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ABSTRACT

Accurate and contiguous genome assembly is key to a comprehensive under standing of the processes
shaping genomic diversty and evolution. Yet, it is frequently constrained by constitutive
heterochromatin, usually characterized by highly repetitive DNA. As a key feature of genome
architecture associated with centromeric and subtelomeric regions it locally influences meiotic
recombination. In this study, we assess the impact of largetandem repeat arrays on the recombination
rate landscape in an avian speciation model, the Eurasan crow. We assembled two high-quality
genome references using single-molecule real-time sequencing (long-read assembly, LR) and single-
molecule optical maps (optical map assembly, OM). A three-way comparison including the published
short-read assembly (SR) constructed for the same individual allowed assessing assembly properties
and pinpointing mis-assemblies. Combining information from all three assemblies, we characterized
36 previoudly unidentified large repetitive regionsin the proximity of sequence assembly breakpoints,
the majority of which contained complex arrays of a 14-kb satellite repeat or its 1.2-kb subunit. Using
whole-genome population re-sequencing data, we estimated the population-scaled recombination rate
(p) and found it to be sgnificantly reduced in these regions. These findings are consistent with an
effect of low recombination in regions adjacent to centromeric or subtelomeric heter ochromatin, and
add to our understanding of the processes generating widespread heter ogeneity in genetic diversity
and differentiation along the genome. By combining three independent technologies, our results
highlight the importance of adding a layer of information on genome structure inaccessible to each

approach independently.
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INTRODUCTION

De-novo genome assembly lies at the core of any genome-wide investigation. Initiatives such as the Genome
10K project (Koepfli et al. 2015) illustrate that the generation of gigabase-sized genome drafts is no longer
limited to the biomedical sciences. Genome assembly has become commonplace for essentialy any
organism of choice (Ekblom and Wolf 2014; Koepfli et a. 2015). While being assembled in the thousands,
current drafts generally represent an incomplete account of an organism's genome (Chaisson et a. 2015) and
are typically highly fragmented (Kapusta and Suh (2016) for birds: contig N50 <1 Mb and scaffold N50 <10
Mb in most cases;, Wolf and Ellegren (2016) for vertebrates: contig N50 <0.1 Mb, scaffold N50 4.4 — 16.8
Mb). Moreover, they are biased against long stretches of repetitive sequence, especially tandem repeats
(Eichler et al. 2004; Rudd and Willard 2004). Using conventional short-read sequencing technologies,
individual repeat elements longer than sequencing reads may be collapsed or entirely missing in the
assembly, and the exact dtructure of large tandem repeat arrays remains intractable (Chaisson et al. 2015;
Miga 2015; Phillippy et a. 2008). The introduction of long-read sequencing such as single-molecule real-
time sequencing with >10-kb reads (Eid et a. 2009) promises better long-range contiguity and resolution of
repetitive regions. A recent example for the benefits of long-read sequence data is illustrated by the Susie3
gorilla genome assembly (Gordon et al. 2016). The reported 819-fold increase in contig N50 corresponds
to >164 Mb additional euchromatic sequence with thousands of newly discovered exons and a substantially
improved gene annotation with fewer transcript errors. Sequence contiguity was achieved by spanning
repetitive elements (positive correlation between gap size and repeat content), facilitating a comprehensive
assessment of structural variation. Of the >118,000 structural variants detected, 87 % were previously
unidentified. Thus, magjor gains can be expected from improved genome assemblies including superior gene
models, refined detection of structural variation and increased resolution of genetic diversity via repetitive
element characterization (reviewed in Thomma et al. (2016)). Complementary approaches such as optical
mapping of single >150-kb molecules via nanochannel arrays (Lam et al. 2012) or chromatin interaction
mapping (Lieberman-Aiden et al. 2009) likewise facilitate genome assemblies of ever increasing contiguity
and completeness. Apart from intensely studied model organisms (e.g. human, mouse (Pendleton et al. 2015;

Church et al. 2009)) chromosome(arm)-sized scaffolds are ill the exception among genome assemblies.
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Promising examples of approaches using long range information (Bickhart et al. 2016; Steinberg et al. 2016)
and a combination of comparative genomics and universal probes (Damas et al. 2016) illustrate the rapid

development of high-quality genome assemblies for non-model organisms.

Consgtitutive heterochromatin generally refers to large repetitive DNA domains associated with centromeric
and subtelomeric regions (Peng and Karpen 2008). Blocks of heterochrometic repeats, however, need not be
restricted to these regions (Saksouk et al. 2015; Smith et al. 2007) posing a major challenge to assembly in
various regions of the genome. While heterochromatin is generally lacking in genome assemblies, it
congtitutes a key feature of chromosomal architecture with important biological functions. These range from
centromere-mediated segregation of chromosomes to regulation of DNA transcription (Fedorova and Zink
2008; Grewal and Jia 2007) and suppressed recombination (George and Alani 2012; Smith et al. 2007)
features with important evolutionary consequences. For example, centromere drive — a form of meiotic
segregation distortion (Lindholm et al. 2016) — can lead to the formation of hybrid incompatibilities and
promote reproductive isolation and speciation (Henikoff et al. 2001). Constitutive heterochromatin can also
regionally suppress recombination (George and Alani 2012) providing the substrate for linked selection. This
form of selection has, either as hitchhiking or background selection, important implications for the
distribution of genetic variation across the genome. By locally reducing effective population size N, it
accel erates lineage sorting and thus significantly contributesto heterogeneity in genetic diversity (Cutter and
Payseur 2013; Ellegren and Galtier 2016). As a consequence, regions with elevated genetic differentiation
often coincide with recombination coldspots (Burri et al. 2015; Roesti et al. 2013), and datistical evidence
for selection has been found in regions putatively adjacent to centromeres and telomeres (Roedti et al. 2012;
Zanders et al. 2014) However, direct information on the location of DNA sequence associated with
heterochromatin is generally absent from genome assemblies due to its highly repetitive structure.
Investigations of the strength and mode of selection shaping genetic variation across genomes will therefore
benefit from detailed information on genome structure currently inaccessible in standard short-read

assemblies.

