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Abstract
The in troduction  of Next Genera t ion  Sequencing  (NGS) has revolutionised popula t ion  genetics,  providing s tudies  o f  n o n ­
model  species  with u n p re c e d e n te d  g e n o m ic  coverage,  allowing evolutionary  biologists to  address  ques t ions  previously far 
beyond  th e  reach o f  available resources. Furthermore,  t h e  simple m uta t ion  m odel  o f  Single Nucleotide Polymorphisms 
(SNPs) permits cost-effective h ig h - th ro u g h p u t  g en o ty p in g  in th o u sa n d s  o f  individuals simultaneously.  Genom ic  resources 
are  scarce for th e  Atlantic herring (Clupea harengus), a small pelagic species  th a t  sustains high revenue  fisheries. This pap er  
details  t h e  d e v e lo p m e n t  o f  578 SNPs using a co m b in ed  NGS and  h ig h - th ro u g h p u t  g en o ty p in g  ap proach .  Eight individuals 
covering th e  species  distribution in th e  eas te rn  Atlantic w ere  bar-coded  a n d  multiplexed into a single cDNA library and  
s e q u e n ce d  using th e  454 GS FLX platform. SNP discovery w as perform ed  by de novo  s e q u e n c e  c lustering and  contig  
assembly, followed by th e  m ap p in g  o f  reads agains t  c o n sen su s  contig  sequences .  Selection o f  c an d id a te  SNPs for 
g en o ty p in g  was c o n d u c te d  using an  in silico app roach .  SNP validation and  g en o ty p in g  w ere  pe rform ed  sim ultaneously  
using an  Illumina 1,536 G oldenGate  assay. A l though th e  conversion rate o f  can d id a te  SNPs in th e  g en o ty p in g  assay can n o t  
be  p red ic ted  in advance,  this ap p ro ac h  has th e  potential  to  maximise cost  a n d  t im e efficiencies by avoiding expensive  and  
t im e-consum ing  laboratory s tag es  of SNP validation. Additionally, th e  in silico ap p ro ac h  leads to  lower asce r ta in m en t  bias in 
t h e  resulting SNP panel as marker selection is based  only on  th e  ability to  des ign  primers a n d  th e  predic ted  p resence  of 
intron-exon boundaries .  C o nsequen tly  SNPs with a w ider  sp e c tru m  o f  m inor allele frequencies  (MAFs) will be  g e n o ty p e d  in 
t h e  final panel.  The g e n o m ic  resources p re sen ted  here  rep resen t  a valuable  m ult i-purpose  resource  for develop ing  
informative marker panels  for popula t ion  discrimination, microarray d e v e lo p m e n t  an d  for popula t ion  g e n o m ic  s tudies  in 
t h e  wild.
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Introduction

Population genomic approaches have been  revolutionised by 
N ext G eneration  Sequencing (NGS) technologies such as 454 
(Roche) and  Illum ina sequencing. T hese developm ents facilitate 
genom e-wide analyses o f genetic variation  across populations o f 
non-m odel organisms [1,2], allowing a  range of evolutionary 
questions to be  investigated effectively for the first tim e. M arine 
fishes are  excellent m odel systems for studying adap tation  due to 
their large geographic ranges that frequently encom pass strong 
environm ental gradients and  their large population  sizes that 
increase the relative strength o f selection over drift [3]. M oreover, 
m any m arine  fishes are under extrem e anthropogenic pressure

and  there  is an  urgent need for genom ic tools to identify 
population  structure an d  boundaries to allow effective m anage­
m ent [4], Additionally the forensic identification o f fish and  fish 
products th roughout the food processing chain from  net to plate 
w ould assist in the fight against Illegal, U n reported  and  
U nregulated  (IUU) fishing, currently  a  priority  for the E uropean 
U nion  [5] and  globally [6], SNPs are the optim al m arker for this 
type o f application, bu t large SN P panels are currently  available 
for few m arine fish species (e.g. Atlantic cod (Gadus morhua) [7]; 
E uropean  hake (Merluccius merluccius) [8]). Thus, the developm ent 
o f genom ic resources for m arine fish is urgently requ ired  for 
evolutionary, conservation and  m anagem ent perspectives.
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T h e  strategy used for SN P developm ent in non-m odel 
organism s is dependent on  the availability o f genom ic inform a­
tion from  closely related species. If  such resources are available, 
P C R  am plicons (homologous to regions in the reference 
genome) can be sequenced and  SNPs identified (however, these 
are intrinsically lim ited in the num ber o f  SNPs th a t can  be 
identified). W ithout a  reference genom e, three principal 
strategies for genom e-wide SN P discovery can be  applied; 
whole genom e sequencing an d  assembly, genom e complexity 
reduction  and  sequencing m ethods (e.g. R R L  and  RAD-seq) 
and  cD N A  sequencing (RNA-seq). W hile whole genom e 
sequencing has now  been  com pleted for species w ith large 
com plex genomes (for exam ple: p an d a  (Ailuropoda melanoleurd) [9]; 
cacao (Theobroma cacao) [10]), this rem ains outside the scope of 
m ost studies, as in general the de novo assembly of larger, repeat- 
rich o r polyploid genomes requires additional inform ation (e.g. 
physical BAC m aps o r pa ired-end  libraries) and  extensive 
bioinform atic capacity in o rder to build  the large, com puta­
tionally intensive, structured sequence scaffolds [11]. Genom ic 
libraries w hich sequence a small fraction o f the genom e 
(typically 3-5% ) require a  high level o f  coverage for contig 
assembly and  detection o f SN P variants (see [12-14] for 
applications). D eep sequencing o f cD N A  libraries provides an 
attractive approach  to achieve the high sequence coverage 
needed for de novo contig assembly and  SN P prediction, as only 
a  small percentage o f the genom e is accounted  for by the 
transcriptom e. A nother advantage o f transcriptom e sequencing 
is the inform ation p roduced  concerning functional genetic 
variation in  specific genes w hich m ay be under selection; these 
can then  be targeted  to evaluate gene expression profiles. T he 
ability to exam ine bo th  neutral variation  and  genom ic regions 
under selection provides researchers with unprecedented  tools 
for understand ing  local adap tation  of wild populations a t the 
m olecular level.

