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Abstract  38 

 39 

Genome assemblies are currently being produced at an impressive rate by consortia and individual 40 

laboratories. The low costs and increasing efficiency of sequencing technologies have opened up a 41 

whole new world of genomic biodiversity. Although these technologies generate high-quality genome 42 

assemblies, there are still genomic regions difficult to assemble, like repetitive elements and GC-rich 43 

regions (genomic “dark matter”). In this study, we compare the efficiency of currently used 44 
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sequencing technologies (short/linked/long reads and proximity ligation maps) and combinations 45 

thereof in assembling genomic dark matter starting from the same sample. By adopting different de-46 

novo assembly strategies, we were able to compare each individual draft assembly to a curated 47 

multiplatform one and identify the nature of the previously missing dark matter with a particular focus 48 

on transposable elements, multi-copy MHC genes, and GC-rich regions. Thanks to this multiplatform 49 

approach, we demonstrate the feasibility of producing a high-quality chromosome-level assembly for 50 

a non-model organism (paradise crow) for which only suboptimal samples are available. Our 51 

approach was able to reconstruct complex chromosomes like the repeat-rich W sex chromosome and 52 

several GC-rich microchromosomes. Telomere-to-telomere assemblies are not a reality yet for most 53 

organisms, but by leveraging technology choice it is possible to minimize genome assembly gaps for 54 

downstream analysis. We provide a roadmap to tailor sequencing projects around the completeness 55 

of both the coding and non-coding parts of the genomes. 56 

 57 

Introduction 58 

 59 
With the advent of Next Generation Sequencing (NGS) technologies, the field of genomics has grown 60 

exponentially and during the last 10 years the genomes of almost 10,000 species of prokaryotes and 61 

eukaryotes have been sequenced (from NCBI Assembly database, O'Leary et al. (2015)). Traditional 62 

NGS technologies rely on DNA amplification and generation of millions of short reads (few hundreds 63 

of bp long) that subsequently have to be assembled into contiguous sequences (contigs; Goodwin et 64 

al. (2016)). Although the technique has been revolutionary, the short-read length together with 65 

difficulties to sequence regions with extreme base composition poses serious limitations to genome 66 

assembly (Chaisson et al. 2015; Peona et al. 2018). Technological biases are therefore impeding the 67 

complete reconstruction of genomes and substantial regions are systematically missing from genome 68 

assemblies. These missing regions are often referred to as the genomic “dark matter” (Johnson et al. 69 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 20, 2019. ; https://doi.org/10.1101/2019.12.19.882399doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.19.882399
http://creativecommons.org/licenses/by-nc/4.0/


3 

 

2005). It is key now for the genomics field to overcome these limitations and investigate this dark 70 

matter. 71 

 72 

Repetitive elements represent an important and prevalent part of the genomic dark matter of many 73 

genomes, given that their abundance and repetitive nature makes it difficult to fully and confidently 74 

assemble their sequences. This is particularly problematic when the read length is significantly shorter 75 

than the repetitive element, in which case it is impossible to anchor the reads to unique genomic 76 

regions. To what extent repeats can hamper genome assemblies depends on whether they are 77 

interspersed or arranged in tandem. Highly similar interspersed repeats, like for example transposable 78 

elements (TEs), may introduce ambiguity in the assembly process and cause assembly (contig) 79 

fragmentation. On the other hand, tandem repeats are repetitive sequences arranged head-to-tail or 80 

head-to-head such as microsatellites and some multi-copy genes (e.g., ribosomal DNA and genes of 81 

the Major Histocompatibility Complex, MHC). Reads shorter than the tandem repeat array will not 82 

resolve the exact number of the repeat unit, resulting in the collapse of the region into fewer copies. 83 

Some particular genomic regions enriched for repeats tend to be systematically missing or 84 

underrepresented in traditional genome assemblies. These regions include: 1) telomeres at the 85 

chromosome ends that are usually composed of microsatellites; 2) centromeres, essential for 86 

chromosome segregation often specified by satellites that can be arranged in higher-order structures 87 

like the alpha satellite in humans (Willard and Waye 1987) or by transposable elements in flies 88 

(Chang et al. 2019); 3) multi-copy genes like MHC genes (Shiina et al. 2009); d) non-recombining 89 

and highly heterochromatic chromosomes like the Y and W sex chromosomes (Chalopin et al. 2015; 90 

Smeds et al. 2015; Hobza et al. 2017). As these regions play an essential role in the functioning and 91 

evolution of genomes, the need to successfully assemble them is a pressing matter. 92 

 93 

The other main limitation of traditional NGS methods is the shortcoming in reading regions with 94 

extreme base composition (an enrichment of either A+T or G+C nucleotides), thus representing 95 
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another source of genomic dark matter. Extreme base composition mainly affects the last step of the 96 

standard library preparation for Illumina sequencers that involves PCR amplification (Dohm et al. 97 

2008; Aird et al. 2011). GC-rich regions tend to have higher melting temperatures than the rest of the 98 

genome and are thus not as accessible with standard PCR protocols. On the other side of the spectrum, 99 

AT-rich regions are also challenging to be amplified with standard PCR conditions and polymerases 100 

(Oyola et al. 2012) because they require lower melting and extension temperatures (Su et al. 1996). 101 

Several protocols have been developed to help minimize the phenomenon of GC-skewed coverage 102 

(uneven representation of GC-rich regions), including PCR-free library preparation (Kozarewa et al. 103 

2009) and isolation of the GC-rich genomic fraction prior to sequencing (Tilak et al. 2018). 104 

Nonetheless, there is no single method that entirely solves base composition biases of short-read 105 

sequencing and gives a homogeneous representation of the genome (Tilak et al. 2018). As a result, 106 

extremely GC-rich or AT-rich regions may not be assembled at all. 107 

 108 

It is essential to be aware of technological biases and genome assembly incompleteness during project 109 

design since these can affect downstream analysis and mislead biological interpretations (Thomma et 110 

al. 2016; Weissensteiner et al. 2017; Domanska et al. 2018; Peona et al. 2018). For example, GC-111 

skewed coverage is particularly important in birds, where 15% of genes are so GC-rich that they are 112 

often not represented in Illumina-based genome assemblies (Hron et al. 2015; Botero-Castro et al. 113 

2017). Whether these genes are truly missing or mostly hiding due to technological limitations is still 114 

debated (Lovell et al. 2014, Botero-Castro 2017). However the “missing gene paradox” in birds is a 115 

clear example of how sequencing technologies can shape our view of genome evolution. Furthermore, 116 

some GC-rich sequences can form non-B DNA structures, i.e., alternative DNA conformations to the 117 

canonical double helix such as G-quadruplexes (G4). G4 structures are a four-stranded DNA/RNA 118 

topologies that seem to be involved into numerous cellular processes, such as regulation of gene 119 

expression (Du et al. 2008; Du et al. 2009; Raiber et al. 2011), genetic and epigenetic stability 120 

(Schiavone et al. 2014), and telomere maintenance (Biffi et al. 2012). On the repetitive element side, 121 
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for example, transposable elements are a major target of epigenetic silencing (Law and Jacobsen 122 

2010) that may influence the epigenetic regulation of nearby genes (Cowley and Oakey 2013; Chuong 123 

et al. 2016; Tanaka et al. 2019). The epigenetic effect of transposable elements may be beneficial or 124 

deleterious, but in either case it is important to acknowledge their potential involvement in the 125 

evolution of gene expression (Lerat et al. 2019). More generally, repetitive elements can play 126 

important roles in many molecular and cellular mechanisms, and as a source of genetic variability 127 

(Bourque et al. 2018). They have contributed to evolutionary novelty in many organismal groups, by 128 

giving rise to important evolutionary features like the mammalian placenta (Emera and Wagner 129 

2012), the vertebrate adaptive immune system (Kapitonov and Koonin 2015; Zhang et al. 2019) and 130 

other telomere repair systems (Levis et al. 1993; McGurk et al. 2019). Thus, having genome 131 

assemblies that are as complete as possible facilitates research into a multitude of molecular 132 

phenomena (Slotkin 2018). 133 

 134 

To achieve more complete genomes, we need new technologies. Recently, long-read single-molecule 135 

sequencing technologies with virtually no systematic error profile (Eid et al. 2009) have led to more 136 

complete and contiguous assemblies (English et al. 2012; Loomis et al. 2013; Pettersson et al. 2019; 137 

Smith et al. 2019). To date two sequencing strategies have been developed that produce very long 138 

reads from single-molecules: 1) Pacific Biosciences (PacBio) SMRT sequencing, in which the 139 

polymerases incorporate fluorescently labelled nucleotides and the luminous signals are captured in 140 

real time by a camera; 2) Oxford Nanopore Technologies, which sequences by recording the electrical 141 

changes caused by the passage of the different nucleotides through voltage sensitive synthetic pores. 142 

These new sequencing techniques have already yielded numerous highly contiguous de-novo 143 

assemblies (Faino et al. 2015; Gordon et al. 2016; Seo et al. 2016; Bickhart et al. 2017; Weissensteiner 144 

et al. 2017; Michael et al. 2018; Yoshimura et al. 2019) and helped improving the completeness of 145 

existing ones (Chaisson et al. 2014; Jain et al. 2018), as well as characterizing complex genomic 146 
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regions like the human Y centromere and MHC gene clusters (Rhoads and Au 2015; Westbrook et 147 

al. 2015; Jain et al. 2018; Sedlazeck et al. 2018). 148 

 149 

However, resolving entire chromosomes remains a difficult endeavour even with single-molecule 150 

sequencing (except for small fungal and bacterial genomes (Ribeiro et al. 2012; Thomma et al. 2016)). 151 

Even though no single technology is able to yield telomere-to-telomere assemblies, it is still possible 152 

to bridge separate contigs into scaffolds using long-range physical data and obtain chromosome-level 153 

assemblies. Scaffolding technologies are becoming more and more commonly used (Vertebrate 154 

Genome Project ; Dudchenko et al. 2017; Belser et al. 2018; Deschamps et al. 2018; Li et al. 2019; 155 

Wallberg et al. 2019). The two most common ones are linked-reads (Weisenfeld et al. 2017) and 156 

proximity ligation techniques (reviewed in Sedlazeck et al. (2018)). Linked-read libraries are based 157 

on a system of labelling reads belonging to a single input DNA molecule with the same barcode 158 

(Weisenfeld et al. 2017). In this way, using high molecular weight DNA allows to connect different 159 

genomic portions (contigs) that may be distantly located but physically part of the same molecule. 160 