In this study, we address this gap by characterizing hitherto unidentified repetitive regionsin the genome of a
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model system for incipient speciation, the Eurasian crow, and assess their impact on evolutionary processes
shaping genetic variation during population divergence. Previous work in the European hybrid zone between
al-black carrion crows (Corvus (corone) corone) and grey-coated hooded crows (Corvus (corone) cornix)
has shown that only few genomic regions are highly differentiated, with the most extreme peak of
differentiation located on chromosome 18 on either side of an assembly gap of unknown size (Poelstra et al.
20144). Moreover, in several systems including crows (Burri et al. 2015; Vijay et al. 2016b), genetic
diversity is reduced in regions of low recombination. It has been suggested that structural chromosomal
features often located in recombination deserts contribute viathe effect of diversity-reducing linked selection

(Carneiro et al. 2008; Roesti et al. 2012).

Here we compiled a comprehensive data set composed of a high-coverage single-molecule real-time
sequencing assembly (LR assembly, Pacific Biosystems, PacBio platform), an independently assembled
optical map (OM assembly, BioNano platform) and a previously generated high-coverage short-read
sequence assembly (SR assembly, Illumina platform) for the same hooded crow individual (Poelstra et al.
20144). The three-way comparison alowed the identification of mis-assemblies, and greatly improved
completeness and contiguity of the assembly. We then characterized and anchored putatively
heterochromatic repetitive regions, and assessed their impact on recombination rate estimated from extensive
population re-sequencing data. We highlight the potential of our approach to add a layer of information on
genome structure inaccessible to single-platform genome assemblies, and discuss the implications for studies

investigating evolutionary processes acting during population divergence.

RESULTS

Long-read single-molecule and optical mapping assemblies

We sequenced 102 single-molecule real-time (SMRT) cells on a PacBio RSl platform and obtained a total

of 63.2 Gb long-read sequence data distributed over 9 million single reads with mean subread length 6.8 kb
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(subread N50 = 9.49 kb). This corresponds to a 52-fold genome coverage assuming a genome size of
approximately 1.2 Gb based on the C-value obtained from DNA fluorometry (Venturini et a. 1986). The

long-read sequence assembly using FALCON (https:.//github.com/PacificBiosciences FALCON), for which

only subreads >8 kb were considered, yielded a cumulative length of 1.093 Gb assembled in 3,100 contigs.
This provided an 89.1-fold improvement in contiguity metrics compared to the existing SR assembly from
Poeldtra et al. (2014a) (0.1 vs. 8.91 Mb contig N50; Table 1). The LR assembly resolved an additional 70.8
Mb of sequence when compared to the SR assembly, 15.8 of which were repetitive elements and 27.5 Mb

previously congtituted SR assembly gaps (Supplemental Table S1).

We further generated single-molecule optical mapping data from the BioNano platform (using the nicking
endonuclease or 'nickase’ Nt.BspQI) for the hooded crow genome individual and a carrion crow individual.
In brief, long (> 150 kb) DNA molecules are digested with a nicking endonuclease which inserts a
fluorescently labelled nick strand at the recognition motif. The processed DNA is then stretched out
uniformly in nano-channels where the positions of the fluorescent labels are recorded. The recorded image of
one labelled molecule containing ordered information on the distance among fluorescent labels congtitutes a
single-molecule map (Lam et al. 2012). The imaging on the Irys instrument of two flow cells each yielded
461,649 labeled molecules for the hooded crow and 720,762 molecules for the carrion crow individual. This
corresponded to a 73.7-fold and 101.9-fold genome coverage, respectively. We then assembled the single-
molecule maps de novo into consensus maps, resulting in 1,768 OM contigs for the hooded crow map and
2,124 OM contigs for the carrion crow map. OM contig N50 and total map length were 0.78 Mb and 1.051

Gb for the hooded crow and 0.66 Mb and 1.097 Gb for the carrion crow (Table 1).

Next, we used the hooded crow OM contigs to perform hybrid scaffolding on the SR and LR assemblies.
Whenever an OM contig aligned confidently (P-value >1 x 10™, equivalent to ~11 nickase labels and >80
kb overlap) to two different SR scaffolds or LR contigs, these were joined according to the linkage
information of the OM contig (Fig. 1). Hybrid scaffolding greatly improved long-range information in both

assemblies (as measured by the scaffold N50; (Y andell and Ence 2012); Table 1). 85 and 202 scaffolds were
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joined via OM in the SR and LR assembly, respectively (Table 1). The OM hybrid scaffolding approach
yielded the highest scaffold N50 (21.1 Mb) in combination with the SR assembly, which had been scaffolded

with mate-pair sequences of varying size (insert sizes 2 — 20 kb, (Poelstra et a. 2014b)).

Utilizing the three independent sources of information (SR, LR, and OM), we identified mis-assemblies in
al three approaches by examining conflicting alignments and inspecting alignments of single-molecule OMs,
so-called single-molecule pileups. When comparing the OM versus SR assembly, we found 54 assembly
conflicts, 11 due to errors in the OM contigs and 43 due to mis-assemblies in the SR assembly. In the OM
versus LR assembly comparison, we identified less than half as many conflicts; five due to misjoinsin the
OM and 20 due to erroneous assembly in the LR. Apart from simple mis-joins of scaffolds or contigs, we
identified 4 large ‘artificial inversions in the SR assembly (see Supplemental Fig. S1 for an example). In
these cases, OM assemblies of both the hooded and carrion crow were consistent, and the SR scaffolds

lacked single-molecule OM support; hence these likely represent SR assembly errors.

Hybrid scaffolding also introduced 9 putatively inter-chromosomal scaffold joinsin the SR assembly, and 17
in the LR assembly. Visual inspection of OM contigs used for these joins revealed that the magjority (8 out of
9in SR and 7 out of 17 in LR) featured OM contigs with a large repetitive part with closely spaced nickase
motifs (also identified by our methods for automated repeat detection in OM data, see below). While the
repeat regions themselves were reliably anchored into non-repetitive contigs, the length of these repetitive
regions exceeded that of single-molecule OMs. Concatenation of two scaffolds into a super-scaffold is

therefore not reliable (Supplemental Fig. S2).

