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a b s t r a c t

During leaf senescence, degradation of chloroplasts precede to changes in nuclei and other cytoplasmic
organelles, RuBisCO stability is progressively lost, grana lose their structure, plastidial DNA becomes dis-
torted and degraded, the number of plastoglobuli increases and abundant senescence-associated vesicles
containing electronically dense particles emerge from chloroplasts pouring their content into the central
vacuole. This study examines quinoa leaf tissues during development and senescence using a range of
well-established markers of programmed cell death (PCD), including: morphological changes in nuclei
and chloroplasts, degradation of RuBisCO, changes in chlorophyll content, DNA degradation, variations
in ploidy levels, and changes in nuclease profiles. TUNEL reaction and DNA electrophoresis demonstrated
that DNA fragmentation in nuclei occurs at early senescence, which correlates with induction of specific
ucleases
uinoa

nucleases. During senescence, metabolic activity is high and nuclei endoreduplicate, peaking at 4 C. At
this time, TEM images showed some healthy nuclei with condensed chromatin and nucleoli. We have
found that DNA fragmentation, induction of senescence-associated nucleases and endoreduplication take
place during leaf senescence. This provides a starting point for further research aiming to identify key
genes involved in the senescence of quinoa leaves.

Published by Elsevier Ireland Ltd.
. Introduction

Leaf senescence involves a coordinated action at the cellular,
issue, organ, and organism levels, controlled by age under the
nfluence of other endogenous and environmental factors [1]. To
ate, the mechanisms of this coordinated action, the integration
echanisms of the various senescence-affecting signals involved,

s well as the nature and control of leaf aging, are key issues that
till need to be studied because they are crucial for practical appli-
ations such as impact on crop yield, fruit ripening and biomass
roduction.

During leaf senescence, cells of the epidermis and meso-

hyll are metabolically active, undergoing rather orderly changes

n cell structure, metabolism, and gene expression. Cell death
ccurring in leaf senescence can be considered a type of PCD.
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Naturales, Universidad de Buenos Aires, Intendente Güiraldes 2160 (C1428EGA)
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S. Maldonado).
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During this process, chlorophyll and macromolecules such as
proteins, membrane lipids, and RNA are degraded for redis-
tribution of their components into other organs. The major
proportion of leaf proteins are located in chloroplasts, being
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and
chlorophyll-binding light-harvesting proteins the most abundant
among them, with chloroplasts being the source of most of the
organic nitrogen recovered from senescing leaves [2]. During senes-
cence, the vacuole is thought to be a potential destination of
proteins ultimately degraded, and mitochondria are required to
maintain cell viability [3].

One of the basic features of PCD is the non-random internucleo-
somal fragmentation of nuclear DNA (DNA laddering) which occurs
as a result of specific nuclease activation prior to condensation of
nuclear chromatin [4–7]. Nucleases can also be classified as endo-
or exo-nucleases according to their enzymatic properties and fur-
ther as either Zn2+- (type I) or Ca2+- (type II) nucleases, according
to the metal ion cofactors and the optimum pH required for their
activation [8]. Among Ca2+-dependent nucleases, some can also be

activated by Mg2+ [9], Mn2+ [10], or Co2+ [11].

Leaf senescence involves the action of specific nucleases
associated with programmed cell death (PCD) [12]. These single-
stranded specific nucleases degrade both RNA and single-stranded
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NA (ssDNA), and have been described in many different cell
ypes from microorganisms to mammals [13]. However, knowl-
dge of the details regarding their biological functions is still
imited [8]. According to Sakamoto and Takami [8], there are
nly three endonucleases characterised as potentially involved in
eaf senescence: BFN1 (bifunctional nuclease1), CAN1 and CAN2
calcium-dependent nuclease1 and 2). Among the exonucleases,
PD1 (defective in pollen organelle DNA degradation1, name of

he mutants) is also involved in leaf senescence, being the DNA
f chloroplasts and mitochondria its major target of degradation
8]. Furthermore, DPD1 is the only example among nucleases in
hich DNA degradation has been confirmed in vivo [14–17]. How-

ver, DNA degradation and the action of these nucleases remain
imited because nucleases have high affinity to ssDNA and RNA and
re localised in specific cellular compartments (namely, mitochon-
ria and chloroplasts), raising the possibility that they do not act
pecifically on genomic DNA degradation.

