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Abstract

Key message Kinetin-induced programmed cell death,
manifested by condensation, degradation and methyla-
tion of DNA and fluctuation of kinase activities and
ATP levels, is an autolytic and root cortex cell-specific
process.

Abstract The last step of programmed cell death (PCD)
induced by kinetin in the root cortex of V. faba ssp. minor
seedlings was explained using morphologic (nuclear
chromatin/aggregation) and metabolic (DNA degradation,
DNA methylation and kinases activity) analyses. This step
involves: (1) decrease in nuclear DNA content, (2) increase
in the number of 4',6-diamidino-2-phenylindole (DAPI)-
stained chromocenters, and decrease in chromomycin Aj
(CMA;)-stained chromocenters, (3) increase in fluores-
cence intensity of CMA;-stained chromocenters, (4) con-
densation of DAPI-stained and loosening of CMA ;-stained
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chromatin, (5) fluctuation of the level of DNA methylation,
(6) fluctuation of activities of exo-/endonucleolytic Zn>*
and Ca?*/Mg”*-dependent nucleases, (7) changes in H1
and core histone kinase activities and (8) decrease in cel-
lular ATP amount. These results confirmed that kinetin-
induced PCD was a specific process. Additionally, based
on data presented in this paper (DNA condensation and
ATP depletion) and previous studies [increase in vacuole,
increase in amount of cytosolic calcium ions, ROS pro-
duction and cytosol acidification “in Byczkowska et al.
(Protoplasma 250:121-128, 2013)”], we propose that the
process resembles autolytic type of cell death, the most
common type of death during development of plants.
Lastly, the observations also suggested that regulation of
these processes might be under control of epigenetic
(methylation/phosphorylation) mechanisms.

Keywords ATP - Cell death - Chromatin condensation -
Kinase activities - Methylation of DNA - Nuclease
activities - Root cortex cells

Introduction

Programmed cell death is a genetically regulated
“sequence of (potentially interruptible) events” (Reape
et al. 2008) in both plant and animal organisms (Gladish
et al. 2006) that leads to cell degradation (Gunawardena
2008). In animals, PCD is recognised as apoptosis,
autophagy or necrosis while in plants categorization of cell
death is not unequivocal. That is why Galluzzi et al. (2007)
and then van Doorn et al. (2011), according to recom-
mendations of the Nomenclature Committee on Cell Death
2009 (Kroemer et al. 2009), proposed to apply morpho-
logical criteria to categorise animal and plant cell deaths,
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respectively. It seems that only animal cell death is exactly
categorised (Kroemer et al. 2009). In plants vacuolar,
necrotic and mixed (atypical) forms of programmed cell
death were recognized on the basis of the presence of lytic
vacuoles (van Doorn et al. 2011). In the vacuolar type of
death, vacuoles grow by fusion with small cellular vesicles,
lytic vacuoles collapse and release hydrolases which
gradually digest entire or most of the contents of terminally
differentiated cells excluding cell walls (Bollhoner et al.
2012). Metacaspases (e.g. mcll-Pa), cysteine proteases
distantly related to caspases, are required in this type of cell
death (Minina et al. 2013). In the necrotic one there are no
vacuolar cell death features while the early rupture of
plasma membrane and shrinkage of protoplast can be
observed (van Doorn et al. 2011). Normal development of
plant organisms, i.e. tissue and organ formation or their
elimination as well as nutritional stress, are accompanied
with vacuolar type of death, while accidental or injury-
induced cellular demise due to physical destruction of the
cellular integrity triggers necrotic processes (Reape et al.
2008; van Doorn et al. 2011). To distinguish necrosis, non-
programmed type of death, from the similar, but pro-
grammed one (McCall 2010), the “necroptosis” name was
introduced (Kroemer et al. 2009). Types of plant cell death
classified by van Doorn et al. (2011) as mixed or atypical
are expressed during hypersensitive responses (HR) to
pathogens, in starchy cereal endosperm and during self-
incompatibility.

Comparison of metabolic hallmarks of animal and plant
cell deaths allowed van Doorn (2011) to propose another
classification system which includes two classes of cell
death: “autolytic” and “non-autolytic”. It is important that
this classification is dedicated to processes that occur in
intact plants but not in cell cultures (van Doorn 2011). The
autolytic type of death, generally occurs after rupture of a
tonoplast and it leads to leakage of vacuole contents which
is observed as rapid clearance (it is evoked by the dilution
by vacuolar contents) of cytoplasm. There are condensation
and aggregation of chromatin, movement of condensed
chromatin to the periphery of a nucleus, condensation of
the nuclei to smaller diameters and their breakup into small
fragments, increase in vacuolar volume and also swelling
of organelles. According to van Doorn (2011), autolytic
cell death includes death occurring during developmental
steps of plant organisms e.g. male and female gameto-
phytes as well as xylem conduits (Pennell and Lamb 1997)
and bark formation, senescence (Pennell and Lamb 1997)
of leaves and petals as well as development and germina-
tion of seeds (Pennell and Lamb 1997; van Doorn and
Woltering 2005) as well as during hypoxia and plant
pathogen interactions (Pennell and Lamb 1997). This type
of death is accompanied by increase in cytoplasmic cal-
cium ion concentrations (Bosch et al. 2008; Kunikowska
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et al. 2013a), induction of MAPK (mitogen activated pro-
tein kinase) signalling, acidification of cytosol, changes in
microtubule and actin cytoskeleton (Bosch et al. 2008).
Autolytic cell death is also manifested by degradation of
macromolecules such DNA, RNA, lipids, carbohydrates
(also these in a cell wall; Gunawardena 2008) and proteins
(van Doorn 2011). Metabolites of their degradation are
transported via phloem into developing organs e.g. grains
(Gregersen et al. 2008). Autolytic cell death often requires
serine and/or cysteine proteases and changes in the nucleus
occurring only after tonoplast rupture (Obara et al. 2001),
closure of the plasmodesmata (van Doorn et al. 2003) and
early depletion of ATP level (Azad et al. 2008). The non-
autolytic cell death, which looks like necrotic cell death
type (van Doorn and Woltering 2005), where tonoplast
rupture does not occur or where tonoplast rupture is not
followed by complete clearance of the cytoplasm, is mainly
found during PCD due to plant—pathogen interactions, e.g.
HR as well as during the PCD in endosperm in cereal seeds
(van Doorn 2011). It seems that both vascular and autolytic
cell death include the cell death recognized as autophagic
(van Doorn and Woltering 2005; Minina et al. 2013).