Characterization of largetandem repeat arraysin 'repetitive anchored maps (RAMs)

Next, we congructed an in-silico Nt.BspQI reference map from both SR and LR sequence assemblies, to
which we aligned the hooded crow and the carrion crow OM assemblies, respectively. Visual inspection of
these alignments revealed several cases where an OM contig exceeded an SR scaffold or LR contig with a

highly repetitive overhang (as indicated by many nickase motifs occurring in regular distance of <3 kb from
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each other, Fig. 2A). We refer to such repeat-bearing OM contigs which partially align to a sequence
reference as 'repetitive anchored maps or 'RAMS. Using automated repeat detection in OM data (see
Methods), we identified atotal of 55 OM contigs containing repetitive regions (Supplemental Table S2). Of
these, 36 and 31 could be anchored to the SR and LR references and thus classified as RAMs, respectively.
Except for a single case, RAM alignments to the SR reference occurred at scaffold ends, whereas 6 RAMs
aligned >500 kb away from an LR contig end (see Supplemental Fig. S3 for a RAM alignment away from a
scaffold end). Repetitive OM contigs which did not align to any sequence reference consisted almost entirely
of tandem repeat arrays with motif sizes ranging between 3 kb and 50 kb, all of which are expected to be
largely collapsed in sequence assemblies (Chaisson et al. 2015). One LR reference contig was removed from
the analysis, because its ~70-kb sequence consisted exclusively of tandemly repeated subunits of a large

satellite (see 'crowSatl' described below; Supplemental Fig. $4).

We expected large repetitive sequences such as transposable elements (TES), satellites, or both, as the source
for the regular nick motifs in OM contigs and thus characterized the primary sequence adjacent to RAM
alignments. Repeat annotation of both sequence assemblies using the existing crow repeat library (Vijay et al.
2016b) provided no evidence for the presence of specific TEs near RAM alignments. However, we detected
anovel satellite repeat in RAM-adjacent regions through multiple rounds of iterative BLAST searching and
manual curation of multiple sequence alignments (see Methods). The ~14-kb consensus sequence (which we
termed 'crowSatl’) suggedts that it is a complex satellite with a tandemly and palindromically arranged
subunit of ~1.2 kb (Fig. 2D). Notably, the distribution of Nt.BspQI nickase motifsin the crowSat1 consensus
sequence is consistent with the repetitive patterns seen in RAMs (cf. Fig. 2A, D). Fragments of crowSatl are
present on 29 SR scaffolds and 312 LR contigs, and appear to be predominantly located near ends of
scaffolds/contigs in both sequence assemblies (Supplemental Tables S3, $4). Notably, more tandem repeat
units of crowSatl are captured by the LR assembly than the SR assembly (a difference of 4.0 Mb;
Supplemental Table S1), and are enriched at the boundary of RAMSs (e.g., Fig. 2B—C). We thus hypothesize
that crowSatl or complex arrangements of its subunits are the main repetitive component of RAMs. This
suggests that OM permits the effective localization and anchoring of such hard-to-assemble regions into

sequence assemblies.
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Population genetic parameter sin proximity to largetandem repeat arrays

Large tandem arrays of satellite repeats are generally associated with congtitutive heterochromatin and thus
often characterized by suppressed recombination (George and Alani 2012; Smith et a. 2007). To test
whether the potentially heterochromatic regions pinpointed by RAMs and crowSatl are indeed associated
with regions of low recombination, we estimated the population-scaled recombination rate (p) using phased
genotypes of single-nucleotide polymorphisms (SNPs) in 50-kb windows across the hooded crow SR
genome assembly. For the estimation of p we used 15 short-read re-sequenced individuals from a Swedish
hooded crow population (including the genome individual) and a German carrion crow population (Poelstra
et al. 20144a; Vijay et a. 2016b). The genome-wide median recombination rate was p = 6.1 per kb in hooded
crow and p = 5.6 per kb in carrion crow. For subsequent analyses, 50-kb windows were parsimoniously
oriented and ordered into chromosomes by pairwise whole-genome alignment with three chromosomal
assemblies of passerines based on independent linkage maps: zebra finch, flycatcher and great tit (Kawakami

et a. 2014a; Laine et al. 2016; Warren et al. 2010).

Next, we compared genome-wide estimates of p with values stemming from windows next to scaffold ends,
and the location of presumably heterochromatic tandem repeat arrays as indicated by the occurrence of
RAMs and crowSatl (Fig. 3). The overall per-chromosome pattern was striking, with a pronounced p trough
in the vicinity of RAM and crowSatl, flanked by a peak on either side. Considering p across the entire
genome, p was significantly reduced in the vicinity of RAM and crowSat1 in both crow populations (RAM:
Pr(>y%) = 2.024 x 10 and 2.2 x 10™°, crowSat1: Pr(>y%) = 2.87 x 10™® and 2.09 x 10™*). Since both RAM
and crowSatl are preferentially found at scaffold ends, the reduction in p may reflect a positional effect
rather than a genuine association with these specific repetitive features. To test for a genera, RAM-
independent effect of scaffold ends on the population recombination rate parameter, we compared RAMs to
windows exclusively adjacent to scaffold ends. This confirmed that the reduction in p was not associated

with scaffold ends in general, but specifically with RAMs in both hooded and carrion crow populations (Fig.
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4) (Pr(>y%) = 0.01755 and 0.01242). The occurrence of crowSat1 at scaffold ends had a significant influence
on p only in hooded crow (Pr(>y?) = 0.01995; carrion crow: n.s.). RAMs and crowSat1 were not associated
with a systematically lowered average genotype quality or mappability (gem-mappability, k-mer = 200
(Derrien et al. 2012)) for the windows used to calculate p (see Supplemental Fig. S6 and Supplementa Table

S6).

Local reduction in population-scaled recombination rate (p = 4Ner) (Stumpf and McVean 2003) could
exclusively be due to a reduction in recombination rate r, or exhibit a contribution from linked selection
(simultaneous reduction in Ng). Assuming no mutagenic effects of recombination other than for localized
recombination hotspots (Arbeithuber et al. 2015) linked selection reducing the effective population size is a
main predictor for reduction of broad-scale genetic variation (6 = 4Neu) (Cutter and Payseur 2013). We
therefore also calculated the population mutation rate 0y (Watterson's estimator) (Fig. 5). Similar to p, 6w
exhibited a pronounced reduction in proximity to RAMs and crowSat1 (e.g., Fig. 5), significant in both crow
populations when considering genome-wide values (hooded crow: genome-wide median = 0.0019, RAMs:
Pr(>¢%) = 1.727 x 10°®, carrion crow: genome-wide median = 0.0019, Pr(>¢%) = 8.704 x 10", crowSat1:
Pr(>y*:) = 0.005561, Pr(>y*:) = 0.009562). Moreover, Fsr as a relative measure of genetic differentiation
exhibited clear peaks close to RAMs and crowSatl (e.g., Fig. 5), an association which was significant when
considering genome-wide values and values next to scaffold ends only (genome-wide: RAMs: Pr(>y%) =
2.024 x 10, crowSat1: Pr(>y*) = 2.870 x 10™°, ends only: RAMs Pr(>x%) = 0.01755, crowSat1: Pr(>y%) =
0.01995). Overall, this suggests that the occurrence of repetitive genomic features (as detected via RAMs
and crowSatl) is associated not only with reduced recombination, but also with a change in population

genetic parameters indicative of selection.

