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Abstract 

Strawberries are extensively cultivated and enjoyed for their appealing sensory attributes and 

nutritional benefits. Rain can significantly reduce its quality. Rain damage is characterized by 

water soaking and cracking. Both disorders increase the risk of decay, causing significant 

economic losses. Despite their importance, disorders have yet to receive comprehensive 

investigation of the underlying physiological mechanisms involved. The objectives of this study 

were (1) to identify the mechanisms and factors of water movement through the fruit’s surface, 

(2) to characterize and to identify the factors affecting microcracking of the cuticle, (3) to 

identify the mechanism and the factors affecting cracking in strawberry, (4) to identify the 

triggers, factors, and mechanism of water soaking in strawberry and (5) to establish the effects 

of calcium (Ca) and other monovalent, divalent, and trivalent cations on water soaking.  

Permeances for osmotic water uptake and transpiration were higher than in other soft fruit. High 

osmotic uptake permeance may be attributed to a thin cuticle and viscous water flow through 

microcracks and polar pathways. The abscission zones of the petals and stamina, and 

microcracks in the calyx and receptacle served as preferential pathways for osmotic uptake. 

Microcracking increased with fruit development, and it was significantly promoted by surface 

wetness. Cuticle thickness decreased while the cuticle mass per fruit remained constant during 

fruit expansion. Necked strawberries were more susceptible to cracking than normal-shaped 

fruit. Frequency of cracking was size-dependent. Cracks (macro and micro) were mainly 

oriented latitudinal in the proximal region of the neck and longitudinal in the mid and distal 

regions of the neck. Growth strain was the main driver of cracking, and this was further 

exacerbated by water uptake. Water-soaked fruit showed show pale, deliquescent patches of 

skin. Water uptake markedly increased water soaking. Incubation in dilute citric and malic acids 

increased plasma membrane permeability and increased water soaking. Cuticular microcracks 

were observed in water-soaked areas. Ca mitigates water soaking by decreasing cuticular 

microcracking, leakage from plasma membranes, and possibly increased cross-linking of cell 

wall constituents. Our study has identified the mechanism of rain damage, which is based on 

the “Zipper” model that accounts for rain-cracking in sweet cherries. Rain damage in 

strawberries involves cuticular microcracks, localized uptake by viscous flow, cell bursting, 

and release of organic acids in the apoplast. These events trigger a chain reaction that extends 

a microcrack into a macrocrack and, as skin cell destruction progresses, causes water soaking. 

Keywords: water movement, microcracking, cuticle, water soaking, Zipper model. 
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Zusammenfassung 

Erdbeeren sind beliebt wegen ihres Geschmacks und ihrer Nährstoffe, jedoch kann Regen ihre 

Qualität mindern. Regenschäden durch Water soaking und Aufreißen verursachen Fäulen und 

wirtschaftliche Verluste. Die zugrunde liegenden Mechanismen sind bislang nicht bekannt. 

Ziele des Vorhabens waren (1) die Mechanismen und Faktoren der Wasserbewegung durch die 

Fruchtoberfläche zu identifizieren, (2) die Mikrorissbildung in der Kutikula zu charakterisieren 

und Einflussfaktoren zu identifizieren, (3) den Mechanismus und die Einflussfaktoren der 

Rissbildung zu identifizieren, (4) die Auslöser, Einflussfaktoren und Ursachen von Water 

soaking aufzuklären und (5) den Einfluss von Calcium (Ca) und anderen Kationen auf Water 

soaking zu quantifizieren.  

Die Permeabilität der Fruchthaut für osmotische Wasseraufnahme und Transpiration ist höher 

als bei Früchten anderer Arten. Die hohe Permeabilität bei der Wasseraufnahme ist auf eine 

dünne Kutikula und viskosen Fluss durch Mikrorisse und polare Penetrationswege 

zurückzuführen. Die Abszissionszonen der Blütenblätter und Staubblätter sowie Mikrorisse im 

Kelch und Fruchtknoten dienen als bevorzugte Pfade für die osmotische Aufnahme. Mikrorisse 

nehmen während des Fruchtwachstums zu und werden durch Feuchtigkeit verstärkt. Die 

Kutikuladicke verringert sich während der Entwicklung, die Kutikulamasse je Frucht bleibt 

konstant. Erdbeeren mit ausgeprägtem Hals sind anfälliger für Risse, die vor allem bei größeren 

Früchten auftreten. Die Risse waren im proximalen Hals der Breite nach und im mittleren und 

distalen Hals der Länge nach ausgerichtet. Das Wachstum der Früchte ist der Hauptauslöser für 

Rissbildung, die durch Wasseraufnahme durch die Fruchthaut verstärkt wird. Früchte mit 

Symptomen von Water soaking zeigen helle, wässrige Hautflecken. Wasseraufnahme verstärkt 

die Symptome. Inkubation in Zitronen- und Apfelsäure erhöht die Membranpermeabilität und 

Water soaking. Mikrorisse in der Kutikula treten in Bereichen mit Water soaking auf. Calcium 

reduziert Water soaking durch Verringerung von Mikrorissbildung und Membranleakage und 

möglicherweise durch Stärkung der Zellwandvernetzung. Mit unserer Studie wurde die Ursache 

von Regenschäden durch Water Soaking und Aufreißen identifiziert. Wie bei dem 

Reißverschlussmodell (sog. Zipper-Model) der Süßkirschen entstehen Regenschäden bei 

Erdbeeren durch die Bildung von Mikrorissen in der Kutikula, lokale Wasseraufnahme, ein 

Platzen von Zellen und die Freisetzung organischer Säuren in den Apoplasten. Diese Ereignisse 

lösen eine Kettenreaktion aus, die einen Mikroriss zu einem Makroriss erweitert und/oder bei 

fortschreitender Zerstörung der Fruchthautzellen zu Water soaking führt. 

