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SUMMARY 

In the context of modern fruit growing, the cherry tree (Prunus avium L.) has a high economic 

importance, so the concern is to produce high quality fruits. Cherries are attractive fruits, due 

to their colour, flavour, nutritional value and potential health benefits. However, cherry tree is 

susceptible to damage caused by low winter temperatures, spring frosts and cracking of fruit 

during ripening. Moreover, the increasing frequency of intense preharvest rainfall resulting 

from climate change will aggravate the effects of cherry cracking. Cherries are also highly 

perishable, with a relatively short shelf-life, which makes it difficult to export these small fruits 

to distant markets. In this sense, the main objective of this Doctoral Thesis is to contribute to 

enhancing the quality and production of sweet cherries by different approaches, focusing on 

an evaluation of the suitability of preharvest foliar spray treatments and also of the application 

of compounds postharvest, to extend the shelf-life. Moreover, we aim to achieve further insight 

into preharvest spray treatments as part of orchard management practices, by understanding 

the physiological and biochemical response of the plant, and also to mitigate the impact 

environmentally stressful conditions, to reduce the severity of cherry cracking. In that regard, 

the experiment consisted of repeated sprayings of calcium (Ca, 0.5 %), gibberellic acid (GA3, 

10 ppm), abscisic acid (ABA, 10 μM), salicylic acid (SA, 1 mM), glycine betaine (GB, 0.1 %), 

biostimulant Ascophyllum nodosum (AN, 0.05 %) and water as control, without addition of Ca 

in 2015, whereas in 2016 Ca was added. The studies in this work focused on six-years old 

sweet cherry trees of two economically important cherry cultivars, Skeena and Sweetheart, 

during the 2015 and 2016 seasons in an orchard located in Northern Portugal. The impact of 

foliar spray treatments on sweet cherry quality, cracking incidence and plant behaviour, was 

assessed. The effect of postharvest application of chitosan (CH, 1 %), Aloe vera (AV, 0.33 %) 

and calcium (CaCl2, 1 %) on quality attributes, bioactive compounds and antioxidant systems 

of cherries, was also studied. Fruits at the commercial maturity stage were dipped into these 

solutions, stored at 4 °C for 14 days, and then kept at 20 °C for three days to assess shelf-life. 

To achieve this goal, several activities were undertaken involving field trials and 

phytochemical, physiological, biochemical and molecular biology approaches. A positive effect 

of spray treatments on ‘Skeena’ cherry yield and physiological and biochemical response was 

shown, displaying a boost of relative water content and reduced cell membrane damage. 

Furthermore, AN and ABA increased soluble sugars content and yield, while GA3 increased 

net CO2 assimilation rate, and when associated to Ca also improved soluble sugars content 

and yield. GB in combination with Ca increased net CO2 assimilation rate, chlorophyll content 

and yield. When studying the impact of spray treatments on cherry quality attributes as health 

promoting compounds (phenolics, anthocyanins, carotenoids, ascorbic acid), the highest 

variability was noticed in the seasonal differences. Higher solar radiation combined with higher 
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temperatures and less precipitation in 2015 compared to 2016, likely contributed to this shift in 

health promoting contents. Additionally, GA3 and SA increased fruit weight and firmness, while 

GB with Ca increased fruit weight, appearance and colour development. Soluble sugars 

content was not affected by spray treatments, while AN and SA with Ca increased total organic 

acid levels. GA3, ABA, SA and GB sprays increased anthocyanin content, and GA3 and GB 

also induced lower carotenoid and lower ascorbic acid content. AN appears to induce an effect 

opposite to GB, increasing carotenoid and ascorbic acid but lowering phenolic content. The 

impact of spray treatments conjugated with Ca on the incidence of ‘Sweetheart’ cherry 

cracking, was also assessed. All spray treatments reduced cracking incidence compared to 

the control, with the least cracking observed for ABA and GB treated fruits including less cheek 

cracks. ABA and GB sprays showed higher wax content and higher cuticle and epidermal 

thickness compared to control, including increased expression of wax synthase (ABA) and 

expansin 1 (GB). At the fruit ripening stage, larger cell size of the epidermis, hypodermis and 

parenchyma cells lowers cracking incidence, pointing at the importance of flexibility and 

elasticity of the epidermis. Finally, the application of postharvest compounds as a tool for the 

extension of the shelf-life of cherries, was shown to be an effective way of delaying the cherry 

fruits’ postharvest ripening and senescence processes by increasing of the antioxidant 

systems activity. In conclusion, the work conducted contributed to increased knowledge of the 

use of promising pre- and postharvest compounds to improve the quality and increase 

bioactive compounds of the cherries. GA3 and GB sprays seem to be more beneficial for the 

physiological performance of the trees and to increase cherry quality attributes, thus could be 

a new strategy in the fruit production system. Foliar application of ABA and GB in association 

with Ca are therefore likely promising cherry cracking mitigation strategies. CH, AV and CaCl2 

can also be an effective tool for maintaining cherry quality during storage with higher 

concentration of bioactive compounds and antioxidant activity. 
 

Keywords: Prunus avium L., Calcium, Growth regulators, Cherry tree physiological 

performance; Cherry quality, Health promoting compounds, Cracking, Edible coatings. 
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RESUMO 

No contexto da fruticultura moderna, a cerejeira (Prunus avium L.) tem uma elevada 

importância económica, havendo, por isso, a preocupação de produzir frutos de grande 

qualidade que satisfaçam as necessidades dos consumidores. As cerejas são frutos atraentes 

devido ao seu sabor, cor, valor nutricional e potenciais efeitos benéficos para a saúde. No 

entanto, a cerejeira é suscetível a danos causados pelas baixas temperaturas de inverno, 

geadas da primavera e ao rachamento dos frutos durante o amadurecimento. Além disso, o 

aumento da frequência de chuvas intensas antes da colheita, resultante das alterações 

climáticas, agravará os efeitos do rachamento na cereja. As cerejas são também altamente 

perecíveis, com um tempo de armazenamento relativamente curto, o que dificulta a 

exportação para mercados distantes. Nesse sentido, o principal objetivo desta Tese foi 

contribuir para o aumento da qualidade da cereja ao longo da cadeia de produção, recorrendo 

a diferentes abordagens, com foco na avaliação da adequabilidade dos tratamentos em pré-

colheita e também na aplicação de compostos em pós-colheita para o aumento do tempo de 

prateleira. Para tal, será necessário compreender o efeito dos tratamentos foliares no 

comportamento fisiológico e bioquímico da cerejeira, e também o impacto na mitigação de 

condições ambientais adversas, como na redução da incidência do rachamento da cereja. 

Neste sentido, o ensaio experimental consistiu em repetidas pulverizações de cálcio (Ca, 

0,5%), ácido giberélico (GA3, 10 ppm), ácido abscísico (ABA, 10 μM), ácido salicílico (SA, 1 

mM), glicina betaína (GB, 0,1%), bioestimulante Ascophyllum nodosum (AN, 0,05%) e água 

como controlo, sem adição de Ca em 2015, enquanto em 2016 o Ca foi adicionado. Neste 

trabalho, os ensaios realizaram-se em cerejeiras com seis anos de idade, de duas cultivares 

economicamente relevantes, Skeena e Sweetheart, durante os anos de 2015 e 2016, num 

pomar localizado no Norte de Portugal. O impacto dos tratamentos foliares na qualidade da 

cereja, na incidência do rachamento e no comportamento das árvores foi avaliado. Além disso, 

o efeito da aplicação em pós-colheita de quitosana (CH, 1%), Aloe vera (AV, 0,33%) e cálcio

(CaCl2, 1%) nos atributos de qualidade, compostos bioativos e sistemas antioxidantes das 

cerejas, foram estudados. Os frutos à data de colheita foram mergulhados, armazenados a 4 

°C durante 14 dias e depois mantidos a 20 °C durante três dias para avaliar o tempo de vida 

útil. Para atingir estes objetivos desenvolveram-se estudos integrados que envolveram 

ensaios de campo e abordagens fitoquímicas, fisiológicas, bioquímicas e de biologia 

molecular. Um efeito positivo dos tratamentos foliares na produção de cerejas ‘Skeena’ e na 

resposta fisiológica e bioquímica da cerejeira foi demonstrado, com um aumento da produção, 

do conteúdo relativo de água e redução dos danos nas membranas celulares. Além disso, AN 

e ABA aumentaram a concentração de açúcares solúveis e produção, enquanto o GA3 

aumentou a capacidade fotossintética e, em combinação com Ca, também melhorou o teor 
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de açúcares solúveis e produção. GB em combinação com Ca aumentou a capacidade 

fotossintética e o teor de clorofila. Relativamente ao impacto dos tratamentos foliares na 

qualidade da cereja a maior variabilidade foi observada entre anos. Radiação solar elevada 

combinada com temperaturas mais altas e menos precipitação em 2015, em comparação com 

2016, provavelmente contribuiu para essa variação na concentração dos compostos 

bioactivos. GA3 e SA aumentaram o peso e a firmeza dos frutos, enquanto GB com Ca 

conjugado aumentou o peso dos frutos, a aparência e o desenvolvimento de cor. AN e SA 

com Ca aumentaram a concentração de ácidos orgânicos totais nas cerejas. GA3, ABA, SA e 

GB induziram maior teor em antocianinas, enquanto que GA3 e GB também induziram menor 

teor em carotenoides e ácido ascórbico. AN, um dos novos compostos avaliado, parece 

induzir um efeito oposto ao GB, aumentando o teor em carotenoides e ácido ascórbico, mas 

diminuindo o teor em compostos fenólicos. O efeito dos tratamentos conjugados com Ca na 

incidência do rachamento da cereja ‘Sweetheart’ também foi avaliado. Os tratamentos foliares 

reduziram a incidência ao rachamento em comparação com o controlo, com menor incidência 

nos frutos tratados com ABA e GB, incluindo menor rachamento do tipo lateral. ABA e GB 

aumentaram o teor de ceras solúveis e espessura da cutícula e das células da epiderme dos 

frutos em comparação com os frutos controlo, incluindo maior expressão de wax synthase 

(ABA) e expansin 1 (GB). Durante a fase de amadurecimento, frutos com células da epiderme, 

hipoderme e parênquima de maior dimensão apresentam uma menor a incidência ao 

rachamento, indicando a importância da flexibilidade e elasticidade da epiderme. Por fim, a 

aplicação de compostos em pós-colheita como ferramenta para a extensão do tempo de vida 

útil das cerejas, revelou-se eficaz a retardar o processo de amadurecimento e senescência 

da cereja, com o aumento da atividade dos sistemas antioxidantes. Em conclusão, o trabalho 

desenvolvido no âmbito desta tese contribuiu para um aumento do conhecimento no uso de 

compostos em pré- e pós-colheita promissores para melhoria da qualidade e aumento de 

compostos bioactivos das cerejas. Os tratamentos foliares, GA3 e GB, parecem ser mais os 

benéficos para o desempenho fisiológico das cerejeiras e aumentar os atributos de qualidade 

das cerejas à colheita, podendo ser uma nova estratégia no sistema de produção desta 

cultura. A aplicação foliar de ABA e GB em associação com Ca é, provavelmente, uma 

estratégia promissora de mitigação ao rachamento. CH, AV e CaCl2 também podem ser uma 

ferramenta eficaz para manter a qualidade da cereja durante o armazenamento, com maior 

concentração de compostos bioativos e atividade antioxidante. 

 

Palavras-chave: Prunus avium L., Cálcio, Reguladores de crescimento, Comportamento 

fisiológico da cerejeira, Qualidade da cereja, Compostos promotores de saúde, Rachamento, 

Películas comestíveis.
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1. GENERAL INTRODUCTION AND SCIENTIFIC OBJECTIVES

The sweet cherry tree (Prunus avium L.), belonging to the botanical family Rosaceae 

and genus Prunus (Potter et al., 2007), is indigenous to northern Iran, Ukraine and other 

countries located in the south Caucasus. It is also native in regions ranging from southern 

Sweden to Greece, Italy and Spain (De Candolle, 1883). Sweet cherry cultivation was begun 

in Europe by the Romans (Zohary and Hopf, 2000). Further dissemination of cherry trees 

throughout the Mediterranean basin, and even to Britain, following the expansion of the Roman 

Empire, led to the development of different ecotypes, landraces and varieties, that resulted in 

the characteristics of the modern cultivars (Iezzoni et al., 1991). Some researchers suggest 

that birds were mainly responsible for the dissemination of this species, which resulted in its 

distribution from northern India to the plains of southern Europe (Webster, 1996). With the 

human migration from Europe to the America, in the 17th century (Scorza and Hammerschlag, 

1992), sweet cherry made its way into the new world. It reached the Pacific coast in the late 

19th century and after a local nursery owner developed new cultivars, one of the major cultivars 

in the USA was created in 1875, Bing. From that point on, European and American cherry 

production increased, as well as the consumption of this fruit.  

The phenological growth stages of Prunus avium L. are presented in Figure 1.1. The 

tree is deciduous and can achieve 20 m in height, with a trunk up to 70 cm in diameter. The 

bark is smooth purplish-brown with prominent horizontal grey-brown lenticels on young trees, 

becoming thick dark blackish-brown and fissured on old trees (Crespi et al., 2005). The leaves 

are green, simple ovoid-acute, 7.5-12.5 cm long and 5-7.5 cm wide, with a serrated edge, an 

acuminate tip and glabrous matt above, a green petiole with two small red glands (Cerqueira, 

1994; Webster, 1996; Gonçalves, 2000). In Europe, flowering occurs between March and May 

at the same time as the emergence of new leaves. One to five flowers initiate from each shoot 

and each flower has five pure white petals 2.5 cm in diameter (Crespi et al., 2005). The fruit is 

a drupe, 1-2 cm in diameter, the colour can vary between yellow to dark red and the flavour 

may differ from sweet to acid, depending on the cultivar. Each fruit has a pit 6-8 mm thick 

(Crespi et al., 2005).  
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Figure 1.1  

Phenological growth stages of Prunus avium L., according to the extended BBCH scale. A) Stage 51: 

inflorescence emergence, the buds start to swell and burst; B) Stage 65: full flowering, at least 50 % of 

flowers open, first petals falling; C) Stage 75: development of fruit with half final size; D-E) Stage 85: 

maturity of fruit and seed, colouring advanced; F) Stage 89: Fruit ripening. 

 

 

Nowadays, the cherry tree is grown in more than 40 countries. In the southern 

hemisphere, the cherry tree is cultivated to 46-47º S in Patagonia (Chile and Argentina) and 

up to 45-46º S in Otago, New Zealand; and the cherry harvest is between December and 

January, which this coincides with lucrative markets, such as North America and western 

Europe (Bujdosó and Hrotkó, 2017). In the northern hemisphere (temperate zones) up to 61º 

N, the sweet cherry harvest occurs from the end of April to June-July, and in Norway, the 

picking season finishes in the end of August (Predieri et al., 2003; Bujdosó and Hrotkó, 2017). 

Sweet cherry is an important horticultural trading around the world (Webster and 

Schmidt, 1996). In Portugal, its production is modest but nevertheless, is highly valued by 

producers and consumers, contributing to the economy, health, nutrition, culture and 

sustainability of the country. In 2017, the estimated total world cherry production was 2,443 

thousand metric tonnes (t), with the top three producing countries (Turkey, USA and Iran) 

producing 48 % (FAO, 2019). In Portugal, in 2017, the cherry production was 19.563 t from 

6,215 hectares (INE, 2018). The orchards of cherry trees are located, essentially to the north 

of the river Tejo, accounting for 98 % of the Portugal total cherry production (INE, 2018). 

In the past, producing sweet cherries was considered hard, requiring a large labour 

force to hand-pick the fruit, due to the vigorous seedling rootstocks and trees with very large 

canopies. Rootstock series with different levels of scion vigour were obtained by several cherry 

rootstock breeding programmes in worldwide. Indeed, starting in the 1980s and ‘90s, the 

growers preferred dwarfing rootstocks and smaller tree sizes, producing hand-picked cherries 

for the fresh market in intensive orchards (Hrotkó and Rozpara, 2017). In addition, innovations 

in orcharch systems has been performed, such as new tree support systems, pruning methods, 

irrigation systems, plant nutrition and protection methods and machines. Many breeding 

A B C D E F 
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programmes were also developed, leading to the introduction of new self-fertile sweet cherry 

cultivars, upgrading crop yields. Nowadays, the breeding programmes have been developed 

to introduce sweet cherry cultivars better-suited to market requirements, such as very early 

and late ripening times, fruit diameter, intensive red and light fruit colour, intensive flavour, firm 

texture, and resistance to biotic and abiotic stresses, like fruit cracking (Sansavini and Lugli, 

2008; Quero-García et al., 2017). 

The quality of the fruits harvested in the orchard is decisive for its economic viability, 

both for its immediate consumption and for preservation. Sweet cherry is a fruit particularly 

attractive to the consumer for its chromatic and flavour attributes, as well as for its richness in 

some nutrients with a high impact on human health. In fact, the consumption of fruit, like sweet 

cherries appear to be associated with a reduced risk of various pathologies such as cancer, 

cardiovascular disease, diabetes and other inflammatory diseases (McCune et al., 2010) 

attributed to the existence of several compounds with antioxidant capacity, such as vitamins, 

carotenoids and phenolic compounds, among others (USDA, 2019). Current trends are 

increasingly in demand for high quality fruit and also to improve the circumstances in the 

production chain so as to gain access to long distance markets. Understanding of the cherry 

pre- and postharvest changes, and packaging technologies with regard to critical quality 

indicators and health benefits are reviewed in detail in Chapter 2. Additionally, facing 

predictable climate change scenarios such as heat waves and excessive rainfall, might 

compromise the economic viability of the cherry sector (IPCC, 2013). Rain-induced fruit 

cracking in the sweet cherry is a problem in most producing areas of the world and causes 

significant economic losses. The mechanisms involved, genetic markers for cracking and new 

attractive strategies to mitigate cracking are reviewed in detail in Chapter 3. 

To cope with the effect of climate changes, particularly changes in rainfall patterns, and 

an increasing trend in society towards health consumerism and high quality fruits, the 

implementation of sustainable agronomic strategies is required. Preharvest foliar application 

of exogenous growth regulators or compounds might be a strong sustainable agriculture tool 

to improve overall plant performance and productivity. The foliar application of calcium (Ca) 

and growth regulators such as gibberellic acid (GA3), salicylic acid (SA) and abscisic acid 

(ABA) have been previously studied for their impact of crop yields and on enhancing fruit 

quality (Usenik et al., 2005; Clayton et al., 2006; Jiang and Hartung, 2008; Vangdal et al., 2008; 

Giménez et al., 2014; Wang et al., 2014; Khan et al., 2015; Ozkan et al., 2016). Promising new 

compounds such as a natural biostimulant based on extract from the seaweed Ascophyllum 

nodosum (AN), and glycine betaine (GB), a quaternary ammonium compound might also be 

new management strategies to increase mineral uptake, biomass, yield, and fruit quality and 



CHAPTER 1 
GENERAL INTRODUCTION AND SCIENTIFIC OBJECTIVES 

 

8 

 

to help maintain membrane integrity in the presence of salt, cold, heat and freezing stress 

(Sakamoto and Murata, 2001; Ma et al., 2007; Kurepin et al., 2014; Yakhin et al., 2017).  

The optimization of storage conditions is also important tool in the cherry production 

chain, to extend and preserve shelf-life and thus allow long distance transport to destination 

markets (Remón et al., 2003; Martínez-Romero et al., 2006). Sweet cherry is susceptible to 

rapid senescence related to weight loss, dark fruit skin, softening, surface pitting, loss of 

acidity, stem browning and drying (Chockchaisawasdee et al., 2016). Calcium (CaCl2) and 

edible coatings, such as chitosan (CH) and Aloe vera gel (AV) have been applied to improve 

the shelf-life of several fruits, including in cherries, retaining quality attributes and increasing 

the antioxidant activity (Rojas-Argudo et al., 2005; Martínez-Romero et al., 2006; Chen et al., 

2011; Petriccione et al., 2014).  

In view of the above, the overall objective of this thesis is to propose new orchard 

management strategies for producers and minimize postharvest losses in the entire cherry 

chain. The four specific aims of this thesis are therefore: 

(1) to evaluate the physiological behaviour of sweet cherry trees treated with repeated 

sprayings of Ca, GA3, ABA, SA, GB and AN without and with additional Ca (Chapter 4); 

(2) to evaluate the effect of repeated sprayings of Ca, GA3, ABA, SA, GB and AN without and 

with additional Ca on cherry quality by sensorial profile analysis, weight, colour, firmness, 

nutritional and antioxidant contents (Chapter 5); 

(3) to assess the effect of repeated sprayings of Ca, GA3, ABA, SA, GB and AN with additional 

Ca on cherry cracking frequency by histological analysis and quantitative expression of cell 

wall modification and cuticular wax biosynthesis genes (Chapter 6); 

(4) to evaluate the effect of CaCl2, and edible coatings, such as CH and AV, on cherry shelf-

life extension by weight loss, colour and firmness alteration and antioxidant contents (Chapter 

7). 

A scheme of the working plan is shown in Figure 1.2. 
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Figure 1.2 

Scheme of working plan. 
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2. FACTORS AFFECTING QUALITY AND HEALTH PROMOTING COMPOUNDS DURING GROWTH AND

POSTHARVEST LIFE OF SWEET CHERRY (PRUNUS AVIUM L.) 

2.1. Abstract 

Sweet cherries are attractive fruits due to their taste, colour, nutritional value, and 

beneficial health effects. Sweet cherry is a highly perishable fruit, and all quality attributes, and 

the level of health promoting compounds are affected by growth conditions, picking, packing, 

transport, and storage. During production, the correct combination of scion × rootstock will 

produce fruits with higher firmness, weight, sugars, vitamins, and phenolic compounds that 

boost the fruit antioxidant activity. Orchard management, such as applying drip irrigation, and 

summer pruning, will increase fruit sugar levels, and total phenolic content, while application 

of growth regulators can result in improved storability, increased red colouring, increased fruit 

size, and reduced cracking. Salicylic acid, oxalic acid, acetylsalicylic acid, and methyl salicylate 

are promising growth regulators as they also increase total phenolics, anthocyanins, and 

induce higher activity of antioxidant enzymes. These growth regulators are now also applied 

as fruit coatings that improve shelf-life with higher antioxidant enzyme activities, and total 

phenolics. Optimizing storage, and transport conditions, such as hydro cooling with added 

CaCl2, chain temperature, and relative humidity control, are crucial for slowing down decay of 

quality attributes, and increasing the antioxidant capacity. Application of controlled atmosphere 

during storage is successful in delaying quality attributes, but lowers ascorbic acid levels. The 

combination of low temperature storage in combination with modified atmosphere packaging 

(MAP) is successful in reducing the incidence of fruit decay, while preserving taste attributes, 

and stem colour with a higher antioxidant capacity. A new trend in MAP is the use of 

biodegradable films such as micro-perforated polylactic acid film that combine significant 

retention of quality attributes, high consumer acceptability, and a reduced environmental 

footprint. Another trend is to replace MAP with fruit edible coatings. Edible coatings, such as 

various lipid composite coatings, have advantages in retaining quality attributes, and 

increasing the antioxidant activity (chitosan), and are regarded as approved food additives, 

although studies regarding consumer acceptance are needed. The recent publication of the 

sweet cherry genome will likely increase the identification of more candidate genes involved in 

growing, and maintaining health related compounds, and quality attributes. 

2.2. Introduction 

Sweet cherry (Prunus avium L.) is one of the most popular table fruits. In 2014, the 

estimation of the world total cherry production was 2.294 thousand metric tons, with the top 

three producing countries (Turkey, USA, and Iran) producing 43 % (FAO, 2017). Sweet cherry 

is greatly valued by consumers due to its taste, colour, nutritional value, and beneficial health 
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effects. Important quality characteristics of cherry fruits are weight, colour, firmness, 

sweetness, sourness, flavour, and aroma (Crisosto et al., 2006). Sweet cherry is a highly 

perishable fruit containing significant levels of important nutrients such as potassium, dietary 

fiber, ascorbic acid, carotenoids, anthocyanins, and phenolic acids with only low caloric content 

(USDA, 2017). The objective of this review is to provide understanding of the cherry pre-and 

postharvest changes, and packaging technologies with regard to critical quality indicators, and 

health benefits, thereby updating previous reviews by Predieri et al. (2003), Romano et al. 

(2006), McCune et al. (2010), and Wani et al. (2014). It also provides a peek on the road 

forwards with regard to the availability of new technologies. Part of these technologies are 

related to improving the circumstances in the chain as to gain access to long distance markets. 

Examples of these are the use of natural compounds, and biodegradable films for modified 

atmosphere packaging (MAP), and edible coatings. The other part is related to improving the 

properties of the sweet cherry fruit itself; these are presented by showing the recent advances 

in marker assisted breeding preservation. 

2.3. Sweet cherry quality factors 

2.3.1. Maturity 

Fruit maturity is one of the key factors determining overall fruit quality. Cherries should 

be harvested at the end of the maturation stage when they are fully ripe to ensure a good 

eating quality (Serrano et al., 2009). Although, the harvest timing varies based on the sweet 

cherry cultivars, there is harvest window of <5 days for harvesting fruit of optimal quality. The 

harvest season for sweet cherries is short, and labour intensive. Ripe fruit are prone to 

mechanical damage, and cooling directly after harvest is important (Dever et al., 1996; Chauvin 

et al., 2009). During early developmental stages, skin colour changes, and softening starts, 

glucose, and fructose accumulate, together with a rapid increase in fruit size. In later 

development stages, ascorbic acid, and anthocyanin accumulate, antioxidant activity 

increases, and fruit flesh darkens (Serrano et al., 2005). A significant increase of total phenols 

was obtained in ‘Pico Negro’ cherries during ripening, and consequently, an increase in 

antioxidant activity, which may have beneficial health effects (Serradilla et al., 2012). Early-

harvested cherries suffered from low acceptance due to the low sweetness while late-

harvested cherries showed low acceptance due to low texture (Chauvin et al., 2009). 

Nevertheless, higher sensory scores were obtained for late-harvested sweet cherry fruits, 

especially for skin colour, and flavour intensity (Chauvin et al., 2009; Serradilla et al., 2012). 

Harvested cherries show weight loss, changes in the sugar-acid balance, colour, softening, 

and stem browning (Kappel et al., 2002; Bernalte et al., 2003; Alique et al., 2005). During 

postharvest storage (4 days at 20°C) ‘Ambrunés’ fruits showed a decrease in sugar levels, 
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skin colour, firmness, and titratable acidity (TA), whereas soluble solids content (SSC) 

remained fairly stable, decreasing from 15.2 to 14.8 °Brix. Malic acid levels decreased up to 

20 %, which may indicate that malic acid is an essential substrate for respiration in cherries 

(Alique et al., 2005). Assessment of the optimal maturity in the orchard is not straightforward 

due to the variation in maturity within a tree, but especially within an orchard. Orchard mapping 

can support growers finding the correct harvest window by sampling °Brix, and firmness during 

growth, just as now is being applied for dry matter assessment per plot for mango (Subedi et 

al., 2013). This type of quality mapping (Zude-Sasse et al., 2016) may be helpful to scheduling 

future cherry harvest campaigns. 

2.3.2. Colour, firmness, and water loss 

Cherry fruit quality traits related to consumer purchase decisions are based on external 

quality attributes such as colour, fruit size, stem freshness, absence of defects, and stem 

length (Predieri et al., 2004). Aroma, flavour, sourness, sweetness, and texture are also 

essential attributes (Romano et al., 2006; Díaz-Mula et al., 2009). Fruit colour is, however, the 

main quality trait (Mozetič et al., 2004). Colour development has been studied as function of 

cultivar, ripeness stage, and storage conditions (Esti et al., 2002; Gonçalves et al., 2007; 

Pérez-Sánchez et al., 2010). Large variation exists amongst sweet cherry cultivars grown in 

Italy with the skin colour variation classified as dark- (e.g., ‘Black Star’ and ‘Moreau’), and light 

type cultivars (e.g., ‘Gabbaladri’, and ‘Napoleona Verifica’; Ballistreri et al., 2013). Dark red 

blush cultivars have a higher consumer preference when comparing with full bright red cherries 

(Pérez-Sánchez et al., 2010). Colour change during maturation is mostly due to an increase in 

anthocyanin content, specifically, cyanidin-3-O-rutinoside, and cyanidin-3-O-glucoside 

(Mozetič et al., 2004; Gonçalves et al., 2007; Serrano et al., 2009). Transcriptomic studies in 

cherry fruit maturation have been carried out to elucidate the role of ABA, and ethylene (Ren 

et al., 2011), and ripening (Luo et al., 2014). PacNCED1 transcription induced ABA synthesis, 

and accumulates during cherry ripening, which should play a crucial factor in regulation on the 

sweet cherry fruit ripening (Ren et al., 2011; Luo et al., 2014). The ethylene production via 

regulation of PacACO1 expression (1-aminocyclopropane-1-carboxylic acid oxidase) might be 

stimulated with exogenous ABA, which indicates that the ethylene is synthesized by cherries 

(Ren et al., 2011) to start anthocyanin biosynthesis (Luo et al., 2014). 

Positive effects of light on biosynthesis of phenolic compounds, mainly flavonoids are 

reviewed by Zoratti et al. (2014). Extensive studies have been carried out on the effect of 

supplemental UV-light treatments to improve anthocyanin levels in sweet cherry skin 

(Arakawa, 1993; Kataoka et al., 1996). Moreover, the application of UV-C light in postharvest 

has also been mentioned as a promise tool for extension of fruit shelf-life, by delaying fruit 
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senescence, increasing flavonoid content, and antioxidant activity in fruits (Wang et al., 2009; 

Crupi et al., 2013; Rivera-Pastrana et al., 2013; Li, 2014). The application of blue light emitting 

diodes (LEDs) to increase anthocyanin levels in cherries could be a reality soon (Arakawa et 

al., 2017), increasing both colour, and health promoting potential. 

In general, consumers prefer cherries fully ripe based on their dark skin colour (Crisosto 

et al., 2003). However, consumers chose partially ripe over full ripe ‘Sweetheart’ cherries 

(Chauvin et al., 2009) which indicates the importance of a number of less well understood 

attribute interactions in consumer acceptance. In general, the chromatic values at harvest are 

lower at full ripeness stage than at the partially ripe stage. During postharvest storage, a further 

reduction in lightness (L∗), and hue angle (h°) values were observed which indicates that the 

cherries became darker (Gonçalves et al., 2007). Firmness is related to storability, providing 

resistance to fruit deterioration, and mechanical injury (Esti et al., 2002). Late season cultivars 

are frequently firmer than early season cultivars (Usenik et al., 2005). Fruit firmness at harvest 

varies greatly, from 3.3 for ‘Moreau’ to 27 N for ‘Minnulara’ cherries (Ballistreri et al., 2013). 

Firmness at harvest of 17 sweet cherry cultivars varied between 2.56, and 4.71 N, and was 

judged acceptable for 73-92 % of the panellists (Hampson et al., 2014). Softening is due to an 

increased peroxidase (POD), polyphenoloxidase (PPO), pectinmethylesterase (PME), 

polygalacturonase (PG), and β-galactosidase (β-Gal) activities. The level of these enzymes 

increased around 2 to 2.5-fold during a 5-day storage period causing a damage of cell wall 

components, and subsequent softening (Remón et al., 2003). The fruit cuticle likely plays an 

important role with respect to postharvest performance. 

During early sweet cherry fruit development, the cessation of cuticular membrane 

deposition is due to downregulation of genes involved in cuticular membrane deposition, such 

as PaATT1, PaCER1, PaGPAT4/8, PaLACS 1, PaLACS2, PaLCR, PaLipase, PaLTPG1, 

PaWINA, and PaWINB (Alkio et al., 2012). The main function attributed to the fruit cuticle is 

limiting water permeability, susceptibility to infections, and physiological disorders such as fruit 

cracking. The fruit cuticle composition is also associated with postharvest water loss from fruit 

respiration, and firmness changes (Lara et al., 2014). Cherries have a high respiration rate 

which leads to softening that is partly due to water loss. Dehydration during postharvest 

storage might induce PacNCED1 transcription, and the accumulation of ABA resulting in 

ethylene production, and subsequent fruit senescence (Luo et al., 2014). Water loss may lead 

to an increased susceptibility to infections, and mechanical injuries (Esti et al., 2002). During 

postharvest storage, in particular for longer periods, fungal spoilage can lead to considerable 

economic losses (Conte et al., 2009; Romanazzi et al., 2009). The development of off-flavours 

is promoted by bacteria, and fungi due to ethanol, and acetaldehyde synthesis (Esti et al., 

2002). 
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2.3.3. Taste 

Cherry fruit taste attributes, sweetness, and sourness, are important for consumer 

acceptance. Sweetness can be expressed as SSC, sourness as TA with the ratio (SSC/TA) 

regarded as overall taste attribute (Guyer et al., 1993; Crisosto et al., 2002). SSC values varied 

from 12.3 to 23.5 °Brix (González-Gómez et al., 2009), and varied from 14.7 to 23.7 °Brix for 

Spanish sweet cherry cultivars (Pérez-Sánchez et al., 2010). SSC values ranged from 18.1 to 

19.3, and from 17.8 to 19.8 °Brix for Brazilian, and Chinese sweet cherries, respectively (Rios 

de Souza et al., 2014; Wen et al., 2014). TA values ranged from 0.20 in ‘Lapins’ to 0.28 for the 

Canada Giant cultivars (Vavoura et al., 2015). High TA affects taste when the SSC value is 

below 16 °Brix in ‘Brooks’ or below 13 °Brix in ‘Bing’ (Crisosto et al., 2003). The optimal 

SSC/TA ratio is between 1.5, and 2.0, with SSC values ranging between 17, and 19 °Brix 

(Kappel et al., 1996). 

Sweetness, and flavour intensity are important parameters for sweet cherry liking 

(Romano et al., 2006). The most important sensory features are related to the ripening stage, 

parameters linked with accumulation of organic acids, and aromatic alcohols (Serradilla et al., 

2012). Several pathways in the biosynthesis of volatiles originate from aminoacids, membrane 

lipids, and carbohydrates contributing for the ripe fruit flavour (Hadi et al., 2013). The aroma 

profile of sweet cherries is mainly the result of a complex mixture of alcohols, carbonyls, and 

organic acids (Mattheis et al., 1992; Girard, and Koop, 1998; Bernalte et al., 1999; Zhang et 

al., 2007; Serradilla et al., 2012; Vavoura et al., 2015). Hexanal, and ethyl-2-hexenal are the 

most relevant compounds in the aroma profile of sweet cherries, that together with ethyl-2-

hexen-1-ol, are associated with fresh green odours, and green notes (Zhang et al., 2007; 

Serradilla et al., 2012). Benzaldehyde, originates from the enzymatic hydrolysis of amygdalin, 

is likely the main contributor to the characteristic flavour of sweet cherry (Zhang et al., 2007). 

Other important contributors are hexanoic acid, described as floral (Pherobase, 2007), and 

acetic acid, the main volatile acid found in sweet cherry fruits (Serradilla et al., 2012). 

Significant changes in volatile composition have been observed during ripening of sweet cherry 

(Zhang et al., 2007; Serradilla et al., 2012). The branched-chain alcohols, 3-methyl-3-buten-1-

ol, and 3-methyl- 2-buten-1-ol increase during ripening, whereas the organic acids, 

tetradecanoic, and hexadecanoic acid, decrease during ripening, which may be due to 

reactions between alcohols, and organic acids, catalysed by alcohol acyltransferases. These 

enzymes seem to play a crucial role in ester biosynthesis (Olías et al., 1995; Serradilla et al., 

2012). High variation was recorded in the composition of volatiles amongst four sweet cherry 

cultivars grown in Spain (Serradilla et al., 2012). ‘Sweetheart’ cherries were mainly 

characterized by higher levels of organic acids, such as 9-hexadecenoic acid, hexadecanoic 

acid, and aromatic alcohols, and ‘Ambrunés’ cherries by higher sweetness levels, and 
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presence of aliphatic alcohols. ‘Pico Colorado’ cherries showed higher levels of hexanal, and 

‘Pico Negro’ cherries were characterized by higher levels of branched alcohols, mainly 3-

methyl-2-buten-1-ol, and aromatic aldehydes, such as benzaldehyde. Similar research with 

four sweet cherry cultivars grown in Greece reported that ‘Ferrovia’, and ‘Skeena’ cherries 

showed higher levels of carbonyl compounds (2-propanone, and 2-hexenal), and alcohols 

compared to ‘Lapins’, and ‘Canada’ cherries (Vavoura et al., 2015).  

2.4. Health promoting compounds 

The role of several classes of health promoting compounds that are present in sweet 

cherry, lowering the risk of cancer, cardiovascular disease, diabetes, and other inflammatory 

diseases, has been recognized, and is a field of many animal, and now increasingly also 

epidemiological studies (McCune et al., 2010). 

2.4.1. Phenolic compounds 

Sweet cherry phenolic compnds exhibit high antioxidant activity (Gonçalves et al., 

2004a; Serrano et al., 2005; Kelebek, and Selli, 2011; Serra et al., 2011). These compounds 

consist of flavonoids, flavan-3-ols, and flavonols, and non-flavonoid compounds like 

hydroxycinnamic, and hydroxybenzoic acids (Macheix et al., 1990; Gao and Mazza, 1995; 

Gonçalves et al., 2004a). Phenolic compounds, concentrated in the fruit skin, increase during 

ripening together with polyphenolic compounds, and anthocyanins that colour the cherry skin 

from green to red (Mozetič et al., 2004; Gonçalves et al., 2007). Anthocyanins, and flavonols 

contribute to sensory, and organoleptic properties of fruits (Ferretti et al., 2010). Table 2.1 

presents an overview of the levels of phenolic compounds found in several sweet cherry 

cultivars. The most abundant phenolic compounds are anthocyanins (Mozetič et al., 2002; 

Gonçalves et al., 2004a; Usenik et al., 2008) such as cyanidin-3-O-rutinoside, and cyanidin-3-

O-glucoside, peonidin-3-O-rutinoside, and glucoside, as well as pelargonidin-3-O-rutinoside 

(Gonçalves et al., 2007). Anthocyanins have health promoting properties. For instance, 

cyanidin-3-O-rutinoside slows down absorption of carbohydrates which may help prevent or 

treat diabetes mellitus (Adisakwattana et al., 2011), and cyanidin-3-O-glucoside showed 

cardio-protective effects by reducing blood lipid levels (Xia et al., 2005). Several studies 

reported higher phenolic content (Gonçalves et al., 2004a; Serrano et al., 2009), SSC, TA, and 

antioxidant activity (Serrano et al., 2009) in ripe cherries than in partially ripe. Sweet cherry 

contains phenolic acids such as hydroxycinnamic acid derivatives (neochlorogenic, p-

coumaroylquinic, and chlorogenic acids; Gonçalves et al., 2004a; Usenik et al., 2010; Liu et 

al., 2011), flavonols (quercetin-3-glucoside, quercetin-3-rutinoside, and kaempferol-3-

rutinoside), and flavan-3-ols (catechin, and epicatechin), as shown in Table 2.1 (Gonçalves et 

al., 2004a; Mozetič et al., 2006; Usenik et al., 2008; Jakobek et al., 2009). Consumption of 



CHAPTER 2 

CHERRIES: QUALITY AND SHELF-LIFE 

21 

cherries might induce health benefits such as inhibition of tumor growth (Kang et al., 2003; 

Serra et al., 2011), inhibition of inflammation (Seeram et al., 2001; Jacob et al., 2003), and 

protection against neurodegenerative diseases (Kim et al., 2005). These fruits are also 

considered an excellent source of polyphenols, such as tannins (Tomás-Barberán, and Espín, 

2001). Tannins can be classified in hydrolysable tannins (gallic acid polymerization), and 

condensed tannins or proanthocyanidins (catechin polymerization) (Macheix et al., 1990). 

