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Abstract

Breakdown of leaf proteins, particularly chloroplast proteins, is a massive process in senescing leaves. In spite of its
importance in internal N recycling, the mechanism(s) and the enzymes involved are largely unknown. Senescence-
associated vacuoles (SAVs) are small, acidic vacuoles with high cysteine peptidase activity. Chloroplast-targeted
proteins re-localize to SAVs during senescence, suggesting that SAVs might be involved in chloroplast protein deg-
radation. SAVs were undetectable in mature, non-senescent tobacco leaves. Their abundance, visualized either with
the acidotropic marker Lysotracker Red or by green fluorescent protein (GFP) fluorescence in a line expressing the
senescence-associated cysteine protease SAG12 fused to GFP, increased during senescence induction in darkness,
and peaked after 2-4 d, when chloroplast dismantling was most intense. Increased abundance of SAVs correlated
with higher levels of SAG712 mRNA. Activity labelling with a biotinylated derivative of the cysteine protease inhibitor
E-64 was used to detect active cysteine proteases. The two apparently most abundant cysteine proteases of senesc-
ing leaves, of 40kDa and 33 kDa were detected in isolated SAVs. Rubisco degradation in isolated SAVs was completely
blocked by E-64. Treatment of leaf disks with E-64 in vivo substantially reduced degradation of Rubisco and leaf pro-
teins. Overall, these results indicate that SAVs contain most of the cysteine protease activity of senescing cells, and
that SAV cysteine proteases are at least partly responsible for the degradation of stromal proteins of the chloroplast.
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Introduction

Leaf senescence may be viewed as a controlled dismantling
process during which most cellular organelles are broken
down and substantial amounts of components of the degra-
dation products (e.g. amino acids) are exported to other parts
of the plant (Feller, 2004; Mae, 2004; Gregersen et al., 2008;
Masclaux-Daubresse et al, 2010). Breakdown of chloro-
plasts is particularly important, not only because chloroplasts
represent the single most important source of remobilizable
nutrients in a leaf, but also because their degradation causes

a decline in the photosynthetic potential of leaves (Gepstein,
1988; Krupinska, 2007). Therefore, understanding the mech-
anism and regulation of chloroplast degradation during
senescence is crucially important in any attempt to extend the
photosynthetic activity of crops or to improve nitrogen use
efficiency (Masclaux-Daubresse et al., 2010).

Early ultrastructural studies showed that chloroplasts are
dismantled before deteriorative changes can be detected in
other organelles (Noodén, 1988). Frequently, the breakdown of
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chloroplast stromal proteins (e.g. Rubisco) precedes the loss of
chlorophyll and thylakoid membranes (Krupinska, 2007), but
there is a large degree of flexibility, and, therefore, the relative
timing of the degradation of various chloroplast components
may change depending on species, environmental conditions,
senescence-inducing factors, etc. (e.g. Hidema et al., 1991, 1992).
The proteolytic mechanism(s) and the protease(s) responsible
for degradation of chloroplast proteins, including Rubisco, the
most abundant protein in leaves, are largely unknown.

Degradation of chloroplast proteins could be carried out
by chloroplast proteases within the plastid itself (Sakamoto,
2006). A number of chloroplast proteases appear to be up-
regulated in senescing leaves (for a review, see Roberts et al.,
2012). Several members of the DegP and FtsH families of
serine-type proteases have been implicated in the degradation
of DI and other photosystem II (PSII) proteins during repair
of photoinhibited PSII centres (Zaltsman et al., 2005; Sun
et al., 2007; Kato et al., 2009; Sun et al., 2010). Based on its
ability to degrade Rubisco in vitro and the delay of Rubisco
degradation in antisense lines, it has been suggested that the
chloroplastic, DNA-binding aspartic protease CND 41 has
an important role in breakdown of Rubisco (Kato et al.,
2004). However, since antisense lines display stunted growth
and reduced gibberellin levels (Nakano et al., 2003), delayed
Rubisco degradation in these antisense lines could merely
reflect slower growth and, therefore, an attenuation of the
correlative effects that mediate the control of leaf senescence
by the growing shoot apex (Noodén, 1988). So far, there is no
clear-cut evidence linking chloroplast proteases to degrada-
tion of the abundant proteins of the plastid stroma.

Recent evidence suggests that Rubisco, and other impor-
tant stromal proteins, might be degraded outside the plas-
tid. ‘Rubisco vesicular bodies” accumulate in the cytosol of
mature tobacco leaves, implying that Rubisco may be trans-
ferred outside the plastid (Prins et al., 2008). Spherical bod-
ies containing Rubisco (i.e. ‘Rubisco-containing bodies’;
RCBs) occur outside the plastids in senescing leaves of wheat
and Arabidopsis (Chiba et al., 2003; Ishida et al., 2008).
RCBs appear to be part of an autophagy-dependent path-
way that carries stromal proteins to the central vacuole for
degradation (Ishida ez al., 2008; Wada et al., 2009). However,
a recent study found that the time-course of Rubisco deg-
radation in Arabidopsis is very similar in the wild type and
autophagy mutants until very late stages of senescence (Lee
et al., 2013). ‘Senescence-associated vacuoles’ (SAVs) are
small, acidic vacuoles that develop in chloroplast-containing
cells of senescing leaves (Otegui et al., 2005). They are clearly
different from the central vacuole (e.g. the central vacuole
aquaporin YTIP is absent from SAVs) and contain high lev-
els of peptidase activity (Otegui ez al., 2005). The fact that
SAVs contain Rubisco and other stromal proteins, and that
they appear to be competent for Rubisco degradation in vitro
(Martinez et al., 2008), suggests that they might be involved
in degradation of stromal proteins during senescence. Both
RCBs and SAVs contain Rubisco; however, unlike RCBs,
SAVs are acidic compartments with high peptidase activ-
ity as well as vacuolar markers in their limiting membrane
(Otegui et al., 2005).

Transcriptomic and other studies of gene expression con-
sistently show that cysteine proteases represent a large num-
ber of the proteases associated with senescence (Hensel ef al.,
1993; Bhalerao et al., 2003; Buchanan-Wollaston et al., 2003;
Andersson et al., 2004; Guo et al., 2004; Gregersen and Holm,
2007; Parrott et al., 2010). The activity of cysteine proteases
typically increases during senescence of petals and leaves (e.g.
Wagstaff et al., 2002; Martinez et al., 2007), and in ripening
fruits (e.g. Neuteboom ez al., 2009). Consistent with a role for
cysteine proteases in cellular dismantling during senescence,
there is one report of reduced protein degradation in senesc-
ing leaf segments treated with a cysteine protease inhibitor
(Thoenen et al., 2007). Likewise, overexpression of rice cys-
tatin inhibited cystein protease activity and delayed the loss
of Rubisco and two Rubisco activase proteins in tobacco
(Prins et al. 2008). One of the cysteine proteases consist-
ently expressed during senescence is SAG12, which shows a
strictly senescence-associated pattern of expression in leaves
(Lohman et al., 1994; Noh and Amasino, 19994). This speci-
ficity has been exploited to generate transgenic lines where
autoregulated production of cytokinins in a senescence-spe-
cific manner delays the expression of senescence symptoms
by fusing the SAGI2 promoter to the IPT gene (Gan and
Amasino, 1995). Experiments with a SAG12—green fluores-
cent protein (GFP) fusion expressed under control of the
SAGI2 promoter showed that most of SAGI2 localizes to
SAVs in Arabidopsis (Otegui et al., 2005). Interestingly, prob-
ing protease activity in vivo with a fluorescent substrate for
cysteine proteases shows that most of this activity concen-
trates in SAVs (Otegui et al., 2005).

