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Abstract
We have demonstrated that the activation of apoptosis-like programmed cell death (AL-

PCD) was a secondary result of caffeine (CF) induced premature chromosome condensa-

tion (PCC) in hydroxyurea-synchronized Vicia faba root meristem cells. Initiation of the apo-

ptotic-like cell degradation pathway seemed to be the result of DNA damage generated by

treatment with hydroxyurea (HU) [double-stranded breaks (DSBs) mostly] and co-treatment

with HU/CF [single-stranded breaks (SSBs) mainly]. A single chromosome comet assay

was successfully used to study different types of DNA damage (neutral variant–DSBs ver-
sus alkaline–DSBs or SSBs). The immunocytochemical detection of H2AXS139Ph and

PARP-2 were used as markers for DSBs and SSBs, respectively. Acridine orange and

ethidium bromide (AO/EB) were applied for quantitative immunofluorescence measure-

ments of dead, dying and living cells. Apoptotic-type DNA fragmentation and positive

TUNEL reaction finally proved that CF triggers AL-PCD in stressed V. faba root meristem

cells. In addition, the results obtained under transmission electron microscopy (TEM) further

revealed apoptotic-like features at the ultrastructural level of PCC-type cells: (i) extensive

vacuolization; (ii) abnormal chromatin condensation, its marginalization and concomitant

degradation; (iii) formation of autophagy-like vesicles (iv) protoplast shrinkage (v) fragmen-

tation of cell nuclei and (vi) extensive degeneration of the cells. The results obtained have

been discussed with respect to the vacuolar/autolytic type of plant-specific AL-PCD.

Introduction
In order to preserve a specific cell number and maintain organism balance, cells are equipped
with a genetically designed mechanism known as programmed cell death (PCD). It is a unique
set of events that lead to controlled and organized destruction of redundant, damaged or non-
functional cells [1–3]. PCD is a natural consequence of ageing, but it also may be switched on
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by either environmental stress factors or developmental irregularities. Cell dying is one of the
most complicated processes to follow due to the diversity of stimuli that may influence it, as
well as regulatory mechanisms responsible for cell destruction and final removal. PCD associ-
ated with cell differentiation is known as developmental cell death (DCD) [2,4].

Differencies regarding PCD that can be observed between animals and plants or even within
these groups make description of this process difficult. Due to divergencies in biochemical
mechanisms and morphological cell changes, there are three types of PCD distinguished in ani-
mals: apoptosis (Type I of PCD), autophagy (Type II od PCD) and necrosis; and two major
types in plants: autolytic (vacuolar) and non-autolytic (necrotic), which differ in terms of cyto-
plasm destruction [5]. The main dispartity between plants and animals is the mechanism of
cell debris removal following cell death. The existence of cell wall in plants makes phagocytho-
sis impossible, therefore an additional process of apoptotic bodies degradation is needed for
the adjacent cells to be able to start collecting the remains. The presence of vacuoles and addi-
tional organelles can also impact the process. Autolytic plant PCD is associated with hydrolases
being released from a vacuole after its collapse, thus resulting in rapid clearance of the cyto-
plasm [6].

Attempts to unify PCD terminology concerning animal and plant cells has not been easy
and is mainly limited by cell structure disparities. Detailed analysis has revealed an analogy
between necrosis and non-autolytic plant PCD. It has also been confirmed that some symp-
toms of autophagy in animal cells are identical with those of autolytic plant PCD. The biggest
controversies arouse over apoptosis, as until recently it was believed to be absent from plants.
Due to the fact that some specific symptoms have also been observed in plants, the term apo-
ptosis-like programmed cell death (AL-PCD) has been introduced [3,7–8]. Research clearly
shows that AL-PCD is an integral part of plant ontogenesis controlled by cellular oxidative
state, phytohormones, and DNA methylation. Ultrastructural changes observed in a plant cell
during AL-PCD are classified as follows: (i) compaction and vacuolization of the cytoplasm,
(ii) specific fragmentation of the cytoplasm and unique single-membrane vesicles containing
the active organelles in a vacuole, (iii) intensive synthesis of mitochondrial DNA in vacuolar
vesicles, (iv) cessation of nuclear DNA synthesis, (v) condensation and marginalization of
chromatin inside the nucleus, and (vi) internucleosomal fragmentation of nuclear DNA [9].

Apoptotic events of chromatin condensation, as described in detail by Banfalvi et al. [10] in
Chinese hamster ovary (CHO) cells, were compared with the phenomenon of premature mito-
sis or mitotic catastrophe [11–13]. Premature mitosis (premature chromosome condensation,
PCC) results in prematurely condensed chromosomes, aberrant mitosis, followed by cell death
[11]. PCC is also indicated as a chromosome condensation before DNA doubling has been fin-
ished in the S-phase [14]. PCC may be induced by many factors (i.e. mutations, cell fusion,
chemical agents, etc.). Some PCC inducers, such as caffeine, okadaic acid, staurosporine, caly-
culin A, were also found to trigger apoptosis at higher concentrations [11,15]. However, spindle
formation, p34cdc2 activation and phosphorylation of histones H1 and H3 occurred only in
PCC, which indicates molecular differences between these processes (i.e. PCC versus apoptosis
[11–12,16]).

The activation of PCD-related pathways leads to a set of changes described well in literature
[8,17]. PCD is defined as an active process leading to the elimination of cell(s) that is designed
to maintain homeostasis, ensure proper growth and enable further development of the organ-
ism [18]. However, it is indicated that the death of individual cells due to PCDmay be also
associated with simultaneous activation of a mechanism or mechanisms leading to the develop-
ment of adaptive responses to stressful environmental conditions. Although PCD is often
described and characterized in plant cell cultures, due to their uniformity, accessibility and
reduced complexity which allows obtaining more general and sometimes more complete view
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on the process [3], our research is based on plant tissues. In the present article we focus on gen-
otoxicity and visualization of symptoms of AL-PCD in whole plant tissues. This paper presents
the collective results of many years of observing that a portion of the nuclei induced to PCC via
caffeine-treatment (under conditions of permanent replication stress) enter the cell death path-
way. The classification of various death types introduced by van Doorn in 2011 [5], and succes-
sive works of the Nomenclature Committee on Cell Death (NCCD), also taking into
consideration a systematization of knowledge within this scope [19,20], have become for us the
basis to put forward a conclusion on the occurrence of an AL-PCD in broad bean cells. Vicia
faba root meristem cells used as a model system were treated with 2.5 mM hydroxyurea (HU)
and after PCC induction by 5 mM caffeine (CF), were analyzed using the following methods:
(1) double acridine orange (AO) and ethidium bromide (EB) staining (AO/EB); (2) comet
assay, in an alkaline variant (used for detection of single-strand breaks [SSBs] within DNA) as
well as in a neutral variant (used for detection of double-strand breaks [DSBs]); (3) TUNEL-
assay; (4) standard immunocytochemistry; (5) tissue printing; (6) DNA ladder electrophoresis;
(7) Western blot, and (8) transmission electron microscopy (TEM). We describe the different
types of DNA damage and the early-to-late symptoms of AL-PCD at histochemical, immuno-
cytochemical, biochemical as well as TEM levels. Finally, we also show that AL-PCD was not
observed in V. faba root meristem cells after treatment with HU alone (i.e. under replication
stress) but was visible after treatment with a mixture of HU/CF (i.e. after PCC induced via CF
under conditions of prolonged replication stress). We show the presence of cell death-related
symptoms in the plant cells thus proving a specific type of PCD. For this reason possible con-
notations with vacuolar/autolytic PCD are discussed.

Materials and Methods

Chemicals and antibodies
Hydroxyurea (HU, 2.5 mM), pararosaniline, bovine serum albumin (BSA), propidium iodide
(PI) and 4',6-diamidino-2-phenylindole (DAPI) were purchased from Sigma. Caffeine (CF,
5 mM) was supplied by Merck, Triton X-100 by Fluka, RNase from SERVA. Other chemicals
were obtained from POCH S.A. (if not indicated otherwise in the text).

Immunocytochemical and biochemical detection of PARP-2 was performed using rabbit
polyclonal antibodies from Agrisera (Vännas, Sweden; #AS10675). The rabbit monoclonal
antibodies specific to phospho-H2AX (Ser139) (20E3) were supplied by Cell Signaling (Dan-
vers, MA, USA; #9718). Bound primary antibodies in all investigated cases were detected with
the secondary goat anti-rabbit IgG AlexaFluor1488 antibody (Agrisera, Vännas, Sweden;
ABIN2176504, for immunocytochemistry) and also the secondary anti-rabbit IgG (AP-linked)
antibody (Cell Signaling, Danvers, MA, USA; 7054, for immunoblotting and tissue printing).
The mouse monoclonal antibody β-actin (A5441) and the secondary goat anti-mouse (AP-
linked; A3562) antibody were from Sigma-Aldrich (Saint Quentin, France).

Plant material, growth conditions, HU-treatment and PCC induction
Seeds of Vicia faba var.minor cv. Nadwiślański (Center for Seed Production, Sobiejuchy,
Poland) were dark-germinated at room temperature on wet filter paper in Petri dishes. Four
days after imbibition, 3 cm seedlings were selected and incubated in (i) water (32 h; negative
control); (ii) HU (2.5 mM for 32 h; S-phase synchronization; positive control), or (iii) 2.5 mM
HU for 24 h and then transferred into a mixture of 2.5 mMHU and 5 mM caffeine for 8 h
(HU/CF; total incubation time: 32 h; PCC induction), as described by Rybaczek [21]. During
germination and incubation the roots were oriented horizontally and aerated continuously by
gentle rotation of fluids in a water-bath shaker (30 rpm).
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Cytology
1.5-cm-long apical fragments of V. faba primary roots (n = 30 for each series) were fixed in
cold Clarke’s mixture (absolute ethanol/glacial acetic acid; 3:1, v/v) for 1 h (according to Bruni
et al. [22]), washed three times with 96% ethanol/rehydrated (70–30% ethanol) distilled water
and subjected to Feulgen staining (according to Rybaczek et al. [23]). For this procedure, the
roots were hydrolyzed in 4 M HCl (at room temperature for 2 h), and stained with Schiff’s
reagent (pararosaniline). After staining (1 h), root fragments were rinsed three times in SO2-
water and once in distilled water. 1.5-mm-long root sections were cut off and squashed in a
drop of 45% acetic acid onto Super-Frost microscope slides (Menzel-Gläser) using the dry ice
method. After removing the coverslips, the slides were dehydrated, air dried, and embedded in
Canada balsam (Merck, Germany). The quantification of mitotic/PCC/AL-PCD cells and scor-
ing of the micronucleus frequency (MN-test) were determined by counterstaining with Schiff's
reagent for 1 h at room temperature. Three parameters were evaluated: (1) mitotic index
(i.e. percentage of mitotic cells), (2) PCC index (i.e. percentage of PCC-type mitoses in relation
to all mitoses, with the proviso that PCC-type aberrant mitoses were calculated as a sum:
S-PCC + G2-PCC + segregation defects) and (3) AL-PCD index (i.e. percentage of Feulgen-
stained nuclei showing signs of AL-PCD in relation to all meristem cells, i.e. either interphase
or mitotic). The percentages were calculated based on 5,000 cells per treatment (1,000 cells on
each of the 5 preparations in each series). The experiments were done in triplicate. Cytological
observations were made using an Optiphot-2 microscope (Nikon) and images were recorded
with a DXM 1200 CCD camera (Nikon). Macroscopic observations of roots (control vs treated
with HU vs treated with HU/CF during PCC induction) were made using Stemi 2000C stereo-
scopic microscope (Zeiss, Jena, Germany) and images were recorded by AxioCam ERc5s CCD
camera (Zeiss, Jena, Germany). Quantitative analyses were performed using AxioVision soft-
ware, 4.8 version (Zeiss, Jena, Germany). Image processing was done in Adobe Photoshop 7.0
(Adobe Systems) or ImageJ 1.37c (Public Domain by Wayne Rasband) according to Abràmoff
et al. [24].

Estimation of cell death in planta: acridine orange and ethidium bromide
staining
Fluorescence staining with acridine orange (AO) and ethidium bromide (EB) was used for
detection of cell death according to the method described by Byczkowska et al. [8]. This
method allows gradual staining of cells depending on their stage: living to dead. AO penetrates
all cells both living and dead but EB can only enter a cell after disintegration of the cell’s mem-
brane. Therefore, living cells containing only AO appear green under fluorescent microscopy,
cells in early apoptosis appear green-yellow to yellow, cells in late apoptosis appear yellow-
orange to bright orange, and dead cells appear as dark orange to bright red [8]. Briefly, 1.5-cm-
long apical fragments of living roots (n = 30 for each series) were cut off and washed 2 times in
0.01M phosphate buffer, pH 7.4 (PHB) and stained for 4 min with 1 ml of a mixture containing
100 μg ml-1 AO and 100 μg ml-1 EB in PHB. After removing the 'staining mixture' the root frag-
ments were washed 2 times in PHB, fixed with 1% glutardialdehyde (Merck) in PHB for 15
min, and cut with a razor blade along the long axis of the root. The thin sections obtained were
washed 2 times for 2 min with PHB and placed onto Super Frost glass slides (Menzel-Gläser)
with a drop of PHB. Observations were performed by Optiphot-2 fluorescence microscope
(Nikon) equipped with a B-2A filter (blue light; λ = 495 nm). It is worth noting that the images
typical of double AO/EB staining described here (distinguishable as green-yellow, yellow, yel-
low-orange, bright orange and red fluorescence; per Byczkowska et al. [8]) were only visible
through a narrow-strip type of fluorescent filter (in a wide-strip all observed nuclei were totally
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green). Images were recorded at exactly the same time of integration using a DS-Fi1 CCD cam-
era (Nikon, Japan) and Act-1 software (Precoptic, Warsaw, Poland). Quantitative analysis was
performed using the basic functions of ImageJ v1.37c software (Public Domain by Wayne Ras-
band). To this end, we used the selection tool to trace out the area of each root which were then
measured in pixels. Then, we used the cut-off threshold (threshold! thresholding method:
minimum; cut off color: 125–255): (1) we selected all the points with the following colors: red,
yellow and green, and (2) measured their surface areas using analyses in Excel (Microsoft
Office, 2003). The whole root area was 100% and respective areas occupied by the three differ-
ent colors in each of the roots were calculated (indicating green–living cells, yellow–dying cells;
red–dead cells). In the next stage, analyses were performed in a similar manner, except that the
analyzed areas were limited to each root zone (II—meristematic zone containing apical meri-
stem, III—elongation zone, IV—differentiation zone). Means were calculated based on 300
cells per sample taken from three independent experiments.

