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Abstract 41 

Identification of synteny between genomes of closely related species is an important 42 

aspect of comparative genomics. However, it is unknown to what extent draft assemblies 43 

lead to errors in such analysis. To investigate this, we fragmented genome assemblies of 44 

model nematodes to various extents and conducted synteny identification and 45 

downstream analysis. We first show that synteny between species can be underestimated 46 

up to 40% and find disagreements between popular tools that infer synteny blocks. This 47 

inconsistency and further demonstration of erroneous gene ontology enrichment tests 48 

throws into question the robustness of previous synteny analysis when gold standard 49 

genome sequences remain limited. In addition, determining the true evolutionary 50 

relationship is compromised by assembly improvement using a reference guided 51 

approach with a closely related species. Annotation quality, however, has minimal effect 52 

on synteny if the assembled genome is highly contiguous. Our results highlight the need 53 

for gold standard genome assemblies for synteny identification and accurate downstream 54 

analysis. 55 

 56 

 57 

Author summary 58 

 59 

 Genome assemblies across all domains of life are currently produced routinely. 60 

Initial analysis of any new genome usually includes annotation and comparative 61 

genomics. Synteny provides a framework in which conservation of homologous genes 62 

and gene order is identified between genomes of different species. The availability of 63 

human and mouse genomes paved the way for algorithm development in large-scale 64 

synteny mapping, which eventually became an integral part of comparative genomics. 65 

Synteny analysis is regularly performed on assembled sequences that are fragmented, 66 

neglecting the fact that most methods were developed using complete genomes. Here, we 67 

systematically evaluate this interplay by inferring synteny in genome assemblies with 68 

different degrees of contiguation. As expected, our investigation reveals that assembly 69 

quality can drastically affect synteny analysis, from the initial synteny identification to 70 

downstream analysis. Importantly, we found that improving a fragmented assembly using 71 

synteny with the genome of a related species can be dangerous, as this a priori assumes a 72 

potentially false evolutionary relationship between the species. The results presented here 73 

re-emphasize the importance of gold standard genomes to the science community, and 74 

should be achieved given the current progress in sequencing technology.  75 

 76 

 77 

 78 
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Introduction 79 

 80 

The essence of comparative genomics lies in how we compare genomes to reveal 81 

species’ evolutionary relationships. Advances in sequencing technologies have enabled 82 

the generation and exploration of many new genomes across all domains of life [1–8]. 83 

Unfortunately, in most instances correctly aligning even just two genomes at base-pair 84 

resolution can be challenging. A genome usually contains millions or billions of 85 

nucleotides and is different from the genome of a closely related species as a result of 86 

evolutionary processes such as mutations, chromosomal rearrangements, and gene family 87 

expansion or loss. There are computational complexities when trying to align and assign 88 

multiple copies of DNA, such as transposable elements that are identical to each other 89 

[9–12]. In addition, it has been shown that popular alignment methods disagree with each 90 

other [9].  91 

 92 

An alternative and arguably more practical approach relies on the identification of 93 

synteny blocks [13,14], first described as homologous genetic loci presenting on the same 94 

chromosome [15,16]. Currently it is more formally defined as regions of chromosomes 95 

between genomes that share a common order of homologous genes derived from a 96 

common ancestor [17,18]. Alternative names such as conserved synteny or collinearity 97 

have been used interchangeably [13,19–22]. Comparisons of genome synteny between 98 

and within species have provided an opportunity to study evolutionary processes that lead 99 

to diversity of chromosome number and structure in many lineages across the tree of life 100 

[23,24]; early discoveries using such approaches include chromosomal conserved regions 101 

in nematodes and yeast [25–27], evolutionary history and phenotypic traits of extremely 102 

conserved Hox gene clusters across animals and MADS-box gene family in plants 103 

[28,29], and karyotype evolution in mammals [30] and plants [31]. Analysis of gene 104 

synteny against closely related species is now the norm in every new published genome. 105 

However, assembly quality comes into question as it has been demonstrated to affect 106 

subsequent analysis such as annotation or rate of lateral transfer [32,33]. 107 

 108 

In general, synteny identification is a filtering and organizing process of all local 109 

similarities between genome sequences into a coherent global picture [34]. Orthologous 110 

relationships of protein-coding genes are used as anchors to position statistically 111 

significant local alignments. Approaches include the use of a directed acyclic graph 112 

[35,36], a gene homology matrix (GHM) [37], and an algorithm using reciprocal best hits 113 

(RBH) [38]. All of these methods generally agree on long synteny blocks, but have 114 

differences in handling local shuffles as well as the resolution of synteny identification 115 

