show the best discrimp@aner at variety level in common
bean germplasm, to test two distinct methdds {ree-based versus character-based) for
biodiversity analysis and traceability assays, tm@valuate the overall utility of plastid
DNA barcodes for reconstructing the origin of mauddtalian varieties. Our results
indicated that the NJ method is a very powerfulragph for comparing genetic diversity in
plant species, but it is realtive uninformative tbe genetic traceability of plant varieties.
Vice versathe character-based method was able to idergifgral distinct haplotypes over
all target regions corresponding to MesoamericanAndean accessions, with Italian

accessions clustered with one or the other genke poo
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Introduction

The genomic advances of the last decade have mavile technological tools for
developing a universal DNA-enhanced system of taron suitable to face the current
‘biodiversity crisis’ which requires innovative andformative methods (Tautet al,
2003). DNA barcoding was proposed as a cost-effedechnology able to contribute to
the study of biodiversity, which up to now reliedegominantly on morphology in the
Linnaean classification system (Hebettal, 2003a). The DNA-based method is fast and
not limited by taxonomic impediments, such as migsmorphological features of a
particular life stage, like eggs and juvenile forfigells and Stevens, 2008) or body parts
(Wong and Hanner, 2008), or because of homoplasgoofe characters (Vences al,
2005). Although the application of DNA fingerpringj as identification tool is not a new
idea DNA barcoding has earned remarkable success duketstandardization of the
procedure by means of the use of a universal barseduence across a wide range of
organisms (Heberet al, 2003b). The ambitious idea of using a short piec®NA to
distinguish every species in the world is alreaghp@erful tool in the animal kingdom, but
plant biologists have been slower in adapting avemsal gene region as a barcode
(Hollingsworth et al, 2009). In contrast to the rapid progress in appglybarcodes to
animals (Warcet al,, 2005), the application of DNA barcoding to tHart kingdom has
been constrained by the difficulty of finding anakgous region to animal COI gene.
However, recently, the CBOL Plant Working Group (lihgsworth et al, 2009) has
recommended the combination difcL + matK as the plant barcode. This core 2-locus
DNA barcoding approach has been proposed as arsalvieamework for the routine use
of DNA sequence data to identify specimens and ritarie toward the discovery of
overlooked species of land plants. In the sameigatidn a minority position of the Plant
Working Group supported the inclusion of theH-psbAintergeneic spacer as a necessary
part of the plant barcode following some earlieblmations that outlined some practical
difficulties related to the acquisition ofatk sequences (Kress and Erickson, 2007; Fazekas
et al, 2008). The combination of thidacL gene with thernH-psbA intergenic spacer, a
more rapidly evolving region tharbcL and matK seemed to be a valid alternative to a
simple two-locus model: the former distinguishestattly related plants and the latter to
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recognize closely related sister species or spegmsps that have only recently diverged
(Kress and Erickson, 2007). Finally, even if thgamellar DNA sequences are considered
as the main source of information for a barcodiystesn, it is recognized that in cases of
hybridization supplemental analyses with one oremaiclear genes may also be required.
Nuclear genes, such as ITS, the ribosomal inteamaalscribed spacers that is frequently
used for phylogenetic analyses, or single-copy earclregions have already been
considered by some (Cowanhal, 2006) (see also http://www.rbgkew.org.uk/barcgjlin

Several DNA fingerprinting and genotyping assayseblaon molecular markers, such
as RFLPs and SNPs, have been developed in thampdsire still used in plant genetics and
breeding (Mohler and Schwarz, 2008). DNA barcodecuayld represent an additional
system to identify not only species, but also cvapieties and germplasm resources in
order to assess the distinctiveness of genotypegskhsas the relatedness among genotypes
(Pallottini et al, 2004). Testing the potentials of DNA barcoding distinguish plant
varieties of agri-food interest would be extremefjyuable for both breeders and farmers.
While the ability of DNA barcoding for species idéication has been widely investigated,
the within-species discrimination of single varieg@notypes, such as clones, pure lines
and hybrids, has been poorly investigated and tedies have focused on the use of DNA
barcoding as a sufficiently informative technique be exploited for the genetic
identification of closely related crop varietiesefMmasteet al, 2007; Tsaet al, 2008).

Our work focuses on the application of DNA barcagiim cultivated bean germplasm
as a new tool for identification and to assess tienelationships amonBhaseoluspecies
and varietiesof P. vulgaris Phaseoluss a genus in the family Fabaceae, the third larges
family of flowering plants (Geptset al, 2005), and is an example of multiple
domestications of distinct but related species andtiple populations within the same
species, for example as foundAnvulgarisandP. lunatus The original natural distribution
of this species consists of a fragmented area ¢imaut the Central and Southern American
regions, followed by its introduction throughoutrgpe and Africa after post-Columbian
discovery. On the basis of the available datagastl two primary centres of origin have
been recognized, one relatively heterogeneous enAthdes (Colombia, Ecuador, Peru,
Bolivia, Chile and Argentina) and the other morenlogeneous in MesoAmerica (mainly
Mexico, Guatemala, Honduras, El Salvador, Nicaraguh Costa Rica), called the Andean
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and Mesoamerican gene pools, respectively (Getpas, 1986; Beebet al, 2000; Beebe
et al, 2001; Papa and Gepts, 2003; Chaeioal,, 2005; Papat al, 2006).

In this paper we present our results on the uggNA barcoding in several pure lines
of wild, domesticated, and cultivated common bedaos,both coding and non-coding
regions from the chloroplast and nuclear genomrepalticular our objectives were: (1) to
test how different markers perform as DNA barcodwrainly below the level of species
(i.e. Andean and Mesoamerican gene pools); (2) to tmade the genetic differentiation
among varieties and how barcode data can be usegctmstruct the origin of modern
Italian varieties, and (3) to evaluate the effemtiess of different methodsg tree-based
versus character-based).

Materials and Methods

Germplasm sampling ofPhaseolus

A total of 33 varieties ofPhaseolus vulgariswere selected as representative of
Mesoamerican and Andean gene pools on the basmsogbhological seed traits, plant
descriptors and molecular markers (Rastsal, 2009). Eight wild and nine domesticated
accessions from Central America (Mexico, Costa Rittanduras and El Salvador) and ten
wild and six domesticated accessions from South rigae(Argentina, Bolivia, Brazil,
Colombia and Peru), were employed. These accesgieresobtained from the germplasm
banks held at the International Center for Tropigticulture (CIAT) and United States
Department of Agriculture (USDA)T@ble 1). Moreover, a total of 22 Italian cultivated
accessions of uncertain origin, in terms of proggngene pool, were collected from
available commercial varieties supplied by CRA, éaesh unit for Orticulture of
Montanaso Lombardo. In addition to these three nsaip-groups, two wild accessions
from theP. vulgarisancestral gene pool in Peru were included in taysis. Furthermore,
a subsampling oP. coccineusP. lunatusandVigna unguiculataaccessions were used as
reference standards and out-groups. The list ofetw@s and landraces along with

information on their origin is reported irable 1
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Genomic DNA extraction

Genomic DNA was isolated using the Nucleon PhytePDNA Extraction (Amersham
Biosciences) kit from 0.5-1.0 g of powdered frozenng leaf tissue following instructions
of the manufacturer. An additional step of purifica with NaOAc was used to remove
excess salts and then the DNA pellets were resdspem 80-100 pl of TE 0.1 Buffer
(Tris-HCI 100 mM, EDTA 0.1 mM pH 8). The final coswtration of DNA was estimated
by electrophoresis on 0.8% agarose/TAE gel andqgumemntification was conducted by

comparison with 1 Kb plus DNA ladder (Invitrogerf)kmown concentration.

106



Table 1.List of 63 bean entries with the common name, atoasiumber, origin area and voucher information.

Sample Species Accessions Classification Origin Gepool Voucher #
PvF8wanc P. vulgaris G23585 wild-ancestral South America (Peru) Ancestral i.p.
PvG8wanc P. vulgaris 23587 wild-ancestral South America (Peru) Ancestral i.p.
PvH2mw P. vulgaris 23652 wild Central America (Mexico) Mesoamerican i.p.
PvA3mw P. vulgaris G12979 wild Central America (Mexico) Mesoamerican i.p.
PvC3mw P. vulgaris G23463 wild Central America (Mexico) Mesoamerican i.p.
PvD3mw P. vulgaris G22837 wild Central America (Mexico) Mesoamerican i.p.
PvB7mw P. vulgaris G12873 wild Central America (Mexico) Mesoamerican 3901-8
PvG7mw P. vulgaris G12922 wild Central America (Mexico) Mesoamerican i.p.
PvB8mw P. vulgaris G11050 wild Central America (Mexico) Mesoamerican i.p.
PvC8mw P. vulgaris G12949 wild Central America (Mexico) n.d. i.p.
PvD8aw P. vulgaris G21113 wild South America (Colombia) Mesoamerican i.p.
PvEG6aw P. vulgaris G23445 wild South America (Bolivia) Andean i.p.
PvF6aw P. vulgaris G23444 wild South America (Bolivia) Andean i.p.
PvG6aw P. vulgaris W618821 wild South America (Bolivia) Andean i.p.
PvHGaw P. vulgaris G23455 wild South America (Peru) Andean i.p.
PvG3aw P. vulgaris G23420 wild South America (Peru) Andean i.p.
PvB6aw P. vulgaris (19893 wild South America (Argentina) Andean i.p.
PvC6aw P. vulgaris (19898 wild South America (Argentina) Andean i.p.
PvD6aw P. vulgaris G21198 wild South America (Argentina) Andean i.p.
PvH5aw P. vulgaris W617499 wild South America (Argentina) n.d. i.p.
PvF7md P. vulgaris P1201349 domesticated Central America (Mexico) Mesoamerican i.p.
PvG1md P. vulgaris P1165435 domesticated Central America (Mexico) Mesoamerican 3901-10
PvH1md P. vulgaris P1165440 domesticated Central America (Mexico) Mesoamerican i.p.
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PvA2md
PvH4md
PVE7md
PvD1md
PvF1md
PvE1md
PvClad
PvC2ad
PvH8ad
PvB4ad
PvD5ad
PvA7ad
Pvlitc
Pv3itc
Pv6itc
Pvaitc
Pv10itc
Pv13itc
Pvi4itc
Pvi16itc
Pv19itc
Pv22itc
Pv23itc
Pv24itc
Pv27itc

U U U U U U U U U U U U U U U U U U U U U U T U T

. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris
. vulgaris

P1309785
P1207370
P1309885
P1309831
P1310577
P1304110
BAT93-1
BAT93-2
BAT881
MIDAS
P1290992
JALOEEP558

Cannellino rosso

Montalbano

Munachedda nera

San Michele

Nasieddu viola

Maruchedda
Riso bianco
Cannellino
Verdolino
Blu Lake
Goldrush
Borlotto Clio
Lena

domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
domesticated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated
cultivated

Central America (Mexico)
Central America (Mexico)
Central America (Costa Rica)
Central America (Costa Rica)
Central America (Honduras)
Central America (El Salvador)
South America (Colombia)
South America (Colombia)
South America (Colombia)
South America (Argentina)
South America. (Peru)

South America (Brasile)

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Italy

Mesoamerican
Andean
Mesoamerican
Mesoamerican
Mesoamerican
n.d.
Mesoamerican
Mesoamerican
n.d.

Andean
Andean
Andean

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

i.p.

i.p.

i.p.

i.p.

i.p.

i.p.

i.p.

i.p.
3901-11
i.p.
3901-9
3901-7
3901-16
3901-18
3901-19
i.p.

i.p.

i.p.
3901-20
3901-21
3901-22
3901-23
3901-24
i.p.
3901-25
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Pv28itc P. vulgaris Giulia cultivated Italy n.d. 3901-26
Pv29itc P. vulgaris Saluggia cultivated Italy n.d. 3901-27
Pv31litc P. vulgaris Borlotto Lamon cultivated Italy n.d. 3901-28
Pv32itc P. vulgaris Saluggia cultivated Italy n.d. 3901-29
Pv33itc P. vulgaris Cannellini cultivated Italy n.d. 3901-30
Pv34itc P. vulgaris Verdoni cultivated Italy n.d. 3901-34
Pv35itc P. vulgaris S. Matteo cultivated Italy n.d. 3901-31
Pv36itc P. vulgaris Zolferini Rovigotti cultivated Italy n.d. 3901-32
Pv37itc P. vulgaris Neri Messicani cultivated Italy n.d. 3901-33
PcAlmw P. coccineus P1417608 wild Central America (Mexico) n.d. i.p.
Pc30itc P. coccineus Venere cultivated Italy n.d. i.p.
Pc39itc P. coccineus Spagna cultivated ltaly n.d. I.p.
PIB1md P. lunatus P1310620 domesticated Central America (Guatemala) n.d. i.p.
PI38itc P. lunatus Lima cultivated Italy n.d. 3901-2
Vu40itc V. unguiculata Fagiolino dall'occhio cultivated Italy n.d. 3905-2

# Plants with flowers and pods are conserved irhgtbarium of the Botanical Garden of the Univgrsit Padua (Italy).
i.p., Voucher attainment in progress.

n.d., not determined.
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DNA barcode markers and PCR assays

Following a multi-locus approach (Chasteal, 2005; Kress and Erickson, 2007; Newmster
et al, 2007), several regions were tested using a subdetan samples in order to detect
which markers could be the most informative at the&aspecific level. After this
preliminary survey, only seven out of 12 chloroplgsne regions, both codingo¢L and
matK) and non-coding regiongrL intron, atpB-rbcL, trnH-psbA trnT-trnL and rpoB-
trnC intergenic spacers), proved to be variable andrinétive, while the other regions
were observed to be monomorphic and were not addptefurther analysisrpl32-trnL,
ndhF-rpl32 trnD-trnT, trnS-trnG rpoC1) (data not shown). Furthermore the two internal
transcribed spacers, ITS1 and ITS2, of the rDNA #eparate the 5.8S ribosomal gene
from 18S and 25S loci, were used to compare tHigyudif the nuclear genome with the
chloroplast genome for resolving relationships atiety level. For three of the selected
cpDNA barcode regionsbclL, trnL andatpB-rbcl, specific primers were designed after the
retrieval of the sequences from the NCBI datab&sethe Fabaceae family. After removal
of redundant and unverified entries, serial localltiple sequence alignments were
performed by Vector NT software. Specific primelirparanging from 18 to 28-mer in
length, were constructed in highly conserved skietches (300-500 bp) flanking the most
variable portions of each region using the PRIMERBware. In the other cases, universal
primers were adopted @ble 2). All PCR experiments were performed using a GenpA
PCR System 9700 (Applied Biosystems). The tempergbuofile consisted of an initial
step of 5 min at 95°C followed by 35 cycles of & at 95°C, 1.10 min at 56°C for all the
markers, except for ITS1 and 2 anqubB-trnC at 54°C, 1.20 min at 72°C, followed in turn
by 7 min at 72°C and then held at 4°C. Only for knaiarker modified PCR conditions
were adopted: 40 cycles of 95°C for 30 sec, 561 fimin and 72°C for 2 min, with initial
denaturation 95°C for 5 min and final extensio@2&C for 7 min. The 25 pl PCR reaction
volume included 1x PCR buffer (100 mM Tris-HCI pH0915 mM MgC} and 500 mM
KCl), 0.2 mM dNTPs, 0.2 uM of each primer, 0.5 UTafg DNA polymerase, 15 ng of
genomic DNA as template and 1x Hi Specific AdditiyBioline) to facilitate the
amplification. Sometimes faint double bands wemvered on gel indicating the presence
of aspecific products, therefore a second PCR assayperformed using more stringent
conditions, higher annealing temperatures anddgss numbers.
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Table 2. List of primers used for each chloroplast and eacharker with their nucleotide sequence, amplieogth and reference source.