Schlagwörter: Wasserbewegung, Mikrorisse, Kutikula, “Water soakingʼʼ , Zipper Modell.  
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Abbreviations  

Afruit Surface area of the fruit 

AlCl3 Aluminum chloride 

ANOVA Analysis of variance 

BaCl2 Barium chloride 

Ca Calcium 

Ca(NO3)2 Calcium nitrate 

CaCl2 Calcium chloride 

CaSO4 Calcium sulfate 

CHCl3 Chloroform 

CM Cuticle membrane  

CPP Cell pressure probe 

CuCl2 Cupric chloride 

DAFB Days after full bloom 

DCM Dewaxed cuticular membrane 

EGTA Ethyleneglycol-bis(β-aminoethyl),N,Nʹ,Nʹ-tetraacetic acid 

ES Epidermal skin segments 

FeCl3 Ferric chloride 

Ff Rate of water uptake 

Ft Transpiration rate 

HCl Hydrogen chloride 

Jf Flux density of osmotic uptake 

Jt Flux density of transpiration 

KCl Potassium chloride 

KNO3 Potassium nitrate 

KOH Potassium hydroxide 

LaCl3 Lanthanum chloride 

LiCl Lithium chloride 

MeOH Methanol 

MgCl2 Magnesium chloride 

MnCl2 Manganous chloride 

NaCl Sodium chloride 

NaN3 Sodium azide 
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NH4Cl Ammonium chloride 

ns Non-significant effect 

P Pression 

PE Polyethylene 

PEG Polyethylene glycol 

Pf Permeance for osmotic water uptake 

Pt Permeance to water vapor 

R Universal gas constant 

RH Relative humidity 

RMSE Root mean squared error 

SrCl2 Strontium chloride 

T Absolute temperature 

t Wall thickness 

𝑉̅𝑤 Molar volume of water 

xmax Maximum width 

ymax Maximum length 

ΔC Difference in water vapor concentration 

Δɑw Water activity 

𝜌w Density of water 

σ Tangential stress in a wall 

ΔΨ Gradient in water potential 

Ψfruit Fruit water potential  

Ψwater Water potential of incubation media 

ΨΠ Osmotic solute potential 

Ψp Turgor or hydrostatic pressure 
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1. General introduction  

Strawberry (Fragaria × ananassa Duch.) is the most commercialized berry worldwide 

(Hancock, 2020), an average of 9 million tons were produced in the last years (FAO, 2021). 

Strawberries are produced and consumed widely due to their organoleptic and nutritional traits 

in the fresh market and the industry (Husaini and Neri, 2016). Hence, high fruit quality is 

demanded. However, strawberries are very perishable, they have an average shelf life of 7 days 

under cold room storage (Ayala-Zavala et al., 2004). Fruit production is susceptible to abiotic 

and biotic factors. One important factor that diminishes its quality is rain, particularly in regions 

with a high incidence of rainfall during harvest time.  

Open-field production is the main type of cultivation system (Neri et al., 2012; Hancock, 2020). 

Rain damage arises frequently in this kind of production system provoking several economic 

losses. As a solution to this problem, in the last years open field cultivation has been shifting to 

protected cultivation in tunnels or greenhouses to increase yields, fruit quality and face the 

challenges of climate change (Menzel et al., 2014; Claire et al., 2018; Neri et al., 2012). 

However, protected cultivation requires high investments into structures, and has a high 

environmental impact, particularly in terms of energy and fertilizers consumption 

(Khoshnevisan et al., 2013; Claire et al., 2018). Furthermore, some cultivars do not adapt to 

protected cultivation encountering problems related to a high incidence of powdery mildew and 

red spider mite, and calcium deficiency (Grijalba et al., 2015; Menzel et al., 2015; Demchak, 

2009; Xiao et al., 2001). 

Rain damage in strawberries is described mainly as water soaking and cracking (Herrington et 

al., 2011). Both disorders increase the incidence of rot, mainly grey mold, and stem-end rot 

(Menzel et al., 2017). Consequently, harvesting, grading, post-harvest, and fruit quality are 

compromised (Herrington et al., 2009). Despite their importance, rain damage disorders of 

strawberries have not been studied in detail. The physiological mechanism involved are largely 

unknown.  

The objective of this study is to identify the mechanism, factors, and drivers of water soaking 

and cracking of strawberry. The development of mitigation strategies through culture or 

breeding must be based on the understanding of these disorders.  



Chapter 1. General introduction 

 

2 

 

The following is an overview of the literature available, in order to provide the background 

information needed to detect the gaps of knowledge and elucidate the specific objectives of this 

dissertation.  

1.1. Rain damage in strawberries  

Cracking and water soaking are typical disorders of rain damage (Fig. 1A, B) (Herrington et 

al., 2011), but pollination is also affected, resulting in misshaping fruits, after periods of heavy 

rain or over-head irrigation (Menzel, 2021). Rainfall can cause severe losses of more than 50% 

of the strawberry crop (Menzel et al., 2017; Herrington et al., 2011). However there was no 

direct relationship between the incidence of rain damage and the amount of precipitations, this 

further implies that only small amounts of rainfall may be required to cause damage (Herrington 

et al., 2009).  

Water soaking and cracking increase the incidence of decay particularly of Botrytis cinerea 

(Fig. 1C). Cultivars vary their susceptibility to rain damage however, nearly all cultivars are 

affected when the fruit is mature (Menzel, 2021; Herrington et al., 2009). The two major 

disorders may occur in different regions of the fruit surface, the stem, neck, shoulder, and tip 

(Herrington et al., 2009).  

 

Fig. 1. Principal rain damages on Strawberry fruit (a) Cracking, (b) Water soaking, and (c) Grey mold 

caused by Botrytis cinerea that often is a consequence of cracking and water soaking (Photos taken by 

Martin Brüggenwirth, 2017) 
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1.1.1. Water Soaking 

Water soaking occurs on the strawberry fruit surface. Water-soaked tissue can take on many 

appearances, often soggy and lighter colored or translucent (Fig. 1B). Often desiccated water-

soaked tissue that shrinks is described as surface “etching”, this is mainly observed as the 

achenes rise to the same level as the surrounding damaged tissue (Herrington et al., 2013; 

Herrington et al., 2011). Water soaking is the most frequent rain damage disorder (Herrington 

et al., 2013). There is no comparable phenomenon in other crops. Water soaking is hypothesized 

to be related to water uptake due to a wet surface and possibly guided and speeded up by the 

rupture of cells (Herrington et al., 2013), however definitive evidence is lacking.   

1.1.2. Cracking 

Cracking is a physiological disorder of fleshy fruits that can be observed easily (macrocracks) 

by the naked eye. Macrocracks are usually preceded by minute fractures (not visible to the 

naked eye) in the cuticle that do not extend into the flesh called microcracks (Fig. 2) (Knoche 

and Winkler, 2017). Macro and microcracks compromise fruit quality causing a higher 

incidence of fruit rots, high rates of water transport in uptake (during rain) and in transpiration 

(pre- and postharvest), loss of firmness, and impaired appearance (shrivel) (Opara et al., 1997; 

Knoche and Peschel, 2006; Knoche and Peschel, 2002; Beyer et al., 2005). 

