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1  | INTRODUC TION

Decay caused by fungal infection is the most extensive loss in post-
harvest fruits, and unsuitable postharvest ambient conditions may 
accelerate the onset of infection during storage and transport of 
fruits. Pectate lyase has been implicated as an essential virulence 
factor, and pectin compounds in the pectinolytic intermediate layer 
can cause impregnation and softening of host tissues. However, 
not all cell wall- degrading enzymes produced by pathogenic patho-
gens are necessarily virulence factors (Miyara et al., 2008). Fungal 

pathogens can enhance their infecting ability by secreting organic 
acids or ammonia to acidify or alkalize the host's environment. Based 
on these mechanisms, fungal pathogens are classified into two cate-
gories, acidic and alkaline fungi (Prusky & Lichter, 2008). Penicillium 
digitatum, Penicillium italicum, Penicillium expansum, Botrytis cinerea, 
Sclerotinia sclerotiorum, and other postharvest fungi have been iden-
tified as acidic fungi, causing green mould in citrus (Ramón- Carbonell 
& Sánchez- Torres, 2017; Smilanick et al., 2005), blue mould in apple 
and peach, and grey mould in tomato, strawberry, and grape (Jiao 
et al., 2018; Levine et al., 1994; Ugolini et al., 2014). Secretion of 
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Abstract
Decay due to fungal infection is a major cause of postharvest losses in fruits. Acidic 
fungi may enhance their virulence by locally reducing the pH of the host. Several 
devastating postharvest fungi, such as Penicillium spp., Botrytis cinerea, and Sclerotinia 
sclerotiorum, can secrete gluconic acid, oxalic acid, or citric acid. Emerging evidence 
suggests that organic acids secreted by acidic fungi are important virulence factors. 
In this review, we summarized the research progress on the biosynthesis of organic 
acids, the role of the pH signalling transcription factor PacC in regulating organic acid, 
and the action mechanism of the main organic acid secreted via postharvest patho-
genic fungi during infection of host tissues. This paper systematically demonstrates 
the relationships between tissue acidification and postharvest fungal pathogenicity, 
which will motivate the study of host– pathogen interactions and provide a better un-
derstanding of virulence mechanisms of the pathogens so as to design new technical 
strategies to prevent postharvest diseases.
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organic acids is important during invasion and pathogenesis of such 
fungi, as the environmental pH effectively regulates fungal growth 
and development as well as increasing fungal pathogenicity (Prusky 
et al., 2001). Bateman and Beer (1965) reported a close association 
between fungal pathogenicity and pH value. They proposed that 
pathogens acidify the host tissues during infection and produce pH 
conditions more suitable for the activity of plant cell wall- degrading 
enzymes. Prusky et al. (2001) reported that some pathogenic fungi 
can increase their virulence by altering the ambient pH of their 
hosts. The ambient pH is a regulatory cue for processes associ-
ated with fungal infection, virulence, and pathogenicity (Rollins & 
Dickman, 2001). Organic acid molecules secreted by acidic fungi are 
multifunctional, including activating virulence factors and enhancing 
the pathogenicity of certain fungi.

Nevertheless, the underlying mechanisms by which acidifica-
tion can increase fungal pathogenicity remain to be elucidated. 
Concentrations of different organic acids produced by acidic fungi 
after infecting their hosts have been examined previously, and it 
has been reported that acidification processes depend on the host's 
carbon content and expression of genes for acidifying products 
(Prusky & Yakoby, 2003; Vilanova et al., 2014). Therefore, system-
atic understanding of the relationships between acidification and 
pathogenicity is crucial for further exploring the mechanisms of 
fungal pathogens, effectively controlling postharvest diseases and 
reducing postharvest losses. In this paper, we briefly review several 
postharvest acidic fungi and their main organic acids. Moreover, we 
focus on transcriptional regulation and the role of organic acids in 
infection of plant tissues to provide a better understanding of or-
ganic acids produced by pathogenic fungi as well as the virulence 
mechanisms of the pathogens.

2  | ACIDIC FUNGI AND THE 
PREDOMINANT ORGANIC ACIDS

The change in pH in plant tissues depends on the initial ambi-
ent pH and the host's buffering capacity (Davidzon et al., 2010). 
When infecting plant tissues, some fungal pathogens may secrete 
pH- regulating compounds to lower or increase the environmental 
pH to enhance infection, and such pH- regulating compounds are 
typically organic acids or ammonia (Davidzon et al., 2010; Rollins & 
Dickman, 2001). Fungi that can lower or increase the pH are termed 
“acidic fungi” or “alkaline fungi”, respectively (Alkan et al., 2013). A 
large number of postharvest fungi infect their host by secreting or-
ganic acids to achieve tissue acidification. These include P. expan-
sum, P. digitatum, and P. italicum (Prusky & Yakoby, 2003; Vilanova 
et al., 2014), Phomopsis mangiferae (Davidzon et al., 2010), B. cinerea 
(Manteru et al., 2003), as well as S. sclerotiorum (Rollins & Dickman, 
2001) and other postharvest pathogens.

According to Vylkova (2017), Aspergillus niger, a fungal strain com-
monly used for fermentation and food processing, is also considered 
an acidic fungus. As shown in Table 1, S. sclerotiorum and B. cinerea 
lower the pH in their host's environment by secreting large amounts 
of oxalic acid (Manteru et al., 2003; Rollins & Dickman, 2001). 
Penicillium spp. mainly secrete gluconic and citric acid (Davidzon 
et al., 2010; Vilanova et al., 2014), whereas P. expansum and P. mangif-
erae mainly secrete gluconic acid when infecting fruits such as apples 
and mangoes (Davidzon et al., 2010; Prusky et al., 2004).