High-throughput proximity ligation techniques as Hi-C and CHiCAGO are able to span very distant 161 

DNA regions by sequencing the extremities of chromatin loops that could be up to Megabases apart 162 

in a linear fashion (for more details see Lieberman-Aiden et al. (2009)). While Hi-C is applied directly 163 

on intact nuclei, the CHiCAGO protocol reconstructs chromatin loops in-vitro from extracted DNA. 164 

All these libraries are then sequenced on an Illumina platform. As linked reads and proximity ligation 165 

techniques are becoming more and more popular used nowadays, we also implement and test them 166 

in the present study. 167 

 168 

Although a plethora of new sequencing technologies and assembly methods are currently being 169 

successfully implemented, it remains unclear how they complement each other in the assembly 170 

process. Here we address these assembly and knowledge gaps using a bird as a model. Bird genomes 171 

represent a promising target to investigate that as their genomic features make it relatively easy to 172 
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assemble most parts with the exception of few complex regions per chromosome. In fact, the typical 173 

avian genome is characterized by a small genome size (mean of ~1 Gb Kapusta and Suh (2017); 174 

Gregory (2019)) and low overall repeat content (about 10% overall, with the exception of 175 

woodpeckers that have 20% (Kapusta and Suh 2017). However, there are gene-rich and GC-rich 176 

microchromosomes (Burt 2002; Griffin and Burt 2014; Miller and Taylor 2016) as well as a highly 177 

repetitive W chromosomes (at least in non-ratite birds Zhou et al. (2014); Smeds et al. (2015); Bellott 178 

et al. (2017)) that are still difficult to assemble. 179 

 180 

In this study, to understand which genomic sequences are missing in regular draft genome assemblies 181 

with respect to a high-quality and curated assembly, we generated several draft de-novo genomes and 182 

a reference genome for the same sample of the paradise crow (Lycocorax pyrrhopterus, ‘lycPyr’). 183 

The paradise crow is a member of the birds-of-paradise family (Paradisaeidae), one of the most 184 

prominent examples of an extreme phenotypic radiation driven by strong sexual selection, and as 185 

such, a valuable system for the study of speciation, hybridization, phenotypic evolution and sexual 186 

selection (Shedlock et al. 2004; Irestedt et al. 2009; Ligon et al. 2018; Prost et al. 2019; Xu et al. 187 

2019). We sequenced one female paradise crow individual with all the technologies that worked with 188 

a DNA sample of mean 50 kb molecule length. We combined short, linked, and long-read libraries 189 

together with Hi-C and CHiCAGO proximity ligation maps into a multiplatform reference assembly. 190 

All these technologies permitted us to curate the resulting assembly by controlling for consistency 191 

between multiple independent data types and make majority rule decision in conflicting cases. The 192 

curated assembly enabled us to: 1) demonstrate the feasibility of obtaining a high-quality assembly 193 

of a non-model organism with limited sample amount and non-optimal sample quality (a situation 194 

that empiricists commonly face); 2) identify which genomic regions are actually gained from 195 

combining technologies compared to draft assemblies of each individual technology; 3) assess the 196 

strengths and weaknesses of the implemented technologies regarding the efficiency of assembling 197 

difficult repeats and GC-rich regions; and 4) quantify how technologies can widen or limit the study 198 
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of specific genomic features (e.g., TEs, satellite repeats, MHC genes, non-B DNA structures), thus 199 

providing a roadmap to investigate them. 200 

 201 

Results 202 

 203 

We leveraged the power of data generated from multiple sequencing approaches for the same sample 204 

of paradise crow to generate a gold-quality assembly and to assess limitations of regular draft 205 

genomes based on any single technology. Briefly, we combined short, linked and long reads with 206 

proximity-ligation data to obtain a high-quality assembly despite the limitations of a non-model 207 

organism such as limited sample amount and non-optimal quality. For each sequencing technology, 208 

we produced an independent de-novo assembly. These assemblies were compared using majority-209 

rule decisions by manually curating the final assembly. Finally, the multiplatform assembly was 210 

compared to each de-novo version to assess the amount of repeats and other complex regions 211 

previously missing from the individual assemblies. We then evaluated the completeness of each 212 

assembly using a variety of different metrics, including established scores such as BUSCO, 213 

contig/scaffold N50, LTR Assembly Index and new metrics like overall repeat content, number of 214 

MHC IIB exons, GC and G4 content, as well as number and nature of gaps. 215 

 216 

Long and short read de-novo assemblies 217 

In order to compare the efficiency of short, linked, and long reads, we produced independent draft 218 

assemblies for each of the different sequence libraries. One draft genome assembly of L. pyrrhopterus 219 

based on short reads (Illumina) is already available from Prost et al. (2019) (‘lycPyrIL’; Table 1). 220 

For the present study, we produced two linked-read libraries (10X Genomics Chromium) from which 221 

we assembled two draft genomes (‘lycPyrSN1’ and lycPyrSN2’; where ‘SN’ stands for Supernova) 222 

and a PacBio library from the same paradise crow sample that generated the primary assembly 223 
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‘lycPyrPB’ (Table 1 and Methods section). In total, four independent de-novo assemblies were 224 

generated. 225 

We first evaluated the completeness of these assemblies by assessing their fragmentation, contig and 226 

scaffold N50 and by counting the number of core genes present with BUSCO (Nishimura et al. 2017; 227 

Waterhouse et al. 2017). In terms of fragmentation, the PacBio primary assembly (‘lycPyrPB’) 228 

consisted of about 3,000 contigs, while lycPyrIL had ~3,000 scaffolds, and the 10XGenomics 229 

assemblies had about ~14,000 scaffolds (Table 1). The short and linked-read assemblies all had a 230 

scaffold N50 of about 4 Mb while the PacBio assembly had a contig N50 of 6 Mb (Table 1, 231 

Supplementary Table S1). Notably, there is a 10-times higher of contig N50 in lycPyrPB relative to 232 

the lycPyrIL assembly, indicating significant improvement in assembly continuity in the PacBio vs. 233 

Illumina assembly. Next, we used the BUSCO tool (Nishimura et al. 2017) to identify correctly 234 

assembled core genes (percentage of only single-copy and complete genes follow): lycPyrIL 93.8%, 235 

lycPyrSN1 92.5%, lycPyrSN2 91.5%, lycPyrPB 84.8% prior to any assembly polishing 236 

(Supplementary Table S2). Similarly, we estimated genome completeness and quality of the 237 

intergenic and repetitive sequences with the LTR Assembly Index (LAI, Ou et al. (2018)). This index 238 

is calculated as the proportion of full-length LTR retrotransposons over the total length of full-length 239 

LTR retrotransposons plus their fragments. LAI could only be calculated for lycPyrPB since the other 240 

de-novo assemblies did not have enough complete LTR elements for the algorithm to work. lycPyrPB 241 

has an LAI score of 11.89, which is typical of a reference-quality assembly (Ou et al. 2018), and 242 

higher than chicken (galGal5, RefSeq accession number GCF_000002315.6; Bellott et al. (2017)) 243 

with an LAI score of 7.54. We cannot exclude that the higher score in paradise crow is caused by 244 

biological differences in LTR load between the species. More details about the LAI score distribution 245 

across chromosomes and genomes are found in Supplementary Table S3, Supplementary Figure 246 

S1 and Supplementary Figure S2. 247 

  248 
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The multiplatform reference assembly 250 

To generate a high-quality genome assembly, we combined five technologies (short, linked, and long 251 

reads in addition to a CHiCAGO and Hi-C proximity ligation maps) into one multiplatform assembly. 252 

This process was divided into 9 steps (Figure 1), described in further detail in the Methods section. 253 

 254 

First, we assembled the PacBio long reads into the primary assembly (lycPyrPB; 3,442 contigs) and 255 

it was scaffolded and corrected for misassemblies with the Dovetail CHiCAGO map (‘lycPyr2’; 256 

Figure 1a-b). The scaffolding software HiRise introduced 98 breaks and made 293 joins of scaffolds 257 

(gaps of 100 bp were introduced at this stage), as well as closed 11 gaps between contigs and resulted 258 

into an assembly of 3,227 scaffolds (Table 1 and Supplementary Table S1). Subsequently we 259 

polished the assembly with long reads (two rounds of Arrow; Chin et al. (2016)) and short reads (two 260 

rounds of Pilon; Walker et al. (2014); Figure 1c). 261 

 262 

We then continued to scaffold lycPyr2 with two types of long-range information in order to get a 263 

chromosome-level assembly. First, we used 10X Genomics linked reads (SN1 library; 24 kb mean 264 

molecule length; Figure 1d) that encode medium-range spatial information that placed 235 contigs 265 

into 131 new scaffolds. Of these new scaffolds we kept only 88 and discarded potential chimeric 266 

scaffolds, which were identified by being composed of sex-linked contigs and autosomal ones (based 267 

on male/female short-read coverage; see Methods). We then confirmed the chimeric nature of such 268 

scaffolds by constructing an additional assembly based on scaffolding lycPyrPB with the Hi-C map 269 

(‘lycPyrHiC’; Table 1). Phase Genomics Hi-C, i.e., 3D chromatin conformation data, can bridge 270 

sequences megabases apart (Burton et al. 2013) and theoretically reconstruct entire chromosomes 271 

(Hi-C super-scaffolds). In this way lycPyrHiC represented a second independent verification of the 272 

collinearity or chimeric nature of the contigs. Accordingly, we checked whether the contigs resided 273 

on different Hi-C super-scaffolds. Once we removed the chimeric contigs, we obtained ‘lycPyr3’ that 274 

contained a total of 3,121 scaffolds. Secondly, we scaffolded lycPyr3 with Phase Genomics Hi-C and 275 
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obtained 38 super-scaffolds (‘lycPyr4’; Figure 4e) that harboured 1,446 contigs/scaffolds and 276 

accounted for 97% of the assembly, while 1,675 contigs/scaffolds remained unplaced (3%). As most 277 

of these super-scaffolds (32 out of 38) correspond to entire chromosomes of other avian species, we 278 

call them “chromosome models”. Examining the post-scaffolding Hi-C heatmap, we found that 279 

chromosomes 1 and 2 were split into two Hi-C super-scaffolds, respectively. Therefore, following 280 

the high level of Hi-C interaction between these super-scaffold pairs in the heatmap (Supplementary 281 

Figure S3), we manually combined the respective super-scaffold pair into one chromosome model 282 

