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Introduction 

Programmed cell death (PCD) is a key process responsible for the removal of unwanted 

assembly and shape remodeling during plant development. But, the molecular mechanisms 

behind this is poorly understood [1]. Bioinformatics analysis revealed the presence of structural 

analogues of animal caspases, the metacaspases  which are considered as the potential cell death 

regulators in plants [2].   

Metacaspases are divided into type I and type II groups based on their sequence similarity and 

domain structure. Type I metacaspases contain a proline rich pro-domain and a zinc-finger motif 

in the N-terminus region similar to the pro-domain found in animal caspases and Type II 

metacaspases don’t have the pro-domain, but contains a longer linker region between p10 and 

p20 subunit [3]. Type I metacaspases can be found in all lineages between algae to flowering 

plants, protozoa and fungi, whereas type II metacaspases are found only in plants and algae  [2].  

Identification of metacaspase genes encouraged consideration of their potential involvement in 

cell death events in fungi, protozoa, and plants. Studies in yeast, Saccharomyces cerevisiae 

shown that the only metacaspase present in displays caspase-like proteolytic activity that is 

activated when yeast cells are stimulated by H2O2 to undergo cell death [4]. Subsequently, 

characterization of plant metacaspases was carried out in Norway spruce, where suppression of 

type II metacaspase mcII-Pa causes inhibition of terminal cell differentiation and PCD in 

embryo suspensor cells results into developmental arrest of early embryogenesis [5].  

In Arabidopsis thaliana, type-II metacaspase AtMC9 plays important role during postmortem 

clearance of xylem elements [6]. Type-II AtMC8 is involved in the regulation of PCD induced 

by oxidative stress [7], while type-II AtMC4 is a positive regulator of biotic and abiotic stress-

induced PCD [8]. Whereas, Arabidopsis type I AtMC1 is shown to act as positive regulator of 

HR cell death and its near relative AtMC2 is antagonist of AtMC1; their manipulation 

eliminates the hypersensitive cell death response (HR) activated by plant intracellular immune 

receptors [9]. In Capsicum annuum metacaspase 9 (CaMC9) plays a role in pathogen-induced 

cell death [10]. TaMCA4, a novel wheat metacaspase gene functions in PCD induced by a 

fungal pathogen [11]. In Litchi chinensis, a type II metacaspase LcMCII-1 was shown to play an 

important role as a positive regulator of ROS dependent senescence [12]. A tomato metacaspase, 

LeMCA1 was shown to up regulated during PCD in Botrytis cinerea infected leaves [13]. In 

silico study of metacaspases has revealed that there are eight metacaspases in tomato and potato, 

respectively in comparison with nine in Arabidopsis [14, 21, and 22]. 

Using bioinformatics analysis we have identified eight metacaspases in tomato (Solanum 

lycopersicum L.). Our phylogenetic analysis shows that two of type II metacaspases were found 

very close to Arabidopsis AtMC4 and AtMC9 therefore named as SolycMC4 and SolycMC9. 

The expression patterns of these two genes were analyzed in young seedlings as well as in 

vegetative and reproductive tissues of 60 days old mature plants. The expression analysis shows 

that SolycMC4 was constitutively expressed in seedlings as well as in various developmental 

stages of leaves, stem, flowers and fruits. However, expression of SolycMC9 was detected only 

in some developmental stages of leaves, flowers and fruits. We also observed strong expression 

of SolycMC9 in xylem layer of stem. We found that amongst all the tomato metacaspases 

SolycMC4 was found to be most expressed during development, therefore we aim to 



characterize the role of SolycMC4 using various molecular genetics and biochemical approaches 

in plants.  

 

Aim and Objectives 

Aim of proposed work is to understand the role of tomato type II metacaspases in plant 

development using molecular and biochemical approaches. 

