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ABSTRACT 
 
Delicate fruit of strawberry is susceptible to high temperature stress and fungal infection. An extensive spray program is usually 
adapted to secure yield and fruit quality which sometimes pose a serious threat to consumer health. However, development of eco-
friendly, economical and safer strategies has always been in focus of R&D sector. In this study, field-grown strawberry plants cv. 
Chandler were sprayed with 1, 2 or 3 mM oxalic acid at flowering stage. Interestingly, foliar application of oxalic acid in low doses (1 
mM and 2 mM) had more growth-promoting effect on strawberries whereas foliar application of 3 mM oxalic acid either negatively 
affected or remained ineffective. Low-dose applications of oxalic acid resulted in enhanced nitrogen (1.5-fold), phosphorus (2.5-fold) 
and potassium (1.75-fold) levels in leaf petioles. Increase in primary macronutrients was also correlated well with enhancement in 
plant growth indicators including dry biomass (1.5-fold), leaf area (1.7-fold), specific leaf area (2.8-fold) and leaf area ratio (2.6-fold), 
root weight ratio (1.9-fold), root-to-shoot ratio (1.4-fold). Only, leaf chlorophyll and fresh fruit weight were negatively impacted by 
oxalic acid. In addition to increase in number of fruits per plant, oxalic acid also improved sensory properties of strawberry fruits 
mainly due to increase in sugar: acid ratio (1.6-fold), ascorbic acid contents (1.2-fold) and non-reducing sugars (2-fold). Overall, foliar 
application of 1 mM oxalic acid favoured vegetative growth and enhanced yield and fruit quality of strawberry cv. Chandler. 
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INTRODUCTION 
 
Strawberry (Fragaria × ananassa Duch.) is a nutrition-rich fruit 
with its global production increasing annually (Zheng et al., 
2007b). Currently grown commercial cultivars are mostly 
polyploids, as much as decaploid, and thus have fruit size larger 
than their predecessors (Ahmadi and Bringhurst, 1992). 
Strawberry cultivars are generally categorized into June bearing, 
ever bearing and day-neutral cultivars depending upon their 
requirement of day length (Hancock et al., 2008). Its fruit is very 
well applauded for its scrumptious taste, sweetness, colour and 
nutritional qualities (Anwar et al., 2017). It is rich source of 
phenolics, flavonoids, ascorbic acid and health-promoting 
natural antioxidants (Robards et al., 1999; Wang and Lin, 2000; 
Hansawasdi et al., 2006; Laugale and Bite, 2006; Buendia et al., 
2010; Buendia et al., 2010; Schwieterman et al., 2014; Liu et al., 
2016). Thus, consumption of strawberry fruit in daily diet is 
crucial to scavenge reactive oxygen species and reducing 
occurrence possibilities of degenerative diseases (Hung et al., 
2004; Seeram, 2008). Strawberry is a highly perishable 

commodity and has short shelf life under ambient conditions 
mainly because of moisture loss and fast decline towards cellular  
 
degradation. Being skinless and delicate in nature, its quality is 
also negatively affected by microbial infection, mechanical 
damage and insect attack. So, proper production and 
postharvest management is imperative to tackle yield and 
quality-related challenges. In Pakistan, strawberry is mostly 
cultivated in Charsadda, Swat, Mardan, Haripur, Islamabad and 
Gujrat. Strawberry cv. Chandler is the only grown cultivar and 
from short-day requiring June-bearing class (Ahmad et al., 2018) 
in Pakistan. Strawberry production has emerged as fast 
grooming in the country in recent years. A significant share of 
total production cost in invested in multiple and frequent sprays 
of pesticides and nutrients to increase farm-gate income by 
improving yield and fruit quality. Residual effects from 
inappropriate use of these chemicals has encouraged to explore 
less-hazardous and economical options.  
 