Endopolyploidy is a developmental process involving one or
everal rounds of nuclear DNA synthesis without cytokinesis
18,19]. Endopolyploidy is generally considered the most common
ay to increase nuclear DNA content in plants [18]. Variations

f DNA content have been linked with differentiation of highly
pecialised cell types such as vascular elements [20] and cells of
he embryo suspensor [21]. Endopolyploidy has also been consid-
red to have a role in coordinating the gene expression process
equired for interaction of nuclear and organelle genomes [22].
n seed storage tissues, endopolyploidy has also been associated

ith the high metabolic rates required during starch accumula-
ion. In fact, high levels of ploidy have been detected in maize
tarchy endosperm [20,23], quinoa perisperm [24] and cotyle-
onary tissues of common beans [25]. In quinoa perisperm and
ereal endosperm, endopolyploidy is also associated with PCD [24].
o our knowledge, endopolyploidy has not been linked to senes-
ence yet. According to Sakamoto and Takami [8], the onset and
rogression of leaf senescence differ among plant species.

Quinoa (Chenopodium quinoa Willd.) is a grain crop from the
ndes region of South America. This species has been cultivated

or the last 7000 years and is well adapted to extreme environ-
ental conditions such as high altitude, low annual precipitation,

igh soil salinity and freezing temperatures [26]. Quinoa is valued
or its exceptional seed grain protein amino acid balance as well
s for its high content of nutritionally favourable lipids [27–29].
he species belongs to the Amaranthaceae and is thus related to
pecies such as beetroots, spinach and tumbleweeds. Similar to
hese species, quinoa leaves are eaten as a leaf vegetable. Pre-
iminary observations in plants growing under controlled culture
hambers have allowed us to detect differences in leaf longevity
ith regard to the quinoa genotype. Now, we addressed the anal-

sis of senescence in the leaves of one of these genotypes, namely
DC9. This study examines leaf tissues during development and

enescence using a range of well-established markers of PCD, by
bservation of: (i) morphological changes occurring in nuclei, vac-
oles and chloroplasts, (ii) RuBisCO degradation, (iii) changes in
hlorophyll content, (iv) DNA degradation, (v) changes in nuclease
rofiles, and (vi) increase in ploidy levels. This study is the prelimi-
ary stage of a larger project aiming to identify key genes involved

n the multi-step process of senescence in quinoa leaves.

. Material and methods

Quinoa (Chenopodium quinoa Willd.) cv. UDC9 plants were
rown in a controlled chamber under 16-h light:8-h dark cycles at

5 ◦C. Materials were obtained from samples taken from the third
nd fourth leaves harvested at five different stages (Fig. 1A): stage 1,
orresponding to a whitish leaf (as a result of the abundance of glan-
ular hairs coating the blade surface), bearing a rough 10% of the
Science 238 (2015) 178–187 179

final size; stage 2, corresponding to an intermediate stage between
the white leaf stage and the mature green leaf stage; stage 3, cor-
responding to a full-sized mature leaf of bright green colour; stage
4, corresponding to a leaf starting to become yellowish; and stage
5, corresponding to a completely yellow leaf (Fig. 1A). In all exper-
iments, the upper quarter regions of the leaf sheet were sampled.
In all cases, leaves were sampled at noon.

2.1. Chlorophyll content evaluation

Relative chlorophyll content in leaves was determined non-
destructively using a Minolta SPAD-502 chlorophyll-meter (Konica
Minolta Sensing, Osaka, Japan) or in N,N-dimethylformamide
extracts (10 mg fresh weight/4 ml) as described by Porra [30]. The
average value of 12 measurements per leaf blade (n = 3–5 leaf blades
per treatment replicate, depending on the experiment) was used.

2.2. Sample preparation for light microscopy and transmission
electron microscopy (TEM)

For histological analysis, immunogold and TUNEL assays, quinoa
leaf sections were fixed for 4 h at 4 ◦C in 4% paraformaldehyde with
0.1 M phosphate buffered saline (PBS) (pH 7.2), dehydrated in a
graded ethanol series (30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%)
and embedded in LRW resin (Polyscience Inc., Warrington, PA,
USA; 17411) as previously described [31]. Semi-thin sections (1 �m
thick) were mounted on glass slides and stained with 0.5% toluidine
blue O (Sigma–Aldrich, St. Louis, MO, USA) in aqueous solution, or
used without staining procedure.

For subcellular analysis, ultra-thin sections were fixed for 2 h at
4 ◦C using 2.5% glutaraldehyde in 0.1 M PBS, pH 7.2. Later they were
post-fixed in 1% OsO4 in the same buffer for 60 min, dehydrated in
a graded ethanol series followed by an ethanol–acetone series and
embedded in Spurr’s resin (Sigma–Aldrich). Ultrathin sections were
obtained with an ultramicrotome (Reichert-Jung, Vienna, Austria)
using a diamond knife mounted on grids coated with Formvar
(Polyscience Inc.), stained in uranyl acetate followed by lead citrate
(EMS, Hatfield, PA, USA), and examined in a Zeiss M109 turbo (Zeiss,
Wiesbaden, Germany) transmission electron microscope operating
at an accelerating voltage of 90 kV.