Condensation and aggregation of chromatin, transition
of condensed chromatin to the nucleus periphery, con-
densation of a nucleus to a smaller diameter or its breakup
into small fragments and then its degradation are the first
hallmarks of the final step of cell degradation (Dominguez
and Cejudo 2012). Because these hallmarks are similar to
those observed during apoptosis (Kroemer et al. 2009),
existence of apoptotic-like cell death in plants is proposed
(Carimi et al. 2003; Gladish et al. 2006; Reape et al. 2008).
This type of cell death concerns only dividing cells present
in cell culture systems (Carimi et al. 2003; Reape et al.
2008), in procambium as well as in ground meristem as it
was observed in pea (Pisum sativum) root tips after their
exposure to sudden flooding (Gladish et al. 2006).

It was reported that kinetin induced cell death in root
cells of V. faba ssp. minor seedlings (Kunikowska et al.
2013a). This death was initially classified as kinetin-spe-
cific vacuolar type of cell death (Kunikowska et al. 2013a),
however, some features of this process pointed to an
autolytic type. Taking into account this fact, it was
important to conduct studies to dispel the doubts about the
type of kinetin-induced cell death. Thus, this study was
focused on the nucleus degradation, a common step for
animal and plant cell death (van Doorn 2005; Dominguez
and Cejudo 2012). In this study, 3-day-old V. faba ssp.
minor seedlings, treated with kinetin, were used to estimate
nuclear chromatin condensation/aggregation, DNA degra-
dation, DNA methylation and kinase activities. Previous
results (Kunikowska et al. 2013a) allowed us to suggest
that 72-h treatment with kinetin was probably the “cul-
mination point” of root cortex cell death induced by
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kinetin, since the number of dying cells after 72-h of
treatment with kinetin was higher then after 96 h (Ku-
nikowska et al. 2013a). In the present research, analyses
were also carried out 24 h before and after this point, i.e.
48 and 96 h after kinetin treatment.

Materials and methods
Material, treatment and analyses

To study the PCD process, 20 seeds of V. faba ssp. minor
were dark germinated in breeding chamber at 23 °C in
Petri dishes (15 cm diameter and 3 cm height) on blotting
paper moistened with distilled water (2 ml per seed) for
3 days. Then six of the 3-day-old V. faba ssp. minor
seedlings with almost equal length (2.5 £ 0.2 cm) of roots
were transferred to a glass container (8 cm diameter and
4 cm height) with blotting paper moistened with 10 ml of
kinetin solution (46 uM) and cultivated in the two exper-
imental systems at 23 °C in the dark with 92 % of
humidity.

The first experimental system consisted in 3-day-old V.
faba ssp. minor seedlings cultivated with water for 72 h
without (72-h Ctrl; control) or with kinetin (72-h kinetin
treated). Roots of these seedlings were used to determine
(1) the nuclear profile area (NPA), (2) the content of
nuclear DNA expressed in arbitrary units of fluorescence
intensity (au of FI) after DAPI staining and, (3) the nuclear
chromatin condensation of cortex cells as well as (4) the
electrophoretic profiles of human and faba bean DNA
degraded with acidic and basic nucleases extracted from
2 cm long apical parts (without meristem) of V. faba ssp.
minor seedling roots.

The second experimental system consisted in 3-day-old
seedlings (TO Ctrl, initial control) subsequently treated
with kinetin for 48, 72 and 96 h. The 2 cm long apical parts
of roots of these seedlings (without meristems) were used
to measure (5) the actual (spectrophotometrically mea-
sured) DNA content, (6) DNA methylation, (7) ATP
amount and (8) kinase activities with core and H1 histones
as substrates.

For all cytomorphologic and analytic experiments, the
2-cm long apical parts of root fragments without meristems
(i.e. between 4 and 20 mm from the root tip) were used
because PCD was observed there.

Cell death and microcytophotometric DNA content
as well as NPA and chromatin condensation estimation

To confirm cell death existence in V. faba ssp. minor
seedling roots after kinetin treatment, the “double staining
method” described in Byczkowska et al. (2013) was

applied. In situ analyses of the cell death were carried out
only in the cortex cells between the 4th and the 20th mm of
2 cm long apical parts of two or three roots from three
independent experiments. The “double staining method” is
based on the measurement of resultant fluorescence inten-
sity (RFI) of green AO (acridine orange; Sigma), migrating
into the nuclei via cellular membranes even if its perme-
ability is not increased, and red EB (ethidium bromide;
Sigma), permeating only to dying or dead cells in which
cellular membranes permeability increases. The colour of
chromatin of cells undergoing PCD is green-yellow, yellow
or yellow-orange, reflected in greater RFI values, then in
green (living) cells. The colour of chromatin of dead cells
is dark orange and red and in these nuclei RFI values reach
the highest levels (Byczkowska et al. 2013). It allows us to
distinguish living, dying and dead cells. Detection of cell
death was carried out according to the procedure described
in Byczkowska et al. (2013), in particular, by staining the
roots with the mixture of 100 ug ml~' acridine orange
(AO) and 100 pg ml~' EB in PHB (0.01 M phosphate
buffer, pH 7.4) for 4 min and fixing them with 1.0 %
glutardialdehyde (POCH, Poland) in PHB for 15 min. Then
the roots were cut with a razor blade along the long axis
and thin sections, washed two times for 2 min with PHB,
were put on glass slides with a drop of PHB, covered with
coverslip and analysed (Byczkowska et al. 2013). To detect
cell death, the fluorescence micrographs from the speci-
mens placed on slides were taken under blue (400-440 nm
of B-2A excitation filter) light using the Optiphot-2 epi-
fluorescence microscope (Nikon) equipped with DDX
camera and Actl-software (Precoptic, Poland). To estimate
the numbers of living, dying and dead cells, the RFI of OA/
BE was measured using the Scnlmage software according
to the procedure described in Byczkowska et al. (2013) on
the basis of 150-200 nuclei from each of three independent
experiments.

