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Summary

e Transposable elements (TEs) are ubiquitous genomic features. ‘Copy-and-paste’ long-ter-
minal-repeat (LTR) retrotransposons have been particularly successful during evolution of the
plant kingdom, representing a substantial proportion of genomes. For survival in copious
numbers, these TEs may have evolved replicative mobilization strategies that circumvented
hosts' epigenetic silencing. Stressful circumstances are known to trigger the majority of known
mobilizing plant retrotransposons, leading to the idea that most are activated by environmen-
tal signals. However, previous research revealed that plant developmental programs include
steps of silencing relaxation, suggesting that developmental signals may also be of importance
for thriving parasitic elements.

e Here, we uncover an unusual family of giant LTR retrotransposons from the Solanum clade,
named MESSI, with transcriptional competence in shoot apical meristems of tomato. Despite
being recognized and targeted by the host epigenetic surveillance, this family is activated in
specific meristematic areas fundamental for plant shoot development, which are involved in
meristem formation and maintenance.

e Our work provides initial evidence that some retrotransposons may evolve developmentally
associated escape strategies to overcome transcriptional gene silencing in vegetative tissues
contributing to the host's next generation.

e This implies that not only environmental but also developmental signals could be exploited

by selfish elements for survival within the plant kingdom.

Introduction

Transposable elements (TEs) are selfish genomic parasites,
capable of increasing copy number and modifying their position
within host genomes. TEs represent a threat to genome stability
due to mutational potential, latent deleterious effects on neigh-
boring gene expression and facilitation of chromosomal rear-
rangements (Weil & Martienssen, 2008; Hollister & Gaut,
2009; Tenaillon eral., 2010; Blumenstiel, 2011; Gaubert ezal.,
2017). To counteract TE activity, host genomes evolved the
capacity to suppress them through transcriptional gene silencing
(TGS) mechanisms (Lisch, 2009; Fultz et 4l., 2015; Matzke et al.,
2015). In plants, the RNA-dependent-DNA-methylation
(RdDM) pathway orchestrates sequence-specific targeting of TEs,
mainly through the generation of noncoding 24-nucleotide
small-RNAs (smRNAs), with subsequent chromatin silencing
mediated by epigenetic marks such as DNA methylation (Lisch,
2009; Fultz ezal., 2015; Matzke ez al., 2015). TGS pathways are
particularly vigorous and efficient in plant meristematic tissues,
safeguarding from harmful TE activity those cell lineages poten-
tially contributing to the next generation (Baubec ¢z al., 2014).
Additionally, silencing  (PTGS),

post-transcriptional  gene
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effected by 21-22-nucleotide smRNAs, is capable of targeting
TE transcripts for degradation if TGS is alleviated (Bucher ez al.,
2012). Still, occasional transpositional bursts of TEs may occur,
most remarkably during plant hybridization, polyploidization or
under environmental challenges (Lisch, 2009; Grandbastien,
2015; Galindo-Gonzalez ez al., 2017). Previous research has sug-
gested that plant developmental programs include some steps of
TGS relaxation, allowing global transcriptional reactivation of
TEs. Specifically, this was described in vegetative companion cells
of the male gametophyte secondary to global DNA demethyla-
tion in this tissue (Slotkin ez 4/, 2009), and also in meristematic
tissue of grasses such as maize and rice (Ohtsu eral, 2007;
Tamaki etal, 2015). It was speculated that this programmed,
seemly reproducible, and cell/tissue-specific reactivation of TEs
may provide an advantage for plant genomes in retargeting
repressive chromatin, in a fashion reminiscent of animal
germline-specific silencing (Martinez & Slotkin, 2012). How-
ever, the functional role of this phenomenon, if any, remains
poorly understood.

TEs are classically categorized according to their transposition
intermediates, where class I elements comprise ‘copy-and-paste’
retrotransposons while class II elements comprise ‘cut-and-paste’
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TEs. Class I long-terminal-repeat (LTR) retrotransposons have
been particularly successful throughout the evolution of the plant
kingdom, resulting in significant increases of genome sizes due to
the accumulated inactive relics derived from historical transposi-
tion events (Lisch, 2009; Tenaillon ezal, 2010). Potentially active
LTR retrotransposons typically present two LTRs which flank
coding sequences for functional proteins, such as a structural GAG
and a polyprotein POL. The latter comprises enzymatic activities
required for completion of the elements’ life cycle, and includes a
protease, a reverse transcriptase/ribonuclease H and an integrase;
classical copia-like or gypsy-like superfamilies are defined according
to the arrangement of coding sequences within POL (Kumar &
Bennetzen, 1999; Sabot & Schulman, 2006; Wicker ez al, 2007).
Active elements lacking some of these required open reading
frames (ORFs) have also been described, demonstrating that they
can be mobilized nonautonomously (Sabot, 2014). Competent
LTR retrotransposons also possess a primer binding site that medi-
ates the tRNA priming essential for the reverse transcription of
their genomic RNA, which originates life-cycle intermediates in
the form of extrachromosomal linear DNA (Kumar & Bennetzen,
1999; Sabot & Schulman, 2006; Wicker ez al, 2007). Transcrip-
tional stimulation represents the first key activation step in the life
of LTR retrotransposons (Grandbastien, 1998, 2015; Casacuberta
& Santiago, 2003; Galindo-Gonzalez ezal., 2017). The relatively
few plant LTR retrotransposons known to mobilize in experimen-
tally validated controlled bursts do so mainly by in vitre tissue cul-
ture, mutational disruption of TGS and environmental cues
(Casacuberta & Santiago, 2003; Grandbastien, 2015; Galindo-
Gonzalez et al., 2017). However, the initial trigger signals for the
vast majority of potentially active LTR retrotransposons remains
largely unknown, and it is often believed that they can reactivate
upon some type of stressful situation (Grandbastien, 1998, 2015;
Galindo-Gonzalez etal, 2017). To the best of our knowledge,
only a few characterized plant LTR retrotransposons display cer-
tain developmental regulation, often resulting from nonphysiolog-
ical disturbance of epigenetic surveillance and in some cases only
after added inductive stress (Grandbastien, 1998; Fukai eral,
2010; Jaaskelainen etal, 2013; Mari-Ordonez etal, 2013;
Gaubert ez al., 2017). The contribution of vegetative development,
as a modulator of plant TE activity, has not yet been thoroughly
pursued.