A tlantic herring  (Clupea harengus) is an  ab u n d an t and  
ecologically highly diverse species, occurring with a  m ore or 
less continuous distribution in the N orth-A dantic  benthopelagic 
zone. H abitats a re  distributed across highly diverse environ­
m ents, from  tem perate (33°N) to arctic (80°N) an d  a t salinities 
from  oceanic (~ 3 5  ppt) to brackish (down to 3 ppt). In  spite o f 
its large ecological range, studies using “ n eu tra l” microsatellites 
have unanim ously reported  weak population  differentiation that 
is statistically significant only on regional scales [15-17]. 
How ever, despite relatively high levels o f gene flow am ong 
populations, evidence o f local adap tation  has been  identified in 
the A tlantic herring  in the Baltic Sea using microsatellite loci 
[18,19]. T herefore it is expected th a t analyses w ith transcrip- 
tome-wide coverage applying hundreds o f m arkers associated 
with adaptive and  neutral variation will provide novel insights 
into the role o f selective an d  dem ographic processes in shaping 
population  structure.

W e describe transcriptom e-based SN P developm ent in A tlantic 
herring  using a  R oche 454 GS FL X  (hereafter 454) sequencing 
approach. O u r aim  was three-fold; 1) to develop a  SN P assay 
exhibiting m inim al ascertainm ent bias across east A tlantic 
populations, 2) to test the applicability o f in silico SN P detection 
utilizing a  com bined SN P screening an d  validation approach  as a 
cost efficient way o f obtain ing  population  genom ic resources, and  
3) to establish a transcriptom e resource for tissue-specific gene 
expression profiling and  m icroarray  developm ent. W e present, to 
our knowledge, one o f the first studies describing SN P discovery in 
a  non-m odel m arine fish based on transcriptom e sequencing using 
NG S.

Materials and M ethods

cDNA Library C o n s tru c t io n  a n d  454  S eq u e n c in g
SN P developm ent was based on  m uscle samples from  eight fish 

collected from  four locations from  across the eastern A tlantic 
(Figure 1). T hese locations were chosen to m aximise geographic 
coverage and  environm ental differences, thereby m inim ising 
potential ascertainm ent bias. A pproxim ately 5g o f m uscle tissue 
was taken from  each o f two individuals (male an d  female) from 
each location an d  im m ediately p laced in R N A later (Invitrogen) 
and  after 12 hours a t 4°C , were stored a t —80°C. T otal R N A  was 
extracted using the R N easy Lipid Tissue M ini K it (Qiagen). T he 
O ligotex m R N A  M ini K it (Qiagen) was used to isolate m R N A , 
and  non-norm alised cD N A  was synthesized using the Superscrip t 
D ouble-stranded cD N A  Synthesis K it (Invitrogen). A m ultiplex 
sequencing library  was p repared  by pooling equal am ounts o f 
cD N A  from  all eight individuals, w here two specific 10-mer 
barcoding  oligonucleotides were ligated to each individual sample 
to allow post-sequencing identification o f sequences (modified 
from  [20]). H igh-th roughput sequencing was perform ed on a  454 
sequencer according to the m anufacturers’ protocol.

S e q u e n c e  P rocess ing  a n d  A ssem bly
Sequences were first de-m ultiplexed using the barcoding  tags 

(sfffile tool, R oche 454 analysis software) an d  sorted by sample. 
M itochondrial sequences were rem oved from  the da ta  set by 
m apping the reads against the Atlantic herring  m itochondrial 
genom e (G enbank accession N C _009577 [21]) using the R oche 
454 gsM apper software. R epeatM asker [22] was used to identify 
and  m ask repetitive an d  low complexity regions w ithin the reads 
by using the zebrafish [Danio rerio) repea t library. R eads were 
cleaned for short sequences (< 5 0  bp) and  low quality regions using 
SeqC lean (h ttp ://c o m p b io .d fc i.h a rv a rd .ed u /tg i/so ftw are /). Se­
quence clustering was perform ed in two steps; initial clustering 
was perform ed using CLC Genom ics W orkbench (CLCbio, 
Denm ark), the resulting ace file sequences were then  assem bled 
‘pe r contig’ in CAP3 [23]. T h e  consensus sequences for the contigs 
p roduced  by this assembly were then  used as a  reference for 
m apping reads in the subsequent in silico SN P detection.

SNP D e tec t ion
T o identify candidate SNPs, all contig specific reads from  the 

CAP3.ace files w ere re-m apped onto the consensus sequence and  
candidate SNPs were identified using GigaBayes [24], This 
p rogram  scans each position o f the assembly for the presence of 
a t least two SN P alleles an d  calculates the probability  o f a  given 
site being  polym orphic using a Bayesian approach. No insertion or 
deletion variants (InDels) were considered and  the polym orphism  
rate  was set to 0.003. A m inim um  contig dep th  o f four reads 
covering the polym orphic site and  a  m inim um  o f two reads for the 
ra re  allele were required  for a  site to be considered as a  putative 
SNP. All contigs containing SNPs were filtered to rem ove 
instances in w hich the alternative allele o f the SN P was only 
identified in a  single individual, as these m ay either represent false 
positives or m ay lead  to strong ascertainm ent bias.

Microsatell ite  S e q u e n c e  Screen ing
Microsatellites are an  im portan t resource for smaller scale 

studies in population  genetics, m icrosatellites w ithin expressed 
genom ic regions have been shown to p roduce clearer genotyping 
results as there  are fewer null alleles and  stutter bands [25,26]; 
therefore the contig library developed here was screened to detect 
repeat regions. Assembled contigs were screened for m icrosatellite 
repeats using M satC om m ander [27] a  Python program  which
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North Atlantic

Figure 1. Location of the 18 samples used in this study. The e ig h t s e q u e n c e d  a sc e rta in m e n t indiv iduals (2 p e r  location) cam e  from  th e  fo u r
sam p lin g  sites  d e n o te d  in red.
do i:10 .1371/jo u rn a l.pone.0042089 .g001

locates microsatellite repeats (di-, tri-, tetra-, penta-, an d  hexa- 
nucleotide repeats) within fasta-form atted sequences o r consensus 
files. M satC om m ander then  uses Prim erS [28] to screen sequences 
contain ing microsatellite loci for high-quality P C R  prim er sites 
w ithin the flanking regions for ‘potentially am plified loci’ (PALs 
[29]).