According to the previous report, the contents of organic acids 
decrease with reducing virulence or fungal pathogenicity (Barad 
et al., 2012; Kunz et al., 2006; Liang et al., 2015). Knockout of genes 
related to organic acid synthesis or encoding transcription factor 

TA B L E  1   Main acidic fungi and secreted organic acids

Pathogen Organic acid Host References

Penicillium digitatum Gluconic acid, citric acid, fumaric 
acid

Citrus Vilanova et al. (2014); Zhang et al. (2021)

Penicillium expansum Gluconic acid, citric acid, fumaric 
acid

Apples, pears, cherries Barad et al. (2014, 2016); Vilanova et al. 
(2014)

Penicillium italicum Gluconic acid, citric acid, fumaric 
acid

Citrus Penalva et al. (2008); Prusky and Yakoby 
(2003); Prusky et al. (2004)

Aspergillus niger Gluconic acid, citric acid Grapes, apples Prusky and Lichter (2008); Vylkova (2017)

Aspergillus carbonarius Gluconic acid, citric acid Grapes, peaches, pears, citrus, and 
nectarines

Barda et al. (2020); Maor et al. (2017)

Fusarium oxysporum Fumaric acid Watermelons, tomatoes, and other 
hosts

Kwon et al. (2007); Weert et al. (2004)

Fusarium proliferatum Fumaric acid Onion, leek, chives, and garlic Palmero et al. (2010)

Phomopsis mangiferae Gluconic acid Mangos Davidzon et al. (2010)

Sclerotinia sclerotiorum Oxalic acid Wide range of hosts including 
oilseed rape

Cessna et al. (2000); Liang et al. (2015); 
McCaghey et al. (2019); Rollins and 
Dickman (2001)

Botrytis cinerea Oxalic acid Tomatoes, apples, pumpkins, and 
peppers

Manteru et al. (2003); Ugolini et al. (2014)
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genes will reduce organic acid accumulation, and ultimately lead to 
weakened fungal pathogenicity. For example, a transcription factor 
(pacC) mutant of Aspergillus carbonarius is unable to efficiently acid-
ify growth medium or infect its host as a direct result of diminished 
gluconic and citric acid production (Barda et al., 2020). Moreover, a 
study reporting the effect of organic acids (as pH modulators) on the 
response of citrus fruit to compatible and noncompatible pathogens 
indicated that P. digitatum pathogenicity was enhanced only when 
host- tissue acidification was accompanied by the suppression of 
H2O2 (Macarisin et al., 2007). This research emphasizes the import-
ant contribution of organic acids, including citric acid, oxalic acid, 
and gluconic acid, in fungal colonization of fruit tissue, but also that 
pathogenic development did not only rely on organic acid content.

3  | BIOSYNTHESIS OF ORGANIC ACIDS IN 
ACIDIC FUNGI

Numerous studies have reported that organic acids secreted by 
acidic fungi are crucial in pathogen virulence (Barad et al., 2014; 
Penalva et al., 2008; Rollins & Dickman, 2001). The acidic environ-
ment produced by organic acids during pathogen attack may alter 
the apoplastic pH, which improves the activity of other fungal path-
ogenic factors such as cell wall- degrading enzymes, especially polyg-
alacturonases (PGs), during infection (Barad et al., 2014; McCaghey 
et al., 2019; Prusky & Yakoby, 2003). Organic acids such as oxalic, 
citric, and gluconic acids are important for fungal pathogenicity. The 
ability of acidic fungi to produce organic acids to a certain extent 
determines the ability of these fungi to infect (Prusky et al., 2016).

Oxalic and citric acids are synthesized in the later stages of the 
tricarboxylic acid (TCA) and glyoxylate cycles (Munir et al., 2001; 
Papagianni, 2007). Breakdown of isocitrate by isocitrate lyase is 
the first stage in the glyoxylate shunt, a pathway that regenerates 
the TCA cycle precursors during growth. Moreover, two enzymes, 
glyoxylate oxidase and oxaloacetase acetylhydrolase, are involved 
in oxalic acid metabolism in fungi: oxaloacetate acetylhydrolase 
catalyses the hydrolysis of oxaloacetate to produce oxalic acid and 
acetic acid (Chen et al., 2010; Han et al., 2007); and glyoxylate ox-
idase catalyses the oxidation reaction of glyoxylic acid to produce 
oxalic acid (Prusky et al., 2016). Some fungi only accumulate oxalic 
acid through oxaloacetate, so knocking out the corresponding gene 
cannot produce oxalic acid. The fact that oxalic acid plays a pivotal 
role in pathogenic virulence is supported by a large number of ex-
periments at the gene level. Liang et al. (2015) produced a mutant 
with a knocked- out oxaloacetate acetylhydrolase OAH gene, which 
was unable to synthesize oxalic acid. Inoculation tests showed a sig-
nificant reduction in the mutant's virulence. Kunz et al. (2006) found 
that the mutant A336 of B. cinerea, which lacks oxalic acid, can grow 
in normal conditions in vitro but is nonpathogenic. A similar phenom-
enon was observed in S. sclerotiorum (Tian et al., 2016). In addition, 
oxalic acid can act synergistically with PG to promote infection and 
colonization by S. sclerotiorum. Observation of disease onset in sugar 
beet leaves after inoculation with S. sclerotiorum showed that tissue 

maceration occurred before the host was covered with mycelial 
growth, indicating that oxalic acid had entered the host tissue before 
mycelial invasion, confirming that S. sclerotiorum secretes oxalic acid 
earlier in the infection process than it secretes cell wall- degrading 
enzymes (Tu, 1985). This is consistent with the conclusion that ox-
alic acid accumulation can produce an acidic environment suitable 
for other pathogenicity factors and enzymatic activity (Kunz et al., 
2006). However, oxalic acid production and accumulation are influ-
enced by multiple factors such as oxalic acid dehydrogenase genes, 
environmental pH, and the transcription factor pac1 (considered to 
be a structural homolog of PacC).

