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Abstract A comparative approach in biology is needed
to assess the universality of rules governing this discipline.
In plant telomere research, most of the key principles were
established based on studies in only single model plant,
Arabidopsis thaliana. These principles include the absence
of telomere shortening during plant development and the
corresponding activity of telomerase in dividing (meristem)
plant cells. Here we examine these principles in Physcom-
itrella patens as a representative of lower plants. To follow
telomerase expression, we first characterize the gene coding
for the telomerase reverse transcriptase subunit PpTERT in
P. patens, for which only incomplete prediction has been
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available so far. In protonema cultures of P. patens, grow-
ing by filament apical cell division, the proportion of apical
(dividing) cells was quantified and telomere length, telom-
erase expression and activity were determined. Our results
show telomere stability and demonstrate proportionality of
telomerase activity and expression with the number of api-
cal cells. In addition, we analyze telomere maintenance in
mrell, rad50, nbsl1, ku70 and lig4 mutants of P. patens and
compare the impact of these mutations in double-strand-
break (DSB) repair pathways with earlier observations in
corresponding A. thaliana mutants. Telomere phenotypes
are absent and DSB repair kinetics is not affected in P. pat-
ens mutants for DSB factors involved in non-homologous
end joining (NHEJ). This is compliant with the overall
dominance of homologous recombination over NHEJ path-
ways in the moss, contrary to the inverse situation in flow-
ering plants.

Keywords Physcomitrella patens - Telomere
maintenance - Telomerase - PpTERT structure - DSB repair
mutants

Introduction

Telomeres are the conserved terminal domains of linear
chromosomes, which are essential for protection of chro-
mosome integrity. Telomeres are chromatin structures and
as such they are formed by telomeric DNA and numerous
protein components (reviewed in Fajkus et al. 2005). Tel-
omeres serve multiple roles, but their fundamental func-
tions include demarcation of natural chromosome ends
to distinguish them from unrepaired chromosome breaks
and prevent telomeres from unwanted repair (the so called
end-protection problem) (de Lange 2009). Failure in this
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function results in chromosome fusions and subsequent
genome instability [breakage—fusion-bridge cycle, BFB
(McClintock 1941)]. This function is dependent on spe-
cific telomeric proteins, as well as the protective second-
ary structures (such as G-quadruplexes or t-loops) of telo-
meric DNA itself (de Lange 2009). The second major role
of telomeres is to solve the end-replication problem, i.e. to
ensure stable maintenance of themselves, as the conven-
tional semiconservative replication is not able to replicate
completely the 3’-end of the parental DNA strand synthe-
sized by lagging strand synthesis (Olovnikov 1971). The
most common mechanism to counteract this replicative
telomere shortening is telomere elongation by a specific
ribonucleoprotein complex called telomerase (Greider and
Blackburn 1985, 1987). Telomerase replenishes telomeres
by a reverse transcription mechanism using its catalytic
protein subunit (Telomerase Reverse Transcriptase, TERT)
and template RNA subunit (Telomerase RNA, TR) (Grei-
der and Blackburn 1989) for synthesis of tandem repeats
of T,A/G, units as TTAGGG in vertebrates or TTTAGGG
in most land plants and algae (Sykorova et al. 2003b; Ful-
neckova et al. 2013).

Telomere and telomerase functions are highly con-
served among yeasts, protozoans, plants and animals,
although exceptions were described which show a tel-
omere sequence different from its phylogenetic position
(Sykorova et al. 2003a, b) or even a different (telomerase-
independent) mechanism of telomere synthesis (Pich et al.
1996; Sykorova et al. 2006a). In plants, telomere biology
has been studied mostly in classical model species such as
Arabidopsis thaliana or Nicotiana tabacum (Fajkus et al.
1995, 1996; Fitzgerald et al. 1996) and compared to flow-
ering plants, much less information is available in lower
plants like moss and algae species (Suzuki 2004; Shakirov
et al. 2010; Fulneckova et al. 2012, 2013).

Physcomitrella patens is a species of moss (bryophytes)
which is a basal lineage of land plants, having diverged
before the acquisition of well-developed vasculature
(Fig. 1f). As the oldest living branch in land plant evolution,
it stands in an important phylogenetic position for compar-
ative studies to illuminate the evolution of the mechanisms
behind the complexity of modern plants, including model
organisms, such as Arabidopsis, and crop plants (Rensing
et al. 2008). The body plans of all land plants are shaped
through the actions of apical meristems, tissues composed
of self-renewing stem cells that provide daughter cells for
subsequent differentiation (Graham et al. 2000; Friml et al.
2006; Benkova et al. 2009) and some common pathways
of apical meristem regulation may be conserved between
ancestral plants and present day mosses (Prigge and Beza-
nilla 2010; Viaene et al. 2014).

