Physiol Mol Biol Plants (July—August 2019) 25(4):1073-1082
https://doi.org/10.1007/s12298-019-00642-y

Check for
updates

RESEARCH ARTICLE

A proteomic study of cysteine protease induced cell death
in anthers of male sterile tobacco transgenic plants

Pawan Shukla!?

Pulugurtha Bharadwaja Kirti'**

- Ranjana Gautam' - Naveen Kumar Singh'” - Israr Ahmed’ -

Received: 19 September 2018 /Revised: 7 January 2019/ Accepted: 15 January 2019/ Published online: 1 February 2019

© Prof. H.S. Srivastava Foundation for Science and Society 2019

Abstract Manifestation of male sterility in plants is an
important requirement for hybrid seed production. Tapetum
cell layer of anther is a primary target for genetic manipulation
for male sterility. In our previous report, the targeted
expression of Arachis cysteine protease in tapetum led to
premature degeneration of tapetal layer that resulted in com-
plete male sterility in transgenic tobacco plants. To correlate
cysteine protease mediated cell death of tapetum, transmis-
sion electron microscopy (TEM) and proteomic pattern of
anthers of cysteine protease induced male sterile plant were
compared with the untransformed control plant. TEM study
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revealed the abnormal growth of tapetal cells exhibiting
excessive vacuolization that synchronized with irregular
exine wall formation of the microspores. In anther proteome, a
total 250 protein spots were detected that were reproducible
and exhibited similar distribution pattern. Further, anther
proteome of male sterile plant showed the significant upreg-
ulation (> 1.5) of 56 protein spots. Using Mass spectroscopy
(MALDI TOF/TOF), we have identified 14 protein spots that
were involved in several processes such as energy metabo-
lism, protein synthesis, plastid protein, lipid metabolism, and
cell wall assembly. Upregulation of patatin-like protein-2
homolog, carboxylesterase 17 and dicer like protein-4 in male
sterile anthers that have been demonstrated to induce cell
death, suggesting that cysteine protease mediated premature
tapetal cell death might involve the lipid peroxidation path-
way in coordination with gene silencing mechanism.

Keywords Cysteine protease - Anther proteome - Cell
death - Male sterility - Patatin - Dicer like protein

Abbreviations
AdCP  Arachis cysteine protease

TEM  Transmission electron microscopy
DTT  Dithiothreitol

IEF Isoelectric focusing

PI Isoelectric point

PCD  Programmed cell death
Introduction

Genetic engineering approach for manipulating male
sterility systems has immense potential as the required
breeding lines can be genetically transformed to develop
the male sterile lines in the most straight forward way. The
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manifestation of male sterility in plants is an important
prerequisite for the hybrid seed production. In last two
decades, several approaches have been tried for the
development of male sterile lines (Mariani et al. 1990;
Nizampatnam et al. 2009; Rao et al. 2017, 2018; Shukla
et al. 2017; Singh et al. 2010). In our previous report, we
have also reported that the targeted expression of cysteine
protease in tapetum tissue resulted in the production of
transgenic tobacoo male sterile plants (Shukla et al. 2014).
And subsequently, male fertility of cysteine protease
induced male sterile female plants was restored using co-
expression of cystatin, a well-known cysteine protease
inhibitor, in same male sterile transgenic plants (Shukla
et al. 2016). The proposed pollination control system can
be an effective alternative to the barnase-barstar system
and may face less regulatory issues for its deployment to
fields as the genes used in this system are of plant origin.
Both the genes viz. cysteine protease and cystatin were
cloned and characterized from wild peanut genotype,
Arachis diogoi. Cysteine protease and cystatin displayed
differential expression in wild peanut in response to fungal
pathogen Phaeoisariopsis personata that causes late leaf
spot disease in peanut (Kumar and Kirti 2011, 2015).
Further, many reports documented the involvement of the
cysteine protease in programmed cell death. However, the
mechanism involved in cysteine protease-mediated cell
death in tapetal tissue of the male sterile transgenic plants
remained obscure. In addition, reports suggest that overex-
pression and silencing of cysteine protease in tapetum
resulted in male sterility. This was argued that both the cases
i.e. overexpression and silencing of cysteine protease dis-
turbed the total protease expression that resulted in prema-
ture tapeum cell death (Lee et al. 2004; Zhang et al. 2009).
Our earlier report also anticipated that the overexpression of
peanut cysteine protease under the control of TA29 promoter
in tapeum resulted in premature tapetum cell death that lead
to the appearance of male sterility in tobacco transgenic
plants (Shukla et al. 2014). Identification of proteins getting
upregulated during early tapetal cell death in cysteine pro-
tease induced male sterile plant might provide a clue about
the mechanism of cysteine protease mediated cell death.
Proteomic approach allows us to study the expression of
total proteins profile at organ, tissue, cell and organelle
levels under various conditions in an organism encoded by
its genome (Anderson and Anderson 1998). The major
advantage of proteomics over transcriptomics is that it
deals with the actual expressed proteins rather than tran-
scripts, which might not be translated into functional pro-
teins always due to post-transcriptional and translational
modifications, protein folding, stability and localization,
protein—protein interactions. Therefore, proteomics related
techniques provide a platform for identification of an array
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of proteins that play a crucial role in cysteine protease
induced male sterility in transgenic plants.

