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83 Abstract

84  The advancement of sequencing technologies rasulke rapid release of hundreds of new
85 genome assemblies a year providing unprecedentsalinees for the study of genome
86 evolution. Within this context, the significance iofdepth analyses of repetitive elements,
87 transposable elements (TES) in particular, is emiregly recognized in understanding genome
88 evolution. Despite the plethora of available biomfatic tools for identifying and annotating
89 TEs, the phylogenetic distance of the target speitten a curated and classified database of
90 repetitive element sequences constrains any audnaainotation effort. Manual curation of
91 raw repeat libraries is deemed essential due tdrélgeient incompleteness of automatically
92 generated consensus sequences. However, manudilorcuasmd classification are time-
93 consuming processes that offer limited short-tercadamic rewards and are typically
94 confined to a few research groups where methodgaaight through hands-on experience.
95 Crowd sourcing efforts could offer a significantpoptunity to bridge the gap between
96 learning the methods of curation effectively andpewering the scientific community with
97 high-quality, reusable repeat libraries. Here, wesent an example of such crowd sourcing
98 effort developed through both in-person and ontinerses built around a collaborative peer-
99 reviewed teaching process that can be used asingaeference guide for similar projects.
100 The collaborative manual curation of TEs from tweadtgrade species, for which there were
101  no TE libraries available, resulted in the sucedsdfiaracterization of hundreds of new and

102  diverse TEs: A hidden treasure awaits discoverftiwihon-model organisms.
103 Background

104 The importance of in-depth analyses of repetitieenents, particularly transposable elements
105 (TEs), is becoming more and more fundamental toetstdnd genome evolution and the

106  genetic basis of adaptation [1]. While there isemlth of bioinformatic tools available for the


https://doi.org/10.1101/2023.11.06.565293
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.06.565293; this version posted November 7, 2023. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-NC 4.0 International license.

107 identification and annotation of TEsht{ps://tehub.org/en/resources/repeat jpolany

108  automated annotation effort is limited by the plyg@oetic distance of the target species to a
109 database of curated and classified repetitive efersequences [2]. For example, in birds
110 where zebra finch and chicken have well-charaadrirepetitive elements because their
111 genomes were first sequenced in large consortiagithie pre-genomics era [3,4], automated
112 annotation of other bird genomes will render megieats as correctly classified [5,6]. On the
113 other hand, in taxa as diverse and divergent &ttissup to 85% of repetitive sequences can
114 remain of “unknown” classification in ndbrosophila species [7]. This is problematic.
115 Inferences about the mobility and accumulation B6,Tas well as their potential effects on
116  the host, are not feasible for unclassified repestsvell as for incorrectly classified repeats if

117  the automated classification is based on shortj@minucleotide sequence similarity [8,9].

118 The reference bias in TE classification reflects history of the TE field in the genomics era:
119 In the 1990s and 2000s, there were usually mulfgeple tasked with TE identification,
120 classification, and annotation for each genomeegtojyielding manually curated consensus
121  sequences (namely representative sequences whatityquas controlled and improved) and
122 fully classified TE libraries deposited in datalsasach as Repbase [2]. Over the last ten years,
123 however, the number of genome projects both ofviddal labs as well as large consortia has
124 increased exponentially and so have speed and munhl@itomated TE annotation efforts
125  [10-12], while time and personnel have remainedtdichfor curated TE annotation efforts.
126  Similar to taxonomic expertise required for ideyitiy and classifying organisms, TE
127  identification and classification need hands-onegigmce with manual curation for months or
128  even years per genome [1] which is usually taugttugh knowledge passed within genome
129  projects and research groups. Recent efforts [1]3rd%e started to make manual curation
130 accessible to a broader scientific audience, with &im to increase reproducibility and

131  comparability. However, what cannot be changedhas there are hundreds if not thousands
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132 of genomes per TE-interested researcher with mordéess pressing priority for time-

133  consuming manual curation.

