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1. INTRODUCTION

Strawberry (Fragaria × ananassa Duch.) is a crop cultivated worldwide, but 
its cultivars are specifically adapted to the different areas. During the past 
20 years, strawberry growers and researchers have developed innovative 
cultural techniques and new cultivars to successfully expand the harvest 
season (Neri et al., 2012). The strawberry industry has transitioned from 
seasonal to year-round production both in the USA (Boriss et al., 2006) 
and also in Europe (Neri et al., 2012). Strawberry production in the world 
has steadily increased over the last ten years, from 4 467 416 tonnes in 
2000 rising to 7 739 622 tonnes in 2013 (FAOSTAT, 2015). In the USA, 
which is the largest producer of strawberries in the world, strawberries 
have experienced one of the highest growth rates of consumption of all 
fruit and vegetables (Boriss et al., 2006). Strawberries are also the lead-
ing soft fruit in Europe; for instance in Portugal, strawberries accounted 
for 80% of total berry consumption (Pinto et al., 2013). Besides other 
factors like increased availability, new information on strawberry health 
benefits because of their antioxidants, folate, potassium, vitamin C and 
fibre content also stimulated an increase in their consumption (Boriss 
et al., 2006). Skrede et al. (2012) stated that in order to meet consumer 
expectations, in addition to satisfying traditional sensory and chemical/
physical quality criteria, fruits and berries should be high in vitamins and 
other health-related components like polyphenolics.

The nutritional value of strawberry fruits has been exhaustively proved. 
Strawberries are a rich source of minerals such as manganese, potassium, 
magnesium, copper, iron and phosphorus (Giampieri et al., 2012). 
Health benefits of strawberries have often been associated with the high 
content of ascorbic acid (vitamin C) in fruits (Cordenunsi et al., 2002; 
Hakala et al., 2003; Kafkas et al., 2007; Singh et al., 2008). Although 
to a lesser extent, strawberry is a source of several other vitamins, such 
as thiamine, riboflavin, niacin, vitamin B6, vitamin K, vitamin A and 
vitamin E (Giampieri et al., 2012). Among fruits, strawberry is one of 
the richest natural sources of folate (Tulipani et al., 2009). Flavonols, 
catechins, hydroxycinnamic acids, ellagitannins and ellagic acid have also 
been associated with the beneficial effect of strawberries on human health 
(Törrönen and Määttä, 2002).
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Anthocyanins have been found to be the main phenolic compounds in 
strawberries and their content has been determined in a large number of 
cultivars in different parts of the world: in Brazil (da Silva Pinto et al., 
2008), Spain (Buendia et al., 2010), Norway (Aaby et al., 2012), and 
Estonia (Moor et al., 2012, Tõnutare et al., 2014). Anthocyanins play 
an important role in the strawberries’ commercial property – attractive 
bright red color (Garzon and Wrolstad, 2001), and are also responsible 
for the strawberry antioxidant capacity, which is one of the highest among 
several fruits (Cordenunsi et al., 2005). It has been well established that 
complex mixtures of biologically active substances in strawberry may pro-
vide protective health benefits mainly through a combination of additive 
and /or synergistic effects (Roussos et al., 2009). During the last ten years, 
several studies have focused on the role of strawberry consumption on 
antioxidant effects in humans (Olsson et al., 2006; Tulipani et al., 2011; 
Giampieri et al., 2012).

Strawberry is a species in which the interaction between genotype and 
environment is particularly important and the same cultivar can seldom 
adapt to different climate conditions. To cope with extremely variable 
weather at single locations, breeders need to develop new cultivars that 
are adapted to multiple environments and multiple cropping systems 
(Dale, 2009). Therefore, the evolution of strawberry cultivars is particu-
larly dynamic, and around the world, many active breeding programs 
continuously offer a wide range of new cultivars to growers. In cultivar 
breeding programs in the nordic region, high productivity, large fruit 
size, resistance to diseases and sufficient postharvest shelf life along with 
good winter hardiness have been the main priorities. However, providing 
information about antioxidant properties of new cultivars is a responsi-
bility of the scientific community. Unfortunately, no systematic evalua-
tion of bioactive compounds in strawberry cultivars has been carried out 
for years and therefore, the information exists only about few cultivars. 
One of the prevailing topics of Cost Action 863, “EUROBERRY” was 
the systematic evaluation of antioxidant features (i.e. total antioxidant 
capacity, total polyphenol contents, total anthocyanin contents) of dif-
ferent small fruit cultivars (Mezzetti et al., 2009). During the project, 
several Fragaria spp. inter- and intra-specific crosses were screened for 
their antioxidant properties in order to find new material with improved 
nutritional quality (Diamanti et al., 2012). Still, very little information 
exists about bioactive compounds of new strawberry cultivars suitable 
for cultivation in northern regions. For instance, ‘Sonata’ was released 
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in 1998 by Dutch strawberry breeders Fresh Forward and Burt Meulen-
brook, and is the predominant cultivar in Estonia and is widely cultivated 
in the Netherlands, United Kingdom and Poland. Despite the popularity 
among the growers, information about the content of anthocyanins and 
total antioxidant capacity was missing before the experiments undertaken 
for current thesis. Providing information about health beneficial bioactive 
compounds and total antioxidant capacity of new strawberry cultivars 
bred for growing in the northern region is one of the aims of the current 
thesis.
 
In addition to genotype, the regional climatic conditions, soil proper-
ties, fertilization, cultivation- and postharvest technologies also affect 
strawberry quality, chemical composition and nutritive value (Hakala et 
al., 2003; Olsson et al., 2004; Olsson et al., 2006; Tulipani et al., 2008; 
Vinokur et al., 2002). Whereas climate is difficult to control in open field 
conditions, fruit quality may be affected by plant nutrition, which can be 
managed. In addition to traditional macro-and micronutrient fertilizers, 
several plant biostimulators have gained popularity in horticultural pro-
duction. Among others, fertilizers containing the phosphite anion (Phi, 
HPO3

2-), also referred to as phosphorous acid or phosphonate, are recom-
mended for several horticultural crops, including strawberries, for better 
rooting and for increasing plant resistance to diseases and environmental 
stress. Activation of plant defence responses by Phi has been proposed 
by Guest and Grant (1991). Since phenolic compounds are induced in 
plants by various biotic and abiotic stresses (Dixon and Paiva, 1995), it 
was hypothesized in the current thesis that the Phi anion could affect 
accumulation of anthocyanins in strawberries and through that, also total 
antioxidant capacity.

To extend the marketing period of strawberries the combination of low 
temperature and modified atmosphere (MA) storage have proven to be 
effective (Almenar et al., 2005). High CO2 and low O2 concentration 
in storage room slows down the metabolic activity, reduces the rate of 
respiration and by that maintains the quality of fruits for longer period 
(Ben-Yeshoshua et al., 2005; Chaudary et al., 2015). For strawberries, 
high CO2 concentration is recommended, which sometimes reaches the 
maximum level of fruit tolerance (Zheng et al., 2007). There are very 
few reports available describing the effect of MA storage on strawberry 
antioxidant properties. CO2 concentrations above 20% have reported to 
decrease stability of anthocyanins in strawberry fruits Gil et al. (1997). 
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Bodelón et al. (2010) reported that ‘Camarosa’ strawberries maintained 
for 3 days in 20% CO2 had lower total antioxidant capacity compared 
to fruits stored in normal atmosphere. One aim of the current thesis was 
to study the effect of MA storage on antioxidant properties of different 
strawberry cultivars suitable for growing in nordic region. 

Despite the long history of research, the number of publications about 
strawberry anthocyanins has not decreased. Sciencedirect database lists 
1375 publications matching the search term “strawberry anthocyanins” 
published between 2009 and 2015. In order to compare the results from 
different studies and to add new knowledge to the already known, it is 
extremely important to use proper methods for anthocyanin determina-
tion. During the decades, the pH differential spectroscopic method has 
been used for the determination of anthocyanin concentration. From 
published works it appears that several differences occur in anthocyanin 
determination procedures, which cause wide fluctuations in reported 
strawberry total anthocyanin content and make it problematic to com-
pare results published by different authors. One aim of the current thesis 
was to give better insight into weaknesses of the widely used pH differ-
ential method for strawberry anthocyanin determination and to suggest 
a reliable procedure in order to achieve consensus among strawberry sci-
entists on how to determine strawberry total anthocyanin content.
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2. ANTIOXIDANT COMPOUNDS IN STRAWBERRY 
FRUITS AND THEIR CONTRIBUTION TO TOTAL 

ANTIOXIDANT CAPACITY

2.1 Contributors to antioxidant capacity in strawberry fruits

Although oxidation reactions are crucial for life, they can also be damag-
ing because they can produce free radicals, which start chain reactions 
that damage cells. Antioxidants are the molecules capable of slowing or 
even terminating these chain reactions by removing free radical interme-
diates, and inhibiting other oxidation reactions (Genestra, 2007). The 
well-known antioxidants moieties in plants are vitamin A, vitamin C, 
vitamin E and polyphenols. Several mineral elements (selenium, zinc, 
copper, iron and manganese) have also been considered as antioxidants, 
but they protect cells from damage by incorporating into antioxidant 
enzymes (Zuo et al., 2006).

The most significant contributors of the antioxidant capacity of straw-
berries are considered to be ascorbic acid, ellagitannins, and anthocy-
anins but their contribution depends on the method of determination 
(Fig.1). Folates and vitamin E also express relevant antioxidant capacities 
in strawberries (Proteggente et al., 2002). The content of phenolic com-
pounds differs quantitatively and qualitatively among strawberry culti-
vars (Kelebek and Selli, 2011).

Figure 1. The relative contribution of strawberry constituents to the total antioxidant 
potential measured by the FRAP method according to Stewart et al. (2001) (A) and by 
electrochemical response (Aaby et al., 2007) (B).

A B
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The contribution of the compounds to total antioxidant capacity depends 
on the power of the antioxidants as well as the relative abundance. Due 
to the chemical diversity of compounds with antioxidant properties in 
fruit samples, it is inefficient to separate and study them individually. 
Reactions between antioxidant compounds may be synergistic and there-
fore total antioxidant capacity measurements potentially provide a better 
estimate of the overall contributions of antioxidant components (Liu, 
2003; Liu, 2004).

2.2 Ascorbic acid

Ascorbic acid (AA) is a non-phenolic antioxidant which is present in 
almost all fruits. Since AA is sensitive to oxygen, heat and light, fruits 
like strawberries, which are consumed fresh, without any processing, are 
excellent sources of AA. The recorded values of AA have been as high as 
76.4 mg 100 g-1 FW (Voća et al., 2009) and even 107.5 mg 100 g-1 FW 
(Singh et al., 2011). The large differences in ascorbic acid content (AAC) 
of strawberries depend on genetic variability of cultivars (Olsson et al., 
2004; Tulipani et al., 2008; Crespo et al., 2010). Undoubtedly, such a 
high concentration of AA has a contribution to strawberry total antioxi-
dant capacity (TAC). However, the relevance of the contribution depends 
on the amount of the other antioxidants measured in the studies and also 
on the method of TAC determination. Tulipani et al. (2009) determined 
the content of phenolics, flavonoids, anthocyanins (ACY), AA and folate 
in strawberries and found that AA represented on average 30% of straw-
berry TAC. Similarly, Aaby et al. (2007) determined the content of 40 
phenolic compounds, flavanols, ellagic acids, ellagitannins and ACY in 
‘Senga Sengana’ and reported that AA was the largest contributor (24%) 
of strawberry TAC. Szeto et al. (2002) measured strawberry AAC and 
simultaneously fruit TAC by the modified FRAP method and reported a 
39% relative contribution of AA to TAC. On the other hand, some earlier 
studies have found that AA represents a relatively small proportion (only 
~10%) of strawberry TAC (Wang et al., 1996; Kalt et al., 1999; Meyers 
et al., 2003). It is important to note that AA can have pro-oxidant activi-
ties and generate reactive oxygen species in vitro if it is present in high 
concentrations (Benzie and Wachtel-Galor, 2010; Gutteridge and Hal-
liwell, 2010). There is no evidence yet if this also occurs in vivo (Benzie 
and Wachtel-Galor, 2012).
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2.3 Anthocyanins

Phenolics have been reported to be more potent antioxidants than vita-
mins C and E and carotenoids (Rice-Evans et al., 1997). Aaby et al. 
(2007) reported ACY to be the third highest contributors to TAC (13%) 
of strawberries grown in Norway. According to Tulipani et al. (2008) the 
pelargonidin-3-glycoside alone can provide from 25 to nearly 40% of 
TAC, determined by the ABTS method in strawberries. The different 
values of contribution to TAC can be explained by the lack of standardi-
zation in analytical protocols, reaction conditions and different factors 
affecting reactions in food systems (Prieto et al., 2014; Xie and Schaich, 
2014).

ACY as a subgroup of flavonoids are the best known polyphenolic com-
pounds in strawberries and quantitatively the most important (Clifford, 
2000; Lopes da Silva et al., 2002). ACY content ranges from 15 to 80 mg 
100 g-1 FW (Meyers et al., 2003; Buendia et al., 2010).

The three major ACY in strawberries are pelargonidin-3-glucoside, pel-
argonidin-3-rutinoside and cyanidin-3-glucoside. Independent from 
genetic and environmental factors the pelargonidin-3-glucoside is most 
dominant (77–95% of total anthocyanins) in strawberries, and in smaller 
proportions the presence of cyanidin-3-glucoside is constant too (Hong 
and Wrolstad, 1990; Bridle and Garcia Viguera, 1997; Kelebek and Selli, 
2011). Aside of these major three ACY, several others, such as pelargo-
nidin-3-arabinoside and cyanidin-3-rutinoside also occur in strawberries 
(Lopes da Silva et al., 2007; Buendia et al., 2010). More than 25 different 
ACY have been described in strawberry fruits from different cultivars and 
selections (Lopes da Silva et al., 2007). 

Antioxidant properties are greatly dependent on the chemical structure 
of ACY. The antioxidant ability of ACY depends on the ring orientation. 
The ring orientation determines the ease of donation of hydrogen atom 
from a hydroxyl group to a free radical (Kay, 2004). The number and 
the position of sugar residues in the anthocyanidin can have an effect on 
the antioxidant properties of an ACY (Wang et al., 1997; Kähkönen and 
Heinonen, 2003). A smaller number of sugar units at C3 means a higher 
antioxidant capacity. For example, cyanidin-3-rutinoside is less active 
than cyanidin-3-glucoside as determined by the DPPH method, but by 
the ORAC and FRAP methods the pelargonidin-3-glucoside is a more 
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active antioxidant than the pelargonidin-3-rutinoside. This effect is very 
dependent on the method of determination used (Cerezo et al., 2010; 
Kähkönen and Heinonen, 2003; Muselík et al., 2007). 

According to Cerezo et al., (2010) and Miguel (2011) the sugar units 
determine the degree of antioxidant properties depending on the pH 
of medium; glucoside anthocyanin display higher levels of antioxidant 
activity than rutinoside at neutral pH. The differences in antioxidant 
properties between pelargonidin-3-glucoside and pelargonidin-3-rutino-
side have been reported to be more than 50% with the ORAC method 
(pH 7.5), however the difference with the FRAP method (pH 1.2) is 
only 14% (Cerezo et al., 2010). In ‘Camarosa’ strawberries the major ACY 
pelargonidin-3-glucoside contributed 32.6% and 17.6% of total ORAC 
and FRAP antioxidant values, respectively and minor ACY pelargonidin-
3-rutinoside contributed 1.64% and 0.11% of total antioxidant values, as 
determined by ORAC and FRAP, respectively (Cerezo et al., 2010).

Individual ACY have been shown to have high antioxidant values; cya-
nidin-3-glucoside 7156 µmol TE mg-1, pelargonidin-3-rutinoside 5514 
µmol TE mg-1 and the major ACY pelargonidin-3-glucoside only 1480 
µmol TE mg-1 by the ABTS method (Zhang et al., 2008). The antioxi-
ant value of pure aglycone pelargonidin was 4922 µmol TE mg-1 (ABTS 
method) (Zhang et al., 2008).

2.4 Ellagic acid and ellagitannins

Ellagic acid (EA) is a naturally occurring phenolic constituent which 
exists in plants in many derivative forms that differ in mobility and reac-
tivity (Maas et al., 1991a). Strawberries are considered to be a major die-
tary source of EA-containing components in the human diet (Törrönen, 
2009). The high content of EA in strawberries is found in the leaves and 
in the achenes (Maas et al., 1991b). Strawberry fruit receptacle tissue 
contains significantly less EA on a dry weight basis. According to Maas 
et al. (1991b) the average EA content in green fruits is two times higher 
than in red ripe fruits on dry weight basis. The content of EA is cultivar 
dependent and can range from 0.5 to 6.8 µmol g-1 DW (Häkkinen and 
Törrönen, 2000; Williner et al., 2003; Olsson et al., 2004) or from 8.1 to 
34 µg g-1 FW (Rekika et al., 2005; Xie et al., 2014). Ellagitannins (ET) are 
the main form of EA in strawberry fruits (Määttä-Riihinen et al., 2004). 
ET are water soluble polyphenols belonging to the hydrolysable tannins 
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class (Bordonaba and Terry, 2011). Hanhineva et al. (2011) reported 
the presence of seven EA derivatives and 16 different ET in strawberry 
plants. ET and EA are significant contributors of antioxidant properties 
in strawberries (Basu et al., 2014). According to Aaby et al. (2007), ET 
contribute 19% of total antioxidant capacity and are the second highest 
contributors of antioxidant capacity in strawberries. No TAC values on 
EA measured with the FRAP or ABTS methods have been reported, but 
according to Zafrilla et al. (2001) EA have high antioxidant properties, 
similar to flavan-3-ols and gallic acid. The EA content has been well cor-
related with the water-insoluble TAC measured by ABTS method (Ols-
son et al., 2004).
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3. METHODICAL ASPECTS IN ANTHOCYANIN 
DETERMINATION

ACY are the most investigated group of polyphenolic compounds in 
strawberries. ACY content can be determined as total ACY content or 
as content of individual ACY. For determining total ACY content, the 
pH differential spectroscopic method has been widely used for several 
decades. Lately, a new method, in which Al (III) complex is used, was 
proposed by Bernal et al. (2015). During the past twenty years, the 
HPLC-MS method has also been used, which gives the possibility to 
determine content of individual ACY in strawberries (Castaneda-Ovando 
et al., 2009). Recently, mass spectrometry has been used as a standalone 
technique and the ion mobility mass spectrometry (IMMS) found to be 
suitable method for determination, rapid differentiation and profiling of 
ACY in fruits, especially ACY with the identical molecular weight (Liu 
et al., 2015).

The determination of strawberry ACY by spectrometric and chromato-
graphic methods is impossible without extraction of source materials. 
The quantitative extraction of polar molecules of ACY must be con-
ducted with a solvent with polar properties (Scotter, 2011). In order to 
keep ACY in their stable flavylium form, it is recommended to use acidic 
solutions for extraction. Therefore the most popular solvents for ACY 
extractions are hydrochlorically acidified ethanol and methanol (Scot-
ter, 2011). However acetone (Giusti et al., 1999; Aaby et al., 2005) and 
acidified acetone (Roussos et al., 2009) have also been widely used. Few 
attempts have been made to use some organic acids, like formic and 
acetic acid with alcohol for strawberry ACY extraction, but mentioned 
acids caused undesirable formation of formyl and acetyl artefacts (Scot-
ter, 2011). Use of water as a polar solvent was also studied due to its 
environmentally safe properties, but it resulted in quite low yields of 
ACY compared to organic solvents (Kähkonen et al., 2001; Pliszka et al., 
2008). Several experiments with acetone and acetone-containing extrac-
tion mixtures reported quite good results due to acetone pectin clotting 
properties (Garcia-Viguera et al., 1998; Kähkonen et al., 2001; Scotter, 
2011). The recovery of ACY with acetone extraction was equal to that 
with 0.1% methanol (Cheng and Breen, 1991). Therefore the acetone 
and weakly acidified alcohol solvents are generally used for strawberry 
total ACY determinations (Castaneda-Ovando et al., 2009). 
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The solvent used for extraction has an effect on the antioxidant properties 
of the same ACY. Stintzing et al. (2002) analyzed TAC of cyanidin-3-
glycoside and obtained 2.26 µmol Tr per mol in methanol with buffer 
(1:10, v:v), but Wang et al. (1997) obtained for C3g 3.49 µmol Tr per 
mol in dimethyl sulfoxide at pH 7.0 by the ORAC method. This indi-
cates that solvent type and pH yield varying ORAC values for the same 
commodity investigated.

The pH differential spectroscopic method is a basic method for deter-
mination of total ACY content in strawberries due to its simplicity and 
low cost since there is no need for calibration substances. On one hand 
this is an advantage of the method, however the second viewpoint is 
that this is the main weakness. If calibration substances are not used 
during the analysis, then there is a need to use the molar absorptivity 
coefficient values (ε) of ACY from literature. Finding the most suitable 
molar absorptivity coefficient value is problematic. Strawberries contain 
more than 25 individual ACY (Lopes da Silva et al., 2007) and each 
of these compounds have their individual value of ε. As proportions of 
individual ACY in strawberry cultivars are different, the ideal ε value is 
also different. 

The following ε values are reported in published works for the major 
strawberry anthocyanin - pelargonidin-3-glycoside -: 15600 (Giusti et 
al., 1999), 22400 (Wicklund et al., 2005), 27300 (Aaby et al., 2005) 
and 36000 (Pineli et al., 2011). In several research papers the strawberry 
ACY content is reported as cyanidin-3-glycoside content, and ε values 
26900 and 29600 (Kähkönen et al., 2001, Cao et al., 2011) are used. The 
calculated content of total ACY can therefore differ by a factor of more 
than two for used value of ε alone. Therefore this must be considered in 
the comparison of reported results from different research studies. On 
the other hand, the differences in reported ACY content deface their 
correlation with TAC.
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4. FACTORS AFFECTING ANTIOXIDANT 
PROPERTIES OF STRAWBERRY FRUITS

4.1 Cultivation system

There is ongoing discussion among the scientific community whether 
organically produced (OR) fruits contain more antioxidants compared 
to conventionally produced (CONV) ones. Several theories have been 
developed to support the nutritive advantages of OR food, but experi-
mental evidence is lacking.
 
One supporting theory for the presence of higher concentrations of cer-
tain antioxidants in OR crops is that they are produced by the plant 
to ward off insect and fungi, which in CONV system are avoided by 
the use of synthetic pesticides (Rosen, 2010). However, some indirect 
plant protection measures allowed in OR agriculture might also trigger 
the formation of secondary metabolites. For instance, the use of cal-
cium chloride is approved in OR horticulture for increasing fruit firm-
ness and thereby making fruits less vulnerable to pathogen attack. A rise 
in cytosolic Ca2+ concentration has been associated with an increase in 
phenylalanine ammonia-lyase (PAL) activity, which activates the phe-
nylpropanoid pathway and ultimately leads to accumulation of phenolic 
compounds (Dokhanieh et al., 2013). It has been demonstrated that the 
concentration of ACY has increased in Ca-treated apples (Kadir, 2004) 
and the concentration of total phenols has increased in Ca-treated cor-
nelian cherry (Dokhanieh et al., 2013). Preharvest application either of 
Ca or Ca and boron significantly increased AAC of ‘Chandler’ strawberry 
(Singh et al., 2007).
 
The second theory is that lower available nitrogen levels in OR culti-
vation systems lead to accumulation of phenolic antioxidants (Brandt 
and Mølgaard, 2001; Malusà et al., 2004). However, in a recent study, 
decreased fertilization (70% of the usual rate) did not have an effect on 
cyanidin-3-glucoside, pelargonidin-3-glucoside, pelargonidin-3-rutino-
side and pelargonidin-malonyl-glucoside in strawberries (Lingua et al., 
2013). Also, the effect of fertilization on strawberry fruit composition 
seems to be more pronounced when organic fertilizers are used instead 
of mineral ones. In Jordan, when strawberry ‘Ferscka’ was cultivated in 
plastic tunnels, complete mineral fertilizers Green leaf 20-20-20+trace 
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elements at different rates had no effect on fruit vitamin C content 
(Mahadeen, 2009). However, in the same study, application of 40 tons 
of organic fertilizer per ha with or without mineral fertilizer increased 
vitamin C content of strawberry fruits about two times when compared 
with untreated plots. In India, vermicompost leachate was sequentially 
applied as foliar fertilizer to ‘Chandler’ strawberry and a statistically sig-
nificant increase in vitamin C content was recorded (Singh et al., 2010). 
However, the vitamin C content increased from 43.1 mg 100 g-1 FW to 
47.3 mg 100 g-1 FW, which, from the human nutrition point of view, 
does not make a large difference.
 
The effect of cultivation system on strawberry antioxidant properties is 
inconsistent throughout published studies. Some researchers indicate that 
OR strawberries have a higher content of anthocyanins compared to con-
ventional ones (Jin et al., 2011; Crecente - Campo et al., 2012). Some 
other scientists have found no effect of cultivation system on strawberry 
flavonols and phenolic acids (Häkkinen and Törrönen, 2000) or ACY 
(Bursać Kovačević et al., 2015) and on the content of vitamin C (Hakala 
et al., 2003).

It is not clear which variables in farming systems might have the great-
est effect on the phytochemical content of crops (Zhao et al., 2006). 
Studies comparing the whole farming system are often criticized, since 
due to the various confounding factors it is difficult to attribute dif-
ferences between whole systems to specific effects (Bourn and Prescott, 
2002). However, consumers always buy products which are affected by 
the whole farming system. Therefore, if the nutritional superiority of OR 
food is reported based on scientifically soundly designed experiments, 
which exclude many factors existing in real production conditions, the 
information given to consumers might be misleading. 

4.2 Plant phosphorus nutrition

Phosphorus (P) is essential for the regulation of metabolic pathways in 
the plant’s cytoplasm and chloroplasts; P is either a substrate or an end 
product in many enzymatic reactions (Marschner, 1995). P is involved in 
energy transfer during photosynthesis (Hariprasad and Niranjana, 2009; 
Sinegani and Rashidi, 2011). Preplanting incorporation of P into the 
soil is common in strawberry plantings via the use of complex fertilizers. 
However, P is often excessive and rarely deficient in strawberry planta-
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tions (May and Pritts, 1993). Excessive P is not reported to be harmful 
to the crops (Li et al., 2014). However, Choi and Lee (2012) reported 
that total amount of metallic micronutrients (iron (Fe), copper (Cu), 
manganese (Mn), and zinc (Zn)) absorbed by the aboveground plant 
tissue of strawberries decreased when plants were grown in high P levels 
in nutrient solution. P can interact with nitrogen in plants and the right 
P:N ratio is important for photosynthesis (Reich et al., 2009). For plant 
species the recommended foliar P:N ratio is reported to range from 1:8 
to 1:10 (Lambers et al., 1998) and deviation from that indicates nutri-
tional imbalance (Koerselman and Meuleman, 1996). P levels higher 
than 4 mM and 2 mM, respectively, in ‘Keumhyang’ and ‘Seonhong’ 
strawberries induced interveinal chlorosis in leaves. The effect of P on 
fruit quality has received little attention (Nestby et al., 2005). 

Phosphate (PO4
3- anions, Pi) was considered to be the only form of phos-

phorus that can be utilized for plant nutrition for years (Thao et al., 2008). 
Unfortunately the Pi use efficiency is very low. More than 80% of applied 
Pi becomes unavailable for plants due to precipitation and adsorption in 
soil (Holford, 1997). The uptake of P in form of phosphite (PO3

3- ani-
ons, Phi) is more efficient by leaf and root due to better solubility of Phi 
compared to Pi (Lovatt and Mikkelsen, 2006). Phi can be considered 
as an analogue of Pi due to the structural similarity (Fang et al., 2008; 
Varadarajan et al., 2002). Therefore Phi can be transported by high- affin-
ity phosphate transporters (d’Arcy-Lameta and Bompeix, 1991). Several 
investigations (Lovatt, 1990; Rickard, 2000; Watanabe, 2005; Lovatt and 
Mikkelsen, 2006) indicated that Phi can be used as alternative to Pi-con-
taining fertilizer for several crops and the effect is related to growth – stim-
ulating properties. However, several studies (Abel et al., 2002; Schroetter 
et al., 2006; Thao et al., 2008; Ratjen et al., 2009) indicated the negative 
effect of Phi on plant growth and therefore unsuitability of Phi as P ferti-
lizer. According to Carswell et al. (1996) negative effects of Phi on plant 
metabolism can be avoided by providing a sufficient concentration of P 
in the form of Pi. The fertilization with Phi can only suppress the typical 
developmental and molecular responses of plants to P deficiency (Abel et 
al., 2002; Ticconi et al., 2001; Varadarajan et al., 2002). Phi can be trans-
ported into the cell, but this ion is not involved in P metabolism (photo-
synthesis, ATP production, respiration) and similarities between Phi and 
Pi are related only to assimilation (Estrada-Ortiz et al., 2013; Ratjen et al., 
2009). Since Phi has fungicidal activity (Orbovic et al., 2008), it should 
rather be listed as a plant protectant than a fertilizer. 
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4.3 Postharvest technologies

Strawberry fruits are highly perishable and postharvest loss can be as high 
as 40% (Caner et al., 2008). Depending on the cultivar, fresh strawber-
ries can be kept up to 5 days at low temperatures (0…+4 °C) (Vargas 
et al., 2006) or for 6 days at +16 °C (Cordenunsi et al., 2005). Short 
postharvest life encourages the use of different technologies to control 
decay. Temperature management (Ayala – Zavala et al., 2004; Mölder, 
2010; Jin et al., 2011), controlled and modified atmosphere (CA and 
MA) storage (Pérez and Sanz, 2001; Pelayo et al., 2003) and covering 
fruits with edible coatings (Han et al., 2004; Vargas et al., 2006) have 
been the main strategies for decreasing respiration rate and maintain-
ing postharvest quality of strawberries. Alternatively, treatment of fruits 
with ultraviolet-C (UV-C) light (Allende et al., 2007), heat (Vicente et 
al., 2003) or manipulating phytohormones like ethylene and methyl jas-
monate (Heredia et al., 2009) have been used. Whereas the mentioned 
technologies have been efficiently improving external quality of fruits, in 
some cases, these technologies have simultaneously had an adverse effect 
on secondary metabolites. 