Biomass accumulation during plant growth is regulated by the 
uptake of minerals and nutrients from soil rhizosphere. Nutrient 
deficiency negatively affects metabolic changes in plants which 
decreases photosynthetic efficiency leading to reduced growth 
rate. Use of organic acids has not only been suggested to increase 
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plant resistance against nutrient deficient environment but 
these have also been implicated in regulating physiological 
processes of plants including decrease in lipid peroxidation, 
improve antioxidant enzyme activity and increase in osmotic 
regulation (Miura and Tada, 2014). Oxalic acid, a naturally 
occurring organic acid, maintains membrane integrity and delay 
fruit ripening (Zheng et al., 2007a; Dahiya et al., 2010). 
Postharvest application of oxalic acid has been shown to delay 
ripening and maintain postharvest quality of tomato, peach, 
plum, mango, pomegranate, sweet cherry and banana fruits by 
retarding ethylene production, respiration and production of 
active oxygen species, thus enhance antioxidant potential 
(Zheng et al., 2007a; Wang et al., 2009; Sayyari et al., 2010; 
Valero et al., 2011; Wu et al., 2011; Zheng et al., 2012a; Huang et 
al., 2013a; Huang et al., 2013b; Kant et al., 2013; Razzaq et al., 
2015). Moreover, postharvest use of oxalic acid has also been 
appreciated with its potential to alleviate chilling injury in peach, 
mango and tomato (Ding et al., 2007; Jin et al., 2014; Li et al., 
2014; Li et al., 2016; Razavi et al., 2017), control browning in 
litchi (Zheng and Tian, 2006) and reduce decay incidence in 
jujube and mango (Zheng et al., 2007b; Wang et al., 2009). 
Though, preharvest application of oxalic acid has also been 
reported to increase yield and/or improve nutritional quality of 
sweet cherry (Martinez-Esplá et al., 2014), peach (Razavi and 
Hajilou, 2016), plum (Martínez-Esplá et al., 2018) and kiwifruit 
(Zhu et al., 2016) but its effect on strawberry has not yet been 
investigated. It is one of the major organic acids found in 
strawberries (Koyuncu and Dilmacunal, 2010; Liu et al., 2016). 
So, with an objective to explore environment-friendly and 
economical alternatives for strawberries, field performance of 
strawberry plants foliar supplied with oxalic acid were 
evaluated for plant growth, yield and fruit quality 
characteristics. Findings suggested positive effect of foliar 
application of oxalic acid on growth and fruit quality of 
strawberry plants.  
 
MATERIALS AND METHODS 
 
Runners of strawberry cv. Chandler of same crown size were 
purchased from a commercial nursery in Mingora, District Swat 
and transplanted on 22 cm raised ridges at 20 cm plant to plant 
distance under subtropical agro-climatic conditions of 
Faisalabad, Pakistan. After 90 days of transplantation, healthy 
strawberry plants were selected and marked for different 
treatments under randomized complete block design (RCBD). 
Foliar application of 0 (control), 1, 2 or 3 mM oxalic acid started 
100 days after transplantation and repeated every week until 
the final fruit harvest. 
 
Leaf petiole samples were collected initially a week before start 
of oxalic acid application and then at final fruit harvest. Nitrogen 
(N), phosphorus (P) and potassium (K) levels in leaf petioles 
were determined as described earlier by Estefan et al. (2013). At 
the time of final fruit harvest, relative chlorophyll content (SPAD 
value) in intact leaves was measured with chlorophyll meter 
(CCM-200 plus, Opti-Sciences, Hudson, NH, USA). After the final 
fruit harvest, whole plant was taken out and separated into 
leaves, roots and crown parts. Leaf area was measured with 
automated digital image analysing software package ‘Easy Leaf 
Area’ version 1.02 (Easlon and Bloom, 2014). After recording 
fresh weight, each plant section was individually packed in 

perforated paper bags and kept at 70 °C until constant dry 
weight was achieved (Kuisma et al., 2014). Plant dry weight was 
then calculated and presented as percent of fresh weight. 
Specific leaf area (leaf area divided by dry weight of leaves), leaf 
area ratio (leaf area divided by dry weight of whole plant), root-
to-whole plant weight ratio (dry weight of roots to plant dry 
weight) and root-to-shoot ratio (sum of dry weight of crown and 
roots to dry weight of above crown parts) were calculated at 
final harvest according to method described by Fernandez et al. 
(2002). Number of flowers, fruit set and ripe fruits per plant 
were recorded every week from 103 days after transplantation. 
Harvest index was calculated by dividing dry weight of fruits 
over dry weight of whole plant (Martínez-Ferri et al., 2016). 
 
