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Abstract 24	  

Comparative proteomics has emerged as a powerful tool to study complex 25	  

biological processes in fruits throughout their development and ripening. This is greatly 26	  

aided by the rapid growth of genomics, transcriptomics and expressed sequence tags 27	  

(ESTs) databases, which allows for protein identification and paves way for systems 28	  

analyses and inference of molecular data. Fruit development and ripening are complex 29	  

developmental processes that involve well-coordinated biological programs; the 30	  

knowledge of which has valuable economic ramifications centered on the agricultural 31	  

industry. Besides, fruit ripening is accompanied by numerous phenotypic and 32	  

physiological changes, such as skin and hypanthium color and increase in sugar levels, 33	  

which are regulated by environmental factors like light and temperature and/or internal 34	  

factors such as hormonal and gene regulation. The latter is key in the classification of 35	  

fruit species into their respective climacteric and non-climacteric categories. Comparative 36	  

proteomics is therefore a useful tool to gain information on the molecular events taking 37	  

place during fruit maturation in addition to finding biotechnological strategies to improve 38	  

horticultural traits such as fruit quality, shelf-life and yield. In this chapter, an overview 39	  

of methods utilized in fruit proteomics as well as a global proteome and systems biology 40	  

analysis of fruits during ripening is presented.  41	  

 42	  

Introduction 43	  

Fruit development is a highly coordinated process that involves irreversible 44	  

cellular events, and is accompanied by systematic molecular and physiological changes 45	  

(Bonghi and Manganaris 2012). On the other hand, fruit ripening correlates with a series 46	  



of complex developmental changes usually involving various physiological processes 47	  

such as chlorophyll degradation, pigment biosynthesis (carotenoid and xanthophyll) 48	  

(Grassi et al. 2013), tissue softening (Payasi et al. 2009), starch degradation, simple 49	  

sugars accumulation (Li et al. 2012), and volatile compounds and organic acid production 50	  

(Etienne et al. 2013, Nergiz and Ergönül 2009, Rambla et al. 2014). The final stage of 51	  

fruit development usually manifests apparent color, flavor, aroma and texture changes 52	  

that are appealing to consumers and also to the broader agricultural industry. In 2012, 53	  

global banana (Musa acuminata)	  production exceeded 100 million metric tons, while 54	  

apples (Malus × domestica), oranges (Citrus × sinensis)	  and grapes (Vitis vinifera) 55	  

combined reached over 200 million metric tons (FAOSTAT 2013). Due to the growing 56	  

economic impact of fruit crops, understanding of events that occur during fruit 57	  

maturation has become of paramount importance as this knowledge can be exploited for 58	  

breeding strategies to achieve desirable traits and improved yield. While postharvest 59	  

innovations such as fruit handling and storage strategies have improved tremendously 60	  

(Palma et al. 2011), physiological and intracellular events, such as the expression and 61	  

regulation of genes, signaling mechanisms as well as the biosynthesis and regulation of 62	  

key molecules and enzymes responsible for fruit ripening process have just recently 63	  

gained momentum. Better understanding of fruit maturation at the molecular level is vital 64	  

for further progress of postharvest technologies. In order to address these challenges, 65	  

advanced and high-throughput technologies have been applied to discover the gene 66	  

expression profile (Fei et al. 2004), the biosynthesis of metabolites (Alba et al. 2005) and 67	  

other molecules unique to fruit development, and the proteome changes of various fruits 68	  

(Rocco et al. 2006, Sarry et al. 2004). The latter has recently seen a ‘burst’ in the fruit 69	  



science field as reflected by over 50 scientific literature outputs in the last 5 years. This is 70	  

mainly due to the increasing availability of fruit crops genome and transcriptomes, from 71	  

which plant biologists can extract functional information. Since the fruit proteome is 72	  

dynamic, elucidation of their profiles at a given development stage or in response to 73	  

various signaling molecules or stimuli is therefore required to understand and capture key 74	  

molecular events, which are either not possible or less accurate with genome analyses 75	  

alone. One example is the occurrence and regulation of post-translational modifications 76	  

(PTMs) that influence protein functions and interactions, and occur downstream and 77	  

independently of the genetic code (Marondedze et al. 2014). These PTMs render 78	  

functional predictions from the genetic sequence inaccurate. Additionally, recent 79	  

advancements in proteomic approaches such as protein sample preparation, separation 80	  

methods, and identification and visualization methods (for review, see (Orellana and Nilo 81	  

2012)) have aided comparative analyzes of the fruit proteome. The present chapter 82	  

highlights methodological advances in fruit development and ripening proteomics, offers 83	  

fresh views, analyses and interpretations of proteome profiles gathered from 84	  

economically important climacteric and non-climacteric fruits, and discusses the 85	  

challenges and future directions in fruit proteomics. 86	  

 87	  

Characteristics of climacteric and non-climacteric fruit ripening 88	  

Changes that occur at both molecular and physiological levels are the determinant 89	  

factors for fruit classification and as such, they can be categorized as climacteric or non-90	  

climacteric based on how they achieve ripening. Climacteric fruits are characterized by a 91	  

sudden and rapid increase of the phytohormone ethylene and elevation of the respiration 92	  



rate during ripening (Adams-Phillips et al. 2004). Examples of fruits demonstrating this 93	  

characteristic includes apple, banana, pear (Pyrus communis), plum (Prunus armeniaca), 94	  

peach (Prunus persica), melon (Cucumis melo) and tomato (Solanum lycopersicum). 95	  

Additionally, this gaseous molecule is also responsible for tissue softening which 96	  

decreases the flesh firmness of fruits as they ripen (Hiwasa et al. 2003, Marondedze and 97	  

Thomas 2012b). On the other hand, non-climacteric fruits ripen independently of 98	  

ethylene concentrations, i.e. they do not exhibit drastic changes in ethylene biosynthesis 99	  

(Adams-Phillips et al. 2004), as observed for orange and lemon (Citrus limon), grape, 100	  

strawberry (Fragaria ananassa), and pepper (Capsicum annuum). While the ‘ethylene 101	  

peak’ is a clear distinction of climacteric and non-climacteric ripening of fruits, other 102	  

physiological characteristics such as texture, flavor, color and even metabolic events are 103	  

however undistinguishable (Giovannoni 2001). As noted by Palma et al. (2011), two 104	  

fruits of the same family, like tomato and pepper, can display contrasting ripening 105	  

behavior, thus the ethylene profile of climacteric and non-climacteric fruits are not 106	  

phylogeny specific (Palma et al. 2011). 107	  

 Due to the economic impact of fleshy fruits, the molecular events of ethylene such 108	  

as the biosynthesis, the signaling pathways and the regulation of gene expressions 109	  

governing fruit texture, color, taste and aroma, have been a subject of extensive research. 110	  

