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Abstract. Strawberry fruit are delicate and succulent, and after harvest they can commonly undergo fungal spoilage. The
main strawberry pathogen is Botrytis cinerea, followed by Rhizopus stolonifer, Mucor spp., Colletotrichum spp., Penicillium
spp., which are the major pathogens responsible for postharvest decay of strawberry fruit. The traditional strategy of control of
postharvest strawberry decay rely on the application of fungicides during the crop growing cycle. Conventional fungicides are
applied around flowering, and treatments can be repeated up to harvest. Nowadays, there are many alternatives to conventional
fungicides that are characterized by low impact on the environment and on human health. These include biological control
agents, natural compounds, decontaminating agents, physical methods, and their combinations. According to an integrated
pest-management approach, management of postharvest diseases starts before cultivation in the field, with the suitable choice
of the strawberry variety, place of cultivation, and cultivation technique. This continues during the crop development, with
weed control, soil sanitation, and management of water and humidity. Careful picking at harvest and then rapid and constant
cold storage are the key factors to assure good quality of harvested strawberry fruit. A modified atmosphere that is enriched
in ozone, oxygen, or carbon dioxide is frequently used during strawberry storage, to slow down senescence and reduce decay.
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1. Introduction

Strawberry fruit are particularly perishable, especially after harvest, when even if they are apparently healthy
at the time of harvest, they can undergo spoilage. The main causes of decay of strawberry fruit during storage and
shelf life are the development of rots that are caused by a range of fungi. The aim of this review is to summarize
the information available relating to the etiology and epidemiology of postharvest strawberry diseases. This
includes the main strawberry pathogen, Botrytis cinerea, which is the causal agent of gray mold (Fig. 1), and
also the many other pathogens that can cause postharvest spoilage, including Rhizopus stolonifer, Mucor spp.,
Colletotrichum spp., and Penicillium spp. (Fig. 2). The traditional strategy of control of postharvest decay is then
described, which is mainly based on field application of synthetic fungicides. A comprehensive report is also
presented of the new alternatives to the use of fungicides that are based on biocontrol agents, natural compounds,
decontaminating agents, and treatments by physical means.
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Fig. 1. Disease cycle of gray mold on strawberry. Modified from Maas et al. (1998) [14].

2. Gray mold

2.1. Etiology

Botrytis cinerea is the asexual stage (anomorph) of the teleomorph Botryotinia fuckeliana. B. cinerea is a
fungus that has a wide range of hosts, which makes it very easy to find as a pathogen in many crops, both
preharvest and postharvest. According to a recent review, the fungus B. cinerea lies in second place in the word
top 10 pathogens listed in terms of its scientific and economic importance [1]. More than 200 dicotyledonous
crop species worldwide are estimated to be hosts for B. cinerea [2]. Among the strawberry postharvest pathogens,
B. cinerea is regarded as the most common and important [3].

At the beginning of an infection, a dark circular area is visible where the fruit tissue is softer than the other fruit
parts. Subsequently, abundant sporulation can develop from the site of infection, the color of which ranges from
white to gray, depending on light exposure. Often, B. cinerea can develop from rotted fruit to nearby healthy
fruit, causing extensive breakdown of a commodity, and sometimes spoilage of entire batches.

2.2. Epidemiology

Infections by B. cinerea can occur before harvest, at the field stage, and they can remain latent until stor-
age, when the pathogen takes advantage of the higher relative humidity and lower temperatures for disease
development, as these slow down the host defenses. Indeed, pathogen infections can also progress at storage
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Fig. 2. Postharvest strawberry fruit decay caused by the fungi Penicillium spp. (circular blue and white molds) and Botrytis cinerea (fluffy

gray mold) (A), Rhizopus stolonifer (B), Colletotrichum spp. (C), and Mucor spp. (D).

temperatures (usually 0–5◦C), when the fruit resistance is decreased. Infection starts from natural openings or
mechanical wounds that occur on the fruit.

B. cinerea is present in different habitats as mycelia, microconidia and macroconidia, chlamydospores, scle-
rotia, apothecia, and ascospores, and these are dispersed by various means [4]. Commonly, B. cinerea dispersal
is through the release of its macroconidia in dry air currents [5]. The life cycle of B. cinerea comprises the
anamorph and teleomorph stages. In the anamorph stage (also known as the somatic or vegetative stage), the
mycelium produces asexual conidia (macroconidia), and under difficult environmental conditions, sclerotia,
which represent its survival structures [6]. When the environmental conditions return favorable for the fungus,
the sclerotia can germinate through the emission of conidiophores, or after the sexual process, through elonga-
tion of an apothecium. However, the most frequent mode of sclerotia germination is conidiophore production
[4]. In the teleomorph stage (also known as the sexual reproductive cycle), B. cinerea shows large numbers of
microconidia in all the crosses that form sexual bodies [7]. Microconidia provide an alternative microscopic
propagule for these fungi when they are subjected to adverse conditions. In general, microconidia are found in
aging cultures of the fungus, or those that are contaminated by other organisms, and they are associated with
sclerotia. Microconidia function primarily as spermatia, and these develop from the germ tubes that are produced
by macroconidia, or endogenously, inside empty cells of mature hyphae, or from appressoria and sclerotia [5,
7]. In this sexual stage, after the appropriate preconditions and fertilization by microconidia, the sclerotia can
germinate to produce aphotecia, which contain ascospores that result from meiosis [6]. Sexual reproduction of
B. cinerea is not common in nature, and it was reported for the first time by Groves and Drayton in 1939 [8], and
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then studied in vitro [9, 10]. Chlamydospores are short-term survival structures that can help B. cinerea to over-
come short unfavorable periods that can be encountered on plant surfaces. These are formed by transformation
of vegetative mycelium parts, and they are released by hyphal disintegration [5].