Tannins are also secondary metabolites that confer astringency, and have health-promoting 

properties (Tomás-Barberán and Espín, 2001; McCune et al., 2010). Tannin content ranged 

from 32 to 75 mg 100 g-1 of fresh weigh for Serbian sweet cherry cultivars (Prvulović et al., 

2012). Sweet cherry extracts might be a serious candidate to prevent oxidative stress-induced 

disorders like intestinal inflammation disorders, and neuronal cell death (Matias et al., 2016). 

2.4.2. Vitamins, and carotenoids 

Cherries are rich in C, A, E, and K vitamins, and carotenoids, specially β-carotene, 

lutein, and zeaxantine (Ferretti et al., 2010; Leong, and Oey, 2012). Ascorbic acid (vitamin C) 

levels vary between 4, and 7 g kg-1 of fresh weight among seven sweet cherry cultivars grown 

in Turkey (Demir, 2013), whereas the ascorbate levels for 22 sweet cherry cultivars grown in 

southern of Italy was considerably lower, varying from 0.034 to 0.260 g kg -1 of fresh weight 

(Matteo et al., 2016). Carotenoids, such as β-carotene, β-cryptoxanthin, and α-carotene have 

been reported in sweet cherry fruit (Leong and Oey, 2012; Demir, 2013; Matteo et al., 2016). 

These compounds are the main precursors of vitamin A, and responsible for the red, yellow, 

and orange hues in the cherry skin. β-carotene, β-cryptoxanthin, and α-carotene, lycopene, 

and lutein are present in cherry at levels of 0.02 mg g-1 dry weight (Leong and Oey, 2012). β-

carotene, β-cryptoxanthin, and α-carotene, zeaxantine were identified in seven sweet cherry 

cultivars in small quantities varying from 0.2 to 16 ppm of fresh weight (Demir, 2013). Cherry 

carotenoids levels are generally quite low, and likely do not present a large contribution to 

human health. 

Nowadays an increasing trend in society is health consumerism, for example functional 

drinks with cherry extracts rich in bioactive compounds (Sun-Waterhouse, 2011). However, it 

is important to evaluate the impact of natural ingredients on sensory properties, and consumer 

acceptance, as the optimal combination of taste, and health promoting compounds is difficult 

to achieve (Corbo et al., 2014). 
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2.5. How do growth conditions affect fruit quality, and the level of health promoting 

compounds? 

2.5.1. Scion x rootstock interaction 

Several studies have shown the influence of the scion × rootstock combination on 

cherry fruit quality (Schmitt et al., 1989; Facteau et al., 1996; Shackel et al., 1997; Szot and 

Meland, 2001; Whiting et al., 2005). Fruit firmness varies with scion x-rootstock combination. 

For instance, ‘Burlat’ cherries are softer when grafted on CAB 11E (clone of Prunus cerasus 

L.; semi-vigorous), and firmer when grafted on Gisela 5 (Prunus cerasus × P. canescens Bois. 

hybrid; dwarfing) or P. avium (Gonçalves et al., 2006). Fruits grown on PiKu 1, and Weiroot 13 

rootstocks had high levels of chlorogenic acid, neochlorogenic acid, p-coumaric acid, and 

quercetin-3-rutinoside compared to F12/1, Gisela 5, Maxma 14, and Weiroot 158 rootstocks 

(Jakobek et al., 2009). The lowest stone weight (7 % of total fruit weight), and highest level of 

total sugars (250 g kg-1 fresh weight) was observed for ‘Lapins’ on F12/1 rootstock, whereas 

PiKu 1 rootstock resulted in the highest yield (20 kg tree-1). The Weiroot 13 rootstock promoted 

the highest content of total organic acids (9 g kg-1 of fresh weight), and the Edabriz rootstock 

resulted in the highest SSC (15 °Brix). ‘Lapins’ grown on the Weiroot 72 rootstock presented 

higher fruit weight, firmness, SSC, and phenols content (Usenik et al., 2010). Choosing the 

right rootstock continues to be widely studied due to its importance for productivity (Koc et al., 

2013) but the effects on fruit quality are also of increasing interest (Milinović et al., 2016). 
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Table 2.1 

Content of phenolic compounds (mg 100g-1 FW) in different sweet cherry cultivars. 

NcAc - Neochlorogenic acid; pCqAC -p-Coumaroylquinic acid; CAc - Chlorogenic acid; Cat - Catechin; Epi - Epicatechin; Rut - Rutine; cy-3-glu - Cyanidin-3-O-glucoside; cy-3-rut - Cyanidin-3-O-

rutinoside; pn-3-glu - Peonidin-3-O-glucoside; plg-3-rut - Pelargonidin-3-O-rutinoside; pn-3-rut - Peonidin-3-O-rutinoside; n.d. not detected; - not determined; FW - Fresh weight; DW - Dry weight; *(mg 

100g-1 DW). 

Cultivar 
Hydroxycinnamic acids Flavan-3-ols Flavonols Anthocyanins References 

NcAc pCqAC CAc Cat Epi Rut cy-3-glu cy-3-rut pn-3-glu plg-3-rut pn-3-rut 

Ferrovia - - - - - - 3.0 60.3 <1.0 <1.0 <1.0 
Esti et al., 2002 

Sciazza - - - - - - 48.0 393.0 3.0 3.5 27.5 

Burlat 23.8 24.7 3.8 7.2 6.7 4.8 23.2 44.6 <1.0 <1.0 2.1 
Gonçalves et al., 

2004a 
Saco 153.5 12.2 9.8 10.5 10.3 11.8 5.1 38.6 n.d. <1.0 <1.0 
Summit 34.4 27.5 7.2 5.8 8.2 3.1 2.4 26.0 <1.0 <1.0 <1.0 

Van 65.6 5.6 4.8 3.5 4.5 4.0 3.4 28.2 <1.0 <1.0 1.5 

Burlat 6.8 6.4 1.1 - 3.1 4.5 2.3 8.3 - <1.0 <1.0 

Usenik et al., 2008 Lapins 8.7 <1.0 1.7 - <1.0 2.1 <1.0 3.1 - <1.0 <1.0 
Sylvia 7.3 7.2 <1.0 - 2.9 3.7 <1.0 9.8 - <1.0 <1.0 

Van 17.3 4.2 5.8 4.5 6.3 3.6 1.5 43.6 0.6 <1.0 1.2 Kelebek et al., 2011 

Burlat 64.2 - 4.2 - 9.7 1.8 7.1 44.5 n.d. n.d. n.d.

Liu et al., 2011 Colt 5.5 - 6.7 - <1.0 2.6 <1.0 12.3 n.d. n.d. n.d.

Lapins 64.6 - 4.3 - 2.5 1.6 <1.0 21.7 n.d. n.d. n.d.

Lapins* 85.5 6.1 8.9 8.6 10.6 23.4 70.3 162.0 4.5 5.4 

Serra et al., 2011 Saco* 123.0 15.2 8.7 7.5 9.4 26.6 55.6 282.0 5.3 3.5 

Van* 61.9 4.6 5.3 7.4 2.6 34.2 70.1 253.0 1.8 2.5 

Burlat 9.2 11.3 1.8 - - - 34.8 46.9 - <1.0 2.3 
Ballistreri et al., 2013 

Sweetheart 9.9 6.4 1.5 - - - 1.39 22.4 - <1.0 3.8 
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2.5.2. Orchard management 

Nowadays, the big challenge in cherry production is to reduce the costs, and the labour 

requirements. This implies the use of the right rootstock, and the best canopy architecture. 

Mechanization of pruning, and a fully mechanical harvest system will facilitate achieving higher 

yield, and fruit quality (Lang, 2017). 

Summer pruning, which can provide adequate vigour, and good light penetration 

throughout the canopy, and a high leaf area per fruit are important factors for the production 

of high quality fruits (Whiting and Lang, 2004). Tree location in the orchard, and fruit position 

in the tree are the most important factors that affect fruit weight (Drake and Fellman, 1987; 

Flore and Layne, 1999). Fruit size, and sweetness decrease with increasing plant density, 

which indicates competition between trees (Eccher and Granelli, 2006). High light intensity 

increases ascorbic acid content, and high temperature enhances anthocyanin, and total 

phenolic contents (Wang, 2006). 

Canopy architectures, such as Y-trellised, and vertical, Tall Spindle Axe, Kim Green 

Bush, Super Slender Axe, and Upright Fruiting Offshoots, have recently been implemented in 

several orchards (Lang et al., 2017) with the aim to improve the crop loading, the light input, 

as well as, the increase of health relating compounds content in cherries. 

Especially in Mediterranean areas, due to water scarcity, improvement of cherry 

production under water stress is essential. Several studies evaluated irrigation systems with 

regard to productivity, and fruit quality (Demirtas et al., 2008; Yin et al., 2011; Neilsen et al., 

2014). Drip irrigation applied to ‘Lapins’ cherry trees consumed only 21-29 % of the irrigation 

water compared to micro-sprinkler irrigation, enhanced marketable fruit by 7 to 12 %, and did 

not impact fruit yield or firmness, colour, and size (Yin et al., 2011). Low-frequency drip 

irrigation increased SSC in ‘Cristalina’, and ‘Skeena’ cherries (Neilsen et al., 2014). However, 

irrigation levels did not affect SSC, pH, TA, and fruit weight of the cherries of the 900-Ziraat 

cultivar (Demirtas et al., 2008). Water management techniques, such as regulated deficit 

irrigation (RDI), and partial rootzone drying (PRD) may enhance fruit taste without reduction of 

yield (Ripoll et al., 2016). Applying RDI, to ‘Summit’ sweet cherry trees after the crop was 

harvested did not impact yield but could save water up to 45 % without affecting firmness, and 

limiting thinning costs (Marsal et al., 2010). Limiting water supply during cherry tree 

development, either by drip irrigation or RDI, may help to produce healthier food a more 

sustainable manner (Nora et al., 2012), and would especially be important taking into account 

the effects of climate change. 

Cherry production depends on the pollinators, and utilization of pollinizer cultivar in the 

orchard. However, in a near future, these can be replaced by artificial precision pollination 
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systems using liquid pollen suspensions applied with electrostatic sprayer technology (Whiting, 

and Das, 2017). 

2.5.3. Growth regulators 

The application of Ca, and growth regulators improves cherry quality (Table 2.2). 

Application of Ca(OH)2 0.7 % reduced cracking, and fruit size, and increased SSC, firmness, 

and Ca levels in both fruit flesh, and skin (Demirsoy and Bilgener, 1998a). Sweet cherry trees 

sprayed with CaCl2 0.5 % once a week from petal fall until 2 weeks before harvest showed 

higher SSC, and higher levels of phenolics, reduced decay, and cuticular fractures, but showed 

higher weight loss during storage (Vangdal et al., 2008). Preharvest application of ethephon 

reduced both fruit removal force, and fruit flesh firmness at harvest (Elfving et al., 2009).  Fruits 

treated with 20 ppm GA3 at the green to straw-yellow stage showed slower softening with lower 

PG, and cellulase activity, but no effects on SSC, and β-Gal activity (Choi et al., 2002). GA3 

can induce, depending on the cultivar, increased fruit weight, and SSC, including delayed 

ripening, and reduced fruit cracking (Usenik et al., 2005). GA3 application increased fruit 

firmness of ‘Lapins’, and ‘135-27-17’ cherries, but no effect was observed in ‘Celeste’, and 

‘Merpet’ fruits (Choi et al., 2002). Similar preharvest applications of GA3 (25 ppm) at the straw-

yellow stage of the ‘0900 Ziraat’ cherries showed increased fruit size, and firmness (Canli, and 

Orhan, 2009). Applications of GA3 (30 and 60 mg L-1) to cherries at the straw-yellow stage of 

the Regina, Sweetheart, and 0900 Ziraat cultivars retarded fruit ripening, and preserved flesh 

firmness. However, these fruits showed a decrease in total phenolics, anthocyanins, and 

antioxidant activity (Ozkan et al., 2016). Preharvest application of 25, 50, and 100 mg L -1 GA3, 

and GA3 combined with 0.05, 0.1, and 0.5 mg L-1 22S, 23S-homobrassinolide (HBR) to 

‘Regina’, and ‘Summit’ cherries at full bloom, and at the beginning of fruit development 

increased fruit size, and decreased SSC (Engin et al., 2016). Fruits treated with only HBR 

showed higher fruit firmness of the flesh, and stem resistance (Engin et al., 2016). At the straw-

yellow stage applications of ‘Noir de Guben’ cherries with 50, 100, and 150 ppm benzyladenine 

(BA), and BA combined with 12.5, 25, and 50 ppm gibberellins (GA4+7) improved size, and 

delayed skin colour change (Canli et al., 2015a). BA alone or in combination with GA4+7 

improved storability by maintaining firmness during 30 days in cold storage (4 °C) (Canli et al., 

2015b). GA3 applied at stage I (mesocarp growth consisting of both cell division, and 

elongation), and stage II (endocarp hardening, and embryo development) improved final ‘Bing’ 

fruit weight, but higher fruit weight was also obtained when combined with GA4+7 (Zhang, and 

Whiting, 2011). Application of SA, and acetylsalicylic acid (ASA) at 0.5, and 1 mM at three key 

points of fruit development improved fruit weight up to 59 %, increased firmness, and increased 

anthocyanin, and total carotenoid content (Giménez et al., 2014). Application of 2 mM oxalic 
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acid (OA) increased fruit size up to 23 %, increased levels of anthocyanins, flavonols, 

neochlorogenic, and chlorogenic acids (Martínez-Esplá et al., 2014). The growth regulators 

application improves final fruit size due to the stimulating cell division (Olmstead et al., 2007). 

However, the successful application of these compounds is highly dependent on climatic 

conditions, and time of application. Methyl salicylate (MeSA) application increased fruit size, 

red colouring, firmness, and SSC (Giménez et al., 2015). MeSA also increased total phenolics, 

anthocyanins, and induced higher activity of antioxidant enzymes such as ascorbate 

peroxidase, catalase, peroxidase, and superoxide dismutase at harvest (Valverde et al., 2015). 

Interestingly, MeSA coatings affect postharvest quality of cherry fruits while still attached on 

the tree. Total phenolic, and anthocyanin contents, total antioxidant activity, and antioxidant 

enzymes were higher in MeSA-treated fruits during storage (Valverde et al., 2015), while also 

delaying postharvest ripening due to less colouring, lower acidity, and less softening in treated 

fruits after storage (Giménez et al., 2015). Application of preharvest coatings may be an 

exciting new trend in research that could be instrumental to enable further access to long 

distance markets as both storability, and the levels of health promoting compounds are 

improved.  

2.6. How to maintain shelf-life, and health promoting compounds in the chain? 

2.6.1. Storage conditions 

Optimization of storage, and transport conditions are important tools to extend, and 

preserve shelf-life, and thus allow long- distance transport to destination markets (Remón et 

al., 2003; Martínez-Romero et al., 2006). Temperature, and relative humidity (RH) are critical 

factors that influence cherry quality during postharvest storage (Kader, 2001; Romano et al., 

2006). According to Bernalte et al. (1999), the optimal temperature to store sweet cherries is 

0.5 °C at 90 % RH. During cold storage, the level of phenolic compounds such as 

neochlorogenic acid, p-coumaroylquinic acid, chlorogenic acid, rutin, catechin, and 

epicatechin, and the content of anthocyanins such as cyanidin-3-O-rutinoside, and peonidin-

3-O-rutinoside increased in several sweet cherry cultivars (Gonçalves et al., 2004a,b, 2007; 

Serrano et al., 2009). The phenolics content in ‘Canada Giant’, and ‘Ferrovia’ cherries 

increased during at storage at 20 °C during 8 days (Goulas et al., 2015), probably due to the 

condensation of the phenolic compounds by water loss during ripening or by postharvest 

synthesis (Kalt et al., 1999). However, Esti et al. (2002) observed a decrease of 41-52 % of 

total anthocyanins content after 15 days at 1 °C, and 95 % RH in two sweet cherry cultivars, 

which may indicate no net anthocyanin biosynthesis.  
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Table 2.2 

Effect of calcium, and growth regulators on quality attributes of several sweet cherry cultivars. 

 

 

 

 

 

 

Source /  
Compound 

Cultivar Effects 
 

References 

Ca(OH)2 
0900 Ziraat 

Lambert 
Van 

Higher firmness, SSC and calcium content both 
in skin and flesh; Reduced fruit cracking; 
Decreased fruit size. 

 
Demirsoy and Bilgener, 

1998a 

CaCl2 
Merton Glory 

Sue 

Vega 

Higher SSC and phenolics content; Reduced 
decay and cuticular fractures; Non-significant 

effects on TA, colour and firmness; Increased 
weight loss during storage.  

 

Vangdal et al., 2008 

Ethephon Bing 
Higher firmness (dehydration-related); Reduced 

fruit removal force and firmness. 

 
Elfving et al., 2009 

Gibberellic acid 

(GA3) 

Buttner's Red 
Lambert 

Van 

Suppress or delay the development of the pitting 

symptom on bruised fruit. 

 
Looney and Lidster, 1980;  

Basak et al., 1998 

0900 Ziraat 

Bing 
Lambert 

Delayed harvest time.  

 Facteau et al., 1985; 
Andrews and Shulin, 

1995; Demirsoy and 
Bilgener, 2000 

Bing 
Satohnishiki 

Decreased the activity of PG and PME. 
 Andrews and Shulin, 

1995;  
Kondo and Danjo, 2001  

Buttner's Red Increased fruit firmness, SSC and fruit weight.  Basak et al., 1998 

0900 Ziraat 
Lambert 

Van 

No significant effect on fruit firmness, SSC and 
fruit weight. 

 
Demirsoy and Bilgener, 

1998b 

13S-27-17 
Celeste 

Lapins 
Merpet 

Increased fruit firmness and TA; Decreased the 
activity of PG and cellulase activity; Delayed 

softening and fruit maturation; No significant 
effect on SSC and β-glucosidase activity. 

 

Choi et al., 2002 

Bing Higher firmness during storage.  Clayton et al., 2003 

Sweetheart 
Firmer, heavier and larger fruits, better 
preservation of stem; No effect on colour and 
SSC content. 

 
Horvitz et al., 2003 

Elisa 
Sunburst 

Van 

Higher yield; Increased fruit weight and SSC; 
Delayed process of maturity; Reduced fruit 

cracking. 

 
Usenik et al., 2005 

0900 Ziraat Firmer and larger fruits; Higher SSC.  Canli and Orhan, 2009 

Bing 
Increased fruit firmness and weight; Delayed fruit 

maturation; Decreased fruit colour. 

 
Zhang and Whiting, 2011 

0900 Ziraat 

Regina 
Sweetheart 

Increased fruit size; Retarded fruit ripening; 
Preserved flesh firmness; Decreased SSC, total 

phenolics, anthocyanins accumulation and 
antioxidant activity.  

 

Ozkan et al., 2016 

Regina 

Summit 

Increased fruit size and brightness of the red 

colour. 

 

Engin et al., 2016 

22S, 23S-

Homobrassinolide 
(HBR) 

Increased fruit size and firmness of the flesh 

slightly; Better stem resistance. 

 

GA3 + HBR 
Increased fruit size; Higher longer fruit; 

Decreased SSC. 

 

Benzyladenine 
(BA) + Gibberellin 

(4+7) 

Noir de Guben 
Increased fruit size; Delayed skin colour 
development; 

No significant effect on fruit firmness. 

 
Canli et al., 2015a 
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Table 2.2 

Continued. 

SSC – soluble solids content; TA – titratable acidity; PAL – phenylalanine ammonia-lyase; POD – peroxidase; PG – polygalacturonase; PME – 

pectinmethylesterase; n.d. – not defined. 

 

Hydro-cooling reduced sweet cherry stem browning, and surface shrivelling, while 

decay, external colour, and SSC were not affected in ‘Tragana Edessis’, and ‘Mpakirtzeika’ 

cherries after 1-week of cold storage (0 °C, 95 % RH) (Manganaris et al., 2007). Adding CaCl2 

during hydro-cooling reduced the respiration rate, ascorbic acid degradation, and membrane 

lipid peroxidation. Moreover, total phenolic content, antioxidant capacity, and fruit firmness 

increased, and TA slightly decreased in ‘Sweetheart’, and ‘Lapins’ cherries (Wang Y. et al., 

2014). Hydro-cooling can effectively increase quality of cherries by the reduction in 

temperature of the cherries after harvest, the sooner the better. Hydro-cooling portable 

equipment that can be installed in the orchard might be a good option (Elansari, 2009).  

In order to extend the self-life of sweet cherries, modified atmosphere packaging 

(MAP), and controlled atmosphere (CA) storage have been successfully implemented. 

Optimum CO2, and O2 levels for long time storage have been established at 2-10 % for O2, 

and 5-20 % for CO2 (Meheriuk et al., 1997; Remón et al., 2000, 2003; Kupferman, and 

Sanderson, 2001; Tian et al., 2001; Spotts et al., 2002). Lower O2 levels may result in a 

decrease of volatile aromatic compounds, and development of off-flavours (Meheriuk et al., 

1995; Remón et al., 2000; Kader, 2002), while CO2 levels higher than 30 % have been related 

to a brown discolouration of the skin (Kader, 1997). High O2 levels (70 % O2 + 0 % CO2) can 

inhibited ethanol production, but also induced a rapid decrease in ascorbic acid content, and 

often resulted in browning due to high-O2 injury (Tian et al., 2004). Super atmospheric O2 

Cytokinins 

 
Bing 

 

Increased fruit firmness, SSC and fruit weight; 

Decreased fruit colour. 

 
Zhang and Whiting, 2011 

Auxins 

Increased fruit size and total yield.  Stern et al., 2007 

Higher fruit growth rates and fruit colour 

development (Stages I and II); No significant 
effect on fruit size. 

 

Zhang and Whiting, 2011 

Methyl jasmonate 
(MeJA) n.d. 

Reduced incidence of postharvest rot; 
Decreased β-1,3-glucanase, PAL and POD 
activities. 

  
Yao and Tian, 2005 

 

Salicylic acid (SA) 

 

Sweetheart 
Sweet Late 

Increased fruit firmness and weight; Higher 
concentration in total phenolics and 
anthocyanins; No effect on SSC and TA. 

 

 

Giménez et al., 2014 
 Acetylsalicylic acid 

(ASA) 

Increased fruit firmness and weight; Higher 
concentration of total phenolics and 
anthocyanins; No effect on SSC and TA. 

 

Oxalic acid (OA) 

Increased fruit size at harvest, colour and 
firmness; Higher concentration of total phenolics 

and anthocyanins; No significant effect on SSC 
and TA. 

 
Martínez-Esplá et al., 

2014 

Methyl salicylate 
(MeSA) 

Lapins 
Sweetheart 
Sweet Late 

Increased fruit size, firmness and SSC; Higher 

activities of total antioxidant activity and 
antioxidant enzymes; Higher total phenolics and 
anthocyanins content; Delayed the postharvest 

ripening process. 

 

Giménez et al., 2015; 
Valverde et al., 2015 
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packaging (100 kPa O2), in polypropylene film during 10 days at 4 °C, and 70 % RH delayed 

respiration rate of cherries, inhibited ethylene production, and PPO, and POD activities, and 

maintained firmness, soluble proteins, and SSC for the first 4 days of storage. However, 

ascorbic acid content was lower compared to control cherries (Wang S. et al., 2014). MAP 

combined with low temperature storage reduces the incidence of fruit decay while preserving 

SSC, TA, and stem colour. Fruits also displayed higher antioxidant capacity, firmness, and, a 

brighter coloured skin (Alique et al., 2003; Remón et al., 2003; Padilla-Zakour et al., 2004; Lara 

et al., 2015). High CO2 levels, and cold storage both favour net anthocyanin synthesis as 

anthocyanin biosynthesis is induced during the postharvest cold storage of several red fruits 

(Remón et al., 2000; Conte et al., 2009). This increase may be due to inhibition of PPO activity 

promoted by CO2-enriched atmospheres, since changes in fruit colour occurred due to 

oxidation of phenols by PPO (Vamos-Vigyazó, 1981). MAP, and CA stored sweet cherry fruits 

at 5 % O2 combined with 10 % CO2 at 1 °C reduced PPO, and POD activity, prevented flesh 

browning, decreased fruit decay, and promoted firmness retention. Weight loss, pitting, stem 

visual appearance, and PG, and PPO activity, of ‘0900 Ziraat’ cherries were lower when 

applying modified atmosphere-modified humidity packaging (MA/MH) using 0.20 µm low-

density polyethylene during 8 days at 0 °C, and a 2-day shelf-life (Özkaya et al., 2015). 

Certainly, MAP can be useful for sweet cherry shelf-life extension, but large scale 

implementation in practice is limited as it is expensive, and somewhat risky due to possible 

gas mixture mismanagement, and fungal growth. 

2.7. New frontiers for sweet cherry quality improvements  

2.7.1. Natural compounds  

Natural compounds have been applied to improve the shelf-life of cherries. Application 

of 1 mM SA or ASA or OA on cherries stored for 20 days at 2 °C showed lower acidity, less 

colour changes, and firmness loss, and maintained higher levels of health promoting 

compounds, and antioxidant activity (Valero et al., 2011). Immersion in 30 mM β-aminobutyric 

acid (BABA) for 10 min reduced respiration rate, weight loss, and increased TA levels, total 

phenolics, sugars, and ascorbic acid of ‘Hongdeng’ cherries during 5 days at 20 °C. Moreover, 

BABA-treated cherries showed higher ascorbate peroxidase, catalase, glutathione reductase, 

and superoxide dismutase activities (Wang et al., 2016). The use of these compounds is 

considered safe, and environmentally friendly, resulting in extending storability of sweet cherry 

with increased health- promoting properties. Currently, these postharvest treatments have only 

been applied at the research level, but the future is promising for application in practice. 
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2.7.2. Biodegradable films for MAP, and edible coatings 

Preservation technologies have emerged using biodegradable films for MAP 

(Giacalone, and Chiabrando, 2013; Koutsimanis et al., 2014a,b). Biodegradable films have a 

reduced environmental footprint (Almenar et al., 2012), and delay colour changes, softening, 

and loss of acidity (Giacalone, and Chiabrando, 2013). Micro-perforated polylactic acid (PLA) 

film inhibited fungal growth, maintained brightness, skin colour, firmness, SSC, and decreased 

fruit weight loss in sweet cherry when compared with macro-perforated bags. Cherries stored 

in PLA packages showed better appearance, texture, flavour, and overall acceptability 

(Koutsimanis et al., 2014a). This packaging technology may become practice (Koutsimanis et 

al., 2014b), but depends on the balance between (less) waste production, and (higher) price 

for these type of films (Tharanathan, 2003; Vroman and Tighzert, 2009). 

Edible coating is a promising technology in the preservation of fruits, and vegetables 

quality (Dhall, 2013). Edible fruit coatings can also provide an alternative to modified 

atmosphere storage, and act as carriers of health promoting compounds. Bioactive 

compounds, such as antioxidants, antimicrobials, probiotics, flavours, and nutraceutical 

substances, can be transported from the coating onto the fruit skin by diffusion, enhancing 

shelf-life, and nutritional quality (Quirós-Sauceda et al., 2014). Edible coatings may reduce 

respiration, and transpiration rates, reduce firmness loss, and limit decay (Velickova et al., 

2013). Locust bean gum, shellac, polysorbate 80, glycerol, and beeswax coatings applied to 

‘Burlat’ cherries showed lower weight loss, less bruising injury, less surface pitting, and lower 

flesh firmness loss resulting in a prolonged shelf-life (Rojas-Argudo et al., 2005). Chitosan is 

an antimicrobial compound that induces fungal defense-related enzymes, and enhances the 

level of phenolic compounds (Liu et al., 2007). Chitosan-coated sweet cherries showed lower 

water loss, delayed colour changes, higher total phenolics, flavonoid, and anthocyanin levels 

(Petriccione et al., 2014). Misir et al. (2014) reviewed the application of aloe vera gels as an 

edible coating for fresh fruits to enhance the postharvest life, and quality attributes of, amongst 

others, sweet cherries. Aloe vera gel reduced weight loss, and lowered the respiration rate, 

delayed colour changes, softening, and TA losses in cherry fruit compared to control fruits 

(Martínez-Romero et al., 2006). According to the European Directive (ED European, and 

Parliament Council Directive N 95/2/EC, 1995; ED European Parliament, and Council Directive 

N 98/72/EC, 1998), and USA regulations (FDA, 2016), edible coatings can be classified as 

food products, food ingredients or food additives. This allows for application of edible coatings 

in practice, although more studies are needed in order to improve functionality, and consumer 

acceptance. 
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2.7.3. Marker assisted breeding 

The recent publication of the huge, and complex sweet cherry genome (Shirasawa et 

al., 2017) will allow for identification of candidate genes, signal transduction-, and metabolic 

pathways, which can have a relevant role in fruit quality (Carrasco et al., 2013). Sweet cherry 

linkage maps have been constructed to facilitate identification, and characterization of 

quantitative trait loci (QTLs) associated with quality traits (Olmstead et al., 2008; Guajardo et 

al., 2015). QTLs have been identified for fruit weight, and firmness (Campoy et al., 2015), fruit 

size (Zhang et al., 2010; Franceschi et al., 2013; Rosyara et al., 2013), skin, and flesh fruit 

colour (Sooriyapathirana et al., 2010), and fruit cracking tolerance (Balbontín et al., 2013). 

About 133 genes are putatively involved in fruit texture, colour, flavour, and chilling injury 

resistance (Ogundiwin et al., 2009). Moreover, in sweet cherry, exocarp-specific transcripts 

associated with epidermis development (from flowering to maturity), and stress responses 

(Alkio et al., 2014) were established. In stone fruit breeding programs, marker-assisted 

selection (MAS) is an important biotechnological tool, although its use is currently limited due 

to the polygenic nature of traits linked to fruit quality (Salazar et al., 2014). Genotyping by 

sequencing (GBS) generates more saturated genetic maps, thus facilitating the identification 

of (more) accurate QTLs, and the discovery of single nucleotide polymorphisms (SNPs) 

(Guajardo et al., 2015; Salazar et al., 2017), with focus mainly on finding sweet cherry quality 

QTLs, and not on finding QTLs that affect the level of health promoting compounds. The use 

of DNA information, as clustered regularly interspaced short palindromic repeats (CRISPR) 

along with CRISPR-associated protein 9 (Cas9) system (CRISPR/Cas9), appears to be 

relevant in understanding genetic variation, inheritance, genomic organization, and phenotypic 

performance, contributing to the development of new cultivars of Rosaceous crop breeding 

(Peace, 2017). Although, the CRISPR/Cas9 gene-editing technique has not yet been used in 

cherry, it has been effectively used to confer resistance against citrus canker (Peng et al., 

2017), regulating ethylene synthesis (Ripening inhibitor gene) in tomato (Ito et al., 2015), and 

in the efficient knockout of the L-idonate dehydrogenase gene (IdnDH), involved in the tartaric 

acid pathway in grape (Ren et al., 2016). 

Taking this into account, it is expected that CRISPR/CAS gene editing will be 

instrumental with regard to improving fruit quality, and the level of health-related compounds. 

2.8. Concluding remarks, and future perspectives 

We are at the beginning of acquiring knowledge to understand the variation in health-

related compounds throughout the fruit maturation, and the postharvest phase. How 

environmental factors, dose, and time of preharvest compounds application affects tree 

performance, and consequently fruit quality is at the moment largely unknown. Further 
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research should be aimed to develop cultivar-specific strategies that improves both fruit quality, 

and fruit nutritional characteristics, without significantly affecting yield. Optimizing cherry 

quality attributes needs a better understanding of the interaction between genetics, 

environmental factors, and plant growth regulators to be able to gain full benefit of new 

preservation technologies. The incorporation of bioactive compounds may provide advantages 

in food preservation, and contributes to the development of functional foods. Application of 

bioactive compounds, and encapsulation with edible coatings are promising techniques that 

also need further investigation, also with regard to diminishing off flavours. New cultivars with 

improved characteristics such as fruit size, and colour, anthocyanin biosynthesis, and cracking 

resistance are needed in order to produce cultivars with exceptional quality, high consumer 

appeal, well adapted to local growing, and future climatic conditions. With the recent 

advancements in marked assisted breeding, especially now that the draft sweet cherry 

genome has been published, exciting times await. 
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3. SWEET CHERRY FRUIT CRACKING MECHANISMS AND PREVENTION STRATEGIES: A REVIEW

3.1. Abstract 

Sweet cherry (Prunus avium L.) is highly perishable and is greatly affected by orchard 

management and environmental conditions, such as excess rainfall before harvest. Rain-

induced cracking is the major cause of crop loss in sweet cherry in most production areas of 

the world. Advances in understanding the physiological and molecular mechanisms involved 

in cracking physiology in combination with orchard management strategies to limit cherry 

cracking are discussed. The current opinions to explain fruit cracking is that the process 

initiates with water uptake by the fruit surface that results in localised bursting of cells that 

release malic acid into the apoplast. This results in swelling of the epidermis and weakening 

of the epidermal and hypodermal cells until macroscopic fruit cracking. This review focusses 

on management strategies such as rain cover protection, mineral sprays, anti-transpirants and 

growth regulators. Tree responses to growth regulators and biostimulants vary with cultivar, 

application frequency, concentration and type, making it hard to generalize their effects. New 

approaches to limit cracking are presented, including the development of tolerant cultivars, 

candidate mineral sprays, biostimulants and technologies for rainwater removal such as 

orchard air-blast sprayers or creating downwash by helicopters. 

3.2. Introduction 

Fruit cracking is a disorder commonly found in several fruit species such as 

pomegranate, plum, citrus, grape, sweet cherry, tomato and apple. Fruit cracking causes 

significant economic losses (Simon, 2006; Khadivi-Khub, 2015). Climate change predictions 

(IPCC, 2013) point to an increasing frequency of excessive rainfall that likely increases the 

incidence of cherry cracking. Very few current cultivars are tolerant to cracking. ‘Regina’ is one 

of the most cracking-tolerant while ‘Kordia’, ‘Lapins’ and ‘Hedelfingen’ have some tolerance. 

‘Bing’, ‘Brooks’, ‘Skeena’ are very susceptible to cracking (Balbontín et al., 2013; Quero-García 

et al., 2017). Sweet cherry cracking has been the focus of research (Kertesz and Nebel, 1935; 

Christensen, 1973; Sekse, 1995; Measham et al., 2009; Balbontín et al., 2014; Koumanov, 

2015) and has been compiled in reviews (Sekse et al., 2005; Simon, 2006; Balbontín et al., 

2013; Khadivi-Khub, 2015; Rehman et al., 2015; Knoche and Winkler, 2017). However, the 

mechanisms involved in cracking are not completely elucidated. Physiological, biochemical, 

environmental, cultural, anatomical and genetic factors are not well understood, including the 

management strategies to mitigate rain-induced cherry cracking. This review provides an 

overview of the mechanisms involved in cherry cracking. The review focusses on management 

strategies to mitigate rain-induced cherry cracking such as the application of candidate mineral 

sprays, growth regulators, biostimulants and rain water removal. This review also highlights 
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recent advances to find genetic markers for cherry cracking. Breeding for more resistant 

cultivars is likely, in combination with management strategies, the best way forward in the 

mitigation of cherry cracking. 

3.3. Types of cracks: by size and position 

The cherry skin can be divided in three parts: cuticle, epidermis and hypodermal cell 

layers. Cracking of sweet cherry is characterized by cuticular splitting and can be distinguished 

by the size of the cracks and position of cracks on the fruit surface. Microcracks are described 

as cracks in the cuticle without affecting the epidermal and hypodermal cell layers (Peschel 

and Knoche, 2005; Knoche and Peschel, 2006). Microcracks can be induced by water on the 

fruit surface (Knoche and Peschel, 2006) and are generally not detected by visual inspection. 

However, microcracks compromise the barrier function of the cuticle which might allow fungal 

infection to occur during shelf-life (Børve et al., 2000). In addition, during the packing, 

microcracks increase the permeability of the skin, water uptake rate and transpiration. This 

may lead to loss of fruit firmness and increases fruit decay (Knoche and Peschel, 2006). 

Cracks visible to the naked eye are designated as macrocracks that compromise the cuticle 

and extend into the epidermal and hypodermal cell layers (Fig. 3.1). Macrocracking affects all 

cell layers and the crack occurs when the strain is released by the elastic skin of the mature 

fruit (Grimm et al., 2012). Macrocracks may originate from microcracks. Microcracking 

increases water uptake that may transform into a macrocrack at the site of water uptake (Glenn 

and Poovaiah, 1989; Knoche and Peschel, 2006). Three types of macrocracks may occur 

(Christensen, 1996): in the cheek- (Fig. 3.1A), in the apical end- (Fig. 3.1B) and in the stem 

cavity region (Fig. 3.1C). The apical end and stem cavity may be the first positions where 

cracks appear (Peschel and Knoche, 2005), and later affect the cheek region by elongation of 

pre-existing cracks (Verner and Blodgett, 1931; Glenn and Poovaiah, 1989). The type of 

cracking can be the consequence of the water uptake pathway. Apical end and stem cavity 

regions have been mentioned as the sites of preferential water uptake (Glenn and Poovaiah, 

1989; Beyer et al., 2002). Measham et al. (2010) described that water deposited by overhead 

sprinklers caused small cracks in apical end and stem cavity regions. 
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Figure 3.1 

Macroscopic cracks by position: in the cheek region (A), in the apical end region (B) and in the stem 

cavity region (C). 