Unlike its 450 million years younger land plant rela-
tives, Physcomitrella is one of a few known multicellular
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Fig. 1 PpTERT protein, gene, expression and mRNA splicing vari- p
ants. a, b The Physcomitrella (Bryophytes) telomerase reverse tran-
scriptase (TERT) subunit comprises conserved N-terminal telomerase
specific regions [T2(GQ), NLS, CP, QFP, T] and reverse transcriptase
motifs (1, 2, A-E) similar to other TERTs. The predicted PpTERT
coding DNA sequence (b) from the start (ATG) to the stop ()
codon was revised and detailed analysis of cloned cDNA sequences
(c) confirmed the existence of 12 exons in the PpTERT gene and a
high number of splicing events leading mostly to out-of-frame vari-
ants with premature stop codons. Detailed RT-PCR analysis (primer
positions shown in b) and sequencing of purified RT-PCR products
(representative combinations obtained in RNA from 7 day protone-
mata shown in d) demonstrated the major splicing pattern in the exon
1-4 region (1-10Fw and 4-5Rev primers) which confirms data from
all cloned cDNA sequences. In addition, the presence of two abun-
dant mRNA variants corresponding to the in-frame representative
clone 21-3 and the out-of-frame representative clone X1-31 (com-
pare primer combination 6-10Fw and 9-1Rev in d) was revealed
during protonema development (e). The major splicing variant of the
3'region is represented by the in-frame clone 56-35. Besides that,
a low abundance of the out-of-frame variant 56-33 was observed
(10-2Fw and 11-5Rev primers, shown in d). Phylogeny position of
Physcomitrella (f) as a basal plant lineage indicates that its 12 exon
TERT structure as ancestral to plant telomerase TERT genes. An over-
view of land plant phylogeny including the relationship among major
lineages of angiosperms was adapted and modified from (Albert
et al. 2013) (scientific names in parentheses). a Aligned sequences
(phylogeny relationship shown in f) were (i) experimentally verified
TERT sequences from Arabidopsis (Genbank AADS54276.1), rice
(Oryza sativa, AAM21641.1), Doryanthes excelsa (AAX19887.1),
Scilla peruviana (both Asparagales, AAX21217.1); (ii) transcrip-
tome isotig from fern (Lygodium japonicum, isotig24217, http://
bioinf.mind.meiji.ac.jp/kanikusa/) (iii) predicted TERT sequences
from green alga (Micromonas sp. RCC299, Mamiellales, Gen-
bank XP_002505190.1), sacred lotus (Nelumbo nucifera, Proteales,
Genbank XP_010257254.1); (iv) revised TERT prediction from
Amborella trichopoda (basal Magnoliophyta, AmTr_v1.0_scaf-
fold00007, NW_006498404) and Selaginella moellendorffii (Lyco-
podiidae, SELMOscaffold_16, NW_003314277). b Positions of tel-
omerase specific motifs are highlighted in the PpTERT protein and
predicted coding DNA sequence. ¢ Cloned cDNA sequences (clone
names on right with the number of corresponding sequenced clones
given in brackets) show usage of the alternative splice donor sites
(gc.., ct..), and a high number of splicing events either corresponding
(black) or not corresponding (grey) to predicted exon—intron borders
illustrated in part (b). The alternative splice donor site in exon 6 (*)
was found in two clones and it differs in three nucleotides from the
major splice site