2.3. Western blot analysis

Proteins extracts were obtained as follows: 100 mg of fresh leaf
samples (Stages 1–5) were snap frozen in liquid nitrogen, immedi-
ately homogenized with mortar and pestle in 400 �l of extraction
buffer (50 mM Tris–HCl pH7.4, 0.8% SDS, 5% �-mercaptoethanol,
10 mM NaCl, and Protease Inhibitor Cocktail), and chilled on ice
for 30 min. The extracts were centrifuged for 10 min at 14,000 × g,
4 ◦C, and the supernatants were collected to eliminate tissue debris.
This step was repeated until no pellets were observed. Protein con-
centration in the cleared extracts were determined as described
by Bradford [32] using a Quick Start Bradford Protein Assay Kit
1 (BioRad 500–0201) with bovine serum albumin (BSA; Bio-Rad
Laboratories, Hercules, CA, USA) as a standard. An aliquot of 10 �l
of these protein extracts were loaded and fractionated on 12%
acrilamide/N,N, bisacrilamide SDS-PAGE gels, using a Mini-Protean
II apparatus (Bio-Rad Laboratories) and then electro-transferred
onto a nitrocellulose membrane (Hybond Amersham Pharmacia
Biotech, Freiburg, Germany) at 100 V for 1 h using a Mini Trans-
Blot electrophoretic transfer cell (Bio-Rad Laboratories). An analytic
SDS-PAGE run was performed separately to ensure equal protein

loading by Coomasie Brilliant Blue staining (0.1% Coomassie R250,
10% acetic acid, 40% methanol) for 1 h at room temperature, and
destained by several rinses with hot distilled water until proper
contrast was achieved. Additionally, transferred membranes were
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Fig. 1. (A–C) Quinoa leaves throughout development and senescence. (A) Stages 1–2 correspond to leaves growing in size, and changing colour during the maturation process;
stage 3 corresponds to mature leaves; stages 4–5 correspond to leaves progressively senescing. (B) Quantitative changes in chlorophyll a, chlorophyll b and total chlorophyll
during development and senescence. Each histogram is the mean ± standard deviation in three independent analyses. Different letters above the columns indicate significant
differences (<0.05). (C) Leaf sections (LR White embedded sections, 1 �m thick) from stages 1 to 5. In each case, the figure is a representative result of observation of at least
10 whole-mounts of quinoa leaves at each stage. Bar: 50 �m.
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tained with 0.1% (w/v) Ponceau S and 5% (v/v) acetic acid to check
rotein loading as well.

The membranes were immersed in blocking solution: 5%
kimmed milk TBS (50 mM Tris–HCl, 150 mM NaCl, pH 8.0, 0.05%
ween-20) overnight at 4 ◦C, then incubated with a 1:4,000 dilution
n blocking solution of a rabbit polyclonal anti-RuBisCO antiserum
aised against RuBisCO’s large subunit (kindly provided by J.J.
uiamet, Universidad Nacional de La Plata, Argentina) for 1 h on
bench top orbital shaker at room temperature. The membranes
ere then washed five times with TTBS (TBS, 0.05% Tween-20)

t room temperature. Afterwards, each membrane was incubated
ith an alkaline phosphatase-conjugated goat anti-rabbit antibody

Jackson Immunoresearch 111-055-003, 1:5,000 dilution) for 1 h at
oom temperature, and then subjected to five 5-min rinses in TTBS
olution. For the alkaline phosphatase-conjugated antibody, the
embrane was incubated with 50 �l of a 2:1 NBT-BCIP (Promega)
ixture in 10 ml of phosphatase buffer (100 mM Tris–HCl, pH 9,5;

00 nM NaCl; 5 mM MgCl2) until deposition of the coloured product
nsued.

.4. In situ immunolocalisation of RuBisCO

Sections were first hydrated on a drop of Milli-Q-grade water
or 5 min, rinsed in PBST (0.05% Tween 20 in 10 mM PBS, pH 7.4)
nd blocked for 90 min with 1% BSA in PBST at room temper-
ture. The sections were then incubated overnight at 4 ◦C with
abbit anti-RuBisCO diluted 1:200 in PBST containing 0.1% BSA.
ext, the sections were incubated for 1 h in a humid cham-
er with 5 nm diameter colloidal gold-conjugated goat antiserum
aised to rabbit immunoglobulins diluted 1:200 in PBST plus
.1% BSA. After 10 min fixation with 2.5% glutaraldehyde in 0.1 M
BS, pH 7.2, sections were thoroughly washed with Milli-Q-grade
ater. Finally, the sections were treated with silver enhancer, and

ontrasted in 0.1% toluidine blue O (Sigma–Aldrich) in aqueous
olution.