Single-cell microgel electrophoresis: alkaline versus neutral comet
assay
The first step of the comet assay procedure consisted in the preparation of agarose-embedded
V. faba protoplasts according to the method described by Tegeder et al. [25] with minor modi-
fications. Briefly, 5-mm sections of root tips (n = 30 for each series) were incubated for 4 h in
10 mM citrate buffer (pH 4.8, 37°C) supplemented with 5% (w/v) cellulase R10, 1% (w/v) pecti-
nase, 1% (w/v) macerozyme R-10 from Rhizopus sp. (Serva), 1% (w/v) hemicellulase from
Aspergillus niger (Sigma) and 2.5% (w/v) pectolyase. The macerat was filtered through a ø
48 μm nylon mesh. The protoplast suspension was centrifuged at 100 G for 5 min at 4°C. The
pellet was washed 2 times with the mannitol/MES buffer (0.5 M mannitol and 20 mMMES,
pH 5.5). The sediment was suspended in a small amount of 0.5 M mannitol in the same buffer.

SSBs and DSBs were assessed with alkaline and neutral single-cell microgel electrophoresis
(comet assay), respectively according to the method described by Potocki et al. [26]. Briefly,
protoplasts originating from V. faba root tips were mixed with 0.7% low melting (LM) agarose,
added to agarose-LM slides, lyzed overnight with proteinase K (0.5 mg ml-1) and reduced glu-
tathione (2 mg ml-1) in a lysis solution (1.25 M NaCl, 50 mM EDTA, 100 mM Tris-HCl, 0.01%
N-lauroylsarcosine sodium salt, pH 10) for 2 h at 37°C. The slides were then placed in a hori-
zontal gel electrophoresis unit (Bio-Rad). The neutral comet assay buffer was as follows: 100
mM Tris-HCl, 0.5 M NaCl, 1 mM EDTA, 0.2% DMSO, pH 10; and the alkaline comet assay
buffer was as follows: 1 mM EDTA, 0.2% DMSO, 300 mMNaOH, pH>12. Next, the slides
were stained with 0.25 μMYOYO-1 (Invitrogen Corporation, Grand Island, NY, USA) in 2.5%
DMSO and 0.5% sucrose, mounted with a coverslip and stained with DAPI (0.4 μg ml-1;
Sigma-Aldrich). Observations were made immediately using an AxioImagerA1 fluorescence
microscope (Zeiss, Jena, Germany) equipped with a blue light filter (excitation 470/40 nm;
emission 525/50 nm) for YOYO-1, and a UV filter (UV light; excitation 365 nm; emission 445/
50 nm) for DAPI. All images were recorded at exactly the same time of integration using an
AxioCam ERc5s CCD camera (Zeiss, Jena, Germany) and AxioVision 4.8 software (Zeiss, Jena,
Germany). Comet analyses were carried out automatically using OpenComet ImageJ software.
Histograms were transferred manually to a diagram using Photoshop CS5 (Adobe Systems).
The tail moment (TM) was calculated for every image of nuclei as the product of tail DNA (i.e.
amount of DNA in the comet tail) times tail length (i.e. length of the comet tail measured from
right border of head area to end of tail, according to the method described by Olive et al. [27]
and Kołodziejek et al. [28]). We analyzed 30 images of nuclei from each experimental series.
All experiments were repeated five times. Statistical analysis was carried out using Excel 2003.
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Terminal deoxynucleotidyl transferase-mediated dUTP (2'-deoxyuridine,
5'-triphosphate) nick end-labeling (TUNEL) assay in Click-chemistry
technology
For detection of apoptosis TUNEL-assay (Click-iT1 TUNEL Alexa Fluor1 594 Imaging Assay
for microscopy and HCS, Invitrogen-Life Technologies, #C10246) was performed according to
the protocol provided by the manufacturer (using slightly modified methods described by
Jones et al. [29] and Gladish et al. [30]). In this assay, free 3'-OH ends of fragmented DNA
were enzymatically labeled with fluorescein-modified nucleotide (i.e. fluorescein-dUTP) using
terminal deoxynucleotidyl transferase (TdT). The Click-iT1 TUNEL Alexa Fluor1 594 Imag-
ing Assay was able to detect apoptotic cells of V. faba under the investigated conditions. Addi-
tionally for each batch, a negative control without the addition of TdT enzyme and a positive
control with DNase I treatment, to generate strand breaks, were always included to ensure the
reproducibility of the assay. The percentage of positive-labeled cells (red fluorescence typical of
Alexa Fluor1 594 azide: 590/615 nm) represents averages from three repetitions.

For each sample, 5-mm sections of root tips (n = 30 for each series) were fixed using 4% parafor-
maldehyde (Polysciences, #18814) in PBS for 45 min at room temperature. The fixation step was
followed by a permeabilization step with 0.25% Triton X-100 in PBS for 20 min at room tempera-
ture. Next, terminal deoxynucleotidyl transferase-mediated dUTP (2'-deoxyuridine, 5'-triphos-
phate) nick end-labeling (TUNEL) assay was performed following the manufacturer's instructions
strictly (Click-iT1 TUNEL Alexa Fluor1 Imaging Assay Protocol) and the nuclei were stained for
3 min with 0.3 mgml-1 4',6-diamidino-2-phenylindole (DAPI). Finally, the cells were mounted in
Vectashield embedding medium (Vector Laboratories, CA, USA). Images were collected with an
AxioImagerA1 fluorescence microscope (Zeiss, Jena, Germany) equipped with a green light filter
(excitation 545/25 nm; emission 605/70 nm) for AlexaFluor1594, and a UV filter (UV light; excita-
tion 365 nm; emission 445/50 nm) for DAPI. All images were recorded at exactly the same time of
integration using an AxioCam ERc5s CCD camera (Zeiss, Jena, Germany) and AxioVision 4.8 soft-
ware (Zeiss, Jena, Germany). Image processing was done in Adobe Photoshop 7.0 (Adobe Systems).

DNA extraction and separation
1.5-mm-long sections of roots (n = 30 roots for each series; repeated twice) were homogenized
in a mortar according to the method described by Byczkowska et al. [8] using 600 μl extraction
buffer (2% SDS; 0.5 M NaCl; 100 mM Tris-HCl, pH 8.0; and 50 mM EDTA, pH 8.0) for 60 s.
The homogenates were incubated at 65°C for 40 min, vortexed, chilled on ice for 10 min and
centrifuged (12,000 G, 10 min, 4°C). Then, chloroform/isoamyl alcohol (24:1) was added (1.0
volume per each sample). Next, the samples were vigorously mixed (by inversion) for 2 min
and centrifuged at 12,000 G for 1 min at 4°C. The supernatant was transferred to a fresh
Eppendorf tube and extracted with 0.8 volume of cold isopropanol for 2 min. 500 μl of 70%
ethanol was added to the pellet, microcentrifuged for 2 min (minispin, Eppendorf), dried and
re-suspended with 40 μl of TE buffer (10 mM Tris HCl, 1 mM EDTA, pH 8.0; BioShop1 Can-
ada Inc., Burlington) containing RNase A (20 μg ml-1). Isolated samples of DNA were dissolved
in distilled nuclease-free water, and separated on 1.5% agarose gel with 0.5 μg ml-1 ethidium
bromide. As a DNAmarker, 1 kb DNA ladder was used, 250–10,000 bp (Fermentas, Thermo
Fisher Scientific). The separated DNA samples were visualized under UV light.

Total protein extraction andWestern blotting
Proteins were extracted from 1.5-mm-long sections of roots (n = 30 roots for each series;
repeated twice) using TriPure Isolation Reagent (Roche Diagnostics Corporation, Indianapolis,
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IN, USA) according to the instructions of the manufacturer. Total protein concentrations in
the cell lysates were determined using an Ultrospec 110pro (Amersham Biosciences, Austria).
Total protein extracts were fractionated on 4–12% polyacrylamide-SDS gel and blotted onto
nitrocellulose membrane (Ø 0.45 μm, Schleicher & Schüell, Germany). Signals were visualized
with NBT/BCIP (Nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate, tolu-
idine salt, Sigma-Aldrich, Saint Quentin, France) as substrates. Actin protein was used as an
internal control (according to Rybaczek and Kowalewicz-Kulbat [14]).

Tissue printing
1.5-cm-long apical fragments of roots (n = 15 roots for each series; repeated twice) were dis-
sected longitudinally and transversely (cross-section at the level of the meristematic zone) and
blotted onto a nitrocellulose membrane according to the method described by Cassab [31].
The following primary antibodies were used: (1) anti-H2AXS139Ph; (2) anti-PARP-2, as well
as secondary antibodies conjugated to alkaline phosphatase. The color reaction was induced
(for 10 min) using substrates for alkaline phosphatase (nitroblue tetrazolium; NBT and
5-bromo-4-chloro-3-indolyl phosphate; BCIP) in a buffer containing: 100 mM Tris, pH 9.5;
100 mMNaCl; 5 mMMgCl2.

Root tissue prints were made using a Stemi 2000C stereoscopic microscope (Zeiss, Jena,
Germany) and images were recorded on an AxioCam ERc5s CCD camera (Zeiss, Jena, Ger-
many). Image processing was done in Adobe Photoshop 7.0 (Adobe Systems).

Immunocytochemistry
Immunocytochemical assays were performed according to the method described earlier
(Rybaczek and Maszewski [32] and Rybaczek et al. [33]). Excised apical parts of V. faba roots
(1.5-mm-long sections; n = 30 for each series) were fixed for 45 min (18°C) in PBS-buffered
3.7% paraformaldehyde, washed several times with PBS and placed in a citric acid buffered
digestion solution (pH 5.0; 37°C for 45 min) containing 2.5% pectinase (Fluka), 2.5% cellulase
(Onozuka R-10; Serva) and 2.5% pectolyase (ICN). After removing the digestion solution, the
root tips were washed 3 times in PBS, rinsed with distilled water and squashed onto Super
Frost Plus glass slides (Menzel-Gläser). The air-dried slides were pretreated with PBS-buffered
5% BSA at 20°C for 50 min and incubated overnight in a humidified atmosphere (4°C) with a
primary antibody (raised against proteins indicated in the subsection Chemicals and antibod-
ies) dissolved in PBS containing 1% BSA (at a dilution of 1:100). Following incubation, the
slides were washed 3 times in PBS and incubated for 1 h (18°C) with Agrisera secondary goat
anti-rabbit IgG DyLight1488 antibody (AS09 633; 1:1000). Nuclear DNA was stained with
4’,6-diamidino-2-phenyl-indole (DAPI, 0.4 μg ml-1; Sigma-Aldrich). Following washing with
PBS, the slides were air dried and embedded in Vectashield mounting media for fluorescence
assessment (Vector Laboratories). The labeling index (LI) was calculated as the ratio of immu-
nofluorescence-positive cells to all the cells in a meristematic population. Observations were
made using an AxioImagerA1 fluorescence microscope (Zeiss, Jena, Germany) equipped with
a blue light filter (excitation 470/40 nm; emission 525/50 nm) for AlexaFluor1488-conjugated
antibodies, a green light filter (excitation 545/25 nm; emission 605/70 nm) for Alexa-
Fluor1555-conjugated antibodies, and a UV filter (UV light; excitation 365 nm; emission 445/
50 nm) for DAPI. All images were recorded at exactly the same time of integration using an
AxioCam ERc5s CCD camera (Zeiss, Jena, Germany) and AxioVision 4.8 software (Zeiss, Jena,
Germany). Fluorescence signals were computed using ImageJ 1.37c software (Public Domain
by Wayne Rasband) according to Abràmoff et al. [24]. Analysis was performed based on 500
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cells (100 cells per each preparation) for each experimental series. The experiments were done
in triplicate.

Transmission electron microscopy (TEM)
TEM was used to examine the morphology of nuclei from untreated V. faba root meristem
cells and the cells treated with HU or the mixture of HU/CF. The apical parts of roots
(1.5-mm-long sections, n = 30 for each series) were fixed in 2% glutaraldehyde in 1% cacody-
late buffer (pH 7.3) for 3 h at 4°C, post-fixed in 1% osmium tetraoxide in the same buffer for
3 h, and dehydrated in an ascending ethanol series. After infiltration with a medium consisting
of Epon 812 and Spurr’s resin, ultrathin sections were double stained with uranyl acetate and
lead citrate according to Reynolds [34]. The sections were examined and photographed in a
JEM-1010 transmission electron microscope (JEOL, Ltd.). Observations were based on ultra-
microscopic photographs taken of at least 50 cell nuclei. The experiments were done in tripli-
cate (i.e. the whole TEM-related procedure was performed three times).

Statistical analysis
Statistical analyses were performed with STATISTICA 8.0 PL software (StatSoft INC, Tulsa,
Oklahoma). All of the experiments were done at least in triplicate. All data were expressed as
mean ± SD. Differences between groups were assessed by the non-parametric Mann–Whitney
U test (for impaired data). Student's t-test was used for data normally distributed. P� 0.05 was
considered significant according to Iglesias-Guimarais et al. [35]. Means values of the number
of micronucleus (MN) per 1,000 cells were calculated for significance among all experimental
series tested and the DMSO control. Comet assay-related data were assessed by ANOVA and
Tukey's a posteriori test. All statistical calculations were performed with the sequence of actions
typical for statistical analyses: (1) verification of data distribution, (2) verification of homoge-
neity of variance, (3) evaluation of differences between the examined objects, followed by (4)
analysis of differences using t Student, Tukey or Mann-Whitney U tests. The incidence of an
association was investigated: (1) between the control and the HU; (2) between the control and
the HU!HU/CF (i.e. PCC); as well as (3) between the HU and the HU!HU/CF (i.e. PCC).