In the last decades, implementation of this knowledge allowed for progress in retarding 111	  

the physiological events related to post-ripening of fruits, thus reducing waste and the 112	  

concomitant economic repercussions of these losses. Through genomics, these molecular 113	  

mechanisms have been elucidated and extensively reviewed in (Bapat et al. 2010), who 114	  

not only described ethylene biosynthesis, signal transduction and regulation of target 115	  



genes downstream of ethylene perception in the tomato model system, but also provided 116	  

evidence from other economically important fruits such as apple, avocado (Persea 117	  

americana), banana, grape, kiwi (Actinidia sp.), mango (Mangifera indica), melon, 118	  

papaya (Carica papaya), pear, pineapple (Ananas comosus) and strawberry. Given the 119	  

importance of ethylene in the ripening of climacteric fruits, here, we briefly review the 120	  

biotechnological implications of this knowledge in tomato and other fruits.  121	  

Tomato was selected as a fruit model system to elucidate the molecular events of 122	  

ethylene and for the generation of transgenic plants mainly because of its short life-cycle 123	  

and the availability of various tomato genomic resources such as microarrays, expressed 124	  

sequence tag (EST) and the recently completed tomato genome (The Tomato Genome 125	  

Consortium 2012, Kimura and Sinha 2008). In addition to the development of effective 126	  

and stable tomato transformation systems (Ruf et al. 2001), numerous mutant lines have 127	  

also been generated and used for the characterization of ethylene biosynthesis and 128	  

regulation (Saito et al. 2011). Several studies on key genes involved in ethylene 129	  

biosynthesis including S-adenosylmethionine decarboxylase, 1-aminocyclopropane-1-130	  

carboxylic acid synthase (ACS) and 1-aminocyclopropane-1-carboxylic acid oxidase 131	  

(ACO), revealed that a reduction in ethylene synthesis in tomato fruit can delay fruit 132	  

ripening, thus increasing fruit shelf life (Good et al. 1994, Hamilton et al. 1990, 133	  

Lokkamlue and Huehne 2013, Oeller et al. 1991). Further, transgenic tomato lines with 134	  

reduced ethylene perception such as those involving the Never-ripe and the Ethylene 135	  

receptor (ETR) genes also achieved delay in fruit ripening (Ciardi et al. 2000, Wilkinson 136	  

et al. 1997). 137	  



While limited, similar evidence in other fruits, such as apple, melon and papaya 138	  

have also been reported, of which some displayed encouraging fruit ripening alterations 139	  

(Dandekar et al. 2004, Flores et al. 2001, Lopez-Gomez et al. 2009). In apple fruits, ACS 140	  

or ACO genes were silenced and fruits of the transgenic plants showed firmer texture and 141	  

increased shelf-life although biochemical events such as sugar or acid accumulation were 142	  

unchanged (Dandekar et al. 2004). In ACO-silenced melon plants, the chlorophyll and 143	  

carotenoid pigments remained intact in the rind and other biochemical contents (sucrose 144	  

and citric acid) were accumulated in the pulp (Flores et al. 2001). Co-suppression of ACO 145	  

in the tropical fruit papaya also achieved delayed ripening, alterations in CO2 production 146	  

and color development (Lopez-Gomez et al. 2009). It is noted that the suppression of 147	  

ethylene perception approach similar to the ETR suppression studies in transgenic tomato 148	  

plants, have yet to be reported in other fruits. As more genetic resources and tools 149	  

become available for other economically important fruits, current discoveries on ripening 150	  

from the tomato model system can be translated to these fruits.  151	  

 152	  

Proteomic tools and approaches for fruit ripening assessment 153	  

While the gene and hormonal regulations of ripening can be contrasted between 154	  

climacteric and non-climacteric fruits, the phenotypic characteristics of ripening fruits are 155	  

often very similar. Additionally, genetic expression data often correlates poorly with the 156	  

manifested traits. Therefore, in order to uncover the underlying molecular events that 157	  

occur during ripening, proteomic studies should be attempted since protein populations in 158	  

fruit tissues expressed at a given time under specific conditions are diagnostics of fruit 159	  

characteristics that manifest as observable traits such as texture, aroma, taste and color. 160	  



The ability to detect qualitative and quantitative protein changes across fruit development 161	  

and ripening can reveal the underlying regulatory networks and metabolic events that 162	  

form a direct correlation between genomics profile and phenotypic characteristics. To 163	  

achieve this, various experimental tools and approaches have been developed and here, 164	  

we highlight some common and currently applied techniques in fruit proteomics for the 165	  

systemic analysis of protein expression (Figure 1). 166	  

 167	  

Challenges in proteomics analysis 168	  

In contrast to genomics and transcriptomics analyses, a systemic evaluation of the 169	  

proteome and in particular plant proteome is more cumbersome. Indeed, protein 170	  

complexity, as reflected by their physical and chemical heterogeneity as well as their 171	  

structural conformations, translates to the need for careful optimization of a number of 172	  

experimental steps including extraction, homogenization, fractionation and detection. As 173	  

such, mapping and monitoring of the entire proteome of an entire tissue and even a single 174	  

cell remain unachievable. While a global assessment of gene expression is becoming 175	  

more systematic and less costly with the availability of high-throughput methods such as 176	  

next-generation sequencing (Heller 2002, Metzker 2010), mRNA levels however have 177	  

been shown to poorly correlate to the abundance of their protein products (Greenbaum et 178	  

al. 2003, Gygi et al. 1999, Laurent et al. 2010). This is largely due to post-translational 179	  

modifications (PTMs), like attachment or removal of carbohydrates, lipids or amino 180	  

acids, which alter the chemical and/or structural properties of proteins. These PTMs 181	  

result in increased functional diversity of the proteome, while no changes in gene 182	  

sequence and sometimes expression level are observed. However, PTM detection remains 183	  



a challenge due to their low stoichiometry and the methods of sample preparation and 184	  

analyses used that often results in their loss (Mann and Jensen 2003). Despite technical 185	  

advancements in genome-scale studies and difficulties in proteomic approaches, protein 186	  

expression profiles are desirable not only to complement transcriptomics data but also to 187	  

facilitate linking the genome to the resulting phenotypes and to the environment. 188	  