Control sections were treated as above excluding the rabbit anti-
uBisCO antiserum.

.5. TUNEL assay

The TUNEL assay evaluates the DNA integrity based on the ability
f TdT (terminal deoxynucleotidyl transferase) to label blunt ends
f double-stranded DNA (dsDNA) breaks allowing the localization
f in situ DNA fragmentation.

DNA fragmentation was detected by terminal
eoxynucleotidyltransferase-mediated dUTP-biotin nick end

abeling (TUNEL) using the In situ Cell Death Detection Kit, Fluo-
escein (Roche). Cross-sections were obtained as described above.
UNEL labeling was performed according to the manufacturer’s
nstructions. A negative control was included in each experiment
y omitting TdT from the reaction mixture. As a positive control,
ermeabilised sections were incubated with DNase I (3 U/ml) for
5 min before the TUNEL assay. Counterstaining was done with
.02 mg ml−1 4′-6-dianidino-2-phenylindole (DAPI) staining. The
ections were mounted using the CitifluorTM mounting media
EMS).

Control treatments were conducted for each set of slides. Nuclei
f leaves at stage 2 and 3, which act as an internal negative con-
rol, were not TUNEL-positive. TUNEL labeling was absent when
erminal deoxynucleotide Transferase (TdT) was omitted (data not
hown). In positive controls previously treated with DNase, all the
uclei were labeled, thus validating the procedure.
Images for histological analysis and TUNEL were obtained
y light microscopy and epifluorescence with an Axioskope

microscope (Carl Zeiss, Jena, Germany). The following fil-
ers were used to examine the fluorescent samples: DAPI filter
Science 238 (2015) 178–187 181

(excitation 340–390 nm, emission 420–470 nm) and fluorescein fil-
ter (excitation 494–552 nm, emission 520–640 nm). Images were
captured with a Cannon EOS 1000 D camera (Tokyo, Japan) and
analysed using the AxioVision 4.8.2 software package (Carl Zeiss).

2.6. DNA isolation and analysis

Genomic DNA was isolated from 100 mg fresh leaves of the
five stages using the DNeasy plant mini kit (Qiagen, Germany).
Yield and quality of the DNA obtained were assessed in a Nano-
Drop spectrophotometer (Thermo Scientific NanoDrop 2000c). A
1.5 �g aliquot of DNA from each stage was separated on a 1% (w/v)
agarose gel, and stained with ethidium bromide (final concentra-
tion: 0.5 �g/ml). A 1 kb Plus DNA Ladder (New England Biolabs,
USA) was used as a reference.

2.7. In-gel nuclease activity assay

DNase activity was detected according to the method defined
by Thelen and Northcote [33] with slight modifications. The sam-
ples were ground in liquid nitrogen and homogenised in extraction
buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA, 20% glycerol, 0.1%
SDS, 0.1 PMSF, 1 mM dithiothreitol (DTT). The cell extracts were
centrifuged for 15 min at 14,000 × g, 4 ◦C, and the supernatant
used for the assay. The protein concentrations were determined
as described by Bradford [32] using a Quick Start Bradford Pro-
tein Assay Kit 1 (BioRad Laboratories 500–0201). Protein extracts
were fractionated on SDS-PAGE gels containing 0.3 mg ml−1 her-
ring sperm DNA at 4 ◦C and 20 mA/plate. For single-stranded DNase
activity, DNA was boiled for 5 min immediately prior to pouring the
resolving gel. Equal amounts of protein (40 �g) were incubated for
10 min at 45 ◦C in buffer (0.125 M Tris pH 6.8, 10% [v/v] glycerol, 2%
[w/v] SDS, 0.01% [w/v] bromophenol blue). As previously reported
by Lesniewicz et al. [34], with modifications, after electrophore-
sis the gels were soaked in a buffer containing 25% 2-propanol and
1 mM EDTA for 15 min to remove SDS and residual divalent cations,
and rinsed twice with water. Subsequently, the gels were washed
twice for 5 min and incubated overnight in 10 mM Tris–HCl neu-
tral buffer (pH 8.0, containing 10 mM MgCl2, 10 mM CaCl2) at 37 ◦C.
After incubations, the gels were washed for 5 min in cold stop buffer
(10 mM Tris–HCl pH 8.0, 1 mM EDTA). The gels were stained with
SYBR® Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) to reveal
the position of the nucleases and photographed using G-Box GeneS-
nap software from Syngene. Band intensity was analysed using the
Gel-Pro Analyzer Software (Media Cybernetics Inc.).