organisms with a highly efficient system of homologous
recombination (Schaefer 2002; Kamisugi et al. 2006). Con-
sequently, gene targeting in Physcomitrella is five orders
of magnitude more efficient than in angiosperms and two
orders of magnitude more efficient than in mouse embry-
onic stem cells, thus being comparable with that observed
in Saccharomyces cerevisiae (Kamisugi et al. 2006). In
contrast to seed plants, the dominating generation in the
moss life cycle is the haploid gametophyte and the regen-
erating moss filaments (protonemata) can be directly
assayed using PCR methods without complex back-crosses
(Kamisugi et al. 2006; Smidkova et al. 2010).
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In this paper, we take advantage of the use of P. patens
to perform a comparative investigation of telomere dynam-
ics between this species representing lower plants, and
flowering plants. In contrast to animals, telomerase is not
developmentally silenced during embryogenesis in flower-
ing plants, but remains active throughout entire plant life in
dividing meristem cells (Fajkus et al. 1996; Fitzgerald et al.
1996). This results in the absence of replicative telomere
shortening during individual plant development in contrast
to animals (Fajkus et al. 1998; Riha et al. 1998). However,
experimental support for these conclusions has been only
indirect so far since plant samples used for telomere and
telomerase analyses always contain unknown proportions
of meristem cells in great excess of other cells. In contrast,
the filaments of P. patens protonema grows by apical cell
division and represents a perfect cell-lineage and, therefore,
plant development can be pinpointed to the differentiation
of a single cell. Most importantly, the percentage of api-
cal cells can be quantified exactly, depending on the days
of protonema cultivation (total cell number) and the level
of protonema branching, and thus it is possible to tackle
the telomere and telomerase dynamics experimentally. To
do this, we characterise here the gene coding for telom-
erase reverse transcriptase, PpTERT, in P. patens that we
have predicted previously from genome sequencing data
(Sykorova and Fajkus 2009). We further perform analyses
of PpTERT expression, telomerase activity and telomere
lengths, in samples with a varying percentage of apical
cells during protonema growth. Finally, we examine tel-
omerase activity and telomere lengths in selected mutants
for DNA repair factors which are potentially involved in
P. patens telomere structure, function and maintenance, as
inferred from the corresponding results obtained in land
plants.

Materials and methods
Plant material

Physcomitrella patens (Hedw.) B.S.G. “Gransden 2004”
wild type and the mutants pprad50, ppmrell, ppnbsl and
pplig4 were described previously (Kamisugi et al. 2012;
Hola et al. 2013). The pplig4 and ppku70 mutants in the
C-NHEI repair pathway were generated by D. G. Schaefer,
Neuchatel University, Switzerland and F. Nogue, INRA,
Paris, France as gene replacement mutants, and were kindly
provided to us by the authors.

Cultivation of P. patens

P. patens wild type and mutants were propagated vegeta-
tively as described by (Knight et al. 2002). Individual plants
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were cultured as ‘spot inocula’ on BCD agar medium sup-
plemented with 1 mM CaCl, and 5 mM ammonium tartrate
(BCDAT medium), or as lawns of protonemal filaments by
subculture of homogenized tissue on BCDAT agar medium
overlaid with cellophane discs (Focus Packaging & Design,
UK) in growth chambers with 18/6 h day/night cycle at
22/18 °C.

For subculture and preparation of 1-day-old protone-
mal tissue, 1-week-old tissue scraped from plates was
suspended in 8 mL of BCD medium and sheared by a
T25 homogenizer (IKA, Germany) at 24,000 rpm for
two 1-minute cycles and let 24 h to recover in a cultiva-
tion chamber with gentle shaking at 100 rpm. This treat-
ment yielded a suspension of 3-5 cell protonema filaments,
which readily settle for recovery. Settled protonemata could
be handled without excessive losses by tweezers on Petri
plates.

Counting of apical cells in P. patens branching culture

Cells cultivated on agar plates were counted manually by
eye using a stereoscopic binocular light microscope (Olym-
pus SZX16 research stereo microscope), and the field in
sharp focus was evaluated on a computer monitor. Only
objects in the focused area were included for counting.
Specific fields were selected randomly across the plate, and
usually areas with a lower density of cells were considered.
Cells were counted on ten independent plate sections con-
taining 25-204 cells for each time period using four inde-
pendently grown cultures.

