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Abstract

Main conclusion In tobacco, three sequence variants of

the TERT gene have been described. We revealed

unbalanced levels of TERT variant transcripts in vege-

tative tobacco tissues and enhanced TERT transcription

and telomerase activity in reproductive tissues.

Telomerase is a ribonucleoprotein complex responsible for

the maintenance of telomeres, structures delimiting ends of

linear eukaryotic chromosomes. In the Nicotiana tabacum

(tobacco) allotetraploid plant, three sequence variants

(paralogs) of the gene coding for the telomerase reverse

transcriptase subunit (TERT) have been described, two of

them derived from the maternal N. sylvestris genome

(TERT_Cs, TERT_D) and one originated from the N.

tomentosiformis paternal genome (TERT_Ct). In this work,

we analyzed the transcription of TERT variants in corre-

lation with telomerase activity in tobacco tissues. High and

approximately comparable levels of TERT_Ct and

TERT_Cs transcripts were detected in seedlings, roots,

flower buds and leaves, while the transcript of the TERT_D

variant was markedly underrepresented. Similarly, in N.

sylvestris tissues, TERT_Cs transcript significantly pre-

dominated. A specific pattern of TERT transcripts was

found in samples of tobacco pollen with the TERT_Cs

variant clearly dominating particularly at the early stage of

pollen development. Detailed analysis of TERT_C variants

representation in functionally distinct fractions of pollen

transcriptome revealed their prevalence in large ribonu-

cleoprotein particles encompassing translationally silent

mRNA; only a minority of TERT_Ct and TERT_Cs tran-

scripts were localized in actively translated polysomes.

Histones of the TERT_C chromatin were decorated pre-

dominantly with the euchromatin-specific epigenetic

modification in both telomerase-positive and telomerase-

negative tobacco tissues. We conclude that the existence

and transcription pattern of tobacco TERT paralogs repre-

sents an interesting phenomenon and our results indicate its

functional significance. Nicotiana species have again

proved to be appropriate and useful model plants in

telomere biology studies.
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Introduction

Telomeres, nucleoprotein structures delimiting ends of

linear eukaryotic chromosomes, represent functional ele-

ments essential for the maintenance of genome integrity.

The basic function of telomeres is to distinguish natural

chromosome ends from unrepaired double-stranded DNA

breaks and to protect the coding parts of the genome from

the loss due to the incomplete replication of the distal-most

region of the lagging DNA strand. The end-replication

problem leads to the progressive telomere shortening,

which may or may not be compensated by specific path-

ways. In plant tissues containing dividing meristem cells

such as seedlings, root tips, floral buds and blossoms, and

in cultured cells, an active telomerase, a ribonucleoprotein

enzyme complex able to elongate telomeres, was detected

(Fajkus et al. 1996; Fitzgerald et al. 1996; Heller et al.

1996). Telomerase activity present throughout plant onto-

genesis in meristems maintains stable telomere lengths in

cells that these meristems produce by serial division and

differentiation; thus telomeres do not shorten during

developmental progression, in contrast to, e.g., humans

(Fajkus et al. 1998). Even in the absence of telomerase

activity, as in the case of Arabidopsis thaliana telomerase

knockout mutants, alternative telomere lengthening is

activated and partially compensates for the lack of telom-

erase (Ruckova et al. 2008). Telomerase consists of two

subunits, a catalytic protein subunit TERT (TElomerase

Reverse Transcriptase) and an RNA subunit TER

(TElomerase RNA). TER serves as a template for the

synthesis of telomere repeat sequences by the TERT

reverse transcriptase activity. It was shown that the deter-

mining factor for telomerase activity was expression of the

TERT subunit. Transcription of the TERT gene directly

correlates with the telomerase activity in plant tissues

(Fitzgerald et al. 1996; Ogrocka et al. 2012), while TER is

transcribed in both telomerase-positive and telomerase-

negative tissues (Cifuentes-Rojas et al. 2011). The devel-

opmental silencing of the TERT expression and conse-

quently telomerase activity is a complex multilevel

process. In mammalians, involvement of epigenetic

mechanisms in the regulation of the TERT gene transcrip-

tion was reported; hyper-acetylated and H3K4-methylated

histones decorated TERT chromatin in telomerase-positive

human and mouse cells, while in cells with silenced

telomerase TERT-associated histones were methylated at

H3K9 and H3K20 (Xu et al. 2001; Atkinson et al. 2005;

Wang et al. 2007). On the other hand, in A. thaliana,

euchromatic character of the TERT chromatin was main-

tained in both telomerase-positive and telomerase-negative

tissues (Ogrocka et al. 2012).

Nicotiana tabacum (tobacco) is a standard plant model

used in telomere and telomerase biology. The first

detection of telomerase activity in tobacco BY-2 cell cul-

ture (Fajkus et al. 1996), evidence of telomere stability and

dynamic regulation of telomerase activity during plant

development (Fajkus et al. 1998), description of a specific

chromatin structure of telomeres and subtelomeres (Fajkus

et al. 1995a, b), cell cycle-dependent regulation of telom-

erase activity by plant hormones (Tamura et al. 1999; Yang

et al. 2002) and characterization of epigenetic properties of

telomeric chromatin (Majerova et al. 2014) represent key

studies in the field.

N. tabacum is an allotetraploid plant and its genome

originated *200,000 years ago from diploid progenitors,

Nicotiana sylvestris and Nicotiana tomentosiformis (Murad

et al. 2002; Lim et al. 2004). Many sequences in the

tobacco genome—mainly those of repetitive nature

(Renny-Byfield et al. 2011)—passed through distinct evo-

lution; the well-known example of this process is so-called

concerted evolution of rDNA arrays (reviewed in (Kovarik

et al. 2008)). Nevertheless, in the case of the gene coding

for the telomerase protein subunit, allopolypoid ancestry of

tobacco has been maintained as three sequence variants of

TERT were identified in the tobacco genome; two of them

derived from N. sylvestris (TERT_Cs, TERT_D) and one

variant sharing a high level of homology with the TERT_Ct

sequence present in N. tomentosiformis (Sykorova et al.

