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 For the fruit postharvest physiologist, discussions of cell wall metabolism initially 

bring to mind the processes associated with the fruit softening that occurs during 

ripening.  Fruit softening traditionally has been equated to the series of apoplast-localized 

events that lead to textural changes, which are desired by most consumers. Among these 

events, the enzyme-catalyzed breakdown and solubilization of cell wall polysaccharides 

are considered to be crucial in most fruit. The goal of this paper is to help us to see fruit 

softening in terms of a series of mechanistically connected wall metabolism processes 

that ends with the familiar texture changes, but which may influence a good deal more of 

the developmental and metabolism transitions that occur as a fruit ripens. 

 Yin and Yang are terms that describe the apparently opposing, but occasionally 

complementary, sides of the same entity.  The postharvest biologist certainly must apply 

this perspective to his/her view of the ripening fruit's cell wall metabolism.  In general, 

the most costly fruit postharvest management problems are associated with poorly 

controlled ripening (the softening aspects, in particular) and losses to pathogens.  Our 

work with tomato fruit demonstrates a Yin/Yang-like connection between (1) the wall 

metabolism events that control ripening and (2) the processes that convert an unripe, 

pathogen-resistant tomato to a fully ripe, pathogen-susceptible fruit.  A biologist who 

studies the evolution of Angiosperms would most likely see the ripening fruit's softening 

and increasing pathogen susceptibility as behaviors that contribute to seed dispersal and 

the eventual success of well-adapted species. A longer-term goal of this research is to 

understand the genetic basis of this linkage and then sever it, thus enabling the delivery of 

ripe and pathogen-free fruit to consumers.  

 

A brief introduction to the plant cell wall 

 The cell wall per se is located in the apoplast, the space "outside" of the plasma 

membranes of individual cells.  Available for a few decades have been models of cell 

wall organization and composition (Keegstra et al. 1973, Carpita and Gibeaut 1993, 

McQueen-Mason and Cosgrove 1995).  Research has shown that the walls depicted in 

models, reflect average distributions of different polysaccharides in walls of 

unspecialized cells; thus, cells that are specialized to perform specific functions may have 

polysaccharide compositions that differ substantially from those shown by models.  

However, the bulk of the cells in the tomato fruit pericarp are relatively unspecialized, so 

the dicot cell wall model provided in figure 1 might be useful for an examination of 

ripening-associated wall metabolism.  The wall has two general structural polysaccharide 

networks. Cellulose microfibrils (MFs) are assemblages of several -1,4-linked glucans 

that tightly associate via many H-bonds to neighboring glucans, MFs are rigid elements 

that provide the wall's main resistance to applied stress.  This resistance is further assured 



by hemicellulose polysaccharides (HCs, linear, neutral sugar-rich polysaccharides) that 

form H-bonds to the surfaces of two or more MFs and essentially lock the MFs in place 

relative to each other.  The MF-HC network can be exemplified by comparing it to the 

steel bar and wire network that gives strength against sheering stresses to roads and 

buildings. The second network is composed of a structurally diverse set of simple and 

complex, galacturonic acid-rich polysaccharides, the pectins.   These can be thought of as 

the concrete that is poured in around the steel and wire to hold that network in place.  In 

addition to their role in cell wall structure, the pectins also determine the wall's porosity. 

The porosity of the cell wall affects the diffusion of mobile interacting molecules (e.g., 

enzymes, polysaccharides, hormones, enzyme substrates and products) that participate in 

reactions to disrupt or reinforce the wall's structure and to assist the plant in its 

interactions with enemies and friends.  The importance of the cell wall environment is 

emphasized by the presence of membrane-spanning sensors (wall-associated and 

receptor-like kinases, WAKs and RLKs, respectively; more information in Decreux, and 

Messiaen 2005; Hématy et al. 2009; Kohorn and Kohorn 2012) that are positioned to 

monitor the wall's chemical and physical status (Figure 1).   

 

Diverse manifestations of cell wall metabolism in ripening fruits 

 For many decades, postharvest researchers have considered the cell wall's 

disassembly as a key factor of fruit ripening (Brummell and Harpster 2001; Vicente et al. 

2007). In the 1970s, Peter Albersheim and colleagues suggested that the attention on the 

wall metabolism events per se was too narrow because it ignored the potential regulatory 

impacts of oligosaccharides, which are products of the digestion of the cell walls by plant 

or pathogen enzymes (Ayers et al. 1976).  He coined the term oligosaccharin, implying 

that we should think of these pieces of cell walls as if they played hormone-type roles 

(Albersheim et al. 1996). Subsequently, several studies showed that fragments of 

pathogen or host plant cell walls could elicit plant anti-pathogen responses even if no 

pathogens were present (Hahn et al. 1981, Ridley et al. 2001, Osorio et al. 2008, Galletti 

et al. 2011). Other research suggested that wall-derived oligosaccharides had impacts on 

plant growth and developmental events, such as cell elongation (reviewed in Ryan and 

Farmer 1997). These studies suggested that the oligosaccharides that were applied and 

elicited plant defenses also might influence the normal developmental programs of plant 

tissues.  However, further validation is needed, because in all of theses early situations, 

the oligosaccharides tested had been generated in vitro and not in planta. 

 We thought that ripening tomato fruit might be a good system for studying 

possible regulatory roles of endogenous cell wall oligosaccharides. A tomato fruit is a 

bulky tissue that should provide a relatively substantial amount of wall breakdown 

products. Also, reports for diverse plant systems, including tomato fruit, suggested that 

pectin-derived oligosaccharides (PDOs) promoted the synthesis of ethylene, the hormone 

most closely linked with fruit ripening (Baldwin and Biggs 1988, Baldwin and Pressey 

1988, Brecht and Huber 1988). Our first work on this topic utilized PDOs generated by 

an acid "partial" hydrolysis of polygalacturonic acid, a linear polymer of -1,4-linked 

galacturonosyl residues with no methyl-esterified carboxyl functions.  Former Ph.D. 

student Alan Campbell showed that these PDOs stimulated the ethylene production of 

suspension cultured pear fruit cells (Campbell and Labavitch, 1991a).  While this was 

encouraging, the pear cell system did not present any other ripening fruit behaviors.   