(see Methods); the assembly thus resulted in 36 chromosome models. 283 

 284 

We proceeded to further manually curate the chromosome models by looking for misassemblies 285 

(Figure 1f) and used long reads for gap-filling (Figure 1g). We corrected fine scale orientation issues 286 

of contigs within scaffolds through whole genome alignments (see Figure 2 and Methods) and 287 

corrected more orientation, order issues and erroneous chromosomal translocations through the 288 

inspection of Hi-C heatmaps (see Figure 1i and Methods). We first corrected 43 misassemblies by 289 

aligning the draft genomes and three outgroups to lycPyr4 (Figure 2 and Methods). Next, we 290 

extended contig ends and filled scaffold gaps with long reads using PBJelly (‘lycPyr5’). PBJelly filled 291 

106 gaps, extended 56 gaps on both ends and extended only one end of 292 gaps (Supplementary 292 

Table S4). Finally, we further checked for misassemblies with the help of the Hi-C data. We 293 

generated a Hi-C heatmap of lycPyr5 with Juicer (Durand et al. 2016) and detected misassemblies 294 

though the visual inspection of such a map with JuiceBox (Dudchenko et al. 2018) following the 295 

indications given by (Lajoie et al. 2015) and (Dudchenko et al. 2018). The Hi-C heatmap showed 296 

mostly orientation and ordering problems within lycPyr5 (Supplementary Figure S4) that can be 297 

identified from the ribbon-like patterns in the interaction map (Dudchenko et al. 2018). Finally, the 298 

map highlighted the misplacement of two contigs between chromosome models (Supplementary 299 

Figure S4). In total 76 misassemblies were corrected to generate the final assembly (‘lycPyr6’) with 300 

a scaffold N50 of ~75 Mb (Table 1). 301 
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 302 

In parallel to the assembly of lycPyr6, we also generated a simpler multiplatform assembly by gap-303 

filling the Illumina primary assembly (lycPyrIL) with PacBio reads (‘lycPyrILPB’). PBJelly was used 304 

to gap-fill the Illumina assembly and successfully closed 4,151 gaps, reducing the total number of 305 

gaps from 14,573 to 10,422. It also double extended 418 gaps and single extended 2,597 gaps 306 

(Supplementary Table S4). The numbers of scaffolds and scaffold N50 did not significantly change 307 

from lycPyrIL (Table 1).  308 

 309 

Chromosome models: macrochromosomes, microchromosomes and sex chromosomes 310 

We obtained 36 chromosome models comprised of 16 macrochromosome models, 18 311 

microchromosome models and two sex chromosome models. All the macrochromosome models 312 

showed homology to chicken chromosomes and were named after their homologous counterparts. 313 

The same applies for 12 of 18 microchromosomes, while the remaining 6 showed no homology with 314 

chicken chromosomes and therefore were tentatively named as unknown chromosomes "chrUN1-6". 315 

The chromosomes homologous to chicken are mostly syntenic with respect to chicken with few 316 

exceptions. In fact, chicken chromosome 1 and 4 are split in two in Passeriformes and correspond, 317 

respectively, to chromosome 1 and 1A, and chromosome 4 and 4A (Kapusta and Suh 2017). 318 

The Z and W sex chromosome models had an assembled size of 73.5 Mb and 21.4 Mb, respectively, 319 

and were comparable to chicken (82 Mb and 7 Mb, galGal6a, RefSeq accession number 320 

GCF_000002315.6; Bellott et al. (2017)). Z and W models were also largely consistent with the sex-321 

linked contigs previously identified using male/female coverage comparisons (Supplementary 322 

Table S5 and Methods), only 3.11 Mb of the W and 3.99 Mb of the Z chromosome were contigs not 323 

previously identified as sex-linked. Finally, the pseudoautosomal region (PAR) seemed to be 324 

fragmented into two parts. We identified two contigs that are homologous to the PAR of flycatcher; 325 

one of them was placed by Hi-C onto the Z while the other was placed onto the W chromosome model 326 

(Supplementary Table S5). While the Z chromosome showed a repetitive content similar to the 327 
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autosomes (~10%), the W was extremely repeat-rich (~70%, Figure 3a, Supplementary Table S6). 328 

The dotplots of the alignments of the paradise crow sex chromosomes with the chicken sex 329 

chromosomes (Supplementary Figure S5 and Supplementary Figure S6) showed that the two Z 330 

chromosomes had a high level of synteny and collinearity while the repetitiveness of the two W 331 

chromosomes made it difficult to identify shared single-copy regions other than very small ones. The 332 

sex chromosomes were also easily identified in the post-clustering Hi-C heatmap (Supplementary 333 

Figure S3), as their hemizygosity can be expected to result in roughly half of the amount of Hi-C 334 

interactions (calculated as the frequency of shared paired-end reads between contigs/scaffolds) within 335 

each chromosome model and with the other chromosome models. 336 

Finally, the LTR Assembly Index calculated on the single chromosomes yielded high scores (min 0 337 

on chromosome 10, mean 13.14, max 21.41 on chromosome W) that have been suggested to be 338 

indicative of reference and gold-quality assemblies (Ou et al. (2018), Supplementary Figure S1 and 339 

Supplementary Table S3). 340 

 341 

GC content and G4 motif prediction 342 

GC-rich regions are commonly underrepresented in traditional NGS assemblies because of the 343 

aforementioned GC-skewed coverage phenomenon (see Introduction). Comparing the different de-344 

novo assemblies, we noticed that indeed lycPyrPB showed more GC-rich regions (54,532 windows 345 

of 1 kb size with GC > 58.8%) with respect to lycPyrIL, SN1 and SN2 (45,966, 45,720 and 52,080 346 

such windows, Figure 3b, Supplementary Table S7, Supplementary Figure S7). Thus, lycPyrSN1 347 

shared a similar number of GC-rich regions while lycPyrSN2 was closer to lycPyrPB 348 

(Supplementary Figure S7, Supplementary Table S7). 349 

 350 

Since GC-rich regions may form G-quadruplexes motifs and structures (G4), we expected the 351 

depletion of GC-rich short reads to limit the representation of G4 motifs in short read assemblies. 352 

Conversely, we expected G4 motifs to be more abundant in long read assemblies, since these have 353 
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been suggested to be virtually free from sequence-based biases (Eid et al. 2009). To test this, we 354 

predicted the presence of G4 motifs using Quadron (Sahakyan et al. 2017) in all the different 355 

assemblies. All the de-novo Illumina-based assemblies had fewer predicted G4 sites the PacBio 356 

assemblies (Figure 3c and Supplementary Table S8). lycPyrSN2 and lycPyrIL had 7.3 and 7.5 Mb 357 

(169,214 and 166,602 motifs) occupied by G4 sequences and about 1.6 Mb or 24,000 motifs less than 358 

lycPyr6 (9.1 Mb, 193,248 motifs). lycPyrSN1 was the assembly with the fewest G4 motifs predicted 359 

(6.5 Mb, 149,275 motifs). The PacBio primary assembly lycPyrPB had 8.42 Mb of predicted G4, 360 

which was slightly higher in lycPyr2 after the correction with Dovetail CHiCAGO (8.43 Mb; Figure 361 

3c and Supplementary Table S8). In the final assembly lycPyr6, G4 motifs were more present on 362 

microchromosomes than on macrochromosomes (Figure 3d). 363 

 364 

Figure 1. Overview of the multiplatform assembly process. (a) Long reads were assembled into 365 

contigs. (b) The primary assembly was corrected and scaffolded using long-range information 366 

provided by the CHiCAGO proximity ligation map. (c) The assembly was then polished from base-367 

calling errors with both short and long reads and (d) further scaffolded with linked-reads. (e) The 368 

scaffolds are ordered and oriented into chromosome models according to the Hi-C proximity 369 

ligation map. (f) The chromosome models were aligned to the de-novo assemblies based only on 370 

one single technology and then manually inspected to find misassemblies and correct them 371 

following the majority rule (more details in Figure 2 and Methods). PB: PacBio long-read 372 

assembly; IL: Illumina short-read assembly; 10X: 10XGenomics linked-read assemblies (g) Long 373 

reads were used to gap-fill the assembly and (h) to polish the final version together with short reads. 374 

(i) Hi-C heatmaps were used to identify and correct misassemblies between and within chromosome 375 

models. 376 
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 377 

Figure 2. Examples of the manual curation of the assembly (step f in Figure 1). The multiplatform 378 

assembly is aligned to the other de-novo assemblies from the same sample. The grey lines within 379 

the assemblies represent gaps between different contigs or scaffolds while the white lines represent 380 

gaps within the same scaffold. Green means that the contigs/scaffolds align to the reference in the 381 

same orientation for their entire length while red and blue highlight contigs/scaffolds that partially 382 

align in the forward (red) and reverse (blue) direction to the reference. (a) Here 10 Mb of 383 

chromosome 1A are shown that are in accordance with all the de-novo assemblies. Nonetheless, 384 

short-read based technologies yielded much more fragmented scaffolds. (b) Example of a scaffold 385 

orientation misassembly in the 10XGenomics assembly. The other two assemblies span the inverted 386 

region and both agree with the multiplatform assembly. (c) Example of how two different 387 

assemblies could help to identify which contigs have to be re-oriented and re-ordered in the final 388 

assembly. In lycPyrIL, lycPyrSN1 and lycPyrSN2 we had scaffolds than span the misoriented 389 

(blue) region and bridge it to contigs that showed concordant orientation with the multiplatform 390 

assembly. This indicated that we have only a small local inversion of two PacBio contigs 391 

 392 

Repeat library 393 
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To obtain an in-depth annotation of interspersed and tandem repeats, the de-novo characterization of 394 

repetitive elements and manual curation thereof are essential (Platt et al. 2016). We manually curated 395 

a total of 183 consensus repeat sequences generated from lycPyrIL and lycPyrPB to have an optimal 396 

repeat characterisation. In Prost et al. (2019) a total of 112 raw consensus sequences were produced 397 

using RepeatModeler on three Illumina-based birds-of-paradise (Astrapia rothschildii, L. 398 

pyrrhopterus and Ptiloris paradiseus; including lycPyrIL) but only the 37 most abundant from 399 

lycPyrIL were manually curated. We then curated the remaining 75 and added 71 more de-novo 400 

consensus sequences based on curated raw consensus sequences from RepeatModeler run on 401 

lycPyrPB. Our new bird-of-paradise specific repeat library is now composed of the following 402 

numbers of consensus sequences: 56 ERVK, 56 ERVL, 37 ERV1, 5 CR1, 4 LTR, 9 satellites, 2 DNA 403 

transposons, 1 SINE/MIR, and 13 unknown repeats. All the consensus sequences curated for the three 404 

species of birds-of-paradise (L. pyrrhopterus, A. rothschildii, P. paradiseus) are given in 405 