 189	  

Protein sample preparation: tissue disruption, homogenization and solubilization 190	  

The first step and arguably the most crucial for the recovery of proteins from fruit 191	  

tissues is sample preparation (Giavalisco et al. 2003). In addition to the presence of a cell 192	  

wall (Rose et al. 2004), fruit cells have high water content and low protein concentration 193	  

(Saravanan and Rose 2004). Protein extraction is further complicated by the presence of 194	  

relatively high amounts of contaminants such as acids, lipids, polysaccharides and 195	  

phenols, which interfere with downstream analyses. Taking into consideration these 196	  

challenges, the sample preparation strategy should include optimized tissue disruption, 197	  

homogenization and protein solubilization. Different methods or combination of methods 198	  

can be applied depending on the type of fruits and their degree of firmness to achieve as 199	  

finely powdered tissues as possible and maximum protein yield. Tissue grinding of 200	  

frozen fruit tissues in liquid nitrogen using mortar and pestle is by far the most common 201	  

method for tissue disruption. In some cases, the use of grinding aids such as fine beads 202	  

made of glass, sand or alumina improve tissue disruption by shearing of the cell wall 203	  

during mechanical grinding thanks to increased abrasion of the rough edges of beads 204	  

against the cell wall (Giavalisco et al. 2003). Conversely, for fruits that have firmer 205	  

fibrous tissues or unripe fruits, more vigorous tissue disintegration methods using 206	  



instruments such as high speed blenders equipped with specially designed blades before 207	  

or after the grinding can be used (Marondedze et al. 2014, Vincent et al. 2006). Other 208	  

reported tissue disruption technologies include sonication and acoustic. The former was 209	  

used in tandem with the liquid nitrogen for assisted grinding of capsicum and grape berry 210	  

tissues (Di Carli et al. 2011, Lee et al. 2006), while the latter offers a contact free tissue 211	  

disruption method to increase extraction efficiency especially in a large-scale setting, and 212	  

has been tried in soybean (Glycine max) and rice (Oryza sativa) (Toorchi et al. 2008).  213	  

Following cell disruption and homogenization, protein solubilization is attempted 214	  

with the aim of recovering maximum proteins while limiting contamination from other 215	  

compounds and interfering artifacts (Shaw and Riederer 2003). It must be noted that 216	  

since proteins have very diverse chemical and physical properties (for example, charge, 217	  

size and hydrophobicity), no single solubilization method or solvent system can recover 218	  

an entire given proteome. As such, various methods have been explored and optimized in 219	  

order to capture maximum proteins. Use of two methods, the trichloroacetic acid (TCA) 220	  

in acetone and the phenol-based protein precipitation methods, has been frequently 221	  

reported in the literature (Isaacson et al. 2006, Marondedze 2011, Marondedze and 222	  

Thomas 2012a, Wu, Xiong, et al. 2014). Protein precipitation by TCA and acetone 223	  

increases protein concentration while removing contaminants such as lipids, cell wall 224	  

components and phenolic compounds that might interfere with downstream separation of 225	  

proteins (Wu, Gong, et al. 2014). This is particularly useful when using tissues from older 226	  

plants or that contains high levels phenols and saccharides. The phenol extraction of 227	  

proteins method described by Hurkman and Tanaka (1986) is also commonly employed, 228	  

although it is more time consuming than the TCA in acetone method (Hurkman and 229	  



Tanaka 1986). The method has notably been used in apple, potato (Solanum tuberosum) 230	  

and banana (Carpentier et al. 2005). A sequential precipitation using firstly phenol and 231	  

then TCA in acetone can remove pigments and lipids as documented with the mature 232	  

grape berries (Vincent et al. 2006, Wang et al. 2003). In another study, protein 233	  

precipitation first in phenol followed by methanol and ammonium acetate precipitation 234	  

yielded protein mixture with minimal contaminants from recalcitrant tissues, such as 235	  

olive (Olea europaea) leaves (Wang et al. 2003) and wood (Vander Mijnsbrugge et al. 236	  

2000), and this approach can also be applied to fruit tissues. Addition of reducing and 237	  

chelating agents such as polyvinylpolypyrrolidone (PVPP) in the extraction buffer of the 238	  

phenol-based method were also reported as a means to further reduce contaminants 239	  

(Isaacson et al. 2006, Marondedze et al. 2014, Martinez-Esteso et al. 2011). While both 240	  

TCA in acetone and phenol-based extraction methods are widely used in fruit proteomics, 241	  

direct comparisons between the two are limited. Studies conducted by (Marondedze and 242	  

Thomas 2012b) and (Zheng et al. 2007) on apple and strawberry fruits revealed that both 243	  

methods yielded substantial qualitative and quantitative differences. In these two studies, 244	  

the phenol-based method specifically allowed for recovery of a greater number of 245	  

proteins. Although the phenol-based extraction method generally outperforms the TCA in 246	  

acetone especially for recalcitrant fruit tissues, a substantial number of unique proteins 247	  

can be recovered from both techniques. It is probably worth to envisage a two-step 248	  

extraction procedure; first performing a TCA in acetone precipitation, followed by a 249	  

second step with phenol to capture a maximum amount of proteins, while concurrently 250	  

removing contaminants such as lipids and pigments (Wu, Xiong, et al. 2014).  251	  

 252	  



Protein separation: Gel-based and gel-free technologies 253	  

Protein populations can then be analyzed using either gel-based or gel-free 254	  

techniques. Due to the complexity and characteristics of the fruit proteome, most fruit 255	  

proteomic studies to date used two-dimensional gel electrophoresis (2-DE) for the 256	  

separation of protein sample. For example, this technique has been used in citrus 257	  

(Muccilli et al. 2009), date (Phoenix dactylifera) (Marondedze et al. 2014), capsicum 258	  

(Aizat et al. 2013), mango (Andrade et al. 2012), apple (Marondedze and Thomas 259	  

2012b), papaya (Nogueira et al. 2012), tomato (Xu et al. 2013), pear (Pedreschi et al. 260	  