Herrington et al. (2009) observed macrocracks in strawberries that extend longitudinally from 

the shoulder of the fruit, concentric around the neck, and the combination of concentric and 

longitudinal called  “star-cracking”. “Desiccated seed or seed etching” were rain damages also 

associated with cracking and they were restricted close to the point of achene attachment.  The 

mechanism of the formation of cracking is unknown. Rain is a factor but not the only one 

involved in the phenomenon (Herrington et al., 2009; Knoche and Winkler, 2017). Due to the 

lack of detailed studies on strawberries, the following section is based on research made on 

sweet cherry and other cracking-susceptible crops.  
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Fig. 2. Fluorescence micrographs of microcracks observed after incubation in 0.1% acridine orange 

(fluorescent tracer) in the surface of (A) sweet cherry, (B) apple, and (C) plum. Modify from Peschel 

and Knoche (2005), Knoche et al. (2018), Knoche et al. (2019). 

1.1.3. Zipper model. 

The mechanism of rain cracking has been studied extensively in sweet cherry in the latest 

decades. The zipper model proposed by Winkler et al. (2016) is the current hypothesis that 

provides a plausible explanation for cracking that is consistent with all the experimental 

evidence. The model is based on a series of events that lead to a macrocrack formation (Fig. 3). 

 

Fig. 3. Sketch of zipper model that explains processes involved in rain cracking of sweet cherry fruit (Modify from 

Knoche and Winkler (2019)). 
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I. Microcracks on the skin develop as a consequence of the stress during fruit growth 

(Peschel and Knoche, 2005). Furthermore, surface wetness after rain or the exposure of 

the skin to high humidity promotes the formation of microcracks in the cuticle 

membrane (CM) of sweet cherries since the fracture force of the hydrated CM decreases 

(Knoche and Peschel, 2006).  

II. Water uptake occurs through microcracks in the cuticle and focuses water uptake on a 

specific region of the epidermis. The symplast of the skin cell takes up water 

osmotically. Flesh cells are parenchyma cells that are structurally weak and crack easily 

(Grimm and Knoche, 2015).  

III. The bursting of individual cells releases cell constituents among those, malic acid into 

the apoplast. Malic acid extract cell wall-bound Ca weakens cell walls and increases the 

permeability of the plasma membrane of neighboring cells (Winkler et al., 2015). 

Leakage of cells triggers a chain reaction causing other cells to lose solutes into the 

apoplast (Winkler et al., 2016) 

IV. Cell turgor is lost when epidermal cells are plasmolyzed by juice from the flesh that 

generates a swelling of cell walls (Grimm and Knoche, 2015). The swelling of cell walls 

decreases stiffness, fracture tension, and cell adhesion thereby allowing neighboring 

cells to separate along their cell walls (Brüggenwirth and Knoche, 2017). 

V. The process of cell bursting continues and promotes the crack to extend. The microcrack 

extends into a macrocrack. The skin becomes ‘‘unzipped'', this could be compared as a 

‘‘ladder'' will spread in a piece of fine, knitted fabric (Winkler et al., 2016).  

 

1.2. Fruit morphology and growth  

1.2.1. Fruit morphology 

Botanically, a strawberry is a pseudocarp or a false fruit comprised out of a succulent receptacle 

carrying achenes, which are the real fruit (Fig. 4). A single flower has many carpels; from each 

carpel, an achene derives making the strawberry an aggregate fruit (Darrow, 1966; Hancock, 

2020). The shape of the fruit varies from globose, to oblate, to conical, with or without a neck. 

Achenes are distributed in spirally arranged rows on the receptacle; their position on the surface 

varies across cultivars, ranging from very depressed to shallow (Darrow, 1966). Mature and 

pollinated achenes are ovate and about 1 mm in length; they are composed of a hard and thick 



Chapter 1. General introduction 

 

6 

 

pericarp, a thin testa, an endosperm consisting of one cell layer, and a small embryo (Perkins‐

Veazie, 1995). The strawberry receptacle comprises the epidermis, cortex, bundle zone, and 

pith (Darrow, 1966) (Fig. 4). 

 

Fig. 4.  Components of strawberry fruit. 

The epidermis is pubescent covered by a slightly waxy cuticle; it comprises a single layer of 

tangentially elongated polygonal cells and trichomes (hairs) (Mauseth, 2016) characterized to 

be long, pointed, and with thick-walled cells (Polito et al., 2002; Szczesniak and Smith, 1969). 

Stomata were rarely found in the epidermis of some cultivars (Blanke, 2000; Perkins‐Veazie, 

1995). Beneath the epidermis, there is not a distinct hypodermis, unlike most fleshy fruits. 

Instead, a sub-epidermis of cortical cells was found  (Polito et al., 2002). The cortex is a fleshy 

part; it is formed by rounded cells with long intercellular spaces. As the cells enlarge, the tissue 

becomes parenchymatous, characterized by thin-walled, isodiametric, vacuolate cells 

(Szczesniak and Smith, 1969; Polito et al., 2002).  

The bundle zone consists of a central ring of vascular bundles with branch vessels connected to 

the achenes. These vessels are the xylem and phloem (Darrow, 1966). The xylem consists of 

dead cells with secondary thickening in the form of rings, spirals, and nets. Bundles supply 

nutrients to achenes (Antoszewski, 1973) and offer mechanical support to the receptacle 

(Sharma et al., 2019). The pith is localized at the center and composed of thin-walled cells that 

frequently pull apart during the growth of the fruit generating large cavities since the cortex 

often grows much quicker than the pith (Szczesniak and Smith, 1969). 

1.2.2. Fruit development and growth  

Strawberry fruit is the most competitive sink in the plant, accumulating 20–40% of the total 

plant dry weight (Hancock, 2020); it develops rapidly compared to other soft fruits. It takes 

from 20 to 40 days after anthesis to get a ripe fruit (Darrow, 1966). The growth pattern is 

sigmoidal or double sigmoidal depending upon conditions, cultivars, and sample frequency 
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(Perkins-Veazie and Huber, 1988; Nitsch, 1950). The double sigmoidal growth curve shows 

two periods of rapid growth. The first period is related to the achene development (endosperm 

and embryo), and the initial growth of the receptacle. The second period is associated with cell 

enlargement of the receptacle. Achene’s embryo maturation occurs before the final growth of 

the receptacle (Perkins-Veazie and Huber, 1988).  