2.8. Flow cytometry analysis

Leaves from different stages of development were dissected and
chopped with Otto I extraction buffer and the nuclei-containing
suspension was passed through a 50-�m filter. Then, the nuclei
were stained with two volumes of Otto II staining solution con-
taining DAPI [35]. After gently shaking the solution, samples were
analysed with a flow cytometer (CyFlowPloidyAnalyser, Partec).
Single-parameter histograms display relative fluorescence (i.e.: rel-
ative amount of DNA per cell) on the x-axis and the relative number
of cells (number of cell counts along a definite period of time) on
the y-axis.

3. Results

3.1. Morphological changes in quinoa leaves during development
and senescence
Fig. 1B shows the evolution of chlorophyll content (chlorophyll
a, chlorophyll b and total chlorophyll) during growth (stages 1–2)
until leaves reached their maximum development (stage 3) and



182 M.P. López-Fernández et al. / Plant Science 238 (2015) 178–187

Fig. 2. (A). Nuclei (upper panel) and chloroplasts (lower panel) in mature (stage 3) and senescent leaves (stages 4 and 5). In each case, the figure is a representative result of the
observation of ultrathin sections from five different leaves at each stage, using transmission electron microscopy. Abbreviations: ch, chloroplast; cw, cell wall; is, intercellular
s ; va, va
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pace; m, mitochondrion; nu, nucleolus; pf, phytoferritin, pb, plastoglobule s, starch
ndicates senescence-associated vesicles originated from chloroplasts. (B) Chloropla
riginating within the chloroplast, emerging from chloroplast and entering into the

ater, during senescence (stages 4–5). The contents of chlorophyll a
nd b increased dramatically during development, peaking at stage
. Accordingly, leaves at stage 2 presented a more intense green
olour. Between stages 2 and 3, chlorophyll a and b contents grad-
ally decreased, being significantly lower in mature leaves (stage
). Differences between stages 2 and 3 correspond to content of
hlorophyll per unit fresh weight: at stage 2, cells were smaller
nd vacuoles more reduced, then the number of chloroplasts per
nit area was higher.

Yellowing initiated near the tip of the leaf and gradually spread
ownwards (Fig. 1A). After 5–6 days, the whole leaf had turned yel-

ow. The start and progression of leaf senescence was characterised
y a dramatic decrease in chlorophyll content (stage 4), becoming
egligible at stage 5.

Images of leaf cross-sections corresponding to the five stages
tudied are shown in Figs. 1C and 2. At the youngest stage, which
orresponds to the whitish leaf of Fig. 1A, only cells of the glandular
richomes were differentiated; in cells of the mesophyll, vacuoles
ere still small in size. During development, the tissues grew by

ellular expansion, i.e., each cell formed a large central vacuole and
he mesophyll tissues developed intercellular spaces (Fig. 1C). At
he mature stage, the mesophyll reached its maximum thickness.
t these stages, nuclei showed large nucleoli and uncondensed or
ispersed chromatin (Fig. 2A, upper panel). During early senes-
ence, nuclei maintained intact nuclear membrane and nucleoli,
ut during late senescence, nucleoli disappeared and chromatin
rogressively condensed in clumps inside the nucleoplasm (Fig. 2A,

pper panel).

Senescence involved the depletion of cytoplasm accompanied
y organelle degradation. Chloroplasts were the first organelles
howing visible damage (Fig. 2A, lower panel). At stage 3,
cuole; ve, vesicle. Bars: 0.8 �m. Arrows indicate DNA areas in chloroplast; Asterisks
senescence-associated vesicles (see asterisk) at stage 4, at four different situations:
lasm, within the cytoplasm, within the vacuole. Bars: 0.4 �m.

chloroplasts exhibited starch grains in their stroma but chloro-
plast degeneration initiated at stage 4 and this was accompanied
by chlorophyll degradation as reported above. At stage 5, chloro-
plasts lacking chlorophyll appeared totally degraded (Fig. 2A, lower
panel).

Unlike plastids, mitochondria were required functioning to
maintain cell viability.

In chloroplasts, synthesis of starch was disrupted from the early
stages of senescence, grana lost their structure and thylakoids
appeared progressively distended and degraded (Fig. 2A, lower
panel). The number and size of plastoglobuli increased and translu-
cent DNA-containing areas expanded (Fig. 2A, lower panel).

