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a  b  s  t  r  a  c  t

Subtilases  are  one  of  the  largest  groups  of the  serine  protease  family  and  are  involved  in  many  aspects
of  plant  development  including  senescence.  In wheat,  previous  reports  demonstrate  an  active  participa-
tion  of two  senescence-induced  subtilases,  denominated  P1  and  P2, in  nitrogen  remobilization  during
whole  plant  senescence.  The  aim  of  the  present  study  was  to  examine  the  participation  of subtilases
in  senescence-associated  proteolysis  of  barley  leaves  while  comparing  different  senescence  types.  With
this purpose,  subtilase  enzymatic  activity,  immunodetection  with  a heterologous  antiserum  and  gene
expression  of  11 subtilase  sequences  identified  in  barley  databases  by homology  to  P1  were  analyzed  in
barley  leaves  undergoing  dark-induced  or natural  senescence  at the  vegetative  or reproductive  growth
phase. Results  showed  that  subtilase  specific  activity  as well  as  two  inmunoreactive  bands  representing
putative  subtilases  increased  in barley  leaves  submitted  to natural  and  dark-induced  senescence.  Gene
expression  analysis  showed  that  two  of  the  eleven  subtilase  genes  analyzed,  HvSBT3  and  HvSBT6,  were
up-regulated  in  all the  senescence  conditions  tested  while  HvSBT2  was  expressed  and  up-regulated  only
during dark-induced  senescence.  On  the  other  hand,  HvSBT1,  HvSBT4  and HvSBT7  were  down-regulated

during  senescence  and two  other  subtilase  genes  (HvSBT10  and HvSBT11)  showed  no significant  changes.
The  remaining  subtilase  genes  were  not  detected.  Results  demonstrate  an  active  participation  of subti-
lases  in  protein  degradation  during  dark-induced  and  natural  leaf  senescence  of  barley  plants  both  at  the
vegetative  and  reproductive  stage,  and,  based  on their  expression  profile,  postulate  HvSBT3  and  HvSBT6
as  key components  of  senescence-associated  proteolysis.

© 2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Proteases (also referred as peptidases or proteinases) are
nzymes able to hydrolyze peptide bonds contained in proteins or
eptides of various sizes. They are key components of a wide range

f biological processes of great relevance to biology, medicine and
iotechnology (Rawlings et al., 2016). In plants, their known biolog-

cal roles are strikingly diverse, being demonstrated to participate

Abbreviations: CBB, Coomassie Brilliant Blue; CPs, cysteine proteases; DAS, days
fter sowing; N, nitrogen; NSL, non-senescent leaves; RLS, Rubisco large subunit;
SS, Rubisco small subunit; Rubisco, Ribulose-1,5-bisphosphate carboxylase oxyge-
ase  (EC 4.1.1.39); SL, senescent leaves; SPs, serine proteases; TCA, trichloroacetic
cid; VSL, very senescent leaves.
∗ Corresponding author.

E-mail address: iroberts@agro.uba.ar (I.N. Roberts).

ttp://dx.doi.org/10.1016/j.jplph.2017.01.005
176-1617/© 2017 Elsevier GmbH. All rights reserved.
in almost all stages of plant life including meiosis, morphogenesis,
embryo development, defense responses, cell death and senes-
cence (Van der Hoorn, 2008; Pesquet, 2012).

Senescence in plants refers to the last phase of development
preceding death, either of the whole organism or of at least part
of it. Age-related leaf senescence takes place sequentially during
the vegetative growth phase allowing successive organ replace-
ment and maintenance of high photosynthesis rates. In addition
to single leaf senescence, monocarpic crops also undergo terminal
senescence that refers to the whole plant death at the end of the
life cycle (Distelfeld et al., 2014). Monocarpic senescence in annual
crops is normally induced early in the reproductive phase (Davies
and Gan, 2012). Senescence-associated proteolysis plays a crucial

role by enabling the remobilization of nutrients, mainly nitrogen
(N), from senescent tissues to new developing organs, both during
vegetative and reproductive growth phases.

dx.doi.org/10.1016/j.jplph.2017.01.005
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.com/locate/jplph
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2017.01.005&domain=pdf
mailto:iroberts@agro.uba.ar
dx.doi.org/10.1016/j.jplph.2017.01.005
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Additionally to this nutrient recycling function, senescence-
ssociated proteases are also involved in the regulation of the
enescence process. The involvement of proteases in plant senes-
ence is as intricate as reflected by the structural and functional
iversity of the proteolytic enzymes that have been associated
o this process (Roberts et al., 2012; Díaz-Mendoza et al., 2014).
lthough our knowledge on senescence-associated plant proteases
eeps constantly expanding, for most of them many central ques-
ions such as the identity of their natural substrates, biological roles
nd regulation mechanisms still remain to be answered.

Two catalytic groups have been mainly related to plant senes-
ence, cysteine proteases (CPs) and serine proteases (SPs). CPs,
y far the most represented in senescent plant tissues as deter-
ined by transcriptomic studies (Bhalerao et al., 2003; Guo et al.,

004; Parrott et al., 2007), have been suggested to participate in
eaf protein degradation during senescence in tobacco (Prins et al.,
008; Carrión et al., 2013), wheat (Martínez et al., 2007; Thoenen
t al., 2007), barley (Parrott et al., 2010) and oilseed rape (Poret
t al., 2016). Specifically, CPs belonging to the papain-like pepti-
ase family C1A, as classified by the MEROPS database (Rawlings
t al., 2016), seem to be strongly related to plant senescence devel-
pment (Díaz-Mendoza et al., 2014). Moreover, the widely used
enescence marker SAG12 which expression strongly correlates
ith senescence progress in many plant species including barley

see references in Gregersen et al., 2013), encodes an L-like cathep-
in belonging to the C1A family.