Marker Amplicon length (bp) Primer Primer sequence (5'-3") References
P. vulgaris P. coccineus P. lunatus V. uguiculata
rbcL gene 543 543 543 543 rbcL_F GCAGCATTYCGAGTAASTCCYC This study
rbcL_R GAAACGYTCTCTCCAWCGCATAAA This study
rbcL 724R* TCACATGTACCTGCAGTAGC Lledét al (1998) mod.
matkgene 695 695 695 695 matK4La CCTTCGATACTGGGTGAAAGA Wojciechowskiet al (2004)
matK1932Ra CCAGACCGGCTTACTAATGGG Wojciechowskial (2004)
trnL intron 350 350 296 357 trnL_F GGATAGGTGCAGAGACTCRBGAAG This study
trnL_R TGACATGTAGAATGGGACTCTATCTTTAT  This stud
5trnLUAAF* CGAAATCGGTAGACGCTACG Taberlegt al (1991)
3trnLUAAR* GGGGATAGAGGGACTTGAAC Taberlegt al (1991)
atpB-rbcL IGS 329 325 326 331 atpB_F GGTACTATTCAATCAATCCTCTAATTGT  This study
atpB_R ATGTAAATCCTAGATGTRAAAATAKGCAG This stud
atpB_R2* CGCAACCCAATCTTTGTTTC This study
trnH-psbAIGS 365 365 365 369 psbA3'f GTTATGCATGAACGTAATGCTC Sanget al (1997)
trnHf CGCATGGTGGATTCACAATCC Tate and Simpsd003)
rpoB-trnC IGS 1117 1117 1124 1136 rpoB_F CKACAAAAYCCYTCRAATT Shawet al (2005)
trnCGCAR CACCCRGATTYGAACTGGGG Shaet al (2005)
rpoB_R3* TTCTTTACAATCCCGAATGG This study
trnT-trnL IGS 813 837 823 871 trnTUGU2F CAAATGCGATGCTCTAACCT Cronnet al (2002)
5fnLUAAR  TCTACCGATTTCGCCATATC Taberledt al. (1991)
ITS1 373 382 355-364 314 ITS5 GGAAGTAAAAGTCGTAACAAS Whiteet al (1990)
ITS2 GCTGCGTTCTTCATCGATGC Whitet al (1990)
ITS2 419 418 413 401 ITS3 GCATCGATGAAGAACGCAGC Whétt al. (1990)
ITS4 TCCTCCGCTTATTGATATGC Whitet al (1990)

*Primers used only for sequencing
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The PCR-derived fragments were resolved on 2% aglFAE gels and visualized under
UV light using ethidium bromide staining. Positie®@d negative controls were used as
references. All amplification products were pudfienzymatically by digestion with

Exonuclease | and Shrimp alkaline phosphatase (étmaen) and then directly sequenced
using forward and reverse primers according toatgnal Rhodamine terminator cycle

sequencing kit (ABI PRISM Applied Biosystems). lRmme regions a second forward or
reverse primer located upstream or downstreamubed for all PCR experiments were
eventually adopted for replicated sequencing reastiFinally, in the sequencing mixture
of matk DMSO 4% of the total reaction volume was use@vercome some secondary

structural problems of the sequence.

Tree-based analysis

The obtained sequences were visualized and manedlited by Sequencer 4.8 for
minimizing the possible errors during the sequemand removing gaps in the coding
regions that could cause shifts in the ORIRoot.

Sequence similarity search was performed using @ekBBLASTn algorithm
(http://www.ncbi.nlm.nih.gov/BLAST) against the nectide databases of NCBI to check
the correspondence between the sequences of tamadbtamplicons with the expected
sequences. Separate data analyses for each seqlenegfor the combined chloroplast
and nuclear data sets individually and togetherewearried out. Multiple sequence
alignments were performed by SeAl v2.0addftware and the inter- and intraspecific
genetic divergences were calculated by means of MEG beta software (Tamus al,,
2007) according to the Kimura-2-Parameter distanodel (Kimura, 1980). Based on the
pairwise nucleotide sequence divergences, the WeighJoining (NJ) was estimated and
rooted using as outgroup the accessions from diffespecies. A bootstrap statistical
analysis (BS) was conducted to measure stabilityhef obtained branches using 1,000
resampling replicates. All positions containing gg@nd missing data were eliminated from
the dataset (complete deletion option). To assagh eccession to the correct gene pool,
the phenetic approach was based on the compufattiive genetic distance to see whether
the so-called ‘barcode gap’, a discontinuity betwestra- and inter-specific variation
(Barrett and Hebert, 2005; Hebettal, 2003a), and the derived “10 x rule” were present

112



Phaseolusspp. The polymorphism analysis was performed @ squence derived by
combining the chloroplast DNA regions and the nacl@S regions separately.
Character-based analysis

A second approach, the character-based techniqageemployed to look for unique sets of
diagnostic characters possibly related to singléetias or variety groups d?. vulgaris
That is not a hierarchical method and it does Bt on distance trees. It consists in the
identification of taxonomic groups through the $h@rof specific informative character
states, SNPs or In/Dels, narrowed to one nuclegbogtion or extended to multiple
positions (De Sallet al, 2005). Analysis of polymorphism distribution wearried out
using DNASP v.4 software (Rozast al, 2003) in order to generate a map with
information on haplotype data without consideriitgsswith alignment gaps. The program
detects positions characterized by the presencpedific character states that could be
proper to a particular subgroup witht vulgarisspecies and shared by all the members of
that cluster.

Genetic diversity analysis

Measures of genetic variability were used to edenibe levels of polymorphism within
and between different bean accessions. Estimatesiad¢otide diversity, such as(Nei,
1987) and6 (Watterson, 1975) along with Dxy (Nei, 1987), theerage number of
nucleotide substitutions per site between subgraipegarieties i.e., Central American,
Southern American and Italian accessions), wereutzed for the total genotypes of
common beans on the basis of the total numbergkgating sites and mutations. The
value represents the proportion of nucleotides difégr between two sequences, averaged
over all the available pairs of genotypes being parad. For each pairwise comparison of
genotypess = K/L, where K is the average number of nucleotidéerences per site and L
is the gene length in bp (Nei, 1987). Thestimate indicates the population mutation rate

based on the number ségregating sites. For a given population, this parameter is

usually computed a8 = 4N, where N is the effective population size apdis the
specific mutation rate of the population of intéréor chloroplast DNAf = 2N, where
Ne is the effective population size of females (Watv@, 1975). In addition, the haplotype
number, H, and the haplotype diversity,sHNei, 1987), were calculated. All the genetic
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diversity statistics for all the accessions andeiach of the subgroups were calculated using
DNASP software (Rozast al, 2003).

Differentiation statistics among sub-populations &ach SNP and over all SNP
markers were also computed using haplotype datanration, precisely & (Nei, 1973),
I.e. the fraction of genetic variation within the smscthat is due to genetic variation
between varieties, and from nucleotide sequenagnrdtion, as &, an index of genetic
differentiation among populations (Lynch and Crea$890). Finally, the gene flow
estimate, I, was computed for both chloroplast and nuclearkerar over all bean
accessions. All the genetic differentiation statsstis well as gene flow estimates between
subgroups of accessions were calculated using DN#a&Rare (Rozast al, 2003).

Additional measures of genetic variability were diss® estimate the levels of
polymorphism within and between different wild acadltivated beans. The average SNP
marker frequency (pfor each nuclear and chloroplast DNA barcodearegvas calculated
for the accessions from Central America, South Araeaind Italy. The observed number of
alleles (B) and the effective number of alleles)(per locus were calculated according to
Kimura and Crow (1964). The genetic diversity ofi N&#973) were also computed to
summarize the data of nuclear and chloroplast SEHRens inP. vulgaris Let p denote the
frequency of theé™ marker allele at a given locus, then the genadtierdity computed as
He=1->pi? is equivalent to the expected heterozygosity.caltulations and analyses were
conducted using the software POPGENE version Y2l ¢t al, 1997).

An ordination analysis was performed according e unweighted pair-group
arithmetic average method (UPGMA) clustering aldioni (Sneath and Sokal, 1973), and
the centroids of all accessions were constructeth fthe symmetrical genetic similarity
matrix on the basis of Dice’s genetic similaritytiemtes (Dice, 1945). The principal
coordinate analysis technique (Gower, 1996) waslieppo compute the first two
components out of the qualitative data matrix. Tiengular matrix of genetic similarity
estimates was double-centered and then bi-dimeaailyoplotted according to the extracted
Eigen-vectors (Rohlf, 1972). The calculations amdlgses were conducted using the
appropriate routines of the software NTSYS verdi@® (Rohlf, 1993)
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Results

DNA barcoding success and levels of variability

For the selected chloroplast and nuclear markemiesp across all 63 accessions of
Phaseoluspp. PCR amplification success averaged 100% Ihvaitaough difficulties due

to specific gene regions were sometime experiegoadg rise to low quality sequences
(Table 3). For all doubtful amplicons and sequences, radit experiments were rerun for
either PCR or sequencing. OnigatKk was observed to be a particularly problematic
barcode marker in which amplification often failedd when successful, the sequence
quality was very low. Similar difficulties have be@reviously reported in other studies
(Kress and Erickson, 2007; Fazekatsal, 2008). Hence it was decided to remove this
region from the analysis and focus only on the o#esily detectable markers and highly
reliable sequences. The primer pairs designetiridrL andtrnH-psbAproved to be highly
universal with a 100% success for both PCR andesezijing, whereas for the other markers
(i.e., rbcL, atpB-rbcL, trnL andrpoB-trnC) the primers exhibited a high universality, but
the sequence quality was poor for some of the dicgtis. In fact, double PCR products
were usually not detectable in the gel, but sonmeblpms arose during the sequencing
likely as a result of multiple co-migrating amplrof similar size, but different sequence.
In a few cases, aspecific amplicons of unexpeaadth were clearly visible in the gel, as
for rbcL andatpB-rbcl, and therefore a second PCR with more stringentliions was
performed or newly designed primer pairs were ewaht adopted for sequencing (see
Table 2). Similar problems were experienced angesbhlso for ITS1 and ITS2 markers
(Table 3). All the barcode sequences were deposited in NzBhbases on May 5, 2009
and Agoust 31, 2009 (GenBank Accession number: GQUA-GQ411659 forbcL,
GQ411841-GQ411888 foratpB-rbcl, GQ411554-GQ411616 fortrnL; GQ411715-
GQ411777 fortrnT-trnL; FJ951177-FJ951239 fdrnH-psbA GQ411660-GQ411714 for
rpoB-trnCand GQ411778-GQ411840 for ITS1 and ITS2 combinezhe sequence).

The sequences were easily aligned for the accessiorresponding to different
varieties as the only origin of point mutations wassigned to SNPs, while among
sequences corresponding to different species oergethhe occurrence of insertions or
deletions i.e., In/Dels) in some portions of the non-coding cpP®Megions required

manually editing the alignments. In the case of W& regions, heterozygosity was
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detected at only a few nucleotide positions (T&land the site of nucleotide substitutions
was recorded using the conventional code for degendases of the IUB (International
Union of Biochemistry).

The single sequences analyzed for coDNA markergenon average, from 328 bp
to 1,124 bp covering a total length of 4,229 bpewas for ITS1 and ITS2 markers the
amplified sequences were, on average, equal tdbp%zthd 413 bp, respectively. In contrast
to the presence of several In/Dels and SNPs arRbiageolusspecies, the occurrence of
polymorphisms amongdP. vulgaris accessions was limited to single nucleotides. In
particular, a total of 17 SNPs were documented sactbe six investigated chloroplast
markers, while 10 SNPs were found for the two I€§ions (Table 3). In common bean
accessions, the frequency of SNPs per target ghibsbregion varied from zero (for the
monomorphicrbcL and atpB-rbcL) to a maximum of 2.2, with an average value of 0.4
SNPs per 100 bp. The most informative and polymiorpphDNA barcode regions proved
to be trnH-psbA and trnT-trnL within P. vulgaris and amongPhaseolus species,
respectively. The nuclear ITS1 and ITS2 regiongestorespectively, 1.6 and 1 SNP per
100 bp (Table 3).

Tree-based genetic identification method

The distance matrices based on the K2P substitotmohel for both chloroplast and nuclear
regions were recovered and the average valuescadrelated betweeRhaseoluspecies
and between sub-populations withih vulgaris Combined DNA barcode sequences
showed high interspecific and low intraspecific isaon rates Table 4). The genetic
distances betweeR. vulgarisandVigna unguiculatacalculated over all barcode regions,
were 0.0618 and 0.1651 on the basis of cpDNA arfsl polymorphisms, respectively.
Moreover,P. vulgarisproved to be more closely relatedRococcineughan toP. lunatus
according to both chloroplast and nuclear markerdact, the average genetic distance
with the former was equal to 0.0104 and 0.0231,redme with the latter it was equal to
0.0173 and 0.0432 on the basis of, respectivelipNZp and ITS sequence information
contents (Table 4). WithifP. vulgaris the genetic distance estimated between varietal
groups coming from Central America and South Anzgewas 0.0022 and 0.0016 according
to cpDNA and ITS markers, respectiveRidure 1).
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Since our interest was mainly focused on the detedf the polymorphisms within
P. vulgaris accessions useful for discriminating among lanekaand varieties within
Mesoamerican, Andean and Italian plant materialsrther analysis was done based on the
DNA markers scored as polymorphic at the intra-gjgelevel. The degree of nucleotide
differentiation between congeneric species wasat|5-fold higher than values estimated
within species, whereas no significant sequencergence rate was scored between the
two different gene pools d®. vulgaris Furthermore, as many as 180 comparisons out of
1,600 totally performed at the intraspecific lef@ the chloroplast and nuclear markers
showed no significant differences between varieties
An approach of genetic distinctiveness based orfttke method” was also pursued using
chloroplast DNA markers. The Neighbor-Joining tremnverts the sequence
polymorphisms into genetic distances using paicualcleotide substitution models and
thus, on the basis of coalescence of conspecificiptions, it assembles all the accessions
derived from one species, for less than incommatapling, in a single group (Wiemers
and Fiedler, 2007). Separate analyses for eachemgi&lded NJ trees that were able to
correctly distinguish sister species and diffeigartera, forming separate clusters\agna,

P. lunatus P. coccineusandP. vulgaris (data not shown). At the same time, the NJ tree
profile enabled us to illustrate the lack of disgnation among accessions within the
speciesP. vulgarisdue to the scarcity or complete lack of informatcharacters contained
in some of the investigated chloroplast regions.

Within P. vulgaris the occurrence of single nucleotide polymorphistegended on
the marker: forbcL andatpB-rbcL sequences no SNPs were detected, while for thex oth
regions the absolute number varied from a minimfitwo to a maximum of four foirnH-
psbA In the NJ tree constructed using the sequencgmmophisms of the four variable
chloroplast markers, the members of the speRiegulgaris P. coccineusandP. lunatus
were split into defined clusters, with bootstrajuea as high as 99% or 100%, whereas the
branching nodes d®. vulgarissub-groups were weakly supported (< 60% in moghef

cases) rigure 2).
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Table 3. Basic information on the cpDNA and ITS barcodears, including sequence length of amplicons, iéed intra-specific
number and frequency of SNPs and In/Dels. The ptage of sequence-tagged site PCR and sequendogssus also reported.

rbocL  matK trnL  atpB-rbcL  trnH-psbA  trnT-trnL  rpoB-trnC  ITS1 ITS2
Total No. ofP. vulgarisentries 57 57 57 57 57 57 57 57 57
No. South American accessions 16 16 16 16 16 16 16 16 16
No. Central American accessions 17 17 17 17 17 17 7 1 17 17
No. ltalian accessions 22 22 22 22 22 22 22 22 22
No. ancestral accessions 2 2 2 2 2 2 2 2 2
Total No. ofPhaseolusntries 63 63 63 63 63 63 63 63 63
Average amplicon length (bp) 543 695 338 328 366 6 83 1124 358 413
No. SNPs irPhaseoluspp. 8 n.d. 21 14 14 53 48 65 58
Interspecific frequency (SNPs/100 bp) 1.5 n.d. 6.04.3 3.8 6.5 4.2 17.4 13.8
No. SNPs irP. vulgaris 0 n.d. 4 0 8 3 2 6 4
Intraspecific frequency (SNPs/100 bp) O n.d. 11 0 2.2 0.4 0.2 1.6 1.0
No. of In/Dels inPhaseoluspp. 0 n.d. 1 4 5 10 5
Average In/Del size (bp) 0 n.d. 58 2 0 7 2 4 5
No. of heterozygous sites n.a. n.a. n.a. n.a. n.a. n.a. n.a. 3 7
Amplification success (%) 100% 100% 100% 100% 100% 100% 100% 100%  100%
Sequencing success (%) 100% 62% 100% 100% 100% 100%90% 97% 100%

n.d., not determined; n.a., not appliea
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Table 4. Mean and standard deviation of the inter- andhigpecific genetic divergences calculated usindK@fe distance model for the sequence
derived from the combination of all chloroplastrkeas and ITS regions, and overall.

Interspecific K2P distance rbcL trnL atpB-rbcL  trnH-psbA  trnT-trnL  rpoB-trnC  Overall ~ St. Dev. ITS1 ITS2 Overall St. Dev.

P. vulgarigP. coccineus 0.0037 0.0139 0.0072 0.0107 0.0088 0.0070 0.0103500250 0.0105 0.0169 0.0173 0.0065
P. vulgarigP. lunatus 0.0074 0.0250 0.0204 0.0226 0.0227 0.0209 0.0231100369 0.0650 0.0438 0.0432 0.0107
P. vulgarigV. unguiculata 0.0168 0.0459 0.0515 0.0382 0.0852 0.0571 0.0618100718 0.2617 0.1671 0.1651 0.0231
Intraspecific K2P distance
P. vulgaris 0,0000 0.0041 0.0001 0.0030 0.0008 0.0006 0.0021B00066 0.0002 0.0016 0.0006 0.0003
St. Dev. 0,0000 0@23 0.0001 0.0015 0.0005 0.0002 0.00069 0.000D006 0.0003
Distance
0.18 I I =
Distance A 016 - Em B B
0.07 I
1‘ 0.14 | H
0.08 _f—‘l‘_ 0.12 1 H
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Figure 2. Neighbor-Joining
tree based on Kimura 2-
parameter for 63 bean entries
belonging toPhaseolusspp.
and rooted using as outgroup
the accessions fronVigna
and P. coccineusand P.
lunatus species. The
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in which the associated taxa
clustered together in the
bootstrap test (1,000
replicates) is shown 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 tree.



