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Killing me softly: A pathogen accelerates fruit
ripening and softening to cause disease
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Host—pathogen dynamics change considerably during the
course of tissue development; for example, many tissues be-
come more susceptible to necrotrophic pathogens during
senescence. In the case of fruits, susceptibility to such patho-
gens dramatically increases during ripening prior to senes-
cence (Alkan and Fortes, 2015). Although immature and
unripe fruits are normally resistant to disease, some fungal
pathogens can establish quiescent infections during these
early developmental stages (Prusky et al,, 2013). During fruit
ripening, a complex combination of biophysical, physiologi-
cal, transcriptional, and biochemical changes occurs, provid-
ing a favorable environment that allows the pathogen to
emerge from quiescence, switch to the necrotrophic lifestyle,
and cause decay of fruit tissues (Prusky et al, 2013; Blanco-
Ulate et al, 2016b). Therefore, understanding the molecular
mechanisms associated with increased susceptibility to fun-
gal diseases during fruit ripening is essential to help ensure
food security.

Given that the cell wall functions as a physical barrier and
source of plant defense molecules, the disassembly of this
structure during fruit softening is one of the most important
contributors to pathogen susceptibility (Brummell, 2006;
Prusky et al, 2013; Blanco-Ulate et al, 2016a; Wang et al,
2022). Fruit cell walls are enriched in pectin when compared
with hemicellulose and cellulose. During ripening, pectins
degrade, the network of hemicellulose and cellulose loosens,
and structural proteins release. These changes, in addition
to the hydration of the walls of pericarp cells, lead to in-
creased cell wall porosity and fruit softening (Brummell,
2006; Vicente et al., 2007).

The positive relationship between fruit ripening and
pathogen susceptibility is supported by the observation that
tomato (Solanum lycopersicum) genotypes defective for

various cell wall degrading enzymes (CWDEs) and related
proteins show reduced susceptibility to the necrotrophic
pathogen Botrytis cinerea (Cantu et al, 2008; Silva et al,
2021). Some studies suggest that fungal pathogens actively
induce fruit ripening and cell wall disassembly as an infec-
tion strategy. For instance, B. cinerea triggers the biosynthe-
sis of the ripening-promoting hormone ethylene and
induces the expression of genes encoding CWDEs in unripe
tomato fruits (Cantu et al, 2008, 2009; Silva et al, 2021).
However, our understanding of the mechanisms by which
fungal pathogens induce ripening to cause disease in fruits
remains limited.

In this issue of Plant Physiology, Silva et al. (2022) report
on a comprehensive analysis to determine whether and to
what extent B. cinerea actively induces ripening-related pro-
cesses to accelerate infection and promote disease in to-
mato fruits. To confirm that B. cinerea infection accelerates
ripening progression, the authors initially assessed the ripen-
ing rate in mock-inoculated and B. cinerea-inoculated unripe
(mature green, MG) fruits 3-6 days post-inoculation (dpi),
analyzing three characteristic physiological processes: exter-
nal color progression, ethylene production, and loss of fruit
firmness. They found that B. cinerea infection accelerated all
three measured parameters. Pathogen-inoculated fruits
turned red (Figure 1) and lost firmness significantly faster
and showed a dramatic increase in ethylene synthesis when
compared with mock-inoculated fruits. These results
confirmed that B. cinerea infection accelerates ripening
processes in tomato fruit.

To identify genes involved in the accelerated ripening in-
duced by fungal infection, the authors performed RNAseq
analysis in mock-inoculated, B. cinerea-inoculated, and
healthy MG fruits 3 dpi or 3 days post-harvest (dph). This

Received September 7, 2022. Accepted September 13, 2022. Advance access publication October 11, 2022
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please email: journals.permissions@oup.com

€20z Areniqad tz uo Jesn (01q-isul) 1q1S-eHONSY-dSN Aq 0928529/12/L/1L6L/2Io1e/sAyd|d/woo dnoojwspeoe//:sdiy woly pepeojumoq


https://orcid.org/0000-0002-6789-2432

22 PLANT PHYSIOLOGY 2023: 191; 21-23

o Ripening
stage
Red
3 Orange
g 3 Turning
]
S Breaker
8 Green
2]
o
£
c
S_ 2
=
]
o
i
@
>
<

