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Plant Rabs and the role in fruit ripening 

Abstract 

Fruit ripening is a complex developmental process that involves the 

synthesis and modification of the cell wall leading up to the formation of 

an edible fruit. During the period of fruit ripening, new cell wall polymers 

and enzymes are synthesized and trafficked to the apoplast. Vesicle 

trafficking has been shown to play a key role in facilitating the synthesis 

and modification of cell walls in fruits. Through reverse genetics and gene 

expression studies, the importance of Rab guanosine triphosphatases 

(GTPases) as integral regulators of vesicle trafficking to the cell wall has 

been revealed. It has been a decade since a rich literature on the 

involvement of Rab GTPase in ripening was published. Therefore, this 

review, sets out to summarize the progress in studies on the pivotal roles 

of Rab GTPases in fruit development and shed light on new approaches 

that could be adopted in the fields of postharvest biology and fruit-

ripening research. 

Keywords: cell wall; fruit ripening; Rab GTPase; Ras superfamily; vesicle 
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Introduction  

Fruit ripening entails the physicochemical and physiological changes that give rise to an 

edible fruit. During this process, changes in the cell wall structure and composition 

occurs (Brummell, 2006). For complete summaries of plant cell wall dynamics, the 

readers can refer to other excellent reviews (Brummell, 2006; Ebine & Ueda, 2015). 

Tomato fruit has long been used as a model system for studying this physiological 

process (Alexander & Grierson, 2002). It was suggested (Seymour, Lasslett & Tucker, 

1987) that cell wall degradation is primarily responsible for the softening of the fruit, 

which is a fruit-ripening related process. The question on how the plant cell wall is 

synthesized and modified is still puzzling because the process occurs partly in the 

apoplast. As a result, several research groups have tried to alter specific cell wall-

degrading enzymes related to fruit ripening through molecular genetic strategies (Hall et 

al., 1993; Powell, Kalamaki, Kurien, Gurrieri & Bennett, 2003; Sheehy, Kramer & 

Hiatt, 1988; Smith et al., 1990). In tomato fruit, gene silencing has been used to inhibit 

the synthesis of polygalacturonase (PG; EC 3.2.1.15). The PG levels were substantially 

reduced to as low as 1% thereby inhibiting pectin depolymerisation (Sheehy et al., 

1988; Smith et al., 1990). However, this inhibition has been found to have only a 

relatively small effect upon fruit firmness (Sheehy et al., 1988; Smith et al., 1990). Even 

though PG activity was not the sole determinant of fruit softening, it has been shown to 

have led to an extended shelf life (Giovannoni, DellaPenna, Bennett, & Fischer, 1989). 

This unique characteristic made the PG antisense plants sufficiently different and a 

commercial success. Similar studies elucidating the roles of pectinmethylesterase 

(PME; EC 3.1.1.11) and cellulose (EC 3.2.1.4) (Brummell, Hall, & Bennett, 1999; Hall 

et al., 1993) have revealed the complexity of the fruit ripening process. These studies 

indicate that there may be interdependency among multiple enzymes that lead to fruit 

softening, as might be expected. For example, a study of tomato plants in which both 

PG and expansin were inhibited showed a synergistic effect (Powell et al., 2003).  

The plant endomembrane system consisting of the Golgi apparatus, endoplasmic 

reticulum, endosome, trans-Golgi network (TGN) and plasma membrane (PM) work 

together to synthesize, modify and ship proteins and other cellular materials. An 

appropriate delivery to the correct destination is strictly maintained within the cell 

despite the influx of a vast array of gene protein products into the endomembrane 

system (Müntz, 1998; Zerial & McBride, 2001). Whether the transport system is 
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maintained in a specific and coordinated manner has raised several questions; how are 

the cargoes selected? What elements guarantee their accurate fusion to the target 

membrane? How is the directionality of cargo transport maintained in spite of the 

interconnected pathways? Using mostly reverse genetic approaches, the Rab GTPases 

have been found to be primary determinants of the steps of directing traffic within 

endomembrane system.  With only a few reports available, this mini-review sets out to 

summarize research findings on the roles of Rab GTPases in fruit ripening. It is 

expected that such currently available information could unlock the possibilities of 

improving biotechnological approaches to address postharvest fruit losses.  

 

Rab GTPases as molecular switches in membrane trafficking 

 

The first members of this protein family were originally discovered in yeasts, where 

they are commonly referred to as YPTs (yeast protein transport) (Gallwitz, Donath, & 

Sander, 1983; Salminen & Novick, 1987; Segev & Botstein, 1987). Following this 

discovery, the use of oligonucleotide probes to screen a rat brain cDNA library 

identified the first homologs in mammals (Touchot, Chardin, & Tavitian, 1987). Hence 

the acronym ‘Rab’ (Ras-related proteins in brain) was adopted (Touchot et al., 1987). 

The Rab GTPases oscillate between the ‘active’ GTP-bound and the ‘inactive’ GDP-

bound forms in the membrane and cytosol respectively (Stenmark & Olkkonen, 2001; 

Zerial & McBride, 2001) (Figure 1). This conformational change accounts for their 

roles as ‘molecular switches’ (Vetter & Wittinghofer, 2001) and the ability to perform 

several tasks in a coordinated and regulated manner (Stenmark & Olkkonen, 2001; 

Zerial & McBride, 2001).  Rab GTPases are initially synthesized as soluble proteins in 

the cytosol (Ali & Seabra, 2005). Rab escort proteins (REP) recognize and associates 

with the newly synthesized GDP-bound Rab proteins to form a stable Rab-REP 

complex (Andres et al., 1993). This interaction facilitates the prenylation of the Rab 

protein catalysed by the Rab geranylgeranyl transferase (RGGT) enzyme (Alexandrov 

et al., 1999; Seabra, 1998). Prenylation of Rab proteins is a post-translational 

modification which involves the addition of geranylgeranyl groups to the cysteine 

residues at the C terminus (Glomset & Farnsworth, 1994; Seabra, 1998). This process is 

essential for Rab specific membrane targeting and attachment (Casey & Seabra, 1996). 

Following prenylation, REP is released from the Rab-REP complex (Rak et al., 2004). 
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Another protein known as the Rab GDP dissociation inhibitor (GDI) protein binds to the 

modified Rab to maintain its stability and solubility in the cytosol by masking the 

prenyl group at the C- terminus of the Rab (Alexandrov, Horiuchi, Steele-Mortimer, 

Seabra, & Zerial, 1994). A membrane protein known as the GDI displacement factor 

(GDF) detaches the GDI from the Rab-GDI complex and allows the insertion of the Rab 

prenyl group into its target membrane (Dirac-Svejstrup, Sumizawa, & Pfeffer, 1997; 

Pfeffer & Aivazian, 2004). This is followed by the conversion of the Rab protein to its 

‘active’ GTP-bound state by the guanine nucleotide exchange factor (GEF) (Figure 1). 