2007) and grape (Giribaldi et al. 2007) prior to tryptic digestion and MS analysis for 261	  

protein identification. Several fruit proteomic studies also reported using a combination 262	  

of 2-DE with fluorescent dyes for visualization of proteins (Gauci et al. 2011, 263	  

Marondedze et al. 2014, Riederer 2008). Despite the powerful resolving ability of 2-DE, 264	  

certain classes of proteins in particular those with high hydrophobicity are notoriously 265	  

difficult to separate with this technology (Santoni et al. 1999, Santoni et al. 2000). Even 266	  

in optimum conditions, 2-DE contains an average of 1000-2000 unique protein spots 267	  

(Rose et al. 2004), although some reported up to 10,000 distinct spots (Hatzimanikatis et 268	  

al. 1999, Klose 1999), representing as little as 5% of the total proteome (Heazlewood and 269	  

Millar 2003). 270	  

Gel-free approaches have gained popularity in recent years due to the drawbacks 271	  

of 2-DE especially when dealing with membrane proteins. Generally, proteomes are first 272	  

digested to peptides and fractionated by liquid chromatography (LC) and identification 273	  

by tandem mass spectrometry (MS/MS). Gel-free strategies can also be quantitative by 274	  

labeling peptides using either isobaric tags for relative and absolute quantification 275	  



(iTRAQ) or tandem mass tag (TMT), or by doing label free quantitation such as spectral 276	  

counting (Old et al. 2005) or ion intensity measurement (Silva et al. 2005). To the best of 277	  

our knowledge, the label-free quantitative proteomics approach was documented three 278	  

times for fruits: in the metabolic analysis of citrus fruit development (Katz et al. 2011) 279	  

and in the proteome analyses of both mango (Wu, Jia, et al. 2014) and banana (Esteve et 280	  

al. 2013).  281	  

 282	  

Proteomes of climacteric and non-climacteric fruits 283	  

After just over a decade, proteomics of fruit development and ripening on 284	  

economically valuable plants is still in its infancy, however, it provides a wide range of 285	  

novel insights pertaining to developmental regulation mechanisms (Molassiotis et al. 286	  

2013). Here, a gene ontology (GO) analysis was carried out using fruit proteomics data 287	  

gathered from public repositories and further assigned to pathways using the Kyoto 288	  

Encyclopedia of Genes and Genomes (KEGG). For climacteric fruits, data was obtained 289	  

from apple (Marondedze and Thomas 2012b), apricot (Prunus armeniaca) (D'Ambrosio 290	  

et al. 2013), banana (Toledo et al. 2012), date (Marondedze et al. 2014), mango (Andrade 291	  

et al. 2012), papaya (Nogueira et al. 2012), peach (Prinsi et al. 2011) and for non-292	  

climacteric fruits, data from grape (Kambiranda et al. 2014, Martinez-Esteso et al. 2011), 293	  

olive (Bianco et al. 2013, Katz et al. 2011), orange (Katz et al. 2011, Katz et al. 2010) 294	  

and strawberry (Bianco et al. 2009) was collected. Functional classification based on the 295	  

pathway analysis and the number of proteins targeted by climacteric and non-climacteric 296	  

ripening processes was performed using Blast2GO v1.0 (Conesa and Gotz 2008, Conesa 297	  

et al. 2005, Gotz et al. 2011, Gotz et al. 2008). A total of 875 differentially expressed 298	  



protein entries from climacteric species and 1056 differentially expressed protein entries 299	  

in non-climacteric species were used for the GO analysis. 300	  

 301	  

Over-represented functional categories during development and ripening 302	  

Fruit proteomic data from climacteric and non-climacteric plant species was 303	  

gathered and subjected to gene ontology (GO) analysis using Blast2GO (Conesa and 304	  

Gotz 2008, Conesa et al. 2005, Gotz et al. 2011, Gotz et al. 2008) to obtain biological and 305	  

molecular information that reflect the events leading to fruit ripening. Based on our 306	  

analysis, the major portion (21%) of the differentially expressed proteins in climacteric 307	  

species were plastid proteins, while in non-climacteric species, both plastid and plasma 308	  

membrane proteins shared a reduced majority of 17% (Figure 2A). The high 309	  

representation of proteins from plastids during fruit development and ripening is partly 310	  

attributed to the biosynthesis of pigments such as carotenoids, which give fruits their 311	  

distinctive colors. While fruit plastids have reduced photosynthetic capability in 312	  

comparison to leaves, metabolic activities such as the catabolism of starch and 313	  

metabolites for the bio-accumulation of pigments, lipids and amino acids are high 314	  

(Bouvier and Camara 2006). Plasma membrane proteins are also over-represented in both 315	  

climacteric (13%) and non-climacteric (17%) species since new membranes are being 316	  

developed to sequester pigments and lipid derivatives synthesized during ripening 317	  

(Camara et al. 1995). A remodeling of membrane protein composition and organization 318	  

takes place during the shift from photosynthetic green fruit to less or non-photosynthetic 319	  

colored fruits during the transition from development to ripening, and this possibly 320	  

explains the over-representation of the plasma membrane category. Key members of the 321	  



membrane category and specifically in the plastid, include translocators, which function 322	  

to shuttle sugars and metabolites to and from the cytosol (Flügge 1999). The phosphate 323	  

translocators, involved in recruiting carbon source hexose phosphate from the cytosol, 324	  

and polyphenol oxidases, which are responsible for fruit browning, are located at the 325	  

plasma and thylakoid membranes, and were detected as over-expressed during fruit 326	  

ripening (Flügge 1999, Mayer 2006). In climacteric fruits, over-represented proteins from 327	  

the cytosol represented 11% of total differentially expressed proteins. Contributions from 328	  

differentially expressed proteins from the extracellular region, mitochondria and nucleus 329	  

were comparable between climacteric and non-climacteric species. However, a lower 330	  

ratio of nucleus proteins was detected in non-climacteric (4%) than in climacteric (10%) 331	  

species. Transcription factors, like the MADS box transcription factor ripening inhibitor 332	  

