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Abstract

Background: In ternational fish tra d e  reach ed  an  im p o rt value o f 62.8 billion Euro In 2006, o f w hich 44.6%  are  covered  by th e  
European Union. Species identification  is a key p ro b lem  th ro u g h o u t th e  life cycle o f fishes: from  eg g s  an d  larvae to  ad u lts in 
fisheries research  an d  contro l, as well as p rocessed  fish p ro d u c ts  In co n su m er p ro tec tion .

Methodology/Principal F in d in gs:!^  s tu d y  alm s to  ev a lu a te  th e  applicability  o f th e  th ree  m itochondria l g e n es  16S rRNA 
(16S), cy to ch ro m e  b (cyt b), and  cy to ch ro m e ox idase  su b u n it I (COI) for th e  identification  o f 50 European m arine fish species 
by co m b in in g  tec h n iq u es  o f "DNA b arco d ln g "  and  m icroarrays. In a DNA barcod lng  ap p ro ach , n e ig h b o u r Join ing (NJ) 
phy lo g en e tic  tree s  o f 369 16S, 212 cyt b, and  447 COI se q u e n ce s  ind ica ted  th a t cyt b an d  COI are  su itab le  for u n am b ig u o u s 
identification , w h ereas 16S failed to  d iscrim inate  closely re la ted  flatfish an d  g u rn ard  species. In course  o f p ro b e  desig n  for 
DNA m icroarray d ev e lo p m en t, e ach  of th e  m arkers y ielded a high n u m b er o f po ten tially  species-specific  p ro b es in silico, 
a lth o u g h  m any  o f th e m  w ere  re jected  based  on m icroarray hybrid isation  ex p erim en ts. None of th e  m arkers p rovided 
p ro b es to  d iscrim inate  th e  sibling flatfish an d  g u rn ard  species. How ever, since 16S-probes w ere  less negatively  Influenced 
by th e  "position  o f label" effect an d  sh o w ed  th e  low est re jection  ra te  an d  th e  h ig h est m ean  signal Intensity, 16S is m ore 
su itab le  for DNA m icroarray p ro b e  desig n  th an  c ty  b and  COI. The large po rtion  o f re jected  C O I-probes a fte r hybridisation 
ex p erim en ts  (>90% ) renders th e  DNA barcod lng  m arker as ra th e r unsu itab le  for th is h ig h -th ro u g h p u t techno logy .

Conclusions/Significance: Based on  th e se  da ta , a DNA m icroarray co n ta in in g  64 functional o lig o n u c leo tid e  p ro b es for th e  
identification  o f 30 o u t o f th e  50 fish spec ies Investiga ted  w as d e v e lo p ed . It rep re sen ts  th e  nex t s te p  to w ard s an  a u to m a te d  
and  easy -to -h an d le  m eth o d  to  Identify fish, Ich thyoplank ton , an d  fish p roducts .
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Introduction hum an consumption. About 37% of the total production entered
the international trade, with an im port value of up to 62.8 billion 

W orld fishery production (capture fisheries and aquaculture) Euro in 2006. Europe produces about 15.5 million tons offish and
reached 143.6 million tons in 2006, 77% of which were used for fishery products per year, an am ount that is insufficient to satisfy
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DNA Barcod ing  and M icroarrays

the dem and. T h e  im port value o f fish and  fishery products for 
Europe reached about 28 billion E uro  in 2006, com prising 44.6%  
o f the global im ports. T rad in g  w ithin the E uropean  U nion  (EU) is 
extrem ely im portant, because about 45%  o f im ports and  84%  of 
exports are being  conducted  betw een EET countries [1], These 
figures underline the im portance o f the global trade in fish and  
fishery products, especially for the EET.

In  o rder to pro tect the consum er, the EET has strict regulations 
for seafood labelling, w hich m ust include the species nam e (EET 
Council R egulation No 104/2000, EET C om m ission R egulation 
No 2065/2001). How ever, detection o f com m ercial fraud by 
mislabelling is difficult, especially in processed products, w here all 
m orphological characters suitable for species identification have 
been elim inated. Furtherm ore, the large num ber o f  traded  species 
from  all over the world, e.g. 420 fish species in G erm any, is 
m aking it impossible for the inspection authorities to control for 
correct labelling. T h e  genetic identification o f species can help to 
solve this prob lem  [2-4], For instance, a  D N A  sequencing study 
on  food fish has revealed that three-quarters o f  fish sold in the 
U nited  States o f A m erica as “ red  snapper” were mislabelled and  
belonged to o ther species [5]. M islabelling can  even th reaten  
consum er health  if toxic species en ter the m arket, such as 
pufferfish that causes tetrodotoxin poisoning [6].

A ccurate species identification is also essential in ichthyoplank- 
ton surveys for fisheries research, conducted  to estim ate stock of 
future year-classes and  to fix fishing quota  accordingly. For 
instance, eggs o f cod, haddock, an d  whiting are difficult to 
differentiate by  m orphological characters. G enetic identification 
revealed that alm ost two thirds o f “cod like” eggs from  the Irish 
Sea have been  m isidentified, resulting in an  overestim ation o f cod 
stocks [7].

M itochondrial D N A  (mtDNA) sequences o f  cytochrom e b (cyt b) 
and  16S rR N A  (16S) genes a re  am ongst the m ost widely used 
genetic m arkers for fish species identification [3,4], T hey  have 
been widely applied in seafood control [5 ,8-11], ichthyoplankton 
identification [12-15], fisheries control [16,17], an d  species 
delineation [18-20], D a ta  bases have been  established, containing

com plete cyt b and  rhodopsin gene sequences o f E uropean  m arine 
fish species [21] (www.fishtrace.org), as well as partial 16S, cyt b, 
and  C O I sequences o f anchovies [11] (h ttp ://an ch o v y id .jrc .ec . 
europa.eu) to enable a  sequence-based identification of specimens.

How ever, in course o f developing a  unifying identification 
system for anim al species an  universal m arker has been proposed 
to serve as a  so-called “D N A  b arcode” [22,23]. This DN A  
barcode is the sequence o f the “Folm er fragm ent” [24], a 
polym orphic p a rt o f the m itochondrial cytochrom e oxidase 
subunit I gene (COI), w hich can  be used to identify closely related 
species as well as h igher taxa in m any  anim al phyla. T he 
applicability o f C O I for species identification in fish [25] triggered 
actually the in ternational initiative for barcod ing  all fishes (FISH- 
BOL; www.fishbol.org) [3,26], A dditional studies have shown that 
genetic identification by  “ C O I barcodes” can  provide a  useful tool 
to identify seafood for consum er protection  [9,27-30], to control 
fisheries [31-33], to detect possibly cryptic species [34-37], and  
even to describe new  species [38],

D N A  sequence-based identification utilises the refined Sanger 
sequencing m ethod  [39,40], w hich is still the “ gold standard” [41], 
bu t requires samples that contain D N A  o f only one specimen. 
How ever, this is not the case in ichthyoplankton or o ther m ixed 
samples, w here several target species need to be detected and  
discrim inated am ongst an  even m uch  higher num ber o f  o ther 
species. M ost next generation sequencing m ethods are enabling 
the analysis o f  m ixed samples, bu t need highly sophisticated and  
expensive equipm ent (for review see e.g. [3] and  references 
therein).

