?Zucwm

OpwuruHanbHble nccneposBaHusa / Original articles © BABHIOBCKHA KYPHAR
TEHETUKH U CENMEKL|MM

Letters to Vavilov Journal of Genetics and Breeding

2020-6+2-54-59

pismavavilov.ru
DOI 10.18699/Letters2020-6-12

Original article

Classification of LTR retrotransposons
in the flatworm Macrostomum lignano

M. Biryukov', E. Berezikov'2, K. Ustyantsev (?) '=

Abstract: Transposable elements (TEs) are important drivers of eukaryotic genome evolution. However, their movement can be
deleterious for the genome of an individual cell or organism. Therefore, host developed numerous mechanisms to control activity of
TEs, and characterizing the repertoire of TEs in a given species is an essential component of understanding the biology of its genome.
Macrostomum lignano is a free-living flatworm that is increasingly used as a model organism to study various biological phenomena,
such as regeneration, ageing, and resilience to genotoxic stress. The genome of M. lignano was recently published, providing an
opportunity to study the repertoire of its TEs. AlImost 21% of M. lignano genome is comprised by long terminal repeat retrotransposons
(LTR-RTs). Therefore, LTR-RTs are the main players in the host/TEs arms race in M. lignano and should be under tight control of the
host’s defense system. Here, we provide the first phylogeny-based classification of LTR-RTs, their abundance and diversity in M. lignano
genome. Interestingly, we found evidence that several M. lignano LTR-RTs acquired heat shock response elements in their promoters.
The direct regulation of TEs by heat stress was previously described only in plants, and M. lignano is the first example that LTR-RTs in
animals might also use heat stress to circumvent host’s defense system.
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Knaccudukanysa LTR-peTpOTpaHCIIO30HOB
IIJIOCKOT'O uepBst Macrostomum lignano

M.IO. Bupiokos!, E.B. Bepesuxos! 2, K.B. VeTbsiniies (1) s

AHHoTayuma: Mo6ubHble nemeHTbl (M3) — BaxkHble ApaliBepbl 3BOJOLMM FEHOMOB dyKapuoT. OAHAKO 1X NepemeLleHre MOXKeT ObiTb
BPeAOHOCHbIM 1A FTeHOMa OTAENbHON KNeTKM UAV opraHn3ma. B cBA3M € 3TUM reHOMbl X03A1€B Pa3BUAM pa3nyHble MeXaHU3Mbl KOH-
Tponsa akTUBHOCT M3, 1, Takum 06pa3oMm, XapaKTePUCTVKa pa3HOoo6pa3mnsa MD oTaeNbHbIX BUAOB COCTaBAAET BaXKHYIO YacTb MOHVMa-
HMA 6uonorum nx reHoma. Macrostomum lignano — cBOOOAHOXKMBYLLMNIA MAOCKAIA YePBb, KOTOPbIN BCE Yalle UCMONb3YIOT B KayecTe
MOZENbHOIO OpraHn3ma A UCCNefoBaHNA Pa3fiMyHbIX OMONOrMYeCKMX ABMEHNI, TaKMX KaK pereHepauns, CTapeHne 1 ycTonunBoCcTb
K reHoToKcuuyeckomy ctpeccy. leHom M. lignano HepaBHO ony6MKOBaH, UTO CO3AaeT BO3MOXHOCTb ANA U3yyeHna pasHoobpasna ero
MOOUIbHBIX 3nemMeHTOoB. MouTtn 21% reHoma M. lignano 3aHumatoT LTR-peTpoTpaHcnosoHs! (LTR-PT). CnefoBatenbHo, uMeHHO LTR-PT
CTAHOBATCA OCHOBHbIMW UFPOKaMI B TOHKe BOOPY»KeHUI x03anH/M3 y M. lignano, n no3TomMy OHW JOSKHbI HAXOAWUTHCA NMOA XKECTKAM
KOHTPOJIEM CMCTEMBI 3aLMTbl X03AKHa. B faHHOI paboTe Mbl MpeacTaBniseM nepByto GUNOreHETUYECKM ONOCPEAOBaHHYIO Knaccudu-
kauuto LTR-PT, ux pasHoobpasue n pacnpoctpaHeHune B reHome M. lignano. Mbl 06HapyXunu nHTepecHoe CBMAETENIbCTBO TOrO, YTO
HekoTopble LTR-PT nprobpeny 3n1eMeHTbl YyBCTBUTENIBHOCTY K TEMIOBOMY CTPeccy B CBOUX NpomoTopax. Mpamas perynauyua M3 Te-
NIOBbIM CTPEeCCOM paHee Obina onvcaHa NULb y pacteHnid, n M. lignano femoHCTpupyeT nepsbii NpumMep Toro, Uto LTR-PT nBoTHbIX
TaK»Ke MOryT UCMONb30BaTb TEMIOBOW CTPECC AnsA 06xoAa 3alMTHbIX CUCTEM OPraHM3Ma-X03sau1Ha.
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Introduction