In the present communication, the anthers from cysteine
protease induced male sterile plants and untransformed
control plants were used for a comparative study of TEM
analysis and proteomic study in order to understand the
mechanism of cysteine protease induced premature tapetal
cell death in male sterile tobacco plants.

Materials and methods
Plant materials

Flower buds from control and cysteine protease induced
male sterile transgenic tobacco were used to carry out the
proteomic study. Flower buds of 3.0 mm to 1.0 cm size
were collected and immediately frozen in liquid nitrogen.
Samples were stored in a — 80 °C freezer until further use.

Transmission electron microscopy

The anther samples of stage 7 from male sterile and
untransformed control plants were collected and fixed in
2.5% gluteraldehyde in 0.05 M phosphate buffer (pH 7.2)
for 24 h at 4 °C and post-fixed in 2% aqueous osmium
tetroxide for 2 h. Fixed anther samples were dehydrated in
graded alcohol, infiltrated and embedded in Spurr’s resin
(Spurr 1969). The ultrathin sectioning (50-70 nm thick-
ness) was performed with a glass knife on a Leica Ultracut
UCT-GA-D/E-1/100 ultra microtome. The sections were
mounted on to copper grids, stained with saturated aqueous
uranyl acetate and counterstained with 4% lead citrate and
examined in an electron microscope (Hitachi H-7500) at
RUSKA Labs, College of Veterinary Sciences, Hyderabad.

Protein extraction and two-dimensional
electrophoresis (2-DE)

Anther protein extraction was done using a phenol
extraction method (Saravanan and Rose 2004). Proteins
were resuspended in 100 pL of the rehydration solution
[8 M (w/v) urea, 2 M (w/v) thiourea, 4% (w/v) CHAPS,
30 mM DTT, 0.8% (v/v) IPG buffer pH range 4-7 (GE,
Healthcare)] and the protein concentration was determined
by the standard Bradford method. Proteins were resolved
by two-dimensional electrophoresis (2-DE) as described
earlier (Sengupta et al. 2011). It involves active rehydration
of protein (450 pg) on immobilized pH gradient (IPG)
strips (11 cm, 4-7 pH linear gradient; Amersham, GE) for
12 h at 50 V. Isoelectric focusing (IEF) was performed in
Ettan IPGphor II (GE Healthcare). After IEF, the strips
were equilibrated twice for 30 min with gentle rocking at
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room temperature in equilibration buffers (6 M urea,
50 mM Tris—HCI buffer (pH 8.8), 30% (w/v) glycerol, 2%
(w/v) SDS. First equilibrium was performed in a solution
containing equilibrium buffer with 2% DTT and second
with 2.5% (w/v) iodoacetamide instead of DTT. Second
dimension separation of proteins was done through SDS-
PAGE (12% vertical polyacrylamide slab gels). The gels
were stained with modified colloidal Coomassie Blue,
scanned using a densitometric scanner (GE, Healthcare)
and analyzed (normalization, spot matching, expression
analyses, and statistics) using Image Master 2-D Platinum
version 7 image analysis software (GE, Healthcare). Two-
dimensional electrophoresis was performed in triplicate.
Proteins that displayed one and a half fold or greater
changes in the relative spot volume were considered as
proteins with altered expression.