In  contrast, D N A  m icroarrays, first created  20 years ago, are 
well established an d  able to differentiate hundreds o f specimens 
sim ultaneously. T hey  were prim arily  used for gene expression 
profiling, bu t recently several D N A  m icroarrays have been 
developed for the identification o f fishes [42-45] and  o ther 
organism s (see references in [3]).

This study com pares three genetic m arkers (16S, cyt b, and  
C O I) used as identification tools to distinguish 50 fish species 
com m on in E uropean  seas in term s o f (1) their pow er o f  resolution

Europe

Africa

Figure 1. Map with sampling areas for fishes from European seas. N o rth ea ste rn  A tlantic  (NA), N orth Sea (NS), Baltic (B), Bay o f Biscay (BB), 
W estern  M ed ite rran ean  (WM), C entral M ed ite rran ean  (CM), E astern M ed ite rran ean  (EM), a n d  Black Sea (BS). 
do i:10 .1371/jou rnal.pone .0012620 .g001
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T a b le  1. S eq u en ces utilised for th e  DNA barcod ing  ap p ro ach .

Species Family Order 16S cyt b COI Total

Clupea harengus C lupeidae C 2 3 5 10

Sardina pilchardus C lupeidae C 11 7 18

Engraulis encrasicolus Engraulidae C 11 8 12 31

Gadus morhua G adidae G 5 5 5 15

Merlangius merlangus G adidae G 4 4 4 12

Merluccius merluccius M erlucciidae G 14 2 19 35

Lophius budegassa Lophiidae L 8 1 6 15

Lophius piscatorius Lophiidae L 4 2 3 9

Trachurus mediterraneus C arangidae P 3 6 12 21

Trachurus picturatus C arangidae P 5 5 6 16

Trachurus trachurus C arangidae P 9 13 12 34

Dicentrarchus labrax M oronidae P 5 1 8 14

Mullus barbatus M ullidae P 10 12 12 34

Mullus surmuletus M ullidae P 14 13 3 30

Scomber japonicus S com bridae P 9 3 17 29

Scomber scombrus S com bridae P 4 2 11 17

Epinephelus marginatus Serranidae P 8 0 5 13

Serranus cabrilla Serranidae P 8 6 15 29

Serranus hepatus Serranidae P 8 6 5 19

Serranus scriba Serranidae P 6 1 5 12

Boops boops Sparidae P 9 7 23 39

Diplodus sargus Sparidae P 5 4 4 13

Diplodus vulgaris Sparidae P 8 7 22 37

Pagellus acarne Sparidae P 8 9 12 29

Pagellus erythrinus Sparidae P 10 7 15 32

Sparus aurata Sparidae P 7 6 11 24

Arnoglossus laterna Bothidae PI 5 0 11 13

Hippoglossoides platessoides P leuronectidae PI 2 0 3 5

Limanda limanda P leuronectidae PI 11 3 6 20

Microstomus k itt P leuronectidae PI 2 3 4 9

Platichthys flesus P leuronectidae PI 11 2 4 17

Pleuronectes platessa P leuronectidae PI 9 0 2 11

Lepidorhombus boscii Scoph thalm idae PI 12 5 9 26

Lepidorhombus whiffiagonis Scoph thalm idae PI 5 3 8 16

Phrynorhombus norvegicus Scoph thalm idae PI 3 3 3 9

Psetta maxima Scoph thalm idae PI 9 4 15 28

Scophthalmus rhombus Scoph thalm idae PI 9 8 13 30

Buglossidium luteum Soleidae PI 5 0 13 18

Microchirus variegatus Soleidae PI 4 2 9 15

Pegusa impar Soleidae PI 3 0 0 3

Solea solea Soleidae PI 15 0 18 33

Scorpaena notata Scorpaen idae S 11 5 10 26

Scorpaena porcus Scorpaen idae S 8 4 0 12

Helicolenus dactylopterus dactylopterus Sebastidae S 9 10 20 39

Chelidonichthys lucernus Triglidae s 10 11 16 37

Eutrigla gurnardus Triglidae s 3 1 2 6

Trigla lyra Triglidae s 6 0 1 7

Trigloporus lastoviza Triglidae s 7 0 5 12

Macrorhamphosus scolopax Centriscidae sy 7 8 6 21

Zeus faber Zeidae z 8 0 15 23
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T a b le  1. Cont.

Species Family Order 16S cyt b COI Total

Total 369 212 447 1023

Abbreviations: 16S: 16S rRNA gene (accession numbers: FN687913-FN688280), cyt b: cytochrome b gene (accession numbers: FN688281-FN688492), COI: cytochrome 
oxidase subunit I gene (accession numbers: FN688905-FN689348), C: Clupeiformes, G: Gadiformes, L: Lophiiformes, P: Perciformes, PI: Pleuronectiformes,
S: Scorpaeniformes, Sy: Syngnathiformes, Z: Zeiformes. For details see Supporting Information Table S1. 
dol:10.1371 /journal.pone.0012620.t001

in sequence-based species identification (DNA barcoding) and  (2) 
their applicability in oligonucleotide probe design for the 
developm ent o f a  low density D N A  m icroarray.

Materials and M ethods

S am plin g  a n d  DNA Extraction
In  o rder to account for intraspecific sequence variation and  to 

avoid any m isleading results due to restricted sam pling in term s of 
specimens and  geographic coverage [46], fishes were collected in 
eight different regions o f the E uropean  seas: N ortheastern  Atlantic, 
N orth  Sea, Baltic, Bay of Biscay, W estern, C entral, as well as 
E astern  M editerranean , and  Black Sea (Fig. 1, T ab le  1, Support­
ing Inform ation T able  SI). T axonom ic sam pling focused on 
com m ercially im portan t species such as anchovy, cod, flounder, 
hake, herring, plaice, sardine, and  sole. How ever, considering that 
differentiation of closely related  species constitutes a  challenging 
task no t only for m orphological bu t genetic m ethods as well, the 
sam pling scheme also included a  num ber o f sibling species and  
groups o f closely related  fishes that are com m ercially not 
im portant, in o rder to exam ine the resolution pow er o f the 
m arkers in species delineation.