Results

Co-treatment with HU/CF triggers either premature chromosome
condensation (PCC) or apoptosis like-programmed cell death (AL-PCD)
in V. faba root meristem cells
First, V. faba root meristems were used as a model system to study whether CF had a role in
the induction of AL-PCD in HU-synchronized and next HU/CF co-treated cells. The final con-
centrations of the agents (2.5 mMHU and 5 mM CF) were chosen in a series of preliminary
tests using different chemicals, various doses, different protocols and various durations of treat-
ment [21,33,36]. Cytological symptoms of PCC comprise aberrant mitoses with (i) irregular
condensation of chromatin in prophase, (ii) chromosome fragmentation, (iii) disturbances in
the chromosome's metaphase system; (iv) lost and lagged chromatids and chromosomes dur-
ing anaphase, and (v) segregation defects e.g. chromosomal bridges (S1 Fig). Differentiation
between particular phenotypes (S-PCC versus G2-PCC) was based on the fragmentation degree
of chromosomes forced to undergo premature mitosis. Numerous fragmentations without
chromatid-like pair elements indicated S-PCC phenotype (S1 Fig), while a relatively small
number of breakpoints i.e.<20, leading to the loss of relatively large fragments of chromo-
somes during anaphase were characteristic of the cells showing G2-PCC phenotype (S1 Fig).
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In the negative control series (32-h incubation in water) we observed 11.7% ± 1.5 of mitotic
cells (all of them with a correct morphology; S1A and S1A'' Fig). In the cells treated with HU
for 32 h (S1B and S1B' Fig), the mitotic index decreased to 2.1% ± 0.8, and chromosomes show-
ing some aberrations appeared (6.1% ± 0.4 population of mitotic cells within the HU-treated
series; S1B'' Fig). The cells subjected to 24-h blocking in 2.5 mMHU and then transferred into
HU/CF mixture showed PCC symptoms in 60.9% ± 2.4 cells derived from the population of
dividing cells (estimated as 10.8% ± 1.3; S1C'' Fig). The value 10.8% is the sum of cells showing
a set of abnormalities shared by both phenotypes typical of PCC-type aberrant mitoses [i.e.
S-PCC (8.0% ± 0.9) and G2-PCC (1.9% ± 0.4)] as well as small fraction of cells showing normal
succession of chromosomal events despite of HU/CF co-treatment (i.e. 0.9% ± 0.3). Differences
in the percentage of V. faba cells during consecutive stages of mitosis or PCC were significant
(p� 0.01). An association was found between the control and HU, as well as between the con-
trol and PCC (i.e. HU/CF co-treatment in HU-synchronized cells).

Quantitative analysis revealed that AL-PCD cells (i.e. cells containing a nucleus with
extremely strongly condensed chromatin) were only observed in the HU/CF co-treated series
(5.3% ± 1.1; S1E Fig) and not detected in either the control (32-h water-incubated; negative
control) or the HU-treated cells (32-h; positive control). Additionally, in all the experimental
series tested (S1A' Fig, S1B' Fig and S1C' Fig), the MN-test was used to determine the frequen-
cies of micronuclei in interphase V. faba cells. The number of micronuclei per 1,000 cells were
0.6 ± 0.4, 2.1 ± 0.9, 6.9 ± 1.7, for the control, HU and HU/CF series respectively (S1D Fig). All
the correlations related to the MN-test were significant. An association was found between the
control and HU (p� 0.05), as well as between the control and PCC (i.e. HU/CF co-treatment
in HU-synchronized cells, p< 0.001).

The results obtained seemed to support our preliminary idea that in some populations of
meristematic cells in which PCC was forced by CF, the induction of AL-PCD resulted from the
aberrant course of premature mitoses, while the appearance of MN additionally indicated dis-
turbances in the division of the genetic material into two opposite poles in the cell.

The induction of PCC is crucial for the generation of DNA damage. HU
mainly induced double-stranded breaks (DSBs) and HU/CF co-
treatment induced single-stranded breaks (SSBs)
Previously we described that prolonged HU treatment led to rapid phosphorylation of histone
H2A variant H2AX on S139 resulting in the formation of phospho-H2AXS139 foci along
megabase chromatin domains near the sites of DSBs [37]. We also showed that the breakage of
restrictive interactions of intra-S-phase checkpoints during PCC induction resulted in the
accumulation of SSBs (co-locatization experiments using anti-ssDNA and anti-H2AXS139ph
antibodies; [38]). Here, through quantitative immunocytochemical, tissue printing-related and
biochemical analyses, we finally proved that both replication stress and PCC induction resulted
in DNA damage (Fig 1A and 1B) and HU induced DSBs while HU/CF SSBs (Fig 1 and Fig 2).

Immunocytochemical identification of the phosphorylated form of H2AX histone was done
with rabbit polyclonal antibodies (α-H2AXS139ph) directed against a synthetic peptide
(CKATQA[pS]QEY) corresponding with a fragment of human H2AX histone (amino acids
134–142). According to our previous results [32–33] a small number of untreated cells emitted
weak phospho-H2AXS139 fluorescence (2.1% ± 0.5) from areas distributed randomly within
the cell nucleus (Fig 1Aa). H2AXS139 labeling index was significantly elevated in the HU-
treated cells (61.9 ± 2.4; Fig 1Ab). In this series, apart from foci dispersed over the whole
nucleus area, a new category of foci appeared, localized at the border of the nucleolus and
nucleoplasm, probably connected with labeling of the perinucleolar heterochromatin fraction
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Fig 1. Histone H2AX phosphorylated at S139 (H2AXS139Ph) is a marker of double-stranded breaks (DSBs), while poly(ADP-ribose) polymerase-2
(PARP-2) is a marker of single-stranded breaks (SSBs). (A) Results of the immunocytochemical analysis and the method of tissue printing. (a-a', b-c) the
presentation of superimposed fluorescence images (DAPI-related in blue and H2AXS139Ph-related in green) after the immunocytochemical detection of
H2AXS139Ph in (a) control, (b) after 2.5 mM hydroxyurea-treatment (HU) for 32 h, (c) after 24-h synchronization under the influence of 2.5 mMHU and 8-h
co-treatment with 2.5 mMHU and 5 mM caffeine (CF). (a') negative control; incubation exclusively with secondary antibodies. The values of marking indices
(expressed in percents) are presented in the top left corner on the following images: (a)–for control series; (b)–after 32-h treatment with HU; (c)–after the
induction of premature chromosome condensation (PCC) under the influence of HU/CF. Scale bars in a-a', b-c are 20 μm. (d-f) identification of H2AXS139Ph
in the top sections of Vicia faba roots by the method of tissue printing, negative images. In the top left corner of each negative image, there is a miniature of
the same fragment of nitrocellulose membrane in color, i.e. stained in the reaction of NBT/BCIP (d'-f'). (d-d') control, (e-e') HU, 32 h, (f-f') HU for 24 h and co-
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(Fig 1Ab). The addition of caffeine (HU!HU/CF), an inhibitor of superior kinases (of ATR/
ATM type) that phosphorylates H2AX histones at serine 139, resulted in more than a 5-fold
decrease in the quantity of specifically labeled nuclei, and additionally led to a decrease in the
number of foci per nucleus from 16.9 ± 1.5 after HU to 7.5 ± 0.5 after HU+CF (Fig 1Ab and
1Ac). In the control series, the average number of foci per nucleus was 4 ± 1.0, while in the neg-
ative control (not incubated with primary antibodies) no cells were labeled (Fig 1Aa and 1Aa').
Immunocytochemical observations were confirmed by biochemical analysis (Fig 1Ad, Fig
1Ad', Fig 1Ae, Fig 1Ae', Fig 1Af, Fig 1Af', Fig 1Ba and 1Ba'). The tissue printing technique
revealed strong phosphorylation of S139 in meristematic zones and a slightly weaker signal in
supra-meristematic zones of roots treated with HU (Fig 1Ae and 1Ae'). In the roots co-treated
with HU/CF, the positive reaction was limited to the meristem zone, while in the higher zones
of the roots, strong signals were observed in the form of streaks, probably corresponding to the
order of cells in the boundary zone between the primary cortex and the central cylinder (Fig
1Af and 1Af'). The results of the SDS-NuPAGE/Western blot analysis of the total extract from
V. faba root tip cells revealed one band close to 16 kDa (Fig 1Ba), as well as a strong increase
(over 10-fold) in the amount of H2AXS139ph after HU-treatment, and an increase (over
4-fold) in the quantity of H2AXS139ph after co-treatment with HU/CF, in comparison with
the control band on the same blot (Fig 1Ba and 1Ba'). The indicators point to the statistical sig-
nificance of the results obtained (Mann-Whitney U test, p� 0.001: � Control/HU; Mann-
Whitney U test, p� 0.01: ▲ Control/PCC i.e. HU/CF co-treatment in HU-synchronized cells).

Our previous results showed that labeling cell nuclei using antibodies recognizing PARP2
gene product, i.e. poly(ADP-ribose) polymerase 2 (PARP-2), was an equally sensitive test
detecting SSBs within DNA molecules [38]. Immunocytochemical analysis showed a low con-
stitutive level of PARP-2 protein in the control cells (1.5% ± 0.3), an over 14-fold increase in
PARP-2 protein after treatment with HU (21.3% ± 1.9) and specific labeling of almost half of
the cells forming the root meristem (46.2% ± 2.8) in the series in which PCC was induced with
CF (Fig 1Ag, Fig 1Ag', Fig 1Ah and Fig 1Ai). A 24-h incubation in 2.5 mMHU contributed to
the formation of numerous fine specific PARP-2 foci, localized first of all in the perinucleolar
region, as well as on the area of the entire nucleus and–in a characteristic way–on the periphery
of cell nuclei in the region connected with the nuclear envelope (Fig 1Ah). The incubation in
HU/CF, apart from an increase in the number of labeled cells, resulted in a considerable
increase in the size of PARP-2 positive foci, as well as in disappearance of labeling in the peri-
nucleolar heterochromatin and strong labeling of the boundary area of the nucleoplasm (i.e.
those areas of the nucleus that adhered to the nuclear envelope; Fig 1A). In turn, the results
obtained by the tissue printingmethod were not unequivocal, since strong labeling was

incubation HU/CF for 8 h (total incubation time: 32 h). Scale bars in d'-f' and d-f are 10 mm. (g-g', h-i) presentation of superimposed fluorescence images
(DAPI-related in blue and PARP-2-related in green) after the immunocytochemical detection of PARP-2: (g) control, (h) after HU-treatment for 32 h, (i) after
24-h synchronization under the influence HU and 8-h co-treatment with HU/CF. (g') negative control; incubation exclusively with secondary antibodies. The
values of marking (expressed in percents) are presented in the top left corner of the following images (g) control series; (h) after 32-h treatment with HU; (i)
after the induction of PCC under the influence of HU/CF. Scale bars in g-g', h-i are 20 μm. (j-l) identification of PARP-2 in the top section of V. faba roots by the
method of tissue printing, negative images. In the top left corner of each negative image, there is a miniature of the same fragment of nitrocellulose
membrane in color, i.e. stained in the reaction of NBT/BCIP (j'-l'). (j-j') control, (k-k') HU, 32 h, (l-l') HU for 24 h and co-incubation HU/CF. Scale bars in j'-l' and
j-l are 10 mm. (B) Identification of proteins H2AXS139Ph and PARP-2 by the method of Western blot. (a-a') expression levels of the H2AXS139Ph by
Western blot analysis. Data shown are the representatives of three independent experiments. The relative levels of H2AXS139Ph after normalization for
actin, as determined by densitometry analysis of the bands, are shown in the histogram (a'; the pixel values [pv; 1–255] categorized according to
densitometry analysis of the band intensities and expressed in arbitrary units [a.u.]).Columns, mean from three independent experiments; bars, SD. *
p� 0.001 (Control/HU, Mann-Whitney U test); ▲ p� 0.01 (Control/PCC, Mann-Whitney U test). (b-b') expression levels of the PARP-2 byWestern blot
analysis. Data shown are representative of three independent experiments. The relative levels of PARP-2 after normalization for actin, as determined by
densitometry analysis of the bands, are shown in the histogram (b'; the pixel values [pv; 1–255] categorized according to densitometry analysis of the band
intensities and expressed in arbitrary units [a.u.]).Columns, mean from three independent experiments; bars, SD. ▲ p� 0.01 (Control/HU, Mann-Whitney U
test); * p� 0.001 (Control/PCC, Mann-Whitney U test).

doi:10.1371/journal.pone.0142307.g001
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observed in the case of root imprints derived from all experimental series (including the con-
trol); at the same time, a slightly more intensive labeling exactly of the meristematic zone was
observed after the treatment with HU and after the PCC induction (Fig 1Aj, Fig 1Aj', Fig 1Ak,
Fig 1Ak', Fig 1Al and Fig 1Al'). The results of the Western blot analysis of the total extract from
V. faba root tip cells revealed only one band close to 66 kDa (Fig 1Bb) as well as showed a
5-fold increase in the amount of PARP-2 after HU-treatment and an over 11-fold increase in
the quantity of PARP-2 after the HU/CF co-treatment, compared with the control band on the
same blot (Fig 1Bb and 1Bb'). The indicators point to the following statistical significance:
Mann-Whitney U test, p� 0.01: ▲ Control/HU; Mann-Whitney U test, p� 0.001: � Control/
PCC i.e. HU/CF co-treatment in HU-synchronized cells. The performed analyses clearly show

Fig 2. Single strand breaks (SSBs) and double strand breaks (DSBs) were assessed with alkaline (pH� 13) and neutral (pH = 10) variants of comet
assay, respectively. SSBs were generated during replication stress (i.e. after 2.5 mM hydroxyurea [HU] treatment) and DSBs were connected with
the induction of premature chromosome condensation (PCC) due to co-treatment with HU and caffeine (CF). (A-F) fluorescence images of nuclei
from individual protoplast of Vicia faba, stained with YOYO-1 after electrophoresis (comet assay); h, comet head; t, comet tail. (A-C) alkaline variant of comet
assay dedicated to detection of SSBs; (D-F) neutral variant of comet assay assigned to DSBs. Scale bar in 'A' = 5 μm is applied to all figures presented. (A'-
F') the intensity of DNA fluorescence after staining with YOYO-1 of the nuclei shown in (A-F). (A, D) nuclei of a protoplasts isolated from the untreated
(control) V. faba roots. (B, E) nuclei of protoplasts isolated from the roots of V. faba treated with HU for 32 h. (C, F) nuclei of protoplasts isolated from the roots
of V. faba treated with HU for 24 h and next co-treated with HU/CF for 8 h.

doi:10.1371/journal.pone.0142307.g002
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that both the formation of H2AXS139ph and PARP-2 foci are sensitive tests revealing the pres-
ence of structural damage to the genome (Fig 1A and 1B).