2012). Original abbreviations are Cs for Coding putative

functional TERT variant of the S-genome origin, Ct for

Coding putative functional TERT variant of the T-genome

origin and D for putative pseuDogene TERT variant. All

TERT gene variants are transcriptionally active, although

TERT_D shows a lower level of sequence similarity with

TERT_C variants, and due to insertions and deletions

within exons and truncation at the 50 end it was originally

supposed to be a pseudogene. Nicotiana TERT genes

demonstrate several specific features, such as the presence

of novel short exon 4/5a between canonical exons 4 and 5,

and specific repeats in the intron 9 in the genomes of

tobacco and both progenitors. Moreover, in tobacco and N.

sylvestris, transcript variants with different repeat motifs in

exon 5 were described (Sykorova et al. 2012).

Tobacco with three sequence variants of the TERT gene

represents a unique model system because a single copy of

the TERT gene is present in most eukaryotes studied,

including the common model plant A. thaliana. We

designed this study (1) to analyze the transcription of TERT

variants in N. tabacum tissues and (2) to correlate TERTs

transcription, telomerase activity and epigenetic state of the

TERT chromatin. Our results show that in most tobacco

tissues, telomerase activity is correlated to the level of

TERT_C transcripts and the amount of TERT_D transcript

is around the detection limit. A specific pattern of the TERT

transcripts is observed in pollen samples with very high

levels of TERT_Cs, while TERT_Ct transcript is at the level
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detected in seedlings. TERT chromatin is maintained in

euchromatic state in both telomerase-positive and -negative

tissues and changes of the TERT chromatin structure are

thus not involved in the developmental silencing of

telomerase activity.

Materials and methods

Plant growth

Nicotiana tabacum (Royal Botanic Gardens, Kew, London,

UK), Nicotiana sylvestris (kindly provided by Prof.

Andrew Leitch, Queen Mary University of London, UK)

and Nicotiana tomentosiformis (Institute of Plant Genetics

and Crop Plant Research, Gatersleben, Germany) seeds

were surface sterilized with 90% bleach SAVO (Biochemie

group a.s., active substance: NaClO) and germinated on

plates with Murashige–Skoog (MS) medium (Duchefa

Biochemicals) supplemented with 1% sucrose and 0.8%

plant agar (Duchefa Biochemicals). After 12 days of cul-

tivation under short-day conditions (light

150 mmol m-2 s-1 for 8 h at 21 �C; dark for 16 h at

19 �C), seedlings were either collected for analysis or

potted into soil and plants were grown under long-day

conditions (light for 16 h, dark for 8 h). For functional

analysis, tobacco seeds were germinated for 12 days in the

presence of plant hormones: synthetic auxin NAA (1-

naphthaleneacetic acid, Duchefa Biochemicals), synthetic

auxin 2,4-D (2,4-dichlorophenoxyacetic acid, Duchefa

Biochemicals), natural auxin IAA (indole-3-acetic acid,

Duchefa Biochemicals) and synthetic cytokinin BAP (6-

benzylaminopurine, Duchefa Biochemicals). The concen-

trations of hormones in the cultivation medium were

50 nM, 100 nM and 5 lM; in case of IAA, 5 lM and

10 lM. For proof of the principle analysis, young leaves of

A. thaliana and N. tabacum were bathed in MS medium

supplemented with 10 lM NAA or 10 lM IAA for 1 h.

Isolation of immature and mature pollen of N.

tabacum and in vitro pollen tube cultivation

N. tabacum seeds were sown in a greenhouse at 22–25 �C
and under short-day conditions. Adult plants with fully

developed roots were transplanted to an outdoor green-

house to compost soil. There, the plants were grown under

natural day–night photoperiods in spring and summer.

Immature pollen grains at two stages of development

were collected from August to September. The appropriate

developmental stages were determined by the length of the

flower buds including calyx, as published previously (Tupy

et al. 1983). Flower bud lengths were as follows: early

bicellular pollen (stage 3), 25–27 mm, and late bicellular

pollen (stage 5), 46–49 mm. After flower collection,

freshly isolated anthers were immediately processed by

gentle crushing in a chilled mortar with 5% (w/v) sucrose

in diethylpyrocarbonate (DEPC, Sigma-Aldrich)-treated

sterile water. The mixture containing released pollen was

filtered through a nylon mesh of approximately 100 lm to

remove anther debris. Suspended pollen grains were then

sedimented by centrifugation (2000g, 5 min, 4 �C), excess
supernatant was decanted and pollen was stored at -80 �C.
For assessment of the correct pollen developmental stage,

standard 40,6-diamidino-2 phenylindole (DAPI) staining in

DAPI staining solution (0.1 M sodium phosphate, pH 7;

1 mM EDTA; 0.1% (v/v) Triton X-100; 0.8 mg/ml DAPI)

was used (Park et al. 1998). Stained pollen grains were

visualized with a Nikon TE2000 fluorescence microscope

and images were captured with NIS element software

(Nikon) (Fig. 1).

Mature pollen was isolated aseptically as described

previously (Petrů et al. 1964). Flowers were collected

1 day before anthesis. Stamens were removed from the

flowers into a Petri dish to dehisce in a fume-hood over-

night at room temperature. Dry pollen grains were then

filtered through a nylon mesh (Miracloth, pore size 50 lm),

weighed and stored at -20 �C. Over 80% of the collected

pollen grains could successfully germinate and give rise to

a pollen tube, irrespective of the collection date.

For in vitro pollen tube germination, approximately

10 mg of pollen was resuspended in 10 ml of pollen ger-

mination medium (SMM: 0.3 M sucrose, 1.6 mM H3BO3,

3 mM Ca(NO3)2�4H2O, 0.8 mM MgSO4�7H2O, 1 mM

KNO3) and aliquoted into conical flasks. The 30 min and

4 h and 24 h pollen tubes were cultivated with SMM

medium, and for the 24 h pollen tubes the SMM medium

was supplemented with casein (1 mg/ml). Cultures were

incubated in a water-bath shaker at 140 rpm for 2 h and

then slowed to 90 rpm for the remaining cultivation time at

26 �C in the dark. Aliquots of the samples were stained

with aniline blue and DAPI, and analyzed under a light and

fluorescence microscope (Park et al. 1998) (Fig. 1). Pollen

tubes were vacuum filtered, flash frozen in liquid nitrogen

and stored at -80 �C prior to RNA extraction.