The objectives of proposed work are: 

1. Spatial and temporal expression analysis of type II Metacaspase in tomato.   

2. Characterization of type II Metacaspase in tomato by gene silencing. 

3. Biochemical characterization of type II Metacaspase. 

4. Subcellular localization of type II Metacaspase. 

 

Results 

Identification of Type II metacaspases 

In total eight metacaspase genes were identified in tomato genome from ITAG2.4 based 

annotated database using Arabidopsis metacaspase genes as query sequences [23]. Two of the 

eight tomato metacaspases, Solyc09g098150.3.1 and Solyc10g087300.1.1 were identified as 

type II metacaspases. The multiple sequence alignment and phylogenetic analysis showed that 

Solyc09g098150.3.1 and Solyc10g087300.1.1 were found close homologues of AtMC4 and 

AtMC9 in Arabidopsis; therefore, named as SolycMC4 and SolycMC9, respectively. The 

lengths of SolycMC4 and SolycMC9 coding sequences were found to be 3064 and 1928 bp 

encoding polypeptides of 416 and 320 amino acids length, respectively. Isoelectric points of 

SolycMC4 and SolycMC9 was on the acidic pH with pI values 4.84 and 5.77, respectively. 

SolycMC4 and SolycMC9 genes were located on chromosome 9 and 10, respectively. 

SolycMC4 consist of two exons separated by one intron, while SolycMC9 had three exons 

interrupted by two introns. 

In order to understand the transcriptional regulation of type II metacaspases during development, 

potential cis-elements in their promoter sequences were analyzed. Several light responsive 

elements such as Box-4 and TCT-motif were identified in the promoter regions. We have also 

identified some additional cis-acting elements associated with light stress include G-box, AE-

box, GT1 and chs-CMA1a.  

 

Expression analysis of SolycMC4 using qRT-PCR 

qRT-PCR was performed to analyze the expression of identified candidate metacaspases during 

plant development. For expression analysis various developing tissues like; root, hypocotyl and 

cotyledons from 15 dag old seedlings and various vegetative and reproductive tissues from 60 

dag old mature tomato plants were used. Immature leaves, young leaves, mature leaves and 

senescent leaves;  outer layer of stem (cortex and phloem), inner layer of stem (xylem); 

abscission zone of flowers; eight developmental stages of flowers (Developing flower bud 1, 

Developing flower bud 2, Developing flower bud 3, Immature flower 1, Immature flower 2, 

Immature flower 3, Mature flower, Senescent flower); eight developmental stages of fruits 

(Immature fruit 1, Immature fruit 2, Immature fruit 3; Mature green fruit, Mature breaker fruit, 

Mature turning fruit, Mature pink fruit, Mature red fruit) were taken for RNA extraction and 



cDNA synthesis. qRT-PCR expression analysis showed that SolycMC4 was strongly expressed 

in the roots, hypocotyl and cotyledons of the seedlings. In mature tomato plants, its expression 

was also observed in all stages of developing leaves, stem, and roots. The expression was also 

observed in phloem and xylem tissues of stem. During reproductive development, SolycMC4 

was strongly expressed in all stages of developing flowers and fruits. As compare expression of 

SolycMC9 was specifically detected in late stage of unopened flower to early stages of open 

flowers. In developing fruits, its expression was found mainly in late stage of developing fruits. 

Also, expression level of SolycMC9 was relatively higher in early stages of developing leaves 

and in xylem layer of stem. In short, the expression analysis showed that SolycMC4 gene was 

consistently and predominantly expressed in all developing tissues of tomato plants. On the 

basis of expression analysis, SolycMC4 was selected for further characterization in tomato. 

 

Spatiotemporal expression analysis using PromSolycMC4::GUS lines 

The spatiotemporal expression pattern of SolycMC4 during development was analyzed using 

PromSolycMC4::GUS histochemical assays. For generation of promoter::GUS lines, 870 bp 

sequences upstream of SolycMC4 initiation codon was PCR amplified and first cloned into the 

entry vector pDONR207 (Invitrogen, USA) then recombined into the Promoter-GUS destination 

vector pMDC163 [24] The positive clones were transferred into Agrobacterium cells followed 

by their transformation in tomato. The GUS histochemical analysis showed that SolycMC4 

expression was observed in most tissues of 4 weeks old young tomato plants. The expression 

was observed in leaves, petioles, stem and primary and lateral roots. The expression was also 

seen in the meristematic regions of stem and roots. The expression was also consistently 

observed in the vascular tissues of roots, leaves and stem. Transverse sections of the stem 

showed promoter expression in epidermis, cortex, interfascicular fibers and in developing 

vascular bundles and pith of the stem. Within the cortex, expression was observed in 

chlorenchyma, collenchyma and parenchyma tissues. The expression was also seen in phloem, 

cambium and xylem tissues of the vascular system. Also, promoter expression was observed to 

be induced by wounding and oxidative stress (H2O2) indicating that SolycMC4 also play a role 

in plant defense responses.  

