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The decrease in sequencing cost and increased sophistication
of assembly algorithms for short-read platforms has resulted

in a sharp increase in the number of species with genome
assemblies. However, these assemblies are highly fragmented,
with many gaps, ambiguities, and errors, impeding downstream
applications. We demonstrate current state of the art for

de novo assembly using the domestic goat (Capra hircus) based
on long reads for contig formation, short reads for consensus
validation, and scaffolding by optical and chromatin interaction
mapping. These combined technologies produced what is,

to our knowledge, the most continuous de novo mammalian
assembly to date, with chromosome-length scaffolds and only
649 gaps. Our assembly represents a ~400-fold improvement
in continuity due to properly assembled gaps, compared to the
previously published C. hircus assembly, and better resolves
repetitive structures longer than 1 kb, representing the largest
repeat family and immune gene complex yet produced for an
individual of a ruminant species.

A finished, accurate reference genome is essential for advanced
genomic selection of productive traits and gene editing in agricul-
turally relevant plant and animal species'~3. Thus, efficient genome
finishing technologies will be of immediate benefit to researchers of
these organisms. Substantial progress has been made in methods for
generating contigs from whole-genome shotgun (WGS) sequencing;

yet finishing genomes remains a labor-intensive process that is
unfeasible for most large, highly repetitive genomes. The successful
production of the human reference genome assembly draft in 2001
(ref. 4) was followed by 3 years of intensive curation by 18 individual
institutions® to produce the best available reference genome assembly
for a mammalian species, of which the current version (GRCh38)
contains only 832 heterochromatin-associated gaps. Although
inexpensive short-read sequencing has enabled the creation of a
substantial number of draft genome assemblies, they are highly
fragmented because high-throughput methods for finishing were
not available®.

Repeats pose the largest challenge for reference genome assembly,
and much effort has been devoted to resolving the ambiguous assem-
bly gaps caused by repetitive DNA sequence’. Numerous scaffolding
technologies have been developed for ordering and orienting assem-
bly contigs®~!2, including chromosome interaction mapping (Hi-C)!?
and optical mapping!4, which provide relatively inexpensive and high-
resolution scaffolding data'>-1°. Hi-C is an adaptation of the chro-
mosome conformation capture (3C) methodology? that identifies
long-range chromosome interactions in an unbiased fashion without
a priori target site selection. The frequency of long-range consensus
interactions decays rapidly as linear distance along a chromosome
increases, allowing Hi-C data to scaffold assembled contigs to the
scale of full chromosomes!®. Optical mapping technologies observe
the linear separation of small DNA motifs (often restriction enzyme
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recognition sites!® or nickase sites?!), which can provide sufficient
contextual information to scaffold assembled contigs?? or correct
existing reference assemblies?3. Both optical mapping?! and Hi-C!®
yield excellent scaffold continuity metrics!>17-18:24 However, both
methods have limited ability to scaffold small contigs in fragmented
short-read assemblies?>.

Single-molecule sequencing?® can now produce reads tens of
kilobases in size, albeit with relatively high error rate. The Pacific
Biosciences PacBio RSII sequencing platform achieves an average
read length of 14 kb, with maximum read lengths >60 kb?7, and is
routinely used to reconstruct complete bacterial genomes?®2° and
highly continuous eukaryotic genomes?”-30-31, When maximum read
length exceeds the maximum repeat size, it is theoretically possible
to assemble complete mammalian chromosomes. However, the read
depth required to ensure that all repeats are spanned by such reads is
currently prohibitive, so mammalian assemblies will continue to com-
prise thousands of pieces?”-3% until average read lengths exceed ~30 kb.
Currently, combinations of long-read sequencing and long-range
scaffolding represent the most efficient approach to produce near-
finished reference assemblies. For example, a recent study using
long-read sequencing and optical mapping assembled a human
genome de novo into 4,007 contigs and 202 scaffolds that covered
the entire reference assembly3L.

Here we present a near-finished reference genome for the domestic
goat (C. hircus) using a combination of long-read single-molecule
sequencing, high-fidelity short-read sequencing, optical mapping,
and Hi-C-based chromatin interaction maps. Unlike cattle, which
are derived from two different subspecies32, extant domestic goats
appear to derive from a single wild ancestor, the bezoar33. Owing to
this singular domestication event, creation of a polished reference
genome for goat could enable easier identification of adaptive vari-
ants in sequence data from descendent breeds. The most recent goat
assembly was generated via short-read sequencing and optical map-
ping and is highly fragmented!$. Our new assembly strategy achieves
superior continuity and accuracy, is cost effective compared to
past finishing approaches, and provides a new standard reference for
ruminant genetics.

RESULTS

De novo assembly of a C. hircus reference genome

We sequenced an adult male goat of the San Clemente breed with a
high degree of homozygosity to minimize heterozygous alleles and
simplify assembly. A combination of three technologies was applied:
single-molecule real-time sequencing (PacBio RSII), paired-end
sequencing (Illumina HiSeq), and Hi-C (Phase Genomics, Inc.). We
also generated optical mapping (using BioNano Genomics Irys) data,
but these came from an adolescent male progeny of the reference