In-gel digestion and mass spectrometry (MS)

Interested protein spots were excised from three Coo-
massie-Blue stained replicated gels and in-gel trypsin
digestion was performed as described earlier (Kumar and
Kirti 2015). MALDI-TOF/TOF Mass Spectrometer matrix-
assisted laser desorption/ionization time of flight mass
spectrometric (MALDI-TOF MS) analysis was conducted
with a MALDI-TOF/TOF Mass Spectrometer (Bruker
Autoflex III smartbeam, Bruker Daltonics, Germany)
according to the method described earlier (Shevchenko
et al. 1996) with slight modifications.

Protein identification through peptide mass
fingerprinting and MS/MS analysis

The data were analyzed by similarity search for mass
values against sequence information from NCBInr and
Swiss Prot database using a MASCOT program (http://
WWwWw.matrixscience.com).

The MALDI-TOF/TOF data were loaded into the
MASCOT  program  (http://www.matrixscience.com)
employing Biotools software (Bruker Daltonics) and pro-
tein identification was performed against the NCBInr and
Swiss-Prot databases using a combination of MS (peptide
mass fingerprint approach) with MS/MS. The taxonomic
category was set to Viridiplantae (Green plants). The other
search parameters were: monoisotopic peptide mass
(MH+); one missed cleavage per peptide; enzyme, trypsin;
precursor-ion mass tolerance on an average 200 ppm; MS/
MS fragment-ion mass tolerance, 0.6 Da; variable modifi-
cations like carbamidomethylation (C) for cysteine and
oxidation for methionine (M) were allowed. If a protein
spot matched multiple proteins under different accession
numbers, the candidate protein with the maximum Mascot
score was selected. The nearest experimental MW

(molecular weight) and PI (isoelectric point) values to the
theoretical values (having the same Mascot score) were
given equal weightage in spot selection. The identified
proteins were named according to the corresponding
annotations in NCBI and Swiss-Prot.

RNA isolation and quantitative real time PCR

Total RNA was isolated from the anthers tissues of cys-
teine protease induced male sterile plants and untrans-
formed control using Trizol reagent (Takara Bio, UK) as
per the manufacturer’s instructions. First strand cDNA
synthesis was performed using MMLV-Reverse transcrip-
tase (TaKaRa, Japan) as per the manufacturer’s instruc-
tions. The cDNA was diluted to 2.5 times (1:2.5) for qRT-
PCR experiments. Real-time PCR analysis was performed
in Realplex PCR machine (Eppendorf, Germany) with the
following cycle parameters: pre-incubation at 94 °C for
2 min following 40 cycles of denaturation at 94 °C for
30 s, 58 °C for 20 s, 72 °C for 30 s. Each reaction was
repeated as three biological replicates including actin as an
internal control for normalization. The relative fold change
was determined using AACt method (Livak and Sch-
mittgen 2001).

Results and discussion

Abnormal tapetal and pollen grains in cysteine
protease induced male sterile plants

Transmission Electron Microscopy was performed to
observe the tapetum development in synchronization with
pollen development (Fig. 1). There was abnormal devel-
opment of tapetum cell layer having increased vacuole size
in male sterile plant compared to untransformed control
plant. Similarly, primary structure of microspore exine was
also irregular in male sterile plants compared to control
plants. These observations demonstrated the occurrence of
abnormal tapetal function in the male sterile tobacco
transgenic plants. In line with the present results, overex-
pression of Brassica cysteine protease BoCysPI exhibited
swollen and excessively vacuolated tapetum, which sub-
sequently collapsed (Konagaya et al. 2008).