 

Generation of amiRNA-SolycMC4 expressing gene silencing lines 

To gain an insight into the functions of SolycMC4, 35S::amiRNA-SolycMC4 gene construct 

was generated and transformed into tomato cv. MicroTom to mediate suppression of its mRNA 

using endogenous RISC mediated post-transcriptional gene silencing mechanism in plants. 

Expression of amiRNA precursors under the control of a strong, constitutive promoter in 

transgenic plants leads to an accumulation of mature amiRNAs which guide the RISC to cleave 

their target genes. WMD3 artificial microRNA designer tool was used to design amiRNA 

sequences based on the input gene sequences of SolycMC4 [25] Overlapping PCR was carried 

out in two steps to generate a miRNA precursor in which an endogenous miRNA of MIR319 

and complementary strand present in pRS300 vector was replaced with an amiRNA sequence of 

the candidate SolycMC4 [26]. The chimeric sequence was first cloned in entry vector 

pDONR207 followed by in plant specific vector pMDC32 by Gateway cloning [24]. Further the 

recombinant vector carrying 35S::amiRNA-SolycMC4 was transformed to Agrobacterium 

tumefaciens strain GV3101pMP90 by electroporation followed by screening of transformed 

cells by colony PCR. The PCR verified Agrobacterium cells carrying 35S::amiRNA-SolycMC4 



construct was co-cultivated with isolated cotyledons from 10 dag old in vitro grown tomato 

seedlings for genetic transformation as procedure described [15]. A total of four independently 

transformed 35S::amiRNA-SolycMC4 T1 lines were selected on MS media supplemented with 

20 mg/l Hygromycin. These lines were PCR verified for the presence of amiRNA-SolycMC4 

construct insert. 

qRT-PCR analysis was performed to verify the level of silencing of SolycMC4 in 

35S::amiRNA-SolycMC4 expressing lines. The expression analysis showed that transcript of 

SolycMC4 was significantly suppressed in amiRNA lines. Confirmed lines were grown in vitro 

and in controlled growth room for further characterization. 

 

Phenotypic characterization of amiRNA-SolycMC4 expressing lines 

To determine the developmental role of SolycMC4, amiRNA-SolycMC4 expressing lines were 

grown in both in vitro and in pots under controlled growth room conditions for further 

phenotypic characterization. When grown in in vitro, amiRNA lines (T1, T2, T3 and T4; after 

which T1 and T4 selected for detailed study) initially produced more vigorous growth than the 

control plants. Their subsequent growth was reduced as compared with control resulting in a 

healthy dark green dwarf phenotype of the plants. The length of amiRNA plants was 

approximately 38.6 ± 8.1 mm, while control was 63.6 ±7.02 mm in length after 60 days of in 

vitro culture. The difference in length was about 39.4% shorter for the amiRNA line plants. The 

internode length of stem of these plants was also compared. We observed that average internode 

length of amiRNA lines (3.4 ± 1.1mm) was 34.7 % reduced than the control plants (5.2 ±1.3 

mm). The diameter at base of main stem was also measured. The results showed that stem 

diameter of amiRNA lines (7.04 ± 0.64mm) were thicker than those of the control (6.11 ± 0.63 

mm). This increase in stem diameter was approximately 15.2% more in amiRNA lines than the 

control. Similar growth patterns of amiRNA-SolycMC4 plants were also observed when grown 

in the pots. 

To further evaluate the increase in the diameter of stem, a series of paraffin embedded stem 

sections was prepared and observed under a Zeiss discovery V.12 stereo microscope and Zeiss 

axioplan 2 microscope and images were captured using an axiocam camera. We observed the 

significantly increased cell number and cell size in the parenchyma of cortex of amiRNA plants. 

However, there was no such obvious difference observed in vascular tissues and pith. This 

increase in thickness of stem was appeared to be resulted from both increased in cell number and 

cell size in cortical layer of amiRNA lines indicating that SolycMC4 may have some role in the 

stem development. 

