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Abstract Bacterial artificial chromosomes (BAC) have been widely used for fluorescence in situ hybridization (FISH)
mapping of chromosome landmarks in different organisms, including a few in teleosts. In this study, we used BAC-FISH to
consolidate the previous genetic and cytogenetic maps of the turbot (Scophthalmus maximus), a commercially important
pleuronectiform. The maps consisted of 24 linkage groups (LGs) but only 22 chromosomes. All turbot LGs were assigned
to specific chromosomes using BAC probes obtained from a turbot 5% genomic BAC library. It consisted of 46,080 clones
with inserts of at least 100 kb and <5 % empty vectors. These BAC probes contained gene-derived or anonymous markers,
most of them linked to quantitative trait loci (QTL) related to productive traits. BAC clones were mapped by FISH to
unique marker-specific chromosomal positions, which showed a notable concordance with previous genetic mapping data.
The two metacentric pairs were cytogenetically assigned to LG2 and LG16, and the nucleolar organizer region (NOR)-
bearing pair was assigned to LG15. Double-color FISH assays enabled the consolidation of the turbot genetic map into 22
linkage groups by merging LG8 with LG18 and LG21 with LG24. In this work, a first generation probe panel of BAC clones
anchored to the turbot linkage and cytogenetical map was developed. It is a useful tool for chromosome traceability in
turbot, but also relevant in the context of pleuronectiform karyotypes, which often show small hardly identifiable
chromosomes. This panel will also be valuable for further integrative genomics of turbot within Pleuronectiformes and
teleosts, especially for fine QTL mapping for aquaculture traits, comparative genomics, and whole-genome assembly.
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Introduction

Flatfish (Orden Pleuronectiformes) are cultured worldwide because of their commercial interest. In the Northeast Atlantic
area, 11 species important for aquaculture are exploited, turbot (Scophthalmus maximus) production being the highest
among Buropean pleuronectiforms (Cerda and Manchado 2013). This is an appreciated species with a high commercial
value and a high potential growth rate under intensive culture conditions. Turbot culture started in the UK and France in
the early 1970s. In Spain, turbot farming commenced in the late 1980s, but finally becoming Europe’s first turbot producer.
It is predicted that in 2014, the total turbot production will duplicate that of 2009 (9,142 t) (Federation of European
Aquaculture producers, FEAP 2010). Also, turbot farming has become one of China’s main marine cultured species, its
production being around 50,000 t per year (Lei and Liu 2011). Current research in this species is mainly focused on
controlling sex ratio, increasing growth rate and improving disease resistance (Bouza et al. 2012). Karyotypic analysis in
turbot has been carried out using conventional banding techniques (Giemsa, C-banding, Ag-



