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Abstract

The red snapper Lutjianus campechanus is an exploited reef fish of major economic impor-
tance in the Gulf of Mexico region. Studies of genome wide genetic variation are needed to
understand the structure of wild populations and develop breeding programs for aquaculture
but interpretation of these genome scans is limited by the absence of reference genome. In
this work, the first draft of a reference genome was developed and characterized for the red
snapper. P-454 and lllumina sequencing were conducted to produce paired-end reads that
were assembled into reference contigs and scaffolds. The current assembly spans over 770
Mb, representing an estimated 69% of the red snapper genome in 67,254 scaffolds (N50 =
16,803 bp). The genome contigs were applied to map double digest Restriction-Site Associ-
ated DNA Tags and characterize Single Nucleotide Polymorphisms (SNPs) in five outbred
full-sib families. The identified SNPs and 97 microsatellite loci were used to generate a high-
density linkage map that includes 7,420 markers distributed across 24 linkage groups and
spans 1,346.64 cM with an average inter—-marker distance of 0.18 cM. Sex-specific maps
revealed a 1.10:1 female to male map length ratio. A total of 4,422 genome contigs (10.5% of
the assembly) were anchored to the map and used in a comparative genomic analysis of the
red snapper and two model teleosts. Red snapper showed a high degree of chromosome
level syntenic conservation with both medaka and spotted green puffer and a near one to one
correspondence between the 24 red snapper linkage groups and corresponding medaka
chromosomes was observed. This work established the first draft of a reference genome for
a lutjanid fish. The obtained genomic resources will serve as a framework for the interpreta-
tion of genome scans during studies of wild populations and captive breeding programs.
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Introduction

Studies of the genetic architecture of population adaptations or of the genetic basis of complex
characters in non-model species have been limited by the high costs and efforts involved in
generating reliable reference genomes [1]. The production of a fully assembled reference
genome still requires a considerable investment of resources in species with large genomes,
but partial genome assemblies with relatively high coverage can be attained at a reasonable
cost using high-throughput sequencing technologies. These partial sequences are often frag-
mented and can contain misassembled regions [2], making their direct application to applied
genomic studies challenging. However, the utility of these assemblies is greatly enhanced if
they are anchored to a high-density linkage map [2].

This anchoring is achieved by mapping contigs and scaffolds onto linkage groups to gener-
ate pseudo-chromosomes [3]. The mapping and ordering of contigs and scaffolds contributes
to the genome sequence assembly process by allowing putative assembly errors to be identified
and corrected [2,4]. Mapped contigs can also be applied in comparisons of genome organiza-
tion among species [5] [6] [7]. Another potential application of the integrated map and
genome sequence is in the interpretation of high density genomic scans during population
genomic surveys. Polymorphisms identified and surveyed during these studies can be mapped
on genome contigs which allows positioning them on linkage groups and inferring their
degree of linkage. The information gathered is critical when inferring genomic regions
involved in divergence and the genomic architecture of local adaptations [8] [9] or when esti-
mating effective population size and recent demographic growth trajectories of populations
[10]. Finally, mapped genome contigs can also be used in Quantitative Trait Loci (QTL) map-
ping studies aiming to locate loci impacting phenotypic characters affecting fitness or traits of
importance to commercial production in aquaculture species, further contributing to the com-
prehensive characterization of the genetic basis of these traits [11].

The objective of this work was to initiate the development of genomic resources for the red
snapper (Lutjianus campechanus), a marine reef-associated fish belonging to the Lutjanidae
family. The species is exploited by major fisheries throughout its range and is currently being
developed for aquaculture in the United States. Several studies investigating red snapper popu-
lation structure in recent years [12] [13] [14] have aimed to define management units to better
conserve fisheries resources. These early studies were based on small numbers of genetic mark-
ers and failed to assess the role of local adaptation in structuring red snapper populations or to
document the genetic basis of significant regional differences in several life history traits
[15,16]. More recently, genome scans generated by double-digest RAD sequencing were
deployed to study fine scale genetic structure among juveniles and adults [17] in the northcen-
tral Gulf of Mexico. Expanding the use of genome scans for populations genetic studies
towards analysis of adaptive variation, and their application to domestication programs in red
snapper is warranted but, as discussed above, their interpretation is currently limited by the
lack of reference genome for red snapper or any other lutjanid. This work aimed to anchor the
first draft of a reference genome sequence with a high-density linkage map for red snapper
and provide a first comparison of the organization of the red snapper genome with that of
other teleosts.