Cysteine proteases and SAVs appear to play a role in chloro-
plast protein degradation during senescence of leaves. The main
objective of this study was to provide pharmacological evidence
showing that cysteine-type proteases of SAVs may be, at least
partly, involved in Rubisco degradation in senescing leaves.

Materials and methods

Plant material and growing conditions

Plants of tobacco (Nicotiana tabacum L. cv. Petit Havana) were grown
in 3 litre pots containing soil in a naturally lit greenhouse, at 25/15 °C
day/night temperature in La Plata (Argentina, 34°55°S, 57°54"W),
or at 21/18 °C day/night temperature with a 16h photoperiod in
Halle (Germany, 51°28°N, 11°58°E). A 250-300mg aliquot of ferti-
lizer (12%N, 5%P, 14%K) was added to pots and plants were grown
for 6-8 weeks before leaves were taken for senescence induction.
To induce senescence, mature leaves (i.e. leaf number 3-4 counting
from the apex) were detached, inmersed in ethephon (2-chloro ethyl
phosphonic acid, 100 ppm) for 3min, placed on moist filter paper in
plastic boxes, and induced to senesce in continuous darkness at 20 °C.
In plant tissues, ethephon is converted into ethylene; therefore, eth-
ephon is a convenient source of ethylene to accelerate senescence of
leaves or ripening of fruits. In some experiments, ethephon treatment
was omitted, and leaves were treated with benzylaminopurine (BAP,
20 ppm), or immersed in water for 3min to serve as untreated controls.

In vivo treatment with E-64

In some experiments, leaf disks (1 cm diameter) were excised from
ethephon-treated leaves and incubated in darkness for 2 d floating
on a solution of E-64 (100 uM, dissolved in distilled water).
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Generation of transgenic tobacco plants

Agrobacterium tumefaciens strain LBA4404 was transformed with
pPZP221 containing ProSAG12:SAG12-GFP (Otegui et al., 2005),
and grown in selection plates containing 25mg I"! rifampicin and
50mg I"! spectinomycin. Tobacco (N. tabacum cv. Petit Havana) leaf
disks were transformed using Agrobacterium as described by Wise
et al. (2006). Transformed disks were selected on a medium contain-
ing 25mg I'! gentamycin, 50mg 1" carbenicillin, and hormones for
callus formation. Transformed calli growing on the side of different
leaf pieces were separated and placed in the corresponding media
for plant regeneration. Five transgenic plants regenerated from inde-
pendent calli were examined for SAG12-GFP protein expression.
To that end, senescent leaf extracts were subjected to SDS-PAGE
followed by western blot. The SAG12-GFP construct was detected
with an anti-GFP antibody (Molecular Probes).

Confocal laser scanning and fluorescence microscopy

Leaf pieces or isolated cells were observed under a Zeiss LSM510
META or a LEICA SP5 laser scanning confocal microscope.
Excitation/emission settings were 488/505-530 nm for GFP, 543/585—
615nm for Lysotracker Red, and 633/670-730nm for chlorophyll.
Previous studies (Otegui ef al., 2005; Martinez et al., 2008) showed
that wild-type leaves or cells treated with no fluorescent probe do
not emit autofluorescence in the 505-530 nm and 585-615nm bands.
Perfluorodecalin was added to improve image sharpness (Littlejohn
et al., 2010).

Isolation of SAVs and chloroplasts

SAVs were isolated as in Martinez er al. (2008). Approximately
14 g of tobacco leaves were homogenized on ice in 50ml of buffer
[25mM HEPES pH 7.5, 0.6 M mannitol, 6.2mM cysteine, 2mM
EDTA, 1% (w/v) polyvinylpolypyrrolidone (PVPP), 1 mM phenyl-
methylsulphonyl fluoride (PMSF)]. To stain SAVs with the acidi-
tropic marker Neutral Red, the homogenate was stirred gently for
15min in the presence of 0.1 mg ml! Neutral Red, filtered through
a nylon mesh, and centrifuged at 3500 g for 10min at 4 °C to pel-
let chloroplasts and chloroplast membranes. The supernatant was
overlayered on top of a discontinuous sucrose gradient [5, 25, 35,
45, and 60% (w/v) sucrose prepared in 25mM HEPES pH 7.5, 0.6 M
mannitol] and centrifuged at 100 000 g in a swinging bucket rotor
for 1h at4 °C in an OptimaMax Ultracentrifuge (Beckman-Coulter,
Palo Alto, CA, USA). To remove contaminating soluble proteins,
the fraction enriched in SAVs was treated with thermolysin (60 pg
ml ™! plus 0.5mM CaCl,) at 4 °C for 30 min. Thermolysin treatment
was terminated by adding 0.16mM EGTA, and SAVs were then re-
isolated on a density gradient as described above. In tobacco, this
protocol yields a fraction enriched in SAVs, with negligible contami-
nation by chloroplasts, mitochondria, peroxisomes, and the central
vacuole, and only traces of endoplasmic reticulum proteins and the
Golgi apparatus (Martinez ez al., 2008).

To isolate intact chloroplasts, leaves were homogeneized in chilled
buffer [SOmM HEPES pH 7.6, 330 mM sorbitol,2mM EDTA, 1 mM
M¢gCl,, 5SmM ascorbic acid, 0.05% (w/v) bovine serum albumin]. The
extract was overlayered on top of a Percoll solution [SOmM HEPES
pH 7.6, 330mM sorbitol, 35% (w/v) Percoll] and centrifuged at 3000
g for Smin. The chloroplast pellet was resuspended in wash buffer
(50mM HEPES pH 7.6, 330mM sorbitol), thermolysin (60 ng ml™
plus 0.5mM CaCl,) was added, and the pellet was then incubated at
4 °C for 30 min. Thermolysin treatment was stopped with EGTA as
described above; chloroplasts were washed twice with wash buffer
and then lysed by resuspension in 50mM HEPES pH 7.6.

Cell isolation

To isolate cells, leaves were cut into small pieces (~2mm?), infiltrated
under partial vacuum with a digestion mix [20mM MES pH 5.5,
0.5M mannitol, 0.25% (w/v) Macerozima R10], and incubated at

37 °C for 2h. After filtration through a nylon mesh and centrifuga-
tion at 50 g, cells were washed twice with buffer (20mM MES pH
5.5, 0.5M mannitol). In some experiments, cells were then treated
for 2 h with E-64 (100 pM).

Protein analysis, western blot, and autodigestion assays

SDS-PAGE and western blot analysis were carried out as described
in Tambussi ez al. (2000). For autodigestion experiments, SAVs were
incubated in darkness during 4h at 30 °C with/without the addition
of protease inhibitors [0.01% (v/v) Protease Inhibitor Cocktail, for
plants SIGMA-Aldrich P9599, 50 uM E-64, or 0.1 mM aminoethylb-
enzene sulphonyl fluoride (AEBSF)]. In autodigestion experiments,
the substrate for protease activity was Rubisco naturally localized
to SAVs (Martinez et al., 2008); that is, no exogenous substrate was
added. Protein content was determined as in Bradford (1976), or by
scanning Coomassie-stained SDS—polyacrylamide gels and quanti-
tation with the SigmaGel software.