 

 

Figure 1. Schematic model of the primary cell wall structure of a dicot plant. The 

primary cell wall is mainly composed of cellulose, hemicelluloses, pectins and structural 

proteins. Cellulose microfibrils are represented as slate-gray rods, while hemicelluloses 

are the light pink-colored connectors that join the cellulose microfibrils together. The 

middle lamella is the pectin-rich matrix between two adjoining cells. Two major classes 

of pectin backbones are illustrated: homogalacturonan (HG) backbones are dark-green 

lines and rhamnogalacturonan-I (RG-I) backbones are gray lines. Two types of RG-I 

side-branches are shown: branched arabinan (light green lines), linear galactan (blue 

lines). Cell wall structural proteins are depicted as purple and green circles. Other 

proteins associated with the wall (e.g., PGIPs) are depicted as cyan ovals. Trans-

membrane proteins and receptors (e.g., WAKs and RLKs), which have parts that are in 

the plasma membrane and extensions into the cell wall, are depicted as brown ovals and 

cylinders.  



 Campbell then developed a very useful test system, explanted tomato pericarp 

disks (Campbell et al., 1990).  Disks cut from a surface-sterilized, unripe tomato fruit 

could be held in plastic multi-well culture dishes in a humid atmosphere and the disks 

would display all of the changes typical of a ripening tomato over the course of 7-10 days 

in culture. Of course the disks displayed a transient increase in ethylene synthesis that we 

attributed to a wound response, but disk ethylene output returned to baseline before fruit 

red color development became apparent.  More importantly, application of the PDO 

preparations rapidly stimulated ethylene synthesis and accelerated ripening in the tomato 

disks.  The promotion of ethylene synthesis probably played a role in the accelerated 

ripening, but some aspects of color change in the PDO-treated disks occurred more 

rapidly than in disks treated with the ethylene precursor ACC (Campbell and Labavitch, 

1991b), suggesting that PDOs had biological impacts via signaling pathways that were 

independent of ethylene. . 

 This work clearly showed that pectin polysaccharide breakdown products could 

promote fruit ripening, but the work, like most of the earlier studies, used 

oligosaccharides that had been generated in vitro, rather than in the fruit tissues.  Former 

Ph.D. student Eunice Melotto followed in the project by carefully analyzing the pectins 

and pectin breakdown products that accumulated in tomato fruits as they began to ripen.  

She used anion exchange chromatography to isolate a minor fraction (less than 1% of the 

soluble, uronic acid-containing wall components) that contained PDOs. Based on HPLC 

analysis, this set of uronic acid-rich oligomers contained molecules similar in size to 

those from cirus pectin that had stimulated ethylene synthesis and ripening in the pear 

cell supensions and tomato disks.  In another experiment, Melotto incubated extracted 

tomato fruit polymeric pectins with a pure sample of tomato fruit polygalacturonase (PG, 

a pectin polymer hydrolase). This incubation generated a series of PDOs similar to those 

that had been isolated from ripening fruit, and when these endogenous tomato fruit 

oligosaccharides were applied to pericarp disks, they also promoted ethylene synthesis 

and ripening (Melotto et al., 1994).  

 This series of studies shows that oligosaccharides with the potential to influence 

fruit development are generated in unripe tomatoes at the onset of ripening; however, it 

does not prove that the tomato PDOs actually play a regulatory role in ripening.  That test 

would require manipulations that (1) prevent the endogenous generation and 

accumulation of PDOs, or (2) eliminate a cellular receptor that enables tomato fruit cells 

to detect "local" PDO presence and initiate the ripening program.   

By the start of the 1990s, a number of groups had cloned the tomato's PG gene 

and reduced or eliminated its expression as ripening progressed.  This work was done to 

test the role of PG in fruit softening (Sheehy et al. 1988, Smith et al. 1988).  The reduced 

PG tomato lines showed altered patterns of softening, but they still appeared to carry out 

the other aspects of a typical ripening program. If PDOs generated by PG action on 

tomato pectins are involved in the regulation of fruit ripening, one would expect that fruit 

with little or no PG would have displayed substantially altered ripening, but that was not 

the case. 

 In the late 1990s, a number of groups interested in fruit ripening had detected the 

presence of pectate/pectin lyases (PL), enzymes that break down the same pectins that are 

digested by PG, but cleave them by a different mechanism (-elimination).  PL gene 

expression and enzyme activity were reported in a number of fruits (Dominguez-



Puigjaner et al. 1997, Marin-Rodriguez et al. 2002, Payasi and Sanwal 2003), including 

strawberry where suppressed expression of the PL gene in ripening fruit led to much 

slower fruit softening (Jimenez-Bermudez et al., 2002).  We (An et al., 2005) performed 

a detailed structural analysis of the PDOs that accumulated in B. cinerea-infected and 

healthy, ripening tomatoes.  We observed the same patterns of oligosaccharides that we 

had reported earlier (Melotto et al., 1994), but additional detailed structural analysis 

showed that some of these PDOs could have been produced by PL action.  We expect 

that the PL-generated PDOs were present in the transgenic fruit with suppressed PG 

expression.  Therefore, if the PL-generated PDOs are active as signals, they also could 

have influenced the ripening of tomatoes with suppressed PG, even if the PG-generated 

PDO series was absent. In the past few years, we (Blanco-Ulate et al., unpublished) have 

identified transcripts with sequences similar to those of known PLs in transcriptome data 

sets from ripening tomatoes.  Two ripening-associated PL genes have been cloned and we 

will generate transgenic lines in which PL expression is suppressed.  Depending on our 

analysis of the ripening PL-suppressed fruits, we then may cross the PL knock-out lines 

with lines suppressed in PG and expansin (Exp) expression (discussed in more detail, 

below; Cantu et al. 2008a) in order to develop a more complete understanding of factors 

influencing pectin polymer metabolism in ripening tomatoes as well as to test the 

possible involvement of PG- and PL-generated PDOs in the regulation of ripening. 