The morphology of leaves was also altered, as they appeared to be vigorous in amiRNA-

SolycMC4 lines. We observed that leaves in amiRNA lines were highly pigmented and thick in 

texture than the control plants. These alterations in leaf morphology prompted us to investigate 

further into the anatomical details of leaves. Thin parafilm embedded sections of mature leaves 

were made from both control and amiRNA lines and observed under axioplan 2 microscope. We 

observed that in comparison with the control, photosynthetic mesophyll cells were more in 

number and bigger in size in the leaves of amiRNA lines. However, we observed no difference 

in other cell layers of the leaves. Like stem, the increase in size of leaves was appeared to be 



resulted from increased number and size of cells in amiRNA plants, reflecting the overall 

increased thickness of their leaves. 

We observed that when grown in pots, amiRNA-SolycMC4 lines showed delayed leaf yellowing 

than the control plants. This indicates that rate of chlorophylls degradation during senescence of 

leaves was delayed in amiRNA lines. To evaluate whether senescence programs are affected in 

these plants, two known senescence associated genes, SGR1 (Stay Green protein1) and SAG12 

(Senescence Associated Genes 12) were used as markers to analyze the onset of senescence. 

SAG12 encodes the senescence specific cysteine protease; it is upregulated as per the 

progression of leaf age and also as leaf senescence progresses [16]. SAG12 is commonly used 

senescence marker as it was specifically induced during early senescence. SGR1 is highly 

conserved in plants and its knockout resulted into stay green phenotype. SGR1 is associated with 

thylakoid membrane of chloroplasts and silencing of this gene leads to dark green coloration. 

Silencing of LeSGR1 is found to inhibit chlorophyll degradation in tomato [17]. Also, SGR1 

gene is negative regulator of ROS production and chloroplast stability. Expression levels of 

SGR1 and SAG12 genes during different developmental stages of leaves of control and 

amiRNA lines were examined using qRT-PCR. Expression results showed that leaves of 

amiRNA lines have significant decreased expression of both SGR1 and SAG12 genes. 

Expression of SAG12 was reduced by 97.7% in mature and 98.3% in leaves undergoing 

senescence indicating that senescence program in amiRNA-SolycMC4 line was delayed. 

Similarly, expression of SGR1 in senescent leaves of amiRNA plants was reduced by 84% than 

the control. These results indicate that SolycMC4 function in modulating senescence and act 

upstream or modulate pathways upstream of the senescence. 

Autophagy can contribute to the development of plants. It is a proteolytic process that can 

eliminate defective proteins and organelles from the cells and have both pro-survival and pro-

death roles [27].  In plants, autophagy is implicated to have roles in xylem development, 

embryogenesis and senescence [28]. As shown previously, Metacaspase MC-Pa II acts upstream 

of autophagy and along with autophagy required for PCD of suspensor during embryogenesis in 

spruce [18]. A similar activation of autophagy pathway downstream of metacaspase was also 

reported during tracheary elements development in Arabidopsis [18]. To examine whether 

silencing of SolycMC4 also affected autophagy, expression of three well known autophagy 

marker genes, ATG5, ATG8 and TOR1 (Target of Rapamycin) was analyzed in amiRNA-

SolycMC4 lines. Both ATG5 and ATG8 are known to be positive regulators of autophagy, 

whereas TOR is its negative regulator [19]. qRT-PCR analysis showed that expression of both 

ATG5 and ATG8 increased significantly in amiRNA lines. However, as expected, expression of 

TOR1 was reduced in the amiRNA lines. This indicates that silencing of SolycMC4 resulted in 

increased autophagy in amiRNA-SolycMC4 plants. 

 

Biochemical characterization of type II Metacaspase 

Morphological characterizations showed that amiRNA expressing lines appeared highly 

pigmented and have stay green phenotype. To investigate this further, we measured the 

anthocyanin and chlorophyll contents in the leaves of amiRNA-SolycMC4 plants. Consistent 

with the phenotype results, total chlorophyll and anthocyanin levels of amiRNA lines was 

significantly higher than the control plants. We observed that both anthocyanin and chlorophyll 



content was approximately two-fold increase in amiRNA lines. This higher chlorophyll content 

could be due to a greater number of chloroplasts or larger size of the chloroplasts in cells of 

amiRNA-SolycMC4 lines. 