134  Low scalability and people power are major obstathat need to be overcome by the many
135 facets of computational biology where curation ssemtial. Annotation efforts of other
136 genomic features have shown that crowd sourcingutir teaching [16—22], or “course
137  sourcing” as we call ithas the benefit of providing participants with hsoeh skills for
138  curation and experience on how to reconcile biolagth technical limitations, while
139  simultaneously sharing the workload of time-conswgncuration across multiple people
140  working on different parts at the same time. Thus,argue that a TE curation effort that
141 would take months or years for a single person fihayto a few days or weeks of teaching,

142 of course as long as reproducibility and compaitgtale ensured throughout course duration.

143  Here, we present our “course sourcing” experienoe ftwo iterations of a Physalia Course
144  on TE identification, classification, and annotati®Ve focused on two species of tardigrades
145 as a case study to motivate student-centered hgathrough direct contribution to scientific
146 knowledge: Tardigrades are, to our knowledge, thstrhigh-ranking animal phylum without
147  curated TE annotation, very clearly illustratedtbg fact that in previous genome analyses,
148  almost all repeats remained of “unknown” classtfma[23]. Tardigrades are a diverse group
149 of aquatic and terrestrial animals which show extiemary ability to survive extreme
150 environments by entering the state of cryptobifa4. This animal clade comprises almost
151 1,200 described species belonging to Panarthrofizislaand the two species used in the

152 courses are closely related and belong to the Higae family [23].

153  The first course took place in person in June 2@1Berlin across five full-time work days:
154  The first three days familiarized the 13 particiggawith the biology of TEs, concepts for
155  classification, and methods for annotation usiregtdrdigradeHypsibius dujardini, while the
156  last two days had a student-centered learning fornieere each participant was able to

7
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157  deepen knowledge where needed and curate as mangsTjgossible from the target species.
158 The second course took place virtually in June 28aé& to the Covid-19 pandemic and
159 comprised five afternoons in the Berlin time zopentinimize Zoom fatigue. The overall
160 format was similar to the prior in-person course Wwith 24 participants and focusing on
161  another tardigraddRamazottius varieor natus, which the participants identified to have not a
162  single shared TE family with the tardigradedujardini curated in the 2018 course. Between
163  the two courses, the participants were able to werca vast diversity of TEs and successfully
164 curate almost 500 consensus sequences. We denendteaefore that a collaborative
165 approach is a valuable means to achieve signifietlts for the scientific community and
166  we hope to share with the community a teachingeefee for future similar efforts, because:

167 A hidden treasure always awaits discovery in nom@horganisms.

168 Resultsand Discussion

169  Incorporating crowd sourcing efforts within a clagsn setting (“course sourcing”) can
170 represent an invaluable opportunity for teachingjlevsimultaneously contributing to the
171 scientific community. However, course sourcing apesents its own unique challenges,
172 particularly in terms of minimizing errors, maxinmg reproducibility and student
173  engagement. Drawing from our experience in bottpdrson and virtual settings, we
174 identified several crucial factors in teaching TErmual curation that must be considered
175 during the organization and supervision of suchremulike: a) establishing a standardized
176  approach for curation and classification of TE @mssis sequences; b) implementing a peer-
177  review process between participants to check onuiadity of the curated consensus sequence;
178 ¢) maintaining meticulous version control of thérdiries. Here, we describe how we
179 addressed these points. First, to establish a atdndpproach to manual curation, we
180 implemented methods widely used in the TE commuthiy have been recently reviewed in

181 detail [13,14]. The approach, briefly, consistsproducing and inspecting multi-sequence