(RIN), are known to accumulate in the nucleus during ripening, and their absence has 333	  

been shown to halt fruit ripening (Ito et al. 2008). The higher representation of nuclear 334	  

proteins in climacteric species could be attributed to the necessity for ethylene-related 335	  

transcription factors, such as the ethylene-insensitive (EIN) proteins, for the ripening of 336	  

climacteric fruits (Chaves and de Mello-Farias 2006). Interestingly, Golgi apparatus 337	  

proteins contributed to 5% of over-represented proteins in non-climacteric species 338	  

although this category was absent in climacteric species.  339	  

With regards to the molecular function, similar ratios were detected in climacteric 340	  

and non-climacteric species for the nucleotide binding (31% and 30%, respectively), 341	  

hydrolase activity (24% and 21%, respectively), transferase activity (18% and 15%, 342	  

respectively), and protein binding (17% and 16%, respectively). The high representation 343	  

for these categories in both climacteric and non-climacteric suggest their importance in 344	  



transmission of genetic information, energy transfer and storage activities in cells during 345	  

ripening fruits. They are involved in a wide range of cellular events ranging from 346	  

activation of signaling cascades via G-proteins, serving as co-factors for enzymes to the 347	  

gating of plant ion channels via cyclic nucleotides (Talke et al. 2003, Zelman et al. 2012). 348	  

Importantly, one group of nucleotide binding protein, the P-loop containing cell wall 349	  

hydrolases is involved in fruit softening (Fischer and Bennett 1991, Thumdee et al. 350	  

2007), probably explaining their over-representation during fruit ripening. The 351	  

representation of the RNA binding category was however lower in non-climacteric 352	  

species (5%) than in climacteric species (10%). Two molecular categories, the “structural 353	  

molecular activity” and “transporter activity” contributed 7% each and were present only 354	  

in non-climacteric species (Figure 2B). 355	  

In terms of biological process categories, both climacteric and non-climacteric 356	  

species showed over-representation of proteins involved in the same 12 categories. 357	  

Metabolic, cellular and response to stimulus and signaling were the most represented 358	  

contributing more than 60% to the responsive proteins (Figure 2C). No significant 359	  

differences of category ratios between climacteric and non-climacteric species were 360	  

observed. In accordance with Molassiotis et al. (2013), the “metabolism” category was 361	  

the most represented in both climacteric and non-climacteric species. The authors also 362	  

reported a large number of common proteins, suggesting that similar regulatory 363	  

mechanisms occur in climacteric and non-climacteric species (Molassiotis et al. 2013). 364	  

Of interest to note is that metabolic processes play a major role during fruit development, 365	  

which is characterized by massive cellular and physiological changes including cell 366	  

division, expansion, which slows down with maturity and ripening onset (Figure 3). 367	  



Overall, this global GO enrichment analysis revealed that over-represented 368	  

differentially expressed proteins from both climacteric and non-climacteric species 369	  

display common biological process and molecular functions, and are represented across 370	  

very similar cellular compartments and organelles. These over-represented proteins 371	  

suggest that fruit ripening encompass highly active cellular metabolic activities that occur 372	  

predominantly in the plastid, cytosol, mitochondria and nucleus as well as across 373	  

membranes. Further investigations of the pathways in which these over-represented 374	  

responsive proteins may be involved in could possibly give insights into the mechanisms 375	  

involved for fruit ripening in both the climacteric and non-climacteric fruit species. 376	  

 377	  

Pathway analysis using KEGG 378	  

Proteins associated with carbohydrate metabolism 379	  

Fruit development and ripening involves variation of organic acid concentrations 380	  

such as malate and citrate in the vacuoles of mesocarp cells and are known to contribute 381	  

to fruit organoleptic properties (Rocco et al. 2006). The release and breakdown of these 382	  

organic acids at the onset of ripening are critical to fuel the respiratory climax, a key 383	  

process facilitating ripening (Rocco et al. 2006). In comparative fruit proteomics studies, 384	  

primary metabolic processes represent the most dominant category in terms of number of 385	  

responsive proteins during fruit development and ripening in both climacteric and non-386	  

climacteric species (Bianco et al. 2013, D'Ambrosio et al. 2013, Guarino et al. 2007, 387	  

Marondedze et al. 2014, Nogueira et al. 2012, Prinsi et al. 2011, Wu, Jia, et al. 2014). 388	  

These primary metabolic processes include the synthesis of starch, sucrose, fructose, 389	  

mannose and galactose. For the starch and sucrose metabolism pathways, 12 and 19 390	  



enzymes, were identified as differentially regulated during development and ripening in 391	  

climacteric and non-climacteric species respectively and out of these, nine were common 392	  

to the two ripening categories (Figure 4). Here, distinct proteins between climacteric and 393	  

non-climacteric species were identified. In climacteric species only, responsive proteins 394	  

included pectin depolymerase (EC 3.2.1.15), adenylyltransferase (EC 2.7.7.27) and 395	  

glycogenase (EC 3.2.1.1), while in the non-climacteric species, expression of enzymes 396	  

like 1,4-β-xylosidase (EC 3.2.1.37), glucokinase (EC 2.7.1.2), glucose-6-phosphate 397	  

isomerase (EC 5.3.1.9), phosphoglucomutase (EC 5.4.2.2), 4-α-glucanotransferase (EC 398	  

2.4.1.25) and α-glucosidase (EC 3.2.1.20), UDP-glucose 6-dehydrogenase (EC 1.1.1.22), 399	  

and sucrose phosphate phosphatase (EC 3.1.3.24) and sucrose phosphate synthase (EC 400	  

2.4.1.14) were detected (Figure 5A). 401	  

For the fructose and mannose metabolisms, eight and 11 differentially regulated 402	  

proteins were identified from climacteric and non-climacteric species respectively and of 403	  

these, seven were common. Of the seven common proteins, five play a role in the 404	  

glycolysis pathway and as well as in fructose metabolism (Figure 4). Most of the 405	  

responsive proteins associated with mannose metabolism were identified in non-406	  

climacteric species. Among these, mannose-6-phosphate isomerase (EC 5.3.1.8), 407	  

phosphomannomutase (EC 5.4.2.8), dolichol-phosphate-mannose, GDP-mannose 4,6-408	  

dehydratase (EC 4.2.1.47), and L-lactate dehydrogenase (EC 1.1.1.27) were identified 409	  

(Figure 5B). 410	  

Five and nine responsive proteins from the galactose metabolism were identified 411	  

in climacteric and non-climacteric fruit species, respectively, (Figure 4) and of which, 412	  

four were common. Interestingly, two enzymes (invertase or acid β-fructofuranosidase 413	  