Table 1 Assembly statistics

animal owing to tissue storage complications. Assembly of these
complementary data types proceeded in a stepwise fashion (Online
Methods), producing progressively improved assemblies (Table 1 and
Fig. 1). Initial assembly of the PacBio data alone resulted in a contig
NG50 (the minimum length of contigs accounting for half of the
haploid genome size) of 3.8 Mb. PacBio contigs were first scaffolded
using optical mapping data, and the resulting scaffolds were clustered
using Hi-C data into chromosome-scale scaffolds. To assess quality,
the resulting assembly was validated via statistical methods and com-
parison to a radiation hybrid (RH) map3 (Supplementary Table 1)
and previous assemblies (Supplementary Note). To maximize accu-
racy of the final reference assembly, the RH map was used to correct
21 inversions (consisting of 83 scaffolds) and 4 misplacements before
final gap filling and polishing3>3¢. Our final assembly, ARSI, totaled
2.92 Gb of sequence with a contig NG50 of 18.7 Mb, a scaffold NG50
of 87 Mb, and an estimated quality value (QV)?7 of 34.5 (Table 1,
Fig. 2 and Supplementary Note). After error correction and validation,
ARSI contained four major disagreements with the RH map (Fig. 3),
which will require further investigation to confirm. Considering that
ARSI comprises just 31 scaffolds and 649 gaps covering 30 of the
31 haploid, acrocentric goat chromosomes3® (excluding only the
Y chromosome), our assembly compares favorably with the current
human reference (GRCh38), which has 24 scaffolds, 169 unplaced or
unlocalized scaffolds, and 832 gaps in the primary assembly>°.

Scaffolding technology comparisons

We compared initial de novo optical map and Hi-C scaffolds to our
final validated reference assembly to evaluate the independent per-
formance of the two scaffolding strategies. The optical map consisted
of 2,944 scaffolds with an NG50 of 1.487 Mb. It is likely that optical
map fragment sizes (Supplementary Fig. 1) were limited by double-
strand breaks caused by close proximity of Nt.Bsql sites on opposing
DNA strands, as reported previously?!. Optical map scaffolding of
PacBio contigs produced an assembly of 333 scaffolds, containing
90.89% of the final ARSI assembly length with a scaffold NG50 of
20.623 Mb, and identified 36 misassemblies in the PacBio contigs.
This twofold increase in NG50 value over the individual technolo-
gies (Table 1) is likely due to the complementary nature of their error
profiles; the long PacBio reads span shorter, low-complexity repeats,
whereas the optical map spans larger segmental duplications. In
comparison, scaffolding of PacBio contigs with Hi-C data yielded
31 scaffolds containing 87.9% of the total assembly length (Table 1,
Supplementary Fig. 2 and Supplementary Table 2). These scaffolds
had an NG50 four times larger than that of the scaffolds generated
by optical mapping, but their rate of misoriented contigs was high
in comparison to the RH map>* (Supplementary Note). Analysis of
the misoriented contigs revealed that orientation error was correlated

Unplaced Degenerate Contig Scaffold Assembly Assembly in
Assembly? ContigsP Scaffolds contigs® contigsd NG50 (Mb)® NG50 (Mb)ef size (Gb) scaffolds (%)
PacBio 3,074 - - 30,693 3.795 - 2914 N/A
Optical Map - 2,944 - - - 1.487 2.748 N/A
PacBio + Optical Map 1,109 333 1,242 30,693 10.197 20.623 2.910 90.89
PacBio + Hi-C 2,115 31 959 30,693 3.795 88.799 2910 87.97
PacBio + Optical Map + Hi-C 1,780 31 571 30,693 10.197 87.347 2.910 89.05
ARS1 680 31 654 29,315 18.702 87.277 2.924 88.32

3Assemblies are listed in order of inclusion of scaffolding technologies toward the final assembly (ARS1), with the original contigs (PacBio) scaffolded using different technologies (Optical Map
and Hi-C). Because the optical map program (Irys Scaffold) generates an assembly from the consensus of labeled DNA molecules, we have included scaffold statistics from these data (optical
map) for comparison. PThe number of continuous stretches of sequence within the scaffold without gaps >3 bases in length of at least 10 bases. cUnplaced contigs are defined as input contigs
or scaffolds that were not placed by the optical map or Hi-C in a scaffold were excluded from the scaffold counts. dDegenerate contigs were assembled unitigs that had less than 50 PacBio reads
supporting their assembly (Supplementary Note). Differences in degenerate contig counts in the final ARS1 assembly are due to PBJelly merging of degenerate contigs (538 contigs) or removal
due to no supporting PacBio read alignments (840). eAll NG50 values are based on the ARS1 assembly size (2.924 Gb). fNo scaffolds were generated for the PacBio entry.
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with the density of Hi-C restriction sites in the contig (Supplementary
Table 3), which might be improved by choosing restriction enzymes
with shorter recognition sites (or DNase Hi-C)*’ to improve Hi-C link
density and reduce the associated orientation error rate. Ultimately,
we found that sequential scaffolding with optical mapping data fol-
lowed by Hi-C data yielded an assembly with the highest continuity
and best agreement with the RH map (Fig. 1). Thus, the final ARS1
assembly was based on this approach and the remaining inversions
found in comparisons to the RH map were corrected manually before
final gap filling and polishing.

Assembly benchmarking and comparison to reference

The goat CHIR_1.0 reference assembly!® was generated from paired-
end short reads using the SOAPdenovo2 assembler, a restriction-
enzyme-based optical map, and cross-species scaffold alignments to
the Bos taurus UMD3.1 reference assembly‘“. The CHIR_2.0 assem-
bly (GenBank GCA_000317765.2) is a recent improvement to the
CHIR_1.0 assembly that used the goat radiation hybrid map data for
scaffolding and probably included additional curation but has not yet
been described. Paired-end read sequences used to create the Black
Yunan goat CHIR_1.0 reference assembly!8 were aligned to CHIR 1.0,
CHIR_2.0, and our ARSI assembly for a reference-free measure of
structural correctness*?~#* (Supplementary Note). These alignments
confirmed that CHIR_2.0 is a general improvement over CHIR_1.0,
with fewer putative deletions (2,735 versus 10,256) and duplications
(115 versus 290); however, CHIR_2.0 also contains 50-fold more puta-
tive inversions than CHIR_1.0 (215 versus 4) (Supplementary Table 4).
Our ARSI assembly is a further improvement over CHIR_2.0, with
4-fold fewer deletions and 50-fold fewer inversions identified. This is
particularly notable given that the Black Yunan data were not used for
constructing ARSI, yet our assembly is more consistent with the Black
Yunan paired-end data than the CHIR_1.0 and CHIR_2.0 assem-
blies themselves. We assessed large-scale structural continuity of each
assembly by aligning fosmid end sequence and identifying structural
variants (Online Methods and Supplementary Table 5). ARS1 had
half the number of trans-scaffold discrepancies (‘break end’(BND)
variants: 456) of CHIR_2.0 (840) and had 13 fewer assembly errors
per 100 Mb. This independent validation suggests that ARSI corrects
numerous errors present in CHIR_2.0 (Fig. 2).