The role of SPs in senescence have received less atten-
ion although they are highly abundant in plants (Tripathi and
owdhamini, 2006; Van der Hoorn, 2008). According to the
EROPS database plant SPs are divided into 14 families, of which

he family S8, known as subtilisin-like proteases or subtilases, is
ne of the largest. As much as 56 subtilisin-like serine proteases
ave been identified in the proteome of Arabidopsis thaliana, while
3 have been found in rice (Tripathi and Sowdhamini, 2006), all of
hem belonging to the subfamily S8A. More recently, a total of 80
ubtilase genes were identified in the genome of grape (Cao et al.,
014). Despite their abundance, information on the biological role
f plant subtilases is still very limited (Schaller et al., 2012) and for
any crop species even the number of subtilase genes is unknown.

o far, only two wheat peptidases have been classified as subtilases
n the MEROPS database, while in barley genome of the 346 counts
f known and putative peptidases predicted, only one still unas-
igned peptidase sequence have been recognized as a member of
8A subfamily (Rawlings et al., 2016).

At present, there is evidence supporting both bulk protein
egradation and highly specific regulatory and signaling func-
ions for plant subtilases (Schaller, 2004; Rautengarten et al.,
005; Vartapetian et al., 2011). Subtilases mRNA expression has
een shown to substantially increase during senescence in barley
Parrott et al., 2007; Hollmann et al., 2014). Also, increased enzy-

atic activity at senescence has been reported in different plant
pecies such as wheat (Wang et al., 2013), A. thaliana (Martinez
t al., 2015), and common bean (Budič et al., 2013). Very recently,
he increase in SPs activity measured in leaves of Brassica napus
enescing in response to N starvation has been attributed in part
o four different subtilisins (Poret et al., 2016). In wheat, the
urification and characterization of two highly active subtilisin-

ike proteases from senescent leaves has been previously reported
Roberts et al., 2003, 2006). These proteases were denominated P1
nd P2, and it has been suggested that they play an important role
n N remobilization during whole plant senescence (Roberts et al.,
011).
Taking into account our previous work in wheat, the aim of
he present study was to examine the participation of subtilases
n senescence-associated proteolysis in barley. For this purpose,
ubtilases enzymatic activity was analyzed in dark-induced and
hysiology 211 (2017) 70–80 71

naturally senescent leaves of barley plants at the vegetative and
reproductive stage. As a complementary approach, immunode-
tection of putative subtilases in barley leaf protein extracts was
attempted by using a heterologous antiserum raised against subti-
lase P1 from wheat. In addition, barley databases were searched in
order to identify sequences coding for putative subtilases related
to P1 subtilase from wheat and its mRNA expression profile was
examined by qRT-PCR in leaves senescing under dark-induced or
natural senescence.

2. Materials and methods

2.1. Plant growth conditions

Studies were conducted in growth chamber or greenhouse. In
both cases, barley (Hordeum vulgare L.) seeds of the cultivar Scarlett
were germinated on filter paper soaked with distilled water for
48 h, before transferring to pots (five seedlings/pot).

2.2. Growth chamber experiments

Plants were grown on vermiculite, watered daily and fertilized
every two  days with nutrient solution (Hoagland and Arnon, 1950)
containing 10 mM KNO3 and maintained under a photoperiod of
16 h light/8 h dark, at 23 ◦C and an irradiance of 350 �mol m−2 s−1.
Fifteen days after sowing (DAS), the last expanded leaf (third leaf)
of barley plants was excised (t = 0 d), placed in plastic boxes with
distilled water and incubated in complete darkness to induce senes-
cence or maintained under the light/dark cycle used for plant
growth as control. Samples of the incubated leaves were taken
at 0, 2, 4 and 6 days after detaching. For the analysis of natural
senescence in young barley plants, samples of the second, third
and fourth leaf were taken starting at 15 DAS and at 21, 25, 28,
32 and 34 DAS. Sampling period took place from full expansion to
advanced senescence of the third leaf.

Leaf chlorophyll content was estimated by in vivo determina-
tion of the greenness index using a SPAD-502 (Konica Minolta Inc.,
Osaka, Japan). Growth chamber experiments were repeated at least
three times. All samples were taken by triplicate.

2.3. Greenhouse experiment

Greenhouse studies were conducted at the School of Agriculture
of the University of Buenos Aires in 2013 and repeated in 2014,
obtaining similar results. Seedlings were sown in 6-L pots contain-
ing a mix  of vermiculite, perlite and soil (1:1:2 v/v), fertilized every
two weeks with nutrient solution (Hoagland and Arnon, 1950) con-
taining 10 mM KNO3 and watered periodically to keep substrate
at field capacity. Leaf samples were harvested by quadruplicate
at 125 DAS and dissected according to age. Plants at this stage,
5.5–5.7 of the Zadoks scale, (Zadoks et al., 1974) had both yellow
and green leaves together with developing spikes, indicating a stage
of active nutrient remobilization at monocarpic senescence. Three
senescence ranks were defined for leaves: non-senescent leaves
(NSL, including flag leaf and the last 2 developed leaves), senescent
leaves (SL, showing about 40–60% of NSL chlorophyll content) and
very senescent leaves (VSL, with less than 10% of NSL chlorophyll
content).

Both in growth chamber and greenhouse studies, each replicate
consisted of one pot containing five plants. Collected tissues were
immediately frozen in liquid N2 and stored at −80 ◦C.
2.4. Extracts preparation and biochemical determinations

Frozen leaves were ground with mortar and pestle in liquid
N2 and the powder obtained was extracted with 50 mM Tris-HCl
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Fig. 1. Changes in chlorophyll (A), suc-AAPF-pNA hydrolytic activity (B), soluble
proteins (C) and amino acids (D) in dark-induced senescent leaves of barley. Fif-
teen days after sowing, the third leaf of each plant was detached and incubated in
continuous darkness to induce senescence (closed circles) or maintained under the
light/dark cycle used for plant growth (open circles). Samples were taken along time
2 I.N. Roberts et al. / Journal of 

uffer pH 7.5 and 1% (w/v) polyvinylpolypyrrolidone using 1 mL
f buffer per 250 mg  of tissue fresh weight (FW). The obtained
omogenate was centrifuged at 10,000g for 30 min  and 4 ◦C. The
upernatant obtained was used for the determination of soluble
roteins (Bradford, 1976), Suc-AAPF-pNA (Sigma-Aldrich, St. Louis,
O,  USA), hydrolytic activity (Roberts et al., 2006), and source of

roteins for SDS-PAGE and immunoblotting as described below.
ree amino acids in the supernatant were determined with the
inhydrin reagent (Yemm and Cocking, 1955) after precipitation
f proteins with TCA 5% (w/v).