The accessions d®. vulgarisderived from either Mesoamerican or Andean genaspo
grouped together and formed a few sub-clusterstyligeparated from each other with a
few exceptions. In four cases the gene pool waksimgreement with the geographic origin.
In two of these four caseise. PvH4md (from Mexico, but the belonging gene pbalsed
on the study of Ros&t al (2009), was the Andean one) and PvD8aw (from @bla, but
the belonging gene pool was the Mesoamerican ¢ime)position of these two accessions
in the NJ tree was not in conflict with the pogisoof the other genotypes. In fact PvH4md
grouped with Italian cultivars and PvD8aw clusteneth two Mesoamerican accessions. In
four different cases the indication of the genelpwas absent, but by means of the NJ
analysis it was possible to recover this informatidwo of these cases were wild
accessions and for these genotypes the gene poold=d with the geographic origin, as it
was expected, while the others two were domestcate their position in the tree suggests
that they may have been transferred from one regmomnother, possibly by human
intervention. On the whole, if all bean accessiaresclassified according to the position in
the NJ tree, it is evident that 32 accessions lgetonthe Andean gene pool, while the
remaining 23 to the Mesoamerican gene pool (se&eTgblt is worth mentioning that the
ancestral bean accessions were recognized as eatgephuster with a high confidence
value and that they grouped with another accedston Peru, the putative primary centre
of the ancestral wild gene pool (Debowtlal, 1993) (Figure 2).

The NJ tree constructed using the SNPs recoverd the nuclear ITS regions,
based on a lower number of polymorphisms amongetrasi compared to cpDNA regions,
revealed an unstructured distribution of the simgleleotide mutations with no sub-groups
for P. vulgarisaccessions (data not shown).

A drawback of the hierarchical technique appliedhis case study was the retrieval
of tie trees due to low divergence values amonggetias. As a consequence, the NJ tree
built for each of the barcode sequence was notuen@nd this fact compromised the
reliability of results.
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Character-based genetic characterization method

Owing to the paucity of results using a genetit¢atise method, a second approach known
as “character-based system”, was employed to igestiered diagnostic attributes that are
common to the members of a given taxonomic groupake absent from a different clade
that descends from the same node (R, 2009). As for NJ trees, this method does not
consider In/Dels, that anyway were not found atraspecific level, and hence the
informative characters employed in the charactsetiapproach was limited only to SNPs.
Among the investigated chloroplast DNA markersH-psbAandtrnL showed the highest
number of SNPs, proving to be the most suitableorsgto discriminate genotypes within a
species, along with the nuclear ITS1 and ITS2 nrark®f the other four chloroplast
regions, onlytrnT-trnL andrpoB-trnC exhibited SNP markers among accessions, although
at a lower frequency (see Table 4). On the basiSNPs as informative characters, the
analysis of the entire chloroplast data set revktile existence of 16 haplotypes out of the
57 accessions d?. vulgaris(Table 5). It is worth noting that four of them were the sho
common haplotypes, each being shared by a minimbrsixoto a maximum of 15
accessions. Unique haplotypes were found for edjithe 57 common bean accessions
(Table 5). In particular, the number of haplotygels) was equal to 9, 9 and 5 for the
Central American accessions, the Southern Amercaessions, and the Italian varieties,
respectively. The haplotype diversity JHwas 0.875, 0.908 and 0.688, for the three
regions, respectivelyl@ble 6) with a mean Kof 0.877 forP. vulgaris
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Table 5. Consensus sequence related to the 17 individuBlsSi¢tected in the target cpDNA regions with infation on the haplotypes found

across all common beaR.(vulgari9 entries.

Marker

trnL intron

trnH-psbA

trnT-trnL

rpoB-trnC

SNP position

14 183 264 33

2 156 219 22224

225 229 272 28

85 512

13 478 642

Consensus sequence

G A

A

A A

T GA

Haplotype
HapO01
Hap02
Hap03
Hap04
Hap05
Hap06
Hap07
Hap08
Hap09
Hapl0
Hapll
Hapl2
Hapl3
Hapl14
Hapl15
Hapl6

No. Entries
1

15

=
o

NWRWRRPRRPRRPRPRPRPLYOW®

>>>>

NN

> x> >

T T

n.d.

n.d.

n.d., not determined.

Haplotype compositionHap01: PvA2md;Hap02: PvA7ad, PvG6aw, PvG3aw, PvB4ad, Pvlitc, Pv6itQite, Pv10itc, Pv13itc, Pvl4itc, Pv16itc, Pv19iRy24itc,
Pv27itc, Pv32itcHap03: PvC3mw, PvG1md, PvClad, PvH1md, PvC2ad, PvE7mdB&d, PvF1md, Pv22itc, Pv23itetap04: PvH5aw,PvD6aw, Pv3itdiap05:
PvH2mw, PvA3mw, PvB7mw, PvE6aw, PvF6aw, PvD1m#p06: PvH4md, Pv28itc, Pv29itc, Pv31litc, Pv33itc, PuB4iPv36itc; Hap07: PvH6aw; Hap08:
PvD3mw;Hap09: PvD5ad;Hap10: PvB6aw;Hap11: PvC6aw;Hap12: PvElmd;Hapl3: PvF7md, Pv35itc, Pv37it¢japld: PvG7mw;Hapl5: PvB8mw, PvC8mw,

PvD8aw;Hap16: PvF8wanc, PvG8wanc).

123



Table 6. Summary of genetic diversity, computed separdimiychloroplast (A) and nuclear (B) DNA markers frbgroups of geographically
distinct accessions and over all accessionBhafseolus vulgarid.. and Phaseolusspp. (A,B) and for two different gene pools, aridyenetic
differentiation indices estimates (C), computedtms basis of cpDNA over all accessionsPtiaseolus vulgarig. and among Central-, Southern

American and ltalian accessions.

A

Germplasm source Geographical origin Gene pool
Genetic diversity statistics Phaseolus spp. P. wlgaris Central America  South America ltaly Mesoamericart Andearf
No. segregating sites | 122 17 9 14 7 8 13
Haplotype number (Hn) 21 16 9 9 5 7 9
Haplotype diversity (Hd) 0.898 0.877 0.875 0.908 688. 0.078 0.74
Average No. differences (K) 8.539 3.358 3.015 3.033 2.364 2.942 1.97
Nucleotide diversitys/0) 0.322 0.916 1.176 0.714 1.230 1.285 0.619
T 0.006 0.002 0.002 0.002 0.002 0.002 0,001
0 0.018 0.002 0.002 0.003 0.001 0.001 0,002
B

Germplasm source Geographical origin Gene pool
Genetic diversity statistics Phaseolus spp. P. wlgaris Central America  South America ltaly Mesoamericart Andeart
No. segregating sites | 69 9 5 7 0 6 0
Haplotype number (Hn) 9 5 2 4 1 3 1
Haplotype diversity (Hd) 0.320 0.170 0.120 0.370 0 0.255 0
Average No. differences (K) 3.760 0.620 0.590 0.930 0 0.590 0
Nucleotide diversitys/0) 0.240 0.312 0.389 0.434 0 0.532 0
T 0.010 0.0015 0.001 0.002 0 0.002 0
0 0.042 0.005 0.004 0.005 0 0.004 0
C

Overall Pairwise comparisons

Genetic differentiation Phaseolus vulgaris M vs.A M vs.| A vs.|
Average No. substitutio n.a 0.0(3 0.00z 0.00z
Fixation index (Gy) 0.087 0.042 0.102 0.036
Differentiation index (ky) 0.190 0.230 0.241 0.094
Differentiation index (Ny) 0.190 0.220 0.241 0.106
Gene flow (M) 2.26* n.d n.d n.d

n.d., not determined; n.a., not applicable3 accessions; 32 accessions; *, on the basis of haplotype idétamation.
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The haplotypes based on chloroplast polymorphismsesponding to varietal subgroups
within P. vulgarisspecies, were also used for the construction of &ré& Figure 3). The
majority of haplotypes were nested together inthjghlustered sub-groups supported by
low bootstrap values, with the exception of sevemaplotypes shared by ancestral
accessionsig., haplotype No. 16) and wild accessions. Thisstatinding is particular
evident for some correlated haplotypes like Nol@ and 11 that are linked to the Andean
gene pool, as well as 6, 14, and 15 that are agsdcwith the Mesoamerican gene pool
(see Figure 3 and Table 5). Accessions belonging. tooccineusP. lunatusand Vigna

unguiculatarevealed unique haplotypes that were grouped atgharfor each species.

P. vulgaris
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30
Haplotype 3
17
e Haplotype 13

12|] Haplotype 5
241— Haplotype 1
— Haplotype 7

— Haplotype 2
Haplotype 9

o 90 [ plotyp!
Haplotype 16

— Haplotype 6

99 ) Haplotype 14

Haplotype 15

PcATmw
99
P. coccineus Pc39itc
2L pc3itc
P. lunatus PI38itc
190 PIB1md
Vu40itc

Vigna unguiculata

0.005

Figure 3. Neighbor-Joining tree based on the 16 haplotige#ified out of the 57 bean accessions
of Phaseolus vulgarik. (for details on haplotypes see also Table 5).
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The ITS data set d?. vulgariswas not informative and all accessions, excepatieestral
entries that formed two separate haplotypes, weyepgd together in three haplotypes, of
which one included most of the accessions (52 sesngliata not shown). It is worth noting
that the Italian accessions did not show a singlgnporphic site, whereas the Southern
American accessions were the most variable an@dgabe highest haplotype diversity (see
Table 6).

Genetic diversity and differentiation

In total, in this study an average of 3,642 nudtiest, from both coding and non coding
regions, excludingnatK gene, were analyzed by sequencing six chlorophaskers and
nuclear ITS. Among the 27 SNPs detected by comgdhie accessions withia. vulgaris
species, 13 (48%) were transitions, while 14 (52%e transversions.

Nuclear and chloroplast related polymorphisms wesed to estimate the genetic
diversity and differentiationfor the P. vulgaris germplasm. The nucleotide diversity
coefficientst and6, defined per site among chloroplast DNA sequeaoesconsidering all
the genotypes, were, 2.2 X 1@nd 2.4 X 10, respectively, intermediate values between
those obtained for accessions witlin vulgaris (Gaitan-Soliset al, 2008) and for other
legume crops (Zhet al, 2003; Feltuset al, 2004). These values increased when Blso
coccineusP. lunatusandV. unguiculatawere included in the analysis, bemgqual to 5.9
X 10° and6 equal to 18.3 X 18 Total data estimates of nucleotide diversityere as low
as 0.002, 0.002 and 0.0016 for the Central AmeyiGouthern American and Italian
subgroups (Table 6). Regarding the genetic diwerir the ITS regions;t and 6
coefficients were equal to 0.0101 and 0.0421, wspmdy, when considering?haseolus
spp. andVigna together, whereas these coefficients considerablyedised when the
analysis was based on common bean varieties orlpglt and6 equal to 0.0015 and
0.0048, respectively. Within tHe. vulgarisspecies, Central American, Southern American
and Italian sub-groups scoredravalue of 0.0014, 0.0023 and 0, respectively. Om th
whole, ther differentiation index based on ITS marker scomadr values compared to
those computed for chloroplast DNA regions.

Overall summaries of genetic variation statistics EpDNA and ITS markers,
including the frequency of the most common nuctiegti and the effective number of
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nucleotides per SNP site along with Nei's geneiwedity statistics for subgroups of
accessions of different geographical origin androak common bean accessions are
reported inAppendix 1A, 1B.

On the basis of SNP markers, genetic differentiatgtatistics and gene flow
estimates were also computed. The fixation index @&g=0.0870, demonstrating that only
9% of the total genetic variation found within thgecies is due to genetic polymorphisms
among Central American, Southern American andaltaiiccessions. However, it is worth
mentioning that on the basis of haplotypes, thatidn index scored the lowest value
(0.0363) when comparing Italian accessions witls¢hfoom South America and the highest
one (0.1019) when comparing Italian accessions witse from Central America (see
Table 6). These findings were also supported bygtreetic differentiation indicessFand
Nst computed for all pairwise comparisons (see Tabld®reover, the mean estimate of
gene flow (N, based on haplotypes was equal to 2.26 (see bable

Taking into account two main sub-groups of accessioidentifying the
Mesoamerican and Andean gene pools, the numbeegiegating sites for chloroplast
regions was 8 and 13, respectively. The numberapidtypes (i) was equal to 7 for
Mesoamerican accessions and to 9 for Andean aoosssihile the estimate of haplotype
diversity (Hy) resulted almost 10-fold higher in the Andean geoe! (0.7380) compared to
that calculated for the Mesoamerican one (0.07ES)imates of nucleotide diversity were
also computed for the two sub-groups, beimgequal to 0.0018 and 0.0013 for
Mesoamerican and Andean gene pools, respectivetiyt) &qual to 0.0014 and 0.0021 for
Mesoamerican and Andean gene pools, respectively.

These nucleotide and haplotype diversity statisigswell as the re-assignment of
undefined accessions to a specific gene pool wecesaipported by results from ordination
analyses based on the genetic similarity estimetesputed using the total number of
nuclear and chloroplast DNA polymorphisms. The etd genetic differentiation and the
distribution pattern of genetic variation fé&. vulgaris accessions of Italian, Central
American and Southern American geographic origiolearly observable from the scatter
diagram plotted according to the first two coord@safigure 4). Principal coordinate
analysis allowed the definition of centroids for@mmon bean accessions and confirmed
the classification based on haplotypes. In factstnod the Italian varieties were grouped

127



with accessions belonging to Andean domesticate@ geol, whereas only a few Italian

varieties were tightly clustered with accessionghe® Mesoamerican domesticated gene
pool (Figure 4). Most of the Italian commercial ieties as well as the Andean wild

landraces could be discriminated from each othdath va few exceptions, whereas

Mesoamerican wild materials and landraces wereebtagrouped. Several sub-groups of
closely related varieties were formed in each caatdfor details see Figure 4).
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Figure 4. Centroids obtained by the PCA of 54 common bdanv(lgarisL.) accessions, using
Dice’s genetic similarity estimates based on thele/lset of chloroplast and nuclear SNP markers.
The first two components were able to explain ashmasc68% of the total genetic variation found
at the cpDNA and ITS barcoded regions. In partigulee first component explained more than half
of the total diversity and it was negatively asatail with Italian commercial varieties and
positively associated with Mesoamerican wild maisriand landraces (Symbols: black bullets,
Italian accessions; grey bullets, Andean accessiamste bullets, Mesoamerican accessions.
Accession initials: mw, Mesoamerican wild; md, Mas®rican domesticated; aw, Andean wild;
ad, Andean domesticated; itc, Italian cultivated).
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The first two principle components were able to akxpas much as 68% of the total genetic
variation found among the different varieties a tpDNA and ITS barcoded regions. In
particular, the first component, which explains734.of the total diversity, was negatively
associated with Italian commercial varieties andsitpeely associated with Central
American wild materials and landraces. The secamdponent, which explains 13.2% of
the total diversity, was clearly able to discrimisma&ub-groups of accessions within both
Italian commercial varieties and Southern Americtessions (Figure 4). The most
discriminant nuclear SNP markers between Centrdl $outhern American and lItalian
accessions proved to be ITS1-141 and ITS1-307 pwighisms (sedppendix 1A, 1B).
These two SNP markers were highly shared in CeAtmarican accessions.€., T=97%
for both nucleotide residues), with intermediatéuga in Southern American accessions
(T=56% and T=50% at positions 141 and 307, respag)i and low frequencies in Italian
accessions where the alternative nucleotides werentost common ones (G=63% and
C=60% at positions 141 and 307, respectively). st discriminant chloroplast SNP
markers were found in the intergenic spacerndd-psbA trnT-trnL and rpbO-trnC at
positions 156, 673 and 642, respectively (see Supghtary materials, Table 2S). In
particular, the first sequence site showed a fixecleotide in Central American accessions
(A=100%), with an intermediate value in Southern gkivan accessions (A=57%) and a
low proportion in Italian accessions where theraltiive nucleotide was the most common
one (C=77%).

Discussion

Our results confirm that DNA barcoding is a powertechnique for identification and
phylogenetic analyses iPhaseolusspp. aimed at reconstructing genetic distancesedmsst
related species as well as evolutionary pattemadtdition to SNPs, several In/Dels were
discovered amongPhaseolusspecies. On the whole, the interspecific phylogene
relationship previously identified by Delgado-Sakret al (1999) were confirmed in our
analysis, withP. vulgarismore closely related 8. coccineushan toP. lunatus

Since the main goal of this study was to selecitlaekers with the best performance
for barcoding at the intra-species level, our dibenwas focused on the relevance of the
nucleotide variability among accessionsRofvulgaris Taking into account the criticisms
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that were recently raised by the scientific comruoin the single barcode effectiveness
and assuming that shallow variations would havenlsstected within species, a multi-
locus approach was adopted. The criteria used lextsthe DNA regions suitable for

barcoding in order to investigate the genetic ddtiveness of varietal groups and gene
pools for common bean were: i) a high number ofisages available in public gene banks
to enable the design of primers and to facilitée identification of species by querying
nucleotide databases; ii) an appropriate subgiiutate for intraspecific studies on the

basis of information available in the literature.

Phenetic tree-building approach versus a charactebased system.

