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 Differential Effects of High-Temperature Stress on 
Nuclear Topology and Transcription of Repetitive 
Noncoding and Coding Rye Sequences 

 D. Tomás    J. Brazão    W. Viegas    M. Silva 

 Centro de Botânica Aplicada à Agricultura, Secção de Genética, Instituto Superior de Agronomia,
Technical University of Lisbon,  Lisbon , Portugal 

chromatic conformation of pSc200 sequences seems to be 
involved in the stabilization of the interphase chromatin ar-
chitecture under stress conditions, the dynamic modulation 
of nucleolar and rDNA topology and transcription suggest 
their role in plant stress response pathways. 

 Copyright © 2012 S. Karger AG, Basel 

 All organisms, particularly plants, are exposed to envi-
ronmental stress conditions, induced by biotic or abiotic 
factors that negatively impact growth, development and 
reproduction [Inostroza-Blancheteau et al., 2010]. For 
plants, as sessile organisms, the ability to sense and react 
appropriately to environmental stress situations, such as 
extreme temperatures, drought and high salinity, is par-
ticularly important. Responses and adaption at the mo-
lecular, physiological and biochemical levels have been ex-
tensively studied in several plant species, revealing a multi-
dimensional network system [reviewed in Niedziela et al., 
2012]. However, little is known about the impact of tem-
perature stress on the repetitive fraction of plant genomes, 
which is strongly implicated in genome structure and 
function [Morgante, 2006]. Our work aims to integrate the 
knowledge concerning heat stress consequences in chro-
matin topology and the transcriptional dynamics of re-
petitive sequences – rDNA and subtelomeric pSc200 se-
quences – in rye ( Secale cereale  L.) seedlings.

 Key Words 

 High temperature  �  Nuclear topology  �  rDNA  �  Rye  �  
Subtelomeric sequences  �  Transcription 

 Abstract 

 The plant stress response has been extensively characterized 
at the biochemical and physiological levels. However, knowl-
edge concerning repetitive sequence genome fraction mod-
ulation during extreme temperature conditions is scarce. We 
studied high-temperature effects on subtelomeric repetitive 
sequences (pSc200) and 45S rDNA in rye seedlings submitted 
to 40   °   C during 4 h. Chromatin organization patterns were 
evaluated through fluorescent in situ hybridization and tran-
scription levels were assessed using quantitative real-time 
PCR. Additionally, the nucleolar dynamics were evaluated 
through fibrillarin immunodetection in interphase nuclei. 
The results obtained clearly demonstrated that the pSc200 
sequence organization is not affected by high-temperature 
stress (HTS) and proved for the first time that this noncoding 
subtelomeric sequence is stably transcribed. Conversely, it 
was demonstrated that HTS treatment induces marked rDNA 
chromatin decondensation along with nucleolar enlarge-
ment and a significant increase in ribosomal gene transcrip-
tion. The role of noncoding and coding repetitive rye se-
quences in the plant stress response that are suggested by 
their clearly distinct behaviors is discussed. While the hetero-
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  The large rye genome is mostly composed of repetitive 
sequences (92%) [Bartos et al. 2008], of which subtelo-
meric sequences and 45S rDNA correspond to 12–18% 
[Bedbrook et al., 1980] and 0.32% [Appels et al., 1980; 
Rogers and Bendich, 1987] of the whole genome, respec-
tively. Rye subtelomeric repetitive sequences are structur-
ally very important due to their role in chromosome sta-
bility, nuclear organization and homologous recombina-
tion [Vershinin et al., 1995]. These repetitive sequences 
were also recently implicated in genome evolution, being 
more prevalent in crop cultivars than in wild ones [Tamu-
ra et al., 2011]. Such sequences assume a heterochromatic 
organization and are subdivided into 3 families (pSc119.2, 
pSc200 and pSc250) [Vershinin et al., 1995]. Of these 
families, the pSc200 sequences are the most representa-
tive, comprising 2.5% of the rye genome and being pres-
ent in all rye subtelomeric chromosome domains [Ver-
shinin et al., 1995]. Recently [Tamura et al., 2011], rye 
chromosome C-bands, initially described by Gill and 
Kimber [1974], were shown to colocalize with fluorescent 
in situ hybridization (FISH) signals obtained with 
pSc119.2, pSc74, pSc34, pSc200, and pSc250 probes. In 
rye, a Rabl nuclear organization with centromeres and 
telomeres located in opposite hemispheres was described 
[Aragon-Alcaide et al., 1996] as in other species with large 
genomes, such as wheat ( Triticum  ssp.) and barley ( Hor-
deum vulgare  L.) [Aragon-Alcaide et al., 1996; Dong and 
Jiang, 1998; Mikhailova et al., 2001].

