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Abstract: The present study was undertaken to provide the foundation for development of genome-scale resources for the fathead
minnow (Pimephales promelas), an important model organism widely used in both aquatic toxicology research and regulatory testing.
The authors report on the first sequencing and 2 draft assemblies for the reference genome of this species. Approximately 120� sequence
coverage was achieved via Illumina sequencing of a combination of paired-end, mate-pair, and fosmid libraries. Evaluation and
comparison of these assemblies demonstrate that they are of sufficient quality to be useful for genome-enabled studies, with 418 of
458 (91%) conserved eukaryotic genes mapping to at least 1 of the assemblies. In addition to its immediate utility, the present work
provides a strong foundation on which to build further refinements of a reference genome for the fathead minnow. Environ Toxicol Chem
2016;35:212–217. # 2015 SETAC
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INTRODUCTION

The fathead minnow, Pimephales promelas, has been the
most widely used small fish model for regulatory ecotoxicology
in North America since the early 1950s [1]. With the
establishment of the US Environmental Protection Agency
(USEPA) in 1970, fathead minnows were adopted as a primary
model organism for standardized regulatory ecotoxicity testing,
and numerous test guidelines employing the fathead minnow
have been developed and applied both nationally and
internationally [2–5]. Because of its prominence as an aquatic
test organism and the availability of well-established methods
for its culture and husbandry [6], the fathead minnow is also
widely used as a research model for studying mechanisms of
toxicity [1].

Nonetheless, in the evolving era of toxicogenomic research
and subsequent regulatory applications, the fathead minnow
has lagged somewhat behind other small fish models, such as
the zebrafish (Danio rerio) and Japanese medaka (Oryzias
latipes), in terms of development of genome-scale resources.
The zebrafish genome project was initiated by the Sanger
Institute in 2001, and the ninth version of the zebrafish
genome assembly and annotation was released in 2013 [7]. A
draft medaka genome was published in 2007 [8]. Availability
of these genome-scale resources greatly enhanced the ability
to design and develop molecular research tools (e.g., real-time
polymerase chain reaction [PCR] primers, probes for in situ

hybridization, morpholinos, small interfering RNAs) and
quickly led to commercially available high-density microarray
platforms for the zebrafish and Japanese medaka [9]. For
example, commercially available zebrafish microarrays were
available on both Agilent and Affymetrix platforms as early as
2005 (e.g., Gene Expression Omnibus accessions GPL1319,
GPL2878 [10]).

In contrast, as late as 2007, a 2000-gene microarray was
state-of-the-art for the fathead minnow [11]. Release of 250 000
fathead minnow expressed sequence tags deposited in the
National Center for Biotechnology Information’s GenBank,
Department of Energy’s Joint Genome Institute, in 2005 has
since stimulated development of high-density microarray
tools for the fathead minnow (e.g., Gene Expression Omnibus
accessions GPL10259, GPL10260, GPL10277, GPL9248,
GPL7351, GPL7342). More recently, Wiseman et al. [12]
constructed a reference hepatic transcriptome for the fathead
minnow. However, neither expressed sequence tags nor the
reference transcriptome provides complete coverage of
expressed sequence and unexpressed regions of the fathead
minnow genome (e.g., gene regulatory regions). The fathead
minnow was not represented in the 160 fish genomes being
sequenced as of 2012 or identified for sequencing under the
Genome 10K project [13]. Consequently, to exploit the full
potential of this well-established aquatic ecotoxicological
model using 21st-century approaches, there remained a need
to develop genome-scale resources for the fathead minnow.
The lack of a complete genome sequence for the fathead
minnow currently limits the dissection of complex traits,
genetic marker discovery, identification of gene regulatory
domains (e.g., promoters), and the elucidation of biological
networks, all of which are critical to fully utilizing this species
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for toxicogenomic applications. These are all important
components of fathead minnow systems biology and modeling
that can help lay the scientific foundation for greater use of
predictive approaches in ecotoxicology and ecological risk
assessment.