To evaluate whether DNA barcoding can be used asffarient genomic tool for the
identification of landraces and cultivars withiigigen species, two different strategies were
adopted and tested: i) a phenetic tree-buildingaggh using genetic distance data and the
derived Neighbor-Joining tree to visualize relasibips among accessionsRfvulgarisas
well as amongPhaseolusspecies and to determine the gene pool of originaf set of
Italian landraces; ii) a character-based system tbfteconstruct haplotypes on the basis of
diagnostic characters, fixed and variable amongsstons and gene pools, to be exploited
for the genetic identification of varietal groupstivout reference to trees. In addition, a
multi-locus SNP marker analysis based on genatidagities and differentiation statistics
was employed to find out the most discriminant padyphisms among Central American,
Southern American and Italian accessions in ordeestimate the biodiversity existing
within this species.

With respect to the tree-building approach, the afsthe divergence values among
sequences and the criterion of reciprocal monopbglsed on the NJ tree is the standard
approach proposed by Hebettal (2003a) to discriminate among closely relateccigse
One of the basic concepts of a DNA barcode is tpleynthe distance threshold derived
from the barcode gap as a tool for species delifmita This concept is controversial
because a 10X screening threshold of sequencerdtiffe is present in some animals
groups, such as birds and Lepidoptera (Hebteal, 2004b; Hajibabaeat al, 2006), but is
absent in others, such as cowries (Meyer and Pa@@§5). This latter observation
supports the hyphothesis that the barcoding gapbmaan artefact of an incorrect sampling
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(Meyer and Paulay, 2005; Wiemers and Fiedler, 208i)additional tool is the use of the
NJ tree profile that allows the assignment of thguences to the correct species based on
the positions of the branches relative to the elusf the species (Wiemers and Fiedler,
2007). In our study, this kind of system confirmedoe a powerful technique to correctly
cluster accessions corresponding to members ofdahee species by using a standardized
genic or intergenic region as a molecular tag.tdd sequences, when analyzed separately
or together, supported the distinctiveness of dbfie species. In contrast, this approach
revealed to be poorly informative for the genetacéability of cultivars withirP. vulgaris
species. With the exception afnH-psbA and thetrnL intron, the other chloroplast
sequences did not contribute at all or offered calgmall contribution to resolve the
identify of landraces and varieties. The observeshthing pattern of the NJ tree based on
this combined data set seemed to be geographicalgted, with Andean and
Mesoamerican bean samples clustering separatelyedver, most of the 22 Italian
varieties were found to cluster with the Andeane@ool with only six classified as
Mesoamerican. This result confirms the previouseolaion about the origin and structure
of European (Papet al, 2006; Logozzet al, 2007), and Italian germplasm Bhaseolus
vulgaris (Sicardet al, 2005; Angioiet al, 2009).

Unlike the NJ tree based on cpDNA, the distance generated by combining the
sequences of the nuclear markers did not provide mesolution, but it confirmed previous
evidence that discouraged the use of ITS for ipwesic phylogeny because of the
occurrence of extensive intragenomic sequence ti@rigAlvarez and Wendel, 2003).
Although the ITS regions scored an average int@Bpdrequency of SNPs higher than
that found for cpDNA regions (1.3 vs. 0.65 SNPs/1f)f) respectively), the random
distribution of their single nucleotide mutationsegatively affected the genetic
discrimination of accessions and supported thdylikecurrence of hybridization among
accessions which may favour the occurrence of getramic variation. In our case,
intragenomic variation is the most likely hypotlsebiecause the inbreeding systenPof
vulgaris would exclude the occurrence of high freqyesfteterozygous genotypes.

The discrimination of gene pools and the identtfaraof varieties withinP. vulgaris
through the DNA barcoding standard tree-buildingrapch was not informative because
of slow substitution rate. For this reason a cttarabased system was tested. For the DNA
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barcoding of multiple individuals within a specieghere the genetic distances are very
low, it was proposed that the character-based darcould be a more appropriate approach
than the phenetic system (Raathal, 2008). This method uses DNA sequence information
to generate discrete diagnostics for species iiieation.

To further explore the intra-specific variabilitypNASP software was used to
discover combinations of character states exclusivex particular variety as well as
polymorphic among varieties. The approach allowsdtai detect within the speciéx
vulgaris a total of 16 haplotypes over all cpDNA regiongresponding to as many
subgroups, each one made up of Mesoamerican orafindecessions along with lItalian
accessions that clustered with one or the othee gaol. The only exception was
haplotype No. 5, which was shared by both Mesoaraerand Andean accessions, mostly
wild. The fact that the ancestral accessions wetegnized as a separate cluster with high
bootstrap values (>88%), along with an accessiomfPeru, agrees with the putative
primary centre of the ancestral wild gene pool@hmon beans hypothesized by Debouck
et al. (1993).

Differently from chloroplast DNA regions, as expegtithe nuclear ITS data setff
vulgaris resulted poorly informative and almost all acomssiwere clustered together in a
single group, except for the ancestral entries ¢hegtered apart. In fact, the corresponding
NJ tree revealed an unstructured distribution oPSMith no sub-groups fd?. vulgaris
accessions (data not shown), and without any satinggsite among the Italian accessions.
These conflicts among molecular data sets, chloroplast vs. nuclear markers) have been
observed in other taxa as well, for example inThéceae of the grasses (Mason-Gamer
and Kellogg, 1996) and the Anacardiaceae (Tingsipeaal, 2004).

The whole set of SNP markers, both from ITS andMdADdiscovered irP. vulgaris
was used to compute genetic diversity and difféaéioh statistics within the ‘core
collection’ of P. vulgaristo quantify the nucleotide variability of the begermplasm as
well as gene flow among Mesoamerican, Andean aiduit sub-populations. The Southern
American accessions were more genetically diffesged than the Central American ones,
with a higher number of segregating sites and wsltghtly higher haplotype diversity
values, based on the two sets of regions. Howewsgn the chloroplast data were analyzed
alone, genetic variability at the gene pool levedved to be higher in the Andean than
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Mesoamerican entries. This result agrees with tihesently obtained by Benchimet al
(2007), showing that Andean accessions exhibit tgremean genetic diversity than
Mesoamerican accessions. However, with the onhemxen of SSR markers that have
shown similar levels of genetic diversity betwed&e tMesoamerican and Andean gene
pools (Kwak and Gepts, 2009), using isozymes ahéralypes of molecular markers, a
higher genetic diversity was usually observed & Mesoamerican gene pool, compared to
the Andean one (Koenig and Gepts, 1989; Bestlaz, 2000; Beebet al, 2001; Papa and
Gepts, 2003; McCleaet al, 2004; Papat al, 2006). As a matter of fact, in our study the
32 common bean accessions belonging to the Andeaer gool showed estimates of
genetic diversity higher than those calculatedtif@ 23 accessions of the Mesoamerican
gene pool. This finding could however be affectgdthe sampling strategy of plant
materials, beingP. vulgaris accessions analyzed in this study arbitrarily etk as
representative of Mesoamerican and Andean genes poathe basis of morphological seed
traits and plant descriptors, as well as AFLP markBapa and Gepts, 2003; Raosisal,
2009). Most of the Italian commercial varietiesveal as the Andean wild materials and
landraces, could be discriminated one from anothbereas Mesoamerican wild materials
and landraces were closely related. A number dfridsnant SNPs was discovered: the
most discriminant nuclear SNP markers between Mwsoaan, Andean and Italian
accessions were ITS1-141 and ITS1-307 polymorphisrhde the intergenic spacanH-
psbAwas the most informative at the chloroplast DNyele

It is worth emphasizing that the fixation index wegual to about 0.087 for
chloroplast markers, demonstrating that less t#4no® the total genetic variation found
within the P. vulgariscollection is due to sequence polymorphisms aniMagoamerican,
Andean and lItalian accessions. Thus it supportsidigation and/or introgression between
the two major gene pools followed by chloroplagituee, as already reported by Papa and
Gepts (2003) and Chac@t al (2005). This is further supported by the meaimege of
gene flow among accessions{P.26).

The 33 wild and domesticated common bean access@mmde considered a core
collection of Mesoamerican and Andean gene poslsyall as the 22 commercial varieties
are representative of the Italian cultivated gemspl. Both wild and domesticated
accessions within Mesoamerican and Andean gene pooved to be formed by pure lines
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that are poorly distinguishable genetically frontleather on the basis of the cpDNA
haplotypes and ITS polymorphisms. Moreover, ouultegevealed that genetic variability
can be found to some extent within Italian cultechbeans as well as among Italian sub-
groups of varieties, underlining the values of ioyad materials as an irreplaceable bank
of diversified genotypes.

To characterize the genetic diversity among combeans different approaches were
previously employed, from the analysis of morphaal and phaseolin seed protein
attributes to the application of several types @lgoular markers (for review see Paga
al., 2006). By means of these investigative tools, e¢listence of at least two different
major gene pools,e. Mesoamerican and Andean gene pools, and sewagial groups was
reported forP. vulgaris(reviewed by Chacoet al, 2005; see also Rosi al, 2009). With
this study a new molecular tool was tested to ddtex the genetic divergence of the
modern common bean cultivars as well as to relemtto wild and domesticated materials
from the original bean domestication centres. DNacbding combined with the NJ tree-
building approach confirmed to be a highly reliatdehnique for identification purposes at
the species-level, while it revealed to be lessrinftive at the variety-level. On one hand,
DNA barcoding provided an accurate method for teaegic identification of species of
Phaseoludy using SNPs and In/Dels of genic or integenggéa regions; on the other, it
can be exploited for the genetic identification varietal groups withinP. vulgaris by
means of haplotypes.

The incorporation of multiple nuclear regions mag Ibecessary to reliably
discriminate and identify single common bean vagtmainly in groups that exhibit
extensive hybridization and repetitive introgreasigatterns. In addition to ITS, other
possible target loci for genetic identificationafitivars withinP. vulgariscould be single
or low-copy nuclear housekeeping genes.

Molecular markers find application in plant sciertoeovercome limitations due to
the absence of a standard characterization systemappropriate legal protection of
modern varieties and germplasm resources, as glrdachonstrated in common bean
(Pallottini et al, 2004) and other major crop species like maizad8cciaet al, 2003). In
such a context, DNA barcoding in plants could beifably exploited not only for studying
biodiversity, but also for assessing genetic idgmtf crop varieties and foodstuffs.
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Appendix 1A: Summary of genetic variation statistics for coDNarkers, including the frequency of the most commuocleotides (pi) and the
effective number of nucleotides (ne) per SNP sitel genic diversity (h) values referred to Mesodeaer Andean and Italian accessions, along
with the total Nei's expected heterozygosity (H¢roall common bean accessions.

Mesoamerican beans Andean beans Italian beans Phaseolus vulgaris

SNP markers o] Ne h o] Ne h pi Ne h o] Ne H
tnrL-014 G/A | 0,789t | 1,497¢| 0,332¢| 0,857:| 1,324:| 0,244¢| 0,636¢| 1,861¢| 0,462¢| 0,745 | 1,611¢| 0,379¢
trnL-182 A/IC | 0,894 | 1,232:| 0,188¢| 1,000(| 1,000(| 0,000(| 1,000(| 1,000(| 0,0(0C| 0,963¢| 1,075¢| 0,070
trnL-264 T/IG| 04737 ] 1,994¢| 0,498¢| 0,928¢| 1,152¢| 0,1327| 0,818:| 1,423t| 0,297 | 0,727:| 1,657¢| 0,3961
trnL-332 T/A | 0,789t | 1,497¢| 0,332¢| 0,857:| 1,324:| 0,244¢| 0,636¢| 1,861¢| 0,462¢| 0,745 | 1,611¢| 0,379¢

trnH-psbA-15€ | A/C | 1,000( | 1,000(| 0O,co0C | 0,571<| 1,960C | 0,489¢| 0,227 | 1,541<| 0,351:| 0,581¢| 1,947¢| 0,486¢
trnH-psbA-21¢ | T/C | 1,000(| 1,000C| 0,000C| 0,928¢| 1,152¢| 0,132:| 1,000(| 1,000( | 0,000(| 0,981¢| 1,037(| 0,035
trnH-psbA-225 | A/T | 1,000(| 1,000C| 0,000C | 0,928¢| 1,152¢| 0,132:| 1,000( | 1,000( | 0,000( | 0,9€18 | 1,037(| 0,035}
trnH-psbA-224 | A/T | 1,000(| 1,000(| 0,000 | 0,928¢| 1,152¢| 0,1327| 1,000(| 1,000(| 0,000(| 0,981¢| 1,037(| 0,035:
trnH-psbA-225 | A/T | 1,000( | 1,000(| 0,000(| 0,928¢| 1,152¢| 0,132:| 1,000(| 1,000(| 0,000(| 0,981¢| 1,037(| 0,035;
trnH-psbA-22¢ | G/A | 1,000( | 1,000(| 0,000C | 0,928¢| 1,152¢| 0,132:| 1,000( | 1,000( | 0,000( | 0,981¢| 1,037(| 0,035
Mean 0,8526 | 1,4118 | 0,1658 | 0,8908 | 1,2477 | 0,1681 | 0,8636 | 1,2440 | 0,1553 | 0,8671 | 1,3096 | 0,1986

St. Dev. 0,2132 | 0,5073 | 0,2172 | 0,1188 | 0,2769 | 0,1487 | 0,2064 | 0,3063 | 0,1787 | 0,1301 | 0,3089 | 0,1721

Appendix 1B. Summary of genetic variation statistics for coDN@rkers, including the frequency of the most commoaleotides (pi) and the
effective number of nucleotides (ne) per SNP sitel genic diversity (h) values referred to Mesodeaer Andean and Italian accessions, along
with the total Nei's expected heterozygosity (H¢roall common bean accessions.

| Mesoamerican beans Andean beans Italian beans Phaseolus vulgaris

SNP markers o] Ne h o] Ne h o] Ne h pi Ne H
ITS1-08C | C/T | 0,888¢| 1,246:| 0,2(32 | 0,968¢ | 1,064« | 0,062t | 1,000(| 1,000(| 0,000(| 0,951¢| 1,100¢ | 0,091t
ITS1-141 | T/G| 0,9727| 1,057.| 0,055¢| 0,562¢| 1,969:| 0,508:| 0,3337| 1,800(| 0,457:| 0,625(| 1,882:| 0,468t
ITS1-161 | C/G| 1,000(]| 1,000C| 0,000C| 0,937¢| 1,1327| 0,121(| 1,000C| 1,000C| 0,000C| 0,980¢| 1,039:| 0,037
ITS1-16¢ | T/C | 1,000(| 1,000(| 0,000C| 0,875(| 1,280(| 0,225¢| 0,750C| 1,600C| 0,3857| 0,875(| 1,280(| 0,218¢
ITS1-29¢ | C/T | 0,944¢| 1,117.| 0,107¢| 1,000(| 1,000(| 0,000(| 1,000C| 1,000(| 0,000(| 0,980¢ | 1,039:| 0,037:
ITS1-307 | T/C | 0,9727| 1,057.| 0,055¢| 0,500(| 2,000(| 0,51¢1 | 0,305¢| 1,737%| 0,436t | 0,596:| 1,9287| 0,481t
ITS2-10z | T/C | 1,000(| 1,000C| 0,000C| 0,7357| 1,6347| 0,401:| 0,833:| 1,384:| 0,285 | 0,861:| 1,314« | 0,239:
ITS2-157 | C/T | 0,9737| 1,054(| 0,052¢| 1,000(| 1,000(| 0,000(| 1,000C| 1,000(| 0,000(| 0,9907| 1,0187| 0,018
ITS2-24¢ | AIG | 09737 | 1,054(| 0,052¢| 0,705¢| 1,710:| 0,427¢| 0,611:| 1,905¢| 0,488¢| 0,768t | 1,552:| 0,355¢
ITS2-357 | C/G| 1,000(]| 1,000(| 0,000C| 0,794:| 1,485¢| 0,336¢| 0,777¢| 1,528:| 0,355¢| 0,861:| 1,314<| 0,239:
Mean 0,9725 | 1,0586 | 0,0527 | 0,8079 | 1,4280 | 0,2599 | 0,7611 | 1,3956 | 0,2410 | 0,8491 | 1,3470 | 0,2189
St. Dev. 0,0347 | 0,0763 | 0,0640 | 0,1801 | 0,3879 | 0,2043 | 0,2681 | 0,3691 | 0,2147 | 0,1441 | 0,3386 | 0,1742
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Use of DNA barcoding in crop plants:V. vinifera L.
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Abstract

Vitis viniferaL., with more than 8000 cultivars in existence angorld wide cultivation is
one of the most important agricultural crops toistyc The difficult to recognize them, by
means of morphological features, has prompted ¢veldpment of new molecular markers
able to detect the genetic diversity and discrin@remong cultivars. In the present work,
we demonstrate how we reconstructed cultivar-sjgebdplotype performed by means of
DNA barcoding and extension into diploid SNP lagsing the character-based system in
place of the conventional phenetic approach. Antbegl49V. viniferagenotypes studied,
on the basis of three nuclear coding regions, G&legand two ESTSs, it was possible to
define 63 haplotypes of which 38 were cultivar-sfi@cwhile the other cases were more
complex haplotypes grouping several varieties at same time. Overall, the technique
resulted to be successful in inferring haplotypssful for definition of cultivar genotypes
and also allowed us to corroborate some hypothesgayding the origin of some local
cultivars, that suggested some issues of misideatibn (synonymy/homonymy). The
obtained data show that a SNP based detection itehrwill be a suitable tool for

grapevine fingerprinting useful for biodiversitycafood traceability aims.
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Introduction

The Vitaceae family consists of 14 genera and a0 species, primarily distributed
across tropical regions, but with a few generahsagVitis, present in temperate areas
(Soejima and Wen, 2006). The huge economic andnagriz importance of this family
derives from the speciéditis vinifera L. that is the only species extensively used m th
global wine agro-industry. Although a great dealimformation is available about the
horticultural management of commercial grapes, isearapevine represents one of the
major perennial crops in the world, there is a ssmgy lack of information about the
systematic positioning of the family and about piteece and period of the two independent
domestication events of grape plant (Soejima and,\2@06; Janseet al, 2006). A recent
work suggested, by means of 15 chloroplast micetifas, that the probable centre of
origin of the species is the Caucasian region sinethe area with the highest degree of
biodiversity (Grasset al, 2006). From the primo-domestication site thatuoeed in the
Near-East (Iran, Georgia, Turkey, 7400-7000 BPg dgnape moved toward China and
gradually spread to Mesopotamia and Egypt untiesxh the Mediterranean basin, Greece,
Italy, France and Spain, the secondary domesticagatre (Gras®t al, 2003). After that,
the grape cultivations colonized some regions atftidwn Europe and then the New World
countries where wild species€e V. ruparia V. rupestris V. berlandierj V. cinerea
showing natural resistance to some pathogenesl¢gbyd, oidium, mildew), were present.
These pathogenes in the middle of nineties centweye introduced in Europe where
became responsible of the spread of pest diseamesing a significant reduction in
European wild and cultivated grapevines, sensibtbe parasites.