The type of DNA fragmentation can be also distinguished in comet assay [28,39]. Regardless
of the method (alkaline or neutral variant), intact DNA remains in the head of the comet and
DNA from regions with strand breaks appears in the tail. The amount of DNA in the tail is pro-
portional to the number of DNA breaks. Fig 2A, Fig 2A', Fig 2B, Fig 2B', Fig 2C and 2C' present
the alkaline variant of comet assay whereas Fig 2D, Fig 2D', Fig 2E, Fig 2E', Fig 2F and 2F' the
neutral one. In the V. faba cells exposed for 24 h to HU, the percentage of DNA in the comet
tails showed a higher level of DNAmigration in both alkaline and neutral pH conditions. In
the neutral variant, changes observed were as follow: 62% ± 1.1 of DNA in the comet tail for
HU-treated cells, (Fig 2E and 2E'), control (2.9% ± 0.6; Fig 2D and 2D'); whereas in the alkaline
variant: 34% ± 0.8 for HU-treated cells, Fig 2B and 2B', and for control 0.9% ± 0.3, Figs 2A and
1A'. During the PCC induction the results we observed were reversed, i.e. a higher level of
DNA in the tail of comets in the alkaline version of the comet assay, compared to the natural
version: 41% ± 2.3 and 20.6% ± 0.9, respectively. The results presented in Fig 2B', Fig 2C' and
Fig 2E' are statistically significant (p< 0.001 compared to the control [presented in Fig 2A' and
Fig 2D', respectively]; ANOVA and Tukey's a posteriori test).

AL-PCD is a secondary result of CF-induced PCC in HU-synchronized
V. faba roots
DNA cleavage is a PCDmarker. Nucleases cleave DNA between nucleosomes which results in
180 bp fragments [3]. The effect of this process can be visualized on electrophoresis gel [3,8,28]
indicating apoptotic cells (ladder pattern) and showing immediate DNA degradation during
necrosis (smear), while DNA in living cells is not fragmented [3,28].

To determine whether the PCC induction is connected with PCD-type DNA degradation,
we separated the isolated samples of DNA on agarose gel and visualized under UV light. Elec-
trophoresis showed a large scale DNA fragmentation only in the HU/CF co-treated series (S2
Fig, lane 3, arrows). Laddering was not detected in the HU-incubated series nor in the control
(S2 Fig, lane 2 and lane 1, respectively). Typical internucleosomal DNA fragmentation was
undetectable.

Terminal deoxynucloetidyl transferase-mediated dUTP nick and labeling (TUNEL) assay,
which positively stains apoptotic nuclei, can be also used to determinate the type of DNA frag-
mentation. TUNEL assay allows determination of the presence of free 3’-OH ends in chroma-
tin [40]. The TUNEL assay was used here to detect 3'-OH termini in nuclear DNA (Fig 3). For
DNase I-treated series (positive control), all cells were TUNEL-positive (Fig 3A, Fig 3A' and
Fig 3A''). In the control series (32-h incubation in water) no TUNEL reaction was evident as no
AlexaFluor 594-related red fluorescence was observed (Fig 3, the top panel). In the HU-treated
series, we observed a TUNEL-positive sign in a small part of meristematic cells only (< 11% ±
1.3; Fig 3). In contrast, the cell population treated with the mixture of HU/CF exhibited up to
48% ± 2.4 of TUNEL-positive nuclei (Fig 3B, Fig 3B' and Fig 3B'', the bottom panel, TUNEL-
positive indicated by arrows). Statistical results analyzed by Student t-test indicate that differ-
ences in the percentage of TUNEL-positive cells between the control and HU-treated cells, as
well as between the control and PCC-induced cells (i.e. HU/CF co-treated) are significant,
p� 0.01.

Double staining with acridine orange (AO) and ethidium bromide (EB) is another method
used to specify the type of cell death, as well as being a useful tool in detecting and quantifying
the states living, dying and dead (Fig 4, Fig 5 and S3 Fig). Fluorescence microscopy revealed
images indicating the occurrence of living cells (fluoresce green), dying cells (green-yellow,
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yellow, yellow-orange and bright orange) and dead cells (dark orange and bright red) in the
control (Fig 4A), after both HU treatment (Fig 4B) and after PCC induction (Fig 4C). The dia-
gram presenting the color spectrum resulting from the quantitative measurements of fluores-
cence intensity of nuclear chromatin stained with AO/EB was made in order to determine the
degree of DNA damage in the control nuclei (Fig 4A') as well as in the nuclei derived from
stressed roots of V. faba (Fig 4B and 4C'). The highest number of dead cells (13.4%) was
observed in HU/CF treated material (Fig 4C''). Thus, it was shown that the number of dead
cells after PCC induction was over 6-fold higher compared to the control and 4.5-fold higher,

Fig 3. Terminal deoxynucleotidyl-dUTP nick end labeling (TUNEL) assay in Click-iT technology in the untreated control (negative), DNase-treated
control (positive), HU-treated and HU/CF-co-treated (i.e. PCC-induced) Vicia faba root meristem cells. Left panel—DNA fragmentation in V. faba cells
detected by TUNEL reaction and visualized by AlexaFluor 594.Central panel—DAPI stained nuclei. Right panel—Merged images (AlexaFluor 594 + DAPI).
Positively stained nuclei appear in the DNase-treated cells (e.g. A-A'') and in the HU/CF co-treated cells (e.g. B-B''). Positively stained nuclei in the HU-
treated series are indicated by arrowheads. Non-reacting nuclei can be seen in the negative control sections (as indicated in the highest panel described as
'CTRL'). Scale bar = 20 μm.

doi:10.1371/journal.pone.0142307.g003
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Fig 4. Double in vivo staining with acridine orange (AO) and ethidium bromide (EB) as a useful tool for
detecting and quantifying the state of dead, dying and living cells in root meristems of Vicia faba.
(A-A'') control. (B-B'') hydroxyurea-induced replication stress. (C-C'') caffeine-induced premature
chromosome condensation (PCC). (A,B,C) fluorescence micrographs of nuclei in living (green), dying (range:
yellow-to-orange), and dead (red) cells. (A',B',C') diagrams presenting the color spectrum resulting from
measurements of the fluorescence intensity of nuclear chromatin stained with AO/EB, in order to determine
the degree of damage in the nuclei of stressed roots of V. faba. (A'',B'',C'') circle diagrams presenting the
percentage of living (green), dying (range: yellow-to-orange) and dead cells (red). The data shown in the pie
charts in A'',B'',C'' indicate that the correlations were significant with reference to the number of dead cells for
all experimental series reported herein: an association was found between the control and HU (p� 0.05,
Mann-Whitney U test), between the control and PCC (p� 0.01, Mann-Whitney U test), and between the HU-
treated and PCC-induced cells (i.e. HU/CF co-treated; p� 0.01, Mann-Whitney U test). Scale bar in (A) =
20 μm is also applied to the figures presented in the pictures (B) and (C).

doi:10.1371/journal.pone.0142307.g004
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Fig 5. Acridine orange (AO) and ethidium bromide (EB) staining of living, dying and dead cells in Vicia
faba root meristem cells in relation to (A) the localization in particular zones, and (B-D) the surface
area occupied by the cells in particular zones. (A) Fluorescence picture of AO/EB stained V. faba roots in
planta. (a) schematic figure presenting the outline of the roots of the control series, with marked (I) root cap,
(II) zone of cell division i.e. root meristem, (III) zone of elongation, and the quiescent center. (b) the control
roots, (c) the roots treated with 2.5 mM hydroxyurea (HU) for 32 h, (d) the roots treated with 2.5 mMHU for 24
h and then co-treated with 2.5 mM HU and 5 mM caffeine (CF). Scale bar = 1 mm. The schematic outline of
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compared to the HU series (Fig 4A'', 4B'' and 4C''). The fractions of living, dying and dead cells
in the control, compared with the HU series were similar; we only observed an increase in the
number of dead cells in the latter (1.5-fold; Fig 4A'' and 4B''). Further analysis consisted in
comparing the numbers of living cells or being at various cell death stages (early-to-late) in par-
ticular zones of V. faba roots [from 'quiescent center' through the zones of cell division, i.e.
root meristem (zone marked as II in Fig 5A) up to the zone of elongation (marked as III in Fig
5A)]. Our results suggest that the increase in the number of dead cells in the meristematic zone
of V. faba roots after HU/CF treatment was statistically significant (p< 0.01) in relation to
both the control and HU-treated series (Fig 5C). In the meristematic zone (II) the relatively
high percentage (Fig 5C) populations of dying (Fig 5C, yellow-colored columns) and dead cells
(i.e. 19.9%, 13.4%, and 28.8% in the control, HU-treated, and PCC-induced series, respectively)
resulted from some imperfection in the method of intravital AO/EB staining, and from the fact
it is not possible to omit from the calculation the population of rhizodermis cells in which the
occurrence of the PCD phenomenon is typical (comp. Fig 5Aa, Fig 5Ab, Fig 5Ac, Fig 5Ad and
Fig 5C; this could be the reason that no significant differences were observed herein). In the
other zones of V. faba roots induced to PCC, the number of dead cells was about 1.5-fold
higher than in the control and almost 2-fold higher than in the HU-treated material (Fig 5A
and 5B). In turn, in the elongation zone (III, over-meristematic, Fig 5A), the highest index of
dead cells was observed under the influence of HU/CF (7.7%, i.e. 1.5-fold and 3.4-fold higher
than in the control and HU-series, respectively; Fig 5D). However, it seems more interesting to
compare the numbers of dead cells in the meristematic zone than in the elongation zone; in the
latter it was lower, where in the control, the HU and the HU/CF series, decreases of 4, 6 and 3.7
times were observed, respectively (comp. Fig 5C and 5D). S3 Fig shows longitudinal intersec-
tions of the three most representative roots stained with the intravital AO/EB method, as well
as shows the proportions of living (green), dying (range: yellow-to-orange) and dead (red)
cells, and their distribution in the meristem, supra-meristematic zone and in the rhizodermis.
In all zones (particularly in the area of a root cap) and in all experimental series we observed
red fluorescence indicating PCD processes eliminating cells, particularly from the rhizodermis,
present in the external layers of the root (S3 Fig). The arrows on S3b, S3b' and S3b'' Figs show a
distinct widening of the HU-treated roots forming an easily visible protuberance in which the
accumulation of dead cells can be observed. These protruberances may result from the appear-
ance of aerenchymatic-like spaces in the root cortex cells of V. faba (comp. [8]).

Vacuolar/autolytic (V/A) AL-PCD, following CF-induced PCC in HU-
synchronized V. faba roots
The aberrant course of prematurely induced mitotic division as a rule leads to cell apoptosis,
PCD (or AL-PCD in plant cells). In order to establish a possible cause-and-effect relationship

the root from scheme (a) was placed over a root from the control series (b) on which the root outline from
figure 'a' and figure 'b' are precisely overlapped, (c) a root from the series, in which seedlings were subjected
to replication stress and (c) a root that was induced to premature chromosome condensation (PCC). (c-d)
The continuous line marks those root fragments that in terms of size and shape were the same as the
analogous areas in the roots of the control series (a-b versus c-d), while the broken line (in figures [c] and [d])
marks the root areas that indicated the appearance of aerenchymatic-like spaces that had formed in the roots
that had been subjected to treatment with HU (c) or co-treated with the mixture of HU/CF (d). In places
indicated by broken lines, roots of the series (c) and (d) were distinctly wider than the control (b). (B-D)
quantitative presentation of surface area (%) occupied by the green, yellow-orange and red colors (that
correspond to the populations of living, dying and dead cells, respectively) in the particular zones of V. faba
roots. (B) quiescent center, (C) zone of cell division, i.e. root meristem, marked also as zone II, and (D) zone
of elongation, marked as zone III.

doi:10.1371/journal.pone.0142307.g005
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between the induction of PCC and of AL-PCD, and to determine the type of AL-PCD, precise
ultrastructural investigations were performed of the meristematic zone in V. faba roots. The
results presented in Figs 6 and 7 and S4–S7 Figs show that PCC induction increased the num-
ber of root cells with AL-PCD symptoms, and that the electron microscope images distinctly
indicate the occurrence of a vacuolar/autolytic type of AL-PCD [(V/A) AL-PCD].

The AL-PCD process is connected with several metabolic-biochemical changes in the cell.
They can concern either the nuclear compartment or the extranuclear regions (in the latter
case these can be connected with changes observed in the cytoplasm or organelles present in
it). Early AL-PCD events were found to be connected with changes occurring in the cytoplasm
[e.g. progressing vacuolization and formation of greater and greater lytic vacuoles (see Fig 6B,
Fig 6C, Fig 6D, Fig 6E and 6F in comparison with Fig 6A)]. It has also been shown that the
beginning of changes concerning the nuclear compartment took place only when the changes
observed in the cytoplasm were considerably advanced (comp. Fig 6F with Fig 6D). Unexpect-
edly, no changes were observed in the structure of mitochondria (S4C Fig).

One of the first symptoms of AL-PCD concerning the nucleus was a considerable increase
in the condensation degree of chromatin fibrils (the first stadium of this process is shown in
Fig 6F, while an advanced stadium is presented in S5A and S5C Fig). The occurrence of the V/
A-type of AL-PCD induced during the co-treatment with HU/CF was indicated on the basis of
the following symptoms: (i) extensive vacuolization within the whole cell space (early stages of
vacuolization are presented in Fig 6E, and late stages in Fig 6F), (ii) the presence of deposits
within the lytic vacuoles (Fig 6C and 6D), and (iii) the existence of autophagosome-like struc-
tures created from, among other things, the swollen ER (Fig 6F). AL-PCD symptoms were not
observed in either the control series or the HU series (S4A and S4B Fig). The majority of cells
induced to enter PCC also showed no AL-PCD symptoms (apart from insignificant changes in
their morphology and e.g. the formation of vacuoles with a lytic character; S4C Fig). However
5.3% ± 1.1 of cells subjected to PCC entered the (V/A) AL-PCD pathway. The qualification of
particular cells to those in which (V/A) AL-PCD symptoms were detected took place when
changes indicating the occurrence of AL-PCD concerned the nuclear compartment (S5A, S5B
and S5C Fig). We used this classification in this paper, which is consistent with Dominguez
and Cejudo [41], who considered the degradation of cellular nucleus to be the symptom of the
final and irreversible stage of PCD (although the final degradation of nucleus was caused by
metabolic changes, for example those occurring in the cytoplasm in cells undergoing PCD).