[34,38]. Better resolution of micro-rearrangements in synteny patterns has been shown 116 

when using an improved draft genome of Caenorhabditis briggsae versus Caenorhabditis 117 

elegans [26,39]. Hence, synteny analysis depends highly on assembly quality. For 118 
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example, missing sequences in assembly lead to missing gene annotations and 119 

subsequently missing orthologous relationship [40]. With respect to assembly 120 

contiguation, it still remains unclear whether assembly fragmentation affects the 121 

homology assignments for deciding anchors, features of genes for examining order and 122 

gaps, or other factors in synteny analysis.  123 

 124 

 In this study, we focus on how assembly quality affects the identification of genome 125 

synteny. We investigate the correlation between error rate (%) in detecting synteny and 126 

the level of assembly contiguation using four popular software packages (DAGchainer 127 

[35], i-ADHoRe [37], MCScanX [36], and SynChro [38]) on four nematodes: 128 

Caenorhabditis elegans, Caenorhabditis briggsae, Strongyloides ratti and Strongyloides 129 

stercoralis. We also carried out and explored the effects of three scenarios associated 130 

with synteny analysis: gene ontology (GO) enrichment, reference-guided assembly 131 

improvement, and annotation quality. Our findings show that assembly quality does 132 

matter in synteny analysis, and fragmented assemblies ultimately lead to erroneous 133 

findings. In addition, the true evolutionary relationship may be lost if a fragmented 134 

assembly is improved using a reference-guided approach. Our main aim here is to 135 

determine a minimum contiguation of assembly for subsequent synteny analysis to be 136 

trustworthy, which should be possible using the latest sequencing technologies [41]. 137 

 138 

 139 

Results  140 

 141 

Definition of synteny block, break and coverage 142 

 143 

We begin with some terminology that is used throughout this study. As shown in Fig 144 

1, a synteny block is defined as a region of genome sequence spanning a number of genes 145 

that are orthologous and co-arranged with another genome. Orientation is not considered 146 

(Fig 1, Block a and b). The minimum number of co-arranged orthologs which are said to 147 

be the anchors can be set and vary between different studies. A larger number of 148 

minimum anchors may result in fewer false positives, but also a more conservative 149 

estimate of synteny blocks (S1 Fig). In some programs, some degrees of gaps are 150 

tolerated (Fig 1, Block c), which are defined as the number of skipped genes or the length 151 

of unaligned nucleotides. A score is usually calculated, and synteny breaks are therefore 152 

regions that do not satisfy a certain score threshold. Possible scenarios that lead to 153 

synteny breaks include a lack of anchors in the first place (Fig 1, break a), a break in 154 

anchor order (Fig 1, break b), or gaps (Fig 1, break c). Genome insertions and 155 

duplications are potential causes of over-sized gaps. An example is Break c of Fig 1, 156 

which is due to either a large unaligned region (Fig 1, P1-Q1 and Q2-R2) or a high number 157 
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of skipped genes (Fig 1, S2-T2-X2 within Q2-R2). Alternatively, an inversion (Fig 1, 158 

orthologs K and L), deletion or translocation (Fig 1, ortholog X) may cause a loss of 159 

anchors (Fig 1, gene D in species 1) or a break in the arrangement of anchors. Typically, 160 

synteny coverage is commonly used as a summary metric, which is obtained by dividing 161 

summed length of blocks by genome size. Note that synteny coverage is asymmetrical, as 162 

demonstrated by the difference of block length in Block c (Fig 1).  163 

 164 

Fig 1. Definition of synteny block and synteny break 165 

Genes located on chromosomes of two species are denoted in letters. Each gene is 166 

associated with a number representing the species they belong to (species 1 or 2). 167 

Orthologous genes are connected by dashed lines and genes without an orthologous 168 

relationship are treated as gaps in synteny programs. Under the criteria of at least three 169 

orthologous genes (anchors): a synteny block can be orthologs with the same order 170 

(Block a), reverse order (Block b), or allowing some gaps (Block c). In contrast, cases of 171 

causing a synteny break can be lack of orthologs (Break a), gene order (Break b) or gaps 172 

(Break c). 173 

 174 

 175 

Evaluation of synteny identification programs in fragmented assemblies  176 

 177 

There are several programs developed to identify synteny blocks, which can produce 178 

quite different results [14]. Our first aim is to systematically assess the synteny 179 

identification of four popular tools: DAGchainer [35], i-ADHoRe [37], MCScanX [36], 180 

and SynChro [38]. As whole genome alignments between bacteria, which have relatively 181 

small genomes, is becoming common practice [42], we conduct this study on species 182 

with larger genome sizes. We chose Caenorhabditis elegans, a model eukaryote with a 183 

100 megabase (Mb) reference genome. Our first question was whether these programs 184 

would produce 100% synteny coverage if the C. elegans genome was compared to itself. 185 

As expected, all tools accurately achieved almost 100% synteny coverage (Fig 2 and S2 186 

Fig). 187 

 188 

We then fragmented the C. elegans genome into fixed intervals of either 100kb, 189 