Cloning and analysis of PpTERT gene structure

Total RNA was isolated from P. patens cultures using
the RNeasy Plant Mini Kit (Qiagen) followed by DNa-
sel treatment (TURBO DNA-free, Applied Biosystems)
according to the manufacturers’ instructions. cDNA was
prepared by reverse transcription of 1 pg of RNA using
M-MuLV reverse transcriptase (NEB) and Random Non-
amers (Sigma). The predicted PpTERT gene sequence
(Sykorova and Fajkus 2009) was used for designing spe-
cific primers and cloning of the cDNA sequence (Table
S1, Fig. 1 b). RT-PCR conditions for primer combinations
(1Fw or 1-10Fw and 9Rev primers, 9Fw and 12Rev prim-
ers, Table S1) were optimized using gradient PCR and
the PpTERT sequences were amplified with DyNAzyme
II DNA Polymerase (Finnzymes) as follows: 2 min of ini-
tial denaturation and 35 cycles of 30 s at 94 °C, 30 s at
57 °C and 90 s at 72 °C. Sequences covering the overlap-
ping cDNA regions (exons 1-9 and exons 9-12, GenBank
KM886460-KM886468, KP001262, KP091459) were
cloned, sequenced and manually aligned on the predicted
PpTERT gene sequence (Sykorova and Fajkus 2009). The
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prevailing splicing pattern of the PpTERT transcripts was
verified by sequencing of the RT-PCR products span-
ning regions with frequent alternative splicing sites (see
below, Table S1, Fig. 1c). The PpTERT protein sequence
was examined for the presence of conserved motifs and
manually aligned to the experimentally verified plant
TERT sequences of Arabidopsis thaliana, Oryza sativa,
Doryanthes excelsa, and Scilla peruviana (see (Sykorova
and Fajkus 2009) for review), and to predicted sequences
from the transcriptome of Lygodium japonicum (Aya et al.
2015) and the genome scaffolds of Selaginella moellen-
dorffii (Banks et al. 2011), Amborella trichopoda (Albert
et al. 2013), Nelumbo nucifera (Ming et al. 2013) and the
prasinophyte alga Micromonas sp. RCC299 (Worden et al.
2009).

Analysis of the PpTERT gene transcripts

Quantification of the PpTERT transcript levels was done
using FastStart SYBR Green Master (Roche) and primers
derived from the exon 10 coding for the reverse transcrip-
tion domain of the protein (Table S1); ubiquitin was cho-
sen as a reference gene (Harries et al. 2005). One micro-
liter of 2x diluted cDNA (see above) was added to the
20 pl reaction mix, and the final concentration of each
forward and reverse primer was 0.25 @M. Reactions were
done in triplicates; the PCR cycling consisted of 15 min
of initial denaturation followed by 40 cycles of 30 s at
94 °C, 30 s at 56 °C and 30 s at 72 °C. At least two bio-
logical replicates in two technical replicates were ana-
lysed. Relative TERT transcription was calculated by the
AACt method (Pfaffl 2004). Additional RT-PCR experi-
ments were performed to verify exon/intron structure of
the PpTERT gene and the presence of mRNA variants
during development.

Analysis of telomerase activity (TRAP—telomere repeat
amplification protocol)

In vitro analysis of telomerase activity is based on the
elongation of a substrate primer by the telomerase, and the
extension product is then amplified by PCR. A telomerase
extract from P. patens cultures was prepared as previously
described (Fitzgerald et al. 1996; Sykorova et al. 2003a),
and the maximum of telomerase activity was detected in
fractions precipitated by 7.5-10.0 % PEG 8000. The quan-
titative version of the TRAP assay was performed accord-
ing to (Herbert et al. 2006) using FastStart SYBR Green
Master (Roche) and TS21 substrate primer and TelPr
reverse primer (Table S1). Samples were analysed in trip-
licates in a 20-pl reaction mix, and at least two biological
replicates (independently grown cultures) were evaluated.

Relative telomerase activity was calculated by the ACt
method (Pfaffl 2004).

Analysis of telomere lengths

Analysis of telomere lengths by the Terminal Restric-
tion Fragments (TRF) method is based on the digestion of
genomic DNA by a frequently cutting restriction endonu-
clease without a recognition site in the G-rich telomeric
repeats. After hybridization with a radioactively labeled
telomeric probe, the signal corresponds to non-digested
telomeric tracts (plus subtelomeric regions up to the first
restriction site upstream of the telomeres). Analysis was
performed as previously described (Ruckova et al. 2008;
Jaske et al. 2013). Briefly, a P. patens culture was homog-
enized in liquid nitrogen, DNA was isolated according
to (Dellaporta et al. 1983) and digested by either Msel or
Tagql restriction enzymes. Southern hybridization was per-
formed with a telomeric probe synthetized as described in
(Ijdo et al. 1991). Signals were visualized on a FLA7000
phosphorimager (FujiFilm). Evaluation of fragment lengths
was done by using the Gene Ruler 1-kb DNA Ladder (Fer-
mentas) as a standard; hybridization patterns were analysed
by Multi Gauge software (FujiFilm). The unweighted mean
telomere length was calculated as >(OD; x L;)/>2(OD)),
where OD; is the signal intensity above background within
interval i and L; is the molecular weight (kb) at the mid-
point of interval i.