Microcytophotometric DNA content and NPA were
estimated in cortex cells of 2 cm long apical parts of 2 or 3
roots without meristems from three independent experi-
ments of 72-h Ctrl and 72-h kinetin-treated V. faba ssp.
minor seedlings, which were fixed in cold Carnoy’s (96 %
ethanol and glacial acetic acid; 3:1) for 1 h and then
washed with 96 and 70 % ethanol, hydrated and stained
with 0.2 pg ml™" of 4,6-diamidino-2-phenylindol (DAPTI;
Sigma) according to the procedure developed by
Kazmierczak (2010). The roots were pretreated with 0.2 M
citric acid and 0.1 % Tween, stained with DAPI
2 png mlfl) mixed with 0.1 M Na,HPO, and 0.2 M citric
acid in 9:1 ratio for 5 min. After 5 min washing with the
mixture of Na,HPO, and citric acid, the roots were cut with
a razor blade along the long axis onto very thin sections,
washed twice with PHB, put on glass slides with a drop of
PHB and analysed. To estimate microcytophotometric

@ Springer



2066

Plant Cell Rep (2014) 33:2063-2076

DNA content, the micrographs from the specimens placed
on slides were taken under UV light (330400 nm UV-2A
excitation filter) using the epifluorescence microscope.
Next they were used to measure fluorescence intensity (FI)
with the Scnlmage software (Byczkowska et al. 2013) on
the basis of 400-500 nuclei from each of three independent
experiments. Values of FI of nuclei after DAPI staining
were used to prepare histograms from which average of
total DNA content per one nucleus and the distribution of
cells with >2, 2, 24, 4 and >4C DNA were estimated. The
same micrographs were also used to measure nuclear
profile area of whole nuclei using the Scnlmage software.

Estimation of chromatin condensation was done in the
nuclei of root cortex cells of 72-h Ctrl and 72-h kinetin-
treated seedling roots by counting the number of chromo-
centers per one nucleus after DAPI and CMA; staining.
Staining with CMA; was performed similarly as with
DAPI but 20 pg ml~" of CMA; with 20 mM MgCl, were
used. Fluorescence micrographs from the specimens placed
on slides were taken under blue (400—440 nm B-2A exci-
tation filter) light and 150 nuclei of three independent
experiments with similar NPA (P > 0.05; at about
146 pum?) and with similar DNA content (cytophotometri-
cally estimated post-DAPI), corresponding to about 4C
values (about 2,800 au of FI), were analysed. In this
experiment, chromatin condensation per one unit of
nucleus profile area (expressed in percent) was also esti-
mated on basis of fluorescence intensity (expressed in au).
The amount of fluorescence intensity on Fig. 6 means the
area indicated between y axis (% of nuclei area) and x axis
(level of fluorescence intensity) of particular data line. The
amount of fluorescence levels of DAPI- or CMA;-stained
chromatin intensity above 50 % of the nuclear profile
means condensed part of chromatin while that under 50 %
means uncondensed one.

DNA preparation for estimation of its methylation
and actual content and nuclease degradation profile

DNA extraction from the apical fragments of roots (with-
out meristems) of TO Ctrl V. faba ssp. minor seedlings and
of those treated with kinetin for 48, 72 and 96 h was car-
ried out on ice with 2 % SDS, 0.5 M NaCl, 100 mM Tris—
HCI and 50 mM EDTA at pH 8.0. Homogenates were
incubated and vortexed at 65 °C for 40 min, chilled on ice
with 200 pl of 5 M potassium bi-sulphite for 10 min to
decrease the protein content in the samples, and centri-
fuged (5,000g for 10 min) at 4 °C. Then, 1.0 volume of
chloroform/isoamyl alcohol (24:1) was added to the sam-
ples, vigorously mixed and centrifuged (5,000g at 4 °C) for
10 min. The upper phase, containing DNA, was transferred
to a fresh tube and then extracted with 0.8 volume of cold
isopropanol. The pellets were washed twice with 70 %
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ethanol, microcentrifuged for 1 min, dried, and re-sus-
pended in TE buffer (1 mM Tris—HCI, pH 8.0, and 1 mM
EDTA, pH 8.0) with 20 pg ml~' RNase A at 25 °C (By-
czkowska et al. 2013). These samples, after spectrophoto-
metric measurements of actual DNA content, were used to
study its methylation. Spectrophotometric determination of
DNA content was done by mixing 1-2 pl of each sample
containing extracted DNA with 2 ml of TE buffer and
absorbance at 260 nm using Ultrospec 1100 pro spectro-
photometer was measured. The amount of DNA was cal-
culated using the rule indicating that absorption of 50 nM
of DNA at 260 nm is equal to 1 unit of optical density
(OD) based on three independent experiments in three
replicates.

Analyses of DNA profile degradation

Nucleases were extracted from apical fragments of 72 h
Ctrl and 72-h kinetin-treated V. faba ssp. minor seedling
roots. The roots were weighed and frozen on solidified
carbon dioxide in Eppendorf tubes and homogenised on ice
in these tubes using the glass pestle with the 0.05 M Tris—
HCI at pH 7.0 buffer (200 pl per 100 mg of FW of tissue)
and then they were centrifuged (5,000g at 4 °C) for
10 min. The pellets were extracted once again in a similar
manner. 10 pl of the combined supernatants containing
nucleases were mixed with 10 pg samples of human
(Sigma) or faba bean (prepared by the authors from TO Ctrl
seedlings) DNA. The activity of acidic nucleases was
estimated with 0.2 M acetate pH 5.5 buffer containing
1 mM ZnCl, while that of basic ones with 5 mM Tris—HC1
pH 7.5 buffer containing 5 mM MgCl, and 5 mM CaCl,.
Digestion was carried out for 30 min at 37 °C. After
digestion, the samples were supplemented with 1.0 volume
of chloroform/isoamyl alcohol (24:1), vigorously mixed
and centrifuged (5,000g at 4 °C) for 10 min. The upper
phase containing DNA was transferred to a fresh tube and
extracted by 30 min with 0.8 volume of cold isopropanol
alcohol at —20 °C. After next centrifugation the pellet was
supplemented with 300 pl of 70 % ethanol, centrifuged for
1 min, dried and re-suspended in TE buffer.