C ontig  A n n o ta t io n
Contigs were an no ta ted  using the Basic Local A lignm ent Search 

T ool (BLAST) against m ultiple sequence databases. Blastn 
searches (E-value cut-off < 1 .0  E 5) were conducted  against all 
anno ta ted  transcripts o f  Gasterosteus aculeatus, Tetraodon nigroviridis, 
Oryzias latipes, Takifiigu rubripes, Danio rerio an d  Homo sapiens available 
th rough  the Ensem bl G enom e Browser, an d  against all unique 
transcripts for D . rerio, H . sapiens, 0 . latipes, T. rubripes, Salmo salar, 
and  Oncorhynchus mykiss in the N C B I LTniGene database. Blastx 
searches w ere conducted  (E-value cut off < 1 .0  E 3) against the 
LTniProtKB/SwissProt and  L hiiP ro tK B /T rE M B L  databases. Last­
ly Blastx searches were perform ed against all an no ta ted  proteins 
from  the transcriptom es o f G. aculeatus, T. nigroviridis, 0 . latipes, T. 
rubripes, D . rerio and  H . sapiens available th rough  the Ensem bl 
G enom e Browser.

T o  predict the effect o f  the m utation  underlying each SN P at 
the am ino acid level, a  pipeline was developed to predict the 
reading fram e for each SN P-containing contig. All contigs

containing SNPs were first blasted against six peptide sequence 
databases (Ensembl genom e assembly for G. aculeatus, T. nigroviridis,
0 . latipes, T. rubripes, D . rerio and  the Swissprot database) using the 
Blastx function (E-value cut-off < 1 .0  E - 3 ). For each SNP 
containing contig the best m atch  was selected and  the aligned 
sections o f the query  w ere saved. Subsequently, two 121 bp 
sequences pe r SN P (i.e. 60 bp  u p /d ow n-stream  of the SNP 
position, one sequence for each allele) were produced, these were 
used in a  Blastx analysis against the file retrieved from  the peptide 
sequences (E-value cut-off < 1 .0  E -10), and  w ere then  com pared to 
determ ine if the SN P represented  a  synonym ous or non- 
synonym ous m utation.

Selec t ion  o f  C a n d id a te  SNPs for G en o ty p in g  Assay
SNPs were validated following an  in silico protocol, aim ed at 

m inim ising validation costs, whilst also m inim ising subsequent 
locus dropout. SN P selection was based on the results from  the 
Illum ina Assay Design Tool, detection o f putative intron-exon 
boundaries w ithin the flanking regions o f candidate SNPs, and  a 
visual evaluation o f the quality o f contig sequence alignm ents. T he 
SN PScore from  the Illum ina Assay Design T ool (referred to as the 
Assay Design Score/A D S) utilises factors including tem plate GC 
content, m elting tem perature, sequence uniqueness, an d  self- 
com plem entarity  to filter the candidate SNPs prio r to further 
inspection. T h e  Assay Design Score (assigned betw een 0 and  1) is
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indicative o f the ability to design suitable oligos w ithin the 60 bp  
u p /d ow n-stream  flanking region, an d  the expected success o f the 
assay w hen genotyped with the Illum ina G oldenG ate chem istry. 
Following the Illum ina guidelines, all SNPs with a  score below  0.4 
were discarded; SNPs with a score above 0.4 were accepted, with 
SNPs scoring above 0.7 being used preferentially.

T h e  prediction  o f intron-exon boundaries w ithin the SNP 
flanking regions (60 bp u p /d ow n-stream  o f SN P position) was 
perform ed using two approaches. T h e  first directly com pared 
SN P-containing contigs against five high quality reference 
genom es for m odel fish species (Ensembl genom e assembly for 
C. aculeatus, 71 nigroviridis, O. latipes, 71 rubripes and  D. rerio; tee 
Figure S I, left pipeline), using the Blastn option (E-value cut-off 
10 5). Blast results w ere then  parsed  via a  custom  Perl script 
considering alignm ent length, start an d  end p o in t o f  the alignm ent 
to determ ine the best positive m atch  (further details o f the Perl 
script and  workflow are available from  the authors on request). If  
the 60 bp on bo th  sides o f the SN P were present in the alignm ent, 
the candidate SN P was considered to be  contained w ithin a single 
exon; otherwise an  intron-exon boundary  was assum ed to be 
p resent w ithin the 121 b p  assay design region. SNPs were then  
assigned to one o f three  categories either having, o r no t having an 
intron-exon boundary  predicted  w ithin the flanking region, o r as 
no t re tu rn ing  a significant m atch  against any o f the five blasted fish 
genomes. In  the o ther approach, the likelihood o f a  positive m atch 
and  the reliability o f  intron-exon boundary  predictions were 
increased, with SN P-containing contigs used as a  query  in a  Blast 
search (blastn, E-value cut-off 10 5) against the corresponding 
transcriptom e o f the same five reference databases (see above). If  
the blast search p roduced  a positive result, the m atching transcript 
was dow nloaded from  the Ensem bl database, an d  blasted against 
its own genom e sequence (see Figure S I, right pipeline). W ithin 
the dow nloaded sequence, the nucleotide position corresponding 
to the candidate SN P in the A tlantic herring  sequence was 
identified based on the start and  end  positions o f  the alignm ent 
betw een the original contig and  the Ensem bl transcript. U sing the 
projected SN P position, the flanking regions w ere again classified 
as being located  on  a  single exon, d isrupted by an  intron, or not 
having a  significant m atch. Results from  the two approaches were 
com pared to obtain  a  consensus estim ate for the likelihood o f an 
intron-exon boundary  occurring w ithin the 121 bp assay for each 
o f the candidate SNPs.

Finally, the rem aining candidate SN P contigs were visually 
evaluated using clview (clview; h ttp ://co m p b io .d fc i.h a rv a rd .ed u / 
tg i/so ftw are/) in o rder to rank  putative SNPs w ithin and  am ong 
contigs. T his was assessed by considering the overall quality o f  the 
assembly, the dep th  and  length o f alignm ents, and  the num ber o f 
m ism atch sites flanking the SNP. This step was included to 
increase the likelihood o f excluding incorrectly identified SNPs (for 
exam ple; regions w ith alternative splicing or erroneous clustering 
o f paralogous sequences). W ith in  each contig, one or two SNPs 
receiving the highest quality score were considered for further 
validation (see below).