In temperate climates, the sclerotia germinate in spring, and serve as a primary source of inoculum within a
crop [2]. As well as the sclerotia, during winter or periods that are not favorable for the fungus, mycelia of B.
cinerea can also survive within infected dead host tissues that are left as crop debris, and also inside seeds, to
serve as primary inoculum.

3. Soft rot

3.1. Etiology

The postharvest disease known as soft rot, black rot, leak, Rhizopus rot, or Mucor rot can be devastating, as
the relative etiological fungi can spread rapidly from one infected fruit to the next, healthy, fruit, which can result
in extensive breakdown of the commodity. The casual agents belong to the genus Rhizopus, which is usually
R. stolonifer, and to the genus Mucor [11]. R. stolonifer is considered as one of the fastest-growing fungi, and it
has a wide array of hosts that make it one of the most destructive of fungi. Mucor and Rhizopus rots look very
much alike and it can be hard to distinguish one from the other in the field. However, using a hand lens and
examining the mycelia on the infected fruit, Mucor sporangia are seen to have visible films of viscous liquid
on the surface that makes them sticky, whereas Rhizopus sporangia have a dry appearance. During the first
day of soft rot infection, the strawberry surface can be covered with thin, fluffy, cotton-like fungal structures.
Eventually, sporulation forms a dark mass with black sporangia at their tips, which can cover the entire surface of
the fruit [12]. However, the main symptom of soft rot is the deliquescence of the strawberry tissues, which lose
their consistency, become water soaked, and exude a leachate. Indeed, infection by R. stolonifer and Mucor spp.
are closely associated with the enzymatic activities of their polygalacturonases, which can degrade the middle
lamellae of the vegetal cells. Polygalacturonases and other enzymes like xylanase, cellulase, and amylase are
macerating enzymes that soften the fruit tissues. The percolate that is generated during degradation of the middle
lamellae is particularly dangerous for pathogen conidia dispersal within packages that contain strawberry fruit
after harvest.

3.2. Epidemiology

Rhizopus spp. and Mucor spp. are found naturally in soil, plant debris and the air. Their fungal dispersal
mechanisms include wind, air currents, and some invertebrates. Usually, strawberry fruit that are closer to the
soil are more susceptible to soft rot. However, rain can easily spread the pathogen spores widely across other
vegetal tissues. Indeed, soft rot is more common on strawberry plants exposed to rain in the field or grown under
plastic tunnels in several rows, where it can be located along the borders [13]. The pathogens of soft rot are good
saprophytes and probably live on crop debris and in the soil between seasons. Zygospores serve as long-term
resistance spores, and sporangiospores can remain viable for several months [14].

For infection to occur, R. stolonifer and Mucor spp., and others, commonly require mechanical damage to the
fruit surface. Once the pathogen has gained entry into a wounded tissue, its mycelia spread around the site of
infection very rapidly. The spread of R. stolonifer is facilitated by stolons that can attach to the surfaces of the
nearby healthy fruit by means of rhizoids.

After harvest, infection and disease development of R. stolonifer are controlled by temperature, as the minimum
temperature for spore germination and growth is about 6◦C; therefore, rapid cooling of the harvested fruit can
control this fungus. However, this is not true for the other pathogens belonging to the genus Mucor spp., which
can instead grow and infect the fruit at 0◦C nearly as well as at 24◦C [14]. Rapid postharvest cooling is anyway
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always important to maintain fruit quality, even if Mucor spp. is not controlled by these cold temperatures.
Increased occurrence of pre and postharvest soft rot have also been associated with the use of certain, even more
specific, fungicides to control gray mold [14].

4. Anthracnose

4.1. Etiology

The disease anthracnose is caused by fungi belonging to the genus Colletotrichum, and especially by Col-
letotrichum acutatum, which is a quarantine pathogen in some European countries. The main disease symptoms
are firm, round, brown lesions on fruit surfaces, which with advanced infections have salmon-colored conidial
masses that cover the center of the lesions. The infected fruit eventually dries up and becomes ‘mummified’ [14].