Activity labelling of cysteine proteases

Cysteine proteases were labelled with DCG-04, a biotinylated deriva-
tive of E-64 (Greenbaum et al., 2000). Leaves were ground in chilled
distilled water and the homogenate was centrifuged at 13 000 g for
15min. One volume of the supernatant was mixed with 3 vols of
5 uM DCG-04 dissolved in 25mM Na-acetate buffer pH 5, 10mM
cysteine, and this mixture was incubated at room temperature for 3h
with gentle shaking. Proteins were precipitated with chilled acetone
[80% (v/v)], resuspended in Laemmli buffer [25mM TRIS pH 6.8,
2% (wiv) SDS, 10% (v/v) glycerol], boiled for 1 min, and run in a
12% (w/v) acrylamide concentration SDS—polyacrylamide gel. After
electrophoresis, proteins were electrotransferred to a nitrocellulose
membrane, and labelled proteins were detected with streptavidin
conjugated to horseradish peroxidase. To control for specificity, ali-
quots were treated with E-64 (100 pM dissolved in 25mM Na-acetate
buffer pH 5, 10mM cysteine) 1h prior to labelling with DCG-04.

gPCR

The expression of the tobacco orthologue of SAG12 (HQ108340)
was analysed, including elongation factor-la (EFI-a., AF120093)
and protein phosphatase 2 A, (PP24, X97913.1), which show
constant expression in tobacco and do not change during senes-
cence, as reference genes (Schmidt er al., 2010). Primers were
designed with the PrimerSelect software (National Center for
Biotechnology Information, USA). Supplementary Table S1 avail-
able at JXB online lists the primers used for PCR. As NtSAGI2
and NtCPI (Beyene et al., 2006) show >95% homology it can-
not be excluded that CPI was also amplified with the primers
used. Total RNA was isolated according to Chomczynski and
Mackey (1995), and was then treated with recombinant RNase-
free, DNase I (Roche-Diagnostics-GmbH). A 1 pg aliquot of total
RNA was reverse transcribed with a RevertAid™ H Minus First
Strand cDNA Synthesis Kit (Fermentas) in a volume of 20 pl
to generate first-strand ¢cDNA, following the supplier’s instruc-
tions. PCR was performed in an iCycler (MyiQ™2, Bio-Rad)
in a total volume of 15 pl, including 1Xx Platinium SYBR Green
qPCR SuperMix-UDG (Invitrogen), 0.3 uM of each gene-specific
primer, and 10 pM fluorescein (Bio-Rad) as the passive reference
dye for well-factor calibration. The following PCR program was
used: 50 °C for 2min, 95 °C for 2min, 40 cycles of 95 °C for 15
s 63.4 °C for 25 s, and 60 °C for 30 s, and a melting curve from
55 °C to 95 °C. PCR efficiencies of primers, which were close to
100%, were calculated as described by Pfaffl (2001) using dilutions
series (1:4, 1:16, 1:64, 1:256). The expression rate of the gene of
interest in senescing leaves relative to the mature leaf controls was
calculated as described by Livak and Schmittgen (2001), using
the geometric mean of Ct of both reference genes for calculations
(Vandesompele et al., 2002).
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Statistical analysis

All experiments were repeated at least three times. Data were sub-
jected to analysis of variance (ANOVA) using the Statistica soft-
ware, and means were compared by Fisher’s LSD test.

Results

Changes in the abundance of SAVs in the course of
dark-induced senescence of tobacco leaves

The term ‘senescence-associated vacuoles’ was chosen to
name small vacuoles, clearly different from the large cen-
tral vacuole, abundant in senescing cells but absent from
mature, non-senescent leaves (Otegui ez al., 2005; Martinez
et al., 2008). However, a detailed description of the changes
in abundance of SAVs in the course of senescence is lack-
ing. To follow the changes in abundance of SAVs, mature
tobacco leaves were detached, treated with ethephon, and
incubated in darkness for up to 5-6 d to induce senescence.
SAVs were detected in wild-type leaves by staining with the
acidotropic dye Lysotracker Red, which is routinely used to
label lytic compartments (e.g. Munafo and Colombo, 2001),
and by GFP fluorescence in a tobacco line expressing a fusion
of the senescence-associated protease SAG12 to GFP (Otegui
et al., 2005). Figure 1A shows that in the wild-type geno-
type, chlorophyll content declined slowly for the first 3 d of
dark incubation, and thereafter the rate of chlorophyll loss
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increased and leaves lost ~50% of their chlorophyll between
days 3 and 6. Rubisco and overall leaf protein levels remained
relatively unchanged during the first day of dark incubation,
but there was a substantial drop in their levels between days
1 and 2 (Fig. 1B, C). After day 2, protein levels continued to
decrease, but at a slower rate. In mature, non-senescing leaves
taken before ethephon treatment and dark incubation, no
SAVs were detected (Fig. 2A). Numerous SAVs were detected
with Lysotracker Red after 2 d of dark incubation (Fig. 2B).
The number of SAVs remained high after 4 d (Fig.2C), and
declined thereafter (Fig. 2D). A quantitation of the number
of SAVs per cell, in a | pm thick section (Fig. 2E), shows a
steep increase between days 0 and 3, and then the number of
SAVs levelled off, to drop substantially after day 4. When the
average remaining protein content (expressed as a percent-
age of day 0) is plotted against the average number of SAVs
per cell, an inverse, close linear relationship (r*=0.956) was
obtained (Fig. 2F).

The link between SAVs and the rate of chloroplast deg-
radation was also probed with hormonal manipulations
that modulate the rate of senescence. The changes in the
abundance of SAVs were consistent with their involvement
in chloroplast degradation. Compared with control (non-
treated) leaves, ethephon accelerated the rate of chlorophyll
loss. In contrast, incubation with BAP, a synthetic cytokinin,
reduced chlorophyll degradation; in fact, chlorophyll lev-
els in leaves treated with BAP for 3 d were not significantly
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Fig. 1. Changes in chlorophyll (A) and protein (B, C) content of wild-type tobacco leaves induced to senesce in darkness for several
days. (A) Chlorophyll was measured with a SPAD (Soil Plant Analysis Development) 502 Chlorophyll Meter and expressed as SPAD
units. (B) A representative Coomassie blue-stained gel of leaf proteins. (C) A quantitation of these changes. Arrows show the start of
rapid chlorophyll loss (A) or the position of the large subunit of Rubisco (B).
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Fig. 2. Confocal images of senescing cells of tobacco leaves. Wild-type leaves were detached, treated with ethephon, and induced
to senesce in darkness. Images were taken after O (A), 2 (B), 4 (C), and 6 (D) d of incubation. Autofluorescence of chlorophyll is
pseudocoloured blue, whereas Lysotracker Red emission is pseudocoloured red. White arrows show a few examples of SAVs in each
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different (P < 0.05) from values recorded on day 0 (Fig. 3A).
Consistent with this, SAVs were more abundant (~2-fold) in
leaves treated with ethephon compared with untreated leaves,
and scarce under BAP treatment (Fig. 3B). In some cells,
SAVs were completely undetectable after 3 d of dark incuba-
tion in BAP-treated leaves. Figure 3C—E shows SAVs in repre-
sentative sections of leaves incubated for 3 d in darkness and
pre-treated with BAP or ethephon.