We also assessed the quantity and size of gaps in each respective
assembly (Supplementary Table 6). The CHIR_2.0 reference filled
62.4% of CHIR_1.0 gap sequences (160,299 gaps filled), whereas our
assembly filled 94.3% of all CHIR_1.0 gaps (242,268 gaps filled).
The remaining CHIR_1.0 gaps (13,853) had flanking sequence that
mapped to two separate chromosomes in our assembly, indicating
potential false gaps due to errors in the CHIR_1.0 assembly. WGS
sequence alignments from our San Clemente reference animal as
well as alignments of gap fill regions from CHIR_2.0 agreed with our
assembly in closed gap locations (Online Methods), revealing 200,624
CHIR_1.0 gaps (77.02% of total) confirmed as closed in ARS1. Of the
remaining 59,850 CHIR_1.0 gaps that were not confirmed as closed
in ARSI, 52 coincided with gaps in ARSI, 568 were predicted to be
filled by greater than 10 kb of sequence, and 23 did not have flanking
sequence that could be mapped to the ARS1 assembly. Because gaps
coinciding with ARSI gaps are currently ambiguous, it is difficult
to ascertain the true status of these remaining regions. Fosmid end
structural variant calls (Supplementary Table 5) intersected 14 of
ARSI gap regions, suggesting that there are structural discrepancies
or assembly errors that contribute to the unknown gaps in ARSI. In
total, our assembly contains 649 sequence gaps (larger than 3 bp) in
the chromosomal scaffolds split among gaps of known (515 inferred
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Figure 1 Assembly schema for producing chromosome-length scaffolds.
(a) Four sets of sequencing data (long-read WGS, Hi-C, optical mapping,
and short-read WGS) were produced to generate the goat reference
genome. A tiered scaffolding approach using optical mapping data
followed by Hi-C proximity-guided assembly produced the highest-quality
genome assembly. (b) An example from the initial optical mapping data
set. To correct misassemblies resulting from contig or scaffold errors,

a consensus approach was used. A scaffold fork was identified on

contig 3 (91 Mb long) from the optical mapping data. Mapping of
short-read WGS data signature showed a misassembly near the thirteenth
megabase of the contig, so it was split at this region. Subsequent
analysis based on the RH map confirmed this split.

from optical mapping distances) and unknown (134 Hi-C scaffold
joining) sizes. Compared to CHIR_2.0, ARSI has 1,000-fold fewer
ambiguous bases and improves even the core gene annotation over
the short-read assembly by receiving a 2-point higher BUSCO score?
(82% versus 80%, respectively).

Improved genetic marker tools and functional annotation
We quantified the benefit of our approach over short-read assembly
methods with respect to genome annotation and downstream functional
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Figure 2 Assembly benchmarking comparisons reveal high degree of
assembly completion. (a) Feature response curves showing the error rate as
a function of the number of bases in each assembly (CHIR_1.0, CHIR_2.0,
and ARS1) and each scaffold test (intermediary assemblies using a
combination of Hi-C and BioNano scaffolding). (b) Comparison plots of
chromosome 20 sequence between the ARS1 and CHIR_2.0 assemblies
reveal several small inversions (light blue circles) and a small insertion of
sequence (break in continuity) in the ARS1 assembly. Red circles highlight
inversions and the insertion of sequence in our assembly. ARS1 optical
map scaffolds and PacBio contigs are represented below the x axis.

analysis. Chromosome-scale continuity of the ARS1 assembly was
found to have appreciable positive impact on genetic marker order
for the existing C. hircus 52K SNP chip® (Supplementary Table 7).
Of the 1,723 SNP probes currently mapped to the unplaced contigs of
the CHIR_2.0 assembly, we identified chromosome locations for 1,552
unplaced markers (90.0% of 1,723 unplaced) and identified 26 mark-
ers with ambiguous mapping locations (1.8% of 1,466 low-call rate
markers)3. This finding suggests that the latter markers were targeting
repeat sequences and may explain why their call rate was poor.
After annotation, we found 3,495 newly annotated gene models
(Online Methods) that contained at least one gap in the CHIR_2.0
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Figure 3 RH probe map shows excellent assembly continuity.

ARS1 RH probe mapping locations were plotted against the RH map
order. Each ARS1 scaffold corresponds to an RH map chromosome,
with the exception of X, which is composed of two scaffolds.

Red circles highlight two intrachromosomal (on chr. 1 and chr. 23) and
two interchromosomal misassemblies (on chr. 18 and chr. 17)

in ARS1 that were difficult to resolve.

assembly that was filled by our assembly (Supplementary Table 6).
We also identified 1,926 predicted exons that contained gaps in
CHIR_1.0 and CHIR_2.0 but were resolved by our assembly (Fig. 4a),
probably owing to an improvement in resolution of repetitive con-
tent (Fig. 4b). Notably, annotation of repetitive immune-associated
gene regions revealed that complete complements of the genes encod-
ing leukocyte receptor complex (LRC) and natural killer cell com-
plex (NKC) were contained within single autosomal scaffolds in our
assembly (Fig. 5). These regions are particularly difficult to assemble
with short-read technologies because they are highly polymorphic
and repetitive?®, and their gene content is largely species specific.
We think the successful assembly and annotation of these regions
in ARSI is an important achievement (Supplementary Note and
Supplementary Figs. 3-5).