Transposable elements (TEs) are important components of
eukaryotic genomes. Through their mobility in a genome,
TEs can give rise to a variety of genetic alterations, which can
be either deleterious or advantageous for the host genome
(Feschotte, 2008). For their ability to generate genetic variation
in populations and to shape the genome structure, TEs are now
recognized as key drivers of evolution of eukaryotes (Kazazian,
2004; Koonin, 2016). However, from the perspective of
individual genome stability, TEs movement and propagation are
mostly posing a threat if left uncontrolled (Kidwell, Lisch, 2001).
Therefore, host genomes developed numerous mechanisms to
suppress and regulate TEs activity (Obbard et al., 2009; Goodier,
2016; Toth et al., 2016).

A substantial part of eukaryotic genomes is constituted
by retrotransposons, a class of TEs which replicate through
reverse transcription of their messenger RNA, with subsequent
integration of new copies into the genome (Wicker et al., 2007).
Such ‘copy and paste’ mechanism underlies fast propagation
of retrotransposons. Among retrotransposons, two distinct
groups, which differ both in their principal life cycle organization
and structural composition, are defined: long terminal repeat
(LTR) retrotransposons (LTR-RTs) and non-LTR retrotransposons
(lacking LTRs) (Wicker et al., 2007). LTR-RTs are phylogenetic
relatives of vertebrate retroviruses and structurally are also
similar to them (Xiong, Eickbush, 1990). They usually encode
for two genes positioned between the LTRs: gag (codes for
the structural protein forming virus-like particle) and pol
(polyprotein, codes for essential enzymatically active proteins:
protease (PR), ribonuclease H (RNH), reverse transcriptase (RT),
and integrase (INT)). PR processes the Pol polyprotein and the
Gag protein into functional units. RT-RNH enzyme performs
the reverse transcription process. INT integrates new LTR-RTs
copy into the genome. LTRs contain regulatory sequences,
including promoter region recognized by RNA polymerase II,
transcription termination signals and other regulatory motifs
(Kumar, Bennetzen, 1999; Havecker et al., 2004). LTR-RTs are
generally classified based on the phylogenetic relationships
of the amino-acid sequences of the RT domain into four
major families: Ty1/Copia, Ty3/Gypsy, Bel/Pao and Retroviridae
(vertebrate retroviruses) (Eickbush, Malik, 2002; Havecker et
al., 2004). There are other types of LTR-RTs-like elements, DIRS
and plant caulimoviruses, which lack LTRs and have distinct
structural features, but still share a common origin with other
LTR-RTs (Xiong, Eickbush, 1990; Poulter, Goodwin, 2005).