Healthy strawberries without any sign of disease, damage or 
bruise were randomly harvested and immediately brought to 
laboratory for physical, biochemical and sensory analyses. Fresh 
weight of 10 fruits was individually taken and averaged per 
replication. Then, their peduncles and calyx were removed, and 
edible tissues were chopped and blended. Homogenized mixture 
was then centrifuged at 10,000 rpm for 15 min. Supernatant was 
used for further biochemical analyses.  Total soluble solids (TSS) 
and pH were determined with pH meter (HI-98107, Hanna 
Instruments, Mauritius) and digital hand-held refractometer 
(RS-5000, Atago, Japan), respectively. Total titratable acidity 
(TTA) was measured with titrimetric method (Jouquand et al., 
2008). Ascorbic acid content was determined using 2, 6-
dichlorophenol indophenol dye (Khalid et al., 2012). Sugars 
were determined as detailed earlier by Anwar et al. (2018). 
Organoleptic evaluation of fruits for texture, aroma, appearance, 
flavour, sweetness and tartness/sourness were done by 
panellists using sensory scale developed earlier (Jouquand et al., 
2008; Resende et al., 2008; Schwieterman et al., 2014). Collected 
data was analysed for analysis of variance (ANOVA) and least 
significance differences among treatment means at 5% 
significance level using analytical software package ‘Statistix 
8.1’. 
 
RESULTS AND DISCUSSION 
 
Strawberry plants were analysed for N, P and K levels in leaf 

  
Figure 1: Effect of oxalic acid on nitrogen, phosphorus and 
potassium levels in strawberry leaf petioles. Vertical bars 
indicate average ± standard error (n=3, 50 petioles from at least 
15 plants per replication). Similar letters within a parameter 
indicate non-significant difference among treatments. 
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petioles (Fig. 1). Nitrogen and P levels in leaf petioles were 
differentially affected with foliar application of oxalic acid. 
Strawberry plants supplied with 1 and 2 mM oxalic acid 
exhibited 1.5 and 2.5-fold increase in N and P levels, 
respectively, compared to control plants. Interestingly, K levels 
in leaf petioles were enhanced in all treated plants by 1.5- to 
1.75-fold regardless the concentration of oxalic acid (Fig. 1). To 
our knowledge, effect of oxalic acid on regulation or uptake or N, 
P and K levels in plants has not been reported. Increase in 
macronutrients helped in promoting plant vegetative growth 
which was explored with various qualitative and instrumental 
attributes. Relative chlorophyll content (SPAD value) in 
strawberry leaves was negatively correlated with oxalic acid 
concentration (Fig. 2a). The decrease in chlorophyll content 
might be partially due to increase in leaf area as foliar 
application of 1 mM oxalic acid enhanced leaf area by 1.7-fold 
(Fig. 2b). In further support to this finding, increase in leaf area 

was not coherent with increase in biomass as 1 mM oxalic acid 
application also enhanced specific leaf area by 2.8-fold and leaf 
area ratio by 2.6-fold compared to control whereas higher doses 
of oxalic acid either adversely affected or remained ineffective 
on these growth parameters (Fig. 2c-d). Interestingly, increase 
in leaf area without parallel increase in biomass further 
indicates enhancement of water influx into plant tissues 
suggesting a positive role of oxalic acid on water uptake or its 
translocation into vegetative organs. Oxalic acid-treated 
strawberry plants also showed increase in root mass as 
indicated by 1.6- to 1.9-fold increase in root-to-whole plant 
weight ratio and 1.2- to 1.4-fold increase in root-to-shoot ratio 
compared to control (Fig. 2e-f). Increase in root mass may be 
implicated in promoting uptake of N, P and K and their 
subsequent accumulation in leaf petioles (Fig. 1). Enhancement 
in these attributes was independent of oxalic acid concentration. 
Low dose of oxalic acid also induced biomass accumulation in 