  rDNA 45S units are clustered in tandem in the nucleo-
lar organizing regions (NORs) localized on rye chromo-
some 1R. Throughout the cell cycle rye NORs are char-
acterized by 2 chromatin domains, a more decondensed 
euchromatic domain and a highly compacted hetero-
chromatic domain [Caperta et al., 2002]. Transcription of 
rDNA occurs in the nucleolus, a less DNA-dense nuclear 
domain where each rye ribosomal locus can assume 3 
distinct conformations: perinucleolar knobs, perinucleo-
lar knobs with intranucleolar projections or, most rarely, 
perinucleolar and intranucleolar knobs connected by de-
condensed chromatin [Caperta et al., 2002]. Rye rDNA 
nuclear topology is affected by both nucleolar chromo-
some structural alterations and induced DNA hypo-
methylation [Caperta et al., 2002, 2007].

  The most well-characterized temperature stress re-
sponse in plants is the induction of proteins with chaper-
one functions, especially several large families of heat-
shock proteins (HSPs) [reviewed in Kosová et al., 2011]. A 
consistent increase in the synthesis of distinct HSPs was 
detected in coleoptiles and in roots of 3-day-old rye seed-
lings after a 4-hour period of 40   °   C heat shock, with the 

rye HSP profile being similar to those observed in other 
cereals, such as wheat, triticale and barley [Necchi et al., 
1987]. High- and low-temperature stress in rye also in-
creases catalase photoinhibition, reducing its activity as 
well as the synthesis of protein D1 from photosystem II 
[Feierabend et al., 1992; Hertwig et al., 1992].

  Long periods of heat stress have recently been shown 
to induce the activity of the usually silenced repetitive 
sequences in  Arabidopsis thaliana  and their reversion to 
silence after a return to normal temperatures [Pecinka et 
al., 2010; Tittel-Elmer et al., 2010]. A marked decondensa-
tion of 180 bp centromeric and 5S rDNA sequences after 
30 h at 37   °   C was also observed [Pecinka et al., 2010; Tit-
tel-Elmer et al., 2010]. Ribosomal 45S chromatin decon-
densation was also detected in cereals ( Oryza sativa  L. 
and  T. aestivum  L.) after stresses from high temperature 
and high salinity, which showed additional effects on nu-
clear topology [Santos et al., 2011].

  We have characterized the alterations affecting coding 
and noncoding rye repetitive sequences induced by high-
temperature stress (HTS, 4 h at 40   °   C), including chroma-
tin organization (assessed through FISH) and transcrip-
tional levels (evaluated by quantitative real-time PCR – 
RT-qPCR). This analysis revealed for the first time the 
transcription of pSc200 noncoding sequences, assuming 
similar levels in untreated and treated plants. Contrast-
ingly, rDNA transcription levels are markedly increased 
by heat stress, along with a significant enhancement of 
the nucleolar region evaluated through fibrillarin immu-
nodetection. This behavior was also correlated with dis-
tinct interphase chromatin dynamics under heat stress, 
as rDNA decondensation was unraveled after HTS, 
whereas pSc200 chromatin organization remained unaf-
fected. Thus, the results in this report contribute to a 
comprehensive understanding of repetitive sequence in-
volvement in nuclear topology remodeling and gene ex-
pression control under environmental stress conditions.

  Material and Methods 

 Plant Material and High-Temperature Treatment 
 Rye seeds ( S. cereale , 2n = 14, RR), kindly provided by Prof. 

Neil Jones (Aberystwyth, Wales University), were germinated at 
22   °   C in Petri dishes with moistened filter paper in the dark. Thus, 
3–4-day-old seedlings were submitted to HTS as follows: the tem-
perature was increased 2   °   C/h from 22 to 40   °   C and then main-
tained for 4 h at 40   °   C. Leaves from at least 3 seedlings per treat-
ment (control and HTS) for each cytogenetic analysis were col-
lected, washed and fixed. The materials to be used for FISH were 
fixed in ethanol/acetic acid solution (3:   1 v/v) for 16 h at room tem-
perature and stored at –20   °   C. Alternatively, leaves to be used in 
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immunochemistry assays were fixed in 0.2% formaldehyde in 1 !  
PBS with 0.1% triton X100 (v/v) for 30 min, maintained with 100% 
methanol overnight at room temperature, and then stored at 
–20   °   C.