SNP Validation
Following the pipeline described above, 1,536 high scoring 

candidate m arkers w ere chosen for validation by high th roughput 
genotyping assay. D N A  was extracted from  fin clips for 626 fish 
sam pled from  eighteen sites across the species range in the eastern 
Atlantic, including twenty fish from  each o f the four SN P discovery 
populations (Figure 1). T h e  quality and  quantity  o f D N A  was 
checked using a  N anodrop  spectrophotom eter, and  all samples 
were standardised to 70 n g /p L . G enotyping was perform ed using 
the Illum ina G olden G ate platform  [30], and  was visualised using

Illum ina’s G enom eStudio da ta  analysis software (1.0.2.20706, 
Illum ina Inc.). O nly SN P assays showing clear genotype clustering, 
and  individual samples w ith a  call ra te  above 0.8 were considered 
for further analysis.

C ross-spec ies  Amplification
T o assess the utility o f developed m arkers in related  species, two 

species identified from  a consensus phylogeny [31], the sister 
species; Pacific herring  (C. pallasii) an d  a  m ore distantly related 
species; anchovy (Engraulis encrasicolus) were genotyped for the full 
1,536 SN P panel.

Statistical A nalyses
T o assess the predictive value an d  utility o f the different 

param eters used in the in silico SN P validation pipeline, a  binom ial 
logistic regression analysis was conducted. Tw o categorical 
variables (Conversion and  Polymorphism) w ere evaluated which 
describe the outcom e o f the SN P assay validation; these are 
expected to depend on  a range of candidate p red ic to r variables 
(see below). Conversion was scored by  assigning all 1,536 genotyped 
SN P assays as either failed (score = 0) o r successfully am plified and  
clustered (score = 1). Polymorphism assigned all the successfully 
am plified SN P assays into m onom orphic (0) o r polym orphic (1) 
categories. N ine variables were then  assessed for their predictive 
value in determ ining SN P assay conversion and  polym orphism : i) 
num ber o f ascertainm ent panel individuals supplying sequence 
reads a t the SN P position, ii) num ber o f  sequences aligned under 
SN P position, iii) num ber o f sequences w ith the m inor allele, iv) 
frequency o f sequences with m inor allele, v) num ber o f ascertain­
m en t individuals with the m inor allele, vi) Illum ina Assay Design 
Score (ADS), vii) outcom e o f the intron-exon boundary  pipeline 
(scored as SN P assay being w ithin a  single exon, in te rrup ted  by an 
in tron  or as having no BLAST m atch), viii) num ber o f reference 
species supporting findings from  the intron-exon pipeline, and  ix) 
neighbourhood sequence quality (determ ined by the num ber o f 
m ism atches in the flanking region alignm ent). T o  statistically test 
the predictive effect o f  the above variables for bo th  Conversion and  
Polymorphism a  two-step binom ial logistic regression analysis was 
used as im plem ented in SPSS v l2 .0 . All variables were included in 
the initial m odel, and  a backw ard stepwise deletion approach  was 
used for optim isation, in w hich the least inform ative variable is 
rem oved sequentially until only significantly contributing  variables 
rem ain. A W ald  x 2 statistic was used to estim ate the relative 
contribution  from  each rem aining param eter.

For the successful polym orphic assays global values o f observed 
(Ho) and  expected (HE) heterozygosity were estim ated for 20 
individuals from  each of the four ascertainm ent populations 
(Figure 1) using G enA lEx 6.4 [32]. For these same populations 
deviations from  H ardy-W einberg  equilibrium  (HW E) an d  evi­
dence o f linkage disequilibrium  (LD) were explored using 
G enepop 4.0 [33]. Significance levels for H W E  and  LD tests 
were estim ated using an  M C M C  chain  of 10,000 iterations and  20 
batches, / ’-values were adjusted for m ultiple tests by false discovery 
ra te  (FDR) correction following B enjam ini & Yekutieli [34],

Lastly, ascertainm ent bias, resulting from  the non-random  
exclusion o f SNPs with a  low M inor Allele F requency (MAF) from 
the m arker panel, m ay occur due to the small size (n = 8) o f the 
ascertainm ent panel (com pared to the whole population), and  the 
lim ited geographical coverage (com pared to the whole species 
range). W hen  m arkers are then  genotyped on a  m uch  larger 
sample o f individuals the resulting ascertainm ent bias [35,36] m ay 
affect the estim ation of m any  evolutionary an d  population  genetic 
param eters [2]. T o  assess the m agnitude o f a  potential bias, the 
distribution o f M A F in the m arker panel was assessed across a
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large da ta  set covering 18 locations across the E astern  A tlantic to 
check for an  elevated non-random  exclusion o f SNPs w ith a  low 
MAF. An un-biased SN P panel should exhibit an  “ L-shape” 
distribution o f M A F categories indicating adequate  representation 
o f low M A F SNPs [37],

Results

4 54  S e q u e n c in g
Results for the sequencing an d  SN P discovery pipeline are 

illustrated in Figure 2. A total o f 683,503 cD N A  sequences were 
generated  from  the m ultiplexed Atlantic herring  muscle library. 
T h e  reads were de-m ultiplexed to assign reads to one o f the eight 
sequenced individuals according to their barcoding  tag. For 8% of 
the raw  reads no barcoding  tag was identified, while the rem aining 
629,541 raw  reads (average read  length: 205 bp, Figure 3B) 
contained the 5 ' tag  sequence an d  could be allocated to pools per 
sample pe r geographical region (Figure 3A). G eographic pools 
ranged  from  86,731 (English C hannel) to 187,554 (Barents Sea) 
sequences. All 454 sequence da ta  has been  subm itted to the 
Sequence R ead  Archive (SRA) under the study accession num ber 
E R P 0 0 1233 (h t tp : / /w w w .eb i.ac .uk /e n a /d a ta /v ie w /
ERP001233).