Gluconic acid is produced through oxidation of β- d- glucose to d- 
gluconolactone and H2O2 by glucose oxidase (GOX) (Davidzon et al., 
2010). Therefore, the activity and expression of GOX are essential 
for gluconic acid production. Hadas et al. (2008) identified two puta-
tive genes (GOX1 and GOX2) in P. expansum and analysed transcript 
expression of the GOX family in infected tissues, which showed that 
GOX2 expression was higher than that of GOX1, suggesting that 
GOX2 may be more important for pathogenicity. However, a new 
GOX3 gene was recently identified by RNA sequencing, and its tran-
scription was induced before that of GOX2 (Tian et al., 2016). Further 
studies are needed to examine the effect of GOX3 expression on 
the pathogenicity of acidic fungi. Davidzon et al. (2010) analysed the 
acidification process in mango infected with P. mangiferae and found 
that the expression level of pmgox1, encoding GOX, was 8– 12- fold 
higher at pH 7 and 8 than that at pH 4. Moreover, high transcription 
levels of pmgox1, and gluconic acid and H2O2 content were found 
in infected fruit tissues, which confirmed that GOX contributed 
to acidification of plant tissues by P. mangiferae. These observa-
tions highlight the importance of acidification for pathogenicity of 
P. mangiferae. Acidification of tissues by gluconic acid is important 
for the induction of biosynthesis and accumulation of patulin and 
the fungus' pathogenicity in P. expansum (Barad et al., 2014). When 
P. expansum infects plant tissues, gluconic acid, as the sole carbon 
source, induces accumulation of patulin. Therefore, accumulation of 
gluconic acid as a precursor may directly regulate patulin synthesis, 
thereby regulating the activation of transcription factor PacC as well 
as that of other pathogenicity factors. These factors also contribute 
to the colonization of P. expansum in plant tissues (Barad et al., 2014). 
It has been suggested that gluconic acid may be metabolized via gly-
colytic pathways to pyruvate, which in turn is metabolized to patulin 
(Sumitra et al., 2006).

The alteration of the host tissue pH through exogenous elicitors 
also confirms that organic acids are important for pathogenic fungi. 
Accumulation of exogenous oxalic acid may effectively inhibit the 
development of blue mould disease in kiwi fruit and reduce patu-
lin accumulation, thereby improving fruit storage quality (Zhu et al., 
2016). Ammonia activates PacC and patulin in acidified environ-
ments when apples are infected by P. expansum (Barad et al., 2014). 
Artificial acidification of host tissues can increase the virulence of 
certain pathogens. Artificial addition of 100 mM sodium bicarbonate 
(NaHCO3) to fruit can increase the pH and decelerate the spread 
of fruit disease spots during infection by Colletotrichum musae  
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(Costa & Gunawardhana, 2012). Zhou et al. (2018) found that es-
sential oil extracts can reduce organic acid secretion by P. expan-
sum in vitro, thereby reducing its infectious ability. Accumulation 
of exogenous organic acids can be used as a regulator of acidic pH 
response processes, which in turn affects the environmental pH sig-
nal pathway and gene transcript expression, which may be a viable 
strategy to prevent detrimental effects of such postharvest patho-
gens (Keel et al., 2009). Regarding organic acids, the regulation of 
organic acid synthesis or identifying elicitors for postharvest control 
of fruit acidity will be promising approaches to prevent postharvest 
fruit diseases.

4  | REGUL ATION OF ORGANIC ACID 
PRODUC TION

The ambient pH regulates differential selective expression of patho-
genic factors in pathogens via pH signalling pathways, which allows 
pathogens to infect their hosts more effectively (Alkan et al., 2013; 
Gomes et al., 2020). Considering different host environments, many 
fungi adapt and develop environment- sensing mechanisms to adjust 
the ambient pH to best suit their pathogenicity. Fungal response is 
achieved by regulating the amount of incoming and outgoing ions 
(Mingot et al., 2001). The production of organic acids by commer-
cial filamentous fungi using biotechnology is increasingly important 
(Sauer et al., 2008), but many aspects of organic acid excretion by 
postharvest pathogenic fungi are still poorly understood (Pamela 
et al., 2012). This is partly due to the multitude of influencing factors 
such as host medium composition and conditions such as sugar con-
tent and pH. In many organisms, acidification is induced under carbon 
excess, such as 175 mM sucrose (the most abundant sugar in fruits) 
(Bi et al., 2016). Ambient pH strongly influences growth and organic 
acid excretion in postharvest fungi. From a biotechnological perspec-
tive, the maximal citric acid production by A. niger occurs when the 
pH is lower than 2, gluconic acid production at pH 4.5– 6.5, and oxalic 
acid excretion above pH 5 (Pamela et al., 2012; Papagianni, 2007).

Ambient pH levels refer to the pH of the environment wherein mi-
croorganisms survive and proliferate. Several microorganisms grow 
over a wide pH range and their gene expression is tailored to the pH 
of their growth environment, so that permeases, secreted enzymes 
and metabolites are synthesized only at pH values in which they can 
function (Penalva et al., 2008). Ambient pH levels are important in 
determining the pathogenicity of the pathogen to successfully in-
vade and colonize (Prusky et al., 2016). Under alkaline conditions, 
the synthesis of organic acids is triggered in postharvest pathogenic 
fungi. It has been reported that there are seven dedicated genes in-
volved in pH regulation in Aspergillus nidulans, including pacC, palA, 
palB, palC, palF, palH, and palI (Penalva et al., 2008). PacC is a tran-
scription factor responding to pH, and contains three Cys2His2 zinc 
finger motifs, recognizing the core region of 5′- GCCARG (Ment et al., 
2015). Under acidic conditions, PacC (72- kDa PacC72) is not active, 
but under alkaline conditions, the PacC72 undergoes two successive 
proteolytic cleavages. In the first step, PacC72 is hydrolysed into 

PacC53. The second step of the catalysis reaction is mainly regu-
lated by PalB, independently of pH. Under the action of a protease, 
PacC53 is cleaved to PacC27, which has the function of inhibiting or 
activating genes (Arst & Penalva, 2003). Therefore, changes in en-
vironmental pH have a significant effect on the expression of PacC, 
eventually resulting in a sophisticated system of preferred acids and 
alkalis as a function of ambient pH (Andersen et al., 2009).