Analysis of induced DNA double strand breaks (DSBs)
and of their repair in P. patens

Bleomedac inj. (Medac, Hamburg, Germany) was used for
Bleomycin treatment as previously described (Hola et al.
2013). One day regenerated protonemal tissues (>50 % of
apical cells) from wild type and mutant lines were treated
with Bleomycin for 1 h prior to nuclear extraction and
analysis. DSBs were detected by a comet assay using a
fully neutral N/N protocol (Olive and Banath 2006; Rens-
ing et al. 2008; Kozak et al. 2009). Comets were stained
with SYBR Gold (Molecular Probes/Invitrogen), viewed
in epifluorescence with a Nikon Eclipse 800 microscope
and captured and evaluated by the LUCIA Comet cytoge-
netic software (LIM Inc., Czech Republic). The fraction
of DNA in comet tails was used as a measure of DNA
damage and for calculation of the percentage of DSBs
remaining (Kozak et al. 2009). Data in this study were
obtained in at least three independent experiments. Meas-
urements of blindly labeled comet slides included four
independent gel replicas of 25 evaluated comets with
a total of at least 300 comets analyzed per experimental
point.
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Results and discussion
Structure of PpTERT gene

In order to track a possible involvement of telomerase expres-
sion in P. patens telomere dynamics, we analysed P. patens
TERT gene structure and transcription. According to the P.
patens genome annotation v1.6 (Rensing et al. 2008), the
PpTERT gene sequence was predicted in silico with only
three exons covering the C-part of the PpTERT protein thus
possibly missing specific N-terminal telomerase motifs. Tak-
ing advantage of our knowledge about TERT gene structure
and possible mRNA splicing (Rensing et al. 2005) we pre-
dicted 12 exons in the PpTERT gene (6971 bp long, inside
contig ABEU01012720 (Sykorova and Fajkus 2009), Fig. 1b)
similarly to other known plant TERT genes. To verify the pre-
dicted PpTERT gene and mRNA structure, we cloned cDNA
sequences to cover the entire PpTERT (GenBank KM886460-
KM886468, KP001262). Our gene structure prediction dif-
fered from the experimental results only in details, e.g. align-
ments of cloned PpTERT sequences revealed that exons 1 and
2 used the alternative splice donor site GC (Fig. 1c) instead of
the consensus splice site GT reported in Physcomitrella tran-
scriptome analysis (Rensing et al. 2005). This splicing pat-
tern was found in all cloned cDNA sequences (Fig. 1c) and
confirmed by sequencing of RT-PCR products spanning exon
1-4 (Fig. 1b, d, e). The exon lengths and cDNA sequence
also correspond to the EST sequence (Genbank CN203080)
covering exons 14 of the putative TERT of the bryophyte
Syntricha ruralis. Moreover, we identified a surprisingly high
number of alternative splicing events in PpTERT. These com-
prise different combinations of alternative donor and accep-
tor sites, especially in the 5'region of the PpTERT transcript,
and retention of the intron 10 (Fig. lc). Variation between
the predicted and the cloned PpTERT cDNA sequences
originated mostly from alternative splicing of exons 5-7 that
code for a non-conserved protein linker between the nuclear
localisation signal (NLS) and CP telomerase motifs. Major-
ity of identified splicing events lead to out-of-frame mRNA
variants (Fig. 1c). The high number of identified alternative
transcripts necessitated a detailed analysis of major splicing
patterns via sequencing of RT-PCR products that span exons
1-4, 1-6, 4-7, 7-9 and 9-12 (Table S1, Fig. 1b, d). For the
5'region of PpTERT, the results verified the presence of two
major variants (Fig. 1b—d, primer combination 6—10Fw and
9-1Rev) found in the representative clone 21-3 (in-frame
variant, Genbank KMS886462) and in the representative
clone 31-X1 (out-of-frame, premature stop codon in exon 7).
Sequencing of RT-PCR products for the 3'region of PpTERT
showed the presence of a major variant 56-35 (in-frame,
Genbank KM886460) in addition to a low abundance vari-
ant 56-33 (out-of frame, premature stop codon in intron 10)
(Fig. 1b—d, primer combination 10-2Fw and 11-5Rev). The
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major mRNA splicing represented by in-frame variant clone
56-35 was also verified with the EST sequences from the
GENBANK database (Unigene ID: 2850076).