Materials and methods
Permits and ethic statement

Wild red snapper used in the study were collected under the letter of acknowledgment S-
12-USM/GCRL-GOMESA of the U.S. National Marine Fisheries Service. Protocols used in
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this study were developed with the guidance of the Institutional Animal Use and Care Com-
mittee of the University of Southern Mississippi and approved by the committee (protocol #
10100108). In compliance with this protocol, specimens that were sacrificed for sequencing
were euthanized by immersion in a lethal dose (400ppm) of MS-222 anesthetic.

Genome sequencing and assembly

Genomic DNA was extracted with the Qiagen DNeasy Blood & Tissue Kit from the spleen of
one wild red snapper individual collected from Alabama (U.S.) coastal waters. One microgram
of the obtained DNA was used to prepare an [llumina V3 whole-genome shotgun Paired-End
library according to manufacturer protocol. The library was size selected to retain 300 bp frag-
ments and sequenced on one flow-cell lane of the Illumina HiSeq2000 platform at the Univer-
sity of Colorado Denver School of Medicine (Aurora, CO, USA). Another 35 pg of the same
DNA was used to generate 3 kb and 20 kb Paired-End libraries for sequencing on the Roche P-
454 GS-FLX titanium platform at the IGSP Genome Sequencing & Analysis Core Facility at
Duke University (Durham, NC, USA). The libraries were loaded on one PicoTiterPlate for
sequencing, half of which was allocated to the 3 kb library and the other half to the 20 kb
library. Illumina sequencing reads were trimmed and filtered to retain reads with at least 75 bp
and Phred scores greater than 20.

The size of the red snapper genome was estimated using the Jellyfish k-mer counting pro-
gram [18]. The frequency distribution of k-mer depth obtained from Jellyfish was used to
determine the mean coverage estimated as the mode of the Poisson distribution after trimming
to remove reads with random sequencing errors. Genome size was estimated as the total num-
ber of k-mers divided by the mean coverage.

The sffToCA module of the Celera Assembler version 8.0 [19] [20] was used to prepare P-
454 reads for assembly under the parameters ‘clear n’ and ‘trim hard’. Filtered sequencing
reads were assembled with the Celera Assembler. All reads were used in the assembly of con-
tigs and mate pair information was used to split contigs when read coverage pattern indicated
a unitig had formed with a chimeric read. Mate pair information from P-454 and illumina
paired reads and unitigs obtained from the contig assembly process were used in scaffolding.
Contigs consisting of fewer than 200 bp were discarded from the final assembly. A search of
the NCBI NT database was performed using BLASTn (e-value 1e-06) to identify bacterial
sequences erroneously included in the assembly; if one or more of the top 3 BLASTn hits had a
bacterial origin, the contig was removed [21].

Mapping population

Wild adult red snapper (5 males and 5 females) collected from Alabama coastal waters in 2012
and 2013 were used to generate 5 full-sib families at the University of Southern Mississippi’s
Thad Cochran Marine Aquaculture Center. Each family was produced by manually stripping
the ova from one female and fertilizing them in vitro with the sperm of one male as described
in Minton et al. [22]; ovulation of females and spermiation of males had been induced by a sin-
gle injection of human chorionic gonadotropin (1,100 IU kg™ for females, 550 IU kg for
males). Larvae were reared for 60-90 days before tissue collection to ensure a sufficient
amount of DNA could be obtained using non-lethal sampling techniques. Tissue clips were
taken from the dorsal fin of each fish and immediately immersed in a 20% DMSO salt-satu-
rated fixative (0.5 M EDTA, 20% Dimethyl sulfoxide, NaCl, ddH,O) for preservation. Whole
genomic DNA was extracted from each parent and 60 randomly selected offspring per family
using the phenol-chloroform protocol [23]. In Family 2, only 51 full-sib samples could be
obtained. DNA quality was evaluated on a 1% agarose gel; samples displaying minimal
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apparent DNA degradation were assessed via spectrophotometry on a Nanodrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA) to determine DNA concentration and purity.
High quality DNA samples were adjusted to 50-70 ng.ul™ with Tris-HCI (10 mM, pH 8.0) and
stored at -20°C until use.