 

Cells in the cortex and pith accounted for most of the berry size (Hancock, 2020). The size 

increase is due to a combination of cell division and expansion. The length of the cell division 

period is uncertain in strawberries and varies among cultivars. Cell division has been reported 

to stop 7 days after a petal fall and 15 days after anthesis in the cortex (Cheng and Breen, 1992; 

Perkins‐Veazie, 1995). While Havis (1943) found that after anthesis only 15 to 20 % of the pith 

growth and about 10% of the cortex growth was due to cell division. 

Fruit development is affected by factors such as the number of achenes on the receptacle and 

the level of fertilization of the carpels (Nitsch, 1950; Abbott et al., 1970).  At least 30% of the 

carpels need to be successfully pollinated to develop a well-shaped ripe fruit (Hancock, 2020). 

Receptacle growth is mainly regulated by the auxin synthesis in the achenes (Nitsch, 1950). 

Auxin is translocated basipetal through the phloem of vascular bundles from the achenes to the 

peduncle (Antoszewski, 1973).  

The final size of the fruit depends on endogenous factors such as the position of flower buds, 

the duration of cell division in each layer of the fruit, the degree of cell enlargement, the number 

of cells, and the size of intercellular air spaces and inherent differences in achene activity and 

receptacle sensitivity. Exogenous factors that affect fruit size are the temperature at the time of 

planting or during fruit set, and plant nutrition (Darrow, 1966; Cheng and Breen, 1992; Perkins‐

Veazie, 1995). 

Strawberries are non-climacteric; ripening occurs within the fruit development. Fruit ripening 

is triggered by a gradual decline in free auxin in the receptacle as a result of achene maturation  

(Archbold and Dennis, 1984). Ripening includes the degradation of chlorophyll, the 

accumulation of anthocyanins, softening that is partially mediated by cell wall-hydrolyzing 

enzymes, the metabolism of sugars and organic acids, and the production of flavoring 

compounds. The process is rapid, generally occurring within 5 to 10 days after the receptacle 

turns white, depending on temperature (Sharma et al., 2019; Perkins‐Veazie, 1995). 
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As strawberries ripen different changes occur principally in the cortical parenchyma cells (Neal, 

1965). At petal fall, cells have thick cell walls, plastids with starch grains, and small vacuoles; 

tubular proliferations of the tonoplast (vacuole membrane) start to appear and become extreme 

at ripeness (Knee et al., 1977), these tubular proliferations may be sites involved in anthocyanin 

synthesis (Grisebach, 1982). After 14 d of petal fall, cell walls commence to swell and consist 

of outer diffuse, and inner more densely fibrillar layers (Knee et al., 1977). At the white stage 

(21 d after petal fall), cells are expanded and vacuolated, plastids have degenerated, and most 

of the starch has disappeared (Szczesniak and Smith, 1969; Perkins‐Veazie, 1995). During 

ripening, cells are enlarged, and vacuolated; cell walls are extremely swollen and separated at 

the middle lamella; cellular junctions turned into small projections of the cells which were 

connected at the tips (Neal, 1965; Knee et al., 1977; Polito et al., 2002). 

Softening on strawberries is principally caused by the cell wall disassembly and the reduction 

of cell adhesion, resulting from the dissolution of the middle lamella of the cortical parenchyma 

cells (Brummell and Harpster, 2001; Santiago-Doménech et al., 2008). Cell wall disassembly 

in strawberries is consistently attributed to solubilization of pectins, slight depolymerization of 

covalently bound pectins, a loss of galactose and arabinose, and a reduction in the 

hemicellulosic content  (Knee et al., 1977; Santiago-Doménech et al., 2008; Posé et al., 2019; 

Posé et al., 2011); therefore many studies focused in the role of pectinolytic enzymes, e.g., 

pectate lyases, polygalacturonase, and pectin methyl esterase (Santiago-Doménech et al., 2008; 

Liu et al., 2023; Paniagua et al., 2016).  

 

1.3. Water movement through fruit surface  

The movement of water to and from the fruit occurs through the surface as transpiration and 

osmotic uptake or also through the vascular system. Water movement is an important factor in 

many surface disorders in soft fruits, e.g. cracking and shriveling, in cherries (Christensen, 

1996; Schlegel et al., 2018), grapes, (Considine and Kriedemann, 1972), gooseberries, 

jostaberry, and black currants (Khanal et al., 2011), and tomatoes (Frazier, 1947). Water 

movement may play a role in shriveling, cracking, and water-soaking of strawberries; however, 

little is known about water movement through the strawberry fruit skin.  
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1.3.1. Transpiration  

Transpiration or water loss is a physical process that involves the diffusion of water molecules 

out of the plant tissue or organ into the surrounding air. Transpiration is proportional to the 

water vapor pressure gradient between the surface of the commodity and the surrounding air, 

and inversely proportional to the resistance to transpiration e.g. the cuticle, stomata, and 

suberized surfaces (Díaz-Pérez, 2019).  

 

Transpiration rate (Ft, kg s-1) is usually determined gravimetrically, assuming that the weight 

loss due to respiration is negligible, therefore the weight change is due to water loss (Díaz-

Pérez, 2019; Knoche, 2015). Ft on fruits may be influenced by morphological characteristics, 

development (surface area), maturity stage, surface injuries, presence of stems/pedicels or 

calyx, cultivars, and environmental factors such as storage temperature, relative humidity, air 

movement, and atmospheric pressure (Díaz-Pérez, 2019; Athoo et al., 2015; Becker and 

Knoche, 2011; Burghardt and Riederer, 2006).  

To compare transpiration properties from different species, cultivars, systems, and experiments, 

the permeance to water vapor of the fruit surface (Pt; m s-1) can be useful. Pt  can be calculated, 

using Ft described by Fick's law of diffusion (Eq. 1) (Becker and Knoche, 2011); where Δɑw 

represents the gradient in water activity across the fruit skin (dimensionless), that is used as the 

driving force (Lange et al., 1982); because the humidity above dry silica is practically zero, Δɑw 

equals the water activity of the strawberry juice, which is approximately one. ρw is the density 

of water ( kg m-3), Afruit is the surface area of the fruit (m2). Ft is only diffusional since a pressure 

difference across the cuticle is absent, (Knoche, 2015). 