Proteomic analysis of cysteine protease induced
male sterile transgenic tobacco

To determine the molecular mechanism of cysteine pro-
tease induced male sterility in transgenic plants, the pro-
teome of anthers from transgenic male sterile plants and
untransformed control plant were analyzed by two-di-
mensional electrophoresis followed by MALDI-TOF-TOF
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Fig. 1 Transmission electron micrographs of anther tapetum and microspore of untransfomed control plant (a, b, ¢) and cysteine protease
induced male sterile plant (d, e, f). En endothecium, 7 tapetum, V vacuole, P Pollen, Ex exine

analysis (Fig. 2). Gel analyses using Image Master Plat-
inum software suggested that more than 230 protein spots
were reproducible and all gels showed similar distribution
patterns in 2D images (Fig. 3). Anther proteome revealed
that 56 matched spots showed significant up-regulation
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(> 1.5) (Fig. 4). We have identified 14 differentially
upregulated proteins from male sterile anther proteome
while rest of the spots displayed no significant hits in the
database (Table 1). These proteins were related to energy
metabolism such as ATP synthase subunit beta,
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mitochondrial and chloroplastic proteins, protein related to
transcriptional and translational machinery like DNA-di-
rected RNA polymerase subunit alpha and beta subunit,
40S ribosomal protein SA, chloroplastic protein Ycf2,
protein related to anchoring and structuring of cellular
events like coiled-coil domain-containing protein 103
homolog, stress inducible protein like low-temperature-

induced 65 kDa protein, protein related to lipid metabolism
such as probable carboxylesterase 17, patatin-like protein-2
homolog and dicer-like protein-4 of RNAi pathway. Patatin
like proteins act as lipid acyl hydrolases and hydrolyze
phospholipids and galactolipids (Scherer et al. 2010).
Induction of tobacco Patatin-like protein genes (NtPatl-3)
was reported in HR responses during tobacco mosaic virus
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Fig. 3 Scatter Plot of protein spots in 2D gels of anthers from untransformed control (a) and male sterile plants (b)
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infection (Dhondt et al. 2000). A pathogen induced patatin-
like protein (PLP2) from Arabidopsis promoted cell death
and negatively affected resistance against Botrytis cinerea
and Pseudomonas syringae (La Camera et al. 2005). In
contrast to this, it also conferred resistance against
cucumber mosaic virus (CMV), which is an obligate
pathogen (Camera et al. 2009). Patatin like protein
expression was also reported in the anthers of potato, sweet
pepper flowers and tobacco petal development (Drews
et al. 1992; Vancanneyt et al. 1989). A previous report
showed the up-regulation of NtPAT3 gene in a serine/
arginine-rich splicing factor AdRSZ21 induced cell death
on detached leaves in transient expression studies (Kumar
and Kirti 2011). Further, Class 1 patatins with lipase
activity act as good mobilizers of lipid reserve and the
product of lipid reserve act as a fuel for pLOX mediated
peroxidation pathway (May et al. 1998). For triggering the
lipoxygenase signaling pathway, it is required that the
reserve lipid must be mobilized to produce free linoleic
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(C18:2) and linolenic (C18:3) fatty acids. The necessity for
lipoxygenase-mediated ROS production was previously
shown to enhance plant defense by priming HR (Melan
et al. 1993; Rancé et al. 1998), thereby preventing patho-
gen proliferation from the site of infection or accelerating
cell death (Bolwell and Wojtaszek 1997).

Another important protein, Dicer-like protein 4 (DCL-4)
was reported to act in the biogenesis of trans-acting small
interfering RNAs (ta-siRNAs) (Dunoyer et al. 2005).
Arabidopsis DCL-4 is reported to be involved in silencing
of endogenous gene-nuclear-localized RNA binding pro-
tein (FCA). Because of this, DCL-4 promoted the expres-
sion of endogenous genes by contributing to the “tidying
up” of 3’ end formation at genes where, for some reason,
effective termination and polyadenylation have not occur-
red (Liu et al. 2012). It was reported that transcriptome
analysis of NaDCL-4 silenced plant during plant-herbivore
interaction (Nicotiana attenuate-Manduca sexta interac-
tion) exhibited silencing of many genes including patatin-
like protein (Ahmadovich Bozorov et al. 2012).