To shed light on the importance of plant development and tis-
sue specificity in the life cycle of LTR retrotransposons, we inves-
tigated their activation in shoot apical meristems of tomato
plants (Solanum lycopersicum). Species of the Solanum clade are
particularly well suited for harvesting meristems at specific devel-
opmental stages (Park eral, 2012). Moreover, they have long
been used as models for studying plant development and mor-
phology (Park eral, 2014; Wang eral, 2016), and bear the
advantage of having various fully sequenced phylogenetic rela-
tives spanning ¢. 14 million years of divergence time, thus facili-
tating comparative evolutionary studies (Sarkinen eral, 2013;
Tomato Genome Sequencing ez al., 2014). Here, we uncover an
unusual family of giant Solanum gypsy-like elements with tran-
scriptional competence in tomato shoot apical meristems, provid-
ing initial clues regarding developmentally associated regulation

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

Research® 951

of TEs in vegetative plant tissues harboring undifferentiated
germline cells.

Materials and Methods

Growing conditions and plant material

Tomato (S. lycopersicum) M82 and S. pennellii LA0716 seeds
were directly sown in soil (Levington F2, ICL) and stratified in
the dark for 1wk at 4°C. Plants were grown in a Conviron
MTPS chamber (Conviron, Winnipeg, Canada) at 25 °C : 18
°C, 16 : 8 h, day/night cycle, 300 umol m~*s™" light intensity
and ¢. 60% humidity. Long-term heat involved a treatment at
35°C over a 16 h daylight period before collection. In all cases,
samples were harvested at the end of the day. For next-generation
sequencing (NGS), samples consisted of pools of at least 100 pri-
mary whole shoot apical meristems, at least four open flowers, or
at least six first leaves from 2- or 3-wk-old plants of tomato or
S. pennellii, respectively. Routinely, shoot apical meristems were
carefully dissected under a stereoscope and acetone-fixed in dry
ice, removing primordial leaves before harvest. Primary whole
shoot apical meristems were at the same developmental window,
compatible with the flower meristem (FM) stage (Park eral,
2012), each harboring a flower and sympodial meristems and a
sympodial inflorescence. For quantitative reverse transcriptase
(gRT)-PCR, samples consisted of pools of at least 100 whole api-
cal meristems collected at different developmental stages accord-
ing to Park eral. (2012): vegetative (VE), transition-to-flowering
(TM) and flower (FM) stages, plus sympodial inflorescence
(INF). Cotyledons were pooled from at least six plants, while
independent calluses were obtained from explants growing on
MS media with 0.5 mgl~" 6-benzylaminopurine and 0.1 mg1™"
1-naphthaleneacetic acid.

Bioinformatics analyses

We performed de novo annotation of very young tomato LTR
retrotransposons to complement the Xu & Du (2014) curated
dataset. Briefly, at least 1000-bp-long preselected LTR-Class
derived sequences, as recognized by Jouffroy eral. (2016), were
first expanded to 5000 bp in both 5’ and 3’ directions along chro-
mosomes. In these sequences, automatic prediction of retrotrans-
posons of at least 98% 5'/3" LTR similarity was executed using
LTRHARVEST (Ellinghaus ez al., 2008); with paramenters sets -v -
mintsd 3 -maxtsd 6 -seed 30 -xdrop 5 -mat 2 -mis -2 -ins -3 -del
-3 -minlenltr 100 -maxlenltr 7000 -mindistltr 1000 -maxdistler
30000 -similar 98 -overlaps best -vic 60 -longoutput. We recog-
nized 676 nonoverlapping very young retroelements, from which
261 were not documented previously by Xu & Du (2014) (Sup-
porting Information Table S1); these were merged for whole
transcriptome analysis. Workflows were developed in-house for
these manipulations using BEDTOOLS (Quinlan & Hall, 2010)
and custom-made Python scripts (www.python.org), available at
heeps://github.com/diegohernansanchez/.

MESSI-like elements within the Solanum clade were docu-
mented by two rounds of more refined manual bioinformatics
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analyses. In the first round, the recognized differentially expressed
tomato MESSI elements were blasted against tomato, S. arcanum,
S. habrochaites, S. pennellis,
genomes (www.solgenomics.net). BLAST hit areas were extended
5000 bp bidirectionally and were used for de novo LTR retro-
transposon annotation with LTR_FINDER (Xu & Wang, 2007),
with parameters sets -D 30000 -d 1000 -L 5000 -1 200, and
A.thaliana (RNAs as templates for primer binding site. The

resulting list was filtered for unique genomic coordinates and also
lting 1 filtered f que g dinat dal

S. tuberosum and  S. melongena

manually inspected, ruling out potential mis-annotations. For
the second round of analysis the same workflow was imple-
mented, but now using all these newly annotated retrotrans-
posons in each Solanum genome, for BrasT and subsequent
LTR_FINDER analysis. The LTR_FINDER report sometimes included
several candidates within the same genomic area; we selected the
larger one and otherwise discarded hits that could not be manu-
ally resolved. Finally, discontinuous MEGABLAST was imple-
mented to assess similarity ~with  SLY_MESSI_com_17
(INT_03_147 from Xu & Du, 2014), considered here as an
archetypal, young, full-length and differentially expressed family
member. Elements defined as incomplete presented strings of
ambiguous Ns within their sequences. Retrotransposon age based
on 5'/3' LTR similarity was estimated using a substitution rate of
1.3x 1078 per site per year (Wicker & Keller, 2007).
MEGABLAST, BLASTN and Braste were performed using NCBI
tools ( https://blast.ncbi.nlm.nih.gov/Blast.cgi) or locally through
Python scripts. Multiple sequence alignments were executed with
MuscLe (Edgar, 2004) and CrustaLw (Thompson ez al., 1994),
and phylogenetic trees with the Jukes—Cantor model and neigh-
bor-joining method with 10000 bootstrapping, using the
GENEIOUS software ( www.geneious.com). Observed vs expected
DNA CpG ratio was calculated as (number of CpGs X sequence
length)/(number of Cs x number of Gs). Tandem-repeats were
recognized online with the Tandem-Repeats Finder (Benson,

1999).