Testing of this idea at the "cellular signal perception" level, as is now done for 

ethylene signals with the aid of inhibitors or with natural or engineered tomato mutant 

lines (Klee and Giovannoni 2011; Pech et al. 2012), is much further in the future. Only 

recently, data that suggest the nature of a cellular receptor for PDOs have been published 

(Brutus et al., 2010).  These investigators worked with a wall-associated kinase WAK1 

from Arabidopsis thaliana and used a domain-swap strategy to demonstrate that a WAK 

chimeric protein could respond to PDOs and activate down-stream expression events.  In 

their system, transgenic plants that over-expressed WAK1 displayed enhanced resistance 

to the grey mold fungus, Botrytis cinerea, similar to defenses expressed by exogenous 

application of oligogalacturonide-type PDOs. However, the certain identification of 

apoplast-localized "sensors" for oligosaccharide signals (whether they are important 

components of endogenous signal systems or merely intriguing distractions) is still to be 

deciphered. 

 

Cell wall changes and the ripening tomato fruit's softening 

 Among the first lines of postharvest investigation that made use of the then new 

molecular biology techniques were studies of the relationships between the expression of 

genes encoding cell wall modifying proteins (CWMPs) and aspects of cell wall change in 

ripening fruits (Christoffersen et al., 1984; Fischer and Bennett, 1991).  The relative ease 

of tomato genetic transformation and production of progeny homozygous for the 

introduced DNA sequence made that species a postharvest fruit model. The suppression 

of genes encoding several tomato fruit CWMPs and the subsequent impacts of 

suppression on fruit softening has been a widely used strategy.  The CWMP roles tested 

in transgenic tomatoes include the ripening-associated endo--1,4-glucanase (EGase, 

Lashbrook et al, 1994), -galactosidase (Smith et al., 2002), pectin methyl-esterase 

(PME, Tieman et al., 1992), Expansin (Exp, Brummell et al., 1999), as well as PG 



(Sheehy et al., 1998; Smith et al., 1988) . Discussions of how Exp functioned to "loosen 

the cell walls" to permit turgor-driven cell elongation in seedlings suggested that the 

protein caused a relaxation of the intra-polysaccharide associations in the wall's MF-HC 

network (Cosgrove 2000).  The clearest slowing of softening in tomatoes with reduced 

Exp gene expression was observed at the start of ripening (Brummell et al., 1999), while 

the reduced softening of tomatoes with suppressed expression of PG was most evident at 

the end of ripening (Sheehy et al., 1998; Smith et al., 1988).   These observations 

supported the idea that fruit softening starts with processes that weaken the wall's MF-HC 

networks and ends with processes that modify the pectin networks (Rose and Bennett 

1999). This hypothesis led to a series of crosses involving homozygous tomato lines with 

suppressed expression of PG or Exp and resulted in a line that expressed neither Exp nor 

PG as they ripened (Powell et al., 2003).  The resulting PG/Exp double suppressed fruit 

softened more slowly than the individual PG- and Exp-suppressed lines (Cantu et al., 

2008a). Analysis of the changes in the cell walls of the ripening PG/Exp double 

suppressed fruit indicated much less pectin change than that observed in fruits with only 

PG suppression.  However, the analysis showed no apparent differences in the solubility, 

amount or size of the HC polymers isolated from the control (wild-type, normal PG and 

Exp gene-expressing) and the individual PG- or Exp-suppressed fruit.  This led us to 

conclude that, at least in ripening tomatoes, Exp loosens the general wall structure to 

facilitate the interaction of other apoplastically localized CWMPs with their wall targets, 

and that the improved access enhances the breakdown of the cell wall and impacts fruit 

softening. Therefore, if the role of Exp in fruit softening is largely to enhance access of 

other CWMPs to their cell wall targets, then it is reasonable to suggest that combining the 

suppression of Exp with suppression of any fruit CWMP-encoding genes (those 

mentioned above or, perhaps, others that are identified) might also lead to slowed loss of 

firmness during ripening.  It is also reasonable to imagine that enhancing access of 

pectin-degrading enzymes to their wall targets would also affect the concentrations and 

specific structures of PDOs in the fruit apoplast (discussed above) and this might have an 

impact on fruit softening and, perhaps, other ripening-associated processes.  

 

The ripening tomato fruit's increasing pathogen susceptibility 

  The fact that ripening fruits become increasingly susceptible to a range of 

postharvest pathogens has long posed a problem for postharvest physiologists and 

pathologists.  We can understand why ripening and susceptibility are linked; after all, 

tomato fruit ripening begins after developing seeds are mature and several aspects of the 

process that make the fruit attractive to us also make it attractive to organisms that 

contribute to seed dispersal.  However, this recognition of the biological purpose of 

ripening does not lessen the disappointment and frustration of packers, shippers, retailers, 

consumers and postharvest biologists with the ripening fruit's enhanced susceptibility of 

to diverse biotic stresses. Some of the "mechanistic" explanations of the ripening-related 

increase in susceptibility  include: 1) greater amounts of and easier access to plant 

substrates that support pathogen energy metabolism and growth, 2) loss of pre-formed, 

small and large defense compounds, 3) changes in the apoplast's chemical environment 

(e.g., sugars, organic acids, ions, pH), and 4) decrease in the effectiveness of the "barrier" 

functions of cell walls and cuticles (Saladie et al. 2007, Cantu et al. 2008b; Cantu et al. 

2009).  In horticulturally important fruits, all of these factors affecting pathogen 



susceptibility are likely to be involved, with some being more important than others, 

depending on the fruit-pathogen combination being considered.  

 

The disassembly of cell walls during Botrytis's infection of ripening tomato fruits: 

The fruit and pathogen share a strategy 

 In our work on the interaction of ripening tomato fruit and Botrytis cinerea 

(Botrytis, henceforth), most of our focus has been on plant cell wall metabolism.  Plant 

pathologists know that the breakdown of host cell walls is an aspect of the confrontation 

between the host and pathogen that is initiated soon after infection (Cantu et al. 2008b, 

Underwood 2012).  Furthermore, because the fruit is ripening, it will be active in 

modifying its own cell walls and this process can provide assistance for the pathogen’s 

development on fruit. 

We have tested these ideas in our work on the PG/Exp double suppressed 

tomatoes.  These fruit not only soften more slowly than do wild-type fruits; their Botrytis 

susceptibility is almost abolished as they ripen (Cantu et al., 2008a).  Why this should be 

is not immediately obvious.  The Botrytis genome contains many genes that encode 

CWMPs (discussed below, Blanco-Ulate et al. 2014); therefore, why would it need help 

from the plant’s PG and Exp to be effective in establishing infection on a ripening tomato 

fruit? 