The ambient pH signalling pathway mediated by the transcription 
factor PacC has been intensively studied, and is known as the pal 
pathway in filamentous fungi (Penalva et al., 2008). PacC has been 
reported to be a virulence factor of numerous fungi. However, under 
acidic conditions, PacC acts as a negative regulatory factor, which 
is important for the invasion of Fusarium oxysporum and Fusarium 
graminearum (Chen et al., 2018; Merhej et al., 2011). PacC, as a tran-
scription factor, regulates adaptations to the environment, second-
ary metabolism processes, and virulence in many fungal pathogens. 
Recent research reported the regulation of organic acids by PacC in 
the pathogenesis of postharvest fungi such as P. expansum (Barad 
et al., 2016; Chen et al., 2018) and P. digitatum (Zhang et al., 2013). 
These studies demonstrated that PacC plays an important role in 
the production of organic acids by postharvest fungi via regulation 
of the expression of genes for enzymes involved in the biosynthe-
sis and degradation of organic acids such as GOX and oxaloacetate 
hydrolase. In S. sclerotiorum, pac1 acts as a pH- sensing transcription 
factor that accumulates in response to elevated environmental pH 
and activates pac1- mediated downstream signalling, which in turn 
facilitates oxalic acid biosynthesis (Rollins & Dickman, 2001). This 
study demonstrated the production of oxalic acid mediated by pH 
using a Δpac1 mutant, suggesting that the production of pathogenic 
factors is a consequence of ambient pH regulation and that its ac-
cumulation may help regulate the acidification process. Barad et al. 
(2014) constructed two PacC gene mutants by down- regulating PacC 
expression using RNA interference (RNAi) technology. They found 
production of gluconic acid in the mutants decreased by 63% and 
27%, and accumulation of patulin also reduced. Chen et al. (2018) 
found that virulence of the ΔPePacC mutant was obviously reduced 
when infecting pear and apple fruits. PePacC can activate different 
target proteins such as calreticulin, glucose oxidase, and sulphate 
adenylate transferase, which confirms that the PacC transcription 
factor is associated with P. expansum virulence. Similarly, deletion of 
PacC homologs in pathogenic fungi such as P. digitatum (Zhang et al., 
2013), Colletotrichum acutatum (You et al., 2007), and Colletotrichum 
gloeosporioides (Miyara et al., 2008) can reduce the virulence of plant 
pathogens. However, there are also some reports claiming that PacC 
has no significant effect on the pathogenesis of certain fungi. The 
endoPG family, including PacC homologs, in B. cinerea exhibit differ-
ential expressions at various pH conditions, but there is no evidence 
suggesting that PacC can act as a transcription factor affecting 
the pathogenicity of B. cinerea (Christine et al., 2018; Gomes et al., 
2020). Additionally, PacC negatively affected the pathogenicity of 
F. oxysporum and F. graminearum, suggesting that PacC is a crucial 
element of a complex regulatory network that controls the virulence 
of different fungal pathogens (Caracuel et al., 2003).
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Cyclic adenosine mono- phosphate (cAMP) and the mitogen- 
activated protein kinase (MAPK) signal transduction pathway can 
regulate the formation of fungal appressoria (Franck et al., 2013; 
Zhao et al., 2005). Recognition of the external pH environment and 
further infection of the host by fungi are inseparable from intracellu-
lar signal regulatory systems, such as the cAMP and MAPK pathways. 
Increased levels of endogenous or exogenous cAMP can lead to ox-
alic acid accumulation in S. sclerotiorum (Rollins & Dickman, 2001). 
cAMP- mediated signalling interacts with environmental pH signal-
ling, thereby regulating oxalic acid production and sclerotium devel-
opment (Alkan et al., 2013). MAPK signalling cascades act in synergy 
with pathways such as cAMP/PKA or environmental pH signalling in 
Candida albicans in response to external pH (Leberer et al., 2001).

5  | MECHANISMS OF AC TION OF 
ORGANIC ACIDS INVOLVED IN FUNGAL 
PATHOGENICIT Y

5.1 | Oxalic acid

Oxalic acid is one of the key factors in the pathogenesis of S. sclero-
tiorum and B. cinerea (Cessna et al., 2000; Prusky & Lichter, 2008). 
Oxalic acid plays a similar role in the pathogenesis of B. cinerea 
as in that of S. sclerotiorum (Cessna et al., 2000; Manteru et al., 
2003). However, the interactions between S. sclerotiorum and its 
hosts have been studied in more detail. The effect of oxalic acid 
on S. sclerotiorum pathogenesis can be summarized as follows: (a) 
Oxalic acid promotes the accumulation of initial acid and reduction 
of extracellular pH at the site of infection. The high concentration 
of oxalic acid reduces the extracellular pH to 4– 5 at the site of 
infection, which enhances the activity of cell wall- degrading en-
zymes such as PG, cellulase, hemicellulose, and pectinase (Cessna 
et al., 2000; Rollins & Dickman, 2001). In addition, the acidified 
environment inhibits the activity of enzymes associated with plant 
resistance to disease such as phenylalanine ammonia- lyase and 
polyphenol oxidase. The decrease in pH also influences the tran-
scription of other pathogenicity factor genes, such as pg1 (Prusky 
& Lichter, 2008). (b) Chelation of metal ions from plant tissues by 
oxalic acid is toxic to host tissues. Oxalic acid chelates Ca2+ to pro-
duce insoluble calcium oxalate crystals, which disrupt cell walls 
and block plant ducts, causing wilting in plant hosts (Cessna et al., 
2000; Prusky & Lichter, 2008). Calcium oxalate also causes desta-
bilization of host pectin polymers, thus reducing access and sensi-
tivity to pectinolytic enzymes produced by S. sclerotiorum (Rollins 
& Dickman, 2001). Chelation of Mg2+ by oxalic acid leads to failure 
of normal chlorophyll synthesis and disruption of ribosomal func-
tions (Kabbage et al., 2013). (c) Oxalic acid alters redox reactions in 
plant tissues and inhibits defence responses. Moreover, oxalic acid 
inhibits the oxidative burst, callose deposition, and other early de-
fence reactions in the host by generating a reducing environment, 
thus reducing the oxidative damage to S. sclerotiorum by plant tis-
sues during invasion. Oxalic acid can impede signal transduction in 

the oxidative burst pathway of the host and inhibit the synthesis 
or activation of oxidase accumulation during the oxidative burst 
(Cessna et al., 2000; Williams et al., 2011). The acidic environment 
produced by oxalic acid accumulation hampers the production of 
H2O2 and inhibits the oxidative burst in the host (Kim et al., 2008). 
(d) Oxalic acid can induce the production of reactive oxygen spe-
cies (ROS) in plant tissues and can cause programmed cell death 
(PCD) in plants (Williams et al., 2011). When S. sclerotiorum in-
vades the host, oxalic acid can stimulate early anion and K+ loss 
from plant cells, thereby inducing cell dehydration and contrac-
tion, and causing a PCD response. When the host's early defence 
response is down- regulated, a saprophytic nutrient environment 
may develop within the host, which elicits the production of ROS- 
inducing factors that promote PCD and disease development in 
infected tissues (Li et al., 2016; Veluchamy et al., 2011; Williams 
et al., 2011). (e) Oxalic acid promotes successful infection by 
S. sclerotiorum through inhibiting plant cell autophagy and inducing 
apoptosis over large areas. The mechanisms of action of organic 
acids involved in fungal pathogenicity are described in Figure 1.