Fig. 2B shows senescence-associated vesicles (see asterisks)
at stage 4, at four different situations: originating within the
chloroplast (a), emerging from chloroplast and entering into the
cytoplasm (b), within the cytoplasm, (c) within the vacuole (d).

3.2. RuBisCO during senescence

RuBisCO accumulation was studied by both Western blot and in
situ immunoanalysis on leaves at mature and senescent stages in
order to analyse the changes undergone throughout senescence,
using a rabbit polyclonal anti-RuBisCO antiserum raised against
RuBisCO’s large subunit (Fig. 3).

Western blot clearly showed the presence of two major bands
with molecular weight of approximately 53 kDa (Fig. 3A). The accu-
mulation of RuBisCO was elevated in stage 3, lower in stage 4 and

absent in stage 5.

The in situ immunolocalizations showed a correlation between
RuBisCO abundance (Fig. 3A and B) and plastidial integrity (Fig. 2A
and D).
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Fig. 3. RuBisCO was detected during senescence by Western blot (A) and in situ immunolocalization (B). Both analyses were carried out using a rabbit polyclonal RuBisCO
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this stage was about 30% higher than that of previous stages; at
ntiserum raised against RuBisCO’s large subunit. In A (a), protein samples (10 �l/la
embrane; (b), an analytic SDS-PAGE run was performed separately to ensure equal

ut on semi-thin sections (1 �m thick); after immune treatment, sections were contr
left column).

.3. DNA fragmentation accompanies the progression of leaf
enescence

DNA integrity was evaluated by agarose gel electrophoresis
Fig. 4A). At stages 4 and 5, (early and late senescence), as com-
ared to stages 2 and 3, a smear was progresively visible (Fig. 4A).
ome degree of DNA degradation was also visible at stage 1.

The fluorescein-dUTP-labeling assay detected nuclear DNA
leavage as a green fluorescent staining in the nuclei of cells under
lue excitation. Fig. 4B shows representative TUNEL assay images

n leaves at stages 1–5. DNA fragmentation was detected at stage 1
nd at stages 4 and 5. DNA fragmentation, at stage 1, was attributed
o the death of a few mesophyll cells. At the stages 2 and 3, labeling
as totally absent (Fig. 4B). The first massive detectable events of

NA fragmentation began at stage 4 and continued until stage 5

Fig. 4B).
ere separated on a 12% polyacrylamide gel and then transferred to a nitrocellulose
n loading by Coomassie Brilliant Blue staining. In B, immunolocalization was carried
with toluidine blue O using two magnifications. Bars: 50 �m (right column); 15 �m

3.4. Nuclease activities during development and senescence

Fig. 4C a and b shows DNA SDS-PAGE used to identify the
activities of the DNases (a) and total protein content (b) during
development and senescence. These enzymes encompass several
classes of DNases based on their optimum pH and ion dependency.
The patterns of Ca2+/Mg2+-dependent nucleases were different
among stages as follows: (i) When dsDNA was used as substrate, at
the stage 1, two bands with masses of 18 and 26 kDa were revealed;
at the stage 2, only n26 was present; three bands with masses of 38,
33 and 26 kDa were revealed at stage 3; at stage 4 (early senescence)
the activity of these bands increased notoriously, and an additional
band of 18 kDa was clearly induced. Notably, the activity of n26 in
stage 5, the activity of n26 decreased, and the other three bands
were barely detectable. (ii) When ssDNA was used as substrate at
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Fig. 4. DNA fragmentation (A and B), nucleases (C) and cytometry analysis (D) DNA fragmentation was analysed by gel electrophoresis (A) and TUNEL assay (B). For the
TUNEL assay, semi-thin sections (1 �m thick) were stained with DAPI (left column) and TUNEL-labeled (right column). In each case, the figure is a representative result of
the observation of at least five whole-mounts of quinoa leaves at each stage. For bright field images, see Fig. 1. Bars: 50 �m (A–D). Arrows indicate TUNEL-positive nuclei.
(C) Identification of nucleases in quinoa leaves during development and senescence. (a) Protein samples (40 �g) extracted from mature or senescing leaves were resolved
on an SDS-PAGE containing dsDNA and ssDNA as substrate. The gel was sliced, and the separate slices were incubated in buffer pH 8 supplemented with Ca2+and Mg2+; (b)
Quantitative changes in total protein content during development and senescence. Each histogram is the mean ± standard deviation in three independent analyses. (D) Flow
cytometric measurement of mean nuclear ploidy at different stages of quinoa leaf development and senescence. Histograms show the C-DNA levels at stages 1–5. The x-axis
is the log of the fluorescence intensity: 2C peak corresponds to the diploid state of the genome; 4C peak indicates the tetraploid state of the genome (at stage 1, 4C indicates
the capacity of the cells to enter in mitosis; at stage 4, 4C indicates endopoliploidy. The y-axis represents the cell counts (number of events per channel) per minute.
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he same pH and ion conditions, no nuclease activity was detected
t stage 2 and only one band of 18 kDa was detected at stage 1. The
6 kDa band was detected at stages 3 and 4, but its activity was
0% lower than that stage 4. At the onset of senescence (stage 4),
he n26, n33 y n38 had the ability to digest both dsDNA and ssDNA
ut, its activity was different: n38 and n26 had higher activity in
ssays containing ssDNA as a substrate and n33 had higher activity
n assays containing dsDNA. At stage 5, only one band with mass
f 26 kDa was revealed in both assays, demonstrating no substrate
pecificity.