Treatments 
 

Figure 2: Effect of oxalic acid on relative chlorophyll content, leaf area, specific leaf area, leaf area ratio, root-to-whole plant weight 
ratio and root-to-shoot ratio of strawberry. Vertical bars indicate average ± standard error (n=3, 15 plants per replication). 
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strawberry plants. Plant supplied with 1 mM oxalic acid gained 
1.5-fold high dry biomass compared to control whereas foliar 
application of oxalic acid in higher doses (2 and 3 mM) did not 
affect plant dry weight (Fig. 3). An overall increase in plant 
vegetative growth, partially in response to increase in uptake of 
N, P and K seems to be a growth-promoting feature of oxalic acid, 
especially when applied in lower doses i.e. 1 to 2 mM. 
 
Though, flowering was significantly affected by oxalic acid 
treatment (data not shown) but number of fruits per plant were 
significantly enhanced with oxalic acid treatment (Fig. 4). Since, 
macronutrients have been reported to enhance fruit set and 
yield in strawberries (Haynes and Goh, 1987; Nestby et al., 
2005), oxalic acid-induced accumulation of N, P and K in leaf 
petioles may be implicated in enhancing fruit set in strawberries 
cv. Chandler. Fruit fresh weight reduced with increase in 
concentration of oxalic acid suggesting a negative correlation of 
oxalic acid with gain in fruit fresh weight (Fig. 5a). Despite 
reduced fruit fresh weight, increased number of fruits per plant 
led to increase in their harvest index. Harvest index of only those 
strawberry plants treated with 1 mM oxalic acid significantly 
increased 3 g/g whereas 2 mM oxalic acid showed no difference 
and 3 mM oxalic acid application reduced harvest index (Fig. 5b). 
 
Strawberry fruits collected from plants sprayed with oxalic acid 
were also analysed for physical and biochemical attributes. Fruit 
pH increased with the application of 1 mM oxalic acid but 
decreased with the application of 3 mM oxalic acid (Fig. 6a). On 
the other hand, both 1 and 3 mM oxalic acid increased TSS in 
fruit tissue (Fig. 6b). An elevation in TSS and pH of kiwifruit after 
preharvest application of oxalic acid has also been reported in 
kiwifruit (Zhu et al., 2016). Though, varied response to TSS and 
titratable acids has also been observed in different fruits i.e. 
mango (Ding et al., 2007) but, here in this study on strawberry 
cv. Chandler, these evidences suggest a positive role of oxalic 
acid in enhancing these fruit quality attributes.  
 
Total titratable acidity (TTA) of strawberry fruits was negatively 
correlated with concentration of supplied oxalic acid (Fig. 6c). 
This resulted in an increase in TSS/TTA ratio in fruits from 
plants foliar applied with 1 and 2 mM oxalic acid (Fig. 6d). 
Ascorbic acid content in oxalic acid-treated fruit tissues was also 
enhanced by 1.1- to 1.2-fold compared to control (Fig. 6e), 
whereas enhancement in non-reducing sugars was found 
positively correlated with oxalic acid concentration. Fruit tissues 
exhibited 1.5- to 2.3-fold increase in non-reducing sugars in 
oxalic acid-treated fruit tissues (Fig. 6f). In kiwifruit also, 
preharvest application of 5 mM oxalic acid lead to increase in 
ascorbic acid content at harvest (Zhu et al., 2016). Similarly, pre-
storage oxalic acid treatment also enhanced ascorbic acid in 
pomegranate fruit (Sayyari et al., 2010) and ascorbic acid and pH 
in mango fruit (Razzaq et al., 2015). In contrast, preharvest 
application of oxalic acid enhanced accumulation of phenolics, 
anthocyanins and carotenoids but no significant differences 
were found in skin colour, total soluble solids and titratable acid 
content in plum (Martínez-Esplá et al., 2018). Changes in fruit 
quality in response to oxalic acid application seem to be 
dependent on climatic conditions and fruit species under 
consideration. Secondly, since strawberry is a non-climacteric 
fruit, physiology of fruit ripening may also be regulating 
response of oxalic acid.  