  For RNA extraction, the seedlings were also kept in moistened 
filter paper in growth chambers on an 8 h dark (15   °   C)/16 h light 
(22   °   C) cycle for 10 days and were then submitted to the HTS treat-
ment previously described. Leaves from at least 3 seedlings per 
treatment (control and HTS) were stored separately at –80   °   C.

  Fluorescent in situ Hybridization 
 Fixed leaves were digested with pectinase/cellulase in 1 !  EB 

for 1 h and 30 min at 37   °   C, and squashes were performed in 60% 
glacial acetic acid. The pSc200 and 45S rDNA probes labeled with 
digoxigenin-dUTP or biotin-dUTP (Roche, Gipf-Oberfrick, 
Switzerland) were produced by PCR using the following described 
primers. For the pSc200 probe, pSc200for 5 � -TCTTTGAT-
CACCGTTTCTTCG-3 �  and pSc200rev 5 � -CCCCACCCATG-
TATGGATAA-3 �  primers were used. To produce the 45S rDNA 
probe, 3 pairs of primers were used to amplify 3 distinct frag-
ments of the rDNA coding regions – 25S1for 5 � -CTTAGTAA-
CGGCGAGCGAAC-3 �  and 25S1rev 5 � -CACTTGGAGCTCT-
CGATTCC-3 � , 25S2for 5 � -AACTCACCTGCCGAATCAAC-3 �  
and 25S2rev 5 � -GCCGAAGCTCCCACTTATC-3 � , and 18Sfor 5 � -
ACTGTGAAACTGCGAATGG-3 �  and 18Srev 5 � -CCCGACT-
GTCCCTGTTAATC-3 �  (online suppl. fig. 1; for all online suppl. 
material, see www.karger.com/doi/10.1159/000343754).

  FISH was performed as previously described [Silva et al., 
2008]. Nuclei were counterstained with 4�,6-diamidino-2-phenyl-
indole hydrochloride (DAPI) in Citifluor antifade mounting me-
dium (AF1; Agar Scientific, Essex, UK). Samples were examined 
using a Zeiss Axioskop 2 epifluorescence microscope, images 
were obtained using a Zeiss AxioCam digital camera and selected 
images were processed using Photoshop after quantification.

  The following parameters were evaluated through quantifica-
tion of raw images using ImageJ software: nuclear area, number 
of pSc200 signals, pSc200 global area, average area per pSc200 
signal, pSc200 area/nuclear area, number of rDNA signals, rDNA 
total area, rDNA area/nuclear area, and major rDNA signal dis-
tance. Statistical analysis was performed using Student’s t test to 
compare averages and using the  �  2  test to compare frequency dis-
tributions.

  Immunocytochemistry 
 Fixed rye leaves were digested with pectinase/cellulase for 2 h 

and 30 min, and squashes were obtained as described for FISH. 
However, after removing the cover slip, the squashes were imme-
diately placed in 1 !  PBS for at least 5 min and then fixed with 4% 
formaldehyde in 1 !  PBS (v/v) for 10 min. Blocking was per-
formed with 8% BSA in 1 !  PBS triton 0.1% (v/v) for 30 min, fol-
lowed by a rapid wash with 1 !  PBS. Primary antibody for fibril-
larin (ab4566 Abcam, Cambridge, UK), 1:   500 dilution in 1 !  PBS, 
was used at 4   °   C overnight followed by a rapid wash in 1 !  PBS. 
Secondary antibody [C2181 Sigma Anti-Mouse IgG, whole mol-
ecule, F(ab’) Cy3-conjugated] 1:   200 dilution in 1 !  PBS was used 
for 1 h at 37   °   C. Nuclei were counterstained as described for the 
FISH experiments, as were microscope examination, image cap-
ture and processing.

  The following parameters were evaluated through quantifica-
tion of raw images using ImageJ software: nucleolar total area, 

nucleolar area ratio, frequencies of nuclei with different nucleoli 
number, and average nucleoli number per nuclei. Statistical anal-
ysis was performed using Student’s t test to compare averages and 
using  �  2  test to compare frequency distributions.

  Quantitative Real-Time PCR 
 Total RNA extraction was performed using Kit Frozen, hard 

consistency, or RNase-rich tissue sample preparation   protocol 
from the RNAqueous Kit (Ambion, Austin, Tex., USA) following 
the manufacturer’s recommendations. After verifying the quality 
and concentration through gel electrophoresis and spectropho-
tometry, the RNA was submitted to RQ1 RNase-Free DNase (Pro-
mega, Madison, Wisc., USA) digestion for 1 h at 37   °   C following 
the manufacturer’s recommendations. cDNA synthesis was per-
formed with random primers following the DyNAmo cDNA Syn-
thesis kit (Finnzymes, Vantaa, Finland) instructions. To individ-
ualize single monomers from pSc200 tandem repeated sequence, 
a  Bfa I (Finnzymes) enzymatic digestion of cDNA was performed 
according to the supplier’s instructions. The expected single band 
was confirmed through agarose gel electrophoresis.