4.2. Epidemiology

The anthracnose pathogen spreads rapidly through fruiting fields during rainy and warm harvest seasons.
Spore production, spore germination, and infection of strawberry plants and fruit are favored by warm and
humid weather. Infected transplants and contaminated soil are the primary sources of inoculum. The fungi can
lie quiescent inside the host tissue for a period, and thus in some cases the infection only becomes visible after
harvest. However, during storage, the fungi can only sporadically spread to the nearby fruit.

Anthracnose is difficult to control when the environmental conditions are favorable for infection, and therefore
preventive measures must begin at planting. These depend on culture practices that can reduce the inoculum levels
and slow the spread of the pathogens in the field. New planting should be established with anthracnose-free plants.

5. Other postharvest decays

Penicillium fruit rot is mainly caused by Penicillium expansum, along with some other species of the genus
Penicillium, which can cause large postharvest losses in strawberry fruit. However, this disease is sporadic and
usually only important locally. Reiterative use of fungicides against gray mold might have increased incidence
of rots caused by Penicillium spp.

Aspergillus spp., Alternaria spp. and Cladosporium spp. are the causal agents of postharvest diseases that
generally show negligible levels; however, their incidence has increased among cultivars that show resistance to
gray mold.

6. Disease management

6.1. Preharvest factors that affect postharvest decay

According to an integrated pest-management approach, many factors can contribute to the final target of pest
control. To manage postharvest diseases, it is important to adopt the right choices, with the first steps applied
to the cultivation in the field. To choose the right strawberry variety is of primary importance for successful
strawberry fruit production, especially for organic farms. Indeed, in organic production systems, the varieties
used must perform well under conditions of fertilization and pest management strategies that are limited and are
significantly different from those used during conventional strawberry fruit production. For example, a cultivar
with thick cuticles can better resist Rhizopus infection [14]. The choices of plant varieties that are suited to the
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growing area, and of growing areas that are not suitable for the development of pathogens, such as B. cinerea or
R. stolonifer, are fundamental. Regions characterized by warm and dry spring weather or areas where the wind
is prevalent at a particular time during the day are to be preferred when the cultivation area is chosen.

Weed management is essential, as excessive weeds reduce the fruit yield and increase the humidity in the
field, with some weeds also acting as alternate hosts for these pathogens. Soil solarization or mulches are used
to manage weeds. As well as controlling the weeds, mulching serves multiple functions, such as warming or
cooling the soil, protecting the fruit and the foliage from the soil, and enhancing the moisture retention. Even if
plastic mulches can prevent berry–soil contact, it is important to be sure that water puddles do not form on the
plastic under the fruit. The spread of inoculum within a field can be reduced by mulching the middle rows with
straw. Cover cropping of legumes is a very old farming practice too, which can provide important benefits to
organic strawberry fruit production. Cover crops can improve strawberry cultivation by increasing soil nitrogen
availability, reducing soil-borne pest pressure, improving soil physical properties, and reducing soil erosion [15].

For the culture practices, the most important means of inhibiting B. cinerea activity is to avoid high humidity
and stagnant air, especially in the fruit zone, as these are ideal conditions for fungal development. In outdoor
planting for strawberry fruit production, the field should be planned to provide good air circulation patterns.
In greenhouse cultivation, heating and ventilation can avoid high humidity conditions. This might require extra
venting early in the day when moisture has condensed and before the sunlight has warmed the air.

Sanitation is another fundamental point. To prevent gray mold infection, dead or dying tissue need to be
removed from the plants and from the soil surface, both in the field and in the greenhouse. Also, all of the ripe
fruit need to be removed during harvest, as well as any fruit with signs of decay or rain damage, and plant debris
must not be left under benches or on access paths. At harvest, when the fruit are picked, all of the fruit should
be removed from the stem, such that the fleshy receptacle from the end of the fruit is not left behind, as this
can support fungal growth. Strawberry plants should also be grown using adequate nitrogen fertilization, as high
levels of nitrogen favor pathogen development.

6.2. Postharvest factors that affect postharvest decay

Although a lot of effort has been put in by researchers and the food industries to improve and prolong the
postharvest life of various produce, low temperature remains the main and most effective means. Rapid and
constant cold storage is the key factor to assure good quality of harvested fruit and vegetables. There is a direct
relationship between the time between harvest and cold storage and the percentage of decayed fruit during
storage: the more rapid the cooling of the harvested produce, the lower the percentage of postharvest decay [16].
In addition, the cold storage needs to be constant, as any interruption of the cold chain can allow the development
of a pathogen infection that was quiescent. An interesting study by Boer et al. [17] carried out daily monitoring
for fungal growth of Rhizopus spp. isolates on potato dextrose agar when moving samples at various intervals
from 3◦C to expose them to 20◦C for 2 h, before returning them to 3◦C. Here, there was little difference in the
overall fungal growth patterns according to the number of interruptions, which indicates that cold storage only
needs to be interrupted once for the fungus to be activated [17].