.5. Polyacrylamide gel electrophoresis and immunoblotting

Aliquots of leaf extracts were fractionated by 10% SDS-PAGE
ccording to Laemmli (1970). Gels were loaded on a leaf FW
asis, using equal amounts of each extract (3.75 mg  FW)  per lane.
fter electrophoresis, proteins were visualized by Coomassie Bril-

iant Blue (CBB) R-250 staining or alternatively transferred to
VDF (polyvinylidene difluoride) membranes (Immobilon

®
, Milli-

ore, Bedford, MA,  USA) essentially as described by Towbin et al.
1979). Detection of immunoreactive bands was achieved with

 polyclonal antiserum developed in our lab raised against sub-
ilase P1 from wheat (Roberts et al., 2006). Bound antibodies
ere detected with alkaline phosphatase-conjugated anti-mouse

gG and 1-StepTMNBT/BCIP solution (Pierce Biotechnology Inc.,
ockford, IL, USA). Images were recorded using the InGenius gel
ocumentation and analysis system (Syngene, Frederick, MD,  USA).
he integrated density values of the bands of CBB-stained and

mmunoreactive proteins were determined with Image J software
http://imagej.nih.gov/ij/) from three different gels or blots corre-
ponding to independent replicates, and representative images are
hown.

.6. Identification and structural analysis of barley subtilase
enes

Genes coding for putative barley subtilases were identified
sing the translated BLAST: tblastn tool (Altschul et al., 1990) and
heat P1 partial sequence (APEIFKPDVTAPGVDIL) as query. Mul-

iple sequence protein alignment was constructed using Clustal
mega program (http://www.ebi.ac.uk/Tools/msa/clustalo/) and
dited manually. Conserved domains in protein sequences were
dentified using the Conserved Domain Database (CDD) resource at
he NCBI web page (http://www.ncbi.nlm.nih.gov/cdd/).

.7. Total RNA extraction, cDNA synthesis and qRT-PCR

Total RNA was extracted from 100 mg  of leaf ground tissue using
ureLink

®
Plant RNA Reagent (Invitrogen, Carlsbad, CA, USA). RNA

uality was checked by spectrophotometry (NanoDropTM, Thermo
cientific, Waltham, MA,  USA) and electrophoresis in agarose gels.
ne microgram of DNase treated RNA was used for cDNA synthe-

is by reverse transcription using M-MLV  Reverse Transcriptase
Promega Corporation, Madison, WI,  USA) and Oligo(dT) following
he protocol provided by the manufacturer. cDNA samples were
sed as templates to analyze the expression of barley subtilases,
enescence marker HvSAG12 (GenBank: AK366134), and two  ref-
rence genes, actin (GenBank: AY145451) and elongation factor
-alpha (GenBank: Z50789). Primer sequences are shown in Sup-
lemental Table S1. All primers were designed and tested to have
imilar Tm values allowing suitable amplification of all genes at the
ame temperature.
Quantitative PCR analysis (qRT-PCR) was performed in the
tratagene Mx3000P QPCR thermocycler (Agilent Technologies,
anta Clara, CA, USA) with FastStart Universal SYBR Green Mas-
er (ROX) from Roche (Productos Roche, Ricardo Rojas, Argentina).
from the moment of detachment (day 0) and until day 6. Data represent means ± SE
(n  = 3). Different letters show significant differences (p < 0.01) obtained by Fisher’s
LSD  test.

Samples were denatured at 95 ◦C for 10 min, followed by 40 cycles
(95 ◦C for 15 s, 60 ◦C for 30 s, and 60 ◦C for 1 min). Comparative
Ct (threshold cycles) method (��Ct) was applied for relative
quantification of gene expression using the Stratagene Mx3000Pro
thermocycler software

®
.

2.8. Statistical analysis

Analysis of variance and multiple comparison analysis of the
data were performed as detailed in each figure legend. Fisher’s Least
Significant Difference test was  used for post-hoc comparisons of
means. P-values were considered significant when they were lower
than 0.05.

3. Results

3.1. Subtilase activity and immunodetection in dark-induced
senescent barley leaves

In order to investigate the relation of subtilases with senescence
in barley, enzymatic activity was analyzed in soluble extracts of
dark-induced senescent barley leaves by using the chromogenic
peptide Suc-AAPF-pNA as a substrate. In these conditions, only 44%
of initial chlorophyll content remained after six days of treatment
indicating an evident senescence stage (Fig. 1A). Subtilase specific
activity significantly increased after four days of treatment and
reached a five-fold increase at the end of the assay (Fig. 1B). Con-
comitantly, soluble protein concentration decreased to less than

20% of the initial content while free amino acids accumulated in
the excised leaves (Fig. 1C and D). Detached leaves maintained
under the normal light/dark cycle also developed a senescence-
type response that was  delayed in time, exhibiting significantly

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
http://www.ncbi.nlm.nih.gov/cdd/
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Fig. 2. Rubisco content and immunodetection of putative barley subtilases in detached incubated in continuous darkness (A) or maintained under the light/dark cycle used
for  plant growth (B). Equal amounts of each extract (3.75 mg  FW)  were loaded. Leaf proteins were electrophoresed in SDS-PAGE (10%) and Rubisco large (RLS) and small (RSS)
s s, after electrophoresis proteins were transferred to PVDF membranes and subjected to
i -SBT). Bands quantification is shown as a percentage of the highest (RLS and RSS) or the
fi ed to show position of P1 and P2 subtilases.
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Fig. 3. Partial multiple sequence alignment of barley subtilases showing location of
known fragments of P1 and P2 subtilases from wheat. Consensus symbols are used
as defined by Clustal Omega tool, (*) indicates fully conserved residues, (:) indicates
ubunits were visualized by CBB R-250 staining. To reveal the presence of subtilase
mmunoblotting with a polyclonal antiserum raised against wheat subtilases (Anti
rst  (Anti-SBT) signal detected. Wheat: extract from senescent wheat leaves includ