The biosynthesis of ACY continues after harvest and is clearly affected by 
storage temperature (Kårlund et al., 2014). Temperatures around 0 °C are 
considered the best for strawberry storage because they cause few changes 
in quality (Cordenunsi et al., 2005). However, lower temperatures gen-
erally inhibit ACY synthesis. Ayala-Zavala et al. (2004) reported that 
‘Chandler’ strawberries stored at 10 °C or 5 °C showed higher antioxidant 
capacity, total phenolics, and ACY than those stored at 0 °C. Jin et al. 
(2011) also reported that strawberries stored at higher temperature (10 
°C) had higher activities of antioxidant enzymes and antioxidant capaci-
ties than those stored at lower temperatures (0 or 5 °C), in both OR and 
CONV cultural systems. On the other hand, higher temperatures for a 
longer period might accelerate ACY degradation. ACY content of ‘Jewel’ 
strawberries showed a decline at 10 °C during storage for longer than 9 
days, whereas at 3 °C, the ACY content of fruits did not change signifi-
cantly (Shin et al., 2008).

AA is particularly vulnerable to storage conditions. Generally, there is 
a progressive loss of L-ascorbic acid with time and the extent of loss 
is profoundly affected by temperature (Davey et al., 2000). Significant 
AA decrease has been reported for strawberry after 4 days’ storage at 
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20 °C, whereas the loss was slight at 1 or 10 °C over 8 days (Nunes et al., 
1998). Cordenunsi et al. (2005) have proposed that the best compromise 
between sensorial and nutritional value of strawberries can be achieved at 
16 °C, regardless of the cultivar.

Ethylene induces softening and predisposes fruits for decay, therefore 
several fruits benefit from use of ethylene inhibitors. However, slight 
ethylene application can enhance the synthesis of health-promoting sec-
ondary metabolites. Heredia et al. (2009) found that strawberries exposed 
to ethylene showed a 20% increase in antioxidant activity after 4 days of 
storage at 20 °C.

UV-C light has bactericidal and fungicidal effects (Pan et al., 2004). Due 
to its high oxidative capacity, it acts as a potential phytotoxic agent and 
elicits plant defence reactions such as the production of resveratrol in 
table grapes (Cantos et al., 2000) and ACY in blueberries (Perkins–Veazie 
et al., 2008). Small quantities of trans-resveratrol have also been found in 
strawberries (Ehala et al., 2005). However, Allende et al. (2007) reported 
that phenolic contents of UV-C – treated strawberries were significantly 
reduced mainly due to a significant decrease in procyanidins.

MA packaging consists of sealing a certain quantity of fruit or vegeta-
bles through the use of plastic films; then respiration of commodities 
increases CO2 concentration and decreases O2 concentration inside the 
package, while transpiration rate increases vapor pressure (Valero and 
Serrano, 2010). It is well documented that MA extends postharvest life 
of strawberries, but little is known about the impact on health-promot-
ing compounds (Chaudhary et al., 2015). Pelayo et al. (2003) reported 
that the level and proportion of flavor components and fermentative 
metabolites, as well as the results of sensory evaluations, indicated that 
the flavor life was about two days shorter than postharvest life in CO2-
stored strawberries. Decreased oxygen content in storage atmosphere has 
sometimes been beneficial in retaining AAC, but the effect depends on 
cultivar. Vinokur et al. (2002) have reported that AAC in five strawberry 
cultivars stored in CA for 12 days, was higher than in strawberries stored 
in natural atmosphere (NA). Contrarily, Allende et al. (2007) reported 
that strawberries ‘Camarosa’ stored in CO2-enriched atmosphere showed 
vitamin C reduction after 12 days of storage when compared with stor-
age in air. Earlier experiments in Estonia with strawberry ‘Sonata’ have 
indicated that MA packages containing higher content of CO2 (13 and 
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16%) decreased fruit AAC compared to NA and compared to packages 
having up to 6% CO2 (Mölder, 2010). Zhang et al. (2003) found that 
during 7-days storage at +6 °C, MA packaging was effective in retarding 
the decrease of ACY content in ‘Fengxiang’ strawberries. 

Several postharvest researchers have documented contrasting responses 
among the strawberry cultivars to postharvest treatments. Especially when 
considering health beneficial compounds, the effect is never universal and 
depends on cultivar, maturity stage, treatment time and duration. 

4.4 Genetic factors

The genetic background plays an important role in affecting the com-
position of fruits. The domestication of strawberry (F. × ananassa subsp. 
ananassa) took place in the early 18th century in France, where female 
plants of F. chiloensis from Chile and clones of F. virginiana from eastern 
North America were crossed (Hancock, 1999). Over the decades, hun-
dreds of strawberry cultivars have been developed. Historically, content of 
secondary metabolites has not been considered an essential characteristic 
in strawberry breeding programs. Thill et al. (2013) have pointed out 
that by selecting genotypes with bright red color, which consumers typi-
cally associate with freshness and ripeness, breeders have simultaneously 
selected phenotypes with a special biochemical background, which have 
led to the prevalence of pelargonidin in ripe fruits of F. × ananassa. In F. × 
ananassa pelargonidin-3-glucoside is a dominant ACY (Wang and Zheng, 
2001; Aaby et al. 2012; Buendia et al., 2010), whereas in wild species 
cyanidin-3-glucoside often dominates. For instance, cyanidin-3-O-gluco-
side was the major anthocyanin in Chilean strawberries (Simirgiotis and 
Schmeda-Hirschmann, 2010) and in F. vesca (Cheel et al., 2007). Thill et 
al. (2013) reported that in F. × ananassa ‘Elsanta’ pelargonidin-3-O-glu-
coside was the prevalent anthocyanin (88%), whereas F. vesca ‘Red Won-
der’ accumulated higher amounts of cyanidin-3-O-glucoside (53%). It is 
important to note that the antioxidant capacity of cyanidin is two to three 
times that of pelargonidin (Wang et al., 1997), thus strawberry breeders 
have unintentionally decreased fruit antioxidant capacity. The last state-
ment can be supported by several reports describing high antioxidant 
capacity of the wild species and cultivars, where wild species have been 
used as a common parent. For instance, the progenies from strawberry 
crosses having ‘AN94.414.52’ (the F1 F. virginiana glauca selection) as a 
common parent, showed a significant increase in their total polyphenol 
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content and TAC (Diamanti et al., 2009). In Italy, the two most popular 
cultivars of F. vesca (‘Regina delle Valli’ and ‘Alpine’) were compared to 
F. × ananassa cultivars and it was found that F. vesca fruits were richer 
in sugars, citric and malic acids, and total polyphenols (Doumett et al., 
2011). Therefore interest in the wild species is increasing in order to 
improve health beneficial effects of cultivated strawberry.

A large variation among F. × ananassa commercial cultivars also exists in 
terms of antioxidant properties. For instance, F. × ananassa ‘Sveva’ has 
been characterized to have remarkably higher TAC (16.09 and 11.06 
µmoles TE/g FW, respectively by TEAC and FRAP assays) compared to 
a number of other cultivars (Tulipani et al., 2009). In a 2-year evaluation, 
‘Sveva’ had similar total polyphenol concentration and TAC to inter-spe-
cific hybrids of F. × ananassa × F. virginiana glauca (‘‘AN94.414.52” and 
‘‘AN00.239.55”) (Tulipani et al., 2011).

Concerning different antioxidants, genotype to genotype variation in 
ACY concentration seems to be somewhat larger than the variation in 
vitamin C concentration. As demonstrated by Cordenunsi et al. (2002), 
who compared six strawberry cultivars in Brazil, the ACY content ranged 
from 13 to 55 mg 100 g-1 FW. Such fourfold differences in ACY content 
can be reflected in the color of the fruits, but also in the benefits to the 
consumer’s health. Tulipani et al. (2009) studied ACY content of nine 
different strawberry genotypes in Italy and the content ranged from 346 
to 561 µg g-1 FW, which is a 1.6-fold difference. 

About twofold differences in vitamin C content was observed among 
four strawberry cultivars studied in Switzerland (Crespo et al., 2010). The 
average concentration of vitamin C in six strawberry cultivars grown in 
Finland ranged from 32.4 mg 100 g-1 to 84.7 mg 100 g-1 (Hakala et al., 
2003). In Croatia, the quantity of vitamin C in three strawberry cultivars 
(‘Arosa’, ‘Marmolada’ and ‘Patty’) was quite uniform (75.2; 76.4 and 72.8 
mg 100 g-1 FW, respectively), whereas ‘Raurica’ from the same study had 
lower vitamin C content (50.6 mg 100 g-1 FW) (Voća et al., 2009). In 
Poland, ‘Honeoye’ fruit had higher vitamin C content than ‘Elsanta’ fruit; 
the mean difference was 4.7% (Bartczak et al., 2009).
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5. HYPOTHESES AND AIMS OF THE STUDY

The evolution of strawberry cultivars is very dynamic, and many breed-
ing programs continuously offer a wide range of new cultivars to grow-
ers. Despite the general understanding about the importance of straw-
berry health benefits, no systematic evaluation of bioactive compounds 
in strawberry cultivars has been carried out. Furthermore, it is generally 
acknowledged that cultivation conditions and postharvest technologies 
might have an effect on some antioxidant compounds in strawberries, but 
the extent to which different measures impact total antioxidant capac-
ity, is rarely reported. Also, the importance of methodological aspects 
in strawberry anthocyanin determination and thereafter interpreting the 
health-beneficial value of different cultivars is often underestimated. 

Hypotheses of the present study:
• in strawberry anthocyanin determination by pH differential spectro-

scopic method, several methodological discrepancies occur through-
out numerous published studies. Hypothetically, these differences 
might cause twofold or larger fluctuations in reported strawberry 
total anthocyanin content;

• since synthetic pesticides are not used in organic cultivation system, 
it could be hypothesized that plant natural defence mechanisms are 
activated and the content of antioxidant compounds in organically 
produced fruits is higher compared to conventionally grown straw-
berries;

• due to activation of plant defence responses, phosphite anions could 
increase accumulation of plant secondary metabolites such as ascor-
bic acid and anthocyanins and through that, could be an effective 
tool for increasing total antioxidant capacity of strawberries;

• postharvest modified atmosphere packages having increased CO2 and 
decreased O2 levels compared to normal atmosphere, might have a 
beneficial effect on strawberry antioxidant properties;

• among new strawberry cultivars bred for growing in the northern 
region, some genotypes might have higher antioxidant properties 
compared to those widely cultivated at the present time.
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The aims of the present study were: 
• to give better insight into weaknesses of the widely used pH differen-

tial method for strawberry anthocyanin determination and to suggest 
a reliable procedure in order to get true results (I);

 • to find out whether strawberries from commercial organic farms have 
higher antioxidant properties compared to fruits from commercial 
conventional farms (II, III);

• to determine the effect of fertilizer containing phosphite anion 
(HPO3

2-), on accumulation of strawberry anthocyanins, ascorbic acid 
and total antioxidant capacity (IV);

• to investigate the effect of postharvest modified atmosphere on anti-
oxidant properties of different strawberry cultivars (V);

• to identify genotypes with outstanding antioxidant properties among 
new strawberry cultivars bred for growing in the northern region.
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6. MATERIAL AND METHODS

6.1 Methodological experiment (I)

For the methodological experiment ‘Senga Sengana’, ‘Chamly’, ‘Induka’, 
‘Lucy’, ‘Saljut’, ‘Dukat’, ‘Delia’, ‘Clery’, ‘Darselect’, ‘Sonata’, ‘Rumba’, 
‘Polka’ strawberry fruits were used (Table 1). Ripe fully red strawberry 
fruits were harvested from three plantations in July 2011. The greatest 
distance between the farms was 15 km from South to North and 70 km 
from East to West. Analyses of ACY content were performed on frozen 
fruits after four months. 

Table 1. Overview of the conducted experiments.
Paper Studied cultivars Impact factor Analyzed 

parameters
Year Location of plan-

tations
I ‘Senga Sengana’, 

‘Chamly’, ‘Induka’, 
‘Lucy’, ‘Saljut’, ‘Dukat’, 
‘Delia’, ‘Clery’, ‘Darse-
lect’, ‘Sonata’, ‘Rumba’, 
‘Polka’

Methodological 
aspects of ACY 
determination

Cyanidin-
3-glyco-
side, pelar-
gonidin-3 
glycoside

2011 Unipiha and Rõhu 
Research Center 
in Tartu County, 
Polli Research 
Center in Viljandi 
County

II ‘Polka’ Cultivation 
system (OR, 
CONV); plant 
age (2 and 3 
years)

AAC, ACY, 
TAC

2008 4 production 
fields (2 OR and 2 
CONV) in Tartu 
County

III ‘Polka’ Cultivation 
system (OR, 
CONV)

AAC, ACY, 
vitamin E, 
total pheno-
lics, TAC

2009 14 production 
fields (7 OR and 7 
CONV) in Tartu, 
Jõgeva,Võru and 
Valga County

IV ‘Polka’ Plant nutrition 
(phosphite, 
phosphate, soak-
ing, irrigation)

AAC, ACY, 
TAC

2005, 
2006

Rõhu Research 
Center, Tartu 
County

V ‘Sonata’,‘Polka’,‘Hon
eoye’

Postharvest 
modified atmos-
phere treatment

AAC, ACY, 
TAC

2008 Unipiha, Tartu 
County

Not 
pub-
lis-
hed

‘Sonata’, ‘Clery’, 
‘Dely’, ‘Joly’, ‘Marmo-
lada’, ‘Ischia’, ‘Capri’, 
‘Linosa’

Cultivar AAC, ACY, 
TAC

2012, 
2013

Unipiha, Tartu 
county
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6.2 Comparison of organically and conventionally cultivated 
strawberries (II, III)

In 2008, strawberry fruits from two and three year old plantations were 
harvested on 30 June from two CONV and two OR farms. All farms 
were situated in Tartu County. The greatest distance between the farms 
was 48 km.
 
In 2009, experimental material was collected from as many strawberry 
farms as possible, which had ‘Polka’ plantations in full yield. Certification 
for organic production was required from OR farms. In South Estonia 
seven OR and seven CONV strawberry farms matching the mentioned 
criteria were selected. Strawberries were harvested by the researchers on 
site at 30 June and 01 July. The experimental farms were chosen from 
four counties (Table 1) situated in South Estonia. The greatest distance 
between the farms was 113 km from South to North and 43 km from 
East to West.

The dominant soil type of most experimental fields was pseudopodzolic 
soil, which is classified by WRB (IUSS Working Group WRB, 2014) 
as Retisol. To this group of soils belong soils of following research areas 
(RA): Unipiha, Päiksi, Vedu, Laatre, Terikeste, Vareste, Tiri, Vasula and 
Metsalaane. The main assossiated soils were gleyed pseudopodzolic and 
gleyed eluviated soils. The topsoil texture of abovenamed soil group 
is varied mainly between loamy sand and sandy loam. The dominant 
textures of subsoils are sandy loam and loam. Only on some RA-s (Laatre, 
Tiri) subsoil texture was more clayey.

The dominant soil type of the second group of soils was genetically very 
similar to the first group and classified by Estonian Soil Classification 
as leached or brown lessive soils (by WRB Luvisols). To this group are 
belong soil covers of RA’s Rõhu, Painküla, Äksi, Lapetukme and Tilga. 
Their topsoil texture is mainly sandy loam, but containing of carbonates 
subsoil texture is mainly slightly pebble loam.

6.3 Fertilization experiment with phosphite fertilizer (IV)

The experimental plantation was established with ‘Polka’ A+ frigo plants 
on 10 cm high, 100 cm wide raised beds in May 2005. Strawberries were 
planted in single rows and beds covered with 0.04 mm-thick black poly-
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ethylene mulch. Row spacing was 120 cm and plant spacing was 33 cm. 
The experimental design was a complete randomized block design with 
four replications of 25 plants each. No irrigation system was used and 
water was provided by the rains. Two different fertilizers were used in the 
experiment for preparing solutions – Phi and Pi. The total content of P 
in Phi fertilizer was 12%, the main substance was potassium phosphite, 
which dissociates in water to phosphite anion (PO3

3-). The total content 
of P in Pi fertilizer was 4% and P was present in the form of phosphate, 
which dissociates in water to phosphate anion (PO4

3-).

Fertilization treatments were the following:
1) Control –not fertilized in either 2005 or 2006;
2) Phi S – plants were soaked prior to planting in a 0.3% liquid phos-

phite fertilizer solution for 10 minutes. 
3) Phi SI – plants were soaked prior to planting as described in the 

previous treatment, and additionally irrigated with the same fertilizer 
0.1% solution at a rate of 1 litre per plant two and four weeks after 
planting. 

4) Pi I – plants were irrigated with water soluble phosphate fertilizer 
0.1% solution at a rate of 1 litre per plant two and four weeks after 
planting. 

In 2006 all previously described treatments were divided into two sec-
tions, half of the plants had foliar treatment with liquid Phi fertilizer at 
the minimum recommended rate for strawberries (3.3 ml L-1 three times 
at ten-day intervals starting from the beginning of flowering). Additional 
foliar fertilization with Phi fertilizer is marked as F (treatments Control 
F, Phi SF, Phi SIF and Pi IF). 

6.4 Postharvest experiment (V)

First grade strawberries with diameter >2cm were picked from a com-
mercial plantation in South Estonia and placed into 250-g perforated 
plastic punnets, cooled down to 3 °C in 24 hours and packed as follows: 
1) control – punnets covered with perforated lid (NA); 2) 30µm LDPE 
bag (low density polyethylene, product of Estiko, Estonia); 3) Xtend 
strawberry bag (product of Stepac, Israel). Four punnets (1 kg fruits) were 
packed into one bag and sealed airtight, thus passively creating MA in last 
mentioned two packages. Each treatment consisted of four replications. 
Strawberries were stored for 12 days at 3±1 °C. O2 and CO2 content was 
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measured from the packages every day using a hand-held gas analyser 
OXYBABY V (WITT-Gasetechnik GmbH & Co KG, Germany). Fruit 
quality characteristics were determined at harvest, after 5 days of storage 
and after 12 days of storage. 

6.5 Cultivar comparison experiment

The experiment was carried out in South Estonia in Unipiha at Kindel 
Käsi OÜ in 2012 and 2013. Eight strawberry cultivars (Table 1) were 
used at the experiment. ‘Sonata’ was chosen as control cultivar, since it 
is the most widely cultivated strawberry in production fields in Estonia. 
Seven experimental cultivars were provided by Vivai Mazzoni company 
(Italy). All experimental plants were planted by hand on 24 and 25 May 
2012. Four replications were used per cultivar; 20 plants in one replica-
tion. An additional 100 plants were used in between the replications. In 
totally, 180 plants per cultivar were planted. The experiment was situated 
in the middle of the production field. Plants were grown in two-row beds. 
Black plastic mulch and drip irrigation were used in the plantation. The 
distance between the plants was 30 cm and between the rows 150 cm. 
Irrigation, fertilization and plant protection measures were exactly the 
same as for surrounding production field. Fruit analyses were made from 
third harvest, which occurred on 16 July in 2012 and 26 June in 2013. 

Weather conditions
Estonia is situated in a transition zone from maritime to continental 
climate. The growing season lasts for 180-195 days and the frost-free 
period for 110-190 days. The warmest month is July (mean temperature 
is 16-17.5 °C). The annual rainfall (600-700 mm) exceeds the evapora-
tion (350-450 mm). The mean rainfall for the growing season is 320-380 
mm. The sum of active temperatures in the Southern region of Estonia 
is 1750-1900o (Estonica, 2015).
 
The cultivar comparison experiment was the only one used in the cur-
rent thesis where data of different years were compared; therefore weather 
conditions of May, June and July from mentioned years are presented 
(Table 2). The two experimental years were quite different. The cool and 
rainy weather at the end of May in 2012 favoured strawberry plant rooting. 
During fruit development, in the first half of July, dry and warm weather 
prevailed (Table 2). However, at the end of July, during fruit ripening, it 
rained double the amount compared to the average of many years (50.7 
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mm compared to 26.7 mm). UV-B radiation was higher than average in 
the first half of July and lower than average during fruit ripening.
 
May and June 2013 were unusually warm compared to the seven-year 
average, the air temperature was significantly higher than average from 
the middle of May until the end of June (Table 2). The amount of pre-
cipitation was higher than average in May and significantly lower in June 
during fruit ripening. 

6.6 Measurements and analyses 

Extraction of anthocyanins
For determination of ACY, 10 whole fresh fruits (II, V) or partially 
thawed fruits after deep freeze (I, III, IV) in three replications from each 
treatment were homogenized and an aliquot of strawberry puree was 
extracted with solvent ethanol:0.1M HCl (85%:15%, v:v). The clear 
extract obtained by centrifugation was used for ACY determination. 

Determination of anthocyanins spectrometrically
For the determination of content of total ACY the pH differential spec-
troscopic method (Cheng and Breen, 1991) was used. The two equal 
aliquots of clear strawberry extract were diluted in equal aliquot of two 

Table 2. Weather conditions in summers 2012 and 2013 in Southern-Estonia accord-
ing to data obtained from Tartu-Tõravere meteorological station: mean air temperature 
(°C), total precipitation (mm) and total UV-B radiation (306 nm) (J m-2 nm-1) com-
pared to averages of the same figures of years 2008 - 2014. 
Month Ten-day 

periods
2012 2013 May 2008 – May 2014

Temp Precip UV-B Temp Precip UV-B Temp Precip UV-B
May I

II
III

10.5
12.3
13.0

1.0
52.7
22.6

3198
3423
4221

12.6
16.4
15.6

1.3
51.3
20.6

3353
4118
3253

13.3
13.0
13.9

28.7
30.0
14.5

2852
3304
4317

June I 11.6 21.1 3896 19.4 6.4 4747 15.7 25.8 4699
II 15.5 33.6 4537 15.4 13.8 3899 14.9 37.1 4088

July
III 14.4 33.9 4580 19.9 14.8 4539 16.4 23.8 4607
I 19.8 7.0 6083 18.5 17.3 4978 18.5 22.8 4389
II 15.4 50.7 3670 17.6 15.9 4109 18.7 26.7 4072
III 19.7 11.6 5175 17.8 26.0 3037 19.5 18.6 5152
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buffers with different pH: 0,025M KCl at pH=1 and 0.4 M sodium ace-
tate at pH =4.5, respectively. The absorption of solutions was measured 
at 510 nm and 700 nm with Thermo Helios B spectrometer (Thermo 
Scientific Inc., UK). The results were calculated according to the formu-
lae: 
 A = (A510 – A700)pH1.0 – (A510  – A700)pH4.5  , (1)
 ACYT = (A × M × DF × 1000))/(ε × l × m) , (2) 

where A is absorption of diluted extract, due to anthocyanins, A510 and 
A700 the absorption of solution measured by spectrometer at wavelengths 
510 and 700 nm, respectively. ACYT is the total content of anthocyanins, 
DF is a dilution factor, ε is molar absorptivity coefficient, l is the optical 
pathlength of cuvette (1 cm) and m is the mass of sample (g).

For calculations of the total ACY content, the molar absorptivity coeffi-
cient values 36000 (II - V); 15600, 22400, 26900, 27300, 29600, 36000 
L cm-1 mol-1 (I) were used. Results were expressed as milligrams of pelar-
gonidin-3-glucoside (I - V) and cyanidin-3-glucoside (I) equivalent per 
100 g fresh weight. 

Determination of anthocyanins chromatographically
For the determination of ACY from the strawberry extract the Perkin 
Elmer Series 200 HPLC chromatograph was used. The separation of 
ACY was provided on the column Platinum TM C18 (W: R. Grace & 
Co., Maryland, USA) and mobile phase consisted of 5 ml 85% H3PO4, 
25 ml acetonitrile and 470 ml water (A) and acetonitrile (B). Gradient 
chromatography was used; the initial mobile phase consisted 80% of A 
and 20% of B; the final content of mobile phase was 25% A and 75% B. 
Calculation of the content of individual ACY was based on the external 
standard method using pure standards of pelargonidin-3-glucoside and 
cyanidin-3-glucoside (Polphenols Laboratories AS, Norway).

Determination of ascorbic acid
The content of AA was determined from fresh (II - V) strawberries. Ten 
randomly chosen fresh or thawed fruits from each sample were cut into 
sectors and weighed in a titration vessel. Thereafter extraction solution 
was added and fruits were homogenized immediately. The homogenate 
was titrated with dichlorophenol indophenol with voltamperometric 
detection (II, III, V) or iodometrically (IV). For titration the titrator 
DL50 with autosampler Rondolino (Mettler Toledo, USA) was used.
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Determination of total antioxidant capacity
TAC was determined by using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) 
discoloration method, described by Brand Williams et al. (1995) and Lu 
and Foo (2000) with some modifications. An aliquot of clear strawberry 
ethanolic extract with different concentrations was mixed with ethanolic 
solution of DPPH. The absorbance was read at λ=515 nm (II, III, V) 
or 517 nm (IV) with Helios β spectrometer (Thermo Scientific, USA) 
equipped with seven position cellholder. The percentage of remaining 
DPPH was calculated based on absorbance. The antioxidant capacity was 
expressed as mg ascorbic acid per 100 g (II and V), mg Trolox per 100 g 
(III) fresh weight or as EC50 (IV).

6.7 Statistical analyses

Two-way analysis of variance (ANOVA) was used to determine signifi-
cant differences between strawberry cultivars in different years, to deter-
mine the effect of cultivation system and plant age (II) and to investigate 
significant differences between individual farms and cultivation practices 
(III) on strawberry antioxidant properties. Also, the effect of fertiliza-
tion treatments (IV) in different years was assessed by using two – way 
ANOVA.

The influence of postharvest modified atmosphere treatment on straw-
berry antioxidant properties was evaluated by one-way analysis of vari-
ance for each cultivar separately (V). The significance was accepted at 
P ≤ 0.05 and mean values followed by the same letter in tables and figures 
are not significantly different.
 
The content of individual and total anthocyanins was expressed as means 
± standard deviation (SD) (I). 

Principal component analysis (PCA) was performed to describe the struc-
ture of the data from the cultivar comparison experiment in relation to 
antioxidant properties (AAC, ACY and TAC), yield, fruit size, appear-
ance, taste, aroma and instrumentally measured taste-related parameters 
such as soluble solids content (SSC) and titratable acidity (TA).
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7. RESULTS

7.1 The effect of methodological aspects on estimation of total
anthocyanin concentration

Major anthocyanins in strawberry fruits
The main ACY in twelve strawberry cultivars studied in 2011 was pelar-
gonidin-3-glucoside (V). According to the results of the chromatographic 
analysis the cyanidin-3-glucoside was the minor ACY in strawberry fruits 
and had no significant contribution to the total ACY content. The results 
of spectrometrical determinations (ε=15600) were 10 – 36% higher than 
the chromatographically obtained sum of pelargonidin-3-glucoside and 
cyanidin-3-glucoside (Table 2 in I). This difference may be due to the 
contribution of other minor anthocyanins not determined in the study 
(pelargonidin-3-rutinoside and pelargonidin-3-malonylglucoside).

Differences in experimental and calculated optical absorbance
The measured value of optical absorbance A from spectroscopic measure-
ment was compared with a theoretically calculated value to describe the 
importance of correct value of ε on the results of analysis. The theoreti-
cally calculated values of A were mostly higher than experimentally meas-
ured optical absorbance A. Since the theoretically calculated values are 
based only on the content of two ACY, the correct results must be lower 
than practically measured ones. Therefore the commonly used ε values 
in strawberry ACY determinations, ε=27300 M-1cm-1, 36000 M-1cm-1, 
26900 M-1cm-1, 29600 M-1cm-1 and 22400 M-1cm-1, give untrue results 
of total ACY analysis. Only the ε=15600 M-1cm-1 in calculations gave 
23% lower results of optical absorbance in theoretical calculations (Table 
3 in I) and is therefore the best for correct calculations.

Comparision of total anthocyanin content calculated using 
different ε values
The values of ε used for pelargonidin-3-glucoside ranged from 15600 
M-1cm-1 to 36000 M-1cm-1 and thus had more than a twofold difference. 
Therefore, the results of total ACY content can differ more than 50%, 
only due to the value of ε used in calculations. The highest results of 
total ACY content obtained with ε=15600 M-1cm-1 ranged from 27.8 to 
60.0 mg 100 g-1 and the lowest with ε=36000 M-1cm-1 ranged from 12.0 
to 27.8 g-1 (Fig. 2 in V). Results from spectrometrical analysis calculated 
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with ε=15600 M-1cm-1 resulted the most accurate outcome, which was 
16 – 34% higher compared to chromatographic analysis data. All other 
calculated results of total ACY were lower than the chromatographically 
determined sum of pelargonidin-3-glucoside and cyanidin-3-glucoside. 

7.2 Factors affecting antioxidant properties of strawberries

7.2.1 The effect of cultivation system

In 2008, AAC of ‘Polka’ strawberries ranged from 44 to 60 mg 100 g-1 
FW (Table 1 in II). The effect of cultivation system was contradictory in 
plantations from different ages: in a 2-year old plantation OR strawber-
ries had lower AAC compared to CONV strawberries, whereas in a 3-year 
old plantation no consistent effect of cultivation system was found.

Fruit ACY content and TAC were rather farm-specific. Among two-year 
old plants, fruits from OR-2 farm had significantly higher ACY content 
compared to fruits from both CONV farms and also compared to OR-
1 farm (Table 1 in II). In the three-year old plantation the same farm 
tended to have fruits with high ACY content. Among plantations from 
both ages, fruits from OR-1 farm had significantly higher TAC compared 
to all others irrespective of cultivation system. Fruits from OR-2 farm 
had significantly higher TAC than CONV fruits in the three-year old 
plantation, and as a consequence, the average effect of cultivation system 
was also significant, resulting in higher TAC of OR strawberries (Fig.4 
in II).

In 2009, among the OR strawberry group AAC of strawberry ‘Polka’ 
ranged from 28 to 53 mg 100 g-1 FW and in the conventional group 
from 30 to 66 mg 100 g-1 FW (Fig.4 in III). Thus, there was almost a 
twofold difference in AAC content within OR strawberries and the vari-
ations were even larger within CONV strawberries, which eliminated the 
possible effect of cultivation system.

Strawberry ACY content was less variable within groups compared to the 
AAC, ranging from 34 to 48 and from 33 to 48 mg 100 g-1 FW in OR 
and CONV fruits, respectively (Fig. 6 in III). The difference between 
lowest and highest fruit ACY content was approximately 30% in both 
in OR and CONV fruits. Cultivation system did not significantly affect 
ACY content. 
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The concentration of total phenolics ranged from 99 to 141 mg GA 
100 g-1 FW (Fig.7 in III). The average effect of cultivation system was 
significant: OR strawberries had higher content of total phenolics. How-
ever, comparing individual OR and CONV farms, there were three OR 
(1, 2 and 4) and three CONV strawberry producers (1, 4 and 6), whose 
fruits did not differ significantly from one another in terms of content 
of polyphenols.