 

[Figure 1 here] 

 

The Rab family in plants  

 

The Rab GTPase family which constitutes the largest group of the Ras (Rat sarcoma) 

(Cox & Der, 2010) superfamily has been found to exist in all eukaryotes studied 

(Stenmark, 2009). This subfamily has been extensively studied in yeasts, where they are 

called YPT proteins, and in humans, with at least 11 and 60 members respectively 

(Pereira-Leal and Seabra, 2001). Members of the Rab GTPase family have been 

identified in several plants (Table 1). The plant Rab GTPase family has been grouped 

into eight clades, namely RabA - RabH and these have been found to have a high degree 

of similarity with mammalian Rab classes 11, 2, 18, 1, 8, 5, 7 and 6 respectively 

(Pereira-Leal & Seabra, 2001; Rutherford & Moore, 2002; Vernoud, Horton, Yang, 

& Nielsen, 2003). The RabA clade is the largest of the plant Rabs with 26 members 

identified so far in Arabidopsis thaliana (Rutherford & Moore, 2002), 26 in Solanum 

lycopersicum (Flores et al., 2018; Lycett, 2008), 17 in Oryza sativa (Zhang, Hill, & 

Sylvester, 2007), 6 in Prunus persica (Falchi et al., 2010), 14 in Vitis vinifera (Abbal et 

al., 2008), 87 in Gossypium raimondii and 12 in Lotus japonicus (Borg, Brandstrup, 

Jensen, & Poulsen., 1997; Flores et al., 2018) (Table 1). The RabA clade is divided into 

six subgroups (RabA1 to RabA6) compared with only two Rab11 GTPases in 

mammals. The remarkably high number of Rab GTPase and their distribution across 

distinct membrane-bound compartments indicates their importance in plants for specific 

functions (Rutherford and Moore, 2002).  Multiple sequence alignment analyses 

revealed 55% sequence homology between various subfamilies of closely related Rab 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Horton%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=12644670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=12644670
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=12644670
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gene members (Agarwal, Reddy, Sopory, & Agarwal, 2009) suggesting extensive gene 

duplication events have occurred across and within species (Elias, Brighouse, Gabernet-

Castello, Field, & Dacks, 2012; Zhang et al., 2007). The Rab genes in plants are highly 

conserved within a clade and more similar to homologs in distant species as compared 

to closely related Rab within the same species, which suggests functional conservation 

of the Rab genes within eukaryotes (Rojas, Fuentes, Rausell, & Valencia, 2012).  

By structural analysis, the conserved and non-conserved regions have been 

shown to contribute to the localization and specific function of the Rab proteins 

(Pfeffer, 2005). The Rabs share several common structural features which include the 

guanine nucleotide-binding domains (Figure 2). Multiple sequence alignment analysis 

revealed Rab family specific regions (termed F1-F5) and Rab subfamily regions (SF1-4) 

respectively (Pereira-Leal & Seabra, 2001; Moore, Schell, & Palme, 1995). The Rab 

family regions (F1-F5) distinguish a Rab protein from other members of the Ras 

superfamily while the Rab subfamily regions SF1-4 facilitates the grouping of Rabs into 

subfamilies (Pereira-Leal & Seabra, 2001; Moore et al., 1995) (Figure 2). Rab family 

and subfamily regions have also been shown to play essential roles in specific effector 

and membrane interaction (Ali & Seabra, 2005).  Despite the conserved nature of this 

gene family, great divergence exists at the C-terminal hypervariable domain which 

plays a crucial role in specific localization in the membrane (Pfeffer, 2005). The 

prenylation of the C-terminal sequence is also necessary for their cellular localization 

and interaction with effectors (Calero et al., 2003). For instance, Loraine, Yalovsky, 

Fabry, & Gruissem (1996) showed that LeRab1A, LeRab1B, and LeRab1C tomato 

mutants in which the C-terminal cysteine residues had been swapped with other amino 

acids were unable to complement YPT1p in yeast. However, their wild-type were able 

to show complementation with YPT1p. Mutations in RGGT have been shown to cause a 

series of developmental abnormalities, including smaller leaves, loss of apical 

dominance, delayed senescence and shoot gravitropic defects in A. thaliana (Hála, 

Soukupová, Synek, & Žárský, 2010) demonstrating the importance of correct 

prenylation of the di-cysteine motif. Recently, it has been shown that Rab5a and Rab27a 

mutants without a di-cysteine motif (replaced with mono-cysteine motif) led to their 

mistargeting to the endoplasmic reticulum/Golgi region rather than their designated 

cellular compartment (Shinde & Maddika, 2017). Together, these findings highlight the 

significance of post-translational modification for the correct targeting of Rab proteins. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%A1la%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20180921
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Next-generation sequencing (NGS) has enabled the availability of full genome 

sequences. This permits robust bioinformatics analysis of orthologous Rab proteins 

across diverse plant groups. These technologies are powerful because they enable in-

depth comparisons to be made between species. Knowledge gained from the functional 

information in model organisms can then be transferred to less well-studied plant 

groups.   

 

[Table 1 here] 

[Figure 2 here] 

 

Rab GTPase proteins as directors of vesicle trafficking 

 

Previous studies have revealed that there are many related Rabs groups across many 

species to regulate protein trafficking in different parts of the endomembrane system 

(Ebine & Ueda, 2015; Jürgens, 2004; Lycett, 2008; Saito & Ueda, 2009) (Figure 3). 

Distinct membrane trafficking events which span from the vesicle formation, 

recruitment of motor proteins, vesicle motility along the cytoskeletal tract, to vesicle 

tethering and fusion from the donor membrane to the acceptor membranes are carried 

out by Rab GTPases and their accessory proteins (Gillingham, Sinka, Torres, Lilley, & 

Munro, 2014). The crucial roles of the Rab GTPases have been revealed in the exocytic 

(Hutagalung & Novick, 2011) and endocytic pathways (Wandinger-Ness & Zerial, 

2014). Although the plant Rab groups appear to maintain similar trafficking functions 

between membrane compartments as their mammalian counterparts (Table 2), 

diversification in plant post-Golgi pathway has been reported (Fujimoto & Ueda, 2012; 

Hanton, Matheson, Chatre, Rossi, & Brandizzi, 2007). This could be due to the 

distinctive features of the plant cell, such as the presence of the plant cell wall (Kim & 

Brandizzi, 2014) and chloroplast (Saito & Ueda, 2009). The plant cell wall components 

and proteins that are involved in cell wall-building events are synthesized in different 

parts of the cell. Cell wall-modifying enzymes are produced on the endoplasmic 

reticulum and cell wall polysaccharides are made in the Golgi apparatus or cell 

membrane (Romanovicz, 1982; Somerville, 2006). 