V oucher specimens and  tissue samples w ere preserved in 
absolute e thanol an d  were frozen at —20"C or stored at 4"C. 
D N A  was extracted from  muscle tissue w ith the D N easy tissue kit 
(Qiagen, H ilden, Germ any) or gili filaments with the Agowa m ag 
m idi D N A  isolation kit (AGOW A, Berlin, Germ any) according to 
the instructions o f the m anufacturers.

P o ly m erase  Chain  R eaction a n d  S e q u e n c in g
T h ree  m itochondrial genes were screened as potential m arkers 

for species identification in this study: (1) 16S, (2) cyt b, and  (3) 
C O I. A fragm ent o f 16S was am plified and  sequenced as described 
in K ochzius et al. (2008) [42].

T h e  cyt b fragm ent was am plified w ith the newly designed 
prim ers C ytbF (5 '-G G C  T G A  T T C  G G A  A T A  T G C  AYG CN A  
AYG G -3 ') an d  C ytbR  (5 '-G G G  A A T G G A  T C G  T A G  AA T 
T G C  R T A  NGC! RAA -3'). Polym erase chain  reaction (PCR) with

a total volum e o f 15 pi contained 1.5 pi 10 x  reaction buffer, 
1.5 pi dN T Ps (10 mM), 0.05 pi o f each prim er (100 pm ol/p l), 5 pi 
D N A -extract, 0.3 pi T eg  polym erase (3 U / pi; com parable with 
T aq  polymerase; Prokaria, Reykjavik, Iceland), and  6.6 pi 
deionised u ltra-pure water. T herm al profile began  at 94"C for 
4 m in, followed by 35 cycles o f 94°C (30 s), 52°C (30 s), and  72°C 
(90 s), w ith a  final step o f 7 m in at 72"C.

In  o rder to amplify a  fragm ent o f C O I, degenerated  prim ers 
were designed on  the basis o f the universal C O I prim ers for fish 
published by W ard  et al. (2005) [25]: C O I-F ish-F  (5'-T T C  T C A  
A C T  AAC GAY AAA GAY A T Y  G G -3 ') an d  C O I-F ish-R  (5'- 
T A G  A C T  T C T  C G C  T G C  C C R  A A R  AAY C A -3 '. T he 
volum e o f the PC R s was 15 pi and  contained 1.5 pi 10 x  reaction 
buffer, 1.5 pi dN T Ps (10 mM ), 0.05 pi o f each prim er (100 p m o l/ 
pi), 3 pi D N A -extract, 0.2 pi T eg  polym erase (3 U /p l;  Prokaria, 
Reykjavik, Iceland), and  9.7 pi deionised w ater. T herm al profile 
started with 94"C for 4 m in, followed by 30 cycles o f 94"C (50 s), 
59"C (50 s), and  72"C (90 s), finalised at 72"C for 7 min.

P C R  products w ere purified by using the ExoSA P-IT  for P C R  
clean-up (GE H ealthcare, ETppsala, Sweden). T h e  newly designed 
sequencing prim er cytbFseq (5'- C G C  T G A  T T C  G G A  A TA  
T G C  A-3') was used to sequence the cyt b P C R  products. T he 
C O I product were sequenced with the P C R  prim ers shown above. 
T h e  BigDye T erm inato r Cycle Sequencing K it (ver. 3.1, PE 
Biosystems, Foster City, ETSA) and  an  ABI Prism  3730 au tom ated  
D N A  Analyser (Applied Biosystems, Foster City, ETSA) were used 
according to the m anufacturer’s instructions.

DNA Barcoding
Sequences o f 50 m arine fish species were obtained to com pare 

the applicability o f the 16S, cyt b, an d  C O I genes as m arkers for 
D N A  barcoding. M ultiple alignm ents o f these orthologous 
sequences w ere perform ed with the p rogram m e Clustal W  [47] 
as im plem ented  in  BioEdit (version 7.0.4.1) [48] to ensure th a t all 
sequences o f each m arker gene provide a hom ologous fragm ent. 
C ytochrom e b an d  C O I sequences were translated  into am ino 
acids with the p rogram  Squint (ww w.cebl.auckland.ac.nz) in order 
to exclude sequencing errors an d  to avoid the inclusion of

T a b le  2 . Sum m ary of g e n e tic  p -d istances (%) w ithin d ifferen t tax o n o m ic  levels.

16S cyt b COI

comparison within Mean p-distance SE Mean p-distance SE Mean p-distance SE

species 0.23 0.11 0.57 0.22 0.59 0.17

genera 2.66 0.46 7.72 0.86 3.96 0.52

families 4.35 0.53 10.94 0.91 9.42 0.86

orders 10.78 0.90 16.38 1.04 13.52 1.02

Values are calculated from partial sequences of the  mitochondrial 16S rRNA (16S; n = 369), cytochrome b (cyt b; n = 212), and cytochrome oxidase subunit I (COI; n = 447) 
genes of 50 fish species from European seas. 
doi:10.1371 /journal.pone.0012620.t002
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pseudogene sequences in the datasets. For each m arker, unroo ted  
N eighbour Jo in in g  (NJ) trees were constructed an d  genetic p- 
distance was calculated w ithin species, genera, families, and  orders 
with the program m e M E G A  (version 3.1) [49]. Evaluation o f 
statistical confidence in nodes was based on  1000 non-param etric  
bootstrap  replicates [50], Since the aim  of this task was to identify 
species using barcodes, phylogenetic trees were constructed 
w ithout selecting a priori an  evolutionary m odel appropria te  for 
the dataset.

In Silico  O l ig o n u c leo t id e  P ro b e  D esign
T h e  design o f oligonucleotide probes was based on  sequence 

alignm ents used for D N A  barcoding that also included additional 
sequences obtained from  international sequence da ta  bases: 35 for 
16S, 69 for cyt b, and  23 for C O I. Gaps in the 16S sequence 
alignm ent were rem oved before probe design. Species-specific 
oligonucleotide probes that cover all sequences o f one species and 
do not m atch any other species were designed with a  com puter 
program m e developed by the bioinform atics groups of the C entre 
for Applied G ene Sensor Technology (GAG) and  the Z entrum  für

T echnom athem atik  (ZeTeM ), bo th  at Ehiiversity o f B rem en [51]. 
Probe design was perform ed in o rder to m eet the following criteria: 
( 1 ) optim al length o f 2 3 to 2 7 bp, (2) m elting tem perature  (Tm) o f 81 
to 85"C based on  the unified m odel [52], (3) G C  content o f 52% to 
54% , (4) appropriate  secondary structure o f  the oligonucleotides 
and  the target sequence, (5) possible d im er form ation, and  (6) a 
suitable probe-target b inding energy. T h e  program m e RNA fold 
[53] was em ployed to com pute m inim al free energy structures. 
Probes showing strong secondary structures o r b inding to a  region of 
the target w ith such a  strong secondary structure w ere not used. T he 
selected oligonucleotide probes were tested in silico against > 9 0 0  
16S (365 species), > 2 7 0 0  cyt b (324 species), an d  > 2 7 0  C O I (93 
species) sequences o f fishes occurring in E uropean seas. These 
sequences were obtained from EM BL sequence da ta  base (92%) 
and  were sequenced in course o f this study (8%).