The present study was designed to help address the need
for a defined fathead minnow genome by employing massively
parallel Illumina

1

sequencing to generate draft genome
sequence information. In contrast to long-read Sanger
sequencing employed for the Human Genome Project [14]
as well as zebrafish sequencing, the next-generation sequenc-
ing (NGS) method employed in the present study offers greater
throughput at lower cost [15,16]. However, the increased
throughput and reduced cost come at the expense of read
length (typically �100 bp for Illumina sequencing) and
the associated difficulties of assembling short reads, particu-
larly for organisms with large repeat-rich regions of their
genome, which increases the computational complexity of
assembly activities [15–17]. The approach employed in the
present study, which involved sequencing of paired-end
reads of varying insert sizes as well as fosmid libraries, has
been employed previously for sequencing and assembly of
draft genome sequences for other vertebrates [18,19]. Al-
though there are no gold-standard methods for determining
the ultimate accuracy and completeness of the resulting
assemblies [20], common metrics used to evaluate the
assemblies include the numbers and sizes of the contigs
(continuous sequences assembled from overlapping frag-
ments) and scaffolds (assemblies of contigs in which the
order of multiple contigs with gaps between them are known),
as well as N50 (the length of contigs and scaffolds at
which 50% of the assembly can be found [21]). The present
study reports on Illumina-based sequence generation for
the fathead minnow and subsequent evaluation of 2 draft
assemblies using these metrics. The sequences and assemblies
reported are intended as a resource that can be further
developed by the community to advance the utility of the
fathead minnow as a model organism for predictive, pathway-
based ecotoxicology.

MATERIALS AND METHODS

Inbreeding and genetic analysis

Fathead minnows (F0) from an existing culture at the USEPA
laboratory in Duluth, Minnesota, were inbred via sibling
intercrosses for 6 generations to reduce heterozygosity. Fish
representing generations F0, F3, and F6 (n¼ 94) were genotyped
at the USEPA laboratory in Cincinnati, Ohio, using 8 polymor-
phic microsatellite markers—Ppr101, Ppr103-Ppr107 [22],
Ppro48, and Ppro126 [23]—according to methods described
elsewhere [24]. Briefly, a 3-primer probe system was used to
fluorescently label amplicons generated by PCR. Sizes of the
amplified microsatellites were visualized using an ABI 3730
genetic analyzer (Applied Biosystems), and GeneMarker
software (Ver 1.85; Softgenetics) was used to score poly-
morphisms. Allelic diversity, mean number of alleles, and Nei’s
unbiased heterozygosity [25] were determined for each genera-
tion. Adult male fish from the F6 generation were shipped
overnight from the Duluth USEPA lab to DuPont’s Haskell
Global Centers laboratory (Newark, DE, USA) for DNA
extraction and genome sequencing. Upon receipt, the fish were
held in a flow-through culture system at 20 8C with daily feeding
until they were processed for sequencing. Fish were euthanized
using tricaine methanesulfonate, the skin was dissected away

from the lateral tail muscle, and muscle tissue was excised for
DNA extraction (see Supplemental Data). Extracted DNA
samples were transferred to the DuPont Pioneer sequencing
facility at the DuPont Experimental Station (Wilmington, DE,
USA) for sequencing.

Next-generation library construction and sequence generation

Four DNA NGS libraries with varying average DNA
fragment sizes were generated: 1) a paired-end NGS library
with an average fragment size of 180 bases; 2) 2 “mate-pair”
NGS libraries with average fragment sizes of 3 kb and 6 kb,
respectively; and 3) a fosmid library with an average fragment
size of 40 kb (see Supplemental Data for details).