Supplementary Table S9. Eventually, we merged birds-of-paradise consensus sequences together 406 

with the Repbase Aves library, the flycatcher (Suh et al. 2018), the blue-capped cordon blue (Boman 407 

et al. 2019) and the hooded crow libraries (Weissensteiner et al. 2019). 408 

 409 

Custom and de-novo repeat libraries substantially improve the identification and masking of repeats 410 

in genome assemblies (Platt et al. 2016). To quantify this effect for our assemblies, we compared a 411 

general avian repeat library with our curated one. The custom library resulted in masking a higher 412 

fraction of the genome in every assembly (Figure 3e-f). When comparing the masked fraction with 413 

the custom library to the fraction masked with the Repbase library, we see that lycPyrIL, lycPyrILPB, 414 

and lycPyrSN1 have 20% more masked repeats (from 78 Mb to 94 Mb), while lycPyrSN2 has 21.68% 415 

(from 83 to 101 Mb), lycPyrPB 38% (from 87 Mb to 120 Mb), and lycPyr6 38% (from 88 Mb to 122 416 

Mb; see Figure 3e, Supplementary Table S10). In particular, with the new library we were able to 417 

identify 9.4 Mb of satellite DNA in the PacBio-based assemblies, while the standard Repbase avian 418 

library identified only 1 Mb (Figure 3e-f, Supplementary Table S10). Relative to lycPyr6, most of 419 
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the satellites and unknown repeats remain unassembled in the short-read and linked-read assemblies 420 

(Figure 3f and Figure4b). 421 

 422 
 423 
Figure 3. (a) Comparison of the repeat content across chromosome 2 (representative of autosomes), 424 

Z and W calculated as the percentage of repeats per window of 50 kb. Here LINE and LTR are 425 

shown as major components of the mobile element repertoire and all the other types of repeats are 426 

merged into the “Other*” category. (b) Distribution of GC-content per window (10 kb) across 427 

assemblies on the left side of the violin plots. GC-content distribution of the windows containing 428 

G4 motifs on the right side of the violin plots. (c) G4 motif abundance across different paradise 429 

crow assemblies. (d) G4 motif density across the chromosome models of the final assembly; the 430 

chromosomes are arranged by size; macrochromosomes are coloured in light grey while 431 

microchromosomes (smaller than 20 Mb) are shown in dark grey. The density distribution of G4 in 432 

micro and macro chromosomes was statistically different (t-test p-value: 0.01). (e) Repeat landscape 433 

of lycPyr6 masked with the Repbase Aves repeat library (on the left) and masked with the custom 434 

library produced in this study which also included the Repbase Aves library (on the right). (f) 435 

Repeat landscapes of the four de-novo assemblies of the paradise crow masked with the custom 436 

repeat library. (g) Abundance of MHC class IIB exon 2 and exon3 in the different paradise crow 437 

assemblies. (h) Schematic visualization of the instances of MHC class IIB exon 2 (red) and 3 438 

(green). Each black rectangle represents a different contig or scaffold. 439 

 440 
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MHC class IIB analysis 441 

In birds, the multi-copy gene family of the major histocompatibility complex (MHC) is arranged as 442 

a megabase long tandem repeat array (Miller and Taylor 2016). Since we expect it to be even more 443 

difficult to correctly assemble than the aforementioned interspersed repeats (O’Connor et al. 2019), 444 

it represents a prime candidate region for measuring the quality of an assembly. 445 

 446 

We used the presence of entire copies of the second (most variable) and third (more conserved) exons 447 

of the MHC class IIB as proxies of assembly quality (Hughes and Yeager 1998). Overall, we found 448 

that short-read assemblies had fewer MHC gene copies than long-read assemblies (Figure 3g-h), 449 

while linked-read assemblies performed better than Illumina alone. Regarding exon 2 (Figure 3g), 450 

PacBio retrieved 26 copies while Illumina and 10XGenomics assembly only hold 6-8. However, it is 451 

worth noting that after correcting lycPyrPB with the Dovetail CHiCAGO map, 3 copies were lost 452 

(not detectable as full-length exons anymore) and were not restored by the subsequent steps of 453 

sequence corrections and curation. The results were similar for exon 3 (Figure 3g): PacBio 454 

assemblies retrieved 18-19 copies while the other technologies retrieved only 9-11 copies. In this case 455 

we see that the molecule input length of 10XGenomics library has an effect on the assembly of these 456 

genes, where the library with shorter molecule length had assembled more copies than the longer one 457 

(11 vs 9 exon 2 copies; Figure3g-h). On the other hand, while Dovetail CHiCAGO prevented the 458 

identification of some exon 2 copies, it increased the number of assembled copies of exon 3. 459 

 460 

Gap analysis 461 

The process of scaffolding links contigs together without adding any information about the missing 462 

DNA between them, but it is possible to use long reads to fill those gaps. For this we utilized PBJelly 463 

(English et al. 2012) to extend and bridge contigs in the assembly by locally assembling PacBio reads 464 

to the contig extremities. Once the software finds reads aligned to the contig extremities, the 465 

extremities can be: 1) extended on one or both sides to reduce the gap length, 2) extended and bridged 466 
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to fill the entire gap, 3) extended over the length of the gap without being ultimately bridged 467 

(overfilled). PBJelly extended the extremities of 348 gaps, closed 116 gaps and overfilled 236 gaps 468 

(Supplementary Table S4). This gap-filling step added a total of 2.96 Mb to the assembly. All the 469 

sequences that were extended or gap-filled were more GC-rich (40%-89%, mean 58%) than the 470 

average GC content of 40% and 2865 G4 motifs were added for a total of 171 kb. Only 800 kb of the 471 

2.96 Mb added were repetitive elements; specifically, ~400 kb of LTR elements were added, 120 kb 472 

of LINE, 142 kb of satellite DNA and 90 kb of simple and low complexity repeats (Supplementary 473 

Table S4). 474 

 475 

Furthermore, we investigated the causes of assembly fragmentation in several assemblies by 476 

analysing the immediate adjacency of repetitive elements to the gaps (lower part of Figure 4a). We 477 

found that simple repeats were the major fragmentation cause in Illumina and 10XGenomics 478 

assemblies, followed by LTR and LINE elements (Figure 4c-d). In contrast, PacBio gaps (lycPyrPB 479 

and lycPyr2) seemed to be mainly caused by LTR elements and secondarily by satellites (Figure 4c-480 

d). 481 

 482 
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 483 

Figure 4 Overview of the causes and content of gaps in the paradise crow assemblies by comparing 484 

all the assembly versions to the final version. (a) Schematic representation of how gaps were 485 

categorized based on the flanking regions and content. (b) Proportion of repeats present in each 486 

assembly version respect to the reference (lycPyr6). (c) Number of gaps caused by the major repeat 487 

groups. (d) Proportion of gaps caused by the major repeat groups. (e) Number of gaps that contain 488 

(map to) repeats. (f) Proportion of gaps that contain (map to) repeats. 489 

 490 

Finally, we quantitatively and qualitatively assessed which repeats in the final multiplatform 491 

assembly lycPyr6 were collapsed as gaps in the draft assemblies (Figure 4e-f). Many gaps in the 492 

Illumina and 10XGenomics draft assemblies corresponded to complex regions consisting of multiple 493 

types of repetitive elements (Figure 4e-f). Among draft assembly gaps containing only a single type 494 
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of repeat in lycPyr6, most were caused by simple repeats, LTR retrotransposons, and LINE 495 

retrotransposons in short-read and linked-read assemblies (Figure 4e-f). 496 

 497 

Discussion 498 

 499 

Assembling complete eukaryotic genomes is a complex and demanding endeavour often limited by 500 

technological biases and assembly algorithms (Alkan et al. 2010; Sedlazeck et al. 2018). In the last 501 

decade, NGS technologies defined the standard of genome assemblies. Although they provided an 502 

unprecedented view on the structure and evolution of many coding regions (Zhang et al. 2014), short 503 

reads hardly inform on the entire complexity of a genome (Thomma et al. 2016). Indeed, the 504 

systematic absence from genome assemblies and the difficulty to characterize the nature of many 505 

such genomic regions (e.g. centromeres, telomeres, other repeats and highly heterochromatic regions) 506 

gave these “unassemblable” sequences the evocative name of genomic “dark matter” (Johnson et al. 507 

2005; Weissensteiner and Suh 2019). 508 

 509 

In this study, we demonstrated that a combined effort involving multiple state-of-the-art methods for 510 

long-read sequencing and scaffolding yielded a high-quality reference for a non-model organism. We 511 

showed that a multiplatform approach was highly successful in resolving elevated quantities of 512 

genomic dark matter in respect to single-technology assemblies (regular draft assemblies) and thus 513 

resulted in a much more complete assembly. In order to assess genome completeness we focused 514 

mostly on the quantification and characterization of previously inaccessible regions within genomic 515 

dark matter, such as large transposable elements, GC-rich regions, and the high-copy MHC locus. 516 

 517 

We generated a de-novo multiplatform assembly of a female bird-of-paradise genome by combining 518 

the cutting-edge technologies that are now being implemented in many assembly projects (Faino et 519 

al. 2015; Gordon et al. 2016; Seo et al. 2016; Bickhart et al. 2017; Weissensteiner et al. 2017; Michael 520 
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et al. 2018; Yoshimura et al. 2019), namely Illumina short reads, 10XGenomics linked reads, PacBio 521 

long reads and two proximity ligation maps with Dovetail CHiCAGO and Phase Genomics Hi-C. 522 

The choice of using a bird-of-paradise is manifold. First, avian genomes are small among amniotes 523 

and have an overall repeat content of 10%, which make most genomic regions relatively “easy” to 524 

assemble. This has made it possible to focus on regions that are challenging to assemble in eukaryotic 525 

genomes of any size and complexity, like the repeat-rich W sex chromosome, and the GC-rich 526 

microchromosomes. Second, birds-of-paradise is a highly promising system for the study of 527 

speciation, hybridization and sexual selection (Irestedt et al. 2009; Prost et al. 2019; Xu et al. 2019). 528 

A gold standard genome for this family will consequently expose new possibilities for more in-depth 529 

studies of the genomic evolution behind the spectacular radiation of birds-of-paradise. 530 