igher chlorophyll and soluble protein contents by the end of the
ssay compared to dark-incubated leaves (Fig. 1A and C). At the
ame time, free amino acid concentration was lower in control
eaves (Fig. 1D), while no significant changes in subtilase activity

as detected after 6 days of detachment (Fig. 1B).
Next, barley leaf extracts were examined with a polyclonal

ntiserum raised against P1 subtilase from wheat. Anti-SBT anti-
erum was previously developed in our lab and has been shown
o recognize both P1 and P2 in wheat leaf extracts. Here, when
ested against barley leaf extracts, two main immunoreactive bands
ere revealed, nearly corresponding with the position of the pre-

iously described P1 and P2 wheat subtilases (Fig. 2). Analysis
f Rubisco large (RLS) and small (RSS) subunit content demon-
trated the degree of protein degradation in senescing leaves at
he same time that both immunoreactive proteins (putative sub-
ilases) showed increasing amounts (Fig. 2). In agreement with
revious observations reported in wheat, a putative barley sub-
ilase corresponding to the lower molecular mass band (named P1
n wheat) was not detectable in non-senescent leaves (Fig. 2A, lane
d) and became induced after detachment and incubation in dark-
ess (Fig. 2A, lanes 2d to 6d). Concomitantly, the higher molecular
ass band resembling wheat protease P2 was  already present at

ay 0 and showed the highest induction (more than 7.5 times) after
ark treatment (Fig. 2A). Induction of both immunoreactive bands
as also observed in control leaves maintained under the normal

hotoperiod (Fig. 2B), although to a lesser extent as compared to
ark-incubated leaves.

.2. Identification of subtilase genes in barley databases

Next, in order to identify putative subtilase genes in barley
atabases, a tBLASTn search was performed by using the previ-
usly reported partial sequence of wheat protease P1as a query
APEIFKPDVTAPGVDIL). The most similar sequence in barley cor-
esponded to accession AK365933, containing an exact match to
he wheat query. Successive searches, with the newly identified
arley gene and its homologous sequences as a query, allowed
he recognition of another ten genes coding for putative subti-
ases. The identified sequences were named HvSBT1 to HvSBT11
Supplemental Table S1). Analysis of the aligned protein sequences
evealed identity scores ranging from 35 to 78% (Supplemental
ig. S1). All the identified sequences contained the catalytic triad
n the order Asp, His, Ser, characteristic of S8 serine protease
amily. At least three conserved domains were identified in all

he analyzed sequences: PA subtilisin like (cd02120), inhibitor I9
pfam05922) and peptidases S8 3 (cd04852), as defined at the
onserved Domain Database (Supplemental Table S2). The 17-
mino-acid partial sequence of wheat protease P1was located in
residues with strongly similar properties and (.) indicates residues exhibiting weakly
similar properties. Residues conserved between the two plant species are shaded in
black.

a highly conserved region towards the C-terminal end of domain
S8-3 while the 13-amino-acid fragment of P2 (DLATGTESTPFVR)
was found in a less conserved region (Fig. 3 and Supplemental Fig.
S1). Comparison of wheat fragments and barley sequences reveals
HvSBT3 as the most similar to P1 (exact match) and HvSBT6 the most
similar to P2 with 85% identity (Fig. 3).

3.3. Expression analysis of barley subtilases during dark-induced
senescence

In order to analyze gene expression of the 11 subtilases during
dark-induced senescence, a quantitative real-time-PCR (qRT-
PCR) analysis was  performed (Fig. 4). Measurement of HvSAG12
expression as a typical senescence indicator gene allowed the
assessment of the extent of the senescence response. HvSAG12 was
up-regulated in leaves showing an advanced senescence stage trig-
gered by darkness, with more than ten times higher expression
after six days of incubation (Fig. 4). In these leaves, expression of
eight of the 11 subtilase genes analyzed was confirmed. HvSBT2,
HvSBT3 and HvSBT6 showed higher expression in senescent leaves,
ranging from 1 to 2 orders of magnitude. On the other hand, HvSBT1
and HvSBT7 were strongly repressed in senescent leaves and, even
thought not statistically supported, a tendency to lower expression
of HvSBT4 was  observed after six days in darkness (Fig. 4). Con-
stant gene expression was recorded for both HvSBT10 and HvSBT11
(Fig. 4), while HvSBT5, HvSBT8 and HvSBT9 were not detected in
these leaves.

3.4. Subtilase activity and gene expression in naturally senescing

leaves of young barley plants

To better understand the physiological role of each subtilase,
the timing of activity and gene expression during the normal
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Fig. 4. Relative expression of barley subtilases in dark-induced senescent leaves.
Gene expression was analyzed by qRT-PCR in leaves detached from plants at the
vegetative stage and incubated in continuous darkness to induce senescence up to
six  days. Bars represent mean ± SE (n = 3). One asterisk (*) shows significant differ-
ences with p < 0.05 and two asterisks (**) show significant differences with p < 0.01
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sured among leaf ranks or sampling dates (Fig. 6G), as recorded in
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btained by Fisher’s LSD test when comparing expression values at 0d (white bars)
nd  6d (black bars) for each gene.

evelopment of senescence in different leaves of plants at the veg-
tative stage was examined. Senescence, as determined by the
ecrease in chlorophyll content, started earlier in the second (old-
st) leaf, followed by the third and later, the fourth (youngest)
eaf (Fig. 5A). The leaf ranks analyzed reached different senescence
tages at the end of the assay, with about 10% (leaf 2), 30% (leaf 3)
nd 68% (leaf 4) of initial chlorophyll content remaining. However,
nce started, chlorophyll degradation proceeded at very similar
ates in leaf 2 and leaf 3.

