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Abstract
We describe an integrative approach to improve contiguity and haploidy of a refer-
ence genome assembly and demonstrate its impact with practical examples. With

two novel features of LEr-ANcHOR software and a combination of dense linkage maps,
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Hong Kong, SAR

overlap detection and bridging long reads, we generated an improved assembly of
the nine-spined stickleback (Pungitius pungitius) reference genome. We were able to
remove a significant number of haplotypic contigs, detect more genetic variation and
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improve the contiguity of the genome, especially that of X chromosome. However,
improved scaffolding cannot correct for mosaicism of erroneously assembled con-
tigs, demonstrated by a de novo assembly of a 1.6-Mbp inversion. Qualitatively simi-
lar gains were obtained with the genome of three-spined stickleback (Gasterosteus

aculeatus). Since the utility of genome-wide sequencing data in biological research
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depends heavily on the quality of the reference genome, the improved and fully au-
tomated approach described here should be helpful in refining reference genome
assemblies.
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1 | INTRODUCTION

the quality of reference genomes is not easy (Baker, 2012; Church
et al., 2011; Meltz Steinberg et al.,, 2017; Rice & Green, 2019).

Great deal of present-day research in biology is based on genomic
data that are processed and analysed in the context of a linear
reference genome. Typical examples of this are whole-genome
sequencing studies where sequencing reads are mapped to the
reference genome and the characteristics of interest are derived
from local dissimilarities and statistics based on the alignments
(Korneliussen et al., 2014; Schraiber & Akey, 2015). Reliability of
those characteristics and the conclusions drawn from them de-
pend not only on the quality of the sequencing data but also on
the quality of the reference genome. Assembling and evaluating

The profound problem is that the physical connectivity is lost
during sequencing and recovering that in the assembly stage is
notoriously difficult. To this end, high-quality linkage maps are
valuable and allow inferring the physical order and orientation of
the assembled contigs (Pengelly & Collins, 2019; Rastas, 2020;
Stemple, 2013).

Although a linear reference genome is ill-suited for describing
many structural variations, most genome analysis methods assume
the reference genome to contain each genomic region only once.
The continuous development of the human reference genome

Mikko Kivikoski and Pasi Rastas contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd

2166 wileyonlinelibrary.com/journal/men

Mol Ecol Resour. 2021;21:2166-2176.


www.wileyonlinelibrary.com/journal/men
mailto:﻿
https://orcid.org/0000-0001-7105-651X
https://orcid.org/0000-0003-2768-1339
mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-5389-6611
https://orcid.org/0000-0001-9614-0072
http://creativecommons.org/licenses/by/4.0/
mailto:mikko.kivikoski@helsinki.fi
mailto:ari.loytynoja@helsinki.fi
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1755-0998.13404&domain=pdf&date_stamp=2021-05-12

KIVIKOSKI ET AL.

MOLECULAR ECOLOGY WILEYJﬂ

(Schneider et al., 2017; Sherman & Salzberg, 2020) has shown that
creating a linear haploid reference genome for a diploid species is
a nontrivial task. Reaching this ideal can be especially challeng-
ing in organisms where the genetic variation cannot be reduced
in controlled inbreeding designs, and most reference genomes are
likely based on reference individuals carrying long alternative hap-
lotypes (Chin et al., 2016; Howe et al., 2013; Stemple, 2013). The
presence of homologous haplotypes, that is differing copies of the
same genomic region inherited from the two parents, is against
the assumptions of the linear reference genome and affects for
instance the read mapping. If reads from distinct haplotypes map
to different copies of the same region, single nucleotide variants
(SNPs) separating the haplotypes cannot be detected and varia-
tion is underestimated. This affects various statistics in population
genomics and may lead to wrong conclusions in many different
contexts, including estimation of substitution rate (Kong et al,,
2012), inbreeding (Ceballos et al., 2018) or population history
(Roux et al., 2016).