Previously, Otegui et al. (2005) localized a fusion of SAG12
and GFP to SAVs of Arabidopsis thaliana. Likewise, SAG12—
GFP and Lysotracker Red co-localized in SAVs of tobacco
leaves (Supplementary Fig. S1 at JXB online). To follow
the appearance of SAVs tobacco SAG12-GFP leaves were
detached, pre-treated with ethephon, and incubated in dark-
ness as described. SAVs (i.e. vesicular structures containing
SAG12-GFP) were completely undetectable in mature leaves
(day 0, Fig. 4A) but increased in number on days 2 and 3
(Fig. 4B, C). At 3 d of incubation, after the period of intense
protein degradation between days 1 and 2, and when about
half of Rubisco was already lost, some SAG12-GFP signal
was also detected in plastids.

Expression of SAG12 parallels the appearance of SAVs

Development of SAVs may involve increased transcription
of genes coding for their components. To analyse changes
in gene expression, mMRNA was isolated from the wild-type
leaves used for confocal microscopy observations (Fig.2).
SAGI2 is a cysteine-type protease highly up-regulated during
senescence, at both the transcript and protein levels (Lohman
et al., 1994; Grbic, 2003; Gombert et al., 2006). Interestingly,
SAGI2 localizes to SAVs of Arabidopsis (Otegui et al., 2005)
and tobacco (Fig. 4B, C; Supplementary Fig. S1 at JXB
online). The expression of SAGI2 mRNA was analysed by
qPCR of samples taken from wild-type leaves at different
stages during dark-induced senescence. It has to be mentioned
that NtSAGI2 shares high homology with another cysteine
protease of tobacco, NtCP1, and it cannot be excluded that
NtCPI was also amplified with the primers used. The amino
acid sequences of NtSAG12 and NtCP1 differin only 13 amino
acids (Supplementary Fig. S2), which is less than the differ-
ence between the two SAGI2 gene products of Brassica napus
(Noh and Amasino, 1999b). Moreover, NtSAGI12 and NtCP1
cluster with Arabidopsis and Brassica napus SAGI2 genes
in a phylogenetic tree of cysteine proteases (Supplementary
Fig. S3). Therefore, it is surmised that N¢tSAGI2 and NtCPI
represent homologous genes in the tobacco genome, possibly
with the same cellular localization. Figure 5 shows that tran-
script levels for SAG12 increased several fold during the first
days of dark incubation, concomitantly with the appearance

of SAVs. SAGI2 mRNA levels declined slightly between days
2 and 4 of dark incubation. Overall, increased expression of
SAGI2 appeared to correlate with the appearance of SAVs in
senescing cells, although it must be noted that SAGI2 expres-
sion peaked on day 2, whereas the number of SAVs continued
to increase between days 2 and 4 (Fig. 2E).

Cysteine protease activity in isolated SAVs

Previously it was found that SAVs are heavily stained by a
fluorescent probe for cysteine proteases and that they seem
to concentrate most of the cysteine protease activity of
senescing cells (Otegui et al, 2005). Furthermore, isolated
SAVs can degrade Rubisco in vitro (Martinez et al., 2008).
To determine the mechanistic class of proteases active in
Rubisco degradation in vitro, SAVs were isolated and allowed
to digest Rubisco for 4h. Here it is worth mentioning that
the substrate for these assays was Rubisco naturally present
in SAVs (Martinez et al., 2008). Consistent with changes in
SAV abundance estimated from confocal microscopy obser-
vations, the amounts of SAVs recovered with the isolation
protocol used here increased during the first 2 d of dark incu-
bation (Supplementary Fig. S4 at JXB online). Figure 6A
shows the results of an experiment where isolated SAVs were
incubated and allowed to degrade Rubisco contained within
them. Isolated SAVs degraded ~25% of their Rubisco in 4h
of incubation, and this was completely blocked by a cock-
tail of protease inhibitors or E-64, a diagnostic inhibitor for
cysteine proteases (Barrett ez al., 1982), whereas AEBSF, a
water-soluble inhibitor of serine proteases (van der Hoorn
and Jones, 2004), was ineffective.

Activity labelling of cysteine proteases located to SAVs

An activity tagging approach (Greembaum ez al., 2000; van der
Hoorn et al., 2004; Martinez et al., 2007) was used to detect
cysteine proteases in senescing leaves and isolated SAVs. Three
active bands of ~40, 33, and 21 kDa were detected in the crude
supernatant of senescing leaves (i.e. leaves incubated in dark-
ness for 2 d; Fig. 6B). The 21kDa band was the least active/
least abundant, and it was clearly absent from SAVs. The two
most abundant bands in the leaf homogenate, of 40kDa and
33kDa, were also detected in SAVs. In contrast, the same
approach did not detect active cysteine proteases in chloro-
plasts isolated from senescing leaves (Fig. 6C). This suggests
that a large part of the active cysteine proteases of senescing
cells localize to SAVs, with no detectable, or at least much lower
levels of, cysteine proteases in senescing plastids, which is con-
sistent with previous in vivo confocal microscopy observations
(Otegui et al., 2005). Cysteine proteases in SAVs are active, as

image. Bars represent 5 um. In (E), a quantitation of the number of SAVs per cell, in a 1 pm thick section, is shown. Values are the
average and standard deviation of at least nine independent observations (1 um thick section per cell) each day. Different letters indicate
statistically significant differences at P < 0.05. No SAVs were detected on day 0; therefore, this sampling date was not included in the
statistical analysis. (F) The relationship between the average number of SAVs per cell (in a 1 pm thick optical section) and remaining leaf
protein content (as a percentage of day 0) in leaves pre-treated with ethephon and incubated in darkness for 0-4 d (i.e. the period of
most intense protein degradation). The coefficient of determination (%)=0.956.
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Fig. 3. Effects of ethephon and benzylaminopurine (BAP; a synthetic cytokinin) on the relative abundance of SAVs. (A) Chlorophyll
content (SPAD values) in wild-type leaves measured on day O or after 3 d of incubation in darkness (untreated control, or treated with
BAP or ethephon). (B) The number of SAVs per cell (in a 1 um thick section) in leaves senescing under the same treatments. Bars show
the standard error, and different letters indicate significant differences between hormonal treatments at P < 0.05. (C-E) Representative
confocal microscope observations of leaf cells treated with BAP (D) or ethephon (E), or untreated controls (C). Chloroplasts are
pseudocoloured blue and SAVs stained with Lysotracker Red are pseudocoloured red. Bars represent 5 um.

shown by three different, complementary approaches: (i) cleav-
age of a fluorescent probe (Otegui et al., 2005); (ii) labelling by
an activity tag (Fig. 6B, C); and (iii) the results of autodigestion
experiments (Fig. 6A). Thus, it seems that most of the cysteine
protease activity of senescing cells localizes to SAVs, where
they may participate in degradation of chloroplast proteins.