 531 

By employing a multiplatform approach, we 1) could assemble a chromosome-level genome which 532 

includes the W chromosome and several previously inaccessible microchromosomes (i.e., 533 

comparable to the chicken genome, so far the best avian genome available); 2) report that a substantial 534 

proportion (up to 90%) of repeat categories like satellites and LTR retrotransposons are missing from 535 

most types of de-novo assemblies (Figure 3e-f, Figure 4b); and 3) identify simple repeats and LTR 536 

retrotransposons as the major causes of assembly fragmentation (Figure 4c-d). 537 

 538 

A chromosome-level assembly for a non-model organism 539 

Our final assembly comprises 36 chromosome models. This assembled chromosome number is 540 

similar to the known karyotype of another bird-of-paradise species Ptiloris intercedens (36-38 541 

chromosome pairs; Les Christidis, personal communication). Among these models, there are 16 542 

macrochromosomes, 12 microchromosomes, and the Z and W sex chromosomes showing homology 543 

to chicken chromosomes (galGal6a). The remaining 6 models do not share homology with known 544 

chicken chromosomes (galGal6a) and they might be putatively uncharacterized microchromosomes. 545 

Microchromosomes are known to be very GC-rich (Burt 2002) and indeed this trend is present in our 546 
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data as well (Figure 3d). Base composition can create biases during the sequencing process especially 547 

when a PCR step is required for the library preparation (Dohm et al. 2008; Aird et al. 2011) thus 548 

limiting the representation of GC-rich and AT-rich reads in the data. Although, long read sequencing 549 

technologies like PacBio have reduced amplification-based biases to a minimum (Schadt et al. (2010) 550 

but see Guiblet et al. (2018)), we could not assemble contiguous sequences for all 551 

microchromosomes. Among the unknowns and unassembled chromosomes, chromosome 16 which 552 

is one of the most complex avian chromosomes and also holds the MHC (Miller and Taylor 2016). 553 

The absence of these chromosomes is likely explained by that they are by far the densest in G4 motifs 554 

of all chromosomes (Figure 3d). Given that DNA polymerase tends to introduce sequencing errors 555 

in the presence of G4 structures (Guiblet et al. 2018), it is tempting to think that the depletion of 556 

microchromosomes from assemblies is not only due to GC content per se but also due to the potential 557 

presence of non-B structures (like G4) that elevated GC content appears to correlate with. 558 

Nonetheless, even with the extensive use of cytogenetics the last chicken assembly (galGal5; Warren 559 

et al. (2017)) completely lacks 5 microchromosomes. It thus seems plausible that these chromosomes 560 

need special efforts to be recovered. 561 

 562 

One of the most surprising outcomes of this multiplatform approach is the successful assembly of the 563 

highly repetitive W chromosome which turned out to be larger (assembly size 21 Mb) and more 564 

repetitive than the chicken equivalent (assembly size 9 Mb; Bellott et al. (2017)). In both species, it 565 

is likely that the assembled sequences cover the euchromatic portions of the W. Birds have a ZW sex 566 

chromosome system where the female is the heterogametic sex and the female-specific W is 567 

analogous to the mammalian male-specific Y chromosome. Comparable to the mammalian Y 568 

(Charlesworth et al. 2000), the W chromosome is highly repetitive and difficult to assemble 569 

(Weissensteiner and Suh 2019). Previous studies focusing on the repetitive content of the avian W in 570 

chicken (Bellott et al. 2017) and collared flycatcher (Smeds et al. 2015) showed in both cases a repeat 571 

density of about 50%. In our assembly of the paradise crow, we found the W chromosome to be even 572 
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more repetitive with a repeat density of ~70% and highly enriched for LTR retrotransposons (Figure 573 

3a and Supplementary Table S6). Having assembled chromosomes is key to improve any genomic 574 

analysis but studies on sex chromosome evolution in birds has so far been heavily biased towards Z 575 

(Zhou et al. 2014; Yazdi and Ellegren 2018; Xu et al. 2019). With genome assemblies like the present, 576 

it will be possible to improve reconstructions how the two sex chromosomes diverged. We can 577 

already see that the W chromosome evolves rapidly (Supplementary Figure S5) via accumulation 578 

of transposable elements and only few regions appear syntenic between paradise crow and chicken 579 

W. 580 

 581 

How complete are genome assemblies? 582 

Previous studies (see for example Etherington et al. (2019); Paajanen et al. (2019)) have assessed the 583 

efficiency of available sequencing technologies in genome assembly and genome completeness 584 

mainly through summary statistics like scaffold N50 and BUSCO. Scaffold N50 indicates the 585 

minimum scaffold size among the largest scaffolds making up half of the assembly, while BUSCO 586 

values measure the number of complete/incomplete/missing core genes in the assembly. However, 587 

genome completeness goes beyond scaffold N50 and gene presence (Thomma et al. 2016; Domanska 588 

et al. 2018; Sedlazeck et al. 2018). Genes usually occupy a small fraction of genomes and new 589 

sequencing technologies commonly yield high N50 values. Therefore, these statistics have a very 590 

limited scope in perspective of what the new sequencing technologies can achieve.  591 

 592 

Although often being used as proxy of assembly quality, scaffold N50 is hardly meaningful in this 593 

regard since it does not inform about the completeness and correctness of the assembled sequences. 594 

If we order the scaffolds by decreasing size, scaffold N50 value can only reflect the fragmentation 595 

level of the first half of the assembly regardless of whether the second half is made up of shorter 596 

sequences. Finally, contig N50 should be used as a measure of contiguity, rather than scaffold N50, 597 

as contig length measures sequences not interrupted by gaps. 598 
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 599 

Most of the currently available avian genomes score more than 94% of BUSCO gene completeness 600 

(Peñalba et al. 2019) with various degrees of fragmentation, suggesting that it has become 601 

straightforward to generate short-read assemblies with high BUSCO values. On the other hand, 602 

BUSCO seems to be limited by the sequencing errors introduced by PacBio in the identification of 603 

gene models (Watson and Warr 2019). Even with multiple rounds of error correction, BUSCO fails 604 

to recognize genes that are actually present, at least partially, in the assembly (Watson and Warr 605 

2019). Moreover, BUSCO seems to be trained and based on a set of core genes identified from Sanger 606 

and Illumina assemblies. As such, BUSCO does not quantify genes in PacBio assemblies that were 607 

previously missing in Illumina genomes, which would be needed for a fair genome completeness 608 

comparison. This tendency is also evident from our results: for example after gap-filling lycPyrIL 609 

with long reads, 10 genes were not detectable anymore in the resulting assembly lycPyrILPB 610 

(Supplementary Table S2). A similar dynamic was observed also during the assembly process of 611 

the superb fairy-wren Malarus cyaneus (Peñalba et al. 2019) where BUSCO values dropped with 612 

long-read gap-filling but were restored after sequence polishing. 613 

 614 

The new technologies have the potential to assemble very repetitive regions (e.g. MHC) and elusive 615 

chromosomes (e.g., W and microchromosomes). For this reason, quality assessment should rely 616 

upon measuring the efficiency in assembling difficult regions and not on those regions that we 617 

already obtain with previous technologies. We therefore decided to measure genome completeness 618 

and quality by characterising and quantifying repetitive regions. 619 

 620 

Long reads were instrumental, not only to find and mask more repeats, but also to assemble and 621 

discover previously overlooked repetitive sequences. In fact, by adding PacBio sequence data we 622 

were able to significantly increase the number of predicted repeat subfamilies compared to the 623 

repeat library previously built on three birds-of-paradise species (from 112 to 183 consensus 624 
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sequences; Prost et al. (2019)). These 71 new consensus sequences were only predicted by 625 

RepeatModeler using the PacBio assembly, probably because the respective repeats were too 626 

fragmented or assembled in too few copies in Illumina assemblies. A clear example is given by the 627 

satellite DNA repeats that are severely depleted from both the lycPyrIL assembly (Figure 3e-f, 628 

Figure4b) and from the previous repeat library. With our new repeat library we could increase the 629 

base pairs masked by RepeatMasker by up to 38 % within the same assembly (lycPyr6). This 630 

indicates that while longer read lengths are important for assembling repeats, only with a 631 

comprehensive repeat library we can quantify their actual efficiency. 632 

 633 

Repetitive elements are not only made up of transposable elements and satellite repeats, but also of 634 

multi-copy genes. One of the most repetitive gene family is the Major Histocompatibility Complex 635 

(MHC) involved in the adaptive immune response. In birds, MHC genes are located on one of the 636 

most difficult chromosomes to assemble, namely chromosome 16 (Miller and Taylor 2016). We 637 

recovered several scaffolds from this chromosome for which the only, though fragmented, assembly 638 

exists from chicken (Warren et al. 2017). We counted how many MHC IIB copies we could retrieve 639 

in the different assemblies, using BLAST hits to exon 2 and 3 sequences as proxy. We found the 640 

maximum number of copies in lycPyrPB (Figure 3g-h) followed by lycPyr6, suggesting that the 641 

misassembly correction with the CHiCAGO map affected the MHC genes, with the number of hits 642 

of exon 2 decreasing and for exon 3 increasing. Short-read assemblies harbour fewer MHC IIB exon 643 

copies but we note that 10XGenomics could assemble a couple more copies compared to standard 644 

Illumina data. Moreover, lycPyrSN1 contained slightly more MHC genes than lycPyrSN2 assembled 645 

with longer input molecule length. 646 

 647 

As a further use of repetitive elements as quality measures, we tested the LTR Assembly Index 648 

(LAI; Ou et al. (2018)) that assesses the quality of an assembly from the completeness of the LTR 649 

retrotransposons present. It was not possible to obtain values for the Illumina and 10XGenomics 650 
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assemblies because the tool requires a certain baseline quantity of the full-length LTR assembled to 651 

run as initial requirements. Nonetheless, both lycPyrPB and lycPyr6 show LAI scores (respectively 652 

11.89 and 13.59, Supplementary Table S3, Supplementary Figure S1) typical for high-quality 653 

reference genomes (as indicated in Ou et al. (2018)) and higher than those of chicken 654 

(Supplementary Figure S2). The increase in LAI value from lycPyrPB and lycPyr6 indicates that 655 

the assembly curation process, mostly gap-filling and polishing, improved the quality of the primary 656 

assembly. 657 

 658 

In addition to repetitive elements, base composition is the other main factor that limits completing 659 

genome assemblies. We thus assessed the GC-content per window for each assembly (Figure 3b, 660 