The electron microscopy observations of cells induced to PCC and then entering the
AL-PCD pathway showed that the most visible changes took place in the nucleus. In the V.
faba nuclei the increasing transparency of decondensed nucleoplasm was the basic morpholog-
ical indicator of the successive stages of AL-PCD. In addition, it served as a convenient back-
ground against which it was easy to distinguish the extremely condensed fibers of condensed
chromatin. These strongly condensed areas of chromatin were often adjacent to the nuclear
envelope (S5A and S5C Fig). The other characteristic features indicating the occurrence of
AL-PCD include, among others: (1) shrinkage of the protoplast (S5B Fig); (2) formation of sec-
tions of a multi-layer nuclear envelope (S5A and S5C Fig); (3) formation of multi-membrane
structures either in the region of plasmalemma or nuclear envelope (S5A, S5B, S6B and S5C
Figs); (4) degradation of organelles inside lytic vacuoles (S5A, S6B, S6C, S7A and S7B Figs);
and (5) formation of autophagosome-like structures (S5C Fig). Additionally, the triggering of
(V/A) AL-PCD was accompanied by the appearance of specific structures inside the cell: (1)
either showing indistinct/unclear morphology (cloudy morphology; S6A, S6B and S6C Fig); or
(2) having a clear myelin character (S6B Fig). It was also shown in this work that the 'signal
transmission' (from one cell to another cell) proceeded, among other things, through plasmo-
desmata (Fig 7, comp. Fig 6D and 6D'), i.e. cytoplasmic channels selectively displacing

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 18 / 33



Fig 6. Electron micrographs of Vicia faba root meristem cells. (A) control (32-h incubation in water); (B)
hydroxyurea-treated (32-h); (C-C', D-D', E-F) hydroxyurea (HU) synchronized for 24 h and then HU/CF co-
treated (for a successive 8 h; total incubation time: 32 h). The arrows in picture (C') point out vesicles of the
Golgi apparatus. The arrows in picture (D') indicate lytic vacuoles localized in the vicinity of plasmodesmata.
The square in the bottom right corner of picture (E) contains an enlarged image of the cell from picture (F).
Asterisk (*), the visible light in the vacuoles presented in pictures (C and D) indicates the places of
accumulation of deposits in the vacuoles, showing that these vacuoles function as lytic vacuoles. All the
photos presented in figures (C-F) are derived from the series in which PCC was induced. However figure (C)
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metabolites and signal molecules present inside lytic vacuoles (Fig 6D and 6D'). The cytoplasm
of the cells showing symptoms of (V/A) AL-PCD was relatively bright, as caused by the reduc-
tion in the number of ribosomes (S6B, S7A and S7B Figs). Plastids, mitochondria and other
organelles were gradually pushed towards the cell walls (S5B, S7A and S7B Figs). Compact
Golgi structures accompanied by quite large vesicles filled with an electron-transparent mate-
rial (Fig 6C') were easily distinguishable (Fig 6B and 6E).

Finally, fragmentation of the nuclei and their progressing marginalization were among the
final stages of (V/A) AL-PCD proceeding in the meristematic cells of V. faba root (however,
this stage was observed only when almost all the organelles in a given cell were subjected to
degradation by -presumably—lytic enzymes). The description of the final stage of cell degrada-
tion should be as follows: when the cell interior is almost totally filled with a huge lytic vacuole
and most organelles have been degraded (and those that have not been completely digested are
pushed towards border cell areas, towards plasmalemma), organelles show strong changes in
their morphology; changes that resemble swelling from the long-lasting influence of (presum-
ably) lytic enzymes on the intercellular structures and preceding the moment of their final
digestion (Fig 7A and 7B). Fig 7 also showed that a cell that had died as a result of (V/A)
AL-PCD was still able to transmit a stream of lytic enzymes derived from its own lytic vacuole
through the system of plasmodesmata into an adjacent cell (even when the morphology of the
adjacent cell was normal).

The results of the investigation performed (summarized in Fig 8) allow us to put forward
the thesis that the induction of (V/A) AL-PCD in the V. faba cells may, and even should, be
perceived as a consequence of previously initiated PCC process and the DNA damage occur-
ring during its course.

Discussion
The major finding of this paper is that CF/HU-induced PCC triggered the AL-PCD pathway in
the root meristem cells of V. faba. We categorized this phenomenon as (V/A) AL-PCD, i.e. vac-
uolar/autolytic type of plant-specific PCD, according to the nomenclature introduced by van
Doorn in 2005 [42] and in successive works of the Nomenclature Committee on Cell Death
(NCCD), also taking into consideration the systematization of knowledge about PCD-related
terms [19–20].

Previous experiments revealed that PCC induced by 8 hours of incubation in a mixture of
HU/CF was characterized by a strong differentiation of the morphological forms of chromo-
somes. Three different phenotypes could then be distinguished: A, B and C. 'Phenotype A' cells
had morphology similar to that of normal mitotic cells (normal phenotype = phenotype
A = lack of visible PCC symptoms; S1 Fig). 'Phenotype B' cells seemed not able to finish the
post-replication repair processes in the G2 phase, i.e. just prior the onset of CF-induced PCC

shows the morphology of the root cuticle cells, from which the plastids seen in the picture (precisely
amyloplasts, marked as 'p') are filled with statolith starch grains (marked as 's'). Successive figure (D)
presents the appearance of a typical V. fabameristematic cell, whose morphology (apart from the deposits
seen in the lytic vacuoles and indicated by the asterisk) does not significantly differ from the morphology of
the control cells (comp. A and D). Two further pictures (E and F) illustrate the morphology of meristematic
cells that entered the path of apoptosis-like programmed cell death (AL-PCD), while picture (E) shows
premature vacuolization stadium, and picture (F) demonstrates: (1) extensive vacuolization within the whole
meristematic cell space, (2) the presence of swollen ER compartments (indicated by arrows), and (3) the
existence of autophagosome-like structures, created from ER (the structures inside the squares). a-l
autophasome-like structure, c cytoplasm, cw cell wall, dch dense chromatin, ER endoplasmic reticulum,G
Golgi structure, lv lytic vacuole,mmitochondrion, n nucleus, ne nuclear envelope, no nucleolus, nov
nucleolus vacuole, p plastid, pd plasmodesmata, s starch, v vacuole. Scale bar = 5 μm.

doi:10.1371/journal.pone.0142307.g006
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Fig 7. Spreading of (presumably) lytic enzymes from the interior of almost totally degenerated dead cells to adjacent cells through
plasmodesmata. (A-B) The direction of enzyme propagation is indicated with arrows. Double arrow-heads indicate cytoplasm residues pushed towards
plasmalemma with suspended organelles already partially digested. The asterisk in picture (A) indicates electron lucent areas, newly formed inside a regular
meristem cell (i.e. a cell that does not show changes in other regions, other than those marked with an asterisk where the wave of lytic enzymes arrived).
Picture (B) Gradual, sequential propagation of a cleared up region appearing, presumably, due to the action of lytic enzymes in a cell neighboring a dead cell
due to AL-PCD, towards further areas of the adjacent cell. c cytoplasm, cw cell wall, dch dense chromatin, lv lytic vacuole,mmitochondrion,mlsmultilamellar
structure; n nucleus, p plastid, pd plasmodesmata, s starch; p(s) swollen plastids;m(s) swollen mitochondium. Scale bar = 5 μm.

doi:10.1371/journal.pone.0142307.g007
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Fig 8. Scheme depicting experimental procedures used to reveal and to support the fact that the
activation of vacuolar/autolytic type of plant-specific, apoptosis-like programmed cell death [(V/A)
AL-PCD] is a secondary result of the caffeine-induced premature chromosome condensation (PCC) in
hydroxyurea (HU) synchronized Vicia faba root meristem cells. The scheme shows that PCC leads to
the formation of cells with different phenotypes (phenotype A–typical of cells not diverging from the
morphology of regular cells; phenotype B–characteristic of cells with the morphology typical of PCC induction
from G2 phase; and phenotype C–cells with strongly fragmented chromosomes, induced to PCC, probably in
early or middle sub-periods of S phase). The scheme shows that the induction of PCC is associated with the
generation of DNA damage (mainly single-strain breaks [SSB] but also to a lesser extent, double-strain
breaks [DSBs]). The occurrence of various types of DNA damage during PCC induction has been proven
following the results of many experimental procedures (immunocytochemistry, with the use of antibodies
against specific marker proteins, tissue printingmethods, Western blot and comet tests–both alkaline and
neutral). In turn, double staining with acridine orange and ethidium bromide allowed us to distinguish in
planta, the sub-fractions of living, dying and dead cells. Preliminary histochemical analyses (classic staining
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(phenotype B = G2-PCC; S1 Fig). 'Phenotype C' cells showed a considerably higher degree of
chromatin fragmentation, and entered PCC despite unfinished DNA replication in the S phase
(phenotype C = S-PCC; S1 Fig). The generation of PCC-related damage is connected either
with PCC induction or PCC progression.

In the present work, the presence of DSBs was confirmed by a neutral version of comet
assay, and the discovery of phosphorylation of histone H2AX on S139 (H2AXS139Ph; Fig 1).
In turn, the presence of SSBs was confirmed by an alkaline version of comet assay and the pres-
ence of poly(ADP-ribose) polymerase-2 (PARP-2), i.e. a protein considered to be a marker of
SSBs (Fig 1; comp. [38]).

Several methods have been developed to determine PCD occurrence and distinguish its
type. Fluorescein diacetate (FDA) can be used to distinguish PCD from living cells and apopto-
sis or AL-PCD from necrotic death. Living cells show fluorescence of FDA, PCD do not show
fluorescence but protoplasts become detached from cell walls and in necrosis neither fluores-
cence nor protoplast detachment is observed [3]. In contrast, the use of double staining with
AO and EB showed that a considerable number of cells co-treated with HU and CF had sur-
vived and remained alive (Fig 4 and Fig 5); by activating mechanisms connected with DNA
repair (Rybaczek, in preparation). Some of the cells previously subjected to PCC showed the
features of (V/A) AL-PCD (5.3% ± 1.1) and were stained either red in AO/EB testing (dead
cells; Fig 4, Fig 5 and S3 Fig) or yellow-orange (dying cells; Fig 4, Fig 5 and S3 Fig). In these
cells, damage had overwhelmed the repair mechanisms. The method of intravital dual AO/EB
staining was first used to assess the viability of animal cells [43] and was then adapted to the
model of V. faba cells [8]. The principle of the method is that AO (staining DNA green) has
the ability to penetrate into a nucleus regardless of the state of cell membranes. In contrast, EB
(staining nuclei red) requires an increased permeability of the nuclear membrane. Classifica-
tion of the particular color ranges corresponding to the individual stages of the type of cell
death, is derived from the PCD induction model in hybrid tobacco cells treated with high levels
of cytokinin BAP [44], as well as from the paper by Byczkowska et al. [8] describing the cell
death phenomenon in V. faba root meristem cells treated with 1-aminocyclopropane-1-car-
boxylic acid (ACC).

In dead and dying cells, the 'point of no return', as described by van Doorn [42], was reached
and/or exceeded, and consequently the pathways connected with the process of cell death were
initiated (Fig 8). Similar results were achieved in naphtoquinones-treated tobacco BY-2 cells
[45]. Furthermore, the ability of a secondary metabolite chalcone to induce PCD was demon-
strated on Arabidopsis thaliana seedlings model [46]. The following signs of PCD were then
revealed: mitochondrial condensation, disruption of organelles and chromatin condensation
[46]. Additionally, as observed in mouse early embryonic ATR-/- cells, apoptosis is caused by a
loss of genomic integrity [47]. In this, genomic instability is induced by the accumulation of a
high degree of chromosomal fragmentation caused by mitotic catastrophe (MC), i.e. 'prema-
ture entry into mitosis prior to the completion of the S phase and characterized by a high
degree of chromosomal fragmentation' [48].

In this paper the onset of PCC was also associated with abundant chromosomal fragmenta-
tion (S1 Fig, Fig 1 and Fig 2), and in our opinion this kind of extensive PCC-related mitotic-
type DNA fragmentation would likely contribute to the initiation of AL-PCD in V. faba. The

with Schiff’s reagent in Feulgen’s method) showed the presence of such changes in the structure of cellular
nuclei that could indicate the occurrence of apoptosis-like programmed cell death (AL-PCD). On the other
hand, more detailed analyses, i.e. DNA electrophoresis and TUNEL reaction, confirmed by ultrastructural
tests (performed at a level of transmission electron microscopy) proved the existence of vacuolar/autolytic
type of AL-PCD (V/A-type AL-PCD) in stressed V. faba roots.

doi:10.1371/journal.pone.0142307.g008
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eidetic definition of MC is that 'MC might not even constitute a bona fide cell death execu-
tioner mechanism, but rather an oncosuppressive pathway that precedes and is distinct from,
yet operates through, cell death or senescence' [20,49–50]. It must be added that MC can also
occur in the absence of apoptosis [51]. Despite this, the induction of apoptosis occurs most fre-
quently during drug-induced PCC (comp. [16]), which suggests the co-existence of a similar
signal transduction pathway toward apoptosis and PCC [11,15].

The occurrence of AL-PCD in V. faba root meristem cells induced to PCC then exposed to
CF, was also confirmed by the positively stained nuclei in the TUNEL assay, as well as by the
large-scale DNA fragmentation revealed in DNA electrophoresis. Oligonucleosome fragmenta-
tion of DNA, which increases with the level of chromatin condensation as well as chromatin
disintegration (resulting from, among other things, the destruction of scaffold attachment fac-
tor A, SAF-A, by caspases [52]), is a characteristic feature of PCD in both plant and animal
cells. Interestingly, under kinetin-induced PCD in the model of V. faba root meristem cells,
DNA degradation was not observed as a typical internucleosomal process, but rather showed
as 'a smear' indicating an exonucleolytic type of DNA degradation [53], despite the internu-
cleosomal DNA degradation observed during PCD in other plants [41,54–55]. Following this,
more detailed research by Kunikowska et al. [53] revealed digestion by acidic and basic nucle-
ases of faba bean DNA in kinetin-treated (72 h) seedlings [56].

There are three major types of PCD depending on the stimulus and/or cells involved: (i)
classical apoptosis (caspase-dependent mechanism); (ii) apoptotic-like PCD (AL-PCD; cas-
pase-independent [5,41,57]), and (iii) necrosis-like PCD (caspase-independent). Each type of
PCD leads to cell death, although with differing fragmentation of nuclear DNA. The 'classical
apoptosis' pathway involves internucleosomal DNA fragmentation. For 'necrosis-like PCD'
DNA fragmentation may not occur at all or occurs only as a 'secondary, lumpy-type DNA frag-
mentation'. In turn, the AL-PCD pathway (studied in this research) is distinguished by large-
scale DNA fragmentation [58].