Isolation of polysomes and EPP complexes

from immature and mature pollen and pollen tubes

To fractionate polysomes (PS) and EDTA/puromycin-re-

sistant particles (EPP) from developing pollen and in vitro

cultivated pollen tubes, immature pollen grains from 20

anthers at corresponding developmental stages or 150 mg

of dehisced pollen grains or pollen tube pellets were

homogenized with low salt (LS) buffer (200 mM Tris–

HCl, pH 9, 25 mM KCl, 60 mM Mg-acetate, 2 mM DTT,

0.5 mM PMSF, 1% PTE, 1 mM cycloheximide, 250 mM
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sucrose). The homogenates were centrifuged for 10 min

and 15 min at 400g and 20,000g, respectively, at 4 �C, to
remove cellular debris. Post-mitochondrial supernatant was

loaded on a 30% sucrose cushion with LS gradient buffer

(40 mM Tris–HCl, pH 8.5, 15 mM KCl, 30 mM Mg-ac-

etate, 2 mM DTT, 0.5 mM PMSF, 1 mM cycloheximide)

and centrifuged for 3 h 20 min at 4 �C (298,400g). To

separate polysomes and EPP complexes, the pelleted

fraction was resuspended in a high salt EPP buffer (HSEP)

(200 mM Tris–HCl, pH 9, 500 mM KCl, 2 mM Mg-ac-

etate, 2 mM DTT, 0.5 mM PMSF, 1% PTE, 50 mM

EDTA, pH 8, 0.2 mM puromycin and 250 mM sucrose),

loaded on a 30% sucrose cushion with HSEP gradient

buffer (40 mM Tris–HCl, pH 8.5, 200 mM KCl, 1 mM

Mg-acetate, 2 mM DTT, 0.5 mM PMSF, 50 mM EDTA,

pH 8, 0.2 mM puromycin) and centrifuged for 3 h 20 min

at 4 �C (298,400g). The pellet constituted EPP complexes

was collected, rinsed with RNase-free water and stored at

-80 �C. The remaining supernatant was centrifuged for

18 h (258,000g). The pellet-constituted fraction of poly-

somes was rinsed with RNase-free water and stored at

-80 �C.

Transcription of TERT gene variants

Total RNA was isolated from seedlings, leaves, flower

buds, roots, polysomes and EPP complexes using the

RNeasy Plant Mini Kit (Qiagen), RNA from immature and

mature pollen and pollen tubes using TriReagent (Molec-

ular Research Center), according to manufacturerś

Fig. 1 Nuclear staining of

tobacco pollen developmental

stages. At stage 1 microspore

nuclear polarization, chromatin

condensation, chromosome

aggregation, asymmetric

nuclear division and beginning

of male germ line formation. At

stage 3 progressive chromatin

condensation and germ cell

nuclear migration toward the

center. At stage 5 and during

pollen anthesis, fully condensed

and elongated germ cell

nucleus. After 4 h of in vitro

pollen tube growth (PT 4 h), the

pollen tube is still binucleate,

and after 24 h (PT 24 h), two

sperm cells of the male germ

unit are visible. MN microspore

nucleus, GN germ cell nucleus,

VN vegetative cell nucleus, SCN

sperm cell nucleus. Scale bars

20 lm
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instructions. 50–100 mg of tissue was used for isolation.

RNA was purified by extensive DNaseI treatment (Turbo

DNA-free, Life Technologies). The quality and quantity of

RNA were checked by electrophoresis on a 1% (w/v)

agarose gel and by measurement of absorbance

(NanoPhotometer, Implen).

cDNA was prepared by reverse transcription of 2 lg of

RNA using M-MuLV reverse transcriptase (NEB) and Ran-

domNonamers (Sigma). Quantification of transcript levels of

the TERT variants in respective tissues was carried out by

KAPA SYBR FAST qPCRmaster mix (Kapa Biosystems), a

Rotorgene 6000 cycler (Qiagen) and using actin and EF1

genes as suitable references for quantitative analyses in

tobacco (Schmidt and Delaney 2010); sequences of primers

are given inTable S1. Itwas determined by theBLAST search

and confirmed by calibration curve construction that these

reference genes were applicable also for analysis of N. syl-

vestris and N. tomentosiformis samples (data not shown).

qPCR conditions were optimized via determination of reac-

tion efficiencies using diluted PCR products as templates for

calibration curve constructions for amplification of each

TERT variant. Optimized qPCR conditions were as follows:

5 min at 95 �C, 40cycles of 5 s at 95 �C, 20 s at 62 �C, 15 s at

72 �C (at the end of this step, fluorescencewasmeasured), and

the final extension (3 min at 72 �C). One microliter of 29

diluted cDNA was added to the 20-ll reaction mix. For A.

thaliana, ubiquitin-10 was amplified as a reference gene

(Table S1) and qPCR conditions for TERT gene analysis were

as described previously (Fojtova et al. 2011). Analyses were

performed for two to eight biological replicates (indepen-

dently cultivated seedlings/plants) in three technical repli-

cates. Data were evaluated by the Rotorgene 6000 (Qiagen)

software. Relative transcription in the respective tissues was

calculated as the fold increase/decrease relative to 12-day-old

seedlings (DDCt method; Pfaffl 2004). The proportion of

TERT sequence variants in transcriptomes was calculated

according to their Ct (the PCR cycle in which a reasonable

increase in fluorescence was detected; DCt method (Pfaffl

2004)) and expressed in %; thus in these calculations, refer-

ence geneswere not considered. For evaluation of the data and

statistical analysis, the program qbase ? (Biogazelle)

(Hellemans et al. 2007) was used; pollen samples were eval-

uated by two-sample F test and t test.

Analysis of telomerase activity

Telomerase activity in tissues of Nicotiana species and A.

thaliana leaves was analyzed by quantitative TRAP (Telom-

ere Repeat Amplification Protocol) in vitro method. Telom-

erase extracts were prepared according to the published

protocol (Fitzgerald et al. 1996; Sykorova et al. 2003).