 

𝑃𝑡 =
𝐹𝑡

𝐴𝑓𝑟𝑢𝑖𝑡 ∙𝜌𝑤∙∆𝑎𝑤
           [Eq.1] 

 

1.3.2. Osmotic water uptake 

Osmotic water uptake occurs through the wetted fruit surface after rain or dew. The mechanism 

is mainly mass flow and to a smaller extent diffusional. The driving force for osmotic uptake is 

the gradient in water potential (ΔΨ) between the water potential of the fruit (Ψfruit in MPa) and 

the water potential of the incubation solution (Ψwater = 0 MPa) (Beyer et al., 2005).  Ψfruit 
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comprises the osmotic solute potential (ΨΠ) and turgor or also known as hydrostatic pressure 

(Ψp). Gravitational and matric potentials are negligible. 

Osmotic solute potential reaches negative values due to the accumulation of solutes in the fruit; 

usually is measured from the juice obtained using a garlic press and reflects the osmotic 

properties of the flesh’s symplast, since the volume is greater compared to the volume of the 

skin and apoplast area (Beyer et al., 2005).  Hydrostatic pressure or turgor has positive values 

and tends to limit the ingress of water. A gradient of Ψp represents the driving force for water 

flow in the xylem and influences the mechanical integrity of the fruit (Matthews and Shackel, 

2005). Knoche et al. (2014) established that the turgor in mature sweet cherries is very low, 

between three orders of magnitude lower. This may be also the case for strawberries, Pomper 

and Breen (1995) estimated, based on water potential and osmotic potential measurements, low 

values of turgor (~0.05 MPa) for ripe strawberries probably due to the presence of apoplastic 

solutes. The negligible values of turgor in ripe fruits allow the assumption that Ψfruit ≈ ΨΠ. 

In analogy to transpiration, the permeance for osmotic water uptake (Pf; m s-1)  can be 

determined using  the filtration permeability (Eq. 2) (House, 1974); where Ff  represents the rate 

of water uptake (kg s-1), Afruit the surface area (m2), ΔΨ  the difference in water potential (MPa), 

𝜌 the density of water (kg m-3), R the universal gas constant (m3 MPa K-1 mol-1), T the absolute 

temperature (K), and 𝑉̅𝑤 the molar volume of water (m3 mol-1) .  

𝑃𝑓 =
𝐹𝑓

𝐴𝑓𝑟𝑢𝑖𝑡∙∆Ψ
∙

𝑅𝑇

𝜌𝑉𝑤
       [Eq.2] 

Pt and Pf may be determined on a whole-fruit basis and represent the weighted mean of all 

parallel water pathways contributing to water movement through the surface of the fruit. As a 

consequence of the different movement mechanisms for transpiration and uptake: Pf is more 

variable than Pt, also Pt may be less susceptible to surface defect, but more susceptible to 

changes in temperature than Pf, (Beyer and Knoche, 2002; Becker and Knoche, 2011; Knoche, 

2015), whether it is the case in strawberries is still unknown.  

1.3.3. Vascular flow.  

Vascular flow through the pedicle/stem has been studied in various fruits such as sweet cherries 

(Brüggenwirth et al., 2016), apples (Lang, 1990), grapes (Düring et al., 1987), plums (Khanal 

et al., 2021) and recently also in strawberries (Winkler et al., 2021).  
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It has been established that the net balance of the xylem, phloem, and transpiration flows of 

strawberries change during development. Xylem inflow was 70–80% of total water inflow at 

early stages, towards maturity this decreased to ~36%. In contrast, phloem inflow increased 

from 20 - 30% of the total at early stages, rising to ~64% towards maturity. The outflow of 

water increases towards maturity due to transpiration, the calyx accounted for ~50% of total 

fruit transpiration. The permeance of the calyx seems to be high and is probably accounted for 

the high density of trichomes and stomata on the abaxial surface (Winkler et al., 2021).  

During the development of strawberries, the functionality of the xylem decreases. From this 

perspective, the pseudocarp strawberry does not differ from the true fruit of many other fruit 

crop species. The decrease in functionality may be attributed to stretching or breakage of the 

xylem caused by growth strain (Düring et al., 1987; Lang and Ryan, 1994; Grimm et al., 2017). 

As a consequence of this phenomenon, the import of calcium (Ca) into the fruit through the 

xylem is also expected to decrease (Winkler et al., 2021). 

 

1.3.4. Preferential pathways  

Water movement through the surface may occur through several parallel pathways: the cuticle, 

stomata, lenticels, microcracks, abscission zones, stylar scar, the pedicel-fruit juncture, and the 

pedicel/stem-end (Knoche and Measham, 2013). The contribution of each pathway to 

transpiration and uptake may differ depending on the mechanism of water movement (Knoche, 

2015). For strawberries, pathways may include the cuticle, calyx, microcracks, abscission zones 

of petals and stamina, stem/receptacle juncture, and the stem end. Quantitative information, 

however, is lacking.  

The cuticle is the primary barrier to water transport. Abrading the cuticle increased the rates of 

transpiration and uptake for grapes (7 and 73 fold) and sweet cherries (5 and 33 fold) (Knoche 

and Winkler, 2017; Becker and Knoche, 2011). Water uptake through the cuticle takes place 

along a polar pathway in the cutin matrix. These polar pathways offer an aqueous continuum 

of pores across the cuticle that allows transport by viscous flow (Franke, 1964; Weichert and 

Knoche, 2006).  

Microcracks are important pathways for water movement. In transpiration, they can increase 

rates but they have a higher effect on rates of water uptake because they allow water to bypass 

the cuticle and enter the fruit (Grimm et al., 2012a; Grimm et al., 2012b; Peschel and Knoche, 

2005; Knoche, 2015). Surface wetness or high humidity after an episode of rainfall enhanced 
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microcracking in sweet cherry and grape (Knoche and Peschel, 2006; Becker and Knoche, 

2012b) 

Abscission zones form when flowering parts separate and/or fall off during the early stages of 

fruit development. Occasionally, small areas of periderm form at the abscission points. In crops 

like currants, jostaberry, and gooseberry, the dried remnants of the flowering organs persist and 

remain attached to the apex of the fruit. These structures can act as preferential routes for water 

uptake and have been found to contribute to approximately 30% of the water uptake (Khanal et 

al., 2011). In grape berries, the periderms of the abscission zones and lenticels on the pedicel 

represented regions of preferential water uptake that contributed 21,3% (abscission zones) and 

18,2% (lenticels) of the total uptake, respectively (Becker et al., 2012). The specific 

contribution of these structures in transpiration has not been thoroughly assessed yet. 

The juncture between pedicel/stem and fruit may be a region of preferential water movement, 

particularly for uptake. In this region, the cuticle is discontinuous (Knoche and Winkler, 2017). 