Ler-ANcHoR software (Rastas, 2020) can improve assembly and
scaffolding of even high-quality reference genomes with joint use
of linkage map-based genome anchoring, pairwise contig align-
ment and long-read sequencing data. Performance and utility of
Ler-AncHoR were demonstrated in its original publication (Rastas,
2020) with empirical and simulated data sets, and gains in assem-
bly quality were reported even with relatively small data sets.
Here, we have a closer look on the actual changes and assess their
impact on typical genome analyses. Starting from an existing high-
quality contig assembly, original PacBio reads and ultra-dense
linkage maps for the nine-spined stickleback (Pungitius pungitius),
we were able to generate a significantly improved reference ge-
nome (ver. 7) using largely automated methods. When evaluating
the differences to the published version of the reference ge-
nome (ver.6; Varadharajan et al., 2019), we detected haplotypes
in three contexts. First, some haplotypes were originally assem-
bled as separate contigs leading to false duplication of a region in
the assembly. Second, haplotypes were assembled to the ends of
subsequent contigs and occurred as duplicates on both sides of a
contig gap. Third, haplotypic regions, exemplified by an inversion
in LG19, were assembled as mosaics of the two haplotypes. Using
the novel features of Ler-ANcHOR, we could automatically remove
a large proportion of the first two types of haplotypes, while the
correction of haplotypes of the last category was possible but
demanded manual effort. Recognition and removal of haplotypes
shortens the nine-spined stickleback reference genome and in-
creases heterozygosity of the reference individual, while the con-
tig rescaffolding enabled the identification of the centromere in
all linkage groups. To demonstrate that this approach works for
contig assemblies in general, we reassembled the latest published
reference genome of the three-spined stickleback (Gasterosteus
aculeatus; Peichel et al., 2017) using one new linkage map and pub-
licly available 10x Genomics linked-read sequencing data (Berner
et al., 2019).
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2 | MATERIALS AND METHODS

2.1 | Nine-spined stickleback reference genome
refinement

The starting point for this reference was the contig assembly and
the genomic DNA sequence data from Varadharajan et al. (2019).
In short, the ver. 6 genome by Varadharajan et al. (2019) was based
on de novo assembly of long PacBio reads, polishing with short
reads and anchoring with linkage maps. The contig assembly was
refined in two places: (1) the mitochondrial genome was reassem-
bled from the short-read Illlumina data of the reference individual
using the program mMecaHIT (ver. 1.2.9; Li et al., 2015), and (2) a large
inversion in LG19 was characterized and the region was reassem-
bled using the combination of programs FaLcon Unzip (ver. 0.4.0;
Chin et al., 2016), Trio BINNING (prerelease version; Koren et al.,
2018), CaNu (ver. 1.6; Koren et al., 2017) and Piton (ver. 1.22;
Walker et al., 2014), all run with their default parameters. The
details of these steps are provided in the Methods S1 (see also
Figure S1 for a workflow).

A new ultra-high-density linkage map was reconstructed based
on crosses of wild-caught marine nine-spined sticklebacks from
Helsinki, Finland (60°13'N, 25°11'E). 99 F,-generation families were
generated at the University of Helsinki fish facility through artificial
fertilizations (Rastas et al., 2016). Half-sib families were formed by
mating one female to two different males, thinning the families to
25 offspring per family. The larvae were mass-reared in two large
aquaria, and their family identity was later identified from the geno-
type data. The parental fish were whole-genome sequenced (WGS;
Illumina Hiseq platforms, BGI Hong Kong) at 5-10X sequencing cov-
erage, and the offspring were genotyped using the DarTseq tech-
nology (Diversity Arrays Technology, Pty Ltd). The fastq files were
mapped to the contig assembly using swa-mem (ver. 0.7.15; Li, 2013)
and SAMrTooLs (ver Li et al.,, 2009). The genotype likelihoods were
called, and the linkage mapping and the pedigree construction were
conducted using Ler-maP3 (Rastas, 2017). The details of the link-
age map reconstruction are provided in the Methods S1 (see also
Figure S2).

The resulting contig assembly was anchored using Lep-ANCHOR
(Rastas, 2020) following the standard pipeline (https://sourceforge.
net/p/lep-anchor/wiki/Home) with default parameters (excep-
tion: minQuality=1 for Map2Bed to assign more contigs into chro-
mosomes). For the anchoring, we (1) utilized three original linkage
maps (Varadharajan et al., 2019) and the newly reconstructed
ultra-high-density linkage map concordant with the existing maps;
(2) generated contig-contig alignments by running the two first steps
of HAPLoOMERGER2 (Huang et al., 2017); and (3) incorporated the raw
PacBio reads by aligning them to the contig assembly with mMiNIMAP2
(ver. 2.17; Li, 2018). Full computer codes for reproducing these anal-
yses and instructions for automated improvement of any reference
genome assemblies are available at https://github.com/mikkokivik
oski/NSP_V7.
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2.2 | Contig classification and
centromere annotation

In ver. 7, 1644 of the total 2487 contigs were not assigned to any
of the 21 linkage groups. We classified the contigs by analysing
their sequencing depth (coverage) and repeat content. lllumina and
PacBio data (subreads) for the reference individual and for a pool of
four female individuals from the same Pyo6realampi pond (lllumina
only, see Methods S1 for the details) were mapped and analysed
using BWA-MEM and MINIMAP2, respectively, and SAMTooLs. The cov-
erage analysis was carried out using Lep-ANcHOR's novel modules
CoverageAnalyser and CoverageHMM. Using CoverageAnalyser
and a simple mixture model, sequencing depth histogram was clas-
sified to (about) zero, half, normal or high: half and normal depths
were modelled using two normal distributions and the zero and high
depth as a zeta distribution (coverage +1 ~ Zeta, the same distribu-
tion was used for both, zero and high). Then, CoverageHMM and a
four-state hidden Markov model (HMM) were used to classify each
genomic position to four states: zero, half, normal or high. The emis-
sion probabilities of the HMM were taken from the mixture model
(CoverageAnalyser), and maximum-likelihood transition probabili-
ties along the physical (contig) coordinates were learned using the
Baum-Welch expectation-maximization algorithm (Baum, 1972).