 One of the answers may be related to a class of pre-formed defense factors, the 

PG-inhibiting proteins (PGIP; De Lorenzo and Ferrari 2002). These proteins have been 

identified in many species of plants and often are present at a relatively high level in fruit 

tissues (De Lorenzo et al. 2001, Di et al. 2006). Our first work with PGIP came 

serendipitously as we were trying to understand why 'Bartlett' pear fruits became more 

susceptible to pathogens as they ripened (Abu-Goukh et al. 1983, Abu-Goukh and 

Labavitch 1983). That study led to the purification of the pear PGIP (pPGIP), a protein 

that was an inhibitor of PGs from several fruit pathogens, including some but not all, of 

the PGs from Botrytis (Sharrock and Labavitch, 1994; Stotz et al. 2000). Our work with 

pPGIP eventually led to the cloning of the pPGIP-encoding gene and then a gene 

encoding the tomato fruit's PGIP (tPGIP, Stotz et al., 1993, 1994).  The tPGIP also 

inhibited some of Botrytis's PGs, but its inhibition was not as strong as that of pPGIP.  

Our efforts to purify these fruit PGIPs led us to recognize that they were cell wall-

associated in unripe fruits, but as the pears or tomatoes ripened their PGIPs lost their cell 

wall association.  Studies of the bean PGIP also indicate that the protein is localized in 

the apoplast of bean vegetative tissues and is cell wall-associated (Toubart et al.1992). 

Our early work with pPGIP showed that it selectively bound to pectin-like insoluble 

matrices (Egli et al., unpublished), an observation that led us to assume that in unripe 

fruits it was generally associated with the cell wall's pectin polymers.  

PGIP expression is induced by infections of Botrytis and other pathogens in fruit. 

We validated that the over-expression of pPGIP reduces Botrytis growth on tomato fruit 

(Powell et al. 2000). Like the other plant PGIPs that have been studied, pPGIP and tPGIP 

do not inhibit the plant's own PGs. This also seemed logical; after all, the PGIP's job is to 

protect the pectins against pathogens so that the fruit can contribute to seed development 

and, subsequently, go through ripening in support of seed dispersal. Thus, one hypothesis 

to explain the increased pathogen resistance of the PG/Exp-minus tomatoes is tied to the 



idea that the fruit PGIP's inhibition of Botrytis's PGs normally will slow down the growth 

of the pathogen on unripe fruit tissue.  However, as ripening begins the fruit's PG, which 

is not inhibited by PGIP, digests the fruit wall's pectin. This, in turn, disrupts cell wall 

integrity and the PGIP's binding to the pectin components, eliminating the protection 

against pathogen attack that the wall generally provides.  However, if the ripening fruit 

does not produce its own PG, the pectin in the fruit remains almost intact, as does the 

defense provided by the tPGIP. Because the fruit's Exp contributes to the fruit's self-

digestion of pectin, when the fruit expression of both PG and Exp is suppressed, the 

protection may be even stronger, as shown in Cantu et al. (2008). 

 A second hypothesis about why pathogen defense is stronger in the PG/Exp-

minus fruit is related to the fact that fruit ripening is associated with increasing 

susceptibility. If PDOs do play a "local" role in promoting ripening by stimulating the 

synthesis of ethylene (as discussed above), then it is easy to imagine that when pectin 

metabolism is reduced, either because no fruit PG is made or because Botrytis's PGs are 

inhibited by PGIP (or both), ripening would slow down. Furthermore local concentrations 

of ethylene could be reduced: with reduced PG action there would be lower 

concentrations of PDOs, so that oligosaccharide signal impact on ethylene synthesis 

could be reduced..  If less ethylene is present the fruit's shift into "system 2" ethylene 

synthesis will be delayed as will the progress of fruit ripening, along with the associated 

increase in pathogen susceptibility. (Note: While it is clear that the suppression of PG 

and Exp expression in ripening tomatoes is coupled to elevated fruit defense against 

Botrytis, these hypotheses have not been rigorously tested in other tomato fruit-pathogen 

interactions.)    

Cell walls are barriers that restrict the colonization of plant tissues by invaders, 

but also are important reservoirs of energy-rich sugars for pathogen growth. Fungal 

pathogens, such as Botrytis, secrete a large repertoire of enzymes to disrupt the 

polysaccharides in their plant host's cell walls (van Kan et al. 2006). We have described 

the annotation of putative secreted Carbohydrate-Active enZymes (CAZymes) identified 

in the Botrytis genome (strain B05.10 v.1; Amselem et al. 2011), which may be important 

for the degradation of the cell walls of ripening fruit (Table 1; Blanco-Ulate et al. 2014). 

CAZymes are proteins that are predicted to participate in polysaccharide and 

oligosaccharide disassembly (i.e., carbohydrate binding modules, esterases, glycoside 

hydrolases and polysaccharide lyases) or polysaccharide synthesis and assembly (i.e., 

glycolsyltransferases; Cantarel et al., 2009). Using a transcriptomic approach (i.e., 

RNASeq), we identified Botrytis "CAZyme"-encoding genes that were expressed by the 

pathogen when infecting ripe grape berries and tomatoes. We also compared the 

expression levels of the Botrytis CAZymes expressed in fruits with those expressed 

during infections of lettuce leaves. This allowed us to determine if the pathogen's wall 

disruption strategy varied when the infection target was a vegetative or fruit tissue. While 

primary cell walls contain a combination of pectins, HC and cellulose microfibrils, 

available data indicate that fruit cell walls are relatively enriched in pectin polymers 

while lettuce leaves have less pectin and more HC and cellulose (Wagstaff et al. 2010; 

Nunan et al. 1998; Lunn et al. 2013). On the three hosts, Botrytis expressed a common 

group of 229 potentially secreted CAZymes, which included pectin backbone-modifying 

enzymes, HC-modifying proteins, enzymes that might target pectin and HC side-

branches, and enzymes that could degrade cellulose (Blanco-Ulate et al. 2014). We found  