In order to understand whether silencing of SolycMC4 in tomato resulted in alteration in ROS 

contents in plants, we also examined H2O2 content in plants using DAB (3,3’-diaminobenzidine) 

histochemical staining. The H2O2 content in leaves was also measured spectrophotometrically. 

Our results showed significantly reduced H2O2 content in amiRNA expressing lines suggesting 

that the silencing of SolycMC4 may have resulted in reduced ROS activity in plants. 

Plant cells possess ROS scavenging enzyme system to counterbalance excessive H2O2 

production, which includes antioxidant enzymes such as catalase (CAT), peroxidase (PXD), 

ascorbate peroxidase (APX) and superoxide dismutase (SOD). The antioxidant enzymes activity 

was measured biochemically in amiRNA expressing lines and control plants. We observed 23% 

increase in SOD activity, whereas activity of CAT, PXD and APX was also dramatically higher 

with approximately 200, 400 and 200-fold increased activity, respectively, in silencing lines than 

control plants. 

qRT-PCR of CAT, SOD, APX and Guaiacol peroxidase (GP) genes in amiRNA-SolycMC4 

lines and control was also analysed to quantify the expression pattern of these REDOX regulator 

genes. Consistent with the enzymatic activity, expression analysis also showed that APX, CAT, 

PXD and SOD genes were upregulated in silencing lines. 

 

Subcellular localization of SolycMC4 

To localize the SolycMC4::GFP fusion protein in subcellular compartment, SolycMC4 coding 

sequence was PCR amplified and cloned into pDONR207 and subsequently recombined into 

pGWB5 [29] for generation of C::terminus-GFP fusion construct. For subcellular localization, 

the fusion protein was transiently expressed in the protoplast isolated from cell suspension 

culture of tomato cv. Microtom and visualization using Zeiss LSM510 laser scanning confocal 

microscope. Transiently transformed protoplast shows that SolycMC4::GFP fusion proteins 

were localized in cytoplasmic compartment of cells. Protein prediction localization with WoLF 

PSORT tool also predicts that SolycMC4 is localized to the cytoplasm. 

 

Conclusion 

Amongst all metacaspases, SolycMC4 was found to be most expressed during development in 

tomato. Therefore, we aimed to characterize the roles of SolycMC4 in plant development using 

various molecular and biochemical based approaches. The spatial and temporal expression 

analysis using PromSolycMC4::GUS lines shows that the SolycMC4 was expressed in most of 

the developmental tissues including leaves, stem and roots. The expression was also seen in the 

cortex and vascular tissues of stem and mesophyll cells of leaves. For functional 

characterization, we have generated several independent 35S::amiRNA-SolycMC4 expressing 

lines, when grown in soil shows more vigorous and stay-green phenotype. Also, the stem of 

amiRNA expressing plants was thicker and slightly shorter in length providing the plant a very 

robust and healthy phenotype compared to its control. In addition to these, leaves of silencing 

lines shows dark coloration due to higher accumulation of chlorophyll and anthocyanin 



pigments in the plants. We further observed that silencing of SolycMC4 resulted in increases 

antioxidant enzyme activity and delayed leaf senescence. The expression of senescence 

associated marker genes, SGR1 and SAG12 was found to be down regulated, where expression 

of autophagy marker genes, ATG5 and ATG8 increased in amiRNA lines. This show that the 

onset of senescence, a cell death program was delayed which resulted in vigorous and dark 

green growth of plants. This also indicates that SolycMC4 act upstream or modulates pathways 

upstream of the senescence and autophagy. Other possible explanation for such growth 

phenotype would be that gene silencing of SolycMC4 triggered more biogenesis or recycling 

chloroplast due to altered ROS signaling. There is another possibility that silencing of 

SolycMC4 leads to less sensitive of plants to some specific proteolytic process which altered the 

senescence and autophagy pathways resulted in overall vigorous growth of the plants. How 

SoylcMC4 influence plant development and crosstalk and regulate these pathways needs to be 

further investigated. 

 

References 
1.  Lam E. Controlled cell death, plant survival and development. Nat Rev Mol Cell Biol. 