200kb, 500kb or 1Mb to evaluate the performance of different programs when using 190 

self-comparisons (Methods). Synteny coverages of the fragmented assembly (query) 191 

against the original assembly (reference) were calculated for both query and reference 192 

sequences. As expected, synteny coverage decreased as the assembly was broken into 193 

smaller pieces. For example, an average of 16% decrease in synteny coverage was 194 

obtained using the assembly with fixed fragment size of 100kb (S2 Table). Sites of 195 

fragmentation are highly correlated with synteny breaks (Fig 2). One explanation is that 196 

fragmented assembly introduced breaks within genes resulting in loss of anchors (Fig 1, 197 

Break a), which can be common in real assemblies if introns contain hard to assemble 198 
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sequences [32]. Another explanation is that the breaks between genes lead to the number 199 

anchors not reaching the required minimum (Fig 1, Break a). To assess our fragmented 200 

approach to real data, we obtained a recent publicly available genome of C. elegans using 201 

long reads data (Methods). The assembly has an N50 of ~1.6Mb and we annotated this 202 

assembly de novo. A synteny coverage of 98.9% was obtained which is very similar to 203 

our 1Mb fragmented assemblies of 98.4% (S2 Fig and S1 Table) suggesting robustness in 204 

our fragmentation approach. 205 

 206 

More fragmented assemblies led to greater differences in synteny coverage predicted 207 

between the four tools (Fig 2 and S2-4 Figs). We carefully examined regions where 208 

synteny was predicted in some programs but not the other (Figs 2 and 3). Fig 3 209 

demonstrates such a case of disagreement. DAGchainer and i-ADHoRe produced the 210 

same results, whilst MCSanX and SynChro detected less and more synteny, respectively 211 

(Fig 3). MCSanX’s gap scoring scheme used a stricter synteny definition, and more 212 

synteny blocks can be identified when the gap threshold was lowered (Fig 3, situation a; 213 

also see S5 Fig). SynChro has its own dedicated orthology assignment approach that 214 

assigns more homologous anchors (Fig 3, situation b). Additionally, SynChro uses only 2 215 

genes as anchors to form a synteny block, while the default is at least five gene anchors in 216 

other three tools (Fig 3, situation b). Together, these results suggest that the default 217 

parameters set by different tools will lead to differences in synteny identification and 218 

need to be tuned before undertaking subsequent analysis.  219 

 220 

Fig 2. Synteny blocks identification between C. elegans chromosome IV. The original 221 

sequence is used as the reference and coloured in black. Established synteny regions 222 

(outer number stands for synteny coverage) of the 4 different program packages: 223 

DAGchainer (red), i-ADHoRe (yellow), MCScanX (green) and SynChro (light blue) are 224 

joined to query sequences with different levels of fragmentation (un-fragmented, 1Mb 225 

and 100kb fragmented). Chromosome positions are labeled in megabases (Mb). For plots 226 

of other chromosomes see S1-3 Figs. 227 

Fig 3. A zoomed-in 600kb region of synteny identification between the reference C. 228 

elegans genome and a 100kb fragmented assembly. Synteny blocks defined by the four 229 

detection programs DAGchainer (red), i-ADHoRe (yellow), MCScanX (green) and 230 

SynChro (light blue) are drawn as rectangles. Fragmented sites are labeled by vertical red 231 

dashed lines. Genes are shown as burgundy rectangles, with gene starts marked using 232 

dark blue lines. Two scenarios are marked: a) synteny block was not identified by 233 

MCSanX, and b) synteny blocks only detected by SynChro. 234 

 235 

 236 

Contribution of assembly contiguation and intrinsic species effect to synteny 237 

analysis 238 

 239 
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To quantify the effect of assembly contiguation in synteny analysis, we used four 240 

nematode genomes: Caenorhabditis elegans, Caenorhabditis briggsae, Strongyloides 241 

ratti and Strongyloides stercoralis. Nematodes are useful models in synteny analysis as 1) 242 

extensive chromosomal rearrangement are hallmarks of their genome evolution 243 

[7,25,26,43,44]; 2) the genome sequences are highly contiguous and assembled into 244 

chromosomes [7,25,26,43]. Also, these two genera were chosen to investigate the 245 

intrinsic species effect as they differ in their density of genes (Table 1). Our 246 

fragmentation approach was first used to break the C. elegans and S. ratti genomes into 247 

fixed sequence size of either 100kb, 200kb, 500kb, or 1Mb. Here, we define the error rate 248 

as the difference between the original synteny coverage (almost at 100%) and when 249 

assembly is fragmented. For each fixed length, the fragmentation was repeated 100 times 250 

so assemblies are broken at different places to obtain a distribution. As expected, there is 251 

a positive correlation between error rate and level of fragmentation. Specifically, the 252 

median error rate can be as high as 18% at assemblies with sequence length of 100kb (S2 253 