TAC of OR strawberries ranged from 147 to 205 and of CONV strawber-
ries from 171 to 270 mg Tr 100 g-1 FW (Fig.8 in III). The average effect 
of cultivation system was significant, indicating that the CONV straw-
berries had higher TAC. However, the mean TAC of CONV strawberries 
was obviously increased by the TAC values from two CONV farms (1 
and 2), which had significantly higher antioxidant capacity compared to 
all others (both OR and CONV). The majority of other farms (all OR 
farms, except 2, and CONV farms 3, 4, 5 and 6) had strawberries with 
similar antioxidant capacity, indicating that other factors affect the total 
antioxidant capacity to a greater extent than the cultivation system.

7.2.2 The effect of phosphite fertilizer

The AAC of strawberry ‘Polka’ fruits in the experiment ranged from 41 
to 57 mg 100 g-1 FW (Fig.1 in IV). Fruits from plants that were soaked 
in Phi solution prior to planting had significantly higher AAC compared 
to the control. Phi application via irrigation did not result the increase 
of AAC in fruits. Fertilizer containing phosphorus as PO4

3-
 did not affect 

fruit AAC content.

Strawberry ACY content ranged from 25 to 34 mg 100 g-1 FW (Fig.2 in 
IV). Of the first year fertilization treatments, both PO3

3- and PO4
3-

 con-
taining fertilizers significantly increased ACY content, whereas soaking 
plants in Phi solution had a tendency to increase ACY content more than 
the combined application (soaking + irrigation). Application of both Phi 
and Pi resulted in a decrease in fruit ACY content to the level equal to 
control plants.

TAC of strawberries was not affected by the fertilization treatments in the 
current experiment (data not shown).
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7.2.3 The effect of postharvest modified atmosphere storage

During 12-days of cool storage, the content of AAC and ACY of straw-
berries changed in a cultivar-dependent manner. In ‘Sonata’ fruits AAC 
increased during storage and was not affected by the postharvest treat-
ment by day 12 (Table 1, V). ‘Polka’ AAC had decreased in NA -stored 
fruits and in Xtend packages by day 5 and did not change after that, 
whereas in LDPE film fruit AAC remained at the initial level. ‘Honeoye’ 
fruit from control and Xtend packages maintained their AA content until 
day 5 and after that the AAC increased.

ACY content of ‘Sonata’ fruits increased significantly in all packages by 
day 5 and continued to increase in control and Xtend packages by day 12, 
whereas in LDPE film a decrease was noticed by the end of storage (Table 
1 in V). ‘Polka’ and ‘Honeoye’ fruits responded similarly to storage: ACY 
content increased by day 5 and decreased again by the end of storage.

TAC of strawberries either increased or remained unchanged during 5- 
days storage; only in air-stored ‘Honeoye’ fruits had TAC decreased by 
day 5 (Table 1 in V). By the end of storage, strawberry TAC had decreased 
in most of the packages.

Figure 2. Fruit ascorbic acid content of ‘Sonata’ and seven strawberry cultivars originat-
ing from Italy in 2012 and 2013 in South Estonia. Different letters in columns indicate 
significant differences between cultivars (Fcult × year=32.930; p˂0.001), (ANOVA Fisher 
LSD test, p˂0.05).
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2013 only ’Dely’ AAC was not higher than in ’Sonata’ fruits. The average 
effect of the experimental year on strawberry AAC was not significant 
(Fyear=0.994; p=0.326), however, the variation between AAC of the 
single cultivars in different years was significant (Fcult=44.549; p˂0.001). 
Cultivars ’Clery’, ’Dely’, ’Capri’ and ’Linosa’ had higher AAC in 2012, 
whereas ’Sonata’, ’Marmolada’ and ’Ischia’ had higher AAC in 2013. 
’Joly’ was the only cultivar with stable AAC over two years. 
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from 38 to 82 mg 100 g-1 FW in 2013 (Fig.3). The content of ACY was 
not significantly affected by experimental year (Fyear=0.343; p=0.562). In 
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7.2.4. The effect of genotype

Strawberry AAC ranged from 32 to 86 mg 100  g-1  FW in 2012 and 
from 46 to 99 mg 100 g-1 FW in 2013 (Fig.2). In 2012, all cultivars of 
Italian origin had significantly higher fruit AAC compared to ‘Sonata’, 
and in 2013 only ‘Dely’ AAC was not higher than in ‘Sonata’ fruits. The 
average effect of the experimental year on strawberry AAC was not signif-
icant (Fyear=0.994; p=0.326), however, the variation between AAC of the 
single cultivars in different years was significant (Fcult=44.549; p˂0.001). 
Cultivars ‘Clery’, ‘Dely’, ‘Capri’ and ‘Linosa’ had higher AAC in 2012, 
whereas ‘Sonata’, ‘Marmolada’ and ‘Ischia’ had higher AAC in 2013. 
‘Joly’ was the only cultivar with stable AAC over two years.

The content of ACY ranged from 44 to 74 mg 100 g-1 FW in 2012 and 
from 38 to 82 mg 100 g-1 FW in 2013 (Fig.3). The content of ACY was 
not significantly affected by experimental year (Fyear=0.343; p=0.562). 
In both years, ‘Marmolada’ had significantly higher ACY content com-
pared to all other cultivars (Fcult=20.633, p˂0.001). ‘Ischia’ and ‘Linosa’ 
fruits had significantly lower ACY content compared to ‘Sonata’ in both 
years.

Figure 3. Fruit content of total anthocyanins* of ‘Sonata’ and seven strawberry cultivars 
originating from Italy in 2012 and 2013 grown in South Estonia. Different letters in 
columns indicate significant differences between cultivars (Fcult × year=2.426; p=0.041), 
(ANOVA Fisher LSD test, p˂0.05).
*Total anthocyanins is expressed as pelargonidin-3-glycoside, using ε=15600.
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Strawberry TAC ranged from 114 to 191 mg AAeqv 100 g FW (Fig.4). 
All Italian cultivars, except ‘Ischia’, had higher fruit TAC compared to 
‘Sonata’ (F=31.710; p˂0.001). ‘Marmolada’ fruits had significantly higher 
TAC compared to all other cultivars followed by ‘Joly’, which also had 
significantly higher fruit TAC compared to other strawberries. Cultivars 
‘Clery’, ‘Dely’, ‘Capri’ and ‘Linosa’ formed the intermediate group, 
having lower TAC compared to ‘Marmolada’ and ‘Joly’, but higher than 
‘Sonata’ and ‘Ischia'. 
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Strawberry TAC ranged from 114 to 191 mg AAeqv 100 g FW (Fig.4). 
All Italian cultivars, except ‘Ischia’, had higher fruit TAC compared 
to ‘Sonata’ (F=31.710; p˂0.001). ‘Marmolada’ fruits had significantly 
higher TAC compared to all other cultivars followed by ‘Joly’, which also 
had significantly higher fruit TAC compared to other strawberries. Cul-
tivars ‘Clery’, ‘Dely’, ‘Capri’ and ‘Linosa’ formed the intermediate group, 
having lower TAC compared to ‘Marmolada’ and ‘Joly’, but higher than 
‘Sonata’ and ‘Ischia’.

According to PCA, in 2012, the first two dimensions accounted for 
61.7% of the variance (Fig.5). Total yield, SSC, appearance and taste 
were the main factors contributing to PC 1 (principal component 1 of 
principal component analysis). Average fruit size, aroma, taste and ACY 
were the significant variables in PC 2 (principal component 2 of principal 
component analysis). Everbearing cultivars ‘Linosa’, ‘Ischia’ and ‘Capri’ 
formed a group, where the most distinctive properties were fruit firm-
ness and AAC (both values were high). In the opposite direction, ‘Sonata’ 
could be characterized having good appearance and taste, and also having 
high total yield. ‘Marmolada’ had high ACY content and large fruits. 
‘Clery’ and ‘Dely’ formed an intermediate group between ‘Sonata’ and 
everbearers, being more firm than ‘Sonata’, but having higher SSC/TA 
and better taste than everbearers.

Figure 4. Total antioxidant capacity of strawberry fruits from ‘Sonata’ and seven culti-
vars originating from Italy grown in South Estonia in 2013. Different letters in columns 
indicate significant differences between cultivars. (ANOVA Fisher LSD test, p˂0.05).
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Figure 5. Principal component analysis plot based on importance of cultivar character-
istics (A) and the projection of respective cultivars (B) in 2012.

Figure 6. Principal component analysis plot based on importance of cultivar character-
istics (A) and the projection of respective cultivars (B) in 2013.

In 2013, PC 1 explained 47.2% and PC 2 26% of the total data vari-
ability (Fig.6) Compared to the 2012 data, regrouping of some cultivars 
could be noticed: ‘Dely’ had joined the group of everbearing cultivars, 
which now presented high SSC/TA, low ACY content and small fruit 
size. ‘Clery’ had moved closer to ‘Sonata’, characterized by higher yield 
and better taste and aroma compared to others. ‘Marmolada’ could be 
continuously distinguished by outstanding antioxidant properties: high 
AAC, ACY and TAC. 

A B

A B
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8. DISCUSSION

8.1 The impact of methodical aspects on the reported results of
anthocyanins in strawberry fruits

Major anthocyanins in strawberry fruits
According to the results from the study with twelve strawberry culti-
vars, the pelargonidin-3-glucoside was dominantly the most abundant 
ACY. This finding is in agreement with the results of Aaby et al. (2012) 
and Buendia et al. (2010). In the present experiment, the percentage 
of pelargonidin-3-glucoside ranged from 63.8% (‘Sonata’) to 89.4% 
(‘Saljut’) of total ACY content. The cyanidin-3-glucoside was the minor 
ACY component in all strawberry cultivars, the percentage ranged from 
1.9% (‘Dukat’) to 8.5% (‘Chamly’) of pelargonidin-3-glucoside content 
in strawberries. The results confirm that even though the proportion of 
individual ACY depends on cultivar, pelargonidin-3-glucoside is always 
the major ACY in strawberries and cyanidin-3-glucoside forms only a 
minor part of total ACY. Therefore, we find that it is incorrect to report 
the total ACY content of strawberries as cyanidin-3-glucoside unless the 
object is not F. × ananassa, but some of the wild parents of domesticated 
strawberry. However, since ‘Chamly’ contained the highest percentage of 
cyanidin-3-glucoside among the studied cultivars, it would be interesting 
to determine its TAC in future. Cyanidin-3-glucoside has been reported 
to have a two to three times higher antioxidant capacity compared to 
pelargonidin (Wang et al., 1997). Usually, in F. × ananassa, the concentra-
tion of cyanidin-3-glucoside is very low (Thill et al., 2013). It has been 
reported that in F. × ananassa the ratio of pelargonidin-3-glycoside and 
cyanidin-3-glycoside was 12.8–22.2:1 (Wang and Lewers, 2007). Cyani-
din-3-O-glucoside was found to be the major ACY in Chilean strawber-
ries (Simirgiotis and Schmeda-Hirschmann, 2010) and in F. vesca (Cheel 
et al., 2007). Peñarrieta et al. (2009) found that the ratio of cyanidin-3-
glucoside to pelargonidin-3-glycoside was 20–26:1 in wild strawberries 
(F. vesca). A higher ratio of cyanidin:pelargonidin in wild species has been 
associated with higher TAC of the wild species and cultivars, where wild 
species have been used as a common parent (Diamanti et al., 2009).
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Differences between experimental and calculated optical absorb-
ances using different ε values on the total anthocyanin content
For calculating total ACY content as pelargonin-3-glucoside, four differ-
ent molar absorption coefficient values were used (15600, 22400, 27300, 
and 36000) and for cyanidin-3-glucoside 26900 and 29600 were used. 
Due to the differences in optical absorbance coefficients used, the calcu-
lated results were extended from both sides compared to the measured 
values. It is important to note that correctly calculated optical absorbance 
must always be lower than the spectrometrically measured one, because it 
is based only on the chromatographically determined content of two ACY. 
The lower optical absorbance values were obtained only with ε=15600. 
Thus, it could be concluded that the rest of the molar absorption coef-
ficients are unsuitable. Due to the large variation (more than 50%) in 
molar absorption coefficient values, more than twofold differences in 
calculated and reported total ACY content can be found. 

Comparison of total anthocyanin content calculated using different
ε values
In the current study the calculated total ACY content was compared with 
chromatographically obtained sum of pelargonidin-3-glucoside and cya-
nidin-3-glucoside. The highest values of total ACY content were obtained 
with ε=15600. The obtained results were in the same range as reported by 
Josuttis et al. (2012). The rest of the used values of molar absorption coef-
ficients resulted in a lower total ACY content than the chromatographi-
cally determined sum of cyanidin-3-glucoside and pelargonidin-3-gluco-
side. Besides the two mentioned ACY, strawberries contain several other 
ACY in minor amounts: pelargonidin-3-malonylglucoside, pelargonidin-
3-rutinoside and cyanidin-3-rutinoside (Tulipani et al., 2008; Aaby et 
al., 2012). Therefore, the widely used molar absorption coefficients for 
calculating total ACY content tend to give erroneous, underestimated 
values. According to the findings in the current study, only the ε=15600 
is the correct value for calculation of the total ACY content.
 
Several conclusions can be drawn from the presented results. First of 
all, it is not possible to compare the reported strawberry ACY content 
from different studies, if ε values are not provided. Secondly, since ACY 
play an important role in strawberry antioxidant properties, it is very 
important to use the right ε values for estimating contribution of ACY 
to strawberry TAC.
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8.2 Factors affecting antioxidant properties of strawberries

8.2.1 The effect of cultivation system

Health benefits have been reported as a main motive for purchasing 
organic food (Zanoli and Naspetti, 2002; Magnusson et al., 2003; Padel 
and Foster, 2005; Huber et al., 2011). OR products generally contain 
lower amounts of pesticide residues compared to integrated or CONV 
ones (Baker et al., 2002). However, despite the widespread perception 
that OR foods are more nutritious than CONV alternatives, strong evi-
dence to support this perception has not been found by reviewing rel-
evant literature (Smith-Spangler et al., 2012; Kårlund et al., 2015).

The results from the present thesis indicated that antioxidant properties of 
strawberry fruits were dominantly farm-specific both in OR and CONV 
cultivation system. Comparing the results from 2008 and 2009 experi-
ments (II and III), it can be seen that if fruits from only two production 
sites were studied, OR strawberries had higher TAC (II). However, if 
fruits from seven different OR and CONV farms were compared, the 
average effect of cultivation system on TAC and on most of the antioxi-
dant compounds was not significant (III). If we had reduced the number 
of production sites studied in 2009, we might have come to completely 
different conclusions. For instance, if we would have chosen only farms 
number 2 and 5 from both cultivation systems, the results would have 
shown that OR strawberries have significantly higher AAC, ACY and 
total phenolics content. On the contrary, if we would have chosen only 
farms number 1 and 4 from both cultivation systems, the results would 
have shown that CONV strawberries had significantly higher AAC and 
TAC.
 
A similar pattern exists among information drawn out from published 
research. Crecente-Campo et al. (2012) studied fruit composition of 
strawberry ‘Selva’ from only one OR and CONV farm situated in the 
same geographical area of Galicia and concluded that the organic straw-
berries had a significantly higher level of ACY and AA. Jin et al. (2011) 
investigated strawberries ‘Earliglow’ and ‘Allstar’ from one OR and 
CONV farm in Maryland, USA, and also found significantly higher ACY 
content and antioxidant capacity in OR fruits. On the other hand, in 
experiments where higher number of production locations were included, 
the results often did not indicate a higher content of antioxidants in 
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OR strawberries. Häkkinen and Törrönen (2000) collected strawberry 
‘Polka’, ‘Honeoye’ and ‘Jonsok’ samples from three CONV and OR farm-
ers from Eastern Finland and reported that similar levels of flavonols and 
phenolic acids were found in the cultivars ‘Polka’ and ‘Honeoye’ when 
different cultivation techniques were used. Only OR ‘Jonsok’ fruits had a 
12% higher concentration of total phenolics compared to CONV ones. 
Hakala et al. (2003) found that OR cultivation had no effect on the 
content of vitamin C in the strawberries collected from three different 
farms.

We completely agree with the statement made by Warman and Harvard 
(1998) 16 years ago already: “Vitamin and mineral content of crops is 
controlled by a complex interaction of factors, including soil type and the 
ratios of minerals in added composts, manures and fertilizers. It is there-
fore difficult to separate the influences of the environment and farming 
system”. We find that from the consumer perspective, it is important to 
note that the variation within OR and CONV farming systems outplays 
the differences between the two systems. 

8.2.2 The effect of phosphite fertilization

In the experiment, fruits from plants that were soaked in Phi solution 
prior to planting had significantly higher AAC and ACY content com-
pared to the control. Thus the finding supports the earlier suggestion 
that Phi can activate plant defence responses (Guest and Grant, 1991). 
However, for strawberries, the results were the first demonstrating that the 
amount of Phi and also application technology are very important if we 
aim to increase the content of bioactive compounds in fruits. Especially 
with ACY content, it is clearly seen (Fig. 2 in IV) that soaking plants in Phi 
solution was more effective than combined treatment of soaking + irriga-
tion with Phi. Fruits from soaked and irrigated plants had equal levels of 
ACY as control fruits, which were 18% lower compared to the ACY con-
tent of the fruits from only preplanting Phi-treated plants. The findings 
were later supported by Estrada-Ortiz et al. (2013), who stated that the 
treatment with 30% Phi in nutrient solution had the highest concentra-
tion of ACY in strawberry fruits compared to the control and compared 
to the treatments where 20, 40 and 50% of P was supplied as Phi. 

Application of Phi in strawberries is problematic due to the polyfunc-
tional use of the compound. Several formulations containing Phi are 
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registered as fertilizers and despite research findings that Phi does not 
supply usable phosphorus to plants (Sukarno et al., 1993; Carswell et al., 
1996; Varadarajan et al., 2002), several Phi compounds are marketed as 
fertilizers.
 
On the other hand, Phi is the only systematic fungicide for post-infec-
tion control of oomycete pathogens (Gisi, 2002). The toxicity of Phi is 
believed to be due to the increase in inorganic pyrophosphate, which 
inhibits key phosphorylation reactions in fungi (Niere et al., 1994). In 
strawberries, Phi - based compounds are effective against leather rot (Phy-
topthora cactorum) (Rebollar-Alviter et al., 2010). The problem is that 
repeated applications of Phi are recommended both for nutrition pur-
poses and also for plant protection. As a fertilizer, 4 applications of potas-
sium phosphite have been recommended for strawberries from planting 
until colouring of first fruits (Van Iperen, 2013). Rebollar-Alviter et al. 
(2010) reported that potassium phosphite provided excellent leather rot 
control when applied in a four-spray, calendar-based protectant program. 
Based on the present research results, such repeated applications would 
have an adverse effect on AAC and ACY content in strawberries. 

Furthermore, by using repeated applications of Phi, hidden deficit of 
phosphorous and therefore decrease of yield may occur. Phi is not con-
verted into Pi in plants and therefore fails to enter biochemical pathways 
(Varadarajan et al., 2002). Carswell et al. (1996) reported that whereas 
Brassica nigra seedlings grown in Pi - limited medium in the absence of 
Phi had typical Pi deficiency symptoms, application of Phi suppressed 
those symptoms even though plant Pi-concentration decreased up to 
40%. 

As the strawberry growers would not see visual P-deficiency symptoms 
and tissue analyses would also indicate that total P content is normal 
(since PO4

3-
 and PO3

3- are not determined separately unless in special sci-
entific laboratories), there is great potential that growers unintentionally 
decrease health-beneficial compounds in fruits and, if Phi is supplied in 
greater amounts, yield decrease is possible. As demonstrated by Estrada-
Ortiz et al. (2013), the highest level of Phi (50%) in nutrient solution 
significantly decreased strawberry yield. The same authors were surprised 
that the same treatment brought about the highest P concentration in 
leaves. However, in the mentioned study also only total P was deter-
mined. We suppose that if they had determined PO4

3- and PO3
3- separately, 
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they would have found high PO3
3-

 concentration and insufficient PO4
3-

 
concentration, which caused the decrease in yield. Through the autora-
diographic technique, it has been proven that Phi is rapidly translocated 
in the symplast as well as the apoplast (Kumar et al., 2009) and there 
is an antagonistic interaction between Phi and Pi at the level of uptake 
(Varadarajan et al., 2002). Therefore, the complex effect of different Phi 
doses should be studied on strawberries and other crops including the 
effect on diseases, yield and fruit biochemical content. The crucial point 
would be determining tissue PO4

3- and PO3
3- separately. 

8.2.3 The effect of postharvest modified atmosphere

Strawberries are highly perishable and vulnerable to fungal diseases, 
therefore postharvest temperature and relative humidity management 
together with controlled and modified atmosphere (CA and MA) tech-
nologies are extensively used for decreasing respiration rate and main-
taining fruit quality. Whereas the fresh appearance of strawberries can 
be maintained longer by using mentioned technologies, in some cases, 
attempts to improve external quality simultaneously lead to decrease of 
secondary metabolites in fruits. 

The biosynthesis of ACY continues after harvest and is clearly affected 
by temperature and storage duration. During short term storage at low 
temperatures ACY content in several fruits increases. Krüger et al. (2011) 
showed that raspberry fruits stored for 1 day at 20 °C or 3 days at 2-4 
°C followed by 1 day at 20 °C had higher ACY levels than fresh berries. 
Also in the present thesis, ACY content in ‘Sonata’, ‘Polka’ and ‘Hone-
oye’ strawberries increased significantly during 5-days storage at 3±1 °C 
(Table 1 in V). Lower temperatures generally inhibit ACY synthesis. For 
instance, ACY content of raspberries ‘Glen Ample’ increased significantly 
during storage, but the effect was more pronounced at +4 °C than at 
+1 °C (Mölder et al., 2011). On the other hand, during long-term stor-
age ACY are easily degraded (Hellström et al., 2013). ACY content of 
‘Jewel’ strawberries showed a decline at 10 °C during storage longer than 
9 days (Shin et al., 2008). The critical duration of storage time is culti-
var–dependent. The present research indicated that in ‘Sonata’ fruits ACY 
content did not decrease even during 12-days storage at 3±1 °C, whereas 
in ‘Polka’ and ‘Honeoye’ fruits ACY content decreased during 12-days 
storage compared to 5-days storage (Table 1 in V).



50

To retain initial AAC during storage, temperature management is the 
most important factor to be taken into account. Temperatures around 
0 °C are considered to be the best for retaining strawberry postharvest 
quality. However, for increasing AAC during storage, 16 °C was effective 
(Cordenunsi et al., 2005), whereas storage at 6 °C caused a 50% decrease 
of the total AAC in strawberries after 6 days (Cordenunsi et al., 2003). 
AAC of strawberries ‘Sonata’ and ‘Honeoye’ stored in NA even increased 
during 12-days storage at 3±1 °C, whereas in ‘Polka’ fruits AAC decreased 
(Table 1 in V). However, although the decrease was statistically signifi-
cant, from the point of view of human health, the AA decrease from 60 
mg 100 g-1 FW to 56 mg 100 g-1 FW is quite small.
 
In addition to storage temperature, the ACY metabolism can be regulated 
by using MA. It has been demonstrated that high CO2 levels have an 
adverse effect on the activity of PAL, which is a key enzyme in the ACY 
synthesis pathway (Holcroft and Kader, 1999). In raspberries (cv. Malling 
Orion, Malling Admiral, Glen Lyon, Glen Ample and Lyon), the average 
ACY concentration was increased during 1 week storage in NA, but not 
in the CA (10% O2 + 15% CO2 and 10% O2 + 31% CO2) (Haffner et al., 
2002). In the current thesis, no adverse effect of MA on ACY formation 
was observed, probably because CO2 concentration in the MA-packages 
was quite low (below 5%). 

Agar et al. (1997) have studied the effect of high CO2 on AAC of several 
berry fruits and concluded that strawberries showed the most severe CO2 
effect of all fruits tested: AAC decreased to 25% of its initial value during 
the storage period, especially in fruits which were treated with 15% and 
20% CO2. The present experiment indicated that low CO2 MA could be 
beneficial in maintaining strawberry high AAC (Table 1 in V).

Controversial statements can be found about the influence of storage 
conditions on strawberry antioxidant capacity. Kalt et al. (1999) reported 
that strawberry TAC increased 1.5-fold during the 8 days of storage, 
whereas Cordenunsi et al. (2005) found that strawberry TAC decreased 
upon NA storage at different temperatures. Tulipani et al. (2009) stud-
ied six strawberry genotypes and the effect of short-term NA storage 
depended on cultivar: whereas ‘Alba’ and ‘Sveva’ showed an increase of 
TAC, the effect on other cultivars was either insignificant or had a ten-
dency towards TAC decrease. The results are in agreement with those 
stating that cultivars respond differently to storage conditions: whereas 
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in ‘Sonata’ fruits TAC increased significantly during 5-days storage in 
NA, TAC of ‘Polka’ fruits remained unchanged and of ‘Honeoye’ fruits 
decreased significantly (Table 1 in V).

There are very few reports available describing the effect of MA storage 
on strawberry TAC. Bodelón et al. (2010) reported that TAC of straw-
berry ‘Camarosa’ increased by 72% after 3-days storage at 0 °C in NA, 
whereas TAC only increased by 33% in fruit maintained for 3 days in 
20% CO2. In the current study, different cultivars had variable responses 
to storage conditions: ‘Sonata’ TAC increased by 24% after 5-days stor-
age at 3±1 °C in NA, whereas in low CO2 MA fruit TAC remained 
unchanged. Controversially, for ‘Polka’, in MA-storage fruit TAC increase 
was higher compared to NA (38 and 8%, respectively). For ‘Honeoye’, 
fruit TAC decreased both in NA and MA during 5-days storage, but the 
decrease in MA was smaller.

It is noteworthy that although MA-storage had little impact on ACY and 
AAC, it caused up to 30% changes in TAC (Table 1 in V). It has also been 
noticed by other authors that changes in TAC often do not coincide with 
changes in any of the individual antioxidants in strawberries (Shin et al., 
2007). One possible explanation for this phenomenon could be changes 
in ACY composition. It has been reported that cyanidin-based ACY with 
a o-dihydroxy moiety have greatest antioxidant activity (Rice-Evans et 
al., 1997). Cordenunsi et al. (2005) studied changes in strawberry ACY 
composition during storage and found that at all temperatures, there 
was significant increase in the ratio between pelargonidin and cyanidin, 
showing preferential synthesis of pelargonidin over cyanidin. In future it 
would be worth studying how different concentrations of CO2 and O2 
affect ACY composition. 

We propose that no generalizations should be made in terms of the effect 
of storage conditions on health-beneficial properties of strawberries, since 
different cultivars respond in a different manner. Based on the present 
thesis, MA-packages were effective in maintaining higher TAC of ‘Polka’ 
and ‘Honeoye’ strawberries during 5-days storage. 

8.2.4 The effect of genotype

Cultivar properties have a great influence on the content of individual 
antioxidants of strawberries (Crespo et al., 2010; Kelebek and Selli, 2011; 
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Kårlund et al., 2015). In the present study, AAC of eight studied cultivars 
differed 2.7-fold in 2012 and 2.2-fold in 2013. Similar results have been 
reported in other countries: about twofold differences in vitamin C con-
tent among four strawberry cultivars in Switzerland (Crespo et al., 2010) 
and about 2.5-fold differences among six strawberry cultivars grown in 
Finland (Hakala et al., 2003). In the present study, ACY content of eight 
strawberry cultivars had 1.7-fold difference in 2012 and twofold differ-
ence in 2013. Somewhat larger differences have been demonstrated in 
other countries: Cordenunsi et al. (2002) found fourfold difference in 
ACY content when comparing six strawberry cultivars in Brazil. Gündüz 
and Östemir (2014) found even 15-fold differences in total monomeric 
ACY contents when comparing 13 strawberry genotypes in Turkey.

However, a high concentration of a certain single antioxidant is hardly 
the target in breeding programs for selecting suitable strawberry cultivars 
either for fresh consumption or for the industry. When selecting cultivars 
with spectacular health-beneficial properties, it is important to note that 
differences in individual antioxidants might not necessarily reflect differ-
ences in TAC values. Reactions among antioxidants may be additive and/
or synergistic and therefore determination of TAC potentially provides 
a better estimate of the overall contributions of antioxidant components 
(Liu, 2003; Liu, 2004). For instance, in the present study, ‘Dely’ had one 
of the lowest contents of both AAC and ACY in 2013 (Fig.2 and Fig.3), 
however, TAC of ‘Dely’ was significantly higher compared to ‘Sonata’ 
and ‘Ischia’ and similar to TAC values of ‘Clery’, ‘Capri’ and ‘Linosa’. 
It can be supposed that if some antioxidant compounds are present in 
low amounts, plants may compensate for this by producing other bioac-
tive compounds, which might increase TAC. In a study carried out by 
Kelebek and Selli (2011), strawberry cultivar ‘Seyhun’ had significantly 
higher AAC compared to other two cultivars, whereas content of P3g was 
significantly lower compared to others.

When selecting strawberry cultivars for fresh consumption, fruit sen-
sory characteristics are very important in addition to health-beneficial 
properties. In the present experiment, according to PCA, ‘Marmolada’ 
was distinguished by high AAC, ACY and TAC (Fig.5 and Fig.6) being 
therefore desirable for its health-promoting properties. However, since 
high SSC/TA ratio, good taste and aroma were not characteristic to this 
cultivar, ‘Marmolada’ would be good raw material for the industry pro-
ducing antioxidant-rich smoothies, jams or juices, but this cultivar is 
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most probably not the best choice for fresh consumption. For fresh con-
sumption, ‘Clery’ and ‘Dely’ could be good options for complementing 
most commonly cultivated ‘Sonata’ in Estonia, since mentioned cultivars 
had high SSC/TA, good taste and aroma and higher TAC compared to 
‘Sonata’. 