staining), fluorochromes, and restriction nuclease-banding. It shows a diploid number of 44 chromosomes and a fundamental number of
48 arms with no sex-associated chromosome heteromorphisms (Bouza et al. 1994; Cuiiado et al. 2001; Pardo et al. 2001). As in other
pleuronectiform species, the turbot chromosomes are small and with similar sizes, which hinders karyotype ordination and therefore
makes it difficult to analyze chromosomes and evolution in this group of teleosts (Pardo et al. 2001). Available data suggest that
karyotype evolution in Pleuronectiformes has been dealt with the reduction of their diploid number, mainly due to Robertsonian
fusions, and several chromosome inversions (Oliveira et al. 2007). Further information is necessary for a better understanding of the
role of chromosome changes in the evolution of this group (Wang et al. 2009), in a context of controversial phylogeny (Azevedo et al.
2008; Campbell et al. 2013). In the age of new generation sequencing (NGS), linkage mapping constitutes an important tool to analyze
several genome architecture issues. Genetic maps are essential tools to locate genomic regions associated with productive traits. They
can eventually be applied to perform marker-assisted selection programs or to identify specific genes through fine mapping and
positional cloning strategies (Danzmann and Gharbi 2001; Canario et al. 2008). Additionally, they support the study of genome
organization and evolution through comparative mapping, and provide useful landmarks for genome assembly (Shimoda et al. 1999;
Gross et al. 2008; Kai et al. 2011). A gene-enriched turbot linkage map has enabled the genomic investigation in this species, the
comparative mapping against model genomes, and also the localization of quantitative trait loci (QTL) and genes related to important
commercial traits (sex, growth, and pathogen resistance) (Martinez et al. 2009; Rodriguez-Ramilo et al. 2011; 2013a; 2013b; Sanchez-
Molano et al. 2011; Bouza et al. 2012). Recent compilation of all previous mapping resources of turbot (Bouza et al. 2007; 2012; Martinez
et al. 2008; Ruan et al. 2010; Vifias et al. 2012) allowed the construction of an integrated dense consensus map useful to study genome
evolution and support genetic breeding strategies in this species (Hermida et al. 2013a). Despite its short intermarker distance, among
the highest in density among non-model teleosts (3.7 cM; Hermida et al. 2013a), this map comprises more linkage groups than expected
according to its karyotype (24 linkage groups vs. 22 chromosome pairs). Thus, further work is still required for the final consolidation of
this turbot map. Bacterial artificial chromosomes (BAC) libraries are essential tools, which have been widely used in many areas of
genomics and genetics research, including positional cloning (Zhang et al. 2008), integration of physical and genetic maps (Xu et al.
2007), development of region targeted markers (Xu et al. 2006), and comparative genome analysis (Wang et al. 2007). BAC libraries have
been successfully developed for some important teleostean species (Wang et al. 2008; Shao et al. 2010; Xia et al. 2010; Jeukens et al.
2011; Kuhl et al. 2011), but such large-insert genomic DNA libraries have not been reported to date for the turbot. BAC-FISH represents
a very powerful technique to localize large DNA inserts along chromosomes. The integration of genetic and cytogenetic maps with
sequencing data has provided new marks and information about genome organization and evolution in different organisms, including
teleosts. Cytogenetic methodologies have supplied a complementary mapping approach to other genetic and physical mapping
strategies for genome assembly in teleosts, to consolidate existing framework maps and for comparative evolutionary analysis (Phillips
et al. 2006a; 2006b; 2009; Phillips et al. 2013; Freeman et al. 2007; Sasaki et al. 2007; Guyon et al. 2012; Mazzuchelli et al. 2012; Garcia-
Cegarra et al. 2013). The objective of this study was the physical assignment of the 24 linkage groups of the turbot genetic map to the
22 chromosome pairs of its karyotype, using as FISH probes BAC clones containing molecular markers mapped into specific linkage
groups (LGs). The purpose is to integrate the linkage and cytogenetic maps of the turbot, providing physical and genetic anchors to be
combined with the increasing amount of genomic data in this species. The chromosome-specific clones will constitute valuable
cytogenetic markers for structural and evolutionary genomic research in the turbot, and for a better understanding of the chromosome
evolution of Pleuronectiformes.

Material and methods
BAC library characterization

The turbot BAC library was generated at the Clemson University Genomics Institute (CUGI) under ReGABA (Galician Network of
Biotechnology in Aquaculture) sponsorship. The library was constructed from high molecular weight nuclear DNA of a highly inbred
S. maximus single female. The size-selected high molecular weight DNA fragments from the 100- to 350-kb size fraction were ligated into
the pIndigoBAC536 BAC vector. Ligation products were transformed into Escherichia coli DH10B electrocompetent cells. To evaluate
the average size of inserted fragments in the library, 96 BAC clones were randomly picked and their plasmids isolated by alkaline-SDS
method, inserts released with a rare cutter enzyme, and finally, separated fromthe vector by pulsed field gel electrophoresis (PFGE).

BAC library screening

The most recent consensus linkage map of turbot (Hermida et al. 2013a) contained 487 single nucleotide polymorphism (SNP) and
microsatellite markers, 40 % linked to expressed sequence tags (EST), which clustered at 24