Humidity is the second parameter to consider during cold storage of the fresh produce, as low relative humidity
dehydrates the fruit, while high relative humidity favors fungal growth. Usually, the optimal relative humidity
for the storage of strawberry fruit, and for other fruit, is between 90% and 95%.

During postharvest handling, strawberry fruit have high susceptibility to mechanical damage, and thus they
need to be handled with care, to avoid damage that can create an entry point for the decay-causing fungi. For
this reason, strawberry fruit are harvested and often packaged in the field. Aliasgarian et al. [18] studied the
mechanical damage of strawberry fruit during harvest and postharvest operations, together with some of their
physical properties. The results indicated that the variety, operation stage, fruit position in a box, and box position
on a truck, have significant effects on the extent of the mechanical damage to the fruit. The maximum damage index
was related to the picking stage. The variety ‘Gaviota’ showed more susceptibility to mechanical damage than
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‘Selva’. Maximum damage occurred to the strawberry fruit at the bottom rows in the boxes. Furthermore, it was
shown that the higher the position of a box on the truck, the more susceptible the fruit are to mechanical damage.

During storage, the atmosphere where the fruit are stocked can be modified. Within the bags where the fruit
are stored, as the fruit respires, the oxygen levels decrease, and the carbon dioxide levels increase [19]. Under
these atmospheric conditions, the respiration rate of the fruit is decreased, and as a direct effect, the metabolic
processes, including maturation and senescence, are slowed. However, in some cases, there can be adverse
effects on color and flavor after exposure to very low oxygen levels and very high carbon dioxide levels [20,
21]. Very high oxygen levels have been tested as an alternative atmosphere for the storage of strawberry fruit
[22]. Similarly, atmospheres enriched in gases such as ozone [23, 24], nitric oxide [25, 26], nitrous oxide [27],
or hydrogen sulfide [28] have been successfully tested to improve postharvest quality of strawberry fruit.

A modified atmosphere is created when the fruit are sealed in polyethylene bags with relatively low gas
permeability. Therefore, simple modified storage with polyethylene film bags could improve the fresh fruit
quality, although the gas concentrations in polyethylene bags during storage cannot be controlled accurately.
The atmospheric conditions can be regulated partially by the selection of films with different gas permeability
[19]. Numerous studies have compared the composition and venting area of a wide range of packaging models
[29–31]. In recent years, the demand for new packaging and technologies that are both safe and environmentally
sustainable has increased considerably, such as the use of biodegradable or edible coatings. Examples of edible
coatings for strawberry fruit are based on chitosan [32] and methylcellulose [33]. As well as being a barrier
to mechanical injury, these can have antimicrobial compounds incorporated that can oppose the growth of any
microorganisms harbored on the surface of the strawberry fruit, and also nutraceutical compounds that can
enhance the value of the produce.

6.3. Application of conventional fungicides

Infections by B. cinerea that cause postharvest decay usually occur before harvest, in the field, and can remain
latent until fruit storage. Due to the lack of infection signs and of effective methods to predict the risk of this
disease, preventive applications before the appearance of disease symptoms are recommended. The traditional
control of gray mold infection consists of field applications of synthetic fungicides during the crop growing
cycle. The fungicides are applied around strawberry plant flowering, and are repeated up to harvest, depending
on the weather conditions and the preharvest interval for the respective formulations [34]. Fungicides have
been classified by the Fungicide Resistance Action Committee (FRAC) into a number of categories, according
to their biochemical modes of action (http://www.frac.info). Several families of synthetic fungicides that can
control gray mold infections are available (Table 1). Compounds active against the fungus B. cinerea belong to
the class of anilinopyrimidines, which includes cyprodinil, mepanipyrim, and pyrimethanil, which block fungal
amino-acid synthesis. Fludioxonil and iprodione, which are respectively a phenylpyrrole and a dicarboximide,
both inhibit signal transduction in fungal cells. Boscalid and fluopyram, which are respectively a pyridine-
carboxamide and a pyridinyl-ethyl-benzamide, prevent energy production, as these both inhibit the enzyme
succinate dehydrogenase. Fenhexamid, fenpyrazamine, imidazoles, triazoles, and morpholins are inhibitors of
sterol biosynthesis. Pyraclostrobin and fluazinam both inhibit mitochondrial respiration, although they have
different mechanisms of action.

B. cinerea is a classical ‘high-risk’ pathogen, and development of resistance to several classes of fungicides
has been frequently reported worldwide. In many countries, the use of some fungicides (e.g., benzimidazole)
has been banned or is restricted according to anti-resistance strategies. Mutants of B. cinerea that are resistant
to fungicides have been isolated in laboratory studies and in the field for many of the active fungicidal agents
[35]. As B. cinerea strains that are resistant to fungicides are now very common, this emphasizes the need for
accurate adoption of the FRAC guidelines, which suggest a limited number of fungicide applications per year.