A high density of microcracks may be expected due to higher stress concentration (Considine 

and Kriedemann, 1972; Peschel and Knoche, 2005) and, possibly, extended periods of surface 

wetness after rainfall (Knoche and Winkler, 2017). The relative contribution to water uptake 

increases as maturity proceeds. Weichert et al. (2004) established that by sealing the 

pedicel/fruit juncture in sweet cherry, water uptake decreased by 46% on average for different 

cultivars, while in grape berries, Becker et al. (2012) determined that the stem-fruit junction 

contributed to 24,9% of the total water uptake.  

 

1.4. Role of cuticle in fruit skin disorders 

1.4.1. The Cuticle and its functions  

The cuticle membrane (CM) is a non-cellular, polymeric membrane that covers the outer 

primary surfaces of organs of terrestrial plants. The lipophilic CM is comprised of polymeric 

cutin, waxes (epi or intra-cuticular), and polysaccharides encrusting the outer cell wall. In some 

species, cutan and flavonoids occur in significant amounts (Martin, 1964; Jeffree, 1996; 

Domínguez et al., 2011). Järvinen et al. (2010) established that the cutin of strawberry is highly 

resistant to depolymerization probably due to the presence of a high amount of cutan-type 

compounds. The predominant component of the cutin was 9(10),16- dihydroxy hexadecanoic 

acid. Wax components of the strawberry have not been reported yet. 
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The CM is deposited on the outer cell wall of the epidermal cells and separated from the cell 

wall by a pectin layer. The CM acts as a barrier and gateway between the fruit and its 

environment. Therefore, it limits water movement and restricts gas exchange (Schönherr, 1976; 

Domínguez et al., 2011; Jeffree, 1996) and offers protection against pathogens, pests, and 

mechanical injury from the environment (Martin, 1964; Arya et al., 2021). Some CMs may also 

reflect the UV-B light and allow self-cleaning (the lotus effect) with their very high water 

repellency (Barthlott and Neinhuis, 1997). To carry out these functions effectively, the cuticle must 

maintain its integrity throughout the fruit development. 

1.4.2. Cuticle deposition, stress and strain during fruit growth. 

Stress refers to the forces acting on a material per unit of area, while strain is the resulting 

fractional deformation (compression or stretching) of the material due to those forces. During 

fruit growth, the fruit skin is subject to significant stress and strain, this strain also involves the 

cuticle (Lai et al., 2016; Khanal and Knoche, 2017). The dermal tissues can accommodate the 

strain generated during the fruit expansion by cell division and enlargement. However, this 

becomes a challenge for the polymeric cuticle that leans on the deposition of new cuticular 

material. 

The strain that accumulates in the cuticle can be reversible (elastic and viscoelastic) or 

irreversible (plastic) strain. The type of strain accumulated depends on the relationship between 

the rate of cuticle deposition and the rate of increase in fruit surface area. In tomatoes (Knoche 

and Peschel, 2007b) and apples (Knoche et al., 2011; Lai et al., 2016), cuticle deposition 

continues throughout the entire growth. The deposition of new cuticular material through the 

addition of cutin and the incorporation of intracuticular wax fixes the elastic strain and 

transforms it into a plastic strain (Khanal et al., 2013; Khanal et al., 2014).  

On the other hand, in sweet cherries (Knoche et al., 2004), grape berries (Becker and Knoche, 

2012a), ribes berries (Khanal et al., 2011), mango (Athoo et al., 2021) and plums (Knoche and 

Peschel, 2007a) cuticle deposition is limited to early stages of development and decreases or 

even ceases in later stages. Consequently, as the fruit matures, there is a decline in cuticle 

thickness, an increase in elastic strain, and an increasing risk of microcracking. Contigiani et 

al. (2018) reported a cuticular thickness of 0.6 µm for mature “Albion” strawberries using 

transmission electron microscopy. Such a thin cuticle may be the result of an imbalance 

between cuticle deposition and fruit surface area expansion; however, definitive evidence is 

missing.  
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1.4.3. Fruit skin disorders related to microcracking in the cuticle. 

The impairment of the cuticle through microcracks may become a problem during the 

harvesting and post-harvesting phases (Lara et al., 2014) Microcracks allows the development 

of many skin-related disorders such as shriveling and skin browning in plum and litchi (Stösser 

and Neubeller, 1985; Knoche et al., 2019; Underhill and Simons, 1993), maturity bronzing in 

banana (Williams et al., 1990), cracking of fleshy fruit (Opara et al., 1997; Herrington et al., 

2011; Considine and Kriedemann, 1972; Skene, 1980), russeting in apple, pear and mango 

(Athoo et al., 2021; Khanal et al., 2013; Scharwies et al., 2014), and skin spot in apple (Winkler 

et al., 2014).  

Microcracking of the cuticle occurs in a specific pattern depending on the species. In sweet 

cherries and plums, failure of the cuticle is most common above the periclinal cell walls of 

epidermal cells (Peschel and Knoche, 2005; Knoche and Peschel, 2007a). On the other hand, 

in apples, bananas, and litchi microcracks follow the pattern of anticlinal cell walls of groups 

of epidermal cells (Curry, 2009; Grimm et al., 2012b; Knoche et al., 2018). There is no 

information on microcracking for strawberries. 

It is important to point out that the cuticle is responsible for the barrier properties of the fruit 

skin. The mechanical backbone of the skin, however, is formed by the underlying dermal cell 

layers (Brüggenwirth et al., 2014; Khanal and Knoche, 2017; Bargel and Neinhuis, 2004).  

  



Chapter 2. Gap of knowledge 

 

15 

 

2. Gap of knowledge  

Despite the economic importance of rain damage in strawberries, little is known about the 

underlying physiological mechanisms of the two major rain-related disorders, water soaking 

and cracking. Essential aspects of these disorders are poorly understood and require detailed 

investigation. These include the following: 

(1) Water movement through the fruit surface, driven by transpiration (in dry air), and water 

uptake through osmosis (when the fruit surface is wet), plays a crucial role in various 

fruit skin disorders (Opara et al., 1997; Knoche, 2015). However, the understanding of 

the mechanism of water movement through the strawberry fruit skin, along with any 

preferential pathways and related factors, remains limited.  