 

 

3.4. Cracking quantification 

Cracking quantification is best carried out just after rainfall, expressed as the 

percentage of cracked fruits in the orchard (Quero-García et al., 2014). The level, distribution 

and duration of rainfall, fruit maturity stage, orchard factors and environmental conditions are 

not standardized. This means that quantification of cracking is difficult to reproduce (Measham 

et al., 2012). Ideally, a standardized protocol for cracking susceptibility in vitro that reproduces 

in vivo observations in the field should be used (Knoche and Winkler, 2017). Currently, two 

laboratory based assessments of cracking susceptibility exist by immersing detached fruit in 

water: (1) the cracking index (CI) and (2) the intrinsic cracking susceptibility. (1) The original 

CI test was introduced by Verner and Blodgett (1931) and modified by Christensen (1972a). 

Briefly, 50 fruits without defects, are immersed in 2 L containers filled with distilled water (20 ± 

1 °C) for 6 h. Cracked fruits are removed, counted and fruits without cracks are re-incubated. 

After 2, 4 and 6 h, the fruits are observed for macroscopic cracks, with the CI calculated 

according to: 

 

 

where a, b and c represent the number of cracked fruit after 2, 4 and 6 h, respectively. (2) 

Intrinsic cracking susceptibility was introduced by Weichert et al. (2004) and is determined by 

a combination of skin fruit mechanical properties and fruit water uptake characteristics (Winkler 

et al., 2015) that combine into WU50, the water uptake (in mg) at 50 % fruit cracking. WU50 is 

an indirect measurement of the extensibility of the skin fruit and inversely related to the 

cracking susceptibility according to: 

 

A B C 



CHAPTER 3 
CHERRIES: CRACKING MECHANISMS AND PREVENTION STRATEGIES 

 

50 

 

 

 

with R the mean rate of water uptake (mg h-1) and T50 (h) the time to 50 % cracking. 

3.5. Factors involved in cherry cracking 

3.5.1. Climatic and agronomic factors 

Climatic and agronomic factors play an important role in the occurrence and intensity 

of cracking. Rainfall and high humidity during harvest time increases the prevalence of fruit 

cracking (Simon, 2006). High temperature increases the incidence of fruit cracking since it 

increases the rate of water uptake and fruit transpiration (Richardson, 1998; Yamaguchi et al., 

2002; Simon, 2006). Rootstock selection is one of the most relevant factors in tree size control 

and cherry management but can also interfere with the uptake of water (Simon et al., 2004). 

In compact trees, fruits are more protected against rain (Edin et al., 1997). Hence, fruits of 

heavy crop-loaded trees crack less than light cropping trees for the same sweet cherry cultivar 

(Way, 1967). Pruning promotes increased fruit size, but can also increase cracking 

susceptibility (Sekse, 1987). A negative correlation between crop load and incidence of f ruit 

cracking was mentioned by Measham et al. (2012). Therefore, crop load should be a major 

consideration in orchard practices to limit fruit cracking. Soil moisture levels and irrigation have 

a role in cracking management. Irrigation management and the use of soil covers helps to 

decrease fruit cracking, because of lower water uptake by the roots (Edin et al., 1997).  

3.5.2. Fruit characteristics 

Fruit characteristics such as size, shape, firmness, sugar content and skin 

characteristics are important factors involved in fruit cracking. Bigger fruits (Christensen, 1975; 

Yamaguchi et al., 2002) and firmer fruits (Yamaguchi et al., 2002) are more affected by 

cracking than small and soft-fleshed ones. However, some studies found no correlation 

between fruit firmness and cracking susceptibility (Christensen, 1975). Kidney or heart fruit 

shape have deeper stem cavities that keeps the skin moist for longer after rain, increasing the 

rate of water absorption (Beyer et al., 2002; Sekse, 2008). Simon et al. (2004) reported a 

positive correlation between the soluble solid content (SSC) and fruit cracking in sweet cherry 

cultivars. These results were consistent with the findings of Huang et al. (1999) and Considine 

and Kriedemann (1972) in litchi and grape, respectively. No clear differences were shown 

between susceptible and tolerant cultivars in flesh or skin osmolarity, suggesting that cuticle 

properties may play an important role in cracking susceptibility (Moing et al., 2004). Kertesz 

and Nebel (1935) showed a positive correlation between thickness of the inner wall of the 

epidermis and cracking. However, Demirsoy and Demirsoy (2004) showed no correlation 
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between epidermal characteristics, although a negative correlation was found between cuticle 

thickness and fruit cracking in eight sweet cherry cultivars. Further research on evaluating the 

size, shape, firmness and sugar content with regard to cracking resistance, taking into account 

consumer preference, is required as relations are sometimes contradictory. 

3.6. Fruit growth: development of skin fruit and cuticle deposition 

Sweet cherry fruit growth is characterized by a double-sigmoidal pattern divided into 

three distinctive growth phases. During stage I cell division in the pericarp occurs. In stage II, 

the weight remains constant and the endocarp lignifies and the embryo develops. Stage III is 

characterized by a rapid extension of fruit mesocarp and by an increase in weight (Knoche et 

al., 2001). The sensitivity to cracking varies with stage of fruit development (Christensen, 1973) 

and cuticle properties. The cuticle is a hydrophobic, semi-permeable membrane, composed of 

two major lipid types: cutin and cuticular waxes (Kunst and Samuels, 2009). The cutin is a 

polyester polymer matrix rich in hydroxylated and epoxy-hydroxylated C16 and C18 fatty acids, 

embedded with amorphous waxes and a minor fraction of phenolic compounds (Peschel et al., 

2007). The outside of the cuticle is covered by epicuticular waxes, while in the inside the cutin 

matrix mixes with polysaccharides from the epidermal cell walls. The cuticular waxes are 

composed by n-nonacosane (C29) and triterpenoid acids, mainly ursolic acid (Peschel et al., 

2007; Belge et al., 2014; Lara et al., 2015). The cuticle plays a central role in sensing and 

interacting with the environment and acts as a barrier against water uptake and pathogens 

(Buda et al., 2009; Lara et al., 2014). The cuticular membrane (CM) of sweet cherry fruits are 

rich in triterpenes, a polar class of wax constituents. The CM size does not increase during 

stage III while fruit volume and skin surface do (Knoche et al., 2004). Hence, the CM in sweet 

cherry fruits is markedly strained which might result in microcracks (Peschel and Knoche, 

2005). In addition, several studies reported that after stage II, the cutin and wax levels remain 

constant, which might indicate a lack of deposition of the cutin and the wax on the fruit surface 

(Knoche et al., 2004; Peschel and Knoche, 2005; Peschel et al., 2007). Nevertheless, the 

relationship between fruit cracking susceptibility and the cutin and cuticular wax composition 

remains unknown. According to Yamaguchi et al. (2003), cultivars more tolerant to cracking 

have longer periods of cell division resulting in a larger mesocarp. Observing fruit growth 

patterns might therefore be a tool to differentiate sweet cherry cultivars on cracking tolerance. 

 

3.7. Mechanisms involved in fruit cracking 

3.7.1. Mechanical properties of fruit skin and cuticle 

Quantification of the mechanical properties of fruit skin and cuticle can be carried out 

using the biaxial tensile test. This test reflects the strain of the skin during growth. The first 
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biaxial tensile test of fruit skin was published by Bargel et al. (2004) and modified by 

Brüggenwirth et al. (2014) to prevent relaxation of the skin after excision, thereby maintaining 

the in vivo fruit surface strain. A high elasticity (E) of the skin implies a stiff skin and a low E 

indicates a skin offering limited resistance to extension. Skin stiffness decreases with ripening, 

decreasing turgor, elimination of turgor by freezing or thawing, and increases with temperature 

(Brüggenwirth and Knoche, 2016a). Brüggenwirth and Knoche (2016b) suggested that 

‘Regina’ cherries showed less cracking susceptibility due to a higher E value, implying a stiffer 

skin and higher pressure when fractured, than ‘Burlat’ cherries. Indeed, the mechanical 

properties of the cell walls in the fruit skin are dramatically affected by cell wall swelling and 

this probably relates to fruit cracking. 

3.7.2. Water potential, osmotic potential and turgor 

Fruit cracking is mostly a physical process. Until recently, cracking was mentioned as 

the consequence of a critically high turgor pressure caused by osmotic water uptake and 

increase of fruit volume. This then caused an increase of the skin area, exceeding the elastic 

capacity of the cuticle (Considine and Kriedemann, 1972; Christensen, 1973; Measham et al., 

2009). Fruits with high sugar content are considered more susceptible to cracking due to a 

lower osmotic potential that provides a driving force behind water uptake and movement 

across the fruit skin (Christensen, 1996; Richardson, 1998). Therefore, the increases of tissue 

pressure were indicated as being responsible for the increase in susceptibility to cracking and 

skin failure (Considine and Kriedemann, 1972; Sekse et al., 2005; Measham et al., 2009) (Fig. 

3.2). However, a turgor model indicated that stage III sweet cherry fruit have a surprisingly low 

turgor pressure (Knoche et al., 2014; Schumann et al., 2014). Schumann et al. (2014) 

demonstrated that during early stage III, the turgor pressure inside the fruit decreases due to 

accumulation of solutes in the cherry apoplast, which decreases the osmotic potential, and 

consequently, decreases the water potential. Low turgor by osmolytes accumulation in the 

apoplast was also observed in grapes, decreasing the gradient in osmotic potential between 

symplast and apoplast (Wada et al., 2008, 2009). Nevertheless, direct evidence for the 

presence of apoplastic solutes that can confirm the lack of turgor is not yet available. Bursting 

of individual cells as a consequence of excessive water uptake through microcracks (Peschel 

and Knoche, 2005; Knoche and Peschel, 2006) releases malic acid into the apoplast that may 

increase membrane permeability and weaken cell walls (Winkler et al., 2015). Currently, 

cracking is assumed to be the result of a net influx of water into the fruit, causing an increase 

in fruit volume and surface area resulting in a strained fruit skin until rupture (reviewed by 

Knoche and Winkler, 2017). Fruit cracking may be represented as a chain reaction. This would 

start with localized water uptake, bursting of individual cells, the release of malic acid into the 
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apoplast, swelling of the epidermis and weakening of the epidermal and hypodermal cells until 

macroscopic fruit cracking occurs. 

 

 

 

 

 

 

Figure 3.2 

Schematic representation of the views on sweet cherry cracking mechanisms. (1) Considine and 

Kriedemann (1972); Sekse (1995); Sekse et al. (2005) and Measham et al. (2009); (2) Peschel and 

Knoche (2005); Knoche and Peschel (2006); Knoche et al. (2014) and Winkler et al. (2015); (3) 

Measham et al. (2010); (4A) and (4B) Koumanov (2015). 

 

 

3.7.3. Water uptake pathways 

Water penetration through the cuticle, causing separation of the cuticle from the 

epidermal cell wall (Glenn and Poovaiah, 1989), was considered the dominant factor in fruit 

cracking (Christensen, 1996). The low CM deposition rate in the fruit surface-area (Knoche et 

al., 2004) was seen as cause for the formation of CM microcracks (Peschel and Knoche, 2005; 

Knoche and Peschel, 2006). Moreover, fruit surface wetness and exposure to high humidity, 

can be the important factors that induce microcracking and hence cuticle water uptake. 

Previous studies have shown that cherry cracking may result from surface water and flow from 

the soil through the vascular system (Measham et al., 2010). The first flow rate data and 

diameter oscillations for fruit that remained attached to the tree was published by Measham et 
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al. (2010,2014). This indicated that sap flow patterns in the fruit peduncle showed a high net 

influx of water to the fruit following rainfall. Brüggenwirth et al. (2016) determined that phloem 

flow increased with maturity, whereas xylem flow continuously decreased during stage III, 

establishing that conductance of the xylem did not seem to contribute significantly to cracking 

in mature sweet cherry (Winkler et al., 2016). A photometric approach to quantify peduncle 

flow rates was applied to show that xylem flow is likely caused by apoplastic tension in the 

fruit. This would be the result of osmotic water uptake from apoplast to symplast and from 

transpiration, without relevant contribution of cell wall swelling within the flesh (Winkler et al., 

2016).  

Koumanov (2015) proposed a new sweet cherry cracking paradigm. Fruit cracking may 

the result of fruit skin shrinking after rapid cooling caused by rainfall or by a sharp temperature 

drop, instead of fleshswelling. In those conditions, external cooling of fruit skin would proceed 

faster than that of the core. Interestingly, if cracking cherry is caused by shrinking and not 

swelling, cracking mitigations strategies would have to be rethought and reformulated. 

Strategies, such as aiming for a limited temperature decrease during the night by using e.g. 

plastic rain shields to cover cherry trees to capture sun heat and to protect from rain might be 

suggested. Figure 3.2 shows an overview of the mechanisms that lead to sweet cherry 

cracking, although significant controversy remains about the importance of the proposed 

mechanisms. 

3.8. Management strategies to prevent cracking 

3.8.1. Rain cover protection 

Several studies have shown that the use of plastic rain shields to cover cherry trees 

reduces fruit cracking and fruit decay (Børve and Meland, 1998; Usenik et al., 2009; Thomidis 

and Exadaktylou, 2013; Sotiropoulos et al., 2014). However, this system has some 

disadvantages. High implementation costs, high temperature and humidity under the covers 

may cause damage on leaves and fruits causing increased risk of fruit disease incidence and 

diminished fruit colour (Simon, 2006). These covers should be applied at the onset of fruit 

growth in stage III to minimize these problems (Cline et al., 1995). Table 3.1 compiles 

management strategies to prevent cracking found in several sweet cherry cultivars, including 

rain cover protection. A recent development, covering cherry trees in spring with a high-

transmission polyethylene plastic, promoted flowering and enhanced ripening including higher 

synthesis of bioactive compounds (Overbeck et al., 2017). However, this study did not refer to 

the impact on cherry cracking applying this type of cover. 
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3.8.2. Minerals sprays 

Preharvest sprays of mineral salts, sugars and other chemicals reduce the fruit water 

uptake (Christensen, 1996; Wójcik et al., 2013) (Table 3.1). The most common mineral sprays 

used to limit fruit cracking are CaCl2 and Ca(OH)2 (Demirsoy and Bilgener, 1998; Lang et al., 

1998). Calcium plays a critical role in maintaining the structural integrity and firmness of the 

cell wall of the fruits due to decreasing permeability, thereby reducing the water uptake rate 

(Christensen, 1972b; Sekse, 1995). The cells of the epidermis and cuticle are permeable to 

calcium, allowing quick penetration (Lidster et al., 1978), thereby strengthening the pectin 

network of the cell walls (Glenn and Poovaiah, 1989). Indeed, CaCl2 promoted an increase of 

extensibility of the skin fruit (WU50) in cracking assays (Weichert et al., 2004). In addition, the 

osmotic potential of the calcium solution is low (-0.25 to -0.5 MPa) which reduces the driving 

force for water uptake (Knoche et al., 2014). Although preharvest calcium sprays have shown 

to be efficient in reducing sweet cherry cracking (Demirsoy and Bilgener, 1998; Sekse, 1998), 

smaller sized fruits may be harvested (Looney, 1986; Facteau et al., 1987). Foliar application 

of four calcium compounds (0.5 % CaCl2, 0.2M Ca(OH)2, 0.5 % Ca(NO3)2 and 0.5 % calcium 

caseinate) reduced the cracking susceptibility up to 66 %. These treatments did not influence 

in removal force, average fruit weight, SSC or titratable acidy (TA) (Erogul, 2014). Calcium 

sprays have also been combined with copper and sucrose. Copper hydroxide in combination 

with calcium hydroxide is more effective against cherry cracking than calcium hydroxide alone 

(Brown et al., 1995). Combined sucrose and calcium spays reduced the cherry fruit cracking, 

although the results were similar with the application of calcium alone (Wójcik et al., 2013). 

Sweet cherry fruits of boron-fertilized trees had higher SSC and anthocyanin levels but did not 

influence cracking sensitivity (Wójcik and Wójcik, 2006). Sprays based on Ca(OH)2 and H4SiO4 

enriched with boron, iron and zinc applied after fruit setting and before stone hardening 

reduced the cracking index of ‘Sweetheart’, ‘Sumtare’ and ‘GraceStar’ sweet cherries by 50 % 

(Landi et al., 2016). Mineral compounds on the surface of fruit will be diluted or washed out 

due to rain. To decide upon re-application rates, it is required to assess washout rates on 

sweet cherries to minimize fruit cracking. The washout rates of Ca-based mineral sprays from 

the cherry fruit surface and leaf samples at different rain levels (2.5, 5 and 10 mm) was 

assessed by foliar application of 0.5-1 % of Ca(OH)2 and Ca(NO3)2 in ‘Selah’, ‘Skeena’ and 

‘Rainer’ cherries under field conditions. These sprays significantly reduced cracking and at a 

5 mm rain level resulted in a 50 % washout rate that required reapplication prior to the next 

rain (Kafle et al., 2016). 
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Table 3.1 

Overview of management strategies to prevent cracking in sweet cherry cultivars. 

 

 

 

 

 

 

 

 

Management strategies to  

prevent cracking 
Cultivar Effects Reference 

Rain covers protection 

Hedelfinger 
Kordia 

Regina 

Reduced percentage of fruit cracking; 
no significant effect on fruit weight and 

phenols and anthocyanins content. 

Usenik et al., 2009 

Early Star 
Ferrovia 

Van 
Lapin 

Andriana 

Germesdorfi 

Reduced percentage of fruit cracking 

and fruit decay; the percentage of the 
Shot Hole disease was higher in 
covered than uncovered cherry trees. 

Thomidis and 
Exadaktylou, 2013 

Early Star 

Ferrovia 
Van 

Reduced percentage of fruit cracking; 

no significant effect on the productivity 
and mean fruit weight. 

Sotiropoulos et al., 

2014 

M
in

e
ra

l 
S

p
ra

y
s

 

Ca(OH)2 

0900 Ziraat 

Lambert 
Van 

Reduced cracking incidence; 

decreased fruit size and SSC; 
Increased fruit firmness. 

Demirsoy and 

Bilgener, 1998 

Bing 

Lambert 
Van 

No significant effect.  
Brown et al., 1995 

Ca(OH)2 + Cu(OH)2 Reduced cherry fruit cracking. 

CaCl2 

Merton Glory 

Vega 
Sue 

Reduced decay and cuticular fractures; 

increased level of phenolic 
compounds.   

Vangdal et al., 2008 

Burlat 
Reduced cherry fruit cracking; no 
significant effect on the yield, mean 
fruit weight and fruit acidity. 

Wójcik et al., 2013 
CaCl2 + Sucrose 

CaCl2 

0900 Ziraat 
 

Reduced the cherry fruit cracking; no 
significant effect on the removal force, 
average fruit weight, SSC or TA. 

Erogul et al., 2014 
Ca(OH)2 

Ca(NO3)2 

Calcium caseinate 

Boron (B) Buttner’s Red 

No reduced the fruit cracking with soil 
or foliar application; no effect on vigour 
and yield of sweet cherry trees; no 

effect on fruit weight and TA; increased 
SSC and anthocyanin content. 

Wójcik and Wójcik, 
2006 

Ca(OH)2  enriched with 

B, Fe and Zn 
Sweetheart 

Sumtare 
Grace Star 

Reduced the cherry fruit cracking. Landi et al., 2016 
H4SiO4 enriched with 
B, Fe and Zn 

Ca(OH)2 Selah 
Skeena 
Rainer 

Reduced the cherry fruit cracking. Kafle et al., 2016 
Ca(NO3)2 

A
n

ti
tr

a
n

s
p

ir
a

n
ts

 

VaporgardR Royal Ann 
Increased fruit cracking; decreased 
fruit size and SSC. 

Richardson, 1998 

RainGard™ 

Bing 
Sweetheart 

Van 

Reduced the fruit cracking; no effects 
on cherry size, SSC, firmness, skin 

colour, pitting incidence and 
photosynthetic efficiency. 

Torres et al., 2014 

Skeena No reduced the fruit cracking. Hoppe et al., 2015 
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Table 3.1 

Continued. 

 

 

3.8.3. Anti-transpirants 

Anti-transpirants are hydrophobic compounds that limit water uptake as well as water 

loss, reducing transpiration of the fruits (Hanson and Proebsting, 1996) (Table 3.1). However, 

Richardson (1998) reported that the application of the 2 % (v/v) of VaporgardR (a terpene 

polymer) seven and fourteen days before harvest increased fruit cracking and decreased SSC 

and cherry size. Foliar applications of RainGard™ at 0.8 % (w/v) to ‘Bing’, ‘Sweetheart’, and 

‘Van’ cherries reduced fruit cracking by 52 %, without effecting fruit size, SSC, firmness, skin 

colour, pitting incidence and photosynthetic efficiency (Torres et al., 2014). Substance 

application may create a thick layer that reaches the stem/ fruit junction where the fruit surface 

is more permeable thereby reducing the water uptake. Nevertheless, these compounds also 

have a negative impact on SSC as they limit gas exchange (Webster and Cline, 1994). The 

application of anti-transpirants is therefore controversial with regard to reducing the cracking 

incidence and, in addition, might have also a negative impact on quality attributes. 

3.8.4. Growth regulators 

Growth regulators are often used to improve sweet cherry quality, particularly to 

increase fruit size (Whiting and Lang, 2004; Whiting and Ophardt, 2005; Lenahan et al., 2006; 

Kappel and MacDonald, 2007) (Table 3.1). Several studies indicated that the application of 

growth regulators increased cracking susceptibility (Clayton et al., 2006; Özkaya and Küden, 

2006; Stern et al., 2007; Zhang and Whiting, 2011). Foliar application of 10 and 40 ppm GA3 

at the strawyellow stage increased fruit cracking from 26 to 44 % for ‘Bing’ and ‘Sam’ cherries 

(Cline and Trought, 2007), while no effect of GA3 treatments on fruit cracking was found in 

several other studies (Facteau et al., 1985; Horvitz et al., 2003; Hoppe et al., 2015). However, 

G
ro

w
th

 R
e

g
u

la
to

rs
 

Gibberellic acid (GA3) 

Sweetheart 
No effect on fruit cracking and SSC; 
increased fruit weight and firmness; 

delayed ripening. 

Horvitz et al., 2003 

Van 

Sunburst 
Elisa 

Reduced cracking incidence; 

increased the fruit weight, firmness and 
SSC; delayed the process of maturity. 

Usenik et al., 2005 

Bing 

Sam 

Increased cracking incidence and fruit 

firmness; delayed fruit colour 
development. 

Cline and Trought, 

2007 

Justyna 

Tamara 
Regina 

Reduced cherry fruit cracking. Suran et al., 2016 

Skeena 
No effect on fruit cracking; delayed 

colour development; increased SSC. 
Hoppe et al., 2016 

GA3 and / or  

22S, 23S-
Homobrassinolide 
(HBR) 

Regina 
Summit 

No effect on fruit cracking; increased 
fruit size. 

Engin et al., 2016 
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similar applications of GA3 decreased the fruit cracking index 6.6-fold for ‘Sunburst’ cherries 

(Usenik et al., 2005) and decreased fruit cracking 9-11 % on ‘Justyna’, ‘Tamara’ and ‘Regina’ 

cherries (Suran et al., 2016). Higher water uptake was encountered for GA3-treated fruits but 

they also showed a lower cracking index, which might mean that GA3 created higher epidermis 

elasticity (Usenik et al., 2005). GA3 also increased fruit size by influencing starch breakdown, 

which reduced the cell water potential and increased the plasticity of cell walls (Usenik et al., 

2005; Sekse et al., 2005; Richard, 2006). Spraying ‘Regina’ and ‘Summit’ cherries with 25, 50 

and 100 mg L-1 GA3 combined with 0, 0.05, 0.1 and 0.5 mg L-1 22S, 23S-HBR at full bloom and 

at the beginning of fruit development increased fruit size but decreased SSC, without effecting 

fruit cracking (Engin et al., 2016). ABA plays a crucial role in adaptation to abiotic stress 

(Finkelstein et al., 2002; Hirayama and Shinozaki, 2007). Li et al. (1992) reported that ABA 

increased fruit cracking in litchi. ABA content in the peel was higher in cracked fruits than in 

the peel of non-cracked citrus fruit (Josan et al., 1998) and pomegranate (Yilmaz and Ozguven, 

2003). Methyl jasmonate (Yao and Tian, 2005), auxins (Stern et al., 2007; Zhang and Whiting, 

2011), cytokinins such as benzyladenine (Zhang and Whiting, 2011; Canli et al., 2015a), OA 

(Martínez- Esplá et al., 2014) and MeSA (Giménez et al., 2015; Valverde et al., 2015) have all 

been used to improve the cherry quality. Nevertheless, these studies did not report on sweet 

cherry cracking. The effects of growth regulators with the objective to reduce cracking 

incidence are sometimes contradictory. How cultivar, environmental factors, dose and timing 

of application affect the cracking susceptibility is at the moment largely unknown. 

3.9. New approaches to reduce cracking 

3.9.1. Finding genetic markers for cracking resistance 

One of the important approaches is to understand cracking resistance at the genomic 

level that would eventually lead to breeding for more resilient cultivars. Downregulating of 

genes involved in cuticular membrane deposition such as PaWINA, PaWINB, PaLipase, 

PaLTG1, PaATT1, PaLCR, PaGPAT4/8, PaLACS2, PaLACS1 and PaCER1 during early 

stages of fruit growth was linked to fruit cracking (Alkio et al., 2012). Expression profiles of wax 

synthase (WS), β-ketoacyl-CoA synthase (PaKCS6) and β-Gal were linked to cuticle 

deposition during early stage of fruit development, conferring cracking resistance. 

Transcription levels of expansin (PaEXP1) were higher in cracking resistant cultivars 

(Balbontín et al., 2014). 

QTLs for cracking of several fruit zones were found on distinct linkage groups. QTLs 

for stem end and apical end cracking tolerance were stronger than QTLs detected for fruit side 

cracking tolerance (Quero-García et al., 2012, 2014), which might indicate that fruit side cracks 

originate in the apical region or at the stem end (Peschel and Knoche, 2005). The most 
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important QTLs, explaining up to 15 % of the phenotypic variability, were established for apical 

end tolerance (Quero-García et al., 2012; Balbontín et al., 2013). According to Khadivi-Khub 

(2014) these closely linked QTLs may lead to a single marker that may be used in cherry 

breeding programs.  

Association has been shown to exist between simple sequence repeats (SSRs) and 

random amplified polymorphic DNA (RAPD) markers with cherry traits. The BPPCT-004197 

SSR locus and the TIBMBA-09521 RAPD marker have a high association with sweet cherry 

cracking (Khadivi-Khub, 2011) but also with fruit firmness, SSC and fruit shape (Khadivi-Khub, 

2014). Given the recently published sweet cherry sequence genome (Shirasawa et al., 2017), 

it is likely that more cracking markers will be identified and included in cherry breeding 

programs in the near future. 

3.9.2. Candidate mineral sprays to limit cracking 

Salicylic acid (SA) plays an important role in plant growth and development, acting as 

a signal molecule inducing pathogen defence (Rivas-San and Plasencia, 2011; War et al., 

2011). SA induces fruit resistance against pathogens, including in sweet cherry, by increasing 

β-1,3-glucanase, phenylalanine ammonia-lyase and peroxidase activity (Yao and Tian, 2005). 

SA also increases sweet cherry quality attributes such as fruit firmness (e.g. Giménez et al., 

2014), which may be an important factor to reduce cherry cracking. 

Glycine betaine is a tertiary ammonium compound which alleviates the adverse effects 

of salinity and water stress as it is an efficient osmolyte (Ma et al., 2007). Glycine betaine is 

able to preserve the structural stability and activity of enzymes and protein complexes 

maintaining the integrity of membranes when encountering stresses such as excessive salt, 

cold, heat and freezing (Sakamoto and Murata, 2001). However, no glycine betaine studies 

are available regarding cherry cracking. Preliminary findings from our research program 

indicate that glycine betaine application during cultivation decreased cracking incidence 

significantly. 

Chitosan is a cationic polysaccharide produced by alkaline N-deacetylation of chitin 

and chitosan-based coatings and is usually used to improve the storage and to extend the 

shelf-life of several fruits, including cherry (Petriccione et al., 2014). Chitosan reduces water 

loss (Petriccione et al., 2014) as chitosan forms a semi-permeable film that reduces 

transpiration rate. Preharvest application of chitosan in raspberries was effective in limiting 

respiration and ethylene production, weight loss and decay incidence and prevented firmness 

loss by reducing pectin solubilisation (Tezotto-Uliana et al., 2014). Although no studies are 

available regarding cherry cracking, chitosan may act as a protective substance similar to anti-

transpirants. Preliminary findings from our research program indicated that chitosan 
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sometimes reduced the cracking incidence, depending on the cultivar. Currently, these 

preharvest treatments have only been applied at the research level. Application of these 

compounds might be common in the near future, considering that foliar applications are 

common practice in orchards and available at low cost for producers. 

3.9.3. Biostimulants 

There is increasing interest in the use of natural compounds such as bacteria, fungi 

and protozoa and marine algae-based seaweed extracts to promote plant growth, known as 

biostimulants (Kurepin et al., 2014). Biostimulants provide mineral nutrients, humic 

substances, growth hormones, vitamins and amino acids to plants (Bulgari et al., 2014; 

Kurepin et al., 2014). Biostimulants might also enhance tolerance to biotic and abiotic stresses 

(Ziosi et al., 2013; Sharma et al., 2014). Several commercially available biostimulants, such as 

Vipul® (triacontanol), Spic Cytozyme® (seaweed based with several plant growthregulators), 

Biozyme Crop Plus® (seaweed extracts), homobrassinolides and Vipul® with 

homobrassinolides were evaluated with regard to cracking susceptibility in pomegranate. 

These biostimulants, applied forty-five days after bud burst and ten days after fruit set, 

promoted fruit size and reduced cracking (Abubakar et al., 2013). Spic Cytozyme® application 

(4 mL L−1) reduced fruit cracking by 43 %. Preharvest application of seaweed based 

biostimulants such as Ascophyllum nodosum on ‘Skeena’ and ‘Sweetheart’ cherries reduced 

the cracking index and caused a significant increase in weight, diameter, pH and fruit waxes 

(Correia et al., 2015). Battacharyya et al. (2015) reviewed the chemical constituents of 

seaweed extracts and the physiological effects on several vegetable and fruit crops. The 

effects of biostimulants are hard to assess because of interactions with cultivar and 

environmental factors. The dose and time of application can also interfere with tree 

performance and consequently with fruit quality attributes. This large variability may hinder the 

utilization of biostimulants (Kunicki et al., 2010). 

3.9.4. In-field sensing for rain water removal 

Removal of rainwater using either the crosswind from an orchard air-blast sprayer or 

the downwash by helicopters immediately after rain has been applied to prevent fruit cracking 

(Jedlow and Schrader, 2005). Air-blast sprayer crosswinds removed rainwater effectively from 

the top canopy in both Y-trellised and vertical architectures (Zhou et al., 2016). More recently, 

an in-field sensing system to monitor canopy wetness and micro-climate for the same cultivars 

and canopy architectures was developed. This is aimed to help growers decide when and how 

much rainwater needs to be removed from cherry canopies (Zhou et al., 2017). How to apply 

helicopters or air-blast sprayers in the most efficient manner, and also if it is economically 
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sustainable, has not yet beenestablished. For instance, there is the possibility of loosening 

both stem and fruit when removing water off the fruit. 

3.10. Concluding remarks and future prospects 

Climate change is associated with an increase in hailstorms and heavy rainfall (IPCC, 

2013) which might increase fruit cracking. Cultural management practices (cultivar/rootstock 

combination, tree spacing, irrigation and pruning) and fruit characteristics (fruit size, firmness 

and maturity) are also factors influencing fruit cracking. The application of preharvest 

compounds, such as minerals, anti-transpirants and growth regulators are used to limit 

cracking, although their effectivity is not always optimal or even counterproductive. Tree 

responses to growth regulators vary with cultivar, application time, concentration and type, 

making it hard to generalize their effects. New management strategies such as polytunnels 

covered with a high-transmission polyethylene plastic, seaweed based biostimulants and 

technologies in rainwater removal and an in-field sensing system have emerged to reduce fruit 

cracking. Further insights into cracking mechanisms are required for the development of new 

strategies to mitigate cracking as well as for development of phenotyping methods to 

distinguish cultivars for cracking resistance. The discovery of molecular markers associated 

with fruit cracking, and genes involved in cuticular membrane deposition and cell wall 

modification, are promising as it might allow selecting genotypes with higher resistance to 

cracking. 
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4. FOLIAR APPLICATION OF CALCIUM AND GROWTH REGULATORS MODULATE SWEET CHERRY

(PRUNUS AVIUM L.) TREE PERFORMANCE 

4.1. Abstract 

Rain-induced cracking in sweet cherry (Prunus avium L.) fruits is a problem in most 

producing areas of the world and causes significant economic losses. Several orchard 

management practices have been applied to reduce the severity of this disorder, such as the 

application of mineral sprays or growth regulators. In the present study we hypothesised that 

preharvest spray treatments improve the physiological performance of sweet cherry trees, and 

could also mitigate environmental stressful conditions. Effects of repeated foliar spraying of 

calcium (Ca), gibberellic acid (GA3), abscisic acid (ABA), salicylic acid (SA), glycine betaine 

(GB) and the biostimulant Ascophyllum nodosum (AN) on the physiological and biochemical 

performance of ‘Skeena’ sweet cherry trees during two consecutive years (without addition of 

Ca in 2015, and with Ca in 2016) were studied. Results showed that in general spray 

treatments reduced cell membrane damage and improved water status. AN and ABA 

increased soluble sugars content and yield. GA3 increased net CO2 assimilation rate, and when 

associated to Ca also improved soluble sugars content and yield. GB in combination with Ca 

increased chlorophyll content, net CO2 assimilation rate and yield. In conclusion, GA3 and GB 

sprays can enhance the physiological performance of sweet cherry trees and might be a new 

strategy in the fruit production system.  

4.2. Introduction 

The most recent climate projections (IPCC, 2018) point to a decrease in water 

availability, an increase in air temperature, and the occurrence of extreme phenomena, such 

as excessive rainfall near the harvest period that likely increases the incidence of sweet cherry 

(Prunus avium L.) fruits cracking. Consequently, significant economic losses occur, due to a 

strong reduction of commercial value of the cherries. Under the current climate changing 

scenario (IPCC, 2018) and also due to the increase of global trade in fruit to meet consumer 

demand for regular supply of high fruit quality, it is important to understand the relationship 

between preharvest treatments with calcium (Ca) and growth regulators and the physiological 

behaviour of sweet cherry trees. This information can provide new insights about the putative 

potential measures to mitigate environmental stressful conditions.  

Ca is an essential macronutrient, which is involved in the regulation of major 

physiological processes in plants, contributing to the strength of the cell walls and membranes 

(Hanson, 1984). Under drought conditions, growth and physiological performance are 

improved by Ca sprays of Zoysia japonica and Zea mays plants (Xu et al., 2013; Naeem et al., 
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2017). Gibberellic acid (GA3) has been used as a growth-promoting compound, that regulates 

positively plant growth processes such as seed germination, flower, and fruit development 

(Razem et al., 2006; Erogul and Sen, 2015; Ozkan et al., 2016). Other plant hormones, such 

as salicylic acid (SA) and abscisic acid (ABA), are signalling phytohormones with diverse 

regulatory roles in plant metabolism and adaptation to abiotic stresses (Leung and Giraudat, 

1998; Khan et al., 2015). The yield increase in olive (Brito et al., 2018), peach (El-Shazly et 

al., 2013) and strawberry (Mohamed et al., 2017) is associated with SA application, as well as 

the quality improvement of cherry fruits (Giménez et al., 2014; Correia et al., 2019). ABA 

promotes stomatal closure, and minimizes water loss by transpiration (Jiang and Hartung, 

2008). Therefore, exogenous ABA application can have a great interest in water conservation 

in agricultural settings. 

Although no consistent literature is available about the effect of preharvest substances 

as glycine betaine (GB) and natural biostimulant, as Ascophyllum nodosum (AN) a seaweed 

based extract, on physiological performance of sweet cherry trees, these compounds might be 

a new and innovative solution to increase the crop ability to tolerate stressful environments. 

The accumulation of osmolytes like GB (quaternary ammonium compound) in cells is able to 

maintain the integrity of membranes against abiotic stresses via osmoregulation or 

osmoprotection (Ma et al., 2007). Seaweed based biostimulants have a multicomponent 

composition like plant hormones, aminoacids, betains, proteins, sugars, lipids, vitamins, humic 

substances, phenolic compounds, among others (Battacharyya et al., 2015; Yakhin et al., 

2017). Several published reports suggest that biostimulants improve plant productivity by 

increasing the minerals assimilation and the photosynthetic rate, and the reduction of 

transpiration (Khan et al., 2009; Jannin et al., 2013; Battacharyya et al., 2015). Despite these 

well-documented effects, no consistent results are yet available, at least to our knowledge, 

about the effect of plant growth regulators, with or without Ca, on the performance of sweet 

cherry trees. 

Therefore, the aim of this study was to evaluate the effect of plant growth regulators, 

with or without Ca, on the plant physiological and biochemical responses, namely plant water 

status, photosynthetic performance, leaf metabolites and oxidative damage protection, as well 

as on yield of sweet cherry trees.  

4.3. Material and Methods 

4.3.1. Experimental site and plant material  

Experiments were conducted in Carrazedo de Montenegro, Portugal (latitude 41°33´ 

N, longitude 7°17´ W, altitude 682 m), in 2015 and 2016, on a six-year old late-maturing 

‘Skeena’ sweet cherry orchard grafted on ‘Gisela 6’ rootstock. The soil characteristics are: 1.3 
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% of organic matter content, high K2O (125 mg kg-1) and medium P2O5 (75 mg kg-1) contents, 

medium texture and pH 5.5. Trees were spaced 4.5 m between rows and 2.0 m from each 

other in the row (about 864 trees ha-1) trained under a vertical axis system (Ayala and Lang, 

2017) and were daily drip-irrigated between May and September, 4 h per day (drippers 1 m 

apart in line with a 4 L h-1 flow rate) and summer pruned. Trees were also periodically fertilized 

according to recommendations provided by a certified soil analysis laboratory of UTAD. 