These synthesized cargo materials are transported by vesicles to the TGN and 

eventually to the PM of the plant cell (Kim & Brandizzi, 2014) (Figure 3). The RabA 
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group have been shown to be localized in the TGN (Chow, Neto, Foucart, & Moore, 

2008) and subsequently transported to the PM. The diversity of the RabA group 

suggested that distinct functions unique to plants may have evolved amongst them 

(Pereira-Leal & Seabra, 2001; Rutherford & Moore, 2002), some of which are 

demonstrated by recent studies. For example, Chow et al., (2008) showed the 

involvement of RabA2 and RabA3 in cell plate formation as mutations of these resulted 

in altered cell wall formation. In another study, functional analysis of the RabA group 

in A. thaliana stem tissue indicated that null mutations of the 

RabA1, RabA2 and RabA4 sub-clades altered the cell wall composition (Lunn, 

Gaddipati, Tucker, & Lycett, 2013a). Choi et al., (2013) observed that in the leaf 

epidermal cells of Nicotiana benthamiana, RabA1b and RabA4c are involved in 

anterograde and retrograde trafficking between the TGN and PM respectively. These 

results suggested that the functions of RabA members have diverged. The RabB and 

RabD sub clades are related to mammalian Rab1 and 2 respectively (Pereira-Leal & 

Seabra, 2001). Plant studies have shown that these members are associated with ER to 

Golgi transport (Batoko, Zheng, Hawes, & Moore, 2000; Cheung et al., 2002). 

Mutations in a maize Rab2, (ZmRab2A1) were shown to induce wart-like structures on 

leaf surfaces, suggesting a role in cell wall secretion during expansion (Zhang et al., 

2007). RabE is involved with Golgi to PM transport (Speth, Imboden, Hauck, & He, 

2009). RabF and RabG are associated with endosomal trafficking (Ebine et al., 2014). 

RabC has been linked to the Golgi (Li & Guo, 2017; Dejgaard et al., 2008) and cell 

membrane (Li & Guo, 2017). Studies in plants have shown that RabC is involved with 

fruit abscission (Corbacho, Romojaro, Pech, Latché, & Gomez-Jimenez, 2013; Gil-

Amado & Gomez-Jimenez, 2013) and stress response (Jiang et al., 2017). 

 

[Table 2 here] 

[Figure 3 here] 

 

The involvement of Rab GTPases in fruit ripening  

 

Fruit is one of several plant systems where the key role of vesicle trafficking in cell-wall 

related events has been well characterized (Lycett, 2008). Gene expression pattern of 

the Rab GTPase associated with fruit ripening offers insights into understanding the 
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possible functions of Rabs during fruit development. Fruit softening is a ripening-

related process which involves physiological changes to produce an edible fruit of 

desired quality. These changes are caused by the synthesis and secretion of cell wall 

polymers and enzymes (Brummell, 2006). It is clear that the process of cell wall 

disassembly requires multiple enzymes working in concert (Brummell, 2006). On the 

basis of this, it has been suggested that regulating the trafficking route is a promising 

strategy that might drastically reduce softening and increase shelf-life, while reducing 

wastage. This would be through a range of enzyme activities being reduced in a 

coordinated fashion through reducing or eliminating normal trafficking (Lycett, 2008). 

The preferential expression of the Rab GTPases during fruit ripening has been reported 

(Abbal et al., 2008; Falchi et al., 2010; Liu et al., 2014; Loraine et al., 1996; Lu, Zainal, 

Tucker, & Lycett, 2001; Lunn, Phan, Tucker, & Lycett, 2013b; Park, Sugimoto, Larson, 

Beaudry, & van Nocker, 2006; Zainal, Tucker, & Lycett, 1996; Zegzouti et al., 1999). 

Thus establishing their possible role in fruit ripening.   

It has been suggested that Rab GTPases are involved in the secretion and 

targeting of the enzymes that alter the cell wall components during fruit ripening 

(Loraine et al., 1996; Zainal et al., 1996). Zainal et al., (1996) carried out a pioneer 

investigation for the RabA subclade in mango fruit mesocarp and reported an 

expression in ripe fruit but not in green unripe fruit. A tomato orthologue RabA1a was 

silenced using antisense technology. The transgenic tomato fruit was found to remain 

firm for a longer period, with decreased levels of PG and PE enzymes (Lu et al., 2001). 

Recently, quantitative PCR (qPCR) data showed that the tomato RabA1a is highly 

expressed during early fruit development, suggesting a possible role in cell wall 

deposition (Lunn et al., 2013b). This author went further to investigate the composition 

of the cell wall at different tomato fruit developmental phases and compared between 

wild-type and antisense lines. The results showed that the antisense fruit in which 

RabA1a had been silenced accumulated less pectin at the breaker stage compared to the 

wild type. Taken together, this supports the hypothesis earlier raised (Tucker & 

Seymour, 1990; Brummell, 2006) that cell wall composition and/or modifying enzymes 

contribute to fruit softening. The RABA subclade provides a good illustration of how 

altered expression of a RAB GTPase could be used to effect cell wall events necessary 

for expansion and loosening during ripening (Lu et al., 2001; Lunn et al., 2013b). 

Selected Rab genes from V. vinifera were shown to be strongly expressed in grape 
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berries (Abbal et al., 2008). The expression for selected VvRabs were observed from 

early green to fully ripe stages of the fruit. However, they exhibited various expression 

patterns. For VvRabA5e, VvRabB1c, VvRabC1 and VvRabE1c, expression remained 

almost constant while for the other tested genes, the expression pattern tended to be 

either down regulated after the onset of ripening (VvRabA1c, VvRabA1e, VvRabG3a) or 

fluctuated (VvRabA2a, VvRabB1d, and VvRabD2c) during berry development. These 

results contrast with the northern blot data from early studies which were only able to 

show a single combined expression level of the target Rab A and D genes in tomato  

(Loraine et al., 1996; Lu et al., 2001), of RabA in mango (Zainal et al., 1996)  and RabG 

(Mbeguie-A-Mbeguie, Gomez, & Fils-Lycaon, 1997) in apricot as ripening progressed. 