Structural elements and karyotype

The combination of technologies used for ARSI substantially improves
on repeat resolution compared to previous assembly approaches,
including both short-read and Sanger sequencing projects*/:#’. Large
fractions of the Y chromosome and heterochromatin regions were
assembled, whereas these are typically absent from de novo assembly
efforts. For example, the presence of >5 bp of telomeric sequence on
six autosomes indicates that scaffolds have reached one end of the
acrocentric chromosomes. Using previously determined centromeric
repeat sequence for goat*$, we identified 15 chromosome scaffolds
that included centromeric repeats >2 kb in length (Online Methods),
suggesting inclusion of the centromeric ends. Seven chromosomes
(1, 6,12, 13,22, 26, and 29) had centromeric repeat sequence align-
ments that were >8 kb in length. Chromosomes 19 and 23 had cen-
tromere and telomere repeats on opposite ends, consistent with
complete chromosome-wide assembly. Two scaffolds (corresponding
to chromosomes 13 and 28) had centromeric repeats 3 Mb from the
end, suggesting that the ARS1 assembly includes the elusive p arm
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Figure 4 Long-read assembly with complementary scaffolding resolves
gap regions and long repeats that cause problems for short-read reference
annotation. (a) A region of the mucin gene cluster was resolved by long-
read assembly, resulting in a complete gene model for LOC107345534
(mucin-5B-like). (b) Counts of repetitive elements that had greater than
75% sequence length and greater than 60% identity with RepBase
database entries for ruminant lineages.

of these acrocentric chromosomes (Online Methods). Additionally,
closer examination of the optical maps revealed 34 maps contain-
ing large tandem and interspersed repetitive nickase motifs, with a
cumulative size of 4 Mb, that did not align to the long-read contigs
(Supplementary Table 8). Because these repetitive maps also did not
align to any prior C. hircus assembly, they may represent constitutive
heterochromatin that could not be assembled using other technolo-
gies. We identified 105 additional repetitive patterns >12 kb in the
optical map that were represented in ARS1, distributed among all Hi-
C chromosome scaffolds except chromosomes 9 and 10. Finer-scale
repeat identification using the RepeatMasker algorithm confirmed
that the larger classes of repetitive elements (>1 kb) were resolved
in ARSI (Fig. 4b), and 66% more BovB LINE repeats were assem-
bled to at least 75% of the repeat length than in CHIR_2.0. Notably,
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Figure 5 Comparative alignment of resolved immune gene clusters in the
domestic goat. (a) A region of the natural killer cell (NKC) gene cluster
contained several gaps in the CHIR_2.0 reference genome (x axis) but was
present on a single contig on the ARS1 assembly (y axis). (b) The leukocyte
receptor complex (LRC) locus was poorly represented in CHIR_2.0 (x axis)
and was missing ~500 kb of sequence that is present in ARS1 (y axis).

43.6% of the CHIR_2.0 gaps that ARS1 successfully closed coincided
with BovB repeats >3.5 kb in length (Supplementary Fig. 6 and
Supplementary Table 9). Comparison of fosmid end sequence data
to repetitive sequence identified only five structural variants (two
predicted duplications, two predicted deletions and one inversion)
that intersected with our larger repetitive regions, including the pre-
dicted centromeric region on chromosome 10 (Supplementary Note),
suggesting that at least five large repeats (5/30,347 repeats >1 kb, or
0.016% of identified repeats) in ARSI may be misassembled.

The final ARS1 assembly contained two scaffolds that mapped
to two different—but continuous—regions of the X chromosome,
representing 85.9% of the expected chromosome size (assuming
a size of 150 Mb)38. Self-hit alignment filtering, and cross-species
alignment to existing Y chromosome scaffolds in cattle, identified
10 Mb of sequence that may have originated from the C. hircus
Y chromosome, ~50% of the estimated size*® (Supplementary Note
and Supplementary Table 10). Alignments of X-degenerate Y genes>®
and B. taurus Y genes to these scaffolds confirmed their association
with the Y chromosome, identifying 16% and 84% of our self-hit
filtered contig list, respectively, with several contigs containing both
sets of alignments. Both the heterochromatic nature of the Y chromo-
some and the ambiguous placement of the pseudo-autosomal region
on the X or Y chromosome (the last portion of our X chromosome
and unplaced scaffolds 8, 12, 119, and 186) precluded generation of
chromosome-scale scaffolds for the male sex chromosome.

DISCUSSION

The advent of long-read sequencing has dramatically improved
the average and N50 contig lengths of mammalian genome assem-
blies?”:31, but complex genomic regions still interfere with the gen-
eration of complete, single-contig chromosomes3!. Attempts to fill
gaps in existing short-read assemblies with low-coverage long reads
fail to close many gaps that could otherwise be closed with higher
coverage®l, as shown by the ~41,000 gaps remaining in the Ovis aries
Oar_v4.0 assembly (ENA GCA_000298735.2) and the ~35,000 gaps
in the B. taurus Btau_5.0.1 assembly (ENA GCA_000003205.6).
Complex genomic regions have even higher impact for genomes
that are polyploid or have historical whole-genome duplications.
Increasing coverage means that a more very long reads from the top

NATURE GENETICS VOLUME 49 | NUMBER 4 | APRIL 2017

647


http://www.ebi.ac.uk/ena/data/view/GCA_000298735.2
http://www.ebi.ac.uk/ena/data/view/GCA_000003205.6

© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

TECHNICAL REPORTS

tail of the read-length distribution are collected, and this helps resolve
large repetitive regions. Thus, higher coverages of long reads tend to
provide superior results to gap-filled short-read assemblies, as dem-
onstrated by the few gaps remaining in ARS1. However, current long-
read technologies still fall short of regularly producing completely
assembled chromosomes, so reliable and affordable scaffolding tech-
nologies remain vitally important for generating high-quality finished
reference genome assemblies. In this study we assessed the utility of
both optical and chromatin interaction mapping, showing that they
are complementary and particularly useful in combination with long-
read assemblies. Stepwise combination of these methods leveraged
their unique benefits to generate a final assembly.