DISCUSSION

We used long-read sequencing and optical mapping to generate new draft genome assemblies for the hooded

crow providing the following insights: (1) the long-read sequence assembly based on single-molecule real-
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time sequencing substantially improved completeness and contiguity; (2) hybrid scaffolding with OM
assisted in joining contigs/scaffolds and resolved miss-assemblies;(3) using a combination of long-range-
information technologies and population-based measures of recombination rate we could anchor large,
presumably heterochromatic tandem repeat arrays of satellites into genome assemblies; (4) these complex

genomic structures contributed to explaining genome-wide variance in population genetic summary statistics.

High-quality genome assembly achieved by LR sequencing and OM

Novel technologies providing long-range information of DNA molecules promise to improve completeness
and contiguity measures of draft genome assemblies (e.g. Berlin et al. 2015; Bickhart et al. 2016; Gordon et
a. 2016). The existing SR genome assembly of the hooded crow (Poelstra et al. 2014a) represents a high
standard in terms of scaffold-level linkage information (scaffold N50 = 16.38 Mb) compared to other
vertebrate non-model organisms (Ellegren 2014). Sequence contiguity, however, is relatively low (contig
N50 = 0.1 Mb) with many gaps and incomplete gene models (Poelstra et al. 2015). The LR assembly
provided a mgjor improvement in that respect with an 89.1-fold increase in contig N50. The >8-kb long reads
used in the assembly spanned longer stretches of repetitive elements accounting for 15.8 Mb of the 70.8 Mb
additional sequence present in the LR assembly (Supplemental Table S1). This includes 4.0 Mb of the
crowSatl satellite. We further utilized the long-range information of optical mapping data in a hybrid
scaffolding approach with the SR and LR assemblies. In each case, we achieved a significant increase in
scaffold N50 of 1.3-fold inthe SR to afinal of 21.40 Mb, and 2.02-fold to afinal of 18.36 Mb with respect to
contig N50 in the LR assembly. The dightly higher scaffold N50 when using the SR assembly is explained
by the higher number of short (<100 kb) sequence contigs in the LR assembly containing too few nick sites
to be informative for hybrid scaffolding. Comparable improvement has been reported for two other non-
model vertebrate assemblies — Asian seabass and goat — where a combination of LR sequencing and long-
range mapping technologies have been applied (Bickhart et al. 2016; Vij et al. 2016). This clearly illustrates
that genome assembly can benefit from adding data from independent long-read sequencing and mapping

technologies.
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A promising aspect of the OM-assisted hybrid scaffolding is the ability to resolve assembly errors in
sequence assemblies. We identified fewer miss-assemblies in the LR assembly than in the SR assembly (20
vs. 43). While this is expected due to the more informative long reads, it also highlights the need of
independent technologies for accurate genome assembly even for LR assemblies (Nagarajan and Pop 2013).
Identification of mis-assemblies using OM-assisted hybrid scaffolding relies on both OM contigs and single
molecule maps with lengths >100 kb, and can be assessed (and if necessary rejected) on a case-by-case basis

(see http://bionanogenomics.com/wp-content/uploads/2016/04/30073-Rev-A-Hybrid-Scaffolding-Theory-of -

Operations.pdf). Careful analysis of OM data thus complements LR sequencing and, depending on the study

organism, can facilitate near-chromosome-level genome assemblies.

Yet, on a cautious note, combining information from several sources may also introduce errors. We
identified several cases where scaffolds or contigs, anchored to different chromosomes by synteny with other
bird genomes, were joined by hybrid scaffolding. Although there is the possibility of inter-chromosomal
rearrangements, it is not expected to be common in songbirds due to their relatively high chromosomal
integrity (Ellegren 2013). Visual scrutiny of these OM contigs revealed that the repetitive part (as seen in
RAMs) was rarely bridged by single-molecule optical maps (Supplemental Fig. S2), pointing at likely mis-
joins. It also suggests that the high signal density in these repetitive regions tends to provoke a high rate of
confident, yet erroneous alignments of single-molecule maps consisting entirely of repeats. Consequently,
despite our observation that ends of repetitive single-molecule maps can be reliably anchored to non-
repetitive sequence (our definition of 'RAMS'), OM contigs spanning tandem repeat arrays longer than the
average molecule length need to be treated with caution (Staitkova et al. 2016). Similarly, scaffold N50
statistics from hybrid-scaffolding via OM might be incorrectly inflated by such errors. Algorithms
specifically addressing properties of repetitive DNA in OM assemblies need to be implemented into

assembly and alignment software for optical mapping data.

Candidate heter ochr omatic regions revealed by optical mapping

Constitutive heterochromatin is characterized by long stretches of tandemly repeated DNA (Peng and Karpen
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2008) and is mostly confined to subtelomeric and centromeric regions of the genome (Grewal and Jia 2007;
Smith et al. 2007). Several OM contigs of the data examined here exhibited a highly repetitive nicking
pattern (> 8 nick sites per 20 kb, compared to ~3 on average), some of which could also be aligned to the SR
and LR references, and were thus classified as RAMSs (‘repetitive anchored maps). The repetitive motifs of
these OM contigs were absent in the SR assembly, and to a large degree also in the LR assembly. Only in
three cases did contig ends of the LR assembly capture short (<25 kb) parts of the tandem repeat arrays
predicted by the OM data. These contig ends consisted entirely of complex arrangements of the crowSatl
satellite subunit as tandems and palindromes. Thus it seems possible that LR technologies and assembly
algorithms are capable of at least partly resolving such complex regions. Recent bioinformatic advances
which specifically address the problem of repeat assembly using long reads might push the boundaries even
further (Kamath et al. 2016; Sevim et al. 2016). Similar to our observations, Bickhart et al. (2016) found
repetitive OM contigs which did not align to the high-quality goat genome assembly, highlighting the

strength of OM in capturing information on complex genome structures inaccessible to both SR and LR

sequencing.