The vast majority of world’s grapes are cultivafs\o vinifera subsp.vinifera (or
sativg that is believed to be derived from the widviniferasubspsilvestris During the
domestication, the wild ancestor underwent sewdradtic morphological and physiological
changes, such as changes in berry and bunch sestasd flower morphology, increase of
sugar content and greater and more regular pradghyc{rhis et al, 2006). The cultivated
grapevine is a diploid plant, highly heterozygousd anearly all cultivars are
hermaphroditic, self-fertile and out-cross easilhree different processes have had a

significance impact on the development of cultidatgrapevines: sexual reproduction,
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vegetative propagation and somatic mutations. Newotypes are produced by sexual
reproduction, either by crossing or self-fertilipat and then the adoption of genotypes
with desirable traits is realized by vegetativegagation. In fact the marked heterozygosity
of grape, the necessity to dispose of genotypds stiable morphological features and the
high incidence of inbreeding depression forced viteulturists to adopt the asexual
propagation to ensure conformity to the progeng (®view of Bessis, 2007). Although
clonal propagation should warrant that all plargsivied from the same mother plant are
genetically identical, the occurrence of somatictatians might eventually lead to the
formation of clonal variations and, in the casevimch the somatic mutation occur in only
one cell layer of the plant, to a genetic chimerisma. the co-existence of cells with
different genetic patrimony in the same organisimanks to this huge source of mutations,
thousands of grape cultivars and even biotypesinvighcultivar exist and are generally
classified according to their final production, wiand table grapes and raisins. Currently
the number of different varieties collected in vdovide germplasm collections is estimated
to be around 10000, even if it is also recognizZieat tmany cases of synonymy and
homonymy exist (Alleweldt and Dettweiler, 1994). rdagh the use of microsatellite
markers, very useful to determine cultivar identéyd parentage, it is plausible
hypothesizing that a more accurate estimate oftimeber of cultivars may be around 5000
(This et al, 2006). Italy probably represents the richesintguin ampelo-biodiversity due
to both the officially native grapevines and thessieze presence of regional minor
vineyards that together group around 2000 culticarsmpared to the only 400 present in
France (Schneider, 2005-2006).

Despite this huge biodiversity richness, only alspercent ofVitis viniferavarieties
are employed for the production of wine (Hidalg®@3Pand therefore this contributes to
the genetic erosion and the loss of variabilityalnthose countries were the viticulture
practice is really common, as in Italy, Spain, EafGagaet al, 2009). Consequently, the
identification and characterization of grape vae®ts necessary and must be ensured also
for the oldest ones that represent a huge geredaurce for improvement programmes. In
addition describing old and local cultivars camtout useful for the valorisation of wine
grapes in the view of food traceability. In facgrietal authenticity tests of grapes, juices,

musts and wines are important to grapegrowers andmakers since the wine quality
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depends by the vinification process, the geograptuagin of the grapes and the varietal
composition of the must (Pinder and Meredith, 2008)addition, after the introduction of

wine labelling laws and trade regulations, now alse marketing of wine requires the

development of diagnostic tools able to corredlignitify varieties used for the production
of wines. For example, the labelling with DOC at@iTI marks, conferring an additional

value to the product, can arise fraudulent mislaigebvents and thus European Legislation
(EEC No. 2081/92) was born to protect the geoggbhindications and designations of
origin (Dennis, 1998)

Accurate identification and characterization ofggane cultivars relies on the choice
of appropriate investigative tools. Traditionallhe ampelography, the field of botany
concerned with the identification and classificatiof grapevines, was based on plant
morphology. The first complete systematic work assleng several criteria for the
identification of 9600 vines dates back to 1952Higrre GaletAmpélographie Pratique.
Actually the International Organisation of Vine alkdne (OIV) is responsible for the
delineation of standards to guarantee the authgnt@f grapes and vine products
(http://www.oiv.int/uk/accueil/index.php). A list fo phenotypic traits employed to
distinguish varieties includes for each varietymesand synonyms, morphological aspects,
such as descriptions of leaves, growing shootstsiygs, petioles, flowers, grape clusters
and berries, cultural attitudes, such as diseas@sects resistance, and climatic needs.
Even with such a wide morphological keys, the tasgroperly recognize grape cultivars is
difficult to achieve and, since the high adaptapidif V. viniferaspecies to environmental
conditions that can heavily affect its phenotypee tmisidentifications are common.
Therefore new approaches were developed to guardinéeidentification of both grapes
and also vine-derived products, such as juice anévo which the morphological assays
are clearly not applicable (Garcia-Beneyeal, 2002; Sireet al, 2002).

Alternatives to ampelography for varietal idengtfion are protein profiling and
DNA fingerprinting. The former is a technique basedthe detection of macromolecules,
such as proteins (Moreno-Arribas al., 1999; Hayasakat al, 2001) or compounds from
the secondary metabolism as anthocyanins (Petal, 2005). The latter is based on the
discovery of nucleotide polymorphisms to charaztea specific genetic entity. Until now,
most DNA profiling studies in grapevine have beerfgrmed using neutral markers, such
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as Random Amplified Polymorphic DNA (RAPD; Silesal, 2000), Amplified Fragment
Length Polymorphism (AFLP; Ergut al, 2004) and Simple Sequence Repeat (SSR;
Salmasoet al, 2008). Currently, the SSR markers representoffieial diagnostic tool
adopted by the international scientific commundaydefine a cultivar and a set of six SSR
loci are now considered to be sufficient for genetentifications of most cultivars (Thet

al., 2004), thus to insert it in the Vitis Internatéd Catalogue of Cultivated Varieties
(http://www.vivc.bafz.de/index.php; Thist al, 2004). An other class of markers, more
suitable than SSRs, is represented by Single Ntd&d’olymorphisms (SNPs), single
base-pair differences in the form of substitutiarsInsertion/Deletions (In/Dels), that
represent the most frequent source of genetichilitygin the human genome (Colligt al,
1998). The recent technological advances and timelifig of two separate genome
sequencing projects (Jaillat al, 2007; Velascet al, 2007) made available the whole
sequence of the grapevine nuclear genome, encogrge analysis of allelic diversity and
SNPs characterization. Since the SNP discoverybsamasily automated and currently
there are several laboratory and computationalcgmbes to detect SNPs within a genome,
based on comparative analysis of the same DNA shifspm different individuals, the
application of these markers can be useful to dbarnae and map genes involved in the
genetic control of important traits, to detect asstions between alleles and phenotypes
(Rafalski et al, 2002) and for phylogeographic purposes (Brumfiet al, 2003).
Technically, in order to find the SNPs the nucléetifragment obtained by PCR
amplification, can be analyzed by means of strasmdarmational polymorphisms (SSCP),
melting temperature analysis, heteroduplex analysi8), CAPS, or direct sequence
analysis, in an approach called DNA barcoding. B3ans of DNA barcoding, an unknown
organism could be identified by matching DNA seqeenecovered from the sample to a
database of sequences from known organisms, pidyidescribed and recognized using
morphological keys (Hebedt al, 2003a). This technique could be of huge utildy the
correlation of the genetic diversity with the phgmac variability and hence for the
definition of cultivars-specific haplotypes exphdite for authentication assays. Anyway,
the employment of DNA barcoding at sub-speciesllsvieot a conventional application of
the method and, as proved by previous results iother important crop species, such as
Phaseolus vulgarigNicolé et al, submitted), it requires the exploitation of dfefient
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approach. In fact, since the genetic distance ansabgroups within a species is generally
too small to allow the definition of a sort of géinethreshold to delimitate different
varieties, the employ of the more complex charagossed clustering system, founded on
the concept of haplotype, could turn out usefulifraspecies study.

The aim of this research is developing a charatee DNA barcoding to
unambiguously distinguish varieties withih vinifera species in order to both safeguard
the genetic patrimony of the species, for exampletegting the local varieties and
resolving cases of homonymy and synonymy, and toramt the authenticity of the

grapevine cultivars and their geographical origin.

Materials and methods

Germplasm sampling ofVitis

For the molecular analysis, we sampled leaves frddifferent cultivars oYitis vinifera
selected as representatives of the most commoivarsltspread in Europe, most of them
with final destination for wine production, whilefew for table and raisins consumption.
Generally only one specimen was collected for eadhivar and, only for a few cases,
several individuals, different clones with diffetearigin, were included in the study, for a
total of 162 individuals. In details, 135 intermatal certified genotypes withi. vinifera
species, 85 from Italy, 4 from Rumania, 20 from iBpd1l from Greece and 16 from
Portugal were supplied by certified commercial sues. In addition, 24 genotypes of
ancient local cultivars, held in two private cotieas near the Euganean Hills (Padua) plus
one cultivar from Breganze (Vicenza), were analyaggarticular study case. Finally, two
interspecific hybrids, Bianca and Tintoria, wer@ad and a subsampling ¥f riparia, V.
rupestris V. berlandierj V. cinereaand V. labrusca accessions were used as reference

standards and out-groupgaple 1).
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Table 1.List of grapevine accessions with the indicatiborgin, certification and colour berry.

No. Species Cultivar Origin Source Berry Destination
62z Vitis vinifere Alphonse Lavalle Italy certifiec rec table
621 Vitis vinifera Cardinal Italy certified red table
620 Vitis vinifera Moscato d'Amburgo Italy certified red table
617 Vitis vinifera Palieri Italy certified red table
705 Vitis vinifera Aledo Spain certified red table
619 Vitis vinifera Italia Italy certified white table
738 \Vitis vinifera Matilde Italy certified white table
737 \Vitis vinifera Regina Italy certified white table
736 Vitis vinifera Regina Inzolia Italy certified white table
728 \Vitis vinifera Regina Razaki Greece certified white table
723 Vitis vinifere Sultanina 91 Greece certifiec white  raisins
724 \Vitis vinifera Sultanina 122 Greece certified white  raisins
624 Vitis vinifere Aglianica Italy certifiec rec wine
554 Vitis vinifera Barbera Italy certified red wine
635 Vitis vinifera Bovale Sardo Italy certified red wine
559 Vitis vinifera Cabernet Franc Italy certified red wine
555 Vitis vinifera Cabernet Sauvignon Italy certified red wine
633 Vitis vinifera Calabrese Italy certified red wine
632 Vitis vinifera Canaiolo Nero Italy certified red wine
593 Vitis vinifera Cannonau Italy certified red wine
610 Vitis vinifera Carignan Italy certified red wine
594 Vitis vinifera Carmenere ISV Italy certified red wine
601 Vitis vinifera Carmenere R9 Italy certified red wine
628 Vitis vinifera Ciliegiolo Italy certified red wine
626 Vitis vinifera Colorino Italy certified red wine
642 Vitis vinifera Corvina Italy certified red wine
592 Vitis vinifera Croatina Italy certified red wine
591 Vitis vinifera Dolcetto Italy certified red wine
589 Vitis vinifera Franconia Italy certified red wine
643 Vitis vinifera Freisa Italy certified red wine
644 Vitis vinifera Grignolino Italy certified red wine
567 Vitis vinifera Lambrusco Maestri Italy certified red wine
739 Vitis vinifera Malbech cl.594 Italy certified red wine
740 Vitis vinifera Malbech ISVR6 Italy certified red wine
611 Vitis vinifera Malbo Gentile Italy certified red wine
602 Vitis vinifera Malvasia Nera Italy certified red wine
553 Vitis vinifera Merlot Italy certified red wine
615 Vitis vinifera Montepulciano Italy certified red wine
564 Vitis vinifera Nebbiolo Italy certified red wine
636 Vitis vinifera Negroamaro Italy certified red wine
722 Vitis vinifera Nero d'Avola Italy certified red wine
609 Vitis vinifera Petit Verdot Italy certified red wine
629 \Vitis vinifera Piedirosso Italy certified red wine
569 Vitis vinifera Pinot Gris Italy certified red wine
556 Vitis vinifera Pinot Noir VCR Italy certified red wine
570 Vitis vinifera Pinot Noir c115 Italy certified red wine
586 Vitis vinifera Primitivo di Gioia Italy certified red wine
552 Vitis vinifera Raboso Piave Italy certified red wine
558 Vitis vinifera Raboso Veronese Italy certified red wine
583 Vitis vinifera Refosco Penduncolo Rosso  Italy certified red wine
639 \Vitis vinifera Rondinella Italy certified red wine
582 Vitis vinifera Sagrantino8 Italy certified red wine
634 Vitis vinifera Sagrantino§ Italy certified red wine
560 Vitis vinifera Sangiovese Italy certified red wine
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641 Vitis vinifere Teroldeq Italy certifiec rec wine
646 Vitis vinifera Tocai Rosso Italy certified red wine
645 Vitis vinifera Vernaccia Serrapetrona Italy certified red wine
604 Vitis vinifera Albana Italy certified white  wine
640 Vitis vinifera Arneis Italy certified white  wine
557 Vitis vinifera Chardonnay Blanc Italy certified white  wine
637 Vitis vinifera Falanghina Italy certified white  wine
590 Vitis vinifera Fiano Italy certified white  wine
562 Vitis vinifera Garganega Italy certified white  wine
613 Vitis vinifera Grechetto Italy certified white  wine
631 Vitis vinifera Greco Italy certified white  wine
603 Vitis vinifera Malvasia del Chianti Italy certified white  wine
721 Vitis vinifera Malvasia Istriana Italy certified white  wine
563 Vitis vinifera Manzoni Bianco Italy certified white  wine
588 Vitis vinifera Moscato Bianco Italy certified white  wine
612 Vitis vinifera Moscato Giallo Italy certified white  wine
608 Vitis vinifera Moscato Sardo Italy certified white  wine
587 Vitis vinifera Picolit Italy certified white  wine
568 Vitis vinifera Pinot Blanc Italy certified white  wine
630 Vitis vinifera Prosecco Balbi Italy certified white  wine
623 Vitis vinifera Prosecco Lungo Italy certified white  wine
584 Vitis vinifera Ribolla Gialla Italy certified white  wine
625 Vitis vinifera Riesling Italico Italy certified white  wine
627 Vitis vinifera Riesling Renano Italy certified white  wine
561 Vitis vinifera Sauvignon Blanc Italy certified white  wine
565 Vitis vinifera Tocai Friulano Italy certified white  wine
551 Vitis vinifera Tramier Italy certified white  wine
566 Vitis vinifera Trebbiano Romagnolo Italy certified white  wine
607 Vitis vinifera Trebbiano Toscano Italy certified white  wine
638 Vitis vinifera Verduzzo Friulano Italy certified white wine
606 Vitis vinifera Vermentino Italy certified white  wine
616 Vitis vinifera Vittoria Italy certified white  wine
605 Vitis vinifera Traminer Aromatico Italy certified pink  wine
726 \Vitis vinifera Aghorghitiko Greece certified red wine
731 Vitis vinifera Moscomavro Greece certified red wine
725 Vitis vinifera Xinomauro Greece certified red wine
729 Vitis vinifera Asirtiko Greece certified white  wine
727 Vitis vinifera Korintos Greece certified white  wine
733 \Vitis vinifera Moscofilero Greece certified white  wine
730 Vitis vinifera Rhoditis Greece certified white  wine
732 Vitis vinifera Robolla Greece certified white  wine
755 Vitis vinifera Tempranino(Tinta Moriz) Portugal certified red wine
746 Vitis vinifera Tinta Barroca Portugal certified red wine
747 \Vitis vinifera Tinta Francisca Portugal certified red wine
745 Vitis vinifera Tinto Cao Portugal certified red wine
743 Vitis vinifera Touriga Franca Portugal certified red wine
742 Vitis vinifera Trincadeira Portugal certified red wine
744  Vitis vinifera Turiga National Portugal certified red wine
753 Vitis vinifera Alfrocheiro Portugal certified black  wine
756 Vitis vinifera Bastardo Portugal certified black wine
750 Vitis vinifera Castelao Portugal certified black wine
748 Vitis vinifera Vinao (Souson) Portugal certified black wine
751 Vitis vinifera Antao Vaz Portugal certified white  wine
752 Vitis vinifera Arinto Armas Portugal certified white  wine
741 Vitis vinifera Fernao pires Portugal certified white  wine
754  Vitis vinifera Malvasia Fine Portugal certified white  wine
749 Vitis vinifera Rabigato Portugal certified white wine
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64¢< Vitis vinifere Feteasca Neac Rumanii certifiec rec wine