When selecting strawberry cultivars according to certain properties, it 
is also important to know how stable these properties are in different 
weather conditions. In the current study, the variation of AAC of the 
single cultivars in years 2012 and 2013 was larger compared to variation 
in ACY content, which was quite stable in most of the cultivars. Fruit 
ripening periods in experimental years were very different in terms of 
temperature and precipitation. The first year (2012) was characterized 
by a cool and rainy fruit ripening period, whereas in 2013 strawberries 
ripened very early due to constantly high temperatures throughout the 
second half of May and the whole June. However, the UV-B radiation 
was lower than average in both years and it could be one reason explain-
ing why the ACY content was quite similar in both years. The protective 
property that flavonoids display against UV-radiation has been suggested 
to be among the oldest functions of flavonoids in plants. The localization 
of flavonoids in the epidermal layers of plants and their known ultraviolet 
absorptive properties has led to a suggestion that they can serve as shields 
against potentially harmful radiation (Winkel-Shirley, 2002). Ordidge et 
al. (2012) reported that surface colour of strawberries was affected by the 
level of available UV radiation. 
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9. CONCLUSIONS

• It was demonstrated that as a result of using different ε values, the 
total ACY content for individual strawberry cultivars differed more 
than 50% (I).

• When using the pH differential spectroscopic method, pelargonidin-
3-glycoside with the ε=15600 M-1cm-1 would enable most precise 
estimation of total ACY content in strawberries (I). 

• Experiments with OR and CONV cultivated strawberries indicated 
that if fruits from only two production sites were studied, OR straw-
berries had higher TAC (II). However, if fruits from seven different 
OR and CONV farms were compared, a large variation in antioxi-
dant compounds and TAC within both OR and CONV strawberries 
outplayed the effect of cultivation system (III). It can be concluded 
that OR strawberries do not necessarily contain more antioxidants 
compared to CONV strawberries in Estonia (II, III).

• Pre-planting phosphite treatment was effective in increasing straw-
berry fruit ACY by up to 20% and AAC by up to 40%. The current 
study was the first demonstrating that the number of Phi fertilizer 
treatments and also application technology are very important if the 
aim is to increase the content of antioxidant compounds (IV). 

• Effect of postharvest modified atmosphere was cultivar-specific. MA-
packages were effective in maintaining higher TAC of ‘Polka’ and 
‘Honeoye’ strawberries during 5-days storage (V). 

• Cultivar properties were able to cause more than 50% difference 
both in ACY and AA content in strawberries and 40% difference 
in fruit TAC. ‘Marmolada’ could be distinguished by outstanding 
antioxidant properties: high AAC, ACY and TAC (Chapter 8.2.4).
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Practical use of the results

The results of the thesis can be put into practice by strawberry growers 
and processing enterprises and part of it can also be used by nutrition 
specialists and ordinary strawberry consumers. The obtained informa-
tion can help farmers to choose the right cultivars for different purposes: 
cultivars with outstanding antioxidant properties, but modest sensory 
quality for the industry producing antioxidant-rich strawberry products 
and cultivars with high TAC and good sensory properties for fresh con-
sumption. Additionally, the effect of certain fertilizers and postharvest 
technologies on strawberry antioxidant properties might be considered by 
some growers besides the common aim to gain higher yields and prolong 
postharvest life of fruits. 

The food industry is seeking high quality fruits for processing and it is not 
unusual that they have either their own laboratories or they ask farmers to 
prove that their fruits contain certain amounts of antioxidants. Therefore, 
a reliable procedure for determining ACY content is also important for 
them, since by using inadequate methods, quality of the raw material 
could be under- or overestimated. 

Nutrition specialists and consumers can use information about the con-
tent of antioxidants in different strawberry cultivars. Since there might be 
twofold differences in AAC of certain cultivars, food databases should use 
available information about cultivars, not just state average for species. 

Publications II and III in this thesis have a consumer-oriented approach, 
which give valuable information to consumers that many other factors 
affecting antioxidant properties of strawberries to a larger extent than 
cultivation system. It is not justified to presume that a consumer buying 
organic strawberries gets fruits with higher antioxidant properties than a 
consumer who buys conventional strawberries. 
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Further research objectives would be to determine: 

• synergism and antagonism between different strawberry antioxi-
dants; finding out key compounds of strawberry total antioxidant 
capacity;

• combined effect of different agricultural practices on content of anti-
oxidants in strawberries;

• combined effect of soil biogeochemistry and cultivation site micro-
climate on strawberry antioxidant properties;

• possibilities to increase strawberry antioxidant capacity in large-scale 
production conditions without negative impacts on yield;

• the combined effect of different Phi doses on strawberries and other 
crops including effect on diseases, yield and fruit biochemical con-
tent, whereby separate detection of PO4

3- and PO3
3- content in differ-

ent plant organs would be crucial.
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SUMMARY IN ESTONIAN

AEDMAASIKA VILJADE ANTIOKSÜDATIIVSETE 
OMADUSTE MÕJUTAMISE VÕIMALUSTEST 

JA METOODILISTEST ASPEKTIDEST NENDE 
MÄÄRAMISEL

Sissejuhatus

Aedmaasika (Fragaria × ananassa Duch.) kogutoodang on maailmas vii-
mase kümnendi jooksul pidevalt suurenenud, olles 2000. a 4 467 416 
ja 2011. a 7 739 622 tonni (FAOSTAT 2015). Järjest kasvavat nõud-
lust aedmaasika viljade (edaspidi maasika) järele seostatakse muuhulgas 
tarbija teadlikkuse tõusuga maasikas leiduvatest inimtervisele kasulikest 
ühenditest, eelkõige antioksüdantidest (Boriss et al. 2006). Maasikad 
sisaldavad arvestatavas koguses askorbiinhapet (Cordenunsi et al. 2002, 
Hakala et al. 2003, Kafkas et al. 2007, Singh et al. 2008) ja foolhapet 
(Tulipani et al. 2009). Fenoolsetest ühenditest on maasikas kõige oluli-
semad antotsüaanid, mis annavad viljadele iseloomuliku punase värvuse 
(Garzon ja Wrolstad 2001) ja on kõrge antioksüdatiivse aktiivsusega 
(Cordenunsi et al. 2005).
 
Kuigi aedmaasikat kasvatatakse kogu maailmas, on sordid regioonispetsii-
filised ja vahelduvad kiiresti. Sordiomadused mõjutavad oluliselt viljade 
biokeemilist koostist (Cordenunsi et al. 2002, Hakala et al. 2003, Voća 
et al. 2009, Tulipani et al. 2009). Enamikus sordiaretusprogrammides 
hinnatakse eelkõige sordi haiguskindlust, produktiivsust, viljade suurust, 
maitset ja säilivust. Tootjate ja tarbijate informeerimine erinevate sor-
tide antioksüdatiivsetest omadustest on jäänud teadlaste ülesandeks ning 
siiani pole nimetatud omadusi sorditi süstemaatiliselt hinnatud (Mezzetti 
et al. 2009). Eriti vähe on infot põhjamaadesse sobivate maasikasortide 
bioaktiivsete ühendite sisalduse kohta. Hüpoteetiliselt võiks uute aretiste 
seas leiduda silmapaistvate antioksüdatiivsete omadustega sorte, mis olek-
sid väärtuslikuks tooraineks näiteks tervisetoodete tegijatele.
 
Lisaks sordile sõltub maasikate koostis kasvukeskkonna kliimast, mullas-
tikust, erinevatest kasvatustehnoloogilistest võtetest ja säilitustingimus-
test (Crespo et al. 2010, Josuttis et al. 2013, Olsson et al. 2004, Olsson 
et al. 2006, Shin et al. 2008, Tulipani et al. 2008). Ilmastikutingimusi ei 
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ole võimalik avamaatingimustes mõjutada, küll aga on võimalik mani-
puleerida erinevate kasvatus- ja säilitustehnoloogiliste võtetega. Siiani ei 
ole ühest arvamust, kuivõrd suures ulatuses on maasika antioksüdatiivsed 
omadused erinevate võtetega mõjutatavad. Mõnedes uuringutes on tões-
tatud, et mahetehnoloogiaga kasvatatud maasikad sisaldavad rohkem anti-
oksüdante kui tavatehnoloogiaga kasvatatud (Jin et al. 2011, Olsson et al. 
2006), samas kui teised on näidanud vastupidist (Cardoso et al. 2011). 
Käesolevas töös püstitati hüpotees, et kuna mahetootmises ei kasutata 
sünteetilisi taimekaitsevahendeid, siis taimede loomulikud kaitsemehha-
nismid aktiveeruvad ja seetõttu võivad mahetehnoloogiaga kasvatatud 
maasikate viljad sisaldada rohkem antioksüdante. Taimede toitumist on 
eelkõige uuritud saagikuse seisukohast, mõju kohta antioksüdatiivsetele 
omadustele on vähem andmeid. Kui taim on kõrge saagikuse tagamiseks 
optimaalselt väetatud, on tavapäraste makro- või mikroelemente sisal-
davate lisaväetiste mõju viljade bioaktiivsetele omadustele väike. Taime 
sekundaarsetele metaboliitidele avaldab mõju pigem mõne elemendi 
defitsiit, näiteks on lämmastiku defitsiit vähendanud antotsüaanide sün-
teesi (Yoshida et al. 2002). Antud töös tundsime huvi, kuidas oleks või-
malik indutseerida taime kaitsereaktsioone normaalselt toidetud taimel 
nii, et suureneks bioaktiivsete ainete sisaldus, kuid ei väheneks saak. 

Maasika viljad on kiiresti riknevad ja seetõttu kasutatakse säilivusaja 
pikendamiseks madalaid temperatuure ja kontrollitud ning modifitsee-
ritud atmosfääri (Pérez ja Sanz 2001, Pelayo et al. 2003). Kuna üle 10%-
ne CO2-sisaldus säilitusruumi õhus pärsib hahkhallituse (Botrytis cinerea) 
arengut, kasutatakse aedmaasikate transpordil kõrge (15-20%) süsihap-
pegaasiga keskkonda. Mõned uuringud on aga näidanud, et kõrge CO2-
sisaldus säilitusruumi õhus vähendab maasikate askorbiinhappesisaldust 
(Allende et al. 2007) ja antioksüdatiivset aktiivsust (Bodelón et al. 2010). 
Hüpoteetiliselt võiks madala (kuni 5%) CO2-sisaldusega modifitseeritud 
atmosfääri negatiivne mõju aedmaasikate antioksüdatiivsetele omadustele 
olla väiksem. 

Maasika viljade antioksüdatiivne aktiivsus on seotud viljas sisalduvate 
antotsüaanidega. Erinevate sortide antotsüaanide sisalduse kohta on küll 
avaldatud palju andmeid, kuid sageli ei ole need võrreldavad määramis-
metoodikate erinevuse tõttu. Pikka aega on antotsüaanide koguhulga 
määramiseks kasutatud pH diferentsiaalspektrofotomeetrilist meetodit. 
Kasutades sama meetodit, leidub siiski mitmeid metoodilisi nüansse, mis 
on erinevates uurimustes erinevad ja muudavad oluliselt lõpptulemust. 
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Kuna antotsüaanide sisaldus on otseselt seotud maasikate antioksüdatiivse 
aktiivsusega, tulenevad sellest erinevused ka nendes interpreteeringutes. 
Käesolevas töös tõstatati hüpotees, et lähtuvalt metodoloogilistest erine-
vustest antotsüaanide määramisel võivad tulemused erineda kuni 50%, 
mis võib omakorda oluliselt mõjutada tarbijale edastatavat infot nii maa-
sika antotsüaanide sisalduse kui ka sellega seotud antioksüdatiivse aktiiv-
suse kohta. 

Tulenevalt püstitatud hüpoteesidest olid käesoleva doktoritöö eesmärgid 
järgmised:

• määratleda pH diferentsiaalspektrofotomeetrilise meetodi nõrgad 
kohad maasika antotsüaanide koguhulga kindlakstegemisel ja anda 
soovitused võimalikult usaldusväärseks antotsüaanide määramise 
protseduuriks (I);

• hinnata mahe- ja tavaviljeluse mõju aedmaasika antioksüdatiivsetele 
omadustele eelkõige tarbija seisukohast ja teha kindlaks, kas erine-
vatest tootmistaludest pärit viljade puhul avaldub viljelusviisi mõju 
maasikate antioksüdatiivsetele omadustele või ei (II, III);

• leida vastus küsimusele, kas täiendväetis, mis sisaldab fosfitit (HPO3
2-) 

ja on tuntud kui taime kaitsereaktsioonide ergutaja, võimaldab suu-
rendada maasikate antioksüdatiivseid omadusi (IV);

• selgitada modifitseeritud atmosfääris säilitamise mõju erinevate maa-
sikasortide viljade antioksüdatiivsetele omadustele (V);

• selgitada välja mõnede uute Põhja-Euroopas kasvatamiseks mõeldud 
aedmaasika sortide peamiste bioaktiivsete ainete sisaldus ning selek-
teerida nende seast välja silmapaistvate antioksüdatiivsete omadus-
tega sordid (peatükk 7.2.4).

Katsematerjal ja metoodika

Käesolevas doktoritöös on kasutatud aastatel 2005–2013 kogutud and-
meid, erinevates katsetes on selle aja jooksul uuritud kokku 18 aedmaa-
sika sorti (tabel 3). Katsematerjali on sõltuvalt eesmärgist kogutud nii 
spetsiaalselt rajatud katseistandikest kui ka Tartu, Viljandi, Valga ja Võru 
maakonnas asuvatest tootmisistandikest.
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Selgitamaks analüüsimeetodi mõju aedmaasikate antotsüaanide kogusisal-
duse arvutuslikule väärtusele (I), viidi 2011. aastal läbi katse sortidega ‘Senga 
Sengana’, ‘Chamly’, ‘Induka’, ‘Lucy’, ‘Saljut’, ‘Dukat’, ‘Clery’, ‘Darselect’, 
‘Sonata’, ‘Rumba’, ‘Delia’ ja ‘Polka’. Täisküpsuses maasikad sügavkül-
mutati (-30 °C) ja analüüsid teostati neli kuud hiljem. Antotsüaanide 
kogusisalduse määramiseks ekstraheeriti antotsüaanid etanooli 0,1 M 
HCl (85/15 v/v) lahusega ja määrati pH diferentsiaalspektromeetriliselt. 
Arvutused teostati maasika kahe antotsüaani, pelargonidiin-3-glükosiidi ja 
tsüanidiin-3-glükosiidi sisaldusena, kasutades erinevaid kirjanduses laialt 
kasutatavaid molaarse absorptsiooni koefitsiente (ε) väärtustega 15600, 
22400, 26900, 27300, 29600 ja 36000. Pelargonidiin-3-glükosiidi ja 
tsüanidiin-3-glükosiidi sisaldus määrati kromatograafiliselt, kasutades UV-
Vis detektoriga varustatud HPLC-kromatograafi. Antotsüaanide sisalduse 
määramiseks kasutati standardainetena vastavaid puhtaid antotsüaane.

Mahe- ja tavaviljeluses kasvatatud aedmaasikate võrdluseks (II, III) kor-
jati 2008. a 30. juunil ‘Polka’ maasikad kahest tava- ja kahest mahevilje-
lusviisi kasutavast tootmisistandikust. Mõlemad istandikud asusid Tartu 
maakonnas; pikim vahekaugus kasvukohtade vahel oli 48 km (II). 2009. 
a koguti katsematerjal 30. juunil ja 01. juulil seitsmest tava- ja seitsmest 
maheviljelusviisi kasutavast tootmisistandikust Tartu, Võru, Jõgeva ja 
Valga maakonnast (III). Pikim põhja- ja lõunasuunaline istandike vahe-
maa oli 113 km, ida- ja läänesuunaline vahemaa 43 km (III). Igast kas-
vukohast korjati 1 kg täisküpseid kahjustusteta esimese klassi vilju. 

Fosfitväetise mõju väljaselgitamiseks (IV) rajati EMÜ Rõhu Katsejaama 
2005. aasta maikuus katse ‘Polka’ A+ frigotaimedega. Katse rajati neljas 
korduses, igas korduses oli 25 taime. Istandik rajati üherealisena, kasuta-
des musta kilemultši. Taimede vahe oli reas 33 cm ja ridade vahe oli 120 
cm. Väetusvariandid olid järgmised: kontrolltaimi ei väetatud ei istutus-
aastal ega järgneval, 2006. aastal; Phi S – taimi leotati istutuseelselt 10 
minutit 0,3% fosfitväetise lahuses; Phi SI – taimi leotati istutuseelselt 
fosfitväetise lahuses, nagu eelnevalt kirjeldatud, ja lisaks kasteti kaks ja 
neli nädalat pärast istutust fosfitväetise 0,1% lahusega normiga 1 liiter 
taime kohta; Pi I – taimi kasteti fosforit PO4

3- anioonina sisaldava komp-
leksväetise NPK 7 : 4 : 27 0,1% lahusega normiga 1 liiter taime kohta 
kaks ja neli nädalat pärast istutust. 

Istutusjärgsel, 2006. aastal jaotati katsevariandid ja kordused kaheks. 
Pooltele taimedele ei antud lisaväetist, pooled said fosfitväetist aedmaa-
sikatele soovitatud koguses (3,3 ml L-1 kolm korda kümnepäevase inter-
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valliga õitsemise algusest). Lisaväetist saanud variandid on töös tähistatud 
lõpuga F (Control F, Phi SF, Phi SIF ja Pi IF). 

Aedmaasika säilituskatsed (V) viidi läbi sortidega ‘Polka’, ‘Sonata’ ja 
‘Honeoye’. Maasikad korjati OÜ Kindel Käsi tootmispõllult 2. juulil 2008 
perforeeritud karpidesse ja jahutati sundventilatsiooniga külmhoidlas 2 
tunni jooksul 3 °C-ni. Järgmisel päeval pakendati maasikad järgnevalt: 
kontrollvariandi vilju säilitati 250-grammistes kaanega kaetud, kuid hästi 
ventileeritavates karpides, kus õhu koostis oli tavapärane. MA-variandid: 
Xtend: maasikad pakendati 4 karbi kaupa (1 kg vilju) kaubamärki Xtend 
kandvasse kilekotti, mis on Iisraeli ettevõttes Stepac spetsiaalselt aedmaa-
sika säilitamiseks välja töötatud materjal; LDPE: maasikad pakendati 4 
karbi kaupa (1 kg vilju) 30 mikromeetri paksusesse madalsurve polüetü-

Tabel 3. Ülevaade käesoleva doktoritöö aluseks olnud katsetest.
Ar-
tik-
kel

Sordid Uuritud mõju-
faktor

Analüüsitud 
parameetrid

Katse- 
aasta

Istanduse asukoht

I ‘Senga Sengana’, 
‘Chamly’, ‘Induka’, 
‘Lucy’, ‘Saljut’, ‘Dukat’, 
‘Delia’, ‘Clery’, 
‘Darselect’, ‘Sonata’, 
‘Rumba’, ‘Polka’

Analüüsi metoo-
dika

Tsüanidiin-
3-glüko-
siid, pelar-
gonidiin-3-
glükosiid, 
ACY

2011 Unipiha ja Rõhu 
Katsejaam, Tar-
tu maakond; Polli 
Aiandusuuringu-
te Keskus, Viljan-
di maakond

II ‘Polka’ Viljelusviis (mahe-, 
tava) ja taime va-
nus ( 2. ja 3. aasta 
pärast istutust)

AAC, ACY, 
TAC

2008 4 tootmis-istan-
dust (2 mahe- 
ja 2 tava-) Tartu 
maakonnas

III ‘Polka’ Viljelusviis 
(mahe-, tava-)

AAC, ACY, 
vitamiin E, 
fenoolsed 
ühendid, 
TAC

2009 14 erinevat 
tootmis-istan-
dust (7 mahe- ja 
7 tava-) Tartu, Jõ-
geva, Võru ja Val-
ga maakonnas

IV ‘Polka’ Fosfitväetis AAC, ACY, 
TAC

2005, 
2006

Rõhu Katsejaam, 
Tartu maakond

V ‘Sonata’, ‘Polka’, 
‘Honeoye’

modifitseeritud at-
mosfääriga säilitus-
keskkond

AAC, ACY, 
TAC

2008 Unipiha, Tartu 
maakond

Aval-
da-
mata

‘Sonata’, ‘Clery’, ‘Dely’, 
‘Joly’, ‘Marmolada’, 
‘Ischia’, ‘Capri’, ‘Linosa’

Sort AAC, ACY, 
TAC

2012, 
2013

Unipiha, Tartu 
maakond
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leenist kilekotti (Estiko toode). Maasikaid säilitati +3...4 °C juures 12 
päeva. Katset alustati 5 kordusega, igas korduses oli 1kg maasikaid. 5. 
säilituspäeval võeti igast variandist üks kg (4 karpi) maasikaid biokeemi-
listeks analüüsideks ja katse lõpuni säilitati 4 kordust. Teised analüüsid 
tehti 12. säilituspäeval. 

2012. ja 2013. aastal läbi viidud sordivõrdluskatses kasutati seitset Itaalia 
päritolu Vivai Mazzoni Ltd poolt Põhja- ja Ida-Euroopas kasvatamiseks 
aretatud aedmaasika sorti. Kontrollsordina võeti katsesse ‘Sonata’, mis 
on hetkel Eesti tootmisistandikes enim kasvatatav sort. Katse rajati A+ 
frigotaimedega 24. ja 25. mail 2012. aastal OÜ Kindel Käsi tootmis-
istandikku, katselapid markeeriti. Igast sordist istutati 20 taime neljas 
korduses. Istandik rajati kaherealisena, taimede vahe reas oli 33 cm ja 
ridade vahe kile servast servani 1 m. Istandikus kasutati musta kilemultši 
ja tilkkastmissüsteemi. Istandiku hooldus (kastmine, väetamine, taime-
kaitsetööd) teostati samaaegselt ümbritseva tootmisistandiku vastavate 
töödega. Käesolevas doktoritööks kasutud katsematerjal koguti 2012. 
aastal 16. juulil ja 2013. aastal 26. juunil. 

Katseaastate ilmastik oli väga erinev. 2012. aasta mai III dekaad oli taimede 
juurdumiseks soodne: õhutemperatuur oli sama perioodi seitsme aasta 
keskmisega võrreldes pisut madalam ja sademeid tuli rohkem (tabel 4). 

Tabel 4. Keskmine õhutemperatuur (°C), summaarne sademete hulk (mm) ja kogu 
UV-B kiirgus (306 nm) (J m-2 nm-1) 2012. ja 2013. a maist juulini, võrreldes samade 
perioodide seitsme aasta (2008–2014) keskmistega. Kasutatud on Tartu-Tõravere Mete-
oroloogiajaama andmeid.
Kuu De-

kaad
2012 2013 Keskmised 

2008 – 2014
Keskm. 
temp.

Sade-
med

UV-
B

Keskm. 
temp.

Sade-
med

UV-B Keskm. 
temp.

Sade-
med

UV-B

Mai I 10,5 1,0 3198 12,6 1,3 3353 13,3 28,7 2852
II 12,3 52,7 3423 16,4 51,3 4118 13,0 30,0 3304
III 13,0 22,6 4221 15,6 20,6 3253 13,9 14,5 4317

Juuni I 11,6 21,1 3896 19,4 6,4 4747 15,7 25,8 4699
II 15,5 33,6 4537 15,4 13,8 3899 14,9 37,1 4088
III 14,4 33,9 4580 19,9 14,8 4539 16,4 23,8 4607

Juuli I 19,8 7,0 6083 18,5 17,3 4978 18,5 22,8 4389
II 15,4 50,7 3670 17,6 15,9 4109 18,7 26,7 4072
III 19,7 11,6 5175 17,8 26,0 3037 19,5 18,6 5152
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Juulikuus, viljade paisumise ja valmimise ajal, oli ilm heitlik: juuli I dekaad 
oli soe ja kuiv, juuli II dekaad aga jahe ja sademeterohke (sadas 50,7 mm 
võrreldes selle perioodi 7 aasta keskmise, 26,7 mm-ga). UV-B kiirgus oli 
samuti juuli I dekaadil keskmisest oluliselt kõrgem ja II dekaadil oluliselt 
madalam. 2013. aasta mais ja juunis oli ilm Eesti mõistes ebatavaliselt 
soe: võrreldes 7 aasta vastavate perioodide keskmistega oli õhutempera-
tuur mai II dekaadil 3,4 kraadi keskmisest kõrgem, mai III dekaadil 1,7; 
juuni I dekaadil 3,7; juuni II dekaadil 0,5 ja juuni III dekaadil 3,5 kraadi 
keskmisest kõrgem (tabel 4). Vihma sadas mai II ja III dekaadil keskmi-
sest enam, juunikuus aga keskmisest oluliselt vähem. UV-B kiirgus oli 7 
aasta sama perioodi keskmistega võrreldes pisut madalam. 

Teostatud analüüsid

Analüüsid tehti Eesti Maaülikooli mullateaduse ja agrokeemia labora-
tooriumis. 

Askorbiinhappe sisaldus määrati värsketest viljadest (II–V). Analüü-
siks lõigati sektorid kümnest erinevast viljast ja homogeniseeriti need 
tiitrimisanumas ekstraheerimislahuses. Askorbiinhappesisalduse määra-
miseks kasutati redokstiitrimist 2,6 diklorofenoolindofenooliga (II, III, 
V) või jodomeetrilist tiitrimist (IV).

Antotsüaanide määramiseks lõigati sektorid 10 värskest (II, V) või sügav-
külmutatud (I, III, IV) viljast. Kaalutud kogus vilju kolmes korduses 
homogeniseeriti etanooli ja soolhappe lahuses (85% etanooli : 15% 0,1 
M HCl, v/v). Selge ekstrakti saamiseks kasutati tsentrifuugimist.

Antotsüaanide analüüsiks kasutati pH diferentsiaalspektrofotomeetrilist 
meetodit, kus ekstraktide optiline tihedus määrati spektromeetriliselt lai-
nepikkustel 510 nm ja 700 nm ja saadud tulemustest lähtuvalt arvutati 
antotsüaanide kogusisaldus. Arvutamistel kasutati erinevaid molaarse 
absorbtsiooni koefitsiente 36000 (I–V) ja 15600, 22400, 26900, 27300, 
29600 L cm-1 mol-1 (I). Antotsüaanide kogusisaldus esitati pelargonidiin-
3-glükosiidi sisaldusena mg 100 g värske viljamassi kohta.

Antotsüaanide kromatograafilisel määramisel (I) kasutati eraldamiseks 
gradientkromatograafilist meetodit, kus üheks eluendiks olid fosfor-
happe, atsetonitriili ja vee segu ning teiseks eluendiks oli atsetonitriil. 
Määramine toimus UV-Vis detektoriga varustatud HPLC-kromatograa-
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figa. Antotsüaanide sisalduse määramiseks kasutati standardainetena 
tsüanidiin-3-glükosiidi ja pelargonidiin-3-glükosiidi ja tulemused esitati 
nende sisaldusena mg 100 g värske viljamassi kohta.

Antioksüdatiivse aktiivsuse määramiseks kasutati meetodit, mis põhineb 
DPPH-(2,2-difenüül-1-pikrüülhüdrasüül)reaktsioonil antioksüdantsete 
omadustega ühenditega. Ekstrakti saamiseks homogeniseeriti kümnest 
erinevast viljast lõigatud sektorid etanoolis. Selge ekstrakti saamiseks 
kasutati tsentrifuugimist. Maasikate etanoolse ekstrakti erinevate kont-
sentratsioonidega kindlad kogused lahjendati kindla ruumalani DPPH-
lahusega. 30 minuti möödudes määrati lahuse optiline tihedus lainepik-
kusel 515 nm (II, III, V) või 517 nm (IV). Lahuse optilise tiheduse 
järgi arvutati reageerinud DPPH hulk ja sellest lähtuvalt antioksüdatiivne 
aktiivsus. Antioksüdatiivne aktiivsus esitati mg AA 100 g-1 (II ja V), mg 
Trolox 100 g-1 (III) värske viljamassi kohta või EC50-na (IV). 

Järeldused

• Aedmaasika antotsüaanide kogusisalduse määramisel kasutatud 
molaarse absorptsiooni koefitsiendi (ε) erinevad väärtused põhjusta-
sid tulemuses rohkem kui 50%-lise erinevuse (I). 

• Aedmaasika antotsüaanide kogusisalduse määramisel pH diferent
siaalspektromeetrilisel meetodil on korrektne väljendada tulemust 
pelargonidiin-3-glükosiidi sisaldusena ja kasutada arvutamisel ε väär-
tust 15600 M-1cm-1 (I).

• Mahe- ja tavatehnoloogiaga kasvatatud aedmaasikate võrdlusest sel-
gus, et kui võrreldi ainult kahe tootmisistandiku vilju, siis oli mahe-
viljeluses kasvanud maasikate antioksüdatiivne aktiivsus kõrgem (II). 
Kui aga viljad korjati seitsmest mahe- ja tavatalust, varieerus viljade 
antioksüdatiivne aktiivsus mõlema viljelusviisi siseselt oluliselt ning 
viljelusviisi mõju ei olnud statistiliselt oluline. Seega, kui tarbida 
Eestis mahetehnoloogiaga kasvatatud maasikaid, ei pruugi tingimata 
saada kõrgema antioksüdatiivse aktiivsusega vilju, võrreldes tavateh-
noloogiaga kasvatatud maasikatega.

• Maasikataimede istutuseelne fosfitväetises leotamine suurendas maa-
sikate antotsüaanide sisaldust kuni 20% ja askorbiinhappe sisaldust 
kuni 40%. Käesolevas töös tõestati esmakordselt, et fosfitväetise and-
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mise viis ja kordade arv on sel eesmärgil väetist kasutades määrava 
tähtsusega (IV).

• Modifitseeritud atmosfääris säilitamise mõju oli sordispetsiifiline. MA 
pakendid mõjusid positiivselt ‘Polka’ ja ‘Honeoye’ antioksüdatiivsele 
aktiivsusele 5-päevase säilitusperioodi jooksul (V).

• Nii askorbiinhappe kui ka antotsüaanide sisaldus erines sorditi üle 
kahe korra ja antioksüdatiivne aktiivsus kuni 40%. Uutest Itaalia 
päritolu sortidest oli silmapaistvate antioksüdatiivsete omadus-
tega ‘Marmolada’, mida iseloomustas nii kõrge askorbiinhappe- ja 
antotsüaanidesisaldus kui ka kõrge antioksüdatiivne aktiivsus (pea-
tükk 8.2.4).