Telomerase activity was quantified (Herbert et al. 2006) using

FastStart SYBR Green Master (Roche), TS21 and TELPR

primers (Table S1; concentration of each primer in the reac-

tionmixwas 0.25 lM) and 1 ll of telomerase extract (protein

concentration 200 ng/ll forNicotiana tissues and 50 ng/ll for
A. thaliana leaves). The substrate primer, TS21,was extended

by telomerase (45 min at 26 �C), and after telomerase inac-

tivation (15 min at 95 �C), extension products were amplified

in 30 cycles consisting of 15 s at 95 �C, 1 min at 60 �C (at the

end of this step, fluorescence was measured). Two to five

biological replicates were analyzed in three technical repli-

cates. Ct values were determined using the Rotorgene 6000

(Qiagen) software and relative telomerase activity was cal-

culated by the DCt method (Pfaffl 2004). For statistical eval-

uation, two-sample F test and t test were used.

Analysis of histone modifications by chromatin

immunoprecipitation (ChIP)

Epigenetic modifications of histones were analyzed by

ChIP according to the protocol described in http://www.

epigenome-noe.net/researchtools/protocol.php?protid=13&

PHPSESSID=4d57ea22991e633bf475ab562b612100. Plant

tissues were cross-linked in 1% formaldehyde (Sigma);

isolated chromatin was sonicated to the average fragment

length of 500 bp using Bioruptor (Diagenode) and

immunoprecipitated by antibodies against H3K9me2

(Abcam; product code ab1220), H3K4me3 (Abcam; pro-

duct code ab8580) and H3K27me3 (Millipore; product

code ABE44). 20 ng of DNA purified from immunopre-

cipitated fractions was analyzed by PCR using MyTaq

DNA polymerase (Bioline) and primers specifically

amplifying region upstream of the transcription start site

and part of the first exon of the TERT_Ct and TERT_Cs

gene variants [from -199 (TERT_Ct) or -202 (TERT_Cs)

to ?31; Table S1]; the concentration of the primers in the

reaction mix was 0.25 lM. PCR was performed in a

reaction volume of 20 ll for 1 min at 95 �C followed by 40

cycles of 30 s at 95 �C, 30 s at 56 �C, 30 s at 72 �C, and
3 min at 72 �C as final elongation. The PCR products were

separated by electrophoresis on 1% (w/v) agarose gel and

stained by ethidium bromide. The specific amplification of

the TERT_Ct and TERT_Cs variant was confirmed by the

digestion of PCR products by PstI restriction endonuclease;

the CTGCAG restriction site was present in the PCR pro-

duct amplified from TERT_Cs only (data not shown).

Results

Distinct prevalence of C variants in N. tabacum

and N. sylvestris TERT transcripts

To specifically amplify TERT gene sequence variants, we

designed variant-specific reverse primers from the ninth
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exon with respect to sequence polymorphisms as described

by Sykorova et al. (2012). Using the combination of

common forward primer 9ex Fw and specific reverse pri-

mers (Table S1), the presence of TERT variants was con-

firmed in three Nicotiana species as follows: TERT_Ct in

N. tabacum and N. tomentosiformis; TERT_Cs and

TERT_D in N. tabacum and N. sylvestris (Suppl. Fig. S1a).

Quantitative PCR conditions were carefully optimized for

all TERT sequence variants with calibration curves con-

structed using diluted PCR products as templates. Reaction

efficiencies were determined for the amplification of

TERT_Ct, TERT_Cs and TERT_D as 0.97, 0.97 and 0.99,

respectively (Suppl. Fig. S1b).

To compare telomerase abundance at RNA and protein

levels, we quantified telomerase activity (Fig. 2a) and the

transcription of specific TERT gene variants (Fig. 3a) in

N. tabacum tissues with high telomerase activity (seed-

lings, roots, flower buds) and in mature leaves with sig-

nificantly reduced telomerase activity. A correlation

between telomerase activity and TERT transcription was

observed for the TERT_Ct and the TERT_Cs transcripts

(Figs. 2a, 3a), whereas the TERT_D variant showed a

different transcription pattern (Fig. 3a, bottom panel).

TERT_Ct and TERT_Cs representation in the tobacco

TERT transcriptome were as follows: seedlings 47 and

35%, roots 57 and 32%, flower buds 61 and 39%, and

leaves 47 and 53%, respectively (Fig. 3b, left panel). The

TERT_D transcript (Fig. 3a) was detected only in seed-

lings, representing here about 18% of all TERT transcripts

(Fig. 3b, left panel), and in roots (11% of TERT tran-

scripts). In flower buds and leaves, the signal of the

TERT_D transcript was below the detection limit. As the

TERT_D variant cannot supposedly produce a functional

TERT protein, we recalculated the ratio of dominant

TERT_C variants transcripts in respective tissues to better

estimate a correlation between these functional TERT

variants and telomerase activity. When TERT_D tran-

scription was disregarded, portions of TERT_Ct and

TERT_Cs in seedlings were 57 and 43%, and in roots 64

and 36%, respectively (Fig. 3b, right panel). A compar-

ison of transcription profiles of TERT gene variants in

tobacco tissues clearly showed that both TERT_C variants

were highly transcribed with a mild prevalence of

TERT_Ct in telomerase-positive tissues.

In N. sylvestris tissues, the pattern of telomerase activity

was similar to that in N. tabacum (Fig. 2b) and transcripts

of the TERT_Cs variant clearly predominated (Fig. 3c).

Although the TERT_D variant transcript was detected in all

tissues analyzed, its amount was only up to about 10%. The

highest level of TERT_D transcript was in N. sylvestris

seedlings (12% of TERT transcripts; Fig. 3c), and the

lowest level of TERT_D transcript was in flower buds

(2%).