As PCD is an integral part of plant development, we attempted to categorize plant PCD in
relation to its various morphological forms: (i) apoptosis; (ii) non-lysosomal PCD; including
three more that can occur concurrently and can be followed by mega-autophagy, i.e.: (iii)
micro-autophagy; (iv) macro-autophagy, and (v) mega-autophagy [59]. The type of cell death,
and even the nature of the accompanying nuclear DNA fragmentation, appear to depend not
only on the cell type (and species) but even on the experimental system used
[8,30,40,53,56,60]. For this reason in this work (as in the vast majority of other studies) the
DNA fragmentation during PCD evaluated by DNA electrophoresis needed to be confirmed
by TUNEL reaction. Specific DNA degradation into oligonucleosomal fragments in tobacco
BY-2 cells was shown as a result of cadmium treatment [60]; typical 'DNA laddering' during
DNA electrophoresis was revealed during AL-PCD in Pisum sativum root tips exposed to sud-
den flooding [30] as well as during the aging of sunflower seeds [40]).

Detailed micrograph analyses based on TEM strongly supported the occurrence of the V/A-
type of AL-PCD in V. faba seedlings following PCC induction. Characteristic symptoms
included: (i) marginalization and concomitant degradation of abnormal strongly condensed
chromatin (S5 Fig and Fig 7); (ii) extensive vacuolization connected with simultaneous forma-
tion of autolytic vacuoles (Fig 6F); (iii) formation of autophagy-like vesicles (Fig 6F); (iv) frag-
mentation of the cell nucleus (S5A and S5C Fig); and finally (v) extensive and irreversible
degradation of the interior of the cell (Fig 7 and S7 Fig; Importantly, the degradation of the cell
interior was not accompanied by a large scale inflammatory response, probably on account of
the specificity of the plant material–the presence of cellular walls).

Similar morphological PCD criteria were distinguished in ultrastructural studies conducted
on a model of the symbiotic sea anemone Aiptasia sp. [61]. Ultrastructural modeling of V. faba
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cell death showed likeness to the symptoms observed in both animals [62] and plants (among
others [63–64]); the most typical additional manifestations included: (i) protoplast shrinkage
(S5B Fig); (ii) condensed chromatin peripheral distribution in contact with the nuclear enve-
lope membranes (S5C Fig); (iii) the appearance of irregularities in the cell nucleus shape, finally
leading to degradation of the nucleus (Fig 7); (iv) formation of vesicular structures in the region
of the nuclear envelope (S6C Fig); and (v) creation of multi-membrane myelin bodies (S6 Fig
and Fig 7).

The characteristic co-occurrence of multi-membrane nuclear envelope sections with regions
of chromatin with an exceptionally dense fibril packing seem to be a hallmark of the relatively
early stages of (V/A) AL-PCD induced in V. faba root meristems (comp. [61]). This might
reflect the formation of foci with particularly intensified biochemical processes, e.g. local accu-
mulation of protein kinases. On the other hand, transition of the condensed chromatin to the
nucleus periphery and the breakup of a nucleus into small fragments as well as its degradation,
seem to be characteristic of final cell degradation (i.e. 'last step' [41–42,56]). The phenomenon
of cell death is accompanied by proteolysis, often mediated by cysteine proteinases–caspases
[65], while a particular role in the synthesis and accumulation of these proteins is ascribed to
mitochondria [66]. The 'point of no return' can be reached through metabolic changes in the
mitochondria; the launch of metabolic-morphological changes at the nuclear level means that
the cell has already exceeded this point [42].

Analysis of the effect of salt and osmotic stress on the survival of theoretically immortal uni-
cellular freshwater algaMicrasterias denticulata showed not only vacuolization and changes
within Golgi and ER, but also extreme deformation of mitochondria [67]. Unexpectedly, we
found no CF-induced morphological changes in the mitochondria (Fig 6D and S6A Fig). How-
ever, the presence or absence of symptoms within the mitochondria (and/or plastids) appears
to depend on the type of agent inducing PCC. Accordingly, in a previous study using 2-amino-
purine (as an inducer of PCC), changes were observed in both mitochondria and plastids (elec-
tron dense matrix with dilated invaginations of their internal membranes; TEM results [21]).

We found that in the described PCC induction scheme, the signaling cascade involved in
the realization of the successive stages of V/A-type AL-PCD was exclusively transferred to cells
adjacent to a dying cell, the process was slow, and was not intensive (as confirmed by the small
scale of the phenomenon despite an almost total degradation of the cell from which the signal-
ing cascade started; Fig 7; comp. [68,69]). Both the dying cell (until a certain moment) and the
neighboring cell (all the time) continually attempted to counteract DNA damage through
intensification of DNA repair processes (Rybaczek, in preparation).

We also described the formation of autophagosome-like structures (Fig 6F). Indeed, the for-
mation of autophagosomes has been suggested in cell death in plants [70]. However, in our
opinion, the appearance of real autophagosomes during AL-PCD in V. faba was not certain,
and so requires further research. We previously showed that the activation of cell cycle check-
points under HU-induced replication stress, overriding checkpoints during CF-induced PCC
(under prolonged replication stress), was a multistage process requiring the participation of
many proteins, and included: (i) detection of an abnormality (by sensory protein factors); (ii)
transfer of a signal (through a signal transmission factors) and (iii) initiation of adequate
responses (e.g. cell cycle arrest, DNA repair, etc.) via effector factors. Such a cellular response is
highly complex, strictly controlled and usually very effective. However in PCC induction, i.e.
during the accumulation of DNA damage, especially single- and double-stranded breaks, the
cell needs to choose between survival and PCD initiation; in such a situation the latter is acti-
vated. Literature suggests that cells can enter the PCD pathway in both G1 and G2 phases of
the cell cycle [71]. V. faba cells located in the G1 phase showed no signs of PCD [53], and their
high number in the G1 phase could testify rather to blocking of the cell cycle in PCPI (Principal
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Control Point I). This may be part of a defense against PCD initiation, as is the case with block-
ing the transition of cancer cells in G2/M (PCPII; [72]) as well as with defense against the initi-
ation of MC, however, this can occur only in dividing cells [13]. Entering into an
endoreplication cycle may be another way to prevent PCD and the initiation of events leading
to genomic instability [73].

ATR kinase is one of the sensory factors involved in the response associated with the activa-
tion of checkpoints. In turn, Brown and Baltimore [47] described that apoptosis can be caused
by the elimination of ATR kinase, which prompts then to conclude that the accumulation of
damaged DNAmolecules can activate the pathway leading a cell to death. Smetana et al. [74],
while observing E2F overexpression and CF-triggered ATM/ATR inhibition, and—on the basis
of morphological criteria—revealed the capacity to undergo non-apoptotic death with parapto-
tic-like features in bleomycin-treated dividing tobacco BY-2 cells. This newly discovered kind
of PCD was supported by revealing extensive vacuolization, vacuolar rupture and chromatin
condensation, as well as a lack of apoptotic-type DNA fragmentation or sensitivity to caspase
inhibitors.

Until recently, studies on PCD in plants most often used suspension culture models
[5,54,74,75–77]. In 2011, however, a new classification of cell death was proposed, according to
which 'autolytic' and 'non-autolytic' deaths were related solely to phenomena observed in intact
plants but not in cell cultures [5]. Our study was conducted in planta, which gave the opportu-
nity to interpret the results associated with the induction of (V/A) AL-PCD in the context of
functioning of an entire plant, and certainly—of the a whole organ (root) or a specific zone in
the root (i.e. meristematic zone).

The relatively small number of cells dying via (V/A) AL-PCD as a result of PCC induction
(i.e. according to our experimental model) may be due to the internal heterogeneity of the mer-
istem (reflecting lack of synchronization to entry into premature mitosis; comp. [21]), which
should be considered in the context of the diverse metabolic statuses of different groups of cells
that constitute the individual zones in the root. This heterogeneity makes it significantly more
difficult to force more cells to enter the AL-PCD pathway, but at the same time it does not
make it impossible to study cells that had already initiated this pathway.

We found that changes in the chromatin structure in the meristematic cells of V. faba were
of a transient character. Seedlings incubated in water after a 24-h period of HU treatment and
8 h incubation in the HU/CF mixture, had restored mitotic activity in the tip zone after 12 h
(Rybaczek, in preparation). The fates of the cells in which PCC induction occurred were also
different. Some of them either restored mitotic divisions or enriched the pool of cells undergo-
ing accelerated differentiation [21], while a small number–probably cells that had entered PCC
from the S phase (S-PCC)–initiated a program that led to their elimination (via (V/A)
AL-PCD, as shown in the present paper).

Most cellular reactions are reversible; proteins undergo phosphorylation and dephosphory-
lation, G proteins oscillate between a GTP-bound form and GDP-dependent state, second mes-
sengers are synthesized and degraded or released and sequestered, proteins are imported into
or exported from a nucleus. Even proteolysis is reversible in a sense, because loss of degraded
proteins can be compensated by their synthesis de novo. This does not mean of course that
only reversible transformations occur in a cell. PCD, in both animal and plant cells, is an exam-
ple of a cellular process that looks irreversible; especially if the changes in the cell nuclei during
PCD reach 'the point beyond which the cell is irreversibly committed to die' [42,56]. The pres-
ent study provides the first evidence that 'point of no return' can be the consequence of caf-
feine-induced genotoxic stress in HU-synchronized V. faba root meristems, and allows
identification a specific type of cell death i.e. vacuolar/autolytic apoptotic-like PCD.
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In conclusion, the current study has revealed that the cell death phenomenon in plants
[8,30,46,53,55] is similar to that in animals [10,11] and human [77]. The results achieved in the
introduced experimental model (triggering of cell death after PCC induction in planta) may
serve as the basis for further stages of research aimed at identifying the mechanisms and signal-
ing pathways responsible for triggering and conducting programmed cell death.

Supporting Information
S1 Fig. Root morphology, scheme of the experimental system and images after Feulgen
staining. (A-C) Phenotypes of Vicia faba seedlings (A) control seedlings (untreated, incubated
in water for 32 h); (B) seedlings treated with 2.5 mM hydroxyurea (HU) for 32 h; (C) seedlings
synchronized with the use of 2.5 mMHU and then co-treated with 2.5 mMHU and 5 mM caf-
feine (CF) for additional 8 h. Scale bar in S1A Fig is 20 mm. (A-C) The frames placed in the
bottom right corners show 1.5-cm root fragments (computer enlarged) that were subjected to
further stages of experimental procedures. (A'-C') The schemes of the experiment. (A''-C'')
Mitotic figures (anaphases) observed in the Feulgen-stained preparations from (A'') control
seedlings, (B'') seedlings treated with HU for 32 h, (C'') seedlings pre-incubated with HU for
24 h and then transferred into the HU/CF. The anaphase seen in the image (A'') shows the cor-
rect morphology (phenotype A), asterisk (�) indicate only the occurrence of secondary con-
strictions that are not stained by Feulgen’s method. Scale bar in A'' = 10 μm is applied to all
figures (from A'' to E'). (B'') Delicate aberrations indicated by an arrow, caused by the influence
of HU (qualified neither to phenotype B [G2-PCC] nor to phenotype C [S-PCC], and rather
closer to spontaneous aberrations, comp. [36]). (C'') The symptoms of premature chromosome
condensation (PCC) during S-PCC-type anaphase represented by numerous fragmentations
without chromatid-like pair elements (comp. [14]). (D) The formation of macronuclei was
found significantly increased in comparison with the control. (E) Representative nuclei display-
ing signs of apoptosis-like programmed cell death (AL-PCD), i.e. interphase nuclei of the cells
induced by the influence of CF first to PCC, and later to AL-PCD. (E') Chromosome segrega-
tion defects as a consequence of CF-induced G2-type PCC.
(TIF)

S2 Fig. Qualitative assessment of DNA fragmentation. The fragmentation of genomic DNA
was studied in Vicia faba root meristem cells exposed to hydroxyurea (HU) for 32 h (lane 2) as
well as during the induction of premature chromosome condensation (PCC, lane 3), in com-
parison either with control (lane 1) or DNA marker (1,500–6,000 bp, lane M). DNA was
stained with ethidium bromide (EB) and separated DNA samples were visualized under UV
light.
(TIF)

S3 Fig. Micrographic pictures showing acridine orange (AO) and ethidium bromide (EB)
staining in Vicia faba roots. Comparison between (A-A'') the control roots, (B-B'') the roots
treated with hydroxyurea (HU) for 32 h, (C-C'') the roots treated with HU for 24 h and then
co-treated with HU/caffeine (CF) for the next 8 h. (B-B'') Arrows were used to mark the places,
in which HU-treated roots undergo a distinct widening forming well visible protuberance. In
the place of the protuberances occurrence, one could observe the accumulation of dead cells
(B-B''). Broken lines were used to mark the outline of the protuberances (B-B''). The occurrence
of a protuberance was limited to the zone of dividing cells (B-B''). (C-C'') Two-headed arrows
presents the quiescent centers (QCs) of roots subjected to PCC (HU/CF-treated). QC shows
yellow-orange fluorescence that indicates dying and dead cells in it. Three-headed arrows in
the picture (C-C'') indicate the accumulation of cells with yellow-orange fluorescence (dying)

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 27 / 33

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142307.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142307.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142307.s003


but observed in the meristem region. Scale bar = 1 mm.
(TIF)

S4 Fig. Electron micrographs of Vicia faba root meristem cells. (A) control (32-h incubation
in water); (B) hydroxyurea-treated (32-h); (C) hydroxyurea (HU) synchronized for 24 h and
then HU and caffeine (CF) co-treated (for successive 8 h; total incubation time: 32 h). The cells
presented in figures (A) and (B) show no significant differences, apart from deposits presence
in vacuoles after treatment with HU (B, marked with an asterisk). The vacuoles of the control
series do not contain any deposits (A). (C) Symptoms of early events of apoptosis-like pro-
grammed cell death (AL-PCD) induced under the influence of HU/CF: irregular chromatin
condensation, invagination of nuclear envelope, presence of enzymatically predigested or
digested organelles in lytic vacuole (structures marked with asterisk in figure C). c cytoplasm,
cw cell wall, lv lytic vacuole,mmitochondrion, n nucleus, ne nuclear envelope, NeI invagina-
tion of nuclear envelope; no nucleolus, nov nucleolus vacuole, p plastid, pd plasmodesmata, s
starch, v vacuole. Scale bar = 5 μm.
(TIF)