(EC 3.2.1.26), glycoside hydrolase or melibiase (EC 3.2.1.22) which are involved in the 414	  

biosynthesis of D-galactose from raffinose, were present in both climacteric and non-415	  

climacteric species. Only galactosyltransferase (EC 2.4.1.67) was unique to non-416	  

climacteric fruits (Figure 5C) and is involved in the stachyose biosynthesis. Lactase, also 417	  

called β-galactosidase (EC 3.2.1.23), was identified as differentially regulated in non-418	  

climacteric species only (Figure 5C). This enzyme is involved in the hydrolysis of lactose 419	  

and galactan to D-galactose.  420	  

Overall, carbohydrate metabolism program is crucial in the regulation of 421	  

biosynthesis of simple sugars that are needed for energy provision during fruit ripening. 422	  

The identification of a greater number of proteins related to carbohydrate metabolism in 423	  

non-climacteric fruit species suggests that different processes for sugar metabolism and 424	  

accumulation might be involved in these fruit species in comparison to their climacteric 425	  

counterparts. 426	  

 427	  

Proteins associated with energy metabolism 428	  

Proteins with a role in carbon fixation  429	  

Out of the 25 enzymes involved in carbon fixation pathway, 22 have been 430	  

identified as responsive to fruit development and ripening. Of the latter, 16 were common 431	  

to climacteric and non-climacteric species. This large proportion of responsive proteins 432	  

compared to the total number of proteins identified from this pathway is an indication 433	  

that fruit development and ripening process is a high-energy metabolically active event. 434	  

Responsive proteins unique to the climacteric species include alanine transaminase (EC 435	  

2.6.1.2) that catalyzes the reversible transamination reaction involving the transfer of an 436	  



amino group from L-alanine to α-ketoglutarate to give pyruvate and L-glutamate, 437	  

ribulose-phosphate 3-epimerase (EC 5.1.3.1), and transketolase (EC 2.2.1.1), which 438	  

catalyzes the biosynthesis of ribulose-5-phosphate from xylulose-5-phosphate and ribose-439	  

5-phosphate. Transketolase and transaldolase are enzymes that link the glycolytic and 440	  

pentose-phosphate pathways. On the other hand, phosphoenolpyruvate carboxylase (EC 441	  

4.1.1.31) and an NADP-dependent malate dehydrogenase (EC 1.1.1.82) were the two 442	  

enzymes unique to non-climacteric species. Phosphoenolpyruvate carboxylase plays an 443	  

antipleurotic role in plant cells, supplying oxaloacetate to the TCA cycle to replenish the 444	  

intermediates removed for amino acid biosynthesis (Eikmanns et al. 1989). On the other 445	  

hand, malate dehydrogenase catalyzes oxaloacetate into malate, which is a critical step 446	  

that allows evasion of the effects of photorespiration. 447	  

 448	  

Proteins associated with the pentose phosphate, glycolysis and pyruvate metabolisms 449	  

All the primary enzymes involved in the pentose phosphate pathway (PPP) were 450	  

identified as differentially regulated during fruit maturation (Figure 4). In climacteric 451	  

fruit species, two enzymes involved in the metabolism of ribulose-5-phosphate, ribulose-452	  

phosphate 3-epimerase (EC 5.1.3.1) and ribulose 5-phosphate isomerase (EC 5.3.1.6) 453	  

were detected as responsive (Figure 6A) while in non-climacteric species, glucose-6-454	  

phosphate isomerase (EC 5.3.1.9), which catalyzes the reversible enzymatic conversion 455	  

of glucose-6-phosphate to fructose-6-phosphate, was identified. 456	  

Glycolysis is an important metabolic process that converts glucose to pyruvate 457	  

while generating ATP (energy) and NADH (reducing power). It is an essential pathway 458	  

that produces key precursor metabolites such as glucose-6-phosphate and fructose-6-459	  



phosphate as well as phosphoenolpyruvate. The final product, pyruvate, undergoes 460	  

oxidative decarboxylation to form acetyl-coA, an important metabolite precursor that 461	  

links glycolysis to tricarboxylic acid cycle (TCA or citric acid cycle), which are the two 462	  

major metabolic pathways that generate energy. In the glycolysis and pyruvate 463	  

metabolism pathways, other responsive enzymes were identified during fruit 464	  

development and ripening in the non-climacteric species (Figure 4). Of interest, 465	  

accumulation of a number of proteins involved in the early glycolytic program varied 466	  

with fruit development of non-climacteric species. These included glucokinase (EC 467	  

2.7.1.2), which phosphorylates glucose using ATP to give rise to glucose-6-phosphate 468	  

and ADP, glucose-6-phosphate isomerase (EC 5.3.1.9), which catalyzes the reversible 469	  

conversion of glucose-6-phosphate to fructose-6-phosphate, and glyceraldehyde-3-470	  

phosphate dehydrogenase (NADP+, EC 1.2.1.9) that induced the reversible conversion of 471	  

1,3-diphosphoglycerate to glyceraldehyde-3-phosphate, a central step in glycolysis and 472	  

gluconeogenesis. The rest of the responsive proteins were detected in both climacteric 473	  

and non-climacteric species (Figure 6B). 474	  

Expression of proteins related to the pyruvate metabolism, an essential pathway 475	  

that links glycolysis and TCA cycles for the biosynthesis of acetyl-coA, was also 476	  

responsive to fruit development and ripening. Variations in protein regulation between 477	  

climacteric and non-climacteric fruits were observed, with the exception of pyruvate 478	  

phosphate dikinase (EC 2.7.9.1), an enzyme that catalyzes the reversible conversion of 479	  

pyruvate to phosphoenolpyruvate and pyruvate kinase (EC 2.7.1.40), which is involved in 480	  

the conversion of phosphoenolpyruvate to pyruvate with concomitant phosphorylation of 481	  

ADP to ATP (Figure 7A). Overall, pyruvate kinase together with phosphofructokinase 482	  



and hexokinase regulate glycolysis and thus impact energy generation during fruit growth 483	  

and ripening. Pyruvate dehydrogenase (EC 1.2.4.1) and malate oxidoreductases (EC 484	  

