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Abstract – Introduction. Anthracnose disease causes severe economic losses in strawberry (Fragaria × ananassa)
production. Plant response to the pathogen attack is closely linked to its content and composition of polyphenols.
In order to reduce the damage caused by pathogens, organic and inorganic fungicides are applied. The aim was to
determine the influence of selected fungicides on various metabolites in strawberry fruit. Materials and methods.
The eﬃciency of potassium bicarbonate (PBC) and acetic acid (AA) was compared with the control and a fungicide
treatment in the strawberry cv. Elsanta. To examine the possible eﬀects of these fungicides, artificial inoculation was
performed in all treatments except for the control. The percentage of infected fruits and the content of selected primary
and secondary metabolites in non-infected and infected fruits were determined. Results and discussion. Both analyzed
inorganic fungicides proved eﬀective against anthracnose. AA treated fruits were the least infected (only 4%), followed
by PBC, fungicide and control. The highest percentage (9.26%) of infected fruits was determined following artificial
infection treatment. Total sugar content decreased for 32% in infected control and AA treated fruits. PBC treatment
exhibited a positive eﬀect on the organic acid content in comparison with other treatments. The content of phenolic
compounds was higher in PBC treated fruits and did not change significantly after infection. Infection increased the
total flavonol content of the fruit. Conclusion. The use of PBC and AA potentially present a prospective protection in
the strawberry orchards especially for controlling anthracnose in organic fruit crops.
Keywords: strawberry / Fragaria × ananassa / anthracnose (Colletotrichum spp.) / alternative fungicides / biological

control / integrated disease management / phenolics

Résumé – Des produits alternatifs contre l’anthracnose aﬀectent certains métabolites primaires et secondaires
de la fraise. Introduction. L’anthracnose provoque des pertes économiques importantes en production de fraises (Fragaria × ananassa). La réponse de la plante à l’attaque des agents pathogènes est étroitement liée à sa teneur et à sa
composition en polyphénols. Pour réduire les dommages causés par les agents pathogènes, des fongicides organiques
et inorganiques sont appliqués. Nous avons cherché à déterminer l’influence de ces fongicides sur certains métabolites
présents dans la fraise. Matériel et méthodes. L’eﬃcacité du bicarbonate de potassium (PBC) et de l’acide acétique
(AA) a été comparée à celle du contrôle et d’un traitement fongicide sur le cultivar Elsanta. En vue d’examiner les eﬀets
potentiels de ces fongicides, une inoculation artificielle a été réalisée pour tous les traitements sauf pour le contrôle. Le
pourcentage de fruits infectés, ainsi que le contenu en certains métabolites primaires et secondaires contenus dans les
fruits non infectés et infectés ont été déterminés. Résultats et discussion. Les deux fongicides inorganiques étudiés se
sont révélés eﬃcaces contre l’anthracnose. Les fruits traités à l’AA ont été les moins infectés (seulement 4 %), suivis
par ceux traités au PBC, au fongicide et ceux du contrôle. Le pourcentage le plus élevé (9,26 %) de fruits infectés a
été obtenu suite à une inoculation artificielle. La teneur en sucres totaux a diminué de 32 % dans les fruits du contrôle
infecté et ceux traités à l’AA. Le traitement au PBC a montré un eﬀet positif sur la teneur en acides organiques en
comparaison avec les autres traitements. La teneur en composés phénoliques a été plus élevée dans les fruits traités au
PBC et n’a pas changé de manière significative après infection. L’infection a augmenté la teneur des fruits en flavonols
totaux. Conclusion. L’utilisation du PBC et de l’AA présente une protection potentielle des vergers de fraisiers, en
particulier dans la perspective du contrôle de l’anthracnose en culture biologique.
Mots clés : fraise / Fragaria × ananassa / anthracnose (Colletotrichum spp.) / alternative aux fongicides / lutte biolo-

gique / gestion intégrée des maladies / composés phénoliques
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1 Introduction
Colletotrichum, the agent of anthracnose disease, causes
severe economic losses in strawberry (Fragaria × ananassa)
production all over the world. The species has been subjected
to thorough taxonomic reassessment and is now recognized
as a species complex, comprising 31 species. Several species
within the C. acutatum complex cause strawberry anthracnose; however, Colletotrichum nymphaeae (formerly known
as C. acutatum molecular group A2 or C. simmondsii) is the
most harmful [1].
In order to reduce the damage caused by this plant
pathogen, several methods have been employed, most commonly chemical control. However, excessive use of fungicides
has caused pollution problems and leaves residues in the harvested crops. Strawberry fruit is particularly prone to negative eﬀects of the fungicides, as C. nymphaeae usually infects
mature fruits. An additional problem is the pathogenic resistance induced by the frequent use of specific fungicides [2].
Their use is also limited due to a lack of pesticides registered
for this crop and restrictions imposed on their usage. Diﬀerent
fungicides for anthracnose control have previously been investigated in many research studies, such as treatments with propiconazole [11], benomyl [12] and prochloraz [13]. Garcia de
los Santos and Romero [14] published extensive research on
the eﬀect of many diﬀerent fungicides in the control of C. acutatum and evaluated their impacts on the disease. Therefore,
environmentally friendly control alternatives such as biological control have been sought. The use of antifungal compounds
such as bicarbonates [3] and organic acids [4] reportedly reduce the damage caused by C. nymphaeae.
Some organic acids have an inhibitory eﬀect on pathogenic
organisms. Low pH levels require high energy inputs of
pathogenic organisms to maintain a favorable intracellular pH.
The optimal growth of Colletotrichum species has been observed at pH 6.0 and the inhibition of growth by acetic acid
has been accelerated and linked with a decrease in pH from
6.0 to 4.0 [4]. Several researchers thus propose to control Colletotrichum infection by using acetic acid, which is generally
less dangerous than fungicides [4]. Considering the inhibitory
role of organic acids, some mechanisms of pathogen repression have been suggested, including membrane disruption with
sorbic acid [5] and the interruption of metabolic reactions with
benzoate [6].
A diﬀerent option is to increase pH level with the use of
bicarbonate salts. As reported by Palmer et al. [7], bicarbonate
anion appears to be the active portion of the bicarbonate salts
even if cations might have some minor eﬀects. Bicarbonates
have several modes of action against fungi, including buﬀering
and active increase of the pH level and the osmotic pressure
of cells at the leaf surface. Both factors lead to detrimental
conditions for fungal spore growth and germination [7]. The
bicarbonate ion has been identified as the probable cause of
growth inhibition in some bacteria and fungi. In the case of
fungi, hyphal walls collapse in the presence of bicarbonate,
causing either growth inhibition or fungal death [8]. It has
been reported that potassium bicarbonate inhibited the growth
of Trichoderma [9]. High pH level of leaf and fruit exodermal