A direct comparison of TERT_C and TERT_D transcript

levels in seedlings of all three Nicotiana species was per-

formed using primer combinations for amplification of

both TERT_C variants with the universal reverse primer

9ex Rev_C (Table S1) and amplification of the TERT_D

variant, respectively. Comparison of qPCR signals nor-

malized to actin reference gene showed that the levels of

TERT_C transcripts, which are presumably crucial for

Fig. 2 Relative telomerase activity in tissues of Nicotiana species.

a Relative telomerase activity in N. tabacum tissues. Three samples of

12-day seedlings, three samples of roots, four samples of flower buds

and five samples of mature leaves were analyzed in three technical

replicates by quantitative TRAP. Data were related to telomerase-

positive seedlings (telomerase activity in seedlings was arbitrarily

chosen as 1). Statistical analysis was done using t test; * P\ 0.05,

** P\ 0.01. b Relative telomerase activity in N. sylvestris tissues.

Three samples of respective tissues were analyzed in three technical

replicates. Results were related to seedlings. c Relative telomerase

activity in N. tabacum pollen. Two samples of respective tissues were

analyzed in three technical replicates. Results were related to

seedlings. ST3, immature pollen stage 3 (early bicellular pollen);

ST5, immature pollen stage 5 (late bicellular pollen); MPG, mature

pollen grains; 30 min, pollen tube cultivated in vitro for 30 min; 4 h,

pollen tube cultivated in vitro for 4 h
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telomerase activity in telomerase-positive tissues, were

comparable in N. tabacum, N. sylvestris and N. tomen-

tosiformis seedlings (Fig. 3d, left panel). Regarding the

TERT_D transcript in N. tabacum and N. sylvestris seed-

lings, a slightly higher level was found in N. sylvestris, but

this increase was not statistically significant (Fig. 3d, right

panel). These data demonstrate that the transcripts of

TERT_C variants and the TERT_D variant in N. tabacum

and in its progenitors are maintained at similar levels.

It was reported that telomerase activity increased in

tobacco cell culture BY-2 treated with the plant hormone

auxin (Tamura et al. 1999). We tested if plant hormones

influenced transcription of TERT gene variants and

telomerase activity in tobacco seedlings. Synthetic auxins

NAA and 2,4-D and synthetic cytokinin BAP, at concen-

trations of 50 and 100 nM, did not change the transcription

of TERT variants during tobacco seed germination (data

not shown). A higher concentration of 2,4-D (5 lM)

resulted in a slight increase of the relative level of

TERT_Ct transcript compared with untreated seedlings

(Fig. 4a, top panel), but without marked change in the

relative proportion of TERT variants (Fig. 4a, bottom

Fig. 3 Transcripts of TERT variants in N. tabacum (a, b) and N.

sylvestris (c) tissues, and comparison of TERT variants transcript

levels in Nicotiana species (d). a Transcript levels of TERT_Ct,

TERT_Cs and TERT_D variants were determined in eight samples of

12-day seedlings, flower buds and mature leaves, and six samples of

roots of N. tabacum in three technical replicates. Data were related to

seedlings. Level of TERT_D transcript was below the detection limit

in flower buds and leaves (nd not detected). Statistical analysis was

done using qbase? software; P levels for respective tissues were

determined. b The representation of individual TERT variants (in %)

in total TERT transcripts of respective tissues was calculated using Ct

values obtained for amplification of respective TERT variants by the

DCt method (left panel) and the same when TERT_D transcript was

not considered in the calculation (right panel). TERT gene variants

are indicated by colors (TERT_Ct in blue; TERT_Cs in red; TERT_D

in black). c The representation of TERT variants (in %) in total TERT

transcripts in N. sylvestris tissues was calculated using Ct values

obtained for TERT_Cs and TERT_D amplifications by the DCt
method. TERT_Cs is in red; TERT_D is in black. d Relative levels of

TERT_C and TERT_D variant transcripts in N. tabacum (N. tab.), N.

sylvestris (N. sylv.) and N. tomentosiformis (N. tom.) seedlings; four

samples of each species were analyzed in three technical replicates.

Data were related to tobacco seedlings
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panel). Similarly, no significant changes in TERT variant

transcription were observed in seedlings treated by 5 lM
NAA (Fig. 4b) and 5 lM BAP (Fig. 4c). Telomerase

activity was not changed in seedlings germinated in the

presence of any of the plant hormones investigated (data

not shown).

To demonstrate the activity of plant hormones and their

impact on TERT, we performed the experiment similar to

Ren et al. (2007), who reported induction of the TERT gene

transcription in A. thaliana leaves treated with the natural

auxin IAA. We treated A. thaliana and N. tabacum leaves

with synthetic auxin NAA, which was previously reported

as effective in the induction of telomerase activity in

synchronized BY-2 tobacco cell culture (Tamura et al.

1999) and used in our previous experiments. But, both

telomerase activity and TERT gene(s) transcription were at

the same level in A. thaliana and N. tabacum leaves bathed

in MS medium and MS medium supplemented with 10 lM
NAA (data not shown). To maintain exactly the experi-

mental design described in Ren et al. (2007), A. thaliana

and N. tabacum leaves were exposed to MS medium sup-

plemented with natural auxin IAA (final concentration

10 lM). In A. thaliana leaves, slight but statistically sig-

nificant increase of the TERT gene transcript level was

detected (Suppl. Fig. S2), but it was not reflected in the

telomerase activity (data not shown). However, no effect

was observed either in N. tabacum leaves treated with

10 lM IAA or in N. tabacum seedlings germinated in the

presence of 10 lM and 5 lM IAA; both telomerase

activity and level of TERT gene variant transcripts in IAA-

treated samples were comparable with the respective val-

ues in controls (data not shown). Treatment of tobacco

seedlings with plant hormones is thus not directly reflected

in the modulation of either transcription of TERT variants

or telomerase activity. Obviously, telomerase activity, as

an important cellular parameter involved in the mainte-

nance of the genome stability, in under more complex and

more robust control in tobacco plants compared to cell

culture, and even distinct response of tissues of different

model plants to the hormonal treatment has to be

considered.