8
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182  alignments for each of the consensus sequencemaiitally generated by RepeatModeler
183  [10]. Each nucleotide position of the “alignablatpaf the alignment is carefully inspected to
184 identify the correct termini of the TE while cortieg for any ambiguous base or gap. To
185  correct for ambiguous bases, we applied a majanigy and assigned the most representative
186  IUPAC nucleotide character for each position in dlignment (se® ethods). To correct the
187 consensus sequences where gaps of different leragthspresent, we considered each
188 insertion/deletion length as independent eventhaioa majority rule was applicable to these
189  regions as well. When very complex regions couldb@ounambiguously solved, stretches of
190 10 N nucleotides were inserted as placeholder (gafhe consensus sequence. The TE
191 classification followed the nomenclature used bpé&ddMasker to ensure direct compatibility
192  with the tool and its suite of scripts for downatre analysis. Second, when participants
193 completed the curation of their consensus sequetives their results would go through a
194  peer-review process where both the quality of #guence and its classification were revised
195 by other participants (or course faculty). Durirfge tin-person edition, a random set of
196  consensus sequences curated by one participardassaged to another participant, while in
197 the second online edition, all sequences were wedeby the two instructors and one
198  participant Figure 1). The review of the TE sequences continued dfieofficial conclusion
199  of the course. To ensure reproducibility and theudeentation of the entire decision-making
200 process for classification, all steps and detaflslassification were recorded in a shared
201 Google Sheet. The tables would include the chamgesnsensus sequence names, names of
202 the curators and reviewers and additional comnfégu(e 1, Table S1). Whenever a change
203 was introduced in a consensus sequence (eithdreimucleotide sequence itself or in the
204 classification), the new version was directly adtedhe multi-sequence alignment file used
205 for curation together with the original one. Keepiall the versions of a consensus in the
206 same alignment file and respective notes in thiesahllows the implementation of a basic

207  version control useful to check on the steps lgadana particular decision. From the re-

9
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208 iteration of the course, we noticed three partidylehallenging points for beginners that need
209 an extra supervision effort. The most challengioqts are the identification of the correct
210 termini, target site duplications (a hallmark adrntsposition for the vast majority of TES) if
211 any, and the correct spelling of the TE categoftesclassification in accordance with the
212  RepeatMasker nomenclature rules. The last poiat articular importance especially if the
213 repeat annotation is visualized as a landscapegutiie RepeatMasker scripts (e.g.,
214  calcDivergence.pl and createRepeatLanscape.pl) db gause computing errors and

215  downstream misinterpretations.

216  Finally, all the tutorials to obtain and curate & Tbrary are available on the GitHub

217  repository linked to this papdrttps://github.com/ValentinaPeona/TardigraTE

CURATORS REVIEWERS

/\ _ /

=P

JPI IT FILL TABLE COLLECT 1E
LIBRARY : * LIBRARY
CURATION 20

\/ N

=P

218
219  Figurel. Schematic representation of the peer-reviewedgsof TE curation.

220 Improvement of the transposable element libraries

221  To generate the TE libraries, we first ran Repealdlier and RepeatModeler2 on both species
222 and obtained 489 and 900 consensus sequencebl. faujardini and R varieornatus

223 respectively Table 1). Then the course participants manually curateagnasy consensus
224  sequences as possible. In about three course daysqluntary efforts by some participants

225  after each course, the participants were able tatel286 consensus sequences (58%) of the
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226 H. dujardini library and 145 consensus sequences (16%) dR.tharieornatus library (Table

227  S1-3). Given the lack of previously curated librariesni closely related species, most of the
228  consensus sequences were automatically class#giédn&nown” by RepeatModeler, but the
229 thorough process of manual curation successfulgfassified 305 unknown consensus
230 sequences (out of a total of 431 curated sequeiités) into known categories of elements.
231  After manual curation, we found that most of the species’ libraries are comprised of DNA
232 transposons and a minority of retrotransposdrable 1). Since many consensus sequences
233  remained uncurated and unclassified, it is possibd the relative percentages of the
234  categories change in the future, but we expeckeaasily from the composition of thel.

235 dujardini library, to mostly find additional (non-autonom®u3NA transposons among the

236 unclassified.

237

238 Table 1: Overview of classification of tardigrade repeatshia curated libraries. The libraries

239  here described contain both curated and uncurateEkeasus sequences.

Species DNA LINE LTR SINE Unknown
Hypsibius dujardini 247 12 29 2 199
Ramazzottius varieornatus = 203 35 11 - 651

240

241 The process of manual curation improved the ovéradll of TE classification of the libraries
242  but also the quality of the individual consensugugaces by correctly identifying their
243  termini and in general by extending their sequehwdeed, by comparing the lengths of the
244  consensus sequences for the same element, we te@ aonarked increase in length after

245  curation Figure 2).