cells was shown to be eﬀective as a control strategy for apple
scab [10].
The most commonly applied products for strawberry anthracnose control are fungicides. However, their use is limited due to a lack of pesticides registered for this crop and
restrictions imposed on their usage. Diﬀerent fungicides for
anthracnose control have previously been investigated in many
research studies, such as treatments with propiconazole [11],
benomyl [12] and prochloraz [13]. De los Santos Garcia de
Pareses and Romero Muno [14] published extensive research
on the eﬀect of many diﬀerent fungicides in the control of
Colletotrichum acutatum and evaluated their impacts on the
disease. Inoculation with C. nymphaeae can cause changes
in the synthesis of primary and secondary metabolites, as reported in our previous studies [15]. The present study highlights individual phenolic compounds that could be involved
in defense mechanisms against specific fungal pathogens. Several research studies indicate that fungicide spraying alters
polyphenolic levels in plant cells [16], but other studies [17]
suggest that no modification occurs.
Phenolic compounds are toxic to the pathogens, and many
of them, such as flavonols and hydroxycinnamic acids, can
act as passive or inducible barriers against herbivores or microbes. In response to the pathogen attack, the content and
composition of polyphenols can change, playing an active role
in induced resistance to the pathogens [18]. Flavonols, epicatechin and anthocyanins have previously been determined in
strawberry fruit [19, 20] and these compounds presumably inhibit the infection caused by plant pathogens such as Botrytis
cinerea.
Therefore, the aim of the study was to examine the effect of Signum fungicide, potassium bicarbonate (PBC) and
acetic acid (AA) applications on the polyphenolic composition
of strawberry fruit. The specific objectives of the study were:
1) to evaluate the eﬃciency of inorganic and organic fungicides (PBC and AA), and a commercial fungicide (Signum)
in anthracnose control (the percentage of infected fruit); and
2) to assess the influence of these agents on primary and secondary metabolites in strawberry fruit. The working hypothesis is that an application of bicarbonate salt or acetic acid potentially modifies plant secondary metabolism, which in return
could induce higher plant resistance to anthracnose.

2 Materials and methods
2.1 Fungal material

Strawberry fruits with clear symptoms of anthracnose were
collected in 2012 at a strawberry plantation near Ljubljana (latitude, 46◦ 03 N; longitude, 14◦ 30 E, central Slovenia). Fungal
isolates were obtained by culturing fragments of necrotic tissue from rotten strawberry fruit on potato dextrose agar (PDA).
They were identified as Colletotrichum nymphaeae (Pass.) on
the basis of cultural characteristics and sequence analysis of
ITS and TUB2 according to the method of Damm et al. [1].
A single-spore isolate was prepared by spreading spore suspension on PDA plates and isolating individual germinating
conidia. Prior to plant inoculation, the single-spore isolate was

Nika Weber et al.: Fruits 71 (2016) 363–371

subcultured on PDA plates and incubated at 24 ◦ C in the dark
for 10 days. Spores were then scraped from the plates and dispersed in sterile distilled water. Spore suspension was adjusted
to 106 spores mL−1 .

2.2 Plant material and growing conditions

Strawberry frigo plants were planted in July 2012 on an
open field and the trial was conducted in spring 2013 at the
experimental station of the Agricultural Institute of Slovenia,
located at Brdo pri Lukovici (latitude, 46◦ 10 N; longitude,
12◦ 41 E). The experiment was set under controlled conditions
in a greenhouse in order to eliminate the influence of the environment (rain-water supply, temperature, humidity...) and ensure equal growing conditions. The soil texture was silty loam,
rich in potassium and nitrogen and poor in phosphorus. The
organic matter was high. Plants of cv. Elsanta were planted
on slightly elevated beds covered with black polyethylene at a
spacing of 0.25 m × 0.25 m in double rows.
The experimental site was equipped with a drip irrigation system. Six blocks with four treatments were established;
each treatment per block included 10 plants: (1) artificial inoculation with C. nymphaeae; (2) artificial inoculation with
C. nymphaeae and spray application of pyraclostrobin +
boscalid (fungicide Signum, BASF); (3) artificial inoculation
with C. nymphaeae and foliar spraying with potassium bicarbonate (Vitisan, BIOFA); (4) artificial inoculation with C.
nymphaeae and spraying application of 1% acetic acid and
(5) control (spraying with water). Plants were first sprayed
with Signum on May 22nd , and with Vitisan and acetic acid
on May 22nd , 29th and June 3rd . The control treatment plants
were sprayed with water on the same dates. After spraying according to specific treatments, spore suspension (May 22nd )
was applied to the plants by spraying till runoﬀ with a
hand sprayer. Immediately after inoculation (in the afternoon),
plants were covered with a transparent polyethylene cover,
to maintain 100% relative humidity and were kept covered
overnight. The cover was removed in the morning to avoid
high temperatures at daytime. The first strawberries were harvested five days after sprayings when the fruits turned bright
red (on May 27th ) and were harvested two to three times per
week for the period of three weeks. On each harvest fruit yield
and number of infected fruits per plant were assessed. Fruits
for further analysis were immediately frozen in liquid nitrogen
and stored for up to 1 month at −20 ◦ C until chemically analyzed. The infection was evaluated based on visible symptoms
as infected fruit surfaces were covered with black necrotic
lesions, which are typical symptoms for infection with Colletotrichum species.
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following standards were used: ellagic acid, cyanidin-3glucoside, and pelargonidin-3-glucoside from Sigma-Aldrich
Chemicals (St. Louis, MO, USA); quercetin-3galactoside,
quercetin-3-glucoside, quercetin-3-glucuronide, kaempferol3-glucoside, (−)-epicatechin, p-coumaric acid, and procyanidin B2 from Fluka Chemie. Methanol for the extraction of
phenolics was acquired from Sigma-Aldrich Chemicals. The
chemicals for the mobile phases were HPLC-MS grade acetonitrile and formic acid from Fluka Chemie GmBH. Water
for the mobile phase was double-distilled and purified with a
Milli-Q system (Millipore, Bedford, MA, USA).