P re para t ion  o f  DNA Microarrays a n d  H ybrid isation  
E xper im en ts

Glass slides coated  w ith am inosilane (3-am inopropyltrim ethox- 
ysilane) and  a  PD IT C -linker (1,4-phenylendiisothiocyanate) (Asper

-j /  order
I  r  family r  genus 
I /  sp ec ies  1 order 

family c , 
genus 

sp ecies
/  order 

/  family 
genus 

sp ecies

Figure 2. Frequency distribution of genetic p-distances. D ata fo r d iffe ren t ta x o n o m ic  levels fo r partial s e q u e n c e s  from  m ito ch o n d ria l 16S rRNA 
(16S), c y to c h ro m e  b (cyt b), a n d  c y to c h ro m e  ox id ase  su b u n it I (COI) g e n e s  o f  fishes from  E u ropean  seas. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 2 6 2 0 .g 0 0 2
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Biotech, T artu , Estonia) were used for m icroarray  production. A 
spotting robot based on  a m odified version of the contactless 
TopSpot®  technology [54] was used to spot oligonucleotide probes 
(Therm o H ybaid, U lm , Germ any) with a  S'-am ino-CG-modifica- 
tion in 150 m M  N a3P 0 4 buffer (pH 8.5) a t a  concentration  of 
20 p M  onto the glass slides. T he spotted volum e o f this 
oligonucleotide solution was 200 pi, producing  a spot diam eter 
o f  approxim ately 220 pm . Afterwards, the m icroarrays were 
incubated  for 16 h  in a  wet cham ber to ensure efficient covalent 
b inding of the oligonucleotides to the surface. Finally, the 
m icroarrays w ere shrink-w rapped under a  n itrogen atm osphere 
and  were stored a t 4"C for up to 6 m onths. E ach probe was 
spotted in three  replicates.

D N A  o f the 50 target fish species (Table 1) was separately 
am plified an d  labelled w ith S '-CyS-m odified prim ers for single 
target hybridisation experim ents. A fragm ent o f 16S was amplified 
and  labelled as described in K ochzius et al. (2008) [42].

Labelled cyt b fragm ents o f 626 b p  length were P C R  amplified 
with the S '-CyS-m odified prim ers C ytbF an d  C ytbR . Reactions 
were conducted  in a  volum e o f 100 pi containing 10 pi 10 x 
reaction buffer, 8 pi M gC E (50 mM), 4 pi dN T Ps (5 mM), 4 pi o f 
each p rim er (10 pM), 4 pi D N A -extract, 0.4 pi T aq  polym erase 
(5 U /p l), 2 pi BSA (20 m g/m l), an d  63.6 pi deionised water. T he 
therm o-profile started a t 94"C (2 min), followed by  40 cycles at 
94"C (60 s), 45"C (90 s), and  72"C (60 s), finalised for 5 m in at 
72°C.

'Mullus

Sco^ a/mus 

Psetta

Lepidorhombus

Lepidort* ^ 5

e n°r'/S9'CUS

pfiryf10

sc''w 

cat*«3

barbatus 

surmuletus

Figure 3. Phylogenetic analysis (16S). N eig h b o u r Jo in ing  tre e  fo r partia l s e q u e n c e s  o f th e  m ito ch o n d ria l 16S rRNA g e n e  o f fishes  from  E uropean  
seas . T he n u m b e r  o f  s e q u e n c e s  a n d  th e ir  g e o g ra p h ic  origin fo r e ac h  sp ec ie s  a re  g iven  in Table  1 an d  S u p p o rtin g  In form ation  T ab le  S1. B oo tstrap  
va lues  b a se d  o n  1000 rep lica tes  a re  in d ica ted  a t  b ran ch es . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 2 6 2 0 .g 0 0 3
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Am plification o f labelled C O I fragm ents o f 710 bp  length was 
perform ed w ith the S '-CyS-m odified p rim er p a ir C O I-F ish-F  and  
C O I-F ish-R . T h e  P C R  solution contained 10 pi 10 x  reaction 
buffer, 8 pi M gC E (50 mM), 4 pi dN T Ps (5 mM ), 4 pi o f  each 
prim er (10 pM), 5 pi D N A -extract, 0.4 pi T aq  polym erase (5 U /  
pi), 4 pi BSA (20 m g/m l), an d  60.6 pi deionised w ater in a  volume 
o f 100 pi. T herm o-cycling did start a t 94"C, with 35 subsequent 
cycles at 94"C (50 s), 45"C (50 s), and  72"C (90 s). T h e  final step 
was 3 m in a t 72"C.

T h e  Cy5-labelled P C R  products were purified using the 
Q IA quick P C R  Purification K it (Q IA G EN , Flilden, Germ any). 
Flybridisation experim ents w ere perform ed w ith 50 target fish 
species (Table 1). T h e  purified Cy5-labelled P C R  product and  a 
5'-C y3-labelled positive control (5 '-C G T  G T G  A G T  C G A  T G G  
A T C  A TA -3') at concentrations o f  10 and  1 nM , respectively, 
were hybridised to the m icroarray  in a  volum e o f 130 pi using 
GeneFram es® (ABgene Flouse, Epsom , ETK). Flybridisation was

conducted  at 50"C for 2 h  in a  hybridisation oven. Afterwards, 
GeneFram es® were rem oved and  the m icroarrays w ere w ashed 
5 m inutes each with 2 x  SSCI (sodium chloride trisodium  citrate) 
buffer containing 0.05%  SD S (sodium dodecyl sulphate), 1 xSSC  
containing 0.05%  SDS, and  1 xSSC . Finally, the m icroarrays were 
dried  in a  centrifuge at 2000 rpm  for 3 m inutes. E ach hybridisa­
tion experim ent was conducted  in three  replicates.