647 Vitis vinifera Feteasca Alba Rumania certified white  wine
648 Vitis vinifera Feteasca Regala Rumania certified white  wine
650 Vitis vinifera Mustoasa de Maderat Rumania certified white  wine
712 Vitis vinifera Bobal Spain certified red wine
715 Vitis vinifera Cannonao Spain certified red wine
714 Vitis vinifera Cannonao Garnacha Spain certified red wine
716 Vitis vinifera Cannonao Grenache Spain certified red wine
719 Vitis vinifera Graciano Spain certified red wine
708 Vitis vinifera Mencia Spain certified red wine
720 Vitis vinifera Monastrel Spain certified red wine
713 Vitis vinifera Prieto Picudo Spain certified red wine
701 Vitis vinifera Tempranillo Spain certified red wine
703 Vitis vinifera Tempranillo Tinta Pais Spain certified red wine
702 Vitis vinifera Tempranillo Tinto de Toro Spain certified red wine
704 Vitis vinifera Tinta Fina Spain certified red wine
707 Vitis vinifera Albarino Spain certified white  wine
710 Vitis vinifera Blanca Cayetana Spain certified white  wine
706 Vitis vinifera Macabeo Spain certified white  wine
711 Vitis vinifera Parda Spain certified white  wine
718 Vitis vinifera Parellada Spain certified white wine
717 Vitis vinifera Pedro Ximenez Spain certified white  wine
709 Vitis vinifera Xarello Spain certified white  wine
528 Vitis vinifera Gruaja* Breganze, Vicenza local red wine
507 Vitis vinifera Agostana Nera* Euganean Hills, Padua  local red wine
508 Vitis vinifera Cabernet Lispida* Euganean Hills, Padua  local red inew
504 Vitis vinifera Corbinella* Euganean Hills, Padua  local red wine
503 Vitis vinifera Corbinona* Euganean Hills, Padua  local red wine
517 Vitis vinifera Friularo 1* Euganean Hills, Padua  local red wine
518 Vitis vinifera Friularo 2* Euganean Hills, Padua  local red wine
519 Vitis vinifera Friularo 3* Euganean Hills, Padua  local red wine
520 Vitis vinifera Friularo 4* Euganean Hills, Padua  local red wine
521 Vitis vinifera Friularo 7* Euganean Hills, Padua  local red wine
501 Vitis vinifera Gatta* Euganean Hills, Padua  local red wine
510 Vitis vinifera Marzemina Cenerenta* Euganean Hills, Padua local d re wine

511 Vitis vinifera Marzemina Nera Euganean Hills, Padua  local red wine
512 Vitis vinifera MarzeminaNera bastarda* Euganean Hills, Padua  local red wine
506 Vitis vinifera Merlot 181 Euganean Hills, Padua  local red wine
505 Vitis vinifera Merlot R3 Euganean Hills, Padua  local red wine
513 Vitis vinifera Negrara Veronese* Euganean Hills, Padua  local red inew
514 Vitis vinifera Pattaresca* Euganean Hills, Padua  local red wine
522 Vitis vinifera Raboso Piave 1 Euganean Hills, Padua  local red wine
523 Vitis vinifera Raboso Piave 2 Euganean Hills, Padua  local red wine
524 Vitis vinifera Raboso Veronese Euganean Hills, Padua  local red e win
509 Vitis vinifera Marzemina Bianca Euganean Hills, Padua  local whitg@ine

502 Vitis vinifera Pignola Euganean Hills, Padua  local white  wine
515 Vitis vinifera Schiavetta Doretta* Euganean Hills, Padua local tevhi wine

61¢ interspecific hybrii  Perle Italy certifiec white table

535 interspecific hybrid Bianca Italy certified whi wine

516 interspecific hybrid Tintoria* Euganean Hilkadua local red wine
53C Vitis riparia Gloire CRA ISV collectiot local rec rootstocl
531 Vitis rupestris Du Lot CRA ISV collection local red rootstock
532 Vitis berlandieri wild CRA ISV collection local red rootstock
533 Vitis cinerea wild CRA ISV collection local red germplasm
534 Vitis labrusca wild CRA ISV collection local red germplasm

* Varieties not registered in the Italian Catalegyf Cultivated Varietes; CRA ISV, Consiglio perRicerca
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Genomic DNA extraction

Genomic DNA was isolated from frozen young leagues using DNeasy Extraction kit
(Qiagen) according to the manufacturer’s protocal the DNA was eluted in 80-100 pul of
TE 0.1 Buffer (Tris-HCI 100 mM, EDTA 0.1 mM pH 8Jyhe final concentration of DNA
was estimated by electrophoresis on 0.8% agaroge/gél and the quantification was
conducted by comparison with 1 Kb plus DNA laddavitrogen) of known concentration.

DNA barcode markers and PCR assays

In a preliminary assay, seven different chloroptastkers i(poB, rps andrpl32 genes and
trnH-psbA trnT-trnL, atpB-rbcL and psbK-psblintergenic spacers) were chosen because
they proved to be the most polymorphic regions ianyntaxa (ref). Once verified the
inadequacy of the chloroplast genome, we shiftethéonuclear genome and four nuclear
cDNA sequences (IF01, IB02, ID04 and 11IC08), belaggo an EST (Expressed Sequence
Tags) database containing sequences related tofdaational classes of genes - sugar
metabolism, cell signalling, anthocyanin metaboliand defence related - and the GAI
gene, involved in the biosynthetic pathway of thigbgrellins (Gas) (Wert al, 2007),
were selected and amplified for all the accessiboseach chloroplast and nuclear marker,
the PCR reactions were conducted in a volume qflZ¥ntaining 15 ng of genomic DNA
as template, 1x PCR buffer (100 mM Tris-HCI pH 48,mM MgCh and 500 mM KCI),
0.2 mM dNTPs, 0.2 uM of each primer and 0.5 Uraff DNA polymerase. The primers
pairs, along with the relative nucleotide sequenaed the reference information, are
supplied inTable 2 All the PCR amplifications were performed on an&mp PCR
System 9700 (Applied Biosystems). The themalcyclomnditions for the chloroplast
regions were the following: 5 min at 95°C followbyg 35 cycles of 30 sec at 95°C, 1.10
min at 50-56°C (in function of the marker), 1.20nnait 72°C, followed in turn by 7 min at
72°C and then held at 4°C. For the nuclear regams the GAI gene, the temperature
conditions used were those recommended by Saletasio (2004) and Weret al (2007),
respectively. Positive and negative controls weseduas references. The PCR-derived
fragments were resolved on 2% agarose/TAE gelsvaswilized under UV light using

ethidium bromide staining.
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Table 2.List of primers used for each chloroplast and eaichmarker with their nucleotide sequence, ampliength and references.

Marker Length (bp) Primer name Primer sequence (5'-3") Ta (°C) References
rpsie 95€ rps F GTGGTAGAAAGCAACGTGCGACT1 56 Oxelmanet al., 1997
rps_R TGCGGATCGAACATCAATTGCAAC Oxelmanet al,, 1997
rpl32 intron 1377 rpl32_F CTGCTTCCTAAGAGCAGCGT 50 Shawet al., 2007
rpl32_R CAGTTCCAAAAAAACGTACTTC Shawet al, 2007
trnH-psbAIGS 460 psbA3'f GTTATGCATGAACGTAATGCTC 56 Sanget al, 1997
trnHf CGCATGGTGGATTCACAATCC Tate and Simpson, 2003
trnT-trnL IGS 1016 trnTUGU2F CAAATGCGATGCTCTAACCT 56 Cronnet al, 2002
5trnLUAAR TCTACCGATTTCGCCATATC Taberletet al, 1991
atpB-rbcLIGS 927 atpB-rbcL_F AACACCAGCTTTRAATCCAA 56 Chianget al, 1998
atpB-rbcL_R ACATCKARTACKGGACCAATAA Chianget al, 1998
trnL-trnF IGS 406 trnL_UNIE GGTTCAAGTCCCTCTATCCC 50 Taberletet al, 1991
trnL_UNIF ATTTGAACTGGTGACACGAG Taberletet al, 1991
GAIl 761 GAI_F ATGGATGAGCTTCTCGCTG" 50 Wenet al., 200"
GAI_R TAGAAGTGCATCTGRAGAAT Wenet al, 2007
IFO1 607 if01_F ATGGCTGGCAATCAGGAAGG 60 Salmascet al, 2004
if01_R GCCTTGTTGAGCTCCAACAC Salmasaet al, 2004
IBO2 481 ib02_F AAGATTCTTCTGACAACCGGC 60 Salmascet al, 2004
ib02_R GCTTGTTGAATACCTCCATCC Salmascet al, 2004
ID04 419 ido4_F CACCAGTCCCTTACCAGTCT 55 Salmasaet al, 2004
ido4_R CAGTAGAGGAACACAACTGAG Salmascet al, 2004
[1C08 418 1Ic08_F CAAGGCCTTCTCTTCGTACC 60 Salmascet al, 2004
1Ic08_R AAGAATTCATATCGCCGACC Salmascet al, 2004
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All amplification products were purified enzymatigeby digestion with Exonuclease | and
Shrimp alkaline phosphatase (Amersham) and theecttir sequenced bidirectionally
according to the original Rhodamine terminator eystquencing kit (ABlI PRISM Applied
Biosystems). Only in one case, EST IF01, the sexingrwas carried out using only the
Reverse primer because of the presence of a lolygTpdose to the Forward priming site.
In presence of bad quality sequences, a secondw43Rconducted. When the sequence

quality was poor, the PCR amplification and sequensteps were repeated.

Character-based analysis

All the obtained nuclear sequences were visualaed manually edited by means of
Sequencer 4.8. Nucleotide sites in which only a@lsimucleotide (=character state, CA,
according to the DeSalle’s terminology; DeSadteal, 2005) per site was detected were
considered homozygous, whereas when two CAs pervatre found the position was
considered heterozygous and recorded using the(lid&national Union of Biochemistry)
conventional code for degenerate bases. Sequemdargy search was performed using
GenBank BLASTnN algorithm (http://www.ncbi.nim.nilegBLAST) against the nucleotide
databases of NCBI to check the correspondence batwee sequences of the obtained
amplicons with the expected sequences. Data asdlysthe combined nuclear sequences
was carried out for only three out the five markexgdied (GAI, IDO4 and [IC08). At the
moment, the IFO1 and IBO2 ESTs were not includetheanalysis to avoid problems of
wrong base calling, made by eye, in correspondaficambiguous heterozygous sites
extremely frequent for these two sequences. Meltggquence alignments were performed
by SeAl version 2.5oftware and, since the intrinsic difficult of tB&A barcoding applied

at subspecies and population level, the traditiphainetic approach was substituted by the
character—based method (Sarkaal, 2002). Analysis of polymorphisms distributionsva
performed using Mega version 4.1 to display thgrald combined sequence data and to
highlight all the variable sites. To simplify datasualization, all the monomorphic
nucleotide positions were excluded from the analgsid kept only those showing a SNP.
The information about SNP occurrence were adopiegeherate by eye a map with the
haplotype reconstruction. to use very short secesgenn order to make unlikely the
occurrence of recombining events. In addition wineel an haplotype also in presence of
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heterozygous sites that were dealt as functiorafyloid SNPsi.e. without separating the
two alleles found for each heterozygous polymorlasition and recording it with the IUB
code. The presence of specific character statescamiination of character states was
evaluated as distinctive of a particular cultivay more generally, of a group of cultivars
within V. vinifera species. The termpure, simple and compoundwere employed in
agreement to DeSalle’s terminology (DeSateal, 2005): pure to indicate a CA shared
among all the individuals belonging to an haplotgmel absent form the others, simple to
describe a CA narrowed to a single nucleotide mysand compound for a combination of

particular CAs at determined multiple nucleotidsipons.

Results

Nature and frequency of SNPs detected by sequencing
The initial approach was testing the most variatiioroplast regions. The first choice
regarded the employment of ttH-psbA intergenic spacer that proved to be the most
informative marker within thd?haseolusspecies and in other several taxa (Kress and
Erickson, 2007). Once the marker was amplifiedaibthe accessions, it was evident that
the sequence was not as much variable as it wasthegized, but it resulted to be not only
monomorphic among different cultivars, but alsorsely variable amonyitis spp., with a
number of SNPs equal to 0 and 2 when compavinginifera cultivars andVitis spp.,
respectively. The almost complete absence of palghism, even among different species
of Vitis genus, led us to further scavenge the chloroglasbme in order to find other
markers with a more appropriate mutation rate fapgvine barcoding. Therefore other six
sequences, chosen among the most common markeen@oosperms phylogeny were
investigated, the coding regiops16g therpl32 intron and four intergenic spacets)H-
psbA atpB-rbcL, trnT-trnLandtrnL-trnF (Soejima and Wen, 2006; Shaial, 2007). The
regions were tested only in a subset of accessatisyepresentatives of every species and
with also thirty samples withiW. vinifera but an unexpected lack of polymorphisms was
found both at the intraspecific and interspeciéedl (data not shown).

These results led us to move beyond the chlorbplad investigate the nuclear
genome, whose analysis in the last decades be&altye common since it is a recombining
and byparentally inherited DNA that allows to siiim the gene trees to multi-locus study
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of population history (Hare, 2001). Five markersavehosen among 50 gene fragments,
considered putative single-copy genes on the bafsia previous study evaluating the
degree of polymorphisms &f. viniferaby SSCP and sequencing techniques (Salreaiso
al., 2004). In total 2686 nucleotides from ncDNA waraplified for each accessions (no
indels were recovered), but only three regions, ,GB04 and IIC08, for a total of 1598
base pairs, were used for the final calculatiothefSNP frequency. We encountered some
difficulties for scoring the chromatograms of tHB@02 and IFO1 ESTs because of the
presence of several cases of additivity that cooldbe considered certainly heterozygous.
Since the SNP occurrence, both in state of homaiggand heterozygosis, has to be
detected with an high degree of confidence in otdeinfer the haplotype composition
suitable for identification aims, we limited ourcfes to the regions with no case of

ambiguous base calling.

Character-based DNA barcodes specific of cultivars

When comparing all the genotypes, a total of 59 BBigolymorphic sites in 1598 bp of
genomic sequence were counted am&figs spp. and withinVitis vinifera species,
respectively, with an average frequency of one $&Revery 26.77 bases and 29.3 bases,
respectively. Considering the single region indinatly, the average frequency of CAs
occurrence resulted equal to one SNP for every35@3.95 and 23.22 nucleotides for the
region GAl, ID04 and [IC08, respectively, at théraspecific level and one SNP for every
42.27, 19.95 and 20.9 nucleotides, respectivelthainterspecific levelTable 3). On the
basis of previous phylogenetic information, the lghsampling was divided in four sub-
populations (i) the international cultivars; ii)etHocal varieties; iii) the interspecific
hybrids, Perla, and Bianca, twéa vinifera backcross with introgressed genes from non-
vinifera ancestors, and Tintoria, and iv) the fiviitis spp., and the genetic diversity,
estimated within each population, was equal to 1.00.0003, 0.0014 and 0.0041,
respectively. The genetic distance between the |lptpos was 0.0032 between local and
international cultivars, 0.0051 and 0.0021 betweemative hybrids and, respectively,
international cultivars and local varieties, an@0®3, 0.0069 and 0.0027 between the

outgroups and, respectively, international culsydmcal varieties and hybrids.
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Table 3. Information including sequence length of amplicomsmber and frequency of SNPs at
inter- and intra-specific level and number of hayges (Hn) for each nuclear barcodes and for the
combined sequence of three regions.

Lenght (bp) No. SNPs Frequency (1SNP/bp) Hn
Vitisspp. V. vinifera  Vitisspp. V. vinifera  Vitisspp. V. vinifera
GAl 761 18 15 42.27 50.73 23 18
ID04 419 21 20 19.95 20.95 33 28
11IC08 418 20 18 20.9 23.22 14* 11
Combined 1598 59 53 26.77 29.3 67 62

*, missing data.