In the second leaf, induction of subtilase specific activity already

egan at 28 DAS, reaching almost a 20-fold increase at the last sam-
ling date (Fig. 5B). At the same time, soluble proteins decayed
elow 10% of the initial amount (Fig. 5C). Meanwhile, subtilase

ig. 5. Changes in chlorophyll (A), suc-AAPF-pNA hydrolytic activity (B), soluble proteins
tage.  Samples of the second (black circles), third (white circles) and fourth (black square
he  third leaf. Data represent means ± SE (n = 3). In all cases, data were analyzed by one-
f  the data of chlorophyll degradation were performed starting at 22 (leaf 2) and 25 DA
ignificantly different from all the previous values of each curve at p < 0.05 (*) and p < 0.01
hysiology 211 (2017) 70–80

activity in the third leaf started to increase at 32 DAS and reached
a peak of 3.5 times initial activity two  days later, when about 47%
of the protein content had already been hydrolyzed (Fig. 5B and
C). Consistent with senescence development and consequent N
remobilization, amino acid content decreased in all three leaf ranks
(Fig. 5D). In the fourth leaf, even though active protein degrada-
tion was  observed, no significant changes in subtilase activity were
detected (Fig. 5B and C).

In these plants, HvSAG12 gene expression showed significant
increases between the first and last sampling dates in the two old-
est leaves, of about 17-fold (leaf 2) and 20-fold (leaf 3) (Fig. 6A).
Additionally, HvSAG12 expression differed with leaf rank at 32
DAS correlating with leaf age. Expression of subtilases HvSBT3 and
HvSBT6 increased with time in leaf 2 and 3 (Fig. 6C and E) confirm-
ing the senescence-associated induction of both genes observed
in dark-incubated leaves (Fig. 4). Interestingly, in this experiment
HvSBT2 was neither induced nor detected in any leaf.

On the other hand, HvSBT1 was negatively associated with
senescence according to prior results (Fig. 4), was highly expressed
in the fourth leaf at the first sampling date, and then decayed to
almost undetectable levels as senescence progressed (Fig. 6B). This
gene also showed very low expression both in the second and the
third leaves already at day 20 and showed no changes with time.

Similarly, expression of HvSBT4 was initially higher in young leaf
4 but soon declined with time reaching at 28 DAS very low values
comparable to those measured in other leaf ranks (Fig. 6D).

Even though no differences in HvSBT7 expression were observed
among leaves at 21 DAS, an expression peak in the fourth leaf
was recorded later (28 DAS), leading to final decrease at 32 DAS.
Meanwhile, subtilase HvSBT7 expression remained constant in the
second and third leaves as time progressed (Fig. 6F).

Regarding HvSBT11 expression, except for a higher initial value
in leaf 4 maintained until 28 DAS, no significant changes were mea-
previous experiment (Fig. 4). Finally, the rest of the subtilase genes
under study were not detected in young plants.

 (C) and amino acids (D) in naturally senescing leaves of barley plants at vegetative
s) leaf were taken starting at day 15 after sowing and until complete senescence of
way ANOVA as a function of time for each leaf rank. (A) Linear regression analysis

S (leaf 3 and 4), shown as dashed lines. (B and C) Asterisks show the first value
(**) calculated from one-way ANOVA.
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ignificance of leaf number, time (T) and their interaction calculated from a two-wa

.5. Subtilase activity and gene expression in naturally senescing
eaves of barley plants at the reproductive phase

Having confirmed the induction of subtilases during natural
enescence of leaves from plants at the vegetative growth phase,
oth enzymatic activity and gene expression were examined in

eaves from plants undergoing monocarpic senescence. Therefore,
eaf samples of plants at the reproductive stage were harvested and
issected according to age, allowing the definition of three differ-

nt ranks: non-senescent leaves (NSL), senescent leaves (SL) and
ery senescent leaves (VSL).

Results showed that in plants in the reproductive phase, subti-
ase activity also corresponded with the senescence stage of the
e vegetative stage determined by qRT-PCR (A-F). Gene expression was  analyzed in
t 20, 32 and 34 DAS. Data represent means ± SE (n = 3). P-values show the level of
VA. Different letters show significant differences obtained by Fisher’s LSD test (H).

leaves, with Suc-AAPF-pNA hydrolytic activity being ten times
higher in VSL than NSL (Fig. 7B), while lower amounts of chloro-
phyll (Fig. 7A), soluble proteins (Fig. 7C) and free amino acids
(Fig. 7D) indicated a senescence condition correlating with leaf
age. However, no significant differences in subtilase activity were
observed between NSL and SL, even though both soluble pro-
teins and free amino acids decayed, suggesting the involvement
of other senescence-associated proteases different from subtilases
(Fig. 7B). The presence of both putative subtilases was  revealed by

immunorecognition in all leaf ranks collected from plants at the
reproductive phase and both exhibited increasing signals according
to the senescence stage of the leaves (Fig. 8).
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Fig. 7. Changes in chlorophyll (A), suc-AAPF-pNA hydrolytic activity (B), soluble proteins (
stage  (125 DAS). NSL: non-senescent leaves (white bars), SL: senescent leaves (striped bars)
letters show significant differences with p < 0.01 obtained by Fisher’s LSD test.

Fig. 8. Rubisco content and immunodetection of putative barley subtilases in natu-
rally senescing leaves of barley plants at reproductive stage. NSL: non-senescent
leaves, SL: senescent leaves, VSL: very senescent leaves. Equal amounts of each
extract (3.75 mg  FW)  were loaded. Leaf proteins were electrophoresed in SDS-PAGE
(10%) and Rubisco large (RLS) and small (RSS) subunits were visualized by CBB R-
250 staining. To reveal the presence of subtilases, after electrophoresis proteins were
transferred to PVDF membranes and subjected to immunoblotting with a polyclonal
antiserum raised against wheat subtilases (Anti-SBT). Bands quantification is shown
as  a percentage of the signal detected at 0d. Wheat: extract from senescent wheat
l
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The role of subtilases in the senescence of barley is also
reinforced by the observation that protein bands reacting to het-
eaves included to show position of P1 and P2 subtilases.