Microsatellite assays

Each individual was genotyped at 97 microsatellite markers. Eighty-one of the microsatellites
were developed by Norrell et al. [24] and optimized into multiplexes consisting of 2 to 4 mark-
ers. The remaining 16 microsatellites were characterized by Gold et al. [25] and combined into
multiplex assays by Renshaw et al. [26]. Polymerase Chain Reactions (PCR) were completed in
a total volume of 5 yl, consisting of 4.8-7.2 ng of genomic DNA, 2.5 pmol of forward and
reverse primers, 10 nmol of MgCl, (Promega, Madison, WI, USA), 1 nmol of dNTPs (Pro-
mega), 0.5 units of GoTaq Flexi DNA Polymerase (Promega) and 1x of buffer (Promega). The
thermal cycling protocol used for PCR began with a denaturation step at 95°C for 3 min, fol-
lowed by 35 cycles at 95°C for 30 s, annealing temperature for 30 s and 72°C for 45 s. Amplifi-
cation finished with an elongation step at 72°C for 10 min. The annealing temperature (AT)
used for amplification was optimized based on the specific AT of the microsatellites markers
incorporated in multiplex panels. When the specific AT differed among markers included in
the same multiplex panel, a touchdown thermal cycling protocol was used where the AT was
gradually reduced during consecutive annealing cycles as described in Renshaw et al. [26]. The
composition of multiplex panels and ATs used for multiplex amplifications are available in the
supplementary materials (S1 Table). PCR products were loaded on an ABI-377XXL sequencer
(Applied Biosystems, Carlsbad, CA, USA) and the resulting electropherograms were analyzed
with GeneScan (Applied Biosystems) software. Allele calling was performed using Genotyper
(Applied Biosystems) and genotypes were entered into an excel spreadsheet. Parents and prog-
eny of the same full-sib family were run on the same gel and analyzed together. The program
LINKMFEX v. 3.1 [27] (available at http://www.uoguelph.ca/~rdanzman/software.htm) was
applied to test for segregation distortion; loci deviating significantly from the expected Mende-
lian segregation ratio (P < 0.05) were removed from the dataset on a per family basis.

Double digest RAD-Tag sequencing

Double digest RAD-Tag sequencing libraries were prepared using protocols modified from
Baird et al. [28] and Peterson et al. [29]. Each library was made from 0.5 to 0.9 ug of whole
genomic DNA, simultaneously digested by Sau3AI (7.5 units, New England Biolabs Inc., Ips-
witch, MA, USA; NEB) and SPEI (3.75 units, NEB) at 37°C for 1 h. After restriction enzymes
were heat-inactivated at 65°C for 15 min, sample-specific Illumina adapters were ligated to the
digested fragments using 400 units of T4 Ligase (NEB) at 16°C for 30 min. Each adapter pair
included a unique 6 bp barcode, used to retrieve reads from individual samples following mul-
tiplex sequencing, and a degenerate 8 bp unique molecular identifier (UMI) that enabled the
downstream identification and removal of PCR duplicates [30]. The ligated samples were puri-
fied and size-selected to remove fragments < 250 bp by applying Agencourt AMPure XP
beads (Beckman Coulter Inc., Brea, CA, USA) at a 0.65x ratio. The library fragments were then
amplified in 25 pl reactions consisting of 1X of Taq 2X Master Mix (NEB) and 5 pmol of for-
ward and reverse primers. The thermal cycling program began with a denaturation step of 3
min at 95°C, 30 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, and ended with a final
extension step at 72°C for 7 min. PCR products were pooled according to lane (31 individuals
sequenced per Illumina flow-cell lane), purified with Agencourt AMPure XP beads (0.65x),
and size-selected on a PippinPrep (2% agarose gel cartridge, Sage Science, Beverly, MA, USA)
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to include fragments between 300 and 500 bp in the final library. The eluate was purified using
a 1.8x ratio of Agencourt AMPure XP beads before being submitted to the University of Colo-
rado Denver School of Medicine for sequencing. Four families were sequenced on the Illumina
HiSeq2000 platform and sequencing of the remaining family was conducted using the Illumina
HiSeq2500 platform. Individuals from the same family (parents and offspring) were multi-
plexed in two pools that were sequenced during the same run on two sequencing lanes.

SNP discovery, genotyping and filtering

Low confidence base calls (Phred score < 30) were iteratively removed from paired-end reads,
beginning with the last base in each sequence (the script used in filtering was uploaded in the
USM Aquila repository doi: 10.18785/lutc.ds.01). Both the forward and reverse reads in a pair
were discarded if either fell below 75 bp in length during the trimming procedure. Identical
sequences sharing the same UMI were marked as PCR duplicates; only one read from each set
of duplicates was retained. Filtered reads were fed into the program dDocent [31], where
remaining adapter dimers were culled from the dataset and reads were mapped against the red
snapper draft genome using BWA-MEM [32]. The Bayesian variant caller FreeBayes [33] was
then applied to the mapped reads to discover and genotype Single Nucleotide Polymorphisms
(SNPs) and insertions/deletions (INDELS).