  RT-qPCR was performed with a HS SYBR qPCR Kit (Finn-
zymes, Vantaa, Finland) accordingly to Silva et al. [2008] using the 
following primers: rDNAfor 5 � -CGGCACGTACGT CTGGTG-3 �  
and rDNArev 5 � -AGACAAGCATATGACTACT GGCAG-3 � ,
pSc200for 5 � -TCTTTGATCACCGTTTCTTCG-3 �  and pSc200rev 
5 � -ACGTGCGTGGAAAATTCTG-3 �  (online suppl. fig. 1). Actin 
was used as a control gene using the following primers: actinfor 
5 � -GCT GGATTCTGGTGATGGTGTGAG-3 �  and actinrev 5 � -
CAA TGAGAGATGGCTGGAAGAGGAC-3 � . All cDNAs were 
analyzed in 3 replicates for control and HTS treatment at each of 
following dilutions: 1:   20, 1:   100 and 1:   200 for pSc200, 1:   10 and
1:   20 for rDNA, and 1:   10 and 1:   20 for the actin control. Each PCR 
mix containing forward and reverse primers (0.1 p M  each) was 
amplified over 40 cycles (10 s of denaturation at 94   °   C, 30 s of an-
nealing at 60   °   C and 30 s at 72   °   C for extension). Upon completion, 
the PCR products were separated by 1% agarose gel electrophoresis 
and detected by ethidium bromide staining.

  Melting curves were performed to ensure the amplification of 
single products and to estimate their melting temperatures. The 
RT-qPCR of pSc200 amplified a single cDNA product with the 
expected size of 208 bp and a melting temperature of 82   °   C ( fig. 1 B, 
C). In the same experiments, the actin control amplified equal 
quantities of a single product of approximately 350 bp with a melt-
ing temperature (Tm) of 84   °   C in control and treated rye seedlings 
( fig. 1 A, C). rDNA RT-qPCR analysis was performed through the 
amplification of a fragment consisting of part of the transcribed 
spacer sequence and part of the 18S coding sequence (between 
+828 and +1181 bp, online suppl. fig. 1B). Using actin as control, 
a single cDNA product was amplified with the expected size of 
350 bp and a melting temperature of 86   °   C ( fig. 1 B, C).

  Quantification analysis was performed using the  �  � Ct meth-
od to analyze the levels of pSc200 and rDNA transcription. The 
mean actin cDNA threshold cycle (Ct) was used to calculate each 
 � Ct ( � Ct = Ct pSc200 or rDNA – mean Ct actin) associated with 
3 replicates of both dilutions. The comparison of  � Ct values ob-
tained for the control and HTS was performed using Student’s t 
test. To compare between the control and HTS,  �  � Ct values 
( �  � Ct =  � Ct HTS – mean  � Ct control) were calculated for both 
repetitive sequences analyzed. These values were utilized to cal-
culate the fold variation in transcription (2  –   �  � Ct  ).
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  Results and Discussion 

 HTS Affects Rye Chromosome Nuclear Topology 
 Rye nuclear topology analysis in leaf cells was per-

formed through the characterization of chromatin con-
formation on DAPI-stained nuclei and also through FISH 
analysis of pSc200 subtelomeric sequences (521 bp rye 
tandem repeat sequence, accession number Z50039 [Ver-
shinin et al., 1996]). Distinct DAPI-positive knobs corre-
sponding to heterochromatic domains colocalized with 
pSc200 signals were observed ( fig.  2 A, B). pSc200 and 
pSc250 subtelomeric repeats were previously localized to 
heterochromatic regions [Vershinin et al., 1995; Cuadra-
do and Jouve, 2002]; however, the organization and dis-
position of pSc200 sequences was never characterized in 
interphase nuclei from rye leaves. A polarized arrange-
ment of pSc200 signals, consistently clustered in one nu-

clear pole, was observed in rye leaf nuclei. This pSc200 
localization confirms the telomeric Rabl organization 
previously described in the root tip nuclei of other species 
with large genomes [Aragon-Alcaide et al., 1996; Dong 
and Jiang, 1998].