Repetitive regions were identified with RepEATMASKER (ver. open-
4.0.5; Smit et al. 2013-2015) by using the species specific repeat li-
braries by Varadharajan (2019). Contigs with >20% repeat content
were classified as repetitive contigs. The centromere-associated
repeat sequence characterized by Varadharajan et al. (2019) was
aligned against each unassigned contig with sLAsTN (blast+ applica-
tions version 2.2.31+; Altschul et al., 1990; Camacho et al., 2009).
All contigs with at least one hit with e-value <105 were classified as
putative centromeric contigs.

Alignments of centromere-associated repeat sequence were
used to determine the centromere positions (Table S1, Figures S3
and S4). Within each linkage group, Blast alignments with e-value
<10~ were assigned to three groups with k-mean clustering accord-
ing to their positions. Clusters with less than 10% of the total num-
ber of hits were discarded as outliers, and the centromeric region
was defined to span the remaining hits. Analyses were conducted,
and the results visualized with R (ver. 3.4.4; R Core Team 2018) using
packages caprLoT2 (ver. 3.0.0; Wickham, 2016) and cGForce (ver. 0.3.1;
Pedersen 2019).

2.3 | Content of LG12 sex chromosome and
LG19 inversion

Based on the female and male sequencing coverage, the sex chro-
mosome part (1-25 Mbp) of the ver. 6 LG12 appeared to contain
contigs derived from X and Y chromosomes. We aimed to make
LG12 haploid and purely X, and to identify differentiated Y-origin
haplotypes. To investigate the new assembly of LG12, we joint-
called variable sites in a pool of the reference individual and four

females using GATK4 (ver. 4.0.1.2; McKenna et al., 2010), and de-
fined a HMM based on the frequency of homozygous reference and
variant alleles in females. We assumed that females are homozygous
for the reference allele in regions representing X and homozygous
for the variant allele in regions representing Y. The emitted statistic

was % - 100, where [0/0] and [1/1] are the number of loci
where an individual is homozygous for reference or variant allele,
respectively. The statistic was calculated in 50 kbp windows and
rounded to the closest integer. Low and high values of the statistic
indicate X and Y chromosomes, respectively, whereas values of
around 50 indicate fine-scale mosaicism of X and Y. The analysis was
carried out in the sex chromosome region of the ver. 7 LG12
(1-16.9 Mbp) with R package HMM (ver. 1.0; Himmelmann 2010).

The two alleles for the LG19 inversion were de novo assembled
using the long-read data from the reference individual and short-
read data from related individuals homozygous for the different cop-
ies (see Methods S1 and Figures S5 and Sé for details). Alternative
versions of the genome were created by inserting the newly assem-
bled alleles into the reference sequence. Individuals homozygous for
the a and b alleles were mapped to different versions of LG19 with
BwA-MEM and SAMrooLs. Variants were called with BcFTooLs MpILEUP
(ver. 1.9; Li, 2011), and SNPs with quality score > 5 were retained.
Frequencies of sites with homozygous and heterozygous variant al-
leles were calculated in 100 kbp windows with BebTooLs software
(ver. 2.27.1; Quinlan & Hall, 2010).

Another HMM was defined to identify potential other inversion
haplotypes. We anticipated that a dense mosaic of haplotypes in the
reference genome results in variation between homozygous refer-
ence and variant alleles in an individual homozygous for one haplo-

type. Therefore, the emitted statistic was defined as

_ 10108, (([0/01 ~[1/1)% + 1> ,
(0/01+[1/1])2 +1
where [0/0] and [1/1] are the number of loci where an individual is
homozygous for reference or variant allele, respectively. The statistic
was estimated in 50 kbp windows and rounded to the closest integer;
values above 40 were truncated to 40. Small values (e.g. high propor-
tion of both homozygous genotypes) indicated inversion region. The
HMM was applied to four female individuals and all 21 linkage groups.