Specific pattern of TERT transcripts in tobacco

pollen

In general, plant telomerase is active in meristems and

dedifferentiated tissues (Fitzgerald et al. 1996). Pollen

grains represent a differentiated plant tissue producing

sperm cells; yet, active telomerase was detected in Silene

latifolia pollen (Riha et al. 1998). Mature pollen is a

metabolically quiescent structure designed for the polli-

nation and for the delivery of its precious cargo, male

gametes (sperm cells) to the female gametes. On the other

hand, preceding developmental and following functional

(progamic) phases of pollen are metabolically extremely

active. Pollen development is characterized by the massive

storage of metabolic reserves enabling the explosive and

highly competitive growth of pollen tubes through the pistil

(Pacini et al. 2006; Honys et al. 2009). To get better insight

into telomerase dynamics during male gametophyte

development and progamic phase, we investigated telom-

erase activity and TERT variant transcripts in tobacco

immature pollen (developmental stages 3, 5), mature pollen

grains and pollen tubes cultivated in vitro for 30 min and

4 h (Fig. 1). Active telomerase was detected in all analyzed

samples including mature pollen (Fig. 2c). Telomerase

activity gradually decreased during pollen maturation, but

even in mature pollen the activity was comparable to

Fig. 4 Transcripts of TERT variants in tobacco seedlings treated with

plant hormones. Transcripts of TERT variants in seedlings cultivated

in the presence of 5 lM 2,4-D (a), 5 lM NAA (b) and 5 lM BAP

(c) were determined in three independently cultivated samples in

three technical replicates. Data were related to control untreated

seedlings (CTR). In bottom panels, representations of individual

TERT variants in total TERT transcripts, calculated using Ct values

obtained for amplification of respective TERT variants by the DCt
method, are presented. TERT_Ct is in blue; TERT_Cs is in red;

TERT_D is in black. Statistical analysis was done using t test;

* P\ 0.05
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12 day-old seedlings. No changes in relative telomerase

activity were observed during in vitro cultivation of pollen

tubes. Thus, we can reliably conclude that active telom-

erase is present in tobacco pollen samples.

Relative levels of TERT_Ct transcript were similar in all

pollen samples, except the early bicellular pollen (stage 3;

Fig. 5a). The amount of TERT_Ct transcript was signifi-

cantly increased in the early bicellular pollen, about

eightfold higher than in later developmental stages. Nota-

bly, the high abundance of TERT_Ct transcripts in pollen

sample (Fig. 5a) correlates with the increased telomerase

activity (Fig. 2c). Astonishingly high levels of TERT_Cs

transcript were detected in all pollen samples (Fig. 5b) with

a similar profile as TERT_Ct, but at a significantly higher

level. TERT_Cs reached 6-fold accrual in mature pollen

and pollen tubes compared with seedlings, about 15-fold

accrual in late bicellular immature pollen (stage 5) and

more than 35-fold higher level of TERT_Cs transcript was

detected in early bicellular immature pollen (stage 3). The

TERT_D variant transcript was not detected. In the pollen

TERT transcriptome, the TERT_Cs clearly dominates,

representing about 80% of total TERT transcript in imma-

ture pollen stage 3 and about 90% in other pollen samples

(Fig. 5c), unlike the other tobacco tissues investigated

(Fig. 3b). On an Agilent Tobacco 44K Genome Array, only

probes for TERT_Cs were present and from the tissues

analyzed, the respective transcript accumulation also

peaked in early bicellular pollen (Fig. 5d). Moreover,

uninucleate microspores (developmental stage 1) were

analyzed too and the level of TERT_Cs transcript was even

in one order of magnitude higher compared to the early

bicellular pollen at stage 3 (Bokvaj et al. 2015).

After the evaluation of transcriptional profiles of

TERT_C variants in the male gametophyte, we aimed to get

better insight into the possible functional significance of

their specific translation pattern. We performed analysis of

the distribution of TERT transcripts variants in functionally

distinct fractions of pollen RNA: polysomes (PS) and

EDTA/puromycin-resistant particles (EPP). Polysomes

contain actively translated mRNA, whereas EPP were

identified as large long-term stored translationally silent

ribonucleoprotein complexes encompassing mRNA and

ribosomal subunits ready to be de-repressed in a controlled

manner during the progamic phase of pollen development

(Honys and Capkova 2000; Honys et al. 2009; reviewed in

Hafidh et al. 2016). Surprisingly, a dominant portion of

both TERT_Ct and TERT_Cs transcripts was present in the

EPP fraction (Fig. 5e) with the TERT_Ct/TERT_Cs ratio

roughly corresponding to that observed in total pollen RNA

(Fig. 5c), e.g., with a clear prevalence of the TERT_Cs,

except of late bicellular immature pollen (stage 5) where

the EPP levels of TERT_Ct and TERT_Cs were compara-

ble. The abundance of TERT_C transcripts in the PS

fraction was markedly lower (Fig. 5e); in early bicellular

immature pollen (stage 3), the PS levels of both transcripts

were even below the detection limit, and in pollen tubes

cultivated for 24 h only, TERT_Cs transcript was detected

in PS and was 509 less abundant compared to TERT_Cs

signal in EPP. TERT_Cs predominated in the PS fraction

also in the late bicellular pollen, mature pollen and pollen

tubes cultivated for 4 h. Thus, considerable part of the

TERT_C transcripts is present in the fraction containing

RNA which is not translated, while only a minor fraction is

associated with actively translating polysomes.

Euchromatic nature of the TERT_C chromatin is

maintained in telomerase-negative tobacco tissue

A complex pattern of histone modifications determines

chromatin structure and accessibility of DNA for compo-

nents of the transcription machinery, modifying enzymes

and protein complexes responsible for DNA repair. We

analyzed the distribution of histone marks specific for

constitutive heterochromatin (H3K9me2), transcriptionally

active regions (H3K4me3) and heterochromatin in devel-

opmentally silenced loci (H3K27me3) in telomerase-posi-

tive (seedlings) and telomerase-negative (mature leaves)

tobacco tissues (for telomerase activity in these tissues, see

Fig. 2a). DNA isolated from immunoprecipitated fractions

was analyzed by PCR using variant-specific primers cov-

ering the region upstream of the TERT transcription start

site and part of the first TERT exon (Table S1). In tobacco

seedlings, H3K4me3 euchromatin-specific modification

was clearly dominant for both TERT_Ct and TERT_Cs

variants, while bands of PCR products amplified using

DNA isolated from H3K9me2- and H3K27me3-immuno-

precipitated fractions were of significantly lower intensities

(Fig. 6). This pattern was fully maintained in TERT_Cs of

telomerase-negative leaves. In TERT_Ct chromatin of

leaves, certain shift of bands’ relative intensities was

observed because H3K9me2 and H3K27me3 signals were

significantly stronger compared to seedlings. Nevertheless,

the H3K4me3 band remained distinctly dominant (Fig. 6),

demonstrating that the developmental silencing of telom-

erase was not accompanied with alteration of the TERT

chromatin structure in tobacco tissues.