  Quantitative image analysis of pSc200 FISH signals 
using ImageJ software revealed an average number of 10 
signals per nuclei ( table  1 ). Gill and Kimber [1974] de-
scribed 14 heteropycnotic knobs, corresponding to major 
subtelomeric C-bands, per Giemsa-stained rye root tip 
interphase nucleus. Those subtelomeric C-bands ob-
served in metaphase chromosomes colocalize with the 
pSc200 signals [Gill and Kimber, 1974; Vershinin et al., 
1995]. However, pSc200 FISH signals are located in virtu-
ally all rye subtelomeric domains, depending on the line 
considered [Vershinin et al., 1996; Alkhimova et al., 1999; 
Fu et al., 2010; Książczyk et al., 2011]. Thus, the reduced 

Fold change (2–��Ct)
2.95

rDNA  control

rDNA  HTS

pSc200  HTS

pSc200  control
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0.90

rDNA pSc200

300 bp

I II III IV V VI 1 kb+

0

4.0
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  Fig. 1.  Subtelomeric sequence and rDNA transcription in control 
and HTS-treated rye seedlings.  A  Melt curves of cDNA isolated 
from rye amplified with actin primers. A single melt peak with 
Tm = 83   °   C observed both in the control seedlings (yellow) and in 
seedlings submitted to HTS (green) indicate a single amplifica-
tion product. In cDNA digested with  Bfa I, only a single peak with 
similar Tm is also observed in the control (orange) and HTS 
(blue).  B  Melt curves of cDNA isolated from rye amplified with 
rDNA (pink and purple) and pSc200 (green and red) primers. A 
single melt peak (rDNA: Tm = 85.5   °   C, pSc200: Tm = 81   °   C) ob-
served in both the control seedlings (purple for rDNA and red for 
pSc200) and seedlings submitted to HTS (pink for rDNA and 

green for pSc200) indicate a single amplification product.  C  RT-
qPCR products separated by gel electrophoresis. I and II: actin 
primers, control cDNA and HTS cDNA, respectively; III and IV: 
rDNA primers, control cDNA and HTS cDNA, respectively; V 
and VI: pSc200 primers, control cDNA and HTS cDNA, respec-
tively, both digested with  Bfa I. Molecular weight marker 1 kb+.
 D  Transcription levels of rDNA and pSc200 in control and HTS 
seedlings. RT-qPCR threshold cycles (Ct) were equilibrated with 
actin for control and HTS ( � Ct). The mean  � Cts of 3 replicates of 
3 control and HTS cDNA dilutions were used to calculate  �  � Ct. 
The graph illustrates the associated fold changes in transcription 
(2 – �  � Ct ) in the control and HTS-treated seedlings. 
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number of pSc200 FISH observed here in rye leaves and 
previously observed through C-banding in root tips [Gill 
and Kimber, 1974] most likely result from the overlapping 
of chromosome arms. In fact, colocalization of subtelo-
meric domains was previously described in rye chromo-
somes introgressed in wheat [Santos et al., 2002].

  HTS versus control comparative analysis of pSc200 
showed a marked increase in the average number of sig-
nals per nuclei (16) and a significantly higher (p  !  0.01) 
nuclear area (HTS: 156.85  � m 2 , control: 114.44  � m 2 ). 
These results suggest an overall chromatin reorganiza-
tion induced by HTS involving a higher individualization 
of chromosome and subtelomeric domains. Moreover, 
the significant (p  !  0.01) decrease observed in the average 
area per pSc200 signal (from 3.39  � m 2  in untreated to 
2.15  � m 2  in HTS-treated) also suggests a higher individ-
ualization of subtelomeric domains. Concurrently, no 
significant increase (p  1  0.1) was detected in the total av-
erage area of pSc200 FISH signals per nuclei (26.72  � m 2  
in untreated and 29.44  � m 2  in treated nuclei). A decrease 
in rye subtelomeric domain overlapping induced by DNA 
hypomethylation was also described in rye chromosomes 
in a wheat background [Santos et al., 2002].