linkage groups. This map showed a total length of 1,414 cM with low intermarker distance (3.3 cM) and high genomic coverage (=90
%). To isolate BAC clones for each turbot linkage group (LG1-LG24), we screened the library with primers from a selection of anchor
markers based on previous map information, which includes the centromere mapping positions (Martinez et al. 2008; Hermida et al.
2013a). A total of 37 markers were selected across the turbot genetic map (1-3 markers per linkage group; Supp-Fig. S1) based on their
map position, functional annotation (Bouza et al. 2012; Hermida et al. 2013a) and their association with QTLs related to productive
traits (Martinez et al. 2009; Rodriguez-Ramilo et al. 2011; 2013a; 2013b; Sanchez-Molano et al. 2011; Viiias et al. 2012). Allelic size was
also considered to optimize the multiplex polymerase chain reaction (PCR) screening when possible. Most markers were EST-derived
(81 %; 4 SNP and 26 microsatellites), but seven anonymous markers were also selected at relevant regions of the genetic map lacking
gene markers, such as the smallest LG24 or within the confidence interval of some QTLs (growth at LG12 and LGl14; disease resistance
at LG23; Table 1). We chose at least one marker per linkage group to establish the correspondence between the genetic (24 LGs) and
cytogenetic (n=22) maps. BAC library screening was carried out to find at least one positive BAC clone among the selected markers
for each linkage group of the turbot map. A two-step polymerase chain reaction (superpools PCR and 3D (dimension)-PCR; Asakawa
et al. 1997) with slight modifications was carried out to maximize the effectiveness of BAC library screening. Multidimensional BAC
pools were generated and DNA was extracted by alkaline-SDS method. Briefly, we divided the library evenly in two parts, 60 plates of
384 clones each one. Each of these parts was split into ten superpools (SP) consisting of 6x384 plates each. The first PCR step was
applied to identify positive SP for each selected marker. Then, the second step PCR screening was used to identify individual BAC
clones by 3D-PCR procedure: (1D) to identify the positive plate/s among the six ones of the positive SP; (2D) to identify the positive
column/s among the 24 mixtures in which BAC-DNA clones of each column of the six plates of the SP are mixed; and (3D) to identify
positive raw/s among 16 mixtures (BAC-DNA clones of each raw of the six plates per SP). This two-step pooling scheme reduces the
number of PCR assays to 56 (10+6+24+16) for the identification and isolation of positive clones for each linkage group anchor marker
in the first part of the library. If no positive clone was identified, then the second part of the library was screened. PCR products for all
markers and hierarchical multidimensional BAC pools were checked using a positive PCR control of genomic DNA on 2 % agarose
gels or multiplexed on an automatic sequencer ABI3730 (Applied Biosystems).

Chromosome preparation and FISH procedure

The chromosomal preparations were obtained from anterior kidney cells after in vivo colchicina treatment, following the techniques
described by Forestiet al. (1981) and Bouza et al. (1994), starting from ten juvenile specimens of turbot (around 80 g) sampled in the
research facilities of the Cluster de Acuicultura de Galicia (CETGA). Twenty-eight BAC clones were finally labeled with biotin- 16-
dUTP or digoxigenin-11-dUTP (Roche Applied Sciences) using whole-genome amplification kits, WGA?2 and WGA3 (Sigma-Aldrich),
according to the supplier’s protocol. In addition, a 28S rDNA probe was directly labeled with biotin-16-dUTP (Roche Applied
Sciences) by PCR (Forward/Reverse primers: 5'-ACCCGCTGAATTTAAGCAT-3'/5STGAACT CTCTCTTCAAAGITCTTTTC-3')
following the protocol described by Chen et al. (2003) with slight modifications. The FISH procedure was carried out according to the
procedure established by Pinkel et al. (1986) with some modifications described below. The hybridization mixture (60 pl for each slide)
contained 5 ng/ul of each labeled BAC/28S probe, 50 % formamide, 10 % dextran sulfate, 2xSSC, and 50 ng/ul of salmon sperm DNA
(Invitrogen). These probe cocktails were denatured at 100 °C for 10 min, added to the slides, and incubated at 37 °C overnight. Biotin
and digoxigenin-labeled probes were detected using avidin-FITC (Invitrogen) and antidigoxigenin rhodamine (Roche Applied
Sciences), respectively. Slides were counterstained with DAPI/Vectashield (Vector Laboratories) and photographed with Olympus
BX51 microscope equipped with an Olympus DP71 color digital camera. Digital images were imported into Adobe Photoshop version
3.0 for final processing. This program was also used to perform chromosomal measurements. The relative chromosome sizes were
calculated using the largest metacentric chromosome assigned to LG2 by FISH- BAC as an internal standard, and measurements for
each LG-specific chromosome averaged over four metaphases.