SNPs were selected from the obtained database by applying the following filtering proce-
dure. First, multiallelic SNPs, INDELs, SNPs covered by fewer than 10 reads or more than
1.5X the average depth across the dataset (32.44) and SNPs having a site quality score below 30
as determined by FreeBayes were removed from the dataset. SNPs supported by both forward
and reverse reads were then excluded as they potentially arose from mapping errors that
occurred during SNP discovery. Individual genotypes with a likelihood lower than 0.99, as esti-
mated in FreeBayes, were recoded as missing data (0/0). Individuals missing genotypes at
more than 80% of the filtered loci were excluded from further analysis. The final dataset con-
sisted of SNPs for which genotypes were available in at least 75% of the remaining individuals.

Linkage map construction

Linkage analyses were conducted in the software Lep-MAP2 [34,35]. Prior to mapping, miss-
ing and incorrect parental information was imputed from progeny genotypes using the Par-
entCall module of Lep-MAP2 and the final dataset was filtered in ParentCall to retain SNPs
showing no evidence of segregation distortion (P < 0.01) and that were informative in at least
two families. Filtering strategies resulted in a minimum of 84 informative meioses available for
linkage analysis. Increasing values of the lodLimit threshold LOD score were tested in Lep-
MAP2. A LOD score of 9 recovered 24 major Linkage Groups (LGs) and was applied to assign
microsatellites and SNPs to LGs. Small LGs containing fewer than 10 loci were rejected from
the map. Marker ordering was then completed using the OrderMarkers module following
methods described by Rastas et al. [34]. Each LG was ordered 10 times, simultaneously esti-
mating marker-specific error rates and map distances based on the Kosambi function [36] in
males and females. Error prone loci (error rate > 0.1) and markers inflating the ends of linkage
groups by more than 10 cM were removed and the order was re-evaluated an additional 10
times [34]. The order with the highest likelihood was selected from this set and final sex-aver-
aged map lengths were determined. The lengths of individual LGs were summed to calculate
the total length of the map. MapChart [37] was used to visualize the linkage map.

The program ALLMAPS [3] was then used to order and orient the corrected contigs against
the sex-averaged linkage map. Mapped SNPs anchored the contigs, forming putative red snap-
per pseudo-chromosomes. When contigs contained multiple markers, their mapping positions
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were used to orient the segment. The orientation of contigs anchored by only one SNP could
not be determined.

Genome comparisons

The genome assemblies of medaka (Oryzias latipes, v. ASM31367v1) and spotted green puffer
(Tetraodon nigroviridis, version 8.0) available in the Ensembl genome database were used for
comparison to the red snapper. Repeat-masked assemblies were obtained as individual chro-
mosome files which were concatenated into one multi-entry FASTA file per species. Red snap-
per contigs and mini-scaffolds anchored to the linkage map were screened for repetitive
elements in RepeatMasker v. 4.0.7 [38] and detected repeats were hard-masked. Masking
employed the interspersed repeat masking based on protein similarity option of repeatmasker.
Pairwise comparisons were then performed between the red snapper assembly and the
genomes of the two reference species. Syntenic regions were detected using BLASTn (v.2.10.0
+) using default parameters (e-value le-10). If a segment aligned to multiple areas within a
model organism, only the best hit was retained. The distributions of aligned red snapper
sequences among the chromosomes of each of the target species were plotted as Oxford grids
in excel software (v. 2016).

Results
Draft reference genome assembly

Assembly of P-454 and Illumina sequencing reads yielded 76,345 contigs larger than 200 bp in
length. All contigs were screened for bacterial contamination in the NCBI NT database; 124
contigs possibly included bacterial sequences and were removed from the assembly, bringing
the total number of contigs to 76,321. The assembly spanned 770,603,859 bp. Estimates of the
size of the red snapper genome by the k-mer method were similar for k values ranking between
15 and 31bp and averaged 1.117 Gb (range 1.070 Gb-1.126 Gb). Based on this estimate, the
assembly would span approximately 69% of the genome. Contig length ranged from 200 to
157,915 bp with a mean of 9,928 bp and the assembly had an N50 value of 14,414 bp. Paired-
end information allowed assembling a total of 67,254 scaffolds (N50 = 16,803 bp; average 1.15
contigs per scaffold). The average contig coverage of the assembly was 24.37X. Raw sequencing
reads and assembled contigs were uploaded to the SRA NCBI database and can be accessed
under the BioProject number PRINA325063 (P-454 reads: SRX1835988, Illumina reads:
SRX1835987, contigs: https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?analysis=SRZ190074,
scaffolds: https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?analysis=SRZ190075).