Table 1. Botrytis CAZymes with potential roles in plant cell wall disassembly (Adapted 

from Blanco-Ulate et al. 2014) 

    

Plant cell wall 

target 
CAZyme subfamily Functional annotation 

Number of 

potentially secreted 

# of proteins  

Pectin 

backbones 

GH28 Polygalacturonases 11 

PL1 Pectin lyases 4 

 PL1, PL3 Pectate lyases 4 

 CE8 Pectin methylesterases 3 

 GH28, GH105|GH28 Rhamnogalacturonan (RG) 

hydrolases 

6 

 GH78 α-L-Rhamnosidases 2 

 CE12 RG acetylesterases 1 

Hemicellulose 

backbones 

GH3 β-Glucosidases 6 

GH12 Xyloglucan (XyG)-specific β-

glucanases 

1 

 GH16, GH16|CBM18 Glucanases and XyG 

transglycosylase/hydrolases 

11 

 GH10, GH11, 

GH10|CBM1, 

GH11|CBM1 

β-Xylanases 5 

 GH43 β-Xylosidases 3 

 GH5|CBM1 β-Mannosidases 1 

 GH26, CBM3|GH26| 

CBM35|GH44 

β-Mannanases 2 

Cellulose GH5, GH5|CBM1, 

GH45 

1,4-β-Glucanases 10 

 GH6|CBM1, 

GH6|CBM2, GH7, 

GH7|CBM1 

Cellulose 1,4-β-

cellobiosidases 

5 

Polysaccharide 

side-chains 

GH2, GH35 β-Galactosidases 3 

GH31 α-Xylosidases 2 

 GH43, GH93 α-L-1,5-Arabinanases 2 

 GH47, GH92 α-Mannosidases 4 

 GH51, GH54|CBM42, 

GH62|CBM13 

α-Arabinofuranosidases 4 

 GH53 Arabinogalactan β-

galactosidases 

1 

 GH95 α-L-Fucosidases 1 

 GH115 Xylan α-1,2-glucuronosidases 1 

 



that 36 genes encoding putative CAZymes with secretion signals were expressed 

exclusively when Botrytis interacted with ripe fruit. The results of this study indicated 

that Botrytis targets similar wall polysaccharide networks on fruit and leaves, particularly 

the pectin components. Therefore, the diversity of the Botrytis pectin-degrading enzymes 

may be partly responsible for its wide host range. 

 

We previously reported that Botrytis infections in unripe tomatoes induced the premature 

expression of plant CWMPs involved in fruit softening Cantu et al. 2009). In particular, 

genes encoding enzymes that target pectin backbones, such as PG and 

rhamnogalacturonan hydrolases, appear to be up-regulated as a result of Botrytis infection  

(Cantu et al. 2009; Blanco-Ulate et al., unpublished). These observations suggest that 

fungal and plant CWMPs cooperate in the effective disassembly of the plant cell wall 

during Botrytis infections of tomato fruit; but also make it clear that the ripening fruit's 

enzymatic machinery promotes extensive pectin degradation, thus treating B. cinerea as a 

welcome guest! 

 
What we need to know now 

 The overall aim of our studies is to dissect how the tomato fruit coordinates and 

performs all of the metabolic and structural biology aspects of ripening and how these 

regulatory and developmental events affect susceptibility to post-harvest pathogens. This 

information would help us determine if there is a way to disconnect (1) the events that are 

required for maximizing the storage potential and fruit flavor and nutritional qualities of 

harvested fruits from (2) the changes in ripening fruits that result in their deterioration 

and loss on the way to a consumer's table. We discussed aspects of cell wall metabolism 

in pathogen-free tomato fruits that have begun to ripen and the wall changes that occur 

when ripening fruit are infected by Botrytis.  It is fair to conclude that both tomato fruit 

and Botrytis focus their attention on the fruit's pectin polysaccharides and use many of 

the same types of enzymes to modify these substrates. Although the pathogen is likely to 

digest cell wall polysaccharides more completely in order to support its need for energy 

and biomass production, the fruit's CWMP enzymes are produced jn abundance and 

cause major changes in the fruit cell wall structures.  An important component of the 

fruit's major pectin-digesting enzymes (i.e., PG) is needed by Botrytis to support its early 

establishment on fruit that have begun to ripen. This suggests that the wall modification 

processes that contribute to the ripe fruit texture enjoyed by consumers are biochemically 

very like the processes that support disease development. Before we can separate fruit 

susceptibility from softening, we, as post-harvest biologists, must understand the 

regulatory aspects of fruit ripening.  We have evaluated the pathogen susceptibility 

phenotypes of tomato fruit with mutations in the main ripening-related transcription 

factors, RIN (RIPENING INHIBITOR, a MADS-box transcription factor, TF), NOR 

(NON-RIPENING, a NAC domain TF) and CNR (COLORLESS NON-RIPENING, an 

SPB-box TF) (Cantu et al., 2009, Blanco-Ulate et al., unpublished). We have 

transcriptomic data that suggest roles for several plant hormones (ethylene, abscisic acid, 

salicylic acid and jasmonic acid) in ripening and infected tomatoes (Blanco-Ulate et al. 

2013) and, of course we have a continuing interest in aspects of cell wall metabolism.  

However, ripening is a coordination of many metabolic and structural/developmental 

pathways. Our co-author Ann Powell and several others have reported on the important 



enhancements of tomato fruit nutritional and other characteristics that are influenced by 

the Golden 2-like transcription factor as ripening-associated events convert chloroplasts 

to chromoplasts (Powell et al., 2012). Giovannoni, Rose, Seymour and other colleagues 

are delving into the roles of other tomato transcription factors and the impacts on fruit 

ripening (Gapper et al. 2014; Seymour et al. 2013). Furthermore, a much larger 

community of molecular biology researchers is learning more details of the mechanisms 

and players involved in the complex regulatory networks that control most aspects of 

plant development and metabolism.  Perhaps a strategy to separate tomato ripening and 

softening from the ripening fruit's increasing susceptibility to pathogens will not be 

identified; however, what we learn during the quest should have important impacts on 

fundamental biology and postharvest applications that are useful for all of us. 