Cluster generation and DNA sequencing

Cluster generation and paired-end sequencingwere performed
on an Illumina cBot and a HiSeq 2000, respectively, according
to protocols developed by Illumina [26]. Sequencing was
performed at both ends of the clustered DNA fragments using
paired-end sequencing primers for Read1 and Read2 (Illumina)
for the paired-end and mate-pair libraries. The fosmid next-
generation sequencing library was sequenced using the following
custom sequencing primers: read 1, ACACTCTTTCCCTA-
CACGACGCTCTTCCGATCTCAC; and read 2, CGGTCTCG
GCATTCCTGCTGAACCGCTCTTCCGATCTCAC. For all
libraries, the resulting read 1 and read 2 sequences were grouped
into “read pairs” according to the x and y coordinates of the
corresponding DNA cluster on the flow cell. Sequencing reads
and quality scores were generated in a real-time fashion with the
Illumina Data Collection Software RTA 1.12. After initial base
calling, additional custom filtering was performed using
calibrated quality scores generated by the Illumina pipeline.
Reads generated fromboth ends ofDNA fragmentswere trimmed
by removing from the 30 end’s bases with a PHRED-equivalent
quality score below 10. A length threshold of 24 was applied to
filtering, indicating that all bases <24 bases in length after
trimming were removed from further analysis.

Jump library construction and sequence generation

DNA was fragmented using a Covaris S220 Ultrasonicator.
Fragmented DNAwas characterized for size distribution using a
BioAnalyzer 2100. Fragment sizes were determined to be
600 bp to 1000 bp. Fragmented DNA was then purified, and
adapters for sequencing were ligated per the instructions for the
TruSeq DNA PCR-Free Sample Prep kit (Illumina). The
resultant sample library was sequenced in 2 runs on the Illumina
MiSeq using 2� 250 base, paired-end settings.

Genome assembly and analysis

Prior to assembly, the quality of the raw sequence reads for
each library was assessed using FastQC [27]. Sequences of poor
quality were subsequently trimmed from the 30 end of all reads
using the FASTX-toolkit [28]. Two independent assembly
pipelines were used. One assembly was prepared using the
Short Oligonucleotide Analysis Package (SOAPdenovo) soft-
ware [29,30], and the other assembly was performed using
String Graph Assembler software [31,32]. Assembly details are
presented in the Supplemental Data. The SOAPdenovo2
program was able to utilize both the 2� 100 180-base short
reads and the 2� 250 reads from the PCR-free MiSeq reads for
initial contig assembly. For the String Graph Assembler
software, initial contig assembly was limited to using only
the 2� 100 data from the 180-base insert sequences. The
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2� 250 reads from the MiSeq 600-base to 1000-base library
were alternatively used as a jump library for scaffolding during
the String Graph Assembler assembly. Both assembly programs
utilized the 3-kb, 6-kb, and 40-kb mate-pair libraries for
scaffolding of the contigs. The completeness of the assemblies
was assessed for the inclusion of 458 core proteins using the
Core Eukaryotic Genes Mapping Approach [33]. Additionally,
the assemblies were analyzed for presence, completeness, and
presence of orthologs for a set of 248 highly conserved,
eukaryotic genes [34].

RESULTS

Six generations of sibling intercrosses were performed to
reduce allelic heterozygosity of fish chosen for sequencing. Fish
representing generations F0, F3, and F6 (n¼ 94) were analyzed.
Heterozygosity decreased from 0.62 (F0) to 0.24 (F6), with the
mean number of alleles at each locus reduced from 4.0 to 1.63
(Table 1). The inbreeding coefficient of the resultant F6 fish
(Fis¼ 0.56) indicates a successful high degree of inbreeding.
The relatively homogeneous genomic structure of these fish
helped simplify the task of genomic sequencing.

Sequence coverage

Based on a survey of genome sizes among 20 species of
North American cyprinids, the overall size of the fathead
minnow genome was expected to be in the range of 1.06 Gb
to 1.11 Gb [35]. Four sequence libraries derived from different-
sized DNA fragments were generated. Sequence coverage was
determined using an estimated genome size of 1.1 Gb. Sequence
coverage ranged from approximately 74.4� for the 180-bp
library to 3.5� for the 6-kb mate-pair library (Table 2). Overall,
when the 5 libraries were combined, sequence coverage of
approximately 120� was achieved. Raw sequence reads for all
libraries were submitted to the National Center for Biotechnol-
ogy Information Short Read Archive under accession number
SRA123892.