 
Figure 3: Effect of oxalic acid on plant dry weight of strawberry. 
Vertical bars indicate average ± standard error (n=3, 15 plants 
per replication). 
 

  
Figure 4: Effect of oxalic acid on number of strawberry fruits per 
plant. Vertical bars indicate average ± standard error (n=3, 15 
plants per replication). Similar letters on any given day indicate 
non-significant difference among treatments. 
 

 

  
Figure 5: Effect of oxalic acid on fruit fresh weight and harvest 
index of strawberry. Vertical bars indicate average ± standard 
error (n=3, 15 plants per replication). 
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Strawberry fruits taken from treated plants were harvested and 
subjected to organoleptic evaluation by panellists using sensory 
scale for texture, aroma, appearance flavour, sweetness, 
tartness/sourness (Table 1). Overall, oxalic acid improved fruit 
sensory attributes. Foliar application of 1 mM oxalic acid 
enhanced fruit texture, aroma, appearance, flavour and 
sweetness and reduced sourness score in fresh strawberries. 
Oxalic acid has been implicated in alleviating cell wall 
disassembly by decreasing activities of pectolytic enzymes, 
galactosidases (both α and β), polygalacturonase or pectin 
methyl esterase, in mango and plum (Wu et al., 2011; Zheng et 
al., 2012a).  
 
Even though, oxalic acid has long been known to enhance plant 
biomass and fruit size, improve fruit textural properties in 
various crops but its potential use as foliar application on 

strawberry cultivation in Pakistan has not been evaluated under 
field conditions. In relatively low doses, oxalic acid induces 
resistance against postharvest diseases by maintaining 
membrane integrity, promoting activities of catalase, peroxidase 
and polyphenol oxidase and elevating total phenolic but 
reducing ethanol accumulation and anthocyanin degradation in 
fruit tissues (Zheng and Tian, 2006; Wang et al., 2009; Zheng et 
al., 2012b; Razzaq et al., 2015). Whereas, high dose of oxalic acid 
seems to function as growth retardant. Sclerotinia spp.-secreted 
oxalic acid have been reported to elicit programmed cell death 
in plants during disease development (Kim et al., 2008). During 
pathogenicity, oxalate also interferes with signalling cascade of 
oxidative burst and reduces production of reactive oxygen 
species (Cessna et al., 2000; Liang et al., 2009). This modulation 
occurs upstream of oxidase assembly but downstream of Ca+2 
fluxes into cytosol (Cessna et al., 2000). Exogenous studies have 

Treatments 
 

Figure 6: Effect of oxalic acid on juice pH, total soluble solids (TSS), total titratable acidity (TTA), sugar: acid ratio (TSS/TTA), 
ascorbic acid and non-reducing sugars in strawberry fruit. Vertical bars indicate average ± standard error (n=3, 15 plants per 
replication). 
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also shown to suppress catalase, peroxidase, superoxidase 
dismutase and oxalic acid oxidase and induce NADPH oxidase 
leading to accumulation of H2O2 (Liang et al., 2009). This 
indicates that high dose of oxalic acid in our study may have 
induced biotic stress-mitigating pathways that lead to retard 
chlorophyll development (Fig. 1) and fruit fresh weight (Fig. 4a). 
In conclusion, findings suggest a positive effect of oxalic acid on 
strawberry plant and fruit quality. In contrast to negative impact 
of high dose, low doses of oxalic acid had a growth promoting 
effect. Specifically, foliar application of oxalic acid in lower dose 
(1 mM) significantly promoted nutrient uptake, plant growth, 
fruit yield and sensory attributes of strawberry fruits. Now, 
impact of oxalic acid on disease resistance-inducing enzymes, 
metabolites and antioxidants need to be explored in strawberry 
and other valuable fruit crops. It would be intriguing to further 
explore its use in other high-value crops and integrate with 
commercially available growth promoting formulations. 
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