(2) Strawberry fruit develops over a short period (20-40 days), suggesting that the fruit skin 

is subject to very high rates of strain (Darrow, 1966; Considine, 1982; Khanal et al., 

2011; Grimm et al., 2012b). Consequently, extensive microcracking may be expected 

which compromises fruit quality and induces fruit skin disorders (Knoche and Lang, 

2017). Although the importance of cuticle integrity, to our knowledge, there is no 

information on cuticle deposition and microcrack formation in strawberries. 

(3) The mechanism of cracking in strawberries is unknown. Due to the shape and uneven 

surface topography of strawberries, the mechanism of failure may be more complex and 

not completely explained by the theoretical model of a ‘thin-walled pressure vessel’ 

applicable to smooth-skinned fruits like cherries and grapes (Considine and Brown, 

1981; Considine, 1982; Considine and Kriedemann, 1972).  

(4) Water soaking on the strawberry fruit surface is the most frequently occurring rain 

damage. The mechanism of water soaking is not known. A model that may elucidate 

the water-soaking mechanism is the zipper model developed for sweet cherries (Winkler 

et al., 2016). However, definitive evidence on the mechanism is lacking.  

(5) Calcium applications improved firmness and mechanical properties of strawberries 

(Dunn and Able, 2006; Langer et al., 2019; Lara et al., 2004; Cieniawska et al., 2023). 

However, there is no published information on the possible benefits of calcium in water 

soaking. Sprays of Ca salts are reported to decrease susceptibility to cracking in sweet 

cherries, due to the hypothetical similarities between the mechanism of cracking in 

sweet cherries (Winkler and Knoche, 2019) and water soaking in strawberries, such 

beneficial effects may not be unlikely.  
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3. Objectives  

The objectives of this dissertation were: 

(1) To identify the mechanisms of water movement through the surface of detached 

strawberry fruit (Chapter 4.1). 

(2) To identify the dominant pathways of water movement through the strawberry fruit 

surface, and the external factors affecting the rates of movement (Chapter 4.2).  

(3) To characterize microcracking of the cuticle of strawberry skin and to identify the key 

factors affecting cuticular microcracking (Chapter 4.3). 

(4) To identify the mechanism of cracking and the factors affecting cracking in strawberry 

(Chapter 4.4). 

(5) To identify the triggers, factors, and mechanisms underlying the water soaking disorder 

in strawberry fruit (Chapter 4.5). 

(6) To establish the effects of Ca and other monovalent, divalent, and trivalent cations on 

water soaking in strawberry (Chapter 4.6).  
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4. Results 

4.1. Strawberry fruit skins are far more permeable to osmotic water uptake than to 

transpirational water loss 

Grecia Hurtado, Eckhard Grimm, Martin Brüggenwirth, and Moritz Knoche  

Institute of Horticultural Production Systems, Fruit Science Section, Leibniz University 

Hannover, Herrenhäuser Straße 2, 30419 Hannover, Germany  
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original draft, Writing review and editing.  

Figures 6(A-C), and 9(A-E) were part of Master thesis. 
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Supplementary material  

 

Electronic File E1. Dataset. Excel file containing all data produced in figures and tables 

throughout the manuscript. (XLSX) (access through: https://doi.org/10.25835/5p308h3f ) 
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4.2. Detached, wetted strawberries take up substantial water in the calyx region 
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4.3. Microcracking of strawberry fruit cuticles: Mechanism and factors 
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Calyx-end Equator Tip 

Depth (um) 727±39 806±35 798±27 

Length (um) 2945±101 3077±110 3091±90 

Width (um)  2531±99 2712±109 2625±84 

Volume (mm3)  2.3±0.3 2.8±0.3 2.6±0.2 

Ratio (W/L) 0.9±0.0 0.9±0.0 0.9±0.0 

 

Supplementary Table S1. Dimensions of the cavity depression within the calyx-end 

(proximal), equator (equatorial), and tip (distal) regions of strawberry fruit ‘Clery’. 
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Supplementary Fig. S1.  Measurement of the orientations of microcracks as the angle made 

between the microcracks, and a radius drawn from the point of attachment of the achene. 
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Supplementary Fig. S2. (a) Effect of fruit size on microcracking of the cuticle. (b) 

Microcracking of the cuticle in different regions of ripe ‘Clery’ strawberry. The regions were 

the calyx-end of the fruit within the seed zone; region of equator (maximum fruit diameter and 

the center of the fruit), and tip of the fruit. Microcracking was indexed by the area infiltrated 

with acridine orange.  
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Supplementary Fig. S3.  Frequency distribution of the position of the attachment of the 

vascular bundle to the achene of strawberry ‘Florentina’. (a) Scheme of the measurement of the 

position relative to the maximum length (Ymax) and diameter of the achene (Xmax). (b) position 

on the y axis relative to Ymax. (c) position on the x axis relative to Xmax. 
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Supplementary Fig. S4. (a) Experimental setup of the study on the effect of the relative 

humidity (RH) during fruit development on cuticular microcracking; (b) Experimental setup of 

the effect of RH on microcracking at maturity. 
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Electronic File E3. Dataset. Excel file containing all data produced in figures and tables 

throughout the manuscript. (XLSX) (access through: https://doi.org/10.25835/5p308h3f) 
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4.4. Necked strawberries are especially susceptible to cracking 
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4.5. Water soaking disorder in strawberries: triggers, factors, and mechanisms 
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Supplementary Figure S1. Procedure of calyx extractions and sealing. (A) Manual extraction 

of calyx. (B) sealing of the remaining.   
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4.6. Calcium ions decrease water-soaking in strawberries 
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5. General Discussion   

The main findings of this dissertation were the following:  

(1) The strawberry fruit skin had the highest permeance of all fruit skins investigated so far. 

The permanence for osmotic uptake was two orders of magnitude higher than the 

permeance for transpiration. The high osmotic uptake permeance can be attributed to an 

exceptionally thin cuticle. In addition, viscous flow through microcracks and, possibly, 

polar pathways contributed to water movement. The high permeance of strawberry fruit 

skins is responsible for the high susceptibility to water loss and shrivel and the limited 

resistance against rainfall (Chapter 4.1).  

(2) The junction region between the calyx and receptacle, the abscission zones of the petals 

and stamina, and microcracks of the calyx region and receptacle were identified as 

preferential pathways for osmotic water uptake in strawberry fruit. These pathways 

facilitate water movement through viscous flow, which is notably quicker compared to 

diffusion through an intact cuticle (Chapter 4.2).  