.5. Changes in the ploidy, during development and senescence

Endoreduplication took place after the mature stage and
ontinued during senescence. At this time, chromatin changed con-
ensing in clumps.

Before stage 2, the C-numbers were 2 and 4 (Fig. 4D); 2C indi-
ates the DNA level corresponding to the diploid state of the
enome, whereas 4C indicates the ability of cells to enter M stage
f the cell cycle or cells during actual mitosis. As development pro-
eeded (stages 2 and 3), the number of 2C nuclei increased while
he number of 4C nuclei decreased to disappear; this is because cell
ivision had ceased at the late stage 2 and at stage 3 (Fig. 4D).

During senescence (stages 4 and 5), the DNA content was 2
nd 4C. At these aging stages, 4C indicated endopolyploidy. As
enescence further proceeded, the frequency of 2C nuclei decreased
hile the frequency of 4C nuclei progressively increased (Fig. 4D).

. Discussion

Leaf senescence is an important and complex process in the
lant life cycle, which is thought to contribute to fitness through the
ecycling of nutrients to actively growing regions [36]. Leaf senes-
ence involves massive structural and functional disintegration of
ells through the activation of various hydrolytic activities [37,38].
hese hydrolytic activities are required to degrade the organic com-
onents that accumulate during the vegetative growth phase and,
ubsequently, to mobilize the degraded products. Degradation of
roteins induced by senescence takes place within the plastids and
ay continue in cytoplasmic vesicles due to the presence of active

ysteine proteases in the cytoplasm [39,40]. In quinoa, particu-
arly during early senescence, we found that the vesicular transport
ystem is very active. Subsequently, the chloroplast envelope mem-
rane is disassembled before total disorganization of the thylakoids
nd total dissolution of plastoglobuli (Fig. 2D). In quinoa leaves, the
imultaneous analysis of mesophyll cellsúltrastructure, chlorophyll
oncentration and RuBisCO integrity showed that the decrease
n chlorophyll a and b, and the degradation of RuBisCO during
enescence (Fig. 3) correlated with the gradual disintegration of
hylakoid membranes, as well as with damages in chloroplastidial
NA (Fig. 2).

Nuclear DNA fragmentation has been reported in cells from
oliar tissues during leaf senescence in different plant species
7,41]. In quinoa, we detected DNA fragmentation in leaf tissues
y the TUNEL assay and genomic DNA electrophoresis. At early
tages of quinoa leaf development, a few nuclei showed TUNEL-
ositive labeling while some degree of DNA smearing was evident

n the electrophoretic run. This is most attributable to a normal
CD process needed to enlarge some intercellular spaces of the
hlorenchyma in the mesophyll but the first massive detectable
vents of DNA fragmentation began ab initio of senescence, coinci-

ently with the start of yellowing, and continued until the end of
he leaf life cycle (Fig. 4B).

Another PCD hallmark in nuclei is chromatin condensation,
hich leads to DNA laddering into 180-bp nucleosomal units.
Science 238 (2015) 178–187 185

However, if the proteins constituting the nucleosomes are
degraded before or during the induction of nuclease activity,
sharply defined nucleosomal DNA ladders may not form and the
DNA degradation pattern will be more random [42]. In this study,
we detected DNA smearing instead of DNA laddering (Fig. 4A).