Analysis of the PpTERT protein sequence (1301 AA,
148 kDa, pI 9.371) clearly showed the presence of all tel-
omerase specific motifs (Fig. 1a) including the conserved
NLS motif and highly conserved regions in the C-terminal
extension similar to other plant TERTs (Sykorova et al.
2006a, b; Sykorova and Fajkus 2009). To compare tel-
omerase structure from evolutionary distinct plant groups
we analyzed a representative set comprising eudicots
(Arabidopsis, sacred lotus), monocots (rice, Doryanthes,
Scilla), basal angiosperm (Amborella), fern (Lygodium),
lycophyte (Selaginella) and green alga (Micromonas). The
experimentally verified sequences and the Lygodium isotig
derived from transcriptome data were used for predic-
tion or improvement of predicted TERT gene and protein
structures (Fig. 1a). For example, analysis of the predicted
Amborella TERT sequence revealed a misanotated gene
structure and analysis of the corresponding genome scaf-
fold clearly showed the presence of 12 exons similarly to
the prediction from Selaginella scaffold 16, and the pre-
dicted Nelumbo TERT. Together with the presented Phy-
scomitrella TERT data, these results suggest a 12 exon gene
structure for an ancestral plant TERT (Fig. 1f) and also
emphasize the necessity of experimental verification of pre-
dicted TERT gene structures.

RT-PCR analysis of PpTERT mRNA variants
during development

The spectrum of PpTERT alternative splicing events is in
agreement with the moss genome re-annotation that was
reported after implementation of Physcomitrella transcrip-
tome data (Zimmer et al. 2013) confirming intron reten-
tion as the most frequent form (~40 %) among gene loci
with alternate transcripts (~21 % of all genes). However, its
abundance in a single gene is quite unusual—for example,
alternative TERT transcripts amount to only a few per cent
in Arabidopsis (Zachova et al. 2013). The almost equal rep-
resentation of in-frame and out-of-frame PpTERT variants
during protonema development (Fig. le) may be of func-
tional relevance, possibly related to the haploid protonema
status. To our knowledge, equimolar representation of more
TERT gene variants was only detected in the polyploid spe-
cies Nicotiana tabacum, where three sequence variants of
the TERT gene derived from the progenitor N. tomentosi-
formis and N. sylvestris genomes were identified (Sykorova
et al. 2012). However, even in this case the level of the
pseudogene TERT variant transcript was negligibly low
(close to the detection limit). Potential translation of the
out-of-frame PpTERT variant would lead to a protein com-
prising the N-terminal telomerase domain similar to the
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Fig. 2 Telomere dynamics in P. patens protonema. a Morphology of
P. patens cells, b percentage of apical cells, ¢ telomerase activity, d
PpTERT gene transcription, and e telomere lengths in the course of
7-day culturing. A 7-day old culture was mechanically disrupted to
destroy branched cells chains and cultivated under standard condi-
tions. Samples were taken in 1, 3, 5 and 7 days after sub-culturing for
respective analyses. Telomerase activity and TERT gene transcription

Arabidopsis TERT V(I8) variant. This variant interacts with
POT1a, one of the paralogs of POT1 (Protection of Tel-
omeres 1), a single-stranded-DNA-binding protein (Ros-
signol et al. 2007) and was suggested to provide additional
telomerase function and regulation (reviewed in Majerska
et al. 2011). Since P. patens also harbours a gene coding for
POT]1 protein (only a single-copy) and, moreover, its role
for telomere integrity has already been demonstrated (Sha-
kirov et al. 2010), this hypothesis is plausible.

Telomere dynamics during protonema growth

When sub-culturing the P. patens protonemata, highly
branched chains of cells were mechanically disrupted and
transferred to fresh medium; during the growth phase, the pro-
tonemata lengthened and divided forming branched chains.
Since in higher plants telomerase is active in organs and tis-
sues containing dividing meristem cells (seedlings, root tips,
blossoms, floral buds), we monitored the percentage of apical
cells in a growing P, patens culture and correlated this param-
eter to the telomerase activity, PpTERT transcript levels, and
telomere length. One day after sub-culturing, the level of api-
cal cells was highest and decreased relatively sharply during
the subsequent 2 days, while a further drop was significantly
slower (Fig. 2a, b). Telomerase activity and PpTERT gene
transcripts increased moderately but reproducibly in the first
day after the sub-culturing (Fig. 2c, d), when about 85 % of

were related to the values obtained for a 7-day culture. The length of
telomeres is presented using a box-and-whisker plot where the bot-
tom part (gray) and the top (white) of the box are the lower and upper
quartiles, respectively, separated by the median. The ends of the
whiskers represent the minimum and maximum length correspond-
ing to the hybridization signal range. Analyses were performed using
three independently grown cultures