Recently, we assembled and analyzed the genome of
a free-living flatworm M. lignano (Wudarski et al., 2017), a
model organism used to study the mechanisms of stem cells
regulation, regeneration and ageing (Wudarski et al., 2020). We
found that about 25% of the M. lignano genome is comprised by
various TEs, among which 83% (~21% of the genome) are LTR-
RTs (Wudarski et al., 2017). Thus, LTR-RTs are the main players
in the host/TEs arms race in M. lignano and should be under
tight control of the host’s defense system. However, absence
of detailed classification of the identified LTR-RTs prevents
the studies of how their activity is regulated in the M. lignano
genome, which is required for comprehensive understanding
of the biology of this model animal.
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In eukaryotes, piRNA-mediated (Piwi-interacting RNA, a class
of small RNAs) post-transcriptional silencing is one of the major
mechanisms to control TEs activity (Iwasaki et al., 2015; Téth et
al., 2016; Dechaud et al., 2019).The piRNA pathway was shown to
be positively requlated by Hsp90 (heat shock protein 90) protein
in Drosophila, and mutations in Hsp90 result in dysregulation of
piRNA biogenesis and subsequent TEs activation (Specchia et
al, 2010). In nematodes, environmental stress such as heat or
oxidative stress can destabilize the function of Hsp90, leading
to increase in TEs movement (Ryan et al., 2016). In line with this,
previous studies reported activation of LTR retrotransposons
under heat shock in Drosophila, plants and fungi (Vasilyeva et
al., 1999; lkeda et al.,, 2001; Cavrak et al., 2014). Interestingly, in
Arabidopsis thaliana and other Brassicaceae species specific heat
shock sensitive motifs (heat shock elements, HSEs) were found
in some LTR-RTs promoter sequences, which rendered them
directly transcriptionally activated by heat stress conditions
(Cavrak et al, 2014; Pietzenuk et al., 2016). Recently, we
showed that long-term culturing of M. lignano under elevated
temperatures is detrimental for the development of the worm
(Wudarski et al., 2019), and it is possible that activation of LTR-
RTs is the reason for this observation.

Here, we provide the first classification of LTR-RTs in the
M. lignano genome, which can serve as a basis to study complex
relationships between the host/TEs inter-relationships in this
model animal. Additionally, we investigate the presence of HSEs
in the promoter sequences of the identified LTR-RTs as a first
step towards understanding of how heat stress can regulate
LTR-RTs in M. lignano.

Materials and methods

Computational mining, structural annotation, and clustering
of LTR-RTs. For the analysis, the latest published (Wudarski
et al, 2017) genome assembly of M. lignano, Mlig_3_7, was
used (GenBank accession number GCA_002269645.1). For
identification of full-length LTR-RTs in the genome assembly, the
following computational pipeline was implemented. First, de
novo search for long terminal repeat (LTRs)-like sequences was
performed using the LTRharvest tool (Ellinghaus etal., 2008) with
the following set of parameters: -vic 10, -seed 20, -minlenltr 100,
-maxlenltr 7000, -motif TGCA, -similar 85.0, -mintsd 4, -maxtsd
6, -motifmis 1. Second, to remove false positive hits, including
nested LTR-RTs insertions and tandem repeat sequences, the
results of LTRharvest were further processed using LTR_retriever
software using the default parameters (Ou, Jiang, 2018). Third,
the resulted set of LTR-RTs-like sequences was screened for
the presence of the LTR-RTs-specific protein domains (RT, INT,
RNH, PR, and GAG) using standalone RPS-BLAST rpstblastn
(Reverse-Position-Specific BLAST with Translated nucleotide vs
protein domain search) software (Marchler-Bauer et al., 2009),
and the sequences without the RT domain were filtered-out
from further analysis. Each element was given a score based
on the following criteria: integrity of the predicted RT domain,
presence and integrity of other non-RT domains, similarity of
the LTRs, and integrity of the polyprotein open reading frame.
Next, passed LTR-RTs sequences were clustered into lineages
using MMseqs2 (Steinegger, Soding, 2017) with easy-cluster
parameter by their RT domain amino acid sequences, requiring
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up to 50% identity and 80% coverage. Lineages comprised
of only 1 or 2 elements were discarded from further analysis.
Representative LTR-RTs sequences from each lineage were
selected based on the maximum score assigned.