Töö tulemuste rakendamise võimalused praktikas

Doktoritöö tulemused on rakendatavad nii maasikakasvatajate, töötlejate, 
turustajate kui ka tarbijate poolt. Maasikakasvatajatel on võimalik uuri-
mistöös sisalduva info põhjal valida kas töötlevale tööstusele suunatud 
antioksüdantiderikkaid sorte, mille puhul maitseomadused ei ole esma-
tähtsad, või siis värskelt tarbimiseks mõeldud sorte, mille puhul viljade 
maitseomadused ja kõrge antioksüdatiivne aktiivsus võivad olla võrdselt 
olulised. Lisaks saab tootja infot, mil määral võivad teatud agrotehnili-
sed võtted või säilitustehnoloogiad mõjutada maasikate antotsüaanide- ja 
askorbiinhappesisaldust.

Toiduainetööstusele annavad uurimistöö tulemused infot erinevate maasi-
kasortide viljade antotsüaanide- ja askorbiinhappesisalduse ning antioksü-
datiivse aktiivsuse kohta. Lisaks on töötlejale oluline teada adekvaatset 
antotsüaanide määramise metoodikat, mida laboritelt nõuda, sest eba-
korrektse molaarse absorptsiooni koefitsiendi kasutamine võib tingida 
tooraine kvaliteedi olulise üle- või alahindamise.

Doktoritöö tulemusi saab kasutada tarbija teadlikkuse tõstmiseks läbi 
populaarteaduslike artiklite või lisades infot erinevate maasikasortide 
antotsüaanide ja askorbiinhappe sisalduse ning antioksüdatiivse aktiiv-
suse kohta toidu andmebaasidesse. Kuna aedmaasikate antotsüaanide- ja 
askorbiinhappesisaldus võib sortide vahel erineda rohkem kui kaks korda, 
siis pole õigustatud keskmiste näitajate esitamine. 
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Tarbijale on oluline ka info, et eelistades Eestis maheviljeluses kasvatatud 
aedmaasikaid tavaviljeluses kasvatatuile, ei saa tingimata antioksüdantide 
poolest rikkamaid vilju. Erinevate vitamiinide ja antotsüaanide sisaldus 
sõltub pigem istandiku asukohast ja konkreetsetest agrotehnilistest võte-
test kui viljelusviisist.

Edasist uurimist vajavad küsimused

• Aedmaasikas esinevate antioksüdantide vaheline sünergism ja anata-
gonism; võtmeühendid viljade antioksüdatiivse aktiivsuse mõjutami-
seks.

• Erinevate agrotehniliste võtete koosmõju aedmaasika antioksüdan-
tide sisaldusele.

• Mulla koostise ja kasvukoha mikrokliima kompleksne mõju aedmaa-
sika viljade antioksüdatiivsetele omadustele.

• Võimalused aedmaasikate antioksüdatiivse aktiivsuse suurendamiseks 
suurtootmises ilma negatiivse kõrvalmõjuta saagikusele.

• Fosfitühendit sisaldavate preparaatide kompleksne mõju nii taime-
kaitselisest, taimede fosfori omastamise kui ka saagikuse ja viljade 
koostise aspektist. Ülioluline oleks määrata taimedest eraldi PO4

3-
 ja 

PO3
3-

 anioonidena esinev fosfor.
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Abstract. The aim of the research was to analyse the weaknesses of the pH differential 
method for strawberry anthocyanin determination. The work is based on practical experi-
ments with 12 strawberry cultivars and on analysis of published papers. We used follow-
ing molar absorption coefficients (� values): 26900 and 29600 M-1 cm-1 for cyanidin 
3 glycoside (C3g) and 15600, 22400, 27300 and 36000 M-1 cm-1 for pelargonidin 3 glyco-
side (P3g). In order to show how the calculated value of total anthocyanins depends on the 
predominant anthocyanin used for the calculations, we compared the results of spectro-
scopic and chromatographic analysis. Present research demonstrated that different � val-
ues may influence the results of total anthocyanins even more than cultivar properties. 
The most frequently used � values 26900 M-1 cm-1 and 29600 M-1 cm-1 gave underesti-
mated values. C3g was present in minor amounts in all cultivars. Conclusively, P3g with 
the � = 15600 M-1 cm-1 should be used for ensuring most precise estimation of total antho-
cyanin content in strawberries.  

Key words: Fragaria × ananassa, pelargonidin, molar absorbtion coefficient 

INTRODUCTION

During the past decades fruit anthocyanins have been the topic of numerous scienti-
fic investigations [Aaby et al. 2012]. Anthocyanins are considered to have high radical 
scavenging properties, preventing oxidative stress and helping to maintain physiological 
functions [Du and Wang 2008]. An important part of the research on anthocyanins has 
been related to strawberry (Fragaria × ananassa Duch.) fruits, because anthocyanins 
are also responsible for the strawberry antioxidant activity, which is one of the highest 
among several fruits [Cordenunsi et al. 2005]. 
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In order to compare the results from different studies and to add new knowledge to 
the already known, it is extremely important to use proper methods for anthocyanin 
determination.  

During the decades, the pH differential spectroscopic method has been used for the 
determination of anthocyanin concentration. The advantage of the method is its outstan-
ding possibility to perform quantitative analysis. The majority of quantitative analysis 
methods need calibration with high purity substances of the analyzed compounds. Since 
anthocyanins exist in plants as mixtures of several compounds with similar chemical 
properties and the purification process is complicated, therefore the high purity antho-
cyanins are expensive [Wrolstad et al. 2005]. The pure anthocyanins are also very 
unstable and susceptible to degradation [Giusti and Wrolstad 2003]. The lack of com-
mercially available standards in order to determine the acyl derivatives is a problem for 
several researhers [García-Falcon et al. 2007], especially in the case of very complex 
mixtures. 

The pH differential spectroscopic method gives us the possibility to calculate and 
report the results using the molar absorption coefficient (�) and molecular weight data 
from previously published works. However, such simplicity makes the method vulnera-
ble. The wavelength of absorbance maxima and molar absorption coefficient depend on 
solvent properties (polarity, acidity, concentration of impurities) [Ito et al. 2002]. From 
published works it appears that several different molar absorption coefficients are used, 
which may sometimes have two-fold differences. Such differences in � values cause 
wide fluctuations in reported strawberry total anthocyanins contents and make it pro-
blematic to compare results published by different authors. The aim of the current rese-
arch was to discuss the weaknesses and to analyse step-by step the bottlenecks of the 
widely used pH differential method for strawberry anthocyanin determination. The 
work is based on our own practical experiments and on analysis of previously published 
results. In our opinion the current work would help to achieve consensus among 
strawberry scientists on how to determine strawberry total anthocyanin content.  

MATERIAL AND METHODS 

Plant material. Ripe (fully red) strawberry fruits were harvested in July 2011 from 
three plantations situated in South Estonia. The longest distance between the experimen-
tal sites was 15 km from South to North and 70 km from East to West. All plantations 
were situated in region representing similar kind of soil (brown pseudopodzolic soil). 
‘Senga Sengana’, ‘Chamly’, ‘Induka’, ‘Lucy’, ‘Saljut’ and ‘Dukat’ fruits were harvested 
from the experimental plantation of Polli Horticultural Research Centre of Estonian 
University of Life Sciences (58º7’52’’N; 25º32’30’’E). ‘Clery’ and ‘Darselect’ fruits 
were harvested from Eerika experimental plantation (58º21’55’’N; 26º40’7’’E) of the 
same university in Tartu. ‘Sonata’, ‘Rumba’ and ‘Polka’ fruits were collected from 
a commercial strawberry plantation situtated 15 km from Tartu (58º7’15’26’’N; 
26º35’57’’E). One kg of fruits was transported to the laboratory within two hours and 
frozen at -30°C. Analyses were performed after four months.  
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Analytical procedures 

Anthocyanin extraction. The frozen fruits (75–120 g) were partly thawed (2 h at 
room temperature) before homogenizing with a Polytron PE1600 homogenizator. 
Strawberry puree (4 g) was extracted with 40 ml of solvent ethanol : 0.1 M HCl 
(85:15%, v:v) and sonicated for 10 minutes. After centrifugation the supernatant was 
collected and used for anthocyanin determination. Extractions were done in triplicate. 

Determination of total anthocyanins by pH differential spectroscopic method.
Total anthocyanins were determined according to the pH differential spectroscopic 
method [Cheng and Breen 1991]. 3 ml of extracts were diluted in 5 ml of two different 
buffers; 0.025 M potassium chloride pH = 1.0 and 0.4 M sodium acetate pH = 4.5, re-
spectively. After 30 minutes of incubation at room temperature, absorption (A) was 
measured at � = 510 and � = 700 nm (Thermo Scientific Helios �, UK). All extracts 
were analyzed in duplicate. 

For calculation of total anthocyanins as C3g, the molar absorbtivity coefficient (�)
values 26900 M-1cm-1 [Meyers et al. 2003] and 29600 M-1cm-1 [Cao et al. 2011] and 
molecular weight 449 was used. For reporting total anthocyanins as P3g, � values 15600 
M-1 cm-1 [Giusti et al. 1999], 22400 M-1 cm-1 [Wicklund et al. 2005 ] and 27300 M-1 cm-1

[Aaby et al. 2005] and 36000 [Pineli et al. 2011] were used and molecular weight (M) 
values of 443 and 445 respectively were used. The results were calculated similarly to 
Giusti and Wrolstad [2001] as follows: 

 Asp = (A510 – A700)pH1.0 – (A510 – A700)pH 4.5 

The content of total anthocyanins (TA) were calculated as follows: 

 TA = (Asp × M ×DF × 1000) / (� × � × m), 

where DF is the dilution factor, � is the cuvette optical pathlength (1 cm) and m is the 
weight of the sample (g). The total anthocyanin content was expressed as mg anthocy-
anin 100 g-1 fresh weight.  

Determination of anthocyanins by HPLC. Anthocyanins were separated using 
a Perkin Elmer Series 200 liquid chromatograph (PerkinElmer Inc., Shelton, CT) equ-
ipped with a UV-Vis detector and autosampler.  

Chromatographic separation was performed on Platinum TM C18 column (250 × 4.6 i.d., 
5 �m particle size) from Grace Alltech (W.R. Grace & Co., Maryland, USA). The mobi-
le phase for separation of anthocyanins consisted of 5 ml 85% H3PO4, 25 ml acetonitri-
le, 470 ml water (A) and acetonitrile (B). The initial mobile phase concentration of 80% 
A and 20% B was held for 10 minutes, followed a linear gradient to 25% B for 5 min, 
then a linear increase to 35% B for 2 min and finally linear gradient to 75% for 4 min. 
Column temperature was ambient.  

Calculation of the anthocyanin content was based on the external standard method 
and P3g and C3g were identified by comparision of their retention times with those of 
pure standards. 

The theoretical absorption values (ACal) from the results of chromatographic deter-
mination of anthocyanins were calculated according the formula: 



92

38 T. Tonutare, U. Moor, L. Szajdak

_____________________________________________________________________________________________________________________________________________ 

Acta Sci. Pol.

 ACal = �Ci × � × � = ( CC3g + CP3g) × �× �,

where Ci is the concentration of individual anthocyanin in the extract, which is calcula-
ted as follows:  

 Ci = (CiCh × K) / Mi.

CiCh is chromographically determined content of individual anthocyanin in strawberry 
(mg per 100 g), Mi is molecular weight of anthocyanin and all specific factors of expe-
riment are taken into account in the coefficient K (0.000375).  

For comparision of calculated chromatographically determinations and spectrome-
trically measured absorption values (ASp), the spectrometrically measured values were 
normalized (AN) for the sample weight 5.0 g: 

 AN = (ASp × 5.0) / m.

For anthocyanins limit of detection (LOD) and quantification (LOQ) for anthocy-
anins were calculated following the IUPAC recommendations. Detection limit was 
estimated as 3 s and limit of quantification as 10 s, where s was the standard deviation 
of 10 sample blank measurements. LOD was 8 ng ml-1 and 5 ng ml-1 and LOQ was 
26 ng ml-1 and 18 ng ml-1 for C3g and P3g, respectively.  

Statistical analysis. All determinations were performed in triplicate and data were 
expressed as means ± SD. Statistical analyses were performed with R freeware version 
2.13.0 (R Development Core Team).

RESULTS AND DISCUSSION 

Major anthocyanins in strawberry fruits – analysis of published works. Despite
several factors influencing strawberry fruit total anthocyanin content, it has been proven 
by several authors that the most common anthocyanin in strawberry fruits is P3g, the 
content of which ranges from 60 to 95% of total anthocyanins [Aaby et al. 2012, Buen-
dia et al. 2010]. According to Aaby et al. [2012] and Tulipani et al. [2008] the second 
most abundant anthocyanin in strawberry fruits is pelargonidin 3 malonylglucoside, 
which may range from 0 to 33.5% of total anthocyanins. Pelargonidin 3 rutinoside (P3r) 
constitutes from 0.0 to 14.8% of total anthocyanins in strawberry fruits and C3g from 
0.9 to 8.9% [Buendia et al. 2010, Aaby et al. 2012]. However, among the published 
research the total content of strawberry anthocyanins is often expressed as C3g [Wrol-
stad et al. 2005] and sometimes even as cyanidin 3 galactoside (tab. 1). 

Depending on the cultivar and other conditions, the ratio of C3g and P3r may vary 
significantly; for some cultivars (‘Honeoye’, ‘Korona’, ‘Sonata’, ‘Jonsok’ and ‘Boun-
ty’) the C3g had only the fourth position after P3g, P3r and pelargonidin 3 malonylglu-
coside. In some other cultivars (‘Carisma’, ‘Marlate’), fruits didn’t contain P3r at all and 
C3g was third most abundant [Aaby et al. 2012]. The large variations in single anthocy-
anin contribution to total anthocyanin content between several studies may be caused by 
degradation of acylated anthocyanins during the extraction and analysis process [Lopes 
da Silva et al. 2007]. 
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Table 1. The most commonly used anthocyanins (ACY) and values of molar absorbtivity coeffi-
cient (�) (M-1cm-1) in strawberry total anthocyanin calculations 

Cultivar ACY �
(M-1cm-1)

Wavelength
(nm) Sample analyzed Extragent Reference 

n.d.a P3g 15600 496 fresh fruit acetone Giusti et al. 1999 

n.d. P3g 15600  juice concentrate w.e.b Sadilova et al. 2009 

Senga Sengana, 
Polka, Korona, 
Honeoye; Inga 

P3g 22400 520 jam methanol, HCl Wicklund et al. 
2005

Polka P3g 22400 515 frozen fruit and 
juice

methanol,  
formic acid, water

Klopotek et al. 
2005

n.d. C3g 25965 535 fresh fruit acetone, water, 
acetic acid Kevers et al. 2007 

n.d. C3g 26900 510 freeze dried powder methanol Heo and Lee 2005 

Totem, Puget 
Reliance P3g 27300 496 freeze dried powder acetone Aaby et al. 2005 

Fengxiang C3g 29600 510 fresh fruit ethanol Cao et al. 2011 

Osogrande,
Camino Real P3g 36000 515 frozen fruit methanol Pineli et al. 2011] 

Camarosa P3g 36000  frozen fruit acetone, HCl Roussos et al. 2009 

Polka P3g 36000 510 fresh fruit ethanol, HCl Moor et al. 2009 

n.d. C3gac n.d. 510 fresh fruit acetone, HCl Erkan et al. 2008 

a n.d. – data not obtained 
b w.e. – without extragent, determinations directly from juice 
c C3ga – cyanidin 3 galactoside 

The content of C3g and P3g in twelve studied strawberry cultivars. According
to the results obtained from chromatographic analysis, where anthocyanins were extrac-
ted with acetone, the C3g content in twelve studied cultivars was minimal compared to 
the content of P3g (tab. 2). The C3g content ranged from 0.5 mg 100 g-1 in ‘Darselect’ 
to 3.79 mg 100 g-1 in ‘Chamly’. The latter cultivar was the only one in which the sum of 
C3g and P3g was statistically significantly higher than the P3g content alone. The content 
of the main strawberry anthocyanin, P3g, was lowest in cultivar ‘Sonata’ (19.3 mg 100 g-1)
and highest in ‘Senga Sengana’ (48.5 mg 100 g-1). Our results are in agreement with 
earlier reported data by Aaby et al. [2012], where P3g content in ‘Sonata’ and ‘Polka’ 
fruits was 15.3 and 24.9 mg 100 g-1, respectively. The total anthocyanin content calcula-
ted from spectrometric data using � = 15600 was 10–36% higher than the sum of chro-
matographically obtained C3g + P3g. The result is justified by the fact that the content 
of other anthocyanins (pelargonidin 3 malonylglucoside and pelargonidin 3 rutinoside) 
were not determined, but may also contribute to the content of total anthocyanins.  
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Table 2. The content of C3g and P3g and total anthocyanins extracted with acetone in twelve 
strawberry cultivars C3g, P3g and C3g + P3g content from HPLC analysis for calcula-
tion of total anthocyanin content from spectrometrical data a � value of 15600 was used 

Content of anthocyanins, mg 100 g-1 FW 
Cultivar

C3g P3g C3g + P3g 
Total

anthocyanins 

Senga Sengana 1.97 ±0.10 48.49 ±1.22 50.46 ±1.32 60.05 ±0.10 
Induka 1.77 ±0.12 36.42 ±1.18 38.19 ±1.30 46.52 ±0.32 
Clery 1.43 ±0.14 25.19 ±1.33 26.62 ±1.47 35.07 ±0.47 
Rumba 1.66 ±0.13 25.48 ±0.66 27.14 ±0.79 30.62 ±0.40 
Dukat 0.62 ±0.04 32.93 ±1.28 33.55 ±1.32 42.23 ±0.08 
Polka 1.89 ±0.02 29.30 ±0.76 31.18 ±0.78 44.05 ±0.44 
Delia 1.26 ±0.06 20.30 ±1.00 21.56 ±1.06 27.83 ±0.03 
Sonata 0.63 ±0.10 19.30 ±0.71 19.93 ±0.81 30.25 ±1.25 
Darselect 0.50 ±0.02 23.17 ±1.16 23.67 ±1.18 27.79 ±0.17 
Saljut 1.73 ±0.09 38.14 ±0.67 39.87 ±0.76 42.68 ±0.28 
Lucy 1.38 ±0.11 34.90 ±1.26 36.28 ±1.37 44.84 ±0.84 
Chamly 3.79 ±0.04 44.54 ±1.18 48.33 ±1.22 55.40 ±0.45 

Finally, it is possible to conclude that in all twelve strawberry cultivars used in the 
present study, the C3g had no significant contribution to the total anthocyanin content. 
If chromatographic analysis is used, the content of total anthocyanins is calculated as 
a sum of all determined components. Problems arise with the widely used spectroscopic 
method, where calculations of total anthocyanin content are based on one supposedly 
predominant anthocyanin. In some cases, if the aim is to compare the amount of total 
anthocyanins from different fruit species, it could be understandable to use C3g as 
a reference [Kähkönen et al. 2001, Guerrero et al. 2010], since this compound is a do-
minant anthocyanin in most of the fruits [Francis and Markakis 1989]. But in papers 
dealing only with strawberry anthocyanins, it makes no sense to report the content of 
total strawberry anthocyanins as C3g, which is certainly present in minor amounts com-
pared to the P3g. Since the molar absorption coefficient for P3g is quite different from 
C3g, we may presume that reported results may be different from the real situation. It is 
well known that it is not possible to measure the exact content of total anthocyanins by 
the spectroscopic method, because there is a mixture of several anthocyanins present. In 
order to obtain results as close as possible to the real situation, it is essential to use the 
values of major anthocyanin in calculations. 

Differences in experimental and calculated optical absorbance. In order to show 
how the calculated value of total anthocyanins depends on the predominant anthocyanin 
used for the calculations, we compared the results of spectroscopic and chromatographic 
analysis in a non-traditional way. We compared the measured value of optical absor-
bance (A = (A510 – A700)pH1.0 – (A510 – A700)pH4.5) in strawberry extracts , which is typical 
for anthocyanin determinations, with the theoretically calculated values of A, using data 
from chromatographic measurements.  
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The theorethical value of A was calculated in a buffer solution pH = 1 using the 
several different widely used values of �. Since from chromatographic measurements 
we have data on the content of the two main anthocyanins – P3g and C3g, the calculated 
value of A should be somewhat lower than the measured value. According to the above 
mentioned P3r content, our results may differ from real value by 0 to approx 14%, if we 
presume that � for P3r is close to used the � value in calculations. 

Table 3. Comparison of spectrometrically determined optical absorbance (A) value (� = 510 nm 
in glass cuvette with optical pathlength 10 nm) and calculated A value – HPLC data, us-
ing different molar absorption coefficients (�) for twelve strawberry extracts 

A value 

calculatedCultivar spectrometrically 
determined � = 15600 � = 22400 � = 26900 � = 27300 � = 29600 � = 36000 

Senga Sengana 0.810 0.681 0.978 1.174 1.191 1.292 1.571 
Induka 0.627 0.515 0.740 0.888 0.901 0.977 1.189 
Clery 0.473 0.359 0.515 0.619 0.628 0.681 0.828 
Rumba 0.413 0.366 0.525 0.631 0.640 0.694 0.844 
Dukat 0.569 0.453 0.650 0.781 0.739 0.860 1.045 
Polka 0.594 0.420 0.604 0.725 0.736 0.798 0.970 
Delia 0.375 0.291 0.417 0.501 0.509 0.552 0.671 
Sonata 0.408 0.269 0.386 0.464 0.471 0.510 0.621 
Darselect 0.376 0.320 0.459 0.551 0.559 0.606 0.737 
Saljut 0.576 0.538 0.772 0.927 0.941 1.020 1.241 
Lucy 0.605 0.489 0.703 0.844 0.857 0.929 1.129 
Chamly 0.747 0.651 0.935 1.123 1.139 1.235 1.503 

Spectrometrically measured values ranged from A = 0.375 to A = 0.810, which is 
ideal from the point of view of spectroscopy (tab. 3). The range of calculated values was 
extended from both sides: the lowest value was 0.269, which was 0.106 units below the 
lowest actually measured value and the highest calculated value, 1.571, was approx. 
twice as high as the spectrometrically obtained one. All these values stayed in the expe-
rimentally measurable region of A values. It was obvious that the calculated values were 
mostly higher than the experimentally obtained results, which was in conflict with our 
expectations. The difference from spectrometrically obtained results originates from 
different � values used in calculations. If � = 22400 M-1cm-1 is used in the calculations, 
the results tend to be slightly higher than the experimental values. With increasing 
� values, the calculated A increases up, reaching the double value of the experimentally 
measured values. Only the values calculated with the lowest value of � (15600) were 
lower than the spectroscopically obtained results. As spectrometrically determined con-
tent of total anthocyanins also contains other anthocyanins, it is essential that chromato-
graphically determined sum of C3g and P3g value should always be lower. 
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As an average of 12 studied cultivars, the values of theoretically calculated optical 
absorbance ranged from 77 to 177% of experimentally obtained values (fig. 1). The 
closest values to real A were the calculated values with � = 15600 M-1cm-1 and  
� = 22400 M-1cm-1 (23% lower and 10% higher than the measured values, respectively). 
According to Aaby et al. [2012], for cultivars ‘Polka’, ‘Senga Sengana’ and ‘Sonata’, 
the sum of P3g and C3g constitutes 72%, 82% and 70% of total anthocyanins, respec-
tively. Therefore the difference of 23% between measured and calculated A values 
using � = 15600 M-1cm-1, is in excellent range. The conclusion can be made that com-
monly used � values 27300 M-1cm-1 and 36000 M-1cm-1 for P3g and 26900 M-1cm-1 and 
29600 M-1cm-1 for C3g give untrue results. Based on what was previously discussed, the 
best � value for strawberry anthocyanin calculations appears to be 15600.  
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Fig. 1. The relative differences of spectrometrically determined (experimental) optical absorb-
ance (A) value (� = 510 nm in glass cuvette with optical pathlength 10 nm) and calculated 
A value – HPLC data using different molar absorptivity coefficients (�) as an average of 
twelve strawberry extracts. All A values are normalized to sample fresh weight 5.0 g

Different molar absorption coefficient values in anthocyanin determination – 
analysis of published papers. The pH differential spectroscopic method is a basic 
method for determination of total anthocyanin content in fruits, where molar absorptivi-
ty coefficient and molecular weight values are used in calculations for determination of 
total anthocyanin content, used for the calculating the values of anthocyanin molar ab-
sorption coefficient and molecular weight values [Giusti and Wrolstad 2001]. Accor-
ding to the the Beer-Lambert law, the concentration is inversely proportional to the 
� value, where C is the concentration of analyte (mol l-1), A is optical absorbance, � is 
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the molar absorption coefficient (M-1cm-1) and l is the optical pathlength of sample 
(cm). For the calculation of concentration according the Beer-Lambert law the next 
equation [Parnis and Oldham 2013] is used:  

 C = A / ( � × l ) 

Fig. 2. Content of chromatographically determined sum of C3g and P3g ( ) and calculated 
content of total anthocyanins from spectrometrically determined optical absorbance using 
� values 36000 ( ), 27300 ( ), 22400 ( ), 15600 ( ) M-1cm-1 for P3g and 26900 
( ), 29600 ( ) M-1cm-1 for C3g based determinations. All results are based on analysis 
of the same strawberry extracts 
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In scientific publications several different � values are used for the calculation of an-
thocyanin content in strawberries (tab. 1). The � value plays a predominant role in the 
anthocyanin calculations. Based on the Beer-Lambert law, the value of optical absor-
bance A obtained during an experiment must be divided by the value of the molar ab-
sorption coefficient to calculate the molar concentration of the extract for further steps 
of the calculation. The � values used for strawberry analysis range from 15600 M-1cm-1

to 36000 M-1cm-1 (tab. 1). Thus there is more than a two-fold difference in the used 
� values. For example, if the content of total anthocyanins is expressed as C3g, the 
� values most frequently used are 26900 and 29600 (tab. 1), meaning that the difference 
between results is relatively small compared to the results for of P3g, where � values 
range from 15600 to 36000.  

Comparision of total anthocyanin content in twelve strawberry cultivars by 
using different � values – experimental results. To assess the influence of different 
� values used in calcultions on the total anthocyanin content, we compared the calcula-
ted values with chromatographic data (fig. 2). The highest results were obtained from 
calculations with the lowest � values, 15600. The content of anthocyanins from 12 
strawberry cultivars with the mentioned value ranged from 27.8 mg 100 g-1 in ’Darse-
lect’and ’Delia’ to 60.0 mg 100 g-1 in ’Senga Sengana’. For ’Senga Sengana’ the calcu-
lated total anthocyanin content ranged from 26.0 mg 100 g-1 with � = 36000 M-1cm-1

up to 60.0 mg 100 g-1 with � = 15600 M-1cm-1. For ‘Darselect’ the total anthocyanin 
content ranged from 12.0 mg 100 g-1 up to 27.8 mg 100 g-1 with � = 36000 M-1cm-1 and 
� = 15600 M-1cm-1, respectively. Thus, as a result of using different � values, the total 
anthocyanin content for individual cultivars may differ more than 50%. So we can conc-
lude that different � values used in the calculations may influence the results of total 
anthocyanins in the same range even more than cultivar, cultural practices or the envi-
ronmental conditions during the vegetation period.  

Comparing the calculated total anthocyanin content with the chromatographic data, 
it appeared that most of the calculated values were lower compared to the sum of C3g 
and P3g (fig. 2). When using only � = 15600 M-1cm-1, the results were typically higher 
than the chromatographic data; thes difference ranged from 16 to 34% depending on the 
cultivar.

The most frequently used � values for strawberry total anthocyanin content reported 
in literature for C3g are � = 26900 M-1cm-1 and � = 29600 M-1cm-1 [Kähkönen et al. 
2001, Wrolstad et al. 2005, Cao et al. 2011]. Our suggestion would be that P3g with the 
� = 15600 M-1cm-1 would enable more a precise estimation of total anthocyanin content 
in strawberries.  

CONCLUSIONS 

It is generally acknowledged that strawberry anthocyanin content depends on cul-
tivar, agroecological conditions during growth, fruit maturity at harvest and postharvest 
practices, but the importance of methodological aspects in strawberry anthocyanin de-
terminations is often underestimated. In several published studies the total content of 
strawberry anthocyanins is expressed as C3g. Present study clearly demonstrated that 
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the C3g content in strawberries was minimal compared to the content of P3g. Further-
more, from published works it appears that several different molar absorption coeffi-
cients are used for calculating total anthocyanins. In our research we used all the most 
frequently used � values for strawberry total anthocyanin content reported in literature. 
We proved that as a result of using different � values, the total anthocyanin content for 
individual cultivars may differ more than 50%. Thus, different � values used in the cal-
culations may influence the results of total anthocyanins even more than cultivar diffe-
rences. Comparing the calculated total anthocyanin content with the chromatographic 
data, it appeared that the most widely used � values gave underestimated values of total 
anthocyanins. As a conclusion of present research, in order to achieve the most realistic 
strawberry total anthocyanin content, the molar absorption coefficient � = 15600 M-1cm-1

for the major strawberry anthocyanin, P3g, should be used. 
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OKRE�LENIE  POZIOMU  ANTOCYJANÓW  W  TRUSKAWKACH  
METOD�  SPEKTROSKOPII  RÓ�NICOWEJ  –  JAK  UZYSKA�
PRAWDZIWE  WYNIKI?  

Streszczenie. Celem niniejszego badania by�a analiza s�abo�ci metody ró�nicowego pH 
dla ustalenia antocyjanów w truskawkach. Praca powsta�a na podstawie do�wiadcze� na 
12 odmianach truskawek oraz na podstawie analizy opublikowanych opracowa�. U�yto 
nast�puj�cych wspó�czynników absorpcji molowej (warto�ci �): 26900 i 29600 M-1cm-1

dla cyjanidyno 3-glukozydu (C3g) oraz 15600, 22400, 27300 i 36000 M-1cm-1 dla  
3-glukozydu pelargonidyny (P3g). Aby wykaza�, w jaki sposób wyliczona ca�kowita war-
to�� antocyjanów zale�y od dominuj�cych antocyjanów, porównano wyniki analizy spek-
troskopowej i chromatograficznej. W niniejszym badaniu wykazano, �e ró�ne warto�ci
� mog� wp�ywa� na wyniki ca�kowitych antocyjanów nawet bardziej ni� cechy odmiany. 
Najcz��ciej stosowane warto�ci � 26900 M-1cm-1 oraz 29600 M-1cm-1 da�y warto�ci zani-
�one. C3g by� obecny w niewielkich ilo�ciach we wszystkich odmianach. Podsumowuj�c,
mo�na stwierdzi�, �e P3g o warto�ci � = 15600 M-1cm-1 nale�y stosowa�, aby zapewni�
najbardziej przecyzyjne oszacowanie ca�kowitej zawarto�ci antocyjanów w truskawkach.  