2.4 Extraction and determination of sugars
and organic acids

Primary metabolites (sugars and organic acids) were
analyzed in whole strawberry fruit. For each treatment, six repetitions were carried out (n = 6); each repetition included several fruits. For the extraction of primary metabolites, 5 g fruit
was homogenized in 25 mL of double-distilled water using an
Ultra-Turrax T-25 (Ika-Labortechnik) and left for 30 min at
room temperature as reported by Mikulic-Petkovsek et al. [21].
After the extraction, the homogenate was centrifuged (Eppendorf Centrifuge 5810 R) at 12,000 rpm for 7 min at 10 ◦ C.
The supernatant was filtered through a 0.20 µm cellulose ester
filter (Macherey-Nagel) and transferred into a vial, and 20 µL
of the sample was used for the analysis. The analysis of primary metabolites was carried out using a high-performance
liquid chromatograph (HPLC) of Thermo Separation Products
(San Jose, CA, USA). The separation of sugars was carried
out using a 300 mm × 7.8 mm i.d. Rezex RCM monosaccharide Ca+ 2% column from Phenomenex operating at 65 ◦ C.
The mobile phase was double-distilled water, and the flow rate
was 0.6 mL min−1 ; the total run time was 30 min, and a refractive index (RI) detector was used to monitor the eluted
carbohydrates as described by Mikulic-Petkovsek et al. [21].
Organic acids were analyzed with the same HPLC system,
equipped with a UV detector set at 210 nm, using a 300 mm ×
7.8 mm i.d. Rezex ROA-organic acid H+ (8%) column from
Phenomenex, as described by Mikulic-Petkovsek et al. [21].
The column temperature was set at 65 ◦ C. The elution solvent
was 4 mM sulfuric acid in double-distilled water at a flow rate
of 0.6 mL min−1 . The duration of the analysis was 30 min. The
sugars and organic acids in strawberry extracts were identified
by their retention time characteristics and compared with standards; their content was calculated with the help of the corresponding external standard and expressed as g kg−1 fresh
weight (FW) for sugars and g kg−1 or mg kg−1 FW for organic
acids. The content of all analyzed sugars was summed up and
presented as total analyzed sugars. In a similar way total analyzed organic acids were calculated.

2.3 Chemicals

The following standards were used for the determination
of sugars and organic acids: sucrose, fructose, and glucose and
citric, malic, and fumaric acid from Fluka Chemie (Buchs,
Switzerland); shikimic acid from Sigma-Aldrich (Steinheim,
Germany). For the quantitation of phenolic compounds the

2.5 Extraction of phenolic compounds

The extraction of fruit samples was performed as described by Mikulic-Petkovsek et al. [21] with some modification. Phenolic compounds (flavonoids and phenolic acids)
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were analyzed in whole strawberry fruit. For each treatment,
six repetitions were carried out (n = 6); each repetition included several fruits. Frozen fruits were ground to a fine pulp
in a mortar chilled with liquid nitrogen, and 5 g was extracted with 10 mL of methanol containing 3% (v/v) formic
acid and 1% (w/v) 2,6-di-tert-butyl-4methylphenol (BHT) in a
cooled ultrasonic bath for 1 h. BHT was added to the samples
to prevent oxidation. After extraction, the fruit extracts were
centrifuged for 10 min at 10000 rpm. Each supernatant was
filtered through a Chromafil AO20/25 polyamide filter produced by Macherey-Nagel (Duren, Germany) and transferred
to a vial prior to injection into the high performance liquid
chromatography (HPLC) system.

Table I. The eﬀect of diﬀerent treatments on strawberry fruit infection (%).

2.6 Determination of individual phenolic compounds
using HPLC-DAD-ESI/MSn analysis

The data were analyzed using the Statgraphics Plus
4.0 program (Manugistics, Inc., Rockville, MD, USA). A twoway analysis of variance was carried out to determine the significance of infection and treatment (control, PBC, AA, fungicide, and artificial inoculation treatment) on strawberry fruit
phenolic profile. The significance of the treatment on individual phenolic compound, sugar and organic acid contents was
tested using one-way analysis of variance (ANOVA). Diferences among treatments were tested with Duncan’s test at a
P < 0.05 significance level.