The number and the composition of haplotypes wereveld without the employment of
any software because of the difficulty of the peogs to work on data file with
heterozygous sites and their feature to providey m¢ most probable haplotypes using
statistical algorithms (Table 3). Thanks to thegéganumber of polymorphic sites, it was
possible defining a distinct haplotype for unamioigsly recognizing each one of the five
species ofVitis, even if not always the whole combined sequence waeaailable.
Considering each single gene individually and ediclg the nonvinifera Vitisthat belong
to a specific haplotype on the basis of each matkernumber of haplotypes among grape
cultivars and inter-specific hybrids were equall® 28 and 11 for GAIl, IDO4 and [ICO08,
respectively, without taking into account the ditias were missing data could lead to
ambiguous results. When the whole combined sequeaseanalyzed, all the genotyp¥s,
vinifera cultivars and hybrids, could be divided in at te&® haplotypes, constituted by one
to eight accessions, on the basis of the complatebmed nucleotide sequendeble 4
shows the character state at all 53 polymorphidemticle positions among cultivars, in
particular 15, 20 and 18 CAs for GAI, ID04 and IBEC@arker respectively, along with the
frequency of each allele per position. Since ouceasions are cultivars under strict
selection and thus do not represent a random sagnoti grapevine populations that
follows the equilibrium of Hardy-Weinberg and afso most of the cultivars a single clone
was present, all the variable sites were consideeghrdless of the restrictive definition
that consider a SNP only if the frequency of thesnammmon allele is less than 0.95 (that
means it could not be considered informative inopytation analysis). In five situations,
when multiple individuals were collected for a owdt, we have never experienced

intracultivar variability, but the CAs were sharathong all the representatives of the
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cultivar. This situation happened for Sultanina,ri@enere, Malbech, Cannonao and
Sagrantino cultivars, each of them counted two ispets that shared the same
polymorphisms. For four of them these CAs allowedéfine a cultivar-specific haplotype,
whereas for the Carmenere cultivar its haplotypamusition was in common with other
four different cultivars, Sauvignon Bianco, Schid@@eDoretta, Albana, Piedirosso and

Cabernet Lispida.
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Table 4. For three nuclear markers, GAIl, ID04 and 11ICO8pinfation about character state and allele frequé¥tgyincluded in parenthesis for
each polymorphic position.

Marker SNP positior
GAl 15€ 18t 227 232 24C 25C 284 331 36¢ 464 511 56¢
G (98.7 C(98.7 C(99.35 T(99.35 C(98.1 C(724 T(99.35 T(99.35 C(99.35 S (5.8 C (75.6 C (98.7
R (1.3) T (0.6) Y (0.6) Y (0.6) M (1.9) Y (24.35) \0.6) K (0.6) Y (0.6) C (0.9 Y (21.15) M (1.3)
Y (0.6) T(3.2) T (3.2)
589 595 601
T(97.4) G (96.15) C (99.35)
Y(2.6) A(2.6) Y (0.6)
R (1.3)
ID04 28 35 13¢ 14C 16¢€ 21€ 227 232 252 262 28¢€ 287
G (755 A(73.3 S (49.7 A(96.8 T(99.35 A (98.1 Y (7290 A(98.17 A(98.1 A((94.2 G (93.5 A (99.35
K(24.5) R((22.3) C(3555 R (3.2 Y (0.6) M (1.9) C(26.45) M (1.9 R (1.9) W (5.2) S (5.8) R (0.6)
316 327 332 333 345 355 358 376
A(98.7) A(75.3) G (99.35) K (50) G(99.3) G (99.3) A(99.3) C(98.6)
W (1.3) R(24) R (0.6) G (40.9) K (0.7) R (0.7) R (0.7) Y (1.4)
G (0.6) T(9.1)
1IC08 7 13 28 50 53 62 95 12¢& 13¢ 181 193 20t
C (65 C (99.4 C((99.4 G943 T(M994 G (99.4 C((@8.1 T(@O75 C(994 T(98.7 T(975 C (99.4
Y (20.4) Y (0.6) Y (0.6) A (3.8) G (0.6) R (0.6) (1.25) W (2.5) Y (0.6) Y (1.25) Y (1.9 S (0.6)
T (14.6) R (1.9) T (0.6) C (0.6)
211 299 301 329 349 376
A(98.7) A(75.3) G (99.35) K (50) G (99.3) G (99.3)
W (1.3) R (24) R (0.6) G (40.9) K (0.7) R (0.7)
G (0.6) T(9.1)
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Table 5. Consensus sequence related to the 53 individuBs®Ntected in the three target nuclear
regions with information on the haplotypes foundoas all grapevineMitis spp.) entries. The
number of entries corresponding to local grapesnataded in parentheses (see next page).

Genotypes Hp GAI 1D04 11IC08
#622_Al phonse 01 GCCCTCYTTCCYCTGCGC GAGCATACAAAGAAAGGGGAC CCCGICGCCTCTTCGGTGIC
HOLT_Pal i €ri e e
#730_Rodi tiS e
H#TO05_Al €d0 e ?
HTA6_Tinta BarrOCa e e
HT51_ANt a0 Vaz e
#706_Macabeo s 222
#592_Croatina 02 e Y oo
#615_Mont epul ci ano 03 e W
#724_Sul t ani na o4 ... T T
#723_Sultanina ..., L
#562_Gar ganega 05 . S o K Yoo K
#623_Prosecco Lungo L. S K Yoo oo K
#611_Mal bo Gentile 06 ... S KoY Yoo K.
#563_Manzoni Bi anco o7 ..., C...C..... KRS ..Y. W..R ..... .
#627 _Riesling Renano ...... C...C..... KRS ..Y. W..R ..... ... ... ...
#589_Fr anconi a 08 ...... C...C..... KRS ..Y...... R o
#725_Xi norauro ..., C...C..... KRS ..Y...... R .
#522_Raboso Piave ..., C...C..... KRS ..Y...... R
#523_Raboso Piave ..., C...C..... KRS ..Y...... R .
#552_Raboso Piave ..., C...C..... KRS ..Y...... R o
#557_Chardonnay ..., C...C..... KRS ..Y...... R
#519_Friularo ..., C...C..... KRS ..Y...... R o
#520_Friularo ..., C...C..... KRS ..Y...... R .
#518 Friularo ... C...C..... KRS ..Y...... R .
#517_Friul aro 2????2222°222227°7° 222220002222000°°2°0°°
#612_Mscato G allo 09 ...... L
#588_Mbscat o Bi anco 10 ...... G
#608_Mpscato Sardo ..., O
#731_Moscomavro ..., G
#733_Moscofilero ... O
#554_Barbera ... O
#586_Prinmtivo Goia ...... L
#502_Pignola ... L
#749_Rabi gato ..., L
#647 Feteasca Alba ... .. Co...C... .. 222 ?7?
#503_Cor bi nona i C...Co..... ... W e
#504_Corbinella ..., C...Co..... .......... W e
#745_Tinto Cao 12 ... G S
#727_Kori nt os i RC. . G e
#524 _Raboso Veronese 14 ... C...C..... S KR. Yoo oo K
#558_Raboso Veronese 15 ..., C...C..... S K Yoo K
#521_Friularo7 ... C...C..... S K. Yoo K.
#607_Tr ebbi ano Toscano ...... C...C..... S K Yoo K
#583_Refosco ... C...C..... S K Yoo K
#514_Pattaresca ..., C...C..... S o K Yoo K
#510 _Marzem Cenerenta  ...... C...C..... S K Yoo K
#511_Marzenmina Nera —  ...... C...C..... LS, K Yoo K
#509_Mar zem na Bi anca 16 ...... C...C..... LG T Yoo K
#640_Arneis ... C...C...... LG T Yo oo K.
#728_Razaki 17 ... C...C..... LG T
#737_Regina ... C...C..... LG T
#736_Regina Inzolia ...... C...C..... LG T
#633_Cal abrese 18 ..., C...C..... S Koo
#722_Nero Avola ..., C...C..... S Koo
#626_Col orino ..., C...C..... S Koo
#726_Aghorghitiko ... C...C..... S Koo
#513_Negrara ... C...C..... S Koo
#628_Cliegiolo ... C...C..... S Ko
#632_Canaiolo Nero ..., C...C..... S K?2?2?
#744_Turiga National —  ...... C...C..... S Koo
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#505_Mer | ot 19 ..., C...C..... S K. . AL
#506_Merlot ... C...C..... S K. . AL
#553_Mmerlot ... C...C..... S K. . AL
#721 Mal vasia |striana 20 ...... C...CM. S Koo
#593_Cannonau A C...SC..... S Koo
#564_Nebbi ol o 22 ..., C...C...... S...... W. . Ko
#642_Corvi na 23 ... MC....C..Y S...... W....K ...
#561_Sauvi gnon Bl anc Z C...C..... S K. . T G.
#515_Schi avetta Doretta  ...... C...C..... S K. . T G.
#604_Al bana ... C...C..... S K T G.
#629_Piedirosso ... C...C..... S K T G.
#508_Cabernet Lispida ...... C...C..... S K T G.
#601_Car renere ... C...C..... S K. . T G .
#594_Carnenere ... C...C..... LS K. . T G .
#565_Tocai 25 ..., C...C..... LG T T oo G .
#559_Caber net Franc 26 ...... O T G.
#649_Feteasca Neagra  ...... Co...C..... T G .
#603_Mal vasi a Chi ant i 27 ... .. [ Yoo G .
#609_Petit Verdot 28 ... R Yoo K
#635_Bovale Sardo  ...... R Yoo K
#590 Fiano ... [ Yoo K
#587 Picolit 29 ..... RC....CM . ... ... .. . . . . . . . . . . . .. Y. K
#631_G eco 30 ...... C...C..... .......... T ..., Yoo K
#512_Marzem Nera Bast. 31 ... C...C..... KRS ..Y...... R..... Yoo K
#569_Pinot Gis ...... C...C..... KRS ..Y...... R..... Yoo K
#570_Pinot Noir ..., C...C..... KRS ..Y...... R..... Yoo K
#556_Pinot Noir ..., C...C..... KRS ..Y...... R..... Yoo K
#568_Pinot Blanc . ..... C...C..... KRS ..Y...... R..... Yoo K. .
#625_Riesling Italico 32 ... C...C..... KRS ..Y...... R..... T G.
#637_Fal anghina ..., C...C..... KRS ..Y...... R..... T G.
#738_Matilde ... C...C..... KRS ..Y...... R..... T G..
#650_Mustoasa ..., C...C..... KRS ..Y...... R..... T G.?
#740_Mal bech 33 ... C...C..... KRS ..Y...... R..... AL
#739_Mal bech .. C...C..... KRS ..Y...... R..... A
#643_Frei sa 34 ... C...C..... KRG..Y...... R K Yoo K
#605_Tr am ner _aromati co 35 ..., C...C..... KRG..Y...... RK ...
#606_Vermentino ... C...C..... KRG..Y...... RK ...
#732_Robolla ... C...C..... KRG..Y...... RK ...
#616_Vittoria 36 KRG..Y...... RK o
#619 Italia 37 o KRG..Y...... R K T ..o G .
#708_Menci a 38 L KRS ..Y...... R..... Yoo K
#621_Car di nal 39 L KRS ..Y...... R
#582_Sagranti no A0 e T G.
#634_Sagrantino s T G .
#747_Tinta Franci sca 41 ... C...C LA .. R
#716_Pedro Xi menez 42 ... C..SC..A .. ................ Koo
#715_Cannonao 43 ... C...SC..A .. S Koo
#714_Cannonao ..., C...SC..A .. S Koo
#646_Tocai Rosso 44 ... C...C..R.. S Koo
#743_Touriga Franca ...... C...C..R .. LS. Koo
#645_Ver nacci a 45 ... C...C..... ?22.G . B
#507_Agostana ... C...C..... LG T
#756_Bastardo ... C...C.... ?222.G . T
#501_Gatta 46 ..., C...C..... LG T Yoo K
#641_Ter ol dego Y C...C...... LS \ K
#710_Bl anca Cayet ana 48 ..., T ...T...... S Koo
#711_Parda ... T....T...... S Koo
#742_Trincadeira 49 L. G
#709_Xarell o 50 ... LG T
#720_Monastr el 51 .. S Koo
#712_Bobal S Koo ?
#630_Pr osecco Bal bi 52 ...... C.......... S K Yoo K
#584_Ri bol | a 53 ... C..... S Koo
#719_Graciano L. C..... S Koo
#718_Par el | ada 54 ... ... SC...... S K. . R
#602_Mal vasi a Nera 55 .......... SC...... S K. . T G .
#748_Vi nao 56 ... G..Y...... R K AL
#729 _Asirtiko 57 i S K. T G .
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#555_Cabernet Sauvi gnon 58 Y..R ... ... K
#528_G uaj o 59  ...... C...C...... KR G.MWM. .. W.K \ YW YY..KK .M
#516_Ti ntoria 60  ...... C...C...... KRG.MMRSW.K... Y....... YW YY..KK .M
#618_Perl a 61 RY.YY.CKY.CY.... TRGY.T...C...RKR .YY.GR TW.CSR. .RCA
#535_bi anca 62 T C. C..... YRG.MMRSR .. K ... ........ YW.Y...... M
#532_V. berl andieri 63 RY.YY.C.KY.C.Y..S. TGRGY.T...C..ARY.R Y...KYR TW.CSR..RCA
#534_V. | abrusca 64 T....C....C...... ...G.MCMRSRAK ... ........ YW.Y...... M
#531_V. rupestris 65 A.TC.C.Gv.CC... TGG..T...C..A.T... ..T.G..TA .CYA...CA
#530_V. riparia 66 A .TC.CCGI.CC..GTGRG..T...C..A . T... T....T..TA .C.A ..CA
#533_V. cinerea 67 .TS...C....C...... CCCGKCR. TWTCSG. T. Y. ? ?2?2?2?2?72?2?22222?72722?22?2?2?7
#624_Agl i ani co na  ...... C. C...... N N R Ty G..
#620_Mbscat o Anbur go na ... KRS ..Y...... R..... ??2727222222222°2°2°°%
#752_Arinto Armas na  ...... C. C..... ?2GCER.Y...S..R.???? L ?
#551_Tr am er na  ...... C. C..... KGG..Y...... G . 222
#567_Lanbrusco Maestri na  ...... C...C...... . K. .
#610_Cari gnan na  ...... T....T...... ?22.G...... S..... P00
#741_Fernao Pires na  ........... C..... GGER.Y...S..R.?2?2?2?2 ....... ... ... ......
#703_Tenpranillo na 2GCR ..., S T 222
#701_Tenpranillo L 2GR ... S T 2?2
#702_Tenpranillo L N A
#707_Al bari no na  ...... C C.... 2 e
#755_Tenpr ani no na  ...... C...C...... N N e
#566_Tr ebbi ano Ronmagnol o na 27?77????22°22°2°2°2??? S Koo
#717_Pedro Xi menez na ... C..... LS S?2??
#636_Negro Amaro na ... 2 Koo
#639_Rondi nel | a na  ...... C...C...... ?2GG...... S..... 2227
#613_G echetto na  ...... C...C..... D W
#638_Verduzzo Friul ano na  ...... Co...oiii LS K. T ?
#754 Mal vasi a Fi ne na  ...... C C..... 2?0 \ R..... .. . .
#753_Al frocheiro na  ...... C...C..... 2?2?20 Y R ...
#648_Fet easca Regal a na  ...... Co G G.?
#704_Tinta Fi na Na RGR ..... S K?222 ... . . ?
#750_Cast el ao na ... 2 7?7 2?2 ...
#591_Dol cetto na  ...... C..SCM.... ?22.............. Koo ?
#560_Sangi ovese na 20??22220°°2°270°7° 27227000°°27200°0°0°°2°2°?2°° T ... ... .. G..

na, hapl otype not avail abl e because of missing data
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Rarely a simple pure CA was identified as pecuiaa cultivar, as in the case of Moscato
Giallo that is the only cultivar showing an hetgmgaus site in position 284 of the GAI
gene, indicated by the degenerate nucleotide Woitrast, frequent compound CAs could
be detected, and at least 38 unique cultivar-spdwiplotype were discovered, on the basis
of the complete combined sequence. All the othealdtgpe groups, instead, did not
identify a single cultivar, but they clustered sedenodern varieties, with a maximum of 8.
Within these complex haplotypes it was difficultfiod a correlation among the cultivars
because the clusters often grouped very far vasietwith no common history. For
example, in the case of haplotype grouping Bovalel& Fiano and Petit Verodt, the three
cultivars did not share neither the geographicioyithe first from Sardinia, the second
from Campania and the third a French cultivar gpri@aVeneto and Lazio, or the berry
colour (Table 1). In other cases, the haplotypesiged very close varieties, such as in the
case of Regina, where it was impossible to distsiglRazaki, a Regina from Greece, from
Italian Regina and Regina Inzolia. Similar reswtse obtained in the case of Pinot family,
where the two accessions of Pinot Noir (570 and,5B#ot Blanc and Pinot Gris showed
the same CAs pattern or for the group of Moscad# itiicluded Moscato Bianco, Moscato
Sardo and other two closely related cultivars, Mosavro and Moscofilero. In only one
case the DNA typing was able to distinguish twosele@ultivars: in fact within Prosecco
group, a CA in position 250 of the GAI gene allowteddiscriminate between Prosecco
lungo e Prosecco Balbi that are two different lpety of Prosecco. In addition, in two
cases, Bianca and Perla, a particular genetic tygg@omore similar to nowminifera Vitis
species because of the presence of several pashiighly heterozygous, was found. The
nucleotide composition of these two haplotypes @vasistent with the origin of the
cultivars that are the result of two separatelyngveof interspecific hybridization. In
particular, Perla is an interspecific hybrid betwaéllard Noir cultivar, a French hybrid
grape, xV. vinifera and Bianca, even if can still be considered bgilon to V. viniferg
owns a more complex pedigree. In fact Bianca ig¢elt of a backcross of thé vinifera
cultivar Villard Blanc with the ancestors of ViltaBlanc that include accessions of five
Vitis speciesV. aestivalis V. berlandierj V. cinerea V. lincecumiiand V. rupestris in
order to introduce in this cultivar the resistagemes owned by the North America grapes
(Csizmazia and Bereznai, 1968 cited by Bediiral, 2009).
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Finally, it is worth mentioning that in our reconsttion of diagnostic haplotypes we
only employed samples with data at all loci to e@asthe set of diagnostic SNP were
conserved across accessions. For example, in seeofd empranillo cultivar, we removed
three clones, because none of them had the completeotide sequence and therefore,
even if the CAs available were not in disagreemand could suggest an identical
haplotype composition shared among the three entag happened for Pinot or Regina
groups, the missing data affected the results.otal,t 21 situations with missing data,
attributable to the lack of partial or complete e of one or more markers, were
recovered. Comparing the sequence of only the @#4ion, an other haplotype could be
found out because the cultivar Dolcetto showedoacty CAs composition, absent from the
other cultivars and characterizing the variety. i&inresults could be obtained comparing
only the ID04 sequence, and other three new hgmstgould be added, exactly Tramier,
Tinta Fina and the Tempranillo clones, while usoamdy the 11C08 any additional haplotype

could not be recovered.

