bioRxiv preprint doi: https://doi.org/10.1101/781146; this version posted September 24, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

© 0 N o U b~ W N

I e R T < = T = S = S
N OO A W N R, O

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

available under aCC-BY 4.0 International license.

De novo identification of satellite DNAs in the sequenced genomes of
Drosophila virilis and D. americana using the RepeatExplorer and
TAREAN pipelines

Braulio S.M.L. Silva', Pedro Heringer!, Guilherme B. Dias'2, Marta Svartman®,
Gustavo C.S. Kuhn'

' Departamento de Genética, Ecologia e Evolugdo, Universidade Federal de
Minas Gerais, Belo Horizonte, MG, Brasil

2 Current address: Department of Genetics and Institute of Bioinformatics,
University of Georgia, Athens, GA, USA

Corresponding author:

E-mail: gcskuhn@ufmg.br


https://doi.org/10.1101/781146
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781146; this version posted September 24, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 aCC-BY 4.0 International license.

33 Abstract

34 Satellite DNAs are among the most abundant repetitive DNAs found in
35 eukaryote genomes, where they participate in a variety of biological roles, from
36 being components of important chromosome structures to gene regulation.
37 Experimental methodologies used before the genomic era were not sufficient
38 despite being too laborious and time-consuming to recover the collection of all
39 satDNAs from a genome. Today, the availability of whole sequenced genomes
40 combined with the development of specific bioinformatic tools are expected to
41 foster the identification of virtually all of the “satellitome” from a particular
42  species. While whole genome assemblies are important to obtain a global view
43  of genome organization, most assemblies are incomplete and lack repetitive
44  regions. Here, we applied short-read sequencing and similarity clustering in
45  order to perform a de novo identification of the most abundant satellite families
46 in two Drosophila species from the virilis group: Drosophila virilis and D.
47  americana. These species were chosen because they have been used as a
48 model to understand satDNA biology since early 70’s. We combined
49  computational tandem repeat detection via similarity-based read clustering
50 (implemented in Tandem Repeat Analyzer pipeline - “TAREAN”) with data from
51 the literature and chromosome mapping to obtain an overview of satDNAs in D.
52 virilis and D. americana. The fact that all of the abundant tandem repeats we
53 detected were previously identified in the literature allowed us to evaluate the
54  efficiency of TAREAN in correctly identifying true satDNAs. Our results indicate
55 that raw sequencing reads can be efficiently used to detect satDNAs, but that
56 abundant tandem repeats present in dispersed arrays or associated with

57 transposable elements are frequent false positives. We demonstrate that
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58 TAREAN with its parent method RepeatExplorer, may be used as resources to
59 detect tandem repeats associated with transposable elements and also to
60 reveal families of dispersed tandem repeats.

61

62 Introduction

63 The genome of eukaryotes encloses a variety of repetitive DNA sequences
64 which comprises most of the nuclear DNA of several organisms, including
65 animals, plants and insects [1,2]. Among them are the satellite DNAs
66 (satDNAs), usually defined as abundant, tandemly repeated noncoding DNA
67 sequences, forming large arrays (hundreds of kilobases up to megabases),
68 typically located in the heterochromatic regions of the chromosomes [3,4],
69 although short arrays may additionally be present in the euchromatin [5,6].

70  The collection of satDNAs in the genome, also known as the “satellitome”,
71 usually represents a significant fraction (>30%) of several animal and plant
72 genomes. Other classes of noncoding tandem repeats include the
73 microsatellites, with repeat units less than 10 bp long, array sizes around 100
74  bp and scattered distributed throughout the genome; and the minisatellites, with
75 repeats between 10 to 100 bp long, forming up to kb-size arrays, located at
76  several euchromatic regions, with a high density at terminal chromosome
77  regions [3,4]. Therefore, the best criteria to distinguish satellites from micro and
78 minisatellites are long array sizes and preferential accumulation at
79  heterochromatin for the former.

