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Abstract The alteration of growth patterns, through the ad-
justment of cell division and expansion, is a characteristic
response of plants to environmental stress. In order to study
this response in more depth, the effect of heat stress on growth
was investigated in tobacco BY-2 cells. The results indicate
that heat stress inhibited cell division, by slowing cell cycle
progression. Cells were stopped in the pre-mitotic phases, as
shown by the increased expression of CycD3-1 and by the
decrease in the NtCycA13, NtCyc29 and CDKBI1-1 tran-
scripts. The decrease in cell length and the reduced expression
of Nt-EXPAS indicated that cell expansion was also inhibited.
Since DNA methylation plays a key role in controlling gene
expression, the possibility that the altered expression of genes
involved in the control of cell growth, observed during heat
stress, could be due to changes in the methylation state of their
promoters was investigated. The results show that the altered
expression of CycD3-1 and Nt-EXPAS was consistent with
changes in the methylation state of the upstream region of
these genes. These results suggest that DNA methylation,
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controlling the expression of genes involved in plant develop-
ment, contributes to growth alteration occurring in response to
environmental changes.

Keywords Cell cycle - Cell division - Cell expansion -
DNA methylation - Heat stress - Tobacco BY-2 cells

Introduction

Global climate changes, including very high temperatures,
affect plant growth and productivity in many parts of the
world, leading to alarming losses in crop productivity
(Christensen and Christensen 2007). Heat stress can alter the
normal intermolecular interactions required for correct
growth, by impairing plant development. In order to maximize
the chance of survival during adverse environmental condi-
tions, since plants are sessile organisms, they need to activate
signaling networks, which then results in strong physiological
and molecular changes (Urano et al. 2010). Indeed, higher
plants exposed to heat stress activate different cellular and
metabolic responses, thus enabling them to withstand not op-
timal conditions (Saidi et al. 2011).

The modulation of morphogenesis is a key feature of the
acclimation to environmental stress which consists in the al-
teration of growth patterns due to an adjustment of the pro-
cesses in both cell division and expansion and cell differenti-
ation (Potters et al. 2007). One of the most common and im-
portant constituents of this morphogenetic response, which is
activated in the presence of environmental stress, is the im-
pairment of the cell cycle (Potters et al. 2009). The inhibition
of expansion, at both phenotypic and cellular levels, repre-
sents another key event in the modulation of morphogenesis
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induced by abiotic stress (Ortega and Taleisnik 2003; Paster-
nak et al. 2005a, b; Verma and Mishra 2005). Heat stress, like
other environmental stresses, is also able to alter cell growth,
thus causing changes in cell division and expansion
(Smertenko et al. 1997; Jang et al. 2005; Potters et al. 2009).

The morphogenetic response observed under stress condi-
tions, including heat stress, is the result of the perception of
environmental cues and the transmission by many signal
transduction pathways. This ultimately leads to the activation
of genes encoding effector proteins that enable adaptation to
environmental challenges (Madlung and Comai 2004; Bita
and Gerats 2013).

Epigenetic modifications, including DNA methylation, may
play a critical role in the alteration of gene expression occurring
during plant development and in response to environmental
changes (Madlung and Comai 2004; Wada et al. 2004; Ahmad
etal. 2010; Mirouze and Paszkowski 2011). It has been reported
that mutations in two genes involved in DNA methylation,
methyltransferasel and chromomethylase3, lead to an abnormal
development of embryos with altered planes and numbers of
cell division in Arabidopsis (Xiao et al. 2006). The level of
DNA methylation can also change in response to environmental
stress and in correlation with the activation of stress-responsive
genes (Wada et al. 2004). In the context of stress responses,
methylation has been gaining increasing interest because it can
regulate the expression of genes that play a key role in acclima-
tion responses (Boyko et al. 2007; Choi and Sano 2007; Huang
etal. 2010).

It has been recently reported that a moderate but prolonged
heat stress likely inhibits the growth of tobacco BY-2 cells, a
well-standardized model system for biochemical and molecu-
lar studies (Sgobba et al. 2015). In the present work, we stud-
ied the effect of heat stress more deeply on the same model
system, focusing on cell division and cell expansion. In addi-
tion, the involvement of DNA methylation in the heat-
dependent regulation of genes, coding for proteins that control
cell cycle progression and cell expansion, was also analysed.