Protective broad-spectrum fungicides, or their mixtures, can be used to control soft rot during the fruit-ripening
period. The main synthetic fungicides used to control Rhizopus rot are boscalid, fludioxinol, and fenhexamid.

http://www.frac.info
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Table 1

Fungicide ingredients that are active against the fungus B. cinerea, and their classification according to the Fungicides Resistance Action

Committee (FRAC)

Active ingredient Target action Target site FRAC code FRAC group

Cyprodinil Amino-acid and protein synthesis Methionine biosynthesis 9 Anilino-pyrimidine

Mepanipyrim Amino-acid and protein synthesis Methionine biosynthesis 9 Anilino-pyrimidine

Pyrimethanil Amino-acid and protein synthesis Methionine biosynthesis 9 Anilino-pyrimidine

Fludioxonil Signal trasduction Histidine kinase (os-2, HOG1) 12 Phenylpyrrole

Iprodione Signal trasduction Histidine kinase (os-1, Daf1) 2 Dicarboximides

Boscalid Respiration Inhibition of complex II:

succinate-dehydrogenase

7 Succinate-dehydrogenase

inhibitors

Fluopyram Respiration Inhibition of complex II:

succinate-dehydrogenase

7 Succinate-dehydrogenase

inhibitors

Fenhexamid Sterol biosynthesis in membrane 3-Keto reductase in

C4-de-methylation

17 Sterol biosynthesis

inhibitor

Fenpyrazamine Sterol biosynthesis in membrane 3-Keto reductase in

C4-de-methylation

17 Sterol biosynthesis

inhibitor

Imidazoles Sterol biosynthesis in membrane C14-demethylase in sterol

biosynthesis

3 Demethylation inhibitors

Triazoles Sterol biosynthesis in membrane C14-demethylase in sterol

biosynthesis

3 Demethylation inhibitors

Morpholines Sterol biosynthesis in membrane Reductase and isomerase in sterol

biosynthesis

5 Amines

Pyraclostrobin Respiration Cytochrome bc1 at Qo site 11 Quinone outside

inhibitors

Fluazinam Respiration Oxidative phosphorylation 29 Uncouplers of oxidative

phosphorylation

Postharvest Rhizopus rot is controlled by rapidly precooling the strawberry fruit immediately after harvest and
maintaining the storage temperature below 6◦C. To help control Mucor fruit rot, all of the ripe fruit should be
removed from the field. Sanitary conditions should be maintained during harvesting, packing, transport, and
product preparation.

Anthracnose can be partially controlled by applying protective fungicides from flowering through to harvest;
however, chemical control is often not sufficient. Most isolates of the pathogen are resistant to benomyl [36].

6.4. Alternatives to conventional fungicides

Nowadays, field application of synthetic fungicides remains the most effective and common method to control
postharvest rot of fruit and vegetables. However, increasing requests by consumers for fruit and vegetables
that are free of fungicide residues has contributed to the interest by researchers and the food industries in the
development of alternative methods for controlling postharvest decay of fresh produce. These compounds need to
be integrated into, or if possible, to totally replace, the use of synthetic fungicides. Indeed, for some commodities,
the application of postharvest fungicides is no longer permitted, due to several normative restrictions, and in
general, the use of fungicides is banned in organic agriculture. Also, the appearance of pathogen isolates that
are resistant to one or more fungicides has discouraged their repeated use. The following paragraphs summarize
some of the alternatives that have been investigated to replace, or to be integrated with, treatments based on
conventional fungicides in the control of postharvest strawberry fruit decay. These include: (1) biological control
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agents (BCAs); (2) natural compounds or decontaminating agents; (3) physical methods; and (4) combinations
of all of the three previous groups [37, 38].

6.4.1. Biocontrol agents
Biological control agents are mainly bacteria and yeast that are ‘antagonistic’ to the pathogens that cause

postharvest strawberry fruit spoilage. These BCAs compete with the pathogens to reduce the availability of
nutrients and space, or they parasitize the pathogens by creating antibiosis pressures, through the production
of compounds that are sometimes volatile, and that are noxious or unpleasant to the pathogens, or can induce
resistance in the host tissue to reinforce the plant defenses against the pathogens [39]. In recent years, numerous
studies have been aimed at the isolation and testing of microorganisms that can oppose strawberry pathogens.
Table 2 summarizes the most significant of these BCAs, along with the details of the mode of action proposed
for each one. Nowadays, several products based on microorganisms are already registered against B. cinerea,
and not only for strawberry. Among the most popular examples of commercially available biofungicides there
are Pseudomonas syringae (BioSave; JET Harvest Solutions, Longwood, FL, USA), Bacillus subtilis (Serenade;
Bayer, Leverkusen, Germany), Candida sake (Candifruit; IRTA, Lleida, Spain), and Metschnikowia fructicola
(Shemer; Bayer, Leverkusen, Germany).