80 SatDNAs do not encode proteins, but they may play important functional roles
81 in the chromosomes, most notably related to chromatin modulation and the

82 establishment of centromeres [7-9]. They are among the fastest evolving
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83 components of the genome (although some conserved satellites have also been
84 reported) [10-12], and such behavior combined to their abundance and
85  structural role have major implications for the evolution and diversification of
86 genomes and species [8,13].

87 Since the discovery of satDNAs in the early 60’s, species from the genus
88 Drosophila have been used as a model to address several aspects of satDNA
89  biology, such as their origin, organization, variation, evolution and function [e.g.
90 7,14-18].

91  Today, several Drosophila genomes have been sequenced by next-generation
92 technologies and new bioinformatic tools have been designed for the
93 identification of repetitive DNAs from this vast source of genomic resources.
94  Among them, the RepeatExplorer software [19] has been successfully used for
95 de novo identification of repetitive DNAs directly from unassembled short
96 sequence reads, and the recently implemented TAREAN pipeline [20] was
97 introduced to specifically identify putative satDNAs. Such a combination
98 between sequenced genomes and bioinformatic tools is now expected to foster
99 the identification of the full “satellitome” of any given species [e.g. 21-25].
100 Despite all such facilities in hand, only a few Drosophila species had their
101  satDNA landscape determined using these new approaches [22].

102  In the genus Drosophila, genome sizes vary between ~130 Mb to ~400 Mb, but
103 most analyzed species have genome sizes around 180-200 Mb, such as D.
104  melanogaster [26,27]. The satDNA content also varies across species, from
105 ~2% in D. buzzatii [22] to ~60% in D. nasutoides [28]. Some studies suggest a
106  positive correlation between genome size and the amount of satDNAs in

107  Drosophila [27,29,30].
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108  The genome size of D. virilis (virilis group), with ~400 Mb, is among the largest
109 reported for Drosophila. Accordingly, the estimated satDNA in this species is
110 also high (>40%) [27,31]. Previous studies using CsCl density gradients
111  revealed that three evolutionary related satDNAs with repeat units 7 bp long
112 and only one mutation difference, named satellite1 (5 ACAAACT 3’), satellite2
113 (5 ATAAACT 3’) and satellite3 (5" ACAAATT 3’) together represent ~40% of its
114  genome [31,32]. These satellites mapped predominantly to the heterochromatic
115 regions of all chromosomes except the Y. Another satDNA identified in this
116  species, but using genomic DNA digestion with restriction endonucleases, was
117 named pvB370, and consists of 370 bp long repeat units [33] predominantly
118 located at sub-telomeric regions and, to a lesser extent, along some discrete
119 euchromatic loci [34]. Other abundant tandem repeats (TRs) have been
120 identified in the D. virilis genome, such as the 220TR and 154 TR families, which
121  belong to the internal structure of transposable elements [16,35], the 225 bp
122 family, present in the intergenic spacer of ribosomal genes, and the less
123 characterized 172 bp family [36]. A recent study reported additional tandem
124  repeats less than 10 bp long but at low abundance [18].

125  The high throughput and low cost of current whole-genome sequencing
126  technologies have made it possible to obtain genome assemblies for a wide
127  range of organisms. However, de novo whole-genome shotgun strategies are
128  still largely unable to fully recover highly repetitive regions such as centromeres
129 and peri-centromeric regions and, as a result, satDNAs are usually
130 misrepresented or absent from such assemblies [37]. One way of circumventing
131 the assembly bottleneck is to directly identify repeats from raw sequencing

132 reads. One of such approaches is implemented in the RepeatExplorer pipeline,
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133 already used in a wide range of plant and animal species [21,38,39].
134  RepeatExplorer performs similarity-based clustering of raw short sequencing
135 reads and partial consensus assembly, allowing for repeat identification even
136 from small samples of genome coverage. A recent development of
137 RepeatExplorer includes the TAREAN pipeline for the specific detection of
138 tandem repeats by searching for circular structures in directed read clusters

139 [20].