In vivo inhibition of cysteine proteases reduces
chloroplast protein degradation

To probe the role of cysteine proteases in the degradation
of chloroplast proteins during senescence, leaf disks were
detached, treated with ethephon, and incubated in darkness
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Day 0

Days in darkness

Fig. 4. Confocal microscope images of senescing leaf cells of a tobacco line expressing the senescence-associated cysteine protease
SAG12 fused to GFP (SAG12-GFP). SAG12-GFP leaves were induced to senesce by ethephon treatment and dark incubation. Images
were taken after O (A), 2 (B), and 3 (C) d. The GFP signal is pseudocoloured green, whereas chlorophyll fluorescence is shown in blue.
White arrows show a few examples of SAVs in each image. Bars represent 5 um.
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Fig. 5. Changes in the expression of the senescence-associated
cysteine protease gene SAG72 during senescence induced by
incubation of wild-type tobacco leaves in darkness. RNA was
extracted from leaves at different time points (0, 2, 4, and 6 d of
dark incubation). The mRNA level of SAG72 is shown normalized
to the geometric mean of expression of elongation factor-1a
(EF1a) and protein phosphatase 2 A, (PP2A) as reference genes
(Vandesompele et al., 2002). The transcript level of senescing
leaves relative to the mature controls was calculated as described
by Livak and Schmittgen (2001) and the mature control leaf is set
as 1. Vertical bars represent + the standard deviation. Different
letters indicate significant differences at P < 0.05.

floating on a solution of E-64, as in Thoenen ez al. (2007).
Figure 7 shows that in control cells (not treated with E-64)
most of the protease activity detected by R6502, a fluores-
cent probe for cysteine protease activity (www.probes.com)
(Fig. 7C), localizes to SAVs stained with Lysotracker Red
(Fig. 7B), which is consistent with previous observations
with Arabidopsis protoplasts (Otegui et al., 2005). E-64
effectively reduced the cysteine protease activity of SAVs.
Senescing cells incubated with E-64 for 2h showed a sub-
stantial decrease of labelling by R-6502, (compare Fig. 7G
and C). This implies that E-64 can permeate through cell

membranes and reach SAVs in vivo. Levels of the large subu-
nit of Rubisco decreased substantially during 2 d of incuba-
tion in control disks floating on water (Fig. 7I). Treatment
of leaf disks with E-64 during 2 d of incubation in darkness
reduced protein degradation, and these leaf disks retained
higher amounts of the large and small subunits of Rubisco
than untreated controls. This implies that cysteine proteases
in SAVs are involved in degradation of the stromal proteins
of the chloroplast.

Discussion

The presence and number of SAVs correlate with
intensity of chloroplast degradation

The number of SAVs clearly increases in soybean,
Arabidopsis, and tobacco leaves senescing naturally
attached to the plant, or in excised tobacco leaves senesc-
ing in darkness (Otegui et al., 2005; Martinez et al., 2008).
Overall, these observations indicated that SAVs are senes-
cence specific, possibly independently of the specific treat-
ment inducing or modulating senescence. Although the
signalling pathways and some regulatory events involved in
senescence differ between leaves attached to the plant, or
detached and incubated in darkness, the underlying chlo-
roplast breakdown mechanism may be the same. For exam-
ple, many stay green mutants delay chloroplast breakdown
both in leaves attached to the plant and in detached leaves
incubated in darkness (e.g. Guiamet et al, 1991; Guiamet
and Gianibelli 1994; Oh et al., 1997; Thomas et al., 2002).
Likewise, many cysteine proteases are up-regulated dur-
ing senescence in both scenarios (e.g. Buchanan-Wollaston
et al., 2005; Martinez et al., 2007), and in response to eth-
ylene (Drake et al, 1996; Grbic, 2003). In this study, a
more detailed time-course analysis of the appearance of
SAVs was carried out during dark-induced senescence of
detached leaves. Both in wild-type tobacco, where SAVs
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Fig. 6. (A) Autodigestion of Rubisco large subunit by isolated SAVs. This procedure took advantage of the fact that SAVs normally
contain Rubisco (Martinez et al., 2008). Thus, SAVs were isolated and incubated at 30 °C for 4 h to follow degradation of Rubisco
contained within them. After ultracentrifugation, the SAV fraction was aliquoted into equal volumes and allowed to autodigest for

4h. Arrowheads show decreased Rubisco contents after 4 h of incubation. Films developed from western blots were scanned and
quantitated using SIGMAGEL software, and the amount of Rubisco remaining after autodigestion is expressed as a percentage of

the initial (Oh) Rubisco content (average of three independent experiments; values in parentheses represent the standard deviation).

(B) Detection of cysteine proteases in the leaf homogenate and isolated SAVs of senescing tobacco leaves (2 d of incubation in
darkness). Proteins binding DCG-04, a biotinylated derivative of the specific cysteine protease inhibitor E-64, were detected with
streptavidin conjugated to horseradish peroxidase and a chemiluminescence detection system. To differentiate specific binding of
cysteine proteases to biotinylated E-64 (DCG-04) from unspecific protein binding to streptavidin or biotin, a parallel set of samples
(leaf homogenate and isolated SAVs) was treated with E-64 (+E-64) before labelling with DCG-04. Arrows show cysteine proteases
(i.e. bands showing complete inhibition of labelling by E-64). An 8 (SAVs) and 25 (leaf homogenate) ng aliquot of protein was loaded per
lane. (C) Detection of cysteine proteases in chloroplasts and isolated SAVs from leaves incubated in darkness for 2 d. A 5 ug aliquot of
protein was loaded per lane. Apparent molecular masses are indicated on the right of B and C.

were detected by their labelling with the acidotropic vacu-
olar marker Lysotracker Red, and in a transgenic tobacco
line harbouring the SAG12-GFP fusion which localizes
to SAVs (Otegui et al., 2005), SAVs were undetectable in
mature, non-senescing leaves but their number increased
significantly after 1-2 d of senescence induction, when
chloroplast protein degradation was progressing very
rapidly. In addition to this temporal association between
SAVs and chloroplast degradation, manipulations with

senescence-accelerating (ethylene) and senescing-retarding
(BAP) hormones reinforced the link between chloroplast
breakdown and appearance of SAVs (i.e. more SAVs in
leaves treated with ethylene; fewer SAVs with cytokinin).
Thus, SAVs are a cellular structure specific to senescing
leaf cells, and, because of the link between SAV abundance
and rates of chloroplast protein loss, it may be surmised
that SAVs fulfil an important function during chloroplast
dismantling.
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Fig. 7. In vivo inhibition of cysteine protease activity with the specific inhibitor E-64. Cells were isolated from senescing (3 d) tobacco
leaves, and treated for 2h with E-64 (100 uM, E-H), or left in buffer as controls (A-D). Cells were later stained with R6502, a probe

for protease activity that becomes brightly fluorescent upon cleavage (C and G), and Lysotracker Red, an acidotropic marker for acid
organelles (B and F). A and E show chlorophyll autofluorescence, whereas D and H show a merged image of chlorophyll, Lysotracker
Red, and R6502. Co-localization of Lysotracker Red and R6502 is pseudocoloured white. Bars represent 5 um. (I) Mature wild-type
leaves were pre-treated with ethephon, and disks were cut with a cork borer and incubated for 2 d in darkness floating either on water
or on 100 uM E-64. Arrows show the large and small subunits of Rubisco. The position of molecular mass markers is shown on the
right. (J) A quantitation of the changes in Rubisco large subunit, expressed as a percentage of the initial (day 0) Rubisco content, after
2 d of incubation in darkness. Different letters indicate significant differences at P < 0.05 between treatments (i.e. minus or plus E-64).
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Up-regulation of SAG12 coincides with increased
abundance of SAVs