2.4 | Quality assessment with variant and
synteny analyses

To compare the nine-spined ver. 6 and ver. 7 references, we called
autosomal SNPs of the reference individual (FIN-PYO-0). Reads
were mapped to both references using Bwa-MeM, and variants were
called with BcrrooLs mpiLEup. SNPs were pruned with stringent crite-
ria: SNPs within repetitive or unmappable regions, within 20 bp of
an indel, of low quality (< 20) or with low (< 30) or high (> 70) depth
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were discarded. Unmappable regions were determined using the ap-
proach of Li (http://Ih3Ih3.users.sourceforge.net/snpable.shtml) and
converted to bed format using a script by Schiffels (https://github.
com/stschiff/msmc-tools). SNPs found using ver. 6 were grouped
into three categories: (1) found in autosomal linkage groups of ver. 7,
(2) locus removed from autosomal linkage groups of ver. 7 or (3) not
called with ver. 7. SNPs called using ver. 7 were grouped similarly, but
there were two additional groups for SNPs in regions where haplo-
type copy was removed.

The quality of ver. 6 and ver. 7 was also assessed by compar-
ing their synteny with the three-spined stickleback genome (Peichel
etal., 2017). Based on the previously reported large-scale synteny to
the three-spined stickleback genome (Varadharajan et al. (2019), see
also Guo et al. (2013), Rastas et al. (2016)), the homologous linkage
groups of nine- and three-spined sticklebacks were aligned with miN-
IMAP2 software. Previous studies (Rastas et al., 2016; Shikano et al.,
2013) have shown that LG12 is a fusion chromosome, and it was
aligned against the three-spined stickleback linkage groups 7 (1-
14 Mbp) and 12. Alignment fragments with less than 5000 matching
base pairs were discarded, and the syntenies of the two assemblies
with the three-spined stickleback genome were compared by count-
ing the number of changes in the orientation of consecutive frag-
ments. BUSCO completeness of ver. 6 was reported to be very high,
containing 97.1% of tested genes as complete BUSCOs (see Table 1
in Varadharajan et al., 2019). Here, we carried out the same analy-
sis for both genome versions using BUSCO ver. 5.0.0 (Seppey et al.,
2019). The command used was ‘docker run -u $ID -v $PATH:busco_
wd ezlabgvabusco:v5.0.0_cv1 busco -m genome -i reference.fasta
-0 result_busco_reference -auto-lineage-euk’. Contig classifica-
tion, variant analysis, synteny comparisons and other downstream

RESOURCES

analyses of the genome assembly were executed using ANDURIL 2

workflow platform (Cervera et al., 2019).

2.5 | Three-spined stickleback reference
genome refinement

We also tested the performance of Ler-ANcHorR with the three-
spined stickleback genome assembly (Peichel et al., 2017). First, a
linkage map was constructed with LEr-mAP3 based on the data set of
517 F,-offspring from 60 families (30 males, each crossed with two
different females) described by Pritchard et al. (2017). The parents
were wild caught from the Baltic Sea and artificially crossed (see
Leder et al. (2015) and Pritchard et al. (2017) for more details). The
linkage map reconstruction differed from that of the nine-spined
stickleback in two places: the pedigree was obtained from Pritchard
et al. (2017) and, in SeparateChromosomes2, lodLimit was set to 25
to obtain 21 linkage groups.

The original scaffolded genome was partitioned into (about
16,000) underlying contigs by cutting it at long runs of N's. An artifi-
cial map was made to contain one marker per contig, listing contigs in
the scaffold order within each of the 21 linkage groups. To allow de-
viations from the contig order of Peichel et al. (2017), the marker for
the i:th contig was given a map interval of [i, i+9]. Finally, an artificial
alignment file (paf format) was constructed with alignments for each
adjacent contig in the scaffolds. As for the nine-spined stickleback,
we then run the Ler-AncHoR pipeline using the linkage map produced
with LEP-MAP3 and the artificial map and alignment files. In the lack
of long-read data, we incorporated a scaffold level 10x Genomics
genome assembly (Boot Lake population, Vancouver Island, Canada;
Berner et al., 2019) into the input data. The 10x assembly and the

TABLE 1 Summary of the differences between the two nine-spined stickleback genome assemblies

Feature

N50 contig size (bp)

Total length of the assembly (bp)?