140 In the present study, we aim to test the ability of TAREAN to correctly identify
141  satDNAs in D. virilis. To refine and expand our knowledge of the identified
142  putative satDNAs, in some cases we mapped them into the mitotic and polytene

143  chromosomes using the FISH (Fluorescent in situ Hybridization) technique.

144  There are several examples showing that satDNA abundance may vary widely
145 even across closely related species [10,40]. For example, one species might
146  present few repeats in the genome (therefore not being identified as a satellite),
147  while a close related species present thousands, reaching a satDNA status. For
148  this reason, we also add to our study D. americana, a species belonging from

149  the virilis group, but separated from D. virilis by ~4.1 Mya [41].

150

151 Material and Methods

152 RepeatExplorer and Tandem Repeat Analyzer (TAREAN) analyses

153 The in silico identification of putative satDNAs was performed using the
154 RepeatExplorer and Tandem Repeat Analyzer (TAREAN) pipelines [19,20]
155 implemented in the Galaxy platform [42]. These algorithms were developed to
156 identify and characterize repetitive DNA elements from unassembled short read

6
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157 sequences. We used the publicly available Drosophila virilis strain 160
158  (SRX669289) and Drosophila americana strain H5 (ERX1035147) lllumina
159 paired-end sequences. The sequences were obtained through the “European
160  Nucleotide Archive” (EBI) database and their quality scores measured with the
161  “FASTQC” tool. We used “FASTQ Groomer” (Sanger & lllumina 1.8 +) to
162  convert all the sequences to a single fastqsanger format. We removed adapters
163  and excluded any reads with more than 5% of its sequence in low quality bases
164  (Phred cutoff < 10) using the “Preprocessing of fastq paired-reads” tool included
165 in the RepeatExplorer Galaxy instance. The interlaced filtered paired-end reads
166  were used as input data for the RepeatExplorer clustering and Tandem Repeat
167  Analyzer tools with the following settings: “sample size = 2,000,000 - select
168 taxon and protein domain database version (REXdb): Metazoa version 3.0 -
169  select queue: extra-long and slow”. For the TAREAN analyses we also used the
170  “perform cluster merging” tool for reducing the redundancy of the results.

171 The results were provided in a HTML archive report and all the data was
172 downloaded in a single archive for further investigation. Here, we analyzed
173  clusters with abundances representing >0.5% of the genome of Drosophila
174 virilis.

175  Clusters with tandem repeats identified by TAREAN are denoted as putative
176  high or low confidence satellites. These estimates are denoted according to the
177  “Connected component index (C)” and “Pair completeness index (P)”. The C
178 index indicates clusters formed by tandemly repeated genomic sequences,
179  while the P index measures the ratio between complete read pairs in the cluster
180 and the number of broken pairs, that is directly related to the length of

181  continuous tandem arrays [20].
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182

183  Molecular Techniques

184  We extracted total genomic DNA from a pool of 20 adult flies of D. virilis (strain
185  15010-1051.51 from Santiago, Chile) and Drosophila americana (strain H5 from
186  Mississipi, United States of America) with the Wizard® Genomic DNA
187  Purification Kit (Promega Corporation). We used the consensus sequences
188 from each satDNA identified by RepeatExplorer/TAREAN for primer’s design.
189  Satellite DNAs were PCR amplified with the following primers: forward (F) and
190 reverse(R):

191  Sat1_F(ACAAACTACAAACTACAAACTACAAACTACAAACT),Sat1_R(AGTTT

192  GTAGTTTGTAGTTTGTAGTTTGTAGTTTGT),172TR_F(ATTTATGGGCTGGG
193  AAGCTTTGACGTATG),172TR_R(CGGTCAAATCTCATCCGATTTTCATGAGG
194 ),225TR_F(GCGACACCACTCCCTATATAGG),225TR_R(CGCGCAAGGCATG

195 TCATATG).

196 The PCR products were excised from agarose gels and ligated into pGEM-T
197  vector plasmids (Promega) with T4 DNA ligase (Promega). For cloning, the
198 plasmids were multiplied into E.coli cells and then eluted with the PureLink™
199  Quick Plasmid Miniprep Kit (Invitrogen). To ensure the presence of the inserts,
200 the final samples were Sanger sequenced in an ABI3130 and later analyzed in
201 the Chromas software (Technelysium). Clones with satDNAs inserts were later

202  prepared as probes for FISH experiments.