Compared to postharvest application, field treatments have preventive actions toward infection and develop-
ment of disease, rather than curative actions, as they allow the antagonist to have longer interactions with the
pathogen and to colonize the tissues before the arrival of the pathogen. However, to be successful with preharvest
applications, putative biocontrol agents must tolerate low nutrient availability, UV radiation, high temperatures,
and dry conditions [40]. Before commercializing a microorganism, it also needs to be shown that it does not
have phytotoxic effects, or produce secondary metabolites that can be harmful to human health, while it needs
to be effective against postharvest pathogens [41–43].

6.4.2. Natural substances or decontaminating agents
Compounds that are ‘Generally Recognized As Safe’ (GRAS) are known not to be harmful to the environment

and to human health according to the United States Food and Drug Administration, and these are used for their
antimicrobial properties or their induction of plant defenses. Among the natural compounds proposed, plant
extracts and essential oils have been reported to control postharvest diseases, both in vitro and in vivo, and to
prolong the overall quality and storage life of fresh commodities [44, 45]. Table 3 summarizes the essential oils
and plant extracts that have been tested against postharvest decay of strawberry fruit. In some cases, even if the
essential oils are effective in controlling decay, sensory testing must also be carried out before commercialization,
as the taste of the strawberry fruit can be affected by the application of essential oils.

Inorganic salts have been shown to be active antimicrobial agents against a range of phytopathogenic fungi,
and among these agents, bicarbonates have been proposed as safe and effective alternative means to control
postharvest rot of fruit and vegetables, including for strawberry fruit [46]. Also, as well as these salts being
non-toxic and having minor environmental impact at their effective concentrations, they are inexpensive [47].
Treatments with formulations that are rich in calcium can reinforce the middle lamellae of the strawberry fruit
cells, to increase their resistance toward mechanical and biological injury [13, 48].

Several sanitizers classified as GRAS have been applied to extend postharvest storage of strawberry fruit,
including ethanol [22, 38, 49]. Successful results have been obtained using chlorine dioxide to maintain the
quality of strawberry fruit [50–52]. One of the most commonly used postharvest treatments to control fungal
growth and reduce the respiration rate of strawberry fruit is a modified storage atmosphere where there is carbon
dioxide enrichment, to reduce the incidence and severity of decay, and therefore to extend the postharvest life of
strawberry fruit. However, in some cases, adverse effects on color and flavor after exposure to very low oxygen
and very high carbon dioxide levels have been reported [20, 21]. Conditions of very high oxygen have been
tested as an alternative to conventional modified atmosphere packaging of fruit and vegetables, including for
strawberry fruit, as very high oxygen has growth inhibitory effects on bacteria, yeast and molds, and can prevent
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Table 2

Biocontrol agents that have been tested on strawberry tissues either at the preharvest or postharvest stages against Botrytis cinerea and/or

Rhizopus stolonifer, and their proposed modes of action

Biocontrol agent Target pathogen Mode and moment

of application

Mode of action Reference

Trichoderma atroviride B. cinerea Spraying on detached, senescing

strawberry leaves, and spraying

under field condition

A combination of

competition for sugars,

production of non-volatile

compounds, and possible

mycoparasitism

[87]

Halophilic bacteria B. cinerea Strawberry fruit soaked in bacterial

suspension

Production of antifungal

enzymes and volatile

compounds

[88]

Aureobasidium pullulans,

Candida oleophila

B. cinerea, R. stolonifer Spraying at flowering and fruit

maturity under plastic tunnels

Competition for nutrients [89]

Both live and heat-killed

Aureobasidium pullulans

B. cinerea Wound inoculation of detached green

strawberry fruit, and

dip-inoculation of unwounded

attached green strawberry fruit

Enhanced disease resistance [90]

Trichoderma harzianum B. cinerea, R. stolonifer Inoculation of wounded and

unwounded fruit

Direct parasitism [91]

Candida intermedia B. cinerea Strawberry fruit dipped in a yeast cell

suspension or exposed to yeast

volatile compounds

Production of volatile

compounds

[92]

Aureobasidium pullulans B. cinerea Strawberry fruit dipped Production of antibiotic

compounds

[93]

Kloeckera apiculata B. cinerea Strawberry fruit dipped Direct parasitism [94]

Lactobacillus plantarum

combined with cumin oil

B. cinerea Spraying on wounded strawberry

fruit

Competition for space and

nutrients

[95]

Pichia carribbica B. cinerea, R. stolonifer Inoculation of strawberry fruit Enhanced disease resistance [96]

Rhodotorula glutinis B. cinerea Dipping or inoculation of strawberry

fruit

Competition for space and

nutrients

[97–99]

Hanseniaspora uvarum B. cinerea, R. stolonifer Spraying at 3 days before harvest in

greenhouses

Enhanced disease resistance [100]