Optical mapping had fewer conflicts with the initial contigs and
provided higher resolution, so the resulting scaffolds were easier to
validate than the Hi-C scaffolds. However, optical mapping was insuf-
ficient to generate full chromosome-scale scaffolds, with the nota-
ble exception of the single scaffold spanning goat chromosome 20
(Fig. 2b). The primary limitation of the goat optical map appears
to be double-strand breaks caused by neighboring nickase sites on
opposite strands, which breaks the map assembly owing to a lack of
spanning fragments?!. Optical map scaffolding generated only three
confirmed assembly errors (3/333, or 0.9% of scaffolds), two of which
were difficult to detect without the use of the RH map. Scaffolding
with Hi-C enabled accurate assignment of contigs to their respective
chromosome groups, as supported by our RH map data, 99.8% of the
time; however, there were 21 confirmed order and orientation errors
affecting 83 scaffolds (83/1,533; 5.41%). Misorientation by Hi-C could
be reduced with longer input contigs, higher numbers of orienting
restriction sites, or selection of a restriction enzyme with a higher fre-
quency of recognition sites. Contigs and scaffolds with low orientation
quality scores were frequently associated with orientation mistakes in
the Hi-C scaffolds (Pearson’s r = 0.49) (Supplementary Table 3), sug-
gesting that more frequent cutting may provide higher fidelity.

Optical mapping and Hi-C scaffolding had distinct error profiles.
The Hi-C method was more likely to invert smaller contigs in final
scaffolds, whereas the optical mapping method was more likely to
leave contig errors uncorrected owing to insufficient optical map cov-
erage. Both scaffolding methods were sensitive to the quality of the
input sequence data, evident from the improvement of Hi-C scaffold-
ing after optical scaffolding (Table 1) and the large relative improve-
ment of our optical map scaffold NG50 compared to CHIR _1.0, which
used optical mapping in combination with short-read data!®. Despite
these limitations, we achieved the reconstruction of 29 vertebrate
autosomes into single scaffolds with a minimal number of gaps and
without manual finishing (649 total gaps; 417 gaps in autosomes
alone, excluding the starts and ends of chromosome scaffolds).

Mammalian genome references have generally been produced from
female animals to improve coverage of the X chromosome, leaving
assembly of the Y chromosome to separate, targeted projects®>33. Despite
using a male animal, the ARS1 assembly has better X-chromosome
continuity than the short-read assemblies from a female goat and
produced some Y-associated scaffolds. Hi-C scaffolding was success-
ful at clustering sex-chromosome contigs but was unable to scaffold
the Y chromosome or segregate X and Y chromosome contigs into
singular distinctive clusters. Optical mapping also encountered dif-
ficulty in generating Y chromosome scaffolds, generating 16 scaf-
folds that contained 50.2% of the putative Y chromosome sequence
in our assembly. Much of the Y sequence is constitutive hetero-
chromatin3$, which makes the generation of large optical maps and
Hi-C fragments difficult.

Validation of the combined PacBio, optical map, and Hi-C assem-
bly using the RH map demonstrated that there are limitations to the
approach despite its tremendous improvement in continuity. There
were 6.1% of scaffolded scaffolds, spanning 422.1 Mb (14.4%) of the
assembly, that appeared to be misassembled by the two scaffolding
technologies before application of RH map data. The most common
problem (83 of 94 discrepancies among 1,553 scaffolds) was misori-
entation of contigs within scaffolds. The reccommended improvements
in Hi-C library preparation and optical map generation suggested
here, as well as the refinement of scaffolding algorithms, could further
reduce this error in future projects. Additionally, ARSI is a haplo-
type-mixed representation of a diploid animal. Haplotype phasing is
possible using single-molecule>* and Hi-C>” technologies, so a future
aim is to generate a phased reference assembly.

The proposed assembly approach still has difficulty with constitutive
heterochromatin, including most of the centromeres and telomeres,
as well as large tandem repeats, such as the nucleolar organizer
regions. Long-read contigs, optical maps, or Hi-C interaction signals
cannot accurately model these features for inclusion in the assembly,
and they remain unresolved even in the human reference genome,
which has undergone a decade of manual finishing. Although assem-
bly methods that can fully resolve heterochromatin regions are
under development, these features are likely to remain unresolved
unless sequence read lengths increase in size to routinely span them.
However, ARS1 shows marked improvement in resolving the full
structure of large repetitive elements, such as BovB retrotransposons
and centromeric repeats (Fig. 4b). This increased resolution will
enable future, pan-ruminant analysis of these repeat classes, which
may lead to further insight into the evolution of ruminant chromo-
some structure.

The methods presented in this study have generated chromosome-
scale scaffolds, reducing the cost of genome finishing. The tiered
approach to scaffolding highly continuous single-molecule contigs
obviated the need for expensive cytometry or BAC-walking experi-
ments for chromosome placement. We estimate a current project
cost of about $100,000 to complete a similar genome assembly using
current RSII sequencing and the two scaffolding platforms used here.
This cost is approximately three times greater than that of a short-
read assembly scaffolded in a similar fashion, but the method comes
with a tremendous gain in continuity and quality. The cost to achieve
similar quality via manual finishing of a short-read assembly would
be much higher. Moreover, advances in single-molecule sequencing,
including an updated single-molecule real-time platform and alterna-
tive nanopore-based platforms, will continue to decrease this cost.
As shown by the completeness of our assembly and the improvements
in gene model continuity, we expect that these methods will enable
the scaling of de novo genome assembly to large numbers of vertebrate
species without requiring major sacrifices in quality.