Next-generation sequencing and data analysis

Total RNA from shoot apical meristems was extracted with the
PicoPure RNA Isolation kit (Life Technologies), whereas the
Plant-RNAeasy kit (Invitrogen) was used for flowers and leaves.
DNA samples were extracted with the DNeasy Plant Mini Kit
(Qiagen). Strand-specific libraries from duplicated biological
replicates were prepared with 2 pg of RNA using the TruSeq
Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA,
USA), while PCR-free libraries for the DNA-seq were prepared
with 1 pg of DNA using the TruSeq DNA PCR-Free Library
Prep kit (Illumina), following the supplier’s instructions.
Libraries were analyzed in the 2200 TapeStation (Agilent) and
subsequently sequenced in a Next-Seq 500 (Illumina) platform
deposited in
ArrayExpress ( www.ebi.ac.uk/arrayexpress/) under accession
numbers E-MTAB-7823 and E-MTAB-7939.

NGS data were trimmed using TriMmoMATIC (Bolger ez al.,
2014) with ILLUMINACLIP parameter set to: 2:10:5: 1. Mapping
was executed on tomato SL2.50 or S.pennellii Spenn_v2.0

reporting pair-end reads. Raw data were
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genomes ( www.solgenomics.net), and genomic features recov-
ered from the corresponding ITAG2.4 and Spenn_v2.0 annota-
tions. RNA-sequencing (RNA-seq) mapping was performed
using STAR (Dobin eral, 2013), with parameter sets —
alignEndsType  EndToEnd  —twopassMode  Basic  —
outReadsUnmapped None —outFilterMultimapNmax 50 —
outMultimapperOrder Random —alignMatesGapMax 100000 —
alignIntronMax 100000. Beyond the initial analysis, multimap-
ping reads were excluded by remapping with —outFilterMul-
timapNmax 1. RNA-seq reads from genomic features were
counted using HT-seq count (Anders ezal, 2015), and further
analysed statistically in the R environment with the EDGER pack-
age computing the false discovery rate (FDR) through the Ben-
jamini-Hochberg algorithm (Robinson eral, 2010). The
present-call threshold was >2.5 counts-per-million (cpm) in at
least two samples, while the statistical threshold was FDR <0.01.
Transcript levels were estimated as mapped read counts normal-
ized by HT-seq total counted library (in cpm). Raw RNA-seq
data of sympodial meristems from Park ez al. (2012) were scruti-
nized with the same workflow. DNA-seq was mapped with
BowTi2 (Langmead & Salzberg, 2012), using parameter sets —
very-sensitive -X 1000 —non-deterministic. Reads mapping over
MESSI were prefiltered to diminish ambiguous mapping (first
mapped to a masked genome recovering unmapped reads, then
remapping these to specific sequences; Sanchez ez al., 2017), and
were subsequently counted with BEDTOOLS intersect. Open-
source software such as SAMTooLs (Li etal, 2009), PicarRD (
htep://picard.sourceforge.net.) and DrerTooLs (Ramirez eral.,
2016) were applied in handling of NGS reads; custom-made
workflows for data manipulations and analysis are available at
https://github.com/diegohernansanchez/.

M82 tomato meristem smRNAs and DNA methylome raw
datasets were shared by Lippman laboratory (Cold Spring Harbor
Laboratory, Cold Spring Harbor, MA, USA) and are publicly
available (www.solgenomics.net). smRNA data consisted of pro-
files from vegetative and transition-to-flowering meristems, here
merged to increase the depth of available data, and were mapped
with BowTIE2 using the parameter set —score-min L,0,0 —no-
mixed —no-discordant —no-unal. Methylomes consisted of pro-
files from vegetative meristems and were mapped, deduplicated
and methylation-called using Bismarx (Krueger & Andrews,
2011). Parameters for bismark mapping were —bowtie2 -N 1 -L
20 -X 1000 -score_min L,0,-0.8 -R 3; whereas the parameter for
bismark_methylation_extractor was —comprehensive. Table S2
provides a list of the different NGS datasets produced or used in
this study.

Quantitative real-time RT-PCR

Five micrograms of total RNA was treated with TURBO DNA-
free kit (Ambion, Austin, TX, USA), and first-strand cDNA was
synthesized by oligo dT priming using the SuperScript III First-
Strand Synthesis System (Invitrogen). For real-time PCR we used
the LightCycler 480 SYBR Green I Master (Roche), witha 1:10
dilution of cDNA in a 10 pl final reaction volume. Cycling and
dissociation curves were investigated in a LightCycler 480
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Instrument II (Roche). The PCR program was 5 min at 95°C
and 45 cycles of 95°C denaturation, 60°C annealing and 72°C
extension, each for 10s. In all samples we used the geometric
mean of five housekeeping genes for within-sample normaliza-
tion: SISAND (Solyc03g115810), SIPDF2 (Solyc05g009600),
SIEFIA (Solyc06g005060), SIUBQIO (Solyc07g064130) and
SITIP41 (Solyc10g049850). Primer design, reaction parameters
and analysis were performed as described elsewhere (Czechowski
etal., 2005). Primer details are given in Table S3.

In situ hybridization

In situ hybridization was executed according to Yang ezal.
(2016). Briefly, shoot apical meristems were dissected, fixed in
FAA (3.7% formaldehyde, 5% acetic acid, 50% ethanol), and
embedded in wax. After being cut into 8 im sections, the samples
were processed with dewaxing, rehydration and dehydration. Sec-
tions were then hybridized with a MESSI GAG probe at 55°C,
and incubated with antidigoxigenin-AP antibody (Roche) for 2 h
at room temperature. Hybridization signals were detected via
NBT/BCIP (Roche) reaction at 28°C. The probes were obtained
by cloning a PCR fragment with primers amplifying a GAG por-
tion of Sly_ MESSI_com_17/INT_03_147, with high homology
to others. Therefore, the antisense probe reveals transcripts from
all MESSI. The fragment was cloned into pGEM-T Easy vector
(Promega), resequenced, and used as PCR template with primers
T7 and SP6. Antisense and sense probes were generated after
in vitro transcription from these PCR products using the DIG
RNA Labelling Kit (Roche). The sense probe assessed nonspecific
background binding, showing no evident signals.