Difference between these results is probably due to those early results being influenced 

by other Rab gene members (Rutherford & Moore, 2002). Previous studies have 

undertaken the characterization of the peach Rab gene families during fruit development 

and ripening (Falchi et al., 2010). The authors have shown that the Prunus persica Rab 

(PpRab) transcripts exhibited transient up-regulation from 72-86 days after anthesis 

(DAA) and from 86-107 DAA respectively. A study by Liu et al., (2014) demonstrated 

an increased expression of RabF from 10 DAA to 70 DAA in mango fruit. Together, 

these studies reveal the complexity of the gene expression pattern and support the 

hypothesis that Rab GTPase is required for the phases of fruit development and 

ripening. Genetic redundancy has often been used to explain the lack of a discernible 

phenotype after the inactivation of single genes. Pinheiro et al., (2009) reported distinct 

but overlapping functions of the RabD1 and RabD2 GTPases in the early secretory 

pathway. More recently, a study by Lunn et al., (2013a) showed that single gene 

knockouts of the AtRabA1, AtRabA2 and AtRabA4 sub-clades influenced the cell wall 

composition in stem tissue of A. thaliana. These results suggest that individual Rab 

proteins may have non-overlapping functions. The hyper variable region of the Rab 

protein has been reported to play a pivotal role in their functions for specific 

localization and membrane targeting (Pfeffer, 2013). Cell wall composition and extent 

of modification differs among fruit species such as apple and tomato thus contributing 

to the variation of fruit texture observed (Brummell, 2006; Redgwell et al., 1997). 

Different softening behaviours have also been observed within fruit cultivars (Jha et al., 

2011; Ng et al., 2013). According to Brummell (2006), the abundance, timing, activity 

and the types of ripening associated with genes expressed during ripening contributes to 
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the diversity of cell wall changes between species. However, the correlation between 

the level of Rab gene expression and the different softening characteristics across plant 

species and within cultivars is yet to be established. Studies that can provide an insight 

into this biological question will broaden our general knowledge of plant cell wall 

biosynthesis and modification during ripening.  

 

Conclusion 

A wealth of information is now available for the Rab GTPase, which are a large family 

of the small GTP-binding proteins displaying functional diversity in plants. It is now 

clear that the trafficking of cell wall polymers and modifying enzymes is required 

during fruit softening, a ripening-related event. Inhibition of gene expression 

approaches implicated several Rab GTPases in gene product trafficking to the cell wall, 

in particular, the RabA clade. Although our understanding of plant vesicular trafficking 

is rapidly expanding, the participation of Rab proteins in fruit ripening cannot be 

overemphasized and as such more high-throughput studies on identification of Rab 

proteins during fruit ripening would be useful.  Further extensive research employing 

genomic tools on these proteins, their regulators, effectors and linkage with fruit 

ripening will enhance our understanding of their importance in postharvest fruit studies. 

This, in turn, will open up new possibilities to address challenges faced in post-harvest 

losses. 

 

Disclosure statement 

No potential conflict of interest was reported by the authors. 

 

Funding 

This work was supported by the CFF-UNMC Doctoral Training Partnership under the 

FoodPlus programme [Food P1-016].  

 

 

 

 

 



6724 

11 

 

 

References 

Abbal, P., Pradal, M., Muniz, L., Sauvage, F., Chatelet, P., Ueda, T., & Tesniere, C. 

(2008). Molecular characterization and expression analysis of the Rab GTPase 

family in Vitis vinifera reveal the specific expression of a VvRabA protein. Journal 

of Experimental Botany, 59(9), 2403-2416. http://dx.doi.org/10.1093/jxb/ern132 

Agarwal, P., Reddy, M., Sopory, S., & Agarwal, P. (2009). Plant Rabs: characterization, 

functional diversity, and role in stress tolerance. Plant Molecular Biology 

Reporter, 27(4), 417-430. http://dx.doi.org/10.1007/s11105-009-0100-9 

Alexander, L., & Grierson, D. (2002). Ethylene biosynthesis and action in tomato: a 

model for climacteric fruit ripening. Journal of Experimental Botany, 53(377), 

2039-2055. http://dx.doi.org/10.1093/jxb/erf072 

Alexandrov, K., Horiuchi, H., Steele-Mortimer, O., Seabra, M., & Zerial, M. (1994). 

Rab escort protein-1 is a multifunctional protein that accompanies newly 

prenylated Rab proteins to their target membranes. The EMBO Journal, 13(22), 

5262-5273. 

Alexandrov, K., Simon, I., Yurchenko, V., Iakovenko, A., Rostkova, E., Scheidig, A., & 

Goody, R. (1999). Characterization of the ternary complex between Rab7, REP-1 

and Rab geranylgeranyl transferase. European Journal of Biochemistry, 265(1), 

160-170. http://dx.doi.org/10.1046/j.1432-1327.1999.00699.x 

Ali, B., & Seabra, M. (2005). Targeting of Rab GTPases to cellular 

membranes. Biochemical Society Transactions, 33(4), 652-656. 

http://dx.doi.org/10.1042/bst0330652 

Andres, D., Seabra, M., Brown, M., Armstrong, S., Smeland, T., Cremers, F., & 

Goldstein, J. (1993). cDNA cloning of component A of Rab geranylgeranyl 

transferase and demonstration of its role as a Rab escort protein. Cell, 73(6), 1091-

1099. http://dx.doi.org/10.1016/0092-8674 (93)90639-8 

Batoko, H., Zheng, H., Hawes, C., & Moore, I. (2000). A Rab1 GTPase is required for 

transport between the endoplasmic reticulum and Golgi apparatus and for normal 

http://dx.doi.org/10.1016/0092-8674


6724 

12 

 

Golgi movement in plants. The Plant Cell, 12(11), 2201. 

http://dx.doi.org/10.2307/3871115 

Borg, S., Brandstrup, B., Jensen, T., & Poulsen, C. (1997). Identification of new protein 

species among 33 different small GTP-binding proteins encoded by cDNAs from 

Lotus japonicus, and expression of corresponding mRNAs in developing root 

nodules. The Plant Journal, 11(2), 237-250. http://dx.doi.org/10.1046/j.1365-

313x.1997.11020237.x 

Brummell, D. (2006). Cell wall disassembly in ripening fruit. Functional Plant 

Biology, 33(2), 103. http://dx.doi.org/10.1071/fp05234 

Brummell, D., Hall, B., & Bennett, A. (1999). Antisense suppression of tomato endo-

1,4-β-glucanase Cel2 mRNA accumulation increases the force required to break 

fruit abscission zones but does not affect fruit softening. Plant Molecular 

Biology, 40(4), 615–622. 