Results and discussion
BAC library characterization and screening

BAC libraries are critical for identifying full-length genomic sequences to integrate genetic and physical maps (Yim et al. 2007; Wang
et al. 2008; Ninwichian et al. 2012; Zhao et al. 2013), and for comparative genomics studies (Maughan et al. 2009; Kuhl et al. 2010).
Traditionally, they have been the first step towards whole-genome sequencing projects (Monaco and Larin 1994; Palti et al. 2011). In
this study, the first BAC genomic library of turbot (S. maximus) was characterized. It consisted of a total of 46,080 clones, which were
arrayed in 120 plates of 384-microtiter wells. To evaluate the
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Table 1 Information on the markers selected for screening the turbot genomic library and the BAC clones used as probes for FISH

LG  Marker Accession number®  Turbot BAC clone  Functional annotation®  QTL"/centromere mapping®

| SmaUSC-E15 FE943893 Sma38.123 Non annotated cDNA  G-QTL interval (close to SmaUSC15, 14 % VPE)
2.1 Sox 19 JQ403639 Smal02.M5 Sox19 V-QTL interval (close to SmaUSCI168, 7 % VPE)
2.2 Sma-USCI87 DQS810987 Sma33.E1 Anonymous Close to centromere-linked marker (SmaUSC109)
3 Sma-E118 HS031242 Smad7.E7 UBRI P-QTL-marker (close to SmaUSC200, 8 % VPE)
4 cypl9a 1Q403643 Sma50.D3 Cypl9a P-QTL interval

5 Amh JQ403642 Sma60.H5 Amh V-QTL interval (close to SmaUSC88, 10 % VPE)
6 SmaUSC-E29  FE946649 Sma33.C21 Non annotated cDNA  V-QTL interval (close to SmaUSC110, 14 % VPE)
7 Sma-E100 HS029651 Sma52.010 SH2DIA P-QTL interval

8 SmaUSC-E43  FE945769 Sma54.M1 MIRNI44 V-QTL interval

9 SmaUSC-E23  FE945024 Sma56.G24 BDH? Associated to P-QTL and A-QTL (8 % and 12 % VPE)
10 Sma-E290 DQg810879.1 Sma43.G3 PCLBI Close to centromere-linked marker (SmaUSC79)
11 Sma-E284 HS031426 Sma44.K4 Non annotated cDNA  A-QTL interval (close to SmaUSC158, 10 % VPE)
12 SmaUSC-E25 FE949634 Sma54.08 Non annotated cDNA  Close to centromere-linked marker (SmaUSC183)
13 Sox8 JQ300536 Smal02.G3 Sox8a P-QTL interval

14.1 SmaUSC-E28 FE94619 Sma39.D18 P12G4B G-QTL interval

142 SmaUSC-82 DQ810882 Sma33.K8 Anonymous Associated to G-QTL (11 % VPE)

15 SmaUSC-E8  FE946444 Sma54.111 GAL-9 G-QTL interval

16.1 Sma-E158 EY455452.1 Sma48.N17 CLCNS G-QTL interval

16.2  Sma-E137 EY454995.1 SmaS1.E1 FGA G-QTL interval

163 Sma-E183 HS029459 Sma50.B11 BTG1 G-QTL interval

17 Sma-E112 HS030447 Sma28.M16 VILI V-QTL (close to SmaUSC91, 10 % VPE)

18 SmaUSC-E19 FE944607 Sma46.L.24 Non annotated cDNA  G-QTL interval

19 Sma-E205 FE945305.1 Sma27.N21 GALM G-QTL interval

20 Sma-E255 EY456564.1 Smal09.G15 PFK-B G-QTL-marker (close to SmaUSC29, 8%VPE)

21 Sox 9 JQ300535 Smal20.116 Sox9 SD-QTL interval

22 SmaUSC-E39 FE943659 Sma54.F9 Non annotated cDNA  No data

23 Sma-USC38 DQg810838 Sma34.L13 Anonymous Associated to P-QTL (19 % VPE)

24 Sma-USC210  DQ811010 Sma48.B21 Anonymous G-QTL interval

* Functional annotation of markers in the integrated linkage map of turbot (Hermida et al. 2013a)