Results

MESSI retrotransposons transcriptionally activate in tomato
shoot apical meristems

As a crucial step towards assessing potential LTR retrotransposon
activity in meristematic tissues, we performed strand-specific
RNA-seq on tomato shoot apical meristems. For comparisons,
leaf and flower tissues were also harvested. We investigated these
transcriptomes by using a comprehensive annotation of tomato
elements tentatively considered active, being full-length (under-
stood here as elements displaying both LTRs) and relatively
young (as evaluated by high 5'/3' LTR sequences similarity, see
below). We complemented a previous annotation (Xu & Du,
2014) with our own bioinformatics analysis aimed at finding
additional very young LTR retrotransposons, which were auto-
matically de novo called from previously recognized LTR retro-
transposon-related chromosomal areas (Jouffroy ezal., 2016). A
target list was constructed including 2335 full-length elements,
with 2074 curated from Xu & Du (2014) (designated with the
prefix INT) and 261 new additions (designated with the prefix
newINT) (Table S1). From these, only 62 passed a stringent pre-
sent-call threshold aimed at recognizing the reproducible occur-
rence of retrotransposon-derived transcripts across our whole

dataset (Table S4), indicating the apparent absence of global
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retroelement reactivation in tomato shoot apical meristems.
Using stringent statistical tests for robust results (FDR<0.01
and log, fold-change (FC)>2.5 in two comparisons), we recog-
nized 10 candidates out of the 62 that were differentially up-reg-
ulated in meristems compared to leaves and flowers (Table 1). As
a first validation approach, we compared the transcript levels of
these candidates between our dataset and previously published
meristem transcriptomes (Park ez al., 2012). The normalized read
counts across elements correlated between independent experi-
ments (Fig. S1). As a second validation strategy, we used quanti-
tative real-time RT-PCR with specific primers evaluating
independent samples from different tomato tissues; two of the
candidates were amenable to unique, specific and efficient PCR
amplification in  ¢cDNA  templates (INT_03_147 and
INT_08_206; Fig. S1). High transcript levels from these candi-
dates were detected only in shoot apical meristems regardless of
their developmental stage, suggesting persistent tissue-specific
activation (Fig. 1a).

With the exception of INT_11_119 belonging to the copia-
like superfamily (Xu & Du, 2014), the remaining recognized
meristem-induced LTR retrotransposons shared sequence
homologies in-between LTRs and belonged to the gypsy-like
superfamily (see below). We focused on these, which we initially
named Meristem-Expressed-Solanum-Specific-Identity, in short
‘MESST . Through additional refined bioinformatics analyses and
manual curation (see Materials and methods), we finally anno-
tated 80 complete and 16 incomplete MESSI or MESSI-like ele-
ments in the tomato genome (‘complete’ referring to those
elements presenting known and available whole sequences, as
opposed to ‘incomplete’ where elements feature a variable num-
ber of ambiguous Ns from reported suboptimal chromosome
sequencing). These were designated with the prefix Sly_MESSI,
with indication of their status as complete or incomplete ele-
ments as _com or _ing, respectively (Table S5). After present-call
filtering and reduced threshold stringency (log, FC>1.5 in at
least one comparison), reassessment of our transcriptome data
showed that 14 listed MESSI were differentially induced in
meristems (12 complete and two incomplete), presenting

Table 1 Tomato LTR retrotransposons differentially expressed in shoot
apical meristems as compared with leaves and flowers.

Meristems vs leaves Meristems vs flowers

LTR retrotransposon  log, FC ~ FDR log, FC  FDR

INT_03_147 10.88 1.55014E-25 5.41 1.57941E-15
INT_07_162 11.60 2.90642E-30 11.17 6.72539E-25
INT_08_159 11.32 3.77169E-28  10.89 6.75822E-23
INT_08_206 9.97 2.05788E-56 6.61 8.24816E-37
INT_09_24 5.03 1.76354E-17 3.33 7.55596E-10
INT_10_167 11.68 3.7499E-31 8.34 4.85729E-24
INT_10_173 8.40 3.79114E-41 7.33 5.24731E-34
INT_10_180 10.04 9.06196E-36  11.96 1.73729E-30
INT_11_119 2.63 1.47062E-12 5.91 3.19634E-39
newINT_01_81 7.26 3.22988E-30 2.89 1.32323E-09

These were from the tomato annotation of young and potentially active
LTR retrotransposons. FC, fold change; FDR, false discovery rate.
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Fig. 1 MESSI LTR retrotransposons are active in tomato shoot apical meristems. (a) Quantitative real-time RT-PCR analysis of transcript levels across
different tissues for INT_03_147 and INT_08_206 LTR retrotransposons from Xu & Du (2014). Bars represent mean + SD of duplicated independent
biological replicates, depicted on log, scale relative to flower samples. SAM, shoot apical meristem; VE, late vegetative stage; TM, transition-to-flower
stage; FM, flower stage; INF, sympodial inflorescence. (b) Transcript levels of the 12 complete and two incomplete differentially expressed MESS/ from
RNA-seq data. Upper panel: normalized read count as counts per million (cpm) in tomato meristems (red), leaves (green) or flowers (orange). Bars
represent mean + SD of duplicated independent biological replicates. Lower panel: relative expression levels as mean fold changes (FC) on log; scale,
between meristems and leaves (M/L, dark gray) or between meristems and flowers (M/F, light gray). (c) Correlation across all tomato MESS! and MESSI-
like elements between 5'/3' LTR similarity (1 =100%, identical) and the ratio of observed vs expected DNA CpG sites (O : E CpG as %) for sequences in-
between LTRs. However, Sly_MESSI_inc_6 and Sly_MESSI_inc_15 were severe outliers for the O : E CpG ratio and were discarded for this analysis. The
linear regression model is depicted as a black line (r* = 0.43). DE, differentially expressed; PC/S, present-call/significance.
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negligible or no expression in leaves or flowers (Fig. 1b;
Table S6). Seven extra MESSI appeared induced in meristems,
but their levels were below our present-call filter or significance
thresholds; in addition, three old MESSI (as inferred by lower 5’/
3" LTR sequence similarity, see below) were not considered as
being differentially expressed because they presented activity also
in leaves and flowers (Table S6).