Microsatellite genotyping

Genotypes at the 97 microsatellites were acquired for the 291 progeny and the 10 parents
involved in the crossing design. Five of the loci could not be scored with confidence in one or
more families due to stuttering; the corresponding data (7 family by microsatellite marker
combinations) were discarded from the dataset. In 19 of the remaining 478 family by marker
combinations, some progeny genotypes differed from expectations under Mendelian transmis-
sion laws. Examination of parent and offspring genotypes revealed that these disagreements
corresponded to cases where one of the parents was scored homozygous but several progeny
failed to display the allele that this parent was expected to transmit, leading to an apparent
Mendelian incompatibility. It was concluded that the homozygous parent was the carrier of a
non-amplifying null allele. When the progeny genotypes could be unambiguously determined
by accounting for the null allele, their genotypes were recoded with the null allele and the
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Table 1. Number of filtered sequencing reads, microsatellites and SNPs included in family datasets. Average read depths and mapping qualities across SNPs for each

family are shown.

Sequencing Reads (M)
Microsatellites
Number SNPs

Average Read Depth
Average Mapping Quality*

* Mapping quality scores generated in BWA

https://doi.org/10.1371/journal.pone.0232402.t001

Family 1 Family 2 Family 3 Family 4 Family 5
127.3 110.8 210.4 200.7 216.9
90 95 96 90 76
9061 8716 27118 13569 10331
20.71 21.70 25.52 24.50 22.40
58.64 58.91 59.05 59.42 59.21

marker was retained. However, in cases where the two parents shared an allele (3 family by
marker combinations), differentiating between progeny carrying a null allele and true homo-
zygous individuals was not possible and the data were discarded. Significant departures from
Mendelian segregation ratios were detected in 28 family by marker combinations; the corre-
sponding data were discarded from further analysis. The final dataset included 76 to 96 micro-
satellites per family and was applied to the construction of the linkage map (Table 1).

RAD-sequencing, SNP discovery and genotyping

Double digest RAD-tag sequencing produced over 866 M reads across 5 families. The number
of filtered reads per individual ranged from 4 k to 9.27 M, with an average of 1.73 M (family
totals are reported in Table 1). After filtering raw variants identified by FreeBayes for polymor-
phism, genotype quality and sample size, 8,716 to 27,118 candidate biallelic SNPs remained
per family (Table 1). Fifteen individuals were discarded due to poor genotyping success. On
average, SNPs were supported by between 20.71 and 25.52 reads across families (Table 1).
Average mapping qualities generated in BWA-MEM for reads used in SNP genotyping were
consistent between families, ranging from 58.64 to 59.42 (Table 1). The final dataset consisted
of 10,150 SNPs informative in 2 or more families available per SNP locus for linkage analysis.
A variant call format file describing all the markers and a table reporting the genotypes and
pedigrees of individuals (parents and offspring from each family) are available on the Univer-
sity of Southern Mississippi public repository Aquila (DOI: 10.18785/lutc.ds.01).

Linkage map construction

Of the 10,150 markers (filtered SNPs and microsatellites) deemed suitable for mapping, 7,429,
could initially be incorporated into 24 linkage groups (LGs), in agreement with the number of
haploid chromosomes previously reported in several lutjanid species [39]. There were 6,556
maternally informative markers and 6,395 paternally informative markers and the number of
genotypes available for linkage analysis per marker ranged between 92 and 290 (average
130.9). Removing error-prone markers identified in Lep-MAP reduced the number of loci
included in the final map to 7,420. Sex-averaged linkage groups contained between 148 and
414 markers (average 309.17), and the average interval between adjacent markers was 0.18 cM
(Table 2, Fig 1). The complete map spanned 1,346.64 cM, with LGs ranging in size from 49.64
t0 63.89 cM (average 56.11 cM). The sex specific maps generated based on meioses observed
in male and female parents spanned 1,322.42 cM and 1,449.83 cM respectively resulting in a
ratio of 1.10:1 female to male map length (Table 2). Male LGs ranged in length from 43.15 to
72.7 cM (average 55.10 cM) while female LGs ranged from 48.49 to 75.59 cM (average 60.41).
The magnitude of the difference in length between the male and female maps varied among
linkage groups (average 1.10, range 0.84-1.75). Ratios close to one were most common, as
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Table 2. Summary statistics for the sex-averaged, male and female red snapper linkage map.

