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Abstract 
Gene expression in a cell is mainly controlled by regulating transcription of mRNA. 3’-

end polyadenyation is a key step in mRNA biogenesis. It involves interaction of 

poly(A) factors with the poly(A) sites and with each other. Understanding such 

interactions will have vital implications in regulating gene expression levels. Tomato, 

Solanum lycopersicum, is an important member of the Solanaceae family and grown 

worldwide with high production. However, regulation of gene expression, especially at 

polyadenylation level has not been studied in tomato. Cleavage and Polyadenylation 

Specificity Factor (CPSF) has a central role in cleavage and polyadenylation process. 

The present proposal therefore was planned for the study of CPSF subunits and genes 

in tomato using various strategies. CPSF gene expression pattern was studied from 

tomato seeds, leaflets and roots by isolating RNA followed by RT-PCR. The expression 

level of these genes was studied on automated gel electrophoresis system (Experion). 

Highest expression was found for the subunit CPSF 73II followed by CPSF73I. The 

gene expression levels of the CPSF subunits were highest in the seedlings as compared 

to those in leaflets and roots. Effect of fungal stress on CPSF and differential gene 

expression were also studied with the help of gene specific and arbitrary primers 

respectively. Time course under fungal stress showed highest expression of CPSF 73II 

followed by CPSF73I gene after 4 and 6 hours post inoculation respectively. Fungal 

stress reduced the expression of all these genes. Differential gene expression under 

fungal stress showed expression of many useful genes. Molecular interactions among 

CPSF subunits were examined by proteomics approach following pull-down of the 

protein complex. The CPSF subunit cDNAs were transformed in Agrobacterium 

followed by transformation in tomato suspension culture. Proteomics results have 

shown the interactions among CPSF subunits with each other and with other 

neighboring proteins. Outcome of the project is expected to have important 

implications for the control of gene expression in tomato to improve yields and 

varieties.  
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Introduction 
Gene expression in a cell is mainly controlled at transcription level (Hunt, 2012). There 

are many control points of transcription, among which post-transcriptional 

modifications play an important role in eukaryotic cells. The modifications include 

addition of a 5'cap, splicing and polyadenylation. Cleavage and polyadenylation, 

sometimes referred as polyadenylation, of pre-mRNA is a crucial step for producing 

mature mRNA (Tian and Graber, 2012). It is composed of a tract of adenosines (polyA) 

to the cleaved RNA (Zhao et al., 2009). The polyadenylation is not only an essential 

step for the production of correctly processed mRNA but also has other crucial 

functions (Koh and Wong, 2007). The poly(A) tail increases stability of mRNA 

(Gilmartin, 2005), helps in transport of mRNA from nucleus to cytoplasm (Kohler and 

Hurt, 2007) and takes part in translation process by binding the mRNA to the ribosome 

(Gallie, 2002). The polyadenylation process is also associated with other processes of 

mRNA biogenesis including initiation, elongation and termination of mRNA 

transcription (Plant et al., 2005; Yeung et al., 1998), and even splicing of mRNA (Rigo 

and Martinson, 2008). Thus poly(A) signal governs a checkpoint that determines, for 

each transcript, whether it will proceed to gene expression and if so, how the gene will 

be expressed and where? And it has become clear in the recent years that there is an 

extensive network of coupling among gene expression machines that integrates mRNA 

processing, chromatin remodeling and mRNA export with transcription (Hunt et al., 

2008). In this context, the poly(A) signal resides at the hub of a vast integrated network 

of processes required for the production of a functional polyadenylation (Hunt, 2008). 

The polyadenylation process (Fig. 1.1) requires two essential components; the cis-

elements on mRNA and trans-elements in the form of protein factors that recognize and 

interact with the cis-elements to complete the process (Hunt et al., 2008). A 

macromolecular machinery comprising of more than twenty proteins bring about 3'-end 

processing of mRNA (Chan et al., 2011). The cis and trans factors and assemblies and 

functions of the polyadenylation complex have been studied from yeast to human 

beings using biochemical, genetic, structural and bioinformatics approaches (Chan et 

al., 2011; Tian and Graber, 2012). The polyadenylation sites and signals have also been 

studied in protists (Clayton et al., 1948) and in fungal species (Franceschetti et al., 

2011; Tanaka et al., 2011). Apart from nuclear polyadenylation the process also exists 
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in mitochondria (Holec et al., 2008) and chloroplast (Schuster and Stern, 2009). The 

cytoplasmic polyadenylation serves to regulate mRNA translation (Villalba et al., 

2011). 

 

Fig. 1.1. Life history of a poly(A) signal. The CPSF is loaded on CTD of RNA 

polymerase II during initiation of transcription and travels with the polymerase. As 

soon as the poly(A) signal is transcribed and emerges, the CPSF jumps to the site where 

other poly(A) factors are also recruited, leading to cleavage and polyadenylation. 

 

The poly(A) signals are the most well studied in mammalian systems. The core 

polyadenylation signal in 3' UTR (untranslated region) in mammals has three elements 

(Li et al., 2008): Almost invariant hexamer sequence AAUAAA that lies 10-30 

nucleotides upstream of the cleavage site (CS), a poorly conserved U- or GU-rich 

element within 30 nucleotides downstream of the CS  (Gil and Proudfoot, 1987) and a 

less conserved element, UGUA, exists at a variable distance upstream of the cleavage 

site especially in the genes without the hexamer. The cleavage takes place between the 

first two elements usually on 3'-end of an A residue (Ganal et al., 1995).  

The poly(A) signals in plants are less conserved as compared to those reported in 

mammals (Li and Hunt, 1997; Mogen et al., 1990; Wu et al., 1994). The highly 

conserved hexamer sequence exists as minor, and downstream elements of mammalian 

pre-mRNA are not found in plants (Lokesh et al.). General features of the plant poly(A) 

sites are as follows (Dong et al., 2007; Li and Hunt, 1997; Rothnie, 1996):  
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An A-rich near upstream element (NUE) 13-30 nucleotides upstream of the cleavage 

site (CS), a far upstream element (FUE)-combination of UG and/or UUGUAA 

sequence 90 nt upstream of CS, and the poly(A) site itself (CS)-YA dinucleotide. 

The trans factors include multiple poly(A) factors organized into complexes. These 

factors are also well characterized in mammals and are composed of Cleavage and 

Polyadenylation Specificity Factor (CPSF), Cleavage Stimulatory Factor (CstF), 

Cleavage Factor I (CFI), Cleavage Factor II (CFII), poly(A) binding protein (PABP), 

Symplekin and poly(A) polymerase (PAP) (Plant et al., 2005). In plants the poly(A) 

factors are best studied in Arabidopsis so far that include CPSF, CstF, PAP, CFI-25m, 

PABN1 (polyadenylate binding protein) and FiP1 (factor inactivating with poly(A) 

polymerase) (Zhao et al., 2009). Among these factors CPSF multisubunit complexes 

have the central role in the polyadenylation process. These subunits are classified on 

the basis of molecular masses which are CPSF30, CPSF 73, CPSF 100 and CPSF 160 

(Cohen et al., 1999). In Arabidopsis the CPSF 73 has been further divided into 

CPSF73-I and CPSF73-II (Xu et al., 2006).  

The CPSF subunits not only interact with each other but also with other poly(A) factors 

and some RNA binding proteins that influence different post-transcripional processes 

including splicing, RNA decay and polyadenylation (Staiger and Koster, 2011). The 

AtCPSF100 has been shown to be served as a core to which all other factors are 

associated (Zhao et al., 2009). AtCPSF73-I and AtCPSF30 have been found to have 

endonuclease activities (Mandel et al., 2006; Rao et al., 2009). The CPSF subunits in 

plants are not only involved in cleavage and polyadenylation process but also found to 

have different roles in plant metabolism. CPSF30 has been demonstrated to be involved 

in possible interplay between splicing and polyadenylation (Delaney et al., 2006). 

Disruption of CPSF73-II gene in Arabidopsis caused drastic decrease in genetic 

transmission of female gametes while no such affect could be observed in case of male 

gametes (Xu et al., 2004). Several other reports are found in literature about the role of 

plant proteins and polyA factors in plants to have role in gene regulation leading to the 

control of flowering time (Quesada et al., 2005; Rancic et al., 2008; Simpson et al., 

2010; Sonmez et al., 2011). Gene expression has also been shown in fungi to be 

controlled by alternative pre-mRNA 3'-end processing (Franceschetti et al., 2011). 

The polyadenylation process in plants has mostly been reported from the model plants 

Arabidopsis and rice that mainly includes bioinformatics analysis rather than 
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experimental work (Elad et al., ; Li et al., 2008; Lokesh et al.). Tomato, Solanum 

lycopersicom L., is a model plant of Solanaceae family (Aoki et al., 2010) that 

comprises (Jimenez-Gomez and Maloof, 2009) more than 3000 species (Bai and 

Lindhout, 2007) including potato, eggplant, peppers etc (Mueller et al., 2005a). It is 

among the most commonly used vegetables (Jimenez-Gomez and Maloof, 2009) with 

highest production globally; 146 million tons yield in 2010 (Blanca et al., 2012).  Due 

to importance of tomato sequencing of its genome was initiated in 2003 as part of the 

International Solanaceae Genome Project (SOL) (http://sgn.cornell.edu). Several 

studies are reported on various aspects of tomato genome. Ranc et al. (2008) showed 

that molecular diversity was lower in domesticated form of tomato. SSR genotyping of 

tomato by the same group revealed that domesticated and wild tomatoes have evolved 

as a species complex. However, many important molecular processes, including 3’-end 

processing of mRNA, have still not been studied in tomato. Therefore, present project 

was designed to study CPSF gene expression pattern and CPSF subunits interaction in 

this important plant.  

Moreover, fungal stress causes significant changes in the host plants including 

expression of several genes to combat the stressful situation. Among several techniques 

DDRT-PCR has been used quite confidently to study the expression of different genes 

for elucidation of various biochemical pathways (Benito et al., 1996). Identification of 

differentially expressed genes under various stresses can give clues as to what defense 

mechanisms and biochemical pathways are regulated during different types of stresses. 

DDRT-PCR has been emerged as a very impressive and reliable technique for isolation 

of novel genes under different conditions from a variety of sources including plants 

(Liang, 2002). Such technique has also been applied for the study of differential gene 

expression in different plants under fungal stress (Chen et al., 2003; Chotikacharoensuk 

et al., 2006; Naviglio et al., 2008; Song and Allen, 1997; Torres et al., 2006). A few 

studies using DDRT-PCR have also been reported in tomato such as to study of plant-

fungus interaction (Benito et al., 1996), and under chilling tolerance (Kadyrzhanova et 

al., 1998). However, no reports could be found regarding differential gene expression 

under fungal stress in tomato. Therefore, effect of fungal stress on differential 

expression of genes and its effect on CPSF gene expression was studied during the 

current studies.  
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Overall objectives of the study were:  

 CPSF gene expression pattern in tomato  

 CPSF and differential gene expression in tomato under biotic stress  

 The interaction among CPSF subunits in tomato                                                                                     
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Review of Literature  
Tomato is among the most commonly used vegetables with highest production 

globally; 146 million tons yield in 2010 (Blanca et al., 2012). It belongs to the family 

Solanaceae, genus Solanum L., section Lycopersicon; botanical name Solanum 

lycopersicom L., formerly called as Lycopersicon esculentum Mill. Solanaceae family 

has more than 3000 species (Bai and Lindhout, 2007) including potato, eggplant, 

peppers, ornamental plants with edible leaves and some medicinal plants (Mueller et 

al., 2005a). Solanum lycopersicum var. lycopersicum and S. lycopersicum var. 

cereasiforme are the two most common and widely distributed varieties of tomato, 

former being cultivated and later the weedy variety. Its most closely related wild 

variety is S. pimpinellifolium. 

Commercially available tomatoes are of various colors, shapes and sizes with fleshy 

fruit (Fig. 2.1). Tomato is a perennial plant, however, usually grown as an annual plant 

(Blanca et al., 2012). 

 

Fig. 2.1. Various types of tomato fruits (taken from (Bai and Lindhout, 2007). 

2.1. Tomato genome 

Due to large sizes and complexity, the plant genomes are more difficult to sequence as 

compared to the animal genomes. However, tomato genome is around 900 megabases, 

therefore, is quite manageable for the sequencing. The tomato genome is composed of 

12 chromosomes and is highly syntenic with other economically important members of 

Solanaceae (Anonymous, 2012a). Furthermore, the tomato genome comprises of low 

copy DNA which is quite unusual among angiosperms. A total of 34727 protein-coding 
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genes have been predicted in the tomato genome which is quite closer to the potato 

genome and shows high similarity to Arabidopsis genes (Anonymous, 2012a).  

Owing to the importance of tomato, sequencing of its genome was initiated in 2003, 

and the task was distributed among more than 300 scientists from 90 institutes in 14 

countries (Anonymous, 2012b). The tomato sequencing project is part of the 

"International Solanaceae Genome Project (SOL): Systems Approach to Diversity and 

Adaptation" (Mueller et al., 2005b). In fact generation of a high quality sequence for 

euchromatic portion of tomato using an ordered approach is serving as a reference for 

the Solanaceae. Information about the members of the Solanaceae family can be 

retrieved from SOL genomics network (SGN: http://sgn. Cornell.edu) (Mueller et al., 

2005a). 