  RT-qPCR evaluation of pSc200 subtelomeric sequence 
proved for the first time that the pSc200 subtelomeric re-
petitive sequence is actively transcribed in rye. Until now, 
transcription of subtelomeric repetitive sequences was 
only described in rice through RNA blot analysis and 
primer extension analysis [Wu et al., 1994] and for rye B-
chromosome-specific sequences through RT-qPCR [Car-
chilan et al., 2007; Pereira et al., 2009]. Control versus 
HTS transcription fold variation analysis (2 – �  � Ct  = 0.90, 
graphic representation in  fig. 1 D) showed that the pSc200 
sequence transcription level is not significantly (Student’s 
t test, p = 0.07) affected by HTS. This result is in accor-
dance with the evidence that pSc200 chromatin organi-
zation is not significantly (p  1  0.1) modified, revealing 
stable pSc200 tandem repetitive sequence behavior under 

HTS. Thus, we suggest that pSc200 sequences may be in-
cluded in the ‘conformational DNA’ fraction, as suggest-
ed by Nagl and Schmitt [1985] regarding actively tran-
scribed condensed chromatin domains. Additionally, we 
are tempted to speculate that the detection of putative 
microRNAs in pSc200 transcripts may suggest their po-
tential role in the maintenance of interphase heterochro-
matic domains. In fact, pSc200 transcripts reveal high 
homology (between 85 and 87%) with rice and Sorghum 
microRNAs (online suppl. fig. 2); one of them – rice osa-
MIR2921 (accession MI0013263) – is implicated in the 
plant stress response [Sanan-Mishra et al., 2009]. The  Su-
perior  repetitive element dispersed throughout rye chro-
mosomes was also shown by Northern blots to be active-
ly transcribed, and their RNA stem structure was sug-
gested to indicate a possible functional role [Tomita et al., 
2009].

C
on

tr
ol

H
TS

DAPI pSc200 + DAPI

A B

C D

  Fig. 2.  Subtelomeric chromatin organization in control and HTS-
treated rye nuclei. pSc200 subtelomeric probe in situ hybridiza-
tion of leaf nuclei of control seedlings ( A  and  B ) and seedlings 
submitted to HTS ( C  and  D ); DAPI-stained ( A  and  C ) and DAPI 
and probe green signal merged ( B  and  D ). Scale bar = 5  � m. 

Table 1.  Average values  8  standard deviation of nuclear area, number and area of pSc200 FISH signals, area of individual pSc200 FISH 
signal and ratio between pSc200 area and nuclear area in leaf nuclei from control seedlings and seedlings subjected to HTS

Nuclear area
�m2*

No. of pSc200
signals

pSc200 global
area, �m2

Area of individual
pSc200 signals, �m2*

pSc200 area/
nuclear area, %

N

Control 114.44877.64 9.8885.69 26.7288.82 3.4082.16 25.8587.90 51
HTS 156.85854.45 16.0287.37 29.44810.33 2.1581.30 19.4686.07 58

N  = Total number of nuclei observed. * Parameters significantly different between control and HTS (t test, p < 0.01).
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  rDNA Organization and Expression Levels Are 
Affected by HTS 
 To evaluate rDNA functional and structural altera-

tions induced by temperature stress in 45S rDNA repeti-
tive coding sequences, FISH-probed interphase nuclei 
from control and HTS-treated rye seedlings were ana-
lyzed using ImageJ software. Additionally, nucleolar 
morphology and dynamics were characterized through 
in situ immunolocalization with a fibrillarin antibody 
used as a nucleolar marker [Houmani and Ruf, 2009].

  In the majority (90%) of nuclei from untreated seed-
lings, only 2 perinucleolar knobs of 45S ribosomal DNA 
were present ( fig. 3 A, B), which is consistent with the ex-
istence of 2 NORs allocated to the chromosome 1R pair. 
In addition to the 2 perinucleolar knobs, smaller intra-

nucleolar rDNA signals and rDNA filaments of decon-
densed chromatin were observed in 10% of the nuclei an-
alyzed (n = 51) ( fig. 3 B, C), in agreement with a previous 
description of rye root-tip nuclei by Caperta et al. [2002]. 
No significant (p  1  0.1) alteration in the frequency of nu-
clei with only 2 45S knobs (85%) was observed after high-
temperature treatment (n = 58).

  Contrastingly, a significant (p  !  0.01) increase in the 
average number of rDNA FISH signals per nucleus (from 
2.08 to 2.35,  table 2 ) was observed after HTS, reflecting
a higher number of additional intranucleolar FISH sig-
nals ( fig. 3 C, D). In species in which each NOR is usually 
observed as one condensed knob per chromosome, as in 
rye [Caperta et al., 2002] and  A. thaliana  [Pontes et al., 
2003], additional FISH signals indicate that more rDNA 
is located inside the nucleolus and that internal decon-
densation has occurred within the NORs [Earley et al., 
2006]. Moreover, intranucleolar rDNA spots colocalize 
with BrUTP incorporation in wheat nuclei [Silva et al., 
2008] and are associated with an epigenetic marker linked 
to euchromatin (tri-methyl Lysine 4 of histone H3) in
 A. suecica  [Earley et al., 2006]. Accordingly, the average 
area per nucleus of rDNA FISH signals is significantly
(p  !  0.01) higher in treated seedlings (2.85  � m 2 ) com-
pared to untreated ones (2.42  � m 2 ) ( table 2 ). Both of the 
revealed alterations in rDNA organization patterns – the 
higher number of FISH signals and global rDNA area in-
crease – suggest an enhancement of ribosomal gene activ-
ity mediated by HTS.