The age of a full-length LTR retrotransposon can be estimated
by scoring 5'/3' LTR sequence similarity. Identical LTRs are
diagnostic of very recent insertions, while increased dissimilarities
reflect degeneration due to accumulated random mutations,
diverging LTRs at a rate proportional to the element’s age
(Pereira, 2004; Wicker & Keller, 2007). 5'/3' LTR similarity for
differentially activated MESSI was between 89.6% and 99.9%
(Table S6), implying they transposed within the last ¢. 4 million
years (Wicker & Keller, 2007). As an independent estimator of
relative age, we investigated across all annotated MESS/ and
MESSI-like sequences the ratio of observed vs expected CpG sites
(O : E CpG). As evolutionary time proceeds, this ratio is
expected to decrease in methylated DNA sequences such as TEs,
due to C-to-T mutational bias through deamination of 5-

Research® 95

methylcytosine (Shen eral, 1994). Remarkably, MESSI and
MESSI-like O : E CpG ratios correlated with 5'/3' LTR similarity
(Fig. 1¢). The highest O : E CpG ratio was observed in most
meristem-induced MESS/, an indication of their very young age
(Fig. 1¢). Together, these observations confirm the idea that very
young and full-length AMESSI preserve the meristem-activation
property. However, note that some recent insertions seem to have
already lost meristematic activity, whereas few older elements still

display it (Fig. 1c).

MESSI display characteristic features of the OGRE group

To analyze the sequence features of tomato MESSI, we focused
on those that could be considered potentially competent for
transposition: differentially expressed, complete full-length and
very young insertions (5'/3" LTR similarity >99.5%, suggesting
an age of no more than ¢ 0.2 million years; Fig. 2). Their median
total and LTR sizes were ¢. 20.8 kb and 3.1 kb, respectively, sug-
gesting that giant size is a founding character. This places them
among the largest TEs alongside gypsy-like retrotransposons of
the OGRE and SNARE families (Neumann ez 2/, 2003; Macas &

5/3'LTR
similarity (%)

OGRE_pea (outgroup)

Sly_MESSI_com_48 99.9

Sly_MESSI_com_17 99.5

Sly_MESSI_com_66 99.7

Sly_MESSI_com_49 99.9

Sly_MESSI_com_38 99.9

Sly_MESSI_com_68 99.6

Sly_MESSI_com_69 99.9

Sly_MESSI_com_12 99.8

Sly_MESSI_com_39 99.7

ORF1 GAG POL ORF4
5L 3L

5 10 15 20 Kb

Fig. 2 MESSI elements represent a novel LTR retrotransposon multimember family. Phylogenetic analysis of complete full-length, very young and
differentially expressed MESSI. The tree was built aligning in-between LTR sequences, and using the Jukes—Cantor model and neighbor-joining method
with 10 000 bootstraps. Pea’s OGRE was used as outgroup (Neumann et al., 2003). LTRs and ORFs are denoted in orange; only those ORFs with 280 or

more amino acids were considered.
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Neumann, 2007; Du ez al., 2010). They shared the primer bind-
ing site compatible with priming through tRNA-Arg, similar to
the OGRE family (Fig. S2a; Macas & Neumann, 2007). As they
presented high homology in-between LTRs (>96% identity at
the nucleotide level for any given pairwise comparison), MESS/
can be defined as a multimember family (Wicker ezal., 2007).
They displayed at least three nonoverlapping coding areas, the
second and third being enlarged GAG/protease and POL (reverse
transcriptase/ribonuclease H/integrase), each of ¢. 3400-3600 bp
(Fig. 2). According to the coding arrangement within POL,
MESSI belong to the gypsy-like superfamily. Despite their young
age, some of them showed mutated GAG and/or POL, and could
be theoretically considered nonautonomous elements. Before
GAG, these MESSI presented an ORF1 of ¢ 1600 bp, also
reported for other gypsy-like elements such as OGRE from pea
(Neumann et al., 2003; Steinbauerova ez al., 2011). However, we
found no protein homology between ORF1 from MESSI and
OGRE (Fig. S2b), implying that these may have different func-
tions despite the similar placement within the retrotransposons.
MESSI ORF1 showed no known protein domains in public pro-
tein databases. Furthermore, all but one presented an area with
tandem repeats upstream of the 3’ LTR (Fig. S2c), a feature
reported also for OGRE and SNARE families (Macas & Neu-
mann, 2007; Du etal, 2010). In two cases, an ORF4 resulted
from these repeats (Fig.2), but we did not find any homology
database hits. Although it is not uncommon for plant gypsy-like
elements to display extra ORFs and tandem repeats, their func-
tional roles remain enigmatic (Steinbauerova eral, 2011). Of
note, Sly_ MESSI_com_48 (INT_08_206 in Xu & Du, 2014)
presented a smaller size and derived heavily mutated GAG while
lacking POL sequences, but we recognized a complete ORF1
with low homology to the others (c. 35% identity at the protein
sequence level); overall this suggests a nonautonomous element
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which lineage diverged a long time ago. The rest of the differen-
tially expressed MESSI not considered before comprised older
elements (lower 5'/3' LTR sequence similarity, Table S6), with
mutated and reduced ORFs but still in-between LTRs homology
to the very young elements (> ¢. 84% nucleotide sequence iden-
tity in > ¢. 83% cover for pairwise comparisons); therefore, they
probably represent aged MESSI remnants still conserving tran-
scriptional capabilities.

Although a typical character of LTR retrotransposon families
is the high homology of coding areas across members, with > 80-
% sequence identity, many families sometimes present an iden-
tity below 30% in LTR sequences (Casacuberta & Santiago,
2003; Wicker eral., 2007; Grandbastien, 2015). Compared to
coding regions, LTR homologies across very young MESSI
tended to be low (overall ¢. 48% pairwise identity). Nonetheless,
interspersed by indels in some elements, high homology blocks
comprising ¢. 250 bp were shared at the 5 and 3" edges of LTRs
(Fig. S2d). Remarkable similarity was manifest in the first 30—
32 bp block of the 5" LTR edge, which probably includes con-
served an integrase-binding site, as expected from elements of the
same family (Wicker ez al., 2007). This was also true for the puta-
tive nonautonomous Sly_MESSI_com_48/INT_08_206
(Fig. 82).