Understanding the tomato genome is especially important due to the following reasons 

(Anonymous, 2012b): 

a. Tomato belongs to one of the most diverse plant genera- the Solanum, 

therefore, it may be helpful in understanding the evolutionary processes 

b. It will help improve the quality of tomatoes 

c. It will help teach more about basic plant mechanisms 

d. It will also help breeders to make clever crosses between variants with 

desirable traists 

Several studies are reported on different aspects of tomato genome. Molecular diversity 

was lower in domesticated form of tomato i.e. S. lycopersicum (Ranc et al., 2008). 

They also performed SSR genotyping that revealed that domesticated and wild 

tomatoes had evolved as a species complex. The 5'- and 3'-untranslated regions of the 

tomato have been found to be longer than those of most other plants (Aoki et al., 2010). 

Intron length in tomato genes was also longer as compared to those in Arabidopsis 

(Van Deynze et al., 2007).  

Genome analysis may also reveal patterns of cleavage and polyadenylation in plants 

(Sherstnev et al., 2012; Zubkot et al., 2004). However, no reports on poly(A) analysis 

of tomato could be found in literature.  

 

 



9 
 

2.2. Polyadenylation 

Cleavage and polyadenylation of pre-mRNA is an essential step for the generation of 

mature mRNA in eukaryotic cells. The process mainly takes place on mRNA although 

a few reports on rRNA polyadenylation are also found (Lewandowska et al., 2007). 

The process is important for gene expression as unpolyadenylated mRNAs are found to 

be silenced in Arabidopsis by RDR6-mediated silencing (Luo and Chen, 2007). 

Cleavage takes place at a specific cleavage site at 3'-end of mRNA. It follows 

polyadenylation which is addition of a tract of adenosines called poly(A) tail. The 

poly(A) tail has several important roles such as transport of mRNA out of nucleus 

(Kohler and Hurt, 2007), mRNA stability (Gilmartin, 2005) and translation (Gallie, 

2002). The polyadenylation process is linked with many aspects of mRNA formation 

that include transcription initiation and elongation (Plant et al., 2005), termination 

(Yeung et al., 1998), splicing (Rigo et al., 2005), and initiation of translation (Gallie, 

2002). The 3'-end poly(A) tail also protects unregulated degradation of the mRNA (Ji et 

al., 2007). The mRNA maturation is a highly regulated process (Li and Hunt, 1997; 

Wypijewski et al., 2009). Formation of 3'-end of mRNA acts as a bridge in integrating 

various steps in mRNA biogenesis and function (Hunt, 2008).  

The polyadenylation process requires two essential components; the cis-elements on the 

mRNA and trans-elements in the form of protein factors that recognize and interact 

with the cis-elements to complete the process (Hunt et al., 2008). The poly(A) signals 

and poly(A) factors differ in mammals, yeast and plants (Fig. 2.2). 

 

Fig. 2.2. Cis-acting poly(A) sites in animals, yeast and pants (taken from (Cohen et 

al., 1999) 
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2.2.1. Poly(A) sites 

i. Poly(A) sites in mammals: 

The core poly(A) signals in vertebrates consist of three elements in 3'-UTRs of pre-

mRNA (Shen et al., 2008b). These are (Fig. 2.3): 

 The highly conserved AAUAAA present about 10-30 nt upstream of the cleavage site 

 A downstream U- or GU- rich element 

 A less conserved element UGUA at variable distances upstream of the cleavage site. 

Then there is a dinucleotide, CA, downstream of the hexamer and upstream of U/GU 

rich elements, cleavage occurs 3' to the adenosine residues followed by addition of a 

poly(A) tail (Guo and Sherman, 1995).  

 

Fig. 2.3. The poly(A) signals located in mammalian cells. USE stands for upstream 

element, PAS for poly(A) site and DSE for downstream element. Y in YA stands for  

ii. Yeast and fungal poly(A) signals 

The poly(A) signals in yeast (Fig. 2.3) differ in both position and composition from the 

signals in mammals (Mogen et al., 1990). The three distinct elements for 

polyadenylation in Saccharomyces cerevisiae are:  

 TATATA and related sequences as efficiency elements that enhance the efficiency of 

positioning elements 

 The actual site of polyadenylation 

In Aspergillus oryzae the 3'-end processing signals were studied using bioinformatics 

tools from EST and genomic sequencing data (Tanaka et al., 2011). They found four 

elements for polyadenylation process: 

 Furthest upstream U-rich element 

 A-rich sequence, most common being AAUGAA 

 Cleavage site, most common being CA 

 U-rich element flanking the cleavage site 
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Thus the poly(A) elements in the fungus were similar to the elements exist in plants and 

yeast, although had some differences in the furthest upstream U-rich and A-rich 

sequence elements,  

iii. Plant poly(A) sites 

The poly(A) sites in plants are more variable than those found in mammals (Dong et 

al., 2007). Earlier reports on appearance of poly(A)-rich RNA include studies in 

germinating pea seeds (Sieliwanowicz, 1978; Sielwanowicz et al., 1977) followed by 

poly(A) sites in many other plants such as Petunia and Zea mays (Dean et al., 1986), 

maize (Chaubet et al., 1988), alfalfa (Wu et al., 1989), barley (Skadsen and Knauer, 

1995). Polyadenylation of histone mRNAs have been reported in dicotyledonous plants 

(Chaubet et al., 1988), maize (Yanagisawa et al., 1988) and alfalfa (Wu et al., 1989). A 

polyadenylation site was identified in an adh-homologous gene in Lycopersicon 

esculentum (Ingersoll et al., 1994). It has also been shown that pre-mature 

polyadenylation may lead to poor expression of transgenes in other hosts. Poor 

expression of Bt cry3Ca1 gene in transgenic potato plants was observed due to 

premature polyadenylation (Haffani et al., 2000). Architecture of plant poly(A) sites is 

mainly derived from Arabidopsis (Li and Hunt, 1995; Lokesh et al.). Occurrence of 

AATAAA, CAYTG, YGTGTTYY and YAYTG in relation to the poly(A) sites was 

described (Joshi, 1987). Multiple elements in 3'-end formation in mRNA in plants 

(Mogen et al., 1990) have been suggested on the basis of characterization of a pea gene 

encoding ribulose-5-bisphosphate carboxylase small subunit (rbcS). Comparison of 

poly(A) signals in six different eukaryotic species revealed that the canonical 

AAUAAA element found in animals was very weak in plants and yeast (Elad et al.). 

Similar observation was recorded by other researchers (Lokesh et al.) who noticed that 

the ubiquitous downstream elements of mammalian pre-mRNAs could not be found in 

yeasts and plants, rather an enhancing element was found to be located far upstream of 

the cleavage sites of the mRNA.  

The poly(A) sites in plants (Fig. 2.4) have been reported and reviewed in literature 

(Hunt, 2008; Li and Hunt, 1995; Li and Hunt, 1997; Rothnie, 1996; Shen et al., 2008a). 

Generally poly(A) sites in plant genes have three distinct cis elements: 

 A near upstream element (NUE) located ~ 13-30 nt upstream from the cleavage and 

polyadenylation site  
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 A far upstream element (FUE) located as far as 90 nt upstream from the cleavage site 

 The cleavage and poly(A) site itself (CS) 

 

Fig.2.4. Cis-acting elements in plant poly(A) sites. FUE stands for far upstream 

element, NUE for near upstream element and CE for cleavage element.  

Although no sharply-defined consensus sequences are found for any of the three 

elements in plants, an YA dinucleotide (for CS) situated within a U-rich region, an A-

rich region (for NUE) of 6-10 nt situated 13-30 nt upstream of CS, and combination of 

UG motifs and/or UUGUAA sequence (for FUE) have been reported. The NUE site is 

considered to be an AAUAAA-like element.  

iv. Mitochondrial polyadenylation 

Polyadenylation also is an important step of mRNA biogenesis in mitochondria where 

it plays a crucial role in polyadenylation-assisted RNA degradation (Gilbert et al., 

2009; Holec et al., 2008). The mitochondrial polyadenylation in plants is carried out by 

poly(A) polymerase (PAP) similar to the PAPs in bacteria (Montero Dominguez et al., 

2009). The nuclear polyadenylation enhances mRNA stability, whereas the 

polyadenylation in plant mitochondria contributes significantly towards degradation of 

RNA, due to which the mitochondrial transcripts are considered to be rare and unstable 

(Adamowicz and Le Bot, 2008; Giege and Brennicke, 2001; Hoffmann et al., 2001). 

This is especially important as the plant mitochondrial genes are extraordinarily large 

owing to the presence of long non-coding regions. The degradation of mitochondrial 

mRNA in association with polyadenylation has been shown in earlier studies. 

Polyadenylation of dicistronic AtpA-orf522 transcripts, mitochondrial genes related to 

cytoplasmic male sterility in sunflower, (Nover et al., 1996) leads to degradation of the 

transcripts.  

The polyadenylated maize mitochondrial cox2 mRNA was found less stable as 

compared to the non-polyadenylated mRNAs (Lupold et al., 1999). The studies 

concluded that RNA editing and polyadenylation were two distinct processes in maize 
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mitochondria. Polyadenylation-assisted RNA degradation was also found in pea atp9 

and Oenothera atp1 mitochondrial transcripts (Kuhn et al., 2001). The transcript 

stability was found to be maintained due to antagonistic action of polyadenylation and 

stem-loop structures in the RNA molecules that had stabilizing effect.  

Since transcription exhibits little or no modulation in plant mitochondria, might be due 

to the presence of multiple promoters, the control of RNA stability largely determines 

RNA abundance. One such control is mediated by polynucleotide phosphorylase 

(PNPase)-based degradation of polyadenylated (targeted) RNA (Holec et al., 2006). 

They demonstrated that the transcription in Arabidopsis mitochondria is counter 

balanced by the control of RNA stability by polyadenylation and PNPase, by analyzing 

the polyadenylated RNA in PNPase down-regulated plants. The plant PNPase is found 

in mitochondrial matrix as opposed to human PNPase which is localized in the inter-

membrane space (Chang and Tong, 2012). 

Plant mitochondrial polyadenylation thus leads to degradation of mRNA rather than 

stabilizing it. Rather one study revealed that mitochondrial polyadenylated mRNAs 

accumulated in Arabidopsis under heat stress (Adamowicz and Le Bot, 2008), 

demonstrating the role of polyadenylation in gene regulation via control of RNA 

stability.  

v. Chloroplast polyadenylation 

Polyadenylation in chloroplasts also leads to RNA degradation (Schuster and Stern, 

2009). It shows bacterial origin of the organelle as addition of poly(A) tail to mRNA in 

bacteria also leads to degradation of the transcripts (Chang and Tong, 2012). 

Chloroplast mRNA degradation is proposed to be initiated by the addition of a poly(A) 

tail at 3'-end after endonucleolytic cleavage followed by exonucleolytic degradation of 

the transcripts (Lisitsky et al., 1997). They further found that the exoribonuclease 100 

RNP/polynucleotide phosphorylase (PNPase) had high binding affinity for the 

polyadenylated RNA as compared to the non-polyadenylated RNA, leading to 

degradation of the former. A functional link between mitochondrial RNA turnover and 

polyadenylation has been strengthened by the studies on PNPase in pea seedlings (Li 

and Hunt, 1997). The PNPase was shown to be an RNA-binding cofactor for poly(A) 

polymerase. The  role of PNPase in RNA processing and decay is also reported (Walter 

et al., 2002) in Arabidopsis chloroplasts by a reverse genetics approach. They found a 
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negative correlation between extent of polyadenylated mRNA to the PNPase activity 

and demonstrated that the enzyme had a central role in 3'-end maturation of 23S rRNA 

transcripts. Analysis of the PNPase protein from spinach chloroplasts showed that it 

was composed of two core domains related to RNase PH, two RNA binding domains 

(KH and S1) and an α-helical domain (Yehudai-Resheff et al., 2003). Domain analysis 

of the protein could only be active in degrading polyadenylated RNA. Polyadenylated 

mediated degradation of mRNA was also shown in Chlamydomonas reinnardtii 

chloroplasts (Komine et al., 2000). 