Draft genome assemblies

The SOAPdenovo2 assembly generated contigs totaling
811 Mb. The GC content of the contigs was 37.9%. Using the
jump libraries, the contigs were linked into scaffolds totaling
1219 Mb with an N content of 33.48%. The longest scaffold
generated was 580 kb. The scaffold N50 was 60 380 bases,
whereas contig N50 was 7468 bases. This draft genome
assembly was submitted to the National Center for Biotechnol-
ogy Information, and the SOAPdenovo2 assembly from
this Whole Genome Shotgun project has been deposited at
DDBJ/EMBL/GenBank under accession JNCD00000000
(i.e., the version described in the present study).

The String Graph Assembler assembly generated contigs
totaling 807 Mb. The GC content of the contigs was 38.0%.
Using the jump libraries, the contigs were assembled into
scaffolds totaling 958 Mb with an N content of 15.07%. The

longest scaffold generatedwas 811 kb. Scaffold N50was 15 414
bases, while contig N50 was 1668 bases. This draft genome
assembly was submitted to the National Center for Biotechnol-
ogy Information, and the String Graph Assembler assembly
from this Whole Genome Shotgun project has been deposited
at DDBJ/EMBL/GenBank under accession JNCE00000000
(i.e., the version described in the present study).

Estimation of draft genome completeness

Core Eukaryotic Genes Mapping Approach mapping of 458
core eukaryotic genes [33] to the developed assemblies
successfully mapped 405 of 458 of the genes in the SOAP-
denovo2 assembly and 310 of the 458 genes in the String Graph
Assembler assembly. Themajority of the genes (297) mapped in
both assemblies. A more stringent analysis that distinguishes
target genes from closely related orthologs and indicates
whether the complete genes are contained within a single
scaffold was also performed on the 248 most highly conserved
genes (Table 3) [34]. This analysis indicated that 74% of the
genes were complete and present on a single scaffold in the
SOAPdenovo2 assembly compared with 51% in the String
Graph Assembler assembly.

DISCUSSION

In the present study, we describe the successful sequencing
and de novo assembly of 2 draft genomes for the fathead
minnow, a fish species used extensively both for single-
chemical testing and monitoring complex environmental
mixtures of contaminants [1]. An important historical limitation
of utilization of toxicogenomic approaches with the fathead
minnow to support the development of mechanistic predictive
and diagnostic tools has been the lack of genome-level
information. The present study addresses that limitation. The
nature of research and regulatory studies with the fathead
minnow increasingly has included toxicogenomic approaches in
an effort to address some of the challenges currently faced by
environmental toxicologists, such as the need for the rapid
generation of hazard data for a greater number of chemicals
using fewer resources or for efficient monitoring of the potential
impacts of complex mixtures. For example, Ankley et al. [36]
describe research with the fathead minnow to develop
mechanistic, predictive approaches to support mandated
screening and testing programs for identifying endocrine-active
chemicals. Analogously, Ekman et al. [37] propose the use of
pathway-based techniques with the fathead minnow for effects-
based monitoring of complex mixtures of environmental
contaminants in a field setting.

The 120� genome coverage achieved in the present study
provided a read coverage similar to or greater than a number

Table 1. Reduction in genetic diversity following 6 generations
of inbreeding

Generation n
Heterozygosity

(� standard deviation)
Mean number of alleles
(� standard deviation)

F0 31 0.62� 0.01 4.0� 1.07
F3 31 0.35� 0.09 2.0� 0.93
F6 32 0.24� 0.1 1.63� 0.74

Table 2. Summary of fathead minnow genome sequence coverage obtained
through Illumina sequencing of 4 libraries derived from DNA fragments of

varying length

Library
Reads (in
millions)

No. of bases (in
Gb)