5.2 | Gluconic acid

Penicillium spp. and P. mangiferae can enhance their virulence by secret-
ing gluconic acid, which affects the host's environmental pH. Gluconic 
acid enhances fungal virulence in the following ways: (a) Gluconic acid 
reduces the host pH. P. mangiferae decreases the pH in mango and 
grapefruit tissue from 5.1 and 4.1 to 3.8 and 2.5, respectively. Gluconic 
acid is the predominant organic acid at the infection site. Inoculation 
with P. digitatum and P. expansum can decrease the pH in the pericarp 
of oranges and apples by 2 and 0.5 units, respectively (Vilanova et al., 
2014). A similar phenomenon has been observed in navel oranges and 
grapefruits by Prusky et al. (2004), who also found that gluconic acid 
and fumaric acid might be responsible for the low pH of decaying apple 
tissue. (b) Gluconic acid produces the acidic environment required for 
cell wall- degrading enzyme activity. Local acidification of plant tissue 
increases the virulence of P. expansum and facilitates functioning of cell 
wall degradation balance, which may affect the stability of cell mem-
branes and cell wall pectin polymers (Prusky et al., 2016). (c) Gluconic 
acid contributes to toxin accumulation. Gluconic acid may be con-
verted into pyruvic acid through the sugar degradation pathway and is 
further metabolized into patulin (Hadas et al., 2008).

5.3 | Citric acid

Citric acid secreted by Penicillium spp., A. niger, and Geotrichum can-
didum during infection of fruits improves the virulence of the fungal 
pathogens. Citric acid increases fungal pathogenicity in the following 
ways: (a) Citric acid lowers the pH of the host tissue. Citric acid se-
creted by P. digitatum and P. expansum can reduce the pH in the peri-
carp of oranges and apples by 2 and 0.5 units, respectively (Vilanova 
et al., 2014). (b) Citric acid produces the acidic environment required 
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for cell wall- degrading enzyme activity. Local acidification of plant tis-
sues increases the pathogenicity of fungi such as P. expansum and fa-
cilitates the functioning of cell wall- degrading enzymes at optimal pH 
conditions, thereby creating an optimal environment for the activity 
of PG produced by the fungus (Prusky et al., 2001; Prusky & Yakoby, 
2003). (c) Citric acid inhibits the production of H2O2 in host tissues 
(Macarisin et al., 2007). (d) Chelation of Ca2+ by citric acid weakens the 
cell wall functions of the host and leads to cell death. Accumulation of 
citric acid reduces Ca2+ activity between plant cells, altering the min-
eral balance, and affecting the stability of cell membranes and cell wall 
pectin polymers (Liu et al., 2020). The functions of citric acid involved 
in fungal pathogenicity are also illustrated in Figure 1.

5.4 | Other organic acids

F. oxysporum can decrease extracellular pH and secrete fuma-
ric acid in watermelon, tomato, and other hosts, which can be 

directly involved in pathogenesis and promote the expression of 
pathogenicity- related acidification genes (Caracuel et al., 2003). 
Vilanova et al. (2014) reported that P. digitatum and P. expansum se-
crete ascorbic acid, fumaric acid, and succinic acid in addition to cit-
ric acid and gluconic acid in the process of infecting hosts. However, 
it is noteworthy that according to the organic acid content in fruit 
tissue at the site of infection, not all secreted organic acids necessar-
ily contribute to fungal virulence and pathogenicity.

6  | CONCLUSIONS

Numerous studies have reported that acidic fungi can increase their 
pathogenicity by secreting organic acids and lowering environmen-
tal pH. Pathogenic mechanisms involving acidification are consider-
ably complex, and they cannot be separated from fungal adaptation, 
fungal– host interactions, and the host's ability to resist invasion. 
Moreover, acidification processes are influenced and regulated by 

F I G U R E  1   Action mechanism of the main organic acids secreted by postharvest pathogenic fungi (Botrytis cinerea, Penicillium digitatum, 
Penicillium expansum) during infection of host tissues. CA, citric acid; CWDE, cell wall- degrading enzyme; GA, gluconic acid; GOX, glucose 
oxidase; OA, oxalic acid; ROS, reactive oxygen species; TCA, tricarboxylic acid
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several factors and signals, requiring further research. For exam-
ple, (a) numerous species of postharvest pathogenic fungi occur in 
fruits and vegetables, but only a few pathogenic fungi exerting acidi-
fication effects have been identified, and novel acidic fungi must 
be identified and studied to improve respective databases; (b) the 
precise mechanisms mediating the secretion of organic acids from 
fungal cells remain to be elucidated, and the links between pH sens-
ing and known pathogenic signalling modules must be investigated 
further; (c) comprehensive information on pathogenic mechanisms 
and regulatory networks of organic acid molecules during acidifica-
tion need to be demonstrated; and (d) the transport and metabolic 
pathways of important organic acids during pathogenesis have not 
been comprehensively examined. In- depth understanding of fungal– 
host interactions with regard to organic acids may be of interest for 
future research, including aspects such as fungal species that exert 
acidification, types of secreted organic acids, and pH signalling path-
ways. These results would help in understanding the mechanisms 
of pH changes on pathogenicity, and may provide theoretical and 
technical guidance for developing new disease control strategies and 
reducing postharvest losses by disrupting acidification processes.

ACKNOWLEDG EMENTS
This study was supported by the National Natural Science 
Foundation of China (project no. 31871854), the Outstanding 
Youth Science Foundation in Shandong Province (project no. 
ZR2019YQ16), the Youth Science and Technology Innovation Team 
of Shandong Province (project no. 2019KJF010) in China, and the 
Shandong Provincial Natural Science Foundation (youth project no. 
ZR2020QC247).

CONFLIC T OF INTERE S T
The authors declare no competing financial interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were 
created or analysed.

ORCID
Wenxiao Jiao  https://orcid.org/0000-0003-3839-2479 

R E FE R E N C E S
Alkan, N., Espeso, E.A. & Prusky, D. (2013) Virulence regulation of phy-

topathogenic fungi by pH. Antioxidants and Redox Signaling, 19, 
1012– 1025.