Testing the local varieties

Once we established diagnostic haplotypes on thes loé the international references, we
tested their utility on some local varieties asdgtiease in order to clarify some genetic
relationships among cultivars and resolving evdhtuaituations of synonymy and
homonymy.

In the case of Merlot we collected three differerdividuals, one certified and two
local, and all of them shared four CAs specific float cultivar and absent from all the
others. Therefore, comparing the local pattern ththreference standard, we were able to
confirm both the CAs pattern unique for the Merattivar and the genetic identity of the
local varieties. A second case regards the groupaijosi, Raboso Piave and Raboso
Veronese, and Friularo. In our reference systemhae the accessions 552 and 558
corresponding to Raboso Piave and Raboso Veromespectively, and they could be
distinguished by the belonging to two different lo&ypes. When the cultivars from local
collection were also added to the analysis thaisteking was in accordance with the
haplotype composition of the reference standardsimarfact the two samples labelled as
Raboso Piave, 522 and 523, went to group with 58BPoRo Piave, thus conferming the
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SSR results of Salmast al. (2008), while the local 524 Raboso Veronese wastical to
558 Raboso Veronese, except for one nucleotidelsieddition, the Friularo cultivar was
collected and 5 different clones from as many fasnwveere sampled. From the haplotype
reconstruction, it emerged that four out the filenes grouped together in the same
hapotype including 552 Raboso Veronese, while tf2d Briularo7 grouped with
558 Raboso Piave. Other SSR result, confirmed lgteau DNA barcoding, was the
genetic identity among the variety Marzemina Nard Marzemina Cenerenta, that were
different from Marzemina Bianca and Marzemina NBestarda, and among Corbinona
and Corbinella that resulted to share the sameotygga. Finally, a last observation regards
the two accessions Tintoria and Gruaja. The forexibited a unique haplotype, highly
heterozygous and with many nucleotide sites cootooy. labruscaaccession, and the

latter revealed a nucleotide composition identioalintoria except for one position.

Discussion

Developing a reference system by mean of DNA barciog

The use of DNA barcoding to test the genetic disiveness of grapevine cultivars, and
more in general crop varieties, is a novel appbcaof the technique that touches the
border-line of its potentials. In fact, DNA barcndiwas initially proposed as a diagnostic
tool to determine the species identity of an unkmasganism. In this paper, it was tested
its ability to distinguish modern varieties with viniferaspecies, an application that is of
huge economic relevance due to the agronomic irapoet of the crop. A further test was
trying to characterize also within the same cultidifferent biotypes. The concept of
biotype employed in the study is referred to a ggmothat differentiated geneticcaly from
the original cultivar through occurrence of gemmarytation, epigenetic effect or their
combination, determining the acquisition of a n@&afic morphological or physiological
trait.

The analysis of 144 grapevine cultivars was peréatrny the character-state method
because the application of the conventional phersiproach is unsuitable for an assay
below the species level. Distinguishing genetidtiesst below the species level requires a
more sensitive approach able to conserve all seguaformation without converting them
in genetic distance. Further, the balance soughtDISA barcode markers is such that
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within-species genetic diversity is minimized, but this study it was of principal
importance. Thus we combined DNA barcode methodth wmore intensive DNA
fingerpringing using SNP to better define the barmes among important agronomic
cultivars. DNA barcode loci will continue to be prtant in defining species boundaries,
but will be supplemented with SNP data reportede hier the purpose of diagnostic
traceability of varietal genotypes.

The first attempt of discovering genetic diversatyiong cultivars was conducted on
the chloroplast genome, but it was not sufficiemtyiable to allow the distinction of crop
varieties. The alternative genome for barcoding sai® the nuclear one that shows
synonymous substitution rates generally greaten tpkastid and mitochondrial genes
(Wolfe et al, 1987). In addition, the nuclear DNA offers tlivantage to resolve problems
associated with horizontal acquisition of orgareelierough hybridization events or with
introgresson patterns that can be detectable agilygubyparental markers (Chaseal,
2005). An intrinsic problem of using nuclear sequemis the difficulty of interpreting the
frequent occurrence of additivity cases that caerolead to situations of misinterpretation.
Since we are working witll. viniferaspecies, that is a diploid species highly hetegong,
frequent cases of intragenomic variation were detkand they could arise because of the
presence of more than one allele variant for aiqudar locus. A second issue is that an
haplotype is defined for a non-recombining and biapyenome (Stephers al, 2001). An
haplotype is defined as a combination of alleleslo$ely linked loci on a chromosome or a
combination of nucleotide sites linked on the saitele or chromosome that tend to be
inherited together. The key issue is that the $etlleles or sites have to be statistically
associated on the same chromosome to form a uhkage group without recombination
events and they have to derive from an haploie statch as the sperm or egg cell or from
the cytoplasmic DNA. The employment of haplotypeorestruction to data from nuclear
genome only works when the genetic variation isedixamong varieties, including
heterozygous states. Generally, in presence ofdmtgous sites, it would necessary the
separation of the allele variants and the definittd the nucleotide associations for the
polymorphic sites. In contrast, in the specificeca$ V. viniferacultivars, since they are
asexually propagated and thus the recombinatiare issnegligible, the genetic patrimony
is fixed allowing the definition of an haplotypedependently by the marker distribution on
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chromosomes. Therefore, the inference of haplotypma a diploid genome is possible
and requires some statistical programs that giy@odabilistic definition of haplotypes
without the necessity to split the two allelic \aanis. In the barcoding approach aimed to
the variety characterization, since the varietytdigation requires an unambiguously SNP
detection, we decided to carry out a visual ingpaobn the global sequence alignment to
recover the exact haplotype combinations. Fordgbed, two out of the five nuclear regions
amplified were discarded because of too much ietmagic variability.

Out of the 68 haplotypes discovered, five were abldistinguish the/itis spp. and
38 were cultivar-specific, such as for Merlot, &unlha, Tempranillo, Malbech and
Sagrantino, to cite only those with more than guecsnen, an interesting result if we think
that only 1598 nucleotides were analyzed. Amongnthibe haplotype composition of the
two accessions Perla and Bianca confirms the pleyletic origin of the two cultivars that
are interspecific hybrids with other nemifera Vitis An other noteworthy example is the
local cultivar Tintoria that was suggested to beirgarspecific hybrid with nowinifera
Vitis. In fact this cultivar, on the basis of chloropl&SR markers, showed an haplotype
common with American grapevine species (Salmetsal, 2008) and now, the nuclear
DNA barocoding seems to further support this hypsith even if it is impossible to
confirm certainly because too few CAs were avadallihe other haplotypes, instead, were
more complex and they grouped several cultivar$ deanot seem to have a common
history.

Distinguishing among very close varieties, suchPasot, Moscato and Regina
groups, or biotypes, such as Friularo that is c®rsid a biotype of Raboso Piave adapted
to Euganean area remains challenging. In the daBenot family, it includes the original
variety, Pinot Noir, with black berry and the twarieties, Pinot Gris and Pinot Blanc, that
are thought to be chimeras, mutant clones derikad the Pinot Noir after the occurrence
of a mutation for the berry colour in one cell Iay# the berry for the Pinto Gris and in
both the cell layers for the Pinot Blanc (whiterggrThese kinds of somatic mutations are
very common in grapevine and contribute to the lmgidence of genetic variability. Since
the origin of this mutation, probably the only way resolve the genetic recognition of
these three cultivars could be the individuatioa eharker mapping on the gene controlling
the berry colour and the mutation responsible @& tolour change. Thus there are
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important limits to the resolution we may obtainttwgenetic markers alone. Even in
presence of these multi-varieties haplotypes, sofrttem allowed to further corroborate
some theories suggesting cases of homo- synonynparent-offspring relationships. For
example, the two cultivars, Nero d’Avola and Caésar, are known to be synonymous and
the haplotype composition put them together evealsd with other varieties, while the
cultivars Alphonse Lavallee and Palieri belonghe same haplotype and this is explained
by the fact that Palieri is the offspring of AlplsenLavallee x Red Malaga (not present in
this study).

DNA barcoding and local cultivar

Once specific haplotypes were identified amongitikernational cultivars used as standard
references, an additional sampling of ancient la@aleties typical of Northeastern Italy
were included in the analysis. Characterizing tbsal germoplasm, that represents an
incredible genetic resource for the region, wouddthe first step of a conservation policy
aimed to the preservation and valorization of ative genotypes. The description of this
local patrimony represents not only a valuable wes® for the territory, since these
cultivars still constitute the basis of famous oegl wines, such as Raboso Piave or
Marzemina, but also would allow to identify potahtisource of genetic variability
exploitable for genetic improvement programmesdbireg program assisted by molecular
markers, MAS) providing the information to correlathe genetic variability of grape
cultivars with phenotypical differences. The emplant of these varieties can be
considered an internal test to verify the efficatyhe DNA barcoding approach in order to
check the correspondence between the declaredh arighe cultivars and the real genetic
identity of the sample, resolving eventually casésynonymy and homonymy, and to
compare the results with those obtained previobglguclear and chloroplast SSR markers
(Salmaseet al, 2008).

Among the 14 local cultivars employed in this stusix are registered in the Italian
Catalogue of Cultivated Varieties, Pignola, MarzemiBianca, Raboso Piave, Raboso
Veronese and Merlot. Merlot is a French varietypwgr in the European area and
widespread in all Italy since the XIX century, thas included in the analysis as a test case
to corroborate the Merlot haplotype obtained byitfternational accession. Friularo, even
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if not registered in the Italian Catalogue, is igaed as a biotype of Raboso Piave and, on
the basis of both SSR markers and DNA barcodinggfiprinting technique, they resulted
genetically indistinguishable. Also in the Rabosoup, the local non-certified genotypes
clustered with the correct international referestandards, confirming in this way their
genetic identity with these cultivars. The othecdbvarieties, that are not present in the
Italian Catalogue are Gatta, Corbinona, Corbindzgstana Nera and Tintoria. Corbinona
and Corbinella resulted to share the same nuckgaotype, confirming previous results by
nuclear and chloroplast SSRs that showed the synpryetween these two varieties
(Salmascet al, 2008). Tintoria and Gruaja are the only two logaieties with a specific
haplotype not shared with other cultivars. Tintpres said before, is probably an
interspecific hybrid, while Gruaja is an old vayie@thom cultivation is almost disappeared
and narrowed to a small area of Vicenza provinde @ncient cultivars, such as Gruaja,
show an high incidence of mutations and this hapgmtause they cannot be considered
unique clones, but they are polyclonal varietiest thuring the years were adapted to the
environment editing their genetic and thus phenogfptraits and originating specific
biotypes (Valentiet al, 1994). Preserving the ancient varieties is fumelatal for genetic
improvement programs because, since it is mordylikext these varieties accumulate and
fix mutations than young cultivars, the high inaide of mutations can be the starting point
for the origin of new alleles. The chimeric sitaatitherefore can represent an interesting
source of clonal variability from the different t&dyers and its recovery might contribute
to generate new agronomically useful phenotypes.

In conclusion, even if the results are preliminaty high number of haplotypes
obtained so far demonstrated that the nuclear genismprobably enough variable to
function as source of diagnostic markers for trbdiwg studies, allowing the genetic
characterization of the main international and ll@cétivars. Anyway, DNA fingerprinting,
based only on only three markers, proved to be lentab distinguish closely related
accessions, such as within the Pinot family, orettect phylogeographic history of the
biotypes, as in the case of Sultanina and Regioapg: Thus the research is still ongoing
and it needs additional experimental analyses fiereasing the number of sequences
assayed to discover more polymorphic sites usefutléfining single cultivar identity and
ancestry and testing several clones for each aultir order to confirm the haplotype
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composition derived form just one genotypes forietgr Finally it will be necessary
performing a more exhaustive assay of the genordenaplotype diversity and comparing
DNA barcoding data with previous results regardivgure and frequency of SNPs in

grapevine obtained with different molecular markstgh as microsatellites.
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Species identification and classification have itradally been domain of taxonomists, but
since the classical methods, based on morpholagyadd great skills and time and often
are difficult to apply in those situations with lbed phenotypical traits, recently new
molecular-based approaches were developed. DNAobimg, taxon identification using
standardized DNA region, has received much attenimothe last decade as a modern
genomic tool able to complement the conventionathods in an integrative taxonomy
approach. The Consortium for the Barcode of Life siated: “DNA barcoding will make a
huge difference to our knowledge and understandirthe natural world”. The rapidity of
acquisition of molecular data through PCR ampltfma and DNA sequencing along with
the possibility to set up standard protocols are mmost important advantages of the
technique. In addition DNA barcoding assays caagpied in all life stages, from juvenile
to adult forms and for determination of the taxomoidentity of damaged organisms or
fragments €.9., food stuffs or stomach extracts), importantégample in forensic science,
in food traceability or in protection of the biodrgity to prevent illegal hunting of
endangered animals. Although these unquestionabhefits that confer an invaluable
significance to the approach, many criticisms weagsed, mainly from taxonomic
community that questions the theoretical assumgtmm which DNA barcoding is based.
The degree of genetic divergence is used as aigntior species delimitation.e. to infer

if two populations belong or not to the same spgclaut it can be used only in the
framework of Mayr’s Biological Species Concept, ahds it does not consider that the
species problem is still one of the most discudsedbgical issues. Therefore several
authors belive that DNA barcoding is just ad addiél genetic key that can only identify
known species and in no way can be considered lacespent of traditional taxonomic

practice.

The present research inserted within this debatk iatended to provide the first
extensive analysis of the possible application®NA barcoding in the context of food
authentication. In details, the project deals whité study of DNA barcoding applied to the
species recognition of fish fillets, often involvéal falsification cases, and the genetic
distinctiveness of bean and grapevine varietieqy tnop species of huge agricultural
interest. The necessity of developing new analytiteethods able to overpass the
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taxonomic impediments.e. the absence of morphological traits as in the casish fillets
or bean and grape food derivates lost during foodgssing, is essential to detect the
increasing cases of food falsification.

In fish barcoding, the importance of investigatthg application of the technique
could be of interest not only for food traceabilietecting mislabeling in commercial
processed seafood, but also for conservation psliechonitoring illegal trade of protected
and endangered species. Regarding plant barcdolag, and grapevine were employed as
two different study cases, but since the conveatitwarcoding approach is based on the
reproductive isolation, caused by the accumulatibgenetic differences, as criterion of
distinctiveness of two species, cannot be appliedul-species level, it was necessary
developing a different approach, focused on SNRatieh. The results obtained so far
confirmed the potentials of DNA barcoding technigsea powerful tool to be exploited for
the genetic identification of fish species, confimgto represent a valid alternative to
traditional analytical methods to identify the meatin of seafood derivates. In contrast,
the application of the technique for recognizingndaplants is known to be more
problematic. The technique resulted able to disisty different species withiRhaseolus
and Vitis genera, while at intraspecific level it provedb® less powerful. In the case of
bean, SNP markers allowed to recognize some haplapg withinP. vulgaris species
related to the geographical origin of the accessiarhile withinV. vinifera although the
research is ongoing, the resolution seems high#enare cultivar-specific haplotypes were

discovered.

Future perspectives

The acquisition of these information will allow théevelopment of a microarray
technology, able to distinguish hundreds or eveaushnds of species or varieties
simultaneously on the basis of a few specific SNEPgracterizing the genetic entity.
Microarray technology is based on the immobilizatod thousands of nucleotide sequences
on a glass microscope slides. These oligonucleptidiees are complementary to the DNA
target sequences to be analyzed. DNA target, wikicisually fluorophore-labeled during
PCR amplification, hybridises with the oligonuclielet probe on the microarray and can be
detected after washing steps by its label. Then@lolgy allows the simultaneous screening
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of several nucleotide sequences of the same geddferent markers, making faster and
more powerful the analyses. DNA microarrays, eveaxiensively used for analysis of
gene expression, have been only recently appliedeootyping of organisms thanks to its
ability to detect a specific sequence and to reizeggenetic variations due to only one

single nucleotide polymorphisms (SNP).
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