The repetitive regions we identified in RAMs exhibited a nickase motif at roughly every 2.5 kb and were
often associated with the presence of the crowSatl satellite in nearby primary sequence. Hence, the sequence
is likely not composed of short tandem repeats, as for example human centromeric alpha satellites with
repeat units of ~170 bp (Willard 1991). Few examples of centromeric, heterochromatic repeats exhibit motif
sizes >1 kb. Miga et a. (2014) found a 2.5-kb centromeric satellite repeat in the human X chromosome, and
Shang et al. (2010) found several centromeric satellite repeats >1 kb on chicken macrochromosomes. This
raises the question as to how often tandem repeat arrays in heterochromatic regions, most of which are so far
absent from genome assemblies, consist of repeats with units and subunits as large as those of crowSatl (~14
kb and ~1.2 kb, respectively). Aslong as the sequencing and assembly of ultra-long reads (>100 kb) is still
in its infancy (Miga 2015), hybrid OM approaches as suggested here are a useful tool to indirectly
characterize putatively heterochromatic regions and directly anchor them into genome assemblies. This may
broaden our perspective on genome structure not even achievable by current LR sequencing, and enable a

firg glimpse into the most complex genomic regions that have been hidden from non-model genome
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assembliesthusfar.

Recombination rate troughs coincide with RAM sand crowSat1

The centromere is a central structural feature of the chromosome governing meiotic recombination events
across the chromosome (Dernburg et a. 1996; George and Alani 2012; Grewal and Jia 2007).
Recombination is constrained both physically by the proximity to centromeric regions where kinetochores
attach during meiosis, and via histone modifications in centromeric regions (Grewa and Jia 2007). As a
result, the broad-scale ‘recombination rate landscape’ of a chromosome is expected to be highly
heterogeneous (Massy 2013), as has been demondrated in a large variety of taxa (Baudat et a. 2010;
Kulathinal et al. 2008; Myers 2005) including birds (Backstrom et al. 2010; Kawakami et a. 2014; Singhal
et a. 2015). By estimating the population-scaled recombination rate p, we corroborate this notion in the
Eurasian crow system and find values vastly differing within and across chromosomes, while the genome
wide median was similar between populations (1.09-fold difference). Note, however, that variation in the
population-scaled recombination rate is not only governed by recombination rate r, but may partially reflect
changes in the effective populations size N as well (p=4N¢r) (Kawakami T, Mugal CF, Suh A, Nater A,

Burri R, Smeds L, Ellegren H inreview).

Both RAMs and the occurrence of crowSat1 were strongly associated with regions of reduced p (Fig. 3). In
contrast, p next to scaffold ends in general was not significantly different from the genome-wide average
(Fig. 4), indicating that smaller repetitive regions disrupting genome assembly are not necessarily associated
with a drop in population-scaled recombination rate. Large tandem repeat arrays identified by RAM
alignments might therefore serve as indicators for key features of chromosomal architecture influencing
regional recombination rate. Crows of the genus Corvus usually exhibit a haploid chromosome number of 36
to 40 (Belterman and De Boer 1984; Rodlik and Kryukov 2001), thus our result of 36 and 31 RAMs aligned
to the SR and LR assembly respectively is within a range that could indeed suggest the presence of a
structural feature. However, not every p trough was accompanied by a RAM alignment or associated with a

crowSatl sequence. In fact, in eight out of 20 chromosomes exhibiting p troughs RAMs or crowSatl were
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absent (as shown in Supplemental Figure S5). Recombination hotspots have been shown to be enriched in
genomic regions associated with functional genomic elements (Singhal et al. 2015) and troughs may thus
coincide with regions poor in functional elements. However, given the broad-scale resolution considered
here an alternative explanation may be more likely. Due to variation in the composition of centromeric
heterochromatin differing in sequence motif and extent of repeats many RAMs may simply have gone
undetected (Plohl et a. 2014). In chicken for example, the DNA content of centromeres is highly variable
with chromosome-specific tandem repeat arrays and even tandem-repeat-free centromeres (Shang et al.
2010). We therefore expect that we detected many, but not all, putatively heterochromatic regions via RAMSs,
since the nickase recognition motif is unlikely to be present in al heterochromatic repeats. Our analysis of
the few avian satellite repeats present in Repbase suggests that most lack the Nt.BspQI motif (note that most
of these satellites are <2 kb; Supplemental Table S5). A promising way forward to characterize additional
tandem repeats will be the application of nickases with different recognition motifs (for available nickases
see http://bionanogenomics.com/support/fag/#ED1). Furthermore, there is a current technical limit of
visually separating two nickase motifs less than ~2 kb apart on the Irys Insrument (Lam et al. 2012).
Therefore, despite the recognition motif being present in the repeat sequence, it may not be visible in OM
data as a tandem repeat if its size is <2 kb. Additionally, we note that other tandem repeats (simple repeats
and low-complexity repeats) and TEs are likely undetectable with OM data due to their size and interspersed
distribution, respectively. These appear to be well-resolved in the LR assembly, however (Supplemental
Table S1). An exhaugtive characterization of repetitive elements using all available data is necessary to

improve our understanding of structural chromosomal features influencing recombination.

Our data overlap with previously noted peculiarities of the Eurasian crow speciation model (Poelstra et al.
20144). Both RAMs and crowSatl were present at a previously uncharacterized assembly breakpoint on
chromosome 18 (Fig. 5), indicating a role of a structural genomic feature in the emergence of the most
extreme peak of genetic differentiation between carrion and hooded crows. The general association of RAMs
and crowSat1 with genome-wide measures of nucleotide diversity and genetic differentiation further suggest
that linked selection in proximity to candidate heterochromatic regions may contribute to heterogeneity in

genetic diversity across the genome. This has been previously considered to be important (Roegti et al. 2012)
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and direct incorporation of genome architecture into non-model genome assemblies may now be finally
feasible for other speciation genomic systems. We anticipate that this will shed light on the role of genome

structure in shaping genome-wide variation both within and among populations.

Conclusions

Our results demonstrate the potential of combining independent technologies to discover previousy
inaccessible genomic features. By harnessing the power of long-range information of OM and LR
sequencing, combined with recombination rate measures based on population SR re-sequencing, we were
able to anchor complex structural features into the hooded crow genome assembly. With an emerging picture
of genome architecture affecting the digtribution of genetic diversity across genomes, the integration of large

tandem repeat arrays into genome assemblies constitutes an important improvement.