Conclusively, mRNA in chloroplasts is degraded sequentially: Endonucleolytic 

cleavage, addition of poly(A) rich sequences and exonucleolytic degradation. Apart 

from chloroplast and mitochondrial RNA, adenylic acid residues targeted degradation 

of miRNAs has also been reported from plants such as Populus trichocarpa (Lu et al., 

2009). Such modification and degradation of RNA has a vital role in RNA metabolism 

and gene regulation.  

vi. Viral polyadenylation 

The polyadenylation process in plant viruses is very evident. Cryptic poly(A) signals in 

viruses have been found to be processed for 3'-end processing in transgenic plants 

(Morita et al., 2005). Studies of polyadenylation in plant viruses also has contributed 

towards addition of our knowledge about the poly(A) process in plants. The 3'-end 

formation of the cauliflower mosaic virus (CaMV) undergoes polyadenylation that 

requires -181/-57 elements, and AAUAAA sequence located 13-18 bases upstream of 

the poly(A) site (Mogen et al., 1990). However, the poly(A) sequence elements for 

CaMV are somewhat different in yeast as compared to those in plants (Irniger et al., 

1992). The sequence TAGTATGTA has been found to be vital for efficient CaMV 

polyadenylation in yeast cells, as mutation or deletion of the sequence leads to drastic 

reduction in the polyadenylation. Characterization of CaMV and FMV (figwort mosaic 

virus) poly(A) signals showed homologies in the sequences with each other (Sanfacon, 

1994). However, none of the poly(A) elements from the two types of viruses utilized 

AAUAAA sequence present in the FMV, rather a UAUAAA sequence 55 nucleotides 

downstream was used. Coconut foliar decay virus (CFDV) has a single-stranded DNA 

genome (Merits et al., 1995) in which a deletion downstream of AATAAA sequence 

did not have effect on polyadenylation whereas deletion upstream of the sequence 

resulted in inhibition of the process. The poly(A) signals of rice tungro bacilliform 
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virus (RTBV) were found to be similar to the poly(A) signals of CAMV (Rothnie et al., 

2001); AAUAAA sequence and downstream UG-rich region were responsible for 

enhanced polyadenylation efficiency. The AAUAAA sequence is also present in 3'-

UTR of Bambo Mosaic Virus (BaMV) genome which is single-stranded positive-sense 

RNA (Chen et al., 2005). Transfection of the BaMV RNA transcript in Nicotiana 

benthamiana protoplasts suggested that the AAUAAA motif in the BaMV genome was 

not only responsible for poly(A) tail formation in plus-strand RNA synthesis but also in 

minus-strand RNA synthesis. Similarly genome maize rayado fino virus (MRFV) is 

also polyadenylated (Edwards and Weiland, 2011).  

2.2.2 Poly(A) factors 

Multiple protein factors are needed for the cleavage and polyadenylation process. Such 

protein factors are organized into complexes. Originally the protein complexes were 

isolated from yeast and mammals (Dichtl et al., 2002; Rosonina and Manley, 2010). 

The mammalian polyadenylation complexes are composed of Cleavage and 

Polyadenylation Specificity Factor (CPSF), Cleavage Stimulation Factor (CstF), 

Cleavage Factor I (CFI), Cleavage Factor II (CFII), Poly(A) polymerase (PAP), 

Poly(A) binding protein (PABP) and symplekin (Fig. 2.5). C-terminal domain (CTD) of 

the RNA polymerase II also has a role in poly(A) process (McCracken et al., 1997). 

 

Fig. 2.5. Trans-acting poly(A) sites in mammalian cells (taken from Prof. Daniel 

Schümperli,   Institute of Cell Biology, University of Bern). 

The poly(A) factors in yeast are summarized in Fig. 2.6. The sub-complexes include 

Cleavage and Polyadenylation Factor (CPF), CF-1A and CF-1B. The CPF is further 

subdivided into CF-II that contains some subunits homologous to mammalian CPSF, 
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and CF-1A having some subunits similar to mammalian CstF and cleavage factor II 

(Zhao et al., 2009). The four subunits of mammalian CPSF (30, 73, 100 and 160) 

correspond to four yeast homologues Yhh1/Cft1, Ydh1Cft2, Ysh1Brr5 and Yth1 

(Cohen et al., 1999).   

 

Fig. 2.6. Schematic model for poly(A)-site recognition in yeast pre-mRNAs. The 

Py(A)n sequence at the polyadenylation site, upstream U-rich element (UUE) and the 

downstream U-rich element (DUE) sequences are bound by CPF and its RNA-binding 

subunits. Since several RNA–protein interactions are predicted to occur simultaneously 

exact binding sites of Ydh1p/Cft2p, Yth1p and Yhh1p/Cft1p cannot be predicted. It is 

unclear which RNA element is bound by the RNA-binding components of CF IA, as 

indicated by a bar with a question mark. Protein–protein interactions between CPF and 

CF IA sub-complexes are indicated by a curved arrow. The broad arrow marks the site 

of cleavage and polyadenylation. (Taken from (Dichtl and Keller, 2001). 

The plant poly(A) factors are not studied as extensively as those of mammalian and 

yeast poly(A) factors. Following polyadenylation factors in plants as reported for 

Arabidopsis as the plant poly(A) factors are described for this plant. The Arabidopsis 

homologues of poly(A) polymerase, CPSF, CstF and FiP1 have been described (Zhao 

et al., 2009).  

The two main poly(A) factors studied in plants are further discussed as under: 

i. CPSF 

Cleavage and Polyadenylation Specificity Factor (CPSF) has a central role in the 

polyadenylation process that is important both for cleavage and addition of poly(A) tail 
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at 3'end of mRNA. CPSF is a multisubunit protein and is further categorized into 

AtCPSF30, AtCPSF73I, AtCPSF73II, AtCPSF100 and AtCPSF160 (Xu et al., 2006). 

The At stands for Arabidopsis thaliana, and is placed in front of the CPSF subunits as 

the factors were described from Arabidopsis.  

ii. CstF 

The cleavage stimulation factor has three subunits in Arabidopsis viz AtCstF50, 

AtCstF64 and AtCstF77 (Ampomah-Dwamena et al., 2002). The CstF77 appears to 

interact with CPSF whereas CstF64 subunit binds to U-rich sequence of pre-mRNA. It 

has also been found that C-terminus of AtCst77 has interaction with AtCPSF30 (Bell 

and Hunt, 2010). Interaction of CstF77 has also been suggested with another poly(A) 

factor subunit Fip1 (Factor Interacting with poly(A) polymerase) with the help of yeast 

two hybrid and in vitro assays (Addepalli and Hunt, 2008).  

2.3. Multiple poly(A) sites in plants 

Several plant genes have been found to contain multiple poly(A) sites resulting in 

alternative cleavage. The 3'-UTR of cDNA clones for phosphoenol pyruvate 

carboxylase in maize leaves had multiple poly(A) sites (Yanagisawa et al., 1988). A 

minimum of four poly(A) sites have been found for mutant octopine synthase gene 

(Dhaese et al., 1983). Similarly multiple poly(A) sites have been reported from the 

clones encoding α-1-tubulin gene from Zea mays (Montoliu et al., 1990). They 

confirmed the presence of two poly(A) sites by endonuclease S1 protection analysis, 

and found that shorter form of mRNA species were accumulated in actively dividing 

tissues. Two overlapping AAUAAA signal sequences have been shown to exist in 

leghemoglobin genes of Psophocarpus tetraponolobus L. (winged bean) (Manen and 

Simon, 1993). 3'-end sequencing of subunit A gene of the vacuolar type H+-ATPase in 

A. thaliana revealed to exhibit four different poly(A) tail attachment sites (Magnotta 

and Gogarten, 2002). They found 2-4 fold increase in the four transcripts evaluated 

under cold and salt stress. However, all four types of transcripts behaved identically in 

different stress conditions. While cloning a Verticillium dahlia Kleb. Resistance gene 

from Solanum lycopersicoides (Chai et al., 2003) it was found that the gene had 

importance due to its high homology to tomato verticillium wilt disease resistance 

genes. Multiple poly(A) sites were also observed in a pollen-specific cDNA from 
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wheat, although AAUAAA sequence is not detected (Jin and Bian, 2004). They further 

reported that six different transcripts were expressed from the single gene.  

The effect of multiple poly(A) signal on AAUAAA on expression of endochitinase 

gene of Nicotiana tabacum L. has been discussed that demonstrates that the poly(A) 

tails directed by the distal signal were not only in abundance but also were stable as 

compared to the proximal poly(A) site (Lin et al., 2009).  

2.4. Alternative polyadenylation 

Alternative polyadenylation (APA) has been emerged as an important process in gene 

expression in different process in gene expression in different organisms including 

plants. The APA basically alters protein-coding potential of mRNA due to loss of or 

change in exonic contents of mRNA. It also leads to recognition of novel intronic 

poly(A) sites. The polyadenylation choice due to alternative poly(A) sites of various 

genes has important implications in gene regulation and expression, and cancer 

development (Zhao et al., 2011). Significance of APA is stressed with the fact that as 

many as 82% of the expressed genes in plants are affected by this phenomenon (Hunt, 

2012).  

Reports from alternative mRNAs (Skadsen and Knauer, 1995) from barley (Hordeum 

vulgare L.) showed that extended and unextended version was predominant in total 

mRNAs whereas the extended form was abundant in membrane-bound polysomes. 

Alternative polyadenylation was observed in Arabidopsis where at least four sites were 

utilized between introns 2 and 3 of the maize transposase transcripts (Martin et al., 

1997). APA-dependent post-transcriptional regulation of the genes controlling the 

flowering time have been shown to play an important role in the process (Hornyik et 

al., 2010; Quesada et al., 2005). FCA, the RNA binding protein, affects the APA 

process that in turn regulates the floral transition (Simpson et al., 2010). The role of 

APA in Arabidopsis thaliana flowering time control for timely transition from 

vegetative to reproductive growth has also been documented (Xiang et al., 2008) They 

found that a Pcf11p-similar protein 4 (PCFS4) was responsible for controlling the 

flowering, mediated through the regulation of another protein factor FCA. It was 

further shown by  using Affymetrix Arabidopsis tiling array that PCFS4 also had an 

important role in leaf development (Zheng et al., 2011). Alternative polyadenylation 

due to two canonical AAUAAA signals in 3'-UTR of endochitinase gene of tobacco (N. 
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tabacum L.) was found critical for gene expression and mRNA stability (Lin et al., 

2009).  

A genome-wide analysis of polyadenylation in Arabidopsis exhibited extensive 

alternative polyadenylation; 70% of Arabidopsis genes had more than one poly(A) sites 

(Wu et al., 2011). The results suggest that APA had a much greater role than predicted 

in gene expression and regulation. Studies on alternative poly(A) sites using advanced 

techniques such as digital gene expression (DGE)-based protocols of the massively 

parallel signature sequencing (MPSS-DGE) sequencing platforms suggested that 

Arabidopsis and rice genes had ~60% and 82% multiple poly(A) sites respectively 

(Shen et al., 2011). They further emphasized the role of alternative polyadenylation 

under different conditions such as pollen-specific APA switching and salicylic acid 

treatment-specific APA. 

Conclusively, alternative polyadenylation has emerged as an important phenomenon in 

plants especially related to flowering time control pathways, stress responses (Xing and 

Li, 2011) and gene silencing (Rosonina and Manley, 2010).  

2.5. Bioinformatics for the study of plant polyadenylation 

Several biochemical and genetic approaches have been employed to identify and study 

plant poly(A) sites. However, such procedures are tedious and time consuming. 

Bioinformatics analysis has recently been come out as a very powerful tool for the 

analysis of poly(A) sites in plants. It could be possible due to the availability of 

genomic, full-length cDNA and ESTs through large scale sequencing of genomes and 

cDNAs.  

Composition of poly(A) signals in Arabidopsis was determined (Lokesh et al.) using a 

program SignalSleuth to perform the analysis. The cis-elements in the 3'-UTR regions 

were re-evaluated and a new set of cleavage elements was foiund. They also found that 

the AAUAAA signal was present only in ~10% of the 3'-UTRs. (Ji et al., 2007) 

designed A software for modeling mRNA poly(A) sites was designed and the program 

was termed as Poly(A) Site Sleuth (PASS). The algorithm was designed on the basis of 

generalized hidden Markov model (GHMM). The program was successfully applied on 

Arabidopsis genomic sequences and ESTs. They also used the PASS for predicting 

changes in poly(A) site efficiency in poly(A) signal mutants. It was further speculated 

that the algorithm could be used to predict alternative poly(A) sites, as well as in 
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designing of transgenes by eliminating undesired poly(A) sites. Another strategy for 

identification of plant poly(A) sties in genomic sequences was employed (Havukkala 

and Vanderlooy, 2007). They applied a systematic machine-learning procedure on a 

dataset of 1000 Arabidopsis thaliana sequences flanking poly(A) sites and found it to 

be a reliable method for identification of the poly(A) sites.  

A few studies on poly(A) bioinformatics have been made in plants other than 

Arabidopsis. However, to study to date could be found for tomato regarding 

polyadenylation process. Although similar studies such as genome wide analysis of 

transcription factors (Huang et al., 2012) have been conducted on this plant. After 

Arabidopsis, rice is considered to be a good model plant. The poly(A) signals were 

analyzed in rice genome (Shen et al., 2008a) by constructing a rice dataset of 

authenticated poly(A) sites. The cis-elements similar to those found in Arabidopsis 

were identified. They found ~50% of the genes with more than one poly(A) site. They 

further reported that ~4% of the genes had alternative poly(A) sties at their introns, 5'-

UTRs or protein coding regions. They designed an algorithm termed as PASS-Rice 

based on the features of the poly(A) signals found in rice. A prediction model for the 

analysis of poly(A) sites was developed and tested to predict the poly(A) sites in rice 

and Arabidopsis (Ji et al., 2010). The model was built using various statistical methods 

and was found highly sensitive and specific. The model may be applied to study 

poly(A) sites in different species and datasets. The 3'-end processing signals in a fungus 

Aspergillus oryzae was conducted by using EST tags and genomic DNA sequencing 

data (Tanaka et al., 2011). They found that average length of 3'-UTR in the fungus was 

of 241 nt, whereas the 15-30 nt upstream and 100 nt downstream of the poly(A) sites 

were A-rich and U-rich respectively.  