Phylogenetic analysis and classification. Amino acid
sequences of RT, RNH, and INT domains of the selected
representative M. lignano LTR-RTs were aligned using MAFFT
(Katoh, Standley, 2013) to the corresponding “RT/RNaseH/
INT”_retroelement profile alignments retrieved from GyDB
(http://gydb.org/index.php/Collection_alignments). Next, the
resulted alignments were concatenated together and the final
RT-RNH-INT alignment was used for phylogenetic analysis.
Phylogenetic analysis by maximum likelihood was performed
using standalone version of IQ-TREE (Nguyen et al., 2015) with
automatic substitution model selection (-m TEST parameter)
applying SH-aLRT (Guindon et al,, 2010) and UFBoot (Minh
et al, 2013) (-alrt 1000, -bb parameters) to estimate branch
support values.

Classification of M. lignano LTR-RTs sequences was performed
based on their phylogenetic position on the resulted tree and
vicinity to known sequences from GyDB (http://gydb.org).

The identified representative LTR-RTs  nucleotide
sequences, their structural annotation and phylogenetic based
classification (see below) are available at http://gb.macgenome.
org/downloads/Mlig_3_7/Repeats/LTR.

Identification of heat shock elements in the LTRs. Using
the in-house written Python script, LTRs sequences of the
identified M. lignano LTR-RTs were checked for the presence
of the canonical heat shock element (HSE) palindromic motif
NTTCNnGAANNTTCn (Mittal et al, 2011) using the following
regular expression pattern: TTC[GATC][GATC]GAA[GATC][GATC]
TTC, allowing for overlapping matches and searching in both
DNA strands. The search was considered significant when
more than 1 perfect match was found per LTR and when it was
repeated in both LTRs.

Results

Initial search using LTRharvest and LTR_retriever in M. lignano
genome assembly resulted in 1225 LTR-RTs-like sequences.
After screening for LTR-RTs-specific protein domains and
filtering by the presence of the RT domain, 997 full-length
LTR-RTs sequences were retained. Subsequent clustering by
the RT domain sequences followed by filtering of singletons
and clusters with only 2 sequences resulted in 983 LTR-RTs
distributed among 33 lineages (Table 1).

Phylogenetic analysis using amino acid sequences of LTR-RTs
conserved protein domains (RT, RNH, and INT) was performed
to classify the identified set of representative M. lignano LTR-RTs
(see Figure). The overwhelming majority (90.8%) of M. lignano
LTR-RTs belong to the Ty3/Gypsy group (893 elements) and
spread among 5 clusters, 4 of which are known (CsRN1, Mag,
Gmrl, Cer1), and 1 paraphyletic cluster appears to be specific
to M. lignano (see Table 1, Figure). The highest diversity, with 18
clustered lineages, was found for the Mag cluster, 7 lineages for
the paraphyletic new cluster, and 1 lineage for the CsRN1, Gmr1,
and Cer1 clusters (see Table 1, Figure). Only one M. lignano-
specific cluster of LTR-RTs, comprised of a single lineage with
17 elements, was found in the Ty1/Copia group near the known

Classification of LTR retrotransposons
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Hydra and Copia clusters. In the Bel/Pao group, M. lignano LTR-
RTs clustered together with the Bel and Tas clusters comprised
of 1 and 3 lineages, respectively (see Figure).

Multiple canonical HSEs ranging from 3 to 4 perfect motif
matches were identified in 5’ region of the LTR promoters of
two clustered lineages of M. lignano Ty3/Gypsy LTR-RTs: Mlig_
LTR-RT_73 (Mag, 9 out of 13 elements with HSEs) and Mlig_LTR-
RT_986 (CsRN1, 9 out of 39 elements with HSEs) (Table 2, see
Figure).

Discussion

TEs and LTR-RTs in particular are important components of
eukaryotic genomes. In M. lignano, LTR-RTs comprise the
majority of its TEs and constitute almost 21% of its genome
(Wudarski et al, 2017). Providing detailed information on
abundance, diversity and classification of LTR-RTs is a necessary
step towards more comprehensive understanding of various
biological aspects of this model animal.