Materials and methods
Cell culture, heat treatment and cell growth parameters

Tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2)
cell suspensions were routinely propagated and cultured ac-
cording to Nagata et al. (1992). For the experiments, 2 ml of
stationary culture (7 days) were diluted in 100 ml of fresh
culture medium in 250-ml flasks and grown at 27 or 35 °C
for 7 days. At the indicated times, aliquots of cell suspensions
were collected for the determination of cell growth
parameters.

Packed cell volume (PCV) and cell viability were deter-
mined as described in Sgobba et al. (2015). For the analysis
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of mitotic index, cells were stained with DAPI as described in
de Pinto et al. (2002) and visualized under a fluorescence
microscope (DMLS, Leica, Wetzlar, Germany) with an exci-
tation filter of 340 to 380 nm and a barrier filter of 400 nm.
Mitotic index was determined as the percentage of the cells in
mitosis on the total cells.

Cell size was calculated by optical microscopy images of
BY-2 cells using UTHSCSA Image Tool software as de-
scribed in de Pinto et al. (2000).

Protein content was determined according to Bradford
(1976) using BSA as a standard.

Semi-quantitative RT-PCR

Total RNA was isolated from tobacco BY-2 cells using the
InviTrap Spin Plant RNA Mini kit (Stratec molecular) accord-
ing to the supplier’s recommendation. Residual DNA was re-
moved from the RNA samples using a DNase I, RNase-free
(Fermentas). Synthesis of complementary DNA was per-
formed from 2 pg of total RNA with RevertAid M-MuLV
RT- (Fermentas) and random primers. The primer sequences
utilized for RT-PCR and amplicon sizes are reported in
Supporting Information (Supplemental Table 1).

The 18S rRNA was used as an internal control in order to
normalize each sample for variations in the amount of initial
RNA. Amplification was conducted at 94 °C for 30 s, 60 °C
for 30 s and 72 °C for 1 min; the number of amplification
cycles was optimized for each sequence. The RT-PCR prod-
ucts were analysed on 1.5 % (w/v) agarose gels containing
0.5 mgml ' ethidium bromide and scanned with GelDoc Sys-
tem (Bio-Rad). Densitometric analyses of PCR products were
carried out with the Quantity One software (Bio-Rad).

Reconstruction of upstream sequences

In order to reconstruct the upstream regions, the coding se-
quences of the five genes (NtcycA13-X93467; Ntcyc29—
D50737; CycD3-1-AJ011893; CdkB1-1-AF289465; Nt-
EXPAS AF049354) have been utilized as queries in blast
analysis in two different databases (N. tabacum Methylation
Filtered genome TGI:v.1 Contigs and N. tabacum Methylation
Filtered genome TGI:v.1 Processed) derived by the massive
sequencing of the N. tabacum genome (http://solgenomics.
net/tools/blast/index.pl?db id=73). The BLAST searches
were carried out recursively, i.e. the matching sequences
identified in each search have been used as new queries in
subsequent rounds of search. The identified sequences are
reported in Supporting Information (Supplemental Figure 1).

To confirm the accuracy of the reconstruction of genomic
upstream regions of the genes in the analysis, different primer
pairs specific for coding sequences and the reconstructed up-
stream regions were designed utilizing the Primer3 software
(http://primer3.ut.ee/). The primer sequences utilized for the
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genomic amplification are reported in the Supplemental
Figure 2A. The obtained genomic amplifications
(Supplemental Figure 2b, 2¢) were sequenced and compared
with sequences previously obtained using Basic Local Align-
ment Search Tool (Blast2seq; http://blast.ncbi.nlm.nih.gov/
Blast.cgi).

McrBC assay

The McrBC assay allowed to identify the methylation pattern
of the upstream sequences previously identified (Vanhees
etal. 2011). This assay consisted in the digestion of DNA with
the McrBC enzyme and in the successive quantitative PCR
(qPCR) conducted with primers designed on the CG-enriched
regions of the 5’ sequences. McrBC is an endonuclease which
cleaves in the presence of methylcytosine and leaves un-
methylated cytosine intact. As a consequence, the level of
methylation state can be measured by qPCR.