Andersen, M.R., Lehmann, L. & Nielsen, J. (2009) Systemic analysis of the 
response of Aspergillus niger to ambient pH. Genome Biology, 10, 47.

Arst, H.N. Jr & Penalva, M.A. (2003) pH regulation in Aspergillus and par-
allels with higher eukaryotic regulatory systems. Trends in Genetics, 
19, 224– 231.

Barad, S., Espeso, E.A., Sherman, A. & Prusky, D. (2016) Ammonia ac-
tivates PacC and patulin accumulation in an acidic environment 
during apple colonization by Penicillium expansum. Molecular Plant 
Pathology, 17, 727– 740.

Barad, S., Horowitz, S.B., Kobiler, I., Sherman, A. & Prusky, D. (2014) 
Accumulation of the mycotoxin patulin in the presence of gluconic 

acid contributes to pathogenicity of Penicillium expansum. Molecular 
Plant- Microbe Interactions, 27, 66– 77.

Barad, S., Horowitz, S.B., Moscovitz, O., Lichter, A., Sherman, A. & 
Prusky, D. (2012) A Penicillium expansum glucose oxidase- encoding 
gene, GOX2, is essential for gluconic acid production and acidifica-
tion during colonization of deciduous fruit. Molecular Plant- Microbe 
Interactions, 25, 779– 788.

Barda, O., Maor, U., Sadhasivam, S., Bi, Y., Zakin, V., Prusky, D. et al. 
(2020) The pH- responsive transcription factor PacC governs patho-
genicity and ochratoxin A biosynthesis in Aspergillus carbonarius. 
Frontiers in Microbiology, 11, 210.

Bateman, D.F. & Beer, S.V. (1965) Simultaneous production and synergis-
tic action of oxalic acid and polygalacturonase during pathogenesis 
by Sclerotium rolfsii. Phytopathology, 55, 204– 211.

Bi, F., Barad, S., Ment, D., Luria, N., Dubey, A., Casado, V. et al. (2016) 
Carbon regulation of environmental pH by secreted small mol-
ecules that modulate pathogenicity in phytopathogenic fungi. 
Molecular Plant Pathology, 17, 1178– 1195.

Caracuel, Z., Roncero, M.I.G., Espeso, E.A., Gonzales- Verdejo, C.I., 
Garcia- Maceira, F.I. & Di Pietro, A. (2003) The pH signaling tran-
scription factor PacC controls virulence in the plant pathogen 
Fusarium oxysporum. Molecular Microbiology, 48, 765– 779.

Cessna, S.G., Sears, V.E., Dickman, M.B. & Low, P.S. (2000) Oxalic acid, 
a pathogenicity factor for Sclerotinia sclerotiorum, suppresses the 
oxidative burst of the host plan. The Plant Cell, 12, 2191– 2200.

Chen, C., Sen, Q.H., Narayanan, B., Nuss, D.L. & Herzberg, O. (2010) 
Structure of oxalacetate acetylhydrolase, a virulence factor of 
the chestnut blight fungus. Journal of Biological Chemistry, 285, 
26685– 26696.

Chen, Y.C., Li, B.Q., Xu, X.D., Zhang, Z.Q. & Tian, S.P. (2018) The pH- 
responsive PacC transcription factor plays pivotal roles in virulence 
and patulin biosynthesis in Penicillium expansum. Environmental 
Microbiology, 20, 4063– 4078.

Christine, R., Cindy, D., Jean, W.D., Laetitia, M., Eytham, S., Michel, D. et al. 
(2018) The pH regulator PacC: a host- dependent virulence factor in 
Botrytis cinerea. Environmental Microbiology Reports, 10, 555– 568.

Costa, D.M.D. & Gunawardhana, H. (2012) Effects of sodium bicarbon-
ate on pathogenicity of Colletotrichum musae and potential for con-
trolling postharvest diseases of banana. Postharvest Biology and 
Technology, 68, 54– 63.

Davidzon, M., Alkan, N., Kobiler, I. & Prusky, D. (2010) Acidification by 
gluconic acid of mango fruit tissue during colonization via stem 
end infection by Phomopsis mangiferae. Postharvest Biology and 
Technology, 55, 71– 77.

Franck, W.L., Gokce, E., Oh, Y., Muddiman, D.C. & Dean, R.A. (2013) 
Temporal analysis of the Magnaporthe oryzae proteome during co-
nidial germination and cyclic AMP (cAMP)- mediated appressorium 
formation. Molecular and Cellular Proteomics, 12, 2249– 2265.

Gomes, L., Silva, D., Pompeu, M. & Sanches, R.P. (2020) Saline stress af-
fects the pH- dependent regulation of the transcription factor PacC 
in the dermatophyte Trichophyton interdigitale. Brazilian Journal of 
Microbiology, 51, 1585– 1591.

Hadas, Y., Goldberg, I., Pines, O. & Prusky, D. (2008) Involvement of glu-
conic acid and glucose oxidase in the pathogenicity of Penicillium 
expansum in apples. Phytopathology, 97, 384– 390.

Han, Y., Joosten, H.J., Niu, W., Zhao, Z., Mariano, P.S., Mccalman, M. 
et al. (2007) Oxaloacetate hydrolase, the C- C bond lyase of oxalate  
secreting fungi. Journal of Biological Chemistry, 282, 9581– 9590.

Jiao, W., Li, X., Wang, X., Cao, J. & Jiang, W. (2018) Chlorogenic acid 
 induces resistance against Penicillium expansum in peach fruit by 
activating the salicylic acid signaling pathway. Food Chemistry, 260, 
274– 282.

Kabbage, M., Williams, B. & Dickman, M.B. (2013) Cell death control: 
the interplay of apoptosis and autophagy in the pathogenicity of 
Sclerotinia sclerotiorum. PLoS Pathogens, 9, e1003287.

https://orcid.org/0000-0003-3839-2479
https://orcid.org/0000-0003-3839-2479


     |  311JIAO et Al.

Keel, C., Pechy- tarr, M., De Werra, P. & Maurhofer, M. (2009) Role of 
gluconic acid production in the regulation of biocontrol traits 
of Pseudomonas fluorescens CHA0. Applied and Environmental 
Microbiology, 75, 4162– 4174.