On the whole various algorithms with high specificity and sensitivity have been 

developed for the study of plant poly(A) signals. As more and more sequences are 

being deposited in the databases, we expect to see better and more reliable softwares 

and models to analyze the polyadenylation signals in future. 

2.6. Differential display PCR under stress 

DDRT-PCR has been used very efficiently for the study of gene expression since its 

development by Liang (Liang, 2002). The technique has been employed as a powerful 

tool in the study of gene expression in plant-fungus interactions and under various 
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stresses to the plants. A few studies have been reported in tomato under stress 

conditions. Differential display PCR was adopted to study the genes expressed in 

Botrytis cinerea while its interaction with tomato (Benito et al., 1996). Fusarium solani 

is a non-pathogenic fungal species against tomato that could be used to study the 

factors enhancing plant resistance against biotic stresses. One such study discusses the 

role of ethylene in tomato protection by a F. solani strain (Kavroulakis et al., 2007). In 

another study F. solani was used to investigate the transcript accumulation in 

soybean(Iqbal et al., 2005). Differential display was also applied for the isolation and 

cloning of novel heat induced/chilling tolerance related cDNA in tomato 

(Kadyrzhanova et al., 1998).  

The polyadenylation factor CPSF30 was found to be involved in the control of 

oxidative stress in A. thaliana (Zhang et al., 2008). It was also demonstrated to have its 

role in expression of a set of genes responsible to induce tolerance against the stress. 

The studies were made by employing transcriptional profiling and single gene 

expression studies. However, no reports to date have been published discussing 

tolerance against biotic or abiotic stresses in tomato.  
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Materials and Methods 
The research was conducted in the Department of Chemistry and Biochemistry, 

University of Agriculture, Faisalabad, Pakistan. The plan of work is given below: 

 

 

3.1. CPSF gene expression pattern 

3.1.1. Germination of tomato seeds 

The tomato (Solanum lycopersicum L.) seeds were procured from Ayub Agriculture 

Research Institute, Faisalabad, Pakistan and soaked in 5% sodium hypochlorite for 15 

min under sterilized conditions followed by washing with distilled autoclaved water for 

6 times at 5 min intervals and then at 20 min intervals twice. The seeds were placed in 

autoclaved Petri plates having Whattman filter paper soaked in distilled autoclaved 

water under sterilized conditions and germinated under sterile conditions on wet filter 

paper at 28 °C in growth chamber (Artificial Climat Chamber [RTOP series]). The 

seeds were harvested for RNA isolation after germination.  

The tomato plants were also grown in pots to study the gene expression in plant 

leaflets.  
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3.1.2. RNA isolation 

Special precautions were adopted to avoid ribonulease contamination. The glassware 

was heated to 180 oC for 60 min. High quality RNase-free microcentrifuge tubes and 

microtips were used. Gloves were frequently changed during the RNA related 

experiments. The pipettes were wiped with 80% ethanol or isopropanol before working 

with RNA.  

The tomato seedlings were harvested after 15-20 days of germination and ground in 

liquid nitrogen. Young fresh plant leaves were taken from the plants in pots, and roots 

were harvested from the seedlings, both under liquid nitrogen. Total RNA was isolated 

by Trizol method (Belter et al.) or by nucleo-spin RNA kit (Macherey-Negel) method. 

Quality of RNA was checked on agarose gel electrophoresis.  

3.1.2.1. Trizol method 

Approximately 100 mg frozen seedlings were transferred to 1.5 mL microcentrifuge 

tube containing 1 mL Trizol (Gibco/BRL) and homogenized in polytrol for 60 seconds. 

To this 200 uL chloroform was added, mixed by inversion and incubated at room 

temperature for 3 min. The mixture was centrifuged at 12000 rpm for 10 min. The 

supernatant was transferred to a fresh tube and precipitated in 500 uL chilled 

isopropanol. The pellet was washed with 500 uL 70% ethanol, dried and resuspended in 

RNase-free dH2O. RNA was stored at -80 oC till further analysis. 

3.1.2.2. Kit method 

RNA was isolated following manufacturer's protocol (Macherey-Nagel). 

Approximately 100 mg frozen sample was ground in liquid nitrogen, transferred to a 

tube (nucleospin filter) containing 350 uL RA1 and 3.5 uL β-marcaptoethanol and 

vortexed. The lysate was filtered at 11000xg for 1  min. The nucleospin filter was 

discarded and 350 uL 70% ethanol was added to the homogenized lysate. The lysate 

was mixed by pipetting up and down 5 times and loaded on a nucleospin RNA column 

placed in a collection tube. Centrifuged for 30 s at 11000xg and placed the column in a 

new 2 mL collection tube. Membrane desalting buffer (350 uL) was added and 

centrifuged at 11000xg for 1 min. to dry the membrane. To center of the silica 

membrane in the column 95 uL DNase reaction mixture (prepared by adding 10 uL 

reconstituted rDNase to 90 uL reaction buffer) was applied and incubated at room 

temperature for 15 min. Added 200 uL buffer RAW2 to the column and centrifuged at 
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11000xg for 30 s. The column was placed in a new collection tube (2 mL). The 

procedure was repeated with 600 uL buffer RA3. The flow through was discarded and 

the column was placed back into the collection tube. The procedure was repeated again 

with 200 uL buffer RAW3 and centrifuged for 2 min. to dry the membrane completely. 

The column was placed into a nuclease free 1.5 mL collection tube. RNA was eluted in 

60 uL RNase free H2O by centrifuging at 11000xg for 1 min. RNA was stored at -80 oC 

till further analysis.  

3.1.3. Primers for CPSF subunit genes 

  The PCR primers to study the gene expression pattern were designed from the CPSF 

gene sequences of Arabidopsis on NCBI as the sequence for tomato CPSF genes was 

not available. Different sets of primers were designed and tested. The primers were got 

synthesized from E-oligos or GeneLink USA. List of primers that successfully 

amplified the CPSF genes is given in Table 3.1.  

Table 3.1. PCR primers for amplification of CPSF genes from tomato 

S 
No 

Name of 
Primer 

Sequence (5’-3’) 

1. CPSF30Fseq ATGGAGGATGCTGATGGACTT 
2. CPSF30Rseq CAGAACCCAATTAAAAACCTTAG 
3. CPSF73IFaseq AACATGGCTTCTTCTTCTACTTC 
4. CPSF73IRaseq TATATCCACCATAAACATGGCTG 

5. CPSF73IFbseq ATTGACTTCCATCAAACAG 

6. CPSF73IRbseq AGAAGCTGAGAGAGGGATTGG 

7. CPSF73IIFaseq CTTCAGTAACTATGGCTATCG 
8. CPSF73IIRaseq TCATGCTGGGTTTTTCGCCG

9. CPSF73IIFbseq GCAAAAGGAATAATGGATCTCAC 
10. CPSF73IIRbseq TCAGTGATTTAGTTTGATAGCA 
11. CPSF160Fseq ATGAGTTTCGCGGCCTATAAGATGATGCAT 

12. CPSF160Rseq TCACAAGAAGCTGGTTCCGACAGAGAGATC 

13. CPSF30F-GE ATGGAGGATGCTGATGGACTT 

14. CPSF30R-GE GCATGCCTGTACCGACAATCAGGACCA 

15. CPSF73IF-GE AACATGGCTTCTTCTTCTACTTC 

16. CPSF73IR-GE CTATATCCACCATAAACATGGCTG 

17. CPSF73IIF-GE GAGTGATGGTGGATAGAA 

18. CPSF73IIR-GE GCGCCTTCCCTCCGCCAGCAACA 

19. CPSF100F-GE ATGGGTACTTCGGTGCAA 

20. CPSF100R-GE TCCGATGATTGTAGTCAA 

21. CPSF160F-GE TCCAAGAAGCCCTTTGGTAAAAGT 

22. CPSF160R-GE TTGCACACAACACAAGAACACCTC 

23. ACT8F-GE TGGACTCTGGTGATGGTGTG 

24. ACT8R-GE TTCTGTGGACAATGCCTGGA 
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Note: Seq stands for sequencing primers, GE for gene expression primers 

 

3.1.4. One-step RT-PCR 

The gene expression studies were conducted using one-step RT-PCR kit from Novagen 

following manufacturer's protocol. The RT-PCR reactions and the thermocycler 

conditions were adjusted/optimized as given in Table 3.2. The results were visualized 

by agarose gel electrophoresis and analyzed on Experion (Bio-Rad).  

Table 3.2. RT-PCR reaction and thermocycler conditions optimized for the study of 

tomato CPSF gene expression pattern 

Reaction Component 
Volume 

(uL) 
RNase free water To 50 uL 
5X reaction buffer 10 
2.5 mM dNTPs 6 

25 mM Mn (OA)2 5 
RNase Inhibitor 2 
RNA 2 
Primer F 2 
Primer R 2 

Heat 60 oC for 2-3 min;  
Add 2 uL rTth polymerase 

Thermocycler conditions 
Time Temp. 

oC 
Reverse transcription 30 min 60 
Initial denaturation 3 min 94 
Denaturation 35 

cycles
30 s 94 

Annealing 30 s variable 
Extension 60 s 60 
Final Extension 7 min 60 

Infinity 4 
 

3.2. Fungal stress 

The tomato seeds were germinated as given in 3.1.1. The seeds were inoculated with a 

fungus Fusarium solani (Falak and Jamil, 2013). Inoculum of the fungal strain was 

prepared in Sabourad liquid medium (Oxoid, CM0147). The fungal spores were 

transferred to the growth medium under sterilized conditions and incubated in orbital 
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shaker at 28 oC, 110 rpm for 72 h. After 12 days of germination the seedlings were 

inoculated with the F. solani inoculum containing 1x106 spores/mL. Seeds without 

induction served as control. The seedlings were harvested as per schedule given below: 

hpi 

(Hours Post Inoculation) 
0 1 2 3 4 6 8 12 24 

 

The samples after harvesting were stored at -80 oC till further analysis.  

3.3. CPSF gene expression studies under fungal stress 

The tomato seedlings were inoculated with F. solani as given in 3.2. RNA was isolated 

from the samples harvested at different time intervals using kit method (section 

3.1.2.2).  

3.3.1. cDNA synthesis 

The RNA was subjected to first strand of cDNA synthesis using degenerate anchored 

oligo(dT) primers 5'AAGC(T)11M where M stands for A, C. or G (Falak and Jamil, 

2013). The reaction was set up as follows: To a microcentrifuge tube 5 ug total RNA 

was added, volume was made to 25 uL with DEPC treated water and the tube was 

incubated at 65 oC for 10 min. To this added 10 uL 5X M-MuLV-RT (Moloney murine 

leukemia virus reverse transcriptase) buffer, 6 uL dNTP mix (10 mM), 20 uM anchored 

primer, 1 uL M-MuLV-RT and incubated at 42 oC for 60 min. The reverse transcriptase 

was inactivated by incubating at 70 oC for 10 min. 

3.3.2. PCR 

The first strand of cDNA was subjected to PCR using CPSF gene expression primers 

(Table 3.1). The PCR reactions were set up with 2X PCR mastermix from Fermentas-

Thermo. The PCR reaction consisted of RT reaction 1 uL, each of the primer 1 uL, 

PCR mastermix 10 uL, dH2O 10 uL. The thermocycler profile was: Initial denaturation 

94 oC 3 min., denaturation 94 oC 30 s, annealing (variable temp.) 30 s, extension 72 oC 

30 s, 35 cycles followed by extension at 72 oC for 7 min. The amplified products were 

resolved on agarose gel electrophoresis and analyzed on Experion (Bio-Rad). 

3.4. Differential gene expression under fugal stress 
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3.4.1. Fungal stress and cDNA synthesis 

Fungal stress was given to the seedlings and RNA was harvested as given in section 

3.1.2.2 at different time intervals. The RNA was reverse transcribed as given in 3.3.1.  

3.4.2. PCR 

Polymerase chain reaction was carried out using anchored and arbitrary primers (Falak 

and Jamil, 2013). The PCR reaction was set up as: 2 uL 2 mM dNTPs, 2.3 mM MgCl2, 2 

uM anchored primer, 1.2 uM arbitrary primer, 8 ng reverse transcribed product, 0.5 U 

Taq DNA polymerase with 1X buffer containing (NH4)2SO4 to a final volume of 25 uL 

with dH2O. The thermocycler profile was: Denaturation at 94 oC 30 s, annealing 42 oC 

90 s, extension 72 oC 60 s: 35 cycles with a final extension at 72 oC for 7 min. 