Sex-Averaged Map Male Map Female Map
Linkage Group Total Markers M M M Female to Male Ratio
1 414 57.58 52.17 68.48 1.31
2 404 55.74 50.00 61.46 1.23
3 380 55.05 49.46 64.68 1.31
4 363 60.70 62.09 59.50 0.96
5 350 57.45 53.77 62.82 1.17
6 345 49.64 58.07 54.31 0.94
7 337 61.91 62.66 63.93 1.02
8 332 59.00 54.43 62.62 1.15
9 328 61.75 59.84 65.35 1.09
10 322 53.19 58.83 55.07 0.94
11 320 52.02 53.71 52.95 0.99
12 320 50.25 48.01 60.21 1.25
13 313 54.44 50.09 58.52 1.17
14 310 60.98 62.19 61.90 1.00
15 298 54.23 43.15 75.59 1.75
16 291 59.76 62.47 62.71 1.00
17 290 60.34 48.53 66.78 1.38
18 270 50.58 47.71 54.89 1.15
19 266 51.84 51.97 57.81 1.11
20 261 52.32 57.96 48.49 0.84
21 262 61.42 56.60 63.84 1.13
22 248 52.18 48.88 53.23 1.09
23 248 50.37 57.15 53.37 0.93
24 148 63.89 72.70 61.30 0.84
Total 7420 1,346.64 1,322.42 1,449.83 1.10

https://doi.org/10.1371/journal.pone.0232402.t1002

shown in Table 2. One LG (15) displayed a ratio of 1.75, with female groups almost twice the

length of corresponding male LG (Table 2).

A total of 5,883 contigs were positioned on the linkage map by ALLMAPS [3]. A majority
of the mapped contigs (4,422) contained one SNP, and could in consequence not be oriented.
The remaining 1,242 contigs included 2 or more markers and were tentatively oriented based
on the mapping positions of their SNPs. The mapped contigs spanned more than 80.8 Mb,
representing 10.5% of the draft genome assembly.

Genome comparisons

A total of 264 kb of repetitive elements were detected during screening of anchored genome
contigs and these sequences were masked prior to performing genome comparisons. A total of
3.511 Mb (9,841 contig segments) and 2.883 Mb (8,720 contig segments) were aligned to
unique sequences of the medaka, green spotted puffer and zebrafish reference genomes,
respectively, using BLASTn. Each of the 24 red snapper linkage groups showed a high level of
homology to one of the medaka chromosomes with, on average, 90.2% of sequences in one red
snapper LG aligning to a unique medaka chromosome (range: 82.3% to 94.6%, Fig 2A). A high
degree of synteny was also observed between red snapper and green spotted puffer (Fig 2B).

Major differences between the two species can be attributed to the three fusion events that

have occurred in the green spotted puffer lineage [40]. These chromosomal rearrangements
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Fig 1. Diagram of the red snapper sex-averaged linkage map. This figure displays the marker distribution and linkage group sizes. A scale of map length in cM is
presented on the left of the map for reference. Sex-averaged, male, and female map details are given in S3 Table.

https://doi.org/10.1371/journal.pone.0232402.9001

gave rise to green spotted puffer chromosomes 1, 2 and 3 [40] and involved the ancestral chro-
mosomes corresponding to current red snapper LGs 9 and 15, LGs 8 and 20 and LGs 23 and
24, respectively. On average, a higher percentage of sequences within a red snapper LG aligned
to matching green spotted puffer chromosomes when compared to medaka (mean: 92.7%,
range: 72.0% to 98.9%).

Discussion

This work aimed to develop and characterize genomic resources for the red snapper Lutjanus
campechanus. A high-density linkage map was generated and used to anchor contigs of a first
draft genome sequence assembly, establishing, to our knowledge, the first draft reference
genome for a lutjanid fish. The initial phase of the project focused on genome sequencing and
assembly in order to establish reference genome contigs. The size of the red snapper genome
was first estimated using the k-mer method which allowed assessing the fraction covered by
the assembly. The estimate of genome size obtained in this study is slightly over 1.1 Gb which
is smaller than the value (1.369 Gb) predicted from the published C-value for red snapper (1.4
pg, [41]). The latter C value estimate was obtained using a bulk fluorometric assay which is less
accurate than current flow cytometry methods or Feulgen Densitometry. This estimate may
also have been impacted by the use of different tissue types for the target species (red snapper,
blood cells) and the standard (sea cucumber sperm). Estimates of C values for other lutjanids
available in the animal genome size database [42] obtained using other methods are typically
close to 1 or 1.1. These data thus suggest that the k-mer estimate obtained in this work may be
a closer approximation of the actual size of the red snapper genome and this estimate is com-
pared to the assembly span below. The assembly of short illumina reads and P-454 paired
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Fig 2. Oxford grids depicting syntenic regions between red snapper and two model species. Red snapper linkage groups are listed on the ordinate and the
corresponding chromosomes of the comparison species are arranged on the abscissa. The percentage of red snapper sequences within a red snapper linkage
group aligning to the chromosomes of the model species are given in the boxes of the Oxford grid. Comparisons between red snapper and (A) medaka (Oryzias
latipes), (B) green spotted puffer (Tetraodon nigroviridis) are shown.