Phenolic compounds were analyzed on a Thermo Finnigan Surveyor HPLC system (Thermo Scientific) with a diode
array detector at 280 nm (flavanols, hydroxycinnamic acid
derivatives), 350 nm (flavonols) and 530 nm (anthocyanins).
Spectra of the compounds were recorded between 200 and
600 nm. The column was a 150 × 4.6 mm internal diameter, 3 µm, Gemini C18 (Phenomenex, Torrance, CA, USA)
operated at 25 ◦ C. The elution solvents were aqueous 0.1%
formic acid in double-distilled water (A) and 0.1% formic acid
in acetonitrile (B). Samples were eluted according to the linear gradient from 5 to 20% B in the first 15 min, followed by
a linear gradient from 20 to 30% B for 5 min, then an isocratic mixture for 5 min, followed by a linear gradient from 30
to 90% B for 5 min, and then an isocratic mixture for 15 min
before returning to the initial conditions. The injection amount
was 20 µL and flow rate 0.6 mL min−1 .
All phenolic compounds were identified using a mass spectrometer (Thermo Scientific, LCQ Deca XP MAX) with electrospray ionization (ESI) operating in negative ion mode (all
phenolic groups except for anthocyanins) and positive ion
mode (anthocyanins). The analyses were carried out using full
scan data-dependent MSn scanning from m/z 115 to 1500.
The injection volume was 10 µL, and the flow rate was maintained at 0.6 mL min−1 . The capillary temperature was 250 ◦ C,
the sheath gas and auxiliary gas were 20 and 8 units, respectively, and the source voltage was 4 kV for negative ionization
and 0.1 kV for positive ionization. Spectrometric data were
elaborated using the Excalibur software (Thermo Scientific).
The identification of compounds was confirmed by comparing
retention times and their spectra as well as by adding the standard solution to the sample and by fragmentation. The content of phenolic compounds was calculated from peak areas
of the sample and the corresponding standards and expressed
in mg kg−1 FW strawberry fruit. For compounds lacking standards, quantitation was carried out using similar compounds
as standards. Thus, glycosides of kaempferol were quantitated in equivalents of kaempferol-3-glucoside, all procyanidin dimers and trimers in equivalents of procyanidin B2; pcoumaric acid derivatives was quantitated in equivalents of
p-coumaric acid, pelargonidin-3-malonylglucoside in equivalents of pelargonidin-3-glucoside and all ellagic acid derivatives were quantitated in equivalents of ellagic acid.

Treatment
% of infected fruits
PBC
7.47 ± 0.75 ab
AA
4.07 ± 0.61 a
Fungicide
7.23 ± 0.84 ab
Artificial infection 9.26 ± 0.76 b
Control
7.20 ± 0.61 ab
Diﬀerent letters in columns denote statistically significant diﬀerences
among treatments by Duncan‘s test at P < 0.05.

2.7 Statistical analysis

3 Results and discussion
The first symptoms of C. nymphaeae infection appeared
during fruit maturation. The percentage of infected fruits at
diﬀerent treatments is presented in table I. The highest number of infected fruits was recorded following artificial infection
(9.26%) and statistically lowest in acetic acid treated plants
(4.07%). This indicates that acetic acid successfully inhibited
the infection on strawberry fruit. It has been reported that organic acids and their salts alone on or in combination inhibit
the growth of bacteria and fungi [4].
3.1 The content of sugars and organic acids
in strawberry fruit

Three main sugars (fructose, glucose and sucrose) were
quantified in non-infected and infected strawberry fruits. Fructose and glucose were quantitatively the most important (table II) and the latter was generally measured in highest levels
(from 19.22 in infected control fruits to 25.28 g kg −1 FW in
artificially inoculated infected fruits). Glucose levels also varied among treatments; 11.78 were measured in infected control
fruits and 23.41 g kg−1 FW in fungicide treated infected fruits.
The content of sucrose was much lower (from 0.67 in acetic
acid treated infected fruits to 5.11 g kg−1 FW in non-infected
control). Mikulic-Petkovsek et al. [21] reported similar results
for two diﬀerent strawberry cultivars. Treatment (P = 0.009)
and infection (P = 0.000) significantly aﬀected the content
of total sugars. Lowest levels of total sugars have been determined in infected fruits of the control and AA treatment. Control plants were only sprayed with water and the infection occurred without artificial inoculation resulting in low total sugar

3.61 ± 0.33 d

Shikimic

Infected

1.51 ± 0.16 ab
46.51 ± 5.21 b

4.56 ± 0.12 cd

0.79 ± 0.04 a

5.11 ± 0.45 d

45.1 ± 4.15 b 30.43 ± 4.51 a 47.76 ± 4.81 b

Sucrose

Total sugars

Infected

1.61 ± 0.09

20.29 ± 2.09

23.83 ± 2.77

6.71 ± 0.71 e

6.42 ± 0.34

2.84 ± 0.28 bc

1.48 ± 0.17

5.12 ± 0.51 e

3.69 ± 0.37 c

21.34 ± 2.14

22.81 ± 2.41

5.09 ± 0.53 bcd

2.87 ± 0.04

3.88 ± 0.41 d

0.91 ± 0.08

4.17 ± 0.33 cd

Non-infected

32.44 ± 4.08 a

0.67 ± 0.01 a

19.46 ± 1.36

20.85 ± 1.57

5.13 ± 0.54 bcd

3.74 ± 0.17

2.29 ± 0.09 b

1.06 ± 0.17

4.01 ± 0.42 bcd

Infected

Acetic acid

44.34 ± 4.22 b 45.74 ± 5.67 b 47.84 ± 5.01 b

2.15 ± 0.15 b

20.84 ± 2.24

21.36 ± 2.99

6.62 ± 0.71 e

4.47 ± 0.19

3.44 ± 0.41 cd

1.39 ± 0.14

5.22 ± 0.61 e

Non-infected

Potassium bicarbonate

I

*

*

NS

NS NS
1.85 ± 0.09 ab *** **

18.26 ± 2.04

20.96 ± 2.14

**

*

***

NS

NS

*

NS *** NS

***

NS *** NS

4.49 ± 0.28 ab ** ***

3.12 ± 0.19

1.54 ± 0.09 a

0.94 ± 0.08

**

T I×T
3.55 ± 0.21 ab *** ***

Infected

Factors

50.04 ± 5.66 b 41.07 ± 5.09 b *** **

4.86 ± 0.41 cd

23.41 ± 2.47

20.76 ± 2.47

5.36 ± 0.22 cd

3.05 ± 0.41

3.98 ± 0.11 d

0.89 ± 0.08

4.46 ± 016 d

Non-infected

Fungicide

Diﬀerent letters (a-e) in rows denote significant diﬀerences (Duncan‘s test, P < 0.05). *, statistically significant diﬀerences at P < 0.05; **, statistically significant diﬀerences at P < 0.01;
***, statistically significant diﬀerences at P < 0.001.