METHODS

As gtarting material, we used heparin-coated or EDTA-coated, cryopreserved blood samples of the hooded
crow genome individual and a carrion crow individual. The hooded crow individual was sampled in Sweden
(see Poelstra et al. 2014 for sampling details), the carrion crow individual originated from Southern Germany

(sampling permission: Regierungspréasidium Freiburg (Aktenzeichen: 55-8852.15).

OM assembly: DNA extraction, mapping experiment and de-novo assembly

Avian erythrocytes are nucleated and well suited to obtain high quality DNA. In a first step, we isolated
nuclei from approximately 50 million cells, esimated with the help of a hemocytometer, yielding a final
target concentration of approximately 6 pug DNA per 75 pl cell suspension buffer. The nuclei solution was

then suspended with PBS buffer, cell lysis buffer, and centrifuged twice for 15 minutes at 1300 g. The nuclei
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were then embedded in low-melting point agarose plugs. After digestion with proteinase K, the agarose plugs
containing high-molecular weight DNA were sent to a BioNano Genomics® service provider to perform the

mapping experiment (for description of mapping experiment, see below).

After purifying the high-molecular weight DNA with drop dialysis, it was labeled following the IrysPrep
Reagent Kit protocol (BioNano Genomics). In brief, the DNA was treated with a nicking endonuclease
(Nt.BspQl) that inserts a fluorescent-labeled nick strand at a specific nucleotide recognition motif (5°-
GCTCTTCN-3'). After counterstaining the DNA backbone with YOY O®-1 dye, the sample was loaded onto
an IrysChip, which consists of an array of hanochannels and linearizes the DNA. Fluorescent label detection
was performed on the Irys instrument. Label locations of an individual DNA molecule congtitute a single-
molecule map. Two chips (four flow cells) were used for both samples. Owing to variation in the quality of
starting material, single molecules of length >150 kb and >120 kb were chosen in a pre-filtering step done by

the service provider, for hooded and carrion crows, respectively.

De-novo assembly of single molecule maps was done using BioNano’s Assembler (version 4687) based on
an Overlap-Layout-Consensus paradigm (Anantharaman and Mishra; Nguyen 2010; Valouev et a. 2006;
Xiao et al. 2007). First, using BioNano's alignment program RefAligner (version 4687), we started with
pairwise comparison of all molecule maps longer than >120 kb and 8 labels to find all overlaps with a
probability of occurring by chance of P< 1 x 10™, and we then constructed draft consensus OM contigs
based on these overlaps. The draft OM contigs were refined by mapping single-molecule maps to them for
re-calculation of more accurate label positions. Next, the maps were extended by aligning overhanging
single-molecule maps to the contigs and calculating a consensus in the extended regions. Finally, the
consensus OM contigs were compared and merged where patterns matched with a probability of occurring
by chance of P< 1 x 10™ and with an aligned length of >80 kb. The process of extension and merge was

repeated five times before reaching afinal set of high-confidence OM contigs.

We used the OM assembly to perform hybrid scaffolding on both the SR and LR assemblies. First, the

sequence assembly contigs or scaffolds were converted into sequence maps by running an ‘in-silico digestion’
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based on the known Nt.BspQI recognition motif using the IrysView software (BioNano Genomics). Then,
the in-silico maps were aligned against OM contigsto identify conflictsin either data set. Conflicts are
defined as five consecutive nickase labels outside the aligned portion between the two assemblies. These
conflicts might indicate genuine allelic variants or assembly errors. After identification of conflicts, the
hybrid scaffold pipeline examined single-molecule map coverage and chimeric quality scores around the
conflict label onthe OM contig for evidence of mis-assembly. We required a minimum coverage of 10
single-molecule maps and a minimum mapping score of 35. The reason we chose a coverage of 10 isthat, for
an assembly with agenome-wide coverage of 100X, we defined a (necessarily) arbitrary minimum of 10
supporting molecules; any lower value may be due to spurious alignments, which we want to avoid. Asfor a
chimeric score of 35% cutoff, we rationalize that at a homozygous region, nearly 100% of molecules should
align fully (+/- 55 kb) across the conflict junction, whereas at a heterozygous region, about 50% of the
molecules should align fully; hence, after accounting for any potential local fluctuation in coverage, a cutoff
of 35% should be a reasonable minimum requirement. High coverage and high score would indicate that the
OM contig was assembled correctly, and the sequence contig/scaffold was mis-assembled due to a chimeric
join. Therefore, if the coverage and score around the conflicting label of the OM contig were lower than the
cutoffs specified, the OM contig would be cut into halves at the conflict nickase label; however, if the
coverage and score were higher than the cutoffs, the corresponding sequence contig/scaffold would be cut at
its conflicting locus. The effect of the cut was to remove the chimeric joint. After all identified conflicts were
resolved, the pipeline merged the sequence contigs/scaffolds and OM contigsto generate hybrid scaffolds;
the merge process was performed using RefAligner with a P-value of 1 x 10, We then aligned the

sequence maps and the hybrid scaffolds, and generated AGP and FASTA filesfor the scaffolds.

LR assembly: DNA extraction, SM RT-sequencing and de-novo assembly

To acquire high-molecular weight DNA for SMRT-sequencing, we extracted DNA from the same
cryopreserved blood sample of the hooded crow genome individual (see Poelstra et al. 2014 for sampling
details) using a modified phenol-chloroform extraction protocol (see Supplemental Methods). DNA was
eluted in 10 mM Tris-Buffer and stored at 4°C. DNA concentration was measured with a Nanodrop

spectrophotometer (ThermoFisherScientific) and visualized on a 0.5 % agarose gel (run time >8 hours with
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25 V) to confirm high molecular weight.

Three DNA libraries were produced using the SMRTbell™ Template Prep Kit 1.0 (Pacific Biosciences)
according to the manufacturer’s instructions. In brief, 10 pug of genomic DNA per library was sheared into
20-kb fragments using the Hydroshear (ThermolisherScientific) system, followed by an exo VII treatment,
DNA damage repair and end-repair before ligation of hair-pin adaptorsto generate SMRThell™ libraries for
circular consensus sequencing. Libraries were then subjected to exo treatment and PB AMPure bead wash
procedures for clean-up before they were size-selected with the BluePippin system with a minimum cut-off
value of 8,500 bp. The libraries were sequenced on the PacBio RSII instrument using C4 chemistry and P6

polymerase and 240-minute movie time in atotal of 102 SMRTcells™.