1.1.1.38), decarboxylating malate dehydrogenase (EC 1.1.1.39), oxaloacetate-485	  

decarboxylating malate-dehydrogenase NADP+ (EC 1.1.1.40), which catalyzes the 486	  

oxidative decarboxylation of malate to form pyruvate, a reaction important generate CO2 487	  

used in sugar production during the Calvin cycle, were also identified. Expression of 488	  

phosphoenolpyruvate carboxylase (EC 4.1.1.31) and malate dehydrogenase, NADP-489	  

dependent (EC 1.1.1.82), phosphoenolpyruvate carboxykinase (EC 4.1.1.49), 490	  

oxaloacetate decarboxylase β-subunit (EC 4.1.1.3) and pyruvate dehydrogenase E2 491	  

component (EC 2.3.1.12) was detected as differentially regulated but in non-climacteric 492	  

species only (Figure 7A). These five proteins are also involved in regulating the fate of 493	  

pyruvate and phosphoenolpyruvate. 494	  

 495	  

Proteins involved in the TCA cycle 496	  

The TCA cycle, the second stage in cellular respiration, is key for the catabolism 497	  

of organic molecules in presence of oxygen to harness the energy essential for living cells 498	  

to grow and divide. Expression of 11 and 13 proteins was identified as responsive to fruit 499	  

development and ripening in climacteric and non-climacteric fruit species, respectively 500	  

and of these 11 are common to both (Figure 4). Two of these 11 proteins were detected in 501	  

non-climacteric species, ATP-citrate synthase (EC 2.3.3.8) and 2-oxoglutarate 502	  

dehydrogenase (EC 1.2.4.2) (Figure 7B). The ATP-citrate synthase, also known as ATP-503	  

citrate lyase, catalyzes the conversion of citrate and coenzyme A into oxaloacetate and 504	  

acetyl-coA. The enzyme 2-oxoglutarate dehydrogenase is a determinant of metabolic 505	  



fluxes through the TCA cycle, and converts 2-oxoglutarate, coenzyme A and NAD(+) to 506	  

succinyl-CoA, NADH and carbon dioxide (Tretter and Adam-Vizi 2005). Overall, 507	  

detection of changes in the expression of TCA cycle-associated proteins in response to 508	  

fruit development and the ripening processes suggest that high metabolic activities 509	  

regulate energy generation for this processes (Martinez-Esteso et al. 2011). 510	  

 511	  

Proteins involved in amino acid metabolism and ethylene biosynthesis 512	  

Disparities in the expression of amino acid metabolism-related proteins during 513	  

fruit development and ripening were also noted between climacteric and non-climacteric 514	  

species (Figure 4). Notably, variations in the accumulation of proteins involved in the 515	  

biosynthesis of L-alanine were observed in climacteric species only while proteins 516	  

involved in L-aspartate and succinate biosynthesis were differentially expressed only in 517	  

the non-climacteric species. Cysteine and methionine metabolisms are well known 518	  

distinguishing pathways between climacteric and non-climacteric fruit ripening, mainly 519	  

because ethylene biosynthesis necessitates these two amino acids (Bapat et al. 2010). As 520	  

described earlier, climacteric fruit species are characterized by a concomitant burst in 521	  

ethylene synthesis and a peak in respiration at the onset of ripening, which is not 522	  

observed in non-climacteric species (Palma et al. 2011). Expression of ethylene 523	  

biosynthesis-related proteins was responsive to fruit development and ripening processes 524	  

in both species categories, but it mainly increased in climacteric species (D'Ambrosio et 525	  

al. 2013, Marondedze and Thomas 2012a, Nogueira et al. 2012, Shi et al. 2014, Zhang et 526	  

al. 2008). On the contrary, in non-climacteric species their abundance decreased (Bianco 527	  

et al. 2009, Giribaldi et al. 2007, Martinez-Esteso et al. 2011). However, expression of 1-528	  



aminocyclopropane-1-carboxylic acid oxidase (ACO), for example, involved in ethylene 529	  

biosynthesis had been shown to increase during the véraison in grapes (Chervin et al. 530	  

2004, Sun et al. 2010), at the onset of ripening in strawberries (Trainotti et al. 2005) and 531	  

in some cases during ripening like in pineapple (Cazzonelli et al. 1998), which are all 532	  

non-climacteric fruits. Even though a slight elevation in ethylene has been reported in 533	  

grape, strawberry and capsicum ripening as a result of the increase in ACO expression 534	  

(Chervin et al. 2004, Iannetta et al. 2006, Pham 2007), the level of ethylene was very low 535	  

as compared to climacteric fruits (Aizat et al. 2013). This low level of ethylene in non-536	  

climacteric fruits might be compensated, at least partly, by the presence of other 537	  

hormones such as brassinosteroids and abscisic acid to facilitate ripening in some fruits 538	  

as suggested in grape (Symons et al. 2006) and strawberry (Jia et al. 2011), but further 539	  

research is necessary. 540	  

 541	  

Proteins involved in flavonoid biosynthesis 542	  

Flavonoids, pigments that give color to flowers, fruits and seeds, are one of the 543	  

widely distributed and multifunctional secondary metabolites in plants. The biosynthesis 544	  

of flavonoid involves a series of enzymatic modifications of 4-coumaroyl-CoA, a product 545	  

of phenylalanine from the phenylpropanoid pathway, to yield anthocyanins and 546	  

proanthocyanidins (tannins) among other various polyphenols (Teixeira et al. 2013). In 547	  

plants, flavonoids are implicated in various biological functions such as defense against 548	  

pathogen infection, UV photoprotection and signaling (Ferreyra et al. 2012, Merzlyak 549	  

and Chivkunova 2000, Smillie and Hetherington 1999), and environmental stress 550	  

adaptation (Nascimento and Fett-Neto 2010, Williams et al. 2004). Four enzymes of this 551	  



pathway, detected both in climacteric and non-climacteric species, were noted as 552	  

differentially expressed during fruit development and ripening. These proteins are 553	  

chalcone synthase (EC 2.3.1.74), chalcone isomerase (EC 5.5.1.6), flavanone 3-554	  

dioxygenase (EC 1.14.11.19) and leucocyanidin oxygenase (EC 1.14.11.19) (Figure 4 555	  

and 8). Another two responsive enzymes, flavonol synthase (EC 1.14.11.23) and 556	  

bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase (EC 1.1.1.219/EC 557	  

1.1.1.234), were identified only in non-climacteric fruit species. Expression of 558	  

anthocyanin biosynthesis-related genes were shown to be positively correlated with 559	  

anthocyanins concentrations in ‘Orin,’ ‘Fuji,’ and ‘Jonathan’ apple cultivars during 560	  