We identified 983 M. lignano full-length LTR retrotelements
belonging to the 3 major phylogenetic branches of LTR-RTs: Ty3/
Gypsy, Bel/Pao, and Ty1/Copia, with the apparent prevalence
of two Ty3/Gypsy clusters: Mag (489 elements) and a new one
(new Mlig-specific, 319 elements) (see Table 1, Figure). This new
cluster is paraphyletic, as it does not have credible enough aLRT
(Guindon et al., 2010) and UFBoot (Minh et al., 2013) values
(aLRT > 80 and UFBoot > 95) to support the monophyly and
rather represents a set of closely-related M. lignano LTR-RTs
sequences which can be members of distinct clusters (see
Figure). Therefore, assignment of distinct M. lignano LTR-RTs to
this new cluster should be taken with care, and we advise to
refer to one of its 7 lineages, since their relationships to each
other are still not fully confirmed. The new Mlig-specific cluster
in the Ty1/Copia group is represented by a single lineage and
cannot be unambiguously assigned to any of the existent
clusters due to insufficient phylogenetic support (see Figure).

Previous publications report that heat stress can influence
either directly or indirectly the activation of TEs and LTR-RTs in
particular in various animal, plant and fungi species (Vasilyeva
et al, 1999; lkeda et al., 2001; Specchia et al., 2010; Pietzenuk
et al, 2016; Ryan et al.,, 2016). Recent studies on a model plant
Arabidopsis thaliana and other Brassicaceae species indicate
that some Ty1/Copia LTR-RTs, namely ONSEN, have acquired
canonical HSEs motives (Mittal et al., 2011) in their promoter
sequences that rendered them directly activated upon heat
stress (Cavrak et al., 2014; Pietzenuk et al., 2016). Inspired by
this and taking into account our own study, which showed
deleterious effect of elevated, heat shock range, temperatures
on the development in M. lignano (Wudarski et al., 2019), we
attempted a search for HSEs motifs in M. lignano LTR-RTs.
Intriguingly, we found that M. lignano LTR-RTs belonging to
two phylogenetically distinct Ty3/Gypsy clusters (Mag and
CsRN1) acquired multiple (from 3 to 4) HSEs in their promoter
sequences (see Table 2). Therefore, it can be hypothesized
that the observed developmental and growth anomalies in
M. lignano (Wudarski et al., 2019) can also be a result of the
increased LTR-RTs transcription and movement. This interesting
fact definitely requires further studies.
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Table 1. Summary of the LTR-RTs repertoire and classification in M. lignano

Group Cluster Num of Lineages Num of Elements
Ty3/Gypsy Mag 18 489
new Mlig-specific 7 319
CsRNT 1 39
Gamrl 1 6
Cerl 1 40
Ty1/Copia new Mlig-specific 1 17
Bel/Pao Bel 1 52
Tas 3 21
Total 33 983

Group and cluster names are according to GyDB (http://gydb.org)

Table 2. M. lignano Ty3/Gypsy LTR-RTs with canonical HSEs in their LTRs

Cluster | Lineage representative® Element ID**

Num of HSEs

Mag | Mlig_LTR-RT_73[13] 73

118

168

224

254

544

821

943

952

1029

CsRNT | Mlig_LTR-RT_986 [39] 8

151

282

290

360

648

980

986

AW AW W W DDA IWWW W W W W W W W

1105

3

* Lineage representative names are as follows: Mlig_LTR-RT_NUM1 [NUM2], where NUM1 stands for the element ID, and NUM2 indicates the

number of elements clustered within the lineage
** Corresponds to NUMT1 in an element name

Conclusion

Our analysis lays the ground for research on LTR-RTs and TEs
in M. lignano. 1t opens opportunity to study host defense
mechanisms that M. lignano employs to restrict TEs activity,
as well as adaptions that TEs evolved to circumvent these
restrictions. The identification of heat stress responsive
elements in promoters of the M. lignano LTR-RTs indicates that
these retroelements may be directly activated by heat stress, as
it was previously shown for LTR-RTs in plants. It supports the
notion that there is a tight connection between TEs activation

and host’s stress response machinery, the question which is
now can be addressed in M. lignano.
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