We further analyzed in more detail the RNA-seq mapped data.
These showed a nonrandom distribution of reads resulting from
the coding strand, mostly in GAG and POL areas, and in some
cases the LTRs (Figs 3a,b, S3). This may imply selective splicing
of spacer sequences between ORFs, like pea’s OGRE (Neumann
etal., 2003). Interestingly, Sly_MESSI_com_48/INT_08_206
presented high expression levels of LTRs and ORF1, with appar-
ent long-distance spillover transcription towards downstream
sequences (Fig. $3). Older meristem-activated MESSI showed
reads mapping only to the LTRs, with no visible expression of
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Fig. 3 Transcriptional profile of MESSI LTR retrotransposons. (a) Example genome browser plot of tomato leaf, flower and shoot apical meristem RNA-seq
data mapped to genomic coordinates on chromosome 3 around Sly_MESSI_com_17/INT_03_147. Plus strand reads are depicted in red and minus strand
reads in blue. Genes and MESSI models on top are colour coded green and orange, respectively. (b) Scaled summary plot for RNA-seq data over the entire

sequence of very young differentially expressed MESSI.
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other areas (Fig. S3). Taking these together, we conclude that
MESSI represents an unusual gypsy-like multimember plant LTR
retrotransposon family, with transcriptional competence mainly
in tomato shoot apical meristems and unorthodox features

related to the OGRE group (Macas & Neumann, 2007).

Evidence of developmental escape from TGS in MESS/
family

We speculated that developmental relaxation of TGS may be
responsible for MESSI activation in shoot apical meristems
(Martinez & Slotkin, 2012). To test this, we first analyzed
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available tomato meristem smRNA data to assess whether the
MESSI family is a recognized target of the RADM machinery
(Fultez  eral, 2015). Perfect-matching uniquely mapped
smRNAs showed enrichment for 24-nucleotide smRNAs in all
documented MESSI and MESSI-like elements together, and
also for just the differentially expressed MESSI (Fig. 4a). The
ratio 24 + 23-nucleotide : 21 + 22-nucleotide smRNAs was 3.69
for all MESSI and MESSI-like and 4.63 for only the differen-
tally expressed MESSI, compared to 1.55 for the total smRNA
population. Very young differentially expressed MESSI dis-
played smRNAs targeting both DNA strands, with an apparent
bias towards the 5’ end sequences (Figs4b, S4). These
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observations suggest an effective recognition of MESSI
sequences by the tomato canonical RADM pathway. Because
this pathway mediates epigenetic silencing of target sequences
through DNA methylation (Lisch, 2009; Fultz eral, 2015;
Matzke eral., 2015), we then investigated available methylome
profiles in tomato meristems. We observed cytosine methyla-
tion signals in the three DNA contexts (CG, CHG and CHH)
along the whole sequences of very young differentially
expressed MESSI, typical of RADM-dependent DNA methyla-
tion (Figs 4c, S4). Visual inspection of freely available data in
the form of genome browser profiles also showed smRNA and
DNA methylation over MESSI coordinates in tomato fruit
samples (accessible through the Tomato Epigenomics Database:
http://ted.bti.cornell.edu/epigenome/index.html;  Zhong ezal.,
2013). Taking this together, we conclude that the MESS/ fam-
ily is recognized and targeted by TGS in tomato shoot apical
meristems and other tissues, implying that epigenetic surveil-
lance is not completely relaxed for their transcriptional compe-
tence. Therefore, these TEs may have evolved an innate
capacity to developmentally evade some layer of the epigenetic
silencing. Because completely unrestrained and fully activated
LTR retrotransposons typically generate copious life-cycle
intermediates in the form of extrachromosomal DNA (Mirouze
etal., 2009; Ito etal., 2011), we wondered if this was also the
case for MESSI. We performed tissue-specific PCR-free DNA-
seq and counted reads mapping to the target TEs, potentially
revealing not only extrachromosomal DNA but also putative
new chromosomal copies (Sanchez eral, 2017). However,
tomato shoot apical meristems did not show an increased
number of DNA-seq reads mapping to the very young tran-
scriptionally activated MESSI (Fig. S5). This suggests there is
no substantial meristematic proliferation of MESSI DNA
copies, providing initial evidence for the absence of significant
extrachromosomal DNA synthesis.

It has been recognized that transcriptional stimulation of
silenced TEs and genes may be initiated in plant vegetative tissues
under long-term heat treatment, which disturbs TGS (Sanchez &
Paszkowski, 2014). As target of TGS, we wondered whether heat
reinforces MESSI activity in meristematic tissues. We thus per-
formed whole transcriptome analysis of shoot apical meristems
from tomato plants subjected to long-term heat. Examination of
heat-responsive gene markers corroborated that the temperature
treatment was effective; moreover, we were able to recognize the
triggering  of several heat-induced LTR retrotransposons
(Fig. S6a). However, differentially expressed MESSI elements did
not show an induction upon this temperature shift. Most of them
were actually repressed, with a few exceptions that did not change
significantly (Fig. 4d). The majority of the other recognized
MESSI-like elements showed no differential behavior after the
heat treatment, with the exception of Sly_ MESSI_com_1 and
the previously documented older MESSI with activity across tis-
sues, which also seemed to be repressed (Fig. S6b). Although it
cannot be ruled out that other environmental conditions influ-
ence their induction, our results support the idea that MESS/
escape from TGS may be mediated by developmental rather than
stress signals.
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We then investigated whether MESSI escape from TGS in a
cell-type-specific fashion. For this, we analyzed the spatial distri-
bution of MESSI transcripts using 77 sizu hybridization in tomato
shoot apical meristems at different developmental stages.
Remarkably, we observed area-specific signals. MESSI appeared
transcriptionally competent in the outer layers and central zones
of meristems in the transition-to-flowering stage, and also at the
boundaries between the meristems and initiating organs (either
leaf or inflorescence primordia) (Figs 5, S7). This configuration
evokes the expression patterns of some plant developmental tran-
scription factors involved in the specification of stem cells and
organ boundaries, such as Arabidopsis thaliana SHOOT
MERISTEMLESS (Long & Barton, 2000; Landrein ez al., 2015).
Furthermore, strong signals were observed at the primordia and
flank of initiating leaflets (Figs 5, S7), reminiscent of organ
boundary transcription factors such as tomato GOBLET (Berger
eral., 2009). Organ boundary areas are known to have key

Fig. 5 In situ hybridization for MESSI LTR retrotransposons. MESSI's
antisense GAG hybridization signals were detected by the NBT/BCIP
reaction in 8 um sections in representative tomato shoot apical meristems.
Upper panel: transition meristem stage. Lower penal: inflorescence and
sympodial vegetative meristem stage. Lp, leaf primordia; Lft, leaflets;

TM, transition meristem; INF, sympodial inflorescence; SIM, sympodial
meristem.
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developmental functions such as the formation and maintenance
of all meristems and compound-leaf patterning (Wang ezal.,
2016). We conclude that these observed developmentally associ-
ated patterns are compatible with AESS/ transcriptional activa-
tion in strategic meristematic cell lineages possibly contributing
to the germline.