DNA samples and DNA marker (1 kb DNA Ladder,
250-10,000 bp, Ferementas) were simultaneously sepa-
rated at 100 V for 2-2.5 h on a 1.0 % (w/v) agarose gel
and then stained with 0.50 pg ml~' EB and photographed.

Estimation of DNA methylation

The level of methylated deoxycytosine (m°dC) was esti-
mated in the DNA extracted from the apical fragments
(without meristem) of TO Ctrl V. faba ssp. minor seedling
roots and from those treated for 48, 72 and 96 h with
kinetin.
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Analyses were carried out with two-directional TLC
chromatography on cellulose (Merck) plates with [c32P]
m>dC according to Barciszewska et al. (2007) after the
samples of DNA were digested with spleen phosphodies-
terase Il and micrococcal nuclease at 37 °C and labelled with
[c-32P]ATP (ICN) and T4 polynucleotide kinase. Analyses
were made on Phosphoimager Typhoon (Pharmacia) with
Image Quant Software. Calculations of the m>dC amount
(%) were done in relation to deoxypyrimidines (dC and dT).

Determination of ATP content and Kinase activities

ATP amount and kinase activities were determined in
extracts from apical parts (without meristems) of roots of
TO Ctrl V. faba ssp. minor seedlings and those treated with
kinetin for 48, 72 and 96 h. The extracts were obtained in
the similar manner like nucleases with the buffer contain-
ing 40 mM Tris (pH 7.4), 20 mM MgCl,, 10 pg ml~' BSA
(bovine serum albumine) and 1 mM PMSF (phenylmeth-
ylsulfonyl fluoride; Sigma). After centrifugation for 10 min
at 5000 g (4 °C), the pellets were extracted once again and
centrifuged for 10 min (4 °C). The combined supernatants
were used to measure the amount of ATP and protein
kinase activities with a Kinase-Glo Luminescent Kinase
Assay Kit (Promega) containing Kinase-Glo Buffer and the
lyophilized Kinase-Glo Substrate (thermostable UltraGlow
Recombinant Luciferase).

To estimate the amount of ATP in the extracts the
luminescence was measured in the samples supplemented
with the extraction buffer, Kinase-Glo reagent. ATP
amount was presented in relative luminescence units
(RLU) calculated per 1 g of FW of roots.

The reaction mixture to estimate kinase activities in the
tested samples was prepared with, sequentially added,
20 pl of the extract from 2 cm long apical part of roots,
1,035 pl extraction buffer, 5 pl of ATP, 20 pul (2 pg ml™ ")
core (Sigma) or 10 ul (2 pg ml~") H1 histones (Sigma) as
substrates and 50 pl of Kinase-Glo reagent. After mixing,
the luminescent signals were measured by fluorescence/
luminescence spectrophotometer F-2500 (Hitachi) at
458 nm every 30 s for 2.5 min. The kinase activities were
calculated as the difference between the luminescence of
the samples without H1 or core histones (reference sample)
and the luminescence of the amount of ATP not used for
histone phosphorylation by kinases in the tested samples.
The unit of kinase activities was expressed in RLU as a
amount of ATP used by kinases per 1 g of FW of roots.

Statistical analysis
The results of cytomorphological research were statisti-

cally verified using the Student’s ¢ test while the results of
metabolic research were verified by Mann—Whitney U test

and the P value were applied to indicate significance of
differences between the results.

Results
DNA content and size of nuclei

NPA of root cortex cell nuclei of V. faba ssp. minor
seedling roots was measured after DAPI staining of the
72-h Ctrl roots. It was showed that in the roots treated with
kinetin for 72 h NPA was greater by about 40 % then in
Ctrl (Fig. 1a). Whereas the total DNA content in the nuclei
estimated by microcytophotometric = measurements,
expressed in au of DAPI FI was significantly (P < 0.05)
lower, by about 30 % in 72-h kinetin-treated seedling roots
as compared to 72-h Ctrl ones (Fig. 1b).

DNA content expressed in C values after microcytopho-
tometric measurement of DAPI FI showed that the 72-h
treatment with kinetin changed the number of root cortex
cells with 2, 2-4, 4 and >4C (endo phase) DNA compared to
the 72-h Ctrl roots. The number of 2, 4 and >4C cells was
lower by about 11.5, 1 and 1 %, respectively, whereas the
number of 2—4 C cells was greater by about 2.5 % (Fig. 2).

P<0.05
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DNA content (a.u. -+100)
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Fig. 1 Nuclear profile area (a) and cytophotometrically determined
DNA content (b) in the nuclei of cortex cells of 2 cm apical parts of
72-h Ctrl and 72-h kinetin-treated of V. faba ssp. minor seedling roots.
Error bars represent the SE on the mean of three experiments
(n = 450). P <0.05 indicates statistically significant differences
between the neighbouring results
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Fig. 2 Number of 2, 2-4, 4C, endoreplicated (>4C DNA) and
hypoploid (<2C) cells microcytophotometrically determined in cortex
of 72-h Ctrl and 72-h kinetin-treated 2 cm apical parts of V. faba ssp.
minor seedling roots after DAPI staining. Error bars represent the SE
of the mean of three independent experiments (n = 450). P < 0.05
indicates statistically significant differences between the results
marked by line
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Fig. 3 Content of spectrophotometrically determined DNA in the
2 cm apical parts of TO Ctrl and after 48, 72 and 96 h treatment with
kinetin V. faba ssp. minor seedling roots. Error bars represent the SE
on the mean of three experiments (n = 3). P < 0.05 indicates
statistically significant differences between the results marked by line

Additionally, the fraction (11.0 %) of nuclei with DNA
content less then 2C (hypoploid cells) appeared (Fig. 2).
Significant differences (P < 0.05) in the number of cells
between the control and the kinetin-treated roots were noted
for the cells with 2 and 2—4C DNA content.

Spectrophotometric measurements of DNA content (real
DNA content) extracted from the apical parts of roots showed
that 1 g of FW of TO Ctrl roots contained about 120 + 5.2 pg
of DNA. In the seedlings treated with kinetin for 48, 72 and
96 h, DNA contents were significantly (P < 0.05) lower by
about 26, 36 and 64 %, respectively (Fig. 3).