URLs. Biowulf, https://hpc.nih.gov/systems/; Quiver FAQ,
https://github.com/PacificBiosciences/GenomicConsensus/blob/
master/doc/FAQ.rst; PacBio chemistry FAQ, https://github.com/
PacificBiosciences/GenomicConsensus/blob/master/doc/FAQ.rst;
Sheep Genome (Oarv3.1), http://www.livestockgenomics.csiro.au/
sheep/oar3.1.php; RepeatMasker, http://www.repeatmasker.org/

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.
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Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Animals. All animal work was approved by the Virginia State University
Institutional Animal Care and Use Committee. Research was conducted
under an JACUC-approved protocol in compliance with the Animal Welfare
Act, PHS Policy, and other federal statutes and regulations relating to animals
and experiments involving animals. The facility where this research was con-
ducted is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care, International, and adheres to principles stated in
the Guide for the Care and Use of Laboratory Animals, National Research
Council, 2011.

Reference individual selection. A DNA panel composed of 96 US goats from
6 breeds (35 Boer, 11 Kiko, 12 LaMancha, 15 Myotonic, 3 San Clemente, and
20 Spanish) was assembled to identify the most homozygous individual,
to minimize the number of scaffold conflicts due to heterozygous genomic
regions®®. Genotypes were generated using Illuminas Caprine53K SNP
beadchip processed through Genome Studio (Illumina, Inc.). The degrees of
homozygosity of individuals were determined by raw counts of homozygous
markers on the genotyping chip®’. Individuals were ranked by their counts of
homozygous markers, and the individual with the highest count was selected
as the reference animal. An adult male of the San Clemente goat breed with
46.02% SNP-distance homozygosity (FROH) was selected from this survey
as the reference animal.

Genome sequencing, assembly, and scaffolding. Libraries for SMRT sequenc-
ing were constructed as described previously®! using DNA derived from the
blood of the reference animal. We generated 465 SMRT cells using the follow-
ing SMRT cell chemistry versions: P5-C3 (311 cells), P4-C2 (142 cells), and
XL-C2 (12 cells) (Pacific Biosciences). A total of 194 Gb (69-fold) of subread
bases with a mean read length of 5,110 bp were generated.

The Celera Assembler PacBio Corrected Reads (CA PBcR) pipeline® was
used for assembly. Celera Assembler v8.2 was run with sensitive parameters
specified by Berlin ef al.3, who used the MinHash Alignment Process (MHAP)
to overlap the PacBio reads to themselves and PBDAGCON?8 to generate con-
sensus for the corrected sequences. The PBcR pipeline generated 7.4 million
error-corrected reads (~38 Gb; 5.1 kb average length). The error-corrected
reads were in turn assembled into 3,074 contigs with an NG50 of 3.795 Mb and
a total length of 2.63 Gb and 30,693 degenerate contigs—contigs with <50 sup-
porting PacBio reads—with a total length of 288.361 Mb. Initial polishing was
performed with Quiver?® using the P5-C3 data only. The degenerate contigs
(representing 9.90% of the 2.914-Gb assembled length) were excluded from
scaffolding by optical maps and Hi-C and incorporated into ARSI as unplaced
contigs. Subsequent repetitive analysis revealed that 84.1% (25,821/30,693)
of degenerate contigs were fully repetitive (>75% length comprised of
repeats) with 94.9% (24,500/25,821) of these contigs containing a portion of
centromeric or telomeric satellite sequence. The remainder were probably
fragments of alternative haplotypes constituting copy number variants and
other structural variants.

Scaffolding of the contigs with optical mapping was performed using the
Irys optical mapping technology (BioNano Genomics). DNA of sufficient qual-
ity was unavailable from the animal sequenced owing to its accidental death,
so we extracted DNA from a male offspring of the original animal. Purified
DNA was embedded in a thin agarose layer and was labeled and counterstained
following the IrysPrep Reagent Kit protocol (BioNano Genomics) as in Hastie
et al.?l. Samples were then loaded into IrysChips and run on the Irys imaging
instrument (BioNano Genomics). A 98-fold coverage (256 Gb) optical map of
the sample was produced in two instrument runs with labeled single molecules
above 100 kb in size. The IrysView (BioNano Genomics) software package
was used to produce single-molecule maps and de novo assemble maps into
a genome map (Table 1).

Scaffolding was also performed using Hi-C-based proximity-guided assem-
bly (PGA). Hi-C libraries were created from goat whole-blood cells (WBC)
as described$; in this case the sequenced animal was used, as samples were
taken before its death. Briefly, cells were fixed with formaldehyde and lysed,
and the cross-linked DNA digested with HindIII. Sticky ends were biotinylated
and proximity ligated to form chimeric junctions that were enriched for
and then physically sheared to a size of 300-500 bp. Chimeric fragments

representing the original cross-linked long-distance physical interactions were
then processed into paired-end sequencing libraries, and 115 million 100-bp
paired-end Illumina reads were produced. The paired-end reads were uniquely
mapped onto the draft assembly contigs, which were grouped into 31 chromo-
some clusters and scaffolded using Lachesis software!” with tuned parameters
(Supplementary Note).