3.4.2. PAGE 

The PCR products were resolved on denaturing polyacrylamide gel using 8 M urea and 

1X TBE on mini-protean electrophoresis cell (Bio-Rad). The amplified products (5 uL) 

were denatured in 2X loading bye (20 mM EDTA, 0.05% bromophenol blue, prepared 

in 95% formamide) for 3 min. at 95 oC and loaded on gel that was run at 80 V in TBE 

buffer until the dye reached at bottom of the gel. The gels were silver stained by PAGE-

silver staining kit (Fermentas) following manufacturer's protocol.  

3.4.3. Cloning and sequencing 

The differentially expressed genes were excised from the gel with the help of a sterile 

razor blade, added in H2O at room temperature in a microcentrifuge tube, incubated at 

95 °C for 15 min, and centrifuged for 1 min at 10000 rpm in a microcentrifuge 

machine. The cDNA was eluted into a fresh tube and sequenced from the DNA 

sequencing facility, Center for Applied Molecular Biology (CAMB), Lahore, Pakistan. 

3.5. CPSF subunit interaction study by proteomic approach 

Initial part of this work was conducted in Biotechnology Center at Ayub Agriculture 

Research Institute (AARI), Faisalabad.  

3.5.1. Construction of TAP-tagged vectors with CPSF genes 

The TAP (Tandem Affinity Purification) tag (TAPi) vectors (Rohila et al., 2004) were 

very kindly gifted by Quinn Li, Department of Botany, Miami University, Oxford, 
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Ohio, USA. It was Gateway-compatible binary vector. The CPSF gene sequences 

(cDNA) were first cloned into pENTER vector (Invitrogen) following manufacturer's 

protocol. To a 1.5 mL microcentrifuge tube 1 uL of cDNA sequence (50 fmol) was 

added to 2 uL pDONR vector (150 ng/uL), 4 uL 5X BP clonase reaction buffer and 

made up to 16 uL with TE buffer, pH 8.0. Added 4 uL of the BP clonase enzyme, 

mixed well and incubated at 25 oC for 60 min. Added 2 uL of 2 ug/uL proteinase K and 

incubated at 37 oC for 10 min. The ligated mixture was trandformed in competent E. 

coli cells and selected on kanamycin. 

The ENTRY clones containing the CPSF genes were subjected to LR recombination in 

nTAPi and cTAPi vectors. To a 1.5 mL microcentrifuge tube 100 ng ENTRY clone, 

300 ng destination vector, 5X LR clonase reaction buffer were added and made to 16 

uL with TE buffer, pH 8. To each reaction 4 uL LR clonase enzyme mix was added and 

incubated at 25 oC for 1 h. Added 2 uL proteinase K solution to each reaction and 

incubated at 37 oC for10 min. The ligation mixture was transformed in E. coli with the 

help of heat-shock method. The plasmids were isolated with the help of GeneJet 

Plasmid miniprep kit (Fermentas) following manufacturer's protocol. The transformed 

E. coli clones were grown overnight in LB medium. After 16 h the culture was 

centrifuged at 13000 rpm for 3 min. The supernatant was discarded and the pellet was 

resuspended in 250 uL resuspension solution (with RNase A), vortexed and 250 uL 

lysis solution was added. Inverted the tubes 4-6 times, 350 uL neutralization solution 

was added, inverted again for 4-6 times and centrifuged for 5 min. The supernatant was 

loaded on the GeneJet spin column and centrifuged for 1 min. The column was washed 

twice with 500 uL of wash solution and centrifuging for 30-60 s. The flow-through was 

discarded and empty column was centrifuged for 1 min. Elution buffer (50 uL) was 

added to the column, incubated for 2 min. and centrifuged for 2 min.  The flow-through 

was collected and stored at -20 oC till further analysis.   

3.5.2. Transformation of CPSF-TAP tagged vectors in Agrobacterium 

tumefaciens 

The CPSF-TAP-tagged vectors were transformed in Agrobacterium tumefaciens 

LBA4404 by electroporation in AARI, Faisalabad.  

3.5.3. Transformation of vectors in tomato 

3.5.3.1. Tomato cell suspension culture 
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Approximately 5-10 mm diameter segments of the tomato leaves were excised and 

transferred to the callus induction medium containing Murashige and Skoog basal salts, 

Nitsch's vitamins, myo-inositol (100 mg/L) and 3% sucrose supplemented with plant 

growth regulators 2,4-dichlorophenoxyacetic acid (2 mg/L) and 6-benzylaminopurine 

(0.1 mg/L) and solidified agar (Lu et al., 2008). The Petri plates were sealed with 

parafilm and incubated in a growth chamber at 26 oC in darkness for one week and then 

exposed to 16 h light photoperiod. After getting the friable callus approximately 2 g of 

callus was transferred to 40 mL of liquid medium identical to the callus induction 

media. The solution cultures were transferred to 250 mL Erlenmeyer flasks containing 

plant growth regulators IAA (5 mg/L) and zeatin (2 mg/L), and placed on a rotary 

shaker at 160 rpm. The cells were subcultured every two weeks by transferring 4 mL 

packed cells and 8 mL of spent media to fresh media.  

3.5.3.2. Transformation of cell cultures 

For each transformation 10 mL of an early stationary phase cell culture (seven days 

after fresh sub-culturing) was sub-cultured in 50 mL MS medium for two days. Ten mL 

of this exponentially growing cell culture was again sub-cultured into 50 mL fresh MS 

medium and was used for transformation. The day before transformation, 

Agrobacterium was prepared by inoculating into Luria-Bertani (LB) media containing 

40 g/mL of tetracycline and shaken overnight at 28 . The next day, 100 μL of 

Agrobacterium was washed three times with 1 mL MS medium (by centrifugation and 

resuspension) and re-suspended in 900 μL MS medium. For each transformation, 100 

μL washed Agrobacterium and 100 μL (50 mM) acetosyringone (3', 5'-dimethoxy-4'-

hydroxyacetophenone, final concentration 100 µM; were added to the two-day-old 

fresh sub-culture mentioned above, and the mixture was co-incubated at 23 °C for two 

days. Two days later, the infected cell culture was transferred into a 50-mL Falcon tube 

and centrifuged for 5 min at 387 rpm. The cells were then gently washed 3 times with 

MS medium and cultured in 20 mL of MS medium, supplemented with Cefotaxime 

(100 μg/mL final concentration), which eliminates remaining Agrobacterium. After 3 

days, the culture was washed with MS medium three times and re-suspended in 10 mL 

fresh MS medium. Then, 2.5 mL cell culture was spread on a MS plate containing 0.8% 

(W/V) agar, 100 μg/mL cefotaxime and 800 μg/mL glufosinate ammonium. The plates 

were kept under light for 2 to 3 weeks. When calli were about the diameter of 0.5 cm, a 

single callus from each transformation was selected, crunched by sterilized pipette tips, 
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and cultured with 10 mL of MS medium containing 100 μg/mL cefotaxime and 800 

μg/mL glufosinate ammonium. The expressions of the TAP-fused proteins were 

detected by SDS-PAGE gel electrophoresis.  

3.5.4. TAP purification and MS analysis 

TAP purification was done after Rohila et al. (2004). About 100 grams of cells (fresh 

weight) were ground in liquid nitrogen with acid washed quartz to a fine powder. About 

150 mL of extraction buffer (20 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40, 2.5 

mM EDTA, 10 mM β-mercaptoethanol, 1 mM phenylmethylsulphonyl fluoride 

(PMSF), 2 mM Benzamide, 20 mM NaF, and 0.1% [V/V] of protease inhibitors 

cocktail [Sigma]) was added to the ground cells and mixed by stirring for about 20 min 

on ice. The mixture was centrifuged at 10,000xg for 40 min at 4 oC. The supernatant 

was transferred to a pre-chilled tube and incubated with 100 μL (bed volume) IgG 

beads at 4 °C for 2-4 h. The IgG beads were then collected by passing through a mini 

column, where the beads were first washed with 10 mL immunoprecipitation-150 (IPP-

150) buffer (10 mM Tris/HCl, pH8.0, 150 mM NaCl, 0.1% NP40, 1 mM PMSF and 

1/1000 protease inhibitor cocktail) 3 times, followed by 10 mL tobacco etch viral 

protease (TEV) cleavage buffer (10 mM Tris/HCl, pH8.0, 150 mM NaCl, 0.1% NP40, 

0.5 mM EDTA, 1 mM DTT, 1 mM PMSF and 1/1000 protease inhibitor cocktail) once. 

After the washes, 1 mL TEV cleavage buffer, 10 μL 0.1 M DTT, and 10 uL (100 units) 

of TEV were added to the same mini column. After mixing by gentle flicks, the column 

was incubated at 4 °C overnight with gentle rocking. The next day, the TEV-digested 

mixture was passed through the mini column, and the flow-through was collected into a 

new mini column. One hundred μL (bed volume) calmodulin affinity beads were 

prepared by equilibrating with 3 mL of calmodulin binding buffer (10 mM Tris/HCl, pH 

8, 150 mM NaCl, 1 mM Mg-acetate, 1 mM imidazole, 2 mM CaCl2, 0.1% NP40 [V/V], 

10 mM β-mercaptoethanol, 1 mM PMSF and 1/1000 protease inhibitor cocktail, pH 8.0) 

3 times prior to calcium-dependent binding. Three mL of calmodulin binding buffer 

and 3 μL of 1 M CaCl2 were added to the flow-through collected from the previous step 

(IgG binding). The column was incubated at 4 °C for 1 h. After incubation, the column 

was drained, and the beads were washed with 10 mL of IPP 150 three times. Finally, 

the proteins were eluted with 1 to 1.5 mL of elution buffer (10 mM Tris/HCl, pH 8 150 

mM NaCl, 1 mM Mgacetate, 1 mM imidazole, 2 mM ethylene glycol tetraacetic acid 

(EGTA), 0.1 % NP40 (V/V), 10 mM β-mercaptoethanol, 1 mM PMSF and 1/1000 
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protease inhibitor cocktail, pH 8.0) into the desired number of fractions, which were 

monitored by absorbance at 280 nm.Eluted proteins were precipitated by trichloroacetic 

acid (TCA) and sodium deoxycholate (DOC) before loading onto a SDS-PAGE gel. To 

each volume of proteins, 1/100 volume of 2% DOC was added and incubated on ice for 

30 min. One hundred percent TCA was added to 6% of the final volume, and the 

mixture was kept on ice for 1 hour. The tubes were then centrifuged at 2,500 g for 45 

min at 4 ºC. After decanting the supernatant, the pellets were washed with cold 100% 

acetone and spun at 2,500 g for another 45 min at 4 °C. The pellets were dried by a 

SpeedVac for 1 min and dissolved in 10 to 20 μL (depending on the desired 

concentration) SDS-PAGE loading buffer before being separated by 12 % SDS-PAGE 

gels. The proteins were analyzed by mass spectrometry after trypsin digestion from the 

proteomics facility at Danforth Plant Science Center, USA. 

3.6. General procedures  

Most of the procedures were conducted following the protocols in  Sambrook and 

Russell (2001).  

3.6.1. Agarose gel electrophoresis 

Agarose gel was prepared by dissolving appropriate amount of agarose in TAE buffer 

(TrisCl 40 mM, acetic acid 20 mM, EDTA 1 mM, pH 8.4). The samples were loaded on 

gel in 6X loading dye for DNA or 2X loading dye for RNA. The samples were run in 

TAE  buffer at 80-100 V followed by ethidium bromide staining. The bands were 

documented on gel documentation and analysis system (Syngene, UK). 

3.62. Nucleic acid quantification 

Nucleic acid quantification was done on GeneQuant (Amersham Biosciences) or 

nanodrop spectrophotometer. Absorbance was noted at 260 nm and purity was checked 

by taking A260/A280 ratio.  

3.6.3. Experion analysis 

Experion 12K DNA analysis kit from Bio-Rad was used to study relative expression of 

the CPSF genes from tomato following manufacturer's protocol, briefly given below: 

The kit reagents were equilibrated at room temperature for ~15 min. taking the 

precaution that those were protected from light. The gel-stain solution was prepared by 
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transferring 200 uL of G solution to 10 uL ST solution making GS solution. Vortexed 

for 10 s and transferred the mixture to spin filter tube and centrifuged at 1500xg for 10 

min. The chip was primed by adding the GS solution to the priming well and placing 

the chip in the priming station (orientation of the chip is shown in Fig. 3.1). For loading 

the samples 9 uL filtered GS solution was pipetted into 3 GS wells. The loading buffer 

(5 uL) was loaded into the L well and each of the sample well, care was taken not to 

leave any well empty. One microliter DNA 12K ladder was pipetted into well L and 1 

uL DNA sample to each of the sample wells. TE or DNase-free water was pipetted into 

any unused wells. The chip was placed in the Experion vortex station, vortexed, and run 

in the Experion electrophoresis station. After running the chip it is discarded and 

electrodes are cleaned. Analysis was made by using the software installed with the 

equipment.  

 

Fig. 3.1. Orientation of the Experion (Bio-Rad) chip 

3.6.4. Transformation in E. coli 

The E. coli transformations were made by TransformAid bacterial transformation kit 

(Fermentas) following manufacturer's protocol. The overnight bacterial culture (150 

uL) was added to pre-warmed C-medium and incubated 20 min. at 37 oC in a shaker. 