Table). Amongst the four tools, fragmented assemblies have largest effect in MCScanX 254 

and least in SynChro (Fig 4 and S2 Table). 255 

 256 

A common analysis when reporting a new genome is inferring synteny against a 257 

closely related species. Hence, we reanalyzed synteny between C. elegans and C. 258 

briggsae, S. ratti and S. stercoralis. On average, the four tools found 77% and 83% 259 

synteny between C. elegans-C. briggsae and S. ratti-S. stercoralis respectively (S2 260 

Table). In contrast to broad agreement on within-species self-comparisons, the tools 261 

varied considerably on these inter-species (i.e. more diverged) comparisons (S6 Fig and 262 

S2 Table). For example, in the C. elegans-C. briggsae comparisons, a difference of 25% 263 

in synteny coverage was found between the results of i-ADHoRe and SynChro (S6 Fig 264 

and S2 Table), while this tool variation was interestingly much lower in S. ratti-S. 265 

stercoralis with only 9% difference (S2 Table). To increase the complexity, we 266 

fragmented C. briggsae and S. stercoralis into fixed sequence sizes using the same 267 

approach as previously mentioned and compared them with the genome of C. elegans and 268 

S. ratti, respectively. We found that MCScanX still underestimated synteny the most as 269 

the scaffold size decreased from 1Mb to 100 kb. Strikingly, the median error rate was 270 

high as 40% in C. elegans-C. briggsae but only 12% in S. ratti-S. stercoralis comparisons 271 

(Fig 4). This observation suggests that higher gene density leads to more robustness in 272 

synteny detection in fragmented assemblies as more anchors (genes) are available in a 273 

given sequence (Table 1 and S2 Table). 274 

 275 

Table 1. Genomic features of Caenorhabditis and Strongyloides species.  276 

  C. elegans C. briggsae S. ratti S. stercoralis 

Genome size (Mb) 100.3 108.4 43.2 42.7 
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Number of genes 20,247 21,814 12,453 13,098 

Gene density (genes/Mb) 201.9 201.3 288.6 307.0 

Gene coverage (%) 63.1 59.7 50.9 51.8 

Median gene length (bp) 1,972 1,964 1,281 1,195 

Mean gene length (bp) 3,124.2 2,967.5 1,763.8 1,687.8 

Median intergenic length 925 1,183 923 808 

Mean intergenic length 2,209.5 2,394.6 1,712.0 1,513.8 

Features that may play a key role in synteny detection are highlighted in yellow. 277 

 278 

Fig 4. Error rate (%) of synteny identification in fragmented assemblies. The error 279 

rate is defined as the difference between the synteny coverage calculated with original 280 

genome (almost 100%) and that in fragmented assemblies, where in both cases the 281 

original assembly was used as the reference. 5 % and 2 % error rate positions are marked 282 

by grey solid and dashed lines, respectively. Different pairs of synteny identification are 283 

separated in different panels. The upper panels are self-comparisons, while the bottom are 284 

comparisons between closely related species. Note that for a clear visualization of pattern 285 

changes, the scales of error rate are different between upper and bottom panels. Colors 286 

represent different types of synteny detection programs. 287 

 288 

Erroneous findings using fragmented assemblies in synteny analysis 289 

 290 

Functional enrichment of genes of interest are usually investigated after the 291 

establishment of orthology and synteny [26,45–48]. Synteny breaks contain 292 

rearrangements, novel genes, or genes that are too diverged to establish an orthologous 293 

relationship or have undergone expansion or loss. Functions of these genes are often of 294 

interest in comparative genomics analyses. To further estimate the effect of poor 295 

assembly contiguation on synteny analysis, GO enrichment was performed for genes 296 

present in synteny breaks in the original assembly of C. elegans versus fragmented 297 

assemblies of C. briggsae. This approach was then repeated 100 times each with 298 

assemblies fragmented randomly. We found that fragmented assemblies lead to GO terms 299 

originally not in the top 100 ranks then consistently appearing in the top 10 during the 300 

100 replicates (Fig 5 and S3-6 Table). Furthermore, the orders of the original top 10 GO 301 

terms shifted in fragmented assemblies (Fig 5 and S3-6 Table). In addition, the 10th top 302 

GO term failed to appear in the top 10 in 100 replicates of 100kb and 200kb fragmented 303 

assemblies (Fig 5 and S3-6 table). These results suggest that an underestimation of 304 

synteny relationship due to poor assembly contiguation can lead to a number of erroneous 305 

findings in subsequent analysis. 306 

 307 

Fig 5. Comparison of gene ontology (GO) enriched terms in C. briggsae  synteny 308 

break between C. elegans vs. C. briggsae and 100 replicates of C. elegans vs. 100kb 309 
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fragmented C. briggsae. Top ranks of GO terms in the original comparison are shown in 310 

the Y axis. For original top ranking GO terms, only those that appeared more than 10 311 

times in top 10 ranks of after-fragmentation comparison replicates were displayed (see S6 312 