Supplementary Figure S7) and as expected, found more GC-rich windows in lycPyrPB compared 661 

to the other de-novo assemblies (Supplementary Figure S7). High GC-content is often associated 662 

with non-B DNA structures like G4 that have been shown to introduce sequencing errors during 663 

polymerisation (Guiblet et al. 2018). We predicted the presence of G4 motifs in our assemblies 664 

(Figure 3c) and Illumina and 10XGenomics assemblies have about 1.6-2.6 Mb less of G4 compared 665 

to lycPyrPB. In this case, linked reads did not help to get a more complete overview of this genomic 666 

feature respect to regular Illumina libraries. On the other hand, the overall curation from lycPyrPB to 667 

lycPyr6 improved G4 prediction. G4 structures influence various molecular mechanisms such as 668 

alternative splicing and recombination, therefore more complete assemblies make these regions 669 

accessible for comparative genomic analysis. 670 

 671 

Strengths and limitations of sequencing technologies 672 

Nowadays, we have a plethora of sequencing technologies to choose from, each with their own 673 

advantages and limitations. On top of that, the large number of assembly tools available and 674 

hundreds of parameters to tweak makes it inevitable to produce numerous different assembly 675 

versions. For example, we generated 15 different assemblies only for the parameter optimization of 676 
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the linked-read scaffolding (Figure 1d) and there are studies generating even 400 assemblies in 677 

total (Montoliu-Nerin et al. 2019). In such a situation, it might seem difficult to decide how to 678 

choose the “best” assembly among dozens. Here we present what we learned from the different 679 

technologies and how they help in resolving the genomic regions that are most difficult to assemble. 680 

 681 

We used two types of de-novo assemblies based on Illumina sequencing. The first, lycPyrIL is an 682 

Illumina assembly made from multiple insert size libraries of paired end and mate pair reads (Prost 683 

et al. 2019); the second on 10XGenomics linked reads (lycPyrSN1 and SN2). It is notable that 684 

lycPyrIL is much more contiguous than lycPyrSN1 and SN2 (contig N50 of 620 kb vs 145-150 kb; 685 

Table 1) and has much fewer gaps. Although lycPyrIL is a less fragmented assembly, lycPyrSN2 686 

has a better resolution for repeats since 7 Mb more repeats are masked and a larger number of MHC 687 

IIB exons are present (Figure3g-h) as well as G4 motifs (Figure 3g). Nonetheless, the contiguity 688 

reached in lycPyrPB for the same sample at contig level (contig N50 of 6 Mb) is ten-fold higher 689 

than in lycPyrIL and even outscores lycPyrIL scaffold N50 of 4 Mb. 10XGenomics linked reads 690 

bring long-range information through the barcode system that is useful for local phasing, detection 691 

of structural variations (Zheng et al. 2016; Marks et al. 2019), scaffolding (Yeo et al. 2017) and 692 

construction of recombination maps (Dréau et al. 2019; Sun et al. 2019). We used the barcode 693 

information to scaffold the PacBio assembly (lycPyr3, Table 1) without obtaining many new 694 

scaffolds but this could be due to the already high contiguity of the input lycPyrPB assembly. 695 

Finally, we note that the molecule input length for the 10XGenomics libraries have different effects 696 

on the assembly and BUSCO scores. That is, lycPyrSN1 (24 kb mean molecule length library) 697 

outscores lycPyrSN2 (26.1 kb mean molecule length library) in the number of complete BUSCO 698 

genes (Supplementary Table S2). Even though 10XGenomics linked reads consist of short reads, 699 

both lycPyrSN1 and lycPyrSN2 have more missing genes compared to lycPyrIL (Supplementary 700 

Table S2). 701 

 702 
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Long reads together with proximity ligation maps are game changers in genomics. Their 703 

combination yielded a very high-quality assembly for a non-model bird with suboptimal sample 704 

quality (see mean molecule lengths for 10XGenomics assemblies above). The PacBio assembly is 705 

by far the most contiguous and a suitable genomic backbone to obtain chromosome models 706 

including the W chromosome and several microchromosomes. The main weakness linked to PacBio 707 

is the introduction of sequencing errors (mostly short indels) that must be corrected with accurate 708 

short reads. As mentioned before, the sequencing errors hinder the identification of gene models 709 

(BUSCO) and protein prediction (Watson and Warr 2019). Moreover, the PacBio assembly is likely 710 

not free of misassemblies (e.g., chimeric contigs). Thus a second type of independent data is 711 

necessary to detect such errors; e.g., ~100 potential misassemblies were identified by the 712 

CHiCAGO proximity map. The CHiCAGO map was very useful to correct the assembly and make 713 

a first scaffolding, but neither alone nor with 10XGenomics scaffolding yielded a chromosome-714 

level assembly. The only type of data implemented here that allowed the generation of chromosome 715 

models was the Hi-C map. The latter does not rely on extracted DNA quality or library insert size, 716 

but instead on in-situ proximity within the nuclei of the fixed sample. As such, Hi-C data is an 717 

effective replacement of linkage maps for scaffolding purposes (Dudchenko et al. 2017) and can be 718 

used to manually curate assemblies. 719 

 720 

A direct way to identify the limits of sequencing data is to investigate where assemblers fail to 721 

resolve sequences, i.e. where contig fragmentation occurs. Therefore, we characterized what causes 722 

contig fragmentation in each assembly by analysing sequences directly adjacent to gaps and 723 

inferring the gap content of draft assemblies by aligning their flanks to the final multiplatform 724 

version lycPyr6 (Figure 4a). In general, we found that long and/or homogeneous repeats such as 725 

LTR retrotransposons, satellites, and simple repeats are the main fragmentation causes in every 726 

assembly, though the specific repeat type changed with the technology. Short-read and linked-read 727 

contigs mostly break at simple repeats. Even though the percentage of simple repeats assembled in 728 
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lycPyrIL, lycPyrSN1 and lycPyrSN2 ranges between 80-90% relative to lycPyr6 (Figure 4b), 729 

simple repeats also caused most of the assembly gaps, indicating that insert size and linked read 730 

methods are not sufficient to unambiguously solve those regions (Figure 4c-d). At the same time, 731 

the gaps of these three assemblies, when compared to the final multiplatform assembly, mainly 732 

contain LTR retrotransposons, simple repeats and complex repeats (defined as arrays of different 733 

types of repeats; Figure 4e-f). LTR retrotransposons are the second most abundant retrotransposons 734 

in the paradise crow assembly and several kilobases long. These features make LTR 735 

retrotransposons the major cause of fragmentation in the PacBio assembly and the second in the 736 

short-read ones. This partially unexpected trend is likely because LTR retrotransposons are 737 

underrepresented in lycPyrIL, lycPyr SN1 and lycPyrSN2 (as indicated by their lack of part of the 738 

recent LTR activity; Figure 3e-f). The same pattern can be observed for the multicopy rRNA genes: 739 

the only assemblies showing gaps caused by rRNA genes are the PacBio-based and this is likely 740 

because PacBio was the only technology able to (partially) solve those repeats (Figure 4c-d). It is 741 

interesting that linked reads appear to better distinguish long repeats like LTR retrotransposons than 742 

short-read libraries based on insert size (Figure 4b). The satellite portion of the genome was 743 

significantly better assembled with PacBio long reads (~9 Mb), while neither multiple Illumina 744 

libraries nor linked reads could assemble more than 1 Mb of satellites. This is probably due to the 745 

highly homogeneous nature of long stretches of satellites that make satellite arrays collapse during 746 

assembly (Hartley and O’Neill 2019). Similar to LTR retrotransposons and rRNA genes, satellites 747 

are barely assembled in lycPyrIL, lycPyrSN1 and lycPyrSN2. Therefore satellites are not a major 748 

cause of contig fragmentation in Illumina-based assemblies. LINEs are usually short 749 

retrotransposons due to 5’ truncation during integration (Levin and Moran 2011)and in the paradise 750 

crow and other songbirds they seem to be mostly present in old copies (Figure 3e; Suh et al. 751 

(2018); Weissensteiner et al. (2019)). Therefore they likely are less homogeneous elements, with 752 

more diagnostic mutations and hence easier to assemble. In fact, both Illumina and 10XGenomics 753 

assemblies have 96-98% of LINEs assembled and LINEs represent only the fourth causative factor 754 
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of fragmentation. Finally, we noticed a disproportion of DNA transposons annotated in the Illumina 755 

assemblies (lycPyrIL and lycPyrILPB) compared to the other assemblies. This phenomenon might 756 

be explained by annotation issues linked to the fragmentation of those regions or by the presence of 757 

unsolved haplotypes. DNA transposons have been inactive in songbirds for even longer than LINEs 758 

(Kapusta and Suh 2017) and should thus be rather straightforward to assemble. 759 

 760 

Conclusions 761 

Thanks to a manually curated multiplatform assembly and three de-novo draft assemblies for the 762 

same sample, we were able to characterise and measure genome completeness across sequencing 763 

technologies. As expected, long-read assemblies are more complete than short-read assemblies but 764 

completeness has been usually measured with statistics that are optimized for short reads rather than 765 

for long reads. Scaffold N50 and BUSCO values do not reflect the entire potential and strengths of 766 

new sequence technologies, therefore we measured completeness focusing on the most difficult-to-767 

assemble genomic regions. By doing so, we traced the essential steps for generating a high-quality 768 

assembly for a non-model organism while optimizing costs and efforts. 769 

 770 

Based on our assembly comparisons, the essential elements to make a chromosome-level assembly 771 

are a contiguous primary assembly based on long reads, an independent set of data for correcting 772 

misassemblies (CHiCAGO map or linked reads) and polish sequencing errors (short or linked 773 

reads), and a Hi-C map for chromosome-level scaffolding. PacBio needs error correction both at the 774 

nucleotide level (base calling errors and short indels) and at the assembly level (e.g., chimeric 775 

contigs). For both scopes it is possible to use Illumina data but a note of caution is due. First, when 776 

polishing the assembly for base calling errors and short indels, short reads could over-homogenize 777 

repetitive sequences and thus it would be advisable to correct only outside repeats. In addition, 778 

10XGenomics linked reads can also be used to correct both sequencing errors and misassemblies 779 