  Nucleolar dynamics were also evaluated using in situ 
immunolocalization with a fibrillarin antibody ( table 3 ). 
Fibrillarin is an essential nucleolar protein involved in 
rRNA processing that has been isolated from various or-
ganisms, including yeast, mammals and Arabidopsis [re-
viewed in Pih et al., 2000]. This nucleolar protein is high-
ly conserved and has been extensively used as a nucleolar 
marker in both animals and plants [Pih et al., 2000; Hou-
mani and Ruf, 2009]. The evaluation of the average num-
ber of nucleoli per nucleus revealed a significant increase 

Table 2.  Average values  8  standard deviation of the number and area of rDNA FISH signals, ratio between rDNA area and nuclear 
area and major rDNA signal distance from control seedlings and seedlings subjected to HTS

No. of rDNA signals* rDNA total area, �m2* rDNA area/nuclear area, %* Major rDNA signals distance, �m

Control 2.0880.34 (51) 2.4280.77 (51) 2.4981.04 (51) 4.4282.30 (56)
HTS 2.3581.47 (58) 2.8580.93 (58) 1.9680.78 (58) 5.1483.07 (60)

T otal number of nuclei observed are in parentheses. * Parameters significantly different between control and HTS (t-test, p < 0.01).
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  Fig. 3.  rDNA chromatin organization in control and HTS-treated 
rye nuclei. Images of 45S rDNA in situ hybridization of leaf nuclei 
of control seedlings ( A  and  B ) and seedlings submitted to HTS
( C  and  D ); DAPI-stained ( A  and  C ) and DAPI and red probe signal 
merged ( B  and  D ). Scale bar = 5  � m. 
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(1.19 in control and 1.27 in HTS, p  !  0.05) induced by 
HTS. An increase in the frequency of nuclei with 2 nucle-
oli was also observed in treated leaf nuclei (19.0% in the 
control and 26.7% in HTS). A higher nucleoli number due 
to a temperature increase from 25 to 37   °   C was also ob-
served by Leitch et al. [1995] in nuclei from the root-tips 
of wheat cv. Beaver with a rye chromosome translocation 
(1BL/1RS). Cell cycle arrest in early G1 phase, which de-
creases the characteristic nucleolar fusion usually associ-
ated with cell cycle progression, was suggested to be re-
sponsible for the nucleolar number increase [Leitch et al., 
1995]. In fact, a delay in the cell cycle caused by high tem-
peratures was also observed in  Saccharomyces cerevisiae  
[Rowley et al., 1993] and in mammalian cells [Kuhl and 
Rensing, 2000].

  To assess ribosomal chromatin nuclear disposition al-
terations induced by temperature stress, the distance be-
tween the 2 major rDNA knobs, corresponding to the 2 
rye rDNA loci, was evaluated ( table 2 ). No significant dif-
ference (p  1  0.1) was detected between the average dis-
tances scored in the control (4.42  � m) and HTS-treated 
nuclei (5.14  � m). Previously, an increase in 5S knob dis-
tance was described in rice root-tip nuclei exposed to 
high temperatures [Santos et al., 2011]. However, rDNA 
allocation depends upon a higher order determinant that 
results from the functional linkage between rDNA genes 
and nucleoli. In fact, Pecinka et al. [2004] proved through 
chromosome painting using BAC probes that although 
random homolog disposition has a role in root and leaf 
nuclei from  A. thaliana , an enhanced association was ob-
served between rDNA-bearing homologous chromo-
somes. The authors correlated those results with the fre-
quent attachment of multiple NORs to a single nucleolus 
present in the majority of interphase nuclei. We propose 
that the physical constraint imposed by the structural 

connection between rye NORs and a single nucleolus ob-
served in the majority of rye leaf nuclei may therefore be 
responsible for the maintenance of the rDNA spatial re-
lationships, even under stress conditions.