Table for more details). The X axis shows top 10 ranks and rank “out of top 10” in the 313 

comparison when assemblies were fragmented.  The darkness of color is proportional to 314 

the occurrence of the GO term in that rank within 100 replicates. Regions in red are 315 

indications of occurred errors. 316 

 317 

True synteny is compromised by reference-guided assembly methods 318 

 319 

Although assembly quality plays an important role in synteny analysis, it has been 320 

demonstrated that poor assembly contiguity of one species can be scaffolded by 321 

establishing synteny with a more contiguous assembly of a closely related species [40] 322 

[49–51]. However, we hypothesised that the true synteny relationship between two 323 

species may be incorrectly inferred when an assembly of one species is scaffolded based 324 

on another closely related species, by assuming the two genomes are syntenic. In order to 325 

investigate this, ALLMAPS [51] was used to order and orient sequences of 100kb 326 

fragmented C. briggsae based on C. elegans as well as 100kb fragmented S. stercoralis 327 

assembly based on S. ratti. ALLMAPS improved both fragmented assemblies 328 

impressively, increasing the N50 from 100kb to 19Mb and 15Mb in C. briggsae and S. 329 

stercoralis, respectively (S7 Table). Synteny coverage from these improved assemblies 330 

was even higher than the original fragmented 100kb sequences in MCScanX, much lower 331 

in i-ADHoRe, and similar in DAGchainer and SynChro (Fig 6). In addition, despite 332 

synteny coverage close to that of the original assemblies in DAGchainer and SynChro, 333 

further investigation of synteny block linkages in C. elegans-C. briggsae using 334 

identification from DAGchainer revealed frequent false ordering and joining of synteny 335 

blocks. Intra-chromosomal rearrangements are common between C. elegans and C. 336 

briggsae, but ALLPMAPS improved assembly have shown a false largely collinear 337 

relationship in the chromosomes between the two species (Fig 7). Hence, reference 338 

guided assembly improvement produces pseudo-high quality assemblies that may have 339 

ordering biased towards the reference genome and may not reflect the true evolutionary 340 

scenario. 341 

 342 

Fig 6. Synteny coverage (%) between C. elegans and S. ratti assemblies against 343 

original or ALLMAPS improved 100kb fragmented C. briggsae and S. stercoralis. 344 

Fig 7. Synteny linkage between C. elegans vs. original C. briggsae assemblies and C. 345 

elegans vs. ALLMAPS C. briggsae assembly. ALLMAPS assembly with L90 = 1,063 346 

from 100kb fragmented C. briggsae assembly with L90 = 6 (top), original C. elegans 347 

assembly with L90 = 6 (middle) and original C. briggsae assembly with L90 = 6 (bottom) 348 

are shown in different horizontal lines. Vertical lines on chromosome lines show the 349 

start/end positions of the first/last gene in a synteny block. Each panel shows a separate 350 
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chromosome. Block linkages in the same orientation are labeled in red, while those in 351 

inverted orientation are labeled in blue. 352 

 353 

 354 

Annotation quality has little effect on synteny analysis 355 

 356 

Genome annotation is a bridging step between genome assembly and synteny 357 

analysis. An incomplete annotation may lead to lack of homology information in synteny 358 

analysis. We compared synteny coverage in three datasets of C. elegans that differ in 359 

quality of annotation: 1) manually curated WormBase [52] C. elegans annotation, 2) 360 

optimized Augustus [53] annotation with its built-in Caenorhabditis species training set, 361 

and 3) semi-automated Augustus annotation with the BUSCO [54] nematoda species 362 

training set. In either case, we found that synteny coverage varies at most 0.02% in 363 

reference genome (Table 2). As a result, with a well-assembled genome and proper 364 

species training set, the quality of annotation has little effect on synteny analysis, 365 

compared to assembly quality. 366 

 367 

Table 2. Statistics of C. elegans annotations used for synteny analysis.  368 

  
1 2 3 

Species C. elegans 

Assembly source WormBase WormBase WormBase 

Annotation info. WormBase 
Augustus 

+ caenorhabditis 
Augustus 

+ BUSCO (nematoda) 

Genome size (Mb) 100.3 100.3 100.3 

Number of genes 20,247 22,930 17,074 

Gene coverage (%) 63.0 64.4 55.9 

Median gene length (bp) 1,972 1,999 2,149 

Median intergenic length (bp) 925 640 1,139 

Number of CDS 123,707 126,680 114,640 

Median CDS length (bp) 146 146 147 

Median CDS sum per gene (bp) 993 882 1041 

Number of introns 103,460 103,750 97,566 

Median intron length (bp) 63 65 72 

Median intron sum per gene (bp) 704 660 967 

Syteny coverage of 2 vs. 1 (%) 99.97 99.95 NA 

Syteny coverage of 3 vs. 1 (%) 99.95 NA 99.95 

The statistics that relate to variation of annotation that may play a key role in synteny 369 

detection are highlighted in yellow. The result of synteny detection by DAGchainer is 370 

highlighted in grey.  371 
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 372 