S e q u e n c e  P rocess ing  a n d  A ssem bly
Sequence cleaning an d  processing identified 5.8%  o f the 

assigned reads as having a  m atch  o f a t least 94% identity over 
60 base pairs to A tlantic herring  m itochondrial sequences and  
these were rem oved from  the da ta  set. R epeatM asker m asked 
1.9% of the dataset using the zebrafish repeat library. T he 
SeqC lean program  rem oved a further 3.5% o f the assigned reads 
due to low-complexity (n = 7,885), low quality (n = 169) o r being 
below the m inim um  read  length of 50 bases (n = 13,010). Lastly, 
some reads were trim m ed, yielding a total o f 571,731 reads for 
sequence clustering and  assembly. Initially reads were clustered 
with C LC Genom ics W orkbench (CLCbio, Denm ark), resulting in 
16,456 clusters ranging from  200-400  bp. T hese were then  
individually re-assem bled w ith CAP3 resulting in 19,246 contigs 
(some clusters p roduced  by  C LC  w ere split into two or m ore 
contigs) and  30,344 singletons o f w hich m ore than  50%  could be 
anno ta ted  (Table 1). T h e  m ajority o f contigs consisted o f less than  
30 reads and  ranged  betw een 100-500 bp (Figure 3C-D).

SNP D e te c t io n  a n d  A n n o ta t io n  Results
SN P discovery w ith GigaBayes detected 6,331 putative SNPs in 

1,991 separate contigs. T h e  prim ary  annotation  of contig 
sequences is sum m arized in T ab le  1 and  in m ore detail in Table 
S I.

M icrosatelfitE

6501

Prim er d e s ig n

1757

cDNA library

4 5 4 GS FLX S eq u en c in g

683,503 EST reads

D e-m ultiplexed by ID

629,541 EST reads

R em oval o f mtDNA

592,795 EST reads

R ep ea t m ask ing  and  
c lea n  up

571,731 EST reads

C lu s te r in g ^ s s e m b ly

19,246 contigs and 
30,344 singletons

B last/A nnotation

11,970 contigs and 
14,943 singletons

T
M arker d ev e lo p m en t

-► SNP Identification

6331

R em oval o f term inal 
SN Ps

5338

R em oval if ADT <0.4

5253

In tro n ^ x o n  
sc reen in g

4018

I Final se lec tio n  fo r 
g eno typ ing

1536

Figure 2. Schematic of transcript assembly and SNP detection pipeline. S ch em atic  overv iew  w ith  n u m b e rs  o f reads, c o n tig s  an d  SNPs 
th ro u g h  th e  tra n sc r ip t a ssem b ly  (cen tre ) SNP d e te c tio n  (righ t h a n d  side) a n d  m icrosa te llite  d e te c tio n  (left h an d  side) p ip e lin e s  (see te x t fo r m o re  
details).
do i:10 .1371/jo u rn a l.p o n e .0042089 .g002
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Figure 3. Summary of sequence data. A) number of sequences successfully barcoded for each of the eight ascertainment individuals; and for the
combined data, B) sequence length, C) number of reads per contig and D) contig length.
doi:10.1371/journal.pone.0042089.g003

Selec t ion  o f  C a n d id a te  SNPs for G e n o ty p in g  Assay
From  the 6,331 pred icted  SNPs, 993 (15.6%) were located in 

the term inal region o f the contigs an d  did no t have the required  
m inim um  of a  60 bp  flanking region to design oligos for the 
G oldenG ate a rray  (Figure 2). O f  those rem aining, 85 SNPs (1.3%) 
scored below  the m inim um  value (<0.4) recom m ended  for p rim er 
design an d  were no t considered. 4,104 SNPs (76.8%) h ad  high 
Assay Design Scores (between 0.7-1.0) and  1,149 SNPs (21.5%) 
had  acceptable Assay Design Scores (between 0.4-0.7), all 5,253 of 
these were taken forw ard to the next stage. O f  the putative SNPs 
screened for potential in tro n /exon splicing sites w ithin the flanking 
regions, 1,235 (23.5%) h ad  putative in tro n /exon boundaries 
w ithin the flanking regions, and  so were rejected. T h e  m ajority 
(3,052, 58.1%) had  no m atch ing  BLAST hits, while ju st 966

T a b le  1. N um ber  of con tigs  and  singletons o b ta in ed  and 
successfully an n o ta ted .

Total Annotated %  An notated

Contigs 19,246 11,970 62.1

Singletons 30,344 14,943 49.2

Total 49,590 26,913 54.3

dol:10.1371 /journal.pone.0042089.t001

(18.4%) had  BLAST hits w hich suggested th a t there was no 
in tro n /exon boundary  present (sum m arised in Figure 2).

SNP Validation
From  the full 1,536 panel o f SNPs th a t were genotyped, 290 

(19%) assays failed to amplify. O f  the rem aining 1,246 assays, 201 
were m onom orphic (false positives: 13%) 467 p roduced  am bigu­
ous clustering (30%) and  578 were polym orphic, equivalent to a 
conversion ra te  o f  38% . From  these 578 SNPs an  open reading 
fram e was obtained for 270 o f the respective 121 bp sequences 
(SNP and  60 bp  u p /d o w n  stream), o f w hich 66 w ere suggested be 
non-synonym ous, an d  204 to be  synonymous, equivalent to a  ratio 
(non-synonym ous/synonym ous) o f 0.32 (Table S2).

Results on the predictive value o f the SN P selection param eters 
for assay conversion (i.e. for successful amplification) show that 
inclusion o f all o f the p red ic tor variables (see m ethods) m arginally 
improves m odel-fitting (x2 = 18.520, d.f. = 9, p< 0 .030). W hen 
using backw ard stepwise deletion of p redictor variables, the Assay 
Design Score and  num ber o f ascertainm ent individuals with the 
m inor allele were identified as the only significant predictors o f 
assay conversion, bu t only the Assay Design Score showed the 
expected positive correlation with conversion rate  (Table 2). T he 
binom ial logistic regression analysis on  the polym orphic status o f 
all successfully amplifying assays showed that w hen all predictor 
variables were included, the overall m odel fit was not significant 
(X~ = 11.554, d.f. = 9, p  = 0.240). Flowever, neighbourhood  se­
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quence quality had  a  significant negative correlation with 
polym orphism . As before a  backw ard stepwise deletion approach  
was used and  this reduced the significantly contributing  predictors 
to the num ber individuals in the ascertainm ent panel w ith the 
m inor allele and  the neighbourhood sequence quality which, as 
expected, respectively showed positive and  negative correlation 
with SN P polym orphism  (Table 3).