Decreases in both chlorophyll and RuBisCO levels have been
used as classical indicators of leaf senescence ([43]; for a review,
see [44]). According to Nooden et al. [45], chloroplast breakdown
is accompanied by degradation of protein complexes or dam-
age to any of their components, which immediately triggers the
whole degradation of the chloroplast’s ultrastructure: swelling
and breakage of thylakoids and an increase in the number and
size of plastoglobuli, which correlate with chlorophyll degradation.
Such changes are consistent with earlier data gathered during leaf
senescence in Phaseolus vulgaris L. [46], Prunus persica Stokes [47],
Ornithogalum virens L. and Nicotiana tabacum L. [7].

Wu et al. [48] identify four categories of genes, regulating the
speed and transition of early leaf growth, photosynthesis rate,
and the onset and progression of leaf senescence. During this
highly regulated process, hydrolytic enzymes become activated to
redistribute cell components; among them, specific nucleases are
induced [11,49–52]. Nuclease activity is associated with nuclear
DNA fragmentation phenomena [34,53]. Plant S1-like nucleases,
the main class of single-stranded specific nucleases (often termed
as type I nucleases), degrade both RNA and ssDNA during plant
PCD [54]. Here, we observed that the activity of neutral nucle-
ases with molecular masses of approximately 38, 33 and 26 kDa
was induced at early senescent stages. BFN1 is a nuclease with a
molecular mass of approximately 38 kDa which has been detected
in Arabidopsis during leaf and stem senescence [54–56]. The spe-
cific function of BFN1 has not yet been demonstrated, but it has
been suggested to be involved in the nucleic acid degradation that
takes place during both senescence and developmental PCD [56].
In quinoa, we found some DNase activity in mature leaves but a
marked strong DNase activity became readily apparent only dur-
ing leaf senescence in accordance with the timing of induction of
nuclease activity; similar to BFN1, the n38 in quinoa was induced
at the onset of senescence.

DPD1 belongs to the family of exonucleases and it has been local-
ized in both plastids and mitochondria. Tang and Sakamoto [57]
find that the expression of DPD1 is high in senescing Arabidopsis
leaves. This nuclease has a molecular mass of 32 kDa, and shows
dsDNA preference [15]. In quinoa, a nuclease of around 33 kDa
showed a clear preference towards dsDNA substrate at stage 4.
We infer that the Arabidopsis DPD1 might correspond to n33 in
quinoa.

Several authors consider the condensation of chromatin as one
of the hallmarks of PCD [7,41,58,59]. During the onset of quinoa
leaves’ senescence, nuclei maintained intact nuclear membranes
and nucleoli, and chromatin condensed partially in chromosomes
inside the nucleoplasm. We associated the initial condensation of
chromatin with the process of endoreduplication that takes place
during senescence (Fig. 4D). At this time, chromatin did not appear
agglutinated, and thus did not seem to be degraded.

Endoreduplication is a form of nuclear polyploidization that
results in multiple uniform copies of chromosomes. This process
is common in plants and animals, especially in tissues with high
metabolic activity, and generally occurs in cells that are termi-
nally differentiated. Recently Scholes and Paiges [21] suggest that
plant endoreduplication is an adaptive, plastic response to miti-
gate the effects of stress. It is also thought that endoreduplication
provides a mechanism to increase the level of gene expression.

Plant endoreduplication is well documented in the endosperm and
cotyledons of developing seeds, but also occurs in many tissues
throughout the plant. Numerous observations have been made on
endoreduplication, or at least on extra cycles of the S-phase, as
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consequence of mutations in genes controlling several aspects
f cell cycle regulation. However, until recently, few studies had
ocused on the molecular mechanisms responsible for this spe-
ialised cell cycle phenomenon, and the overall functionality of
his process demands further investigation. It has been suggested
hat endoreduplication requires nothing more elaborate than a
oss of M-phase cyclin-dependent kinase activity and oscillations
n the activity of S-phase cyclin-dependent kinase. Previously,
ndopolyploidy in quinoa had been associated with the synthesis
f compound starch grains in storage seed tissues during PCD [24].
lso in quinoa, Kolano et al. [60] report that DNA contents ranging

rom 2C to 16C are found in different proportions in root, hypocotyl
nd cotyledons, but they also emphasize that endopolyploidy do
ot occur in leaves. Conversely, now we found that nuclei progres-
ively endoreduplicated. The process started after stage 3 (mature
tage) and increased throughout senescence. To our knowledge,
here is no evidence so far which would support differential cell
eath events affecting 2C cells but not 4C cells, and thus, any reduc-
ion of the 2C/4C ratio should be taken as an indication of cells
ndergoing endoreduplication. Furthermore, DNA content in cells
rom tomato leaves increases during plant development from 2C
n the very young seedling stage, to a mixture of cells with DNA
mounts ranging from 2C to 128C at senescence [61]. This particular
ssue will be addressed by further investigation.
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