11
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Figure 2. Comparison of the length of the consensus segsehefore and after manual

curation.

Diversity of transposable elements

When looking at the diversity of repeats in thetiplly curated libraries (libraries comprising
both curated and uncurated consensus sequenceg)entidied a total of 419 Class || DNA
consensus sequences belonging to the superfacidiéss CMC, MULE, TcMar, Sola,
PiggyBac, Tc4, PIF-Harbinger, Zator, hAT, Maverignd P. Many of these elements are
non-autonomous and show a remarkable diversitptefial structures={gure 3). For Class

| retrotransposons, we found 40 LINEs belongingh® superfamilies/clades CR1, CRE, R2,
R2-NesL, L2, RTE-X and RTE-BovB and other 35 LTR<ldmging to the

superfamilies/clades DIRS, Gypsy, Ngaro and Pao.
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261  Figure 3. Dotplots of six DNA transposons from the librafyHypsibius dujardini produced
262  with the MAFFT online server. These elements weslected by course participants for
263  aesthetic reasons.

264

265  To highlight the importance of generating and usingtom repeat libraries for the organisms
266  of interest as well as their curation, we maskesl ttho tardigrade genomes and compared
267 how the annotation and accumulation patterns chaga using general repeat libraries (in
268 this case the Repbase library for Arthropoda) apecies-specific ones before and after
269  curation Figure 4, Table 2). The use of the known repeats for Arthropoda lalske on
270 Repbase provided a poor and insufficient annotatmnboth species (all the following
271  percentages are given fbk. dujardini and then foR. varieornatus) where only 1.95% and
272 0.26% of the assemblies were annotated as intsespeepeats and the accumulation patterns
273  were characterized only by likely old insertiondien the use of species-specific, albeit
274 uncurated, libraries completely changed the peagentof TEs annotated (16.38% and

275 15.66%) and their accumulation patterns that showed nrangntly accumulated insertiol
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276  While the shape and percentages of the repeatdapés did not drastically change after the
277  manual curation of the libraries, the curated lilsclearly highlighted a large accumulation
278  of DNA transposons in recent and ancient timesedatlilat were either not present in the other
279  landscapes or were hidden among the “unknown” tep&aspecially folR. varieornatus, the
280 curation highlighted a higher accumulation of répeia the very recent times (1-5% of
281 divergence). This higher accumulation of DNA tramsgns in recent times is also in line with
282  the finding of multiple putatively active transpbgaelement subfamilies &ble 3). Finally,

283  the use of the repeat library of one species totate the other species (reciprocal masking)
284  resulted to be almost as insufficient as the usaeRepbase library for Arthropoda stressing
285 once again how important it is to have a capillanpwledge of the repeatome for correct

286  biological interpretations.

287
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288 Divergence from consensus (%)

289  Figure 4. Repeat landscapes of the genomebl.odlujardini and R. varieornatus annotated
290 with the Repbase (Arthropoda clade), uncurated @anmdted of both tardigrades combined
291 libraries, and with libraries of the reciprocal sigs (only species-specific repeats). The
292  divergence from consensus calculated with the Kaniparameter distance model is shown
293  on the x-axis. The percentage of genome annotatguown on the y-axis.

294


https://doi.org/10.1101/2023.11.06.565293
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.06.565293; this version posted November 7, 2023. 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-NC 4.0 International license.

295 Table2. Number of base pairs annotated and percentagbs ofidin TE categories.

Species Library DNA{bp) DNA(%) LINE (bp) LINE (%) SINE{bp) SINE{%) LTR(bp]  LTR{%) Unknown {bp) Unknown {%) Total {bp) Total {%)
Repbase Arthropoda 347033 034 75334 0.07 264 0 200462 02 1370894 134 1993987 1.95
Uncurated 1681052 165 310239 03 5166 0.01 514564 05 14195202 13.92 16710223 16.38

Hypsibius dujardini
Curated 11149552 10.93 290632 0.28 2424 0 868156 0.85 4658887 4.57 16969651 16.63