® Turbot QTL information for growth (G), sex determination (SD), and disease resistance (Philasterides dicentrarchi-P; Aeromonas salmonicida-A and
VHS virus-V) traits. Most markers were mapped within previously reported QTL intervals or close to other markers significantly associated with the
evaluated traits, or significantly associated themselves (Martinez et al. 2009; Sanchez-Molano et al. 2011; Rodriguez-Ramilo et al. 2011; 2013a; 2013b).
VPE (%): percentage of phenotypic variance explained by significantly associated markers to productive traits

¢ Centromere mapping information for some selected markers, following Martinez et al. (2008)

average size of the inserted fragments in the library, DNA was prepared from 96 randomly selected recombinant BAC clones. After
digestion and separation of the fragments by PFGE, it was possible to resolve the vector DNA band (7.5 kb) and one or more bands of
the insert depending on the number of restriction sites in the cloned insert. The library included inserts of at least 100 kb and <5 %
non-recombinant or empty vectors. The library provided fivefold coverage of the haploid genome of the species, based on the
estimated genome size of turbot (800 Mb; Cuflado et al. 2002; Bouza et al. 2007). Integration of physical and genetic maps can be done
by placing and ordering BAC clones and contigs along a genetic map (Paux et al. 2008; You et al. 2010). For this, BAC library
screening is an essential step. Until few years ago anchoring was a rate-limiting step mainly due to technical limitations in screening
and also to the lack of high quality dense genetic maps. In this study, primers for a selected panel of anonymous and gene markers
mapped to each linkage group of the turbot genetic map (Hermida et al. 2013a) were successfully used for two-step PCR-based
screening of the BAC library constructed in this species, as previously reported in other farmed teleosts (Wang et al. 2008). This
approach represents a useful low-cost alternative and enhances efficiency regarding classical hybridization-based screening
(Asakawa et al. 1997; Yimet al. 2007). This procedure reduces the number of PCR assays and decreases the number of false-positives
(Yimet al. 2007; Luo et al. 2009; You et al. 2010).
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The screening involved 37 selected markers, and most of them (84 %; Online Resource 1) were positively amplified in at least one BAC
clone, which demonstrates a notable genome coverage of the turbot BAC library. A panel of positive marker-specific BAC clones was
selected for further isolation and labeling to carry out FISH. Only one marker revealed multiple BAC clones in the two-step PCR
screening likely associated to repetitive DNA (Sma-E71 at LG9). No positive BAC clones were found for six microsatellite markers at
different linkage groups (Sma-E277 at LGl; SmaUSC-E30 at LGS; Sma-E248 at LG9; Sma-E184 at LG17; Sma-E127 and SmaUSC-E33 at
LG23; Online Resource 1). It suggests that coverage of the BAC library was randomly distributed across the genetic map. The lack of
amplification of the closely linked marker to the major sex-associated QTL in turbot (SmaUSC-E30; Martinez et al. 2009) was particularly
disappointing. Thus, other markers derived from fine mapping strategies will be required for physical characterization of this region in
the turbot library. A final panel of 28 positive marker-specific BAC clones (Table 1) was selected for further isolation and labeling to
carry out FISH for chromosomal assignment of the 24 linkage groups of the turbot genetic map. The selection was performed
considering two arms at LG2 and LGI16 according to their centromere positions (Martinez et al. 2008). In addition, some markers
significantly associated to QTL and/or within QTL confidence intervals for growth, disease resistance, and sex determination were
also selected (Martinez et al. 2009; Rodriguez-Ramilo et al. 2011; 2013a; 2013b; Sanchez-Molano et al. 2011). Thus, these BAC clones
can also be used for fine physical mapping of relevant genomic regions for turbot production by shotgun sequencing using different
NGS methods. The efficiency of the two-step PCR screening for the 28 effective markers revealed a variable number of positive
superpools in the first PCR step (ranging from 1 to 9; 3.2 on average). After the second step of the PCR-based screening, 1 to 4