Calero, M., Chen, C., Zhu, W., Winand, N., Havas K.A., & Gilbert P.M., … Collins 

R.N. (2003). Dual prenylation is required for Rab protein localization and 

function. Molecular Biology of the Cell, 14(5), 1852-1867. 

http://dx.doi.org/10.1091/mbc.e02-11-0707 

Casey, P., & Seabra, M. (1996). Protein prenyltransferases. Journal of Biological 

Chemistry, 271(10), 5289-5292. http://dx.doi.org/10.1074/jbc.271.10.5289 

Cheung, A., Chen, C., Glaven, R., de Graaf, B., Vidali, L., Hepler, P., & Wu, H. (2002). 

Rab2 GTPase regulates vesicle trafficking between the endoplasmic reticulum and 

the Golgi bodies and is important to pollen tube growth. The Plant Cell, 14(4), 945-

962. http://dx.doi.org/10.1105/tpc.000836 

Choi, S., Tamaki, T., Ebine, K., Uemura, T., Ueda, T., & Nakano, A. (2013). RabA 

members act in distinct steps of subcellular trafficking of the FLAGELLIN 

SENSING2 receptor. The Plant Cell, 25(3), 1174-1187. 

http://dx.doi.org/10.1105/tpc.112.108803 

Chow, C., Neto, H., Foucart, C., & Moore, I. (2008). Rab-A2 and Rab-A3 GTPases 

define a trans-Golgi endosomal membrane domain in Arabidopsis that contributes 



6724 

13 

 

substantially to the cell plate. The Plant Cell, 20(1), 101-123. 

http://dx.doi.org/10.1105/tpc.107.052001 

Corbacho, J., Romojaro, F., Pech, J., Latché, A., & Gomez-Jimenez, M. (2013). 

Transcriptomic events involved in melon mature-fruit Abscission comprise the 

sequential induction of cell-wall degrading genes coupled to a stimulation of endo 

and exocytosis. Plos ONE, 8(3), e58363. 

http://dx.doi.org/10.1371/journal.pone.0058363 

Cox, A., & Der, C. (2010). Ras history. Small GTPases, 1(1), 2-27. 

http://dx.doi.org/10.4161/sgtp.1.1.12178 

Dejgaard, S., Murshid, A., Erman, A., Kizilay, O., Verbich, D., & Lodge, R., … 

Presley, J. F. (2008). Rab18 and Rab43 have key roles in ER-Golgi 

trafficking. Journal of Cell Science, 121(16), 2768-2781. 

http://dx.doi.org/10.1242/jcs.021808 

Del Nery, E., Miserey-Lenkei, S., Falguières, T., Nizak, C., Johannes, L., Perez, F., & 

Goud, B. (2006). Rab6A and Rab6A′ GTPases play non-overlapping roles in 

membrane trafficking. Traffic, 7(4), 394-407. http://dx.doi.org/10.1111/j.1600-

0854.2006.00395.x 

Dirac-Svejstrup, A., Sumizawa, T., & Pfeffer, S. (1997). Identification of a GDI 

displacement factor that releases endosomal Rab GTPases from Rab-GDI. The 

EMBO Journal, 16(3), 465-472. http://dx.doi.org/10.1093/emboj/16.3.465 

Ebine, K., Inoue, T., Ito, J., Ito, E., Uemura, T., & Goh, T., … Ueda, T. (2014). Plant 

vacuolar trafficking occurs through distinctly regulated pathways. Current 

Biology, 24(12), 1375-1382. http://dx.doi.org/10.1016/j.cub.2014.05.004 

Ebine, K., & Ueda, T. (2015). Roles of membrane trafficking in plant cell wall 

dynamics. Frontiers in Plant Science, 6, 878. 

http://dx.doi.org/10.3389/fpls.2015.00878 

Elias, M., Brighouse, A., Gabernet-Castello, C., Field, M., & Dacks, J. (2012). 

Sculpting the endomembrane system in deep time: high resolution phylogenetics of 

Rab GTPases. Journal of Cell Science, 125(10), 2500-2508. 

http://dx.doi.org/10.1242/jcs.101378 

http://dx.doi.org/10.4161/sgtp.1.1.12178
http://dx.doi.org/10.1093/emboj/16.3.465


6724 

14 

 

Falchi, R., Cipriani, G., Marrazzo, T., Nonis, A., Vizzotto, G., & Ruperti, B. (2010). 

Identification and differential expression dynamics of peach small GTPases 

encoding genes during fruit development and ripening. Journal of Experimental 

Botany, 61(10), 2829-2842. http://dx.doi.org/10.1093/jxb/erq116 

Flores, A., Via, V., Savy, V., Villagra, U., Zanetti, M., & Blanco, F. (2018). 

Comparative phylogenetic and expression analysis of small GTPases families in 

legume and non-legume plants. Plant Signaling & Behavior, 13(2), e1432956. 

http://dx.doi.org/10.1080/15592324.2018.1432956 

Fujimoto, M., & Ueda, T. (2012). Conserved and plant-unique mechanisms regulating 

plant post-Golgi traffic. Frontiers in Plant Science, 3, 197. 

http://dx.doi.org/10.3389/fpls.2012.00197 

Gallwitz, D., Donath, C., & Sander, C. (1983). A yeast gene encoding a protein 

homologous to the human c-has/bas proto-oncogene product. Nature, 306(5944), 

704-707. http://dx.doi.org/10.1038/306704a0 

Gil-Amado, J., & Gomez-Jimenez, M. (2013). Transcriptome analysis of mature fruit 

abscission control in olive. Plant And Cell Physiology, 54(2), 244-269. 

http://dx.doi.org/10.1093/pcp/pcs179 

Gillingham, A., Sinka, R., Torres, I., Lilley, K., & Munro, S. (2014). Toward a 

comprehensive map of the effectors of Rab GTPases. Developmental Cell, 31(3), 

358-373. http://dx.doi.org/10.1016/j.devcel.2014.10.007 

Giovannoni, J., DellaPenna, D., Bennett, A., & Fischer, R. (1989). Expression of a 

chimeric polygalacturonase gene in transgenic rin (ripening inhibitor) tomato fruit 

results in polyuronide degradation but not fruit softening. The Plant Cell, 1(1), 53-

63. http://dx.doi.org/10.1105/tpc.1.1.53 

Glomset, J., & Farnsworth, C. (1994). Role of protein lipidation reactions in 

programming interactions between Ras-related GTPases and cell 

membranes. Annual Review of Cell and Developmental Biology, 10(1), 181-205. 

http://dx.doi.org/10.1146/annurev.cellbio.10.1.181 

Hála, M., Soukupová, H., Synek, L., & Žárský, V. (2010). Arabidopsis RAB 

geranylgeranyl transferase β-subunit mutant is constitutively photomorphogenic, 

http://dx.doi.org/10.1038/306704a0


6724 

15 

 

and has shoot growth and gravitropic defects. The Plant Journal, 62(4), 615-627. 

http://dx.doi.org/10.1111/j.1365-313x.2010.04172.x 

Hall, L., Tucker, G., Smith, C., Watson, C., Seymour, G., Bundick, Y., … Grierson, D. 