R. varieornatus 62676 0.06 60480 0.06 0 [ 8437 0.01 60917 0.06 192510 0.19

Repbase Arthropoda 68902 0.12 33938 0.06 266 0 16972 0.03 23959 0.04 144037 0.26

Ramazzottivs varieomatus Uncurated 1753754 3.16 413647 0.75 4486 0.01 134451 0.24 6375274 1.5 8681612 15.66

Curated 3385077 6.11 454742 0.82 1320 [ 145257 0.26. 4880857 8.81 8867253 16

29 6 H. dujardini 45939 0.08 40575 0.07 1320 0 6334 0.01 49444 0.09 143612 0.26

297

298 Table 3: List of repeat subfamilies with putatively ongoiagtivity, i.e., at least 10 copies

299  with 0% distance to consensus.

TE category Hypsibius dujardini Ramazzottius varieor natus
DNA transposon 7 3
L TR retrotransposon 3 0
Unknown 0 2

300

301 As a demonstrative example of the contribution e tollaborative curation process in
302  providing novel insights into TEs diversity, taxanic distribution and biology, we decided to
303 deeply characterize consensus sequences that ssifielh as Tc4. These elements have a
304 rather limited taxonomic distribution, few referescin bibliography exist, and they
305 incompletely duplicate the target site upon trasgjum [26] which can impose challenges for
306 their classification. The Tc4 transposons are DDERments firstly discovered in
307 Caenorhabditis eegans [26] where they recognize the interrupted palindegoCTNAG as
308 target site for insertion, and cause duplicationooly the central TNA trinucleotide.
309 Regarding their taxonomic distribution, consensausnces for Tc4 elements are known and
310 deposited only for nematodes and arthropods in &Pp@s, Repbase and DFAM.

311  Phylogenetic analyses based on DDD segments catifidglaced the four tardigrade Tc4
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312 consensus sequences identifiedRirvarieor natus within the Tc4 clade in a sister relationship
313  with arthropod elements and with a branching patthiat reassemble thieéanarthropoda
314 group (tardigrades + onychophorans + arthropodf)invEcdysozoa [27]Higure 5A). The
315 DDD catalytic domain resulted to be highly consdrbetween different phyla={gure 5B)
316 and the target site of tardigrades mirror what wesviously observed in nematodes (i.e.,
317 C|TNA|G where “|" marks the transposase cut &itgure 5C-D). We could therefore
318 hypothesize that these elements first originatednduthe diversification of Ecdysozoa.
319 However, broader comparative analyses involvingaerearly-diverging Metazoa clades are

320 necessary to confirm this lineage-specific origin.