Sequence
coverage

180-bp paired end 485.4 81.8 74.4
250-bp paired end 13.9 6.9 6.3
3-kb mate pair 282.3 25.8 23.5
6-kb mate pair 45 3.8 3.5
40-kb fosmid 159.4 15.7 14.3
Overall 986.0 134.0 121.8
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of pioneering de novo, high-throughput vertebrate genome
sequencing projects. For example, employing a similar
approach to develop a draft sequence of the giant panda
(Ailuropoda melanoleuca) genome, Li et al. [19] achieved
73� coverage of the whole genome. Assembly of a draft chicken
genome using Illumina sequencing and SOAPdenovo 1.04 was
based on 74� genome coverage [17]. A domestic turkey
(Meleagris gallopavo) genome was assembled from approxi-
mately 5� coverage of 454 reads coupled with 25� coverage of
Illumina sequencing reads [38]. Based on a comparison of
N50 values for assemblies using various sequencing depths
of Illumina reads, there is relatively little gain in overall length of
contigs or scaffolds with additional sequencing depth beyond
approximately 70� [39]. Consequently, the overall sequence
coverage achieved through the present study was adequate to
facilitate assembly using state-of-the-science de novo assembly
algorithms, and there is likely little to be gained through
additional depth of sequencing.

At present, the greatest challenge in de novo sequencing
of vertebrate genomes is the assembly of contigs and
scaffolds from the short reads associated with the Illumina
sequencing [20].

The total scaffold size of the 2 scaffolded assemblies
generated for the fathead minnow genome was 1.219 Gb for the
SOAPdenovo2 assembly and 0.958 Gb for the String Graph
Assembler assembly. A genome size of 1.1 Gb was used to
estimate the sequence coverage of the generated libraries.
Thus, both assemblies fall within 10% of the expected
P. promelas genome size range. This suggests that the sequence
assemblies encompass a large majority, if not all, of the fathead
minnow genome. Nonetheless, there is likely room for
improvement in the assemblies. The contig N50 of 7.5 kb for
the SOAPdenovo2 assembly was similar to that of 9.8 kb for the
medaka draft genome [8], 9.2 kb for the Japanese lamprey
(Lethenteron japonicum [40]), and 7.1 kb for the Atlantic cod
(Gadus morhua) Celera assembly [41]. In contrast, the
contiguity of the reference fathead minnow genome assemblies
remains less than that achieved for channel catfish (Ictalurus
punctatus, 13.1 kb [39]), Atlantic salmon (Salmo salar, 35 kB;
GenBank Assembly GCA_000233375.3), and zebrafish
(1.6 Mb; GenBank Assembly GCA_000002035.2). That said,
many existing fish genome sequencing projects have employed
longer read technologies (e.g., Sanger sequencing, 454
sequencing) and have gone throughmultiple rounds of assembly
and revision. Thus, it can be expected that the current level of
contiguity can be improved by integrating results of multiple
assemblies based on different algorithms with their respective
strengths and weaknesses [42].

Concern has been raised that contiguity as measured via N50
or total contig and scaffold lengths are not necessarily the best
indicators of assembly quality [20,33,42]. Consequently, the
Core Eukaryotic GenesMapping Approach was employed as an
additional measure of assembly quality. On the basis of Core
Eukaryotic Genes Mapping Approach mapping and contiguity

metrics (e.g., N50), the SOAPdenovo2 algorithm appeared to
provide a higher-quality assembly of the fathead minnow
genome than the String Graph Assembler algorithm. However,
as attested to by the mapping of the Core Eukaryotic Genes
Mapping Approach gene set, the generation of 2 assemblies by
different informatics pipelines provides for more comprehen-
sive coverage than either of the assemblies would have
individually and prompted our reporting and databank submis-
sion of both assemblies. In combination, the 2 assemblies
collectively mapped 418 out of 458 eukaryotic core genes
(91.2%). This value was within the range of 85% to 95%
reported for the range of assembly algorithms tested in
Assemblathon 2 [42]. This success rate in the mapping of
core genes was achieved despite a greater proportion of genes in
both assemblies with paralogs (1.7�) versus those without
paralogs that were not complete on a single scaffold. The
existence of large numbers of paralogs in fish is a recognized
challenge in fish genome assembly, stemming from genome
duplication in the ray-finned fish over 300 million yr ago [43].
Consistent with that complexity, of 3 vertebrate classes (birds,
fish, reptiles) considered in Assemblathon 2, fish were identified
as the most challenging to assemble [42]. Therefore, on the
whole, the draft assembly appears to be of comparable quality to
the state of the art in the field for Illumina sequencing,
particularly given some of the recognized challenges with
sequencing fish genomes.