(e.g., Tigmint, Jackman et al. (2018)) and to scaffold the genome (ARCS, Yeo et al. (2017), ARKS, 780 
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Coombe et al. (2018), fragScaff, Adey et al. (2014)). In general, the spatial information brought by 781 

linked reads seems to be very versatile (e.g., assembly correction, scaffolding, structural variation 782 

inference, haplotype phasing) and able to better avoid over-collapsing of repetitive elements and 783 

genes (Figure 3 and 4). Therefore, if budgets and sample material are limited, this technology may 784 

be suitable to obtain a better genomic overview than short reads alone. Nevertheless, long reads 785 

provide the most detailed look into difficult-to-assemble genomic regions. We summarized the 786 

strengths and limitations of the implemented technologies in Figure 5 that can be used as a guide 787 

for choosing technologies and ranking assemblies. 788 

 789 

We have shown that recent technological developments have led to enormous improvements in 790 

assembly quality and completeness, paving the way to more complete comparative genomic analyses, 791 

including regions that were previously inaccessible within genomic dark matter. At the same time, 792 

awareness of technological strengths and weaknesses in resolving repeat-rich and GC-rich regions is 793 

fundamental for choosing the most suitable technology when designing sequencing projects, and will 794 

help in a dilemma many genome scientists face these days: choosing the best assembly among many.  795 

 796 

Figure 5. Summary of the relative efficiency of the different technologies over 797 

quality/completeness parameters. Green: most effective; red: least effective. 798 
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Methods 801 

Samples 802 

We used pectoral muscle samples from three vouchered specimens of Lycocorax pyrrhopterus ssp. 803 

obiensis collected on Obi Island (Moluccas, Indonesia) in 2013, from the Museum Zoologicum 804 

Bogoriense (MZB) in Bogor, Indonesia, temporarily on loan at the Natural History Museum of 805 

Denmark. One female (voucher: MZB 34.073) sample preserved in DMSO was used for PacBio, 806 

Illumina and 10XGenomics sequencing and for the Dovetail CHiCAGO library, one female sample 807 

(voucher: MZB 34.070) preserved in RNAlater was used for the Hi-C library with Phase Genomics, 808 

and one male sample preserved in DMSO (voucher: MZB 34.075) was used for Illumina sequencing. 809 

 810 

Sequencing technologies and de-novo assemblies 811 

We sequenced the female sample MZB 34.073 using a) PacBio RSII C6-P4 (mean of 11 kb and N50 812 

of 16 kb for read length) for a total coverage of 72X; b) 10XGenomics with a HiSeqX Illumina 813 

machine (24 kb mean molecule length, 280 bp library insert size, 150 bp read length, net coverage 814 

39.7X); c) 10XGenomics with HiSeqX Illumina machine (26.1 kb mean molecule length, 280 bp 815 

library insert size, 150 bp read length, net coverage 37.9X). DNA was extracted using magnetic beads 816 

on a Kingfisher robot, except for library c) which was based on DNA extracted with agarose gel plugs 817 

as in (Weissensteiner et al. 2017). In addition to these libraries, we also used the Illumina libraries 818 

and assembly produced in (Prost et al. 2019): Illumina HiSeq 2500 TruSeq paired-end libraries (180 819 

bp and 550 bp insert sizes) and Nextera mate pair libraries (5 kb and 8 kb insert sizes) for a total 820 

coverage of 90X. Furthermore, two paired-end libraries (125 bp read length) of chromatin-chromatin 821 

interactions from CHiCAGO and Hi-C techniques were produced using a HiSeq 2500 by Dovetail 822 

Genomics (Putnam et al. 2016) and Phase Genomics (more details below), respectively. Finally, we 823 

generated a paired-end library with insert size of 650 bp on an Illumina HiSeqX machine for the male 824 

sample. 825 
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For each library/technology (namely Illumina, 10XGenomics and PacBio) we made independent de-826 

novo assemblies. (Prost et al. 2019) used ALLPATHS-LG (Butler et al. 2008) for Illumina data while 827 

we used Falcon (Chin et al. 2016) for PacBio data and Supernova2 (Weisenfeld et al. 2017) for 828 

10XGenomics data (Table 1). All the basic genome statistics of the assemblies (Supplementary 829 

Table S1) were calculated using the Perl script assemblathon_stats.pl from 830 

https://github.com/KorfLab/Assemblathon/blob/master/assemblathon_stats.pl. 831 

 832 

Identification of sex-linked contigs and PAR 833 

Given the extreme conservation of the Z chromosomes of songbird (Xu et al. 2019), we used the Z-834 

chromosome sequence of great tit as a query to search for homologous Z-linked contigs in paradise 835 

crow. The aligner nucmer was used to perform the one-to-one alignment of the great tit genome and 836 

lycPyrPB. Those contigs with more than 60 percent sequence aligned to great tit Z chromosome were 837 

identified as Z-linked. We further calculated the sequencing coverage using the female Illumina 838 

paired-end libraries to confirm the half-coverage pattern of candidate Z-linked contigs relative to 839 

autosomal contigs. We used BWA-MEM to map the reads and the samtools depth function to estimate 840 

contig coverage. To identify candidate W-linked contigs, we calculated the re-sequencing coverage 841 

of the male individual, because W-linked contigs are female-specific and are not expected to be 842 

mapped by male reads while the coverage of female reads should be half of that of autosomes. We 843 

used the known PAR sequences of collared flycatcher (Smeds et al. 2014) to identify the homologous 844 

PAR contigs in paradise crow. As expected, the PAR contigs were found to show similar re-845 

sequencing coverage in both the male and the female as on the autosomes. 846 

 847 

Multiplatform approach 848 

We created three types of multiplatform assemblies, one that combines only Illumina and PacBio data 849 

(lycPyrILPB, see Table 1), a second one combining PacBio and Hi-C data, and a third more 850 
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comprehensive one that combines three types of sequencing data and two types of proximity ligation 851 

data (lycPyr6). 852 

 853 

For the first type of assembly (lycPyrILPB), we used the Illumina assembly lycPyrIL (Prost et al. 854 

2019) as genomic backbone and gap-filled it with PacBio long reads using the software PBJelly 855 

(PBSuite v. 15.8.24) maintaining the all the default options but -min 10 to consider only gaps of at 856 

least 10 base pairs length. The second multiplatform assembly lycPyrHiC was built by scaffolding 857 

the PacBio primary assembly (lycPyrPB) with Hi-C data. 858 

 859 

For the most comprehensive assembly (lycPyr6), we combined PacBio, Illumina, 10XGenomics, 860 

CHiCAGO and Hi-C data (Figure 1). The first step was to assemble the PacBio reads into a primary 861 

assembly with the Falcon software (Chin et al. (2016); Figure 1a). The primary contigs were 862 

corrected and scaffolded with the Dovetail CHiCAGO map generating lycPyr2 (Figure 1b) using the 863 

software HiRise (Putnam et al. 2016). lycPyr2 then was polished with long reads (two runs of Arrow; 864 

Chin et al. (2016)) and short reads (three runs of Pilon 1.22; Walker et al. (2014); Figure 1c). Since 865 

PacBio sequencing is prone to introduce short indels in the reads (Eid et al. 2009), we addressed 866 

specifically these sequencing problems with Pilon while we did not correct single nucleotide variants. 867 

Furthermore, in order to not over-polish repetitive regions (i.e., homogenising them with short reads), 868 

we excluded Pilon corrections falling within repeats identified by RepeatMasker 4.0.7 using our 869 

custom repeat library. 870 

 871 

We then scaffolded lycPyr2 using the long-range information given by 10XGenomics linked reads 872 

with the software ARCS 1.0.1 (Yeo et al. (2017); parameters -s 95 -e 1000 -m 20-100000) and LINKS 873 

1.8.5 (Warren et al. (2015); parameters -a 0.2) generating lycPyr3 (Figure 1d). The parameters for 874 

ARCS and LINKS have been chosen after generating 15 assemblies with different values for -m -e -875 

a (Supplementary Table S11). The optimal parameter combination was established by minimising 876 
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a) the number of "private" scaffolds belonging only to one combination of parameters, b) the number 877 

of scaffolds containing putative in-silico chromosomal translocations. 878 

 879 

lycPyr3 was scaffolded into chromosome models (clusters of contigs and scaffolds) with the Phase 880 

Genomics Hi-C data and the Proximo Hi-C scaffolding pipeline (lycPyr4; Figure 1e). Hi-C data were 881 

generated using a Phase Genomics (Seattle, WA) Proximo Hi-C Animal Kit. Following the 882 

manufacturer's instructions for the kit, intact cells from two samples were crosslinked using a 883 

formaldehyde solution, digested using the Sau3AI restriction enzyme, and proximity ligated with 884 

biotinylated nucleotides to create chimeric molecules composed of fragments from different regions 885 

of the genome that were physically proximal in-vivo, but not necessarily linearly proximal. 886 

Continuing with the manufacturer's protocol, molecules were pulled down with streptavidin beads 887 

and processed into an Illumina-compatible sequencing library. 888 

 889 

Reads were aligned to the draft assembly lycPyr3 following the manufacturer's recommendations. 890 

Briefly, reads were aligned using BWA-MEM (Li and Durbin (2010); v. 0.7.15-r1144-dirty) with the 891 

-5SP and -t 8 options specified, while keeping the other parameters as default. SAMBLASTER (Faust 892 

and Hall 2014) was used to flag PCR duplicates, which were later excluded from analysis. Alignments 893 

were then filtered with samtools (Li et al. (2009); v1.5, with htslib 1.5) using the -F 2304 filtering 894 

flag to remove non-primary and secondary alignments, as well as read pairs in which one or more 895 

mates were unmapped. Phase Genomics' Proximo Hi-C genome scaffolding platform was used to 896 

create chromosome-scale scaffolds from the draft assembly as described in (Bickhart et al. 2017). As 897 

in the LACHESIS method (Burton et al. 2013), this process computes a contact frequency matrix 898 

from the aligned Hi-C read pairs, normalised by the number of Sau3AI restriction sites (GATC) on 899 

each contig, and constructs scaffolds in such a way as to optimise expected contact frequency and 900 

other statistical patterns in Hi-C data. Approximately 286,000 separate Proximo runs were performed 901 
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to optimise the number of scaffolds and scaffold construction in order to make the scaffolds as 902 

concordant with the observed Hi-C data as possible. 903 

 904 

Two chromosomes (chr1 and chr2) appeared to be split into two different super-scaffolds (or clusters) 905 

respectively, thus they were manually put together following the orientation suggested by the Hi-C 906 

interaction heatmap (Supplementary Figure S3). We then manually inspected the assembly lycPyr4 907 

for misassemblies (Figure 1f and Figure 2) by aligning the four de-novo assemblies (lycPyrIL, 908 

lycPyrPB, lycPyrSN1 and lycPyrSN2) to it using Satsuma2 (Grabherr et al. 2010) and chromosome 909 

models from three songbird outgroups (Ficedula albicollis, Taeniopygia guttata and Parus major) 910 

with LASTZ 1.04.00 (Harris 2007). We identified misassemblies by looking for regions in which the 911 

different de-novo assemblies were in conflict with the final assembly (schematically showed in 912 