Conlflict resolution. Our tiered approach to scaffolding provides several oppor-
tunities for resolving misassemblies and contig orientation mistakes made by
prior steps (for more detail, see Supplementary Note). In order to resolve all
conflicts from our final assembly, we used a consensus approach that used
evidence from five different sources of information: (i) our long-read-based
contig sequence, (ii) Irys optical maps, (iii) Hi-C scaffolding orientation
quality scores, (iv) San Clemente goat Illumina HiSeq read alignments to the
contigs, and (v) a previously generated RH map>* (Fig. 1b). We found that 40
contigs did not align with the Irys optical map, and there were 102 Irys con-
flicts that needed resolution. A large proportion of the conflicts were identified
as forks in the minimum tiling path of contigs superimposed on Irys maps
(for example, Fig. 1b), but we found that 70 of these conflicts were due to
ambiguous contig alignments on two or more Irys maps. Assembly forks are
conflict regions in the assembly that arise when ambiguity of sequence makes
it equally likely that a contig or scaffold’s sequence should continue in two (or
more) distinct paths. These ambiguous alignments were due to the presence of
segmental duplications or divergent, alternative haplotypes on multiple scaf-
folds and were discarded. Of the original 102 conflicts, only 36 conflicts had
drops in Illumina sequence read depth characteristic of a misassembly, and
these were later confirmed by the RH map to be chimeric. The PacBio + PGA
assembly (before Irys scaffolding) had 131 scaffolds with orientation conflicts
compared to the RH map. The PacBio + Irys + PGA data set had 21 orienta-
tion conflicts (consisting of 83 scaffolds) with our RH map. After reordering
conflict scaffolds using the RH map information, approximately 84.3% of these
orientation conflicts (70/83) were filled by PBJelly, confirming that the RH
map orientations for these scaffolds were correct and the PGA orientations
were errors. We were unable to find any other data set, apart from the RH map,
that accurately predicted which PGA scaffolds contained orientation errors to
a high degree of specificity. Since the C. hircus X chromosome is acrocentric,
our two X chromosome scaffolds do not represent distinct arms of the goat X
chromosome and were probably split owing to the requested number of clus-
ters in the proximity-guided assembly algorithm. Still, our recommendation
is to use the haploid chromosome count as input to Hi-C scaffolding to avoid
false positive scaffold merging. We recommend the use of a suitable genetic
or physical map resource, larger input scaffolds into the PGA algorithm, or
more frequent cutting restriction enzymes in the generation of Hi-C libraries
to avoid or resolve these few remaining errors.

Assembly polishing and contaminant identification. After scaffolding and
conflict resolution we ran PBJelly from PBSuite v15.8.24 (ref. 35) with all raw
PacBio sequences to close additional gaps. PBJelly closed 681 of 1,439 gaps of
at least 3 bp in length. A final round of Quiver?® was run to correct sequence
in filled gaps. It removed 846 contigs with no sequence support, leaving 649
gaps larger than 3 bp. Finally, as P5-C3 chemistry has more errors than P4-C2
or P6-C4 (see Quiver FAQ), we generated 23x coverage of the San Clemente
goat individual using 250-bp insert Illumina HiSeq libraries, as mentioned
previously, for post-processing error correction and conflict resolution. We
aligned reads using BWA*® (v0.7.10-r789) and SAMtools®® (v1.2). Using
PILON?¢, we closed 1 gap and identified and corrected 653,246 homozygous
insertions (885,794 bp), 87,818 deletions (127,024 bp), and 34,438 (34,438 bp)
substitutions within the assembly that were not present in the Illumina data.
This matches the expected error distribution of PacBio data, which has ~5-fold
more insertions than deletions®!. Closer investigation of these data revealed
that the majority of insertion events (52.01%) were insertions within a
homopolymer run, a known bias of the PacBio chemistry (see URLs). PILON
also identified 1,082,330 bases with equal-probability heterozygous substitu-
tions, indicating potential variant sites within the genome.

The final assembly was screened for viral and bacterial contamination using
Kraken v0.10.5 (ref. 62) with a database including viral, archaeal, bacterial,
protozoa, fungi, and human. A total of 183 unplaced contigs and 1 scaffold
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were flagged as contaminant and removed. An additional two unplaced contigs
were flagged as vector by NCBI and removed.

Assembly annotation. We employed EVidence Modeler (EVM)®3 to consoli-
date RNA-seq, cDNA, and protein alignments with ab initio gene predictions
and the CHIR_1.0 annotation into a final gene set. RNA-seq data included
six tissues (hippocampus, hypothalamus, pituitary, pineal, testis, and thyroid)
extracted from the domesticated San Clemente goat reference animal and
13 tissues pulled from NCBI Sequence Read Archive (Supplementary Table 11).
Reads were cleaned with Trimmomatic® and aligned to the genome with
Tophat2 (ref. 65). Alignments were then assembled independently with
StringTie® and Cufflinks®” and de novo assembled with Trinity®s. RNA-seq
assemblies were combined and further refined using PASA®3. Protein and
cDNA alignments using exonerate and tblastn with Ensembl data sets of
O. aries, B. taurus, Equus caballus, Sus scrofa, and Homo sapiens as well as
NCBI annotation of C. hircus and ab initio predictions by Brakerl ref. 69
were computed. The CHIR_1.0 annotation coordinates were translated
into our coordinate system with the UCSC liftOver tool. All lines of evi-
dence were then fed into EVM using intuitive weighting (RNA-seq > cDNA/
protein > ab initio gene predictions). Finally, EVM models were updated
with PASA.