Firstly, primers in CG-enriched regions of the reconstruct-
ed 5’ sequences were designed using MethPrimer software
(http://www.urogene.org/methprimer/; Li and Dahiya 2002).
Results of primer selection were delivered through a web
browser in text and graphic view (Supplemental Figure 3).

Since it is well known that the GC-enriched regions are
difficult to amplify (Kumar and Kaur 2014), for each upstream
sequence, several primer pairs were designed (Supplemental
Figure 3). Successively, the Tm and the secondary structure of
primers were analysed by Primer3 and, through appropriate
base fluctuations, only the best primer pairs for each upstream
sequence were employed in the qPCR assay. The forward and
reverse primer sequences utilized for the analysis are reported
in the Supporting Information (Supplemental Table 2).

Genomic DNA was extracted from 1 g of lyophilized plant
cells using the DNeasy Plant Maxi kit (Qiagen), according to
the supplier’s recommendation. The concentration and quality
of the DNA from the samples was determined in a NanoDrop
spectrophotometer (NanoDrop Technologies Inc., Wilming-
ton, Delaware, USA). Successively, the McrBC digestion
was performed in a 20 pl reaction mixture containing 1 pg
of genomic DNA at 37 °C for 12 h and the reaction was
stopped after incubation at 65 °C for 5 min. Digested DNAs
were precipitated in 1/10 volume sodium acetate and two vol-
umes 100 % ethanol at =70 °C for 30 min. Pellets were resus-
pended in 40 ul of distilled water. The concentration and qual-
ity of the DNA from the samples were determined in a
NanoDrop spectrophotometer. PCR was performed using
ABI 7500 Real-Time PCR System (Applied Biosystems) with
20 ng of digested DNA for each sample.

The optimized qPCR was prepared in a volume of 15 ul,
with 7.5 ul of Power SYBR® Green PCR Master Mix (Ap-
plied Biosystems), 0.12 uM of each primer (Sigma Aldrich),
5.26 ul of ultrapure water (Invitrogen, USA) and 2.0 ul of
DNA template, containing 10 ng of DNA. qPCRs were

carried out in triplicate. The thermocycling conditions were
set to 10 min at 95 °C, followed by 35 cycles at 95 °C for 15 s
and 60 °C for 1 min. To check contamination, a negative
control was run by adding 2 pl of ultrapure water (Invitrogen,
USA) to 13 ul of reaction buffer.

Ct values were normalized with the coding region of
CDKBI1-1 gene which does not contain 5-methylcytosine
(ACt). The results were reported as relative methylation state
(2722 obtained by the difference among ACt of samples at
35 °C and ACt of samples at 27 °C. An increase in PCR
amplification products is indicative of hypomethylation,
whereas a decrease in PCR amplification products indicates
hypermethylation.

Results

The exposure of tobacco BY-2 cells to moderate heat stress
significantly inhibited growth, as highlighted by the huge de-
crease in the packed cell volume (PCV) observed in cells
grown at 35 °C compared with cells grown at the optimal
temperature (27 °C). The inhibition of growth, already evident
after 3 days of heat stress, reached 70 % after 5 days of expo-
sure to 35 °C (Fig. 1a). The heat stress also caused an increase
in cell death which reached a maximum of 33 % after 7 days
of exposure to 35 °C (Fig. 1b). However, the high decrease in
PCV observed under heat stress cannot only be explained by
the more moderate increase in cell death. Indeed, the treatment
of tobacco BY-2 cells with 50 mM hydrogen peroxide, caus-
ing 50 % of cell death, was responsible for only 24 % of the
PCV decrease (data not shown). Thus, two other parameters
that influence PCV were determined: cell division and cell
expansion.

As shown by the analyses of the mitotic index and cell
number evolution, a marked inhibition in cell division oc-
curred in heat-stressed cells (35 °C) compared with the control
cells (Fig. 2). In cells exposed to 35 °C, a notable decrease in
mitotic index was evident after 1 and 3 days of heat stress, that
is when control cells showed the highest mitotic activity
(Fig. 2a). Consistently, under heat stress, the number of cells
in the suspension was significantly lower than observed in the
control, from the third to the seventh day of culture (Fig. 2b).