ripening (Honda et al. 2002). Anthocyanins have been correlated with slowing-down 561	  

over-ripening in some fruits like tomato (Zhang et al. 2013). An increase in ethylene has 562	  

been shown to negatively regulate anthocyanin synthesis, while an increase in 563	  

anthocyanins inhibits photosynthesis (Das et al. 2011). Thus, a general increase in 564	  

flavonoid biosynthesis enzymes in non-climacteric fruits may partly explain the down 565	  

regulation of ethylene biosynthesis proteins during the onset of ripening as shown 566	  

previously in dates (Marondedze et al. 2014).  567	  

 568	  

Conclusion and future perspectives 569	  

Generally, much progress has been made in plant proteomics and this technology 570	  

has proven invaluable for deciphering both physiological and developmental roles in 571	  

plants. With the extension of proteomics approaches to fruit studies, the identification of 572	  

novel proteins as biomarkers for different traits such as those governing quality and yield 573	  

has progressed tremendously. In this work, an overview and re-analysis of recent reports 574	  



on fruit development and ripening proteomics is provided using a representative set of the 575	  

most studied and documented fruits in order to obtain a global view of cellular processes 576	  

involved in fruit development and ripening. Further, this data was used to characterize the 577	  

biology underlying climacteric and non-climacteric fruit species metabolism and the 578	  

characteristics that distinguish these two categories during development and ripening. We 579	  

note that both climacteric and non-climacteric species share common developmental and 580	  

ripening profiles involving enrichment of biological processes like metabolic process, 581	  

response to stimuli, biological regulation and signaling. In addition, numerous proteins 582	  

play enzymatic role in metabolism pathways such as carbohydrate, energy and amino 583	  

acid metabolisms and flavonoid biosynthesis albeit modification or differential 584	  

expression during development and ripening. As more proteomics data from a greater 585	  

representation of economically important fruits will emerge in the near future, a global 586	  

analysis such as this is encouraged to draw parallels and highlight differences that can 587	  

provide more useful information for any potential biotechnological strategies and 588	  

implementations. Concomitantly, proteomic tools and approaches that specifically cater 589	  

for the needs of fruit proteomics must improve as current methods are lagging in terms of 590	  

proteome coverage, sensitivity and reproducibility. For example, in apples and grapes, 591	  

varying proteomics data have been reported in several studies adopting different 592	  

techniques (Di Carli et al. 2011, Giribaldi et al. 2007, Kambiranda et al. 2014, 593	  

Marondedze and Thomas 2012b, Martínez-Esteso et al. 2011). As the field continues to 594	  

mature, proteomics can complement metabolomics, transcriptomics and genomics to 595	  

provide a more accurate and wholesome representation of the cellular processes involved 596	  

in development and ripening of fruits. 597	  



 598	  

Figure legends: 599	  

Figure 1. A diagrammatic overview of proteomics experimental workflows. Fruit 600	  
tissues are first disrupted using mechanical methods such as liquid nitrogen assisted 601	  
mortar and pestle grinding or sonication, before homogenization in TCA/acetone or 602	  
phenol-containing buffers. The solubilized proteins are then separated using either a gel-603	  
based (2-DE) or gel-free approach. In the gel-based approach, proteins, labeled (e.g. with 604	  
fluorescent dyes) or unlabeled, are separated first by charge (IEF) in the first dimension 605	  
and then by size in the second dimension. The protein spots can be visualized, excised 606	  
and trypsin-digested before peptide identification and quantification by tandem mass 607	  
spectrometry. In the gel-free approach, proteins, labeled (e.g. TMT and iTRAQ) or 608	  
unlabeled are first digested by trypsin before separation by either OFFGEL or Liquid 609	  
Chromatography. Separated peptide fractions are then identified and quantified by 610	  
tandem mass spectrometry. The resulting protein list is then analyzed using various 611	  
bioinformatics tools and software packages. 612	  
 613	  
Figure 2. Gene ontology annotations of differentially expressed proteins in 614	  
climacteric (outer ring) and non-climacteric (inner-ring) species analyzed with 615	  
Blast2GO. Over-represented ripening-related fruit proteins are expressed in relative 616	  
percentage (%) of proteins and categorized according to their (A) cellular compartments, 617	  
(B) molecular functions and (C) biological processes.  618	  
 619	  
Figure 3. General fruit cellular and physiological changes during development and 620	  
ripening (Adapted from Marondedze et al., 2014). S-represents early fruit development 621	  
stages, MD- mid fruit development characterized by extensive cell division and 622	  
expansion, NTR- the end of development and beginning of fruit ripening and RIPE- 623	  
represent the ripening of the fruit. 624	  
 625	  
Figure 4. Fruit development and ripening related metabolic pathways  626	  
 627	  
Figure 5. Overview of the (A) starch and sucrose metabolisms, (B) fructose and 628	  
mannose metabolisms and (C) galactose metabolism. These pathways represent some 629	  
of the most represented metabolic pathways during fruit development and ripening. 630	  
Colored boxes highlight proteins with differential accumulation during fruit development 631	  
and ripening. Symbols highlight proteins whose expression significantly varies in 632	  
categories represented. 633	  
 634	  
Figure 6. Overview of the (A) pentose phosphate pathway and (B) glycolysis and 635	  
gluconeogenesis pathways. Common and climacteric and non-climacteric-specific 636	  
enzymes responsive proteins during fruit development and ripening are shown. Symbols 637	  
highlight proteins whose expression significantly varied. . 638	  
 639	  
Figure 7. Enzymes involved in the pyruvate pathway and tricarboxylic acid cycle 640	  
(adapted from KEGG using BLAST2GO). The pathways of (A) pyruvate metabolism and 641	  
(B) tricarboxylic acid cycle show the differentially regulated proteins during fruit 642	  



development and ripening. Colored boxes highlight proteins with differential 643	  
accumulation during fruit development and ripening. Symbols highlight proteins whose 644	  
expression significantly varied in categories represented. 645	  
 646	  
Figure 8. Enzymes involved in flavonoid biosynthesis pathway (adapted from KEGG 647	  
using BLAST2GO). The pathway shows enzymes that are differentially regulated and 648	  
playing a role during fruit development and ripening. Colored boxes highlight proteins 649	  
with differential accumulation during fruit development and ripening. Symbols highlight 650	  
proteins whose expression significantly varied in categories represented. 651	  
 652	  
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