The bacterial cells were pelleted by centrifugation for 1 min. and resuspended in 300 

uL of T-solution. Incubated on ice for 5 min., centrifuged for 1 min. and resuspended 

the pelleted cells in 120 uL T-solution followed by incubation 5  min. on ice. The DNA 

(1-10  ng) to be transformed was added to a tube and chilled on ice for 2 min. The 

prepared cells (50 uL) were added to the tube containing the DNA, mixed and 

incubated on ice for 5 min. The cells were grown in LB medium without antibiotics for 

one hour and plated immediately on pre-warmed LB antibiotic agar plants and 

incubated overnight at 37 oC. The transformed colonies were tested by colony-PCR.    
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Results 
 

Cleavage and polyadenylation is an important step in mRNA biogenesis in eukaryotic 

cells. The process engages a number of protein factors with CPSF being the central 

player. The current study was conducted to investigate CPSF gene expression and 

interaction of CPSF subunits in tomato, Solanum lycopersicum L. The CPSF gene 

expression was studied in tomato seeds with and without fungal stress. Moreover, 

differential expression of genes in tomato under fungal stress was also studied. Results 

of the study are presented below. 

4.1. Germination of tomato seeds 

The tomato seeds were germinated in Petri plates inside a plant growth chamber under 

controlled conditions at 28 oC. The seeds started germinating after ~15 days (Fig. 4.1), 

and harvested for RNA isolation after about 20 days.  

 

 

 

 

 

 

 

Fig. 4.1. Tomato seeds germinating in Petri plates incubated in growth chamber 

 

4.2. CPSF gene expression pattern 

The expression of gene for CPSF subunits was studied with the help of reverse 

transcription-PCR. 

 



34 
 

4.2.1. RNA isolation 

Good quality RNA is a pre-requisite for relative gene expression studies. Two methods 

for RNA isolation were applied i.e. kit method and Trizol method. RNA was isolated 

from tomato seedlings grown in Petri plates in plant growth chamber. The seedlings 

were harvested after ~20 days and snap frozen in liquid nitrogen followed by isolation 

of RNA by any of the two methods. Trizol method utilizes guanidinium-HCl that 

denatures RNases (Belter et al.), the proteins are removed by chloroform extraction 

followed by precipitation of RNA with isopropanol. The kit method utilizes spin 

column based isolation of RNA that significantly reduces the isolation time and 

enhanced quality of RNA. The RNA was quantified by taking absorbance at 260 nm 

which is λmax for nucleic acids due to nitrogenous bases. Concentration of RNA was 

calculated by considering 1 A260= 40 ug/mL. Extent of RNA purity is checked by 

taking ratio A260/A280 as 280 nm is λmax for proteins. RNA isolated by kit method had 

concentration range 261.6 +23 ug/mL whereas the RNA isolated by Trizol method was 

in the range 198.5 +21 ug/mL. A260/A280 ratio was 2.134 and 1.725 respectively for the 

RNA isolated by kit and Trizol method. After isolation the RNA was run on 1.2% 

agarose gel electrophoresis (Fig. 4.2). As shown in the figure, the kit method yielded 

much clear and consistent bands with less degradation. Moreover, A260/A280 ratio was 

also higher and the yield was better with the kit method. However, the RNA isolations 

made by both the methods were satisfactory for further use. 

 

 

 

 

 

 

 

A       B 

Fig. 4.2. 1.2% agarose gel electrophoreses. A shows RNA isolated by kit method. B 

shows RNA isolated by Trizol method, Lane 1 is marker 
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4.2.2. RT-PCR 

The isolated RNA was subjected to reverse transcription-PCR using one-step RT-PCR 

kit from Novagen. The kit was used due to its speed, sensitivity and convenience, and 

its usefulness in detecting and quantifying gene expression. The RT and PCR steps are 

combined into a single step that could be possible due to DNA polymerase from a 

thermophilic microorganism Thermus thermophiles. The recombinant enzyme is called 

rTth having both RNA-dependent DNA polymerase and DNA-dependent DNA 

polymerase activities. The reaction components were added to a PCR tube and placed 

in thermocycler. Initial hold of 30 min. at 60 oC allowed reverse transcription reaction 

on the RNA sample before start of PCR in the thermocycler. The RT reaction at 60 oC 

due to thermostable property of the bacterium also had an advantage of minimizing 

problems arising due to RNA secondary structure. The RT-PCR products were 

electrophoresed on 1.2% agarose gel. At least three controls were run with each set of 

RT-PCR reaction: Positive control 1 with RNA from kit and GAPDH primers, Positive 

control 2 with RNA from the samples and actin primers, Negative control (No RNA 

control). The results for the CPSF subunit gene expression from tomato seedlings is 

shown in Fig. 4.3.  

 

 

Fig. 4.3. Representative agarose gel electrophoresis after RT-PCR for CPSF gene 

expression pattern from tomato seedlings. From right, Lane 1 represents 100 bp 

marker, Lane 2 represents standard GADPH RNA with kit primers, lane 3 Actin 

gene standard with kit primers, lane 4 primers only, lane 5 RNA only, lane 6 

CPSF 30, lane 7 100 bp marker, lane 8 CPSF 73I, lane 9 CPSF 73II, lane 10 CPSF 

100 and CPSF 160. 



36 
 

RT-PCR analysis was also done from tomato leaflets and roots. For leaflets tomato 

plants were grown in pots (Fig. 4.4) and RNA was isolated from the young leaflets by 

kit method. RNA from tomato roots was isolated from the roots emerged from the 

tomato seedlings. RNA isolated from the tomato leaflets and roots was of good quality 

(Fig. 4.5), and was subjected to one-step RT-PCR using the Novagen kit with the same 

conditions as optimized for RT-PCR from the tomato seeds. CPSF gene expression 

pattern from tomato leaflets and roots is given in Fig. 4.6 and 4.7, respectively. 

 

 

Fig. 4.4. Tomato plants growing in 

pots for the study of tomato CPSF gene expression pattern from leaflets  

 

 

Fig. 4.5. 1.2% agarose gel electrophoreses for RNA isolated from tomato leaflets 

and roots 
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Fig. 4.6. Representative agarose gel electrophoresis after RT-PCR for CPSF gene 

expression pattern from tomato leaflets. Lane 1 from left represents 100 bp 

marker, lane 2 standard RNA and primers, lane 3 control RNA and kit primers, 

lane 4 control RNA and primers, lane 5 100 bp ladder, lane 6-10 CPSF 30, CPSF 

73I, CPSF 73II, CPSF 100 and CPSF 160 respectively. 

 

 

Fig. 4.7. Representative agarose gel electrophoresis after RT-PCR for CPSF gene 

expression pattern from tomato roots. From left, Lane 1 represents GAPDH RNA, 

lane 2 Actin gene, lane 3 Actin gene with isolated RNA, lane 4 ACT primers, lane 

5 100 bp ladder, lane 6-8 represent CPSF 30, CPSF 73I and CPSF 100, 

respectively. 
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4.2.3. Experion analysis 

The gene expression patter could not be quantified by agarose gel electrophoresis, and 

required some more sensitive technique. Therefore, the samples after RT-PCR were 

analyzed on an automated gel electrophoresis system (Experion, Bio-Rad). The 

Experion works on microfluidic separation technology (Bio-Rad Bulletin). The 

microfluidic chip containing a series of plastic wells bonded over a small glass plate. 

The glass plate is etched with an optimized network of microchannels, one of which 

interacts with each of the plastic wells. The channels are primed with a gel matrix and 

samples are applied to the wells. Electrophoresis station directs the samples through 

these microchannels with precise control of voltage and current (schematic of experion 

is given in Fig. 4.8). The samples were prepared in concentration range 0.1-50 ug/uL, 

diluted with TE buffer (pH 8) if needed. The method is highly sensitive as the DNA is 

stained with a fluorescent dye. DNA 12K kit was used that had a wide separation range 

of 100-12000 bp. Ladder was run with each set of samples (chip). A representative 

pattern of the ladder is shown in Fig. 4.9. X-axis shows elution time in seconds and Y-

axis gives fluorescence for quantification. A standard curve is generated (Fig. 4.10) to 

quantify the samples. The elution pattern is also reported in the form of bands. Intensity 

of the bands and/or peak area is calculated for each lane (sample) and compared with 

the ladder with the help of integrated software that gives output in the form of corrected 

peak and concentration of each band (Fig. 4.11). 

 

Fig. 4.8. Schematic of automated gel electrophoresis 
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A 

 

B 

Fig. 4.9. Pattern of ladder run with 12K DNA kit. A. The output in the form of 

peaks. B. The output in the form of bands. Lane 1 is DNA ladder. 

 

Fig. 4.10. A standard curve generated with Experion 12K DNA ladder 
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Fig. 4.11. A representative of output in the form of corrected Peak Area and 

concentration of each band.  

The expression pattern for CPSF gene was studied in the tomato seeds (Fig. 4.12), 

leaflets (Fig. 4.13) and roots (Fig. 4.14) by employing the Experion analysis on the 

samples subjected to RT-PCR.  

 

A 

 

B 

Fig. 4.12. A representative of CPSF gene expression profile from tomato seeds. A. 

Sample peaks. Peak No. 1 and the last peak show marker peaks in the sample. B. Lane 

1 is ladder. Lanes 2-11 are different samples after RT-PCR.  
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A 

 

B 

Fig. 4.13. A representative of CPSF gene expression profile from tomato leaflets. 

A. Sample peaks. Peak No. 1 and the last peak show marker peaks in the sample. B. 

Lane 1 is ladder. Lanes 2-11 are different samples after RT-PCR.  

 

A 

 

B 

Fig. 4.14. A representative of CPSF gene expression profile from tomato roots. A. 

Sample peaks. Peak No. 1 and the last peak show marker peaks in the sample. B. Lane 

1 is ladder. Lanes 2-11 are different samples after RT-PCR.  
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4.3. CPSF gene expression under fungal stress 

The tomato seeds were given fungal stress by inoculating with a fungus Fusarium 

solani (Fig. 4.15). RNA was isolated at different time intervals by Trizol method (Fig. 

4.16) followed by first strand of cDNA synthesis with the help of M-MuLV (Moloney 

Murine Leukemia Virus) reverse transcriptase having the ability to synthesize cDNA 

using ssRNA or ssDNA as template. The cDNA was synthesized in three separate 

reactions by any of the oligo(dT)11 primer with AAGC sequence at the 5'end and any 

of the nucleotides A, G or C at 3'end to ensure that entire RNA is converted to cDNA. 

The first strand was subjected to PCR with the help of CPSF gene expression primers 

using 2X PCR mastermix (Fermentas). Actin gene was amplified as gene expression 

control for normalization of the levels of the expression. Pattern of the CPSF gene 

expression under fungal stress was observed by agarose gel electrophoresis (Fig. 4.17). 

The levels of the gene expression were determined by running the RT-PCR samples on 

Experion (Fig. 4.18) followed by peak analysis.  

 

 

 

Fig. 4.15. Tomato seeds with Fusarium solani stress 
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Fig. 4.16. A representative of the RNA isolated from the tomato seeds after fungal 
induction 
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E 
Fig. 4.17. Agarose gel electrophoresis of the CPSF genes from tomato seeds after 

fungal induction. A. CPSF 30. B. CPSF 73I. C. CPSF 73II. D. CPSF100. E. CPSF160. 

The last lanes from right correspond to the genes expressed after 0, 1, 2, 3, 4, 6, 8 and 

12 hour of fungal induction. 
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Fig. 4.18. Experion analysis of the CPSF genes from tomato seeds after fungal 
induction. A. CPSF 30. B. CPSF 73I. C. CPSF 73II. D. CPSF100. E. C PSF160 
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4.4. Differential expression of genes in tomato under fungal stress 

Plants respond differentially under various biotic and abiotic stresses. Study of 

differential gene expression under fungal stress may lead to isolation of novel 

antifungal genes (Falak and Jamil, 2013). The tomato seedlings were inoculated with F. 

solani followed by RNA isolation (Fig. 4.19) and first strand of cDNA synthesis as 

discussed in section 4.3. The PCR was performed with arbitrary primers rather than the 

gene specific primers using 2X PCR mastermix from Fermentas. The amplified 

products were resolved on denaturing urea-Polyacrylamide gels and stained with silver 

nitrate (Fig. 4.20). The up- and down-regulated DNA bands were excised from the gel 

and cloned in pJET vector (Fig. 4.21). The positive clones were selected and 

sequenced. The DNA sequences are given in Table 4.1.  

 

 

Fig. 4.19. RNA isolated from tomato seedlings for differential gene expression 

studies 
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Fig. 4.20. Representative gels silver stained after differential expression of genes 

from tomato seeds. Primer used for amplification of each sample is given on top of 

each lane.  
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Fig. 4.21. pJET clone vector from Fermentas.  
Adopted from www.bioinfo.pte.hu/f2/pict_f2/pJETmap.pdf 

 

4.5. CPSF subunit interaction 

Proteomics approach was used to study the CPSF subunit interaction. Tandem Affinity 

Purification (TAP) system of (Rohila et al., 2004) was applied to study the interaction. 