Kim, K.S., Min, J.Y. & Dickman, M.B. (2008) Oxalic acid is an elicitor of 
plant programmed cell death during Sclerotinia sclerotiorum disease 
development. Molecular Plant- Microbe Interactions, 21, 605– 612.

Kunz, C., Vandelle, E., Rolland, S., Poinssot, B., Bruel, C., Cimerman, A. 
et al. (2006) Characterization of a new, nonpathogenic mutant of 
Botrytis cinerea with impaired plant colonization capacity. New 
Phytologist, 170, 537– 550.

Kwon, H.R., Son, S.W., Han, H.R., Choi, G.J., Jang, K.S., Choi, Y.H. 
et al. (2007) Nematicidal activity of bikaverin and fusaric acid 
isolated from Fusarium oxysporum against pine wood nematode, 
Bursaphelenchus xylophilus. Plant Pathology Journal, 23, 318– 321.

Leberer, E., Harcus, D., Dignard, D., Johnson, L., Ushinsky, S., Thomas, D. 
et al. (2001) Ras links cellular morphogenesis to virulence by regula-
tion of the MAP kinase and cAMP signalling pathways in the patho-
genic fungus Candida albicans. Molecular Microbiology, 42, 673– 687.

Levine, A., Tenhaken, B., Dixon, R. & Lamb, C. (1994) H2O2 from the ox-
idative burst orchestrates the plant hypersensitive disease resis-
tance response. Cell, 79, 583– 593.

Li, H., Zhang, Z.Q., He, C., Qin, G.Z. & Tian, S.P. (2016) Comparative 
 proteomics reveals the potential targets of BcNoxR, a putative 
regulatory subunit of NADPH oxidase of Botrytis cinerea. Molecular 
Plant- Microbe Interactions, 29, 990– 1003.

Liang, X.F., Liberti, D., Li, M., Kim, Y.T., Hutchens, A., Wilson, R. et al. 
(2015) Oxaloacetate acetylhydrolase gene mutants of Sclerotinia 
sclerotiorum do not accumulate oxalic acid but do produce limited 
lesions on host plants. Molecular Plant Pathology, 16, 559– 571.

Liu, X., Jiao, W.X., Du, Y.M., Chen, Q.M., Su, Z.B. & Fu, M.R. (2020) 
Chlorine dioxide controls green mold caused by Penicillium dig-
itatum in citrus fruits and the mechanism involved. Journal of 
Agricultural and Food Chemistry, 68, 13897– 13905.

Macarisin, D., Cohen, L., Eick, A., Rafael, G., Belausov, E., Wisniewski, 
M. et al. (2007) Penicillium digitatum suppresses production of 
hydrogen peroxide in host tissue during infection of citrus fruit. 
Phytopathology, 97, 1491– 1500.

Manteru, S., Abouna, S., Lambert, B. & Legendre, L. (2003) Differential 
regulation by ambient pH of putative virulence factors secretion 
by the phytopathogenic fungus Botrytis cinerea. FEMS Microbiology 
Ecology, 43, 359– 366.

Maor, U., Sadhasivam, S., Zakin, V., Prusky, D. & Sionov, E. (2017) The 
effect of ambient pH modulation on ochratoxin A accumulation by 
Aspergillus carbonarius. World Mycotoxin Journal, 10, 339– 348.

McCaghey, M., Willbur, J., Smith, D.L. & Kabbage, M. (2019) The com-
plexity of the Sclerotinia sclerotiorum pathosystem in soybean: 
virulence factors, resistance mechanisms, and their exploita-
tion to control Sclerotinia stem rot. Tropical Plant Pathology, 44,  
12– 22.

Ment, D., Alkan, N., Luria, N., Bi, F., Reuveni, E., Fluhr, R. et al. (2015) A 
role of AREB in the regulation of PACC- dependent acid- expressed- 
genes and pathogenicity of Colletotrichum gloeosporioides. Molecular 
Plant- Microbe Interactions, 28, 154– 166.

Merhej, J., Richard- Forget, F. & Barreau, C. (2011) The pH regulatory 
factor Pac1 regulates Tri gene expression and trichothecene pro-
duction in Fusarium graminearum. Fungal Genetics and Biology, 48, 
275– 284.

Mingot, J.M., Espeso, E.A., Dez, E. & Pealva, M.A. (2001) Ambient pH sig-
naling regulates nuclear localization of the Aspergillus nidulans PacC 
transcription factor. Molecular and Cellular Biology, 21, 1688– 1699.

Miyara, I., Shafran, H., Haimovich, H.K., Rollins, J., Sherman, A. & 
Prusky, D. (2008) Multi- factor regulation of pectate lyase secre-
tion by Colletotrichum gloeosporioides pathogenic on avocado fruits. 
Molecular Plant Pathology, 9, 281– 291.

Munir, E., Yoon, J.J., Tokimatsu, T., Hattori, T. & Shimada, M. (2001) A phys-
iological role for oxalic acid biosynthesis in the wood- rotting basidi-
omycete Fomitopsis palustris. Proceedings of the National Academy of 
Sciences of the United States of America, 98, 11126– 11130.

Palmero, D., Cara, M.D., Nosir, W., Iglesias, C. & Tello, J.C. (2010) 
Pathogenicity and fusaric acid production by Fusarium proliferatum 
isolated from garlic in Spain. Phytopathology, 100, 95.

Pamela, V., Viktoria, F., Barbara, P., Schinagl, C.W. & Wolfgang, B. (2012) 
Organic acid excretion in Penicillium ochrochloron increases with 
ambient pH. Frontiers in Microbiology, 3, 121.

Papagianni, M. (2007) Advances in citric acid fermentation by Aspergillus 
niger: biochemical aspects, membrane transport and modeling. 
Biotechnology Advances, 25, 244– 263.

Penalva, M.A., Tilburu, B., Bignelli, E. & Arst, H.N. (2008) Ambient pH 
gene regulation in fungi: making connections. Trends in Microbiology, 
16, 291– 300.

Prusky, D., Barad, S., Ment, D. & Bi, F. (2016) The pH modulation by fun-
gal secreted molecules: a mechanism affecting pathogenicity by 
postharvest pathogens. Israel Journal of Plant Sciences, 63, 22– 30.

Prusky, D. & Lichter, A. (2008) Mechanisms modulating fungal attack 
in post- harvest pathogen interactions and their control. European 
Journal of Plant Pathology, 121, 281– 289.