Estim ates o f H o  and  H e  across the four ascertainm ent samples 
ranged  from  0 .00-0 .63  (m ean 0.18) an d  0 .00-0 .50  (m ean 0.18), 
respectively (Table S2). O bserved heterozygosity w ithin the four 
ascertainm ent populations revealed similar levels o f diversity to the 
18 sam pled locations used for the SN P validation [38], Tests for 
deviation from  H W E  for each locus and  population  revealed 43 
out o f 1,249 perform ed tests (3.4%) with significant deviations 
from  H W E  before correction for m ultiple tests. T hese tests were 
distributed am ong all four populations and  across 35 loci. Eight 
tests distributed across three populations and  seven loci retained 
significance following correction for m ultiple tests (a =  0.05). D ue 
to the presence o f m onom orphic loci in the four ascertainm ent 
samples, 229,094 tests for LD w ere perform ed o f w hich 352 
rem ained  significant after correction for F D R  (a = 0.05). O f  these, 
14 pairs w ere significant in m ore th an  one o f the four populations 
bu t in all cases SNPs originated from  different contigs suggesting 
lack o f close physical linkage. SN P frequency distributions o f M AF 
categories in the full panel o f  18 samples indicated little bias due to 
non-random  selection of high frequency SNPs (Figure 4).

C ross-spec ies  Amplification a n d  Microsatell ite  D e tec t io n
T h e  m ajority (99%) o f the 578 m arkers identified as polym or­

phic in A tlantic herring  also am plified in Pacific herring, bu t only 
12% exhibited m ore than  one allele. O nly  about 10% o f the 578 
SNPs am plified in anchovy, and  o f these, only ten  loci exhibited 
polym orphism .

M satC om m ander detected  6,501 m icrosatellites w ith a  repeat 
length o f betw een two an d  seven bases with four or m ore repeat 
units in 3,741 contigs (Table 4). 27% of the m icrosatellites had  
sufficient suitable flanking sequence to enable the design of 
prim ers. Details o f  the m icrosatellites (num ber and  type o f repeat, 
prim ers, T m  and  % GC) are listed in T ab le  S3.

Discussion

This study dem onstrates the de novo discovery o f 6,331 putative 
SNPs based on 454 transcriptom e sequencing of eight individuals 
covering the N ortheast Atlantic distribution o f the Atlantic 
herring. O f  particular interest in the approach  is the single 
validation and  genotyping step, disposing w ith the traditional step

T ab le  2. Results for SNP d e tec t io n  variables for predicting 
SNP assay conversion following a backward s tepwise  
e limination procedure .

Ba W aldb d f Pc

Asc_ind* -0 .165 4.67 1 0.031

A D ?  0.763 4.785 1 0.029

Constant -0 .378 1.464 1 0.226

degression  coefficient for individual variable.
hWald X2 statistic.
Associated probability.

Number of ascertainment individuals with the  minor allele.
eAssay Design Score. Significant p-values are shown in bold.
doi:10.1371 /journal.pone.0042089.t002

T a b le  3. Results for SNP d e tec t io n  variables for predicting 
SNP assay po lym orphism  following a backward s tepwise  
elimination procedure .

Ba W aldb df Pc

Asc_incf* 0.249 2.965 1 0.085

NSCt -0.111 7.321 1 0.007

Constant 0.935 21.137 1 0.000

degression  coefficient for individual variable.
AVald y2 statistic.
Associated probability.
dNumber of ascertainment individuals with the minor allele.
N eighbourhood Sequence Quality. Significant p-values are shown in bold. 
doi:10.1371 /journal.pone.0042089.t003

o f testing each SN P for am plification p rio r to large scale 
genotyping (e.g. [39,40]). T h e  da ta  generated  in this study 
constitutes a  new  resource for genetic analysis in A tlantic herring  
significantly increasing the num ber o f know n transcripts as well as 
novel SN P and  microsatellite m arkers.

S e q u e n c e  A ssem bly  a n d  SNP D e tec t io n
For next generation sequencing to be successfully applied to the 

developm ent o f genetic resources in  non-m odel organisms, 
m ethodological issues m ust be addressed to optim ise the proce­
dures for each project. SNPs can  be genom e- or transcriptom e 
derived and, in the latter case, selected from  m ore ab u n d an t or 
ra re r expressed transcripts; in addition, m arker developm ent is 
influenced by sequence dep th  and  contig length due to the 
sequencing platform  chosen and  the complexity o f the hypothesis 
to be investigated (i.e. smaller num ber o f SNPs requ ired  for species 
identification analysis as com pared to population  genetic studies). 
T h e  choice o f sequencing platform  should reflect the objective o f  a 
given study. W hile longer reads (e.g. 454 sequencing) are expected 
to im prove contig assembly, m ore, bu t shorter, reads (e.g. Illum ina 
sequencing) m ay be preferable in o rder to reduce detection of false 
positive SNPs from  higher alignm ent depth, especially w hen an 
existing reference sequence is available. This study took advantage 
o f the longer read  lengths obtained w ith 454 sequencing in a  de 
novo assembly o f a  reference scaffold for SN P discovery in herring. 
T h e  clustering and  assembly step is critical for SN P m ining as it 
generates the reference for varian t detection by m apping reads to 
the contig. Therefore, the absence o f a  reference genom e or 
transcriptom e poses a  challenge for assessing the ‘correctness’ o f  a 
contig assembly, as potential mis-assemblies o f sequence due to 
hom ologous or paralogous genes cannot be directly verified by 
back-m apping to the species-specific genom e. Generally, cluster 
assembly w ith overly stringent param eters will lead  to splitting 
sequences belonging together into m ore contigs, resulting in a 
h igher num ber o f shorter contigs w ith lower coverage depth. 
W hilst applying criteria th a t are overly relaxed will assemble reads 
from  related  genes o r gene families into single contigs, resulting in 
a  lower num bers o f contigs that have a  h igher sequence depth, 
however this increases the likelihood of m isidentifying polym or­
phism s betw een paralogous sequence variants (PSVs) as SNPs. 
Additionally, as no genom e reference is available for Atlantic 
herring, the occurrence o f PSVs cannot be assessed, this was 
probably  the cause for the m ajority o f am biguous clustering that 
was subsequently seen in the SNPs.