203

204  Fluorescent in situ hybridization (FISH) experiments
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205 The metaphase and polytene chromosomes were obtained from neuroblasts
206 and salivary glands of third instar larvae [43,44] from D.virilis (strain 15010-
207 1051.51) and D. americana (strain H5). The labeling of probes and FISH
208  experiment conditions were conducted according to [16]. The satDNA probes
209 were immunodetected with antidigoxigenin-Rhodamine and avidin-FITC (Roche
210  Applied Science).

211 We used DAPI “40,6-diamidino-2-phenylindole” (Roche) with “SlowFade”
212 antifade reagent (Invitrogen) for DNA counterstaining. The slides analyses were
213  made with an Axio Imager A2 epifluorescence microscope equipped with the
214  AxiocamMRm camera (Zeiss). Images were captured with Axiovision (Zeiss)
215 and edited in Adobe Photoshop.

216

217 Results

218 Identification of putative satDNAs in D. virilis and D. americana

219 The most abundant putative satDNAs (covering >0.5% of the genome)
220 identified by the TAREAN pipeline are shown in Table 1 (see S1 Fig for
221  histogram summary analyses and S4-S15 Figs for detailed data from each
222 cluster retrieved). All of the six identified tandem repeat families (Sat1, 154TR,
223 pvB370, 172TR, 225TR, 36TR) are common to the two species and have been
224  previously identified.

225

226

227

228
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Table 1. Putative satellite DNAs in D. virilis and D. americana identified by
TAREAN.

Drosophila virilis Drosophila americana

Tandem repeat

family? Sat1 154TR | pvB370 | 172TR | 225TR | 36TR Sat1 172TR | 154TR | pvB370 | 225TR | 36TR
Satellite confidence | High Low Low High Low Low* High Low Low High High* n/a*
Satellite probability | 0.92 0.03 0.53 0.73 0.69 0.00* 0.91 0.69 0.04 0.75 0.76* 0.00*
C index? 0.98 0.94 0.96 0.97 0.99 0.94* 0.96 0.97 0.94 0.97 0.97* 0.72*

P indexP 0.92 0.71 0.81 0.86 0.87 0.52* 0.97 0.85 0.72 0.87 0.86* 0.24*
Consensus size Tbp 154bp | 370bp | 171bp | 225bp | 36bp* 7bp 171bp | 154bp | 199bp | 225bp* n/a*
Genome proportion | 4, 1.6 16 1.1 08 0.7* 9.0 2.7 2.2 1.7 09* | 04

(%)

231

232

233

234
235
236
237

238

239

240

241

242

243

244

245

246

247

248

249

250

*. Results obtained from RepeatExplorer instead of TAREAN.
8, Ordered by abundance from higher to lower.

b_C and P indexes are explained in Materials and Methods.

Although the total abundance of these tandem repeats is similar (~17%) in the
two species, there are differences in the estimated proportion occupied by each
putative satDNAs between the species.

To further characterize the tandem repeat families identified in silico, we
constructed DNA probes using the consensus sequences generated by
TAREAN from three families and used them to verify their localization in
metaphase and polytene chromosomes. In the following sections we describe
our in silico and FISH analyses for each identified family, comparing the results
with previous studies and discussing if TAREAN correctly identified and
distinguished satDNAs from other classes of tandem repeats. The tandem
repeat families are described below in order of their abundance (higher to

lower) as revealed for D. virilis.