Discussion 373 

 374 

Synteny analysis is a practical way to investigate the evolution of genome structure 375 

[28–30,55]. In this study, we have revealed how genome assembly contiguity affects 376 

synteny analysis. We present a simple scenario of breaking assembly into more 377 

fragmented state, which only mimics part of the poor assembly problem. Our genome 378 

fragmentation method randomly breaks sequences into pieces with the same size, which 379 

gives rise to an almost even distribution of sequence length. This is a simplification of 380 

real assemblies, which usually comprise few large sequences and many more tiny 381 

sequences that are difficult to assemble because of their repetitive nature [25,26]. It is 382 

probable that we overestimate error rate in regions that can be easily assembled but 383 

underestimate error rate in regions that will be more fragmented. Note some of the 384 

sequences in real assemblies may contain gaps (scaffolds) which will result in more 385 

missing genes and will result in further underestimation of synteny. Our result is quite 386 

similar when a de novo Pacbio C. elegans assembly was compared to the reference 387 

genome (S1 Table). The use of long read technology is becoming the norm in de novo 388 

assembly projects. Assemblies with lower contiguation were not compared here as we 389 

emphasize the responsibility of research groups to produce assemblies that are of the 390 

higher contiguity made possible by long reads [56].  391 

 392 

 393 

Synteny identification from different programs (i.e., DAGchainer [35], i-ADHoRe 394 

[37], MCScanX [36], and SynChro [38]) performed across different species (C. elegans, 395 

C. briggsae, S. ratti and S. stercoralis) have allowed us to examine the wide-ranging 396 

effects of assembly contiguation on downstream synteny analysis. Although the four 397 

programs tend to produce the same results when the original assembly is compared to 398 

itself, this was no longer the case as assemblies become fragmented. It is interesting to 399 

note that DAGchainer and MCSanX use the same scoring algorithm for determining 400 

synteny regions, except that DAGchainer uses the number of genes without orthology 401 

assignment as gaps while MCSanX uses unaligned nucleotides to do this. When 402 

comparing closely related species, results of the four programs fluctuate even without 403 

fragmentation in Caenorhabditis species, while the pattern remains similar to 404 

self-comparison in Strongyloides species. Sensitivity of synteny identification drops 405 

sharply as the genome assembly becomes fragmented, and thus genome assembly 406 

contiguation must be considered when inferring synteny relationships between species. 407 

Our fragmentation approach only affects N50, which mostly leads to loss of anchors in 408 

synteny analysis. Other scenarios such as unknown sequences (NNNs) in the assembly, 409 

or rearrangements causing a break in anchor ordering (Fig 1, break b), or 410 
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insertions/deletions (Fig 1, break c) were not addressed and may lead to greater 411 

inaccuracies. 412 

 413 

  414 

We have shown that genomic features such as gene density and length of intergenic 415 

regions play an essential role during the process of synteny identification (Fig 4 and 416 

Table 1; S2 Table). Synteny identification can be established more readily in species with 417 

higher gene density or shorter intergenic space, which is related to the initial setting of 418 

minimum anchors for synteny identification (Fig 1 and S1 Fig). Repetitiveness of 419 

paralogs is another factor in how anchors were chosen from homology assignment. For 420 

example, we found that synteny coverage is low along chromosomal arm regions of C. 421 

elegans in both self-comparison and versus C. briggsae, which has been reported to have 422 

expansion of G protein-coupled receptor gene families [25] (Fig 2 and S6 Fig). 423 

Nevertheless, this case may be a result of a combination of repetitive paralogs and high 424 

gene density.  425 

 426 

Interestingly, synteny comparison with improved assemblies using ALLMAPS [51] 427 

exhibited unexpected variation among programs. Unfortunately, we did not resolve the 428 

reason behind sharp decrease of synteny coverage in i-ADHoRe (Fig 6). Nevertheless, we 429 

have shown that it is dangerous to improve an assembly using a reference from closely 430 

related species without a priori information about their synteny relationship. Subsequent 431 

synteny identification would be misleading if the same reference was compared again. 432 

We also considered the interplay between genome annotation, assembly and synteny 433 

identification. Although it may be intuitive to assume lower annotation quality can lead to 434 

errors in synteny analysis, we demonstrated that such influence was minimal if an initial 435 

genome assembly of good contiguation is available (Table 2).  436 

 437 

In conclusion, this study has demonstrated that a minimum quality of genome 438 

assembly is essential to synteny analysis. As a recommendation, to keep the error rate 439 

below 5% in synteny identification, we suggest an N50 of 200kb and 1Mb is required 440 

when gene density of species of interest are 290 and 200 genes per Mb, respectively 441 