321
A B] g o IRy e 1
L‘ tauh-&*r& h»lzih'
1u| zn| ........ 80aa 313000 140] 000 2150] 0002, 160 m
UN-TC5. ... mcms';m(:mrmmmm m; ----------- LD mimmm-r.-swmc ERGATSET ganmcm---
UN-Tcd.............. VFNCOQTCIQKELYPARS: APMCERTVERLAQSRSSLIHSE - - - - - -~ --- LDSHPAFRDETTIRNLY--NGEDVVIRN TP ERTGMIQPLOVYWHAPRESLI
UN-NP 504631.  IFNADQTCIQRELYGARS AFLADEVVERLNQARSSLTHSE <-------- - VDSHPSFRDEATIQQCP-P-PGYDVTIRN 12 PRTTSH (P LOSERNGPRTRL
UN-NP 496989.  IFNAD(CCIQRELFGARS AYLAERSVERIVOSLSSLTHSE ----------- VDSHTSFRDRATIQSCH-Q-GVDLTIRK 1P PCT7SL I QPLOVEFHGPRRTLL
ramvar4-222...  L¥NADQS:PEYEMRPGRT DFVCAREVIALTOSQNSMTHSY ---------- ADSHPTFADQEAVDEVE-P-EELEYEMITIPPRV76QIQ? LOVLCFENYRGY?
ramvarl-73..... NiNZ00S S EDYENRPGRT. ELACAREVTATCOSENSNTHSY - ---------- ADSHRTYSDOEAVLEFK -P-EELEYEMITIEPRVIGDIQ? LORLFFRNYEDFR
ramvar1-607...  LRNTDQSCFEVEMRPGRT EQKCVEEVEAITQSENSMTHSY ----------- ADSHRTFTDQDAVIELK-P-EELQYEMITI PPRVIGS QP LOVLCFENYRGCR
ramVar1-190...  LFNADQSGFEVEMRPGRT ETAVEEVEAITQSENSMTHSY - -------- ADSWRTFTDQDSVIELR-P-EELEYEMLTIPPRVIGQI0 LOVLCFRNYRGCR
Mariner-34 Sin..  TYATRSCPNLELESGRT.TTQCVRTVESIVDSQSATTHSY - -------- LDSWSGACPT-HLOEFY-P-KET
Mariner3-3 HSa  TYNADESCFHLEIRRGRT ANVCVETYEATIQSLSAMIHSY ----------- LDSWIGHCPN-QLEELY-P-KDREVNILT TP RRTTAP Q- LOVEGFRINRNEY
Mariner3-7 LMi.  VYNADQSCROKEMRARRT SFRCBRETRATAQSMIALTHSY - -------- LDSHSGARSSDSLAAVERARPOREVE LL 1 FPCT TNV 107 LOREFFAQNRAFY
Mariner3-1 LMi.  VYXADQSCEVKELRAERT SFRIERRTESIAQSMEAMTHSY ----------- LDSHSGHNDASVEVE---D-GERSVDVMK 1 DCT7SAIQ LUREFFAQRTARR
A A A
D

2 i

T §I | :

T Q c :

,,A&n]\-‘él:l: 1A AZ AIQ Ig ¥y. g ni_tvs
______ SreCRgNNS08 rdmenorooo-NwzbErdaggYRSRY,
—_—— TIRs >— -
TSD TSD
322

323  Figure 5. Characterization and phylogenetic analyses ofdletents. (A) Phylogenetic tree
324  of Tc4 consensus sequences based on DDD catatytiaids identified in th&. varieor natus

325 consensus sequences, highlighted in bold and oraogether with representative sequences
326 extracted from the RepeatPeps library from nematgpimk) and insects (green). All nodes

327 received maximal support value. (B) Alignment of D[xatalytic domains of sequences
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328 included in phylogenetic analyses. Residues comddarvmore than 80% of the sequences are
329  colored. Arrows highlight catalytic DDD residuesedsence logos of 5’ (C) and 3’ (D) ends
330 of Tc4 elements used to curate fRevarieornatus consensus sequences. Black and purple
331 arrows denote terminal inverted repeats (TIRs) aadjet site duplications (TSDs),
332 respectively. The purple dotted line marks thedpaisase cut on the CTNAG target site.

333

334  Contributionsfrom the course participants

335 During both editions of the course, participantsev&ee to explore their favorite topics
336 within the scope of the syllabus and we here shware contributions developed by the
337 participants that can be useful for the entire comity. First, an additional repeat library of
338 130 consensus sequences (119 of which are DNApianss) was produced with the use of
339 REPET forR varieornatus (Table S4). Second, a guide for the classification of TEsfr
340 multisequence alignments-i(e S1) that can be a useful starting point for beginrems

341 complementary to more extensive guides [13,14].

342 Conclusion

343  As shown here and in many other studies, repeattation is key to correctly identify and
344  interpret patterns of genome evolution and propeotation is based on a thorough curation
345 of the repeat libraries [8,9,28]. However, it igdhdor curation efforts to keep up with the
346 sheer amount of genomes released every year agooudmne by single laboratories may
347  require months or even years for a single genoraee® developments of machine learning-
348  based tools to automatize the curation and claasifin processes are promising [29-32] and
349 there are additional tools to facilitate the cumatprocess like TEAIid [13] and EarlGrey [33].
350  Until fully automatized, reliable tools are deveddpand there are manual curation training
351 sets for understudied taxa, we emphasize the meedpiement manual curation for repeat