10
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251  Sat1

252  The most abundant tandem repeat identified by TAREAN in D. virilis and D.
253  americana is composed by a 7 bp long repeat corresponding to the previous
254  described satellite | [32]. In D. virilis, our FISH experiments in metaphase
255  chromosomes showed this satDNA occupying the pericentromeric region of all
256 autosomes except the small dot chromosomes, and in the X and Y
257 chromosomes (Fig 1A). However, the hybridization in polytene chromosomes
258 revealed that Sat1 also localizes in the pericentromeric region of the dot
259  chromosome (Fig 2A). [31] showed a similar hybridization pattern, although
260 their results did not consistently demonstrate Sat1 signals in the dot and Y
261 chromosomes.

262

263 Fig 1. Chromosome location of Sat1, 172TR and 225TR by FISH on
264 metaphase chromosomes. (a) Drosophila virilis and (b) Drosophila americana.

265  Upper panel: Sat 1 (green) and 172TR (red). Lower panel: 225TR (red).

266 Fig 2. Chromosome location of Sat1, 172TR and 225TR by FISH on
267 polytene chromosomes. (a,c) Drosophila virilis and (b,d) Drosophila
268 americana. (a-b) Sat 1 (green) and 172TR (red). (c-d) 225TR (red). Scale bars

269 represent 10um.

270
271
272 In D. americana, Sat1 signals were detected in the pericentromeric region of all
273 autosomes in metaphase chromosomes, except the dot (Fig 1B), while in

274  polytene chromosomes, Sat1 signals were also observed in the dot

11
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275  chromosomes (Fig 2B). However, differently to what was observed in D. virilis,
276 our Sat1 hybridizations in the D. americana polytene dot chromosomes did not
277  give enough information about the precise location of this satDNA, although it
278 also appears to occupy a portion of the pericentromeric region. As another
279 difference from D. virilis, Sat1 sequences appear to be absent from the Y
280 chromosome in D. americana (Fig 1B). Our FISH results corroborate the
281  smaller genomic fraction occupied by this satDNA in D. americana (~9% against
282 ~12% in D. virilis), revealed by the in silico analysis (Fig 1, 2A and 2B). These

283 new findings in D. americana and D. virilis also agree with recent results from

284 [45].
285
286 154TR

287  The genomic distribution of 154TR has been already recently studied in detail in
288 D. wvirilis and D. americana using FISH in metaphase and polytene
289  chromosomes [35]. This sequence was independently identified in silico by [36]
290 and [46]. The 154TR was characterized as a tandem repeat derived from a
291  Helitron transposable element [36], which was studied in detail and classified as
292 a family named DINE-TR1 [35]. DINE-TR1 elements containing 154TR
293  homologous sequences were found in several Acalyptratae species, mostly
294  within the Drosophila genus, although long arrays (> 10 copies) of 154TR were
295 only detected in three species (D. virilis, D. americana and D. biarmipes) [35].

296  FISH in metaphase and polytene chromosomes revealed that 154TR is located
297 in the distal pericentromeric region (B-heterochromatin) and many euchromatic
298 loci of all autosomes and the X chromosome of D. virilis and D. americana. In

299 addition, this tandem repeat covers a large portion of the Y chromosome in both

12
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300 species. In D. virilis, 154TR signals are very abundant in the centromeric
301 heterochromatin of chromosome 5 and are also found in a discrete region within
302 the pericentromeric region of the X chromosome [35].

303  Our results from the TAREAN analysis classified 154TR as a putative satellite
304 with low confidence in both species (Table 1). We suggest that this result is
305 probably a consequence of 154TR being both tandemly repeated, like a
306 satDNA, and dispersed, like a transposable element. In this case, even though
307 the connected component index (C) of 154TR is high, its relatively low pair
308 completeness index (P) contributes to its classification as a putative satellite
309 with low confidence by TAREAN (Table 1). We suggest that 154TR is not a

310 satDNA and thus, should be classified as a highly abundant dispersed tandem

311  repeat.
312
313 pvB370

314 The pvB370 satellite was first described by [33], which also identified this family
315 as deriving from the direct terminal repeats of pDv transposable elements [47].
316 In a following study, [34] showed that in D. virilis and D. americana, pvB370 is
317 located at several euchromatic loci and at the telomeric region of all
318 chromosomes. Our in silico analyses indicate that pvB370 covers a similar
319  portion of D. virilis (~1.6%) and D. americana (~1.7%) genomes, which agrees
320 with Southern blot results from [33] that indicated a similar number of copies of
321 pvB370 in both species.