S�owa kluczowe: Fragaria × ananassa, pelargonidyna, wspó�czynnik absorpcji molowej 
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Abstract. The aim of this study was to elucidate the effect of cultivation technology and plant 
age on fruit composition of strawberries (Fragaria x ananassa Duch.) ‘Polka’. Strawberry fruits 
from two- and three-year-old plantations were harvested on two conventional and two organic 
farms in South Estonia in 2008. Content of fruit dry matter (DM), ascorbic acid content (AAC), 
soluble solids content (SSC), titratable acidity (TA), anthocyanins (ACY) and total antioxidant 
capacity (TAC) were recorded. The results indicate that the strawberries cultivated under 
organic farming conditions had higher SSC and contained more fruit DM, compared to the 
conventionally grown strawberries. Content of ACY and SSC was significantly influenced by 
plant age.  
 
Key words: soluble solids/titratable acid ratio, ascorbic acid, anthocyanins, total antioxidant 
activity 
 

INTRODUCTION 
 

Several studies have shown that consumers have positive attitude towards organic 
food (Loureiro et al., 2001; Magnusson et al., 2001). Organic foods are associated with 
no concern, no risks and are seen as healthy (Koivisto Hursti & Magnusson, 2003). 

Despite the growing interest of consumers towards organic food, there is either a 
lack of information or contradictory information in scientific literature about the 
quality of organically versus conventionally grown fruits and vegetables. Häkkinen & 
Törrönen (2000) found similar levels of flavonols and phenolic acids in the cultivars  
‘Polka’ and ‘Honeoye’ when organic and conventional cultivation techniques were 
used. Asami et al. (2003) have reported that in strawberries grown under sustainable 
conditions, the ascorbic acid content was 20% higher than in conventionally-grown 
fruit. Differences in reported data indicate that cultivation technologies affect certain 
bioactive compounds, but do not affect others. Also, cultivar differences, climate and 
plant age should be considered.   

The objective of the current study was to elucidate the effect of organic and 
conventional cultivation technology on fruit composition and total antioxidant activity 
of strawberry ‘Polka’ fruits from two- and three-year-old plantations. 

 
MATERIALS AND METHODS 

 
Strawberry fruits from two- and three-year-old plantations were harvested on 30 

June 2008 from two conventional and two organic farms. All farms were situated in 

Agronomy Research  7(Special issue II), 755–760, 2009 
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Tartu County, South Estonia, where brown pseudopodzolic soils dominate. The longest 
distance between the farms was 48 km and the exact coordinates of farms were as 
follows: conventional 1: NL 58º15’33’’; EL 26º35’33’’; conventional 2: NL 
58º27’12’’; EL 26º50’39’’; organic 1: NL 58º29’15’’; EL 26º45’52’’and organic 2: NL 
58º36’02’’; EL 27º05’48’’. Weather conditions in 2008 were not favourable for 
strawberry growth and fruit ripening. May 2008 was dry – only 31 mm of rain was 
recorded while the average rainfall for many years is 55 mm. In June the amount of 
precipitation was almost twice the month’s average (108 mm and 66 mm, 
respectively). Mean air temperature was at about the same level as the long-term 
average (10.8ºC and 14.6ºC in May and June 2008 versus 11.0ºC and 15.1ºC as 
average for many years). Fruit quality parameters were determined from fresh fruits on 
the day of harvest. For determination of AAC, ten randomly chosen fruits from each 
plot were cut into sectors, weighed into titration vessel, and extraction solution was 
added. The sectors were crushed quickly with homogenizator and titrated with 
dichlorophenolindophenol; also voltamperometric indication was used (method 
M569/570 (www.mt.com)). TA was determined by titration to pH 8.2 with 0.1 NaOH. 
Titrator Mettler Toledo DL50 with autosampler Rondolino was used for titration of 
AAC and TA. SSC (%) was measured using the digital refractometer ATAGO CO., 
Ltd., Japan. For determination of ACY, 10 whole fruits in three replications from each 
variant were crushed and 10 g of crushed fruit soaked in an extracting solution 
containing HCl (0,1M):C2H5OH (96%) = 15: 85 (v/v). The content of total 
anthocyanins was estimated by a pH differential method (Cheng & Breen, 1991). 
Results were expressed as milligrams of pelargonidin-3-glucoside equivalent per 100 g 
fresh weight.  

TAC was determined using the 1.1-diphenyl-2-picrylhydrazyl (DPPH) 
discoloration assay described by Brand-Williams et al. (1995) with some 
modifications. Results of TAC are reported as mg ascorbic acid per 100 g fruit fresh 
weight, as suggested by Kim et al. (2002).   

Significant differences between individual farms, plant age and cultivation 
practices were tested by two-way analysis of variance at significance level of P≤ 0.05. 
Significance of differences (P ≤ 0.05) of the individual farms, average effect of 
cultivation technology and average effect of plant age were determined separately. In 
Figures and Tables mean values followed by the same letter are not significantly 
different at P ≤ 0.05.  

 
RESULTS AND DISCUSSION 

 
Fruit DM ranged from 10.4 to 12.2% in the 2-year-old plantation and from 10.8 to 

11.4% in the 3-year-old plantation (Table 1). Although there was quite a large variation 
in fruit DM between individual farms, the average effect of cultivation techniques 
could be distinguished. In the 2-year-old plantation there was a tendency that 
organically grown strawberries (further referred to as O-strawberries) contained more 
DM while in the 3-year-old plantation O-strawberries had significantly higher content 
of fruit DM compared to the conventionally cultivated fruits (further referred to as C-
strawberries). Average effect of plant age on fruit DM was not significant (data not 
shown).  
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Table 1. Fruit quality characteristics on individual farms of organically and 
conventionally cultivated strawberries‘Polka’ in Southern Estonia in 2008.  

Cultiv. 
Technol. 

DM % SSC % TA % SSC/TA AAC 
mg 100 g 
FW-1 

ACY mg 
100 g 
FW-1 

TAC mg 
AA 100 g 
FW-1 

Two-year-old plants 
Organic 1 12.2b 10.7a 0.92c 11.7a 50d 19.4bc 70.4a 
Organic 2 11.3bc 9.2b 1.03a 8.9c 53c 36.9a 63.2c 
Conv. 1 10.4c 8.8c 1.00b 8.8c 60a 24.6b 67.5b 
Conv. 2 11.9b 10.3a 1.02ab 10.0b 58b 17.4c 59.0d 
Three-year-old plants 
Organic 1 11.4b 11.8a 1.07a 10.3b 60a 15.7bc 75.5a 
Organic 2 11.3b 11.1ab 1.03ab 10.8b 53b 24.2a 63.1b 
Conv. 1 10.8c 9.3c 1.01b 8.9c 44c 11.6c 58.2c 
Conv. 2 11.1bc 10.0c 0.79c 12.3a 60a 21.3ab 54.7d 

 
SSC also differed between fruits from different farms (Table 1). Average SSC of 

O-strawberries in the 2-year-old plantation was 9.9% and that from the three-year-old 
plantation 11.5%, which was significantly higher in both cases compared to C-
strawberries (SSC 9.5 and 9.7%, respectively). Fruits from the 3-year-old plantation 
had higher SSC compared to fruits from a younger plantation. Strawberry TA ranged 
from 0.92 to 1.07%, and was affected neither by the cultivation technology nor by 
plant age (Table 1).  

SSC/TA was significantly higher in O-strawberries from the 2-year-old plantation 
and in the 3-year-old plantation there was a tendency towards increased SSC/TA in O-
strawberries. Investigations showed that the ratio SSC/TA is one of the predictors of 
the sweetness, sourness and flavour intensity of strawberry fruit (Gunnes et al., 2009). 
Thus, our results indicate that the C-strawberry taste tends to be more acidic and less 
sweet compared to O-strawberries. Schöpplein et al. (2002) found that the sensory 
popularity of strawberry cultivars correlated positively with fruity odour, sweet and 
aromatic taste, but negatively with watery taste. Average effect of plant age was also 
significant – strawberries from an older plantation had higher SSC/TA compared to 
fruits from the 2-year-old plantation (Fig.1).  

AAC of ‘Polka’ strawberries ranged from 44 to 60 mg 100 g FW-1 (Table 1), 
which is consistent with previously reported values for ‘Polka’ of 62 and 48 mg 100 g 
FW-1 in 1997 and 1998 (Hakala et al., 2003). Average effect of cultivation techniques 
was contradictory in plantations from different ages – in the 2-year-old plantation O-
strawberries had lower AAC (52 mg 100 g FW-1) compared to C-strawberries (59 mg 
100 g FW-1) (Fig.2). In the 3-year-old plantation average AAC content was 52 and 57 
mg 100 g FW-1 in conventionally and organically cultivated strawberries, respectively, 
being significantly higher in O-strawberries. Hakala et al. (2003) have reported that 
organic cultivation had no effect on the content of vitamin C in the varieties ‘Polka’, 
‘Honeoye’ and ‘Jonsok’. In our previous experiments with strawberries cultivated with 
plastic and straw mulch, we also found that influence of cultural practices on vitamin C 
content was different in different years (Moor et al., 2005). Thus, all the above 
mentioned results indicate that ascorbic acid content is not easily influenced by cultural 
practices. 
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Fig. 1. Average effect of conventional and organic cultivation and plant age on 

strawberry ‘Polka’ SSC/TA. LSD for 2-year plants, 3-year plants and for average effect 
of plant age, respectively: 0.5; 0.8 and 0.4. 
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Fig. 2. Average effect of conventional and organic cultivation and plant age on 

strawberry ‘Polka’ AAC. LSD for 2-year plants, 3-year plants and for average effect of 
plant age, respectively: 1; 1 and 2. 

 
Strawberry ACY content in the current experiment ranged from 12 to 37 mg 100 

g FW-1, whereas the differences between individual farms were very large (Table 1). 
ACY content was significantly higher in O-strawberries from the 2-year-old 

plantation while in the 3-year-old plantation there was a tendency for increased ACY 
in O-strawberries (Fig. 3). Average effect of plant age on ACY content was also 
significant – fruits from the 3-year-old plantation had lower ACY content compared to 
a younger plantation. Strawberry TAC ranged from 55 to 76 mg 100 g FW-1mg (Table 
1). Even though the variation between farms was considerable, the average effect of 
cultivation technology was significant – both in the 2- and 3-year-old plantations O-
strawberries had significantly higher TAC compared to C-strawberries (Fig. 4). 

Our results support the data reported by Olsson et al. (2006), who found a 
significantly higher inhibition effect of cancer cell proliferation by the organically 
cultivated strawberries. As TAC values obtained by the method used in this study 
should express the sum of antioxidant properties of different antioxidant compounds, it 
should be expected that TAC correlates with AAC and ACY content. Based on 
correlation analysis results, however,  significant correlation was observed neither 
between TAC and AAC nor between TAC and ACY content (data not shown). Similar 
findings were reported by Gil et al. (2002), who found that antioxidant properties 
determined by DPPH method had no correlation with AA content in different stone 
fruits. 
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Fig. 3. Average effect of conventional and organic cultivation and plant age on 

strawberry ‘Polka’ ACY content. LSD for 2-year plants, 3-year plants and for average 
effect of plant age, respectively: 6; 5 and 3. 
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Fig. 4. Average effect of conventional and organic cultivation and plant age on 

strawberry ‘Polka’ TAC. LSD for 2-year plants, 3-year plants and for average effect of 
plant age, respectively: 0.4; 0.3 and 0.2. 

 
Although pelargonidin-3 glycoside is the main phenolic compound in strawberries 

(Proteggente et al., 2002; Yoshida et al., 2002), there are also other compounds, e.g. p-
coumaric glucose, cinnamoyl glucose, quercetin-3-glucoside, kaempferol-3-glucoside 
(Proteggente et al., 2002) and (+)-catechin (Törrönen & Määttä, 2002). Content of the 
last mentioned phenolic compounds was not determined in our study, nevertheless 
these compounds could also contribute to the total antioxidant activity. Wu et al. 
(1998) have assumed that a synergistic effect could exist between different 
antioxidants, meaning that the total antioxidant effect may be greater than the sum of 
individual antioxidant activities.   
 

CONCLUSIONS 
 

Organically cultivated strawberries tended to have higher SSC/TA, indicating that 
the taste of organically grown strawberries could be somewhat sweeter. Noteworthy is 
the finding that the total antioxidant capacity of organically grown strawberries was 
significantly higher although the content of the major antioxidants – ascorbic acid and 
anthocyanins – did not show any increase. This phenomenon can be attributed to either 
a possible synergistic effect of different antioxidants or to other antioxidant compounds 
which were not determined in the current study. Plant age had a significant influence 
on fruit SSC and SSC/TA, ACY content and TAC, indicating that its effect on fruit 
quality parameters is even larger than that of cultivation technology, and it should be 
considered in comparative studies.  
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Abstract
Purpose – The purpose of this study was to determine differences in taste-related and bioactive
compounds of organically (OR) and conventionally (CONV) cultivated commercially produced
strawberries (Fragaria � ananassa Duch.). Addresses the question if the consumers buying OR
strawberries are likely to purchase fruits with better taste and richer in bioactive compounds than those
buying CONV fruits.
Design/methodology/approach – Only information commonly available to the consumers
[cultivar, quality class, product origin (country) and eco-labelling], was considered in selecting
experimentalmaterial. “Polka” strawberries from 14 farms (7OR and 7 CONV) fromSouthEstoniawere
used for analyses.
Findings – No evidence was found that OR strawberries contain more bioactive compounds or have
higher soluble solids content and titratable acids ratio (associated with better taste) compared to CONV
strawberries. There were significant differences in content of total phenolics, anthocyanins, ascorbic
acid, vitaminE, total antioxidant capacity, titratable acids and soluble solids between strawberries from
individual farms irrespective of cultivation system.
Research limitations/implications – Our study was limited to strawberry “Polka” and some other
cultivars might response differently to production systems.
Social implications – Consumers get information that by choosing an organic product in the
marketplace, it is not guaranteed that this product has higher content of bioactive compounds.
Originality/value – Comparative studies of organic and conventional products are preferably
performed with products grown at the same location with the same amount of nutrients etc. However,
information of production site’s microclimate, soil texture or the amount of plant available nutrients is
never available to the consumers. Therefore, our consumer-oriented approach might be valuable.

Keywords Antioxidant capacity, Total phenolics, Anthocyanins, Ascorbic acid, Vitamin E, DPPH
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Introduction
Worldwide, there is an increasing interest in healthier and environmentally friendly
produced food (Olsson et al., 2006). This is accompanied by the increase in the
availability of organically produced products on themarket. Organic foods have become
one of the fastest growing food categories, with sales increasing nearly 20 per cent each
year since 1990 (Winter and Davis, 2006).
Consumers have been found to be willing to pay both for health gains and

environmental friendly technology in food production systems, although their
quantitative valuation is higher for the health aspect (Aldanondo–Ochoa andAlmansa–
Saez, 2009). However, research results comparing the content of beneficial compounds in
fruit and vegetables cultivated conventionally versus organically have been conflicting
(Aldrich et al., 2010; Asami et al., 2003). Organically produced fruits sometimes have the
reputation of having better taste compared to those produced conventionally. Reganold
et al. (2001) found organic apples to be less tart and sweeter than apples from integrated
production system both at harvest and also after storage. On the other hand, Harker
(2004) has pointed out that it is often not clear that the reason for the quality
improvement lies in the organic nature of production. Some investigations have
indicated that the content of ascorbic acidmight be higher in organically cultivated fruit
and vegetables (Magkos et al., 2003; Woese et al., 1997). Dangour et al. (2009) found no
evidence of differences between organically and conventionally produced crops for the
majority of nutrients assessed in the systematic review of available literature.
Strawberry is the most important cultivated berry crop in Estonia and probably also

in other Nordic countries. According to the data from Estonian Statistical Office, 597 ha
of strawberries were cultivated in Estonia in 2009. Compared to other berries, only
blackcurrants were cultivated in almost similar area (558 ha), all other berries were
cultivated in a lot smaller area. Strawberry is an important source of bioactive
compounds. The following substances are responsible for its beneficial effect on human
health: ascorbic acid, anthocyanins, flavonols (Törrönen and Määttää, 2002) and
low-molecular-weight phenolic acids (Zuo et al., 2002). It has been well established that
complex mixtures of biologically active substances in strawberry may provide
protective health benefits mainly through a combination of additive and/or synergistic
effects (Roussos et al., 2009; Vinson et al., 2001; Žitňanova et al., 2006). Compared to
many fruits, strawberries have one of the highest antioxidant activities as evaluated by
oxygen radical absorbance capacity (Cordenunsi et al., 2002; Wang et al., 1996).
However, the importance of genotype on antioxidant composition has been

documented in strawberries (Scalzo et al., 2005). The regional climatic conditions, soil
properties, fertilization, genotype and cultivation technologies also affect the quality,
chemical composition and nutritive value of strawberries (Hakala et al., 2003; Olsson
et al., 2004; Olsson et al., 2006; Tulipani et al., 2008; Wang and Zheng, 2001).
Previous studies in Estonia have revealed that the content of ascorbic acid in

strawberries decreases in older plantations: fruits from three- and four-year-old
plantations contained 80 and 54 per cent of ascorbic acid content, respectively,
compared to the strawberries from a two-year-old plantation (Moor et al., 2004).
Consumers today are looking for products that are labelled “organically cultivated”

in stores, andmany expect the quality to be superior to that of conventionally cultivated
products in terms of contents that make the products healthier (Magnusson et al., 2001;
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Zanoli et al., 2002). However, for selling strawberries, according to the EU marketing
standards, the required information on the sales packages is:
• the name of the product;
• product origin (country);
• the name and the address of the packer; and
• quality class (OJL 350, 2007).

It is important to note that even the cultivar name on the package is optional and the
information about soil properties, organic matter content, fertilizers used, plant
protection practices, crop yield, plant age and microclimate on the production site are
not available to the consumers.
The aim of the current researchwas to follow only the information that is available to

the consumers, and based on those details, to find out if the consumers who buy
organically cultivated strawberries are likely to have strawberries with better taste,
richer in biologically active compounds and with higher antioxidant capacity than
consumers buying conventional strawberries.

Materials and methods
Experimental site and conditions
Cultivar “Polka” was chosen for the experiment because it is the most widely cultivated
strawberry both in conventional and organic farms in Estonia and is also widely
cultivated in other Nordic countries (Aaby et al., 2012; Hakala et al., 2003; Sonsteby et al.,
2008). Experimental material was collected from asmany strawberry farms as possible,
which had plantation in full yield (in Estonian conditions the second or third year after
planting). Certification for organic production was required from organic farms. In the
main strawberry – growing region in South Estonia seven organic and seven
conventional strawberry farms matching the mentioned criteria were selected.
Strawberries were harvested by the researchers on site at 30 June and 01 July 2009. The
experimental farms were chosen from four counties situated in close proximity to one
another in South Estonia. The greatest distance between the farms was 113 km from
South to North and 43 km from East to West. The respective coordinates of the area are
following: 58°43=96"N; 26°23=58"E (the most North-positioned farm); 57°52=06"N;
26°15=72"E (the most South-positioned farm); 58°36=25"N; 27°06=25"E (the most
East-positioned farm) and 58°09=20"N; 26°15=14"E (themostWest-positioned farm). All
farms were situated in a region with a similar soil type (brown pseudopodzolic soil).
Estonia is situated in a transition zone from maritime to continental climate. The
growing season lasts for 180-195 days and the frost-free period for 110-190 days. The
warmest month is July (mean temperature is 16-17.5°C). The annual rainfall (600-700
mm) exceeds the evaporation (350-450mm). Themean rainfall for the growing season is
320-380 mm. The sum of active temperatures in Southern region of Estonia is 1,750–
1,900° (www.estonica.org/en/Nature/Location_and_natural_conditions/Climate).

Fruit preparation for analyses
Three kilograms of fully red first grade (diameter more than 2 cm) fruits were picked
from each farm and transported to the laboratory, where strawberries were carefully
checked and only the fruits which had no defects and had visually the same colour, were
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selected for the analyses. Three replications (three times 0.5 kg fruits in plastic punnets)
were frozen at�25°C on the same day. The fruits were kept at�25°C during onemonth
until chemical analysis. For analysis partly thawed (2 h at room temperature) fruitswere
used. All analyses were performed in three replications.

Preparation of extracts
Ten randomly chosen partly thawed fruits from each cultivar and replication were cut
into sectors, aliquot of 4 g weighed into 50-ml Falcon type test tube and were crushed
quickly with homogenizator (Polytron 1200E). Thereafter, 40 ml of extraction solution
ethanol (96 per cent): HCl (0.1M) (85:15 per cent, v:v) were added and sonicated for 10
minutes. After centrifugation, the clear supernatant was collected and used for
anthocyanin determination. All extractions were done in triplicate (tegelikult neljas
korduses). The extracts for determination of total phenolics content and antioxidant
capacitywere prepared according the same procedure but ethanol (96 per cent) was used
for extraction.

Determination of soluble solids content and titratable acidity
Soluble solids content (SSC; °Brix) was measured using the digital refractometer
ATAGO Co. Ltd., Japan. Titratable acidity (TA) was obtained by titration of extract to
pH 8.2 with 0.1 M NaOH and expressed as per cent of citric acid in fresh weight.

Ascorbic acid determination
The ascorbic acid content was determined titrimetrically with diclorophenolindophenol
using theMettler ToledomethodM569/570 (Aichert and Spiru, 1996). Twenty randomly
chosen fruits from each treatment were cut into sectors, weighed into titration vessels
and extraction solution containing 2 per cent metaphosphoric acid and 8 per cent acetic
acid was added. The sectors were crushed with a homogenizator and titrated using DPI
solution with titrator Mettler Toledo DL 50. The results were reported as mg ascorbic
acid 100g�1 fresh weight.

Determination of vitamin E content
For determination of the vitamin E content, a KOH solution in ethanol under the
nitrogen atmosphere was added to strawberry samples and thereafter vitamin E was
extracted into petrol ether. The solvent was removed by rotator evaporator and
methanol was added. Vitamin E content was determined by high-performance liquid
chromatography equipped with a fluorescence detector (excitation at 293 and emission
at 326 nm). The gradient elution with a water–methanol system was used.

Determination of total anthocyanin content
The total anthocyanin content of strawberries was measured using a
spectrophotometric pH differential protocol (Boyles and Wrolstad, 1993). The results
were expressed as pelargonidin-3-glycoside (mg 100g�1 fresh weight), which is the
predominant anthocyanin in strawberries. For calculations total anthocyanin content,
the molar absorbance coefficient of the mentioned anthocyanin of 36,000 L cm�1 mol�1

was used, as previously described by Vicente et al. (2002).
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Determination of total content of phenolic compounds
Total content of phenolic compoundswas determined from ethanolic extract (Fernandes
et al., 2012) using the Folin–Ciocalteaumethod (Du et al., 2009) with somemodifications.
In 14-ml Eppendorf tube, 7.7 ml of distilled water, 0.3 ml of clear strawberry extract and
0.5 ml of Folin–Ciocalteau reagent (1:1 diluted with water) were added and vortexed.
After 10 minutes, 1.5 ml of sodium carbonate solution (20 g 100ml�1) was added and
solution was vortexed. The solution was allowed to stand at room temperature in the
dark for two hours. The absorbance was read at � � 765 nm and concentration of
phenolic compounds was calculated from a calibration curve, using gallic acid as a
standard.

Determination of antioxidant capacity
Antioxidant capacity determination was based on themethod of Lu and Foo (2000) with
slight modification: 25 �l of clear strawberry extract with different concentrations was
mixed with 2.85 ml of DPPH solution. The absorbance was read at � � 515 nm with
ThermoHelios� spectrometer equippedwith thermostat at 25°C cellholder. The results
were determined by regression from the Trolox (Tr) standard curve and expressed as
mg Tr 100g�1 FW.

Statistical analysis
Significant differences between individual farms and cultivation practices were tested
by two-way analysis of variance and significance was accepted at p � 0.05. In figures,
the mean values followed by the same letter are not significantly different.

Results and discussion
Taste-related compounds in strawberries
SSC of strawberries from organically (OR) managed farms ranged from 7.6 to 10.14°
Brix, and of conventional (CONV) strawberries from 7.5 to 10.7° Brix (Figure 1).
Significant differenceswere found between strawberry SSC fromdifferent farms both in
the organic and in conventional group.
The average TA in organically grown strawberries was 0.95 per cent, and was 1.01

per cent in conventional grown strawberries (Figure 2). There was a significant
variation in strawberry TA between individual farms, irrespective of cultivation
method.

Figure 1.
SSC (Brix) in organically
(OR) and conventionally
(CONV) cultivated
strawberry “Polka” fruits
grown in Estonia in 2009
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Harker et al. (2002) investigated the relationship between objective and sensory
measurements of apple taste and concluded that acid tastemay be predicted on the basis
of TA. Differences in TA as low as 0.08 per cent between apples could evoke a perceived
acid taste response for themedian panellist. Suggesting that similar differences could be
detected in strawberries, consumers who would by fruits from OR-7 farm, would
probably perceive a more acidic taste than consumers buying OR-3 strawberries
(difference in TA was 0.27). The same applies for conventional farms, since the
difference in strawberry TA between CONV-1 and CONV-4 farms was 0.19.
Mitcham et al. (2009) have recommended a minimum of 7 per cent soluble solids and

a maximum of 0.8 per cent total acidity for an acceptable strawberry flavour. In our
experiment, TA was higher than recommended maximum in both strawberry groups;
however, SSC was far higher than the recommended minimum. Previous experiments
carried out in Poland by Rutkowski et al. (2006) indicated that in Nordic conditions
strawberries tend to producemore acids and sugars, but the taste can still be acceptable.
They postulated that TA higher than recommended (even close to 1 per cent) was still
acceptable for strawberries if it was combined with high SSC. Wang et al. (2003) have
also stated that a good and well-balanced flavour of strawberry fruit is based on high
sugar and comparatively high acid content, i.e. there is a balance between sweetness and
acidity. Results from a study carried out by Testoni and Nuzzi (2006) support previous
statements, since strawberry ’Queen Elisa’, which had significantly higher TA and SSC,
was judged better by the sensory panel, compared to the strawberry ’Miss’ with lower
TA and SSC. In our experiment, strawberries from the OR-3 and OR-4 farms both had
low SSC andTA compared to, for example, the OR-5 farm, where both SSC andTAwere
significantly higher.
The average SSC/TA ratio in OR and CONV strawberries in our experiment was 9.2

and 9.1, respectively (Figure 3). However, in both groups, there were farms that had
remarkably different rations than others: strawberries from farms OR-2 and CONV-5
had significantly higher SSC/TA, while strawberries from CONV-3 had a significantly
lower SSC/TA ratio compared to strawberries from all other farms. Gunness et al. (2009)
compared the results of sensory analysis with the instrumental analysis of individual
strawberries and stated that the ratio SSC/TA and the pH of individual fruit were good
predictors of the sweetness, sourness and flavour intensity of the fruit. Based on this
statement we may assume that strawberries from OR-2 and CONV-5 farm could have
been somewhat sweeter and from CONV-3 somewhat more sour than from other farms.
Interestingly, from our previous research, where strawberries from two organic and
conventional farms were compared, the same farm OR-2 differed from others with

Figure 2.
TA (% citric acid) in
organically (OR) and

conventionally (CONV)
cultivated strawberry
“Polka” fruits grown in

Estonia in 2009
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strawberries having high SSC (Tõnutare et al., 2009). Our experiment indicates that
strawberry taste-related characteristics tend to be farm-specific rather than depend on
cultivation method. Crespo et al. (2010) have also found that the production site has a
significant effect on the content ofmonosaccharides in the different strawberry cultivars
investigated.

Ascorbic acid and vitamin E
Strawberry ascorbic acid content was the most variable characteristic in the current
experiment. Among the organic strawberry group, ascorbic acid content ranged from 28
to 53mg 100g�1 FW,meaning that the lowest contentwas only 52 per cent of the highest
content among the group (Figure 4). In conventional strawberries, the variation was
even larger: the lowest content (30 mg 100g�1 FW) was only 45 per cent of the highest
content (66 mg 100g�1 FW) within the group. According to Hakala et al. (2003), ascorbic
acid content in “Polka” strawberries grown in Finlandwas 62 and 48mg 100g�1 in 1997
and 1998, respectively, which is similar to our findings. As concluded by Lee and Kader
(2000), light intensity and temperature are the most important preharvest factors in
determining the final ascorbic acid content of the commodity.
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Figure 3.
SSC/TA ratio in
organically (OR) and
conventionally (CONV)
cultivated strawberry
“Polka” fruits grown in
Estonia in 2009

Figure 4.
Content of ascorbic acid in
organically (OR) and
conventionally (CONV)
cultivated strawberry
“Polka” fruits grown in
Estonia in 2009
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Vitamin E content in organically grown strawberries ranged from 0.59 to 0.78 mg
100g�1 FWand in conventional strawberries from0.69 to 0.83mg 100g�1 FW (Figure 5).
Corral-Aguayo et al. (2008) have reported vitamin E content in “Sweet Charlie”
strawberries to be 0.388 mg 100g�1 FW, which is lower compared to our results.
In our experiment, strawberry vitamin E content tended to be lower in themajority of

organically produced fruit than in conventionally produced strawberries (the average
being 0.69 and 0.76 mg 100g�1 FW, respectively).