352 libraries as well as to find alternative ways taldeith the curation of hundreds of new
17
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353 libraries. Here we presented one such alternafyeoach, namely a peer-reviewed course
354  sourcing effort designed to be as reproducible emmhparable as possible and where the
355 hands-on tutorials were designed to be meaningfuhie participants because they dealt with
356 real unexplored data and directly contributed ® ghientific community. The two iterations

357  of this course sourcing effort resulted in the sgsful curation of hundreds of new and
358 diverse TEs and we hope that this experience athiteg framework can be of use for the
359 genomic and TE communities and to be applicablether types of data/analysis that need

360 manual curation (e.g., genome assemblies [21,2Pfane annotations).

361  Materialsand Methods

362 Genome assemblies

363 For this study, we used the genome assemblieseofitlo tardigrade speciestypsibius

364 dujardini (GCA_002082055.1) andRamazzottius varieornatus (GCA 001949185.1)

365 produced by sequencing a pool of male and femalwiduals by Yoshida et al. [34]. The
366 Hypsibius dujardini genome was assembled using long PacBio and shartiria reads

367 whereas th&®amazzottius varieornatus genome was assembled using a combination of Sanger

368 and lllumina reads [34].

369 Raw repetitive element library

370 To start thede novo characterization of transposable elements, weRepeatModeler oR.

371 dujardini and RepeatModeler2 dR. varieornatus [35] using the option -LTR_struct and
372 obtained a library of raw consensus sequencesafdn ef the genomes. RepeatModeler and
373 RepeatModeler2 automatically named the consensugesees with the prefix “rnd” that we
374  replaced with the abbreviations of the species safigpDuj” for H. dujardini and “ramVar”

375 for R varieornatus.

18
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376  The two libraries were then compared to find sim#aquences belonging either to the same
377  family or subfamily by using, respectively, the 80-80 rule [36] and the 95-80-98 rule [37].
378 The comparison was done by masking the librarRofarieornatus with the library ofH.

379  dujardini using RepeatMasker [38].

380 Manual curation of the consensus sequences
381 After the generation of the libraries of raw cormen sequences, we proceeded with the
382 collaborative peer-reviewed manual curation stdpe participants of the course were split

383 into ten groups and each group received about Bfetsus sequences to curate.

384  The first step of the curation consisted in thgratient of the raw consensus sequences to the
385 genome of origin using BLAST [39]. The best 20 BLIA&its were selected aligned with
386 their raw consensus sequence with MAFFT [40] whgobduced a multisequence alignment

387 for each consensus sequence ready to be manuedigdyscript RepeatModelerPipeline.pl).

388  Each of the multisequence alignment was then ineddo: 1) find the actual boundaries of
389 the repetitive elements; 2) build a new consensgsence with Advanced Consensus Maker

390 (https://hecv.lanl.gov/content/sequence/CONSENSUS@ZahExplain.html 3) fix

391 ambiguous base and gap calls in the new conseesu®rxe following a majority rule; 4)
392 find sequence hallmarks to define the repetitiegrants as transposable elements (e.g., target
393  site duplication, long terminal repeats, termimalerted repeats or other motifs). Every new
394 consensus sequence was reported in a common Elel {able S1). To quantitatively

395 measure the improvement of the repeat librariesr aftanual curation, we compared the

396 length of consensus sequences before and afterotura

397 In all the figures and tables, the term “curatauiicates that the library mentioned contains
398 manually curated consensus sequences as well e albnsensus sequences that remained
399 uncurated. Finally, we consider each consensusesequas a proxy for a transposable

400 element subfamily. However, the consensus sequemeesnot checked for redundancy and
19


https://doi.org/10.1101/2023.11.06.565293
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.06.565293; this version posted November 7, 2023. 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-NC 4.0 International license.

401 not clustered into families and subfamilies usitg t80-80-80 or 95-80-98 rules for
402 nomenclature because the focus of the study wardassifying the consensus sequences into

403  superfamilies and orders of transposable elements.

404 The code used to produce the consensus sequemntdsaralignments is provided as tutorial

405  on the GitHub repositoriyttps://github.com/ValentinaPeona/TardigraTE.