Metschnikowia fructicola B. cinerea Spraying in greenhouses, in low

plastic tunnels, and open-field

culture

– [101]

Cryptococcus laurentii B. cinerea Field spraying – [102]

Cryptococcus laurentii

combined with hot water

dipping

R. stolonifer Inoculation of strawberry fruit Competition for nutrients [103]

undesired anoxic fermentation [22, 53–55]. In addition, installation of ozone generators in strawberry cooling
rooms has increased over the past few years. Indeed, ozone is considered safe, does not deposit residues on the
fruit, is allowed in organic agriculture, and is efficient in the control of postharvest decay [56]. When strawberry
fruit were cold stored in experimental atmospheres enriched in ozone, their postharvest quality was maintained
longer [23, 24, 55].
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Table 3

Essential oils and plant extracts that have been tested against postharvest decay of strawberry fruit

Scientific name Common name Target pathogen Mode of application Reference

Ocimum basilicum Basil B. cinerea – [104, 105]

Lavandula angustifolia Lavander B. cinerea, A. niger, R. stolonifer – [106]

Rosmarinus officinalis Rosemary Postharvest decay Microencapsulation [107]

Foeniculum vulgare Fennel B. cinerea, A. niger, R. stolonifer – [106]

Thymus vulgaris Thymus Postharvest decay Microencapsulation [107, 108]

Eucalyptus globulus Eucalyptus Postharvest decay Exposure to vapor [109]

Cuminum cyminum Cumin B. cinerea, A. niger, R. stolonifer – [105, 106]

Mentha piperita Peppermint B. cinerea, A. niger, R. stolonifer – [106]

Cinnamonum zeylanicum Cinnamon Postharvest decay Exposure to vapor [109]

Urtica dioica Nettle B. cinerea, P. expansum, R. stolonifer Immersion [13]

Abies sibirica Fir B. cinerea, P. expansum, R. stolonifer Immersion; field treatments [13, 61]

Resistance inducers are plant or pathogen constituents, or their analogs, that can act as plant elicitors, as they
can activate the plant defense mechanisms, and thus simulate the presence of pathogens. Among the resistance
inducers, chitosan, salicylic acid and benzothiadiazole have been tested on strawberry fruit. Salicylic acid [57] and
the synthetic elicitor benzothiadiazole [13, 58–61] have been reported to prolong postharvest life of strawberry
fruit and to activate systemic acquired resistance in strawberry plants. Treatments with chitosan have reduced
postharvest decay of strawberry fruit when the chitosan was applied at the postharvest stage alone [13, 62, 63],
when mixed with other agents [64–66], or when applied at the preharvest stage under controlled conditions in
plastic tunnels [58, 62] or under field conditions [61, 67]. In addition, when a chitosan coating is applied to
the strawberry fruit tissue, this acts as a physical barrier against mechanical injury and water loss [13]. The
postharvest life of strawberry fruit can be extended by such coating techniques, as the coatings can act as a
physical barrier and eventually as a carrier of antimicrobial compounds, such as essential oils. Many studies have
reported on the use of essential oils embedded in a chitosan coating that can enhance the antifungal activity of
chitosan [66, 68].

6.4.3. Physical means
Physical means of fruit and vegetable protection include heat treatment, exposure to UV-C light, hypobaric

and hyperbaric treatments, among other measures [38]. Physical treatments can have dual effects on the fruit, as
these are active against the pathogen, and at the same time, they can induce host defense responses.

Storage in an environment that has a hypobaric pressure has been successfully demonstrated to reduce posthar-
vest decay of strawberry fruit [69, 70] and to induce resistance in strawberry tissue [71]. Indeed hypobaric
conditions result in a reduction in oxygen partial pressure that is responsible for producing mild stress of stored
fruit, which can result in induced resistance and delay of fungal decay of strawberry fruit [71]. In addition, reduc-
ing the availability of oxygen results in a lower respiration rate for the strawberry tissues, which therefore slows
down their metabolic processes, including maturation and senescence. This lower oxygen might even affect the
development of a pathogen inoculum present during storage.

Heat treatments are carried out by dipping fruit into hot water or exposing them to hot vapor or air. The duration
of the process is variable, depending on the fruit and on the variety. As strawberry fruit are very sensitive, the
time and temperature of any heat treatment should be accurately monitored. Some studies have investigated
optimal combinations between time and temperature for heat treatments, and they are generally agreed on 44◦C
to 46◦C for 15 min, as this treatment has shown the best retention of strawberry firmness and maintenance of the
initial quality, without development of either off-colors or off-flavors. When strawberries were dipped in water
at temperatures higher than 48◦C for 15 min, the fruit softened and developed an atypical pink pigmentation [72,
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73]. Other studies on strawberry fruit have suggested their rinsing and brushing in a hot-water treatment at 60◦C
for 20 s [74], or exposure to hot air at 45◦C for 3 h [75]. On the other hand, treatment of strawberry fruit with
hot water at temperatures lower than 38◦C did not improve the postharvest fruit quality compared to untreated
fruit, independent of the duration of the treatment [76].