To verify whether the block in cell division was due to an
arrest in cell cycle progression, the expression of some genes
encoding regulatory proteins of the cell cycle was studied.
Although cell cycle is regulated by an extensive molecular-
regulating mechanism, involving a great number of interacting
genes (Komaki and Sugimoto 2012), only those genes where
examined whose expression in response to abiotic stress dur-
ing cell cycle progression had been previously demonstrated
(Jang et al 2005). We analysed transcript levels of NtcycAl3,
a cyclin A that accumulates in the S phase; Ntcyc29, a cyclin
B that accumulates in the late G, and during the M phase;

@ Springer


http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.urogene.org/methprimer/

1. Centomani et al.

Fig. 1 Time-dependent effect of
heat stress on cell growth and
viability. Packed cell volume
(PCV) (a) and cell death (b) in
tobacco BY-2 cells grown at 27
and 35 °C. Cell death was 60
measured by trypan blue staining
and phase contrast microscopy.
The percentage of cell death was
counted in a population of at least
1000 cells for each experiment.
Values of PCV and cell death are
the mean (+ SE) of five
independent replicates
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CycD3-1 that accumulates in the late G, to M phase; and
CDKBI1-1, a cyclin-dependent serine/threonine kinase that
accumulates in the M phase and promotes G,-M transition
(Sorrell et al. 1999, 2001; Jang et al. 2005).

Exposure to 35 °C determined a decrease in the transcripts
of NtcycA13, Ntcyc29 and CDKBI1-1 3 days after the start of
the treatment, as shown by the representative images and den-
sitometric analysis of the RT-PCR products. On the other
hand, an increase in CycD3-1 transcript occurred 1 day after
the beginning of the heat stress (Fig. 3).

In order to verify whether heat stress also influenced cell
expansion, cell dimension was determined at 27 and 35 °C.
Figure 4a shows that at 27 °C cell length decreased in the first
3 days of growth, when cells were actively dividing (Fig. 2).
At the end of cell division, when the mitosis decreased and
evolution of the cell number had stopped (Fig. 2), a gradual
increase in cell size was observed (Fig. 4a), thus suggesting
the occurrence of cell expansion. Continuous exposure to
35 °C blocked cell expansion, and the length of the cells

Time (days)

B

3 5 7

C% 120

a2l o
1 3 5

Time (days)

remained lower than observed in control cells (27 °C) from
the third to the seventh day of culture (Fig. 4a, b). Consistent-
ly, the protein content in cells grown at 27 °C progressively
decreased starting from the third day of culture. This was as a
consequence of the enlargement of the vacuole which, at the
end of growth curve, occupied the majority of cell volume
(Reisen et al. 2005). On the other hand, in the cells exposed
to 35 °C, protein content remained high from the third to the
seventh day of culture (Fig. 4c).

In order to gain more information on cell expansion during
heat stress, we studied the expression of Nt-EXPAS, a tobacco
expansin involved in cell growth (Link and Cosgrove 1998;
Kuluev et al. 2013). The transcript level of Nt-EXPAS was
significantly reduced after 3 days in cells grown at 35 °C
compared with control cells (Fig. 5), thus confirming that heat
stress inhibited cell expansion.

In plants, the alteration of gene expression in response to
environmental changes can be due to epigenetic modifica-
tions. We thus analysed whether the changes in the expression

Fig. 2 Time-dependent effect of T
heat stress on cell division. a
Mitotic index (a) and cell number
(b) in tobacco BY-2 cell
suspensions grown at 27 and 20 F
35 °C. The values are the mean (+
SE) of five independent replicates
in each of which at least 1000
cells were analysed

10

Mitotic Index (%)
&
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Fig. 3 Gene expression analysis of genes involved in cell cycle
progression in tobacco BY-2 cells subjected to heat stress. Representative
semi-quantitative RT-PCR results for NtCycA13, NtCyc29, CDKBI-1
and CycD3-1 in control and heat-stressed cells after 1, 3 and 5 days of
culture. Levels of 18S rRNAs were determined to normalize the results. a

1 3 5

Time (days) Time (days)