Anthocyanins and total phenolics
The content of strawberry anthocyanins in the current experiment ranged from 33 to 48
mg 100g�1 FW (Figure 6). Cultivation system did not significantly affect anthocyanin
content. Törrönen and Määttää (2002) detected 40 and 60 mg 100 g�1 FW of
anthocyanins in “Senga Sengana” and “Polka” strawberries, respectively. In results
obtained by Pinto et al. (2008), the anthocyanin content ranged from 12.4 (“CampDover”)
to 44.2 (“Dover”) mg 100g�1 FW. The aforementioned studies confirm that cultivar
differences play an important role in determining strawberry anthocyanin
concentration. Results from a study regarding major taste- and health-related
compounds of four strawberry genotypes grown at different Swiss production sites
suggested that the strawberry anthocyanin profile is predominantly genetically

Figure 5.
Content of vitamin E in
organically (OR) and

conventionally (CONV)
cultivated strawberry
“Polka” fruits grown in

Estonia in 2009

Figure 6.
Content of anthocyanins

(calculated as
pelargonidin-3-glycoside

(� � 36 000 L cm�1

mol�1)) in organically
(OR) and conventionally

(CONV) cultivated
strawberry “Polka” fruits
grown in Estonia in 2009
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inherited, rather than being affected by external environmental factors (Crespo et al.,
2010).
On the other hand, earlier research in Estonia showed that light intensity and also

agricultural practices (straw versus plastic mulch) greatly affected anthocyanin
formation in “Bounty” strawberries (Moor et al., 2005). Wang and Camp (2000) stated
that strawberries grown at high day/night temperatures (30/22°C) were the darkest,
reddest and had the greatest fruit surface and highest flesh pigment intensity. Our study
revealed that the possible influence of cultivation system as a whole was not large
enough to become statistically significant compared to the other possible affecters not
determined in this experiment. The concentration of total phenolics in our experiment
ranged from 99 to 141 mg GA100g�1 FW (Figure 7). Similar concentrations of total
phenolics (from 95 to 152 mg GAE 100g�1 FW) were found in different strawberry
varieties byWang and Lin (2000) and from 96 to 157mgGAE 100g�1 FW by Pinto et al.
(2008). Phenolic compounds have been receiving increasing attention because of their
biological activity (Lima and Vianello, 2011). Strawberries contain several different
phenolic compounds and the phenolic profile among the varieties is different (Meyers
et al., 2003). It has been stated that the content of phenolics is dependent on extragent,
variety and stages of maturity (Wang and Lin, 2000).
In our experiment, the variation of strawberry total phenolics between the farmswas

significant within both groups, and organically managed strawberries have
significantly higher content of total phenolics Jin et al. (2011) also found significantly
higher phenolic contents in organically grown strawberries “Earliglow” and “Allstar”.
On the other hand, Häkkinen and Törrönen (2000) reported that the total flavonol
content of six strawberry cultivars cultivated in Finland ranged from 0.5 to 1.4 mg
100g�1 FW and that the cultivation system did not affect the phenolic levels.
Köpke (2005) have argued that a potential advantage of organic agriculture in

producing healthy foods is based on higher concentrations of beneficial secondary plant
substances in organically grown crops compared to conventionally grown crops. Our
results do not support this hypothesis because the concentrations of ascorbic acid,
vitamin E and anthocyanins were not higher in organically produced strawberries
compared to the conventional ones.

Figure 7.
Content of total phenolics
(by Folin–Ciocalteau
method, expressed as
gallic acid equivalents per
100 g of fresh weight of
strawberries) in
organically (OR) and
conventionally (CONV)
cultivated strawberry
“Polka” fruits grown in
Estonia in 2009
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Total antioxidant capacity
The total antioxidant capacity of organically cultivated strawberries ranged from 147 to
205 and of conventionally cultivated strawberries from 171 to 270 mg Tr 100 g�1 FW
(Figure 8). Strawberries from two conventional farms (CONV-1 and CONV-2) had
significantly higher antioxidant capacity compared to all other farms (both organic and
conventional). The majority of other farms had strawberries with similar antioxidant
capacity, indicating that other factors affect the total antioxidant capacity to a greater
extent than the cultivation system.
Our results are contradictory to earlier findings by Olsson et al. (2006), who found

that levels of all analyzed antioxidants were higher, although not always significantly,
in the organically cultivated strawberries compared to the conventionally cultivated
ones. However, they also showed a contrasting pattern when two cultivars were
compared: In cultivar Cavendish, the content of ascorbate was lower in the organically
grown strawberries, and the contents of ellagic acid, anthocyanins and total phenolics
were higher; while the opposite was the case in cultivar Honeoye. Results from Jin et al.
(2011) also indicated that organically grown strawberries had a higher antioxidant
capacity than conventionally grown strawberries. Other researchers (Hargreaves et al.,
2008; Häkkinen and Törrönen, 2000) reported that organic cultivation had no consistent
effect on the antioxidant properties of strawberries.

Conclusions
Our results showed that based on information available to the consumers at the
marketplace, it is not possible to choose strawberries with better taste or with higher
content of bioactive compounds. There was a large variation in taste-related and
bioactive compounds and total antioxidant capacity within both the organic and
conventional strawberry group. Obviously, many single characteristics of production
site’s microclimate, soil texture or the amount of plant available nutrients have a greater
impact on strawberry fruit quality than the cultivation system as a whole. As
information about single factors is not available to the consumers, we find that it is not
justified to claim that organically produced strawberries have different taste or are
richer in bioactive compounds compared to the conventionally cultivated strawberries.
However, our study was limited to strawberry “Polka” and some other cultivars might
response differently to production systems. Therefore, similar studies with other

Figure 8.
Total antioxidant capacity
(measured by DPPH assay
and expressed as Trolox
equivalents per 100 g of

fresh weight of
strawberries) of

organically (OR) and
conventionally (CONV)
cultivated strawberry
“Polka” fruits grown in

Estonia in 2009
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cultivars and species would help to determine whether the consumers can make more
knowledgeable choices based on the information available at the marketplace.
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Effect of phosphite fertilization on growth, yield and fruit composition
of strawberries

Ulvi Moor *, Priit Põldma, Tõnu Tõnutare, Kadri Karp, Marge Starast, Ele Vool

Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, Kreutzwaldi 1, EE51014 Tartu, Estonia

1. Introduction

Strawberry production requires large amounts of unrecyclable
and non-renewable plastic, for controlling weeds. Plant growth also
requires a considerable amount of water to establish plantings, and
depends on frequent applications of pesticides to produce accep-
table fruit quality. Therefore, strawberry production has a large
environmental impact andoftenanegative reputation (Pritts, 2002).

In recent years, concern about prevention of environmental
pollution and food safety has increased. Foliar application of
fertilizers is considered more ecologically sound than soil
applications (Lanauskas et al., 2006). Therefore, the number of
foliar fertilizers available in the market has recently increased.
Among others, foliar fertilizers containing the phosphite anion
(Phi, HPO3

2�), also referred to as phosphorous acid or phosphonate,
are recommended as foliar fertilizers. Interestingly, Phi is also an
active ingredient in several fungicides like Aliette, ProPhyt and
Agrifos. Products, such as Nutrol, are advertised as fertilizer and
fungicide. Traditionally, phosphates (salts of phosphoric acid,
H3PO4) have been used for plant fertilization and phosphites (salts

of phosphorous acid, H3PO3) as fungicides. The Phi anion is an
isostere of the phosphorus (Pi) anion, in which hydrogen replaces
one of the oxygen atoms bound to the P atom (Carswell et al.,
1996). Fungi belonging to oomycetes, particularly Phytophthora

citricola and Phytophthora cinnamomi, are sensitive to Phi (Guest
and Grant, 1991; Wilkinson et al., 2001). In addition, activation of
plant defence responses by Phi has also been proposed (Guest and
Grant, 1991). Several attempts to use Phi in plant nutrition are also
known, but results are inconclusive. It has been found that Phi is
rapidly absorbed and translocated within the plant (Guest and
Grant, 1991) and its mobility in both xylem and phloem is similar
to that of Pi (Ouimette and Coffey, 1989). However, the similarity
between Pi and Phi appears to end at the level of translocation.
Because Phi is not converted into Pi in plants, it fails to enter the
biochemical pathways (Varadarajan et al., 2002). Several studies
with annual plants (Allium cepa and Brassica nigra) have provided
evidence for the negative effects of Phi on plant growth (Sukarno
et al., 1993; Carswell et al., 1996). It has been proposed that crops
replanted in phosphite-fertilized soil performed similarly to crops
grown in phosphate-fertilized soil (Lovatt and Mikkelsen, 2006).
Interestingly, the negative effect of Phi on plant growth could be
overcome by applications of Pi (Varadarajan et al., 2002).

Several Phi fertilizers are available in the EU market, including
the brand names Kalium Plus (Lebosol), Folistar (Jost), Frutogard
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(Spiess Urania), and Phosfik (Kemira GrowHow), which are
formulated as alkali salts of phosphorous acid (Schroetter et al.,
2006). The possibility of registration of phosphite as a P fertilizer
could be due to the predefinition that the composition of a P
fertilizer should be expressed in terms of P2O5 (Kluge and Embert,
2005). Phosfik is the most widely used Phi fertilizer in the EU, and
has been recommended for fertilization of several horticultural
crops, for example cucumbers, tomatoes, salad crops, strawberries
and different ornamentals (Phosfik. Anwendungsempfehlungen.
http://www.biolchim.de/produkte/phosfik.html).

The objective of the current research was to study the effect of
Phi fertilizer applied in different ways and rates on growth, yield
and fruit composition of strawberries. More specifically, the
experiment was conducted to answer the following questions:

(1) Reserve fertilizers containing Pi are usually applied to the soil
before strawberry plantations are established. Does this avoid
the possible negative influence of Phi on plant growth?

(2) Phi is known to activate plant defence mechanisms; does it
influence the formation of bioactive compounds such as
ascorbic acid, anthocyanins and total antioxidant activity of
strawberry fruits?

2. Materials and methods

2.1. Plant material and fertilization treatments

The strawberry plantation was established with cv. ‘Polka’ A+
frigo plants on 10-cm high, 100-cm wide raised beds, in South
Estonia in May 2005. Strawberries were planted in single rows and
beds covered with 0.04-mm thick black polyethylene mulch. Row
spacing was 120 cm and plant spacing was 33 cm. The experi-
mental design was a complete randomized block design with 4
replications of 25 plants each. No irrigation system was used and
water was provided by rain.

Two fertilizers were used in the experiment:

(1) Liquid NPK 3:12:15 (Phi) fertilizer Phosfik1, also containing
micronutrients B 0.01%, Mn 0.02% and Zn 0.01%.

(2) Water soluble NPK 7:4:27 (Pi) fertilizer, also containing
micronutrients Mg 2.7%, S 4.5%, B 0.02%, Fe 0.2%, Mn 0.2%
and Zn 0.1%.

Fertilization treatments were the following:

(1) Control: Control plants, not fertilized in either 2005 or 2006;
(2) Phi S: Plants were soaked prior to planting in a 0.3% liquid NPK

3:12:15 (Phi) fertilizer solution for 10 min.
(3) Phi SI: Plants were soaked prior to planting as described in the

previous treatment, but additionally irrigated with the same
fertilizer 0.1% solution at a rate of 1 L per plant 2 and 4 weeks
after planting. Thus, in addition to soaking each plant received
140 mg N, 79.2 mg P and 540 mg K.

(4) Pi I: Plants were irrigated with water soluble NPK 7:4:27
fertilizer 0.1% solution at a rate of 1 L per plant 2 and 4 weeks
after planting.

In 2006 all previously described treatments were divided into
two sections, half of the plants had foliar treatmentwith liquidNPK
13:12:15 (Phi) fertilizer at the minimum recommended rate for
strawberries (3.3 mL L�1 three times at 10-day intervals starting
from the beginning of flowering). Thus, with the additional Phi
fertilization, plants received 4.7 mg N, 18.7 mg P and 23.4 mg K

altogether. Additional foliar fertilization with Phi fertilizer is
marked as F (variants Control F, Phi SF, Phi SIF and Pi IF).

2.2. Weather conditions and soil analyses

In 2005 the weather in May, when strawberries were planted,
was favourable for young plant development. Air temperature was
at the average level, but it rained twice as much as usual in May in
Estonia (Table 1). Junewas relatively cool and it rained sufficiently.
July, August and September were warmer than the average of
many years. July was drier and August more rainy than usual in
Estonia (Table 1).

In 2006 the whole summer was very warm and dry, especially
July, when it rained only a third of the usual amount. In August it
rained a little more than the average.

Soil in the experimental area was sandy loam. Soil pH KCl was
5.8 and humus content was 4.4%, which were suitable for
strawberry production. The content of P, K, Ca, Mg and Cu was
sufficient in the soil, only B and Mn content was low. Complex
fertilizer NPK 10:10:20 was applied according to the soil analyses.
It was applied evenly to thewhole experimental area at the reserve
rate of 300 kg ha�1 before planting.

2.3. Measurements and analyses

The fruit were harvested and divided into two categories:
marketable and spoiled (diseased and malformed). The number of
marketable and spoiled fruits were calculated per plant. Since the
first year (2005) production of frigo A+ plants was low, fruit
chemical parameters such as soluble solids concentration (SSC),
titratable acidity (TA), ascorbic acid content (AAC), content of
anthocyanins (ACY) and total antioxidant activity (TAA) were
determined only in the 2006 production season. Also in 2006, the
number of leaves per plant was counted at full bloom. A portable
Minolta soil–plant analysis development SPAD-500 chlorophyll
meter was used for non-destructive determination of relative leaf
chlorophyll content during full bloom and at the middle of the
yielding period. Relative values displayed by this instrument are
positively correlated with chlorophyll concentration (Schepers
et al., 1996). SPAD-values were determined from 30 leaves from
each replication. In 2006, 2 kg of strawberries from each
experimental plot was picked from the third harvest for
determination of chemical parameters. AAC, SSC and TA were
determined from fresh fruits on the day of harvest. Content of ACY
and TAA were determined from deep frozen (�20 8C) fruits after 2
months. For determination of AAC, 10 randomly chosen fruits from
each plot were cut into sections, then crushed quickly and 10 g of
pulp was taken for each analysis. The iodometric determination
methodM167 (www.mt.com)was usedwithmodification. Instead
of using sulphuric acid, 60 mL of a mixture of metaphosphoric and
acetic acid (3% HPO3 + 8% CH3COOH) was added instantly to avoid
vitamin C breakdown in air (Paim and Reis, 2000). TA was

Table 1
Weather conditions in summer 2005 and 2006 in South Estonia: monthly mean air

temperature (8C) and total monthly precipitation (mm) as compared to the same

figures of many years (1966–1998) in Estonia (average, Av.)

Month Air temperature (8C) Precipitation (mm)

2005 2006 Av. 2005 2006 Av.

May 10.6 10.3 11.0 124 48 55

June 14.1 16.1 15.1 71 48 66

July 17.7 18.5 16.7 34 25 72

August 15.8 16.7 15.6 102 84 79

September 12.3 13.1 10.4 47 28 66
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determined by titration to pH 8.2 with 0.1 NaOH. Titrator Mettler
Toledo DL50 with autosampler Rondolino was used for titration of
AAC and TA. SSC (%) was measured using the digital refractometer
ATAGO Co., Ltd., Japan.

For determination of ACY, 10 whole fruits in 3 replications from
each variant were crushed and 10 g of crushed fruit soaked in an
extracting solution containing HCl (0.1 M):C2H5OH (96%) = 15:85
(v/v). Solutions were shaken and held at +5 8C for 24 h. After
settling, a 2 � 2 mL clear supernatant was pipetted into 50 mL
volumetric flasks. The content of total anthocyanins was estimated
by a pH differential method (Cheng and Breen, 1991). Absorbance
was measured with a Jenway 6300 spectrophotometer at 510 and
at 700 nm in buffers at pH 1.0 (HCl 0.1N) and pH4.5 (citrate buffer).
Absorbance (A) = [(A510 � A700)pH 1.0 � (A510 � A700)pH 4.5]. As
pelargonidin-3-glucoside is a predominant anthocyanin in straw-
berry fruits (Yoshida et al., 2002), the molar extinction coefficient
of the mentioned anthocyanin of 36 000 was used as previously
described by Vicente et al. (2002). Results were expressed as
milligrams of pelargonidin-3-glucoside equivalent per 100 g of
fresh weight.

TAA was determined using the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) discoloration assay described by Brand-Williams et al.
(1995) with some modifications. Fruit fresh weight (FW) samples
were used for the TAA determination as described by Kondo et al.
(2005). Equal sectors were cut from 10 strawberry fruits per
variant, homogenized and 10 g of homogenate was diluted with
50 mL96%ethanol. Thescavengingof free radicalsby theextractwas
evaluated spectrophotometrically at 517 nm against the absor-
bance of the DPPH radical. Disposable cuvettes (Starna Scientific;
1 cm� 1 cm� 4.5 cm; path length 10 mm) were used for absor-
bance measurements. Fruit extracts with volume 20, 40, 60, 80 and
100mLwerepipetted into the cuvettes.Methanolwas added to each
cuvette until a volume of 100mL was reached. Finally 2.9 mL of
0.1 mmol/L DPPH solution in methanol was added to each cuvette,
cuvettes were closed, shaken and spectrophotometrical determina-
tion was initiated instantly. The control solution consisted of 2.5
DPPH solution and 0.5 mL methanol. The decrease in absorbance
was measured over 300 min at 2-min intervals.

The percentage of remaining DPPH after 30 min was calculated
based on absorbance. The antioxidant activity in the current work

is expressed as EC50 (the amount of antioxidant necessary to
decrease the initial DPPH concentration by 50%). Values are
reported as a means of three determinations.

Significant differences between fertilization treatments were
tested by one-way and two-way analysis of variance at significance
level of P � 0.05.

3. Results

3.1. Growth and yield

In first year (2005) the total yield of ‘Polka’ strawberries ranged
from 97 to 115 g plant�1. None of the fertilization treatments
affected yield significantly.

In spring 2006 strawberry plants had an average of 62 leaves
per plant and this was not affected by the previous year’s
fertilization. Also, the SPAD-readings of the leaves at the time of
flowering did not differ significantly. At the time of fruit
production, Pi IF treatment had higher SPAD-values compared
to all other treatments (Table 2).

In 2006 the total yield ranged from 336 to 427 g plant�1 and
marketable yield from 273 to 345 g plant�1 (Table 2). The average
effect of additional fertilization in 2006 was significant and
increased both total and marketable yield.

Fruit weight in 2006 ranged from 9.3 to 9.8 g in 2006 and was
not influenced by fertilization treatments (data not shown).

3.2. Taste-related parameters

The SSC of ‘Polka’ fruits ranged from 10.0 to 12.7% (Table 2). All
first year fertilization treatments reduced SSC in fruits, although
the effect was significant only in Pi I variant. Additional
fertilization with Phi in 2006 reduced SSC in the control treatment
and the Phi SF treatment. On average additional Phi fertilization
significantly reduced SSC in strawberry fruits.

First year Phi treatments had a significant increasing effect on
TA content in fruits (Table 2). Additional Phi fertilization in 2006
significantly increased TA content in fruits in Control F and Pi IF
variant. On average additional Phi fertilization significantly
increased strawberry TA.

Table 2
The effect of first year (2005) fertilization with liquid NPK 3:12:15 fertilizer containing phosphite (Phi) and traditionally used water soluble NPK 7:4:27 fertilizer containing

phosphate (Pi), and effect of additional Phi fertilization the next year (2006) on strawberry ‘Polka’ plants, yield and fruit quality parameters

Control Phi S Phi SI Pi I Mean

SPAD-value of leaves in yielding time

Effect of first year treatment 40.6a 41.5a 40.5a 41.3a 41.0A

Effect of additional treatment with Phi (F) on the following year 40.2a 41.2a 40.9a 42.4b 41.2A

Total yield (g plant�1)

Effect of first year treatment 336a 349ab 390ab 369abc 361A

Effect of additional treatment with Phi (F) on the following year 405abc 403abc 408bc 427c 411B

Marketable yield (g plant�1)

Effect of first year treatment 273a 275a 305a 302a 289A

Effect of additional treatment with Phi (F) on the following year 340a 332a 332a 345a 337B

Soluble solids (%)

Effect of first year treatment 12.7c 12.1bc 11.3b 10.6a 11.6B

Effect of additional treatment with Phi (F) on the following year 11.3ab 10.0a 11.2ab 11.3ab 10.9A

Titratable acids (%)

Effect of first year treatment 0.98a 1.08b 1.12b 0.98a 1.04A

Effect of additional treatment with Phi (F) on the following year 1.11b 1.08b 1.15b 1.13b 1.12B

Soluble solids/titratable acids

Effect of first year treatment 13.1c 11.2b 10.1ab 10.8ab 11.3B

Effect of additional treatment with Phi (F) on the following year 10.2ab 9.3a 9.8ab 10.0ab 9.8A

Mean values followed by the same letter are not significantly different at P � 0.05.
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The SSC/TA ratio was significantly reduced by all first year
treatments (Table 2). Additional fertilization with Phi in the next
year reduced SSC/TA significantly in the control F and in the Phi SF
treatment. The average effect of additional Phi fertilization in 2006
was significant, decreasing the SSC/TA ratio by 13%.

3.3. Bioactive compounds and total antioxidant activity

The AAC of strawberry fruits ranged from 41 to 57 mg
100 g FW�1 (Fig. 1). Fruits from Phi S and Phi SIF treatments
had the highest and fruits from Phi SI and Phi SIF treatments the
lowest AAC.

The ACY content ranged from 25 to 34 mg 100 g FW�1 (Fig. 2).
Of the first year fertilization treatments, Phi S and Pi I significantly
increased ACY content. Additional Phi fertilization in 2006
increased ACY content in the control F variant and decreased it
in the Pi IF variant. The average effect of additional Phi fertilization
in 2006 on ACY was not significant.

Total antioxidant activity of strawberry fruits ranged from 3.75
to 4.85 mmol DPPH 100 g FW�1. TAA of strawberries was not
affected by either of the fertilization treatments in the current
experiment (data not shown).

4. Discussion

4.1. Growth and yield

In spring 2006 the number of leaves and the relative chlorophyll
content of leaves (SPAD-readings) were not significantly different
between fertilized plots with Pi or Phi in previous year, which
indicates that Phi fertilization did not affect strawberry plant
growth compared to the Pi fertilization or the control treatment.
Thus, wemay suppose that reserve fertilizers containing Pi provide
strawberries with available Pi and thus avoid the negative
influence of Phi on plant growth.

During the 2006 production season, after foliar application of
additional Phi, the chlorophyll meter reading in the PiF treatment
was the only one with a significantly higher value (Table 2).
Schepers et al. (1996) have stated that chlorophyll meter readings
do not only respond to crop nitrogen status, but can also be affected
by availability of other nutrients. Thus we may consider our result
as an indirect indication that plant nutritional statuswas improved
by supplying phosphorous as Pi in one year and as Phi in another.

In the first year neither Pi nor Phi fertilization affected the yield
significantly. It is known that higher amounts of P and K are
required for berry formation (Lieten andMisotten, 1993), however,
as flower initiation in A+ frigo plants takes place before planting, it
was foreseeable that fertilization would not influence the fruit
number.

In the second year, the effect of previous year’s Pi and Phi
fertilization did not significantly affect the total yield. Additional
Phi fertilization in 2006 tended to increase both total and
marketable yield. The highest total yield (427 g plant�1) was
obtained from a variant which had been fertilized with Pi in the
previous year and received additional Phi in the second year. Since
only the average effect of the second year Phi treatment was
significant, this slight increase in yield could also be the effect of
micronutrients in the fertilizer, or can be attributed to the
activation of plant defence mechanisms. Lanauskas et al. (2006)
carried out an experiment where Phosfik 3-27-18 was used in the
strawberry cultivar ‘Honeoye’. He observed no effect on strawberry
yield, average fruit weight or fruit firmness. The mentioned
research is in agreement with our results, and wemay suggest that
using Phi fertilization with the aim of gaining higher yields is not
justified in strawberries.

4.2. Taste-related parameters

In the present study, SSCwas decreased and TA increased by the
foliar application of liquid Phi fertilizer the second year. Conse-
quently, the SS/TA ratio decreased significantly from 11.3 to 9.8
(Table 2), meaning that fruit flavour became more acidic and less
sweet. A good and well-balanced flavour of strawberry fruit is
based on high sugar and comparatively high acid content, i.e. there
is a balance between sweetness and acidity (Wang et al., 2002).
Bentvelsen and Bouw (2002) carried out the studywith a consumer
panel where 12 different genetic sources of strawberries were
judged on taste and found a strong correlation between apprecia-
tion of fruit taste and total sugar content. Schöpplein et al. (2002)
also found that the sensory popularity of strawberry cultivars
correlated positively with fruity odour, sweet and aromatic taste,
but negatively with watery taste.

Harker et al. (2002) investigated the relationship between
objective and sensory measurements of apple taste and concluded
that acid taste may be predicted on the basis of titratable acidity.
Differences in TA as low as 0.08% between apples could evoke a

Fig. 1. The effect of first year (2005) fertilization with liquid NPK 3:12:15 fertilizer

containing phosphite (Phi) and traditionally used water soluble NPK 7:4:27

fertilizer containing phosphate (Pi) and effect of additional Phi fertilization the next

year (2006) on fruit ascorbic acid content (AAC) of strawberry ‘Polka’ fruits. Mean

values followed by the same letter are not significantly different at P � 0.05.

Fig. 2. The effect of first year (2005) fertilization with liquid NPK 3:12:15 fertilizer

containing phosphite (Phi) and traditionally used water soluble NPK 7:4:27

fertilizer containing phosphate (Pi) and effect of additional Phi fertilization the next

year (2006) on fruit anthocyanin (ACY) content of strawberry ‘Polka’ fruits. Mean

values followed by the same letter are not significantly different at P � 0.05.
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perceived acid taste response for the median panellist. Suggesting
that similar differences could be detected in strawberries, we may
suppose that the changes in flavour could also be detected by
consumers. In the current experiment change of flavour due to
fertilization was not a favourable result.

4.3. Bioactive compounds and total antioxidant activity

Average strawberry ACY content in the current experiment was
30 mg 100 g FW�1 and AAC 50 mg 100 g FW�1. Da Silva Pinto et al.
(2008) have reported that the average content of ACY of sevenmost
common strawberry cultivars grown in Brazil ranged from 12.4 to
44.2 mg 100 g FW�1, with the average being 25.2 mg 100 g FW�1,
which is slightly lower than in our experiment. According to
Hakala et al. (2003), vitamin C content in ‘Polka’ strawberries
grown in Finland was 62 and 48 mg 100 g FW�1 in 1997 and 1998,
respectively, which is similar to our findings.

Fertilization treatments had an effect on both AAC and ACY
content. Thus, our hypothesis that Phi fertilization may affect
content of bioactive compounds, appears to be correct. Interest-
ingly, soaking plants in Phi fertilizer solution prior to planting was
favourable both for ACY and ascorbic acid formation (Figs. 1 and 2).
When soaked plants were later also irrigatedwith Phi (Phi SI), both
ACY and AAC decreased significantly compared to the variant,
where plants were only soaked in fertilizer and had no treatment
afterwards (Phi S variant). This finding indicates that in activating
plant defence mechanisms, soaking strawberries prior to planting
is the right technology and additional irrigationwith Phi solution is
not justified. The effect of soaking remains significant, even in the
year after treatment. Additional foliar fertilization with Phi in the
following year did not have any beneficial effect on either ACY or
AAC in variants which had already received Phi in the previous
year. Fertilization with Pi had an increasing effect on ACY content,
but not on AAC of strawberries.

In our previous studies with cultivar ‘Bounty’ we found that
both mulch and fertilization had a significant influence on
anthocyanin content in strawberry fruits. In the mentioned study,
control fruits without fertilization contained the highest amount of
anthocyanins both in 2002 and 2003 (Moor et al., 2005). In the
current experiment, the control variant had the lowest ACY
content. Differences in results could be due to different plant
material (runner plants and A+ frigo plants), fertilizers or different
cultivars. Häkkinen and Törrönen (2000) found similar levels of
phenolic compounds in the cultivars ‘Polka’ and ‘Honeoye’ when
different cultivation techniques (organic and conventional) were
used.

Total antioxidant activity of strawberry fruits in the current
experiment ranged from 3.75 to 4.85 mmol DPPH 100 g FW�1.
Our results are in agreement with findings by Ferreyra et al.
(2007), who reported antioxidant activity of ripe ‘Selva’ straw-
berries to be 3–5 mmol DPPH 100 g FW�1. In the current experi-
ment, TAA of strawberries was not affected by either of the
fertilization treatments. There could be several reasons for this.
Although pelargonidin-3 glycoside is the main phenolic com-
pound in strawberries (Proteggente et al., 2002; Yoshida et al.,
2002), there are also others, for instance p-coumaric glucose,
cinnamoul glucouse, quercetin-3-glucoside, kaempferol-3-gluco-
side (Proteggente et al., 2002) and (�)catechin (Törrönen and
Määttä, 2002). Content of the last mentioned phenolic compounds
were not determined in our study, but these compounds could be
expected to contribute to total antioxidant activity. Even though
these last mentioned phenolic compounds are usually found in low
levels in strawberries, some of them probably influenced the TAA
content such that the effect of fertilization was significant on
anthocyanins, but not on TAA. Wu et al. (1998) have stated that a

synergistic effect could exist between different antioxidants, which
means that the total antioxidant effect may be greater than the sum
of individual antioxidant activities and the isolation of one
compound will not exactly reflect the overall action.

5. Conclusions

1. Phi fertilization did not either suppress or promote strawberry
plant growth.

2. Strawberry flavour was influenced towards being more acidic
and less sweet by additional foliar fertilization with Phi.

3. Based on our results, Phi fertilizer Phosfik is suitable for use as a
plant defence stimulator, rather than fertilizer in strawberry
production. Phi fertilization of strawberries has no advantages
compared to the traditional Pi fertilization with the aim of
gaining higher yields.

4. Phi treatment can activate the plant defence mechanism, but
application time and technology are important. Soaking plants
in Phi fertilizer solution prior to planting is effective, since this
increased ascorbic acid and anthocyanin content. Soaking prior
to planting can also be recommended to reduce potential
environmental pollution.

5. Phi residues in horticultural crops should be monitored in
future, especially in perennial crops where Phi fertilizers are
used continuously.
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Abstract
The experiment was undertaken at the Estonian University of Life Sciences in 

2008. ‘Sonata’, ‘Honeoye’ and ‘Polka’ strawberries were picked into 250-g 
perforated plastic punnets, cooled down to 3°C during 24 hours and packed as 
follows: 1) control – punnets covered with perforated lid (natural atmosphere); 2) 
30 µm LDPE bag (low density polyethylene, product of Estiko, Estonia); 3) Xtend 
strawberry bag (Stepac, Israel). Each treatment consisted of 20 punnets. 
Strawberries were stored for 12 days at 3±1°C. O2 and CO2 content was measured in 
the packages every day. Fruit soluble solids content (SSC), titratable acidity (TA), 
ascorbic acid content (AAC), total anthocyanins (ACY) and total antioxidant 
capacity (TAC) were determined at harvest, after 5 and 12 days of storage. Weight 
of berries with rots was determined and sensory evaluation in hedonic scale was 
carried out at the end of experiment. CO2 content in MA treatments reached up to 
4.7%, which was not high enough for suppressing Botrytis rot - the amount of 
spoiled fruits in MA packages was not different from the control. The experiment 
revealed that only ‘Sonata’ strawberry was suitable for 12 days storage, since both 
the appearance and taste was appreciated by the assessors. MA packages were 
efficient in retaining ‘Sonata’ SSC/TA after 5 days storage, whereas quality 
parameters after 12 days of storage were not significantly improved by MA. The 
main quality loss characteristic of strawberry ‘Polka’ was loss of attractive 
appearance, whereas taste scores were almost as good as for ‘Sonata’. Both MA 
packages had positive effect on ‘Polka’ appearance and LDPE film on SSC/TA and 
AAC. ‘Honeoye’ taste after 12-days storage was not appreciated by the evaluators 
and MA storage did not improve it. However, ‘Honeoye’ fruit AAC in MA packages 
was significantly higher than in control punnets. 