M e a s u re m e n t  o f  F lu o rescen ce  Signals a n d  Data Analysis
Flybridisation signals were m easured using an  Axon 4000B 

fluorescence m icroarray  scanner at 635 nm  (Cy5) and  528 nm  
(Cy3). T h e  fluorescence signal analysis was conducted  with the 
software G enePix 4.1 (Axon, U nion  City, ETSA). Spots that showed 
artefacts caused during  the spotting process (e.g., inhom ogeneous 
spots docum ented  by a  m onitoring  cam era  during  spotting) o r the 
experim ent (e.g. air bubbles) were rem oved from  the analysis. T he 
fluorescence signal o f each probe was m easured  as a rb itrary  units

*****

Gaoí

Helicolenus dactylopterus dactylopterusi
100 ISpa/us aurata

irythrinus

Scorpa®"8

SCW sett®"05

Figure 4. Phylogenetic analysis (cyt b ) .  N eig h b o u r Jo in ing  tre e  fo r partial s e q u e n c e s  o f  th e  m ito ch o n d ria l c y to c h ro m e  b g e n e  o f  fishes from  
E uropean  seas . T he n u m b e r  o f  s e q u e n c e s  a n d  th e ir  g e o g ra p h ic  origin fo r e ac h  sp ec ie s  a re  g iven  in Table  1 an d  S u p p o rtin g  In fo rm ation  Table  S1. 
B oo tstrap  v a lu e s  b a se d  on  1000 rep lica tes  a re  in d ic a ted  a t  b ran ch es . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 2 6 2 0 .g 0 0 4
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and  the arithm etic m ean  was calculated. O nly  signals w ith a 
m inim um  value o f 1000 arb itrary  units were considered in data  
analysis.

Results

DNA Barcoding
A data  set o f 369 16S (418-452 bp; accession num bers 

FN 687913-FN 688280 ), 212 cyt b (404 bp; accession num bers 
FN 688281-FN 688492), and  447 C O I (455 bp; accession num bers 
FN 688905-FN 689348) sequences o f 50 fish species from  E urope­
an seas was obtained and  these sequences are available a t the 
EM B L sequence da ta  base (Table 1, Supporting Inform ation 
T able  SI). No stop codons, insertions, and  deletions were observed 
in the cyt b and  C O I sequences, indicating that they represent

fragm ents o f functional m itochondrial genes and  not nuclear 
m itochondrial pseudogenes (Numts) [55].

T h e  16S sequences showed the lowest m ean  genetic p-distances 
at all taxonom ic levels, from  species to orders, while the highest 
values were observed for cyt b, except at the species level (Table 2). 
T h e  p-distance frequency distribution of the three  m arkers did not 
showed any evidence for a  barcoding gap (Fig. 2), w hich is an  ideal 
case w here the genetic divergence am ong nucleotide sequences at 
w ithin- an d  between-species levels do no t overlap [46]. Flowever, 
in cyt b, the overlap o f p-distance variation  a t w ithin- and  betw een- 
species levels was strongly reduced.

All N J trees resolved species-specific clades that were supported 
by high bootstrap  values (Fig. 3, Fig. 4, and  Fig. 5), except for the 
16S tree that was unable to separate the nucleotide sequences o f 
the closely related  flatfish species Pleuronectes platessa and  Platichthys

100 Mullus surmuletus

100 J
1  Mullus barbatus

Microchirus variegatus]

Buglossidium luteum

Figure 5. Phylogenetic analysis (COI). N eig h b o u r Jo in ing  tre e  fo r partial s e q u e n c e s  o f th e  m ito ch o n d ria l c y to ch ro m e  ox id ase  su b u n it I g e n e  o f 
fishes from  E uropean  seas . T he n u m b e r  o f s e q u e n c e s  an d  th e ir  g e o g ra p h ic  o rig in  fo r each  sp ec ie s  a re  g iven  in Table  1 a n d  S u p p o rtin g  Inform ation  
Table  S1. B oo tstrap  va lues  b a se d  on  1000 rep lica tes  a re  in d ic a ted  a t  b ran ch es . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 2 6 2 0 .g 0 0 5
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T a b le  3 . O ligonucleo tide  p ro b es for th e  identification  o f fish species from  European seas.

No. S pecies P ro b e  ID P ro b e  se q u e n c e  (5 > 3  )