322 Because pvB370 was previously mapped in the chromosomes of D. virilis and
323 D. americana using FISH, we did not conduct a throughout analysis on both

324 species. However, because pvB370 seems to display a euchromatic distribution

13
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325 [34] similar to the one we observed for 172TR (Fig 2A and 2B) we hybridized
326 both pvB370 and 172TR probes concomitantly in D. americana polytene
327 chromosomes. Our results showed no or little overlap between pvB370 and
328 172TR, although many arrays from the two families are very close (at least a
329 few kbp) to each other (Fig 3).

330

331 Fig 3. Chromosome location of 172TR and pvB370 by FISH on polytene
332 chromosomes of Drosophila americana. There is no or little overlap between

333 these tandem repeats. Red (172TR) and green (pvB370). Scale bar represents

334 10pm.
335
336 172TR

337 The 172TR family corresponds to the 172 bp tandem repeats previously
338 identified in silico by [36]. Our FISH results in the metaphase and polytene
339 chromosomes of D. virilis revealed that 172TR is distributed throughout the
340 arms of autosomes 3, 4 and 5, in several loci at the X chromosome and at least
341 in two loci in chromosome 2, including the subtelomeric region (Fig 1A and 2A).
342 Most of its arrays are located at distal chromosome regions. No hybridization
343  signals were detected in the dot and Y chromosomes.

344 The FISH results in D. americana showed 172TR signals at multiple loci along
345 all autosomes, except the dot, and more equally distributed in both distal and
346  proximal regions of chromosome arms (Fig 1B and 2B). Similarly to D. virilis, no
347  hybridization signal was detected in the Y chromosome (Fig 1B). The FISH data

348 (Fig 1, 2A and 2B) clearly showed a higher number of 172TR loci in D.

14
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349 americana compared to D. virilis, a result that is consistent with the higher
350 overall abundance of 172TR repeats in D. americana predicted by the in silico
351  analysis (Table 1).

352

353 225TR

354 The putative satDNAs detected in our in silico analyses as 225TR was
355  previously identified as a component of intergenic spacers (IGS) of ribosomal
356 genes from D. virilis located at the chromocenter and nucleolus regions of
357 polytene chromosomes [36]. Our FISH experiments in polytene chromosomes
358 confirmed these results in D. virilis (Fig 2C), additionally showing that in D.
359  americana this family displays the same pattern of localization (Fig 2D).

360 In addition, we also performed FISH with a 225TR probe in metaphase
361 chromosomes of both species for the first time, what revealed its location in the
362  pericentromeric region of the X chromosome and in the pericentromeric and
363 telomeric regions of chromosome Y (Fig 1A and 1B). This result is in
364 accordance with previous studies showing the location of these IGS sequences
365 in the sex chromosomes in Drosophila [48].

366  Although the TAREAN pipeline failed to detect the 225TR in D. americana,
367 RepeatExplorer revealed the presence of this family. This indicates a possible
368 limitation of TAREAN in detecting less abundant tandem repeats in comparison
369  with RepeatExplorer. Moreover, TAREAN only retrieves clusters with highly
370 circular structures, and therefore excludes 225TR-like repetitions that are
371  associated with linear sequences (S12 and S13 Figs).

372 BLAST searches using a 225TR consensus sequence as a query against the

373 genome of D. virilis resulted in several contigs containing up to 40 tandem
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374 repeats (data not shown). However, most of the arrays are dispersed and
375 containing up to 10 tandemly repeated copies of the 225TR sequence, which
376 agrees with its classification as a putative satellite with low confidence.
377 Together, these observations indicate that, although 225TR is an abundant
378 tandem repeat, it does not have all the typical features of a satDNA.