(Table 1 and S2 Table). This is a minimum standard and a higher N50 may be required 442 

for other species with lower gene density or highly expanded gene families. 443 

 444 

 445 

 446 

 447 

Materials and Methods 448 

 449 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 14, 2017. ; https://doi.org/10.1101/149989doi: bioRxiv preprint 

https://doi.org/10.1101/149989
http://creativecommons.org/licenses/by-nc/4.0/


Data Preparation and Fragmentation Simulation 450 

 451 

Assemblies and annotations of C. elegans and C. briggsae (release WS255), S. ratti 452 

and S. stercoralis (release WBPS8) were obtained from WormBase 453 

(http://www.wormbase.org/) [24]. A new assembly of C. elegans using long reads was 454 

obtained from a Pacific Bioscienceces Dataset 455 

(https://github.com/PacificBiosciences/DevNet). Since some genes produce multiple 456 

alternative splicing isoforms and all of these isoforms represent one gene (locus), we used 457 

the longest isoform as a representative. Further, non-coding genes were also filtered out 458 

from our analysis. To simulate the fragmented state of assemblies, a script was made to 459 

randomly break scaffolds into fixed size of fragments 460 

(https://github.com/dangliu/Assembly-breaking.git). Sequences shorter than the fixed 461 

length were kept unchanged. 462 

 463 

Fig 8. Pseudocode of genome assembly fragmentation. 464 

 465 

Identification of Synteny Blocks 466 

 467 

Four different programs were used to identify synteny blocks: DAGchainer [35], 468 

i-ADHoRe [37] (v3.0), MCScanX [36] and SynChro [38]. Settings for each program 469 

were modified to resemble each other. All of the programs use gene orthology to find 470 

anchor points during process of synteny blocks detection. For DAGchainer, i-ADHoRe 471 

and MCScanX, we obtained gene orthology from OrthoFinder [57] (v0.2.8). For SynChro, 472 

it has an implemented program called OPSCAN to achieve scanning of gene orthology. 473 

We arranged the parameters, DAGchainer (accessory script filter_repetitive_matches.pl 474 

was run with option 5 before synteny identification as recommended by manual; options: 475 

-Z 12 -D 10 -A 5 -g 1), i-ADHoRe (only top 1 hit of each gene in input blast file was 476 

used as recommended; options: cluster_type=collinear, alignment_method=gg2, 477 

max_gaps_in_alignment=10, tandem_gap=5, gap_size=10, cluster_gap=10, q_value=0.9, 478 

prob_cutoff=0.001, anchor_points=5, level_2_only=false), MCScanX (only top 5 hits of 479 

each gene in the input blast file was used as suggested; options: default) and SynChro 480 

(options: 0 6; 0 for all pairwise, and 6 for delta of RBH genes), for each program. To 481 

calculate synteny coverage, the total length of merged synteny blocks along scaffolds was 482 

divided by total assembly size.  483 

 484 

Data analysis 485 

 486 

Visualization of synteny linkage was made by R (v 3.3.1) and circos [58] (v0.69-4). 487 

Gene ontology enrichment analysis was performed using topGO [59] (v1.0) package in R 488 

and only focused on Biological Process (options: nodeSize = 3, algorithm = “weight01”, 489 

statistic = “Fisher”). Gene ontology associations files for C. elegans and C. briggsae 490 
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were downloaded from WormBase WS255 [24]. Gene orthology was assigned by 491 

OrthoFinder [57]. Then, assemblies were assembled using ALLMAPS [51] with a guided 492 

scaffolding approach. de novo Annotations of C. elegans was predicted using either the 493 

manually trained species parameter or from BUSCO [54] (v2.0). 494 

 495 
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Supporting information  687 

 688 

S1 Fig. Synteny coverage in different number of minimum anchor using 689 

DAGchainer. The Y axis shows synteny coverage (%). The X axis is the number of 690 

minimum anchor to identify a synteny block from 2 to 8. The 4 colors are 4 combinations 691 

of synteny detection among species: C. elegans vs. C. elegans (CEvsCE, green), C. 692 

elegans vs. C. briggsae (CEvsCBG, orange), S. ratti vs. S. ratti (SRvsSR, blue) and 693 

S.ratti vs. S. stercoralis (SRvsSS, purple). 694 

 695 

S2 Fig. Synteny blocks in C. elegans versus C. elegans. Chromosomes are separated 696 

into panels with Roman number labels. The Y axis stands for categories of distribution. 697 

Synteny blocks defined by four detection programs: DAGchainer (red), i-ADHoRe 698 

(yellow), MCScanX (green) and SynChro (light blue) are drawn as rectangles. 699 

Distribution of genes is the bottom smaller rectangles in burgundy. The X axis is the 700 

position of chromosome. 701 

 702 

S3 Fig. Synteny blocks in C. elegans versus 1Mb fragmented C. elegans. 703 

Chromosomes are separated into panels with Roman number labels. The Y axis stands for 704 

categories of distribution. Synteny blocks defined by four detection programs: 705 

DAGchainer (red), i-ADHoRe (yellow), MCScanX (green) and SynChro (light blue) are 706 

drawn as rectangles. Distribution of genes is the bottom smaller rectangles in burgundy. 707 