1 Sardina pilchardus Cytb_Sarpil_l25_p203 C AC AGÎT CTT C ACCT GCT CTT CCT C

2 Sardina pilchardus Cyt b_Sa r p i l_l 2 6_p 170 CCACTT CTT GTT CCCATT CGT GAT CG

3 Engraulis encrasicolus COI_Engenc_l27_p182 CCTT CT CCT CTT AGCAT CAT CT GGT GT

4 Engraulis encrasicolus Cytb_Engenc_l23_p194 T GCAGGT GTT ACTAT CCTT CACC

5 Gadus morhua Cytb_Gadmor_l26_p362 CGCACCT AATTTACT CGGAGAT CCAG

6 Gadus morhua Cytb_Gadmor_l27_p351 CT CGCCCT CTT CGCACCT AATTT ACT C

7 Merlangius merlangus Cytb_Mermer_l23_p334 TTCTAGGCTTAACTGCTCTGGCC

8 Merluccius merluccius Cytb_Mercmerc_l23_p325 CT CT GCT CCTT AT CGCCCT AACA

9 Merluccius merluccius Cytb_Mercmerc_l24_p252 GTAGGGCTCAACTCTGATGCAGAC

10 Merluccius merluccius COI_Mercmerc_l23_p398 ACCCCT CTTT GTTT GAT CCGT CC

11 Lophius budegassa Cytb_Lopbud_l25_p194 CCTGGCA AT AACCGTT AT CCACCT C

12 Lophius budegassa Cytb_Lopbud_l26_p325 CAGT CGT CTT AATTACGCTCACAGCC

13 Dicentrarchus labrax 16S_Diclab_l25_p202 GGG AGACT ACCTT AATT ACCCCTGG

14 Dicentrarchus labrax 16S_Diclab_l23_p236 AA AAGCT AAAGGT ACCCCT CCCC

15 Dicentrarchus labrax COI_Diclab_l25_p378 GCCATTT CCCAGT ACCAAACTCCTT

16 Dicentrarchus labrax Cytb_Diclab_l23_p199 GT GCCACAAT ACTACACCT CCTT

17 Dicentrarchus labrax Cytb_Diclab_l27_p216 CTCCTTTTT CTT CATCAAACGGGCT CC

18 Dicentrarchus labrax Cytb_Diclab_l27_p247 ACCCCTTAGGCCTT AACTCAGATGT AG

19 Mullus barbatus 16S_Mulbar_l25_p357 CTT CTGACCTACAAGATCCGGCCAA

20 Scomber japonicus 16S_Scojap_l23_p223 CCCCT AACAAGGGGCCAAACTT A

21 Scomber scombrus Cytb_Scosco_l25_p324 GCCGTTCT CCTT ATAGGCCTT ACCT

22 Scomber scombrus Cytb_Scosco_l25_p335 T AT AGGCCTT ACCTCCCT AGC ACT C

23 Epinephelus marginatus 16S_Epimar_l24_p216 T AAT ACCCT CAACAACAGG ACACG

24 Serranus hepatus COI_Serhep_l26_p232 GAACT GTTT AT CCGCCTTT AGCTGGT

25 Serranus hepatus COI_Serhep_l27_p243 CCGCCTTTAGCTGGTAACTTAGCTCAC

26 Serranus scriba COI_Serscr_l23_p233 AACGGTTTACCCACCACTT GCT G

27 Serranus scriba COI_Serscr_l27_p428 T GCAGTT CT CCT ACTT CT AT CCCTT CC

28 Boops boops 16S_Booboo_l23_p314 AGCACCACACT CCT AAACCCAAG

29 Boops boops 16S_Booboo_l24_p241 CCT AGTG A AT CCT GCT CT AAT GT C

30 Diplodus sargus Cytb_Dipsar_l23_p197 CGCCAT AACCAT GCTT CACCT CT

31 Pagellus acarne 16S_Pagaca_l23_p316 GTACTACACTCCCACATCCGAGA

32 Sparus aurata 16S_Spaaur_l23_p201 AG AACAGCT CACGT CAAACACCC

33 Sparus aurata Cytb_Spaaur_l26_p187 T CGT C ATTGC AGCC AT AACCAT ACT G

34 Sparus aurata Cytb_Spaaur_l27_p205 CCAT ACTGCAT CTT CT GTT CCT CCAT G

35 Arnoglossus laterna COI_Arnlat_l17_p387 AT GT ACCAAGCACCCCT

36 Hippoglossoides platessoides COI_Hippla_l26_p236 CGT GT AT CCT CCCCTTGCTGG AAAT C

37 Platichthys flesus Cytb_Plafle_l23_p250 CCACAGGGCTAAACTCAGACTCT

38 Platichthys flesus Cytb_Plafle_l23_p328 TT CT CCTT ACTGCACT GGCTT CG

39 Platichthys flesus Cytb_Plafle_l25_p197 GGCCGCAACAGT AATT CACCT ACT C

40 Lepidorhombus whiffiagonis 16S_Lepwhi_l24_p323 CCCCACCAACT CCT CCAAACT AGA

41 Lepidorhombus whiffiagonis C0l_Lepwhi_l19_p370 AACCCGCTACT GT CACCAT

42 Lepidorhombus whiffiagonis COI_Lepwhi_l26_p362 CAACAT AAAACCCGCTACT GT CACCA

43 Lepidorhombus whiffiagonis Cytb_Lepwhi_l23_p312 CT CCTTGGCTT CGCAGTT CT CTT

44 Phrynorhombus norvegicus 16S_Phrnor_l23_p326 AGC ACCC AT CCC A ATT ACT CCT C

45 Phrynorhombus norvegicus Cytb_Phrnor_l23_p328 T ACTT CT GACGGCACTCACAT CC

46 Phrynorhombus norvegicus Cytb_Phrnor_l25_p311 CCTT CTT GGCTT CGCAGT ACTT CT G

47 Psetta maxima 16S_Psemax_l25_p321 CCCCTTAACTCCTCCAAATGAGAGC

48 Psetta maxima Cytb_Psemax_l23_p321 TT CGT CGTCCT CTT GACAGCACT

49 Psetta maxima Cytb_Psemax_l23_p337 CAGCACTCGCAACCCTAGCTTTA

50 Psetta maxima Cytb_Psemax_l25_p195 GCAGCAGT AACGGTT ATT CACCT CC
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T a b le  3 . Cont.

No. Species Probe ID Probe sequence (5 > 3 ')

Microchirus variegatus Cytb_Micvar_l25_p312 CT CCT CGG ATT CT CGAT CCT ACT CA

16S_Pegimp_l23_p206Pegusa impar GCCCGT CCCCAAACCT GAAAT AA54

Solea solea 16S_Solsol_l23_p202 TT CAGCCCGTCCCCAAATT CT AA56

Solea solea COI_Solsol_l25_p191 TCT CACCT CATCCGTTGTT GAAGCC58

16S_Scopor_l26_p209Scorpaena porcus CCATGTCACTAACCCTTTGATACAGG60

Cytb_Scopor_l25_p332Scorpaena porcus CCTT CTT GGCCTT ACAAT ACT CGCG

Pegusa impar 16S_Pegimp_l26_p313 GCACTTT ACCCCATT ACT CTTT GCT C

Microchirus variegatus Cytb_Micvar_l27_p325 CGAT CCT ACTC ATTTT ATT GGCAGCCC

57 Solea solea 16S_Solsol_l25_p321 CCCTT CACT CCCTGCT CTT AGAAAC

Helicolenus dactylopterus dactylopterus COI_Heldac_l19_p374 CCCAGCGATCT CTCAAT AC

59 Scorpaena notata 16S_Sconot_l25_p241 CTGGTGGACCTCTTCCCTAATGTCT

Scorpaena porcus 16S_Scopor_l24_p312 GGCACACCCGTT CCTT CAATT AAG

Microchirus variegatus Cytb_Micvar_l23_p343 TGGCAGCCCT AGCAAT ATT CTCC

64 Zeus faber 16S_Zeufab_l26_p187 GAGCTTT AG ACCT AAT GCAGT CCACG

Probe ID: 16S, Cytb, and COI indicate the  mitochondrial 16S rRNA, cytochrome b, and cytochrome oxidase subunit I marker genes, respectively; the  number following "I" 
is the  length of the  oligonucleotide probe and the num ber after "p" the  position in the  target sequence alignment. For details see Supporting Information Table S2. 
doi:10.1371 /journal.pone.0012620.t003

flesus and of the gurnards Chelidonichthys lucernus, Eutrigla gurnardus, 
and Trigloporus lastoviza (Fig. 3).

DNA m icroarray
A total o f  319 oligonucleotide probes (16S: 46; cyt b: 123; C O I: 

150) were designed for the 50 target species (Table 1, Supporting 
Inform ation T able  SI) an d  tested w ithin 255 hybridisation 
experim ents with 3 replicates each (data no t shown). Several 
probes w ere not functional due to low signal intensities as well as 
false-positive o r false-negative signals. A total o f 64 probes 
unam biguously identified 30 target fish species (Table 3, Support­
ing Inform ation  T ab le  S2, an d  Fig. 6). How ever, the portion  o f the 
in silico selected probes that gave successful hybridisation signals 
with target species was greatly variable am ong gene m arkers: 20 
16S-probes for 15 species (43.5%), 31 cyt ¿-probes for 16 species 
(25.2%), and  13 C O I-probes for 10 species (8.7%).