the cells were located at the chain termini (Fig. 2b). In the
following time intervals, telomerase activity and PpTERT
transcripts were at the level comparable to standard 7-day-old
culture which was used as the source culture. Importantly, the
accrual of telomerase activity and transcription after sub-cul-
turing was not correlated with a possible stress connected to
the mechanical disruption of protonemata; telomerase activity
and transcription in the 7-day-old culture collected from the
plate and the same culture after mechanical treatment were
quite comparable (data not shown). Telomere lengths were
stable during the P. patens protonema culturing (Fig. 2e, Fig.
S1) which accords with the results obtained in higher plants
where telomere lengths are preserved in all tissues through-
out development (Fajkus et al. 1998; Riha et al. 1998). Based
on these results, telomerase activity and expression correlates
with the proportion of apical cells in a protonema culture and
telomere lengths remain stable during 7-day culturing in P,
patens. We conclude that our results provide a direct experi-
mental support of the general validity of the key principles
of telomere dynamics during plant development which so far
have only been predicted.

Telomere maintenance in P. patens mutants in selected
DSB repair factors

In the Arabidopsis thaliana model plant, telomere homeo-
stasis was shown to be disrupted in mutants with loss of
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Fig. 3 Telomere length in P. patens mutants. The length of telom-
eric repeats was assayed by the TRF protocol in 7-day old cultures
(two biological replicates are shown). a After hybridization of DNA
digested by a restriction endonuclease against the telomeric probe,
the radioactive signals in mutants lines reflecting the length of tel-
omeres were either slightly shifted towards shorter lengths compared
to wild type (WT) samples (left) or were maintained at the wild type
level (right). Five independent analyses of telomere length were per-
formed, and representative results are presented. b Hybridization sig-
nals were evaluated by MultiGauge software (Fujifilm) and are pre-
sented using a box-and-whisker plot as described in Fig. 2

function of genes coding for proteins involved in repair
and recombination processes (see below). Although one
of the crucial function of telomeres is prevention of aber-
rant recombination events at the chromosome termini, pro-
teins participating in recombination are essential for proper
telomere structure and functions and are even involved in
alternative mechanisms of telomere lengthening (Drasko-
vic et al. 2009; Amiard et al. 2011). We took advantage of
the extremely efficient system of homologous recombina-
tion in P. patens (Schaefer 2002) which enables relatively
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simple and highly effective targeting of any non-essential
gene, and analyse telomere length, telomerase activity and
transcription of the PpTERT gene in mutant lines as fol-
low: (i) In mutants in genes of the MRN complex (mrell,
rad50, nbsl) which is involved in recognition of DSBs in
DNA and subsequent phosphorylation signalling. Ver-
tebrate cells with MREII gene loss of function are even
not viable, but in A. thaliana telomere lengthening was
observed and mutants were hypersensitive to DNA damag-
ing agents and suffered from developmental defects (Bun-
dock and Hooykaas 2002). Similarly, RADS50 function is
essential for telomere maintenance in A. thaliana; in plants
with a T-DNA insertion in the AtfRAD50 gene a significant
telomere shortening and meiotic and DNA repair defects
were observed (Gallego and White 2001). Finally, A. thali-
ana nbsl mutants are without morphological defects and
telomere length is at the wild type level, but in nsbli/tert
double-mutants telomere erosion was more progressive
compared to fert mutants suggesting interplay of NBS1 and
telomerase in telomere homeostasis processes (Najdekrova
and Siroky 2012). (ii) In a ku70 mutant; KU70 protein is a
part of the KU70/KU80 complex which binds and stabilizes
DSBs. In Arabidopsis, KU70 loss led to the formation of
extra-long telomeres, elongation of single-strand telomere
overhangs and significantly increased level of telomeric
circles (Riha et al. 2002; Gallego et al. 2003; Akimcheva
et al. 2008). (iii) In a lig4 mutant with loss of function of
the major DNA ligase participating in non-homologous end
joining. In Arabidopsis, telomeres in lig4 mutant are more
heterogeneous but have the same average length as wild
type telomeres (Heacock et al. 2007).

In the P. patens mutants tested, telomerase activity and
TERT gene transcripts assayed by quantitative approaches
do not significantly differ from the values obtained for
wild type cultures (not shown). Interestingly, lengths of
telomeres in mutants, including ku70 mutant, are simi-
lar to the wild type telomeres, and no significant changes
were observed (Fig. 3, Fig. S2). Basic telomere protective
functions appear to be preserved as well, as suggested by
unchanged morphology and growth parameters of mutant
cultures (results not shown). Altogether, malfunction of the
proteins examined involved in repair and recombination
pathways does not influence telomere homeostasis substan-
tially in P. patens, in contrast to the common higher plant
model Arabidopsis thaliana (Table 1). The striking absence
of a telomeric phenotype in ku70 and other mutants in
NHEJ factor genes in P. patens presumably corresponds
to the general dominance and higher efficiency of homol-
ogous recombination over NHEJ in this system, contrast-
ing with the opposite situation in flowering plants. These
results further suggest that KU70 is not directly involved in
protection of telomeres in P. patens, contrary to the situa-
tion described in A. thaliana (Kazda et al. 2012).
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Table 1 Comparison of the telomere phenotype in mutants with loss of function of genes involved in the DNA DSB repair pathways in plant