For the SN P detection, the low sequence dep th  o f the m ajority 
o f contigs (Figure 3C) required  relatively low criteria to be set (i.e. 
depth: four reads, redundancy: two observations o f the m inor
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allele). How ever, these low thresholds together with the sequencing 
o f eight ascertainm ent individuals spanning the entire northeast 
A tlantic distribution o f herring  resulted in m inim al ascertainm ent 
bias due to exclusion of low M A F SNPs (Figure 4). O n e  expected 
result o f  the low dep th  and  redundancy  param eters is, however, 
the low conversion ra te  from  the inflated num ber o f candidate

T ab le  4. Type an d  n u m b e r  of repea ts  of  the  microsatellites 
d e te c te d  in th e  herring con tigs using M satcom m ander .

Type of repeat Num ber of repeats Total

4 -9  10 -1 4  14-19  > 1 9 M axim um

Dinucleotide 4418 505 193 175 75 5291

SNPs (identified due to sequencing errors). T h e  454 platform - 
specific challenge o f resolving hom opolym eric regions m ay further 
have com prom ised SN P detection by  reducing assembly quality or 
calling false SNPs w ithin these regions [41], bu t such an  effect 
could no t be assessed here due to the lack o f a  know n reference 
sequence.

T h e  use o f transcriptom e sequencing in this study has resulted 
in only a  few per cent o f the total genom e being covered, bu t a t a 
relatively high sequencing depth, thus lim iting sequencing costs 
while achieving the num ber o f SNPs required  for custom -designed 
SN P assays. Additionally, transcriptom e sequencing provides 
inform ation about tissue-specific genes and  their expression 
profile, w hich can  be used to develop further tools for gene 
expression studies such as oligonucleotide m icroarray  o r RNA -seq 
approaches.

Trinucleotide 829 35 9 2 36 875

Tetranucleotide 202 13 3 12 31 230

Pentanucleotide 43 1 1 0 17 45

Hexa nucleotide 57 2 0 1 21 60

Total 5549 556 206 190 - 6501

doi:10.1371 /journal.pone.0042089.t004

SNP Validation
T h e  genotyping o f 1,536 selected SN P assays perform ed with 

genom ic D N A  for a  large panel o f Atlantic herring  samples from 
across the northeast Atlantic indicated th a t nearly 600 of the SNPs 
are polym orphic (37.6%). How ever, alm ost 49.3%  of the 
candidate SNPs failed to work; due to either non-am plification
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(18.9%), false positives (m onom orphic loci) (13.1%) or am biguous 
clustering (17.3%). Despite our a ttem pt to screen for potential 
in tro n /exon splicing sites w ithin flanking regions o f all candidate 
SNPs using available reference genomes, only 41.9%  o f all queries 
m atched  equivalent sequences in  a t least one o f the reference 
species. Thus, the presence o f undetected  introns m ay have 
constituted a m ajor cause for genotyping failure [42]. M oreover, 
candidate SNPs th a t appeared  m onom orphic in the large-scale 
screening m ight either be  the result o f  false-positive predictions or 
could indicate real, ra re  SNPs no t p resent in the samples tested 
[7]. T h e  purely in silico SN P detection m ethod  presented  in this 
study m ay have a  relatively low conversion rate  to validated SNPs 
w hen com pared to o ther m ethods. How ever, this m ethod  is still 
extrem ely com petitive given a  lim ited resource for m arker 
developm ent, once the tim e and  cost associated w ith designing 
and  ordering  hundreds o f prim ers, runn ing  validation PC R s, and  
additional Sanger sequencing for validation are considered (e.g. 
[39,40]). All o f w hich w ould be in  addition  to the cost o f 
genotyping the resulting 578 validated SNPs.

In  o rder to reduce the num ber o f erroneous SN P predictions,
i.e. to increase the probability  o f an  in silico detected SN P being a 
truly polym orphic site, further sequencing w ould lead  to greater 
sequence dep th  o f the contigs, allowing m ore stringent selection of 
SN P candidates. It has been  shown for m ultiplexed re-sequencing 
th a t m ore th an  90 % o f the variants can be  detected correctly using 
next generation sequencing technologies w hen an  average dep th  of 
a t least 20 reads pe r base is achieved [43,44], Increasing the 
average sequence dep th  will also be advantageous for identifying 
SNPs from  rarely expressed genes. A nother interesting approach, 
recently described by R a tan  et al. [45], suggests a  m ethod to call 
SNPs w ithout a  reference genom e sequence. SN P calling is 
perform ed w henever new  sequences are added; thus, sequencing 
continues only as long as needed to identify an  adequate  num ber 
o f  candidate SNPs. T he m ethod  is reported  to w ork even w hen the 
sequence coverage is no t sufficient for de novo assembly. A ddition­
ally, the use o f  next generation sequencing for analysing a 
restriction enzym e-generated D N A  library (RRL and  in particular 
R A D  sequencing, for reviews see [46,47]) based on multiple 
tagged individuals now enables the fast discovery o f thousands of 
SNPs in non-m odel organism s w ith no prio r genom e inform ation 
[48,49]. How ever, one dow nstream  problem  identified with RAD - 
seq is th a t transferring the SNPs onto a  h igh-throughput 
genotyping platform  is difficult w ithout a  reference genom e, as 
the m ajority o f  SNPs identified do no t have the 60 b p  flanking 
sequenced requ ired  for assay design. This has to some extent been 
solved using Paired E nd  R A D  (RAD-PE)[50], however the 
bioinform atic approaches for SN P discovery in R A D -PE  contigs 
are still lim ited. Additionally, while R R L /R A D -seq  approaches 
elim inate the problem s encountered  w ith in tro n /exon boundaries 
th a t a re  associated with transcrip tom e sequencing, these m ethods 
only consider random  fragm ents o f the entire genom e, whereas 
our transcriptom e based pipeline specifically targets expressed 
genes with an  increased likelihood for detecting SNPs (e.g. non- 
synonym ous substitutions) associated with genom ic regions under 
selection. Such non-neu tra l SNPs are expected to provide high 
discrim inatory pow er a t the population  level an d  will constitute a 
valuable forensic tool in future applications [47,51]. T he 
com bination o f the coverage and  SN P discovery rates obtained 
by RAD-seq, with the targeted  reduction  obtained by sequencing 
the transcriptom e w ould potentially be a  very powerful tool. 
How ever, it m ust be no ted  th a t due to the rap id  ra te  o f technical 
developm ents in the field, such as the increased read  length and  
decreasing costs o f  existing platform s, and  the potential o f  nano­
sequencing technology, the best solution regarding platform s and

m ethods to optim ise the cost effectiveness for a  specific application 
needs careful consideration.