 

 

References 

Abu-Goukh AA, and Labavitch JM (1983) The in vivo role of “Bartlett” pear fruit polygalacturonase 

inhibitors. Physiolo Plant Pathol 23, 123-135 

Abu-Goukh AA, Greve LC, and Labavitch JM (1983) Purification and partial characterization of “Barlett” 

pear fruit polygalacturonase inhibitors. Physiol Plant Pathol 23, 111-122 

Albersheim P, Darvill A, Augur C, Cheong JJ, Eberhard S, Hahn MG, Marfa V, Mohnen D, and O'Neill 

MA (1996) Oligosaccharins: oligosaccharide regulatory molecules. Acc Chem Res 25, 77-83. 

Amselem J, Cuomo CA, van Kan JA, Viaud M, Benito EP, Couloux A, Coutinho PM, de Vries RP, Dyer 

PS, Fillinger S, Fournier E, Gout L, Hahn M, Kohn L, Lapalu N, Plummer KM, Pradier JM, 

Quevillon E, Sharon A, Simon A, ten Have A, Tudzynski B, Tudzynski P, Wincker P, Andrew M, 

Anthouard V, Beever RE, Beffa R, Benoit I, Bouzid O, Brault B, Chen Z, Choquer M, Collemare J, 

Cotton P, Danchin EG, Da Silva C, Gautier A, Giraud C, Giraud T, Gonzalez C, Grossetete S, 

Guldener U, Henrissat B, Howlett BJ, Kodira C, Kretschmer M, Lappartient A, Leroch M, Levis C, 

Mauceli E, Neuveglise C, Oeser B, Pearson M, Poulain J, Poussereau N, Quesneville H, Rascle C, 

Schumacher J, Segurens B, Sexton A, Silva E, Sirven C, Soanes DM, Talbot NJ, Templeton M, 

Yandava C, Yarden O, Zeng Q, Rollins JA, Lebrun MH, and Dickman M (2011) Genomic analysis 

of the necrotrophic fungal pathogens Sclerotinia sclerotiorum and Botrytis cinerea. PLoS Genet 7 

doi: 10.1371/journal.pgen.1002230 

An HJ, Lurie S, Greve LC, Rosenquist D, Kirmiz C, Labavitch JM and Lebrilla, CB (2005) Determination 

of pathogen-related enzyme action by mass spectrometry analysis of pectin breakdown products of 

plant cell walls. Anal Biochem 338, 71-82 

Anderson JD, Mattoo AK, Lieberman M (1982) Induction of ethylene biosynthesis in tobacco leaf discs by 

cell wall digesting enzymes. Biochem Biophys Res Commun 107:588-96 

Ayers, A. R, Ebel, J, Valent, B, and Albersheim, P (1976) Host-pathogen interactions X. Fractionation and 

biological activity of an elicitor isolated from the mycelial walls of Phytophthora megasperma var. 

sojae. Plant Physiol, 57, 760-765 

Baldwin EA, and Biggs RH (1988) Cell-wall lysing enzymes and products of cell-wall digestion elicit 

ethylene in citrus. Physiol Plant 73:58-64 

Baldwin EA, and Pressey R (1988) Tomato polygalacturonase elicits ethylene production in tomato fruit. J 

Am Soc Hortie Sci 113:92-95 

Blanco-Ulate B, Vincenti E, Powell AL and Cantu D (2013) Tomato transcriptome and mutant analyses 

suggest a role for plant stress hormones in the interaction between fruit and Botrytis cinerea. Front 

Plant Sci 4, 142 

Blanco-Ulate B, Labavitch JM, Morales-Cruz A, Powell ALT and Cantu D (2014) Genome-wide 

transcriptional profiling of Botrytis cinerea genes targeting plant cell walls during infections of 

different hosts. Frontiers Plant Sci 5, 1-6 



Brecht JK, and Huber DJ (1988) Products released from enzymatically active cell wall stimulate ethylene 

production and ripening in preclimacteric tomato (Lycopersicon esculentum Mill.) fruit. Plant 

Physiol 88, 1037-41 

Brutus A, Sicilia F, Macone A, Cervone F, and De Lorenzo G (2010) A domain swap approach reveals a 

role of the plant wall-associated kinase 1 (WAK1) as a receptor of oligogalacturonides. P Natl Acad 

Sci 107, 9452-7 

Brummell DA, Harpster MH, Civello PM, Palys JM, Bennett AB, and Dunsmuir P (1999) Modification of 

expansin protein abundance in tomato fruit alters softening and cell wall polymer metabolism during 

ripening. Plant Cell 11:2203-2216 

Brummell DA and Harpster MH (2001) Cell wall metabolism in fruit softening and quality and its 

manipulation in transgenic plants. Plant Mol Biol 47, 311-39 

Campbell AD, and Labavitch JM (1991a) Induction and regulation of ethylene biosynthesis by pectic 

oligomers in cultured pear cells. Plant Physiol 97, 699-705 

Campbell AD, and Labavitch JM (1991b) Induction and regulation of ethylene biosynthesis and ripening 

by pectic oligomers in tomato pericarp discs. Plant Physiol 97, 706-713 

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, and Henrissat B (2009) The carbohydrate-

active enzymes database (CAZy): an expert resource for glycogenomics. Nucleic Acids Res 37, 233-

238 

Cantu D, Blanco-Ulate B, Yang L, Labavitch JM, Bennett AB, and Powell AL (2009) Ripening-regulated 

susceptibility of tomato fruit to Botrytis cinerea requires NOR but not RIN or ethylene. Plant 

Physiol 150, 1434-49 

Cantu D, Vicente A, Greve L, Dewey F, Bennett A, Labavitch J and Powell A (2008a) The intersection 

between cell wall disassembly, ripening and fruit susceptibility to Botrytis cinerea. P Natl Acad Sci 

105, 859-64 

Cantu D, Vicente AR, Labavitch JM, Bennett AB, and Powell ALT (2008b) Strangers in the matrix: plant 

cell walls and pathogen susceptibility. Trends Plant Sci 13, 610-617 

Cao Y, Tang X, Giovannoni J, Xiao F, and Liu Y (2012) Functional characterization of a tomato COBRA-

like gene functioning in fruit development and ripening. BMC Plant Biol 12, 211 

Carpita NC and Gibeaut DM (1993) Structural models of primary cell walls in flowering plants: 

consistency of molecular structure with the physical properties of the walls during growth. Plant J 3, 