2004;5: 305–315. doi:10.1038/nrm1358 

2.  Uren AG, O’Rourke K, Aravind L, Pisabarro MT, Seshagiri S, Koonin E V., et al. 

Identification of paracaspases and metacaspases: Two ancient families of caspase-like 

proteins, one of which plays a key role in MALT lymphoma. Mol Cell. 2000;6: 961–967. 

doi:10.1016/s1097-2765(05)00086-9 

3.  Vercammen D, De Cotte B Van, De Jaeger G, Eeckhout D, Casteels P, Vandepoele K, et al. 

Type II metacaspases Atmc4 and Atmc9 of Arabidopsis thaliana cleave substrates after 

arginine and lysine. J Biol Chem. 2004;279: 45329–45336. doi:10.1074/jbc.M406329200 

4.  Madeo F, Herker E, Maldener C, Wissing S, Lächelt S, Herlan M, et al. A caspase-related 

protease regulates apoptosis in yeast. Mol Cell. 2002;9: 911–917. doi:10.1016/S1097-

2765(02)00501-4 

5.  Bozhkov P V, Suarez MF, Filonova LH, Daniel G, Zamyatnin A a, Rodriguez-Nieto S, et 

al. Cysteine protease mcII-Pa executes programmed cell death during plant embryogenesis. 

Proc Natl Acad Sci U S A. 2005;102: 14463–14468. doi:10.1073/pnas.0506948102 

6.  Bollhöner B, Zhang B, Stael S, Denancé N, Overmyer K, Goffner D, et al. Post mortem 

function of AtMC9 in xylem vessel elements. New Phytol. 2013;200: 498–510. 

doi:10.1111/nph.12387 

7.  He R, Drury GE, Rotari VI, Gordon A, Willer M, Farzaneh T, et al. Metacaspase-8 

modulates programmed cell death induced by ultraviolet light and H2O2 in Arabidopsis. J 

Biol Chem. 2008;283: 774–783. doi:10.1074/jbc.M704185200 

8.  Watanabe N, Lam E. Arabidopsis metacaspase 2d is a positive mediator of cell death 

induced during biotic and abiotic stresses. Plant J. 2011;66: 969–982. doi:10.1111/j.1365-

313X.2011.04554.x 

9.  Coll NS, Vercammen D, Smidler A, Clover C, Van Breusegem F, Dangl JL, et al. 

Arabidopsis type I metacaspases control cell death. Science (80- ). 2010;330: 1393–1397. 

doi:10.1126/science.1194980 

10.  Kim SM, Bae C, Oh SK, Choi D. A pepper (Capsicum annuum L.) metacaspase 9 (Camc9) 

plays a role in pathogen-induced cell death in plants. Mol Plant Pathol. 2013;14: 557–566. 

doi:10.1111/mpp.12027 

11.  Wang X, Wang X, Feng H, Tang C, Bai P, Wei G, et al. TaMCA4, a novel wheat 

metacaspase gene functions in programmed cell death induced by the fungal pathogen 

Puccinia striiformis f. sp. tritici. Mol Plant Microbe Interact. 2012;25: 755–64. 

doi:10.1094/MPMI-11-11-0283-R 



12.  Wang C, L?? P, Zhong S, Chen H, Zhou B. LcMCII-1 is involved in the ROS-dependent 

senescence of the rudimentary leaves of Litchi chinensis. Plant Cell Rep. 2016; 1–14. 

doi:10.1007/s00299-016-2059-y 

13.  Hoeberichts FA, Ten Have A, Woltering EJ. A tomato metacaspase gene is upregulated 

during programmed cell death in Botrytis cinerea-infected leaves. Planta. 2003;217: 517–

522. doi:10.1007/s00425-003-1049-9 

14.  Liu H, Liu J, Wei Y. Identification and analysis of the metacaspase gene family in tomato. 

Biochem Biophys Res Commun. 2016. doi:10.1016/j.bbrc.2016.09.103 

15.  Sun HJ, Uchii S, Watanabe S, Ezura H. A highly efficient transformation protocol for 

Micro-Tom, a model cultivar for tomato functional genomics. Plant Cell Physiol. 2006;47: 

426–431. doi:10.1093/pcp/pci251 

16.  Zentgraf U, Jobst J, Kolb D, Rentsch D. Senescence-related gene expression profiles of 

rosette leaves of Arabidopsis  thaliana: leaf age versus plant age. Plant Biol (Stuttg). 