Total length of the 21 linkage groups (bp)
LG12 length (bp)

Contigs in linkage groups (contig chains)®
Contigs in LG12

Contigs not assigned to linkage groups (length)
Contigs not in linkage groups of other assembly (LG12)
Contigs with known orientation

Complete BUSCOs

Complete single-copy BUSCOs

Complete duplicated BUSCOs

Fragmented BUSCOs

Missing BUSCOs

Total BUSCO groups searched

ver. 6 ver. 7 %Change
1,202,809 2,794,615 +132.34
521,233,387 466,582,808 -10.48
444,482,085 439,721,235 -1.08
40,899,740 33,585,825 -17.88

686 (NA) 843 (362) +22.89 (NA)
244 150 -38.52
4,616 (76,734,720 bp) 1,644 (27,251,636 bp) -64.38 (-64.49)
117 (109) 274 (15)

Not assessed in ver. 6 763 (427,086,963 bp)

3572 (98.2%) 3573(98.2%) +0.03

3438 (94.5%) 3529 (97.0%) +2.65

134 (3.7%) 44 (1.2%) -67.16

18 (0.5%) 16 (0.4%) -11.11

50 (1.3%) 51 (1.4%) +2.00

3640 3640 0

? Includes 21 linkage groups with gaps, unassigned contigs and mitochondrial sequence.

b Contig chain refers to group of contigs joined without gap in ver. 7. In ver. 6, all contigs had a gap in between.
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three-spined stickleback contigs were aligned with miNniMAP2 and correct orientation. Removal of haplotypes and linking of adjacent
included as two copies to LEr-ANCHOR to increase its weight in the contigs reduced the number of contig gaps and more than doubled
optimization score. the N50 contig length as well as increased the number single-copy

Lacking the short-read data for the reference individual, we BUSCO genes (Table 1). With a more accurate representation of
called SNPs for a male three-spined stickleback from Paxton Lake the haploid genome, the total length of the reference decreased by

benthic population, Canada (Samuk et al., 2017). The lllumina 55 Mbp (Table 1). It is noticeable that, with the exception of one

WGS data for the sample SRR5626529 were downloaded from linkage map produced here, these improvements were gained with a
European Nucleotide Archive (ENA) and mapped with Bwa-Mem to more efficient use of data generated for the original assembly. In ad-
the published three-spined stickleback genome and to the genome dition to automated improvements with Ler-ANcHOR, we assembled
assembled here. SNPs were called with BcFTooLs MpILEUP as in the and incorporated the native mitochondrial genome and used addi-
nine-spined stickleback (see above). As the mean sequencing cov- tional data from related individuals to characterize and reassemble a
erage of the sample was 15X, only SNPs with depth between 7 and large inversion in LG19.

23 were retained. The improved assembly brings noticeable gains, and we could

now successfully map the centromere-associated repeat and un-

ambiguously identify the centromere positions in all linkage groups

3 | RESULTS [previously missing from LG1 and LG16, and incoherent in LG10 and

LG14, Figure S4; see Varadharajan et al. (2019)]. Removal of hap-
We used Lep-ANcHoR software and information from linkage map lotypes and other changes in the genome assembly affects read
anchoring, pairwise contig alignment and long-read bridging to reas- mapping and SNP calling. More even read depth and the anticipated
semble the nine-spined stickleback genome. Linkage map anchoring mean depth indicate that the reference has become more haploid
allowed assigning 274 previously unassigned contigs to the linkage and contains fewer haplotype copies (Figure S7). In comparison with
groups (LGs), and pairwise contig alignments revealed 10% of the the ver. 6, the heterozygosity of the reference individual increased

previous assembly as haplotypes (Figure 1a). Of the 843 contigs by 14% (Table 2), illustrating how the variation is concentrated in

in linkage groups, Ler-ANcHOR could assess 763 to be scaffolded in few regions and how these variable regions then get assembled as
Haplotype: Haplotype:
L
/: 21 b unassigned contig contig end
a LG2 c
@ ya——— (®) _— © s —
O e ver. 6 LG17 ver. 6
SR | = 1G5 :
LG2 G LG6 LG17 LG5
LG3 mm : : tg; ver. 7 L l ver. 7
LG4 -
. g - LGS G TTGTG TGCGG G TTTT TG 2 5
tgs - o 1G10 - & —— ; .
LG: - ~mm LG : :
- H : §
o= - O = H |
Lo mm o G13 ' = H
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FIGURE 1 Summary of the changes between ver. 6 and ver. 7 of the nine-spined stickleback reference genome and examples of removed
haplotypes. (a) Diagonal lines indicate changes in contig placement between different linkage groups (LGs) with band widths proportional

to the length of the contigs with the corresponding change. Unassigned contigs in ver. 7 were grouped into putative classes according to
their sequencing coverage and repeat content (see Methods). (b, c) A schematic illustration of regions in the two assemblies is shown on top
and the data for the highlighted areas (boxes) in the panels below. On the left, blue curves show the smoothed read depth and the dashed
lines indicate a single nucleotide variants (SNP) position, boxed in the right panel. On the right, the reference sequence is shown on top and
the pink bars indicate mapped reads, mismatches shown with matching colours. (b) A short, unassigned contig (orange) was identified as a
haplotype within a contig (blue) in LG17. After its removal (ver. 7, bottom), the read depth is more even and a new SNP (red dot) is identified.
(c) A region (orange) was duplicated in the ends of neighbouring contigs (blue, pink) in LG5. After its removal (ver. 7, bottom; cut site in red),
the read depth is more even and several new SNPs are identified
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separate haplotypes. Indeed, most (78%) of the newly identified
SNPs were in regions where haplotype variants were removed from
the reference and reads from variant alleles now map to the same
copy of the genomic region (Figure 1b-c, Table 2). New SNPs in other
regions were a minority, and their allelic depth deviated from the
expected (Figure S8).