Chromatin condensation

The nuclei of root cortex cells of 72-h Ctrl and 72-h kinetin-
treated seedlings with similar NPA and cytophotometrically
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«Fig. 4 Nuclear chromocenters with surface and fluorescence line plot
profiles of the nuclei of cortex cells after DAPI (a, b; a’, b’; a”, b”)
and CMA3 (¢, d; ¢/, d’; ¢”, d”) staining of 72-h Ctrl (a, ¢; 4/, ¢/; a”, ¢”)
and 72-h kinetin-treated (b, d; b’, d’; b”, d”) 2 cm apical parts V. faba
ssp. minor seedling roots. Bars in a, a’ = 10 pum and are applied in a—
d and a’-d’
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Fig. 5 Number of chromocenters (a) and values of their fluorescence
intensity (b) in DAPI and CMA; stained nuclei of root cortex cells of
72-h Ctrl and 72-h kinetin-treated V. faba ssp. minor seedlings. Error
bars represent the SE on the mean of three experiments (n = 150).
P < 0.05 indicates statistically significant, while P > 0.05 indicates
statistically insignificant differences between the results marked by
line

estimated DNA contents were studied to assess chromatin
condensation after DAPI (Fig. 4a, b) and CMA; (Fig. 4c, d)
staining by counting the number of chromocenters and by
measuring their values of fluorescence intensity of the plot
line profiles as well as by examining the amount of con-
densed and uncondensed chromatin, which was expressed in
values of FI per units of nuclear profile area expressed in
percent.

The number of chromocenters in DAPI-stained nuclei
(Fig. 5a), which was counted digitally per nucleus using
their surface plot profile (Fig. 4a, a’, b, b’) was greater in
72-h kinetin-treated roots by about 7 (P < 0.05) compared
to 72-h Ctrl roots (Fig. 5a). In the nuclei stained with
CMA; (Fig. 4c, d), the number of chromocenters in 72-h
kinetin-treated roots (Fig. 4d, d’) was lower by about 5
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g 100 F — — 72-h Ctrl, CMA, :|P<0.05
s N —e— 72-h Kinetin, CMA,
é 80 -
g 60} )
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<
S 4f
3}
=
Z 20f
0

1 3 5 7 9 11 13 15 17
Level of fluorescence intensity (a.u.)

Fig. 6 Nuclear profile areas of 4C nuclei versus their fluorescence
intensity after DAPI and CMA; staining in the root cortex cells of
72-h Ctrl and 72-h kinetin-treated V. faba ssp. minor seedlings.
Dotted line indicates the 50 % surface of nucleus (n = 150 of each of
three experiments). P < 0.05 indicates statistically significant differ-
ences between the results marked by line

(P < 0.05) per nucleus (Fig. 5a) compared to 72-h Ctrl
roots (Fig. 4¢, ¢’). However, the maximal value of plot
profile of fluorescence intensity of DAPI-stained (Fig. 4-
a”.b") chromocenters was about 188.0 & 16 au in 72-h Ctrl
roots and was similar (P > 0.05, 196 au) to this in 72-h
kinetin-treated roots (Fig. 5b), while the FI of CMAj3-
stained  (Fig. 4¢”,d”)  chromocenters  was  about
132.0 £ 19.0 in 72-h Ctrl roots while in 72-h kinetin-
treated roots it was significantly (P < 0.05) greater and it
was 161.0 £ 14.0 au (Fig. 5b).

Part of chromatin of nuclei, stained with DAPI,
expressed per unit of area of these nuclei (Fig. 6) showed
that chromatin in the nuclei of 72-h Ctrl roots was con-
densed in about 45 % of au of fluorescence intensity while
in 72-h kinetin-treated material this value was significantly
(P < 0.05) greater by about 10 %. Whereas, the values of
fluorescence intensity of CMAj;-stained part of chromatin
per unit of area of nuclei of 72-h Ctrl roots were about
42 % of au of fluorescence intensity of whole chromatin
and in the kinetin-treated material (Fig. 6) this values were
significantly (P < 0.05) lower by about 10 %.

DNA methylation

DNA methylation level expressed by the percentage of
m>dC in the plant material extracted from the apical part of
TO Ctrl V. faba ssp. minor seedling roots was about 6.5 %
(Fig. 7). While in those treated with kinetin for 48, 72 and
96 h the levels of m dC compared to TO Ctrl were lower by
about 0.7 %, greater by about 0.5 and 1.0 %, respectively
(Fig. 7). Differences in the levels of DNA methylation
between TO Ctrl and 48 h of kinetin treatment as well
as between 48 and 72 h were statistically significant
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Fig. 7 Level of m°dC in DNA extracted from the 2 cm apical parts
of roots of TO Ctrl and after 48, 72 and 96 h treatment with kinetin of
V. faba ssp. minor seedlings. Error bars represent the SE on the mean
of two experiments (n = 3). P < 0.05 and P > 0.05 indicate statis-
tically significant or insignificant differences, respectively, compared
to TO Ctrl and between the results marked by line
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Fig. 8 Electrophoretogram of human DNA digested for 30 min with
acidic (line 1, 2; from the left side) and basic (line 3,4; from the left
side) nucleases from the 2 cm apical parts of 72-h Ctrl and 72-h
kinetin-treated V. faba ssp. minor seedling roots and DNA markers
(250-10,000 bp)

(P < 0.05) whereas differences between 72 and 96 h
treatment were not statistically significant (P > 0.05).