Percentage of transcript levels NtCycA13, NtCyc29, CDKBI1-1 and
CycD3-1 b obtained after densitometric analysis and normalization with
18S rRNA (see Mat and Meth). Values are the mean+SE of five repli-
cates. Asterisks indicate values that are significantly different from the
control (Student’s ¢ test with P<0.05)
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Fig.4 Time-dependent effect of heat stress on cell expansion. Cell length
of tobacco BY-2 cells grown at 27 and 35 °C in different days of culture
(a). Representative images of BY-2 cells grown at 27 and 35 °C after
5 days of culture (b). Protein content of tobacco BY-2 cells grown at 27

and 35 °C in different days of culture (¢). Values of cell length and protein
content are the mean (+ SE) of five independent replicates. Cell length
was measured in a population of at least 1000 cells in each separate
experiment. Bar=20 pum
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Fig. 5 Gene expression analysis of Nt-EXPAS in control and heat-stressed
cells after 1, 3 and 5 days of culture. Representative semi-quantitative RT-
PCR results for Nt-EXPAS in control and heat-stressed cells after 1, 3 and
5 days of culture. Levels of 18S rRNAs were determined to normalize the

of the investigated genes could be due to variations in the
methylation state of the promoters of these genes.

To reconstruct the upstream regions of the five genes, the
coding sequences were used as queries in blast search in two
different databases (see Mat and Meth). The findings enabled
us to elongate the 5’ regions of four genes (NtcycAl3,
CDKBI-1, CycD3-1, Nt-EXPAS; Supplemental Figure 1).
In contrast, with this method, no elongation was possible for
the 5' region of Ntcyc29.

The methylation state of the four 5’ sequences identified
was analysed by the McrBC assay. The primers were designed
by the MethPrimer software (Li and Dahiya 2002) around the
CpG-enriched regions identified in the reconstructed 5’
sequences of the genes. Total DNA, extracted from the cells
grown at 27 and 35 °C after 1 and 3 days of culture, was
digested with the McrBC, a restriction enzyme which only
cuts the methylated cytosine, and then quantified by qPCR
using the previously designed primers (Supplemental Table 2).
The amount of amplified DNA was inversely proportional to
the methylation level of the considered region. The results
were reported as the relative methylation state (see Mat and
Meth). In the cells exposed for 1 day at 35 °C, hypomethyla-
tion of the 5’ region of the CycD3-1 occurred. After 1 and
3 days of treatment at 35 °C, the 5" sequence of Nt-EXPAS
was hypermethylated. Upstream sequences of NtcycA13 and
CDKBI-1 did not show any significant differences in their
methylation state due to heat stress (Fig. 6).

Discussion

Under adverse environmental conditions, plants are able to
significantly modify their growth pattern to trigger defence
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results (a). Percentage of transcript levels of Nt-EXPAS (b) obtained after
densitometric analysis and normalization with 18S rRNA (see Mat and
Meth). Values are the mean+SE of five replicates. Asterisk indicates values
that are significantly different from the control (Student’s ¢ test with P<0.05)

responses to overcome stress (Rymen and Sugimoto 2012).
The morphogenetic response may be due to the inhibition of
cell division or cell expansion; however, sometimes, both pro-
cesses are affected (Lecoeur et al. 1995; Rymen et al. 2007,
Skirycz and Inze 2010; Aquea et al. 2012). In line with the
literature, our results show that the exposure of TBY-2 cells to
a moderate but persistent heat stress caused a strong reduction
in cell growth (Fig. 1), due to the inhibition of both cell divi-
sion and cell expansion (Figs. 2 and 4).