S5 Fig. Symptoms of apoptosis-like programmed cell death (AL-PCD) induced by 24-h
treatment with hydroxyurea (HU) and co-treatment with the mixture of HU and caffeine
(CF) for successive 8 h. (A-C) Successive pictures presenting a probable sequence of events
connected with a gradual intensification of AL-PCD symptoms in Vicia faba root meristem
cells previously induced to PCC. (A) Symptoms accompanying the successive stadia of cellular
nucleus fragmentation: irregular chromatin condensation; accumulation of strongly condensed
chromatic aggregates near the nuclear envelope (marked with asterisks); the formation of mye-
lin-like structures (sometimes strongly developed and multi-layer, accumulating either near
plasmalemma or in regions connected with nuclear envelope [marked with double arrow
heads]); degradation of organelles inside lytic vacuoles (marked with arrows). (B) Progressing
development of myelin-like structures (mls) and distinct shrinkage of protoplast (direction of
protoplast shrinkage is marked with arrows). (C) Progressing degradation of nuclear chroma-
tin connected with displacement of its super-condensed form towards nuclear envelope and
the formation of brightening in the central part on nucleus; further formation of multi-mem-
brane structures in the regions connected with plasmalemma (marked with asterisks) or con-
nected with the nuclear envelope (marked with symbol:mne); the formation of
autophagosome-like structures (an arrow). c cytoplasm, cw cell wall, dch dense chromatin, lv
lytic vacuole,mmitochondrion,mlsmultilamellar structure;mnemultilamellar nuclear enve-
lope; n nucleus, no nucleolus, p plastid, pd plasmodesmata, s starch; sdch supercondensed
dense chromatin. Scale bar = 5 μm.
(TIF)

S6 Fig. Diversity of generated multi-membrane structures and structures with cloudy mor-
phology during apoptosis-like programmed cell death (AL-PCD) induced by the treatment
with hydroxyurea (HU) for 24 h and co-treatment with the mixture of HU and caffeine
(CF) for successive 8 h. Structures with cloudy morphology are marked with asterisks (A-C).
Myelin structures are marked as 'mls' if these were localized in cytoplasm (B) or 'mne' if were
connected localization-wise with the external nucleus envelope layers (B). Multi-membrane
structures touching plasmalemma are marked with arrows (B-C). c cytoplasm, cl cludy-like
morphology structure; cw cell wall, dch dense chromatin, lv lytic vacuole,mmitochondrion,
mlsmultilamellar structure;mnemultilamellar nuclear envelope; n nucleus. Scale bar = 5 μm.
(TIF)
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S7 Fig. Advanced stadium of the cellular nucleus fragmentation in the course of apoptosis-
like programmed cell death (AL-PCD) induced by 24-h treatment with hydroxyurea (HU)
and co-treatment with the mixture of HU and caffeine (CF) for successive 8 h. (A) Frag-
mented nucleus containing strongly condensed chromatin is suspended in the space of electron
lucent cell with partially digested organelles pushed onto the cell periphery, i.e. near plasma-
lemma. In the top part of a cell, one can observe initial stadia of protoplast shrinkage. The
plasma membrane exhibits multilamellar morphology (black regions visible on the cell periph-
ery). (B) Progressing chromatin condensation and further nucleus fragmentation and margin-
alization. The interior of almost whole cell is filled by an enormous lytic vacuole. Cellular
organelles, digested to a large extent, are pushed towards extreme cell regions. Asterisks (�)
indicate the electron transparent spaces that are: (1) localized inside a nucleus; (2) border the
masses of supercondensed chromatin and (3) are still surrounded by a double layer of nuclear
envelope (A-B). lv lytic vacuole, n nucleus. Scale bar = 5 μm.
(TIF)

Acknowledgments
The work was funded by 'POMOST' fellowship from the Foundation for Polish Science (grant
number: POMOST/2011-4/8; DR: author who received the funding); this funding source had
no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

We would like to thank Prof. Renata Kontek from the University of Łódź and Dr Maciej
Wnuk from the University of Rzeszów, for their suggestions on improving the comet assay
method.

Author Contributions
Conceived and designed the experiments: DR. Performed the experiments: DR MWMAB.
Analyzed the data: DR MWM. Contributed reagents/materials/analysis tools: DR. Wrote the
paper: DR.

References
1. Lockshin RA, Zakeri Z. Apoptosis, autophagy, and more. Int J Biochem Cell Biol. 2004; 36: 2405–2419.

PMID: 15325581

2. MeaMD, Serafini-Fracassini D, Duca SD. Programmed cell death: similarities and differences in ani-
mals and plants. A flower paradigm. Amino Acids 2007; 33: 395–404. PMID: 17653819

3. Reape TJ, Molony EM, McCabe PF. Programmed cell death in plants: distinguishing between different
modes. J Exp Bot. 2008; 59: 435–444. doi: 10.1093/jxb/erm258 PMID: 18256053

4. Serafini-Fracassini D, Di Sandro A, Del Duca S. Spermine delays leaf senescence in Lactuca sativa
and prevents the decay of chloroplast photosystems. Plant Physiol Biochem. 2010; 48: 602–611. doi:
10.1016/j.plaphy.2010.03.005 PMID: 20381367

5. van DoornWG, Beers EP, Dangl JL, Franklin-Tong VE, Gallois P, Hara-Nishimura I, et al. Morphologi-
cal classification of plant cell deaths. Cell Death Differ. 2011; 18: 1241–1246. doi: 10.1038/cdd.2011.36
PMID: 21494263

6. Groover A, Jones AM. Tracheary element differentiation uses a novel mechanism coordinating pro-
grammed cell death and secondary cell wall synthesis. Plant Physiol. 1999; 19: 375–384.

7. Reape TJ, McCabe PF. Apoptotic-like regulation of programmed cell death in plants. Apoptosis 2010;
15: 249–256. doi: 10.1007/s10495-009-0447-2 PMID: 20094801

8. Byczkowska A, Kunikowska A, Kaźmierczak A. Determination of ACC-induced cell-programmed death
in roots of Vicia faba ssp.minor seedlings by acridine orange and ethidium bromide staining. Proto-
plasma 2013; 250: 121–128. doi: 10.1007/s00709-012-0383-9 PMID: 22350735

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 29 / 33

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142307.s007
http://www.ncbi.nlm.nih.gov/pubmed/15325581
http://www.ncbi.nlm.nih.gov/pubmed/17653819
http://dx.doi.org/10.1093/jxb/erm258
http://www.ncbi.nlm.nih.gov/pubmed/18256053
http://dx.doi.org/10.1016/j.plaphy.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20381367
http://dx.doi.org/10.1038/cdd.2011.36
http://www.ncbi.nlm.nih.gov/pubmed/21494263
http://dx.doi.org/10.1007/s10495-009-0447-2
http://www.ncbi.nlm.nih.gov/pubmed/20094801
http://dx.doi.org/10.1007/s00709-012-0383-9
http://www.ncbi.nlm.nih.gov/pubmed/22350735


9. Vanyushin BF, Bakeeva LE, Zamyatnina VA, Aleksandrushkina NI. Apoptosis in plants: specific fea-
tures of plant apoptotic cells and effect of various factors and agents. Int Rev Cytol. 2004; 233: 135–
179. PMID: 15037364

10. Banfalvi G, Gacsi M, Nagy G, Kiss ZB, Basnakian AG. Cadmium induced apoptotic changes in chroma-
tin structure and subphases of nuclear growth during the cell cycle in CHO cells. Apoptosis 2005; 10:
631–642. PMID: 15909124

11. Yoshida M, Usui T, Tsujimura K, Inagaki M, Beppu T, Horinouchi S. Biochemical differences between
staurosporine-induced apoptosis and premature mitosis. Exp Cell Res. 1997; 232: 225–239. PMID:
9168797

12. Huang X, Kurose A, Tanaka T, Traganos F, Dai W, Darzynkiewicz Z. Sequential phosphorylation on
Ser-10 on Histone H3 and Ser-139 on histone H2AX and ATM activation during premature chromo-
some condensation: relationship to cell-cycle phase and apoptosis. Cytometry A. 2006; 69A: 222–229.

13. Hübner B, Strickfaden H, Müller S, Cremer M, Cremer T. Chromosome shattering: a mitotic catastrophe
due to chromosome condensation failure. Eur Biophys J. 2009; 38: 729–747. doi: 10.1007/s00249-
009-0496-z PMID: 19536536

14. Rybaczek D, Kowalewicz-Kulbat M. Premature chromosome condensation induced by caffeine, 2-ami-
nopurine, staurosporine and sodiummetavanadate in S-phase arrested HeLa cells is associated with a
decrease in Chk1 phosphorylation, formation of phospho-H2AX and minor cytoskeletal rearrange-
ments. Histochem Cell Biol. 2011; 135: 263–280. doi: 10.1007/s00418-011-0793-3 PMID: 21347609

15. Meikrantz W, Gisselbrecht S, Tam SW, Schlegel R. Activation of cyclin A-dependent protein kinases
during apoptosis. Proc Natl Acad Sci USA. 1994; 91: 3754–3758. PMID: 8170983

16. Rybaczek D. Eidetic analysis of the premature chromosome condensation process. In: Kruman I, edi-
tor. DNA repair. InTech, Rijeka, Croatia; 2011. pp. 185–204.

17. Borek S, Pukacka S, Michalski K, Ratajczak L. Lipid and protein accumulation in developing seeds of
three lupine species: Lupinus luteus L., Lupinus albus L., and Lupinus mutabilis Sweet. J Exp Bot.
2009; 60: 3453–3466. doi: 10.1093/jxb/erp186 PMID: 19635747

18. Wang J, Bayles KW. Programmed cell death: lessons from bacteria? Trends Plant Sci. 2012; 18: 133–
139. doi: 10.1016/j.tplants.2012.09.004 PMID: 23083702

19. Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH, et al. Classification of
cell death: recommendations of the Nomenclature Committee on Cell Death. Cell Death Differ. 2009;
16: 3–11. doi: 10.1038/cdd.2008.150 PMID: 18846107

20. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV, et al. Molecular defini-
tions of cell death subroutines: recommendations of the Nomenclature Committee on Cell Death 2012.
Cell Death Differ. 2012; 19: 107–120. doi: 10.1038/cdd.2011.96 PMID: 21760595

21. Rybaczek D. Ultrastructural changes associated with the induction of premature chromosome conden-
sation in Vicia faba root meristem cells. Plant Cell Rep. 2014; 33: 1547–1564. doi: 10.1007/s00299-
014-1637-0 PMID: 24898011

22. Bruni A, Fasulo MP, Tosi B, Dall’Olio G, Vannini GL. Fluorogenic detection of primary amines in plant
histochemistry with fluorescamine: a comparative study on the effects of coagulant and non-coagulant
fixatives. Histochemistry 1976; 48: 269–281. PMID: 1022720

23. Rybaczek D, Polit J, Luchniak P, Maszewski J. Induction of premature mitosis in root meristem cells of
Vicia faba and Pisum sativum by various agents is correlated with an increased level of protein phos-
phorylation. Folia Histochem Cytobiol. 2002; 40: 51–59. PMID: 11885810

24. Abràmoff MD, Magalhães PJ, Ram SJ. Image processing with ImageJ. Biophotonics Int. 2004; 11: 36–
43.

25. Tegeder M, Gebhardt D, Schieder O, Pickardt T. Thidiazuron-induced plant regeneration from proto-
plasts of Vicia faba cv.Mythos. Plant Cell Rep. 1995; 15: 164–169. doi: 10.1007/BF00193712 PMID:
24185768

26. Potocki L, Lewinska A, Klukowska-Rötzler J, Bielak-Zmijewska A, GrabowskaW, Rzeszutek I, et al.
Sarcoid-derived fibroblasts: links between genomic instability, energy metabolism and senescence.
Biochimie 2014; 97: 163–172. doi: 10.1016/j.biochi.2013.10.010 PMID: 24148276

27. Olive MR, Walker JC, Singh K, Dennis ES, PeacockWJ. Functional properties of the anaerobic respon-
sive element of the maize Adh1 gene. Plant Mol Biol. 1990; 15: 593–604. PMID: 2102377

28. Kołodziejek I, Kozioł-Lipińska J, Wałeza M, Korczyński J, Mostowska A. Aspects of programmed cell
death during early senescence of barley leaves: possible role of nitric oxide. Protoplasma 2007; 232:
97–108. PMID: 18094926

29. Jones AM, Coimbra S, Fath A, Sottomayor M, Thomas H. Programmed cell death assays for plants.
Methods Cell Biol. 2001; 66: 437–451. PMID: 11396015

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 30 / 33

http://www.ncbi.nlm.nih.gov/pubmed/15037364
http://www.ncbi.nlm.nih.gov/pubmed/15909124
http://www.ncbi.nlm.nih.gov/pubmed/9168797
http://dx.doi.org/10.1007/s00249-009-0496-z
http://dx.doi.org/10.1007/s00249-009-0496-z
http://www.ncbi.nlm.nih.gov/pubmed/19536536
http://dx.doi.org/10.1007/s00418-011-0793-3
http://www.ncbi.nlm.nih.gov/pubmed/21347609
http://www.ncbi.nlm.nih.gov/pubmed/8170983
http://dx.doi.org/10.1093/jxb/erp186
http://www.ncbi.nlm.nih.gov/pubmed/19635747
http://dx.doi.org/10.1016/j.tplants.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23083702
http://dx.doi.org/10.1038/cdd.2008.150
http://www.ncbi.nlm.nih.gov/pubmed/18846107
http://dx.doi.org/10.1038/cdd.2011.96
http://www.ncbi.nlm.nih.gov/pubmed/21760595
http://dx.doi.org/10.1007/s00299-014-1637-0
http://dx.doi.org/10.1007/s00299-014-1637-0
http://www.ncbi.nlm.nih.gov/pubmed/24898011
http://www.ncbi.nlm.nih.gov/pubmed/1022720
http://www.ncbi.nlm.nih.gov/pubmed/11885810
http://dx.doi.org/10.1007/BF00193712
http://www.ncbi.nlm.nih.gov/pubmed/24185768
http://dx.doi.org/10.1016/j.biochi.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24148276
http://www.ncbi.nlm.nih.gov/pubmed/2102377
http://www.ncbi.nlm.nih.gov/pubmed/18094926
http://www.ncbi.nlm.nih.gov/pubmed/11396015


30. Gladish DK, Xu J, Niki T. Apoptosis-like programmed cell death occurs in procambium and ground mer-
istem of pea (Pisum sativum) root tips exposed to sudden flooding. Ann Bot. 2006; 97:895–902. PMID:
16533830

31. Cassab GI. Localization of cell wall proteins. In: Reid PD, del Campillo E, Pont-Lezica R, Taylor R, edi-
tors. Tissue printing—tools for the study of anatomy, histochemistry, and gene expression. Academic
Press, London, UK; 1992. pp. 23–39.

32. Rybaczek D, Maszewski J. DSB-dependent phosphorylation of H2AX histones in response to double-
strand breaks and induction of PCC in hydroxyurea-treated root meristem cells of Raphanus sativus,
Vicia faba, and Allium porrum. Protoplasma 2007a; 230: 31–39.