In agreement with previous results, HvSAG12 mRNA expression
eflected the senescence status of the different leaves with the high-
st expression in VSL and the lowest in NSL (Fig. 9A). When subtilase
xpression was analyzed in these leaves, HvSBT3 and HvSBT6 again
ppeared positively associated with senescence (Fig. 9C and E) as
as observed before in leaves from young plants, under natural

r dark-induced senescence (Figs. 4, 6C and E). While very low
RNA expression of HvSBT3 was measured in NLS, an outstand-

ng increase around three orders of magnitude was verified in VSL
Fig. 9C). On the other hand, induction of HvSBT6 in VSL was about
6 times higher compared to NSL, even though its expression in
reen leaves was already high compared to HvSBT3. No expression
f HvSBT2 was recorded in these leaves as already seen in natu-
ally senescing leaves of young plants (Fig. 6). In agreement with
he results obtained with senescent leaves from plants in the veg-
tative growth phase, HvSBT1 was strongly repressed in senescent
issues of plants in the reproductive phase (Fig. 9B). On the con-
rary, no repression of HvSBT7 was recorded in these leaves (Fig. 9F)
s could be expected according to previous data (Figs. 4, and 6F).
inally, HvSBT4, HvSBT10 and HvSBT11 did not differ among leaves

Fig. 9D, G, and H) and the rest of the subtilase genes were not
etected in any of the samples analyzed.
C) and amino acids (D) in naturally senescing leaves of barley plants at reproductive
, VSL: very senescent leaves (black bars). Data represent means ± SE (n = 4). Different

4. Discussion

4.1. Subtilase activity and relative abundance increase during
senescence of barley leaves

Numerous studies addressing senescence characterization in
different plant species have been conducted in detached leaves
incubated in darkness (Chrost et al., 2004; Talla et al., 2016), the
main advantage of this approach being the induction of a fast and
synchronized senescence-type response in the incubated leaves.
In the present work, this experimental system was selected as a
first approach to explore subtilase expression in relation to arti-
ficially induced barley leaf senescence. As expected, chlorophyll
loss progressed much faster in detached leaves (Fig. 1A) com-
pared to the same leaf in intact plants naturally senescing during
vegetative growth (Fig. 5A). Increase of Suc-AAPF-pNAhydrolytic
activity under dark-induced senescence of detached leaves has
been reported previously in wheat (Roberts et al., 2003), and higher
activities have also been observed in leaves of wheat plants senesc-
ing under N starvation (unpublished results), highlighting an active
role of subtilases in leaf senescence-associated proteolysis trig-
gered by different stress conditions. However, it is very likely
that other proteases different from subtilases participate in early
senescence-associated proteolysis since first signs of protein degra-
dation seem to precede the highest induction of subtilase activity
(Figs. 1, 9C and E).

In addition, in the present work it is shown that subtilase specific
activity also correlates with leaf age in plants both in the vegetative
(Fig. 5B) and reproductive (Fig. 7B) phases, at the same time as
effective amino acid remobilization to sink tissues is taking place
(Figs. 5D, 7D). Moreover, this positive association between subtilase
activity and tissue senescence stage is not only observed with time
progression but also when comparing leaves of different ages along
the plant’s vertical axis at a particular moment (Figs. 5B, 7B). These
results provide evidence in favor of a strong overlap between the
responses under artificially induced vs. age-dependent senescence,
and in plants in vegetative vs. reproductive phases, at least with
regard to the biochemical functions concerning proteolysis and N
remobilization.
erologous antibodies and most likely corresponding to subtilases
were found in extracts from barley leaves submitted to the dark
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ig. 9. Relative expression of barley subtilases in leaves of naturally senescing barle
white  bars), SL: senescent leaves (striped bars), VSL: very senescent leaves (black b

 < 0.05 (HvSBT1 and HvSBT3) or p < 0.01 (HvSAG12 and HvSBT6) obtained by Fisher’

reatment (Fig. 2A) and under natural senescence (Fig. 8). The two
ajor protein bands detected strongly resemble molecular mass

f P1 and P2 wheat subtilases previously described (Roberts et al.,
006), even though a higher induction of the band resembling P2 in
ark-incubated leaves of barley (Fig. 2A) was observed, compared
o wheat.

.2. Subtilase genes induced in senescent barley leaves

Eleven predicted proteins highly similar to the wheat subtilase
1 fragment were identified in barley databases, all of them con-
aining typical subtilase hallmarks in their sequences, essentially
he typical catalytic triad of S8 family (Asp, His, Ser) and several
onserved domains. A deeper look into barley sequences allowed
ocation of the fragment corresponding to wheat protease P1 in

 highly conserved region outside the PA domain but included

ithin the C-terminal end of the peptidase S8 domain. Seven of

he 17 wheat residues are fully conserved in all barley subtilases
Fig. 3). Although only HvSBT3 contains the exact match to the
uery, identity scores of barley sequences with respect to the wheat
ts at reproductive stage determined by qRT-PCR (A–H). NSL: non-senescent leaves
ars represent mean ± SE (n = 4). Different letters show significant differences with

test.

P1 fragment ranged from 53% (HvSBT9) to 88% (HvSBT1, HvSBT2
and HvSBT5). On the other hand, the 13-amino-acid sequence of
P2 resides in a less conserved region (Fig. 3), with six of the bar-
ley sequences sharing less than 54% identity to P2. The sequence
most similar to wheat subtilisin P2 was  verified for HvSBT6 reach-
ing a value of 85% identity, i.e. 11 of the 13 residues fully conserved.
Interestingly, barley sequences most closely related to wheat pro-
teases P1 and P2 correspond to HvSBT3 and HvSBT6, respectively,
two of the three subtilase genes positively associated with senes-
cence reported here. Both HvSBT3 and HvSBT6 showed considerable
senescence-dependent induction in all the analyzed conditions,
with HvSBT6 exhibiting higher expression values in all tissues and
HvSBT3 being the most strongly induced (Figs. 4, 6 and 9). How-
ever, since to date no other information about P1 and P2 genes is
available, except for the fragments sequenced from purified pro-
teins, it is not possible to establish an explicit correspondence

between them and barley subtilases HvSBT3 and HvSBT6. Nonethe-
less, the evidence indicates that the relation of these genes and
their products with plant senescence deserves further research,
as it does in the case of HvSBT2, the other subtilase gene showing
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enescence-dependent induction even though it was only detected
n the dark treatment (Fig. 4).