379

380 36TR

381 A putative satDNA with 36 bp long repeat units was detected by TAREAN but
382  with low confidence in Drosophila virilis and occupying ~0.73% of D. virilis and
383 ~0.48% of D. americana genomes (Table 1). However, similarly to pvB370,
384 these 36 bp repeats correspond to an internal portion of the pDv transposable
385 element [33,47].

386 Interestingly, the RepeatExplorer pipeline revealed that the cluster
387 corresponding to this 36 bp tandem repeat has a high number of shared reads
388 with the pvB370 cluster (S2 and S3 Figs). This result illustrates that
389 RepeatExplorer is able to detect putative relationships between distinct
390 repetitive sequences. In this case, the link between 36TR and pvB370 clusters
391 is explained by their co-occurrence of these complete (36bp) and partial
392  (pvB370) sequences within the pDv transposable element [33].

393

304 Discussion

395 Here we performed de novo identification of the most abundant tandem repeat
396 families in D. virilis and D. americana. These species were chosen because

397 they have larger genomes compared to other Drosophila species and because
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398 they have been used as a model to understand satDNA biology since early
399 70’s. In order to do that, we combined the TAREAN results with data from the
400 literature and, in some cases, with new chromosome mapping data obtained by
401  us using FISH in metaphase and polytene chromosomes.

402  Because all of the repeats identified here had been previously detected by other
403 methods, we were able to test if the TAREAN pipeline could correctly classify
404  them as satDNAs or not.

405 TAREAN identified the heptanucleotide Sat1 as a satDNA with high confidence,
406  which agrees with all attributes known for this family and the satDNA definition
407 (i.e. high copy-number, long-arrays, predominant heterochromatic location)
408 [31,32]. The Sat1 was identified as the most abundant tandem repeat in both D.
409  virilis and D. americana, which is also in accordance with previous work [31,32].
410 However, the other two less abundant heptanucleotide satellites, Sat2 and
411  Sat3, were not detected by TAREAN. As these three satellites differ from each
412  other by a single substitution, they were likely all included in the Sat1 cluster by
413  TAREAN. It is also worth mentioning that the heptanucleotide satDNA genomic
414  fraction revealed by TAREAN (~12% for D. virilis and ~9% for D. americana)
415 are significantly below the previously estimated of >40% genomic fraction,
416 based on density gradient ultracentrifugation methods [31,49]. Although
417 TAREAN might not be ideally suitable to quantify satellites with short repeat
418 units [20], it is worth mentioning that [45] have recently demonstrated that
419 lllumina sequence reads containing the heptanucleotide satellites from D. virilis
420 tend to be highly enriched for low quality scores. Furthermore, the use of raw
421 reads from different sequencing platforms did not allowed the recovery of

422  simple satellites at the predicted ~40% genomic fraction indicated by previous
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423  works [45]. The gap between these estimates (12% to 40%) might reflect an
424  intrinsic bias in current sequencing methods. A second possibility, which does
425 not reject the first, is the existence of real differences in satDNA content
426  between the different D. virilis strains used in these studies.

427  TAREAN classified the 154TR, pvB370 and 36TR families as putative satellites
428 in D. virilis and D. americana. With the exception of pvB370 in D. americana,
429 which was classified with high confidence, all remaining repeats had low
430 confidence calls from TAREAN (Table 1). These tandem repeats are known to
431 be abundant and associated with transposable elements (as integral parts or
432  evolutionarily related), suggesting that RepeatExplorer and TAREAN could be
433 used as resources to detect tandem repeats associated with transposable
434 elements. In the case of 154TR, pvB370, and 36TR, the relationship could be
435 assigned directly in the RepeatExplorer pipeline by identifying clusters of
436 tandem repeats sharing a high number of reads with clusters associated to
437  transposable elements (see S2 and S3 Figs), or indirectly in the TAREAN
438  pipeline, by investigating the tandem repeats classified as putative satellites
439  with low confidence (or lower values of satellite probability). The rationale
440 behind this last procedure is that identified families with a ‘low satellite score’
441  might represent repetitive DNAs with intermediate features, being both highly
442 dispersed but tandemly repeated. One situation in which this scenario is
443  expected is the case where tandem repeats belonging to the terminal or internal
444  portions of transposable elements underwent array expansion [35,50].
445 Nonetheless, some highly dispersed tandem repeats are not necessarily
446  associated with transposable elements, which is the case of 172TR shown here