Discussion

In both plant and mammalian kingdoms, telomerase is

strictly regulated during development. This regulation

represents a complex process and is realized by the close

interplay of various pathways, e.g., binding of activators/

repressors affecting the activity of the telomerase protein

subunit promoter, chromatin structure and nucleosomal

Planta

123



density in TERT regulatory regions, alternative splicing of

the TERT primary transcript, telomere transcripts TERRA

and/or posttranslational modifications. The basic telom-

erase function—elongation of telomeric repeats at chro-

mosome ends—is further influenced by factors determining

the structure of telomeres and their accessibility for the

telomerase enzyme. In the allotetraploid plant Nicotiana

tabacum, the complexity of telomerase regulation was

extended to another level due to the presence of three

sequence variants of the gene coding for the telomerase

reverse transcriptase protein subunit (Sykorova et al. 2012).

Generally, TERT gene transcript level correlates directly

with telomerase activity (Fitzgerald et al. 1996; Ogrocka

et al. 2012; Fojtova et al. 2015). Little is known how these

processes are regulated in organisms with more than one

TERT gene. We showed here that telomerase activity

(Fig. 2a) correlated with levels of TERT_Ct and TERT_Cs

variant transcripts in most tobacco tissues, while the

TERT_D transcript was underrepresented and in some tis-

sues its abundance was even below the detection limit

(Fig. 3a). A similar correlation was observed in the N.

sylvestris progenitor, with the dominant TERT_Cs variant

Fig. 5 Transcripts of TERT variants in tobacco pollen. Transcription

of TERT_Ct (a) and TERT_Cs (b) was determined in two samples of

immature pollen, mature pollen grains and pollen tubes in three

technical replicates. Data were related to seedlings. Statistical

analysis was done using t test; *P\ 0.05. ST3, immature pollen

stage 3 (early bicellular pollen); ST5, immature pollen stage 5 (late

bicellular pollen); MPG mature pollen grains; 30 min, pollen tube

cultivated in vitro for 30 min; 4 h, pollen tube cultivated in vitro for

4 h. c The representation of TERT variants in total TERT transcripts of

tobacco pollen samples was calculated using Ct values obtained for

TERT_Ct and TERT_Cs amplifications by the DCt method. TERT_Ct

is in blue; TERT_Cs is in red. d Expression profile of TERT_Cs

transcript during tobacco pollen development and in two sporophytic

tissues according to published microarray data. e The representation

of TERT variants in total TERT transcripts in the fraction of actively

translated RNA (polysomal fraction, PS) and ribonucleoprotein

particles encompassing translationally silent RNA (EPP). The

TERT_Ct/TERT_Cs ratio was calculated by the DCt method based

on the Ct values obtained for TERT_Ct and TERT_Cs amplifications.

Formulas above the graph expressed schematically the abundance of

TERT_C variants transcript levels in the EPP fraction compared to PS;

[ one order of magnitude;[[ two orders of magnitude;[[[ three

orders of magnitude. Pollen samples marked as in a; 24 h, pollen tube

cultivated in vitro for 24 h; nd not detected. Color code as in c
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transcript clearly responsible for telomerase activity, and

the same was true for N. tomentosiformis and TERT_Ct.

Thus, we conclude that transcripts of both TERT_C vari-

ants contribute to the synthesis of active TERT protein in

tobacco.

A specific TERT transcription pattern was detected in

tobacco pollen. Highly asymmetrical pollen mitosis I is one

of the most decisive events in male gametophyte develop-

ment, since it leads to the establishment of two cell lineages,

the vegetative cell which produces a pollen tube, and gen-

erative cell (male germline), producing two sperm cells

(reviewed in Berger and Twell 2011). In contrast to other

tobacco tissues in which the ratio of TERT_Ct and TERT_Cs

transcripts was roughly comparable (Fig. 3b, c), the

TERT_Cs transcript unequivocally dominated in pollen

samples (Fig. 5c). Moreover, the level of TERT_Cs tran-

script was extremely high in samples representing early

bicellular pollen, stage 3 (Fig. 5b, d). A simple comparison

of telomerase activity and levels of TERT_C transcripts in

pollen samples with those in seedlings revealed interesting

correlation. In the early bicellular pollen, an eightfold higher

telomerase activity was detected compared with seedlings

and other pollen samples (Fig. 2c). However, the levels of

TERT_C variant transcripts markedly differed. The incre-

ment of TERT_Ct transcript corresponded exactly to the

increment of telomerase activity (8-fold higher level of

TERT_Ct transcript compared with seedlings, Fig. 5a),

while an increase in TERT_Cs transcript level was more then

35-fold compared with seedlings (Fig. 4b). In samples rep-

resenting later stages of pollen development, telomerase

activity and TERT_Ct transcription were at levels similar to

those measured in seedlings (Figs. 2c, 5a), but TERT_Cs

transcription remained significantly increased (Fig. 5b),

although the transcript accumulation was not as dramatic as

in the case of early bicellular pollen. Based on this data, it

appears that in tobacco pollen, the pattern of TERT_Ct

transcription correlates with telomerase activity, while

TERT_Cs transcript level, which is high in all pollen sam-

ples, is not directly reflected in the activity of telomerase.