Inhibition of cell division under adverse environmental con-
ditions seems to depend on an arrest or a delay in cell cycle
progression. It has been reported that stress conditions stop the
cell cycle at G1/S or Go/M checkpoints or slow down the entire
cell cycle (Granier and Tardieu 1999; West et al. 2004; Rymen

10
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Fig. 6 Effect of heat stress on the methylation state of upstream
sequences of NtCycA13, CDKBI-1, CycD3-1 and Nt-EXPAS after 1
and 3 days of culture. Reported values (2~2“") indicate methylation state
of genes in cells grown at 35 °C compared to the same genes in cells
grown at 27 °C. Values are the mean+SE of three biological replicates.
Asterisks indicate values that are significantly different from the control
(Student’s 7 test with P<0.01)
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etal. 2007). Cell cycle arrest under stress conditions can be due
to the downregulation of cell cycle activators, such as specific
cyclins and CDKBs (West et al. 2004; Rymen et al. 2007). The
literature data show that the exposure of tobacco BY-2 cells at
30 °C cause a transient block of cell cycle progression (Jang
et al. 2005). In line with the literature, tobacco BY-2 cells ex-
posed at 35 °C showed an altered expression of genes encoding
proteins of cell cycle regulation (Fig. 3) which could be respon-
sible for a delay in cell cycle progression. After 1 day of expo-
sure at 35 °C, there was an increase in CycD3-1 expression
(Fig. 3). Arabidopsis CycD3-1 has been clearly indicated as
the limiting factor for G;-S transition (Menges et al. 20006).
On the other hand, in tobacco BY-2 cells, CycD3-1 accumu-
lates during the late G, to the M phase but is still present in the
G, phase (Sorrell et al. 1999; Kawamura et al. 2006). The
different behaviors of CycD3-1 in tobacco BY-2 cells could
be a consequence of the indefinite proliferation potential and
of the long-term culture of these cells or could be attributed to a
different role of this cyclin in cell cycle progression (Sorrell
et al. 1999). However, CycD3-1-associated kinases are able to
phosphorylate the tobacco retinoblastoma-related protein with
apeak at the G;-S and a relatively constant level during the S to
G,/M phase (Kawamura et al. 2006). This data, together with
studies conducted in mammalian cells showing that the phos-
phorylation of retinoblastoma proteins in G,/M can cause an
arrest of cells in G, (Taya 1997), enables us to speculate that the
increase in CycD3-1 transcript observed in tobacco BY-2 cells
after heat stress (Fig. 3) could accelerate G;-S transition and
simultaneously block the cells in Gy. It has also been shown
that the over-expression of another tobacco CycD3, namely the
CycD3-3, shortens the G, phase, lengthens the S phase and
reduces the cell cycle in tobacco BY-2 cells (Nakagami et al.
2002). Also, synchronized Arabidopsis cells over-expressing
CycD3-1 have shown an increase in G, length and a simulta-
neous delay in the activation of genes characterizing the M
phase, such as those coding for B-type cyclins (Menges et al.
2006). Consistently, 3 days after the exposure at 35 °C, tobacco
BY-2 cells show a reduction in the expression of NtCycAl3, a
cyclin A characteristic of S phase, NtCyc29 and CDKBI1-1, a
cyclin B and a cyclin-dependent kinase of B type, respectively,
both required for the G,-M transition (Sorrell et al. 2001; Jang
et al. 2005). From these data, it is possible to hypothesize that
the cell cycle block occurring in tobacco BY-2 cells exposed at
35 °C probably takes place at the G,-M checkpoint (Fig. 7).
Indeed, an increase in cycD3-1 should overcome the G-S
checkpoint. On the other hand, a decrease in NtCycA13 and
NtCyc29 and in CDKBI1-1 could arrest the cell cycle in the pre-
mitotic phases (Figs. 3 and 7). The delay in cell cycle progres-
sion that we found during the first 3 days of heat stress could be
considered as a defence strategy, since it may increase the de-
fence systems needed to protect the cells (Sgobba et al. 2015).
The exposure of tobacco BY-2 cells to 35 °C also inhibited cell
expansion, as indicated by the marked reduction in cell size

NtCyc29

G2

Gl

s
/ NtCyc
Al13 |
D3-1

Fig. 7 Schematic representation of the delay of cell cycle progression in
tobacco BY-2 cells subjected to heat stress. The increase in CycD3-1
(indicated with green arrow) after 1 day from the heat stress permits to
overcome the G;-S checkpoint, whereas the decrease in NtCycAl3,
NtCyc29 and CDKBI-1 (indicated with red arrows) after 3 days of heat
stress could stop the cells in the pre-mitotic phases