Meteorological data [air temperature (º C), rainfall (mm) and solar radiation (W m-2)] for both 

years (Fig. 4.1) was recorded by a standard weather station (IMT280, iMETOS, Weiz, Austria) 

located near the experimental site. In 2015, the mean air temperature between March and 

June was, on average, about 2.6 °C higher than in 2016. Additionally, the mean solar radiation 

until June was also higher in 2015 than in 2016. Annual rainfall in 2015 was 470 mm against 

the long-term rainfall (30 years) of 923 mm. In 2016 was a year with higher annual rainfall 

(1140 mm), mainly in spring (Fig. 4.1), corresponding to the final phase of the flower 

development and the fruit development of the cherry trees.  

 

 

 

 

 

Figure 4.1 

Mean air temperature (°C), rainfall (mm) and mean solar radiation (W m-2) in 2015 and 2016 measured 

at Carrazedo de Montenegro. 
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4.3.2. Experimental design and treatments 

Experimental design and treatments applied are reported in Correia et al. (2019), which 

six trees were randomly selected per treatment. Briefly, in 2015, the experiment included the 

following treatments: 0.05 % biostimulant Ascophyllum nodosum (AN), 10 ppm gibberellic acid 

(GA3), 10 µM abscisic acid (ABA), 1 mM salicylic acid (SA), 0.1 % glycine betaine (GB), 0.5 % 

calcium (CaCl2), and control (distilled water). In 2016, the same treatments were applied to the 

trees that were selected in the previous year, but now including 0.5 % CaCl2, except for the 

control treatment. All cherry trees were sprayed with a mean volume of 2.5 L of spraying 

solution per tree. Foliar treatments, except CaCl2, were applied 30, 49 and 56 days after full 

bloom (DAFB), corresponding to the beginning of fruit development (shuck split), the transition 

from green to yellow, and the transition from yellow to orange colour. At 56, 62 and 69 DAFB, 

CaCl2 was applied. 

The gas exchange, relative water content (RWC) and electrolyte leakage (EL) 

measurements were performed at midday on 08th July 2015 and 15th July 2016 (corresponding 

to the harvest date of the cherries), in healthy, full expanded mature leaves and well exposed 

to the sun. Furthermore, leaves were collected for biochemical analyses (photosynthetic 

pigments, total soluble sugars, starch, soluble proteins, total phenolic and thiobarbituric acid 

reactive substances) and immediately frozen in liquid nitrogen, and then stored on -80 °C until 

analysis. 

4.3.3. Leaf gas exchange  

Leaf gas exchange measurements were performed using a portable LCpro+ Infrared 

Gas Analyser System (IRGA) (ADC Bioscientific Ltd, Hoddesdon, England), with a 2.5 cm2 leaf 

chamber (ADC-PLC), operating in the open mode, at midday (13:00-14:30h) in both years. 

Incident photosynthetic photon flux density (PPFD) on the leaves was always greater than 

1500 μmol m-2 s-1. Net CO2 assimilation rate (A, μmol m-2 s-1), transpiration rate (E, mmol m-2 

s-1), stomatal conductance (gs, mmol m-2 s-1), and internal CO2 concentration (Ci, µmol mol-1) 

were calculated using the equations of von Caemmerer and Farquhar (1981). Intrinsic water-

use efficiency was calculated as the ratio of A to gs (A/gs, µmol mol-1), according to Düring 

(1994). 

4.3.4. Leaf water status  

After the midday gas exchange measurements, sweet cherry leaves were detached 

and immediately placed into air-tight containers and the following parameters were examined: 

fresh weight (FW in g); weight at full turgor (TW in g), measured after immersion of leaf petioles 

in demineralized water for 24 h in the dark at 4 °C; and dry weight (DW in g), measured after 
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drying at 70 °C to a constant weight. The relative water content (RWC in %) was then 

calculated according to: 

RWC =
FW−DW

TW−DW
×100 

4.3.5. Metabolite composition determination  

4.3.5.1. Photosynthetic pigments  

For chlorophyll (Chl) and carotenoid (Carot) determination, leaf discs (0.8 cm diameter) 

were ground with mortar and pestle using acetone/distilled-water (80/20, v/v) as extraction 

solvent. Analyses were performed under the dim light to avoid chlorophyll degradation. 

Determination of total chlorophyll (Chltotal) and total carotenoids (Carottotal) were performed 

according to Šesták et al. (1971) and Lichtenthaler (1987), respectively. The results were 

expressed as mg g-1 DW. 

4.3.5.2. Total soluble sugars and starch 

Total soluble sugars (SS) quantification was performed using the methodology of 

Irigoyen et al. (1992), by heating foliar discs in ethanol/distilled-water (80/20, v/v) during 1 h, 

at 80 °C. SS were quantified, at 625 nm, after the reaction of the alcoholic extract with fresh 

anthrone in a boiling water bath for 10 min. Thereafter, starch (St) was extracted from the same 

solid fraction by heating leaf discs in 30 % perchloric acid during 1 h, at 60 °C, according to 

Osaki et al. (1991). The St concentration was determined by the anthrone method, as 

described above. Glucose was used as a standard for both SS and St quantification. The 

results were expressed as mg g-1 DW. 

4.3.5.3. Soluble proteins 

Total soluble proteins (SP) were extracted using an extraction buffer containing 

phosphate buffer (pH 7.5), 0.1 mM ethylenediaminetetraacetic acid (EDTA), 100 mM phenyl-

methylsulfonyl fluoride (PMSF) and 2 % (w/v) polyvinylpyrolli-done (PVP) followed by 

centrifugation at 22 000 g for 30 min, at 4 ºC. Absorbance was read at 595 nm, and bovine 

serum albumin (BSA) was used as a standard (Bradford, 1976). The results were expressed 

as mg g-1 DW. 

4.3.5.4. Total phenolics 

The concentration of total phenolics (TP) in leaf extracts was determined on the same 

extract used for the quantification of photosynthetic pigments by the Folin-Ciocalteu procedure 

(Singleton and Rossi, 1965), with the modifications described by Tsao et al. (2003). The results 

were expressed as mg gallic acid equivalents (GAE) g-1 DW. 
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4.3.6. Cell membrane damage 

4.3.6.1. Electrolyte leakage 

Leaf electrolyte leakage (EL) was measured as an indicator of cell membrane 

permeability, following a procedure described by Mena-Petite et al. (2001) with some 

modifications. Leaves were washed in deionized water to remove surface ions, and then foliar 

discs of 0.8 cm diameter were punched out of each leaf per plant, and placed in 10 mL 

deionized water within capped test tubes and incubated for 24 h, at 25 °C, on a rotary shaker. 

After this period, electrical conductivity of the solution was measured (CE1) by a conductivity 

meter (Mettler Toledo). The tubes were then autoclaved at 120°C for 20 min and maintained 

at 25°C. Then, a new reading of electrical conductivity (CE2) was done. The EL (%) was then 

calculated according to:  

EL =
CE1

CE2
×100 

4.3.6.2. TBARS concentration 

The lipid peroxidation of cell membranes in sweet cherry leaf was quantified as 

previously described by Heath and Packer (1968) with some modifications. Briefly, the foliar 

discs were frozen in liquid nitrogen and ground in 20 % (w/v) trichloroacetic acid with mortar 

and pestle. The absorbance of the supernatant was measured at 532 nm, with subtraction of 

the value measured as non-specific absorption at 600 nm. The total thiobarbituric acid reactive 

substances (TBARS) concentration was expressed as nmol g-1 DW, using an extinction 

coefficient of 155 M cm-1 (Costa et al., 2002). 

4.3.7. Yield determination 

Sweet cherries were harvested at optimum maturity stage and yield per tree was 

recorded in kilograms. 

4.3.8. Statistical analysis 

Statistical analysis was performed using SPSS V.25 (SPSS-IBM, Orchard Road-

Armonk, New York, NY). Statistical differences were evaluated by one-way analysis of 

variance (ANOVA) followed by the post hoc Duncan’s multiple range test (P < 0.05), 

establishing treatment effect. A one-way ANOVA was also used to determine the year effects 

on control and Ca-treated cherries (Table S4.1). The ANOVA requirements, namely the normal 

distribution of the residuals, by means of the Shapiro-Wilk’s test, and the homogeneity of 

variance, using the Bartlett’s tests, were evaluated. Dependent variables were analysed using 

ANOVA with or without Welch correction, depending if homogeneity of variances was observed 



CHAPTER 4 
YIELD, PHYSIOLOGICAL AND BIOCHEMICAL RESPONSE OF THE SWEET CHERRY TREE TO SPRAY TREATMENTS 

    
 

79 

 

or not. Pearson's correlation analysis was calculated to determine the relationships between 

the parameters evaluated. 

4.4. Results 

4.4.1. Leaf gas exchange parameters 

The results showed that for both years most of the gas exchange parameters were 

significantly affected (P < 0.05) by the spray treatments (Fig. 4.2), except the transpiration rate 

(E). Effect of year was only observed in stomatal conductance (gs), which was higher (P < 

0.05) in 2016 compared to 2015 (Table S4.1). In 2015, GA3 sprays increased (P < 0.05) net 

CO2 assimilation rate (A) compared to control (H2O) (Fig. 4.2A). In turn, SA and GB spray 

treatments decreased (P < 0.01) gs (Fig. 4.2E). All spray treatments decreased (P < 0.01) 

intracellular CO2 concentration (Ci) and increased (P < 0.01) intrinsic water-use efficiency 

(A/gs) compared to control (Fig. 4.2G, I). In 2016, spray treatments increased (P < 0.05) A, 

with the highest value for SA+Ca treated cherry trees (13.85 µmol m-2 s-1), whereas control 

trees recorded the minimum rate (Fig. 4.2B). GA3+Ca, SA+Ca and GB+Ca-treated cherry trees 

presented significantly lower (P < 0.05) gs values than control and Ca-treated cherry trees (Fig. 

4.2F). AN+Ca, GA3+Ca, ABA+Ca, SA+Ca and GB+Ca decreased (P < 0.05) internal CO2 

concentration (Ci) and increased (P < 0.05) A/gs compared to control (Fig. 4.2H, J). 

4.4.2. Leaf water status 

In both years, relative water content (RWC) was affected by the spray treatments (P < 

0.05) (Fig. 4.3), and not by the year (Table S4.1). In 2015, treatments with GA3, AN and GB 

increased (P < 0.05) RWC up to 3 %, 3.4 % and 4.8 %, respectively, compared to the control 

treatment (Fig. 4.3A). In 2016, all spray treatments presented higher (P < 0.001) RWC values 

in comparison with control plants. The highest value was obtained in cherry trees treated with 

ABA+Ca, about 4 % higher than control (Fig. 4.3B). 
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Figure 4.2 

Net CO2 assimilation (A) (A,B), transpiration rate (E) (C,D), stomatal conductance (gs) (E,F), intercellular 

CO2 concentration (Ci) (G,H) and intrinsic water-use efficiency (A/gs) (I,J) of fully exposed leaves of 

‘Skeena’ cherry treated after spray treatments (T) application in 2015-16. Each column is expressed as 

mean ± standard error (n = 3). Different letters indicate significant differences (P < 0.05) among 

treatments by Duncan’s test. 
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Figure 4.3 

Relative water content (RWC, %) of ‘Skeena’ leaf cherry after spray treatments (T) application in 2015 

(A) and 2016 (B). Each column is expressed as mean ± standard error (n = 6). Different letters indicate 

significant differences (P < 0.05) among treatments by Duncan’s test. 

 

4.4.3. Leaf photosynthetic pigments and metabolites  

The content of photosynthetic pigments, Chltotal and Carottotal, was affected by spray 

treatments (P < 0.05) in 2015, while in 2016 significant differences (P < 0.05) were only found 

for the content of Chltotal (Fig. 4.4). Compared with control, the highest Chltotal content (10.56 

mg g-1 DW) was observed with the ABA treatment in 2015 (Fig. 4.4A), and both AN+Ca (8.76 

mg g-1 DW) and GB+Ca (8.86 mg g-1 DW) treatments in 2016 (Fig. 4.4B). In relation to the 

Carottotal content in 2015, cherry trees treated with Ca, AN, GA3, SA and GB presented higher 

(P < 0.001) values than control (Fig. 4.4C). Both years presented similar Chltotal contents for 

control and Ca-treated plants. In turn, Carottotal concentration seems to be influenced by the 

year, being higher (P < 0.01) in 2016.  

The results also indicated that spray treatments increased leaf metabolites in cherry 

leaves (Fig. 4.5). Soluble sugars (SS) and total phenolics (TP) concentrations were 

significantly affected by the spray treatments (P < 0.05) in both years. In 2015, AN and ABA 

sprays increased (P < 0.05) SS content in relation to control (Fig. 4.5A). On the other hand, 

the addition of Ca to GA3, ABA and SA usually resulted in higher SS concentration in 2016 

(Fig. 4.5A, B). TP content increased (P < 0.01) as a result of ABA and SA treatments in 2015 

(Fig. 4.5G) or ABA+Ca and GB+Ca sprays in 2016 (Fig. 4.5H). Significant differences were 

also observed among spray treatments for soluble proteins (SP) and starch (St) concentration 

in the first and second year of the experiment, respectively. In 2015, the highest SP 

concentration was recorded in cherry trees sprayed with AN, GA3, SA and GB (Fig. 4.5E). In 

2016, the combined treatments AN+Ca, ABA+Ca, SA+Ca and GB+Ca gave the highest St 
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content (P < 0.01) (Fig. 4.5D). In relation to the effect of the year on leaf metabolites, such 

effect was more pronounced in the St content (P < 0.001) mainly in 2016.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 

Total chlorophyll content (mg g-1 DW) (A,B) and total carotenoids content (mg g-1 DW) (C,D) of ‘Skeena’ 

leaf cherry after spray treatments (T) application in 2015-16. Each column is expressed as mean ± 

standard error (n = 6). Different letters indicate significant differences (P < 0.05) among treatments by 

Duncan’s test. Chltotal = total chlorophyll; Carottotal = total carotenoids. 

 

4.4.4. Cell membrane damage by electrolyte leakage and TBARS quantification 

Electrolyte leakage (EL) was substantially affected by the year of the experiment being 

higher (P < 0.001) in 2015 compared to 2016 (Table S4.1, Fig. 4.6A, B). Spray treatments also 

affected (P < 0.001) EL in 2016, but not in 2015. Overall, there was a tendency for lower EL 

values in cherry trees sprayed with AN+Ca, GA3+Ca, ABA+Ca, SA+Ca and GB+Ca (Fig. 4.6B). 

Thiobarbituric acid reactive substances (TBARS) levels were affected by the spray 

treatments (P < 0.001), especially in 2015 (Table S4.1, Fig. 4.6C, D). In fact, it was found that 

treatments based on AN, GA3, ABA, SA and GB lowered TBARS levels compared to control 

(Fig. 4.6C). Regarding this biochemical parameter, the year of the experiment had no 

significant effect (P > 0.05). 
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Figure 4.5 

Soluble sugars content (mg g-1 DW) (A,B), starch content (mg g-1 DW) (C,D), soluble protein content 

(mg g-1 DW) (E,F) and total phenolics content (mg g-1 DW) (G,H) of ‘Skeena’ leaf cherry after spray 

treatments (T) application in 2015-16. Each column is expressed as mean ± standard error (n = 6). 
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Different letters indicate significant differences (P < 0.05) among treatments by Duncan’s test. SS = 

soluble sugars; St = starch; SP = soluble protein; TP = total phenolics. 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 4.6 

Electrolyte leakage (EL, %) (A,B) and thiobarbituric acid reactive substances concentration (TBARS, 

nmol g-1 DW) (C,D) of ‘Skeena’ leaf cherry after spray treatments (T) application in 2015-16. Each 

column is expressed as mean ± standard error (n = 6). Different letters indicate significant differences 

(P < 0.05) among treatments by Duncan’s test. 

 

4.4.5. Yield of sweet cherry trees 

Significant yield differences were found among spray treatments (P < 0.05) in both 

years (Fig. 4.7). In 2015, cherry trees sprayed with AN and ABA exhibited the highest (P < 

0.05) yields, averaging 45 % and 41 %, respectively, compared to control (Fig. 4.7A). This 

behaviour was also observed in 2016, although the highest production was obtained for 

GB+Ca-treated cherry trees, up to 40 % compared to control (Fig. 4.7B). Comparing both 

years, in 2015 trees had significantly lower (P < 0.01) yields than in 2016 (Table S4.1). 
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Figure 4.7 

Yield (kg tree-1) of ‘Skeena’ cherry after spray treatments (T) application in 2015 (A) and 2016 (B). Each 

column is expressed as mean ± standard error (n = 6). Different letters indicate significant differences 

(P < 0.05) among treatments by Duncan’s test. 

 

4.5. Discussion 

4.5.1. Spray treatments modulate leaf gas exchange and water status of sweet cherry 

trees 

Overall, spray treatments improved the physiological behaviour of sweet cherry trees 

in both years (Fig. 4.2). GA3 sprays increased A and A/gs in 2015, while SA/SA+Ca and 

GB/GB+Ca-treated cherry trees showed lower gs and higher A/gs in both years. Interestingly, 

SA and GB in combination with Ca (in 2016) also increased A (Fig. 4.2). A presented a positive 

correlation with gs (r = 0.54, P < 0.001), as observed previously by Gonçalves et al. (2005) in 

sweet cherry. According to Flexas and Medrano (2002), a low Ci in association with high A/gs 

(r = -0.75, P < 0.001), indicates a greater effect of stomatal factors than non-stomatal factors 

on photosynthetic capacity. The A levels tend to be higher in cherry trees treated with spray 

treatments, up to 28 % in GA3-treated cherry trees in 2015 and 38 % in SA+Ca-treated cherry 

trees in 2016 (Fig. 4.2A, B). In contrast, lower gs values were found for treated cherry trees, 

mainly with GB spray treatment, up to 40 % in 2015 and 23 % in 2016 (Fig. 4.2E, F). On the 

other hand, higher gs values were noticed in 2016 compared to 2015, which may be due to the 

higher solar radiation recorded in July 2016, near the harvest, and consequently, the values of 

A were also higher in 2016 (Fig. 4.1, Fig. 4.2). 

Our findings are in agreement with previous studies, which demonstrated an increase 

of A in broad beans (Vicia faba) and grapevine (Vitis vinifera L.) treated with GA3 (Yuan and 

Xu, 2001; Teszlák et al., 2013). Grapevine treated with GA3 also resulted in favourable A/gs 

(Teszlák et al., 2013). Other studies with Brassica juncea, corn and soybean treated with SA 
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also showed an improvement of A, A/gs and gs adjustment (Kumar et al., 2000; Fariduddin et 

al., 2003; Khan et al., 2003), which is in agreement with our results. Stomatal closure is the 

first sign of plant defence in maintaining its water status (Suzy et al., 2011). Indeed, our results 

indicate that GB sprays improved A and also increased stomata closure by the reduction of gs 

(Fig. 4.2), which might be considered a strategy for enhancing tolerance to various abiotic 

stresses (Giri, 2011). Moreover, GB-treated olive trees under drought showed an 

enhancement of A (Denaxa et al., 2012). Tradescantia virginiana plants grown under well-

watered conditions and treated with ABA had lower gs and an improvement in A/gs, while the 

A was unaffected (Franks and Farquhar, 2001). Although, in both years of our study, the 

application of ABA increased A/gs, gs was not affected, and an improvement in A was 

observed, mainly in 2016. Additionally, A and A/gs values also increased in response to AN+Ca 

treatment (in 2016) (Fig. 4.2). This finding is in line with previous studies, which demonstrated 

an increase of A, a reduction of E and gs in plants treated with biostimulant products (Khan et 

al., 2009; Jannin et al., 2013). 

The leaf RWC was around 90 % in both years, suggesting sufficient drip irrigation. 

Nevertheless, the RWC values were generally higher in plants treated with foliar compounds 

in both years (Fig. 4.3). RWC is used to evaluate the plant water balance and is positively 

correlated with the photosynthetic efficiency of plants (Mikiciuk et al., 2015). This is confirmed 

by significant and positive correlation between RWC and A, mainly in 2016 (r = 0.54, P < 0.05). 

Similarly, with our results, a significant improvement of RWC in different crops exposed to 

several biotic stresses and treated with biostimulant (Khan et al., 2009; Xu and Leskovar, 2015; 

El-Mageed et al., 2017; Cabo et al., 2019), GA3 (Ali et al., 2012), ABA (Hussain et al., 2010), 

SA (Brito et al., 2019) and GB (Denaxa et al., 2012; Rabag et al., 2015) was previously 

reported. 

4.5.2. Photosynthetic pigments’ and metabolites’ behaviour in response to spray 

treatments 

Chltotal exhibited the same tendency as A, displaying higher contents compared to 

control in both years (Fig. 4.4A, B). ABA sprays increased Chltotal concentration up to 33 % 

relative to control trees in 2015 (Fig. 4.4A). This finding is in accordance with previous research 

which demonstrated that ABA positively affects the synthesis of chlorophylls in ‘micro’ tomato 

leaf tissue (Barickman et al., 2014). In 2016, SA+Ca, AN+Ca and GB+Ca treatments increased 

Chltotal concentration, up to 12 %, 14 % and 15 %, respectively, compared to control trees (Fig. 

4.4B). Higher Carottotal content was found for Ca, AN, GA3, SA and GB-treated cherry trees 

(Fig. 4.4C). Similarly, Kabiri et al. (2014), reported that the exogenous application of SA in 

Nigella sativa increased the content of Chl and Carot. According to Hayat and Ahmad (2007), 
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this increase improved the antioxidant capacity of plants and it was related to the synthesis of 

protective compounds. Also, overaccumulation of GB resulting from the introduction of the 

betaine aldehyde dehydrogenase (BADH) gene can enhance the protection of Chl and Carot 

and enhance the photosynthetic rate (Tian et al., 2017). Several biostimulants, as AN, have 

been reported to stimulate plant growth by increasing photosynthetic pigments, as Chl and 

Carot (Yakhin et al., 2017). These findings can be related to the retention of Carot as a 

mechanism of photoprotection (Merzlyak and Gitelson, 1995) and amelioration of the leaf 

water retention. Our study supports the idea that increased levels of Chl and Carot in the leaf 

tissue, induced by spray treatments, mainly by AN, SA and GB can increase the antioxidant 

capacity of plants to abiotic-induced stress. 

Additionally, the tendency for the higher accumulation of TP in ABA, SA, ABA+Ca and 

GB+Ca sprayed trees (Fig. 4.5G, H) suggests an increased necessity of those plants to invest 

in secondary metabolism. Indeed, our previous work reported that ABA, SA and GB application 

resulted in higher anthocyanin content in cherry fruits (data unpublished). Higher TP content 

in SA cherry trees may also be associated to the proposed action mode, which SA is involved 

in activation of antioxidant system and production of secondary metabolites (Khan et al., 2015). 

The spray treatments also affected the SP content in cherry leaves, showing higher levels in 

AN, GA3, SA and GB-treated trees, up to 34 % with SA spray treatment (Fig. 4.5E). These 

treatments might induce the development of antioxidant responses as described for SA (Hayat 

and Ahmand, 2007; Khan et al., 2015). The higher accumulation of SS observed in leaves in 

response to AN and ABA sprays in 2015 (Fig. 4.5A) and to GA3+Ca, ABA+Ca and SA+Ca 

sprays in 2016 (Fig. 4.5B) might be considered a protective mechanism to maintain cell 

homeostasis, indicating that these spray treatments provided a better cherry tree 

photosynthetic performance. Interestingly, the highest SS accumulation in cherry leaves was 

found for ABA/ABA+Ca spray treatment for around 20 % in both years (Fig. 4.5A, B). 

Exogenous application of ABA is reported to increase the maturity index and anthocyanin 

content in cherries (Luo et al., 2014) and the soluble sugars in grape fruits (Murcia et al., 2016). 

Although, our previous work reported that ABA application increase anthocyanin content in 

cherry, no significant effect was observed on the maturation (Correia et al., 2019; data 

unpublished). The highest St content observed in 2016 (Fig. 4.5C, D) might be related to the 

higher photosynthetic efficiency determined in the same year (Fig. 4.2B). Overall, the present 

study suggests a relation between St accumulation and acclimation of photosynthesis (A) (r = 

0.46, P < 0.05). Indeed, several authors have suggested that a decrease in leaf St was 

correlated with the acclimation of photosynthesis (Sasek et al.,1985; Sicher and Bunce, 2001). 

In 2016, the higher accumulation of St in AN+Ca, ABA+Ca, SA+Ca and GB+Ca-treated cherry 

trees (Fig. 4.5D) may have a positive effect on tree production, since St is an important storage 



CHAPTER 4 
YIELD, PHYSIOLOGICAL AND BIOCHEMICAL RESPONSE OF THE SWEET CHERRY TREE TO SPRAY TREATMENTS 

 

88 

 

carbohydrate that is usually mobilized in the form of SS (Rosa et al., 2009). The St 

accumulation in leaves of ABA+Ca, SA+Ca and GB+Ca-treated cherry trees could be related 

with the increase in weight observed in the fruits collected from the plants treated with these 

spray treatments (Correia et al., 2019). In addition, ABA may also play an important role in the 

regulation of St behaviour during osmotic stress in plants by controlling the enzymes 

responsible for St degradation (Thalmann et al., 2016). 

4.5.3. Spray treatments reduce cell membrane damage 

TBARS concentration is considered a biochemical marker for reactive oxygen species 

mediated injury by lipid peroxidation, which can originate cellular damage (Sofo et al., 2004; 

Beis and Patakas, 2012). So, the higher concentration of TBARS determined in leaves from 

control and Ca-treated cherry trees suggests the occurrence of higher oxidative damage on 

cell membranes by lipid peroxidation. In contrast, TBARS levels were lower in leaves from 

treated trees (Fig. 4.6C, D). Similar to our results, previous studies in other species reported 

that the prevention of membrane injury induced by several abiotic stress could be achieved 

with GA3 (Uzal, 2017), ABA (Huang et al., 2015), SA (Kabiri et al., 2014) and GB (Hu et al., 

2012) foliar application. In the same line of our findings, biostimulants had the ability to 

decrease oxidative stress in tomato leaves (Koleška et al., 2017). The degree of cell membrane 

injury also may be estimated through measurements of EL from the cells (Bajji et al., 2001). In 

2015, the EL of the cherry leaves was comparatively higher than the estimated value in 2016 

(Fig. 4.6A, B). The higher solar radiation combined with higher temperatures and less rainfall 

recorded in 2015 compared to 2016 (Fig. 4.1) likely contributed to the large differences in the 

levels of membrane impairment.  

4.5.4. Effect of spray treatments on yield of sweet cherry trees 

The yield evaluation is an important parameter about the effectiveness of spray 

treatments. However, fruit yield is a function of several factors, such as meteorological 

conditions, cultivar, rootstock vigour, irrigation and pruning, among others (Jiménez and Díaz, 

2003). Our previous work reported that on average, fruit weight was reduced in 2016 by 33 % 

compared to 2015 (Correia et al., 2019). On the other hand, yield was higher in 2016 compared 

to 2015 (Table S4.1, Fig. 4.7), which was due to a higher crop load rather than larger fruit size. 

Nevertheless, AN and ABA sprays were related to the increase in yield in both years, while in 

2016 also GA3 and GB-treated cherry trees showed a significant increase of yield (Fig. 4.7). 

Biostimulants, as AN, have offered a potentially novel approach in plants to stimulate growth 

and to increase yield, as reported by Basak (2008), Colavita et al. (2011) and Jannin et al. 

(2013). Quiroga et al. (2009) demonstrated that ABA application can significantly enhance 

yield per plant in the field-grown grapevine. Our data suggest that the application of GA3 and 
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GB seems to benefit with the combination of Ca in increasing of cherry yield. A positive effect 

of exogenous GB on plant growth and final crop yield has been reported on sunflower 

(Helianthus annuus L.) and maize (Zea mays) under drought (Iqbal et al., 2008; Anjum et al., 

2011). As observed in our study, foliar application of GA3 increased fruit yield in several crops, 

such as in tomato (Khan et al., 2006; Uddain et al., 2009) and cucumber (Cucumis sativus L.) 

(Pal et al., 2016). Our data also indicated a positive correlation between yield and A (r = 0.54, 

P < 0.01), as noticed by Parry et al. (2011) and Zhu et al. (2010) in other species. Positive 

correlations were also observed between yield and SS (r = 0.50, P < 0.001), St (r = 0.83, P < 

0.001), SP (r = 0.46, P < 0.01) and RWC (r = 0.66, P < 0.001). Indeed, other studies have also 

reported that yield is correlated positively with SS and RWC in Sorghum bicolor L. (Getnet et 

al., 2015) and in several cultivars of banana fruits (Surender et al., 2013). 

4.6. Conclusions 

Foliar spraying of growth regulators and calcium was associated with an enhancement 

of the physiological performance and yield of the ‘Skeena’ sweet cherry trees by increasing 

water status and reducing cell membrane damage. Foliar sprays with AN and ABA increased 

soluble sugars content and yield. GA3 increased net CO2 assimilation rate, and in combination 

with Ca also improved soluble sugars content and yield. GB in combination with Ca increased 

chlorophyll content, net CO2 assimilation rate and yield. GA3 and GB are attractive compounds 

to improve physiological performance and yield of sweet cherry trees and might be a cultural 

practice in the near future. However, further studies on the influence of environmental factors, 

dose and moment of preharvest compounds application in order to develop new cultivar-

specific farming strategies will be required. 
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Supplementary Material  

 

Table S4.1 

Year effects on control and Ca-treated cherries for all studied parameters. 

 

 
2015 2016  

P (Year) 
Control Ca Control Ca  

A (µmol m-2 s-1) 8.52 ± 1.16 11.14 ± 0.08 8.53 ± 1.90 13.31 ± 1.27  ns 

E (mmol m-2 s-1) 7.12 ± 0.51 6.29 ± 0.58 6.49 ± 0.83 6.24 ± 0.80  ns 

gs (mmol m-2 s-1) 179.36 ± 23.25 173.84 ± 12.13 231.78 ± 6.32 231.15 ± 17.89  * 

Ci (µmol mol-1) 276.53 ± 1.70 236.75 ± 8.85 253.66 ± 6.38 245.49 ± 4.29  ns 

A/gs (µmol mol-1) 47.42 ± 0.54 64.63 ± 4.07 45.37 ± 9.99 57.42 ± 0.98  ns 

RWC (%) 89.01 ± 1.08 90.29 ± 0.05 91.67 ± 1.06 94.43 ± 0.26  ns 

Chltotal (mg g-1 DW) 7.95 ± 0.42 8.37 ± 0.86 7.51 ± 0.26 7.24 ± 0.40  ns 

Carottotal (mg g-1 DW) 0.93 ± 0.04 1.15 ± 0.05 1.19 ± 0.06 1.25 ± 0.05  ** 

SS (mg g-1 DW) 70.35 ± 1.56 75.04 ± 3.87 75.85 ± 2.12 80.84 ± 3.74  ns 

St (mg g-1 DW) 42.98 ± 0.56 41.67 ± 1.94 101.10 ± 2.10 116.49 ± 6.74  *** 

SP (mg g-1 DW) 10.34 ± 0.79 12.30 ± 0.53 10.79 ± 0.69 10.87 ± 0.85  ns 

TP (mg g-1 DW) 19.48 ± 1.10 18.24 ± 0.64 20.93 ± 1.44 24.63 ± 1.62  ns 

EL (%) 42.03 ± 0.56 41.76 ± 1.20 22.54 ± 1.60 19.92 ± 1.17  *** 

TBARS (nmol g-1 DW) 548.68 ± 42.52 488.64 ± 37.57 443.20 ± 25.67 436.78 ± 25.64  ns 

Yield (kg tree-1) 5.19 ± 0.56 6.28 ± 0.51 17.01 ± 2.96 19.24 ± 1.53  ** 

 

Means ± standard error flanked by the same letter are not significantly different at P < 0.05 (Duncan’s test). 
* P < 0.05, ** P < 0.01, *** P < 0.001 by Duncan’s test, ns - not significant. 
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EFFECTS OF CALCIUM AND GROWTH REGULATORS ON SWEET CHERRY (PRUNUS AVIUM L.) 

QUALITY AND SENSORY ATTRIBUTES AT HARVEST

S. Correia*,

F. Queirós, C. Ribeiro, A. Vilela, A. Aires, A.I. Barros, R. Schouten, A.P. Silva, B. Gonçalves
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5.1. EFFECTS OF CALCIUM AND GROWTH REGULATORS ON SWEET CHERRY (PRUNUS AVIUM L.) 

QUALITY AND SENSORY ATTRIBUTES AT HARVEST 

 

5.1.1. Abstract 

Effects of preharvest sprays of calcium with and without traditional and novel growth 

regulators (gibberellic acid, abscisic acid and salicylic acid, glycine betaine and a biostimulant 

(Ascophyllum nodosum)) on quality and sensory attributes of ‘Skeena’ and ‘Sweetheart’ sweet 

cherries were investigated at harvest. Experiments were carried out during 2015 and 2016 in 

a Portuguese orchard. Spray treatment effects were affected by cultivar and year, with spray 

treatments eliciting more responses in 2016 and for ‘Sweetheart’ cherries. Abscisic acid spray 

treatment showed small effects on quality attributes at harvest. Gibberellic and salicylic acid 

increased fruit weight, while glycine betaine with calcium increased fruit weight, appearance 

and colour development. The spray treatments did not affect the soluble sugars, while salicylic 

acid and Ascophyllum nodosum with calcium increased total organic acid levels. Gibberellic  

acid and glycine betaine sprays are candidates to increase quality attributes at harvest for two 

important commercial cherry cultivars.  

5.1.2. Introduction 

Sweet cherry (Prunus avium L.) fruits are characterized by an attractive appearance, 

colour, taste and sweetness (Crisosto et al., 2003). Other important cherry quality aspects are 

fruit size, absence of defects, green fleshy stems, sourness, firmness, flavour, aroma and skin 

colour intensity (Crisosto et al., 2006; Mattheis and Fellman, 2016). Sweet cherries contain 

phytochemical compounds exhibiting antioxidant activity with likely health benefits (McCune et 

al., 2010). Consumers prefer cherries fully ripe with dark colour and larger fruits (Crisosto et 

al., 2003; Romano et al., 2006) that are also firm (Esti et al., 2002; Kappel and MacDonald, 

2007; Chauvin et al., 2009). These quality and sensory aspects are affected by calcium (Ca) 

sprays and growth regulators that are commonly applied during commercial sweet cherry 

cultivation (Usenik et al., 2005; Vangdal et al., 2008; Zhang and Whiting, 2011a; Giménez et 

al., 2014; Luo et al., 2014).  

The preharvest application of phytohormones such as gibberellic acid (GA3) has been 

used to enhance cherry fruit size (Usenik et al., 2005; Lenahan et al., 2006; Zhang and Whiting, 

2011a). GA3 application also increased firmness, sweetness, cherry flavour and tartness 

(Clayton et al., 2006). Salicylic acid (SA) plays a role in the response to environmental stresses 

and provides protection against pathogen attack (Beckers and Spoel, 2006; Hayat and Ahmad, 

2007; Volt et al., 2008). Giménez et al. (2014) observed that SA treated ‘Sweet Heart’ and 

‘Sweet Late’ cherries showed an increased fruit weight, f irmness and level of total phenolics 
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and anthocyanins, without effecting soluble solids contents (SSC) and titratable acidity (TA). 

Abscisic acid (ABA) has been associated with softening and sugar accumulation in cherries 

(Kondo and Gemma, 1993; Luo et al., 2014; Wang et al., 2014). ABA stimulates phenylalanine 

ammonia-lyase activity, improving the fruit colour via the flavonoid and lignin biosynthetic 

pathways (Kondo and Inoue, 1997). Recently, Correia et al. (2017) reviewed the effect of Ca 

and growth regulators on quality attributes of cherry.  

No studies exist addressing the role of Ca in combination with growth regulators such 

as GA3, SA and ABA on cherry quality attributes. In addition, we investigated the role of Ca in 

combination with promising new compounds with regard to cherry quality. These new 

compounds are glycine betaine (GB) and a natural biostimulant, Ascophyllum nodosum (AN), 

an algae-based seaweed extract (Kurepin et al., 2014). GB is a quaternary ammonium 

compound, that helps maintain membrane integrity in the presence of salt, cold, heat and 

freezing stress (Sakamoto and Murata, 2001; Ma et al., 2007). Seaweed based biostimulants, 

such as AN, are applied as part of new management strategies to increase mineral uptake, 

biomass, yield, and fruit quality (Rathore et al., 2009; Sunarpi et al., 2010; Zodape et al., 2011; 

Shah et al., 2013). 

The aim of this study was to evaluate the effect of plant growth regulators with or without 

Ca on quality and sensory attributes for cherries of two important commercial cherry cultivars, 

Skeena and Sweetheart. Effects of Ca in combination with growth regulators might affect 

consumer acceptance and preferences. Therefore, the effects of Ca and the growth regulators 

were not only assessed in terms of quality aspects (fruit size, sugars and organic acids content, 

colour and firmness), but also in terms of the sensory profile.  

5.1.3. Materials and Methods 

5.1.3.1. Plant material 

Experiments were conducted in an orchard located in Carrazedo de Montenegro 

(latitude 41°33´N, longitude 7°17´W, altitude 682 m), north of Portugal in 2015 and 2016. 

Climatic data were recorded by a weather station located near the experimental site. The soil 

is of medium texture, pH 5.5, with an organic matter content of 1.3 %, a high K2O (125 mg kg-

1) and medium P2O5 (75 mg kg-1) content. Six-year old, late-maturing Skeena and Sweetheart 

sweet cherry cultivars grafted on ‘Gisela 6’ rootstock were used in this study. ‘Sweetheart’ fruits 

are characterized by higher firmness, acidity and sweetness (Turner et al., 2005). ‘Skeena’ 

fruits are heavier than ‘Sweetheart’ cherries as well as having darker red skin and flesh colour 

(Long et al., 2008). Trees were spaced 4.5 m between rows and 2.0 m from each other in the 

row (about 864 trees ha-1) trained under a vertical system. Trees were summer pruned, 

periodically fertilized and daily drip-irrigated (drippers 1 m apart in line with a flow rate of 4 L h-
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1) for 4 h d-1 between May and September. A 1 m wide weed-free strip was maintained along 

the tree rows.   

5.1.3.2. Experimental design and treatments 

Nine trees were selected per treatment and cultivar, a total of 126 trees. In 2015, the 

following treatments were applied: 0.05 % AN (natural biostimulant, Ascophyllum nodosum), 

10 ppm GA3, 10 µM ABA, 1 mM SA, 0.1 % GB and 0.5 % CaCl2 and as control, distilled water. 