Of the resulting long-read sequencing data we performed de-novo assemblies using DALIGNER (Myers
2014) and FALCON (https://github.com/PacificBiosciences/FALCON) for local read alignment and string
graph layout. In the first filtering step, reads <500 bp and a quality score <0.75 were excluded using the
SMRT Analysis 2.3.0 software. In the first step of the assembly, reads >8 kb were subject to error correction
using DALIGNER. This resulted in 26 Gb of error corrected reads which is ~10X coverage per haplotype.
Then overlaps between the longer reads are used to generate a string graph with FALCON 0.4.2 software

(https://github.com/PacificBiosciences FALCON). A detailed description and all scripts are freely available

at https://github.com/genomicrocosm/crowSatl RAM and under Supplemental Scripts.

Repeat annotation

The two sequence assemblies were automatically annotated by RepeatMasker (version 4.0.6 (Smit et al.
1996)) using a repeat library containing Repbase repeats ((Bao et al. 2015); from chicken and zebra finch;
(Hillier et al. 2004; Warren et al. 2010)) and curated hooded crow repeats (Vijay et a. 2016a). The crowSatl
satellite repeat was initialy identified in a sequence alignment of the end of scaffold_78 and the start of
scaffold_60 from the SR assembly. The short repetitive sequence present in both scaffolds was used as a
seed for a series of iterative BLASTN searches (Altschul et al. 1990) against the SR and LR assemblies.

Each of the repetitions consisted of aligning the 20 best BLASTN hits with 2-kb flanks against the query
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sequence in MAFFT (version 7; Katoh and Standley 2013) and manually generating a majority-rule
consensus sequence (reviewed by Platt et a. 2016) The resulting ~14-kb crowSat1 consensus contains an
internal palindrome of tandemly repeated ~1.2-kb subunits at its 5° end (Fig. 2D). These sequence similarity
plots were generated using LAST ((Kielbasa et a. 2011); implemented in the MAFFT web server,

http://mafft.cbrc.jp/alignment/server/, threshold score = 39). We note that the crowSatl consensus is

putatively incomplete at its 3' end owing to limitations in reconstructing such large and complex tandem

repeats from available SR and LR assemblies.

Scaffold ordering

In the absence of alinkage map for the hooded crow, we made use of multi-way synteny and collinearity to
exigting linkage map-based chromosome-level assemblies from closely related songbird species including
zebra finch (Warren et a. 2010), collared flycatcher (Kawakami et al. 2014b), and great tit (Laine et al.
2016). Multiple independent outgroups obviate biased syntenies and scaffold ordering arising from sole
reliance on the zebra finch (as done in Poelstra et al. 2014), a bird species with many lineage-specific
inversions (Hooper and Price 2015; Kawakami et al. 2014a; Romanov et a. 2014). Single chromosomes of
each genome were queried against the SR hooded crow genome assembly using LASTZ ((Harris 2007);
parameters  M=254  K=4500 L=3000 Y=15000 C=2 T=2 -matchcount=10000 -
format=general:namel,start1,endl,lengthl,name2,start2,end2,strand2), and thereby SR scaffolds were
assigned to chromosomes in each of the songbird outgroups. SR scaffolds were then ordered into crow in-
silico chromosomes. By principle of parsimony we considered shared synteny and collinearity between two
songhird outgroups as ancestral and therefore appropriate for inferring chromosomal synteny and scaffold
ordering in the hooded crow. Overall, zebrafinch had by far the most derived inversions. If ancestral synteny
and collinearity remained inconclusive due to differences in each of the three songbird outgroups, we
consulted our LASTZ results of the linkage map-based chromosome-level assembly of chicken (Hillier et al.

2004).

L ocalization of presumably heterochromatic regionsin the optical map alignments
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Toisolate long, repetitive regionsin OM contigs sensitive to restriction digest with the Nt.BspQI nickase, we
screened for a pattern of short distance between nick stes repeated over a large distance. Regions were
classified as repetitive if the density of nick sites in 20-kb windows exceeded the 5% percentile of the
genome-wide distribution (8 nicks per 20-kb window or 0.004 nickg/bp) in at least 5 consecutive windows
(100 kb). This corresponds to the minimum size of single-molecule maps (150 kb) used for the OM assembly
and is also supported by visual inspection of molecule pileups — the alignment of single-molecule maps to
assembled OM contigs. Repetitive regions larger than this are rarely spanned by single-molecule maps and
therefore unreliable. In addition to nick density, we identified repetitive regions in OM contigs via distance
between nick sites. Whenever the distance between two nick sites was below a threshold of 5 kb (below the
average of 6.3 kb in the in-silico SR reference) across a cumulative distance of >100 kb, the respective OM
contig was also reported as partially repetitive. The custom R and awk scripts used to implement the above

approaches are freely available at https://github.com/genomicrocosm/crowSatl RAM.

Egtimation of population-scaled recombination rate

We estimated the population-scaled recombination rate p in 50-kb windows across the SR genome using the
progam LDhelmet (Chan et al. 2012) for a hooded crow population from Sweden (15 individuals) which
includes the genome individual (for details on population sampling, see Poelstra et al. 2014). Phased
genotypes were taken from Vijay et al. (2016b) and converted to the LDhelmet format using vcftools
(Danecek et a. 2011) and plink (Purcell et al. 2007). In the first step of the LDhelmet pipeline (‘find_confs),
we generated a haplotype configuration file using all concatenated input files and computed the likelihood
lookup tables using the haplotype configuration file and the population-scaled mutation rate 6 estimates from
Vijay et a. (2016b). Following this, we computed the Padé coefficients from the haplotype configuration
file, as recommended by LDhelmet. Then we computed mean p for every full 50 kb weighted by distance
using default parameters (burn-in 100,000 iterations, MCMC chain: 1,000,000 iterations, block penalty: 50)
and calculated the weighted mean per window. The required mutation rate matrix was approximated from
zebra finch substitution rates from (Singhal et al. 2015). Windows <50 kb were excluded. To show that p

troughs are not characterized by low genotype quality or mappability, we calculated the mean genotype
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quality and mappability (gem-mappability with k-mers = 200 (Derrien et al. 2012)) per 50-kb window. To
illustrate that the overall representation of the recombination rate landscape is largely independent of
window size, we calculated the weighted mean of p per bp for chromosome 18 using the carrion crow

population (same chromsome and scale asin Fig. 5, Supplemental Fig. S8).