1-30 

Carresi L, Pantera B, Zoppi C, Cappugi G, Oliveira AL, Pertinhez TA, Spisni A, Scala A, and Pazzagli L 

(2006) Cerato-platanin, a phytotoxic protein from Ceratocystis fimbriata: Expression in Pichia 

pastoris, purification and characterization. Protein Expres Pur 49, 159-67 

Casasoli M, Federici L, Spinelli F, Di Matteo A, Vella N, Scaloni F, Fernandez-Recio J, Cervone F, and De 

Lorenzo G (2009) Integration of evolutionary and desolvation energy analysis identifies functional 

sites in a plant immunity protein. P Natl Acad Sci 106, 7666-71 

Cassab GI (1998) Plant cell wall proteins. Annu Rev Plant Biol 49, 281-309 

Chinchilla D, Bauer Z, Regenass M, Boller T, and Felix G (2006) The Arabidopsis receptor kinase FLS2 

binds flg22 and determines the specificity of flagellin perception. Plant Cell 18, 465-76 

Christoffersen RE, Tucker ML, and Laties GG (1984) Cellulase gene expression in ripening avocado fruit: 

the accumulation of cellulose mRNA and protein as demonstrated by cDNA hybridization and 

immunodetection. Plant Mol Biol 3: 385-391 

Cristescu SM, De Martinis D, Te Lintel Hekkert S, Parker DH and Harren FJM (2002) Ethylene production 

by Botrytis cinerea in vitro and in tomatoes. Appl Environ Microb 68, 5342-5350 

Cosgrove DJ (2000) Expansive growth of plant cells. Plant Physiol Biochem 38: 109-124 

Curvers K, Seifi H, Mouille GDe, Rycke R, Asselbergh B, Van Hecke A, Vanderschaeghe D, Höfte HR, 

Callewaert N, Van Breusegem F and Hofte, MM (2010) ABA-deficiency causes changes in cuticle 

permeability and pectin composition that influence tomato resistance to Botrytis cinerea. Plant 

Physiol 154, 847-60 



Davis KR, Darvill AG, Albersheim P, and Dell A (1986) Host-pathogen interactions XXIX. 

Oligogalacturonides released from sodium polypectate by endopolygalacturonic acid lyase are 

elicitors of phytoalexins in soybean. Plant Physiol 80, 568-77 

De Cremer K, Mathys J, Vos C, Froenicke L, Michelmore RW, Cammue BPA, and De Coninck B (2013) 

RNAseq-based transcriptome analysis of Lactuca sativa infected by the fungal necrotroph Botrytis 

cinerea. Plant Cell Environ 36, 1992-2007 

De Leeuw G (1985) Deposition of lignin, suberin and callose in relation to the restriction of infection by 

Botrytis cinerea in ghost spots of tomato fruits. J Phytopathol 112, 143-52. 

De Lorenzo G, D'Ovidio R, and Cervone F (2001) The role of polygalacturonase-inhibiting proteins 

(PGIPs) in defense against pathogenic fungi. Annu Rev Phytopathol 39, 313-335 

De Lorenzo G and Ferrari S (2002) Polygalacturonase-inhibiting proteins in defense against 

phytopathogenic fungi. Curr Opin Plant Biol 5, 295-9 

Decreux A and Messiaen J (2005) Wall-associated kinase WAK1 interacts with cell wall pectins in a 

calcium-induced conformation. Plant Cell Physiol 46, 268-78 

Di C, Zhang M, Xu S, Cheng T, and An L (2006) Role of poly-galacturonase inhibiting protein in plant 

defense. Crit Rev Microbiol 32, 91-100 

Dominguez-Puigjaner E, Llop I, Vendrell M, and Prat S (1997) A cDNA clone highly expressed in banana 

fruit shows homology to pectate lyases. Plant Physiol 114: 1071-1076 

Galletti R, Ferrari S, and De Lorenzo G (2011) Arabidopsis MPK3 and MPK6 play different roles in basal 

and oligogalacturonide-or flagellin-induced resistance against Botrytis cinerea. Plant physiol 157, 

804-14 

Gapper NE, Giovannoni JJ, and Watkins CB (2014) Understanding development and ripening of fruit crops 

in an ‘omics’ era. Horti Res 1 

Hahn MG, Darvill AG, and Albersheim P (1981) Host-pathogen interactions XIX. The endogenous elicitor, 

a fragment of a plant cell wall polysaccharide that elicits phytoalexin accumulation in soybeans. 

Plant Physiol 68, 1161-9 

Hématy, K, Cherk, C, and Somerville S. (2009). Host–pathogen warfare at the plant cell wall. Curr Opin 

Plant Biol, 12, 406-413 

Keegstra K, Talmadge KW, Bauer WD, and Albersheim P (1973) The structure of plant cell walls: III. A 

model of the walls of suspension-cultured sycamore cells based on the interconnections of the 

macromolecular components. Plant Physiol 51, 188-97 

Klee HJ and Giovannoni JJ (2011) Genetics and control of tomato fruit ripening and quality attributes. 

Annu Rev Genet 45, 41-59 

Kohorn BD and Kohorn SL (2012) The cell wall-associated kinases, WAKs, as pectin receptors. Front 

Plant Sci 3, 88 doi: 10.3389/fpls.2012.00088 

Lashbrook CL, Gonzalez-Busch C and Bennett AB (1994) Two divergent endo--1,4-glucanase genes 

exhibit overlapping expression in ripening fruit and abscising flowers.  Plant Cell 6:1485-1493 

Lunn D, Phan TD, Tucker GA, and Lycett GW (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 Physiol Biochem. 66, 91-97 

Marin-Rodriguez MC, Orchard J and Seymour GB  (2002) Pectate lyases, cell wall degradation and fruit 

softening. J Exp Bot 53: 2115- 2119 

McQueen-Mason SJ and Cosgrove DJ (1995) Expansin mode of action on cell walls. Analysis of wall 

hydrolysis, stress relaxation, and binding. Plant Physiol 107, 87-100 

Melotto E, LC G, and JM L (1994) Cell wall metabolism in ripening fruit.  VII.  Biologically active pectin 

oligomers in ripening tomato (Lycopersicon esculentum Mill.) Fruits. Plant Physiol 106, 575-81 