Content of the LG12 changed considerably from ver. 6 to ver.
7 as one of the homologous copies in X and Y chromosomes were
removed (Figure 1a). As a result, the sex chromosome part of LG12
is close to a haploid representation and few regions show zero read
depth (Figure 2a). This also increases the heterozygosity of the male
reference individual (Figure 2a), the newly identified SNPs arising

TABLE 2 Number of autosomal SNPs detected by mapping
short-read data against the published and the new assemblies.
SNPs may be missing because the region is involved in haplotype
removal or is excluded from the autosomes. ‘Unknown’ indicates
SNPs identified in regions with no contig changes or removed
haplotypes

RESOURCES

from differences between X and Y chromosomes, while no increase
is observed in females (Figure 2a). Although homologous sequences
are represented only once, the sex chromosome is still a mosaic of
X and Y chromosomes and females show both homozygous variant
and reference alleles (Figure 2a). An HMM analysis confirmed the
mosaicism and indicated the sex chromosome assembly to be 57%
of X chromosome (Figure S9). Despite the mosaicism, the reassem-
bly improved the synteny of LG12 with the three-spined stickleback
counterparts (Figure 2b).

Scaffolding with Ler-ANcHor had a minor impact on the vari-
ant allele frequencies in the LG19 inversion region (Figure 3a). The
reason for this is that the original contigs were mosaics of the two
alleles and that an improved ordering of contigs does not correct
for their internal errors. The newly assembled contigs and the
scaffolded alleles for the LG19 block revealed that there, indeed,
are two segregating inversion haplotypes in the study population,
and that the reference individual (see Methods) is heterozygous
(Figure 3a). As expected, the variant allele frequencies across the

newly assembled haplotypes are either zero or twice as high as

Reason not in Nine- Three-
Version found other e e with the original mosaic assembly for individuals homozygous for
the two alleles (Figure 3a). Although the mosaicism had a large im-
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Improvements in LG12 sex chromosome. (a) Normalised read depth (top) of the male reference individual (50X coverage) and

a female (10X, FIN-PYO-20) is closer to the expected (one) in ver. 7 (right) and fewer regions show zero depth. Ver. 7 has more segregating
sites (bottom) and especially sites where the reference individual is heterozygous (turquoise) and the female is homozygous (green, purple).
Number of sites is calculated in 100 kbp windows. (b) The synteny of the nine-spined stickleback LG12 with the three-spined stickleback
genome (x axis) is more contiguous in ver. 7, and there are fewer changes in contig order. Red and blue colours indicate forward and reverse

alignments, respectively
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FIGURE 3 Examples of fine-scale mosaicism in the nine-spined stickleback reference genome. (a) When mapped to ver. 6, individuals
homozygote for the LG19 inversion haplotypes (aa and bb; top and bottom) show high frequency of variant alleles in the inversion region. In
ver. 7 with the reassembled inversion haplotype, individuals homozygous for the reference haplotype (top) have no variant alleles, whereas
those homozygous for the alternative allele (bottom) show twofold frequency across the region. (b) Using a HMM, four candidates of fine-
scale mosaicism (dark bands) similar to the LG19 inversion were identified. Here, the Viterbi path of the HMM algorithm is shown and only
regions detected in both genome versions are highlighted with rectangles (see Table S2 and Figure S10 for the genomic coordinates and

posterior likelihoods)

Comparable data were not available for three-spined stickleback.
We constructed a contig assembly by partitioning the full-length se-
quence (Peichel et al., 2017) at long runs of N's, and constructed a
linkage map for a distantly related population (Pritchard et al., 2017).
In the absence of long-read data, we bridged the contigs of the orig-
inal assembly using scaffolds of a 10x Genomics assembly (Berner
et al, 2019). In this reassembly, we identified 1831 haplotype

contigs, most of them unassigned, and were able to add 176 pre-
viously unassigned contigs to the linkage groups. The ungapped
length of the 21 linkage groups, representing the 21 chromosomes,
decreased from 426 to 423 Mbp, and the ungapped length of the un-
assigned contigs decreased from 21 to 13 Mbp. N50 of the original
and our new genome are 83,717 and 87,370 bp, respectively (Table
S3). With the new reference, we found 0.62% more autosomal SNPs
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in a sample from Paxton Lake, Canada, than were found using the
original assembly (Table 2). Although the background heterozygosity
of this individual was orders of magnitude higher than in our nine-
spined stickleback reference individual, most of the newly identified
SNPs (52%) were in regions where haplotype variant was removed
from the reference genome. Whereas the median sequencing depth
of the sample was 15X for both genome versions, the depth for the
identified haplotype regions was 9X and 15X in the published and

new assembly, respectively, indicating successful haplotype removal.