Figure 2). We applied the majority rule for each scaffolding or orientation conflict found between 913 

lycPyr4 and the four draft assemblies. To make any decisions against the scaffold configuration in 914 

lycPyr4, three of the four de-novo assemblies needed to be in discordance with lycPyr4 and show the 915 

same pattern of discordance. In cases where only two de-novo assemblies showed the same pattern 916 

of discordance and the other were not informative, we used the information provided by the outgroups 917 

to decide whether to keep the lycPyr4 scaffold configuration or correct it. With this approach we were 918 

able to identify 45 intra-scaffold misassemblies at a fine scale, all of them being orientation issues of 919 

PacBio contigs within scaffolds. 920 

 921 

Then, we gap-filled the assembly using PBJelly (PBSuite 15.8.24; English et al. (2012)) with the 922 

default options except for the parameter -min 10 in order to consider the gaps longer than 10 bps 923 

(Figure 1g). After the gap-filling step that used the PacBio reads, we ultimately polished the genome 924 

with long reads using Arrow (one run; PacBio library) and with short reads using Pilon (two runs; 925 

Illumina library; Figure 1h). 926 
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The last step of assembly curation involved the generation of Hi-C heatmaps on lycPyr5 by mapping 927 

the Hi-C library to the assembly using Juicer 1.5 (Durand et al. (2016); Figure 1i). We manually 928 

inspected the Hi-C maps for misassemblies using Juicebox 1.9.8 929 

(https://github.com/aidenlab/Juicebox) and corrected lycPyr5 accordingly (Supplementary Figure 930 

S3). This way, we manually solved remaining assembly issues regarding the orientation and order of 931 

some contigs or scaffolds within the chromosome models, as well as corrected in-silico chromosomal 932 

translocations. 933 

 934 

The completeness of the assemblies was assessed with gVolante (Nishimura et al. 2017) using 935 

BUSCO v3 for avian genomes (Supplementary Table S2) and with LTR Assembly Index (Ou et al. 936 

(2018); Supplementary Table S3). 937 

 938 

The mitochondrial genome was identified as one PacBio contig by aligning the mtDNA of Corvus 939 

corax (GenBank accession number KX245138.1) to lycPyrPB. It was annotated using DOGMA 940 

(Wyman et al. 2004) and tRNAscan-SE 1.3.1 (Lowe and Eddy (1997); Supplementary Table S12). 941 

 942 

Chromosome nomenclature 943 

Since the chicken genome is the best avian genome assembled so far with reliable chromosome 944 

information (Warren et al. 2017), we named and oriented our chromosome models according to 945 

homology with galGal5 (RefSeq accession number GCF_000002315.6). In the case that our 946 

chromosome models were not completely collinear with chicken, we oriented them following the 947 

orientation of the majority of the model respect to chicken. Finally, if the chromosome models did 948 

not share any homology with chicken, their orientation was not changed. 949 

 950 

Repeat library 951 
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We produced a de-novo repeat library for paradise crow by running the RepeatMasker 4.0.7 and 952 

RepeatModeler 1.0.8 software on the PacBio de-novo assembly. We hard-masked lycPyrPB with the 953 

Aves repeat library from Repbase (version 20170127; https://www.girinst.org/about/repbase.html) 954 

together with the consensus sequences from (Prost et al. 2019), then ran RepeatModeler. The new 955 

consensus sequences generated by RepeatModeler were aligned back to the reference genome; the 20 956 

best BLASTN 2.7.1+ results were collected, extended by 2 kb on both sides and aligned to one 957 

another with MAFFT 7.4.07. The alignments were manually curated applying the majority rule and 958 

the superfamily of repeat assessed following the (Wicker et al. 2007) classification. 959 

 960 

All the new consensus sequences were masked in CENSOR 961 

(http://www.girinst.org/censor/index.php) and named according to homology to known repeats in the 962 

Repbase database. Sequences with high similarity to known repeats for their entire lengths were given 963 

the name of the known repeat + suffix "_lycPyr"; repeats with partial homology have been named 964 

with the suffix "-L_lycPyr" where "L" stands for "like" (Suh et al. 2018). Repeats with no homology 965 

with known ones have been considered as new families and named with the prefix "lycPyr" followed 966 

by the name of their superfamilies. 967 

 968 

The final repeat library also contains the manually curated version of the consensus sequences 969 

previously generated on other two birds-of-paradise Astrapia rothschildi “astRot”, Ptiloris 970 

paradiseus “ptiPar” (Prost et al. 2019), the ones from Corvus cornix (Weissensteiner et al. 2019), 971 

Uraeginthus cyanocephalus (Boman et al. 2019), Ficedula albicollis and all the avian repeats 972 

available on Repbase (mostly from chicken and zebra finch). 973 

 974 

G4 motif identification 975 

The de-novo assemblies and the final version have been scanned for G-quadruplex (G4) motifs with 976 

the software Quadron (Sahakyan et al. (2017); https://github.com/aleksahak/Quadron). Only non-977 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 20, 2019. ; https://doi.org/10.1101/2019.12.19.882399doi: bioRxiv preprint 

https://github.com/aleksahak/Quadron
https://doi.org/10.1101/2019.12.19.882399
http://creativecommons.org/licenses/by-nc/4.0/


41 

 

overlapping hits with a score greater than 19 were used for subsequent analysis as suggested in 978 

(Sahakyan et al. 2017). The density of such motifs per chromosome model was calculated using 979 

bedtools coverage (BEDTools 2.27.1; Quinlan (2014)). 980 

 981 

MHC class IIB analysis 982 

To infer how highly duplicated genes are assembled with different input data and assembly 983 

strategies, we investigated the distribution of major histocompatibility class IIB (MHCIIB) 984 

sequence hits in seven assemblies: lycPyrIL, lycPyrPB, lycPyrSN1, lycPyrSN1, lycPyrILPB, 985 

lycPyr2 and lycPyr6 (the intermediate assemblies like lycPyr3 are not shown here because the MHC 986 

content did not change from lycPyr2 to lycPyr5). We performed BLAST (Altschul et al. 1990) 987 

searches both with sequences of the highly variable exon 2 that encodes the peptide binding region, 988 

and with the much more conserved exon 3 (Hughes and Yeager 1998), as the disparate levels of 989 

polymorphism within these regions may provide insights into different aspects of challenges with 990 

genome assembly. We conducted tBLASTn (BLAST 2.7.1+) searches using alignments available 991 

from Goebel et al. (2017) that include sequences from across the entire avian phylogeny. We chose 992 

this strategy to ensure the identification MHCIIB sequences, as with sequences of only a single-993 

species BLAST search might miss highly divergent sequences as they are often present in the MHC, 994 

where within-species diversity of MHC genes often equals between-species divergence. From the 995 

available alignments, we exclusively retained sequences spanning the entire 270 bp of exon 2 and 996 

sequences covering 220 bp of exon 3. This left query alignments including 233 sequences from 22 997 

bird orders/families for exon 2, and 314 sequences from 26 bird orders/families for exon 3. 998 

Overlapping blast hit intervals were merged. To ensure that these intervals contained sequences 999 

corresponding to MHCIIB, we first BLAST searched them back against the GenBank database 1000 

using BLASTn queries, and retained only intervals producing hits with MHCIIB. We then aligned 1001 

the remaining sequences using the MAFFT alignment server with the --add option and default 1002 

settings, and manually screened the alignments to identify non-MHCIIB sequences. Finally, we 1003 
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determined the alignment lengths of BLAST hit intervals after removing insertions relative to the 1004 

query alignment. We report only hits longer than 240 bp for exon 2 and longer than 195 bp for exon 1005 

3, corresponding to approximately 90% of the respective query alignment lengths. 1006 

 1007 

Gap analysis 1008 

For each assembly produced, we estimated the number of gaps caused by repeats by intersecting the 1009 

gap and repeat coordinates using bedtools window (Quinlan 2014) with a window size of 100 bp 1010 

(Figure 4a). Only gaps longer than 10 bp were taken into consideration. This filter is particularly 1011 

important for lycPyrIL since there are many small gaps of 1-5 Ns that are probably caused by 1012 

sequencing or base-calling errors. 1013 

 1014 

We estimated what is missing in the draft assemblies with respect to the final multiplatform assembly 1015 

lycPyr6 by aligning the flanking regions to the gaps onto the final version. We then assessed the 1016 

presence of annotated repeats on lycPyr6 between the aligned flanking regions to the draft assembly 1017 

gaps. To do these pairwise alignments, we extracted 500 bp of flanking regions from the intra-scaffold 1018 

gaps of lycPyrIL, lycPyrSN1, lycPyrSN2, lycPyrPB and lycPyrILPB and BLASTn searched the 1019 

sequences to lycPyr6 with BLAST 2.7.1+. The alignments were filtered to retain only unambiguously 1020 

orthologous positions on lycPyr6, namely there was only one alignment (98% identity, 90% coverage) 1021 

of both flanks on the same lycPyr6 scaffold. The coordinates of the draft genome gaps projected onto 1022 

lycPyr6 were then intersected with the RepeatMasker annotation using bedtools intersect. Draft 1023 

genome gaps containing only one type of repeat on lycPyr6 were classified according to the type of 1024 

repeat. In case the draft genome gaps corresponded to a region containing more than one type of 1025 

repeat, the gaps were classified as ‘complex’. Finally, in case that the draft genome gaps could not be 1026 

mapped unambiguously (e.g., no homology, only one flank aligned or the two flanking regions 1027 

mapped to different scaffolds) or mapped to gaps on lycPyr6, they were classified as ‘not scorable 1028 

gaps’ (Figure 4a)  1029 
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 1030 

We also compared how many repeats were assembled in the draft assemblies compared to lycPyr6 1031 

(Figure 4b) by calculating the proportion of repeat base pairs present in the draft assemblies relative 1032 

to the total bp in lycPyr6. This was done for each major repeat group using the RepeatMasker table 1033 

(.tbl) files; more details in Supplementary Table S10. 1034 

 1035 

Data Access 1036 
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