Gap resolution and repeat analysis. Sequence gap locations were identified
from the CHIR_1.0, CHIR_2.0, and ARSI assembly. In order to identify identi-
cal gap regions on different assemblies, we used a simple alignment heuristic
(Supplementary Note). Briefly, we extracted 500-bp fragments upstream and
downstream of each gap region using BEDTOOLS”? in CHIR _1.0 or CHIR_2.0
and then aligned both fragments to the assembly of comparison (for example,
ARS1) using BWA MEM?. If (i) both fragments aligned successfully within
10 kb on the same scaffold or chromosome (which was a length greater than
99.6% of all CHIR_1.0 and CHIR_2.0 gaps), (ii) the filled sequence did not
map back to a repetitive section on the originating assembly, and (iii) the
intervening sequence did not contain ambiguous (N) bases, the gap was con-
sidered closed. If fragments aligned to two separate scaffolds or chromosomes,
then the region was considered a trans-scaffold break. In cases where one or
both fragments surrounding a gap did not align, or if there were two or more
ambiguous bases between aligned fragments, the gap was considered open.
Gaps were confirmed by two methods. The first method confirmed gaps by
checking Illumina WGS read alignments from the sequenced animal to the gap
region using SAMtools depth version 1.3 (ref. 60) with read alignment filters
as follows: -a -q 30 -Q 40. If one or more bases in the filled region had a read
depth <5, the gap was considered unresolved. The second method focused on
CHIR_1.0 gaps that were filled by both CHIR_2.0 and ARS1. Briefly, the gap
closure region was isolated from CHIR_2.0 and mapped to ARS1 using BWA-
MEM v 0.7.12 (ref. 59) with default parameters. Alignments with >14 map
quality score (<0.04% likelihood that the alignment is misplaced) to the com-
plementary region in ARSI indicated a consensus gap closure. Repeats were
identified using the RepBase library (release 2015-08-07) with RepeatMasker
on the ARSI, CHIR_2.0, UMD3.1 (cattle)*! and Oarv3.1 (sheep; see URLs)
reference assemblies. The “quick” (-q) and “species” (for example, -species
goat, -species sheep, -species cow) options were the only deviations from
the default. Repeats were filtered by custom scripts if they were <75% of the
expected repeat length or were below 60% identity of sequence. Gap compari-
son images between assemblies were created using NUCmer”!.

Centromeric and telomeric repeat analysis. To identify telomeric sequence
we used the 6-mer vertebrate sequence (TTAGGG) and looked for all exact
matches in the assembly. We also ran DUST’? with a window size of 64 and
threshold of 20. Windows with at least 10 consecutive identical 6-mer matches
(forward or reverse strand) intersecting with low-complexity regions of at
least 1,500 bp were flagged as potential telomeric sites and those with >5 kb
total length reported. To identify putative centromeric features in our assem-
bly, we used centromeric repetitive sequence for goat from a previously pub-
lished study“$. Subsequent alignments of that sequence were used to flag
collapsed centromeric sequence in our assembly, identifying three unplaced
contigs that contained large portions of the repeat. The contigs were mapped to
the assembly, and regions at least 2 kb in length reported as centromeric sites.

In all but four cases the telomeric and centromeric sequences were within
100 kb of the contig end (Supplementary Table 12). In the cluster corre-
sponding to chromosome 1, the centromeric sequence was at position 40 Mb,
confirming a misassembly identified by the RH map. In chromosomes 12 and
13 (clusters 13 and 14, respectively) the centromere was <3 Mb from the end,
indicating potential assemblies of the short chromosome arms, though this
has not yet been experimentally confirmed.

Fosmid end sequencing and analysis. Sheared genomic DNA was end
repaired, and fragments were separated by field-inversion agarose gel elec-
trophoresis. Fragments ranging 38-48 kb were electro-eluted and concentrated
using a Microcon-30 centrifugal concentrator. The libraries were created by
cloning the DNA into the pNGS FOS vector (Lucigen) with propagation in
an Escherichia coli DH10B host. End sequence libraries were prepared using
a NxSeq 40 kb Mate-Pair cloning kit (Lucigen) and sequenced on a MiSeq
(Illumina) using two restriction enzymes (Bfal and Rsal) to generate fosmid
end libraries. Approximately 5.2 million and 5.5 million 2 x 250-bp reads
were generated from the Bfal and Rsal libraries. Accounting for the expected
insert size of the fosmids, the physical coverage of the clones was 40-fold for
each library (80-fold total). Reads were screened for vector and bacterial host
sequence. Reads were aligned to each reference assembly using BWA MEM>
with default parameters. Lumpy-SV*3 was used to identify structural variations
in the alignment data (Supplementary Note).

Statistical analysis. R/Bioconductor was used for all statistical analyses.
Spearman’s rank order correlation was conducted using the cor.test function
in the base R set of utilities, with a two.sided alternative hypothesis. P < 0.05
was considered statistically significant.

Code availability. All software versions, links and command line arguments
are provided in the Supplementary Note. Custom scripts and programs are
currently hosted in a GitHub repository at the following link: https://github.
com/njdbickhart/GoatAssemblyScripts.

Data availability. The Black Yunan Illumina data were downloaded from
Sequence Read Archive (SRA051557). The CHIR_1.0 assembly was downloaded
from NCBI (GCA_000317765.1); the CHIR_2.0 assembly was downloaded
from NCBI (GCA_000317765.2). The PacBio reads, RNA-seq reads, fosmid
end sequences, [llumina WGS reads, and Hi-C library reads that were gener-
ated for this study have been deposited in GenBank under accession codes
PRJNA290100 and PRJNA340281. Optical map data generated for this study
have been deposited in GenBank and are accessible at https://submit.ncbi.
nlm.nih.gov/ft/byid/myXcOuq8/goat-merge.cmap and https://submit.ncbi.
nlm.nih.gov/ft/byid/ueeq9b8k/rawmolecules.bnx. Intermediary assembly
FASTA files, accession numbers, and other miscellaneous information can be
found at https://gembox.cbcb.umd.edu/goat/index.html or are available from
the corresponding authors upon request.
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