The X axis is the position of chromosome. 708 

 709 

S4 Fig. Synteny blocks in C. elegans versus 100kb fragmented C. elegans. 710 
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Chromosomes are separated into panels with Roman number labels. The Y axis stands for 711 

categories of distribution. Synteny blocks defined by four detection programs: 712 

DAGchainer (red), i-ADHoRe (yellow), MCScanX (green) and SynChro (light blue) are 713 

drawn as rectangles. Distribution of genes is the bottom smaller rectangles in burgundy. 714 

The X axis is the position of chromosome. 715 

 716 

S5 Fig. A zoomed-in region of synteny identification with lower gap threshold in 717 

MCScanX between original C. elegans and 100kb fragmented assembly. The Y axis 718 

stands for categories of distribution. Synteny blocks defined by four detection programs: 719 

DAGchainer (red), i-ADHoRe (yellow), MCScanX (green) and SynChro (light blue) are 720 

drawn as rectangles. Fragmented sites are labeled by vertical red dashed lines. 721 

Distribution of genes in burgundy rectangles is marked with dark blue lines as gene starts. 722 

The X axis is the position of chromosome. Scenario (a) is that synteny block was 723 

identified after gap threshold tuned lower. 724 

 725 

S6 Fig. Synteny blocks in C. elegans versus C. briggsae. Chromosomes are separated 726 

into panels with Roman number labels. The Y axis stands for categories of distribution. 727 

Synteny blocks defined by four detection programs: DAGchainer (red), i-ADHoRe 728 

(yellow), MCScanX (green) and SynChro (light blue) are drawn as rectangles. The 729 

bottom four categories are orthologs between the two species assigned by Opscan (OP; 730 

burgundy) and OrthoFinder (OF; deep blue), and we further categorized orthologs into 1 731 

to 1 orthology (1-1) or many to many orthology (N-N). The X axis is the position of 732 

chromosome. 733 

 734 

S1 Table. Statistics of annotation and synteny coverage using WormBase C. elegans 735 

versus PacBio C. elegans. Yellow highlights the statistics that relate to variation of 736 

annotation that may play a key role in synteny detections. Grey highlights the result of 737 

synteny detections by DAGchainer.  Assembly source in column 2 is obtained from 738 

Pacific Bioscienceces Dataset. Annotation information in column 2 is predicted by 739 

Augustus using implanted caenorhabditis (elegans) species data set. 740 

S2 Table. Quantification of synteny coverage and error rate. 741 

S3 Table. Gene ontology (GO) enrichment analysis of C. briggsae genes in synteny 742 

break between C. elegans and 1Mb fragmented C. briggsae assemblies. GO terms that 743 

appeared in the top 10 ranks either in the original comparison or after when assemblies 744 

were fragmented, are displayed. The original rank, median rank and number of 745 

occurrences that reached top 10 in 100 replications are shown for each GO term. GO 746 

terms not belonging to original assembly but reached top 10 after fragmentation are 747 

shaded in green. 748 

S4 Table. Gene ontology (GO) enrichment analysis of C. briggsae genes in synteny 749 

break between C. elegans and 500kb fragmented C. briggsae assemblies. GO terms 750 
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that appeared in the top 10 ranks either in the original comparison or after when 751 

assemblies were fragmented, are displayed. The original rank, median rank and number 752 

of occurrences that reached top 10 in 100 replications are shown for each GO term. GO 753 

terms not belonging to original assembly but reached top 10 after fragmentation are 754 

shaded in green.  755 

S5 Table. Gene ontology (GO) enrichment analysis of C. briggsae genes in synteny 756 

break between C. elegans and 200kb fragmented C. briggsae assemblies. GO terms 757 

that appeared in the top 10 ranks either in the original comparison or after when 758 

assemblies were fragmented, are displayed. The original rank, median rank and number 759 

of occurrences that reached top 10 in 100 replications are shown for each GO term. GO 760 

terms not belonging to original assembly but reached top 10 after fragmentation are 761 

shaded in green. GO:0043066 was in the original top 10 rank but failed to reach top 10 in 762 

all of 100 replications.  763 

S6 Table. Gene ontology (GO) enrichment analysis of C. briggsae genes in synteny 764 

break between C. elegans and 100kb fragmented C. briggsae assemblies. GO terms 765 

that appeared in the top 10 ranks either in the original comparison or after when 766 

assemblies were fragmented, are displayed. The original rank, median rank and number 767 

of occurrences that reached top 10 in 100 replications are shown for each GO term. GO 768 

terms not belonging to original assembly but reached top 10 after fragmentation are 769 

shaded in green. GO:0043066 was in the original top 10 rank but failed to reach top 10 in 770 

all of 100 replications. 771 

S7 Table. Assembly statistics among Caenorhabditis species and Strongyloides 772 

species including ALLMAPS results. 773 

 774 

 775 
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