Intensive research has been conducted in order to establish the
imilarities and differences among natural or artificially induced
enescence at the physiological, morphological and molecular lev-
ls (Weaver and Amasino, 2001; Springer et al., 2015). Although
ypical senescence symptoms such as chlorophyll and Rubisco
egradation are shared by natural and artificially induced senes-
ence systems, substantial differences in the expression pattern of
articular genes have been demonstrated (Becker and Apel, 1993;
ark et al., 1998; Buchanan-Wollaston et al., 2005) suggesting the
xistence of alternative pathways for essential metabolic processes
perating under different senescence types (Buchanan-Wollaston
t al., 2005). Therefore, the possibility exists that different sub-
ets of proteases are responsible for bulk leaf protein degradation
epending on the senescence inductor (age, hormones, biotic or
biotic stresses). This seems to be the case for subtilase HvSBT2,
hich shows enhanced gene expression only under dark-induced

enescence (Fig. 4), evidencing a clear difference from HvSBT3 and
vSBT6, which also up-regulated under age-dependent senescence

Figs. 6 and 9).
Interestingly, both HvSBT2 and HvSBT6 have been cloned ini-

ially as cDNAs expressed in barley seedlings after treatment with
bscisic acid, a critical plant hormone involved in the regulation
f a broad range of abiotic and biotic stress responses together
ith many physiological processes during normal plant growth and

evelopment, including senescence (Finkelstein, 2013). In addition,
vSBT3 expression seems to be related not only to dark-induced
nd normal leaf senescence but also to other stress conditions,
ince it has been found in barley seedlings under salt treatment
nd abscission (Matsumoto et al., 2011) (Supplemental Table S3).

Previous reports demonstrating up-regulation of subtilase
enes in barley include a global study of gene expression in leaves
enescing under high C/N ratios imposed by steam-girdling (Parrott
t al., 2007). Carbohydrate accumulation in leaves, as a conse-
uence of phloem interruption, leads to a senescence acceleration
esponse characterized by the up-regulation or down-regulation
f more than 100 protease genes. The authors reported the at

east two-fold induction of three subtilase genes, among which
he contig 12029 s at, identified as a subtilisin-like serine protease,
howed the highest increase in expression. Similarly, induction of

 subtilase gene (accession TA42918 4513) has been described in
enescing flag leaves of field grown barley both under standard
nd high N supply (Hollmann et al., 2014). Both sequences show
ighest identity (E-value = 0) to accession AK365933 of H. vulgare,
ere named HvSBT3. Additionally, primer sets used to confirm sub-
ilase expression by qPCR in the respective aforementioned articles
how a 100% match with accession AK365933, demonstrating that
vSBT3 and the subtilases reported by Parrott et al. (2007) and
ollmann et al. (2014) are the same sequence.

In the Affymetrix Barley 1 22k microarray, only two probes
how high identity to the HvSBT2 cDNA sequence (Supplemen-
al Table S4), one of them corresponding to contig12029 s at,
hich we have established as specific for HvSBT3. The other one,

robe EBpi01 SQ004 E18 at, apparently is more specific for HvSBT2
100% identity in a fragment of 105 nucleotides) and has been
hown to be up-regulated in young leaves from barley plants after
4 days of iron deficiency (Higuchi et al., 2011). In the same work,
p-regulation of contig12029 s at was also observed in young

eaves after 25 days under iron deficiency, supporting the idea that
his probe represents a gene different from HvSBT2. Additionally,

icroarray data demonstrates that probes associated with HvSBT3

contig12029 s at and contig12030 at) are up-regulated in devel-
ping barley caryopses under drought stress (Mangelsen et al.,
011). Interestingly, all the existing data on gene expression of
robes related to HvSBT3 suggest a role in different stress responses
hysiology 211 (2017) 70–80

besides its strong association with leaf senescence reported here
and supported by the work of Christiansen and Gregersen (2014)
using the Agilent Barley 4 × 44 microarray. These authors have
demonstrated the induction of two subtilases in senescing flag
leaves of barley plants, one of them corresponding to HvSBT3
(accession TA42919 4513, which shows 100% identity to con-
tig12029 s at) and the other one (accession TA41537 4513) related
to rice subtilase RSP1 (Yamagata et al., 2000).

HvSBT6 is represented by two  probes with high identity and
coverage: contig5955 at (99% over 478 nucleotides) and HVS-
MEi0003D23r2 s at (95.7% over 300 nucleotides) (Supplemental
Table S4), both subjected to up-regulation in barley seeds devel-
oping under drought stress (Mangelsen et al., 2011).

An updated Blast search using HvSBT2 and HvSBT3 cDNA
sequences as queries revealed that most similar sequences in A.
thaliana are accessions NM 126136 (16% cover, 68% identity, e-
value 4 × 10−24) and NM 112261 (14% cover, 68% identity, e-value
2 × 10−21), respectively (Supplemental Table S5). NM 126136 is
referred to as ARA12 subtilase protein (AtSBT1.7, At5g67360), while
NM 112261 is one of the accessions corresponding to the subtilase
recently denominated as SASP (AtSBT1.4, At3g14067) (Martinez
et al., 2015). Both Arabidopsis subtilases have been associated with
specific biological functions. ARA12 was first reported to localize
mainly in stems and siliques (Hamilton et al., 2003) and later in
the developing seed coat, and is necessary for normal mucilage
released during germination (Rautengarten et al., 2008). Available
information on SASP describes its localization in the vacuole (Carter
et al., 2004) as well as in the apoplastic fluid of Arabidopsis rosettes
(Boudart et al., 2005). In addition, a role in the regulation of branch-
ing and silique development has been assigned to this protease
(Martinez et al., 2015). However, even when the identity between
Arabidopsis and barley sequences is relatively high, in both cases
the query sequence coverage is too short to presume similar biolog-
ical functions in both plant species. Actually, SASP gene sequence
is more closely related to HvSBT6 (52% query cover, 68% identity,
e-value 3 × 10−75) (Supplemental Table S5).