Carboxylesterase (EC 3.1.1.1) hydrolyzes the esters of
short chain fatty acid and belong to a large family of genes
(Marshall et al. 2003). Carboxylesterases role in PCD was
well documented. For instance, the expression of a tobacco
carboxylesterase gene, hsr203J was tightly associated with
tissues undergoing programmed cell death (Marco et al.
1990). Both HR (mediated by the recognition of resistance
gene encoded proteins by the avirulence proteins) and
apoptosis (induced by heavy metals) resulted in increased
expression of hsr203J (Pontier et al. 1998). A fungal
inducible pepper carboxylesterase PepEST was shown to
be involved in decomposition of fungal outer cell wall (Seo
et al. 2018). Similarly, a grapevine HSR203J like protein,
BIGS.1, displayed upregulation during Botrytis cinerea



1079

Physiol Mol Biol Plants (July—August 2019) 25(4):1073-1082

(snone[3 "reA

YNIVOIJANIWOOHATVA snprioyf snyupoSip)y) snsedoroyd
wstoqeowr A31ouy S C 0¢ 8C°6/S99°¢S JSHAHININY ‘ej0q Junqns AseyuAs J LV SMIXLO 6cC vl
658 AATEINNAALTONIN
urdjo1d puseld 1 [ LE /Tv6°L9T YAITAVAAATIAD  (wnupispdoqing wnunjos) gjox ualold SOINTO olc ¢l
MALAIDDLLAITAISS (oipipxs DiosY) w10
SISAUUAS VNI € [ 93 60°'6/36£°08 AAINSSANNN  ungns aserowjod VN paioanip-yNA SHEMBY 691 Tl
YAOTOOTALY TLAOADAVSI
YAINAETIAAODAVA
YOXIVTIAAA (oyofuuSoqund
MHIdTIHALLIdOYAATYADTANTI PUDIO9I]) [PUIPUOYPOYTE
wsjoqejowr A3xouyg 91 S €91  S6'S/€€6°6S IONATATGTV.LTIdd 1DadA ‘ej0q Jiunqns seyuis JLV Y19L1d 12 B |
AdALTTT
MdASISIOWONIILOALH (sndvu
SISOUIUAS UId)0I] 91 € Ly P1°6/8€T°TE YOOAJIIVSOAIAOINAIVAIA po1sspag) V'S urjoid [ewosoqur SOt ASZ60 98 01
osuodsaI-Y ALVASAdAIAHAAHAODAVAATAAY
pue uonoeINUY AIVAOHAINDOVSADSTIAOSTAV (S1ULI0fiSOTUAWIO] DUDIIOIIN)
uagoyyed-jue[d L1 ¢ SST  69°6/869°LE YAAASTIIS L1 9se1dsa[Axoqred d[qeqoid 1¥8509600 dX LL ‘6
Sunpeudis SIVIAASOLID THNININALATSAS
osuagep WEld 61 ¢ 69T LO'S/S9T'ST MOJHAVEMAADN  (wnovgi punijooiy) Sojowoy unered 9vVvVS6d St 8
(viofundoquinyd
MAINALTIAQODEVA PUDIIOOI)) [PLIPUOYPOI
wstjoqeow A31oug 9 4 29 $6°5/£€6°6S IONATAI TV L TIdd IO ‘e10q Jtunqns dseyiuks J Ly Y19L1d 6¢ ‘L
Surreusis MdOTIddMADOAT
asuapp weld Pl z 08 L0°S/S9T'ST MVAANNATEOTOST TS TALVAID  (wnongny pupuodiy) Soowoy unered 9vYVS6d vl 9
SIUOAD IR[N[[90 (upavyuron
Jo Sutmdnns uonepixQ + NdV.LIdN THV.LTAIAN spuowopSwvyyy) Sorowoy g0
pue Sutioyuy S [ cl ¥2°9/150°6C MAVLIANTHVLTANN  urjo1d Sururejuod-urewop [109-pajio) X960 €l S
VASNOOALATININAAQTOATAAAQIdAANADIT pp—
Surous[Is Quan [ [ 0l €9/LE8°€61 HHINISATISTISSOIAd sisdopiqnay)  urod oxI[-121q €SVSED FE9t8d 11 R4
6JOHA60
AAALATATALVLL (vuvipys ssdopiqoay) uod — 9IXU8O SLTTHO
urdjoxd ssong € C 1T LO'S/1€6°S9 JOAdSAALA By 69 paonpur-amjeradurd)-moy L£L900 086700 0l €
(wngauryp wniuojoopuapnasy) eydre
SISoYIUAS YN I M1 oy ¥9°6/69L99 SINAINVSNOA  Hungns aserowk[od vNY paioasip-yYNd LLIZED 9 T
Sureuss AVAANNATAO TOSATAS TALVIIID
osuojep jueld 14! [ <9 LO'S/S9T8T AdOHHAAAISAIA (unovgvy punyioory) Sojowoy uneyeq LTY809dVV [ 1
(%)  (NdN) yorewt 91038 d/(a@ ‘ou -ou
uonouny paeRy DS opndadjooN  100selN I Cdxg payorewr douanbas opndog ur0Ig "ou uoIssa0dy  10dg  °S