2004;6: 178–183. doi:10.1055/s-2004-815735 

17.  Hu ZL, Deng L, Yan B, Pan Y, Luo M, Chen XQ, et al. Silencing of the LeSGR1 gene in 

tomato inhibits chlorophyll degradation and exhibits a stay-green phenotype. Biol Plant. 

2011;55: 27–34. doi:10.1007/s10535-011-0004-z 

18.  Minina EA, Filonova LH, Fukada K, Savenkov EI, Gogvadze V, Clapham D, et al. 

Autophagy and metacaspase determine the mode of cell death in plants. J Cell Biol. 

2013;203: 917–927. doi:10.1083/jcb.201307082 

19.  Escamez S, Andre D, Zhang B, Bollho ner B, Pesquet E, Tuominen H. METACASPASE9 

modulates autophagy to confine cell death to the target cells during Arabidopsis vascular 

xylem differentiation. Biol Open. 2016; 1–8. doi:10.1242/bio.015529 

20. Le Bars R, Marion J, Le Borgne R, Satiat-Jeunemaitre B, Bianchi MW. ATG5 defines a 

phagophore domain connected to the endoplasmic reticulum during autophagosome 

formation in plants. Nat Commun. 2014 Jun 20;5:4121. doi: 10.1038/ncomms5121. 

21.  Trivedi M, Parmar D, Kumar M, Singh SK. Identification and Molecular analyses of 

Metacaspases from Solanaceous plants. Poster presented at: National symposium on 

emerging trends in Biochemical sciences, 29-31 Dec-2014 at dpt. Of Biochemistry, The M 

S University of Baroda, India. 

22. Dubey N, Trivedi M, Varsani S, Vyas V, Farsodia M, and Singh S K. Genome-wide 

characterization, molecular evolution and expression profiling of the Metacaspases in 

potato (Solanum tuberosum L.). Heliyon. 2019 05:1-30. 

23. 100 Tomato Genome Sequencing Consortium, Aflitos S, Schijlen E, de Jong H, de Ridder 

D, Smit S, Finkers R, Wang J, Zhang G, Li N, Mao L, Bakker F, Dirks R, Breit T, 

Gravendeel B, Huits H, Struss D, Swanson-Wagner R, van Leeuwen H, van Ham RC, Fito 

L, Guignier L, Sevilla M, Ellul P, Ganko E, Kapur A, Reclus E, de Geus B, van de Geest H, 

Te Lintel Hekkert B, van Haarst J, Smits L, Koops A, Sanchez-Perez G, van Heusden AW, 

Visser R, Quan Z, Min J, Liao L, Wang X, Wang G, Yue Z, Yang X, Xu N, Schranz E, 

Smets E, Vos R, Rauwerda J, Ursem R, Schuit C, Kerns M, van den Berg J, Vriezen W, 

Janssen A, Datema E, Jahrman T, Moquet F, Bonnet J, Peters S. Exploring genetic variation 

in the tomato (Solanum section Lycopersicon) clade by whole-genome sequencing. Plant J. 

2014 Oct;80(1):136-48. doi: 10.1111/tpj.12616. 

24.  Curtis MD, Grossniklaus U. 2003. A gateway cloning vector set for high-throughput 

functional analysis of genes in planta. Plant Pphysiology 133: 462-69 

25. Ossowski S, Schwab R, Weigel D. 2008. Gene silencing in plants using artificial 

microRNAs and other small RNAs. The Plant Journal 53: 674-90 

26. Schwab R, Ossowski S, Riester M, Warthmann N, Weigel D. 2006. Highly specific gene 

silencing by artificial microRNAs in Arabidopsis. The Plant Cell Online 18: 1121-33 

27. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 2007;35(4):495-

516. doi:10.1080/01926230701320337 



28. Tang J, Bassham DC. Autophagy in crop plants: what's new beyond Arabidopsis?. Open 

Biol. 2018;8(12):180162. 2018 Dec 5. doi:10.1098/rsob.180162 

29. Nakagawa T, Kurose T, Hino T, Development of series of gateway binary vectors, pGWBs, 

for realizing efficient  construction of fusion genes for plant transformation. 2007. J. Biosci. 

Bioeng., 104, 34–41. 

 

 

 

 

       Date:       Signature of Candidate  

 

 

 

          

Guide      Head    Dean                          

Department of Botany           Department of Botany               Faculty of science 