INTRODUCTION
Strawberries have very short shelf-life, due to their sensitivity to fungal attack and 

excessive softening (Cordenunsi et al., 2005). There are large genotypic variations in 
strawberry composition and postharvest quality. Villarreal et al. (2008) stated that the 
difference in firmness among strawberry cultivars was such that ‘Toyonaka’ fruit at 25% 
red were as soft as ‘Camarosa’ and ‘Selva’ fruit at 100% red. Strawberries respiration rate 
is high and it can be reduced by keeping them in low O2 and/or high CO2 atmospheres 
(Kader, 1991). Elevated CO2 can also reduce the risk of Botrytis infection (Smith, 1992).  

Presently, strawberries in Estonia are exclusively sold in open containers. The 
same situation has been reported for Sweden three years ago (Nielsen and Leufven, 
2008). ‘Senga Sengana’, ‘Honeoye’, ‘Bounty’ and ‘Polka’ have been the most popular 
cultivars in Estonia lately. All these strawberries have relatively soft fruit, which limits 
their postharvest life. Recently ‘Sonata’, a cross of ‘Elsanta’ and ‘Polka’, was introduced 
to Estonia and seems to survive our harsh winters. No data about postharvest performance 
of ‘Sonata’ have been reported, but since ‘Elsanta’ is known as well-performing cultivar 
as regards shelf life, we could expect ‘Sonata’ to have good postharvest performance as 
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well. We performed the current study to test the hypothesis that the postharvest life of 
‘Polka’, ‘Honeoye’ and ‘Sonata’ strawberries could be extended by using modified 
atmosphere (MA) packages and that ‘Sonata’ could have advantages for prolonged cold 
storage compared to ‘Polka’ and ‘Honeoye’.

MATERIALS AND METHODS 
First grade strawberries with a diameter >2 cm were picked into 250-g perforated 

plastic punnets from commercial plantation in South Estonia (NL 58°15’33”; EL 
26°35’33”), cooled down to 3°C in 24 hours and packed as follows: 1) control – punnets 
covered with perforated lid (natural atmosphere); 2) 30 µm LDPE bag (low density 
polyethylene, product of Estiko, Estonia); 3) Xtend strawberry bag (Stepac, Israel). Four 
punnets (1 kg fruits) were packed into one bag and sealed airtight. Each treatment 
consisted of 4 replications. Strawberries were stored for 12 days at 3±1°C. O2 and CO2
content was measured from the packages every day using hand-held gas analyser
OXYBABY V (WITT-Gasetechnik GmbH & Co KG, Germany).  

Fruit quality characteristics were determined at harvest, after 5 and 12 days of 
storage. Ten randomly chosen fruits per treatment in four replications were used for each 
measurement. SSC was measured with the digital refractometer PAL-1 (ATAGO CO., 
Ltd., Japan). Results were expressed in %. TA was obtained by titration of extract to pH 
8.2 with 0.1 NaOH and expressed as grams of citric acid/100 g fresh weight. For 
determination of AAC, fruit extract was titrated with dichlorophenolindophenol; also 
voltamperometric indication was used (method M569/570 accessed at www.mt.com on 
11.10.2008. The content of total anthocyanins was estimated as described by Moor et al. 
(2008) and expressed as milligrams of pelargonidin-3-glucoside equivalent per 100 g of 
fresh weight. Total antioxidant capacity was determined using DPPH (2.2-diphenyl-1-
picryl-hydrazyl) discolorization method. Ten grams of fruit was crushed in 50 ml ethanol; 
3.1 ml of 0.1 mM DPPH solution containing different aliquots of clear strawberry extracts 
was used for discoloration measurement at �=515 nm. The results were reported as 
ascorbic acid equivalent per 100 g of strawberry fresh weight.

Weight of berries with rots was determined and sensory evaluation was carried out 
at the end of the experiment. Sensory evaluation was performed by 26 employees of the 
Institute of Agricultural and Environmental Sciences (39% men and 61% women), who 
had previously been trained to for sensory analyses. The 5-point hedonic scale was used 
to assess fruit appearance and taste, where 1=very bad, 2=bad, 3=mediocre, 4=good and 
5=very good; for sweetness and sourness 1=very little sweet or sour, 2=little sweet or 
sour, 3=medium sweet or sour, 4=markedly sweet or sour, 5=very sweet or sour was used, 
respectively.

The data were evaluated by one-way analysis of variance (ANOVA) and the 
means were compared by least significant difference (LSD) test at a 5% probability level. 
Mean values followed by the same letter in tables and figures are not significantly 
different at P�0.05.

RESULTS AND DISCUSSION 

Gas Composition in MA Packages and Fruit Spoilage 
The O2 concentration in Xtend packages decreased to 17-18% by the day 2 and 

remained nearly at the same level until the end of storage (Fig. 1). LDPE packages were a 
little less permeable, since O2 concentration decreased to 12-16% by the day 2. LDPE 
packages containing ‘Polka’ had lower O2 content compared to other cultivars. CO2
content increased rapidly during first 24 hours and changed very little after that in all 
packages for all cultivars (Fig. 1). By the end of storage the CO2 content ranged from 3.1 
to 3.7% in LDPE packages and from 3.4 to 4.8% in Xtend packages. Fruit spoilage due to 
Botrytis rot ranged from 2 to 5% by the end of experiment. No significant differences 
were detected between cultivars or packaging treatments (data not shown). Atmospheric 
levels that act directly on microorganisms by inhibiting them are generally <1 kPa O2 and 
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>10 kPa CO2 (Kader and Ben-Yehoshua, 2000). Since in our trial CO2 concentration did 
not exceed 5%, Botrytis growth would not be affected by these MA packages. However, 
Nielsen and Leufven (2008) found that there were no significant differences in growth of 
Botrytis cinerea in ‘Honeoye’ and ‘Korona’ strawberries stored in polypropylene 
packages for 7 days, even though in some treatments CO2 concentration increased above 
10%.

Soluble Solids and Titratable Acidity 
SSC of ‘Sonata’ fruits changed little during storage: by day 12 only in LDPE 

packages SSC had decreased to 9.1%, which was significantly lower than the initial 
10.4% (Table 1). Changes in TA depended on storage treatment: in control and Xtend 
packages ‘Sonata’ TA increased during the first 5 days and remained unchanged after 
that, whereas in LDPE packages TA did not change until day 5 and increased by day 12. 
Consequently, SSC/TA after storage was lower than at harvest in all packages, and in 
LDPE-packed fruits the SSC/TA was significantly lower compared to other treatments.  

‘Polka’ SSC increased by day 5 and decreased to the initial value by day 12. TA 
decreased during storage in all packages. As a result, SSC/TA increased significantly in 
storage, except for Xtend packages, where increase was not significant. 

‘Honeoye’ SSC remained unchanged in control and Xtend packages and increased 
in LDPE packages by day 5. By day 12 fruit SSC in Xtend film was equal to the value at 
harvest and SSC in control and LDPE packages had decreased. Fruit TA had decreased in 
LDPE packages by the end of storage and remained unchanged in other treatments. After 
12 days of storage SSC/TA had decreased in control and LDPE packages and remained 
equal with the initial value in Xtend packages.

Higher level decrease of SSC is related to higher strawberry deterioration (Caner 
et al., 2008). Based on SSC decrease, storage caused less deterioration to ‘Sonata’ fruits 
compared to other cultivars. Kader (1991) concluded that high sugars and relatively high 
acids are required for good flavour. High acids and low sugars produce a tart strawberry, 
while high sugars and low acids result in a bland taste. In our experiment, after storage 
‘Honeoye’ fruits had the highest acid concentration (0.92-1.06%) compared to ‘Sonata’ 
(0.88-0.91) and ‘Polka’ (0.80-0.86). Since ‘Honeoye’ SSC was lower than in other 
cultivars, we could expect that ‘Honeoye’ could have tart taste after storage. 

Sensory Quality 
After 12 days storage the overall appearance of ‘Sonata’ strawberries was 

significantly better compared to the other cultivars in most of the packages (Fig. 2). Both 
MA treatments improved ‘Polka’ appearance compared to the control, but no effect on 
‘Sonata’ and ‘Honeoye’ appearance was noticed.  

At the end of the experiment ‘Honeoye’ taste was unacceptable (below 
“satisfactory”) to the evaluators, whereas the taste of ‘Sonata’ and ‘Polka’ was 
significantly better, ratings ranging from 3.38 to 3.52 (Fig. 2). The taste scores clearly 
reflect the differences in sweetness and sourness, since the sweetness of ‘Sonata’ and 
‘Polka’ was significantly higher and the sourness lower compared to the ‘Honeoye’ fruits. 

MA packages did not affect strawberry taste, sweetness and sourness. Caner et al. 
(2008) have suggested that the quality of strawberries in MA decreases due to CO2
dissolution on the fruit surface generating carbonic acid and acidifying the fruit. We may 
conclude that CO2 concentrations used our experiment did not acidify strawberries since 
the sourness of MA-strawberries was not assessed higher than the air-stored fruits. 

Gunness et al. (2009) compared sensory and instrumental analysis of strawberry 
fruit and concluded that the ratio % SSC/TA and the pH of the fruit were good predictors 
of the sweetness, sourness and flavour intensity of the fruit. In our experiment SSC/TA of 
‘Sonata’ strawberries at the end of experiment ranged from 9.9 to 11.3 and ‘Polka’ 
strawberries from 9.6 to 11.8, whereas ‘Honeoye’ SSC/TA ranged from 7.7 to 8.8. Since 
the evaluators did not like ‘Honeoye’ taste, we suppose that SSC/TA below 9 is not liked 
by the consumers.  
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Bioactive Compounds and Total Antioxidant Capacity 
Ascorbic acid content of ‘Sonata’ strawberries increased during storage and was 

not affected by the postharvest treatment by the day 12 (Table 1). Agar et al. (1997) also 
found that vitamin C content of CA-stored strawberries increased during the first half of 
the storage period of 25 days. ‘Polka’ and ‘Honeoye’ fruit AAC was affected by the MA-
storage. ‘Polka’ AAC in air-stored and Xtend packages had decreased by day 5 and did 
not change after that, whereas in LDPE film fruit AAC remained at the initial level 
(Table 1). ‘Honeoye’ fruit from control and Xtend packages had retained their AAC 
content unchanged by day 5 and the AAC increased by the end of storage.

Agar et al. (1997) studied the effect of high CO2 on ascorbic acid content of 
several berry fruits and concluded that strawberries showed the most severe CO2 effect of 
all fruits tested: AA decreased to 25% of its initial value during the storage period, 
especially in fruits which were treated with 15 and 20% CO2. Our experiment indicated 
that low CO2-MA (3-4%) could be beneficial in maintaining strawberry high AAC.  

Anthocyanin content of ‘Sonata’ fruits increased significantly in all packages by 
day 5 and continued to increase in control and Xtend packages by day 12, whereas in 
LDPE film small decrease was noticed by the end of storage. ‘Polka’ and ‘Honeoye’ 
fruits responded similarly to storage: anthocyanin content increased by day 5 and 
decreased again by the end of storage. Xtend package tended to suppress anthocyanin 
biosynthesis in ‘Sonata’ by day 5, but this effect was not noticed on other cultivars.

Total antioxidant capacity of ‘Sonata’ fruits had increased in the control treatment 
by day 5; by the end of storage TAC had decreased in all packages (Table 1). TAC of 
‘Polka’ strawberries from MA packages had increased by day 5 and decreased 
significantly by day 12; in control packages TAC increased by day 12 (Table 1).

TAC of ‘Honeoye’ fruits stored in Xtend packages remained unchanged during 12 
days storage, whereas in control packages TAC had significantly decreased already by 
day 5 (Table 1). LDPE packages were effective in retaining TAC for 5 days, but by the 
end of storage TAC had decreased.

Although ascorbic acid and anthocyanins are known antioxidants, changes in TAC 
did not coincide with either AAC or ACY changes in our experiment. According to 
Tulipani et al. (2011), anthocyanins are not the only important polyphenols to influence 
antioxidant properties of strawberries and higher content of anthocyanins did not result in 
higher antioxidant properties. 

CONCLUSIONS 
In conclusion, out of three tested cultivars ‘Sonata’ was the only one suitable for 

12 days cold storage, since both the appearance and the taste were appreciated by the 
assessors. MA storage did not have a positive effect on ‘Sonata’, because the taste and the 
appearance retention were not improved, AAC was not affected, TAC of fruits from 
Xtend bags was lower than in control fruits and SSC/TA of LDPE-packed fruits was 
lower than in air-stored fruit. Both MA packages improved ‘Polka’ appearance compared 
to the control and reduced AAC decrease by day 12. Probably storage time for ‘Polka’ 
should be shorter and Xtend film could be used in order to improve postharvest quality of 
this cultivar, since after 5 days storage fruits from Xtend film had higher SSC/TA and 
also higher AAC compared to others. ‘Honeoye’ was not suitable for 12 days storage 
either in air or MA-packages, since the taste was not acceptable for the evaluators.  
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Tables

Table 1. Fruit soluble solids content (SSC), titratable acidity (TA), soluble 
solids/titratable acidity ratio (SSC/TA), ascorbic acid content (AAC), total 
anthocyanins (ACY) and total antioxidant capacity (TAC) of ‘Sonata’, ‘Polka’ and 
‘Honeoye’ strawberries at harvest (day 0), after 5- and 12-days storage at 3±1°C in air 
(control) or modified atmosphere packages (Xtend filmz and LDPE filmy).

Days/ 
packages 

SSC
(%) 

TA
(%) SSC/TA AAC 

(mg/100 g FW) 
ACY 

(mg/100 g FW) 

TAC
(mg AA eqv/ 

100 g) 
Sonata

Day 0 10.4abx 0.83b 12.5a 47d 12e 85b 
Day 5 
   Control 9.4cd 0.92a 10.2d 56b 21bc 105a 
   Xtend 11.2a 0.90a 12.6a 50c 15d 82bc 
   LDPE 10.1bc 0.83b 12.1ab 56b 22ab 89b 
Day 12 
   Control 10.0bc 0.88ab 11.3bc 74a 23a 70d 
   Xtend 9.8bcd 0.88ab 11.1c 72a 22ab 53e
   LDPE 9.1d 0.91a 9.9d 72a 20c 77cd 
LSD 0.9 0.07 0.9 3 2 8

Polka
Day 0 8.8bc 1.00a 8.7e 60a 25c 73cd 
Day 5 
   Control 9.7a 0.89b 10.8bc 56bc 40a 79bc 
   Xtend 9.8a 0.81d 12.1a 55c 42a 101a 
   LDPE 9.3ab 0.90b 10.4cd 59ab 42a 85b 
Day 12 
   Control 8.5c 0.84cd 10.2cd 56bc 37b 81b 
   Xtend 8.3c 0.86bc 9.6de 58abc 40a 61e
   LDPE 9.4ab 0.80d 11.8ab 61a 36b 71d 
LSD 0.7 0.05 1.1 4 3 7

Honeoye 
Day 0 8.8b 1.06ab 8.8b 52d 28d 93a
Day 5 
   Control 8.8b 1.02c 8.8b 55d 39b 68d 
   Xtend 9.0ab 1.01bc 9.0ab 53d 40ab 88ab 
   LDPE 9.4a 1.14a 9.4a 63c 41a 96a
Day 12 
   Control 8.1c 0.97bc 8.1c 61c 35c 76cd 
   Xtend 8.8b 1.06ab 8.8b 70b 27d 95a
   LDPE 7.7c 0.92c 7.7c 74a 36c 82bc 
LSD 0.6 0.10 1.1 4 2 9

z Xtend strawberry bag, product of Stepac, Israel. 
y 30 µm low density polyethylene bag, product of Estiko, Estonia. 
x Numbers followed by the same letters within columns do not differ significantly (P�0.05). 
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Figures 

Fig. 1. Changes in O2 and CO2 concentration in modified atmosphere packages of 
‘Sonata’, ‘Polka’ and ’Honeoye’ strawberries during 12 days storage  at 3±1°C.  

Fig. 2. Sensory quality of ‘Sonata’, ‘Polka’ and ’Honeoye’ strawberries after 12 days 
storage at 3±1°C in air (control) or modified atmosphere packages (Xtend and 
LDPE film). The 5-point hedonic scale was used to assess fruit appearance and 
taste, where 1=very bad, 2=bad, 3=mediocre, 4=good and 5=very good; for 
sweetness and sourness 1=very little sweet or sour, 2=little sweet or sour, 
3=medium sweet or sour, 4=markedly sweet or sour, 5=very sweet or sour was 
used, respectively.



143

CURRICULUM VITAE 

First name:  Tõnu
Last name:  Tõnutare
Date of birth: September 1st 1964
Personal status: Married, 3 children

Education: 
2008‒2015 PhD studies in Agriculture, Estonian University of Life 

Sciences
1992‒1995 MSc studies in Analytical Chemistry, Tartu University
1982‒1989 Dipl studies in Analytical Chemistry, Tartu University
1979‒1982  Vändra Secondary School
 
Employment: 
1995 ‒  Department of Soil Science and Agrochemistry, Esto-

nian University of Life Sciences, laboratory assistent
1989‒1995  Department of Analytical Chemistry, Tartu University, 

chemist

Research interests:
 Research relating to the state of the soil environment and 

chemical composition of fruits and vegetables. Methods 
for analysis of fruits, vegetables and soil.



144

ELULOOKIRJELDUS

Eesnimi:  Tõnu
Perekonnanimi:  Tõnutare
Sünniaeg: 1. september 1964
Perekonnaseis:  Abielus, 3 last
 
Haridus: 
2008‒2015 doktoriõpe põllumajanduse erialal, Eesti Maaülikool
1992‒1995  magistriõpe analüütilise keemia erialal, Tartu Ülikool 
1982‒1989 diplomiõpe analüütilise keemia erialal, Tartu Ülikool
1979‒1982  Vändra Keskkool
 
Teenistuskäik: 
1995 ‒  Mullateaduse ja agrokeemia osakond, Eesti Maaülikool, 

vanemlaborant
1989‒1995  Analüütilise keemia kateeder, Tartu Ülikool, keemik
 
Teadustöö põhisuunad: 
 Puu- ja aedviljade keemiline koostis ja analüüs, mulla-

keskkonnas toimuvad protsessid ja nende uurimiseks 
kasutatavad analüüsi meetodid



145

LIST OF PUBLICATIONS

1.1. Articles indexed by Thomson Reuters Web of Science

Tõnutare, T., Moor, U., Szajdak, L. 2014. Strawberry anthocyanin deter-
mination by pH differential spectroscopic method – how to get true 
results? Acta Scientiarum Polonorum - Hortorum Cultus 13(3): 35– 
47.

Põldma, P., Moor, U., Tõnutare, T., Herodes, K., Rebane, R. 2013. Sele-
nium treatment under field conditions affects mineral nutrition, 
yield and antioxidant properties of bulb onion (Allium cepa L.). Acta 
Scientiarum Polonorum - Hortorum Cultus 12(6): 167–181.

Mainla, L., Moor, U., Karp, K., Tõnutare, T. 2012. The effect of prehar-
vest Ca treatment on concentration of polyphenols and antioxidant 
capacity of ‘Pirja’ and ‘Maikki’ apples grown on different rootstocks. 
Scientia Horticulturae 148: 93–96.

Põldma, P., Tõnutare, T., Viitak, A., Luik, A., Moor, U. 2011. Effect of 
selenium treatment on mineral nutrition, bulb size, and antioxidant 
properties of garlic (Allium sativum L.). Journal of Agricultural and 
Food Chemistry 59(10): 5498–5503.

Kerikmäe, M., Danilkin, M., Jaek, I., Must, M., Ots, A., Pung, L., Pär-
noja, E., Ratas, A., Seeman, V., Tõnutare, T. 2010. OSL and TSL 
interrelations in SrSO4:Eu. Radiation Measurements 45(3-6): 559–
561.

Moor, U., Põldma, P., Tõnutare, T., Karp, K., Starast, M., Vool, E. 2009. 
Effect of phosphite fertilization on growth, yield and fruit composi-
tion of strawberries. Scientia Horticulturae 119(3): 264–269.

Kõlli, R., Astover, A., Noormets, M., Tõnutare, T., Szajdak, L. 2009. 
Histosol as an ecologically active constituent of peatland: a case study 
from Estonia. Plant and Soil 315(1-2): 3–17.

Kõlli, R., Köster, T., Rannik, K., Tõnutare, T. 2009. Complex indicators 
reflecting soil functioning activity. Journal of Plant Nutrition and Soil 
Sciences 172(5): 630–632.



146

1.1. Articles indexed in Scopus

Moor, U., Põldma, P., Tõnutare, T., Moor, A., Starast, M., 2014. Effect 
of modified atmosphere storage on postharvest quality of raspberry 
‘Polka’. Agronomy Research 12(3): 745–752.

Tõnutare, T., Keert, K., Szajdak, L., Moor, U., 2014. Composition 
of commercially produced organic and conventional strawberries. 
Nutrition and Food Science 44(6): 562–575.

1.2. Articles published in International peer-rewieved journals not 
indexed by Thomson Reutres or Scopus

Mölder, K., Moor, U., Tõnutare, T., Põldma, P. 2011. Postharvest qual-
ity of raspberry ‘Glen Ample’ as affected by storage temperature and 
modified atmosphere packaging. Journal of Fruit and Ornamental 
Plant Research, 19(1): 145–153.

Bender, I., Ess, M., Matt, D., Moor, U. Tõnutare, T., Luik, A. 2009. 
Quality of organic and conventional carrots. Agronomy Research 7: 
572–577.

Tõnutare, T., Moor, U., Mölder, K., Põldma, P. 2009. Fruit composi-
tion of organically and conventionally cultivated strawberry ‘Polka’. 
Agronomy Research 7: 755–760.

3.1. Articles published in conference proceedings indexed by 
Thomson Reuters or Scopus

Moor, U., Mölder, K., Põldma, P., Tõnutare, T. 2012. Postharvest Quality 
of ‘Sonata’, ‘Honeoye’ and ‘Polka’ Strawberries as Affected by Modi-
fied Atmosphere Packages. Acta Horticulturae (ISHS) 945: 55–61.

Põldma, P., Moor, U., Merivee, A., Tõnutare, T. 2012. Effect of Con-
trolled Atmosphere Storage on Storage Life of Onion and Garlic 
Cultivars. Acta Horticulturae (ISHS) 945: 63–69.

Noormets, M., Köster, T., Tõnutare, T., Kauer, K., Kõlli, R., Karp, K.. 
2004. Determination of microbial activity and nitrogen and carbon 
forms in a peat soils in Estonia. In: Martin-Duque, J.F., Brebbia, 
C.A., Godfrey, A.E., Diaz de Teran, J.R. (Eds.). Geo-Environment 
2004. International conference on Monitoring, Simulation and Reme-
diation of the Geological Environment. WIT Press, Southampton, UK, 
pp. 59-68.



147

Köster, T., Kauer, K., Tõnutare, T., Kõlli, R. 2004. The management of 
the coastal grasslands in Estonia. In: Brebbia, C.A., Saval Perez, J.M., 
Garcia Andion, L. (Eds.). Coastal Environment V incorporating Oil 
Spill Studies. WIT Press, Southampton, UK, pp. 45–54.

3.2. Articles published in international conference proceedings

Kõlli, R., Köster, T., Tõnutare, T., Kauer, K. 2008. Influence of land use 
change on soil humus status and on soil cover environment protec-
tion ability. In: Dazzi, C., Constantini, E. (Eds.). The Soils of Tomor-
row. Soils Changing in a Changing World. IUSSP, pp. 27–36.

3.5. Articles/presentations published in local conference 
proceedings

Moor, U., Põldma, P., Tõnutare, T. 2013. Eestis kasvatatud aedmaasika 
(Fragaria × ananassa) ‘Sonata’ viljade kvaliteet ja säilivus. In Kangor, 
T., Tamm, S., Lindepuu, R. (Eds.). Agronoomia 2013. Jõgeva, AS 
Rebellis, pp. 156–163.

Tõnutare, T., Võikar, M., Vool, E., Moor, U., Shanskiy, M. 2013. Spekt-
roskoopia rakendusvõimalusi aiandustoodangu keemilisel analüüsil 
veini näitel. In Kangor, T., Tamm, S., Lindepuu, R. (Eds.). Agro-
noomia 2013. Jõgeva: AS Rebellis, pp. 164–173. 

Põldma, P., Moor, U., Merivee, A., Tõnutare, T. 2012. Sibula (Allium 
cepa) ja küüslaugu (Allium sativum) säilivus kontrollitud atmosfääriga 
hoidlas. In Astover, A. (Ed.). Agronoomia 2012. Tartu: AS Rebellis, 
pp. 207–212. 

Noormets, M., Helstein, A., Karp, K., Tõnutare, T. 2004. The content 
of anthocyanins in blueberries depending on species and phenotype. 
EPMÜ teadustööde kogumik. Tartu: Eesti Põllumajandusülikool, pp. 
112–114.







VIIS VIIMAST KAITSMIST

INDREK SUITSO

BACILLUS SMIHTII TBMI12 AS A POTENTIAL PROBIOTIC FEED ADDITIVE
BACILLUS SMITHII TBMI12 SOBIVUSEST PROBIOOTILISEKS SÖÖDALISANDIKS

Professor Arvo Viltrop
27. november 2014

LIINA EDESI

THE INFLUENCE OF CULTIVATION METHODS ON SOIL  
MICROBIAL COMMUNITY COMPOSITION AND ACTIVITY

ERINEVATE VILJELUSVIISIDE MÕJU MIKROOBIDE  
KOOSSEISULE JA AKTIIVSUSELE MULLAS

Dotsent Enn Lauringson, vanemteadur Malle Järvan (Eesti Taimekasvatuse Instituut)
27. veebruar 2015

JULIA JEREMEJEVA

PROSTAGLANDIN F2α AND PARENTERAL ANTIBIOTICS AS A TREATMENT OF 
POSTPARTUM METRITIS AND ENDOMETRITIS, AND POSSIBLE RELATION OF 

ACUTE PHASE PROTEINS WITH SUBSEQUENT FERTILITY IN DAIRY COWS
PROSTAGLANDIINI F2α JA ANTIBIOOTIKUMIDE LIHASTESISENE VÕI NAHAALUNE 
KASUTAMINE POEGIMISJÄRGSE METRIIDI JA ENDOMETRIIDI RAVIS LÜPSILEHMA-
DEL NING TAASTIINESTUMISE VÕIMALIK HINDAMINE AKUUTSE FAASI PROTEII-

NIDE MÄÄRAMISE KAUDU
Dotsent Kalle Kask

16. aprill 2015

KADRI KASK

DISTRIBUTION AND HABITAT PREFERENCES OF  
CLOUDED APOLLO BUTTERFLY [Parnassius mnemosyne (L.)] IN ESTONIA

MUSTLAIK-APOLLO [Parnassius mnemosyne (L.)]  
LEVIK JA ELUPAIGA EELISTUSED EESTIS

Professor Valdo Kuusemets 
12. mai 2015

REGINO KASK

THE INFLUENCE OF GROWTH CONDITIONS ON PHYSICO-MECHANICAL  
PROPERTIES OF SCOTS PINE (Pinus sylvestris L.) WOOD IN ESTONIA

KASVUTINGIMUSTE MÕJU HARILIKU MÄNNI (Pinus sylvestris L.) PUIDU  
FÜÜSIKALIS-MEHAANILISTELE OMADUSTELE EESTIS

Dots. Emer. Jaak Pikk
15. juuni 2015

ISBN 978-9949-536-82-5 (trükis)
ISBN 978-9949-536-83-2 (pdf )


	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1. INTRODUCTION
	2. ANTIOXIDANT COMPOUNDS IN STRAWBERRY FRUITS AND THEIR CONTRIBUTION TO TOTAL ANTIOXIDANT CAPACITY
	2.1 Contributors to antioxidant capacity in strawberry fruits
	2.2 Ascorbic acid
	2.3 Anthocyanins
	2.4 Ellagic acid and ellagitannins

	3. METHODICAL ASPECTS IN ANTHOCYANIN DETERMINATION
	4. FACTORS AFFECTING ANTIOXIDANT PROPERTIES OF STRAWBERRY FRUITS
	4.1 Cultivation system
	4.2 Plant phosphorus nutrition
	4.3 Postharvest technologies
	4.4 Genetic factors

	5. HYPOTHESES AND AIMS OF THE STUDY
	6. MATERIAL AND METHODS
	6.1 Methodological experiment (I)
	6.2 Comparison of organically and conventionally cultivated strawberries (II, III)
	6.3 Fertilization experiment with phosphite fertilizer (IV)
	6.4 Postharvest experiment (V)
	6.5 Cultivar comparison experiment
	6.6 Measurements and analyses 
	6.7 Statistical analyses

	7. RESULTS
	7.1 The effect of methodological aspects on estimation of total anthocyanin concentration
	7.2 Factors affecting antioxidant properties of strawberries
	7.2.1 The effect of cultivation system
	7.2.2 The effect of phosphite fertilizer 
	7.2.3 The effect of postharvest modified atmosphere storage 
	7.2.4. The effect of genotype

	8. DISCUSSION
	8.1 The impact of methodical aspects on the reported results of anthocyanins in strawberry fruits
	8.2 Factors affecting antioxidant properties of strawberries
	8.2.1 The effect of cultivation system
	8.2.2 The effect of phosphite fertilization 
	8.2.3 The effect of postharvest modified atmosphere
	8.2.4 The effect of genotype 

	9. CONCLUSIONS
	REFERENCES
	SUMMARY IN ESTONIAN
	ACKNOWLEDGEMENTS
	CURRICULUM VITAE 
	ELULOOKIRJELDUS
	LIST OF PUBLICATIONS