(1993). Antisense inhibition of pectin esterase gene expression in transgenic 

tomatoes. The Plant Journal, 3(1), 121-129. http://dx.doi.org/10.1111/j.1365-

313x.1993.tb00015.x 

Hanton, S., Matheson, L., Chatre, L., Rossi, M., & Brandizzi, F. (2007). Post-Golgi 

protein traffic in the plant secretory pathway. Plant Cell Reports, 26(9), 1431-1438. 

http://dx.doi.org/10.1007/s00299-007-0390-z 

Hutagalung, A., & Novick, P. (2011). Role of Rab GTPases in Membrane Traffic and 

Cell Physiology. Physiological Reviews, 91(1), 119-149. 

http://dx.doi.org/10.1152/physrev.00059.2009 

Inaba, T., Nagano, Y., Nagasaki, T., & Sasaki, Y. (2002). Distinct localization of two 

closely related Ypt3/Rab11 proteins on the trafficking pathway in higher 

plants. Journal of Biological Chemistry, 277(11), 9183-9188. 

http://dx.doi.org/10.1074/jbc.m111491200 

Jha, S., Jaiswal, P., Narsaiah, K., Kaur, P., Singh, A., & Kumar, R. (2011). Textural 

properties of mango cultivars during ripening. Journal of Food Science and 

Technology, 50(6), 1047-1057. http://dx.doi.org/10.1007/s13197-011-0431-z 

Jiang, S., & Ramachandran, S. (2006). Comparative and evolutionary analysis of genes 

encoding small GTPases and their activating proteins in eukaryotic 

genomes. Physiological Genomics, 24(3), 235-251. 

http://dx.doi.org/10.1152/physiolgenomics.00210.2005 

Jiang, Z., Wang, H., Zhang, G., Zhao, R., Bie, T., & Zhang, R., … Cao, A. (2017). 

Characterization of a small GTP-binding protein gene TaRab18 from wheat 

involved in the stripe rust resistance. Plant Physiology and Biochemistry, 113, 40-

50. http://dx.doi.org/10.1016/j.plaphy.2017.01.025 

Jürgens, G. (2004). Membrane trafficking in plants. Annual Review of Cell and 

Developmental Biology, 20(1), 481-504. 

http://dx.doi.org/10.1146/annurev.cellbio.20.082503.103057 



6724 

16 

 

Kim, S., & Brandizzi, F. (2014). The plant secretory pathway: An essential factory for 

building the plant cell wall. Plant and Cell Physiology, 55(4), 687-693. 

http://dx.doi.org/10.1093/pcp/pct197 

Li, P., & Guo, W. (2017). Genome-wide characterization of the Rab gene family in 

Gossypium by comparative analysis. Botanical Studies, 58(1). 

http://dx.doi.org/10.1186/s40529-017-0181-y 

Liu, Z., Luo, C., Dong, L., Van Toan, C., Wei, P., & He, X. (2014). Molecular 

characterization and expression analysis of a GTP-binding protein (MiRab5) in 

Mangifera indica. Gene, 540(1), 86-91. 

http://dx.doi.org/10.1016/j.gene.2014.02.022 

Loraine, A., Yalovsky, S., Fabry, S., & Gruissem, W. (1996). Tomato Rab1A homologs 

as molecular tools for studying Rab geranylgeranyl transferase in plant cells. Plant 

Physiology, 110(4), 1337-1347. http://dx.doi.org/10.1104/pp.110.4.1337 

Lu, C., Zainal, Z., Tucker, G., & Lycett, G. (2001). Developmental abnormalities and 

reduced fruit softening in tomato plants expressing an antisense Rab11 GTPase 

gene. The Plant Cell, 13(8), 1819-1833. http://dx.doi.org/10.2307/3871321 

Lunn, D., Gaddipati, S., Tucker, G., & Lycett, G. (2013). Null mutants of individual 

RabA genes impact the proportion of different cell wall components in stem tissue 

of Arabidopsis thaliana. Plos ONE, 8(10), e75724. 

http://dx.doi.org/10.1371/journal.pone.0075724 

Lunn, D., Phan, T., Tucker, G., & Lycett, G. (2013). Cell wall composition of tomato 

fruit changes during development and inhibition of vesicle trafficking is associated 

with reduced pectin levels and reduced softening. Plant Physiology and 

Biochemistry, 66, 91-97. http://dx.doi.org/10.1016/j.plaphy.2013.02.005 

Lycett, G. (2008). The role of Rab GTPases in cell wall metabolism. Journal of 

Experimental Botany, 59(15), 4061-4074. http://dx.doi.org/10.1093/jxb/ern255 

Martinez, O., Antony, C., Pehau-Arnaudet, G., Berger, E., Salamero, J., & Goud, B. 

(1997). GTP-bound forms of rab6 induce the redistribution of Golgi proteins into 

the endoplasmic reticulum. Proceedings of the National Academy of 

Sciences, 94(5), 1828-1833. http://dx.doi.org/10.1073/pnas.94.5.1828 



6724 

17 

 

Mbeguie-A-Mbeguie D, Gomez RM, Fils-Lycaon B. Molecular cloning and nucleotide 

sequence of a Rab7 small GTP-binding protein from apricot fruit. Gene expression 

during fruit ripening (PGR97-117). (1997). Plant Physiology, 114, 1569. 

Moore, I., Schell, J., & Palme, K. (1995). Subclass-specific sequence motifs identified 

in Rab GTPases. Trends in Biochemical Sciences, 20(1), 10-12. 

http://dx.doi.org/10.1016/s0968-0004 (00)88939-2 

Müntz, K. (1998). Deposition of storage proteins. Plant Molecular Biology, 38(1-2), 77-

99. 

Ng, J., Schröder, R., Sutherland, P., Hallett, I., Hall, M., & Prakash, R., … Johnston, J. 

(2013). Cell wall structures leading to cultivar differences in softening rates 

develop early during apple (Malus x domestica) fruit growth. BMC Plant 

Biology, 13(1), 183. http://dx.doi.org/10.1186/1471-2229-13-183 

Park, S., Sugimoto, N., Larson, M., Beaudry, R., & van Nocker, S. (2006). 