19.72 ± 2.01

11.78 ± 1.65

19.58 ± 1.73

21.13 ± 2.11

19.22 ± 1.13

20.39 ± 1.86

25.28 ± 2.68

4.75 ± 0.35 abc

2.71 ± 0.13

1.42 ± 0.16 a

0.98 ± 0.08

3.76 ± 0.36 abc

Glucose

22.07 ± 1.65

5.61 ± 0.49 d 4.29 ± 0.43 a 5.05 ± 0.25 bcd

2.57 ± 0.21

3.64 ± 0.21d

0.94 ± 0.09

4.11 ± 0.15 bcd

Non-infected

Artificial inoculation

Fructose

acids

organic

Total

(×10−3 )

acid

Fumaric

(×10−3 )

1.85 ± 0.24

1.27 ± 0.06 a

1.03 ± 0.09

Malic acid

3.22 ± 0.41

0.97 ± 0.11

4.57 ± 0.41 d

acid

Infected

3.31 ± 0.37 a

Non-infected

Citric acid

Control

Table II. Content values are means ± standard errors (n = 6) in g kg−1 fresh weight. Contents of individual and total analyzed sugars and organic acids in strawberry fruit and two-way
ANOVA of infection (I), treatments (T: Control, artificial infection, potassium bicarbonate, acetic acid and fungicide), and their interaction (I x T).
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levels. Contrary to the expected results, acetic acid application
did not diminish the onset of artificial inoculation in terms of
sugar accumulation.
The main organic acids determined in strawberry fruit were
citric and malic acid. This is in accordance with previous results [15, 21]. The combined share of citric and malic acids in
strawberries represented almost 99% total organic acids (table III). Similar to sugars, treatment (P = 0.000) and infection
(P = 0.003) aﬀected the content of total organic acids. Fruits
treated with PBC contained significantly higher amounts of total organic acids compared to other treatments. Infection with
anthracnose caused a decrease in total organic acid content in
all treatments except for PBC and AA treated plants. These
could be linked to the fact that fungus infection increases the
pH level of fruit, and PBC (Vitisan, pH = 8) acts as an alkali medium. Ortega-Aguilar et al. [9] reported that potassium bicarbonate gradually increased pH level of the culture
media from 6.5 (control) to 8.0 and KHCO3 significantly inhibited fungal growth after 24 h. A significant decrease of total organic acids was detected in infected control and fungicide treated fruits (17 and 24%, respectively) compared to
non-infected fruits of the same treatments. Our previous research [15] demonstrated that the content of organic acids is
lower in Colletotrichum simmondsii infected strawberry fruits.
Pathogenic fungi namely utilize carbon from organic acids for
their growth and development [22] and at the same time secrete
cell wall degrading enzymes [23].
3.2 Phenolic content in strawberry fruit

Strawberry phenolic profile varies significantly among cultivars [19]. The ‘Elsanta cultivar was used in the present study
as it represents one of the most commonly planted cultivars in
European strawberry production. In infected and non-infected
strawberry fruits, 34 diﬀerent phenolic compounds have been
determined and grouped into the following phenolic classes:
ellagic acid derivatives, hydroxycinnamic acids derivatives,
anthocyanins, flavonols and flavanols (table III). The greatest
share of all identified phenolic compounds (AIP) in strawberry
fruit was presented by flavanols (64% AIP), and anthocyanins
(25% AIP).
Ellagic acid (EA) occurs in diﬀerent forms: as free EA,
glycosylated via its hydroxyl groups or, more commonly, as
complex polymers esterified with a sugar known as ellagitannins (ETs) [24]. Nine (9) diﬀerent forms of ellagic acid have
been identified in strawberry fruit. The content of ellagic acid
derivatives increased for 44% at PBC and for 27% at AA treatment in comparison with the control (table III). A significant
increase of EA forms has been determined at PBC treatment
compared to the fungicide, artificial infection and control treatment. This suggests that PBC boosts the formation of ellagic
acid derivatives, which are known to possess antimicrobial activity [25]. Bicarbonate salts similarly provide broad-spectrum
antimicrobial activity [26]. Plants often increase the accumulation of specific compounds, such as ellagic acid and its derivatives, to better resist various stress condition.
Flavonols represented approximately 2% AIP in strawberry fruit, which is in agreement with other studies [21]. Although flavonols are not essential for the survival of plants they