https://doi.org/10.1371/journal.pone.0232402.9002

reads spans an estimated 69% of the red snapper genome and includes over 76 k contigs with a
N50 value of 14 kb. Large numbers of contigs and a modest N50 value are common features of
many first iterations of animal draft genome assemblies based primarily on short reads as this
one. Factors impacting the efficiency of the assembly process include genome heterozygosity
and the abundance of repetitive elements [2,43-45]. In teleosts, the proportion of repetitive
DNA in the genome varies widely among species (range: 7-56%) and is positively correlated
with genome size [46,47]. An empirical comparison of the genome sizes of several fish to their
reported fractions of repetitive DNA indicates a very strong relationship between these two
variables. These data suggest over 30% of the estimated 1,117 Mb red snapper genome may be
composed of repetitive DNA. However, only 264 kb of repeats were detected during screening
of mapped genome contigs, corresponding to approximately 0.33% of the portion of the
assembly positioned on the map. The low representation of repetitive elements in the current
assembly suggests that a potentially large fraction of the genomic data missing from the cur-
rent assembly are repetitive elements and account for the high fragmentation observed in this
work. Difficulties in assembling the red snapper genome are also likely due to the high hetero-
zygosity typical of marine fishes and reported in all the previous genetic studies in this species
[13,14].

High degrees of fragmentation are commonly reported in assemblies based solely on short
sequencing reads (i.e. those produced via Illumina Sequencing by Synthesis technology). In
this work, longer reads from paired-end P-454 pyrosequencing with two insert sizes (3 kb and
20 kb) were used in conjunction with short reads (2x100 bp Illumina sequencing of a 300 bp
size selected library) in order to improve the assembly process [48], but the obtained hybrid
dataset still yielded a large number of contigs of relatively small size. A main priority for the
future development of the red snapper reference genome is to increase genome coverage and
reduce fragmentation. The low coverage achieved during sequencing, in particular for the
insert libraries, limited the assembly process and thus increasing coverage is a first priority.
The production of long, continuous DNA sequencing reads (averaging 10-15 kb in length)
using Pacific Biosciences (PacBio) Single Molecule Real-Time (SMRT) technology has proved
critical for the correction of misassembled repetitive regions and for closing gaps in assemblies
[49] and should also be incorporated in future sequencing efforts.

Considering the fragmented draft genome resulting from sequencing as discussed above,
the chromosome location of genome contigs and scaffolds could only be determined through
pairing the assembly to a high-density linkage map for use in interpretation of genome scans
or in comparative studies of genome organization [5]. In this work, this pairing was achieved
by using the genome contigs produced during the assembly as a reference to map RAD-
sequencing reads generated during sequencing of parent and offspring members of mapping
families. The SNPs discovered were in consequence directly mapped on the draft assembly
allowing anchoring genome contigs onto linkage groups.

Linkage map construction and characteristics

The linkage map of the red snapper produced during this study included 7,420 SNP and
microsatellite loci distributed over 24 linkage groups. While there is no report on the number
of chromosomes in red snapper to date, karyotypes produced in other lutjanids have consisted
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of 24 chromosome pairs [39], congruent with the finding of 24 linkage groups in red snapper.
The sampling and filtering strategies used during construction of the map resulted in an aver-
age of 130 genotype available per locus per individual (range: 76-289), providing an average
potential resolution of 0.76 cM (range: 0.34-1.09 cM). As this value exceeds the marker density
at 0.18 cM, inferences on marker order are limited when distances between markers are
smaller than the resolution achieved by the dataset.