Profiles of DNA digestion
Human and faba bean DNA digested by nucleases extrac-
ted from 2 cm apical parts of 72-h Ctrl and 72-h kinetin-

treated of V. faba ssp. minor seedling roots were electro-
phoretically separated on the agarose gel (Figs. 8, 9).
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Fig. 9 Electrophoretogram of faba bean DNA digested for 30 min
with acidic (line 1, 2; from the left side) and basic (line 3, 4; from the
left side) nucleases of the 2 cm apical part of 72-h Ctrl and 72-h
kinetin-treated V. faba ssp. minor seedling roots. Line 5 presents
DNA markers (250-10,000 bp)

The results showed that human DNA was hydrolysed by
acidic and basic nucleases from 72-h Ctrl roots into frag-
ments ranging from 500 to <250 and 1,500 to <250 bp in
length (Fig. 10), respectively, with its maximum density
below 250 bp (Fig. 10b, c). Kinetin treatment changed the
activity of these nucleases, and the acidic nucleases gen-
erated fragments between 2000 and <250 bp with its
maximum density, expressed in values of FI, below 250 bp
while the basic nucleases degraded human DNA into 3000
to <250 bp fragments in length with its maximum density
at 750 bp. Moreover, their maximum density from the ki-
netin-treated samples after kinetin treatment was lower
than in 72-h Ctrl roots by about 40 % in acidic and 80 % in
basic nucleases (Fig. 10d, e) indicating increase in their
activity.

Faba bean DNA digestion by the acidic and basic nuc-
leases (Fig. 11) in 72-h Ctrl generated DNA fragments
between 10 000 and 250 bp with maximum density at 2,500
and 750 bp and fragments between 1,500 and 250 bp with
their maximum density at 500 and 250 bp, respectively
(Fig. 11b, c). Kinetin treatment did not change general
length of released fragments but it changed their maximum
density. Densities of fragments generated by acidic nuc-
leases from 72-h kinetin-treated roots were lower by about
40 %, indicating higher activities of nucleases while the
maximum densities of DNA fragments generated by basic
nucleases were greater by about 20 % (Fig. 11d, e), indi-
cating their lower activity.
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Fig. 10 Densitometric plot of fluorescence intensity of electropho-
resed DNA markers (a) and human DNA digested for 30 min with
acidic (line b, ¢) and basic (line d, e) nucleases isolated from the 2 cm
apical parts of 72-h Ctrl (b, d) and 72-h kinetin-treated (c, e) of V.
faba ssp. minor seedling roots. Arrows indicate electrophoresed DNA
fragments

ATP content and Kinase activities

The ATP content and kinase activities with core histones or
HI histone as substrates analysed in the roots of V. faba
ssp. minor seedlings expressed in RLU per one g of FW of
the apical part of roots showed that, in comparison to TO
Ctrl roots, after treatment with kinetin for 48, 72 and 96 h
ATP amounts were significantly (P < 0.05 or P < 0.01)
lower, by about 40, 30 and 85 %, respectively (Fig. 12a).

Kinase activities with core histones as substrate in the
extracts from the roots of V. faba ssp. minor seedlings
treated with kinetin for 48 h compared to TO Ctrl were
significantly (P < 0.01) lower by about 55 %, while in the
roots treated with kinetin for 72 h, they were significantly
(P < 0.01) greater by about 70 % and after 96 h treatment,
they were significantly (P < 0.01) lower by about 80 %
(Fig. 12b).

Activities of kinase with H1 histone as a substrate in the
extracts from the roots of V. faba ssp. minor seedlings
treated with kinetin for 48, 72 and 96 h as compared to TO
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Fig. 11 Densitometric plot of fluorescence intensity of electropho-
resed DNA markers (a) and faba bean DNA digested for 30 min with
acidic (line b, ¢) and basic (line d, e) nucleases from the 2 cm apical
parts of 72-h Ctrl (b, d) and 72-h kinetin-treated V. faba ssp. minor
seedling (c, e) roots. Arrows indicate electrophoresed DNA fragments

Ctrl were significantly (P < 0.05 or P < 0.01) lower by
about 50, 20 and 85 %, respectively (Fig. 12c).

Discussion

Scientific literature data show that endogenous plant
cytokinins, such as benzylaminopurine (BAP) or zeatin,
induce PCD in plant cells (Carimi et al. 2003) but not in
animal ones (Berge et al. 2006; Barciszewski et al. 2007).
Additionally, BAP has a dual nature and at high concen-
trations it induces (Carimi et al. 2003) while at low inhibits
(Kobori et al. 2007) PCD. Recently, it has been observed
that also kinetin, a cytokinin naturally occurring in plant
and animal organisms (Barciszewski et al. 2007), induces
PCD only in plant cells (Kunikowska et al. 2013a, b).
Studies of the role of plant cytokinins in PCD have been
carried out using two scientific models, i.e. plant cell cul-
tures and intact plant roots in situ. In the first one, BAP
(Carimi et al. 2003) while in the second kinetin (Ku-
nikowska et al. 2013a, b) were used.
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Fig. 12 ATP amount (a) and kinase activities extracted from apical
parts of TO Ctrl and of 48-, 72- and 96-h kinetin-treated V. faba ssp.
minor seedling roots with core (b) and H1 (c¢) histones as substrates.
Error bars represent the SE on the mean of three experiments
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differences between results marked by line

In both animal and plant cells, the beginning and pro-
gress of PCD are widely studied at the nuclear level.
During the programmed death, changes in nuclei reach the
moment called the last step of cell death i.e. “the step
beyond which the cell is irreversibly committed to die”
(van Doorn 2005). This step was the aim of studies in this
research. Increasing permeability of a nuclear envelope is
the first metabolic hallmark of PCD (van Doorn 2005),
which together with changes in permeability of mito-
chondrial membranes, are the most common hallmarks of
PCD (Jan et al. 2008; Dominguez and Cejudo 2012).

In animals, the increasing permeability of mitochondrial
membrane leads to release proapoptotic proteins (e.g. Bax,
Bad) and endonuclease G (Dominguez and Cejudo 2006;
Kacprzyk et al. 2011). In both plant and animal cells, cyt
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¢ and calcium ions are released from mitochondria and they
can activate specific endonucleases involved in nuclear
DNA degradation (Jan et al. 2008; Kacprzyk et al. 2011;
Dominguez and Cejudo 2012). Increase in the level of
cellular calcium ions was observed during kinetin-induced
PCD (Kunikowska et al. 2013a, b). It seems that it can
activate changes in nuclease specificity what is described in
this research.

Increasing permeability of a nuclear envelope can be
indirectly determined by fluorescence staining using BE
and OA. Due to changes in the nuclear envelope this pro-
cedure allows observer to recognise living, dying or dead
cells (Byczkowska et al. 2013), and to indicate the numbers
of these cells in index forms (Kunikowska et al. 2013a;
Byczkowska et al. 2013).