are important phenolic compounds as they enhance the plant’s
ability to withstand stress factors such as pathogens [27]. Control fruits contained significantly lower levels of total flavonols
in comparison with other treatments, except for fungicide
treatment (P = 0.02) (table III). Specifically, PBC (1.8 fold)
and AA (1.7 fold) treatments increased total flavonol content
compared to control fruits. All treatments clearly stimulated
flavonol formation, especially in non-infected fruits. Individual flavonols were similarly aﬀected by the Colletotrichum
infection and infected strawberries contained significantly
higher levels of kaempferol−3−glucoside (up to 36%) in all
treatments except at PBC. Infection did not cause significant
changes in the latter. A significant decrease of quercetin-3glucuronide levels has also been measured in PBC (a 58%
decrease) and AA (a 54% decrease) treated infected fruits. It
has been reported that quercetin is an antimicrobial compound
synthesized by plants in response to pathogen attack [28]. Similar to these findings, higher content levels of several flavonols
have been recorded in fruit infected with various pathogens,
bacteria, or viruses compared to non-infected tissue [29].
Catechin and procyanidin trimer 5 were the most abundant flavanols in strawberry fruit and combined represented
40−46% total analyzed flavanols (table III). Infected strawberry fruit contained significantly higher levels of total flavanols compared to non-infected fruit of the corresponding
treatment. The infection caused from 1.1 to 1.3 fold increase
of total flavanols. Specifically, procyanidin tetramer 1 and
3 (1.1 to 3.2 fold) and procyanidin trimer 2 and 3 (1.5 to
2.2 fold) increased significantly with the Colletotrichum infection. On the contrary, the level of procyanidin tetramer 2
decreased in infected fruit regardless of the treatment.
Several researchers [15, 21] have also observed a dramatic
increase in monomeric flavanols and their polymers in the infected tissue. The role of flavanols in mechanisms of pathogen
defense might be their interaction with proteins and the inhibition of enzyme activity secreted by the pathogenic fungi [18].
Treatments and infection modified hydroxycinnamic acid
content (P = 0.000). Strawberries under fungicide treatment
contained significantly lower levels of total hydroxycinnamic
acids compared to AA treated fruits. Infection caused a significant increase of hydroxycinnamic acids in control strawberries. An analogous response has been reported in apple tissue
infected with V. inaequalis fungus [30] as a result of stress.
C. nymphaeae infection significantly increased the content of
sinapoyl hexoside (1.0 to 1.5 fold), the major hydroxycinnamic
acid identified in strawberry fruit (table III). It has previously
been determined that hydroxycinnamic acid derivatives play a
major role in plant resistance and exhibit a fungi toxic eﬀect
against diﬀerent pathogens inhibiting the growth and sporulation of fungi [31]. The content of additional hydroxycinnamic
acid derivatives changed as a result of diﬀerent treatments. AA
caused an increase of p-coumaric acid hexoside 1 for more
than 2.3 fold in non-infected fruits in comparison to the control treatment.
The major anthocyanin identified in strawberry fruit was
pelargonidin-3-glucoside, which represented 69−82% total analyzed anthocyanins (table III). The content of anthocyanins is
greatly influenced by fruit maturity level and cultivar [21] but
in the present study only one cultivar has been analyzed and