All applications were mixed with a wetting agent (0.1 %). Treatments were applied 30, 49 and 

56 days after full bloom (DAFB). CaCl2 was applied 56, 62 and 69 DAFB. Sprays were applied 

early in the morning when rainfall was not predicted for the following 24 h. In 2016, the same 

treatments were applied, but now including 0.5 % CaCl2, except for the control, which was 

also, distilled water.  

Hundred fruits from each tree were harvested simultaneously at the commercial 

maturity stage. In 2015, the fruits were harvested on July 8 and in 2016 on July 15. Fruits were 

taken immediately to the laboratory and divided randomly into three sub batches. The first sub 

batch was assigned for skin colour, epidermis rupture force (ERF) and flesh firmness (FF), 

soluble solids content (SSC) and titratable acidity (TA) measurements. The second sub batch 

was assigned for sensory analysis. The third sub batch was used for soluble sugar and organic 

acid HPLC determinations. Fruits from the third sub batch were frozen in liquid nitrogen, 

lyophilized for 48 h at -55 °C and converted to a dried powder using a commercial blender 

(ModelBL41, Waring Commercial, Torrington, CT, USA).  

5.1.3.3. Fruit weight, skin colour, epidermis rupture force and flesh firmness 

Weight, colour, epidermis rupture force and flesh firmness were determined for thirty 

fruits from the first sub batch. Fruit weight (g) was determined using an electronic balance 

(EW2200-2NM, Kern, Germany). Fruit colour was measured at opposite sides with a chroma 

meter (CR-300, Minolta, Japan) that expresses colour as L, a* and b* values. Cherry fruit 

colour was reported as chroma (C*) according to C* = (a*2 + b*2)½ (Gonçalves et al., 2007; 

Giménez et al., 2016). ERF (in N) and FF (in N mm-1) were determined using a TA.XTPlus 

texture analyser (Stable Micro Systems, Godalming, U.K.), employing a 50 N loading cell and 

a 2.0 mm diameter cylindrical probe. The maximum force when compressing 5 mm was 

measured at a speed of 1 mm s-1. All results were presented as the average of thirty fruits with 

indicated standard error (SE). 
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5.1.3.4. Maturity index 

Thirty fruits from the first sub batch were divided into three groups of ten fruits each. 

The juice from ten fruits was extracted with an electrical extractor (ZN350C70, Tefal Elea, 

China) during 1 min. SSC (in °Brix) was determined using a digital refractometer (PR-101, 

Atago, Japan). TA (in g malic acid 100 g-1 of fresh weight) was determined by diluting 10 mL 

of juice with 10 mL of distilled water and titrating with 0.1 mol L-1 sodium hydroxide (NaOH) 

until pH 8.2 using a Schott Easy Titroline automatic titrator. The maturity index was expressed 

as the ratio of SSC and TA and expressed as the average of three replicates with indicated 

SE. 

5.1.3.5. Soluble sugars 

The extraction of glucose, fructose and sorbitol was performed according to Mahmood 

et al. (2012) and Ma et al. (2014). Soluble sugars were quantified by HPLC using a Thermo 

Scientific Dionex UltiMate 3000 Series system (Thermo Fisher Scientific, Inc., Waltham, USA) 

equipped with a LPG-3400RS quaternary pump, WPS-3000TRS autosampler (maintained at 

4 °C) and a ECD-3000RS electrochemical detector. A Dionex CarboPac PA200 (3 x 250 mm, 

i.d.) column kept at 30 °C was used. The detection was performed by pulsed amperometric 

detection using a 6041RS amperometric cell with gold plated electrode through a quadrupole 

waveform (+200 mV (500 ms), -2000 mV (10 ms), +600 mV (10 ms) and -100 mV (10 ms)) in 

a run of 6 min and an injection volume of 5 µL. The glucose, fructose, sorbitol, and the internal 

standard (IS, 2-Deoxy-D-Glucose) were separated using an isocratic elution of 25 mM NaOH 

containing 2 mM of Barium hydroxide to prevent the formation of carbonates. The results were 

expressed as mg g-1 dry weight (DW) as the average of three replicates with indicated SE. 

5.1.3.6. Organic acids 

Malic, oxalic and shikimic acids were extracted according to Phillips et al. (2010). 

Quantification was carried out by a HPLC-DAD-UV/Vis system equipped with a diode array 

detector and a reverse phase column (C18 Spherisorb ODS2, 250mm × 4.6 mm). The eluent 

was composed by potassium dihydrogen phosphate (6.8 g L-1) with 85 % orthophosphoric acid 

at pH of 2.1, under isocratic conditions and with a flow rate of 0.8 mL min-1. The injection 

volume was 20 µL. The chromatograms were recorded at 210 nm, and the identification was 

done by comparison with external standards (malic, oxalic and shikimic acids; Sigma-Aldrich, 

Tauferkichen, Germany). The results were expressed as mg g-1 DW as the average of three 

replicates with indicated SE. 
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5.1.3.7. Sensory analysis 

A list of fifteen cherry attributes (Table S5.1.1), adapted from Chauvin et al. (2009), was 

evaluated by twelve participants aged between 35 and 50 years old.  Sessions, one per each 

year, were performed at room temperature in a sensory laboratory with individual booths for 

each panellist (ISO 8589, 2007). Attribute intensities were scored on a ten-point scale, ranging 

from 1 (lowest intensity) to 10 (highest intensity) (ISO 4121, 2003; Monteiro et al., 2014). Three 

cherry fruits were presented to each panellist for each treatment per cultivar. Samples were 

presented randomly to the panellists, coded with a three-digit code number. The samples were 

put at room temperature for 2 h before each session to obtain a temperature of about 18 °C. 

Samples were presented on a white Pyrex plate. Panellists were required to cleanse their 

palates with a bite of a low-salt cracker and a sip of water before every sample. Panellists were 

non-smokers and refrained from wearing perfume and drinking or consuming foods that could 

affect performance one hour before tasting. 

5.1.3.8. Statistical analysis 

Statistical analysis was performed using Software SPSS V.25 (SPSS-IBM, Orchard 

Road-Armonk, New York, NY). Statistical differences were evaluated by one-way and two-way 

of analysis of variance (ANOVA), one-way and two-way of ANOVA was carried out, followed 

by the post hoc Duncan’s multiple range test (P < 0.05), establishing cultivars and treatments 

effects. One-way of ANOVA establishing year effects on control and Ca-treated cherries was 

also performed. Sensory data were analysed by one-way of ANOVA followed by the post hoc 

Duncan’s multiple range test (P < 0.05). In addition, Pearson’s rank correlation was performed 

between quality aspects and sensory attributes. 

5.1.4. Results 

Due to the large amount treatments and measurements present in this study we have 

limited ourselves to establishing spray treatment effects that are present in both cultivars 

compared to the control, the H2O treatment in either one or both years. These results point to 

treatments effects that might be generic in nature, and perhaps applicable to more cultivars. 

In addition, we also point out spray treatment effects compared to the control treatment present 

in only one cultivar to indicate cultivar specific spray treatments effects.  

5.1.4.1. Weather conditions 

Weather conditions (mean air temperature (lines) and precipitation (bars)) during 2015 

and 2016 and the long-term average (30 years) are shown in Fig. 5.1.1. The air temperature 

was higher between March and June in 2015, while in 2016 this was close to the long-term air 

temperature. The 2015 was a dry year compared to the yearly long-term precipitation (923 
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mm) with only 470 mm, while the 2016 was a year with higher than average rainfall in spring, 

corresponding to final phase of the flower development and the fruit development (Fig. 5.1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1 

Long-term average (30 years), 2015 and 2016 weather conditions observed at Carrazedo de 

Montenegro from January 2015 to August 2016. 

 

 

5.1.4.2. Fruit weight 

Fruit weight was affected by the spray treatments (P < 0.001) in both years and by 

interaction between cultivar and treatment (P < 0.001) in 2015 (Fig. 5.1.2). On average, fruit 

weight was reduced in 2016 by on average 33 % compared to 2015. In 2015, GA3 sprays 

showed a higher (P < 0.001) fruit weight, up to 17 % for ‘Skeena’ and 12 % for ‘Sweetheart’ 

cherries compared to control (H2O). SA and GB increased fruit weight, up to 15 % and 8 % 

respectively, for ‘Sweetheart’ cherries compared to the control (Fig. 5.1.2A). In 2016, GB+Ca 

increased fruit weight for both cultivars, up to 14 % for ‘Skeena’ and 20 % for ‘Sweetheart’ 

cherries compared to control. ABA+Ca and SA+Ca increased fruit weight for ‘Skeena’ fruits 

compared to control (Fig. 5.1.2B). 
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Figure 5.1.2 

Fruit weight (g) of the two sweet cherry cultivars (Cv) after spray treatments (T) application in 2015-16. 

Each value is expressed as mean ± SE (n = 30). Different letters [lowercase letters indicate significant 

differences (P < 0.05) among treatments for ‘Skeena’ and uppercase letters indicate significant 

differences (P < 0.05) among treatments for ‘Sweetheart’] by Duncan’s test.  

 

5.1.4.3. Skin colour 

C* was affected by spray treatments (P < 0.001) and the interaction between cultivar 

and treatment (P < 0.001) in both years (Fig. 5.1.3). In 2015, lower C* values were observed 

for SA and GB treated fruits compared to control. Higher C* values were observed for GA3 

treated ‘Skeena’ fruits. Lower C* values were obtained for Ca and ABA treated ‘Sweetheart’ 

fruits compared to control (Fig. 5.1.3A). In 2016, Ca, AN+Ca, GA3+Ca and SA+Ca showed 

higher (P < 0.001) C* values for ‘Sweetheart’ cherries compared to control, up to 33 % for 

GA3+Ca (Fig. 5.1.3B). 

 

 

 

 

 

 

Figure 5.1.3 

Chroma (C*) of the two sweet cherry cultivars (Cv) after spray treatments (T) application in 2015-16. 

Each value is expressed as mean ± SE (n = 30). Different letters [lowercase letters indicate significant 

differences (P < 0.05) among treatments for ‘Skeena’ and uppercase letters indicate significant 

differences (P < 0.05) among treatments for ‘Sweetheart’] by Duncan’s test.  
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5.1.4.4. Epidermis rupture force (ERF) and flesh firmness (FF) 

ERF and FF were affected by the spray treatments (P < 0.01) and the interaction 

between cultivar and treatment (P < 0.01) (Fig. 5.1.4). In 2015, SA and GB application 

increased ERF and FF for ‘Skeena’ cherries compared to control (P < 0.01) (Fig. 4A, C). No 

treatment effects in ERF were observed for ‘Sweetheart’ fruits. GA3 increased (P < 0.01) ERF 

for ‘Skeena’ (Fig. 5.1.4A) and FF for ‘Sweetheart’ cherries (Fig. 5.1.4C). In 2016, GA3+Ca 

increased ERF and FF (P < 0.001) (Fig. 5.1.4B, D) and SA+Ca resulted in an increased FF in 

‘Sweetheart’ fruits (Fig. 5.1.4D) compared to control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.4  

Epidermis rupture force (N) (A, B) and flesh firmness (N mm-1) (C, D) of the two sweet cherry cultivars 

(Cv) after spray treatments (T) application in 2015-16. Each value is expressed as mean ± SE (n = 30). 

Different letters [lowercase letters indicate significant differences (P < 0.05) among treatments for 

‘Skeena’ and uppercase letters indicate significant differences (P < 0.05) among treatments for 

‘Sweetheart’] by Duncan’s test. 

 

 

 

 

 



CHAPTER 5 
EFFECT OF PREHARVEST SPRAY TREATMENTS ON CHERRY QUALITY 

 

109 

 

5.1.4.5. Maturity index 

In 2015, the maturity index was not affected by treatments, but was affected by cultivar 

(P < 0.05), with generally more mature ‘Skeena’ fruits (Fig. 5.1.5A). In 2016, the maturity index 

was not affected by cultivar, but was affected by treatment (P < 0.05) and by their interaction 

(P < 0.05).  

 

 

 

 

 

Figure 5.1.5 

Maturity index (SSC/TA) of the two sweet cherry cultivars (Cv) after spray treatments (T) application in 

2015-16. Each value is expressed as mean ± SE (n = 3). Different letters [lowercase letters indicate 

significant differences (P < 0.05) among treatments for ‘Skeena’ and uppercase letters indicate 

significant differences (P < 0.05) among treatments for ‘Sweetheart’] by Duncan’s test. 

 

5.1.4.6. Soluble sugars and organic acids 

The most abundant soluble sugars observed were glucose and fructose together with 

the sugar alcohol sorbitol (Fig. 5.1.6). This was also reported by Bastos et al. (2015), Usenik 

et al. (2015) and Michailidis et al. (2017). In addition, several authors also reported the 

presence of sucrose (Usenik et al., 2008, 2010, 2015; Kelebek et al., 2011; Michailidis et al., 

2017) in cherries, but this was not the case in our data. Total sugar levels were not affected by 

treatments and the interaction between cultivar and treatment in both years (Fig. 5.1.6G, H).  

The main organic acids found in ‘Skeena’ and ‘Sweetheart’ cherries were malic acid, 

followed by oxalic and shikimic acid (Fig. 5.1.7). This was also found by Serrano et al. (2005), 

Ballistreri et al. (2013) and Usenik et al. (2015). The sum of the organic acids was affected by 

treatment (P < 0.01) and by the interaction between cultivar and treatment (P < 0.01) in both 

years (Fig. 5.1.7G, H). In 2015, the sum of the organic acids was lower for ABA and GA3 

treated ‘Skeena’ fruits compared to control (P < 0.001) (Fig. 5.1.7G). In 2016, AN+Ca showed 

a higher (P < 0.001) sum of organic acids for cherries of both cultivars and SA+Ca treated 

cherries showed higher values for ‘Skeena’ cherries compared to control (Fig. 5.1.7H). 
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Figure 5.1.6 

Individual and sum of the sugars content (mg g-1 DW) of the two sweet cherry cultivars (Cv) after spray 

treatments (T) application in 2015-16. Each value is expressed as mean ± SE (n = 3). Different letters 

[lowercase letters indicate significant differences (P < 0.05) among treatments for ‘Skeena’ and 

uppercase letters indicate significant differences (P < 0.05) among treatments for ‘Sweetheart’] by 

Duncan’s test. 
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Figure 5.1.7 

Individual and sum of the organic acids content (mg g-1 DW) of the two sweet cherry cultivars (Cv) after 

spray treatments (T) application in 2015-16. Each value is expressed as mean ± SE (n = 3). Different 

letters [lowercase letters indicate significant differences (P < 0.05) among treatments for ‘Skeena’ and 

uppercase letters indicate significant differences (P < 0.05) among treatments for ‘Sweetheart’] by 

Duncan’s test. 
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5.1.4.7. Sensory evaluations 

In 2015, no significant differences were found for sensory attributes in ‘Skeena’ treated 

cherries (data not shown). A decrease in the colour intensity score was found for ABA and AN 

treated ‘Sweetheart’ fruits (P < 0.05) compared to control (Fig. 5.1.8A). Compared to control, 

higher scores (P < 0.05) for peduncle colour were obtained for the AN, ABA and SA treatments 

(Fig. 5.1.8A). In 2016, GA3+Ca decreased (P < 0.05) the colour intensity and colour uniformity 

score in both cultivars (Fig. 5.1.8B, C). GA3+Ca and SA+Ca spray treatments increased (P < 

0.05) the appearance score compared to control in ‘Sweetheart’ cherries. The SA+Ca 

treatment increased (P < 0.05) the colour intensity and colour uniformity score. GA3+Ca 

induced a higher (P < 0.05) peduncle colour score for ‘Sweetheart’ fruits (Fig. 5.1.8C). 

5.1.5. Discussion 

5.1.5.1. ‘Sweetheart’ cherries are more responsive to spray treatments than ‘Skeena’ 

fruits 

In 2016 the maturity of the cherries is generally higher compared to 2015 (P < 0.05, 

Fig. 5.1.5). However, the total organic acid level (P < 0.05, Fig. 5.1.7), ERF, FF (P < 0.05, Fig. 

5.1.4) and C* values in 2016 are higher (P < 0.05) than in 2015, which might indicate less 

mature cherries. This is also indicated by generally lower sensory attributes for ‘Sweetheart’ 

cherries in 2016 compared to ‘Sweetheart’ cherries in 2015, except for odor intensity. The 

impact of growing conditions on quality attributes as seen here is a field of growing interest 

(Predieri et al., 2003; Garcia-Montiel et al., 2010), but most relations are not clear yet.  

Next to year effects on quality attributes, also cultivar effects exist. Significantly higher 

values for ERF (P < 0.001, Fig. 5.1.4) and the sum of the soluble solids (P < 0.05, Fig. 5.1.6) 

are observed for ‘Sweetheart’ compared to ‘Skeena’ cherries in 2016. Also, the difference in 

C* values in 2016 between the two cultivars is larger than that of the C* values for cherries 

harvested in 2015, regardless of spray treatment (Fig. 5.1.3). Finally, the number of significant 

differences in sensory attributes is higher for ‘Sweetheart’ compared to ‘Skeena’ cherries in 

both years (Fig. 5.1.8). This indicates that ‘Sweetheart’ cherries are more sensitive to spray 

treatments than ‘Skeena’ cherries. 
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Figure 5.1.8 

Spider plot of sensory profile of the ‘Sweetheart’ (A, C) and ‘Skeena’ cherries (B) after spray treatments (T) application in 2015-16. * P < 0.05 represent 

significant differences between treatments by Duncan’s test. Absence of superscript indicates no significant differences. 
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5.1.5.2. GA3 and SA increase fruit weight  

The finding that GA3 application increased fruit weight compared to control (Fig. 5.1.2A) 

in 2015 is consistent with literature (Usenik et al. 2005; Lenahan et al. 2006; Zhang and 

Whiting, 2011a). This effect of GA3 was not observed for the GA3+Ca treatments in 2016 (Fig. 

5.1.2B). This might indicate that Ca in combination with GA3 limits the weight increase effect 

as observed in 2015. This is, however, unlikely as Zhang and Whiting (2011b)  reported a 

synergistic effect of Ca with GA3 that increased fruit size. 

Previous studies reported that GA3 application increased cell division and elongation, 

with a positive effect on cherry fruit size (Clayton et al., 2003; Horvitz et al., 2003; Usenik et 

al., 2005; Cline and Trought, 2007). SA application increased fruit weight (P < 0.001, Fig. 

5.1.2A) up to 15 % for ‘Sweetheart’ cherries in 2015 and for ‘Skeena’ cherries in 2016 when 

combined with Ca (P < 0.001, Fig. 5.1.2B). It is likely that SA application increases fruit weight 

as Giménez et al. (2014) also found that SA application on ‘Sweetheart’ and ‘Sweet Late’ 

cherries increased fruit weight. 

5.1.5.3. GB increases fruit weight and appearance  

In 2016, GB+Ca increased fruit weight for both cultivars and for ‘Sweetheart’ cherries 

in 2015 (Fig. 5.1.2). Interestingly, GB+Ca treated cherries showed a positive correlation 

between fruit weight and appearance (r = 0.68, P = 0.046), while cherry fruit weight of Ca 

treated cherries showed a negative correlation (r = -0.66, P = 0.019). This indicates that GB is 

likely an attractive compound to increase the economic performance of cherry trees. 

5.1.5.4. GB increases colour development 

SA and GB application decreased C* values in 2015 (Fig. 5.1.3A). Lower C* values are 

indicative of skin darkening. SA treatments on red grapes resulted in a darker fruit colour 

(Champa et al., 2015) and increased anthocyanin content (Giménez et al., 2014). None of the 

spray treatments lowered the C* values in 2016. This might be due to the addition of Ca to all 

the spray treatments, although the Ca treatment for ‘Sweetheart’ cherries in 2015 did show 

lower C* values. In fact, only the ABA+Ca and GB+Ca did not increase the C* values for 

‘Sweetheart’ cherries. SA+Ca increased the C* values for ‘Sweetheart’ cherries in 2016, which 

is puzzling as SA is reported to mitigate environmental stresses (Kabiri et al., 2014; Khan et 

al., 2015). Perhaps the only relevant finding is therefore the effect of GB on colour darkening. 

GB either lowered the C* values in 2015 for both cultivars, and did not increase the C* values 

for ‘Sweetheart’ cherries in 2016 (Fig. 5.1.3). In addition, GB increased the colour intensity 

score for ‘Sweetheart’ fruits in 2015 (Fig. 5.1.8A). The role of GB on colour ripening has not 

been reported before and the mechanism by which GB might affect the anthocyanin pathway 

is currently unknown.   
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5.1.5.5. GA3, SA and GB might increase firmness attributes  

GA3, with or without Ca, increased ERF and FF in almost all cases (Fig. 5.1.4). Previous 

studies showed that GA3 increased the flesh firmness of sweet cherry (Choi et al., 2002; Horvitz 

et al., 2003; Einhorn et al., 2013). SA and GB spray increased ERF and FF in ‘Skeena’ cherries 

(Fig. 5.1.4A, C). SA application increased the firmness of ‘Sweetheart’ and ‘Sweet Late’ 

cherries (Giménez et al., 2014). It is therefore likely that GA3 has an effect improving firmness 

attributes of cherries that might be generic, while the effects of SA and GB are more likely to 

be more cultivar specific. Although the effects of these spray treatments were visible in the 

texture analyser measurements, there were not observed in the sensory evaluations (Fig. 

5.1.8), indicating limited effect for consumers.  

5.1.5.6. SA and AN might increase acidity  

SA application increased the sum of the organic acids in ‘Sweetheart’ fruits in 2015 

(Fig. 5.1.7A) and for ‘Skeena’ cherries in 2016 in combination with Ca (Fig. 5.1.7B). Giménez 

et al. (2014) reported that SA-treated ‘Sweet Heart’ cherries showed a decreasing TA trend, 

while for ‘Sweet Late’ cherries the opposite occurred. AN+Ca increased the sum of the organic 

acid level in both cultivars in 2016 and for ‘Sweetheart’ cherries in 2015 (Fig. 5.1.7). These 

spray effects on the sum of the organic acids for were not observed when comparing the 

sensorial attributes of astringency and sour taste (Fig. 5.1.8). This might indicate that the 

effects of any spray treatment on acidity are of limited effect for consumers. 

5.1.5.7. The limited effect of ABA spray treatment effects 

ABA is associated with triggering ripening process via the anthocyanin biosynthesis 

pathway (Luo et al., 2014), responsible for red-coloured sweet cherry pigmentation. ABA 

application resulted in lower C* values for only ‘Sweetheart’ cherries in 2015, while having no 

effect in 2016 (Fig. 5.1.3). Higher fruit weight after ABA application was observed in 

‘Satonishiki’ cherry (Luo et al., 2014) and in ‘Pioneer McIntosh’ apple (Greene et al., 2011). 

Here, the ABA+Ca treatment increased fruit weight for ‘Skeena’ cherries while the Ca 

treatment did not show a weight increase in 2016 (Fig. 5.1.2B). Finally, exogenous application 

of ABA to cherry fruits is reported to increase the SSC/TA (Luo et al., 2014). We found that the 

sum of the organic acids was lower for ABA treated ‘Skeena’ fruits compared to control (Fig. 

5.1.7A). These limited effects of ABA in our experiments might be due to the rather low applied 

ABA concentrations, three times 10 uM. Other reports used higher concentrations, for instance 

a one-time application of 100 µM in cherry (Luo et al., 2014) or onion (Chope et al., 2007).   
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5.1.5.8. The role of adding Ca to the spray treatments 

Several authors reported on the role of Ca having an important role in the strength of 

cherry cell walls and membranes (Demirsoy and Bilgener, 1998; Vangdal et al., 2008; 

Michailidis et al., 2017). However, we did not find increased ERF or FF when comparing the 

Ca treatment with the control treatments in 2015 and 2016 (Fig. 5.1.4), including the firmness 

sensory attribute (Fig. 5.1.8). Next to the reported role of Ca in improving cell integrity, Ca is 

also a secondary messenger during hormone signalling that affects, amongst others, cell 

division and cell expansion (Hocking et al., 2016). AN, ABA and GB application might have a 

positive interaction with Ca in 2016 as fruit weight increased where this was not the case when 

these compounds where applied without Ca in 2015. GA3 showed increased weight without 

Ca in 2015, but not with Ca application in 2016 (Fig. 5.1.2), which would point to a negative 

interaction. Nevertheless, trying to assert the role of adding to Ca to spray treatments is hard 

due to the strong year and cultivar effects present in the data. 

5.1.5.9. Do the spray treatments AN and GB affect quality attributes? 

Biostimulants have a multicomponent composition, as plant growth regulators (PGRs - 

auxins, cytokinins, gibberellins, brassinosteroids), aminoacids, betaines, proteins, sugars, 

vitamins, humic substances, among others, where the amount and efficacy of the functional 

compounds is unknown (Yakhin et al., 2017). We have found limited spray treatment effects 

of AN such as increasing the acidity (Fig. 5.1.7B), but not the acidity related sensory attributes 

(Fig. 5.1.8). This indicates that AN is likely not an attractive compound to increase quality and 

sensory attributes of cherries, although further studies about how environmental factors, dose 

and time of biostimulants like AN affect tree performance and consequently fruit quality are 

needed. The other novel compound, GB, does show clear positive effects on quality attributes. 

GB sprays increased weight (Fig. 5.1.2), appearance (Fig. 5.1.8), colour development (Fig. 

5.1.3) and might increase firmness attributes (Fig. 5.1.4). This makes GB commercially 

attractive to apply to increase cherry quality attributes. Foliar application of GB might be 

common practice in orchards, considering GB is available at affordable prices for producers. 

5.1.6. Conclusions 

Spray treatment effects were affected by cultivar and year, with more effects found in 

2016 and for ‘Sweetheart’ cherries. This indicates the need to develop cultivar-specific 

strategies that improve both fruit sensory quality and fruit quality characteristics. ABA spray 

treatment showed remarkably small effects on quality attributes at harvest. GA3 and SA 

increases both fruit weight and firmness. SA also likely increases the acidity. This means that 

for the traditional spray treatments investigated in this study, GA3 is the most attractive 

treatment to implement in orchards. GB, one of the novel compounds applied in this study, 
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showed a number of positive effects on quality attributes at harvest. GB sprays increased 

weight, appearance, colour development and might increase firmness attributes. This indicates 

that both GA3 and GB are attractive compounds to increase quality attributes at harvest. 
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Supplementary Material 

 

Table S5.1.1 

Vocabulary and reference standards used for descriptive sensory analysis. 

 

 

(1) Nominal scale for aroma flavour and textural attributes intensity scoring: 

The attribute is not perceived at all 1-2 

Doubts about the presence of the attribute 3-4 

The attribute is clearly perceived, although it is slight 5-6 

The attribute is clearly perceived, but the intensity is lower than the reference 7-8 

The attribute is clearly perceived and the intensity is close or similar to the reference 9-10 

 

(2) Cherry sample A1B - Three fruits from a cherry sample in the full ripening stage and very flavourfull. 

(3) The odour was perceived as an orthonasal perception (external olfactory sense, which occurs when inhaling and allows 

us to detect odours in our environment) and flavour as a retro-nasal perception (migration of aromas up the nasal cavity 

that then stimulate organoleptic organs-olfactory nerves). 

 

Attribute Description References 

Appearance 
Global cherry appearance Small, light-cherry (intensity 1) to big, 

intense red-colour cherry (intensity 10) (1) 

Epidermis softness Softness of epidermis felt with the fingers Cherry sample A1B (intensity 10) 

Colour intensity 
Intensity of red-cherry colour The red colour intensity from light (intensity 

1) to very dark (intensity 10) (1) 

Colour uniformity Cherry colour uniformity Cherry sample A1B (2) (intensity 10) 

Peduncle colour 
Peduncle colour The brown colour intensity from light 

(intensity 1) to green (intensity 10) (1) 

Odour intensity (3) 
The expected odour associated when 

smelling a cherry  

Cherry sample A1B (2) (intensity 10) 

Sweet taste 

The taste stimulated by sucrose, glucose, 

or fructose  

Solutions of sucrose with concentrations 

from 2 %, w/v (intensity 1) to 20 %, w/v 

(intensity 10) 

Sour taste 
The taste stimulated by acids such as 

citric, malic, and phosphoric  

Solutions of citric acid from 0.05 g L-1 

(intensity 1) to 2.0 g L-1 (intensity 10) 

Bitter taste 
The taste stimulated by substances such 

as caffeine and quinine sulphate 

Solutions of quinine sulphate from 0.0003 g 

L-1 (intensity 1) to 0.02 g L-1 (intensity 10) 

Astringency 

The shrinking or puckering of the tongue 

surface caused by substances such as 

tannins or alum  

Solution of oenological tannin 160 mg L-1 

(intensity 10) 

Strange taste 
Taste of wet earth or turf, that you feel 

when you chew the fruit 

Cherry sample A1B (2) (intensity 1) 

Cherry flavour 

The expected flavour (retro-nasal 

evaluation) associated when consuming a 

cherry  

Cherry sample A1B (2) (intensity 10) 

Strange flavour 
Flavour of wet earth or turf, that you feel 

when you chew the fruit 

Cherry sample A1B (2) (intensity 1) 

Firmness 
The force required to fracture sample 

between molars  

Boiled egg white (intensity 2) and pitted 

olives (intensity 10) 

Succulence 
The quantity of juice released by the 

sample when chewed up to 5 times  

One cm3 piece of water melon (intensity 10) 
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5.2. CLIMATE CONDITIONS AND SPRAY TREATMENTS INDUCE SHIFTS IN HEALTH PROMOTING 

COMPOUNDS IN CHERRY (PRUNUS AVIUM L.) FRUITS 

5.2.1. Abstract 

Effects of repeated sprays [calcium (Ca), gibberellic acid (GA3), abscisic acid (ABA), salicylic 

acid (SA), glycine betaine (GB), biostimulant Ascophyllum nodosum (AN) and water as control] 

on health promoting content of ‘Skeena’ and ‘Sweetheart’ cherries were observed. In 2015, 

without addition of Ca, in 2016 with Ca. Phenolic and carotenoid contents were higher and 

ascorbic acid content was lower in 2016 compared to 2015. Differences in solar radiation, 

temperature and precipitation likely contributed to this shift in health promoting content. GA3, 

ABA, SA and GB generally increased anthocyanin content. GA3 and GB lowered ascorbic acid 

content for ‘Sweetheart’ cherries and lowered carotenoid content (‘Skeena’ in 2015 and 

‘Sweetheart’ cherries in 2016). AN and GB showed opposite effects, with AN increasing 

carotenoid and ascorbic acid content, but lowering phenolic content. In conclusion, both 

weather conditions and sprays can induce large shifts in health promoting compounds in cherry 

fruits. 

5.2.2. Introduction 

Sweet cherry (Prunus avium L.) is one of the most popular non-climacteric stone fruits. 

Sweet cherry is greatly appreciated due to its taste, colour and sweetness, and for its nutritional 

and bioactive properties (Ballistreri et al., 2013). The intake of sweet cherries is associated 

with the decrease of risk of cancer, cardiovascular disease, diabetes, and other inflammatory 

diseases (McCune et al., 2010). Sweet cherry polyphenols exhibit high antioxidant activity 

(Serra et al., 2011), is a rich source of hydroxycinnamic acids, flavonols and flavan-3-ols and 

has high anthocyanin content (Gonçalves et al., 2004). Other health related compounds such 

as ascorbic acid, vitamins A, E and K and carotenoids are also present in sweet cherry (Ferretti 

et al., 2010; Matteo et al., 2016). The phytonutrient content in sweet cherry depends on 

genotype (Ballistreri et al., 2013), climatic conditions and agronomic practices (Gonçalves et 

al., 2004). Maturity stage of the fruits (Serradilla et al., 2011) and storage conditions 

(Gonçalves et al., 2004) also play an important role. 

Preharvest application of growth regulators has been implemented over the last years 

to improve quality attributes of sweet cherry fruit. Calcium (Ca) is a key plant nutrient, 

enhancing the stability of the membranes and cell integrity (Hanson, 1984). Ca sprays have 

been applied to improve skin colour, firmness, phenolics, sugars and minerals in apples 

(Solhjoo et al., 2017) and cherries (Erogul, 2014). Foliar plant growth regulators application, 

such as gibberellic acid (GA3), have been used to improve cherry firmness and size (Zhang 

and Whiting, 2011). Salicylic acid (SA) plays an important role in plant growth and in the 
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response to environmental stresses (Hayat and Ahmad, 2007). SA-treated ‘Sweetheart’ and 

‘Sweet Late’ fruits had higher total phenolic and anthocyanin content (Giménez et al., 2014). 

Abscisic acid (ABA) enhanced softening and sugar accumulation in cherries (Luo et al., 2014). 

Exogenous application of ABA also improved the fruit colour via the flavonoid and lignin 

biosynthetic pathways (Kondo and Inoue, 1997). 

The effects of growth regulators on health promoting compounds in sweet cherry has, 

up to now, not been investigated without taking year and cultivar into account. We investigated 

the role of Ca, traditional growth regulators (GA3, SA and ABA) and promising new compounds, 

such as glycine betaine (GB) and Ascophyllum nodosum (AN) for two cultivars during two 

years. GB is quaternary ammonium compound, which is involved in maintaining the integrity 

of membranes against abiotic stress via osmoregulation or osmoprotection (Ma et al., 2007). 

Seaweed based biostimulants, like AN, have a multicomponent composition, combining plant 

hormones, amino acids, betains, proteins, sugars, lipids, vitamins, humic substances, phenolic 

compounds, among others (Yakhin et al., 2017). 

The aim of this research was to evaluate the effect of plant growth regulators with and 

without Ca on the phytochemical composition of cherries for two important commercial cherry 

cultivars, Skeena and Sweetheart, during two consecutive growing seasons. The effects of 

growing season, cultivar and growth regulators are discussed in relation to phenolic, 

anthocyanin, total ascorbic acid and carotenoid content. 

5.2.3. Material and Methods 

5.2.3.1. Plant material 

Experiments were carried out in a commercial orchard located in Carrazedo de 

Montenegro (latitude 41°33´ N, longitude 7°17´ W, altitude 682 m), north of Portugal during 

two years (2015 and 2016). Air temperature (ºC), precipitation (mm) and solar radiation (W m -

2) were recorded by a weather station (IMT280, iMETOS, Weiz, Austria) located near the 

experimental site, and are presented in Figure 5.2.1.  
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Figure 5.2.1 

Average daily and monthly air temperature (°C), rainfall (mm) and solar radiation (W m-2) in 2015 and 

2016 observed at Carrazedo de Montenegro. 
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The soil characteristics are: 1.3 % of organic matter content, high K2O (125 mg kg-1) and 

medium P2O5 (75 mg kg-1) content, medium texture and pH 5.5. Late-maturing, Skeena and 

Sweetheart sweet cherry trees (Prunus avium L.), six-year old and grafted on ‘Gisela 6’ 

rootstocks were used. Trees were spaced 4.5 m between rows and 2.0 m from each other in 

the row (about 864 trees ha-1) trained under a vertical axis system (Ayala and Lang, 2017). 

Trees were daily drip-irrigated between May and September, 4 h per day (drippers 1 m apart 

in line with a 4 L h-1 flow rate) and summer pruned. Trees were also periodically fertilized 

according to recommendations provided by the certified soil analysis laboratory at UTAD.  

5.2.3.2. Experimental design and treatments 

For each treatment and cultivar, fifteen trees were selected, but only nine trees were 

used to compare treatment effects as the other trees were assigned as border row trees to 

prevent carry-over effects. The treatments applied in 2015 were: control (distilled water), and 

aqueous solution of biostimulant with seaweed Ascoplyllum nodosum (AN) at 0.05 % (v/v), 

gibberellic acid (GA3) at 10 ppm, 10 µM abscisic acid (ABA), 1 mM salicylic acid (SA), 0.1 % 

(v/v) glycine betaine (GB) and 0.5 % (v/v) calcium chloride (CaCl2). In 2016, the same 

treatments were applied to the trees that were selected in the previous year, but now including 

0.5 % CaCl2, except for the control treatment. All cherries in each tree were treated with a 

mean volume of 2.5 L of spraying solution. Control and treatment solutions were mixed with a 

wetting agent (Sticman, Lusosen) (0.1 %, v/v). Treatments, except CaCl2, were applied 30, 49 

and 56 days after full bloom (DAFB), corresponding to the beginning of fruit development 

(shuck split), the transition from green to yellow and the transition from yellow to orange colour. 

At 56, 62 and 69 DAFB, CaCl2 was applied. 

For each treatment and cultivar, hundred fruits from each tree were harvested, on 8 th 

July 2015 and on 15th July 2016, simultaneously at the commercial maturity stage based on 

cultivar characteristics (size, colour and soluble solids content). Fruits were transported to the 

lab and stored at -80 ºC until further analysis. Three sets of thirty fruit were used for each 

combination of cultivar and spray treatment. The stone of each fruit was removed and then the 

cherries were placed in liquid nitrogen, lyophilized at -55 °C for 48 h and converted into a fine 

dried powder using a commercial blender (ModelBL41, Waring Commercial, Torrington, CT, 

USA). 

5.2.3.3. Determination of the total anthocyanin and total polyphenol content 

Total phenolic content was measured according to Singleton and Rossi (1965). Forty 

milligram of freeze-dried sample was dissolved in 1 mL of 70 % (v/v) aqueous methanol, 

heated to 70 °C and vortexed every 5 min for 30 min. The extracts were then centrifuged at 

15.000 g for 15 min. The supernatants were filtered through a 0.2 µm, Ø 13 mm PTFE filter 
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(Teknokroma, Spain) and transferred to amber HPLC vials (Chromabond 2-SVW(A) ST-CPK, 

Sigma-Aldrich) and kept at -20 °C. Briefly, 20 µL of each extract was added to 100 µL Folin-

Ciocalteu reagent diluted in double-distilled water (ddH2O) (1:10, v/v) and sodium carbonate 

at 7.5 % (Na2CO3, 80 µL). After 15 min of incubation at 45 °C, the absorbance values were 

recorded at 765 nm against a methanol blank applying a 96-well microplate reader 

(MultiskanTM FC Microplate Photometer, USA). Gallic acid was used as standard (Sigma-

Aldrich). The results were expressed as mg gallic acid equivalents (GAE) g-1 dry weight (DW) 

as the mean ± standard error (SE) of three replicates. 

Total anthocyanin quantification was performed according to Nicoué et al. (2007). 