MESSI elements occur across Solanum

It can be hypothesized that MESS-specific meristematic escape
from TGS in the wild-type background under normal growing
conditions may have evolved recently in tomato. Alternatively, it
may be an older attribute shared by many MESSI-/ike retrotrans-
posons within the Solanum clade. To answer this, we used com-
parative genomics: in a first step we attempted to annotate
MESSI-like elements in several fully sequenced Solanum species,
while in a second step we aimed to analyze shoot apical meristem
activity in a set of predicted elements. Although low sequence
quality in some of the available genomes may hamper the finding
of such large TEs, our bioinformatics analyses using homologies
to tomato MESSI did recognize full-length MESSI-like elements
in all explored Solanum (Table 2). They shared the characteristic
giant size, between 18 and 21 kb on average, with some extreme
examples reaching ¢. 33 kb (Fig. S8). In all cases, the documented
MESSI-like elements peaked in numbers between 96% and 92%
5'/3" LTR similarity (Fig. S8), diagnostic of maximal historical
transposition bursts occurring between ¢ 1.5 and ¢ 3 million
years ago (Wicker & Keller, 2007). This implies an overall low
recent mobilization of this family. However, from this it can be
inferred that they were more intensely active in S. zuberosum and
S. melongena long after their divergence from tomato (c. 8 and 14
million years ago, respectively; Sarkinen eral, 2013). Also,
because S. arcanum, S. habrochaites and S. pennellii split from
tomato within the last 2—3 million years (Sarkinen et al., 2013),
MESSI must have been active during and after these speciation
events. We therefore focused only on a subset of relatively mod-
ern MESSI-like elements across Solanum genomes with 5'/3'
LTR similarity >97.5%, which denotes insertions within the last
¢. 1 million years, thus ensuring their transposition events took
place after the speciation of their hosts. Most of them belonged
to tomato and S. pennellii, and phylogenetic analyses of their
aligned sequences suggested shared ancestry (Fig. S9). Taking this

Table 2 Number of MESSI and MESSI-like LTR retrotransposons anno-
tated in different Solanum genomes.

Species Complete Incomplete
S. lycopersicum 80 16

S. arcanum 75 -

S. habrochaites 82 -

S. pennellii 78 35

S. tuberosum 21 41

S. melongena 7 15

Incomplete elements refers to those in which the sequences in-between
the LTRs are at present not entirely known, displaying a variable number
of ambiguous bases represented by Ns.
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evidence together, we conjecture that Solanum species probably
present a low number of extant young MESS! insertions. We
then aimed at exploring putative AMESS/ competence in
S. pennellii shoot apical meristems (designated with the prefix
Spenn_MESSI, Table §7), performing RNA-seq analysis in com-
parison with leaves and flowers. After present-call filtering and
statistical assessment for differential expression (log, FC>1.5 in
at least one comparison), we observed differential transcriptional
activation in S. pennellii shoot apical meristems of some of the
predicted MESSI elements (Fig. 6a; TableS8). However, most
were deemed old, with 5'/3' LTR similarity ranging between
97.7% and 88.8% (Table S8), implying an estimated historical
mobilization between ¢. 0.88 and ¢. 4.6 million years ago. RNA-
seq reads mapped to these elements showed transcript signals
mostly in one or both LTRs, and in some cases not only in meris-
tems but also in leaves and flowers, resembling some of the old
tomato MESSI (Figs 6b,c, S10). We interpret these data as evi-
dence that MESSI elements in S. pennellii are now probably
transpositionally inactive, but with some old remnants still con-
serving the meristem transcriptional competence distinctive of
their tomato counterparts. Together, this could imply that the
escape from TGS during development evolved in MESSI ances-
tors before the split between tomato and S. pennellii lineages.
However, the meristem-activated elements may be posed to dis-
appear in the latter, probably due to aging.

Discussion

Evidence of the MESS/ family evading layers of epigenetic
silencing

Under natural conditions, nonsilent TEs must be those engaging
in bursts of transposition (Lisch & Bennetzen, 2011; Bousios &
Gaut, 2016). It has been speculated that such a dearth of host
silencing pressure may be mediated by natural variation at epige-
netic regulators, by environmental/genomic challenges leading to
a transient failure of the epigenetic machinery, by a programmed
developmental relaxation of TGS, or due to the invasion of TEs
not yet recognized by the target genome as in horizontal transfer
(Weil & Martienssen, 2008; Blumenstiel, 2011; Lisch & Bennet-
zen, 2011; Martinez & Slotkin, 2012; Bousios & Gaut, 2016;
Lanciano & Mirouze, 2018). However, a plausible and nonmu-
tually exclusive alternative may be the existence of inherent TE
attributes that could have been selected as adaptations to counter-
act or evade host suppression, allowing sporadic activation and
transposition of recognized and otherwise silenced elements. In
plants, scenarios of this kind have been documented in class II
‘cut-and-paste’ type TEs. For example, the VANDAL21 family of
A. thaliana was reported to sport an antisilencing factor that
mediates DNA methylation loss of TEs (Hosaka ez 4/, 2017). By
contrast, the rice autonomous Ping is actively transcribed despite
DNA methylation of regulatory terminal sequences, transposing
during the propagation of rice landraces with shared ancestry
together with its nonautonomous mPing partner; this supports
the idea that some TEs may efficiently elude silencing (Lu et al,
2017). To the best of our knowledge, no operative antisilencing
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Fig. 6 Transcriptional profile of MESSI LTR retrotransposons in Solanum pennellii. (a) Transcript levels of complete differentially expressed S. pennellii
MESSI from RNA-seq data. Upper panel: normalized read count as counts-per-million (cpm) in meristems (red), leaves (green) or flowers (orange). Bars
represent mean + SD of duplicated independent biological replicates. Lower panel: relative expression levels as mean fold changes (FC) on log, scale,
between meristems and leaves (M/L, dark gray) or between meristems and flowers (M/F, light gray). (b) Example genome browser plot of S. pennell leaf,
flower and shoot apical meristem RNA-seq data mapped to genomic coordinates on chromosome 2 around Spenn_MESSI_com_7. Plus strand reads are
depicted in red and minus strand reads in blue. Genes and MESS/ models on top are colour coded green and orange, respectively. (c) Scaled summary plot
for RNA-seq data over the entire sequence of complete differentially expressed S. pennellii MESSI.