positive clones were finally identified per superpool (1.5 on average), which yielded a rough coverage estimate of 4.8, close to the
theoretical expectation of genome coverage (5x). Accordingly, the turbot BAC library represents a very useful genomic resource for
physical mapping, positional cloning, comparative genomic studies, and genome sequencing assembly. Assignment of linkage groups
to chromosomes: Consolidation of the turbot genetic map. In this report, the 24 linkage groups of the turbot genetic map were
assigned to specific chromosomes using FISH with BAC probes, many containing functionally relevant markers mapped to each
linkage group (Table 1). Most BAC clones were cytogenetically mapped by one-color FISH to a unique chromosomal position. Three
clear bi-armed chromosome pairs were identified and cytogenetically mapped in this study, in agreement with previously reported
features of the turbot karyotype (Bouza et al. 1994; Pardo et al. 2001; Cuiiado et al. 2002). The two metacentric pairs of different size
were assigned to LG2 and LG16 (large and small chromosome pairs, respectively; Fig. 1). The NOR-bearing submetacentric pair was
anchored to the LG15 by two-color FISH assay (Fig. 2), which represents the bi-armed chromosome 3 in the turbot karyotype (Bouza et
al. 1994; Pardo et al. 2001). Despite the fact that the remaining 19 subtelo-or acrocentric pairs were hardly distinguished by morphology
and size, as previously reported (Pardo et al. 2001), in this study, they could be unambiguously assigned to specific linkage groups of
the turbot genetic map (Fig. 1). Among them, the major sex determination QTL-bearing chromosome (LGS5; Martinez et al. 2009) was
associated with the candidate sexual pair of turbot. It will be useful for further sex-related cytogenetic and genomic research using
enriched libraries derived from chromosomal micro-dissection. FISH using chromosome-specific probes has proven to be a useful
cytogenetic tool to study the origin of sex chromosomes in teleostean species (Wang et al. 2009; Cioffi et al. 2011). Furthermore,
double FISH assays in our study enabled us the consolidation of the most dense turbot genetic map consisting of 24 linkage groups
(Hermida et al. 2013a) in accordance to the haploid karyotype of the species (n=22; Bouza et al. 1994). The present cytogenetic study
confirmed the fusion LG8+ LGI8, as previously suggested by linkage and comparative mapping evidences (Bouza et al. 2012), and also
merged LG21 and LG24 into a single chromosome (Fig. 1). These results reinforce the essential role of the BAC-FISH approach for
integrative genome mapping purposes, as reported in other teleosts with even highly dense linkage maps (Brenna-Hansen et al. 2012;
Guyon et al. 2012). A good correspondence between genetic and chromosome mapping was revealed by comparing the chromosomal
hybridization sites and the respective marker location on the linkage map (Hermida et al. 2013a). Hybridization signals were also mostly
in accordance with the centromere positions inferred by the most closely linked markers (Martinez et al. 2008). Using the cytogenetical
convention, short arms and/or centromeres were north-oriented for all chromosomes. Thus, the orientation of some LG (LGl, LG3, L(#4,
LG7, LG8, LG9, LG10, LG11, LGI4, and LG22; Fig. 1) had to be inverted in relation to the map order previously published (Hermida et al.
2013a; Online Resource 1). For instance, the LG14 was reversed (Fig. 1) with respect to the previous map position of the centromere-
linked marker (SmaUSC253) and hence of the two BAC probes used for FISH (SmaUSCS82 in green and SmaUSC-E28 in red) (located at
56.1,25.2, and 3.7 ¢cM, respectively; Online Resource 1). The concordance between FISH and linkage mapping was noteworthy in some
cases, such as at LG6 and LG13, which showed an interstitial hybridization site at their correspondent chromosomes, and
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Fig. 1 Assignment of linkage groups to chromosomes of turbot using
BAC-FISH. For each chromosome, the linkage group and the selected
markers of the genetic map used for BAC library screening (Hermida
et al. 2013a) are indicated. Red and green signals correspond to
digoxigenin- and biotin-labeled probes, respectively. A closely linked
marker to the centromere, with their respective genetic distances within