Prusky, D., Mcevoy, J.L., Leverentz, B. & Conway, W.S. (2001) Local 
modulation of host pH by Colletotrichum species as a mechanism 
to increase virulence. Molecular Plant- Microbe Interactions, 14, 
1105– 1113.

Prusky, D., Mcevoy, J.L., Saftner, R., Conway, W.S. & Richard, J. (2004) 
Relationship between host acidification and virulence of Penicillium 
spp. on apple and citrus fruits. Phytopathology, 94, 44– 51.

Prusky, D. & Yakoby, N. (2003) Pathogenic fungi: leading or led by ambi-
ent pH? Molecular Plant Pathology, 4, 509– 516.

Ramón- Carbonell, M.D. & Sánchez- Torres, P. (2017) Involvement of 
Penicillium digitatum PdSUT1 in fungicide sensitivity and virulence 
during citrus fruit infection. Microbiological Research, 203, 57– 67.

Rollins, J.A. & Dickman, M.B. (2001) pH signaling in Sclerotinia scle-
rotiorum: identification of a pacC/RIM1 homolog. Applied and 
Environmental Microbiology, 67, 75– 81.

Sauer, M., Porro, D., Mattanovich, D. & Branduardi, P. (2008) Microbial 
production of organic acids: expanding the markets. Trends in 
Biotechnology, 26, 100– 108.

Smilanick, J.L., Mansour, M.F., Margosan, D.A., Mlikota Gabler, F. & 
Goodwine, W.R. (2005) Influence of pH and NaHCO3 on effective-
ness of imazalil to inhibit germination of Penicillium digitatum and 
to control postharvest green mold on citrus fruit. Plant Disease, 89, 
640– 648.

Sumitra, R., Pierre, F., Ashok, P. & Larroche, C. (2006) Gluconic acid: 
properties, applications and microbial production. Food Technology 
and Biotechnology, 44, 185– 195.

Tian, S., Torres, R., Ballester, A.R., Li, B., Vilanova, L. & Gonzalez- 
Candelas, L. (2016) Molecular aspects in pathogen– fruit interac-
tions: virulence and resistance. Postharvest Biology and Technology, 
122, 11– 21.

Tu, J.C. (1985) Tolerance of white bean (Phaseolus vulgaris) to white mold 
(Sclerotinia sclerotiorum) associated with tolerance to oxalic acid. 
Physiological Plant Pathology. 26, 111– 117.

Ugolini, L., Martini, C., Lazzeri, L., Lazzeri, L., Avino, L. & Mari, M. (2014) 
Control of postharvest grey mold (Botrytis cinerea Per.: Fr.) on 
strawberries by glucosinolate- derived allyl- isothiocyanate treat-
ments. Postharvest Biology and Technology, 90, 34– 39.

Veluchamy, S., Williams, B., Kim, K. & Dickman, M.B. (2011) The CuZn 
superoxide dismutase from Sclerotinia sclerotiorum is involved 
with oxidative stress tolerance, virulence, and oxalate production. 
Physiological and Molecular Plant Pathology, 78, 14– 23.

Vilanova, L., Vinas, I., Torres, R., Usall, J., Buron- Moles, G. & Teixid, 
N. (2014) Acidification of apple and orange hosts by Penicillium 



312  |     JIAO et Al.

digitatum and Penicillium expansum. International Journal of Food 
Microbiology, 178, 39– 49.

Vylkova, S. (2017) Environmental pH modulation by pathogenic fungi as 
a strategy to conquer the host. PLoS Pathogens, 13, e1006149.

Weert, S.D., Kuiper, I., Lagendijk, E.L., Lamers, G. & Lugtenberg, B. 
(2004) Role of chemotaxis toward fusaric acid in colonization of hy-
phae of Fusarium oxysporum f.sp. radicis- lycopersici by Pseudomonas 
fluorescens WCS365. Molecular Plant- Microbe Interactions, 17, 
1185– 1191.

Williams, B., Kabbage, M., Kim, H.J., Britt, R. & Dickman, M.B. (2011) 
Tipping the balance: Sclerotinia sclerotiorum secreted oxalic acid 
suppresses host defenses by manipulating the host redox environ-
ment. PLoS Pathogens, 7, e1002107.

You, B.J., Choquer, M. & Chung, K.R. (2007) The Colletotrichum acutatum 
gene encoding a putative pH responsive transcription regulator is 
a key virulence determinant during fungal pathogenesis on citrus. 
Molecular Plant- Microbe Interactions, 20, 1149– 1160.

Zhang, T.Y., Sun, X.P., Xu, Q., Candelas, L.G. & Li, H.Y. (2013) The pH 
signaling transcription factor PacC is required for full virulence in 
Penicillium digitatum. Applied Microbiology and Biotechnology, 97, 
9087– 9098.

Zhang, Z., Li, S., Sun, D., Yang, Y. & Lu, L. (2021) Cultivation of 
Rhodosporidium paludigenum in gluconic acid enhances effectiveness 

against Penicillium digitatum in citrus fruit. Postharvest Biology and 
Technology, 172, 111374.

Zhao, X.H., Kim, Y., Park, G. & Xu, J. (2005) A mitogen- activated pro-
tein kinase cascade regulating infection- related morphogenesis in 
Magnaporthe grisea. The Plant Cell, 17, 1317– 1329.

Zhou, T., Wang, X.H., Ye, B.X., Shi, L., Bai, X.L. & Lai, T.F. (2018) Effects of 
essential oil decanal on growth and transcriptome of the posthar-
vest fungal pathogen Penicillium expansum. Postharvest Biology and 
Technology, 145, 203– 212.

Zhu, Y., Yu, J., Brecht, J.K., Jiang, T. & Zheng, X. (2016) Pre- harvest appli-
cation of oxalic acid increases quality and resistance to Penicillium 
expansum in kiwifruit during postharvest storage. Food Chemistry, 
190, 537– 543.

How to cite this article: Jiao, W., Liu, X., Li, Y., Li, B., Du, Y., 
Zhang, Z. et al. (2022) Organic acid, a virulence factor for 
pathogenic fungi, causing postharvest decay in fruits. 
Molecular Plant Pathology, 23, 304– 312. https://doi.
org/10.1111/mpp.13159

https://doi.org/10.1111/mpp.13159
https://doi.org/10.1111/mpp.13159