qwo9joxd 1oyjue IS ofew asej01d Qur)sAd ur JOL-IATVIN Aq surjord pojen3aidn A[[enuaIojjip jo uoneoynuap] [ dqeL

pringer

A



1080

Physiol Mol Biol Plants (July—August 2019) 25(4):1073-1082

Fig. 5 Quantitative real-time 50
PCR (qRT-PCR) analysis of B Control
Dicer, Patatin, HSR203J and Male sterile
cysteine protease (AdCP) gene
expression from the anthers of 40 4
cysteine protease induced male T
sterile and control plant )
E .
S 30 A
n
7]
e
S
5 T
_g 20 H
®
©
o
10 A
0 I 1 . ]
Dicer PAT HSR203J AdCP

infection (Bézier et al. 2002). Further, PrMC3 was
expressed in male cone of Pinus radiata and exhibited
significant similarity with BIG8.1, Hsr203J including
Arabidopsis carboxylesterases AtCXE6 and ArCXEl7,
thereby supporting a hypothesis for the involvement of
these genes in cell death (Marshall et al. 2003; Walden
et al. 1999). Increased activity of papain like cysteine
proteases and Hsr203 was reported in tomato seedlings
undergoing hypersensitive cell death suggesting that the
cysteine protease and carboxylesterase act in a common
pathway during PCD (Sueldo et al. 2014).

In addition, upregulation of proteins related to energy
metabolism, transcriptional and translational pathway
indicates that cell might require the energy for the synthesis
of proteins related to PCD pathway.

Quantitative qRT-PCR analysis for validation
of proteomic results

In order to augment the proteomic results, qRT-PCR
analysis was performed for selected genes like Dicer-4,
patatin homolog and hsr203J in the anther tissue of cys-
teine protease induced male sterile plant and control plant.
Significant upregulation of more than three fold of these
genes was observed in the anthers of cysteine protease
induced male sterile plant compared to the control plant
(Fig. 5). We found that Dicer-4, patatin homolog and
hsr203J genes showed consistent upregulated expression
patterns at the transcriptional and translational level. The
transcript levels of genes, especially patatin and HSR203J
were upregulated to 21 and 36 fold levels, respectively
suggesting the possible role of cysteine protease in
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activating the transcription of patatin and HSR203J gene-
s in cell death.

Conclusions

Studying the anther proteome is considered to be of great
importance for understanding the crucial proteins getting
upregulated during cysteine protease mediated cell death in
transgenic tobacco male sterile plants. Proteomic study
revealed the upregulation of 56 protein spots in cysteine
protease induced male sterile plant. Out of 56 protein spots,
some important protein spots were identified as patatin like
protein, dicer-like protein 4 and carboxylesterase 17, which
displayed significant upregulation in cysteine protease
induced male sterile plants. These results suggest that
cysteine protease, patatin-like protein, dicer-like protein
and carboxylesterase enzyme act in a synergistic manner
during premature degeneration of tapetal cell layer, which
might lead to male sterility. However, few more investi-
gations are required to establish a link between these pro-
teins and male sterility.
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