Identification of genes with potential roles in apple fruit development and 

biochemistry through large-scale statistical analysis of expressed sequence 

tags. Plant Physiology, 141(3), 811-824. http://dx.doi.org/10.1104/pp.106.080994 

Pereira-Leal, J., & Seabra, M. (2001). Evolution of the Rab family of small GTP-

binding proteins. Journal of Molecular Biology, 313(4), 889-901. 

http://dx.doi.org/10.1006/jmbi.2001.5072 

Pfeffer, S. (2005). Structural Clues to Rab GTPase functional diversity. Journal of 

Biological Chemistry, 280(16), 15485-15488. 

http://dx.doi.org/10.1074/jbc.r500003200 

Pfeffer, S. (2013). Rab GTPase regulation of membrane identity. Current Opinion in 

Cell Biology, 25(4), 414-419. http://dx.doi.org/10.1016/j.ceb.2013.04.002 

Pfeffer, S., & Aivazian, D. (2004). Targeting Rab GTPases to distinct membrane 

compartments. Nature Reviews Molecular Cell Biology, 5(11), 886-896. 

http://dx.doi.org/10.1038/nrm1500 

Pinheiro, H., Samalova, M., Geldner, N., Chory, J., Martinez, A., & Moore, I. (2009). 

Genetic evidence that the higher plant Rab-D1 and Rab-D2 GTPases exhibit 

http://dx.doi.org/10.1016/s0968-0004


6724 

18 

 

distinct but overlapping interactions in the early secretory pathway. Journal of Cell 

Science, 122(20), 3749-3758. http://dx.doi.org/10.1242/jcs.050625 

Powell, A., Kalamaki, M., Kurien, P., Gurrieri, S., & Bennett, A. (2003). Simultaneous 

transgenic suppression of LePG and LeExp1 influences fruit texture and juice 

viscosity in a fresh market tomato variety. Journal of Agricultural and Food 

Chemistry, 51(25), 7450-7455. http://dx.doi.org/10.1021/jf034165d 

Rak, A., Pylypenko, O., Niculae, A., Pyatkov, K., Goody, R., & Alexandrov, K. (2004). 

Structure of the Rab7: REP-1 complex: Insights into the mechanism of Rab 

prenylation and choroideremia disease. Cell, 117(6), 749–760. 

Redgwell, R., MacRae, E., Hallett, I., Fischer, M., Perry, J., & Harker, R. (1997). In 

vivo and in vitro swelling of cell walls during fruit ripening. Planta, 203(2), 162-

173. http://dx.doi.org/10.1007/s004250050178 

Rojas, A., Fuentes, G., Rausell, A., & Valencia, A. (2012). The Ras protein 

superfamily: Evolutionary tree and role of conserved amino acids. The Journal of 

Cell Biology, 196(4), 545-545. http://dx.doi.org/10.1083/jcb.2011030081964c 

Romanovicz, D. (1982). The Role of the golgi apparatus in the biosynthesis of natural 

polymer systems with particular reference to cellulose. In R. Brown, Cellulose and 

other natural polymer systems (pp. 127-147). Boston, MA: Springer. 

Rutherford, S., & Moore, I. (2002). The Arabidopsis Rab GTPase family: another 

enigma variation. Current Opinion in Plant Biology, 5(6), 518-528. 

http://dx.doi.org/10.1016/s1369-5266 (02)00307-2 

Saito, C., & Ueda, T. (2009). Chapter 4: functions of RAB and SNARE proteins in plant 

life. International Review of Cell and Molecular Biology, 274, 183-233. 

Salminen, A., & Novick, P. (1987). A Ras-like protein is required for a post-Golgi event 

in yeast secretion. Cell, 49(4), 527-538. http://dx.doi.org/10.1016/0092-8674 

(87)90455-7 

Seabra, M. (1998). Membrane association and targeting of prenylated Ras-like 

GTPases. Cellular Signalling, 10(3), 167-172. http://dx.doi.org/10.1016/s0898-

6568 (97)00120-4 



6724 

19 

 

Segev, N., & Botstein, D. (1987). The Ras-like yeast Ypt1 gene is itself essential for 

growth, sporulation, and starvation response. Molecular and Cellular Biology, 7(7), 

2367-2377. http://dx.doi.org/10.1128/mcb.7.7.2367 

Seixas, E., Barros, M., Seabra, M., & Barral, D. (2013). Rab and Arf proteins in genetic 

diseases. Traffic, 14(8), 871-885. http://dx.doi.org/10.1111/tra.12072 

Seymour, G., Lasslett, Y., & A. Tucker, G. (1987). Differential effects of pectolytic 

enzymes on tomato polyuronides in vivo and in vitro. Phytochemistry, 26(12), 

3137-3139. http://dx.doi.org/10.1016/s0031-9422 (00)82457-7 

Sheehy, R., Kramer, M., & Hiatt, W. (1988). Reduction of polygalacturonase activity in 

tomato fruit by antisense RNA. Proceedings of the National Academy of 

Sciences, 85(23), 8805-8809. http://dx.doi.org/10.1073/pnas.85.23.8805 

Shinde, S., & Maddika, S. (2017). Post translational modifications of Rab 

GTPases. Small Gtpases, 1-8. http://dx.doi.org/10.1080/21541248.2017.1299270 

Sievers, F., Wilm, A., Dineen, D., Gibson, T., Karplus, K., & Li, W., ... Higgins, D. 

(2011). Fast, scalable generation of high-quality protein multiple sequence 

alignments using clustal omega. Molecular Systems Biology, 7(1), 539-539. 

http://dx.doi.org/10.1038/msb.2011.75 

Smith, C., Watson, C., Morris, P., Bird, C., Seymour, G., Gray, J., … Grierson, D. 

(1990). Inheritance and effect on ripening of antisense polygalacturonase genes in 

transgenic tomatoes. Plant Molecular Biology, 14(3), 369-379. 

http://dx.doi.org/10.1007/bf00028773 

Somerville, C. (2006). Cellulose synthesis in higher plants. Annual Review of Cell and 

Developmental Biology, 22(1), 53-78. 

http://dx.doi.org/10.1146/annurev.cellbio.22.022206.160206 

Speth, E., Imboden, L., Hauck, P., & He, S. (2009). Subcellular localization and 

functional analysis of the Arabidopsis GTPase RabE. Plant Physiology, 149(4), 

1824-1837. http://dx.doi.org/10.1104/pp.108.132092 

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nature Reviews 

Molecular Cell Biology, 10(8), 513-525. http://dx.doi.org/10.1038/nrm2728 

http://dx.doi.org/10.1111/tra.12072
http://dx.doi.org/10.1016/s0031-9422


6724 

20 

 

Stenmark, H., & Olkkonen, V. (2001). The Rab GTPase family. Genome Biology, 2(5), 

reviews3007.1–reviews3007.7. 