(Fig. 4). It is known that both the rate and the duration of cell
expansion change according to turgor pressure and cell wall
elasticity (Rymen and Sugimoto 2012). Expansins play a key
role in determining the increase in cell wall flexibility, needed
for cell expansion. They are proteins that cut hydrogen bonds
between cellulose microfibrils and hemicellulosic polysaccha-
rides (Kende et al. 2004; Sampedro and Cosgrove 2005). It has
been reported that transcript level of some expansins has a
positive correlation with cell expansion (Muller et al. 2007).
Our data show that the Nt-EXPAS transcript decreased in cells
subjected to heat stress on the third day of growth (Fig. 5),
which is when cell expansion started in the control cells as
indicated by the increase in cell length over the subsequent days
(Fig. 4). This result is also corroborated by the literature data
showing that the reduction of hypocotyl growth observed in
maize seedlings subjected to salt stress is closely related to
the under-expression of three different expansins (Geilfus
et al. 2010).

Changes in the expression of genes occurring during either
normal plant development or in response to environmental
changes may be due to epigenetic modifications (Wada et al.
2004; Causevic et al. 2006; Ahmad et al. 2010; Mirouze and
Paszkowski 2011). DNA methylation, together with histone
modifications, is involved in the determination of the
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epigenetic state of the genome, affecting not only large chro-
mosomal domains, but also individual genes (Suzuki and Bird
2008). Interestingly, only differential methylation in upstream
genic regions seems to be strictly correlated with gene expres-
sion (Candaele et al. 2014).

A notable result emerging from our present work is that the
alteration in the expression of two genes involved in the con-
trol of cell growth, cyclin D3-1 and Nt-EXPAS5, subsequent to
the exposure of cells to 35 °C, seems to be due to changes in
the methylation state of the 5’ sequences of these genes.

The hypomethylation of the 5’ region of CycD3-1 1 day
after heat stress exposure is consistent with the increase in its
transcript level (Figs. 3 and 6). Literature data concerning both
plant and animal systems suggest that changes in the methyl-
ation patterns of the upstream regions of different D-type
cyclins can alter their expression. For instance, the silencing
of'the cyclin D2 gene, which can be considered an early event
in tumorigenesis, may be associated with the hypermethyla-
tion of the CpG island in the promoter of cyclin D2 (Evron
et al. 2001). In addition, methylation-silenced cyclin D2 can
be de-repressed by sulphoraphane, which decreases methyla-
tion in the cyclin D2 promoter (Hsu et al. 2011). In maize, the
hypermethylation of the upstream sequence of CycD4, occur-
ring in the transition from the dividing to the expanding zone
of leaves, is correlated with the decrease in its expression
(Candaele et al. 2014).

In our experimental conditions, the 5’ region of the CycD3-1
gene shows a rapid cyclical pattern of the methylation state,
since hypomethylation was present only on the first day after
heat stress, and the methylation state of this gene returned to the
same state as that observed in control cells after 3 days of heat
treatment. Although the epigenetic modifications of DNA
methylation are usually associated with long-term memory ge-
nomics, new scenarios have recently been emerging. In human
cells, the methylation pattern of the promoter regions of some
genes may undergo rapid cyclical variations (Baccarelli et al.
2009). Although the mechanisms involved in the changes of
methylation status of the CycD3-1 still need clarifying, we
believe that our result is the first case of a rapid and dynamic
role for DNA methylation in gene regulation in plant cells.

Our results also highlight that the hypermethylation of the
promoter region of Nt-EXPAS is in line with the decrease in its
transcript level (Figs. 5 and 6). Candaele et al. (2014) also
reported that changes in the methylation state of the upstream
region of EXPB3 are inversely correlated with changes in the
expression of this gene. This would thus seem to highlight that
changes in DNA methylation could control cell division and
cell expansion (Candaele et al. 2014).

In conclusion, our data demonstrate that a moderate but
prolonged heat stress can affect cell growth by altering cell
cycle progression and cell expansion. The results also high-
light that heat stress induces changes in the methylation pat-
tern of the upstream regions of CycD3-1 and Nt-EXPAS and

@ Springer

that these epigenetic changes could be responsible for the
altered expression of these genes.

These results would seem to suggest that changes in the
methylation state of genes involved in normal plant develop-
ment contribute to the alteration of growth in response to
environmental changes.
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