Methanolic extracts were prepared by dissolving 1.0 g of freeze-dried sample in 10 mL of 

acidified methanol (1 % HCl, v/v), at 4 °C during 1 h. After this period, the extracts were 

centrifuged (Centric 250, UniEquip, Munich, Germany) at 2000 g during 15 min and filtered 

(WhatmanTM No. 1, 90 mm). The supernatants were diluted with 0.025 M KCl buffer (pH 1) or 

0.4 M sodium acetate (CH3COONa) buffer (pH 4.5) at a ratio of 1:6. After 10 min the 

absorbance at 541 nm and 700 nm was recorded in the pH 1 and the pH 4.5 buffer 

spectrophotometrically (U-2000, serial 121-0120, Hitachi Ltd., Tokyo, Japan). The net 

anthocyanin absorbance was calculated as (A541-A700)pH1.0 - (A541-A700)pH4.5. The anthocyanins 

content was estimated applying the molar absorptivity (Ɛ=28800) and molecular weight 

(MW=595.2) of cyanidin-3-O-rutinoside (Wrolstad, 1976). The results are shown as cyanidin-

3-O-rutinoside equivalents (mg cy-3-rut g-1 DW). All results were presented as the mean ± SE

of three replicates. 

5.2.3.4. Chromatographic determination of phenolic compounds 

The individual phenolic compounds content was assessed by HPLC-DAD-UV/VIS 

according to Aires et al. (2013) with several modifications. Methanolic extracts, prepared for 

total phenolic quantification, were injected in a HPLC-DAD-UV/VIS system with a C18 column 

(250 9 4.6 mm, 5 µm) (ACE, Advanced Chromatography Technologies, Aberdeen, Scotland) 

applying eluents composed of 0.1 % (v/v) trifluoroacetic acid (TFA) (solvent A) and acetonitrile 

with 0.1 % TFA (solvent B). The gradient started with 100 % of solvent A at 0 min, 100 % A at 

5 min, 80 % A (15 min, 50 %) A (30 min), 0 % (45 min), 0 % (50 min), 100 % A (55 min) and 

100 % A (60 min) at a flow rate of 1 mL min-1. The injection volume was 10 µL and the 

chromatograms were recorded at 270, 280, 320 and 370 nm for phenolics, and at 520 nm for 

anthocyanins. Peak identification was done by comparison with external standards 

(Neochlorogenic acid, p-coumaroylquinic acid, chlorogenic acid, catechin, epicatechin, 

quercetin-3-O-rutinoside, quercetin-3-O-galactoside, cyanidin-3-O-rutinoside and cyanidin-3-

O-glucoside) from Extrasynthese. Typical HPLC chromatograms are shown in Supplementary
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Figure 5.2.1 (Fig. 5.2.1S). The results were expressed in µg g-1 DW as the mean ± SE of three 

replicates. 

5.2.3.5. Determination of total carotenoids content  

Total carotenoids quantification was performed according to Dere et al. (1998) with 

some modifications as described by Aires et al. (2017). Briefly, 0.2 g of freeze-dried sample 

was extracted with 5 mL of acetone in triplicate, at room temperature by vortexing every 5 min 

during 20 min. The extracts were centrifuged at 2000 g for 5 min and filtered (WhatmanTM No. 

1, 90 mm). Absorbance at 470, 645 and 662 nm was recorded and the net carotenoid 

absorbance was calculated as: [(1000*A470)-(2.27*(11.75*A662)-(2.35*A645))-

(81.4*(18.61*A645)-(3.96*A662))]/227 (Dere et al., 1998). The results were expressed as µg g-1 

DW as the mean ± SE of three replicates. 

5.2.3.6. Chromatographic determination of total ascorbic acid 

Total ascorbic acid content was measured according to Hernández et al. (2006), with 

several modifications. Freeze-dried sample (0.2 g) was extracted with 3 % (v/v) 

metaphosphoric acid and 8 % (v/v) acetic acid and 1 mM of tert-butylhydroquinone solvent. 

The samples were homogenised for 2 min using an Ultra Turrax. The extracts were centrifuged 

at 2000 g for 15 min. The supernatant was then filtered (PTFE 0.2 µm, Ø 13 mm - Teknokroma, 

Spain) and transferred to amber HPLC vials (Chromabond 2-SVW(A) ST-CPK, Sigma-Aldrich) 

and quantified immediately by HPLC-DAD-UV/VIS with a C18 column (250 9 4.6 mm, 5 µm) 

(ACE, Advanced Chromatography Technologies, Aberdeen, Scotland). The eluent was 

composed of 0.2 % (v/v) orthophosphoric acid, and the elution was performed at a flow rate of 

1.2 mL min-1 with an isocratic gradient and an injection volume of 20 µL. The chromatograms 

were recorded at 245 nm and the identification was done by comparison with an external 

standard (dehydroascorbic acid, Sigma-Aldrich). The results were expressed as µg g-1 DW as 

the mean ± SE of three replicates. 

5.2.3.7. Statistical analysis 

All data were statistically assessed using SPSS V.25 (SPSS-IBM, Orchard Road-

Armonk, New York, NY) and subjected to analysis of variance (ANOVA). All data sets were 

normally distributed (Shapiro-Wilk) and homogeneous (Bartlett). A three-way ANOVA was 

performed, establishing cultivar, treatment and year effects when comparing the control and 

Ca-treated cherries in both years. One-way and two-way ANOVA was performed, followed by 

the post hoc Duncan’s multiple range test (P < 0.05), establishing cultivar and treatment effects 

for each year separately. 
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5.2.4. Results 

Results are presented in two sections. The first section (5.2.4.1.) is devoted to 

comparing the effects of treatments that are identical during both years, the Ca and the control 

treatment. The second section (5.2.4.2.) reports on spray treatments per year, as the 

treatments in 2016 are with, while those in 2015 are without addition of Ca. 

5.2.4.1. Year and treatment effects of Ca on health promoting compounds 

5.2.4.1.1. Weather conditions 

The average air temperature between flowering and fruit maturation, from March to 

June, was almost 2.6 °C higher in 2015 compared to 2016. The mean daily solar radiation 

during the growing period, from March to harvest date, was higher in 2015 (250 W m -2) 

compared to 2016 (213 W m-2). Only 470 mm precipitation was observed in 2015 compared to 

the long-term average precipitation of 923 mm (IMT280, iMETOS, Weiz, Austria). In 2016, 

substantial spring rainfall was recorded (Fig. 5.2.1).  

5.2.4.1.2. Year effects 

Cherry phenolic and carotenoid contents were higher (Fig. 5.2.2A, C) in 2016 compared 

to 2015 while ascorbic acid levels were lower (Fig. 5.2.2D). In 2016, anthocyanin content was 

higher for ‘Skeena’ fruit, while anthocyanin content was lower for ‘Sweetheart’ fruit compared 

to 2015 (Fig. 5.2.2B).   

5.2.4.1.3. Ca treatment effects 

Total anthocyanin, carotenoid and ascorbic acid contents were affected by the 

interaction between cultivar, treatment and year (P < 0.001) when comparing the Ca spray with 

control. Ca sprays increased phenolic content for ‘Sweetheart’ cherries in both years compared 

to control (Fig. 5.2.2A). Ca sprays increased anthocyanin content for ‘Sweetheart’ fruit in 2015 

compared to control (Fig. 5.2.2A). However, Ca sprays lowered phenolic and anthocyanin 

content for ‘Skeena’ cherries in 2015 compared to control (Fig. 5.2.2A, B). In 2016, Ca-treated 

‘Skeena’ cherries had higher carotenoid content compared to control, while opposite trend was 

observed in ‘Sweetheart’ fruits (Fig. 5.2.2C). Ca sprays increased ascorbic acid content in both 

years for ‘Skeena’ fruit compared to control (Fig. 5.2.2D). Ca-treated ‘Sweetheart’ cherries 

contained lower ascorbic acid content in 2015 compared to control (Fig. 5.2.2D).  
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5.2.4.2. Spray treatment effects per year 

5.2.4.2.1. Phenolic and anthocyanin content in 2015 

Phenolic and anthocyanin contents were affected by spray treatments (P < 0.001) and 

by interaction between cultivar and treatment (P < 0.001). Anthocyanin content was higher for 

the GA3, ABA, SA and GB treatments for cherries of both cultivars compared to control (Fig. 

5.2.3C). AN-treated cherries showed a lower phenolic content for both cultivars (Fig. 5.2.3A). 

Content of individual phenolic compounds are shown in supplementary material Table 5.2.1 

(Table S5.2.1). 

5.2.4.2.2. Phenolic and anthocyanin content in 2016 

Phenolic and anthocyanin contents were affected by spray treatments (P < 0.001) and 

by interaction between cultivar and treatment (P < 0.001). Total phenolic and total anthocyanin 

content was higher for ABA+Ca treated cherries for both cultivars compared to control (Fig. 

5.2.3B, D). Next to ABA+Ca, also GA3+Ca, SA+Ca and GB+Ca increased anthocyanin content 

for ‘Skeena’ cherries. Lower anthocyanin content was obtained in GA3+Ca and GB+Ca-treated 

‘Sweetheart’ fruits (Fig. 5.2.3D). 

5.2.4.2.3. Total carotenoids content in 2015 

Total carotenoids content was affected by spray treatments (P < 0.001) and by 

interaction between cultivar and treatment (P < 0.001). GA3 and GB treated ‘Skeena’ cherries 

showed a lower carotenoids content, while AN and SA treatments increased carotenoids 

content for ‘Sweetheart’ fruits compared to control (Fig. 5.2.4A). 

5.2.4.2.4. Total carotenoids content in 2016 

Total carotenoids content was affected by spray treatments (P < 0.001) and by 

interaction between cultivar and treatment (P < 0.001). Carotenoid content was lower for 

GB+Ca treated cherries for both cultivars compared to control. Also, GA3+Ca and SA+Ca 

treatments decreased carotenoid content for ‘Sweetheart’ fruits compared to control. 

Carotenoid content increased for all spray treatments when applied on ‘Skeena’ cherries when 

compared to control, except for GB+Ca (Fig. 5.2.4B).  
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Figure 5.2.2 

Total phenolic (A), total anthocyanin (B), total carotenoids (C) and total ascorbic acid (D) contents of 

Skeena and Sweetheart cherry cultivars (Cv) after calcium treatment (T) application in two consecutive 

years (Y). Data are the mean ± SE (n = 3). Different lowercase and uppercase letters indicate significant 

differences (P < 0.05) among treatments in 2015 and 2016, respectively, by Duncan’s test. *** Indicates 

P < 0.001 by Duncan’s test among years.  
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Figure 5.2.3 

Total phenolic (A, B) and total anthocyanin (C, D) contents (mg g-1 DW) of Skeena and Sweetheart 

cherry cultivars (Cv) after spray treatments (T) application in 2015-16. Data are the mean ± SE (n = 3). 

Different lowercase and uppercase letters indicate significant differences (P < 0.05) among treatments 

for ‘Skeena’ and ‘Sweetheart’, respectively, by Duncan’s test. 

 

 

 

 

 

 

Figure 5.2.4 

Total carotenoids content (µg g-1 DW) of Skeena and Sweetheart cherry cultivars (Cv) after spray 

treatments (T) application in 2015-16. Data are the mean ± SE (n = 3). Different lowercase and 

uppercase letters indicate significant differences (P < 0.05) among treatments for ‘Skeena’ and 

‘Sweetheart’, respectively, by Duncan’s test.  
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5.2.4.2.5. Total ascorbic acid content in 2015 

Total ascorbic acid was affected by the spray treatments (P < 0.001) and by interaction 

between cultivar and treatment (P < 0.001). GA3, ABA and GB-treated fruit of both cultivars 

showed lower total ascorbic acid content compared to control. Ca, AN and SA-treated ‘Skeena’ 

fruit showed higher total ascorbic acid compared to control (Fig. 5.2.5A).   

5.2.4.2.6. Total ascorbic acid content in 2016 

Total ascorbic acid was affected by the spray treatments (P < 0.001) and by interaction 

between cultivar and treatment (P < 0.001). All spray treatments increased total ascorbic acid 

content for ‘Skeena’ cherries compared to control. GA3+Ca, ABA+Ca, SA+Ca and GB+Ca-

treated ‘Sweetheart’ fruit showed lower total ascorbic acid content (Fig. 5.2.5B).  

Figure 5.2.5 

Total ascorbic acid content (µg g-1 DW) of Skeena and Sweetheart cherry cultivars (Cv) after spray 

treatments (T) application in 2015-16. Data are the mean ± SE (n = 3). Different lowercase and 

uppercase letters indicate significant differences (P < 0.05) among treatments for ‘Skeena’ and 

‘Sweetheart’, respectively, by Duncan’s test. 

5.2.5. Discussion 

5.2.5.1. Weather plays a major role affecting cherry phytonutrient content at harvest 

The effects of Ca and the control treatment on phytonutrient content were compared 

for cherries harvested in 2015 and in 2016. In 2015, higher total ascorbic acid content (Fig. 

5.2.2D), lower phenolic (Fig. 5.2.2A, B) and carotenoid (Fig. 5.2.2C) content were observed in 

cherries of both cultivars compared to 2016. This year effect is likely related to weather 

conditions as orchard management and time of harvest were similar. As there was limited 

rainfall in 2015, water stress might be expected. Relative water content (RWC) values below 

65 % indicate water stress conditions (Tripathy et al., 2000). However, the leaf RWC values, 

on average around 90 % in both years, indicate sufficient drip irrigation (data not shown). Cool 
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summer conditions with ample precipitation were highly correlated with high phenolic 

compounds, anthocyanin and ascorbic acid levels in black currant (Woznicki et al., 2015). Also, 

in dense canopies of sweet cherry trees, light reduction caused a notable increase of phenolic 

concentration (Gonçalves et al., 2008). Typical cool summer conditions were present during 

fruit development in 2016 and might explain higher cherry phenolic, anthocyanin and 

carotenoid content (Fig. 5.2.2). The lower total ascorbic acid content, however, does not fit in 

this picture. Higher levels of ascorbic acid in strawberry (Hakala et al., 2003) and in sweet 

cherry (Dziadek et al., 2018) were observed in years with warm and dry springs and summers. 

The higher cherry total ascorbic acid content in 2015 (Fig. 5.2.2D) might therefore result from 

the lower average precipitation and higher average temperature during fruit development. 

Higher cherry carotenoid content in 2016 might be due to lack of solar radiation during the 

growing period to compensate for the lower solar radiation (Czeczuga, 1987). Nevertheless, 

the shift in phytonutrients between years in this study is remarkable, and more emphasis 

should be directed at a better understanding how weather affects phytonutrient content in 

sweet cherry.  

5.2.5.2. Ca might affect cherry phytonutrient content in a cultivar dependant manner 

Michailidis et al. (2017) found that Ca increased phenolic content in ‘Lapins’ sweet 

cherries. However, Ca was also linked to decreased phenolic content in ‘Germersdorfi 3’ sweet 

cherries (Thurzo et al., 2008). This might indicate that Ca affects phenolic content depending 

on cultivar, as this was also found in our study: Ca induced higher phenolic content in 

‘Sweetheart’ cherries, but lower phenolic content in ‘Skeena’ cherries (Fig. 5.2.2A). In addition, 

Ca increased carotenoid (2016) and total ascorbic acid (2015 and 2016) content for ‘Skeena’ 

cherries, while Ca decreased carotenoid (2016) and total ascorbic acid (2015) content for 

‘Sweetheart’ cherries (Fig. 5.2.2C, D). Taken together, Ca might affect phytonutrient content 

in a cultivar dependant manner.  

5.2.5.3. GA3 affects anthocyanin content and ABA, SA and GB increase anthocyanin 

content 

In 2015, GA3 application increased anthocyanin content compared to control in both 

cherry cultivars (Fig. 5.2.3C). GA3 is reported to increase anthocyanin content, especially 

cyanidin-3-O-rutinoside, during fruit ripening (Serradilla et al., 2011). In 2015, cyanidin-3-O-

rutinoside content was indeed highest for the GA3 treatment (Table S5.2.1). However, GA3 is 

also linked to decreasing anthocyanin content in sweet cherry as it was reported to retard 

ripening (Zeman et al., 2013; Ozkan et al., 2016). Martinez et al. (1996) reported that GA3 

application lowers PAL activity in strawberry, thereby decreasing anthocyanin synthesis. 
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Similar findings were also observed in plums (Li et al., 2006). It is therefore likely that GA3 

affects anthocyanin content, depending on species and climate conditions.  

ABA application increased cherry anthocyanin content in 2015 (Fig. 5.2.3A). Our 

previous work on the same cherries showed that ABA application lowered chroma (C*) (Correia 

et al., 2019). In 2016, ABA+Ca also increased the anthocyanin content, although this might be 

due to the presence of Ca (Fig. 5.2.3B). Seedless table grapes increased colour intensity and 

anthocyanin content after ABA application (Reynolds et al., 2016). Shen et al. (2014) reported 

that silencing NCED, the gene encoding a key enzyme in the ABA biosynthesis pathway, 

resulting in a colourless phenotype in sweet cherry. These findings suggest that exogenous 

ABA application upregulates ripening related gene expression, including those associated with 

anthocyanin biosynthesis (Giribaldi et al., 2010). ABA might also stimulate PAL activity, which 

could be responsible for de novo synthesis of phenolic and anthocyanin compounds (Jiang 

and Joyce, 2003).  

In 2015, SA and GB application increased anthocyanin content in both cherry cultivars 

compared to control (Fig. 5.2.3C). In 2016, effects of these sprays were less clear (Fig. 5.2.3D). 

Giménez et al. (2014) observed an increase in phenolic and anthocyanin content in sweet 

cherry cultivars with foliar application of SA. SA might stimulate PAL activity (Yao and Tian, 

2005). GB increased fruit colour at harvest (Correia et al., 2019), which is likely related to the 

increased anthocyanin content (Fig. 5.2.3). GB also increased anthocyanin accumulation in 

strawberry leaves (Karjalainen et al., 2002) and table grape (Kok, 2018). 

5.2.5.4. GA3 and GB might induce shifts in cherry phytonutrient content 

‘Skeena’ cherries treated with GA3 and GB showed lower carotenoid content in 2015 

compared to control (Fig. 5.2.4A). GB+Ca (both cultivars) and GA3+Ca (‘Sweetheart’) 

decreased carotenoid content in 2016 (Fig. 5.2.4B). This might point to GA3 and GB decreasing 

carotenoid content in sweet cherry, although effects of sprays that include Ca might be due to 

the presence of Ca. In 2015, GA3 and GB-treated fruit of both cultivars showed lower total 

ascorbic acid content compared to control (Fig. 5.2.5A). GA3+Ca and GB+Ca also reduced 

total ascorbic acid content for ‘Sweetheart’ cherries compared to control in 2016 (Fig. 5.2.5B), 

although also here caution is needed due to the presence of Ca. GA3 and GB might, next to 

inducing a decrease in carotenoid content, also reduce total ascorbic acid content in sweet 

cherry. Taken together, this indicates that cherries treated with GA3 and GB increased 

anthocyanin (5.2.5.3) but decreased both carotenoid and total ascorbic acid content. The shift 

in phytonutrients as discussed in 5.2.5.1 is similar to the effect of GA3 and GB in the sense 

that the year effect also involved switching total ascorbic acid with carotenoids and 

phenolic/anthocyanin content. Carotenoids, such as β-carotene, β-cryptoxanthin, and α-
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carotene have been reported in sweet cherry fruit (Leong and Oey, 2012; Demir, 2013; Matteo 

et al., 2016), but are present at very low levels, and likely do not present a large contribution 

to human health (Correia et al., 2017). Anthocyanins, on the other hand, are the most abundant 

phenolic compounds in cherries, and have health-promoting effects (Thomasset et al., 2006; 

Espín et al., 2007; Stevenson and Hurst, 2007). Also, sweet cherry is rich in ascorbic acid 

(Ferretti et al., 2010), and ascorbic acid has known health promoting effects (Szajdek and 

Borowska, 2008). Whether these shifts in phytonutrient content are beneficial to consumer 

health is unclear. 

5.2.5.5. Do the novel spray treatments affect health promoting compounds? 

In general, not much is known in literature about the effects of AN and GB sprays. For 

instance, it is unclear whether the finding that preharvest foliar applications of GB increased 

carotenoid content in banana (Rodríguez-Zapata et al., 2015) is related to our finding (5.2.5.4) 

that GB lowers carotenoid content in sweet cherry. AN decreased phenolic content for both 

cultivars in 2015 (Fig. 5.2.3A) compared to control. AN also increased carotenoid content for 

‘Sweetheart’ (Fig. 5.2.4A) and total ascorbic acid content for ‘Skeena’ cherries in 2015 

compared to control (Fig. 5.2.5A). In 2016, carotenoid and total ascorbic acid and content was 

increased for AN+Ca-treated ‘Skeena’ cherries compared to control (Fig. 5.2.5B). As stated 

before, effects of sprays that include Ca might be due to the presence of Ca. Interestingly, the 

effect of AN on health promoting content appears to be opposite to GB (5.2.5.4). Whether this 

effect can be replicated in follow up experiments needs to be ascertained.   

5.2.6. Conclusions 

The aim of this research was to evaluate the effect of spray treatments on the 

phytonutrient content of cherries at harvest during two years. A shift in phytonutrient content 

was observed when comparing the Ca and the control treatment between years. Cherry 

phenolic and carotenoid content were higher in 2016 compared to 2015 while total ascorbic 

acid content was lower. Likely, higher solar radiation combined with higher temperatures and 

less precipitation in 2015 compared to 2016 contributed to this shift in health promoting 

compounds. GA3, ABA, SA and GB increased anthocyanin content, while GA3 and GB sprays 

also induced lower carotenoid and lower total ascorbic acid content. AN decreased phenolic 

content, but increased carotenoid and total ascorbic acid content, opposite to the effect of GA3 

and GB. One of the main conclusions is that both weather conditions and spray treatments 

might induce shifts in phytonutrient content. Sweet cherry contains only very low carotenoid 

content and is therefore probably not of interest for human health. However, a shift that lowers 

ascorbate but increases anthocyanin content (or vice versa) is relevant for human health. 
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Whether these shifts in phytonutrient content, either by a climate conditions or due to spray 

treatments, are beneficial to consumer health is currently unclear. 
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Supplementary Material 

Figure S5.2.1 

Example of a HPLC chromatogram of polyphenols detected in sweet cherry extract recorded at 280, 

320, 370 and 520 nm. 
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Table S5.2.1 

Individual polyphenols content (µg g-1 DW) of the two sweet cherry cultivars (Cv) after spray treatments (T) application in 2015-16. 

Abbreviations: NcAc - Neochlorogenic acid; pCqAC - p-Coumaroylquinic acid; CAc - Chlorogenic acid; Cat - Catechin; Epi - Epicatechin; Quer-3-rut - Quercetin-3-O-rutinoside; Quer-3-gal - Quercetin-3-O-galactoside; Cy-3-rut – Cyanidin-3-O-rutinoside; Cy-3-
glu - Cyanidin-3-O-glucoside; n.d. - not detected. 
Values are means ± SE (n = 3). Means flanked by the same letter are not significantly different at P < 0.05 (Duncan’s test). * Indicates P < 0.05. ** Indicates P < 0.01. *** Indicates P < 0.001 by Duncan’s test. ns - not significant. 

 
 
 
 
 
 
 
 
 
 
 

Year 
Cultivar 

(Cv) 
Treatment 

(T) 
NcAc pCqAC CAc Cat Epi Quer-3-rut Quer-3-gal Cy-3-rut Cy-3-glu 

Sum of the individual  
phenolics 

2015 

Skeena 

Control 134 ± 2 a 100 ± 1 b 28.6 ± 1.3 abc 44.0 ± 1.3 cd 50.4 ± 2.4 a 24.5 ± 1.1 a n.d. 298 ± 7 ab 26.6 ± 1.3 c 705 ± 12 a 

Ca 139 ± 3 a 84.0 ± 0.8 a 24.1 ± 0.4 a 32.3 ± 1.9 a 50.6 ± 2.5 a 33.1 ± 1.6 cd n.d. 286 ± 6 a 14.8 ± 0.6 a 664 ± 8 a 

AN 136 ± 2 a 105 ± 1 c 28.4 ± 1.4 abc 36.6 ± 2.1 ab 57.9 ± 1.8 ab 26.3 ± 0.8 ab n.d. 320 ± 4 bc 29.3 ± 1.1 c 740 ± 11 bc 

GA3 166 ± 5 b 98.3 ± 1.8 b 29.6 ± 2.2 bc 44.0 ± 2.4 cd 74.5 ± 2.6 c 36.1 ± 2.1 d n.d. 485 ± 13 f 107 ± 2 f 1040 ± 23 e 

ABA 163 ± 3 b 99.2 ± 1.2 b 26.2 ± 1.2 ab 36.5 ± 1.3 ab 60.4 ± 3.2 b 33.1 ± 1.2 cd n.d. 345 ± 5 cd 21.8 ± 1.3 b 785 ± 8 c 

SA 162 ± 4 b 117 ± 2 d 32.3 ± 1.8 c 48.5 ± 1.0 d 76.8 ± 3.8 c 27.7 ± 1.7 ab n.d. 376 ± 12 e 34.5 ± 1.9 d 875 ± 21 d 
GB 157 ± 5 b 108 ± 2 c 25.5 ± 0.6 ab 39.0 ± 1.9 bc 56.3 ± 2.8 ab 29.5 ± 1.4 bc n.d. 362 ± 11 de 53.4 ± 1.7 e 831 ± 20 d 

P (T) *** *** ** *** *** *** - *** *** *** 

Sweetheart 

Control 182 ± 5 c 94.9 ± 2.2 c 28.2 ± 1.0 c 27.6 ± 1.5 ab 50.5 ± 2.5 b 38.5 ± 2.0 e n.d. 213 ± 13 a 18.1 ± 0.8 a 653 ± 23 b 

Ca 140 ± 5 a 85.1 ± 2.8 b 21.5 ± 1.0 b 31.7 ± 2.1 bc 70.7 ± 4.0 d 28.2 ± 0.9 c n.d. 306 ± 13 b 24.2 ± 1.4 b 707 ± 25 c 

AN 136 ± 4 a 72.0 ± 1.3 a 14.8 ± 0.2 a 31.9 ± 1.7 bc 34.0 ± 1.2 a 22.6 ± 1.2 b n.d. 204 ± 10 a 23.4 ± 0.8 b 539 ± 15 a 

GA3 189 ± 2 c 105 ± 4 d 30.8 ± 1.9 c 23.9 ± 1.3 a 47.2 ± 3.5 b 33.2 ± 0.8 d n.d. 303 ± 6 b 29.0 ± 0.4 c 761 ± 11 d 
ABA 136 ± 6 a 87.3 ± 1.3 b 21.5 ± 1.2 b 24.8 ± 1.3 a 29.5 ± 1.4 a 25.2 ± 0.9 bc n.d. 221 ± 10 a 21.5 ± 0.8 b 567 ± 15 a 

SA 127 ± 4 a 76.4 ± 1.8 a 15.1 ± 0.9 a 31.2 ± 1.1 bc 33.2 ± 1.8 a 15.8 ± 0.3 a n.d. 207 ± 5 a 33.3 ± 0.9 d 539 ± 9 a 

GB 160 ± 8 b 99.2 ± 3.6 cd 24.7 ± 0.9 b 34.5 ± 1.7 c 61.0 ± 3.9 c 27.9 ± 0.8 c n.d. 348 ± 8 c 33.9 ± 1.2 d 790 ± 23 d 

P (T) *** *** *** *** ** *** - *** *** *** 

 P (Cv) ns *** *** *** *** *** - *** *** *** 

 P (T) *** *** *** *** *** *** - *** *** *** 

 P (Cv*T) *** *** *** *** *** *** - *** *** *** 

2016 

Skeena 

Control 285 ± 9 bc 127 ± 8 70.1 ± 5.2 d 69.6 ± 2.1 d 33.3 ± 1.4 b 46.0 ± 1.6 a 8.3 ± 0.3 a 274 ± 5 a 54.7 ± 1.0 c 968 ± 18 a 

Ca 270 ± 7 ab 143 ± 5 50.8 ± 2.6 bc 57.5 ± 2.5 c 27.3 ± 0.6 a 45.5 ± 0.3 a 11.1 ± 0.5 b 323 ± 18 b 49.1 ± 2.1 b 977 ± 22 a 

AN+Ca 250 ± 7 a 129 ± 5 69.7 ± 3.1 d 94.4 ± 5.0 e 41.7 ± 2.0 c 42.4 ± 1.9 a 10.6 ± 0.4 b 271 ± 13 a 35.0 ± 1.5 a 944 ± 27 a 

GA3+Ca 332 ± 3 e 140 ± 3 53.7 ± 2.0 bc 39.6 ± 2.8 a 49.0 ± 2.2 d 56.2 ± 2.7 b 12.2 ± 0.7 bc 306 ± 11 ab 115 ± 1 f 1103 ± 14 c 

ABA+Ca 305 ± 9 cd 141 ± 6 59.0 ± 4.0 c 50.7 ± 2.7 bc 37.9 ± 1.8 bc 55.3 ± 1.7 b 12.9 ± 0.9 c 316 ± 6 b 71.5 ± 2.1 e 1049 ± 23 bc 
SA+Ca 315 ± 6 de 151 ± 4 32.4 ± 1.4 a 42.7 ± 1.8 ab 42.3 ± 1.9 c 44.9 ± 1.8  a 8.6 ± 0.6 a 307 ± 4 ab 69.1 ± 1.6 e 1013 ± 17 ab 

GB+Ca 280 ± 6 b 129 ± 8 47.7 ± 3.4 b 47.8 ± 0.8 ab 49.5 ± 2.1 d 40.5 ± 0.8 a 7.2 ± 0.2 a 302 ± 16 ab 61.4 ± 1.7 d 965 ± 31 a 

P (T) *** ns *** *** ** *** *** * *** ** 

Sweetheart 

Control 231 ± 9 c 105 ± 4 ab 22.7 ± 0.5 a 26.3 ± 1.8 a 30.4 ± 1.3 a 39.5 ± 1.1 d 16.7 ± 0.5 cd 176 ± 2 cd 16.0 ± 0.4 d 663 ± 17 c 

Ca 217 ± 4 bc 110 ± 2 b 34.9 ± 1.9 b 53.3 ± 3.3 c 26.9 ± 1.6 a 44.0 ± 0.8 e 17.8 ± 0.4 d 187 ± 2 d 16.1 ± 0.5 d 707 ± 6 d 
AN+Ca 218 ± 5 bc 115 ± 2 b 42.6 ± 2.6 c 63.2 ± 3.2 d 46.1 ± 2.0 d 38.6 ± 1.3 d 15.7 ± 0.5 c 174 ± 4 c 13.7 ± 0.5 c 726 ± 17 d 

GA3+Ca 202 ± 4 ab 105 ± 1 ab 37.0 ± 1.5 b 40.9 ± 2.6 b 38.2 ± 1.0 bc 30.4 ± 0.9 ab 13.2 ± 0.5 b 99.0 ± 4.3 a 10.5 ± 0.2 a 576 ± 8 a 

ABA+Ca 229 ± 6  c 127 ± 8 c 31.9 ± 2.1 b 76.9 ± 4.1 e 41.2 ± 0.4 c 34.8 ± 1.3 c 11.8 ± 0.4 ab 204 ± 8 e 18.2 ± 0.2 e 775 ± 23 e 

SA+Ca 199 ± 6 a 97.7 ± 2.8 a 48.8 ± 1.5 d 36.4 ± 0.6 b 30.7 ± 0.9 a 33.5 ± 1.4 bc 12.2 ± 0.8 b 170 ± 4 c 14.5 ± 0.4 c 643 ± 8 bc 

GB+Ca 186 ± 2 a 112 ± 1 b 36.4 ± 0.9 b 43.5 ± 2.0 b 35.9 ± 1.4 b 29.4 ± 0.7 a 10.5 ± 0.4 a 142 ± 2 b 11.7 ± 0.1 b 608 ± 3 ab 

P (T) *** *** *** *** *** *** *** *** *** *** 

 P (Cv) *** *** *** *** *** *** *** *** *** *** 

 P (T) *** * *** *** *** *** *** *** *** *** 

 P (Cv*T) *** *** *** *** *** *** *** *** *** *** 
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6. EFFECTS OF EXOGENOUS COMPOUND SPRAYS ON CHERRY CRACKING: SKIN PROPERTIES AND

GENE EXPRESSION 

6.1. Abstract 

Cherry fruit cracking is a costly problem for cherry growers. The effect of repeated 

sprayings (gibberellic acid - GA3, abscisic acid - ABA, salicylic acid - SA, glycine betaine - GB 

and Ascophyllum nodosum - AN) combined with CaCl2, on ‘Sweetheart’ cherry fruit cracking 

characteristics was investigated. Cracking was quantified in terms of cracking incidence, crack 

morphology, confocal scanning laser microscopy, cuticular wax content and cell wall 

modification and cuticular wax gene expression. All spray treatments reduced cracking 

compared to control (H2O), with less cheek cracks and the least cracking incidence observed 

for ABA and GB treated fruits, indicating an added benefit to reduce cracking compared to 

spraying with CaCl2 alone. ABA and GB sprays showed higher wax content and higher cuticle 

and epidermal thickness compared to control, including increased expression of wax synthase 

(ABA) and expansin 1 (GB). In general, factors that improve the cuticle thickness appear to be 

important at the fruit colouring stage. At the fruit ripening stage, larger cell size of the epidermis, 

hypodermis and parenchyma cells lowers cracking incidence, pointing at the importance of 

flexibility and elasticity of the epidermis. 

6.2. Introduction 

Fruit cracking is a physiological disorder that depends on biochemical, anatomical, 

genetic, environmental and cultural factors (Yamaguchi et al., 2002; Moing et al., 2004; Simon, 

2004, 2006; Measham et al., 2012; Balbontín et al., 2014). Climate change predictions (IPCC, 

2018) point to an increased frequency of excessive rainfall that may cause higher cherry 

cracking incidence. Although the mechanism that leads to cherry cracking remains unclear 

(Correia et al., 2018), currently cracking is assumed to be the result of a net influx of water into 

the fruit, causing an increase in fruit volume and surface area resulting in a strained fruit skin 

until rupture (reviewed by Knoche and Winkler, 2017). Three types of cherry fruit macro cracks 

may occur; in the stem cavity region (SCR), in the stylar scar region (SSR) and in the cheek 

region (CR) (Christensen, 1996). Fruit with small SCR- and SSR cracks are tolerated by 

consumers as long as there is no fungal infection, but fruit with CR cracks are rejected (Knoche 

and Winkler, 2017). 

Growth regulators have been applied to limit cracking (Correia et al., 2018). Calcium 

plays an important role in cell wall physiology (Hanson, 1984) reducing cherry cracking 

(Demirsoy and Bilgener, 1998; Vangdal et al., 2008; Wójcik et al., 2013; Erogul et al., 2014). 

Foliar application of GA3 either increased (Cline and Trought, 2007), had no effect (Horvitz et 
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al., 2003; Hoppe et al., 2015) or decreased cherry cracking (Usenik et al., 2005; Suran et al., 

2016). SA application increased fruit firmness (Giménez et al., 2014; Correia et al., 2019). 

Exogenous ABA application increased cuticle lipids biosynthesis in Arabidopsis thaliana which 

reduced cuticle permeability (Martin et al., 2017). ABA foliar application reduced cracking in 

‘Bing’ cherry fruits (Balbontín et al., 2018). ABA is reported to play an active role in wax 

metabolism through the activation of several genes related to biosynthesis and transport of 

cutin and waxes (Kosma et al., 2009; Yeats and Rose, 2013; Martin et al., 2017). Glycine 

betaine (GB) and Ascophyllum nodosum (AN), a seaweed based biostimulant, are promising 

new spray compounds that might reduce cherry cracking. GB is a quaternary ammonium 

compound that helps to maintain membrane integrity in the presence of several stresses, 

including excessive salt, cold, heat and freezing (Sakamoto and Murata, 2001; Ma et al., 2007). 

AN is reported to increase mineral uptake, biomass, yield, fruit quality (Rathore et al., 2009; 

Sunarpi et al., 2010; Zodape et al., 2011; Shah et al., 2013) and reduce cherry fruit cracking 

(Correia et al., 2015).  

How growth regulators affect cherry fruit cracking is mostly unclear. One option is that 

growth regulators increase resistance against cracking because of higher cuticle thickness. 

The cherry cuticle is covered by epicuticular waxes acting as a barrier against water uptake 

and pathogens (Buda et al., 2009; Lara et al., 2014). Moing et al. (2004) suggested that cuticle 

properties may play an important role in cracking susceptibility. During the last stage of fruit 

growth, cutin and wax levels remained constant, despite the increasing volume of the fruit 

(Knoche et al., 2004; Peschel and Knoche, 2005; Peschel et al., 2007). The reduction of cuticle 

thickness per area may result in formation of microcracks, increasing the sensitivity to fruit 

cracking (Peschel and Knoche, 2005; Knoche and Peschel, 2006). PaLTPG1, PaATT1, 

PaWINB, PaWS and PaKCS6 have been identified as being involved in sweet cherry cuticle 

formation and wax biosynthesis (Alkio et al., 2012; 2014). The involvement of these genes in 

the development of cherry cracking has been demonstrated, apart from PaLTPG. PaLTPG 

expression decreased during fruit development which suggests no relation with cracking 

tolerance (Balbontín et al., 2014). 

Next to the cuticle thickness, also other histological parameters might be affected by 

growth regulators. A larger mesocarp size was observed in cracking tolerant cultivars 

(Yamaguchi et al., 2003). Smaller hypodermis cell size (Kertesz and Nebel, 1935) with 

generally larger cells were reported in susceptible cultivars (Yamaguchi et al., 2002). A recent 

study reported that macrocracking is caused by increased mesocarp cell volume accompanied 

by cell bursting (Grimm et al., 2019). 

Growth regulators might also increase resistance against cracking because of higher 

epidermal flexibility and elasticity. Cell wall modification during fruit development involves 
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polygalacturonase, pectin methylesterase, expansin and β-galactosidase (β-Gal) activity 

(Brummell and Harpster, 2001). Antisense suppression of β-Gal in tomato resulted in 

increased cracking (Moctezuma et al., 2003). Expansins contribute to the extension of cell 

walls by breaking down the links between cellulose microfibrils and xyloglucans molecules 

(Cosgrove, 2000). Expression of expansin genes has been characterized during fruit growth 

in pericarp and mesocarp tissue (Brummell et al., 1999; Wang et al., 2006; Kasai et al., 2008) 

and was associated with reduced fruit cracking in litchi (Wang et al., 2006) and apple (Kasai 

et al., 2008). Expansin (PaEXP1) expression was higher in cracking resistant than in sensitive 

sweet cherry cultivars (Balbontín et al., 2014).  