406  Classfication

407 The new consensus sequences were classified usijugrsce characteristics retrieved by the
408 alignments (e.g., target site duplications, terinirgpeats) and homology information
409 retrieved through masking the sequences with Cdrddot2] following the recommendations
410 from [36] and [43]. When the information retrievby the alignments and Censor were not
411 enough to provide a reliable classification of thlements, the sequences were further
412  analyzed for the presence of informative proteimdims using Conserved Domain Database

413  [44-46].

414  Since the course participants in general had neweated transposable element alignments
415  before, we decided to implement a peer-review @®ceor the first coursél(dujardini), the

416 results of each participant were sent to anotheicgzant to check the curated alignments and
417  independently retrieve key information for the sifisation. The independent sequences and
418 classifications would be compared and fixed if sseey. In the second cours®& (
419 varieornatus), all sequences were inspected by the same 3wesseonly who applied the

420 same process as previously described.

421  Comparative analysis of the repetitive content

422  The genome assemblies of both tardigrade species masked with RepeatMasker 4.1.10
423  using four different types of TE libraries: 1) knovArthropoda consensus sequences from
424 Repbase; 2) raw uncurated consensus sequencesthmespective species; 3) curated

425  consensus sequences together with the consensusnseq that were not curated from the
20
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426  respective species; 4) curated consensus sequegediser with the consensus sequences that
427  were curated from the other species. The Repeaaskput files were then used to get the
428 percentages of the genomes annotated as TEs amikualize the landscapes of the

429  accumulation of repeats.

430  Finally, we estimated the number of putative actraasposable elements in the two genomes
431 by filtering the RepeatMasker annotation for eleteghat show at least 10 copies with a 0%

432  divergence from their consensus sequences.

433  Characterization of Tc4 elements

434  During the manual curation process, participantsi@types of DNA transposons that are
435  currently considered to have a rather restrictegdagenetic distribution like Tc4 Mariner
436  elements, therefore more in-depth analyses wer@muimese elements. The protein domains
437  of known Tc elements were compared to the Tc4 cmusesequences from the tardigrade

438  species and phylogenetic relationships were estedali

439  Protein homologies of the partially curated regéataries were collected using BlastX (e-
440 value 1le-05) [47] against a database of TE-relptetkin (RepeatPeps library) provided with
441 the RepeatMasker installation. We extracted thenaraicid translation of each hit on Tc4
442 elements based on the coordinates reported inlds>Boutput. Resulting protein sequences
443  were aligned together with all members of the TcMaperfamily present in RepeatPeps
444  library using MAFFT [-INSi mode) [48] and the alignment was manually insmkdte
445 identify and isolate the catalytic DDD domain. Tlesulting trimmed alignment was used for
446  phylogenetic inference with 1Q-TREE-2 [49], idewiifg the best-fit evolutionary model with
447  ModelFinder2 and assessing nodal support with 10l@@FastBootstrap replicates [50]. The
448  resulting maximum likelihood tree was mid-point teeb and the Tc4 subtree extracted for
449  visualization purposes. The DDD segments of Tcénelds were re-aligned using T-Coffee
450 in expresso mode [51] to produce conservation scores. A sempidago of 5 and 3’
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boundaries of identified Tc4 elements was produsddacting all sequences used to curate
the fourR. varieornatus Tc4 elements and keeping the first 15 bp and lhdipre and after

the terminal inverted repeats (TIRS), respectively.

Additional transposable element library

Participants ran REPET tool V3.0 [52] to produageanovo transposable element library for
R. varieornatus in parallel to the one generated by RepeatModelér2ustom TE library
composed by repeats from Repbase and frbndujardini was used to aid REPET in the
classification process. Only consensus sequena¢sliowed two or more full-length copies
in the R varieornatus genome were retained in the new library. Furtheenthe consensus
sequences were scanned for protein domains andnoe®f TIRS or long terminal repeats

(LTRs).

Abbreviations

LTR: Long Terminal Repeats
TE: transposable element

TIR: Terminal Inverted Repeats
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