1.76 ± 0.17

8.15 ± 0.15

9.79 ± 0,06 a

Sinapoyl hexoside

Hydroxycinnamic acids derivatives

114.06 ± 12.89

25.66 ± 2.33

59.98 ± 6.12

38.61 ± 1.93

43.41 ± 1.27

Procyanidin dimer 2

Procyanidin trimer 1

Procyanidin trimer 2

Procyanidin trimer 3

Procyanidin trimer 4

36.48 ± 4.48

19.89 ± 2.08

Procyanidin tetramer 2

Procyanidin tetramer 3

Flavanols

1261.91 ± 123.38

1.26 ± 0.13

273.45 ± 19.38

60.27 ± 9.55

29.63 ± 3.16

66.48 ± 7.21

37.61 ± 2.59

294.63 ± 29,15 de

45.87 ± 5.06

85.51 ± 12.95

106.05 ± 12.59

50.53 ± 3.94

120.33 ± 11.56

90.26 ± 1.14

950.51 ± 16.32

1.21 ± 0.31

266.79 ± 5.84

36.06 ± 2.61

43.29 ± 4.56

39.81 ± 4.85

22.83 ± 2.98

166.17 ± 14,07 ab

43.95 ± 4.04

40.41 ± 4.41

47.36 ± 4.04

40.87 ± 4.11

114.81 ± 2.25

86.95 ± 5.78

37.56 ± 0.85

22.92 ± 2.84

4.28 ± 0.18

1.82 ± 0.24

4.18 ± 0.37

1.89 ± 0,21 bc

2.47 ± 0.27

344.42 ± 13.07

238.88 ± 13.14

35.61 ± 1,04 a

24.94 ± 0.31

8.73 ± 0,35 a

7.58 ± 0.28

0.75 ± 0.05

0.39 ± 0.02

102.03 ± 7.68

7.95 ± 0.18

19.32 ± 0,36 ab

46.62 ± 2.39

13.33 ± 2,01 a

5.71 ± 0,18 bc

1.69 ± 0.06

2.51 ± 0.31

2.49 ± 0.11

2.41 ± 0.38

1120.47 ± 16.96

1.21 ± 0.13

239.07 ± 6.72

48.38 ± 2.68

26.65 ± 2.73

75.55 ± 7.74

46.63 ± 4.67

215.82 ± 17,06 abc

44.01 ± 4.06

77.55 ± 2.35

81.67 ± 2.92

42.81 ± 1.12

125.98 ± 8.91

95.14 ± 9.82

36.94 ± 3.58

18.78 ± 2.01

4.49 ± 0.34

3.64 ± 0.52

4.13 ± 0.41

1.91 ± 0,23 bc

2.99 ± 0.41

350.08 ± 10.82

278.01 ± 11.31

49.28 ± 1,78 ab

22.77 ± 2.81

11.61 ± 0,55 ab

10.81 ± 0.41

0.46 ± 0.02

0.34 ± 0.04

111.66 ± 12.41

6.78 ± 0.97

16.43 ± 0,21 ab

53.27 ± 6.04

15.52 ± 0,13 ab

4.62 ± 0,33 abc

2.52 ± 0.15

6.15 ± 0.52

3.15 ± 0.15

2.56 ± 0.08

Infected

Artificial inoculation
Non-infected

1067.43 ± 26.07

1.39 ± 0.16

277.54 ± 21.38

53.08 ± 1.48

52.18 ± 1.18

47.07 ± 5.68

29.84 ± 4.13

222.25 ± 25,95 abc

50.63 ± 3.41

42.12 ± 4.55

50.62 ± 2.14

38.48 ± 5.52

123.09 ± 11.31

85.42 ± 9.26

47.45 ± 1.99

31.09 ± 1.67

4.66 ± 0.24

1.84 ± 0.34

4.69 ± 0.28

2.55 ± 0,21 c

2.61 ± 0.17

363.61 ± 13.28

282.76 ± 12.85

43.09 ± 4,93 a

27.91 ± 1.19

11.47 ± 1,53 ab

9.72 ± 0.12

1.09 ± 0.03

0.65 ± 0.05

137.25 ± 17.88

13.07 ± 1.23

20.46 ± 1,42 ab

71.01 ± 2.01

16.67 ± 1,62 ab

5.87 ± 0,12 c

1.49 ± 0.12

4.79 ± 0.58

1.27 ± 0.11

2.44 ± 0.02

1301.5 ± 257.41

1.46 ± 0.11

302.11 ± 7.94

40.59 ± 3.27

35.17 ± 3.77

53.76 ± 3.49

43.58 ± 1.63

231.51 ± 12,48 bcd

53.23 ± 4.69

64.67 ± 4.83

98.05 ± 8.21

27.41 ± 2.75

143.11 ± 2.18

123.89 ± 6.72

34.54 ± 3.01

18.07 ± 1.11

4.18 ± 1.41

4.26 ± 0.27

4.86 ± 0.14

0.56 ± 0,04 a

2.62 ± 0.49

334.54 ± 39.28

257.39 ± 21.11

52.31 ± 2,04 ab

24.85 ± 1.06

13.03 ± 3,05 b

12.17 ± 0.21

1.94 ± 0.03

0.59 ± 0.01

136.99 ± 4.17

11.93 ± 0.26

21.44 ± 1,35 b

61.43 ± 2.68

25.76 ± 2,91 c

4.83 ± 0,14 abc

2.14 ± 0.22

3.26 ± 0.38

2.82 ± 0.28

2.58 ± 0.25

Infected

Potassium bicarbonate
Non-infected

1168.91 ± 79.64

1.75 ± 0.13

294.18 ± 26.41

47.81 ± 6.45

69.51 ± 6.71

56.57 ± 3.21

51.95 ± 4.01

189.53 ± 17,26 ab

63.64 ± 1.47

61.55 ± 2.01

62.93 ± 5.71

54.67 ± 4.67

149.25 ± 9.43

103.57 ± 9.12

42.78 ± 2.09

27.36 ± 1.65

4.62 ± 0.14

2.68 ± 0.24

4.01 ± 0.54

1.92 ± 0,12 bc

2.21 ± 0.31

355.82 ± 14.78

291.82 ± 13.91

36.95 ± 4,98 a

26.92 ± 3,01 b

13.87 ± 1,62 b

10.82 ± 0.99

1.46 ± 0.05

0.88 ± 0.01

121.66 ± 5.88

17.68 ± 0.34

29.02 ± 2,96 c

54.32 ± 4.89

13.39 ± 1,21 a

5.36 ± 0,25 bc

2.78 ± 0.41

7.23 ± 0.26

2.18 ± 0.29

3.31 ± 0.14

Infected

1300.25 ± 28.87

1.39 ± 0.16

228.47 ± 22.35

75.06 ± 5.17

30.97 ± 3.97

68.49 ± 2.41

36.09 ± 2.34

356.36 ± 41,92 e

56.01 ± 2.34

94.51 ± 12.75

115.71 ± 13.52

62.97 ± 2.22

112.89 ± 7.99

89.62 ± 4.59

33.47 ± 4.68

14.81 ± 1.69

3.89 ± 0.29

5.24 ± 0.22

6.44 ± 0.12

0.09 ± 0,13 a

3.01 ± 0.38

375.38 ± 11.45

263.81 ± 11.47

85.51 ± 1,05 c

26.05 ± 2.85

14.17 ± 5,61 b

12.66 ± 1.37

0.94 ± 0.06

0.57 ± 0.03

109.42 ± 7.29

11.39 ± 0.28

18.31 ± 1,55 ab

36.5 ± 3.38

22.39 ± 2,54 b

Acec acid

4.39 ± 0,44 abc

1.57 ± 0.22

4.69 ± 0.68

1.19 ± 0.01

1.78 ± 0.12

Non-infected

898.58 ± 30.45

1.39 ± 0.41

245.54 ± 6.64

45.19 ± 2.59

41.19 ± 4.16

39.48 ± 4.85

22.16 ± 2.41

154.95 ± 13,46 a

50.87 ± 5.71

37.89 ± 2.12

46.06 ± 3.56

42.82 ± 1.07

120.91 ± 10.51

88.55 ± 6.73

34.15 ± 4.12

21.01 ± 2.13

3.58 ± 0.34

1.84 ± 0.24

3.91 ± 0.41

1.66 ± 0,11 bc

2.16 ± 0.09

283.46 ± 14.71

228.46 ± 14.26

33.21 ± 4,01 a

21.89 ± 0.24

8.45 ± 0,53 a

9.06 ± 0.28

0.59 ± 0.05

0.45 ± 0.03

112.54 ± 4.82

8.98 ± 0.74

14.55 ± 0,18 a

61.52 ± 1.06

17.18 ± 0,78 ab

Infected

1145.97 ± 23.94

1.22 ± 0.25

237.25 ± 24.68

63.54 ± 2.52

27.24 ± 3.67

55.46 ± 5.64

22.27 ± 5.17
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*

*
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*
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*
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*
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*** NS NS
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*
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*** **
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NS NS NS
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*** **

*** NS NS
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NS NS NS

*** NS

NS NS NS

** *** ***

** NS NS
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NS

NS

NS ***

NS

NS

NS NS

*** NS NS

NS NS NS
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** *** NS

I

278.97 ± 24,14 cd ***

44.32 ± 2.63

80.87 ± 5.23

87.47 ± 4.34

46.64 ± 4.91

111.72 ± 15.62

82.35 ± 3.31

36.34 ± 4.01

19.84 ± 2.78

4.01 ± 0.19

3.62 ± 0.14

5.85 ± 0.53

0.13 ± 0,02 a

2.91 ± 0.21

382.28 ± 40.14

287.28 ± 8.52

68.82 ± 7,21 bc

26.21 ± 0.47

10.3 ± 0,33 a

9.22 ± 1.09

0.71 ± 0.02

0.38 ± 0.01

106.11 ± 7.31

7.54 ± 0.38

15.32 ± 1,53 ab

53.76 ± 6.23

15.02 ± 0,71 ab

5.93 ± 0,16 c

1.86 ± 0.16

1.02 ± 0.01

1.76 ± 0.03

5.92 ± 0.14

Fungicide

3.98 ± 0,35 ab

0.78 ± 0.04

1.24 ± 0.21

0.98 ± 0.08

3.98 ± 0.41

Non-infected

Diﬀerent letters in rows denote significant diﬀerences (Duncan‘s test, P < 0.05). *, statistically significant diﬀerences at P < 0.05; **, statistically significant diﬀerences at P < 0.01; ***,
statistically significant diﬀerences at P < 0.001.