The aim of this study was to investigate how foliar application of growth regulators 

affects fruit cracking incidence and cracking characteristics. ‘Sweetheart’ cherries were 

sprayed repeatedly with growth regulators during fruit development from yellow/orange to light 

red (FC) and from light red to dark red (FR). Skin characteristics were assessed and linked to 

cracking incidence at harvest to gain insight in the physiological background of cracking 

resistance. For this purpose, histological parameters (thickness and area of cuticle, epidermis, 

and hypodermis), confocal scanning laser microscopy (Buda et al., 2009) to visualize the 

cuticle architecture, soluble cuticular wax, crack type morphology and expression of genes 

involved in cuticular wax biosynthesis (PaWS) and wall modification (PaEXP1 and Paβ-Gal) 

were evaluated at two stages of fruit development (FC and FR). We show and discuss that 

growth regulators affect cracking incidence by affecting wax content, cuticle and epidermal 

thickness and cell size. In addition, the effects of growth regulators on the expression of 

cuticular wax synthesis and expansin genes during both colouring stages are discussed, 

providing indications how foliar applications might affect cracking incidence. 

6.3. Material and Methods 

6.3.1. Plant material 

Experiments were carried out in a commercial orchard located at Carrazedo de 

Montenegro (latitude 41°33´ N, longitude 7°17´ W, altitude 682 m), Portugal in 2016. The soil 

characteristics are: 1.3 % of organic matter content, with high K2O (125 mg kg-1) and medium 

P2O5 (75 mg kg-1) content, medium texture and pH 5.5. Late-maturing, ‘Sweetheart’ sweet 

cherry trees (Prunus avium L.), six-year old and grafted on ‘Gisela 6’ rootstocks was used. 

Trees were spaced 4.5 m between rows and 2.0 m from each other in the row (about 864 trees 

ha-1) trained under a vertical axis system (Ayala and Lang, 2017). Trees were daily drip-

irrigated between May and September, 4 h per day (drippers 1 m apart in line with a 4 L h -1 

flow rate) and summer pruned. Trees were also periodically fertilized according to 

recommendations provided by a certified soil analysis laboratory of UTAD. 
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6.3.2. Experimental design and treatments 

For each treatment, fifteen trees were selected, but only nine trees were used to 

compare treatment effects as the other trees were assigned as border row trees to prevent 

carry-over effects. The treatments applied were: control (distilled water), biostimulant with 

seaweed Ascoplyllum nodosum (AN) at 0.05 % (v/v), gibberellic acid (GA3) at 10 ppm, 10 µM 

abscisic acid (ABA), salicylic acid (SA) at 1 mM, glycine betaine (GB) at 0.1 % (v/v) and calcium 

chloride (CaCl2) at 0.5 %. All treatments included 0.5 % CaCl2, except for the control and were 

mixed with a wetting agent (0.1 %, Sticman, Lusosem). All cherries were sprayed with a mean 

volume of 2.5 L of spraying solution per tree. Treatments, except CaCl2, were applied 30, 49 

and 56 days after full bloom (DAFB), corresponding to the beginning of fruit development 

(shuck split), the transition from green to yellow, and the transition from yellow to orange color. 

At 56, 62 and 69 DAFB, CaCl2 was applied. 

For each treatment, fifty fruits were harvested at either the transition from yellow/orange 

to light red at 60 DAFB (FC) or from light red to dark red at 77 DAFB (FR) per tree. This 

amounted to 450 FR and 450 FC fruits in total. All fruits were randomly divided into two sub 

batches per development stage. Fruits of the first sub batch were used to determine the 

cracking index, soluble cuticular waxes content and for histological analysis. Fruits of the 

second sub batch were immediately frozen in liquid nitrogen and stored at -80 °C for 

subsequent assessment of gene expression. 

6.3.3. Fruit cracking index 

Determination of the cracking index (CI in %) was performed according to Christensen 

(1972). Fifty fruits without defects at FR stage, were immersed in 2 L containers filled with 

distilled water (20 ± 1 °C) for 6 h. Cracked fruits were removed, counted and fruits without 

cracks were re-incubated. After 2, 4 and 6 h, the fruits were observed for macroscopic cracks, 

with the CI calculated according to:  

 

 

where a, b and c represent the number of cracked fruits after 2, 4 and 6 h, respectively. The 

measurements were presented as average value (n = 3) with indicated standard error (SE). 

Crack type (CT in %) was expressed as the number of cracks of a particular type (SCR, SSR 

or CR) compared to the total number of cracks. 
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6.3.4. Fixation and sectioning for histological analysis 

Cross sections were prepared by fixation in FAA (formalin-acetic acid-alcohol, 5:5:90 

v/v), for 48 h. Afterwards, the cross sections were dehydrated in increasing ethanol 

concentrations (70 %, 80 %, 90 %, 95 % and 100 %) during 1 h. Fruit samples were placed in 

xylene, for 1 h, after which the samples were embedded overnight in liquid paraffin, using a 

paraffin embedding station (ModelEG1160, Leica-Microsystems, Germany). Sections of 8 and 

15 µm (for bright field and confocal microscopy, respectively) were cut using a rotary 

microtome (RM2255, Leica-Microsystems, Germany). 

6.3.4.1. Bright-field microscopy 

Two fruits were embedded in one paraffin block with three paraffin blocks used per 

treatment. From each paraffin block one tissue section was selected with the best embedding. 

Tissue sections of 8 µm thick stained with Sudan III/IV (0.1 % solution in 70 % ethanol) and 

0.01 % methylene blue were imaged using an Eclipse 50i upright microscope equipped with a 

Fi3 camera. The samples were analysed using Plan Ph1 DL 10x/0.25 and Plan Fluor Ph2 DLL 

40x/0.75 dry objectives and digital zooms. The images obtained from the lower magnification 

(10x) were used to identify crack morphology in mature cherries, while those from the higher 

magnification (40x) were used to measure histological parameters of fruits without cracking 

symptoms in both development stages. Histological parameters were quantified applying 

Nikon NIS-Elements D imaging software. The thickness of cuticle and epidermal cell walls, as 

well as the thickness of epidermis, hypodermis and parenchyma cells were measured along 

the axis perpendicular to the fruit surface. The size of epidermal, hypodermal and parenchyma 

(adjacent to hypodermis) cells was determined (Fig. S6.1). Histological measurements were 

taken from six individual cells per image. Two images were taken per tissue section for each 

of the three paraffin blocks. Data are presented as average value (n = 36) with indicated SE. 

6.3.4.2. Confocal microscopy 

3D confocal scanning laser microscopy was used to observe the cuticle architecture of 

mature stage cherry fruit exocarp. Tissue sections of 15 µm thick were stained with Calcofluor 

white (Buda et al., 2009) and Auramine O (Ursache et al., 2018) (0.01 % w/v in 0.05 M Tris/HCl, 

pH 7.2). The samples were analyzed using a TCS SP8 confocal laser scanning microscope 

(DMI 6000, Leica Microsystems, Germany) with HC PL APO CS2 63x/1.20 water objectives 

operated by LAS 2.0.2.15022 software (Leica Microsystems). Calcofluor white was excited by 

a 405 UV diode and emission was collected between 415-448 nm. Auramine O was excited 

using a 458 nm argon laser and emission was collected between 491-563 nm. Z-stack images 

with a step size of 0.4 µm were obtained using a bidirectional scan rate of 400 Hz in sequential 

mode to avoid cross-talk between the two fluorophores. 



CHAPTER 6 
SPRAY TREATMENTS AFFECT CHERRY FRUIT CRACKING AND SKIN CHARACTERISTICS 

 

152 

 

6.3.7. Soluble cuticular waxes content determination 

Quantification of soluble epi- and intra-cuticular waxes was performed according to 

Hamilton (1995). Briefly, two fruits without peduncle were dewaxed with 50 mL of 75 % (v/v) 

chloroform and 25 % (v/v) methanol for 2 min at 25 °C. This procedure was repeated nine 

times for each spray treatment. Results are shown in µg g-1 of fresh weight (FW) and expressed 

as the average of three replicates with indicated SE. 

6.3.8. RNA isolation and cDNA synthesis  

Total RNA was isolated from fruit exocarp pooling three times a set of three fruits per 

treatment using the RNAqueousTM Phenol-free total RNA Isolation kit (Invitrogen, Thermo 

Fisher Scientific). RNA integrity was evaluated by electrophoresis in a 1 % agarose gel (80 V 

during 90 min). All samples were diluted to 100 ng µL-1 before reverse transcribing the total 

RNA using the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, 

USA). Samples were stored at -20 ºC before further analysis. 

6.3.9. Quantitative real-time PCR analysis 

Expression of PaEXP1, Paβ-Gal and PaWS was measured by quantitative real-time 

PCR (qRT-PCR) during fruit development. Actin (PaAct) was used as housekeeping gene 

(Balbontín et al., 2014; Liang et al., 2017; Chen et al., 2019). Primer sequences, annealing 

temperatures (Ta) and amplicon size for each gene are shown in Table S6.1. qRT-PCR was 

performed in the StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City, 

USA). Each PCR reaction had a final volume of 10 µL constituted by 1 µL of the cDNA sample, 

0.25 µL of each primer (10 µM) and 5 µL of Sybr® Select Master Mix (Applied Biosystems, 

Foster City, USA) using the following program: initial denaturation for 3 min at 95 ºC, followed 

by 40 cycles of 10 s at 95 ºC, 20 s at Ta and 15 s at 72 ºC. This was followed by a melting 

curve analysis to exclude interference of primer-dimers, DNA contaminants and other 

nonspecific products. qPCR amplifications were performed in duplicate and analysed using 

StepOnePlus Real Time PCR software (Applied Biosystems, Foster City, USA). Only threshold 

quantification cycle (Ct) values, leading to a Ct mean with a standard deviation below 0.5, were 

considered. A negative control was included on each plate to assess the presence of primer-

dimers and to check for potential contamination. Expression was normalized by the average 

of housekeeping gene, according to Pfaffl (2001). The 2-ΔCt method (Livak and Schmittgen, 

2001), was used to calculate relative mRNA levels. Results are expressed as the average of 

three replicates with indicated SE. 
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6.3.10. Statistical analysis 

Statistical analysis was performed using SPSS V.25 (SPSS-IBM, Orchard Road-

Armonk, New York, NY). Statistical differences were evaluated by one-way and two-way 

analysis of variance (ANOVA) followed by the post hoc Duncan’s multiple range test (P < 0.05), 

establishing cultivar and treatment effects. The ANOVA requirements, namely the normal 

distribution of the residuals, by means of the Shapiro-Wilk’s test, and the homogeneity of 

variance, using the Bartlett’s tests, were evaluated. Dependent variables were analysed using 

ANOVA with or without Welch correction, depending if homogeneity of variances was observed 

or not. In addition, Spearman’s rank correlation was performed between cracking incidence 

and skin properties parameters. 

6.4. Results 

6.4.1. Fruit cracking incidence and crack type morphology 

CI values were affected by spray treatments (P < 0.001) (Fig. 61A). CaCl2, AN, GA3 

and SA application reduced CI values by around 50 % compared to the control. ABA and GB 

were the most effective treatments reducing cracking. CaCl2, GA3, ABA and GB sprays 

diminished the percentage of CR type cracks compared to control (Fig. 6.1B). CaCl2, GA3 and 

ABA treated cherries exhibited numerous but small exocarp disruptions (Fig. 6.2). AN and SA 

treated cherries showed a higher percentage CR cracks and lower percentage of SSR cracks 

compared to control (Fig. 6.1B). AN treated cherry showed mainly deep and wide fractures 

while SA treated cherries had broad and shallow basins with a layer of suberized cells. The 

cracks of GB treated cherries usually formed craters with suberized external cell layers (Fig. 

6.2). Lower cuticle thickness in control (Fig. 6.3A) and CaCl2 treated fruits (Fig. 6.3B) was 

observed applying 3D confocal microscopy. A thicker cuticle layer was visible for ABA (Fig. 

6.3C) and GB treated fruits (Fig. 6.3D). ABA-treated fruits showed (yellow colored) lipidic 

material in intercellular spaces below the epidermis and between hypodermal cells (Fig. 6.3C). 
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Figure 6.1 

(A) Fruit cracking index and (B) crack type incidence (%) of ‘Sweetheart’ fruits as function of spray 

treatments (T) at the fruit ripening (FR) stage. Data are expressed as the mean ± SE (n = 3, each with 

50 fruits). Different letters indicate significant differences (P < 0.05) among treatments by Duncan’s test. 

 

 

 

 

 

 

 

 

Figure 6.2 

The light microscope images of dominating types of cracks (SCR - stem cavity region, SSR - stylar scar 

region and CR - cheek region) in ‘Sweetheart’ cherries exposed to different treatments. Light 

micrographs of sections stained with Sudan III/IV and methylene blue. Scale bars = 200 µm. 
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Figure 6.3 

Confocal images of the fruit ripening stage (FR) stage fruit sections stained with Auramine O (yellow - 

cutin/suberin/lignin), and with Calcofluor white (blue - celullose). (A) Control fruits; (B) CaCl2-treated 

fruits; (C) ABA-treated fruits; (D) GB-treated fruits. Scale bars = 40 µm. 

6.4.2. Fruit histology 

At both development stages, all treatments showed higher (P < 0.001) fruit cuticle 

thickness compared to the control. In addition, AN, ABA, SA and GB increased (P < 0.001) 

epidermal cell wall thickness compared to the control (Table 6.1). Epidermal thickness and 

cells area were higher (P < 0.01) in SA-treated cherries for cherries at the FC stage compared 

to the control. Fruits treated with ABA showed lower (P < 0.05) hypodermis cells thickness and 

hypodermal cell area at the FC- but not the FR stage compared to the control. At the FC stage, 

AN and ABA treated fruits had lower hypodermis cell area, while GB treated cherries showed 

higher (P < 0.05) parenchyma cell area, compared to the control. At the FR stage, AN and GB-

treated cherries showed higher epidermal cell thickness and larger cells area (P < 0.001) 

values compared to control. AN, ABA and GB treated cherries showed higher (P < 0.001) 

hypodermal thickness and cells area at the FR stage compared to control. Finally, parenchyma 

cell area was larger (P < 0.01) for cherries treated with AN, ABA, SA and GB. 
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Table 6.1 

Histological parameters of ‘Sweetheart’ fruits at both development stages (DS - FC: fruit colour change and FR: fruit ripening) as a function of spray 

treatments. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are means ± standard error (n = 36). Means flanked by the same letter are not significantly different at P < 0.05 (Duncan’s test). 

* P < 0.05, ** P < 0.01, *** P < 0.001 by Duncan’s test, ns - not significant 

 

 

 

Development 

stage  

(DS) 

Treatment 

(T) 

Cuticle 

thickness 

(µm) 

Epidermal cell 

wall thickness 

(µm) 

Epidermal 

cell thickness 

(µm) 

Epidermal 

cell area 

(µm2) 

Hypodermal 

Cell thickness 

(µm) 

Hypodermal 

cell area 

(µm2) 

Parenchymal 

cell area 

(µm2) 

FC 

Control 2.5 ± 0.1 a 3.2 ± 0.1 a    29.6 ± 1.2 bcd 750 ± 45 ab 27.5 ± 1.6 b 1104 ± 97 ab 2685 ± 163 a 

CaCl2 3.8 ± 0.1 c 4.9 ± 0.1 b    27.0 ± 0.9 abc  867 ± 42 bc 27.7 ± 1.2 b 1128 ± 79 ab 2790 ± 164 a 

AN   4.0 ± 0.1 cd 4.7 ± 0.2 b   29.9 ± 0.9 cd  846 ± 34 bc   24.9 ± 1.0 ab 867 ± 42 a 2721 ± 171 a 

GA3 3.3 ± 0.1 b 3.5 ± 0.2 a 26.2 ± 0.8 a  742 ± 37 ab 28.1 ± 1.6 b 1034 ± 86 ab 2722 ± 191 a 

ABA 5.6 ± 0.2 f 5.0 ± 0.1 b   26.7 ± 0.6 ab  713 ± 38 ab 23.2 ± 1.2 a 871 ± 81 a 2654 ± 211 a 

SA 4.3 ± 0.1 d 6.1 ± 0.2 d 31.9 ± 1.4 d 910 ± 52 c   24.4 ± 1.2 ab 944 ± 68 a 2461 ± 177 a 

GB 4.8 ± 0.1 e 5.8 ± 0.2 c 26.2 ± 0.6 a 659 ± 37 a 28.6 ± 1.3 b 1244 ± 108 b 3486 ± 243 b 

P (T) *** *** *** ** * * * 

FR 

Control 3.0 ± 0.1 a 3.2 ± 0.1 a 23.4 ± 0.4 a   610 ± 18 a 23.2 ± 1.5 a    1035 ±   92 a 2520 ± 151 a 

CaCl2 3.7 ± 0.1 b 3.4 ± 0.2 a   26.0 ± 0.6 ab   855 ± 40 b     27.6 ± 1.6 abc        1352 ± 122 abc   2928 ± 189 ab 

AN 3.5 ± 0.1 b 5.6 ± 0.2 c 32.1 ± 0.9 c 1105 ± 67 d 32.8 ± 1.4 d        1411 ±   86 bcd   3564 ± 232 bc 

GA3 3.4 ± 0.1 b 4.2 ± 0.2 b 28.0 ± 0.6 b     954 ± 55 bc   24.4 ± 1.0 ab        1206 ±   78 abc   2993 ± 180 ab 

ABA 5.2 ± 0.1 d 5.3 ± 0.2 c   25.6 ± 0.7 ab     934 ± 44 bc     29.1 ± 2.8 bcd       1499 ± 171 cd 3709 ± 265 c 

SA 4.3 ± 0.1 c 5.7 ± 0.2 c   25.2 ± 1.2 ab   837 ± 52 b   25.7 ± 1.0 ab       1120 ±   75 ab   3439 ± 324 bc 

GB 4.9 ± 0.1 d 5.6 ± 0.1 c 32.2 ± 0.7 c   1059 ± 45 cd   31.3 ± 1.6 cd      1797 ± 166 d   3446 ± 266 bc 

P (T) *** *** *** *** *** *** ** 

 P (DS) ns ns ns *** ns *** *** 

 P (T) *** *** *** *** ** *** * 

 P (DS*T) *** *** *** *** *** ** ** 
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6.4.3. Soluble cuticular wax content 

The average soluble cuticular wax content was higher at the FC compared to the FR 

stage, indicating a decrease of soluble cuticular wax content during fruit development (P < 

0.001, Fig. 6.4). Soluble cuticular wax content was affected by spray treatments (P < 0.001, 

Fig. 6.4). At the FC stage, ABA treated cherries showed higher- and GA3-treated cherries lower 

soluble cuticular wax content compared to control. At the FR stage, SA and GB treated fruits 

showed higher soluble cuticular wax content compared to control. 

Figure 6.4 

Soluble cuticular waxes content of ‘Sweetheart’ fruits at the fruit colour change (FC) and the fruit ripening 

stager (FR) as function of spray treatments (T) with DS indicating development stage. Data are 

expressed as the mean ± SE (n = 9). Different letters [lowercase letters indicate significant differences 

(P < 0.05) among treatments at FC and uppercase letters indicate significant differences (P < 0.05) 

among treatments at FR stage] by Duncan’s test. 

6.4.4. Expression of cell wall modification and cuticular wax biosynthesis genes 

Gene expression was affected by spray treatments (Fig. 6.5, P < 0.001). PaEXP1, Paβ-

Gal and PaWS gene expression was higher at the FC stage compared to the FR stage (Fig. 

6.5, P < 0.001). At the FC stage, expression of PaEXP1 was higher for GB treated fruits (Fig. 

6.5A). Expression of Paβ-Gal increased for AN and GB treated fruit (Fig. 6.5B). Higher PaWS 

expression was observed for ABA and GB treated fruits treated cherries compared to the 

controls (Fig. 6.5C). At the FR stage, CaCl2 treated cherries showed higher Paβ-Gal 

expression and SA treated cherries showed higher PaWS expression compared to control. 

CaCl2, AN, ABA and GB treated fruits induced lower expression of PaWS at the FR stage 

compared to control. 
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Figure 6.5 

(A) Normalized relative expression of PaEXP1 for ‘Sweetheart’ fruits at the fruit colour change (FC) and 

fruit ripening stage (FR) as function of spray treatments (T) with DS indicating development stage. (B) 

Normalized relative expression of Paβ-Gal. (C) Normalized relative expression of PaWS. Data are 

expressed as the mean ± SE of three replicates expressed in arbitrary units. Different letters [lowercase 

letters indicate significant differences (P < 0.05) among treatments at FC and uppercase letters indicate 

significant differences (P < 0.05) among treatments at FR stage] by Duncan’s test. 
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6.5. Discussion 

6.5.1. Reduced cracking incidence by combining CaCl2 with ABA or GB 

Foliar application of CaCl2 is common practice in cherry orchards and was found 

effective in reducing cracking incidence (Vangdal et al., 2008, Erogul et al., 2014). Reduced 

cracking incidence (Fig. 6.1A) was also observed in our experiment with ABA treated fruits 

showing the least cracking incidence (Fig. 6.1A). This indicates that spraying of ABA in 

combination with CaCl2 has an added benefit to reduce cracking compared to spraying with 

CaCl2 alone. Reduced cracking incidence for ABA was found by Balbontín et al. (2018) for 

‘Bing’ cherry fruits. In the past, agricultural use of ABA was limited by high production costs 

(Gianfagna, 1995). Pyrabactin, a low-cost synthetic analogue of ABA, has been shown to 

activate the ABA pathway (Puli and Raghavendra, 2012). This indicates that application of 

ABA analogues, preferably in combination with CaCl2, might be a promising strategy to limit 

cherry fruit cracking. Another promising strategy to limit cherry cracking is to combine CaCl2 

with GB. This combination reduced cherry cracking almost to the same degree as CaCl2 in 

combination with ABA (Fig. 6.1A). Although confirmation of the added benefit of adding GB to 

Ca sprays needs be to gathered for other cherry cultivars, foliar application of GB+Ca might 

be an attractive (and affordable) candidate to limit cherry cracking incidence.  

6.5.2. Incidence of cheek cracks decreased for CaCl2 and ABA treated fruits 

Cheek region (CR) cracks, the type of cracks that negatively affect consumer 

acceptance most (Knoche and Winkler, 2017) were correlated (R = 0.50, P < 0.001) with 

cracking incidence. CR cracks decreased most in fruits treated with CaCl2 and ABA and to a 

lesser extent in GA3 and GB treated fruits (Fig. 6.1B). Although fruits treated with CaCl2, GA3, 

ABA and GB showed numerous SSR and SCR cracks, no disruptions of the exocarp were 

observed (Fig. 6.2). In ABA treated fruits, cuticular material filled intercellular spaces of the 

epidermis and hypodermis (Fig. 6.3C), which may contribute to the cuticle thickness (Table 

6.1) and in that way may help reduce CR cracks in these fruits (Fig. 6.1).  

6.5.3. Cracking incidence is affected by wax content, cuticle and epidermal thickness 

CaCl2 treated fruits are characterized by increased cuticle thickness at both 

development stages compared to control (Table 6.1). ABA and GB treated fruits showed lower 

CI than CaCl2 treated fruits (Fig. 6.1A). It is likely that the higher cuticle thickness of ABA and 

GB compared to CaCl2 treated fruits (Table 6.1) limited CI. In fact, a correlation coefficient (R) 

of -0.85 (P < 0.001) and -0.72 (P < 0.001) was found between CI and cuticle thickness at the 

FC and FR stage, respectively. Our findings fit with those of Demirsoy and Demirsoy (2004) 

that found a negative correlation between cuticle thickness and fruit cracking in eight sweet 

cherry cultivars.  
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Thickness of the cuticle was correlated with soluble cuticular wax content at the FC (R=0.48, 

P < 0.05) and at the FR stage (R=0.51, P < 0.05) (Table 6.1 and Fig. 6.4). However, no 

correlation was found between cracking incidence and soluble cuticular wax content. For 

instance, CaCl2 treated fruits, characterized with a low cracking incidence, did not show higher 

soluble wax content compared to control (Fig. 6.4). However, the lower cracking incidence of 

ABA and GB treated fruits might be due to increased soluble wax content, either at the FC 

stage (ABA) or the FR stage (GB) (Fig. 6.4). 

Epidermal cell wall thickness might be related to cracking incidence as CaCl2 (FC 

stage), ABA and GB treated fruits had higher epidermal cell wall thickness compared to control 

(Table 6.1). However, SA treated fruits showed the highest epidermal cell wall thickness but 

do not show lower CI (Fig. 6.1A). Brüggenwirth et al. (2014) mentions that the cuticle is the 

penetration barrier, but epidermis and hypodermis layers represent the structural backbone in 

a cherry skin, which might play a role in contribution on cracking resistance. In fact, most 

histological parameters showed negative correlations with CI. At the FC stage, a negative 

correlation was found between CI and thickness of epidermal cell wall (R =-0.55, P < 0.05) 

(Fig. 6.1A, Table 6.1). The thickness of the epidermal cell wall (R=-0.65, P < 0.01), epidermis 

cell area (R =-0.59, P < 0.01), hypodermis cell area (R =-0.52, P < 0.05) and parenchyma cell 

area (R =-0.58, P < 0.01) showed negative correlations with CI at the FR stage (Table 6.1). 

These findings suggest that at an early stage of fruit development (FC), mostly the thickness 

of cuticle plays an important role limiting CI, as only one correlation was found with histological 

parameters. At the FR stage, larger epidermis, hypodermis and parenchyma cells seems to 

lower CI. This agrees with Kertesz and Nebel (1935) that mentioned that cultivars more tolerant 

to cracking have larger hypodermis cell size. Our findings are in contrast with Yamaguchi et 

al. (2002), that claimed that larger hypodermis cells were found in CI susceptible cultivars. Our 

data support the idea that cuticle- and epidermal thickness, soluble wax content and cell size 

are related to CI, but that complex interactions exist that need to be elucidated in further 

research.  

6.5.4. Cracking resistance is related to increased cuticular wax synthesis and expansin 

activity during the fruit coloring stage  

Higher PaEXP1 expression was observed in GB-treated fruits at the FC stage (Fig. 

6.5A). This might indicate that GB treated fruits at the FC stage have greater cell wall elasticity 

that might explain the lower CI (Fig. 6.1A). Balbontín et al. (2014) showed higher PaEXP1 

expression for a cracking resistant cultivar compared to a susceptible cultivar, but this was 

encountered in the FR stage, not the FC stage. Brüggenwirth and Knoche (2016) showed less 



CHAPTER 6 
SPRAY TREATMENTS AFFECT CHERRY FRUIT CRACKING AND SKIN CHARACTERISTICS 

161 

cracking susceptibility for ‘Regina’ cherries due to a higher elasticity value, implying a stiffer 

skin and higher pressure when fractured, than ‘Burlat’ cherries.  

CI was correlated with PaWS expression at the FC stage (R=-0.64, P < 0.01). Increased 

expression of PaWS in combination with increased soluble wax content for ABA and GB-

treated fruits at the FC stage (Fig. 6.4, Fig. 6.5C) and lower CI (Fig. 6.1A) all point towards the 

importance of the wax metabolism with regard to conferring cracking resistance. It appears 

that wax biosynthesis is especially important during the FC stage as the higher PaWS 

expression for SA treated fruits in the FR stage (Fig. 6.5C) did not result in lower CI (Fig. 6.1A). 

Balbontín et al. (2014) showed higher PaWS expression in the FC stage for the cracking 

resistant cultivar compared to a susceptible cultivar which supports our results.  

Higher levels of Paβ-Gal transcripts were found in fruits treated with AN and GB at the 

FC stage and for CaCl2 treated fruits at the FR stage (Fig. 6.5B). However, AN treated fruit 

were not characterized by higher CI (Fig. 6.1A) and higher expression of Paβ-Gal was also not 

found for ABA treated fruits which showed the lowest CI (Fig. 6.1A) which casts doubt about 

the role of Paβ-Gal conferring cracking tolerance. 

The role of ABA inducing genes related to biosynthesis and transport of wax was 

described before (Kosma et al., 2009; Yeats and Rose, 2013; Martin et al., 2017). The 

contribution of GB inducing PaEXP1 and PaWS expression at the FC stage that might result 

in higher elasticity and higher wax content is, however, new. We examined the expression of 

just a few CI related genes, no doubt genes involved in cuticle deposition, cell wall metabolism 

during fruit growth, maturation, softening and sugar transport might also play an important role 

to confer cracking resistance in the developing sweet cherry exocarp (Alkio et al., 2014).  

6.6. Conclusions 

All spray treatments reduced cracking incidence compared to the control, with the least 

cracking observed for ABA and GB treated fruits including less cheek cracks. Foliar application 

of ABA and GB in association with CaCl2 are therefore likely promising cherry cracking 

mitigation strategies. Higher wax content, cuticle and epidermal thickness at both development 

stages was related to higher cracking tolerance in ABA and GB treated fruits. Higher cracking 

tolerance due to ABA and GB spray treatments is likely due to increased cuticular wax 

synthesis (ABA) and increased flexibility and elasticity of the epidermis (GB). At the fruit 

ripening stage, larger cell size of the epidermis, hypodermis and parenchyma cells lowers 

cracking incidence, indicating the importance of flexibility and elasticity of the epidermis.  
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Figure S6.1 

Representative image of cherry fruit tissue specimen stained with Sudan III/IV and methylene blue used 

for measurements of the histological parameters and (C - cuticle, E - epidermis, H - hypodermis, P - 

parenchyma). Scale bars = 40 µm 

 

 

Table S6.1 

Primer sequences (5’  3’) and annealing temperature (Ta) used for quantitative real-time PCR (RT-

qPCR). 

 

Gene Sequence (5’  3’) Ta (° C) Amplicon size (bp) 

PaEXP1 

Forward 
GCTCAGTCCAACGATAATG
G 

60 113 

Reverse 
GTAACAGGCACAATCCCA
G 

Paβ-Gal 

Forward 
ATGCCAAGGTTTCTGTGGA

G 
60 103 

Reverse 
GCTGTACGGGACCAGTGA
TT 

PaWS 

Forward 
TCTCAACCACCAAACACAG
C 

60 102 

Reverse 
CCTTCATAGTGTCGGCGAT
T 

PaAct 

Forward 
TGAAGATTAAGGTTGTGGC

TC 
60 114 

Reverse 
CGTACTCACCCTTGGAAAT
C 
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7. SWEET CHERRY EDIBLE COATINGS DELAY RIPENING AND IMPROVE ANTIOXIDANT STATUS AFTER 

COLD STORAGE 

7.1. Abstract 

Effects of postharvest application of chitosan, Aloe vera and calcium (CaCl2) on quality 

attributes and antioxidant properties of ‘Skeena’ and ‘Sweetheart’ sweet cherries were 

investigated. Fruits at the commercial maturity stage were dipped in chitosan, Aloe vera and 

CaCl2 solutions and stored at 4 °C for 14 days, then kept at 20 °C during three days to assess 

shelf-life. Postharvest treatments elicited more responses in ‘Skeena’ than in ‘Sweetheart’ 

fruits. All treatments reduced fruit weight loss of ‘Skeena’ fruits during storage, while for 

‘Sweetheart’ fruits only Aloe vera reduced weight loss at the end of storage. Chitosan and 

CaCl2 prevented the loss of ‘Skeena’ firmness, while chitosan and Aloe vera maintained 

ripening index in both cultivars. Chitosan-treated cherries showed higher lightness. Phenolic 

levels remained high at the end of storage in treated cherries compared to control fruits. Also 

treated cherries showed a higher catalase and ascorbate peroxidase activity, which might 

contribute to a higher reactive oxygen species scavenging potential. In conclusion, postharvest 

treatments based on chitosan, Aloe vera and CaCl2 are an effective way to delay the cherry 

fruits ripening. 

7.2. Introduction 

Skin colour, fimness, sweetness and nutricional value are important cherry quality 

characteristics. In addition, cherry fruit contain high levels of phenolic compounds and vitamins 

(Crisosto et al., 2006; Usenik et al., 2008; Díaz-Mula et al., 2009; Serradilla et al., 2012; 

Ballistreri et al., 2013). Studies have demonstrated that cherry consumption has health 

benefits, such as inhibition of tumour growth, inhibition of inflammation and protection against 

neurodegenerative diseases (McCune et al., 2010; Ballistreri et al., 2013). However, the level 

of bioactive components varies due to growth conditions, cultivar, ripeness stage, postharvest 

storage and processing (Correia et al., 2017). Moreover, cherry is a non-climacteric fruit with 

a high transpiration rate (Alique et al., 2005), and thus highly perishable with relatively short 

shelf-life. Sweet cherry is susceptible to rapid senescence, related to weight loss, dark of fruit 

skin, softening, surface pitting, loss of acidity, stem browning and drying (Chockchaisawasdee 

et al., 2016; Correia et al., 2017). 

Recently, several postharvest strategies have been studied, including natural 

compounds and edible coatings application in combination with cold storage to extend cherry 

shelf-life (Valero et al., 2011; Petriccione et al., 2014; Giménez et al., 2014, 2016; Pasquariello 

et al., 2015). Calcium (CaCl2) has been applied in harvested fruits as apples (Siddiqui and 
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Bangerth, 1993), apricots (Liu et al., 2009), blueberries (Hanson et al., 1993), peaches 

(Manganaris et al., 2007) and strawberries (Chen et al., 2011; Figueroa et al., 2012), which 

prevent softening, and increase the resistance to physical damage and extending shelf -life of 

the fruits. In the case of sweet cherry, few studies have reported that postharvest calcium 

spray, as CaCl2, improved quality and delayed the senescence (Vangdal et al., 2008; Wang et 

al., 2014; Kafle et al., 2016; Belge et al., 2017; Michailidis et al., 2017). As it is known, the 

process of fruit ripening is a functionally modified extended form of senescence, associated 

with reactive oxygen species (ROS) accumulation, which are generated in plant cells as result 

of normal metabolism (Hodges et al., 2004). Edible coatings, as chitosan (CH) and Aloe vera 

gel (AV), are a promising strategy in the preservation of fruits. CH coating has been used to 

maintain quality attributes during shelf-life period of several fruits such as pears (Li and Yu, 

2000), guava (Hong et al., 2012), table grapes (Romanazzi et al., 2012) and strawberries 

(Romanazzi et al., 2013; Wang and Goa, 2013; Petriccione et al., 2015), including also 

beneficial effects in sweet cherries. CH-coated sweet cherries after cold storage showed lower 

water loss and delayed colour changes, higher total phenolic, flavonoid and anthocyanin 

contents (Petriccione et al., 2014). In addition, CH enhanced the activity of antioxidant 

enzymes, mainly superoxide dismutase (SOD) and ascorbate peroxidase (APX) (Pasquariello 

et al., 2015). Recently, coatings based on AV have been applied on fruits to maintain quality 

and reduce microorganism proliferation, leading to extension of the shelf-life of table grapes 

(Valverde et al., 2005), strawberries (Singh et al., 2011), peaches and plums (Guillén et al., 

2013) and sweet cherries (Martínez-Romero et al., 2006; Valero et al., 2013). AV reduced 

weight loss and lowered the respiration rate, delayed colour changes, softening, and titratable 

acidity (TA) losses in cherry compared to control (Martínez-Romero et al., 2006; Valero et al., 

2013). However, it is still not known what is the effect of AV postharvest treatment on the 

bioactive compounds concentration and antioxidant activity during cold storage in sweet 

cherry. 

The objective of this research was to evaluate the effect of CH, AV and CaCl2 

treatments on the content of bioactive compounds, namely total phenolics and total 

anthocyanins, antioxidant activity and antioxidant enzymes, catalase (CAT) and APX, of two 

important commercial sweet cherry cultivars, Skeena and Sweetheart during postharvest 

period, aiming the extension of shelf-life. In addition, fruit quality attributes (weight loss, 

firmness, skin colour and ripening index) were determined. 
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7.3. Material and Methods 

7.3.1. Plant material and fruit sampling 

Two sweet cherry cultivars, Skeena and Sweetheart, produced in a commercial 

orchard, located in Carrazedo de Montenegro, Portugal (latitude 41°33´ N, longitude 7°17´ W, 

altitude 682 m) were studied in 2016. The soil characteristics are: 1.3 % of organic matter 

content, high K2O (125 mg kg-1) and medium P2O5 (75 mg kg-1) content, medium texture and 

pH 5.5. Trees trained under a vertical system and spaced at 4.5 m between rows and 2.0 m in 

the row. Trees were daily drip-irrigated between May and September, 4 h per day (drippers 1 

m apart in line with a 4 L h-1 flow rate), periodically fertilized and summer pruned. 

Nine trees were selected per cultivar. Thousand three hundred g of fruits from each 

tree were randomly harvested on the same day, at the commercial maturity stage and were 

immediately taken to the laboratory. 

7.3.2. Postharvest treatments 

Fruits were firstly selected based on their size uniformity and free of defects. Then they 

were separated in five different batches of 300 g of fruits, with three replicates each, according 

to the treatments performed (12 kg in total). The first batch comprises sweet cherries collected 

at harvest. The other batches comprise cherries collected at harvest and submitted to the four 

treatments namely distilled water (Control), chitosan (CH, Chito Plant / ChiPro GmbH), Aloe 

vera gel (AV, Internacional Sociedad Anónima, Fuerteventura, Canary Islands, Spain) and 

calcium chloride (CaCl2, Sigma-Aldrich). Cherries were dipped in distilled water, in commercial 

CH solution of 1 % (w/v), in commercial AV diluted 1:3 in distilled water and in CaCl2 solution 

of 1 % (w/v), for 8 min, creating a uniform film to the whole fruit surface. Fruits were then dried 

during 1 h at 25 °C and placed in 500 mL polyethylene terephthalate (PET) boxes (± 300 g 

each).  Then, they were stored during 14 days (d) in a controlled chamber at 4 °C and 95 % 

relative humidity and placed at 20 °C for 3 days to evaluate their shelf-life (SL). For each 

sampling date [3 days of shelf-life (0 + 3d SL), 7 days of cold storage and 3 days of shelf-life 

(7 + 3d SL) and 14 days of cold storage and 3 days of shelf-life (14 + 3d SL)], two sub-samples 

were collected for analytical determinations. The first sub-sample was assigned for flesh 

firmness, skin colour and soluble solids content (SSC) and TA measurements; and the second 

sub-sample batch was used for the determination of the bioactive compounds (total phenolic 

and total anthocyanin contents), antioxidant activity and antioxidant enzymes. Fruits from the 

second sub-sample were frozen in liquid nitrogen, lyophilized for 48 h at -55 °C and converted 

to a dried powder using a commercial blender (Model BL41, Waring Commercial, Torrington, 

CT, USA).  
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7.3.3. Cherry quality parameters 

7.3.3.1. Weight loss 

Weight loss of each PET boxes was calculated concerning the weight at day 0. 