factors have been described for LTR retrotransposons, but
mounting evidence suggests that several plant retrotransposon
families could override certain layers of epigenetic suppression.
For instance, inductive environmental conditions activated
ONSEN/COPIA78 of A. thaliana and Tntl of tobacco despite
TGS recognition and targeting (Ito ez al., 2011; Hernandez-Pin-
zon etal., 2012; Sanchez eral., 2017). Other plant retrotrans-
posons such as RIDER of tomato, OGRE of pea, SARE' of
soybean and BAREI of barley appeared transcriptionally unre-
stricted — and certainly translationally competent at least in the
last case — across most wild-type tissues where the epigenetic
machinery is intact (Neumann ez al., 2003; Jiang ez al., 2009; Du
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etal., 2010; Jaaskelainen ezal, 2013). However, no particular
developmental pattern of evasion has been reported in these cases.
Our results showed that MESSI, a novel giant retrotransposon
family, appears transcriptionally competent in tomato shoot api-
cal meristems in spite of being recognized and targeted by the
TGS machinery. At present, it cannot be ruled out that silencing
is relaxed specifically in those cell lines presenting MESSI in situ
hybridization signals. Nevertheless, the pattern of transcript spa-
tial distribution supports the idea that MESSI hijack tomato’s
developmental signaling to elude those layers of epigenetic
surveillance that evolved to restrict the initial stimulation of TEs.
This behavior is remarkable, considering that the activation in
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cell lineages supplying genetic information to the host’s next gen-
eration must be a prerequisite for the survival and evolution of
genomic parasites (Blumenstiel, 2011). It is conceivable that,
during plant ontogeny, MESSI may take advantage of their elud-
ing activity to secure new copies in meristematic tissues carrying
the plant germline, which differentiates late in vegetative develop-
ment (Lanfear, 2018). Currently, the underlying molecular bases
of such developmental escape remain unknown. It is well
described that cis-elements within LTR sequences mediate the
initial transcriptional activation, effected by transcription factors
from the host (Grandbastien, 2015; Galindo-Gonzalez et al.,
2017). Compelling evidence demonstrates the involvement of
stress-associated factors in the trigger of environmentally respon-
sive plant retrotransposons (Vernhettes et al., 1997; Cavrak ez al.,
2014; Pietzenuk ez al, 2016; Zervudacki et al, 2018). Thus, for
the case concerned here, we venture to predict that evasion is
probably mediated by specific plant developmental transcription
factors recognizing regulatory sequence motifs presumably occur-
ring in MESSI LTRs, subsequently recruiting the Pol II-depen-
dent machinery and perhaps simply overpowering TGS. As an
alternative to overpowering TGS, triggering competence might
depend critically upon silencing targeting MESSI sequences, for
example, if transcriptional activity would require or may be
enhanced by DNA methylation (Williams ez /., 2015). The vali-
dation of such hypothesis, along with the exploration of the iden-
tity and nature of the corresponding cis-elements and zrans-acting
factors, remains a green venue for future research. In addition,
the finding of MESSI transcript accumulation despite being tar-
geted by 21+ 22-nucleotide smRNAs might also point to an
escape from PTGS; however, additional research would be neces-
sary to confirm that these smRNAs truly mediate cleavage of
MESSI transcripts or instead inhibit their translation.

Escape from silencing evolved in Solanum ancestors

It is interesting to consider when MESSI developmentally associ-
ated escape evolved. Our observation that old MESS/ remnants
retain only LTR activity, in tomato as well as in S. pennellii, may
be interpreted as aging acting on elements originally presenting
the tissue-specific evasion property. Alternatively, transcriptional
competence in old LTRs across different tissues in either tomato
or S. pennellii may point to a common origin as constitutively
active TEs, on which tissue-specific triggering was later adaptively
selected. Further research efforts are underway to ascertain these
possibilities; but under both scenarios, the timing for evolution
of evasion is taken back to a common ancestor pre-dating the
tomato and S. pennellii speciation event. Regardless, the profi-
cient escape from TGS might be a prerequisite for the subsistence
of oversized TEs such as MESSI, given that longer eukaryotic ele-
ments are more efficiently selected against due to an increased
likelihood of deleterious ectopic recombination (Petrov ezal.,
2011). Supporting this idea, giant dicot retrotransposons such as
OGRE and SARE" appeared constitutively active across tissues,
although this attribute is also shared by other more standard-sized
monocot elements (Neumann ez al., 2003; Jiang et al., 2009; Du
etal., 2010; Jaaskelainen ez al., 2013). Also, the escape property
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seems to be shared by tomato INT_11_119, which belongs to a
different superfamily. Together, this suggest that LTR retrotrans-
poson evasion strategies, whatever the underlying mechanisms,
must have evolved many times independently during plant king-
dom evolution.

Defenses other than TGS probably restrain MESS/

In view of their age, homologies, variable numbers and nonsyn-
tenic chromosomal locations, we infer that MESSI undoubtedly
mobilized after the divergence of their Solanum hosts. However,
we have not yet empirically recorded a contemporary burst of
tomato young MESSI. As with other TE families, transposition
may rarely occur under normal circumstances, indicating that
additional layers of the host epigenetic surveillance may effec-
tively restrain MESSI downstream of their initial activation step
(Bucher etal, 2012). Indeed, our initial results hint at the
absence of substantial amounts of extrachromosomal DNA inter-
mediaries in tomato meristems despite AMESSI characteristic
expression, suggesting that their life cycle is most likely being
blocked post-transcriptionally by other defenses before the initia-
tion of genomic RNA reverse-transcription. This interpretation is
compatible with the existence of host multilayer silencing mecha-
nisms individualized for particular TEs, as described for the LTR
retrotransposon EVADE/COPIA93 in A. thaliana (Mirouze et al.,
2009); however, the evolution of self-restraint in AMESSI cannot
at present be ruled out (Tucker ez al., 2015; Gaubert ez al., 2017).
Yet unexplored physiological conditions may be required to
increase the occurrence likelihood of MESSI operative mobiliza-
tion. Nonetheless, our results provide preliminary evidence that
not only sensed external environmental signals, but also internal
developmental signals, may be exploited by particular retrotrans-
posons for survival within plant genomes.
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