4 | DISCUSSION

Reconstructing a linear reference genome is a challenging, yet an
instrumental task. Interpretation of genomic data is often made with
the assumption that the reference genome is a complete haploid
representation of the actual genome. The errors in the genome di-
rectly affect the conclusions drawn, and for instance, missing SNPs
influence the site frequency spectrum that is essential in demo-
graphic analyses (Han et al., 2014). More directly, the presence of
haplotype copies in a reference genome can make a highly diverged
region seem exceptionally conserved and can thus seriously mislead
variation-based functional analyses. Given the severe consequences
of the errors, efforts to improve reference genomes are needed, and
here, we have described an approach to make reference genomes
more haploid and more contiguous using the Ler-ANcHoOR software
(Rastas, 2020).

Faced with the dilemma of correctly separating duplicated
genome regions while simultaneously collapsing and merging
haplotypic differences into a haploid sequence, all assembly pro-
grammes are poised to make errors. The magnitude of these er-
rors depends on the heterozygosity of the reference individual
and on the type of input data, long reads spanning more distant
sites and thus capable of creating longer haplotype blocks, while
the direction of the bias to either too long or too short genome
depends on the algorithm. While the three-spined stickleback ge-
nome is based on relatively old data and is established over years
of refinement, the nine-spined stickleback genome is an example
of a modern reference genome built using the best practices. We
demonstrated our method's potential by showing how the latter,
an already very high-quality reference genome, could be greatly
improved by more efficient use of the original sequencing and
mapping data (Figure 1, Table 1). Improvements were based on
linking, reassembly and improved scaffolding of the contigs with
joint use of linkage map anchoring and long-read sequencing data,
as well as characterization and removal of alternative haplotypes.
The improvements on the three-spined stickleback genome were
more modest, but we could still both add new contigs into the
linkage groups and remove haplotype copies (Table S3, Figure
S11), resulting in an 0.62% increase in number of segregating sites
in a sample from the Paxton Lake benthic population (Table 2).
We anticipate that the more modest changes in comparison with
the nine-spined were due to the absence of long reads and lower

RESOURCES

number of linkage map markers per contig in the three-spined
data: 4.2 and 1.7 markers on average per contig in the nine and
three-spined stickleback, respectively. While the three-spined
stickleback analyses demonstrate that Ler-ANcHOR can improve
even highly polished assemblies, they also illustrate how various
data types, for example contigs from the 10x Genomics platform,
can be incorporated in genome refinement.

In the nine-spined stickleback, most of the removed haplotypes
were among the unassigned contigs and only one contig was moved
between two linkage groups (Figure 1a), underlining the high quality
of the original scaffold. Although we were not able to place all con-
tigs in the linkage groups, we were able to divide them in putative
classes based on the read depth and their repeat content, those with
high repeat content (either centromere or other) forming the largest
groups of unassigned contigs. Although repetitive regions are dif-
ficult to assemble and scaffold using the type of data available, we
were able to improve the centromeric regions (Figure S4) and our
approach can be useful for repetitive regions more generally. Some
unassigned contigs had low or even zero read depth, but as we did
not detect any obvious contamination when aligning them to the
NCBI database, those were retained in the reference genome.

Removal of haplotypes leads to the identification of ca. 14% more
autosomal SNPs in the nine-spined stickleback reference individual
(Table 2). Finding more SNPs per se is not evidence for better assem-
bly, and removal of true paralogous regions could lead to incorrect
increase in SNP numbers. However, together with more uniform se-
quencing depth (Figure S7), strong evidence of successfully identified
haplotypes (Figure 1b-c) and higher number of single-copy BUSCOs
(and lower number of duplicated BUSCOs, Table 1, see also Table S4),
our results show that genetic variability can be underestimated if the
reference genome contains haplotypes. One should note, though,
that our reference comes from a very small population and has ex-
tremely low background heterozygosity. Haplotypes, by definition,
require variation between the copies, and in our reference individ-
ual, an exceptionally large proportion of the variation is concentrated
within a small number of regions. The three-spined stickleback indi-
vidual studied here had two orders of magnitude higher heterozy-
gosity and, although the absolute numbers were larger, the relative
impact of the reassembly on the SNP numbers was much smaller
(Table 2). The minority of newly identified SNPs that were not within
haplotype regions (22% of the novel SNPs in the nine-spined stickle-
back) may have emerged because of short similarities between con-
tigs that were not classified as haplotypes. They may also be related
to changes in mapping of the read pairs in regions where haplotype
copies have been removed or contig orientation or order has changed.
Nonetheless, the evidence for some of those SNPs is questionable as
their allelic depth deviates from the expected (i.e. 0.5; Figure S8) and
one may want to filter them from downstream analyses.