A TAP tag is attached with the gene of interest and transformed in plant cells. It helps 

purification of protein complexes containing proteins of interest attached to the TAP-

tag. The TAP tag comprises of: 

 Protein A domains having affinity with IgG-agarose 

 A tobacco etch virus (TEV) protease site so that the fusion protein may be 

cleaved from the IgG-agarose 

 A calmodulin-binding protein domain 

Schematic of the TAP-tagging system is given in Fig. 4.22. The protein complexes 

bound to the bait protein fused to TAP-tag are isolated from the plant cells transformed 

with the TAP-tagged vectors. The tandem protein A domains attached to the TAP-

tagged protein complexes bind to IgG-agarose, and the unbound proteins are washed 

out. The TAP-tagged protein complexes are separated from IgG-agarose by cleaving 

with TEV protease at the TEV-protease cleavage site. The remaining TAP-tagged 

protein complexes are applied to the calmodulin column where calmodulin-binding 

domain of the TAP-tag binds in the presence of Ca+2. This gives further purification of 

the desired protein complexes as the unbound proteins are washed out again. The TAP-

tagged proteins complexes are relieved from calmodulin binding with the help of 

EGTA that chelates out Ca+2 ions, hence the interaction between calmodulin and TAP-
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tagged protein complexes is disrupted. The protein complexes thus isolated are 

subjected to mass spectrometric analysis to identify the proteins in the protein 

complexes. 

 

Fig. 4.22 Schematic of TAP system 

The CPSF subunit genes were introduced in TAP vectors nTAPi and cTAPi (Fig. 4.23). 

The CPSF100 was fused to TAP tag at N-terminus whereas all other subunit genes 

were ligated in cTAPi. The CPSF subunit genes were under the control of cauliflower 

mosaic virus (CaMV) 35S promoter and CaMV terminator. The CPSF subunits in the 

TAP vectors were transformed in E. coli (Fig. 4.24) followed by miniplasmid 

preparation. The plasmids were digested with HindIII for confirmation of the ligation of 

CPSF subunits in the plasmids (Fig. 4.25). All the plasmids showed positive results as 

expected fragment sizes (Table 4.1) were obtained after the restriction digestion except 

for CPSF73II that could not be transformed due to some unknown reason. 

After confirmation the plasmids were transformed in Agrobacterium tumefaciens 

LBA4404 and selected with spectinomycin antibiotic (Fig. 4.26). The positive colonies 

were picked and the CPSF subunit genes were confirmed by colony PCR. The 

successful transformants were transformed in tomato cells by electroporation and the 

TAP-tagged protein complexes were isolated by passing the cell lysate over IgG-

agarose column, cleaved at TEV cleavage site and then passing over calmodulin-Ca2+ 

column. The protein complexes were sequenced by mass spectrometric analysis from 

USA. The poly(A) factors and other proteins identified were tagged with each of the 

TAP-tagged vector are given in Table 4.2.  
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Fig. 4.23. nTAPi and cTAPi vectors  

 

Fig. 4.24. Transformation of CPSF genes-TAP-tagged vectors in E. coli 

 

Fig. 4.25. Miniplasmid preparations and restriction digestions of the plasmids. 

Lanes 1, 6 and 11 represent marker, lanes 2-5 and 7-10 correspond to plasmids 

containing CPSF genes; 30 uncut, 30  cut, 73I uncut, 73I cut, 100 cut, 100 uncut, 

160 uncut and 160 cut respectively.  
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Fig. 4.26. Transformations in Agrobacterium tumifaciens with positive 

transformants 

   

Table 4.1. CPSF gene sizes and restricted fragment sizes after miniplasmid 

preparation 

Gene name Size 
(bp) 

Plasmid Fragment 
size after 
HindIII 

restriction 
(bp) 

CPSF30 753 CTAPi-CPSF30 2514 
CPSF73 2338 CTAPi-CPSF73 4099 
CPSF100 2417 NTAPi-CPSF100 4178 
CPSF160 4329 CTAPi-CPSF160 6090 

 

Table 4.2. Proteins identified after transformation of TAP-tagged CPSF genes in 

tomato 

TAP-tagged 

plasmid 

Proteins identified 

CTAPi-CPSF30 CPSF30, CPSF73II, CPSF160, FIPS5 

CTAPi-CPSF73I CPSF73I, CLPS3, CPSF73II, FY, CPSF100, CPSF160, 

PCFS4 

NTAPi-CPSF100 CPSF100, CPSF160, FY, CPSF73I 

CTAPi-CPSF160 CPSF160, CPSF100, CPSF30, CPSF73I, PAP, SYM5, FY 
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Discussion 
 

The study described here was stimulated by the ever increasing findings that 

polyadenylation process serves as a crucial step in gene regulation and expression in all 

types of eukaryotic cells including plants. The process is linked to mRNA stability and 

transport, splicing and transcription termination. The polyadenylation process is 

brought about with the interaction of poly(A) factors, of which CPSF subunits have the 

central contribution. Most of the investigations on plant poly(A) factors have been 

made in Arabidopsis and rice. However, no such studies could be found in literature on 

tomato, Solanum lycopersicom L.  

5.1. CPSF subunit gene expression in tomato varies in 
different tissues, and varies temporally in seedlings under 
fungal induction 
 
The tomato CPSF gene expression was studied by isolating RNA from seedlings, roots 

and leaflets followed by RT-PCR and analysis on automated electrophoresis system 

(Experion). In Arabidopsis five CPSF submits viz CPSF 30, CPSF73I, CPSF73II, 

CPSF100 and CPSF160 have been reported (Xu et al., 2006). Similar CPSF subunits 

were also identified in tomato in the current studies.  

The levels of the gene expression were normalized to the levels of actin gene 

expression that was included in each set of analysis as an internal control for gene 

expression. The levels of the gene expression were compared with each other in 

different parts of the plant and are summarized in Fig. 5.1. In tomato seeds the level of 

CPSF73I was found to be highest followed by the expression of CPSF160 and 

CPSF100. Lowest expression was found for CPSF30. In tomato leaflets CPSF73I also 

had highest expression followed by CPSF30. Levels of CPSF 100 and 160 were found 

to be lower as compared to the other two genes. In tomato roots highest expression was 

observed for CPSF100 followed by CPSF160 and CPSF73I. Overall, the levels of 

CPSF 73I gene were highest in seeds and roots and of CPSF100 in leaflets. The 

CPSSF73II has been found to be expressed mostly in flowering tissues (Xu et al., 2004) 

which may be the reason that the subunit expression was low in tomato leaflets and 

roots. Seedlings might have higher expression of CPSF73II due to growing state.  
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In contrast to our findings CPSF160 had highest expression among all CPSF genes in 

Arabidopsis seedlings (Xu et al., 2004). The higher level of CPSF 73I and 73II 

expression demonstrates that those take part in some special functions other than acting 

as polyadenylation factors. AtCPSF73II, apart from housekeeping functions, has 

essential functions in genetic transmission of female gametes (Xu et al., 2004). The 

study was made in insertion lines in Arabidopsis for loss-of-function analysis with 

reference to CPSF73II gene. It was found that the gene was preferentially expressed in 

flowers. Disruption of the gene caused drastic decrease in genetic transmission of 

female gametes while no such affect could be observed in case of male gametes (Xu et 

al., 2004). AtCPSF73I has been found to play a central role in plant development (Xu et 

al., 2006). Overexpression of AtCPSF73I however is lethal, whereas the plants having 

an extra copy of this gene were male sterile. The human HIV-1 Tat protein has also 

been shown to modulate CPSF73 for regulation of gene expression (Calzado et al., 

2004). Theys found that the CPSF73 repressed mdm2 gene promoter to regulate the 

process.  

It further stresses that the control of CPSF73 expression plays an important role in plant 

growth and development. Rather the poly(A) factors interact with each other and with 

other proteins during 3'-end formation of mRNA through an extensive protein-protein 

network coupled with other processes starting from 5'-capping, transcription, splicing to 

translation (Ascenso et al., 2013). 

 

   

Fig. 5.1. Comparison of CPSF gene expression pattern in tomato seeds, leaflets 

and roots. RNA was isolated from corresponding plant tissues followed by RT-

PCR using CPSF gene specific primers. Relative expression was estimated after 

running the samples on automated gel electrophoresis system (Experion) and 

normalizing with expression of actin gene as internal control. 
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The fungal (Fusarium solani) stress given to the tomato seedlings had different effect 

on the expression of various CPSF subunit genes (Fig. 5.2). The relative expression of 

the genes was increased after first hour of the fungal induction followed by further 

increase in relative expression of CPSF73I, CPSF73II and CPSF160. The highest 

increase was observed for CPSF73II after four hours of induction. The CPSF73I gene 

expression was raised to a certain extent after two hours of induction, however highest 

level was observed after 6 h of induction. Increase in the expression of CPSF160 gene 

was also found after 4 hpi, however the increase was significantly lower as compared to 

that of CPSF73I and CPSF73II. The relative gene expression of all the factors reached 

near baseline expression level with further passage of time.  

 

  

Fig. 5.2. Comparison of CPSF gene expression from tomato seeds under fungal 

induction. Tomato seeds were subjected to fungal (Fusarium solani) stress followed by 

RT-PCR using gene specific primers. The samples were harvested after different time 

intervals. Relative gene expression was estimated on automated gel electrophoresis 

system (Experion) by normalizing the values with actin gene expression as an internal 

control. 

 

Fungal and bacterial pathogens trigger local and systemic responses in plants, and may 

lead to lower plant productivity (Kavroulakis et al., 2007). On the other hand there are 

several beneficial microorganisms that help achieving sustainable plant growth by 

conferring resistance in plants against biotic and abiotic stresses. Fusarium solani is 

known as a beneficial microorganism for tomato plants as it suppresses certain 

pathogens of the plant. Similarly, Glomus mosseae, a fungus, has been shown to protect 
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tomato plants from Phytophthora parasitica (Pozo et al., 2002). The induced resistance 

to pathogens is brought about either by systemic acquired resistance (SAR) or by 

induced systemic resistance (ISR) (van Loon et al., 1998). The SAR is mediated by the 

production of pathogen related (PR) proteins (Wu et al., 2004) and involves salicylic 

acid pathway (Orozco-Cardenas and Ryan, 2002).  

 

F. solani was used in the present study due to its potential role in eliciting resistance in 

tomato, although pathways are not known. The pattern of the CPSF subunit gene 

expression was found to follow a certain pattern in which the levels of all the CPSF 

subunits were decreased immediately after the fungal infection (Fig. 5.2) and then 

increase to a certain extent after 1-4 hours of inoculation. The levels of CPSF73I and 

CPSF73II were increased to highest level after six and four hours, respectively that 

shows that both factors play some role in developing resistance against the fungus as no 

effect on seedling growth was observed throughout the time course of the experiment.  

As mentioned earlier the expression levels of CPSF 73I and CPSF73II demonstrate 

normal growth and development of plants. It is speculated that the expression of those 

poly(A) factors interacts with expression of genes in the SAR and/or ISR pathways. 

Therefore, it is concluded that the poly(A) factors play an important role in initiating 

the resistance pathways during fungal inoculation. However, the interaction among the 

poly(A) factors and the proteins in the resistance pathways have to be elucidated by 

employing different approaches such as yeast-two hybrid analysis.  

 
5.2. The tomato genes express differentially under fungal inoculation 

As discussed in the previous section, plants exhibit different resistance mechanisms 

against fungal attack that needs comprehensive evaluation of the genes for 

understanding the mechanisms. Such studies are important as plants are constantly 

under threat by various biotic and abiotic stresses, especially pathogenic 

microorganisms lead to great losses in crop production (Makovitzki et al., 2007). A 

huge increase in the use of agrochemicals against plant pathogens has been observed 

during the last few decades that are not only expensive but also have environmental 

threat. In addition, many of the agrochemicals are becoming ineffective due to 

development of resistance in pathogens (Carvalho et al., 2006). There is thus an urgent 
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for alternative compounds that are not only effective against the pathogens but also 

environmentally safe.  

As with many other plants, annual yield of tomato is also severely affected by different 

microorganisms including Petobacterium carotovorum ssp. Carotovorum and 

Xanthomonas campestris pv. Vesicatoria that cause bacterial soft rot and bacterial spot 

respectively (Jung, 2013). The plant resistance against diseases may be enhanced by 

introducing the genes related to plant defense pathways in the plants generating 

transgenics. 

Differential display PCR (DDRT-PCR) has been emerged as a very impressive and 

reliable technique for isolation of novel genes under varying conditions. In the current 

study out of 97 differentially expressed genes 22 fragments showed significant 

homologies to the genes with known biological functions (Table 5.1). Low output of 

the tomato mRNA differential fragments was observed by sequence alignment and 

homology searches due to scarcity of data on this plant under biotic stress. The DDRT-

PCR, however, is a useful technique with many advantages over other relevant 

techniques, e.g., prior knowledge of genomic information of the species of intent is not 

needed (Falak and Jamil, 2013). mRNA differential display from tomato has been 

studied by a few researchers. An heat induced/chilling tolerance related cDNA 

sequence was isolated from tomato (Kadyrzhanova et al., 1998). In another study 

mRNA differential display was used in order to study the plant (tomato)-fungus 

interaction (Benito et al., 1996).  