KN Y KON KA
3 dpi 4 dpi 5 dpi 6 dpi

Figure 1 Botrytis cinerea accelerates fruit ripening to cause disease.
Ripening stage assessed by color in mock-inoculated (M) and pathogen-in-
oculated () MG fruits 3—6 dpi. Colored bars represent the proportion of
fruits in each ripening stage according to the color key. This figure was
adapted from Figure 1 of Silva et al. (2022). Error bars indicate standard de-
viation. Letters indicate statistical differences (P < 0.05) between each
treatment across all dpi using ANOVA followed by Tukey's HSD (n = 174).
HSD: Honestly Significant Difference.

transcriptomic analysis was complemented with the incorpo-
ration of two existing datasets: (i) an identical sample set to
the 3 dpi but sequenced at 1 dpi to evaluate genes poten-
tially induced earlier during the inoculation and (ii) samples
of healthy fruits at five developmental stages from MG to
red ripe (RR) to evaluate ripening-related genes. The authors
first focused on the expression of genes related to three key
functional categories: carotenoid biosynthesis, ethylene bio-
synthesis, and CWDEs. Curiously, genes belonging to the first
category were not significantly induced upon B. cinerea infec-
tion, despite the enhanced color progression caused by the
fungus. Conversely, B. cinerea inoculation resulted in upregu-
lation of genes involved in ethylene biosynthesis, which
might trigger the ripening process, and in activation of host
CWODE expression, particularly pectin-related enzymes, facili-
tating the disassembly of the fruit cell walls.

The authors then focused on genes commonly affected
by B. cinerea infection and the natural ripening process.
They performed enrichment analyses of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway annotations and
found the most significantly enriched pathways among the
commonly upregulated genes were “plant—pathogen inter-
action” and “proteasome.” “Alpha-linolenic acid metabo-
lism” was also enriched and includes genes involved in
biosynthesis of jasmonic acid, a hormone that also posi-
tively regulates ripening and pathogen responses.

Cesarino

Commonly downregulated genes were enriched in various
photosynthesis-related pathways, which is in line with de-
creased fruit photosynthetic capacity due to ripening. The
overall overlap between genes induced by B. cinerea inocu-
lation and ripening-related genes indicates that the patho-
gen activates multiple ripening processes.

Given that cell wall disassembly has a major impact on
disease outcome by facilitating fungal colonization, the
authors performed cell wall glycome profiling to compare
the cell wall changes induced by B. cinerea inoculation and
those that naturally occur during ripening. A total of 112 of
144 monoclonal antibodies (mABs) against diverse epitopes
present in distinct cell wall polysaccharides showed signifi-
cant fold changes for both B. cinerea inoculation and ripen-
ing, suggesting a high similarity in cell wall polysaccharide
changes caused by fungal inoculation and fruit ripening.
Remarkably, similar patterns of overrepresented polysaccha-
ride classes among these mABs were observed between the
samples, particularly mABs associated with the rhamnogalac-
turonan | backbone of pectins and the hemicellulose arabi-
nogalactan, and most showed increased binding (positive
fold changes). These results indicate that B. cinerea inocula-
tion and ripening increase access to pectin polymers, leading
to cell wall disassembly.

In addition to triggering the expression of host CWDEs,
B. cinerea also employs its own CWDEs, particularly pectin-
degrading enzymes, to facilitate infection. To identify fungal
CWDEs that likely contribute to host cell wall disassembly,
the expression of genes known to encode B. cinerea pectin-
degrading enzymes was measured in fruits 1 and 3 dpi. Four
genes showed high relative gene expression: two encoding
polygalacturonases (PGs) and two encoding pectin methyl-
esterases. Various fungal mutant combinations knocking out
one or both types of enzymes were tested for their virulence
in MG fruits, and only the mutant with a loss-of-function of
the two PGs showed a loss of virulence. PGs depolymerize
pectin chains by hydrolyzing glycosidic bonds present in the
polymeric backbone. The PG double-mutant also failed to
substantially induce ripening by 6 dpi, suggesting that it lost
critical virulence factors to establish and survive in MG
fruits. Additionally, fungal biomass in MG fruits inoculated
with the PG double-mutant was only two times greater 20
dpi when compared with 3 dpi, whereas direct inoculation
of RR fruits resulted in a much faster growth. These results
suggest that B. cinerea survival necessarily demands the in-
duction of fruit ripening and that this infection strategy
depends on fungal PGs.

The work of Silva et al. demonstrates that fungal induc-
tion of fruit ripening enables B. cinerea to emerge from qui-
escence and cause disease in tomato. The observation that
the pathogen induces multiple ripening-related processes
will allow future identification of ripening-promoting viru-
lence factors, ultimately enabling biotechnological strategies
to improve fruit resistance to pathogens.
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