Touchot, N., Chardin, P., & Tavitian, A. (1987). Four additional members of the Ras 

gene superfamily isolated by an oligonucleotide strategy: molecular cloning of 

YPT-related cDNAs from a rat brain library. Proceedings of the National Academy 

of Sciences, 84(23), 8210-8214. http://dx.doi.org/10.1073/pnas.84.23.8210 

Tucker, G., & Seymour, G. (1991). Cell wall degradation during mango fruit 

ripening. Acta Horticulturae, (291), 454-460. 

http://dx.doi.org/10.17660/actahortic.1991.291.51 

Tyler, A., Bhandari, D., Poole, M., Napier, J., Jones, H., Lu, C., & Lycett, G. (2014). 

Gluten quality of bread wheat is associated with activity of RabD GTPases. Plant 

Biotechnology Journal, 13(2), 163-176. http://dx.doi.org/10.1111/pbi.12231 

Vernoud, V., Horton, A., Yang, Z., & Nielsen, E. (2003). Analysis of the small GTPase 

Gene Superfamily of Arabidopsis. Plant Physiology, 131(3), 1191-1208. 

http://dx.doi.org/10.1104/pp.013052 

Vetter, I., & Wittinghofer, A. (2001). The guanine nucleotide-binding switch in three 

Dimensions. Science, 294(5545), 1299-1304. 

http://dx.doi.org/10.1126/science.1062023 

Wandinger-Ness, A., & Zerial, M. (2014). Rab proteins and the compartmentalization 

of the endosomal system. Cold Spring Harbor Perspectives in Biology, 6(11), 

a022616. http://dx.doi.org/10.1101/cshperspect.a022616 

Zainal, Z., Tucker, G., & Lycett, G. (1996). A Rab11-like gene is developmentally 

regulated in ripening mango (Mangifera indica L.) fruit. Biochimica et Biophysica 

Acta (BBA) - Molecular Cell Research, 1314(3), 187-190. 

http://dx.doi.org/10.1016/s0167-4889 (96)00133-4 

Zegzouti, H., Jones, B., Frasse, P., Marty, C., Maitre, B., & Latche, A., … Bouzayen, 

M. (1999). Ethylene-regulated gene expression in tomato fruit: Characterization of 

novel ethylene-responsive and ripening-related genes isolated by differential 

display. The Plant Journal, 18(6), 589-600. http://dx.doi.org/10.1046/j.1365-

313x.1999.00483.x 

http://dx.doi.org/10.1016/s0167-4889


6724 

21 

 

Zerial, M., & McBride, H. (2001). Rab proteins as membrane organizers. Nature 

Reviews Molecular Cell Biology, 2(2), 107–117. 

Zhang, J., Hill, D., & Sylvester, A. (2007). Diversification of the Rab guanosine 

triphosphatase family in dicots and monocots. Journal of Integrative Plant 

Biology, 49(8), 1129-1141. http://dx.doi.org/10.1111/j.1672-9072.2007.00520.x 

 

Table titles  

Table 1. Distribution of Rab GTPase proteins identified so far in selected plant species. 
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List of figure captions and notes  

 

Figure 1. Schematic model of the Rab GTPase cycle 

Note: (Figure 1).  

Rab escort proteins (REP) interacts with newly synthesized GDP- bound Rab proteins 

and presents the complex to the Rab geranylgeranyl transferase (RGGT) enzyme for 

post translational modification of Rab protein (step1). Prenyl groups are indicated by 

the orange lines on Rab protein. Membrane cycling of the prenylated GDP-bound Rab 

is facilitated with the binding of GDI and release of Rab escort proteins (REP) (step 2). 

GDI displacement factor (GDF) catalyzes the release of GDP dissociation inhibitor 

(GDI) from the GDP-bound Rab-GDI complex and aids in membrane insertion (step 3). 

Following this, the guanine nucleotide exchange factor (GEF) facilitates the activation 

of the Rab GTPase through an exchange of GDP to GTP (step 4). Activated GTP-bound 

Rab recruits effector proteins necessary for diverse trafficking functions.  Once the Rab 

completes its function, GTPase activating protein (GAP) stimulates GTP hydrolysis 

(step 5) thus generating a GDP-bound Rab.  GDP dissociation inhibitor (GDI) interacts 

with the GDP-bound Rab and extracts it from the membrane into the cytosol awaiting 

the next cycle. The box with dashed lines represent. Adapted from Seixas, Barros, 

Seabra, & Barral, (2013); Stenmark, (2009).  
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Statement: Figure 1 was created by me based on the available information and these have been 

acknowledged accordingly. 

 

 

Figure 2. Multiple sequence alignment of selected Rab subfamily proteins from A. thaliana. 

Note: (Figure 2).  

The conserved guanine nucleotide-binding domains named ‘G box’ sequences are identified 

and boxed with rectangles (G1, G2, G3, G4, and G5) respectively according to Jiang and 

Ramachandran, (2006). Rab family (F) and subfamily (SF) regions (defined according to 

Pereira-Leal and Seabra, 2001) are indicated and included in boxes with dashed lines. HVR 

identifies the hypervariable region. The alignment was generated using clustal omega (Sievers 

et al., 2011). In the consensus line, asterisks (*) indicate amino acids with 100% homology in 

all sequences. Colons (:) and dots (·) represent conserved substitutions and weakly conserved 

sites respectively. TAIR accession numbers: AtRabH1B (At2G44610), AtRabA1C 

(At5G45750), AtRabB1C (At4G17170), AtRabE1A (At3G53610), AtRabF1 (At3G54840), 

AtRabC1 (At1G43890), AtRabG3F (At3G18820), AtRabD2B (At5G47200). Adapted from 

Falchi et al., (2010). 

 

Statement: Figure 2 was created by me using the Clustal Omega program (Sievers et al., 2011) 

on selected publicly available Rab sequences of Arabidopsis thaliana.  

 

 

 

Figure 3. Simplified illustration of the trafficking pathways involved with cell wall softening.  

Note: (Figure 3) 

The Rab family members involved at each step are indicated in parentheses. Arrows indicate 

pathways to and fro the cell wall respectively. ER, endoplasmic reticulum; PM, plasma 

membrane; TGN, trans-Golgi network. Adapted from Lycett, (2008).  
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