O verall, the signal intensity was highly variable am ong 
individuals used in the hybrid isation  experim ents an d  am ong  
probes o f the th ree  gene m arkers, rang ing  from  1,004 to 35,273 
a.u .. (1) Som e probes show ed a large varia tion  in signal intensity 
w hen P C R  p roducts o f d ifferent individuals o f the targe t species 
w ere hybrid ised  on  the  m icroarray . For instance, in cod (Gadus 
morhua) the values for different specim ens show ed a  5 -6  fold 
difference. (2) A m ong gene m arkers, the m edian  value o f the 
hybrid isation  signals o b ta ined  w ith the 16S-probes was m uch 
h igher (11,915 a.u.) th an  those o f the  C O I (3,027 a.u.) an d  cyt b 
probes (3,014 a.u.). H ow ever, this general p a tte rn  was not 
observed in all species. For exam ple, the C O I-p robes o f  the 
E u ro p ean  seabass (Dicentrarchus labrax) show ed higher values th an  
the cyt b an d  16S probes (Table 3, Supporting  Inform ation  
T ab le  S2, an d  Fig. 6). (3) Finally, add itional varia tion  am ong  
probes also resulted  from  the lack o f positive hybrid isation  
signals o f some probes in some specim ens o f ten  target species 
(i.e. Engraulis encrasicolus, Merluccius merluccius, Dicentrarchus labrax, 
Serranus scriba, Sparus aurata, Platichthys flesus, Lepidorhombus 
whiffiagonis, Psetta maxima, Pegusa impar, an d  Solea solea). H ow ever, 
for these species, a t least one designed p ro b e  show ed a  clear 
positive signal (Fig. 6).

T h e  hybridisation signal intensity decreased as the distance 
betw een the b ind ing  site and  the fluorescent label in the 
oligonucleotide p robe increased (Fig. 7). This “position o f label” 
(POL) effect [56], [57] was significant for all m arkers (p<0.01) and  
higher in the C O I probes (r = 0.65) th an  in the cyt b (r = 0.48) and  
16S probes (r = 0.42).

Discussion

DNA Barcoding
All three m itochondrial sequence m arkers were useful for the 

identification o f the 50 target species (Fig. 3, Fig. 4, and  Fig. 5). 
How ever, all o f them  h ad  some lim itations. Even though m ean 
genetic p-distances were different at the m ultiple taxonom ic levels 
suggesting the existence o f a  “barcoding  gap” (Table 2), the 
frequency distribution o f p-distances did not support the presence 
o f such a  gap (Fig. 2). T his consistently supports the issue that 
m ean  values o f genetic distances exaggerate the size o f the 
“barcoding gap” [58], In  our data, the extent o f overlap betw een 
genetic variation observed at w ithin- and  between-species levels 
was different am ong m arkers, w ith the largest overlap shown by 
16S. T h e  lack o f a  “barcoding  gap” in C O I was also observed in a 
com prehensive study on publicly available sequences o f m arine 
and  freshwater fishes [59], available from  the B arcoding o f Life 
D atabase (BOLD) [60], A lim itation o f the 16S m arker was the 
lack o f resolution in the species separation o f related  flatfish (P. 
platessa and  P. flesus) an d  gurnard  species (C. lucernus, E . gurnardus, 
and  T. lastoviza). Even though the two flatfish species and  o ther 
gurnards are know n to hybridise [61,62], the failing of 16S in 
discrim inating them  is no t likely caused by  introgression, because 
the same species an d  specimens were clearly separated by C O I. 
Therefore, it is m ore reasonable to explain such lack o f resolution 
with the ra ther low m utation  rate  in 16S. So far only six fish 
species were potentially affected by introgression in DN A  
barcoding  studies [25,63] an d  it is ra ther a  m inor problem  in 
applying m tD N A  in fish species identification [26],

T h e  results clearly show th a t Num ts, w hich m ay interfere in 
m tD N A -based species identification, are o f no concern  in this
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Figure 6. DNA microarray hybridisation experiments. M ean signal in ten s itie s  o f s ing le  ta rg e t h y b rid isa tions  to  64  o lig o n u c le o tid e  p ro b e s  o n  a 
DNA m icroarray  fo r th e  iden tifica tion  o f 30 fish sp ec ies  from  E u ropean  seas . For n u m b e rs  g iven  to  o lig o n u c le o tid e  p ro b e s  refer to  Table  3 a n d  
S u p p o rtin g  In form ation  Table  S2. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 2 6 2 0 .g 0 0 6

study. N um ts are copies o f m itochondrial genes o r fragm ents o f 
them  th a t have been transferred to the nuclear genom e. Since 
m ost N um ts are smaller than  400 bp  [64], it is very unlikely that 
they can amplify w ith the p rim er sets used in this study. M oreover, 
N um ts are no t expressed an d  consequently they can  have a  m uch 
higher m utation  ra te  th a t is likely to lead to stop codons, gaps, or 
radical changes in the am ino acid sequence in p rotein  coding 
genes, w hich can  be  easily detected w ith bio inform atie analysis. 
Overall, N um ts are  also ra ther o f little concern  in  applying 
m tD N A  for species identification [26] and  were not considered in 
this study as potential artefact.

DNA M icroarray
In silico probe design yielded a  high num ber o f potentially 

functional probes, bu t hybridisation experim ents showed that most 
o f  them  did not perform  as expected from  bioinform atic 
com putations. Such a discrepancy betw een the perform ance 
exhibited by probes in silico and  experim ental hybridisations has 
already been  reported  by  o ther studies for D N A  [65] an d  R N A  
[66], suggesting that dynam ics and  processes o f the hybridisation 
are still no t understood. T h e  unpredictable perform ance o f probes 
in the m icroarray  experim ents lead  to high variation of 
hybridisation signals. T h e  m edian value of 16S hybridisation
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signals was four times h igher th an  those obtained with cyt b and  
C O I probes. How ever, m ost functional oligonucleotide probes 
were based on  cyt b sequences an d  they also detected the highest 
num ber o f target species (Table 3, Supporting  Inform ation  Table 
S2). Even though  m ost potentially functional probes could be 
designed based on  C O I, m ore than  90% had  to be  rejected due to 
cross-hybridisations an d  lack o f signal in  hybridisation experi­
m ents. In  com parison, the rejection rates o f 16S (56%) an d  cyt b 
(74%) probes were lower. Com paratively, in Penicillium approxi­
m ately 60% o f C O I-based  probes developed for species detection

were rejected [65]. Overall, these results indicate that all 
oligonucleotide probes have to be tested intensively by  hybridisa­
tion experim ents to evaluate their functionality in  species 
identification, preferably w ith several individuals o f the target 
species together with a  high num ber o f  non-target species. T h e  in 
silico study on the effectiveness o f m am m alian  C O I an d  cyt b 
sequences for p robe design suggested that bo th  genes yield a  high 
num ber o f probes [67]. How ever, since the behaviour o f 
oligonucleotide probes in hybridisation experim ents cannot be 
predicted, in silico results should be handled  w ith caution. T he
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present study ra th e r suggests th a t C O I an d  cyt b are no t well suited 
for p robe design in fish species an d  similar findings were reported  
for the C O I in fungi [65]. Sequences o f ribosom al genes (e.g. 16S) 
seem to be m ore suitable for the design of functional probes in the 
studied fish species. This should be related  to the secondary 
structure o f the rD N A , showing single stranded linear DN A, single 
stranded loops, an d  double stranded stems. T h e  loop region is 
characterised by  a  high insertion /deletion  polym orphism  (indel), 
w hich is a  valuable feature m aking these sequences suitable for the 
design of highly specific oligonucleotide probes [42]. O n  the 
contrary, the disadvantage of 16S rD N A  sequences is the lack of 
discrim ination pow er am ong closely related species. How ever, this 
problem  can be overcom e by analysing in  parallel o ther gene 
m arkers.