brackets according to Martinez et al. (2008), is indicated in blue. In some linkage groups, a reverse orientation is presented with regard to the previously
published linkage map (Hermida et al. 2013a; see Online Resource 1) to accommodate to karyotype representation with the centromere and/or short arm
upwards (LGl, LG3, LG4, LG7-LGl11, LG14, and LG22)



also at LG2 and LGI15 with a clear peri/centromeric
signal, in agreement with the linkage map position of
their respective markers and centromeres (Martinez et
al. 2008; Hermida et al. 2013a). Using dual BAC-FISH
assays, it was possible to display pairs of markers at
the same (Fig. 3a) or altemmative (Fig. 3b)
chromosomal arms regarding the centromere position
of the bi-armed chromosome pair assigned to LGI6.
Some discrepancies between the marker position in
the linkage and cytogenetic maps (LG7, LGI19, and
LG20) may be partly due to the limitations of linkage
mapping of centromeres and their closest markers (up
to 13.5 cM distant for LG17) available in
turbot to date (Martinez et al. 2008). It
could be also related to higher
recombination in small acrocentric
chromosomes in order to ensure one
crossover per chromosome arm, as
reported in other teleosts (Phillips et al.
2006a). The assignment of linkage
groups to chromosomes by single and
double  hybridization  experiments
allowed the direct comparison between
physical and genetic distances at
chromosome level (Table 2). It was
particularly focused on the centromeric
position and the relative chromosome
sizes, as the two main Kkaryotypic
features. Overall, the relative ordination
by chromosome size in the turbot
karyotype and the linkage group in the
species’ genetic map were highly
concordant (Fig. 4a;  Spearman
correlation; r=0.72; P<0.001). Thus, the
largest and smallest linkage groups
were mostly assigned to large (LG,
LG2, LG4, LG5, LG6, LG7, LG8+ LGIS,
and LG9) and small (LG16-20 and LG22)

LG16

0,0 ~~
12T Sma-E137 cccccmecccccmn- - -.—”

9,2 - Sma-E158

| | |Sma-USc195

28.7 177 (1.4cM)

58,7 —}— Sma-E183

68,5 —

Fig. 2 a Identification of the NOR-bearing
chromosome pair by double hybridization
using the BAC-clone Sma54.111 for LGI5
and 28S rDNA probes, labeled with digoxigenin (red) and biotin (green), respectively, b reference metaphase without signals

Fig. 3 Double hybridization assays on chromosome-LG16. Markers labeled in red and green in the left representation were used to screen the BAC library. a
Dual FISH assay using BAC clones for closely linked markers in the short arm of LG16 (Sma- E137 in red and Sma-E158 in green), b Dual FISH assay using
BAC clones at each arm of LG16 (Sma-E158 at LG16p in green and Sma-E183 at LG16q in red)



chromosomes of the Kkaryotype,

a . respectively. Double FISH assays
g2 confirmed the cytogenetic identity of
E % 08 = * + LQ2 and LG22, respectively, assigned
g% 08 * . to the highest metacentric and the
£Es 2/2 smallest acrocentric chromosomes in
§=" the turbot karyotype (Bouza et al.
012345678 9101112131415 1617192021°2223 1994), thus  providing useful

Linkage group number references when analyzing

metaphase plates (Fig. 4b). LG21 was

mapped  to a  medium-large

b chromosome as expected, since it
. merged with LG24. Other minor
m/smij s s discrepancies affected to LG3 and

LGI0 assigned to medium-small
chromosomes, and, reversely, to
LG23 corresponding to a medium size
chromosome. These discordances
may be partially related to the
maintenance  of the  original
ordination of most linkage groups
(Bouza et al. 2007; Martinez et al.
2008) in the consolidated genetic
map by Hermida et al. (2013a). They
may also be related to the variation in
recombination frequency among
linkage groups and sexes (Bouza et
al. 2012), and thus in the relationship
between physical and mapping distances. Discordant size of LGIS5,
which was assigned to the submetacentric NOR-bearing

st/a

Table 2 Relative size of turbot chromosomes and of the corresponding
linkage groups in the turbot genetic map (Hermida et al. 2013a)

LG Relative size (total/LG2) LG size (cM) chromosome, is likely related to the reported NOR size polymorphism
at its short arm and to the decondensation state of the NOR-