Sex specific maps were generated based on partial datasets accounting for recombination
observed in gametes of the male and female parents respectively. The female map was slightly
longer than the male map with an average female to male map length ratio of 1.10:1. Discrep-
ancies between male and female map lengths appear frequently in the literature, particularly
among the fishes [50] and are attributed to sexually dimorphic patterns of recombination, a
phenomenon termed heterochiasmy [51]. Relatively high female-to-male map length ratio
have been reported in several other fish species, including Atlantic salmon (1.38:1) [52], silver
carp (1.52:1) [53], European sea bass (1.60:1) [54,55] and rainbow trout (1.68:1) [55]. As dis-
cussed by Li et al. [56] theories proposed to explain recombination bias between sexes are mul-
tiple and include stronger selective pressures impacting male gametes [57], or selection acting
on the efficacy of meiotic drive [58]. The female to male map length ratio in red snapper was
in the low range of these values, only slightly above 1 more similar to findings in other marine
species where this ratio was closer to 1 (see e.g. the turbot consensus map, 1.22 [59], the orange
spotted grouper, 1.03 [60]) or even less than one (0.74 in the Mandarin fish [61]) and could
reflect a reduced difference in selective pressure between gametes of the two sexes considering
the high fecundity of females in marine fishes (typically in the order of several tens or hun-
dreds thousands eggs per kg). The average female to male recombination ratio was not uni-
form across linkage groups, however. Female to male map length ratios ranged from 0.84:1 to
1.75:1 and 7 LGs (4, 6, 10, 11, 20, 23 and 24) showed ratios lower than 1.0. Female to male
ratios varied widely among linkage groups in other species such as the channel catfish (0.97:1
t0 2.50:1) [62] or the turbot 1.04:1 to 1.60:1 [59]. A practical consequence of differences
between sexes in recombination rates for some genomic regions is that inferences based on
sex-specific maps may be preferable when possible.

Anchoring the draft genome

The linkage map was used to evaluate the initial assembly for potential errors. Misassembled
contigs may occur in genomic regions rich in repetitive DNA, in particular when heterozygos-
ity is high [44]. Detecting and resolving these assembly errors remains a central challenge in
the production of draft genomes. Comparing assembled contigs to a high-density linkage map
offers an independent measure of the assembly’s validity in that loci in proximal locations on
genome contigs are expected to show near identical mapping position on the linkage map [2].
The consensus generated by allmaps did not show evidence of chimeric contigs mapping on
different linkage groups or on distant positions on the linkage map.

Genome comparisons

The integrated map and genome assembly was used to perform a comparative genomic analy-
sis between red snapper and two model species, the medaka, and the green spotted pulffer.
While red snapper displayed synteny with both model species, the highest similarity was with
medaka. The most recent common ancestor of medaka, green spotted puffer and zebrafish
(hereafter referred to as the MTZ-ancestor) underwent 8 major chromosomal rearrangements,
including 2 fissions, 4 fusions and 2 translocations within just 50 million years of the teleost-
specific whole genome duplication event [40]. It is hypothesized that the original arrangement
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of the MTZ-ancestor has been preserved in medaka [40] which led to the proposal that medaka
represents the evolutionarily basal chromosomal condition of the teleost genome, making it an
informative comparison species. No major rearrangements were observed between medaka
and red snapper, with each red snapper linkage group finding a strongly supported homolo-
gous chromosome in medaka (Fig 2). This high degree of synteny suggests that red snapper
also shares the basal karyotype of the MTZ-ancestor.

Though red snapper displayed a higher degree of homology with medaka, linkage groups
inferred in this study had stronger one-to-one relationships with green spotted puffer chromo-
somes: on average, higher proportions of red snapper sequences were found to be in common
with green spotted puffer chromosomes, reflecting the closer phylogenetic relationship
between green spotted puffer and red snapper relative to that of red snapper and medaka.
Three fusion events have been proposed to have occurred since green spotted puffer split from
medaka 184-198 million years ago, resulting in a haploid chromosome count of 21 [40]. Synte-
nic analyses between medaka and green spotted puffer show these fusions correspond to chro-
mosomes 1, 2 and 3. Similar results were seen in red snapper (Fig 2) involving linkage groups
orthologous to these three medaka chromosomes. Errors during linkage mapping and/or
alignment of contigs to reference genomes, e.g. when sequence segments align to multiple
regions of model species, likely account for the small fractions of red snapper chromosomes
aligned to non-homologous chromosomes. Thus the synteny analysis will likely be enhanced
when the red snapper draft genome is improved with the assembly of longer contigs.

Conclusions

The integration of red snapper draft genome sequences and a high-density linkage map
resulted in the production of first draft reference genome for a lutjanid, the red snapper Lutja-
nus campechanus. This resource will serve as a framework for future applied genomic studies
in the red snapper and for expanding the resource towards a full reference for this species. The
anchored draft sequence was applied in a comparative analysis of genome organization
between red snapper and two model teleosts. The high degree of homology observed between
red snapper and medaka supports the validity of the current draft assembly and suggests the
hypothesized basal teleost karyotype is preserved in red snapper.
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