The analysis of barley sequences in relation to other grasses
shows that highly similar sequences are found in foxtail millet,
maize, sorghum and Brachypodium distachyon,  but all of them
correspond to uncharacterized predicted proteins. The only excep-
tion is for HvSBT6 with the wheat sequence JX962746 as best hit
(99% query cover, 92% identity, e-value 0.0), corresponding to the
senescence-associated subtilisin protease SSP1(Wang et al., 2013).
SSP1 was  purified from senescent wheat leaves induced by incu-
bation in darkness for 48 h and its biochemical properties seem
very similar to our subtilase P2 (Roberts et al., 2006) except for the
differences in enzyme sensitivity to specific inhibitors and molec-
ular weight of the purified protein, which can be easily attributed
to different methodological approaches used to characterized both
proteases. A molecular weight of 98.9 kDa was determined for SSP1
by natural gradient PAGE (Wang et al., 2013), while a molecular
weight of 78 kDa was reported for P2 by SDS-PAGE (Roberts et al.,
2006), this discrepancy possibly being related to the conforma-
tional protein state (native vs. denatured). Similarly, other minor
differences in sensitivity of the proteases to different inhibitors or
pH range can be explained by the selection of different methods to
assay enzymatic activity (in-gel gelatine degradation vs. hydrolysis
of AAPF-pNA in solution). Thus, it seems likely not only that SSP1
and P2 are the same protein but also that they correspond to the
gene product of the wheat gene orthologous to barley gene HvSBT6.

Subcellular localization prediction reveals that barley subtilases
are mainly directed to the secretory pathway (Supplemental Table

S3), as are numerous plant subtilases characterized so far (Schaller
et al., 2012; Cao et al., 2014). However, our results consistently
show that both HvSBT3 and HvSBT6 in barley, and P1 and P2 sub-
tilases in wheat (Roberts et al., 2006, 2011), are induced under
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atural and stress-triggered senescence. For this reason, a poten-
ial contribution of subtilases in N remobilization deserves further
esearch as well as confirmation of their genuine subcellular local-
zation.

.3. Subtilase genes repressed in senescent barley leaves

Three of the 11 analyzed subtilase genes, HvSBT1, HvSBT4
nd HvSBT7, were expressed in non-senescent (green) leaves
nd showed a negative association with senescence progress
n barley leaves, in at least some of the assayed conditions.

ost consistent expression data showing senescence-associated
own-regulation correspond to HvSBT1, the expression of which
onsistently decayed under induced and natural senescence both
n vegetative and reproductive phases (Figs. 5, 6 and 9). On the other
and, HvSBT7 expression seems to develop a different behavior
epending on leaf age; while no significant changes were detected

n leaves 2 and 3 along the senescence process, a transient induc-
ion in leaf 4 between 21 and 28 DAS preceded a sharp fall to initial
xpression values at 32 DAS (Fig. 6F). This suggests that HvSBT7
ight be restricted to very specific role/s during the short period

oon after complete leaf expansion and prior to senescence onset.
A negative association of HvSBT1 and HvSBT7 with senescence

oes not look unreasonable, since both have been reported to be
xpressed in seedlings submitted to abiotic stresses such as low
emperature and aluminium toxicity, respectively (Supplemental
able S3). In addition, HvSBT1 has been cloned from barley seedlings
reated with jasmonic acid.

Even though no significant changes in HvSBT4 expression were
easured by qRT-PCR either in leaves submitted to the dark treat-
ent (Fig. 4) or in leaves from mature plants (Fig. 9D), a negative

orrespondence with senescence was verified in leaves from young
lants both in an age-dependent way at 21 DAS and over time for

eaf 4 (Fig. 6D). These results suggest a different expression profile
f HvSBT4 in young versus mature plants (i.e. vegetative senescence
ersus monocarpic senescence). So far, known physiological con-
itions for HvSBT4 expression are limited to barley seedlings under
alinity stress and abscission or aluminium toxicity (Supplemental
able S3).

.4. Non senescence-related subtilase genes

The rest of the subtilase genes analyzed in this work did not
how an apparent relation with leaf senescence, since no significant
hanges were determined (HvSBT10 and HvSBT11) or moreover, no
xpression at all was detected (HvSBT5, HvSBT8 and HvSBT9) in the
ifferent assays performed.

In the case of HvSBT10, originally cloned from germinated shoots
Supplemental Table S3), even though very low and erratic mea-
urements were recorded, a reliable quantification was possible in
amples of the dark-treated (Fig. 4) and mature plants (Fig. 9G).
ecause no significant changes were seen in either experiment, a
ain role of this subtilase in N remobilization can be presumably

iscarded. Similarly, since there is no information on the source tis-
ue from which HvSBT11 was identified (Supplemental Table S3),
nd considering that only a slight decrease of about one half in
ene expression was observed in leaf 4 of young vegetative plants
Fig. 6G), no assumptions about its function in senescence can be

ade so far, even when the relatively high expression level of this
ene in all the physiological conditions tested is worth noting.

Finally, three of the 11 subtilase genes analyzed were not
etected under any experimental condition tested here. Consid-

ring that HvSBT8 and HvSBT9 were originally cloned from early
owers (Supplemental Table S3), the lack of signal of these genes

n barley leaves may  indicate a tissue-specific expression pat-
ern. On the other hand, HvSBT5 identified from a cDNA library
hysiology 211 (2017) 70–80 79

constructed from seedling shoots would be reflecting differences
in gene expression according to plant developmental stage.

Interestingly, HvSBT8 lacks the TT motif at the end of the
inhibitor domain (Supplemental Fig. S1), thought to be needed for
the autocatalytic processing of subtilase zymogens (Meyer et al.,
2016). Thus it can be presumed that even when it undergoes
efficient transcription, the resulting translation product would be
functionless.

5. Conclusions

To date, available information on the role of subtilases in plant
senescence remains very limited, including in the particular case of
barley. In this work, we explored the potential participation of sub-
tilases in senescence-associated proteolysis of barley leaves. All the
parameters here analyzed (enzymatic activity, protein amount and
gene expression) demonstrate the involvement of some members
of the subtilase family in senescence development. Two of the 11
subtilase genes analyzed, HvSBT3 and HvSBT6, were up-regulated
in all the senescence conditions tested, suggesting an involve-
ment in proteolytic functions central to the senescence process.
Meanwhile, HvSBT2 was  up-regulated only during the senescence-
type response triggered by detachment and dark-incubation of the
leaves, likely reflecting a role in more specific stress responses.
However, since diverse microarray studies have revealed variable
expression patterns for these genes under different stresses or
developmental phases (e.g. germination), further studies are nec-
essary to establish the precise biological functions of the identified
subtilases.
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