Nine-spined stickleback LG12 is formed by fusion of chromo-
somal segments that correspond to chromosomes 7 and 12 of the
three-spined stickleback (Figure 2b; Shikano et al., 2013). This rear-
rangement has occurred after the split of the three-spined and the
nine-spined sticklebacks 17 million years ago (Guo et al., 2019), but
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the exact timing is unclear (Shikano et al., 2013). While 15 Mbp in one
end of LG12 behaves like an autosomal chromosome, the 17 Mbp
(25 Mbp in ver. 6) in the other end contains the sex-determination
region and behaves like a sex chromosome (Figure 2a). While parts
of the sex chromosome region seem very similar, other parts have
differentiated significantly, and assembling complete X and Y chro-
mosomes based on a single male reference individual is extremely
challenging. Although our HMM analysis indicated that the LG12 as-
sembled here is only 57% of X (Figure S9), we are confident that the
sequence content of the current version is close to haploid presenta-
tion of X and the error is mainly in the SNP polarization. This is sup-
ported by the improved synteny with the three-spined stickleback
genome (Figure 2b) but especially by the more uniform read depth
and more constant nucleotide diversity across the whole LG12 in
females (Figure 2a). The original sequencing data for the nine-spined
stickleback reference are slightly outdated by modern standards,
and we did not attempt to scaffold both X and Y copies of LG12.
Fully separating the two should be relatively straightforward by ob-
taining long-read or linked-read data for both sexes with the latest
sequencing technology.

Without genotype phasing, a haploid reference genome is a mo-
saic of maternal and paternal haplotypes and the reference alleles
are drawn randomly. If parental haplotypes are clearly different,
they are assembled as separate copies and appear as duplicates
in the contig assembly; if the differences are punctuated by local
similarities, the haploid consensus may alternate between the two
parental haplotypes. It is evident that if the underlying contigs are
erroneously assembled, their reordering cannot make the reference
perfect. In the nine-spined stickleback, the inversion in LG19 and
the sex chromosome region in LG12 demonstrate how diverged
haplotypes complicate the assembly of a haploid reference genome.
On the other hand, the characterization of the inversion haplotypes
provides an example of how TrioBINNING (Koren et al., 2018) can be
utilized without a trio and long-read sequencing data combined with
population-level, whole-genome sequencing data allow assembling
the segregating haplotypes. We acknowledge that our HMM for
identifying regions of diverged haplotypes provides only indicative
results (Figure 3b), but it does suggest that haplotypes can be fairly
common in the nine-spined stickleback, which is in line with findings
regarding other fish (Stemple, 2013) and humans (Sudmant et al.,
2015). We also anticipate that highly concentrated alternation be-
tween two homozygous genotypes is a usable statistic for explora-
tion and more sophisticated detection methods based on that could
be devised. The identification of such regions requires the studied
individual to be heterozygous, and therefore, all regions were not
supported by all individuals. Having a single continuous haplo-
type, such as the inversion in LG19, in the reference genome cor-
rectly phases the alternative alleles (Figure 3a) and allows studying
the differences between the haplotypes. However, representation
of potential structural differences is difficult and it is evident that
methodological work to incorporate multiple haplotypes in a refer-
ence genome, for example using variation graph data structures, is
urgently needed (Paten et al., 2017).

Haploid reference genomes based on a single individual, such as
the one here, represent only one version of the species’ genome,
which may cause reference bias and thus affect various downstream
analyses and the conclusions drawn from them (Ballouz et al., 2019;
Paten et al., 2017). Although a linear reference does not represent
the full species diversity, they are widely used and provide a start-
ing point for analysis of genomic variation between individuals and
populations. In the future, pan-genome representations and graph-
based algorithms will likely change the way reference genomes are
represented and analysed (Paten et al., 2017; Sherman & Salzberg,
2020). Since linear genomes are still widely used, their improve-
ments are relevant and our work demonstrates that significant en-
hancements can be obtained with efficient use of the existing data.
Moreover, characterization of haplotypes is instrumental in more
inclusive genome representations, increasing the relevance of our

approach.
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