  The analysis of nucleolar dynamics ( table 3 ) showed 
that control and HTS nucleolar/nuclear area ratios were 
significantly different (13.14 and 21.53%, respectively;
p  !  0.01) due to a significant (p  !  0.01) nucleolar enlarge-
ment induced by HTS (from 15.50 to 33.37  � m 2 ). Fur-
thermore, the nucleoli of HTS-treated cells presented a 
more granular morphology ( fig. 4 D), suggesting that nu-
cleoli enlargement may result from a differential increase 

Table 3.  Average values  8  standard deviation of the ratio between nucleolar area and nuclear area, nucleolar area, % of nuclei with 
different nucleoli number and nucleoli number per nuclei in leaves nuclei from control seedlings and seedlings subjected to HTS

Nucleolar area/nuclear 
area, %*

Nucleolar total
area, �m2*

% of nuclei with different 
nucle oli number

Nucleoli number per nuclei**

1 2 

Control 13.1484.90 (60) 15.5085.91 (60) 81.0 (145) 19.0 (34) 1.1980.39 (179)
HTS 21.5387.16 (76) 33.37815.81 (76) 73.3 (326) 26.7 (119) 1.2780.44 (445)

Tot al number of nuclei observed are in parentheses.
* Parameters significantly different between control and HTS (t test, p < 0.01).
** Parameter significantly different between control and HTS (t test, p < 0.05).
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  Fig. 4.  Nucleoli detection in control and HTS-treated rye nuclei. 
Fibrillarin immunolabeling of leaf nuclei of control seedlings
( A  and  B ) and seedlings submitted to HTS ( C  and  D ); DAPI-
stained ( A  and  C ) and DAPI and fibrillarin antibody red signal 
merged ( B  and  D ). Scale bar = 5  � m. 
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in the granular component. Such nucleoli quantitative 
and morphological changes may result from a decrease in 
rRNA transport from the nucleus to the cytoplasm, as oc-
curs in the nucleoli of rye root-tips submitted to temper-
ature stress [Olszewska et al., 1988], or may otherwise re-
sult from enhanced rDNA transcription levels induced by 
heat stress situations.

  To address this question, the quantification of rDNA 
transcription levels was performed through RT-qPCR. 
The comparison of  � Ct values obtained for the control 
(3.43) and HTS (4.37) using Student’s t test revealed a sig-
nificant (p  !  0.04) increase in rDNA expression repre-
sented by a fold change variation of 2 – �  � Ct  = 2.95. We sug-
gest that this drastic enhancement of rDNA transcription 
is correlated with the significant enlargement in nucleo-
lar area also detected.

  HTS impacts on rDNA chromatin organization and 
transcription patterns denoted their entirely different 
 behaviors under temperature stress in comparison to 
pSc200 subtelomeric sequence. Nuclear topology param-
eters clearly showed ribosomal chromatin decondensa-
tion and nucleolar enlargement, along with a significant 
increase in rDNA transcription levels. Altogether, these 
results suggest the central role of rDNA in the plant re-
sponse to stressful environmental conditions related with 
an increase in the ribosome requirement. Most research 
in plants describes expression profile alterations caused 
by several abiotic stresses such as abscisic acid, salt, water 
deficit, cold, and heat [Mochida et al., 2006; Swindell et 
al., 2007; Zeller et al., 2009; Tamura et al., 2011]. Addi-
tionally, those alterations showed that the number of up-
regulated genes is clearly higher than the number of 
downregulated genes [Qin et al., 2008; Hu et al., 2009]. 
This unbalanced situation may justify the higher rDNA 
transcription level required. rDNA decondensation in-

duced by HTS can result from a decrease in nucleosome 
assembly, as suggested by the result from the abiotic stress 
conditions [Pecinka et al., 2010; Tittel-Elmer et al., 2010] 
that detected the reactivation of gene expression after 
long HTS (30 and 15 h at 37   °   C, respectively). However, 
our results revealed differences between the noncoding 
and coding repetitive sequence chromatin dynamics de-
tected as soon as 4 h after the shift to 40   °   C. The increase 
in HSP synthesis detected in rye seedlings was shown to 
also occur shortly after a 4-hour period at 40   °   C [Necchi 
et al., 1987].

  Our results clearly suggest marked behavioral differ-
ences between coding and noncoding repetitive sequenc-
es that most likely reflect their distinct roles in the plant 
pathways involved in the stress response. We propose that 
pSc200 unaltered chromatin organization patterns in 
treated and untreated rye nuclei indicate their role in the 
maintenance of chromosome and nuclei structural func-
tion. Moreover, pSc200 stable transcription levels under 
temperature may denote a possible involvement of mi-
croRNAs in the nucleotypic role of telomeric-associated 
sequences in chromatin architecture.
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