Nunan KJ, Sims IM, Bacic A, Robinson, SP, and Fincher GB (1998) Changes in cell wall composition 

during ripening of grape berries. Plant Physiol 118, 783-792 



Osorio S, Castillejo C, Quesada MA, Medina-Escobar N, Brownsey GJ, Suau R, Heredia A, Botella MA, 

and Valpuesta V (2008) Partial demethylation of oligogalacturonides by pectin methyl esterase 1 is 

required for eliciting defence responses in wild strawberry (Fragaria vesca). Plant J 9, 43-55 

Payasi A and Sanwal GG (2003) Pectate lyase activity during ripening of banana fruit. Phytochem 63: 243-

248 

Pech J-C, Purgatto E, Bouzayen M and Latché A (2012) Ethylene and fruit ripening. Annu Plant Rev. ed 

MT Mcmanus Wiley-Blackwell, 275-304 

Powell ALT, van Kan J, ten Have A, Visser J, Greve LC, Bennett AB, and Labavitch JM (2000) 

Transgenic expression of pear PGIP in tomato limits fungal colonization. Mol Plant-Microbe In 13, 

942-50 

Powell ALP, Kalamaki MS, Kurien PA, Gurrieri S, and Bennett AB (2003) Simultaneous transgenic 

suppression of LePG and LeExp1 influences fruit texture and juice viscosity in a fresh market 

tomato variety. J Agric Food Chem 51: 7450-7455 

Powell AL, Nguyen CV, Hill T, Cheng KL, Figueroa-Balderas R, Aktas H, Ashrafi H, Pons C, Fernández-

Muñoz R and Vicente A (2012) Uniform ripening encodes a Golden 2-like transcription factor 

regulating tomato fruit chloroplast development. Science 336, 1711-1715 

Rose JKC and Bennett AB (1999) Cooperative disassembly of the cellulose-xyloglucan network of plant 

cell walls: parallels between cell expansion and fruit ripening. Trends Plant Sci 4, 176-83 

Ryan CA, and Farmer EE (1991) Oligosaccharide signals in plants: a current assessment. Annu Rev Plant 

Biol 42, 651-674 

Saladie M, Matas AJ, Isaacson T, Jenks MA, Goodwin SM, Niklas KJ, Xialin R, Labavitch JM, Shackel 

KA, Fernie AR, Lytovchenko A, O'Neill MA, Watkins CB and Rose J (2007) A reevaluation of the 

key factors that influence tomato fruit softening and integrity. Plant Physiol. 144, 1012-1028 

Seymour GB, Østergaard L, Chapman NH, Knapp S and Martin C (2013) Fruit development and ripening. 

Ann Rev Plant Biol 64, 219-41 

Sharrock KR, and Labavitch, JM (1994) Polygalacturonase inhibitors of Bartlett pear fruits: differential 

effects on Botrytis cinerea polygalacturonase isozymes, and influence on products of fungal 

hydrolysis of pear cell walls and on ethylene induction in cell culture. Physiol Molec Plant Pathol 

45, 305-319 

Sheehy RE, Kramer MK and Hiatt WR  (1988) Reduction of polygalacturonase activity in tomato fruit by 

antisense RNA. Proc Natl Acad Sci 85: 8805-8809 

Sharrock KR and Labavitch JM (1994) Polygalacturonase inhibitors of Bartlett pear fruits: differential 

effects on Botrytis cinerea polygalacturonase isozymes, and influence on products of fungal 

hydrolysis of pear cell walls and on ethylene induction in cell culture. Physiol Mol Plant Pathol 45, 

305-19 

Smith CJS, Watson CF, Ray J, Bird CR, Morris PC, Schuch W and Grierson D (1988) Antisense RNA 

inhibition of polygalacturonase gene expression in transgenic tomatoes. Nature 334: 724-726 

Smith DL, Abbott JA and Gross KC (2002) Down-regulation of tomato β-galactosidase 4 results in 

decreased fruit softening. Plant Physiol 129: 1755-1762 

Stotz HU, Powell AL, Damon SE, Greve LC, Bennett AB, and Labavitch JM (1993) Molecular 

characterization of a polygalacturonase inhibitor from Pyrus communis L. cv Bartlett. Plant Physiol 

102, 133-138 

Stotz HU, Contos JJ, Powell AL, Bennett AB, and Labavitch JM (1994) Structure and expression of an 

inhibitor of fungal polygalacturonases from tomato. Plant Molec Biol, 25, 607-617 

Stotz HU, Bishop JG, Bergmann C, W., Koch M, Albersheim P, Darvill AG, and Labavitch JM (2000) 

Identification of target amino acids that affect interactions of fungal polygalacturonases and their 

plant inhibitors. Physiol Mol Plant Pathol 56, 117-30 

Tieman DM, Harriman RW, Ramamohan G, and Handa AK (1992) An antisense pectin methylesterase 

gene alters pectin chemistry and soluble solids in tomato fruit. Plant Cell 4: 667-679 



Toubart P, Desiderio A, Salvi G, Cervone F, Daroda L, Lorenzo G, Bergmann C, Darvill AG, and 

Albersheim P (1992) Cloning and characterization of the gene encoding the endo 

polygalacturonase‐inhibiting protein (PGIP) of Phaseolus vulgaris L. Plant J 2, 367-373 

Underwood W (2012) The plant cell wall: a dynamic barrier against pathogen invasion. Frontiers Plant Sci 

3, 85 doi: 10.3389/fpls.2012.00085 

van Kan JAL (2006) Licensed to kill: the lifestyle of a necrotrophic plant pathogen. Trends Plant Sci 11, 

247-53 

Vicente AR, Saladié M, Rose JKC and Labavitch JM (2007) The linkage between cell wall metabolism and 

fruit softening: looking to the future. J Sci Food Agri 87, 1435-48 

Wagstaff C, Clarkson GJ, Zhang F, Rothwell SD, Fry SC, Taylor G, and Dixon MS (2010) Modification of 

cell wall properties in lettuce improves shelf life. J Exp Bot 61, 1239-1248 

 