The next stage of cell death at the nuclear level involves
nuclear chromatin condensation (Jan et al. 2008; Domin-
guez and Cejudo 2012) which is easier to study at the
morphological than the metabolic level (van Doorn 2011).
Morphological changes concerning chromatin condensa-
tion during kinetin-induced PCD in root cortex cells which
were presented previously (Kunikowska et al. 2013a) and
they were confirmed in the present studies. They showed
greater number of DAPI-stained chromocenters and higher
level of fluorescence intensity of CMAj;-stained ones that
were accompanied by a lower number of chromocenters.
Such changes were confirmed by greater fluorescence
intensity per nuclear area units of DAPI-stained and lower
in CMA;-stained chromatin. The lower fluorescence
intensity per nuclear area units of the CMA;-stained part of
chromatin suggested a decondensation process as the effect
of chromatin degradation in which nucleases with exo-/
endonucleolytic specificity (characterised in this paper)
participated. This phenomenon was reflected as a greater
NPA of cortex cells of the kinetin treated seedling roots.
Degradation of nuclear chromatin resulted in the appear-
ance of nuclei containing less then 2C DNA and the for-
mation of nuclear fragments as the effect of DNA loss from
nuclei (Kunikowska et al. 2013a; Byczkowska et al. 2013)
that resulted from chromatin degradation as the typical
hallmark of the last step of PCD (Jan et al. 2008; van
Doorn 2011; Dominguez and Cejudo 2012).

The results of the present research allowed us to explain
why DNA degradation during kinetin-induced PCD in
V. faba ssp. minor was not observed previously (Kunikowska
et al. 2013a) as an internucleosomal process, however, such
degradation was observed during PCD in other plants (Car-
imi et al. 2003) in which Zn*"- and Ca®*/Mg*"-dependent
endonucleases were involved (Jan et al. 2008). Endonucle-
osomal and oligonucleosomal fragments form “DNA lad-
der” on electrophoresis gel (Jan et al. 2008; Dominguez and
Cejudo 2012). Changes observed in this research which
concerned the exo-/endonucleolytic specificity and activities
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of both Zn*"- and Mg>"/Ca*"-dependent nucleases against
human and faba bean DNA, during kinetin-induced PCD in
V. faba. ssp. minor seedling roots, indicated endonucleolytic
specificity of these nucleases. Moreover, DNA degradation
during PCD, also those induced by kinetin (Kunikowska
et al. 2013a), is a gradual, time-dependent process therefore
endonucleolytic activity was masked by an exonucleolytic
one. Thus the agarose gel electrophoresis of DNA extracted
from the kinetin-treated V. faba ssp. minor seedling roots
presented by Kunikowska et al. (2013a) did not show the
DNA “ladder” reflecting internucleosomal degradation but
showed “a smear” indicating exonucleolytic type of DNA
degradation. It cannot be excluded that during cell death
induced by kinetin faba bean nucleases also participated in
chromatin condensation process similarly as in other PCD
events (Jan et al. 2008; Dominguez and Cejudo 2012). Lack
of DNA laddering might indicate that during cell death ki-
netin did not induce a specific type of nuclease similar to that
known as CAD (caspase-activated DNase), the first-appear-
ing nuclease in apoptotic animal cells responsible for the
DNA internucleosomal degradation (Dominguez and Cejudo
2012).

The changes of nucleolytic specificity and greater
activity of acidic nucleases from V. faba. ssp. minor
seedling roots expressed by line plot profile of agarose
gel electrophoresis confirmed induction of the nuclear
mechanism of the last step (van Doorn 2005) of nuclear
degradation leading to progressive loss of chromatin and
DNA content (Palavan-Unsal et al. 2005; Kunikowska
et al. 2013a), it might lead to irreversible degradation of
nuclei. DNA degradation was also confirmed in this
research by lower actual and cytophotometrically deter-
mined DNA contents as well as DNA fragmentation.
Moreover, the differences noted in specificity of nuc-
leases extracted from the control and kinetin treated
material to human and faba bean DNA indicated differ-
ences between them, although functional similarities
between plant and animal nucleases induced during the
PCD were reported (Jan et al. 2008; van Doorn 2011; van
Doorn et al. 2011). This dissimilarity is important to
understand differences between mechanisms of the ani-
mal and plant PCD, because there was research trying to
explain PCD via similar approach (Carimi et al. 2003)
and the apoptotic-like cell death in plants was suggested
(Gladish et al. 2006). Observed type of plant cell death in
which morphological changes, similar to apoptosis, is
possible only in the dividing cells, i.e. in cell culture
systems (Carimi et al. 2003). Similar PCD-like symptoms
are reported by Gladish et al. (2006), although these
studies are carried out using procambium and ground
meristem of root tips.

Many processes are involved in growth and differenti-
ation during plant development. Some of them are