 

As shown in Table 5.1 different groups of genes were identified. There were genes that 

were related to cell metabolism such EF-Tu (protein metabolism) (Momcilovic and 

Ristic, 2007), TUB2, TUB9 (Breviario et al., 2008; Cai, 2010), actin and ACT 2/7 

(structural activity/constituent of cytoskeleton) (McDowell et al., 1996), DNA-J 

(involved in protein folding) (Chen et al., 2010), DEAD-box RNA helicase (Gong et 

al., 2005), zinc finger protein (Gupta et al., 2012) and metallothionein-like protein 

(Hsieh et al., 1995).  
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Table 5.1. Differentially expressed genes from tomato under fungal stress 

S. 
No. 

Corresponding protein Query 
coverage (%)

E value 

1. HSP70-2 35 0.006 

2. FIPS5 62 1x10-12 

3. DNA-J 46 3x10-8 

4. Glyceraldehyde-3-phosphate 
dehydrogenase 

57 0.08 

5. CPSF73I 77 1x10-77 

6. EF-Tu 33 1.23 

7. Leucine aminopeptidase A 51 2x10-4 

8. DEAD box RNA helicase 44 1x10-3 

9. USP family protein 59 4x10-7 

10. FY 58 1x10-15 

11. TUB2 23 0.02 

12. TUB9 34 0.065 

13. TUB7 37 0.013 

14. Proteinase inhibitor 1 protein 41 1x10-3 

15. MAPK 13 4x10-5 

16. ACT2/7 17 0.009 

17. Zinc finger protein 22 5x10-1 

18. Peroxidase 31 3x10-7 

19. Metallothionein-like protein 28 1x10-5 

20. CPSF73II 67 1x10-18 

21. Actin 19 2.1 

22. SYM5 66 2x10-16 

E in E value stands for Expect value 

 

Other identified group of genes corresponds to defense related proteins such 

glyceraldehyde-3-phosphate dehydrogenase C subunit (involves in glycolytic pathway 

but also interacts with H2O2 in signaling cascade induced by ROS) (Hancock et al., 

2005), HSP70-2 (involved in heat response and protein folding) (Sung et al., 2001), 

universal stress protein (USP) family (involves in response to various stresses) (Kerk et 

al., 2003) and peroxidase (active against pathogen attack) (Mehdy, 1994; Mittler, 
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2002). DEAD-box, zinc finger and metallothionein-like proteins have also been shown 

to be activated under stress conditions. Two of the genes correspond to defense related 

proteins reported from tomato. Leucine aminopeptidase A has been shown to be 

induced in wounded tomatoes (Narvaez-Vasquez et al., 2008) and during tomato 

infection (Pautot et al., 1993) . It has been demonstrated that the leucine 

aminopeptidase regulates defense and wound signaling in tomato via jasmonic acid 

pathway (Fowler et al., 2009) which is regulated spatially and temporally (Ryan, 2000). 

Another gene corresponding to proteinase inhibitor I protein is activated in response to 

wounds in tomato leaves (Orozco-Cardenas and Ryan, 2002). The up-regulation of the 

defense-related genes show that a hypersensitive response (HR) in tomato occurred 

during Fusarium solani inoculation that induced the genes rendering resistance in the 

plant seedlings. 

The third group of up-regulated genes during the F. solani induction in tomato 

seedlings correspond to poly(A) factors such as CPSF73I, CPSF73II, sym5 and FY. 

The CPSF73I and II, as discussed in the previous section, have roles other than 

housekeeping functions in plant development. SYM5, Symplekin, has been shown to 

participate in RNA-mediated post-transcriptional gene silencing (Herr et al., 2006) 

apart from its interaction with CPSF during mRNA polyadenylation. The FY gene that 

is involved in regulation of flowering time in plants via interaction with other proteins 

(Hunt, 2008).  

The present results takes us to the conclusion that the up-regulated genes involved in 

the development of resistance in tomato under the fungal induction may be good 

candidate for developing transgenic plants leading to resistance against different 

microorganisms (Jung et al., 2013). The differentially expressed genes may be isolated 

(Benito et al., 1996; Kadyrzhanova et al., 1998) and transferred to develop transgenic 

plants. 

 

5.3. CPSF subunit interaction in tomato 

The interaction with CPSF subunits was studied by proteomics analysis of the proteins 

purified from tomato cell suspension after transformation with TAP-tagged-CPSF gene 

vectors. Each of the TAP-tagged fraction fractionates the proteins that have interaction 

with the CPSF subunit and with other proteins. As seen in Fig. 5.3 the CPSF30 had 
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interaction with FIPS5 which in turn interacts with poly(A) polymerase (PAP) and 

stimulates it (Forbes et al., 2006). The CPSF30 also had interaction with CPSF73II that 

has been shown to have functions other than housekeeping (Xu et al., 2004). The 

CPSF73II interacts with CPSF73I. The CPSF73I also has interaction with CPSF100, 

CPSF160, FY protein, CLPS3 (cleavage family complex protein) and PCFS4 (protein 1 

of cleavage factor). CPSF100 also has interaction with CPSF160 and FY, and CPSF160 

with FY, PAP and SYM5 (symplekin). Symplekin is also involved in post-

transcriptional gene silencing by RNA (Herr et al., 2006) and has interaction with 

CstF64. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3. Interaction among CPSF subunits and other protein factors in tomato. 
The interactions were determined by the proteomics analysis. The protein factors are 
drawn to nearest possible scale. Abbreviations of proteins other than CPSF: PAP 
(Poly(A) polymerase), FIPS5 (factor interacting with poly(A) polymerase, PCFS4 
(Pcf1-similar protein 4), SYM5 (Symplekin5), CLPS3 (CLP1-similar protein 3), FY (a 
homologue of yeast Pfs2p factor). 

 

Another poly(A) factor CLPS3 (CLP1-Similar Protein 3), an ortholog of human CLP1, 

was also found to be essential for embryo development and female gamete transmission 

in Arabidopsis (Xiang et al., 2008). (Zhao et al., 2009) investigated CPSF in vivo in A. 
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thaliana by proteomic studies using tandem affinity purification for isolation of the 

protein complexes followed by mass spectrometry and Western immunoblots. They 

found all the above mentioned CPSF subunits plus AtFY and AtFIPS5. They further 

demonstrated that AtCPSF100 served as a core to which all other factors were 

associated except AtFIPS5. Similarly, AtCPSF73I has been shown to be an 

endonuclease having a role in cleavage of the mRNA during 3'end formation (Mandel 

et al., 2006). CPSF30 has also been shown as an RNA-binding endonuclease associated 

with other factors (Rao et al., 2009). Moreover, it was found that the AtCPSF30 itself 

was localized to the cytoplasm when expressed by itself, however it was found to be 

localized in nucleus when co-expressed with other factors such as AtCPSF160 and 

AtCPSF73 probably due to interaction. (Rao et al., 2009) further demonstrated that the 

CPSF30 was speculated to have multiple novel protein-protein interactions among 

CPSF factors. (Delaney et al., 2006) studied CPSF30 interactions using calmodulin 

binding assay and found that the CPSF30 was not only capable of self-interactions but 

also potentially involved in possible interplay between splicing and polyadenylation 

and their regulation. In another study (Addepalli and Hunt, 2007) the CPSF30 was 

found to have zinc finger motifs, and it was indicated that interactions of the protein 

were probably via Fip1. The CCCH zinc finger motif of AtCPSF30 has also been 

shown to have a disulphide linkage (Addepalli et al., 2010). Fip1 (Factor Interacting 

with poly(A) polymerase) is another protein that is known to provide a bridge between 

poly(A) polymerase, poly(A) apparatus and RNA in eukaryotes (Forbes et al., 2006; 

Meinke et al., 2008); rather it was reported that the Fip1 from Arabidopsis had plant-

specific interactions between the protein and other factors.  

The CPSF100 gene is ca2400 nucleotide long and encodes a polypeptide of 100 kDa 

(Elliott et al., 2003). The factor was found not only in Arabidopsis but the nuclear 

extracts from pea and wheat germ also recognized the antibodies raised against the 

Arabidopsis CPSF100. Moreover, it was found that 60 amino acid domain of 

AtCPSF100 had an interaction with 220 amino acids of poly(A) polymerase. (Dominski 

et al., 2005) demonstrated that the CPSF73 and CPSF100 belonged to a superfamily of 

zinc-dependent β-lactamase fold proteins. 

Several RNA binding proteins other than poly(A) factors have been reported to 

influence different post-transcriptional processes including splicing, RNA decay, 

polyadenylation etc (Staiger and Koster, 2011). Among these Fip1 is a subunit of the 
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poly(A) apparatus and acts as a bridge between poly(A) polymerase, other poly(A) 

subunits and substrate RNA (Forbes et al., 2006; Meinke et al., 2008). The protein was 

found to have 1196 amino acids, and 137 amino acids had interaction with poly(A) 

polymerase.  

Another RNA binding protein FCA has also been shown to interact with 3'-end 

processing machinery of mRNA (Simpson et al., 2010). It was found to be an 

alternative polyadenylation regulator. The FCA expression was speculated to have its 

role in regulating flowering time in Arabidopsis. Whole-genome tiling array studies 

regarding FCA and FPA proteins revealed that the proteins had an important role in 

3'end processing and transcription termination in Arabidopsis (Sonmez et al., 2011). 

The FCA promotes flowering and autoregulates its own expression via alternative 

polyadenylation (Quesada et al., 2005) in Arabidopsis. Physical interaction of FCA 

with a 3'end processing factor (FY) was reported to be mandatory for the FY function 

in flowering control. 

Conclusively, different plant proteins have been found to interact with 3'end processing 

of mRNA that may have important implications in gene regulation eventually leading 

to the control of many biological processes such as flowering time. This further 

demonstrates that the 3'-end formation of mRNA involves extensive protein-protein 

interaction network which is coupled with other processes of mRNA biogenesis such as 

transcription, capping, splicing and translation.  
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Summary 
Gene expression in a cell is mainly controlled by regulating transcription of mRNA. 3’-

end polyadenyation is a key step in mRNA biogenesis. It involves interaction of 

poly(A) factors with the poly(A) sites and with each other. Understanding such 

interactions will have vital implications in regulating gene expression levels.  

 

Tomato, Solanum lycopersicum, is an important member of the Solanaceae family and 

grown worldwide with high production; 146 million tons yield in 2010. It belongs to 

family Solanaceae that comprises more than 3000 species including potato, eggplant, 

peppers etc. Due to the importance of tomato, sequencing of its genome was initiated in 

2003 as part of the International Solanaceae Genome Project (SOL). Several studies are 

reported on various aspects of tomato genome. However, many important molecular 

processes, including 3’-end processing of mRNA, have still not been studied in this 

important plant as no reports have been found in the literature. Regulation of gene 

expression, especially at polyadenylation level has also not been studied in tomato.  

Cleavage and Polyadenylation Specificity Factor (CPSF) has central role in cleavage 

and polyadenylation process. Multiple Poly(A) factors, organized into complexes, bring 

about the cleavage and polyadenylation process. The protein factors were first isolated 

from yeast and mammalian cells and are well characterized. In plants the poly(A) 

factors are best studied in Arabidopsis so far that include CPSF, CstF, PAP, CFI-25m, 

PABN1 (polyadenylate binding protein) and FiP1 (Factor Interacting with Poly(A) 

polymerase). Among these factors CPSF multisubunit complexes are the key players in 

the polyadenylation process. The subunits are classified on the basis of molecular 

masses which are CPSF30, 73, 100 and 160. In Arabidopsis the CPSF 73 is further 

divided into CPSF73-I and CPSF73-II. 

 

The present proposal was planned to study the CPSF subunits and genes from tomato 

using various strategies. CPSF gene expression pattern was studied from tomato seeds 

and leaflets and roots by isolating RNA followed by  RT-PCR. The level of gene 

expression was studied on automated gel electrophoresis system (Experion). Highest 

expression was found for the subunit CPSF73II followed by CPSF73I. The levels of the 

CPSF subunit gene expression were highest in the seedlings as compared to those in 

leaves and roots. Effect of fungal stress on CPSF and differential gene expression were 
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also studied with the help of gene specific and arbitrary primers, respectively. Time 

course under fungal stress showed highest expression for CPSF73II and CPSF73I gene 

after 4 and 6 hpi, respectively. Levels of all the genes were found to be decreased due 

to fungal stress. Differential gene expression under fungal stress showed expression of 

many genes that may have important implications; the expressed genes have been 

categorized in three categories viz. genes related to cellular metabolism, genes 

corresponding to defense related proteins and the genes related to poly(A) factors. 

Molecular interaction among CPSF genes was studied by proteomics approach. The 

CPSF subunit genes were transformed in Agrobacterium followed by transformation in 

tomato suspension culture. Proteomics results have shown the interactions among 

CPSF subunits with each other and with other neighboring proteins. Outcome of the 

project is expected to have important implications for the control of gene expression in 

tomato to improve yields and varieties. 
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