models A. thaliana and P. patens

Mutant Arabidopsis thaliana Physcomitrella patens
mrel ] Elongated telomeres® No significant changes in telomere lengths
rad50 Shortened telomeres” No morphological or growth defects in protonema cultures
nbsl WT morphology and telomere length, in nbs/tert more progressive
telomere erosion than in fert mutants®
ku70 Extra long telomeres*
lig4 Length of telomeres heterogeneous®

2 Bundock and Hooykaas (2002); ® Gallego and White (2001); © Najdekrova and Siroky (2012); ¢ Riha et al. (2002), Gallego et al. (2003) and

Akimcheva et al. (2008); ¢ Heacock et al. (2007)

100
@ wt
-®- ppku70

% of DSB remaining

0 r r — E—
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repair time (min.)

Fig.4 DSBs repair kinetics determined by comet assay. One day
regenerated protonemal tissue from wild type and ku70 mutant
lines was treated with 30 pg/ml Bleomycin for 1 h prior to nuclear
extraction and analysis. DSBs were determined by the N/N protocol:
black—wild type, red—ku70. Repair kinetics is plotted as % of DSBs
remaining after 0, 3, 5, 10, 20, 60 and 180 min period of repair. Maxi-
mum damage is normalised as 100 % at t = O for both lines. Error
bars show standard error

Repair kinetics of DSBs in ku70 mutants

In order to assess the interpretation of the surprising
absence of a telomeric phenotype in ku70 mutants, DNA
repair kinetics were analysed in these mutants. The results
of comet assays demonstrate (Fig. 4) that inactivation of the
C-NHEJ pathway in P. patens by knocking out the KU70
gene, whose product is responsible for DSB recognition,
does not affect the overall ability to repair DSBs. Similarly
mutations of LIG4 (Hola et al. 2013), a factor involved
in the final step of C-NHEJ, and of MREI1, RAD50 and
NBS1, components of the key repair complex MRN
involved in both NHEJ and homologous recombination
pathways (Kamisugi et al. 2012), do not affect overall DSB

repair in P. patens apical cells. In this respect, the moss P.
patens parallels the situation in Arabidopsis where mutants
of KU8SO and LIG4 also efficiently repair DSBs (Kozak
et al. 2009; Amiard et al. 2010; Charbonnel et al. 2010,
2011) but in contrast to Physcomitrella, the Arabidopsis
mutants repair DSBs during the 1st phase even faster than
wt Col0 (Kozak et al. 2009). Thus, P. patens wild type and
mutants used in these studies exercise efficient and rapid
DSB repair that in the case of deprotected telomeres can
detect them as substrates for joining. However, the absence
of a telomere phenotype in the corresponding P. patens
mutants suggests that the loss of neither of these factors
results in telomere deprotection.

Conclusion

We report here on the characterisation of PpTERT gene
and its major splicing variants in growing protonemata.
The overall PpTERT exon structure and the arrangement
of telomerase-specific functional motifs in the amino acid
sequence is conserved with respect to the previously char-
acterised plant TERTs. A surprisingly rich spectrum and
high abundance of alternate splicing products was observed
and subsequent studies should address their functional
importance. Further, we investigated telomere maintenance
in growing P. patens protonemata and our results demon-
strate telomere length stability and association of telomer-
ase activity and expression with dividing apical cells. These
findings provide experimental evidence for previously
anticipated principles governing plant telomere biology
and suggest their general validity among both lower and
land plants. Next, we examined P. patens mutants in DSB
repair factors for a possible telomere phenotype. Particu-
larly interesting is the absence of a telomere phenotype in
mutants depleted of KU70, the key factor in NHEJ, whose
absence in Arabidopsis results in extremely elongated
telomeres. Our results suggest that contrary to the situa-
tion in A. thaliana, KU70 is not essential for protection of
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telomeres in P. patens. Thus, our study identifies both con-
served and distinct features between the telomere biology
of lower and land plants which may initiate further studies
directed to deeper understanding of their strategies to pro-
tect genome integrity.
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