The appeareance of SAVs might require up-regulation of
genes coding for SAV components. SAG12, a cysteine pro-
tease located in SAVs (Otegui et al., 2005), is probably unique
in that it is a strictly senescence-associated gene, with no, or
only barely detectable, expression in mature non-senescing
leaves (Lohman et al., 1994; Grbic, 2002, 2003; Gombert
et al., 2006). SAGI2 mRNA levels increased significantly
after 2 d of dark incubation, in parallel with accumulation
of SAVs. However, the number of SAVs continued to increase
after the peak in SAGI2 gene expression. Thus, increased
expression of genes coding for components of SAVs (e.g.
SAG12) may be necessary for SAV formation and/or activity.
Even though it cannot be ruled out that gPCR may have also
detected the expression of the extremely highly homologous
NtCP1I, this gene is so similar to NtSAGI2 that it is very likely
that the NtCP1 protease also localizes to SAVs.

Cysteine proteases in SAVs may be involved in
chloroplast protein degradation

Earlier biochemical work showed that the activity of
cysteine proteases increases in senescing leaves (e.g. Beyene
et al., 2006; Martinez et al., 2007), and these observations
have been substantiated more recently by transcriptomic
studies consistently showing increased transcript levels
for cysteine proteases (Bhalerao et al., 2003; Buchanan-
Wollaston et al., 2003; Andersson et al., 2004; Guo et al.,
2004; Gregersen and Holm, 2007; Parrott et al, 2010).
In this work, an activity tag was used to detect cysteine
proteases in the crude extract and in SAVs isolated from
senescing leaves. The most abundant cysteine proteases
in the whole leaf extract (i.e. the proteases of 40kDa and
33kDa) appear to be SAV proteases. The SAG12 protein
has an apparent molecular mass of 38kDa (Grbic, 2003),
which raises the possibility that the upper protease band
in isolated SAVs represents SAG12, or contains SAGI12.
The enrichment of cysteine proteases in SAVs is consistent
with the localization of SAG12, and with observations by
confocal microscopy of senescing leaf cells treated with the
cysteine protease probe R6502, where most of the activity
resides in SAVs (Otegui et al., 2005; Fig. 7). Previously, it
was shown that some proteins of the chloroplast stroma re-
locate to SAVs in the course of leaf senescence (Martinez
et al., 2008). SAV proteases can break down the chloro-
plast proteins contained therein, and most of the proteo-
lytic activity of SAVs against Rubisco is abolished by the
cysteine protease diagnostic inhibitor E-64 (Fig. 6A).

The presence of cysteine proteases in SAVs prompted
testing of the effects of a cysteine protease inhibitor on
degradation of these proteins in vivo. Incubation of leaf
disks with E-64 substantially reduced the degradation of
Rubisco during 2 d of incubation, which is consistent with
inhibition of protein degradation by E-64 during senes-
cence of excised wheat leaves (Thoenen et a/., 2007), and
with the observation that E-64 completely abolishes in vitro

protease activity of senescing tobacco leaves (Beyene et al.,
2006). Likewise, leaf N loss is delayed in maize knockout
lines for See2f3, whose product is a legumain-type cysteine
protease (Donnison et al., 2007). In vivo treatment with
E-64 impairs the protease activity detected in SAVs by con-
focal microscopy (Fig. 7C). This suggests that cysteine pro-
teases in SAVs break down Rubisco in vivo in senescing leaf
cells. In contrast, the possible involvement of chloroplast
cysteine proteases, at least during the initial stages of senes-
cence, does not seem very likely. First, cysteine proteases
targeted to the plastid are not common. For example, of
32 papain-type cysteine proteases of Arabidopsis, only two
(At2g27420 and At3g49340) are predicted to be targeted to
the plastid (Beers er al., 2004). A third cysteine protease,
At3g58710, has been detected in non-senescing chloroplasts
by a proteomic approach (Bayer ez al, 2011). However,
none of these chloroplast cysteine proteases seems to be
up-regulated during senescence (http://bar.utoronto.ca/efp/
cgi-bin/efpWeb.cgi). Moreover, no cysteine proteases were
detected by activity tagging of chloroplasts isolated from
senescing tobacco leaves (Fig. 6C). However, the detection
of SAG12-GFP signal in plastids after 3 d of incubation in
darkness, when around half of Rubisco was degraded, mer-
its further studies to examine whether cysteine proteases
in plastids might contribute to protein degradation at later
stages of senescence.

In this study it is shown that SAVs increase in abundance
in parallel with chloroplast protein degradation, and that
this increase may be linked to up-regulation of genes cod-
ing for SAV components. Most of the cysteine proteases of
senescing leaves appear to reside in SAVs, and treatment with
a specific inhibitor of cysteine proteases blocks in vivo degra-
dation of proteins in leaf disks incubated with the inhibitor.
Taken together, a simple explanation for these observations is
that cysteine proteases present in SAVs are, at least to some
extent, responsible for the degradation of stromal proteins
of the chloroplast. Further manipulation of SAV proteolytic
activity by genetic or pharmacological means will help to
establish firmly the role of SAVs in protein degradation in
senescing leaves, and to estimate the proportion of leaf pro-
teins degraded in SAVs.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Co-localization of SAG12-GFP and Lysotracker
red signals in SAVs of tobacco leaves pre-treated with eth-
ephon and incubated in darkness for 2 days.

Figure S2. Comparison of the amino acid sequences of
NtSAG12, NtCP1, BnSAG12-1, BnSAG12-2, AtSAG12, and
AISAG12.

Figure S3. Phylogenetic tree for cysteine proteases with the
highest similarity to AtSAG12.

Figure S4. Isolation of SAVs from tobacco leaves at differ-
ent times after senescence induction.

Table S1. List of forward (F) and reverse (R) primers used
for gPCR.

6102 1snBny 2z uo 1s8nb Aq 96¥165/.96%/91/790B1SqE-00IE/qXI/ W00 dNo"oIWepeo.)/:Sdyy WOy papeojumoq


http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert285/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert285/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert285/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert285/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert285/-/DC1

4978 | Carrion et al.

Acknowledgements

This work was funded by FONCYT (Argentina) through
PICT 0784, and by DAAD-MINCYT collaboration
agreement (PROALAR 50117073). CAC holds a doctoral
fellowship from CONICET, MLC and DEM are research-
ers of CONICET, and JJG is a researcher at CICBA
(Argentina).

References

Andersson A, Keskitalo J, Sjodin A, et al. 2004. A transcriptional
timetable of autumn senescence. Genome Biology 5, R24.

Barrett AJ, Kembhavi AA, Brown AA, Kirschke H, Knight CG,
Tamai M, Hanada K. 1982. L-trans-Epoxysuccinyl-leucylamido(4-
guanidino)butane (E-64) and its analogues as inhibitors of cysteine
proteinases including cathepsins B, H and L. Biochemistry Journal
201, 189-198.