Cumulative weight loss was expressed as the percentage (%) of the mean loss of the initial 

weight (day 0) of the average of three replicates with indicated standard error (SE).  

7.3.3.2. Fruit firmness and skin colour 

Fruit flesh firmness (FF) and skin colour were determined for twenty fruits. FF (in N mm-

1) was determined using a TA.XTPlus texture analyser (Stable Micro Systems, Godalming, 

UK), employing a 50 N loading cell and a 2.0 mm diameter cylindrical probe, respectively. Fruit 

colour (CIE L*a*b*) was measured at opposite sides with a chroma meter (Model CR-300, 

Minolta, Japan). The intensity of colour or chroma (C*) was calculated using the formula: C* = 

(a2 + b2)½ (Gonçalves et al., 2007; Giménez et al., 2016). All results were expressed as the 

average of twenty fruits with indicated SE. 

7.3.3.3. Ripening index 

Thirty fruits from the first sub batch were divided into three groups of ten fruits each. 

The juice from ten fruits was extracted with an electrical extractor (ZN350C70, Tefal Elea, 

China) during 30 s. SSC (%) was determined using a digital refractometer (PR-101, Atago, 

Japan). TA (in g malic acid 100 g-1 of fresh weight (FW)) was determined by diluting 10 mL of 

juice with 10 mL of distilled water and titrating with 0.1 mol L-1 sodium hydroxide (NaOH) until 

pH 8.2 using a Schott Easy Titroline automatic titrator. The ripening index was expressed as 

the ratio of SSC and TA and expressed as the average of three replicates with indicated SE. 

7.3.4. Bioactive compounds and antioxidant activity 

Total phenolic content was measured according to Singleton and Rossi (1965) and 

Dewanto et al. (2002). Forty milligrams of the freeze-dried sample was dissolved 1 mL of 70 

% (v/v) aqueous methanol, heated to 70 °C and vortexed every 5 min for 30 min. The extracts 

were then centrifuged at 15.000 g for 15 min. The supernatants were filtered through a 0.2 µm, 

Ø 13 mm PTFE filter (Teknokroma, Spain). Briefly, 20 µL of each extract was added to 100 µL 

Folin-Ciocalteu reagent diluted in double-distilled water (ddH2O) (1:10, v/v) and sodium 

carbonate at 7.5 % (Na2CO3, 80 µL). After 15 min of incubation at 45 °C, the absorbance values 

were recorded at 765 nm against a methanol blank applying a 96-well microplate reader 

(MultiskanTM FC Microplate Photometer, USA). Gallic acid was used as standard (Sigma-

Aldrich). The results were expressed as mg gallic acid equivalents (GAE) g-1 dry weight (DW) 

as the average of three replicates with indicated SE. 
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Total anthocyanin quantification was performed according to Smith et al. (2000) and Nicoué et 

al. (2007). Methanolic extracts were prepared by dissolving 1.0 g of freeze-dried sample in 10 

mL of acidified methanol (1 % HCl, v/v), at 4 °C during 1 h. After this period, the extracts were 

centrifuged (Centric 250, UniEquip, Munich, Germany) at 2000 g during 15 min and filtered 

(WhatmanTM No. 1, 90 mm). The supernatants were diluted with 0.025 M KCl buffer (pH 1) or 

0.4 M sodium acetate (CH3COONa) buffer (pH 4.5) at a ratio of 1:6. After 10 min the 

absorbance at 541 nm and 700 nm was recorded in the pH 1 and the pH 4.5 buffer 

spectrophotometrically (U-2000, serial 121-0120, Hitachi Ltd., Tokyo, Japan). The net 

anthocyanin absorbance was calculated as (A541-A700)pH1.0 - (A541-A700)pH4.5. The anthocyanin 

content was estimated applying the molar absorptivity (Ɛ=28800) and molecular weight 

(MW=595.2) of cyanidin-3-O-rutinoside (Wrolstad, 1976). The results are shown as cyanidin-

3-O-rutinoside equivalents (mg cy-3-rut g-1 DW). All results were presented as the average of

three replicates with indicated SE. 

Antioxidant activity was quantified by ferric reduction (Fe3+ to Fe2+) capacity (FRAP) 

method and carried out according to Stratil et al. (2006), in a 96-well microplate. Briefly, a fresh 

FRAP reagent solution was prepared by mixing sodium acetate buffer (300 mM, pH 3.6), 10 

mM 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) solution (40 mM HCl as solvent), and 20 mM iron (III) 

chloride solution (in water) in a volume ratio of 10:1:1, respectively. An aliquot (25 µL) of the 

fruit extract prepared previously for the total phenolic content measurement was mixed with 

275 µL FRAP solution reagent. After 5 min in room temperature, the absorbance values were 

recorded at 593 nm (MultiskanTM FC Microplate Photometer, USA). The trolox (Sigma-Aldrich) 

was used as a standard. Results are shown in µmol trolox equivalent antioxidant capacity 

(TEAC) g-1 DW and expressed as the average of three replicates with indicated SE. 

7.3.5. Antioxidant enzymes 

The antioxidant enzyme activity was measured by catalase (CAT) and ascorbate 

peroxidase (APX) activity assays. Firstly, an enzyme extraction was performed by 

homogenizing 1.0 g of frozen sample with 5 mL of phosphate buffer (50 mM, pH 7.0) containing 

1 % (w/v) polyvinylpyrrolidone (PVP) and 1 mM ethylenediaminetetraacetic acid (EDTA). The 

homogenate was centrifuged at 1960 g (Centric 250, UniEquip, Munich, Germany) for 30 min 

at 4 °C. The supernatants were used for enzyme assay. The CAT (EC 1.11.1.6) activity was 

assayed according to Elavarthi and Martin (2010), in which the decrease in absorbance of 

hydrogen peroxide (H2O2) at 240 nm, was monitored. The specific activity was expressed as 

the specific rate of molar change in H2O2 (extinction coefficient 43.60 M-1 cm-1), µmol min-1 mg-

1 protein. The APX (EC 1.11.1.11) activity was assayed by monitoring the decrease in 

absorbance at 290 nm for 2 min (extinction coefficient 2.80 mM-1 cm-1) (Elavarthi and Martin, 
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2010; Garchery et al., 2013). The specific activity was expressed as nmol min-1 mg-1 protein. 

The total protein content, necessary to express the activity of antioxidant enzymes per protein, 

was determined according to the Lowry method (Waterborg, 2009) using bovine serum 

albumin (BSA) as a standard. All results are expressed as the average of three replicates with 

indicated SE.  

7.3.6. Statistical analysis 

Statistical analysis was performed using SPSS V.25 (SPSS-IBM, Orchard Road-

Armonk, New York, NY). Statistical differences were evaluated by one-way and two-way 

analysis of variance (ANOVA) followed by the post hoc Duncan’s multiple range test (P < 0.05), 

establishing treatment and storage time effects, for each cultivar. The ANOVA requirements, 

namely the normal distribution of the residuals, by means of the Shapiro-Wilk’s test, and the 

homogeneity of variance, using the Bartlett’s tests, were evaluated. Dependent variables were 

analysed using ANOVA with or without Welch correction, depending if homogeneity of 

variances was observed or not. In addition, Pearson’s rank correlations were performed 

between antioxidant activity and total phenolic; between antioxidant activity and total 

anthocyanin; and between C* (chroma) and total anthocyanin. 

7.4. Results 

7.4.1. Cherry quality parameters 

7.4.1.1. Weight loss 

The weight loss of ‘Skeena’ and ‘Sweetheart’ cherries was affected by treatment (P < 

0.001) and storage period (P < 0.001) (Fig. 7.1). However, weight loss was affected by 

treatment (P < 0.001) for ‘Sweetheart’ fruits only at the end of storage. In both cultivars, the 

weight loss was more pronounced after 7 days of storage. AV-treated cherries showed a lower 

(P < 0.001) fruit weight loss, up to 17 % for ‘Skeena’ (8.4 %) and 13 % for ‘Sweetheart’ (8.0 

%) compared to control (H2O) (10.1 % and 9.2 %, respectively), at the end of the experiment. 

CH (7.8 %) and CaCl2 (8.7 %) reduced fruit weight loss compared to control, corresponding to 

23 % and 14 %, respectively, after 14 days of cold storage and 3 days of shelf-life (14 + 3d 

SL) for ‘Skeena’ cherries. 

7.4.1.2. Fruit flesh firmness 

Flesh firmness was affected by treatment (P < 0.01) and storage period (P < 0.001) in 

both cultivars (Fig. 7.2). But, flesh firmness was affected by treatment (P < 0.01) for 

‘Sweetheart’ fruits only at 3 days of shelf-life (0 + 3d SL). Flesh firmness at harvest was 0.91 

N mm-1 in ‘Skeena’ and 1.20 N mm-1 in ‘Sweetheart’ cherries and decreased significantly along 

storage in both cultivars, reaching final values of 0.64 N mm-1 in ‘Skeena’ control fruits and 
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0.85 N mm-1 in CH-treated ‘Sweetheart’ cherries. Both CH and CaCl2 application delayed (P < 

0.001) the loss of flesh firmness in ‘Skeena’ cherries along storage compared to control fruits. 

On the other hand, CH and AV-treated ‘Sweetheart’ cherries showed high flesh firmness only 

at 3 days of shelf-life (0 + 3d SL), without significant effect afterwards. 

Figure 7.1 

Weight loss (%) of ‘Skeena’ and ‘Sweetheart’ cherries during storage [3 days of shelf-life (0 + 3d SL), 7 

days of cold storage and 3 days of shelf-life (7 + 3d SL) and 14 days of cold storage and 3 days of shelf-

life (14 + 3d SL)] after treatments with chitosan (CH), Aloe vera (AV), calcium (CaCl2) and distilled water 

(control). Data are the mean ± SE. Different letters show significant differences (P < 0.05) for each 

sampling date among treatments by Duncan’s test. Subscripts indicate: * P < 0.05; ** P < 0.01; *** P < 

0.001; ns - not significant. 

Figure 7.2 

Flesh firmness (N mm-1) of ‘Skeena’ and ‘Sweetheart’ cherries during storage [3 days of shelf-life (0 + 

3d SL), 7 days of cold storage and 3 days of shelf-life (7 + 3d SL) and 14 days of cold storage and 3 

days of shelf-life (14 + 3d SL)] after treatments with chitosan (CH), Aloe vera (AV), calcium (CaCl2) and 

distilled water (control). Data are the mean ± SE. Different letters show significant differences (P < 0.05) 

for each sampling date among treatments by Duncan’s test. Subscripts indicate: * P < 0.05; ** P < 0.01; 

*** P < 0.001; ns - not significant. 
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7.4.1.3. Fruit skin colour 

L* and C* were affected by treatment (P < 0.01) and storage period (P < 0.001) in both 

cultivars (Fig. 7.3). However, effect of treatment was not observed at 3 days of shelf-life (0 + 

3d SL) on L* for both cultivars and on C* for ‘Skeena’ cherries. L* values at harvest were 27.2 

and 29.9 in ‘Skeena’ and ‘Sweetheart’ fruits, respectively, and significantly decreased at the 

end of storage in control, AV and CaCl2-treated cherries compared to harvest (Fig. 7.3A). 

Contrary, the highest L* values were observed in CH-treated cherries at the end of storage, 

reaching final values of 28.1 and 31.3 for ‘Skeena’ and Sweetheart’, respectively (Fig. 7.3A). 

Colour expressed as C* decreased (P < 0.001) during storage in control and treated cherries 

in both cultivars. Indeed, ‘Skeena’ cherries had a darker red colour than ‘Sweetheart’, showing 

the lowest C* at harvest (18.5) compared to ‘Sweetheart’ cherries (38.5). At the end of storage, 

AV and CaCl2-treated cherries showed lower C* values than control and CH-treated cherries 

for both cultivars (Fig. 7.3B). 

 

 

 

 

 

 

Figure 7.3 

Colour parameters [L* (A) and C* (B)] of ‘Skeena’ and ‘Sweetheart’ cherries during storage [3 days of 

shelf-life (0 + 3d SL), 7 days of cold storage and 3 days of shelf-life (7 + 3d SL) and 14 days of cold 

storage and 3 days of shelf-life (14 + 3d SL)] after treatments with chitosan (CH), Aloe vera (AV), calcium 

(CaCl2) and distilled water (control). Data are the mean ± SE. Different letters show significant 

differences (P < 0.05) for each sampling date among treatments by Duncan’s test. Subscripts indicate: 

* P < 0.05; ** P < 0.01; *** P < 0.001; ns - not significant. 
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7.4.1.4. Ripening index 

The ripening index (SSC/TA) was affected by treatment (P < 0.05) and storage period 

(P < 0.001) in both cultivars (Fig. 7.4). However, effect of treatment was not observed at 7 days 

at cold storage and 3 days of shelf-life (7 + 3d SL) for ‘Sweetheart’ cherries. Ripening index at 

harvest (31.2 in ‘Skeena’ and 29.4 in ‘Sweetheart’ cherries) increased significantly along 

storage in control and treated cherries for both cultivars. CH and AV decreased (P < 0.05) the 

ripening index in ‘Skeena’ fruits compared to control, reaching final values of about 42 in CH 

and AV-treated cherries, and significantly higher, 51.1 in control fruits. On the other hand, at 

the end of the experiment for ‘Sweetheart’ cherries, all postharvest treatments led to a lower 

(P < 0.05) ripening index compared to control cherries, varying the values between 49.1 in 

control fruits and 42.5 in CaCl2-treated cherries 

Figure 7.4 

Ripening index (SSC/TA) of ‘Skeena’ and ‘Sweetheart’ cherries during storage [3 days of shelf-life (0 + 

3d SL), 7 days of cold storage and 3 days of shelf-life (7 + 3d SL) and 14 days of cold storage and 3 

days of shelf-life (14 + 3d SL)] after treatments with chitosan (CH), Aloe vera (AV), calcium (CaCl2) and 

distilled water (control). Data are the mean ± SE. Different letters show significant differences (P < 0.05) 

for each sampling date among treatments by Duncan’s test. Subscripts indicate: * P < 0.05; ** P < 0.01; 

*** P < 0.001; ns - not significant. 

7.4.2. Antioxidant activity and related bioactive compounds 

Total phenolic and total anthocyanin contents were affected by treatment (P < 0.01) 

and storage period (P < 0.001), in both cherry cultivars (Fig. 7.5). Postharvest treatments CH, 

AV and CaCl2 led to significant increases in total phenolic (Fig. 7.5A) and total anthocyanin 

contents (Fig. 7.5B) compared to harvest, for both cultivars. Also, control fruits at 3 days of 

shelf-life (0 + 3d) showed a significant increase of total phenolic content compared to harvest, 

reaching values of about 16.2 mg GAE g-1 DW in ‘Skeena’ and 11.5 mg GAE g-1 DW in 

‘Sweetheart’ cherries, and decreased afterwards. Both AV and CaCl2 increased (P < 0.01) total 

phenolic content of cherries up to 39 % compared to control, in both cultivars at the end of 
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storage. CH application also showed an increment up to 29 % for ‘Sweetheart’ cherries, 

compared to control (Fig. 7.5A). With respect to total anthocyanin, it significantly increased as 

storage progress in treated fruits of both cultivars (Fig. 7.5B). Nevertheless, at the end of 

storage, the anthocyanin concentration was similar to that found at harvest (2.19 mg Cy-3-rut 

g-1 DW) for CH-, AV- or CaCl2-treated (≈ 2.24 mg Cy-3-rut g-1 DW) ‘Skeena’ cherries, without 

significant differences among treatments, but in higher (P < 0.05) concentration than in control 

fruits. For ‘Sweetheart’ fruits, all postharvest treatments increased (P < 0.01) anthocyanin 

content compared to control fruits, displaying values at the end of storage between 1.04 mg 

Cy-3-rut g-1 DW in control fruits and 1.64 mg Cy-3-rut g-1 DW in AV-treated cherries. 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 

(A) Total phenolic (mg GAE g-1 DW) and (B) total anthocyanin (mg Cy-3-rut g-1 DW) content of ‘Skeena’ 

and ‘Sweetheart’ cherries during storage [3 days of shelf-life (0 + 3d SL), 7 days of cold storage and 3 

days of shelf-life (7 + 3d SL) and 14 days of cold storage and 3 days of shelf-life (14 + 3d SL)] after 

treatments with chitosan (CH), Aloe vera (AV), calcium (CaCl2) and distilled water (control). Data are 

the mean ± SE. Different letters show significant differences (P < 0.05) for each sampling date among 

treatments by Duncan’s test. Subscripts indicate: * P < 0.05; ** P < 0.01; *** P < 0.001; ns - not 

significant. 
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Antioxidant activity was affected by treatment (P < 0.001) and storage period (P < 

0.001), in both cultivars (Fig. 7.6). Antioxidant activity increased (P < 0.001) until 3 days of 

shelf-life (0 + 3d SL) in control fruits and decreased afterwards for both cultivars. After that, 

CH-, AV- and CaCl2-treated ‘Skeena’ cherries showed higher (P < 0.01) antioxidant activity 

than control cherries until the end of storage. Regarding ‘Sweetheart’, only CaCl2 showed a 

significant increase in antioxidant activity of cherries at the end of the experiment. 

Figure 7.6 

Antioxidant activity (µmol TEAC g-1 DW) of ‘Skeena’ and ‘Sweetheart’ cherries during storage [3 days 

of shelf-life (0 + 3d SL), 7 days of cold storage and 3 days of shelf-life (7 + 3d SL) and 14 days of cold 

storage and 3 days of shelf-life (14 + 3d SL)] after treatments with chitosan (CH), Aloe vera (AV), calcium 

(CaCl2) and distilled water (control). Data are the mean ± SE. Different letters show significant 

differences (P < 0.05) for each sampling date among treatments by Duncan’s test. Subscripts indicate: 

* P < 0.05; ** P < 0.01; *** P < 0.001; ns - not significant.

7.4.3. Antioxidant enzymes 

CAT and APX activities were affected by treatment (P < 0.001) and storage period (P 

< 0.001), in both cultivars (Fig. 7.7). However, effect of treatment on APX activity was not 

observed at 7 days at cold storage and 3 days of shelf-life (7 + 3d SL) for ‘Sweetheart’ cherries. 

The activity of these enzymes decreased in control and treated fruits during storage compared 

to harvest. However, all postharvest treatments generally led to significantly high CAT and 

APX activities compared to control fruits. Fruits treated showed a higher (P < 0.001) CAT 

activity until the end of storage for both cultivars compared to control cherries, excepting CH 

treatment in ‘Skeena’ cherries at 3 days of shelf-life (0 + 3d SL) (Fig. 7.7A). At the end of 

storage, AV- and CaCl2-treated cherries of both cultivars showed significantly higher APX 

activity compared to control fruits. Also, CH treatment enhanced (P < 0.01) the APX activity of 

‘Sweetheart’ fruits (Fig. 7.7B). 
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Figure 7.7 

(A) Catalase (CAT, µmol min-1 mg protein-1) and (B) ascorbate peroxidase (APX, nmol min-1 mg protein-

1) of ‘Skeena’ and ‘Sweetheart’ cherries during storage [3 days of shelf-life (0 + 3d SL), 7 days of cold 

storage and 3 days of shelf-life (7 + 3d SL) and 14 days of cold storage and 3 days of shelf-life (14 + 3d 

SL)] after treatments with chitosan (CH), Aloe vera (AV), calcium (CaCl2) and distilled water (control). 

Data are the mean ± SE. Different letters show significant differences (P < 0.05) for each sampling date 

among treatments by Duncan’s test. Subscripts indicate: * P < 0.05; ** P < 0.01; *** P < 0.001; ns - not 

significant. 

 

7.5. Discussion 

7.5.1. ‘Skeena’ cherries are more suitable for postharvest immersion treatments than 

‘Sweetheart’ fruits 

Significant differences between control and treated fruits in weight loss during storage 

is higher for ‘Skeena’ compared to ‘Sweetheart’ cherries (Fig. 7.1). Additionally, weight fruit 

loss is generally higher in ‘Skeena’ compared to ‘Sweetheart’, which can be due to higher 

respiration rate for ‘Skeena’ fruits (Toivonen and Hampson, 2017). ‘Skeena’ cherries showed 

a significant lower flesh firmness than ‘Sweetheart’ at harvest and during storage (Fig. 7.2). 

Interestingly, CH-treated ‘Skeena’ fruits showed similar values of flesh firmness obtained in 
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‘Sweetheart’ fruits at the end of experiment. Higher increases in levels of phenolic compounds 

and antioxidant capacity in treated ‘Skeena’ fruits than in treated ‘Sweetheart’ cherries (Fig. 

7.5 and 7.6). This indicates that ‘Skeena’ cherries are more responsive to postharvest 

treatments than ‘Sweetheart’ fruits. 

7.5.2. Postharvest treatments preserve cherry quality during shelf-life 

The main quality parameters that are related to sweet cherry acceptability by 

consumers are calibre, colour, firmness and sweetness (Crisosto et al., 2006; Díaz-Mula et al., 

2009). Recently, a positive impact of cherries on human health has also been a consumer 

concern due to a high level of health-related compounds (McCune et al., 2010; Ballistreri et 

al., 2013). Since cherry quality decline quickly during storage or shelf-life, the development of 

postharvest strategies for preserving fruit quality is of major interest.  

Weight loss is a good parameter of physiological activity, which could be related to an 

increase in respiration rate, due to tissue damage and deterioration (Chen et al., 2011; 

Giménez et al., 2016). The fast increase of weight loss observed during the shelf-life period 

(Fig. 7.1), is depend on the temperature, which accelerates the biochemical reactions related 

to the senescence process. In ‘Skeena’ cherries, CH, AV and CaCl2 reduced significantly the 

weight loss rate over cold and shelf-life storage as compared to control fruits. While in 

‘Sweetheart’ fruits AV treatment reduced weight loss at the end of the experiment. Similar 

results were reported by Chen et al. (2011) for strawberry, in which lower weight loss rate was 

found in fruits dipped in CaCl2. In fact, CH and AV are edible coatings that form a 

semipermeable film that regulates gas exchange (Martínez-Romero et al., 2006; Petriccione 

et al., 2014; Tezotto-Uliana et al., 2014). The reduced weight loss effect can be related to a 

lower respiration rate (Tezotto-Uliana et al., 2014) in film coated fruits or/and to lower 

transpiration rate (Martínez-Romero et al., 2006; Petriccione et al., 2014), leading to slower 

deterioration rate. Turhan (2010) stated that edible coatings can function as a gas barrier and 

have a similar effect on the storage under modified atmosphere (MA). 

Fruit firmness is one of the most significant parameters that reflects the conditions of 

storage (Crisosto et al., 2006; Chockchaisawasdee et al., 2016). During storage, fruits show a 

softening process, which is related with the increase in polygalacturonase (PG), ß-

galactosidase (ß-Gal) and pectinmethylesterase (PME) activities (Remón et al., 2003), 

responsible for fruit quality loss. Our results showed that CH and CaCl2 maintained ‘Skeena’ 

fruit firmness along storage (Fig. 7.2). Although no significant differences were found, AV and 

CaCl2 prevented firmness loss in ‘Sweetheart’ fruits at the end of storage. Similarly, sweet 

cherry softening was reduced by dipped in CaCl2 (Belge et al., 2017) and AV (Valero et al., 

2013). Other fruits, such as mango and banana, showed low levels of softening when treated 
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with CH (Jongsri et al., 2016; Hosseini et al., 2018). One explanation for the sweet cherry 

firmness retention could be related to the lower weight loss in treated cherries than in control 

fruits, as observed in Figure 7.1. Additionally, the CH, AV and CaCl2 postharvest treatments 

could promote the inhibition of the cell-wall degrading enzymes, as PG and PME. Belge et al. 

(2017) reported an inhibition of PME activity in ‘Celeste’ sweet cherries, when treated with a 3 

% CaCl2 solution. Besides, the high firmness of the CH-treated banana fruits was maintained 

by reduction of PG activity (Hosseini et al., 2018). 

The changes in skin colour fruit and ripening index could be associated with fruit 

maturity. Usually, during the postharvest storage of sweet cherry, SSC increases and colour 

C* and TA decreases (Gonçalves et al., 2007; Serradilla et al., 2013). Accordingly, in our study 

a reduction in C* in control and treated fruits from both cultivars was observed during the 

storage (Fig. 7.3B). In cherries, the intensity of the red colour has been related with the 

anthocyanin concentration (Gonçalves et al., 2007). Indeed, a high negative correlation 

between total anthocyanin and C* (R=-0.80, P < 0.001) was found. Michailidis et al. (2017) 

reported that postharvest Ca application on ‘Lapins’ cherries decreased C* and induced 

anthocyanin accumulation during storage. Lightness (L*) of the fruit skin is also an important 

selection parameter for the consumer. CH contributed to higher L* values of fruits compared 

to control for both cultivars (Fig. 7.3A). Moreover, it has been shown that application of CH on 

sweet cherry (Petriccione et al., 2014) and banana (Hosseini et al., 2018), and polyamines on 

grapes (Mirdehghan and Rahimi, 2016) can delay the decrease in L*, which was found in the 

current study. 

The SSC/TA of the control and treated fruits increased during the storage (Fig. 7.4). 

This increment can be related to the decomposition of starch into sugars, respiration rate, the 

hydrolysis of cell wall polysaccharides (Comabella and Lara, 2013), and the increase of  dry 

matter due to water loss (Dong et al., 2004). TA is an essential component of fruit organoleptic 

quality, contributing to the aroma and taste of the fruits (Crisosto et al., 2006). The use of 

organic acids as substrates for respiratory metabolism during storage might explain the higher 

acidity loss in sweet cherry (Díaz-Mula et al., 2009). Nevertheless, edible coatings, mainly CH 

and AV, led to a lower increase in the SSC/TA during storage for both cultivars (Fig. 7.4). This 

finding can be associated to changes in the internal fruit atmosphere, with a reduction in the 

O2 level followed by an increase in the CO2 concentration, and a suppression of ethylene 

production (Devlieghere et al., 2004). Indeed, CH and AV application have been reported to 

decrease SSC and lower acidity loss during storage in sweet cherry (Martínez-Romero et al., 

2006; Valero et al., 2013; Petriccione et al., 2014), which might indicate a reduction of the 

SSC/TA index of the fruits. CH-coated strawberry fruits exhibited a smaller increase of SSC/TA 

compared to uncoated fruits (Petriccione et al., 2015). Michailidis et al. (2017) reported that 
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CaCl2 treatment retarded the postharvest ripening of the cherry fruits, by lower SSC/TA index 

when compared to control fruits. On the other hand, no significant differences in SSC/TA 

between CaCl2 treated and untreated fruits were observed (Belge et al., 2017). 

7.5.3. Improved bioactive compounds and antioxidant activity by the postharvest 

treatments  

Sweet cherry is considered a healthy fruit due to its content of bioactive compounds 

with antioxidant activity, such as phenolics including anthocyanins, which are associated with 

a wide range of health benefits (McCune et al., 2010; Ballistreri et al., 2013). Levels of phenolic 

compounds, mainly concentrated in the skin, contribute for the organoleptic and nutritive 

quality of sweet cherry fruit (Ferretti et al., 2010). Overall, the application of postharvest 

compounds enhanced the content of total phenolics (Fig. 7.5A), anthocyanins (Fig. 7.5B) and 

antioxidant activity (Fig. 7.6) for both cultivars. However, ‘Skeena’ fruits (both control and 

treated) at the end of the experiment showed a decrease in anthocyanin content to values 

similar to those observed at harvest (Fig. 7.5B). Degradative processes of anthocyanins are 

poorly understood. Polyphenol oxidases (PPO), peroxidase (POD) and β-glucosidases can be 

responsible for anthocyanin degradation during storage (Oren-Shamir, 2009). In addition, for 

CH-treated ‘Skeena’ fruits significant differences on levels of total phenolic were not found (Fig. 

7.5A) and for ‘Sweetheart’ cherries only CaCl2 increased the antioxidant activity compared to 

control fruits, at the end of the experiment (Fig. 7.6). This finding is in line with previous studies, 

that observed higher phenolic content after CH application in cherry (Petriccione et al., 2014) 

and strawberry (Wang and Gao, 2013; Petriccione et al., 2015). Similarly, Chrysargyris et al. 

(2016) concluded that postharvest AV treatment enhanced total phenolic content and 

antioxidant capacity of tomato fruits. The postharvest CaCl2 treatment also maintained the 

nutritional quality and improved the antioxidant capacity of cornelian cherry (Aghadama et al., 

2013), sweet cherry (Wang et al., 2014; Michailidis et al., 2017) and pomegranate 

(Ramezanian et al., 2010), by maintaining high levels of total phenolic and anthocyanin. It has 

been suggested that an improvement of phenolic compounds concentration in fruits treated 

with CH, AV and CaCl2 can trigger the phenylpropanoid pathway by increasing the 

phenylalanine ammonia-lyase (PAL) activity (Meng et al., 2008; Aghadama et al., 2013; 

Hassanpour, 2015).  

Antioxidant activity of the sweet cherry fruits has been related mainly with content of 

ascorbic acid and phenolic compounds, including anthocyanins (Díaz-Mula et al., 2009; 

Giménez et al., 2016). However, other compounds like vitamin A, E and K and carotenoids, 

especially β-carotene, lutein, and zeaxantine could contribute to the antioxidant activity of fruits 

(Ferretti et al., 2010; Leong and Oey, 2012). In our study, strong correlations between 
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antioxidant activity and total phenolics (R=0.85, P < 0.001), and antioxidant activity and total 

anthocyanins (R=0.86, P < 0.001) were found, considering the data from control and treated 

cherries of both cultivars. Nevertheless, our study showed that phenolic profile and changes 

in its content are also dependent on the cultivar, as reported by Gonçalves et al. (2004). 

7.5.4. Postharvest treatments preserve antioxidant enzymes during shelf-life 

Among several antioxidant enzymes, CAT and APX are involved in the radical 

scavenging of ROS, like H2O2, avoiding damage to plant cells and senescence during 

postharvest (Hodges et al., 2004). Therefore, high levels of antioxidant enzymes play essential 

roles in detoxifying ROS and alleviating oxidative damage. Our study demonstrated a general 

trend in those antioxidant enzymes, that is, decreases along storage. However, relevant 

differences were observed between treatments and cultivars. According to our results, CH, AV 

and CaCl2-treated cherries had higher CAT and APX activities compared to control fruits, for 

both cultivars. However, significant differences for CH treatment in ‘Skeena’ fruits were not 

observed for APX activity, at the end of the experiment (Fig. 7.7). In previous reports, Dang et 

al. (2010), Wang and Gao (2013) and Pasquariello et al. (2015) found higher activities of CAT 

and APX in sweet cherry and strawberry fruits treated with CH, which is in agreement with our 

findings. These authors also reported that the increased activities of CAT and APX are 

important for the prevention of fruit oxidation, increasing shelf-life, which is very similar to our 

results. Comparable findings were observed by Kou et al. (2014), when pears ‘Huang guan’ 

treated with CaCl2 presented high CAT and SOD activities and low oxidation and senescence 

rates. Indeed, the increase of antioxidant compounds and antioxidant enzymes activity by CH, 

AV and CaCl2 treatments could delay postharvest senescence of cherries and thus, preserving 

the fruit quality properties along storage. Nevertheless, the molecular mechanisms involved in 

these physiological responses is currently unclear. 

7.6. Conclusions 

Our study indicates that cherry shelf-life can be enhanced using postharvest 

treatments, such as chitosan, Aloe vera or calcium. These treatments were able to delay fruit 

ripening and to preserve the quality attributes highly recognized by consumers. Nevertheless, 

‘Skeena’ cherries are more responsive to postharvest treatments than ‘Sweetheart’ fruits, 

which indicates the need to develop cultivar-specific strategies to extend cherry shelf-life. 

Postharvest immersion reduced fruit weight loss in ‘Skeena’ cherries. For ‘Sweetheart’ fruits, 

only Aloe vera treatment reduced fruit weight loss at the end of storage. Both chitosan and 

calcium were the most effective on preventing loss of ‘Skeena’ firmness, while chitosan and 

Aloe vera showed a clear role in maintaining ripening index in both cultivars. Chitosan also 

contributed to higher lightness values of fruits compared to control. The application of 
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postharvest treatments had a positive effect on the antioxidant compounds (total phenolics 

and total anthocyanins), which are responsible for the increase in antioxidant activity. 

Moreover, these treatments increased the activity of the antioxidant enzymes CAT and APX 

that, together with the improvement of the antioxidant compounds, could contribute to detoxify 

the ROS produced during the postharvest ripening process. The association between all these 

aspects might delay the postharvest ripening and senescence processes, extending the shelf-

life of cherry fruit, revealing that chitosan, Aloe vera and calcium can be reliable strategies to 

preserve cherry quality potential.  
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8. CONCLUDING REMARKS

This thesis reports significant additions to the knowledge of how traditional and novel 

preharvest spray treatments influence sweet cherry tree performance and the quality attributes 

of the cherry fruit, including the mitigation of cracking. Additionally, the extension of the shelf-

life of cherries was achieved using calcium and edible coatings after the fruit was harvested. 

The main conclusions of this thesis are:  

1. Physiological and biochemical responses of ‘Skeena’ sweet cherry tree are modulated by

foliar sprays of calcium and growth regulators during two consecutive years (2015 and

2016). Foliar application of GA3 and GB increased the physiological performance and yield

of sweet cherry trees and might become a common agronomic practice in the near future.

Take together the results suggest that spray treatments with both compounds could be

useful tools to mitigate environmental stressful conditions, by the physiological

improvement of the cherry tree.

2. The effects of preharvest application of calcium and growth regulators on fruit quality were

affected by year and cultivar. Therefore, to improve both fruit sensory quality and other

quality attributes like skin colour, firmness, maturity and the composition of health

promoting compounds, it will be necessary to develop cultivar-specific strategies. A close

association between phytonutrient content with weather conditions showed an increase of

ascorbic acid content in 2015 and polyphenol and carotenoid content of the cherries in

2016 for both cultivars. Likely higher solar radiation combined with higher temperatures

and less precipitation in 2015 compared to 2016 contributed to this shift in health promoting

compounds. The results suggest that both GA3 and GB are attractive compounds for

increasing fruit quality attributes at harvest, by increasing the fruit weight, firmness,

appearance, and anthocyanins content.

3. Generally, all foliar treatments reduced cracking incidence, with the least cracking

observed for ABA and GB treated fruits including less cheek cracks. ABA and GB in

combination with ca sprays showed higher wax content and higher cuticle and epidermal

thickness at both development stages, which was related to higher cracking tolerance in

ABA and GB treated fruits. Higher cracking tolerance due to ABA and GB spray treatments

is also likely due to increased cuticular wax synthesis (ABA) and increased flexibility and

elasticity of the epidermis (GB). In general, factors that improve the cuticle thickness

appear to be important at the fruit colouring stage. At the fruit ripening stage, larger cell

size of the epidermis, hypodermis and parenchyma cells lowers cracking incidence,
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pointing at the importance of flexibility and elasticity of the epidermis. This indicates that 

ABA and GB (in association with Ca) sprays are promising compounds for cherry cracking 

mitigation.  

 

4. The quality of the shelf-life of sweet cherries can be enhanced using postharvest 

treatments with CaCl2 and edible coatings such as CH and AV. These compounds were 

able to delay the ripening of the fruit and preserve attributes highly regarded by consumers. 

Both CH and CaCl2 were the most effective in preventing loss of ‘Skeena’ firmness, while 

edible coatings showed a clear role in maintaining the ripening index in both cultivars. The 

application of postharvest compounds was also able to maintain the content of bioactive 

compounds (total phenolic and anthocyanin) and antioxidant enzymes at higher 

concentrations with respect to the control fruits at the end of the storage period. On the 

whole, the results suggest that these compounds are an encouraging strategy for 

improving the postharvest life of sweet cherries by maintaining their quality attributes and 

bioactive compounds and by reducing oxidative stress.
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9. PROSPECTIVE WORK

The results achieved in this thesis provide a better knowledge of the use of preharvest 

spray treatments on physiological performance of cherry tree and cherry quality, including the 

mitigation of cracking and the effect of postharvest application of compounds on extending the 

cherry’s shelf-life. However, are other issues that may be explored in the future: 

1. A study under field conditions deserves to be performed for more than two years and other

cultivars. In fact, exists the current difficulty in studying the effects of climate due to the

large inter-annual fluctuations that occur at the climate level. Still, the generally positive

influence of spray treatments on the physiological behaviour of cherry trees and on cherry

quality attributes during the different growing seasons make the results very promising,

encouraging the experiment to be repeated. In addition, the application of these spray

treatments was studied in late maturing cultivars, so it would be equally interesting to

evaluate their effectiveness in other cultivars, mainly in early maturing cultivars. Further

studies on the influence of dose and the timing of spray treatments in order to develop new

cultivar-specific crop strategies are needed. Furthermore, the combined application of the

compounds and different doses studied can be tested.

2. The positive effect of spray treatments in association with Ca on mitigating cherry cracking,

involving genes of cuticular membrane deposition and cell wall modification opens new

research questions at the molecular level that should to be explored. Currently, under the

project ‘CherryCrackLess’ - Cherry cracking & mitigation strategies: towards their

understanding using a functional metabolomic approach (PTDC/AGR-PRO/7028/2014),

the pattern of aquaporin (AQPs) gene expression is being studied to support the hypothesis

that the AQPs play a role in increasing the plasma membrane permeability of the fruit cells

to water may be one cause of cherry cracking in more sensitive cultivars. Subsequently,

the pattern of AQPs gene expression could be studied in cherries treated with the most

efficient spray treatments for cherry cracking mitigation. Also further insights into the

discovery of molecular markers associated with fruit cracking is promising as it might allow

genotypes to be selected with a higher resistance to cracking.

3. The promising results related to the effectiveness of edible coatings in extending

postharvest life quality also encourages the evaluation of their effect on extended storage

days. The storage temperature may also be reduced to 0-1 °C. Further investigation in

hormonal cross-talk will be necessary to understand the role of edible coatings in

preventing fruit decay during the storage of sweet cherries It is important for the
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commerzialization of edible coated fresh cherries, the dissemination of more information 

through research focused on a commercial scale (not just laboratory studies). Further 

studies are essential to understand the interactions between active ingredients and coating 

materials in order to develop new coating applications with enhanced functionality and high 

sensory performance. In addition, for reducing postharvest losses and extending quality of 

sweet cherries, is important to develop new cultivars with superior quality and storage 

potential through breeding programmes. 