W hen  determ ining the predictive value o f the SN P selection 
param eters for successful am plification o f the in silico detected 
SNPs (Conversion), as expected, a  positive correlation was found 
with the Assay Design Score, i.e. the likelihood for designing 
successful prim ers a round  the SN P position. U nexpectedly, a 
negative correlation was found w ith num ber o f ascertainm ent 
individuals for w hich the ra re  allele was observed, although the 
reasons beh ind  this correlation are unclear. Overall, only very 
weak predictive variables for Polymorphism were identified, with 
only the neighbourhood sequence quality significantly explaining 
the negative correlation; as the num ber o f m ism atches in flanking 
regions increases, a  pred ic ted  SN P is m ore likely to be a  false 
positive. This increase in m ism atches o f an  aligned region could be 
indicative o f erroneous clustering, for exam ple, PSVs or o ther 
sequences w ith differing genom ic origin (this has for exam ple also 
been  seen for hake in a  similar study [8]). T h e  num ber o f 
individuals w ith the m inor allele in the ascertainm ent panel also 
showed a  positive correlation with Polymorphism. W hile this 
param eter is less conclusive th an  for predicting  Conversion rate, 
there  is potentially a  predictive role o f  this param eter for detecting 
true SNPs. Future SN P developm ent efforts m ay reduce the false 
positive ra te  by applying relatively stringent thresholds for this 
variable (e.g. having a t least 2 individuals w ith the m inor allele 
represented  in the SN P contain ing contig, although this will, o f 
course, depend  on the size o f the ascertainm ent panel).

T h e  two binom ial logistic regression analyses were repeated  
with a  reduced set o f  variables representing the strongest a priori 
candidates (the num ber o f sequences aligned under the SNP 
position, the frequency o f sequences with m inor allele, the 
neighbourhood sequence quality, the Assay Design Score, and  
the outcom e of the intron-exon boundary  pipeline). This also 
allowed controlling for a  potential bias from  non-independent 
variables such as the two intron-exon and  three m inor allele 
related param eters. Results were largely congruent confirm ing 
Assay Design Score an d  neighbourhood  sequence quality to be the 
m ost significant predictors o f Conversion and  Polymorphism, respec­
tively.

T h e  range o f allele frequencies w ithin the SN P panel suggests 
th a t the strategy o f carefully selecting individuals to m axim ise the 
geographical, phenotypic and  genetic diversity covered by the 
SN P developm ent samples has been successful in m inim ising 
ascertainm ent bias.

Cross S pec ies  Amplification a n d  Microsatell ite  D e tec t io n
A high p roportion  o f detected SNPs also am plified single P C R  

products in Pacific herring  albeit w ith a  low polym orphism  rate, 
w hich is as expected due to their developm ent from  conserved 
genom ic regions. H ow ever, due to the small sample size (n = 4), 
this num ber is likely to be dow nw ardly biased an d  a  m uch  higher 
p roportion  o f SNPs m ay in fact be polym orphic an d  therefore 
prove useful in this species. As expected from  the phylogenetics o f 
these species, the proportions o f SN P am plification and  polym or­
phism  were lower in the anchovy. Additionally, our sequencing 
effort has led to the discovery o f a  large resource o f m icrosatellite 
m arkers, 36% o f w hich have prim ers successfully designed (Table 
S3). T hese include bo th  neu tra l loci and  loci th a t are physically 
linked to SNPs representing genom ic regions th a t have been 
shown to be  under directional selection [38]. A nother a ttribute  o f 
multi-allelic microsatellite m arkers w hen studying adaptive genetic 
variation  is the increased statistical pow er for detecting balancing 
selection com pared to bi-allelic m arkers (such as SNPs, e.g. [52]), 
and  also for applications such as p aren ta l assignm ent.

PLOS ONE I www.plosone.org 9 August 2012 | Volume 7 | Issue 8 | e42089

http://www.plosone.org


SNP Discovery in A tlantic Herring

C onclus ion
O u r approach  o f applying barcoding and  m ultiplexing individ­

uals for large-scale in silico m ining o f transcriptom e sequences 
seems to be a  very appropria te  strategy to develop new  SNP 
m arkers in non-m odel species as it does no t require costíy and  
tim e-intensive re-sequencing of target am plicons necessitating 
prio r knowledge and  availability o f genom e sequence inform ation. 
How ever, the purely in silico based SN P detection comes w ith a 
trade off in the form  o f an  expectedly lower conversion ra te  in the 
final genotyping assay [53]. T he resultant resources will be  o f 
value in on-going analyses o f population  structuring and  stock 
dynamics, assays o f adaptive variation, an d  for enhancing the 
scope o f m icrosatellite-based studies.

Supporting Information
Figure SI Analysis pipeline. T h e  p a th  on  the left o f  the figure 
illustrates the pipeline for the genom ic approach, w here herring  
transcripts are direcüy com pared w ith five reference genomes. T he 
p a th  on the right o f  the figure shows the pipeline for the 
transcriptom ic approach, w here herring  transcripts are first 
com pared to the transcriptom e o f the five reference species. Hits 
were then  subsequendy m atched  to the corresponding genomes of 
the same species (see text for m ore de tads).
(TIF)

T ab le  SI N um ber o f contigs and  singletons an no ta ted  using a 
range o f fish and  hu m an  reference resources an d  databases. 
(XLSX)

T ab le  S2 List o f  the 578 validated polym orphic SNPs found in 
this study, including the 120 b p  flanking region, with the two SNP
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