Bayer RG, Stael S, Csaszar E, Teige M. 201 1. Mining the soluble
chloroplast proteome by affinity chromatography. Proteomics 11,
1287-1299.

Beers PE, Jones AM, Dickerman AW. 2004. The S8 serine,
C1A cysteine and A1 aspartic protease families in Arabidopsis.
Phytochemistry 65, 43-58.

Beyene G, Foyer CH, Kunert KJ. 2006. Two new cysteine
proteinases with specific expression patterns in mature and senescent
tobacco (Nicotiana tabacum L.) leaves. Journal of Experimental
Botany 57, 1431-1443.

Bhalerao R, Keskitalo J, Sterky F, et al. 2003. Gene expression in
autumn leaves. Plant Physiology 131, 430-442.

Bradford MM. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle of
protein—dye binding. Analytical Biochemistry 72, 248-254.

Buchanan-Wollaston V, Earl S, Harrison E, Mathas E,
Navadpour S, Page T, Pink D. 2003. The molecular analysis of
senescence—a genomics approach. Plant Biotechnology Journal 1,
3-22.

Buchanan-Wollaston V, Page T, Harrison E, Breeze E, Lim PO,
Nam HG, Lin J-F, Wu S-H, Swidzinski J, Ishizaki K, Leaver CJ.
2005. Comparative transcriptomics analysis reveals significant
differences in gene expression and signalling pathways between
developmental and dark/starvation-induced senescence in
Arabidopsis. The Plant Journal 42, 567-585.

Chiba A, Ishida H, Nishizawa NK, Makino A, Mae T. 2003.
Exclusion of ribulose-1,5-bisphosphate carboxylase/oxygenase from
chloroplasts by specific bodies in naturally senescing leaves of wheat.
Plant and Cell Physiology 44, 914-921.

Chomczynsky P, Mackey K. 1995. Modification of the TR
reagent procedure for isolation of RNA from polysaccharide- and
proteoglycan-rich sources. Biotechniques 19, 942-945.

Donnison IS, Gay AP, Thomas H, Edwards KJ, Edwards D,
James CL, Thomas AM, Ougham HJ. 2007. Modification of
nitrogen remobilization, grain fill and leaf senescence in maize (Zea
mays) by transposon insertional mutagenesis in a protease gene. New
Phytologist 173, 481-494.

Drake R. John |, Farrell A, Cooper W, Schuch W, Grierson D. 1996.
Isolation and analysis of cDNAs encoding tomato cysteine proteases
expressed during leaf senescence. Plant Molecular Biology 30, 755-767.

Feller U. 2004. Proteolysis. In: Noodén LD, ed. Plant cell death
processes . San Diego: Academic Press, 107-123.

Gan S, Amasino RM. 1995. Inhibition of leaf senescence by
autoregulated production of cytokinin. Science 270, 1986-1988.

Gepstein S. 1988. Photosynthesis. In: Noodén LD, Leopold AC,
eds. Senescence and aging in plants . San Diego: Academic Press,
85-109.

Gombert J, Etiennne P, Ourry A, Le Dily F. 2006. The expression
patterns of SAG12/Cab genes reveal the spatial and temporal
progression of leaf senescence in Brassica napus L. with sensitivity to
the environment. Journal of Experimental Botany 57, 1949-1956.

Grbic V. 2002. Spatial expression pattern of SAG12:GUS transgene in
tobacco (Nicotiana tabacum). Physiologia Plantarum 116, 416-422.

Grbic V. 2003. SAG2 and SAG12 protein expression in senescing
Arabidopsis plants. Physiologia Plantarum 119, 1-7.

Greenbaum D, Medzihradsky K, Burlingame A, Bogyo M. 2000.
Epoxide electrophiles as activity-dependent cysteine protease profiling
and discovery tools. Chemistry and Biology 7, 569-581.

Gregersen PL, Holm PB. 2007. Transcriptome analysis of
senescence in the flag leaf of wheat (Triticum aestivum L.). Plant
Biotechnology Journal 5, 192-206.

Gregersen PL, Holm PB, Krupinska K. 2008. Leaf senescence and
nutrient remobilization in barley and wheat. Plant Biology 10, 37-49.

Guiamet JJ, Gianibelli MC. 1994. Inhibition of the degradation of
chloroplast membranes during senescence in nuclear stay green
mutants of soybean. Physiologia Plantarum 91, 395-402.

Guiamet JJ, Schwartz E, Pichersky E, Noodén LD. 1991.
Characterization of cytoplasmic and nuclear mutations affecting
chlorophyll and chlorophyll-binding proteins during senescence in
soybean. Plant Physiology 96, 227-231.

Guo Y, Cai Z, Gan S. 2004. Transcriptome of Arabidopsis leaf
senescence. Plant, Cell and Environment 27, 521-549.

Hensel LL, Grbic V, Baumgarten DA, Bleecker AB. 1993.
Developmental and age-related processes that influence the longevity
and senescence of photosynthetic tissues in Arabidopsis. The Plant
Cell 5, 553-564.

Hidema J, Makino A, Kurita Y, Mae T, Ojima K. 1992. Changes in
the levels of chlorophyll and light-harvesting chlorophyll a/b protein of
PSIIin rice leaves aged under different irradiances from full expansion
through senescence. Plant and Cell Physiology 33, 1209-1214.

Hidema J, Makino A, Mae T, Ojima K. 1991. Photosynthetic
characteristics of rice leaves aged under different irradiances from full
expansion through senescence. Plant Physiology 97, 1287-1293.

Ishida H, Yoshimoto K, lzumi M, Reisen D, Yano Y, Makino A,
Ohsumi Y, Hanson MR, Mae T. 2008. Mobilization of Rubisco and
stroma-localized fluorescent proteins of chloroplast to the vacuole by
an ATG gene-dependent autophagic process. Plant Physiology 148,
142-155.

Kato Y, Miura E, Ido K, Ifuku K, Sakamoto W. 2009. The
variegated mutants lacking chloroplastic FtsHs are defective in

6102 1snBny 2z uo 1s8nb Aq 96¥165/.96%/91/790B1SqE-00IE/qXI/ W00 dNo"oIWepeo.)/:Sdyy WOy papeojumoq



Cysteine protease activity in senescence-associated vacuoles | 4979

D1 degradation and accumulate reactive oxygen species. Plant
Physiology 151, 1790-1801.

Kato Y, Murakami S, Yamamoto Y, Chatani H, Kondo Y,

Nakano T, Yokota A, Sato F. 2004. The DNA-binding protease,
CND41, and the degradation of ribulose-1,5-bisphosphate carboxylase/
oxygenase in senescent leaves of tobacco. Planta 220, 97-104.

Krupinska K. 2007. Fate and activities of plastids during leaf
senescence. In: Wise RR, Hoober JK, eds. The structure and function
of plastids . Dordrecht: Springer, 433-449.

Lee TA, Vande Wetering SW, Brusslan JA. 2013. Stromal protein
degradation is incomplete in Arabidopsis thaliana autophagy mutants
undergoing natural senescence. BMC Research Notes 6, 17.

Littlejohn CR, Gouveia JD, Edner C, Smirnoff N, Love J.
2010. Perfluorodecalin enhances in vivo confocal microscopy
resolution of Arabidopsis thaliana mesophyll. New Phytologist 186,
1080-1025.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)
method. Methods 25, 402-408.