Statigtical analyses

For statistical analyses investigating the relationship of structural genomic features with the population
genetic parameters p, 6y and Fsr (the latter two estimates were obtained from Vijay et al. (2016b)), we log-
transformed the data to obtain normally distributed residuals. For windows where no value was available, we
used vaues from an adjacent window in either direction. We took a mixed linear model approach with p, 6w
and Fsr as dependent variables, presence of absence of RAMs and crowSat1 asfixed effect, and chromosome
identity as random effect using the ‘car’ and '|me4’ packagesin R (Bates et a. 2015; Fox and Weisberg 2011).
First, we ran the analysis on the entire data set. Then, we reduced the data set to only windows next to
scaffold ends and performed a type I11 ANOVA to test whether p, 6w and Fsr were influenced by the
presence of RAMSs or crowSatl. A detailed description of the pipeline and the analysis including all scripts

are freely available at https://github.com/genomicrocosm/crowSatl_RAM.

DATA ACCESS

We uploaded the PacBio raw reads to SRA (https://trace.ncbi.nlm.nih.gov/Traces/sra/) under the accession
SRP100076, different versions of assembled genomes to Genbank (https.//www.nchi.nlm.nih.gov/genbank/)
under the accessions JPSR00000000 (SR-based assemblies) and MV NZ00000000 (LR-based assemblies),
BioNano molecule files and BioNano maps to NCBI under the BioProject ID PRINA358092. We uploaded

all scriptsto the following GitHub repository: https://github.com/genomicrocosm/crowSatl RAM as well as

Supplemental  scripts.  We deposited the consensus sequence of crowSatl a RepBase

(http://www.girinst.org/repbase/) under the RepBase ID ‘crowSatl’ and included the Repbase entry as
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Supplemental File S1 and the sequence in FASTA format as Supplemental File S2.
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Table 1. Comparison of short-read (SR), long-read (LR) and optical mapping (OM)
assemblies of the hooded crow.

scaffolds | (s | (Mb) | (RS (Mb) | contigs | (US| (Mb) | (A5 | (Mb)
SR 1,299 1,050 50.24 0.02 16.50 27,823 1,022 1.33 0.01 0.10
SR + OM 112 1,042 59.10 4.46 21.10 26,656 1,011 1.33 0.01 0.10
LR NA NA NA NA NA 3,100 1,093 36.34 0.15 8.58
LR + OM 145 1,050 590.82 2.72 18.36 2,410 1,040 36.34 NA 8.91
oM NA NA NA NA NA 1,768 1,052 4.41 0.45 0.78
OM_cc NA NA NA NA NA 2,124 1,097 4.27 0.41 0.66

Note: The SR + OM and LR + OM assemblies were generated via OM-assisted hybrid scaffolding. OM_cc is an OM assembly
of acarrion crow.
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Table 1: Comparison of short-read (SR), long-read (LR) and optical mapping (OM) assemblies

of the hooded crow.

Figure 1: Assembly comparisons. Schematic colored and numbered boxes with arrows correspond to
arbitrarily sized homologous regions aligned between the different sequence assemblies based on short
reads (SR), long reads (LR), and hybrid scaffolding via optical mapping (SR + OM and LR + OM).

Note that box 1 and 7 are not present on the SR scaffolds, as they align to another scaffold not shown.

Figure 2: Identification of putatively heterochromatic tandem repeat arrays. (A) Shown are the
alignments of independent optical map assemblies from a carrion and hooded crow individual (OM:
light blue) to the short-read (SR: dark green) and long-read assemblies (LR: light green) of the same
hooded crow individual. Vertical barsin boxes correspond to nickase motifs of the enzyme Nt.BspQl,
grey vertical bars between boxes indicate orthologous nicks. The nickase motif pattern in both OM
contigs matched to the end of the SR scaffold or LR contig, the part beyond is characterized by dense
occurrence of nickase motifs every ~3 kb, indicating a tandem repeat array. We termed such OM
contigs 'repetitive anchored maps (RAM). (B & C) Sequence similarity plots of the 14-kb crowSat1
consensus sequence aligned against assembled contigs/scaffolds of the SR (B) and LR (C) assembly
(the same region as shown in panel A), and (D) self-alignment of the crowSatl consensus sequence.
The latter suggests that crowSatl is an >14-kb tandem repeat with an internal palindrome (blue) of
tandemly repeated subunits (red). The most contiguous assembly of crowSatl units is at the end of
contig_000233F of the LR assembly (C) (but see aso contig 000396 which entirely consists of
crowSatl; Supplemental Fig. $4), containing the palindrome and 13 tandem repeat units. This region
is orthologous to the end of scaffold 100 of the SR assembly, where it exhibits fewer assembled
crowSatl units (B). Note that the flank of the crowSatl-bearing RAM is highly enriched for
RepeatM asker-annotated repeats (green; mostly TES) and many short remnants of crowSatl (red and

blue dots).

Figure 3: Chromosome-level distribution of population-scaled recombination rate p and
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structural genome features shown for example chromosomes of varying size. Black dots
correspond to the weighted mean of p/bp in 50-kb windows estimated from a Swedish hooded crow
population. Grey linesindicate SR scaffold ends, red squares denote a repetitive anchored map (RAM)
with the possible co-occurrence of the crowSat1 satellite. Data are shown for representative synteny-

and collinearity-based chromosomes (see Supplemental Fig. S5 for the remaining chromosomes).

Figure 4: Population-scaled recombination rate p asa function of repetitive anchored maps
(RAMs) and crowsSat1 satellites. Boxplots show log(p) in units of 4Nr/bp as estimated in 50-kb
windows for Swedish hooded crow and German carrion crow populations. Values are broken down by
category of windows representing the genome (red), windows adjacent to scaffold ends (blue),
windows adjacent to RAM s (green), and windows including crowSat1 (violet). Straight horizontal
lines depict the median, box margins indicate the interquartile range between 25 and 75% quantiles,
whiskers extend to 1.5-timesthe interquartile range with values beyond shown as points. Asterisks

denote the significance level based on t-tests corrected for multiple comparisons.

Figureb5: Structural genome featuresand population genetic summary statistics surrounding a
peak of extreme genetic differentiation between hooded and carrion crows on chromosome 18.
Comparison of population genetic summary statistics p/bp, 6w, and Fsr in 50-kb windows. Horizontal
green bars represent the SR assembly with crowSat1 locations in dark red. Horizontal blue bars denote
OM contigs with RAMs schematically shown with densely spaced nickase motifs. Vertical grey bars

indicate SR scaffold ends.
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