33. Rybaczek D, Bodys A, Maszewski J. H2AX foci in late S/G2- and M-phase cells after hydroxyurea- and
aphidicolin-induced DNA replication stress in Vicia. Histochem Cell Biol. 2007; 128: 227–241. PMID:
17636317

34. Reynolds SS. The use of lead citrate of high pH as an electron-opaque stain in electron microscopy. J
Cell Biol. 1963; 17: 208–212. PMID: 13986422

35. Iglesias-Guimarais V, Gil-Guiñon E, Sánchez-Osuna M, Casanelles E, García-Belinchón M, Comella
JX, et al. Chromatin collapse during caspase-dependent apoptotic cell death requires DNA fragmenta-
tion factor, 40-kDa subunit-/caspase-activated deoxyribonuclease-mediated 3'-OH single-strand DNA
breaks. J Biol Chem. 2013; 288: 9200–9215. doi: 10.1074/jbc.M112.411371 PMID: 23430749

36. Rybaczek D, Żabka A, Pastucha A, Maszewski J. Various chemical agents can induce premature chro-
mosome condensation in Vicia faba. Acta Physiol Plant. 2008; 30: 663–672.

37. Rybaczek D, Maszewski J. Induction of foci of phosphorylated H2AX histones and premature chromo-
some condensation after DNA damage in root meristem cells of Vicia faba. Biol Plant. 2007b; 51: 443–
450.

38. Rybaczek D, Kowalewicz-Kulbat M. Relation of the types of DNA damage to replication stress and the
induction of premature chromosome condensation. In: Chen C, editor. New Research Directions in
DNA Repair. InTech, Rijeka, Croatia; 2013. pp. 231–248.

39. Kontek R, Jakubczak M, Matlawska-Wasowska K. The antioxidants, vitamin A and E but not vitamin C
and melatonin enhance the proapoptotic effects of irinotecan in cancer cells in vitro. Toxicol In Vitro
2014; 28: 282–291. doi: 10.1016/j.tiv.2013.11.007 PMID: 24287113

40. El-Maarouf-Bouteau H, Mazuy C, Corbineau F, Bailly C. DNA alteration and programmed cell death
during ageing of sunflower seed. J Exp Bot. 2011; 62: 5003–5011. doi: 10.1093/jxb/err198 PMID:
21765164

41. Domίnguez F, Cejudo FJ. A comparison between nuclear dismantling during plant and animal pro-
grammed cell death. Plant Sci. 2012; 197: 114–121. doi: 10.1016/j.plantsci.2012.09.009 PMID:
23116678

42. van DoornWG. Plant programmed cell death and the point of no return. Trends Plant Sci. 2005; 10:
478–483. PMID: 16153879

43. Ribble D, Goldstein NB, Norris DA, Shellman YG. A simple technique for quantifying apoptosis in 96-
well plates. BMC Biotechnol. 2005; 5: 12. PMID: 15885144

44. Kobori S, Masuda Y, Horii M, Marubashi W. High levels of the cytokinin BAP suppress programmed
cell death in hybrid tobacco cells (Nicotiana suaveolens x N. tabacum) exprewing hybrid lethality. Plant
Biotechnol. 2007; 24: 375–381.

45. Babula P, Adam V, Kizek R, Sladký Z, Havel L. Naphtoquinones as allelochemical triggers of pro-
grammed cell death. Environ Exp Bot. 2009; 65: 330–337.

46. Díaz-Tielas C, Graña E, Sotelo T, Reigosa MJ, Sánchez-Moreiras AM. The natural compound trans-
chalcone induces programmed cell death in Arabidopsis thaliana roots. Plant Cell Environ. 2012; 35:
1500–1517. doi: 10.1111/j.1365-3040.2012.02506.x PMID: 22428920

47. Brown EJ, Baltimore D. ATR disruption leads to chromosomal fragmentation and early embryonic
lethality. Genes Dev. 2000; 14: 397–402. PMID: 10691732

48. Schlegel R, Pardee AB. Caffeine-induced uncoupling of mitosis from the completion of DNA replication
in mammalian cells. Science 1986; 232: 1264–1266. PMID: 2422760

49. Vakifahmetoglu H, Olsson M, Zhivotovsky B. Death through a tragedy: mitotic catastrophe. Cell Death
Differ. 2008; 15: 1153–1162. doi: 10.1038/cdd.2008.47 PMID: 18404154

50. Vitale I, Galluzzi L, Castedo M, Kroemer G. Mitotic catastrophe: a mechanism for avoiding of genome
instability. Nat Rev Mol Cell Biol. 2011; 12: 385–392. doi: 10.1038/nrm3115 PMID: 21527953

51. Fragkos M, Beard P. Mitotic catastrophe occurs in the absence of apoptosis in p53-null cells with a
defective G1 checkpoint. PLoS One 2011; 6: e22946. doi: 10.1371/journal.pone.0022946 PMID:
21853057

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 31 / 33

http://www.ncbi.nlm.nih.gov/pubmed/16533830
http://www.ncbi.nlm.nih.gov/pubmed/17636317
http://www.ncbi.nlm.nih.gov/pubmed/13986422
http://dx.doi.org/10.1074/jbc.M112.411371
http://www.ncbi.nlm.nih.gov/pubmed/23430749
http://dx.doi.org/10.1016/j.tiv.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24287113
http://dx.doi.org/10.1093/jxb/err198
http://www.ncbi.nlm.nih.gov/pubmed/21765164
http://dx.doi.org/10.1016/j.plantsci.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23116678
http://www.ncbi.nlm.nih.gov/pubmed/16153879
http://www.ncbi.nlm.nih.gov/pubmed/15885144
http://dx.doi.org/10.1111/j.1365-3040.2012.02506.x
http://www.ncbi.nlm.nih.gov/pubmed/22428920
http://www.ncbi.nlm.nih.gov/pubmed/10691732
http://www.ncbi.nlm.nih.gov/pubmed/2422760
http://dx.doi.org/10.1038/cdd.2008.47
http://www.ncbi.nlm.nih.gov/pubmed/18404154
http://dx.doi.org/10.1038/nrm3115
http://www.ncbi.nlm.nih.gov/pubmed/21527953
http://dx.doi.org/10.1371/journal.pone.0022946
http://www.ncbi.nlm.nih.gov/pubmed/21853057


52. Göhring F, Schwab BL, Nicotera P, Leist M, Fackelmayer FO. The novel SAR-binding domain of scaf-
fold attachment factor A (SAF-A) is a target in apoptotic nuclear breakdown. EMBO J. 1997; 16: 7361–
7371. PMID: 9405365

53. Kunikowska A, Byczkowska A, Kaźmierczak A. Kinetin induces cell death in root cortex cells of Vicia
faba ssp.minor seedlings. Protoplasma 2013; 250: 851–861. doi: 10.1007/s00709-012-0466-7 PMID:
23143313

54. Carimi F, Zottini M, Formentin E, Terzi M, Lo Schiavo F. Cytokinins: new apoptotic inducers in plants.
Planta 2003; 216: 413–421. PMID: 12520332

55. Jan N, Hussain M, Andrabi KI. Programmed cell death or apoptosis: do animals and plants share any-
thing in common. Biotechnol Mol Biol Rev. 2008; 3: 111–126.

56. Doniak M, Barciszewska MZ, Kaźmierczak J, Kaźmierczak A. The crucial elements of the 'last step' of
programmed cell death induced by kinetin in root cortex of V. faba ssp.minor seedlings. Plant Cell Rep.
2014; 33: 2063–2076. doi: 10.1007/s00299-014-1681-9 PMID: 25213134

57. van DoornWG. Classes of programmed cell death in plants, compared to those in animals. J Exp Bot.
2011; 62: 4749–4761. doi: 10.1093/jxb/err196 PMID: 21778180

58. Krantic S, Mechawar N, Reix S, Quirion R. Molecular basis of programmed cell death involved in neuro-
degeneration. Trends Neurosci. 2005; 28: 670–676. PMID: 16216345

59. van DoornWG, Woltering EJ. Many ways to exit? Dell death categories in plants. Trends Plant Sci.
2005; 10: 117–122. PMID: 15749469

60. Kuthanova A, Fischer L, Nick P, Opatrny Z. Cell cycle phase-specific death response of tobacco BY-2
cell line to cadmium treatment. Plant Cell Environ. 2008; 31: 1634–1643. doi: 10.1111/j.1365-3040.
2008.01876.x PMID: 18721263

61. Dunn SR, Thomason JC, Le Tissier MDA, Bythell JC. Heat stress induces different forms of cell death
in sea anemones and their endosymbiotic algae depending on temperature and duration. Cell Death
Differ. 2004; 11: 1213–1222. PMID: 15286684

62. Vaux DL, Haecker G, Strasser A. An evolutionary perspective on apoptosis. Cell 1994; 76: 777–779.
PMID: 8124715

63. Domίnguez F, Moreno J, Cejudo FJ. The nucellus degenerates by a process of programmed cell death
during the early stages of wheat grain development. Planta 2001; 213: 352–360. PMID: 11506357

64. Yamada T, Ichimura K, van DoornWG. DNA degradation and nuclear degeneration during pro-
grammed cell death in Antirrhinum, Argyranthemum and Petunia. J Exp Bot. 2006; 57: 3543–3552.
PMID: 16957019

65. Thornberry NA, Labeznik Y. Caspases: ennemies within. Science 1998; 281: 1312–1316. PMID:
9721091

66. Jones A. Does the plant mitochondrion integrate cellular stress and regulate programmed cell death?
Trends Plant Sci. 2000; 5: 225–230. PMID: 10785669

67. Affenzeller MJ, Darehshouri A, Andosch A, Lütz C, Lütz_Meindl U. Salt stress-induced cell death in the
unicellular green algaMicrasterias denticulata. J Exp Bot. 2009; 60: 939–954. doi: 10.1093/jxb/ern348
PMID: 19213813

68. Domínguez F, Moreno J, Cejudo FJ. A gibberellin-induced nuclease is localized in the nucleus of wheat
aleurone cells undergoing programmed cell death. J Biol Chem. 2004; 279: 11530–11536. PMID:
14699134

69. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 2007; 35: 495–516. PMID:
17562483

70. Minina EA, Filonova LH, Fukada K, Savenkov EI, Gogvadze V, Clapham D, et al. Autophagy and meta-
caspase determine the mode of cell death in plants. J Cell Biol. 2013; 203: 917–927. PMID: 24344187

71. Barciszewski J, Massino F, Clark BFC. Kinetin–a multiactive molecule. Int J Biol Macromol. 2007; 40:
182–192. PMID: 16899291

72. Ovejero-Benito MC, Frade JM. Brain-derived neurotrophic factor-dependent cdk1 inhibition prevents
G2/M progression in differentiating tetraploid neurons. PLoS One 2013; 8: e64890. doi: 10.1371/
journal.pone.0064890 PMID: 23741412

73. Mazurczyk M, Rybaczek D. Replication and re-replication: different implications of the samemecha-
nism. Biochimie 2015; 108: 25–32. doi: 10.1016/j.biochi.2014.10.026 PMID: 25446651

74. Smetana O, Široký J, Houlné, Opatrný Z, Chabouté M-E. Non-apoptotic programmed cell death with
paraptotic-like features in bleomycin-treated plant cells is suppressed by inhibition of ATM/ATR path-
ways or NtE2F overexpression. J Exp Bot. 2012; 63: 2631–2644. doi: 10.1093/jxb/err439 PMID:
22268149

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 32 / 33

http://www.ncbi.nlm.nih.gov/pubmed/9405365
http://dx.doi.org/10.1007/s00709-012-0466-7
http://www.ncbi.nlm.nih.gov/pubmed/23143313
http://www.ncbi.nlm.nih.gov/pubmed/12520332
http://dx.doi.org/10.1007/s00299-014-1681-9
http://www.ncbi.nlm.nih.gov/pubmed/25213134
http://dx.doi.org/10.1093/jxb/err196
http://www.ncbi.nlm.nih.gov/pubmed/21778180
http://www.ncbi.nlm.nih.gov/pubmed/16216345
http://www.ncbi.nlm.nih.gov/pubmed/15749469
http://dx.doi.org/10.1111/j.1365-3040.2008.01876.x
http://dx.doi.org/10.1111/j.1365-3040.2008.01876.x
http://www.ncbi.nlm.nih.gov/pubmed/18721263
http://www.ncbi.nlm.nih.gov/pubmed/15286684
http://www.ncbi.nlm.nih.gov/pubmed/8124715
http://www.ncbi.nlm.nih.gov/pubmed/11506357
http://www.ncbi.nlm.nih.gov/pubmed/16957019
http://www.ncbi.nlm.nih.gov/pubmed/9721091
http://www.ncbi.nlm.nih.gov/pubmed/10785669
http://dx.doi.org/10.1093/jxb/ern348
http://www.ncbi.nlm.nih.gov/pubmed/19213813
http://www.ncbi.nlm.nih.gov/pubmed/14699134
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://www.ncbi.nlm.nih.gov/pubmed/24344187
http://www.ncbi.nlm.nih.gov/pubmed/16899291
http://dx.doi.org/10.1371/journal.pone.0064890
http://dx.doi.org/10.1371/journal.pone.0064890
http://www.ncbi.nlm.nih.gov/pubmed/23741412
http://dx.doi.org/10.1016/j.biochi.2014.10.026
http://www.ncbi.nlm.nih.gov/pubmed/25446651
http://dx.doi.org/10.1093/jxb/err439
http://www.ncbi.nlm.nih.gov/pubmed/22268149


75. Collazo C, Chacon O, Boras O. Programmed cell death in plants resembles apoptosis of animals. Bio-
technol Appl. 2006; 23: 1–10.

76. Domínguez F, Cejudo FJ. Identification of a nuclear-localized nuclease from wheat cells undergoing
programmed cell death that is able to trigger DNA fragmentation and apoptotic morphology on nuclei
from human cells. Biochem J. 2006; 397: 529–536. PMID: 16613587

77. Lang F, Qin Z, Li F, Zhang H, Fang Z, Hao E. Apoptotic cell death induced by resveratrol is partially
mediated by the autophagy pathway in human ovarian cancer cells. PLoS ONE 2015; 10(6):
E0129196. doi: 10.1371/journal.pone.0129196 PMID: 26067645

Apoptosis-Like PCD in Stressed Vicia Roots

PLOS ONE | DOI:10.1371/journal.pone.0142307 November 6, 2015 33 / 33

http://www.ncbi.nlm.nih.gov/pubmed/16613587
http://dx.doi.org/10.1371/journal.pone.0129196
http://www.ncbi.nlm.nih.gov/pubmed/26067645