Pollen represents a highly dynamic system accumulating

a huge amount of RNA and protein molecules essential for

complex processes of pollen maturation and further

explosive growth of pollen tubes. Strict control of trans-

lation of respective mRNAs includes their precise local-

ization, trafficking and storage. In this context, functionally

distinct fractions of pollen transcriptome were identified in

tobacco (Honys and Capkova 2000): actively translated

polysomal RNA and RNA stored in large ribonucleoprotein

particles (EPP), which are translationally silent, but ready

to be de-repressed and translated upon pollen activation

and pollen tube growth. Thus, EPP complexes are involved

not only in RNA storage and transport, but also in con-

trolled activation of translation, protein processing and

precise localization (Honys et al. 2009). In our analysis of

TERT_C variant representation in fractions of pollen RNA,

a dominant proportion of both TERT_Ct and TERT_Cs

transcripts was present in the translationally inactive EPP

complexes (Fig. 5e). This interesting result questioned our

original hypothesis about the dominant role of TERT_Ct

transcript in the determination of telomerase activity; e.g.,

in early bicellular pollen (stage 3), we detected high

telomerase activity (Fig. 2c) and signals of both TERT_C

variants in EPP only (Fig. 5e); in late bicellular immature

pollen (stage 5), TERT_Ct transcript was *10009 more

abundant in EPP compared to PS; in mature pollen and

pollen tube cultivated for 4 h, TERT_Ct was *159 and

*309 more abundant in EPP than in PS, respectively; and

in pollen tube cultivated for 24 h, only TERT_Cs signal

was above the detection limit in the PS fraction. Thus, it

seems that both TERT_C mRNAs are gradually re-dis-

tributed to actively translating polysomes from the abun-

dant pool of transcripts stored long term in the EPP

compartment during pollen development and progamic

phase.

One of the highly disputed telomerase biology questions

is the mechanism of activation or deactivation of telom-

erase in different model systems. In tobacco cultured cells,

telomerase activation in the S phase of the cell cycle

Fig. 6 Histone modifications of TERT upstream region in tobacco

tissues. Chromatin was immunoprecipitated using antibodies against

euchromatic modification H3K4me3 (K4), heterochromatic modifi-

cation H3K9me2 (K9) and modification specific for silenced genes

H3K27me3 (K27). DNA from immunoprecipitated fractions was

analyzed by PCR using TERT_Ct- (top panels) and TERT_Cs-specific

primers (bottom panels) in telomerase-positive seedlings (left panels)

and telomerase-negative mature leaves (right panels). neg, ChIP

without antibody; In, input—DNA isolated from the fraction of the

chromatin without immunoprecipitation
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potentiated by the treatment with auxins was reported

(Yang et al. 2002), indicating a role of phytohormones in

cell cycle-dependent regulation of telomerase activity.

Tobacco, with three TERT gene variants that can be reg-

ulated independently, appeared to be a promising experi-

mental system to clarify the relationship between plant

hormones and regulation of telomerase expression and

activity. Nevertheless, in our experiments, plant hor-

mones—two synthetic auxins, one natural auxin and one

synthetic cytokinin—did not significantly change telom-

erase activity or the level and proportion of TERT variant

transcripts (not shown and Fig. 4). Nevertheless, the

absence of the response to auxin treatment in tobacco

seedlings, in contrast to BY-2 cell culture, cannot be sim-

ply explained by the higher complexity of seedlings,

because in A. thaliana leaves treated with the natural auxin

IAA, increased TERT transcription was detected (Fig. S2

and Ren et al. 2007). On the other hand, in tobacco leaves

treated with IAA, the pattern and levels of the TERT

transcripts were maintained and the synthetic auxin NAA

was not efficient in the induction of the TERT transcription

in leaves of either of the plants. Therefore, distinct sets of

responses to auxin treatment, including an impact on

telomerase protein subunit transcription and telomerase

activity, may be triggered in tobacco cultured cells and in

differentiated tissues (seedlings and leaves) of different

model plants.

In contrast to animals in which developmental telom-

erase silencing was accompanied with changes of the TERT

chromatin structure, no such correlation was previously

observed in the A. thaliana plant. DNA methylation was

negligible in the TERT upstream region in both telomerase-

positive seedlings and telomerase-negative mature leaves

and, although level of the repressive chromatin mark

H3K27me3 was higher in leaves, the TERT chromatin was

decorated predominantly by euchromatin-specific modifi-

cations in both tissues (Ogrocka et al. 2012). In N.tabacum,

the chromatin of both TERT_C gene variants was associ-

ated with euchromatin-specific H3K4me3 histone mark in

telomerase-positive seedlings, which is in agreement with

their balanced contribution to the synthesis of active

telomerase protein. The pattern of TERT_Cs chromatin

modifications was the same in seedlings and leaves; only

PCR signals in H3K4me3-immunoprecipitated fraction

were clearly detectable. Regarding the TERT_Ct gene

variant, the loading of repressive chromatin modifications

was higher in leaves compared to seedlings; nevertheless,

the strongest PCR signal was obtained in the fraction of

chromatin immunoprecipitated by antibody against

euchromatic H3K4me3 mark (Fig. 6). The fact that both A.

thaliana and N. tabacum model plants maintain the chro-

matin environment of the gene coding for telomerase

protein subunit in its open state, regardless of the TERT

transcriptional activity, stresses the importance of the

competence of plants to re-activate telomerase during

development.

Based on the presented data, we conclude that (1)

equilibrated TERT_C transcription in tobacco and its

progenitors manifests the importance of this parameter for

proper settings of cellular functions; (2) significantly

unbalanced levels of TERT_C and TERT_D transcripts in

N. tabacum and N. sylvestris tissues indicate their dif-

ferential regulation; (3) specific TERT transcription pat-

tern in pollen samples evidences different regulation of

TERT variant transcription in reproductive tissues and

raises the question on the purpose of high TERT_Cs

transcript levels; (4) telomerase activity correlated with

transcript levels of both TERT_C variants in all tobacco

tissue except pollen samples, where markedly higher level

of TERT_Cs transcript was detected; (5) the euchromatic

character of the TERT_C gene variants chromatin was

maintained in telomerase-positive and telomerase-negative

tobacco tissues; (6) using the specific quantitative assay

for the transcription of TERT variants in tobacco tissues,

we were able to determine their changes due to, e.g.,

suboptimal living conditions or treatments, setting a

methodology background for further telomere research.

Finally, we can speculate that sequence variants of the

TERT gene in the Nicotiana tabacum genome represent

another level at which telomerase functions—including

those not directly related to the chromosome ends main-

tenance—may be modulated. Overall, the existence of

multiple differentially regulated TERT paralogs in the

genome of tetraploid tobacco is very interesting from the

evolutionary point of view and it will be important to

analyze other polyploid Nicotiana species to reveal if this

pattern is unique in Nicotiana tabacum or is more

common.
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