Lohman KN, Gan S, John LM, Amasino RM. 1994. Molecular
analysis of natural leaf senescence in Arabidopsis thaliana. Physiologia
Plantarum 92, 322-328.

Mae T. 2004. Leaf senescence and nitrogen metabolism. In: Noodén
LD, ed. Plant cell death processes . San Diego: Academic Press,
157-168.

Martinez DE, Bartoli CG, Grbic V, Guiamet JJ. 2007. Vacuolar
cysteine proteases of wheat (Triticum aestivun L.) are common to
leaf senescence induced by different factors. Journal of Experimental
Botany 58, 1099-1107.

Martinez DE, Costa ML, Gomez FM, Otegui MS, Guiamet JJ.
2008. ‘Senescence-associated vacuoles’ are involved in the
degradation of chloroplast proteins in tobacco leaves. The Plant
Journal 56, 196-206.

Masclaux-Daubresse C, Daniel-Vedele F, Dechorgnat J,
Chardon F, Gaufichon L, Suzuki A. 2010. Nitrogen uptake,
assimilation and remobilization in plants: challenges for sustainable
and productive agriculture. Annals of Botany 105, 1141-1157.

Munafé DB, Colombo MI. 2001. A novel assay to study autophagy:
regulation of autophagosomal vacuole size by amino acid deprivation.
Journal of Cell Science 114, 3619-3629.

Nakano T, Nagato N, Kimura T, et al. 2003. CND41, a chloroplast
nucleoid protein that regulates plastid development, causes reduced
gibberellin content and dwarfism in tobacco. Physiologia Plantarum
117, 130-136.

Neuteboom LW, Matsumoto KO, Christopher DA. 2009. An
extended AE-rich N-terminal trunk in secreted pineapple cystatin
enhances inhibition of fruit bromelain and is posttranslationally
removed during ripening. Plant Physiology 151, 515-527.

Noh Y-S, Amasino RM. 1999a. |dentification of a promoter region
responsible for the senescence-specific expression of SAG12. Plant
Molecular Biology 41, 181-194.

Noh Y-S, Amasino RM. 1999b. Regulation of developmental
senescence is conserved between Arabidopsis and Brassica napus.
Plant Molecular Biology 41, 195-206.

Noodén LD. 1988. The phenomena of senescence and aging. In:
Noodén LD, Leopold AC, eds. Senescence and aging in plants . San
Diego: Academic Press, 1-50.

Oh SA, Park J-H, Lee Gl, Paek KH, Park SK, Nam HG. 1997.
Identification of three genetic loci controlling leaf senescence in
Arabidopsis thaliana. The Plant Journal 12, 527-535.

Otegui M, Noh Y-S, Martinez D, Vila-Petroff M, Staehelin A,
Amasino R, Guiamet JJ. 2005. Senescence-associated vacuoles
with intense proteolytic activity develop in senescing leaves of
Arabidopsis and soybean. The Plant Journal 41, 831-844.

Parrott DL, Martin JM, Fischer AM. 2010. Analysis of barley
(Hordeum vulgare L.) leaf senescence and protease gene expression:
a family C1A cysteine protease is specifically induced under conditions
characterized by high carbohydrate, but low to moderate nitrogen
levels. New Phytologist 187, 313-331,

Pfaffl W. 2001. A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Research 29, 2002-2007 .

Prins A, van Heerden PDR, Olmos E, Kunert KJ, Foyer CH.
2008. Cysteine proteases regulate chloroplast protein content and
composition in tobacco leaves: a model for dynamic interactions with
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) vesicular
bodies. Journal of Experimental Botany 59, 1935-1950.

Roberts IN, Caputo C, Criado MV, Funk C. 2012. Senescence-
associated proteases in plants. Physiologia Plantarum 145, 130-139.

Sakamoto W. 2006. Protein degradation machineries in plastids.
Annual Review of Plant Biology 57, 599-621.

Schmidt GW, Delaney SK. 2010. Stable internal reference genes
for normalization of real-time RT-PCR in tobacco (Nicotiana tabacum)
during development and abiotic stress. Molecular Genetics and
Genomics 283, 233-241.

Sun X, Fu T, Chen N, Guo J, Ma J, Zou M, Lu C, Zhang L. 2010.
The stromal chloroplast Deg7 protease participates in the repair of
photosystem Il after photoinhibition in Arabidopsis. Plant Physiology
152, 1263-1273.

Sun X, Peng L, Guo J, Chi W, Ma J, Lu C, Zhang L. 2007.
Formation of Deg5 and Deg8 complexes and their involvement in the
degradation of photodamaged Photosystem Il reaction center D1
protein in Arabidopsis. The Plant Cell 19, 1347-1361.

Tambussi E, Bartoli CG, Beltrano J, Guiamet JJ, Araus JL. 2000.
Oxidative damage to photosynthetic proteins in water-stressed leaves
of wheat (Triticum aestivum L.). Physiologia Plantarum 108, 398-404.

Thoenen M, Herrmann B, Feller U. 2007. Senescence in wheat
leaves: is a cysteine endopeptidase involved in the degradation of the
large subunit of Rubisco? Acta Physiologia Plantarum 29, 339-350.

Thomas H, Ougham H, Canter P, Donnison I. 2002. \What stay
green mutants tell us about nitrogen remobilization in leaf senescence.
Journal of Experimental Botany 53, 801-808.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N,
De Paepe A, Speleman F. 2002. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biology 3, research0034.1-0034.11.

van der Hoorn RAL, Jones JDG. 2004. The plant proteolytic
machinery and its role in defence. Current Opinion in Plant Biology 7,
400-407.

6102 1snBny 2z uo 1s8nb Aq 96¥165/.96%/91/790B1SqE-00IE/qXI/ W00 dNo"oIWepeo.)/:Sdyy WOy papeojumoq



4980 | Carrion et al.

van der Hoorn RAL, Leeuwenbergh MA, Bogyo M,

Joosten MHA, Peck SC. 2004. Activity profiling of papain-like
cysteine proteases in plants. Plant Physiology 135, 1170-178.
Wada S, Ishida H, Izumi M, Yoshimoto K, Ohsumi Y, Mae T,

Makino A. 2009. Autophagy plays a role in chloroplast degradation during

senescence in individually darkened leaves. Plant Physiology 149, 885-893.

Wagstaff C, Leverentz MK, Griffiths G, Thomas B, Chanasut U,
Stead AD, Rogers HJ. 2002. Cysteine protease gene expression

and proteolytic activity during senescence of Alstroemeria petals.
Journal of Experimental Botany 53, 233-240.

Wise AA, Liu Z, Binns AN. 2006. Three methods for the introduction
of foreign DNA into Agrobacterium. Methods in Molecular Biology
343, 43-53.

Zaltsman A, Ori N, Adam Z. 2005. Two types of FtsH subunits
are requiered for chloroplast biogenesis and Photosystem Il repair in
Arabidopsis. The Plant Cell 17, 2782-2790.

610 1snBny /2 uo 1senb Aq 961 165/2961/9 /79108 qe-3jo1e/qxX]/W00 dno"olWapeoe//:sd)y Wolj papeojumoq