controlled by methylation/demethylation processes result-
ing from the activity of methylase/demethylase enzymes
(Jullien et al. 2006) while the others by phosphorylation/
dephosphorylation processes characterised with protein
kinase/phosphatase enzymes (Polit and Kazmierczak 2007,
Polit et al. 2012). The above systems belong to epigenetic
mechanisms which control changes in chromatin structure
(Polit and Kazmierczak 2007; Polit et al. 2012) and gene
expression (Zheng et al. 2012). Methylation/demethylation
ratio of DNA is one of the epigenetic mechanisms that
regulates its condensation and controls expression of
genetic information during the life cycle (Jullien et al.
2006) including the cell division cycle (Brown et al. 2007).
Analyses of the amount of deoxymethylocytosine in DNA
of the apical parts of V. faba ssp. minor roots without
meristems showed that the PCD induced by kinetin was
connected with lower (after 48 h) and greater (after 72 and
96 h) levels of methylation. These temporal changes in the
level of DNA methylation suggested the maintenance of
level of the constant DNA methylation during kinetin-
induced PCD rather than its changes. It is not clear whether
the presented changes of faba bean DNA methylation
resulted from constant (Jullien et al. 2006; Ovejero-Benito
and Frade 2013) or variable (Zheng et al. 2012) patterns.
It also seems that the constant pattern of DNA methyl-
ation (Jullien et al. 2006) in faba bean roots might concern
the cortex cells “not marked to die”. These cells play an
important role in plant development similarly as same
neurons in brain formation (Ovejero-Benito and Frade
2013). Such methylation might be important for faba bean
root development as the changes in the pattern of DNA
methylation, but not in its level, might be connected with
shift of methyl groups inside GC-rich DNA or with their
movement from cytosine of GC-rich DNA to adenine of
AT-rich DNA. Such process might be reflected by greater
AT-rich DNA condensation (observed as an enhancement
of the number of DAPI-stained chromocenters and fluo-
rescence intensity of CMAg;-stained chromocenters) and
partial decondensation of GC-rich DNA (observed as a
drop of the number of CMAj-stained chromocenters
probably evoking increase in the profile area of nuclei)
maintaining constant DNA methylation level. Stability of
the DNA methylation level might be an element of control
of gene expressions in dying and/or non-dying cells that
regulates mechanisms of the PCD in which DNA and other
macromolecules are degraded (Zheng et al. 2012). Thus, it
seems that such process should be connected with changes
of DNA mathylation pattern (Jullien et al. 2006). Ipso facto
it cannot be excluded that if the pattern of methylation of
faba bean DNA during the PCD induced by kinetin is
changed, it might modify the availability of DNA
sequences for specific nucleases (Dominguez and Cejudo
2012) with exo-/endonucleolytic properties. Moreover,
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changes in the pattern of DNA methylation might explain
the specific chromatin DNA condensation in faba bean
roots, which is also one of many hallmarks of PCD (O-
vejero-Benito and Frade 2013). It also might be an element
of a defense mechanism of faba bean root cortex cells
against death.

The present research showed that kinase activities
phosphorylating H1 histone were greater while those
phosphorylating core histones were lower in comparison
with TO Ctrl. On the preceding (48 h) and following (96 h)
day, both kinases had lower activities than those in the
roots of TO Ctrl and 72-h kinetin-treated series. This fact
together with the number of dying cells, presented in Ku-
nikowska et al. (2013a) confirmed that the 72nd h was the
climax of the cell death process induced by kinetin in faba
bean root cortex cells. These results indicated that phos-
phorylation, like methylation of DNA, a post-translational
modification of nuclear protein (Dominguez and Cejudo
2012), was also crucial for kinetin-induced PCD. It is
confirmed that the scenario of nuclear degradation, which
culminates programmed death of animal and plant cells
(van Doorn 2005), involves chromatin condensation and
then DNA and nuclear envelope degradation (Dominguez
and Cejudo 2012). It seems that death of cells of faba bean
roots might be connected with (1) changes in signalling of
MAPK kinase activities as it was reported for PCD con-
nected with self-incompatibility in papaver (Li et al. 2007),
(2) rearrangement of chromatin condensation in which
histones H2, H3 and H4 associated with lamins (as it was
observed during caspase-dependent PCD; Bosch et al.
2008) and HMGA 1a protein hyperphosphorylations (as it
was proposed by Dominguez and Cejudo 2012) and (3)
histone H1 dephosphorylation just before DNA fragmen-
tation (Kratzmeier et al. 2000) as well as with (4) avail-
ability of DNA for nucleases and/or with (5) breakdown of
the lamins connected with nuclear envelope degradation,
which might be performed by kinases similar to mitotic
kinases (Dominguez and Cejudo 2012). The latter phe-
nomenon might have resulted from the fact that during
apoptosis, as in mitosis, hyperphosphorylation of periphe-
ral nucleoporin (Nup98) is observed. Disorganization of
nuclear envelope by nuclear pore complexes disassembly
and by nuclear envelope permeabilization preceding
chromatin condensation leads to the detachment of the
nuclear envelope from chromatin (Dominguez and Cejudo
2012).

The results presented in this paper on the nuclear degra-
dation during the last step of cell death in root cortex cells of
V. faba ssp. minor seedlings, including chromation conden-
sation, methylation and degradation of DNA as well as
changes in kinase and nuclease activities are characteristic of
kinetin-induced PCD. On the basis of (1) formation of lytic
acidified vacuoles (Kunikowska et al. 2013a), (2) nuclear
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chromatin condensation (whose nature was explained in the
present research), (3) swelling of nuclei and nuclear chro-
matin degradation (characterised in this research), (4) nuclear
envelope disassembly, (5) increase and then decrease in cell
electrolyte leakage (Kunikowska et al. 2013a), and using the
classification of plant cell death presented by van Doorn et al.
(2011) it can be suggested that kinetin induced the vacuolar
type of cell death (Kunikowska et al. 2013a). However,
according to additional hallmarks of the kinetin-induced
PCD, such as increase in cytosolic calcium ions (Kunikowska
et al. 2013a) and ROS production (Kunikowska et al. 2013a)
and ATP level depletion (data presented in this paper) as well
as the fact that vacuolar type of cell death is mainly induced
in cell cultures (van Doorn et al. 2011), it can be hypothesised
that the kinetin-induced PCD in the root cortex cells of V.
faba ssp. minor seedlings studied in planta resembles the
autolytic type of PCD - most common during undisturbed
developmental processes such as xylem, phloem and aeren-
chyma formation (van Doorn and Woltering 2005; van Doorn
2011) as well as during environmentally induced aerenchyma
formation (Drew et al. 2000; Gunawardena 2008).

The root cortex aerenchyma formation in V. faba is also
reported to be mediated by ethylene (Drew et al. 2000;
Gunawardena 2008) and ACC (Byczkowska et al. 2013).
Thus, it seems that ethylene might be the second messenger
in the kinetin-induced cell death. Moreover, due to the fact
that the kinetin-induced PCD is limited by the inhibitor of
phosphoribosyl transferase (Kunikowska et al. 2013a), it
might be suggested that after converting kinetin to corre-
sponding monophosphates (Mlejnek and Dolezel 2005),
purine ligands, specific signals for cytokinin receptors
(AHKSs; Barciszewski et al. 2007; Caesar et al. 2011) cell
death would be activated.

Overall, these results broadened our knowledge about
the participation of kinetin in PCD and allowed us to
propose the type of cell death induced by kinetin in root
cortex cells.
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