1 0.99 98.2 associated chromatin (Pardo et al. 2001). This work has relevant

2 1 813 implications for karyotypic studies in Pleuronectiformes, mostly

3 0.78 78.8 consisting of small acrocentric chromosomes difficult to differentiate

4 0.95 723 by size. Due to the lack of resolutive chromosome banding in the

5 0.94 38.6 turbot (Bouza et al. 1994; Pardo et al. 2001), the panel of BAC probes

6 0.86 318 represents a useful tool for identification of individual chromosomes.
' ' We

7 0.85 43.5

8+18 0.90 733 Fig. 4 a Relationship between the length of linkage groups of the turbot genetic

9 0.87 712 map and the correspondent relative sizes of assigned chromosomes by BAC-

10 0.65 66.3 FISH. LGI8 and LG24 are not represented because they were merged,

1 074 644 respectively, with LG8 and LG21 (indicated with asterisks); b Double FISH
' ’ assays to identify the largest (LG2) and the smallest (LG22) chromosomes of

12 0.75 60.6 the turbot karyotype, following the main features according to previous

13 0.73 618 cytogenetic data (Bouza et al. 1994; Pardo et al. 2001)

14 0.76 61

15 0.84 55.8

16 0.72 68.5

17 0.67 55

19 0.64 38

20 0.61 492

21+24 0.73 46.6

22 0.49 36.6

23 0.59 60.7




propose fromnow on to designate each chromosome pair with a code based upon syntenic markers per linkage group, in order to get a
consensus karyotype for the turbot community. For example, markers on LG2 have been cytogenetically mapped to a particular
chromosome (the largest metacentric one; Figs. 1 and 4b), which could be now designated as chromosome-LG2, as suggested in
zebrafish (Freeman et al. 2007). Moreover, the existence of conserved syntenic patterns between the turbot genetic map and the
genomes of model teleosts (Bouza et al. 2012) would allow to investigate the chromosomal relationship between turbot and teleostean
karyotypes on the basis of comparative mapping data (Guyon et al. 2012). For example, the relationship between zebrafish chromosome-
LG4 (Freeman et al. 2007) and turbot chromosome-LGl6, established by a common set of syntenic markers (Bouza et al. 2012), shared
similar bi-armed morphology. This comparative mapping approach will be particularly useful for investigating karyotype evolution of
Pleuronectiformes (Pardo et al. 2001; Oliveira et al. 2007; Garcia-Segarra et al. 2013). The integration of genetic and chromosomal data
would allow to identify orthologous chromosomal regions in others species (Wang et al. 2009; Urton et al. 2011; Mazzuchelli et al.
2012). Interespecific BAC-FISH using turbot probes could be another promising strategy to investigate chromosome evolution among
pleuronectiforms, as recently reported in other teleosts (Mazzuchelli et al. 2012; Phillips et al. 2014). It may be tested against related
species, with linkage maps based on common markers with the turbot, such as brill (Scophthalmus rhombus) and sole (Solea spp.)
(Pardo et al. 2001; Molina-Luzdn et al. 2012; Hermida et al. 2013b). The integration of genetic and cytogenetic maps paves the way for a
large number of applications (Phillips et al. 2006a; 2006b; 2009; Kuhl et al. 2011; Zhao et al. 2013), which includes the quick assignment
of novel markers to a linkage group without previous genetic mapping in segregant populations. In addition, the turbot genetic map
and its associated BAC-FISH map provide a valuable resource to study relevant QTL-bearing chromosomes for sex determination,
growth, or disease resistance (Martinez et al. 2009; Rodriguez-Ramilo et al. 2011; 2013a; 2013b; Sanchez-Molano et al. 2011). This will
allow to explore chromosome polymorphisms between sexes and populations, to characterize relevant BAC clones by NGS methods or
to dissect productive complex traits (Ross and Peichel 2008; Kuhl et al. 2011; Xu et al. 2011; Mazzuchelli et al. 2012; Zhao et al. 2013;
Garcia-Cegarra et al. 2013). Finally, the integrative mapping represents a support for assembling the forthcoming turbot genome, as
recently reported in other teleosts (Lorenz et al. 2010; Brenna-Hansen et al. 2012).
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