447  and the 1.688 satDNA from D. melanogaster [5].
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448 |t is interesting to note that, in D. virilis and D. americana, the families 172TR,
449 pvB370 and 154TR were either classified as putative satellites with low
450 confidence, or with high confidence but associated with a relatively low satellite
451  probability (Table 1). Because all these three families were found scattered
452  distributed along the euchromatic arms of chromosomes, we suggest that a low
453  'satellite score' in the TAREAN pipeline is a good predictor of dispersed tandem
454  repeats. As mentioned above, although there is no indication of a relationship
455  between the 172TR family with any known transposable element, its lower
456  satellite score from the in silico analysis correctly predicts the dispersed array
457  distribution.

458 In conclusion, six abundant putative satDNAs were identified in D. virilis and D.
459  americana by TAREAN: Sat1, 154TR, pvB370, 172TR, 225TR and 36TR. All of
460 them have been previously characterized to a higher or lesser extent in
461 previous works, but using different methodologies. The main advantage of
462  TAREAN in comparison with previous methods aiming to identify satDNAs in D.
463  virilis refers to its relative lack of bias compared to the in silico digestion applied
464 by [36], that identify only tandem repeats presenting restriction sites, and the k-
465 Seek method applied by [18] that specifically identify short tandem repeats less
466  than 20 bp.

467  While Sat1 (identified by TAREAN as a satDNA with high confidence) is in fact
468 a family that matches all features typically attributed for satDNAs, the
469 classification of the other families as satDNAs (identified as a satDNA with low
470  confidence on at least one species) is more controversial. The 154TR, pvB370
471 and 36TR families are associated with the internal structure of TEs, thus being

472  distributed along the chromosome arms at different degrees of dispersion. The
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473  225TR belongs to the IGS of ribosomal genes. In contrast, the 172TR family is
474  an abundant tandem repeat but with exclusive euchromatic location, where they
475 apparently do not to reach satDNA-like long arrays. Based on the repeat unit
476  length of 172TR (172 bp), this family cannot be considered as a micro or
477  minisatellite. In this context, it would be interesting to further investigate these
478 five families (154TR, pvB370, 172TR, 225TR and 36TR) using long-read
479  sequencing technologies, since they are expected to provide more detailed
480 information about their copy number and array sizes.
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Supporting information

S1 Fig. TAREAN histogram summary analyses of (a) Drosophila virilis

(strain 160) and (b) Drosophila americana (strain H5).

S2 Fig. pvB370 and 36TR supercluster analysis in Drosophila virilis strain

160.

28


https://doi.org/10.1101/781146
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/781146; this version posted September 24, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

available under aCC-BY 4.0 International license.

S3 Fig. pvB370 and 36TR supercluster analysis in Drosophila americana
strain H5.

S4 Fig. Sat1 cluster analysis in Drosophila virilis strain 160.

S5 Fig. Sat1 cluster analysis in Drosophila americana strain H5.
S6 Fig. 154TR cluster analysis in Drosophila virilis strain 160.

S7 Fig. 154TR cluster analysis in Drosophila americana strain H5.
S8 Fig. pvB370 cluster analysis in Drosophila virilis strain 160.

S9 Fig. pvB370 cluster analysis in Drosophila americana strain H5.
S10 Fig. 172TR cluster analysis in Drosophila virilis strain 160.
S11 Fig. 172TR cluster analysis in Drosophila americana strain H5.
S12 Fig. 225TR cluster analysis in Drosophila virilis strain 160.
S13 Fig. 225TR cluster analysis in Drosophila americana strain H5.
S14 Fig. 36TR cluster analysis in Drosophila virilis strain 160.

S15 Fig. 36TR cluster analysis in Drosophila americana strain H5.
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