Ultraviolet treatment creates a stress condition that results in increased expression of defense-related enzymes,
and consequently in reduced fungal rot [77]. This technique using different levels of energy has been used for
many fruit and vegetables, including strawberry fruit [75, 78, 79]. Strawberry fruit treated with UV-C doses
at 0.50 kJ m–2 and 1.00 kJ m–2 showed significantly reduced postharvest gray mold following both artificial
inoculations and natural infections, in comparison with the nonirradiated controls. In addition, UV-C doses
increased the activity of phenylalanine ammonia lyase in the strawberry tissues 12 h after irradiation; which
indicated the activation of metabolic pathways related to the biosynthesis of phenolic compounds [80]. In a
recent study, UV-C treatments were carried out in the field using a device made of germicidal lamps that were
supported by a metallic frame; it was shown that these treatments did not affect the phytochemical profiles of the
strawberry fruit [81]. Even if UV can be effective in controlling postharvest disease of strawberry fruit, public
concern remains toward a means that is perceived as potentially harmful.

Ultrasound is one of the newest nonthermal methods that has been tested experimentally to extend the shelf life
of fresh fruit, including for strawberry fruit [82]. The effectiveness of ultrasound depends on the wave frequency
and power, and on the treatment time. Ultrasound powers of 30 W and 60 W for 5 min to 10 min for strawberry
fruit were shown to be effective for the reduction of mold growth and the extension of the shelf life of strawberry
fruit [82].

6.4.4. Integrated pest management
Depending on the characteristics of the commodity and on the specific situation, one strategy for the control

of postharvest decay of fruit might be more appropriate than another. To overcome the drawbacks that can arise
with the use of any single strategy, the integration of different methods might provide additive or synergistic
effects for disease control [38, 83]. The future of pest management in agriculture is to integrate many means of
control, each of which will need to be characterized by low impact on the environment and on human health. The
use of an individual alternative to synthetic fungicides might not be effective enough to obtain complete control
of a disease, while the integration of many might replace or reduce the use of conventional fungicides, whereby
each means of control provides a portion of the disease reduction.

The recent European Union policies under Directive 128/2009 made integrated pest management mandatory
from January 1, 2014. This Directive states that the European Member States need to take all of the necessary
measures to promote the use of products with low risk to human health and the environment from among those
available to control the various pathogens. In addition, this Directive considers that where there is the risk of
development of pathogen resistance against a plant protection measure, the available anti-resistance strategies
should be applied to maintain the effectiveness of the products. This can include the use of multiple pesticides
with different modes of action, or the integration of several means of pathogen control that might even not include
chemical treatments.

6.5. Future perspectives

Strawberry fruit are among the most diffused and consumed berries, because of their combined desirable
organoleptic characteristics and significant nutritional and healthy values. Indeed strawberry fruit have a remark-
able nutritional composition in terms of their contents of minerals, vitamin C, folates, and phenolic substances,
most of which are natural antioxidants that contribute to the high nutritional quality of the fruit [84–86]. However,
the fruit are very delicate and perishable, and can develop postharvest rots a few days after the harvest.

In the recent years, research efforts have been addressed to obtain safe strawberry fruit with high sensory and
nutritional value, while resolving the problem of postharvest decay.
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In the literature, there are many studies available concerning the effectiveness of alternatives to synthetic
fungicides for the control of postharvest fruit decay; many of these are characterized by low impact on the
environment and human health. The application of many of these compounds have already been integrated into
common cultivation practices, and a lot of products as alternatives to synthetic fungicides are available for farmers.
Although they are still overall less effective than fungicides in controlling fruit decay, studies on their applicability,
and the number/time/concentration of treatments are needed [110]. Investigations on the interactions between
host plants and chemicals applied, even at molecular level with transcriptomic and metabolomic approaches,
could clarify the changes that occur in host plants following treatments, or the effects of the treatments on the
pathogens and to optimize their applications.

Dedicated breeding programs need to be developed to select specific traits of strawberry fruit, such as improved
nutritional value and extended shelf life. To reach this goal, together with the sources of variation within the avail-
able germplasm, breeders require deep knowledge of the heritability of each trait and the impact of environmental
effects on their variability.

The role of research is crucial to provide the strawberry sector with the necessary knowledge and tools to
facilitate the development of fruit of high nutritional quality, grown according to environmentally sustainable
methods and with competitive costs.
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[81] Xie Z, Charles MT, Fan J, Deschênes M, Dubé C. Effects of preharvest ultraviolet-C irradiation on fruit phytochemical profiles and
antioxidant capacity in three strawberry (Fragaria × ananassa Duch.) cultivars. J Sci Food Agr. 2015; in press.
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