A bsolute signal intensities w ere very he terogeneous in this 
study, the  m axim um  value be ing  35-fold h igher th an  the 
m in im um  value (Fig. 6). G re a t va ria tio n  in signal intensities 
com m only  affects D N A  m icro array  hybrid isation  experim ents 
(e.g., [68-72]). O n  the  one han d , va ria tio n  in signal intensity  
given by a  certa in  oligonucleotide p ro b e  can  occur am o n g  
different experim en tal replicates a n d  this m igh t be  re la ted  to 
differences in the quality  o f slides o r solutions used for the 
hybrid isation  an d  w ash ing  steps. It is also rep o rted  th a t 
increased  a tm ospheric  ozone concen tra tions cause the  ox idation  
o f Cy5, hence decreasing  fluorescence signal intensities [73,74], 
O n  the  o th er han d , large  differences in signal intensities am ong  
oligonucleotide p robes m igh t be  re la ted  to the  n u m b er and  
position  o f  m ism atches. A dditionally , there  a re  also sequence 
specific differences [75]. T h is study has also show n differences 
o f  the m ean  signal in tensity  am o n g  the  th ree  m arkers. W hile 
oligonucleotide probes based  on cyt b an d  C O I show ed alm ost 
identical m ean  values o f  signal intensity, the  m ean  value for 
16S-probes was ab o u t four tim es h igher. T h is m igh t be 
exp lained  by the  secondary  struc tu re  o f  the  ta rg e t D N A . In  
16S, all o ligonucleotide p robes b in d  to the  variab le  regions j  a n d  
I [42], w hich  rep resen t large  single-stranded loops. T herefo re , 
the  b in d in g  sites in  the  16S targ e t D N A  are  freely accessible for 
the  oligonucleotide p robes. In  con trast, secondary  structures o f 
the  p ro te in  cod ing  cyt b a n d  C O I D N A  fragm ents m ight 
h am p er access o f  the  probes to the  b in d in g  sites in the  targe t 
DN A.

T h e  position o f label relative to the target D N A -probe duplex 
m ight cause variation o f the signal intensities am ong different 
oligonucleotide probes. H ighest signal intensities a re  given by 
probes with a  low distance betw een the fluorescent label an d  the 
b inding site. Signal intensity decreases with increasing distance 
[56,57]. T he highest correlation was found in  C O I, followed by 
cyt b and  16S (Fig. 5). This was due to the fact th a t the m axim um  
distance o f the b inding site to the fluorescence label is only about 
200 bp  in 16S, while it is alm ost 300 bp  in cyt b and  alm ost 400 bp  
in C O I. O u r results support th a t the 16S fragm ent is the m ost 
suited m arker for m icroarray  probe design, com pared  to cyt b and  
C O I fragm ents.

C o n c lu s io n s
T h e  present study showed th a t the investigated m itochondrial 

sequence m arkers perform  differently in D N A  barcod ing  and  
m icroarray  analyses for the identification o f fish species. W hile cyt 
b and  C O I are equally well suited for the sequence based species 
identification o f fishes, 16S has drawbacks in discrim inating closely 
related species. In  contrast, 16S-probes perform ed appreciably 
bette r th an  probes based on  cyt b and  C O I in D N A  m icroarray  
hybridisation experim ents. O ligonucleotide probes based on 16S

showed a lower rejection rate  after hybridisation experim ents, 
h igher m ean  signal intensity, and  w eaker position o f lable (POL) 
effect. Therefore, 16S sequences can be recom m ended  for 
designing oligonucleotide probes for fish species identification 
based on D N A  m icroarrays. In  o rder to allow the discrim ination 
o f closely related  species, additional m arkers, such as cyt b o r a 
nuclear gene w ould be  helpful. U nfortunately, C O I was not 
suitable for the design of oligonucleotide probes for the target 
species, discouraging the utilisation o f the huge num ber o f C O I 
barcode sequences in the B arcoding of Life D atabase (BOLD) [60] 
as a  da ta  source for the developm ent o f D N A  m icroarrays for the 
identification o f fish species.

This study has shown th a t m itochondrial sequence m arkers can 
be useful tools for the identification o f E uropean  m arine fishes. 
Species assignm ent is very im portan t in the context o f fisheries 
research, fisheries control, an d  consum er protection. T he 
developm ent o f the described D N A  m icroarray  for the identifica­
tion o f 30 fish species represents the next step towards an 
au tom ated  and  easy-to-handle assay th a t can  be applied in 
ichthyoplankton surveys, by com panies involved in fish trade as 
well as authorities concerned with fisheries control and  consum er 
protection.

Supporting Information

T ab le  SI Sequences utilised for the D N A  barcoding approach. 
Abbreviations: 16S: 16S rR N A  gene, cyt b: cytochrom e b  gene, 
C O I: cytochrom e oxidase subunit I gene, O: order, C: 
Clupeiform es, G: Gadiform es, L: Lophiiform es, P: Perciform es, 
PI: Pleuronectiform es, S: Scorpaeniform es, Sy: Syngnathiform es, 
Z: Zeiformes, NA: N ortheastern  Atlantic, NS: N orth  Sea, B: 
Baltic, BB: Bay o f Biscay, W M : W estern M editerranean, CM : 
C entra l M editerranean , EM : E astern M editerranean , an d  BS: 
Black Sea. No num ber in cell = 0.
Found at: do i:10 .1371/journa l.pone.0012620.sOOl (0.22 MB 
D O C )

T ab le  S2 Oligonucleotide probes for the identification of fish 
species from  E uropean  seas. Probe ID: 16S, Cytb, and  C O I 
indicate the m itochondrial 16S rR N A , cytochrom e b, and  
cytochrom e oxidase subunit I m arker genes, respectively; the 
num ber following “1” is the length o f the oligonucleotide probe 
and  the num ber after “p ” the position in the target sequence 
alignm ent. Oligo mfe: m inim al free energy o f the secondary 
structure o f the oligonucleotide; D im er mfe: m inim al free energy 
o f the dim er o f  two identical oligonucleotide molecules. Values for 
mfe are given in k c a l/mol. M ean  fluorescence signal intensity as 
shown in Fig. 6 and  its standard  deviation (SD) is given in a rb itrary  
units. Please note th a t some probes have been hybridised with 
several specimens o f the target species.
Found at: doi: 10.137l/jo u rn a l.p o n e .0 0 1 2620.s002 (0.23 MB 
D O C )
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