This de novo sequencing project, and continued evolution and
improvement of the sequence assembly, is expected to provide
a variety of benefits to aquatic toxicology and ecotoxicogenomics
research efforts, including increasing the feasibility and
cost-effectiveness of assaying the entire fathead minnow tran-
scriptome using microarrays; enhancing interpretation of tran-
scriptomic, proteomic, and metabolomic data from fathead
minnow studies from a systems biology/network perspective;
identification of high-quality markers of fatheadminnow genetic
sex to support reproduction and sexual determination regulatory
studies with fathead minnows; facilitating environmental
monitoring of changes in genetic structure that could be
indicative of system impairment or alteration in wild populations
of fathead minnows (and potentially other species of freshwater
fish); and facilitating genome resequencing projects and
comparison of genetic structure among different populations of
fathead minnows that may be useful in identifying genetic
features/markers that confer resistance or sensitivity to particular
types of pollutants or stressors, which could be useful for
developing minimally invasive genetic screens for predicting
population susceptibility to different exposure scenarios
(e.g., spills, point source discharges, overspray events). The
work of Head et al. [44] provides an example in avian species of
the type of geneticmarkers of sensitivity/susceptibility that could
be more readily developed with a fully sequenced and mapped
genome for the fathead minnow.

Species extrapolation is another fundamental challenge in
ecotoxicology and ecological risk assessment. It is not feasible

Table 3. Estimated completeness of the genome based on mapping 248 conserved eukaryotic genes to the assemblies

Assembly

Complete genes present
in single scaffold,

n (%)

Average of orthologs per
complete gene in

assembly, n

Genes mapped but not
complete in single scaffold,

n (%)

Average of orthologs
per incomplete gene in

assembly, n

Total genes
mapped, n

(%)

SOAPdenovo2 183 (74%) 1.4 43 (17%) 3.4 226 (91%)
String Graph Assembler 126 (51%) 1.24 40 (16%) 2 166 (67%)

SOAPdenovo2¼Short Oligonucleotide Analysis Package software.
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to test all species that may be exposed in the environment,
nor is it possible to develop species-specific batteries of
pathway-based suborganismal bioassays. Therefore, predictive
approaches to species extrapolation that utilize available
molecular sequence data are being explored as a possible aid
to prioritization and risk assessment (e.g., Gunnarsson et al. [45]
and LaLone et al. [46]). Such efforts would be enhanced by the
availability of whole-genome sequence information for a
broader diversity of species, particularly for widely used
aquatic toxicity test organisms such as the fathead minnow.
Transcriptional network modeling also is being applied to
elucidate adverse outcomes pathways in the fathead minnow
(and by extension other vertebrates) and identify functional
molecular modules that play key roles in toxicity [47,48].
Although these approaches have already shown preliminary
utility, their application and potential will be considerably
enhanced by genome sequencing and the associated identifica-
tion of gene regulatory sequences (e.g., transcription factor
binding sites).

CONCLUSION

Although design of targeted molecular tools for the fathead
minnow has been enhanced by the availability of expressed
sequence tags, coverage of relevant molecular targets was
incomplete, and nonexpressed portions of the genome were
largely uncharacterized in the species. Availability of a fully
sequenced genome generates significant efficiencies to enhance
the application of transcriptomic, proteomic, and many
other focused molecular and genetic analyses across the field.
The present study does not provide extensive annotation,
comparative and evolutionary analysis, or targeted mapping of
genome completeness relative to the previously reported
fathead minnow transcriptome. Nonetheless, the effort repre-
sents a significant and critical step forward in the generation of
genome-scale resources for the fathead minnow and provides a
new resource of sequence information which is freely accessible
to the broader scientific community for further development.

Supplemental Data—Supplemental Data are available on the Online Wiley
Library at DOI: 10.1002/etc.3186.
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