1.19 ± 0.11

908.97 ± 182.129

Epicatechin

248.75 ± 26.57

39.16 ± 2.14

Procyanidin tetramer 1

Catechin

27.46 ± 1.75

Procyanidin trimer 6

171.58 ± 18,41 ab

25.95 ± 1.32

82.71 ± 5.23

Flavonols

Procyanidin dimer 1

Procyanidin trimer 5

3.26 ± 0.24

3.09 ± 0.41

31.43 ± 3.46

Quercetin-3-glucoside
16.33 ± 1.47

3.11 ± 0.13

Kaempferol-3-O-coumaroyl

5.72 ± 0.15

0.17 ± 0,01 a

2.85 ± 0.24

338.61 ± 7.03

251.58 ± 20.48

67.19 ± 7,05 bc

19.82 ± 1.94

12.07 ± 0,07 b

10.61 ± 1.41

0.78 ± 0.02

8.15 ± 0.25

20.67 ± 3.17

1.76 ± 0.15

Kaempferol-3-O-acetylglucoside

Quercerin-3-glucuronide

0.86 ± 0,01 ab

3.01 ± 0.28

Kaempferol-3-glucuronide

2.21 ± 0.24

357.39 ± 13.35

Anthocyanins

Kaempferol-3-glucoside

293.71 ± 13.52

Pelargonidin-3-glucoside

39.61 ± 1,14 a

1.35 ± 0.21

p -coumaric acid hexoside 2

Pelargonidin malonyl glucoside

0.39 ± 0.02

24.09 ± 2.52

0.41 ± 0.01

95.91 ± 3.28

Ellagic acid derivatives
p -coumaric acid hexoside 1

Cyanidin-3-glucoside

75.04 ± 7.45

7.77 ± 0.56

Galloyl bis HHDP glucose 2

15.01 ± 1,31 ab

23.99 ± 2.21

14.52 ± 1,43 a

9.61 ± 1,05 ab

5.11 ± 0,13 abc

47.83 ± 2.37

3.44 ± 0,15 a

Ellagic acid pentoside

Galloyl bis HHDP glucose 1

0.75 ± 0.06

Ellagic acid deoxyhexoside 2

5.55 ± 0.15

2.84 ± 0.12

bis HHDP glucose 2

1.69 ± 0.02

Ellagic acid deoxyhexoside 1

3.02 ± 0.15

Infected

15.26 ± 1,77 ab

2.11 ± 0.19

Ellagic acid hexoside

Control

bis HHDP glucose 1

2.53 ± 0.12

Ellagic acid

Non-infected

Table III. Content values are means ± standard errors (n = 6) (in mg kg−1 fresh weight). Contents of individual and total analyzed phenolic compounds in strawberry fruit and two-way
ANOVA of infection (I), treatments (T: Control, artificial infection, potassium bicarbonate, acetic acid and fungicide), and their interaction (I x T).
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fruits were at the same ripening stage. Statistically the lowest
content of total analyzed anthocyanins has been measured in
the fungicide treatment compared to other treatments. Slatnar
et al. [10] also observed an increase of anthocyanins in PBC
treated apple fruit compared to the fungicide treatment used
against apple scab. Hunsche et al. [32] observed that fruit color
was positively correlated with the amount of potassium applied
to the soil and also with the fruit anthocyanin content, inferring
that potassium might be important in the anthocyanin synthesis
pathway. Only pelargonidin malonyl glucoside content significantly increased after infection. In the control treatment, the
level of this anthocyanin increased 1.7 fold and a more than 2.1
and 2.3 fold increase has been measured at fungicide and AA
treatments, respectively. This is in accordance with the reports
of Mikulic-Petkovsek et al. [21]. Interestingly, at PBC treatment the content of malonyl glucoside only increased approximately 1.2 fold.

4 Conclusion
Strawberry anthracnose is a severe disease in commercial
strawberry production all over the world. In years with abundant rainfall a large number of fungicide treatments are required during the ripening season. This potentially leads to the
accumulation of toxic chemical residues in strawberry fruit.
Therefore, it is necessary to use alternative non-toxic products such as potassium bicarbonate and acetic acid. The study
points out the potential relevance of bicarbonate salts and
acetic acid for controlling C. nymphaeae and includes the following findings: a) the use of acetic acid (AA) led to a lower
percentage of infected strawberry fruits; b) treatments and C.
nymphaeae infection modified sugars and organic acids accumulation. Infection caused a decrease of total sugars in control
and AA treated plants. Fruits treated with potassium biocarbonate (PBC) contained significantly higher amounts of total
organic acids compared to other treatments. Infection with anthracnose caused a decrease in total organic acids content in
all treatments except for PBC and AA treated plants; c) contents of total flavonols and total ellagic acid derivatives were
higher with PBC or AA treatments compared to the control; d)
infected strawberry fruit contained significantly higher levels
of flavanols. The advantage of PBC or AA application is that
these products do not accumulate in the soil and are non-toxic
to human health. These alternative protective products should
be investigated in detail and tested for practical use in organic
strawberry production.
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