(3) The strawberry cuticle is subject to significant growth stress and strain during fruit 

development. This can be attributed to two factors: (i) A low rate of cuticle deposition 

in strawberries, that is limited to the early stage of fruit development; (ii) rapid growth 

within a relatively short time. Consequently, cuticle thickness decreases and cuticular 

strain increases resulting in the formation of microcracks. Microcracks in the achene 

depressions and on the rims between achenes were either parallel or transversely 

oriented. Both orientations are consistent with growth strain as the dominant cause of 

cuticular microcracking. Additionally, exposure of the strained cuticle to liquid-phase 

or vapor-phase water exacerbates microcracking (Chapter 4.3). 

(4) Cracking in strawberry fruit appears principally in the neck zone that lacks achenes. 

Hence, strawberries with neck are more susceptible than normal-shaped fruit. Growth 

strain is the main driver of cracking. Cracking is further increased by water uptake 

through the fruit surface. Macrocracks occur mainly in longitudinal orientation in the 

distal neck and in latitudinal orientation in the proximal neck. Furthermore, the 

orientation of macrocracks and microcracks is identical, this implies that macrocracks 

arise from the extension of microcracks. A model that considers the fruit's shape, the 

corrugated nature of the surface, the structural reinforcement due to the configuration 
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of the vascular bundles, the presence of discontinuities, and the distribution of growth 

strains was proposed to explain the crack pattern of strawberry fruit (Chapter 4.4).  

(5) Water-soaked fruit showed pale, deliquescent patches of skin. Water soaking results 

from a series of events involving microcracking of the cuticle, subsequent water uptake, 

cell bursting, and the release of organic acids into the apoplast. This mechanism is 

similar to the Zipper model developed for rain cracking in sweet cherries (Chapter 4.5). 

(6) Calcium, particularly CaCl2, was effective in mitigating water soaking. The mechanism 

through which Ca mitigates water soaking involves a decrease in cuticular microcracks, 

decreased leakage of plasma membranes, and possibly increased cross-linking of cell 

wall constituents. (Chapter 4.6). 

These findings are discussed in detail with the pertinent literature in the corresponding chapter. 

The subsequent general discussion will therefore focus on the implications of this dissertation 

for possible future research and for the development of counter-measurements. 

5.1. Potential implication for further research. 

5.1.1. Unknown aspects of the cuticle and trichomes 

Microcracking in the cuticle was the initial step towards surface disorders after rainfall. Thus, 

maintaining cuticle integrity is key to mitigating skin disorders, keeping fruit quality, and 

preventing fungal infections (Khanal and Knoche, 2017; Jarvis, 1962). In this study, it was 

shown that the syntheses of cutin and wax cease during early fruit development resulting in 

strain accumulation as the fruit increases in surface area. For technical reasons, the strain could 

not be quantified yet. The fragility of the thin cuticle and the presence of the achenes makes an 

evaluation challenging. Moreover, the exact developmental stage when cuticle deposition 

ceases and the genes involved in cuticular biosynthesis in strawberries have not been identified. 

Also, at present it is not known, whether there is genotypic variability in this trait. A better 

understanding of cuticle formation in strawberries and its relationship to microcracking would 

be helpful in selecting strawberry genotypes that are able to maintain an intact fruit surface 

throughout development. 

The base of trichomes is a site of preferential microcracking as indexed by fluorescent 

microscopy. The role of these structures in microcracking and water uptake is unknown. 

Generally, such hair-like structures have functions in protection from pests and UV radiation, 

water loss and temperature regulation, and secretion of secondary metabolites (Werker, 2000; 
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Xiao et al., 2016). There are only few studies on strawberry trichomes and these focused on 

leaf trichomes (Biswas et al., 2019; Benatto et al., 2018). To our knowledge, none addressed 

the role of fruit trichomes. Recently, Fich et al. (2020) reported that transpiration in tomato 

fruits occurs primarily through trichome-associated transcuticular polar pores. These pores are 

situated at the base of trichomes on the fruit's surface. They serve as hydrophilic channels 

enabling the potential diffusion or flow of water and aqueous solutes. While the existence of 

transcuticular polar pores at the base of trichomes in strawberries would offer a potential 

explanation for the reported polar pathways in the skin, it's important to note that conclusive 

evidence is currently lacking. 

5.1.2. Properties of skin dermal tissues. 

Based on the physiological similarity between the phenomena of water soaking in strawberries 

and cracking in sweet cherries, further studies in the following aspects are warranted. 

Mechanical properties of skin of strawberry have not been studied in detail. Due to the thin 

cuticle of strawberries, it would be expected that the mechanical backbone of the skin may be 

dominated by the dermal tissue, as is generally the case in other soft fruits (Brüggenwirth et al., 

2014; Bargel and Neinhuis, 2004; Khanal and Knoche, 2017). Studies on the mechanical 

properties of the strawberry fruit have not quantified the contribution of the cuticle to the 

mechanical properties of the skin (An et al., 2023; An et al., 2020; Contigiani et al., 2018). This 

is likely to be technically challenging because of the fragility of the fruit tissues.  

Cell wall properties accounted for the variations in skin mechanical characteristics among 

different sweet cherry cultivars, and consequently to differences in susceptibility to cracking 

(Brüggenwirth and Knoche, 2016). Moreover, Brüggenwirth and Knoche (2017) determined 

that swelling of the cell wall and the mechanical properties of the sweet cherry skin are closely 

related. Cell wall swelling particularly weakens cell to cell adhesion causing dermal cells to 

separate schizogenously, i.e. neighbouring cells part from one another along their anticlinal 

middle lamellae (Schumann et al., 2019).  Cell wall swelling is not exclusive to sweet cherries; 

it is a common occurrence in the ripening process of various fruit species, including 

strawberries (Redgwell et al., 1997); hence similar skin failure pattern may be likely however 

evidence is lacking. Therefore, research on the mechanical strength of the strawberries’ cell 

walls, and their cell-to-cell adhesion, and skin failure mode using immunolabeling of cell wall 

epitopes would be meaningful.  
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5.2. Potential implication for developing countermeasures.  

5.2.1. Breading efforts.  

Susceptibility to water soaking differs among cultivars (Herrington et al., 2009; Hurtado and 

Knoche, 2021). We also noted differences in water-soaking susceptibility between cultivation 

systems for the same cultivar. The susceptibility to water soaking could potentially depend on 

various factors, including the permeance of the skin to water movement, the physical properties 

of the dermal tissue such as their mechanical strength and properties of the cuticle and its 

tendency to microcrack. The physiological, genetic, and molecular mechanisms underlying 

these differences remain unidentified. Unraveling the underlying mechanisms could help to 

obtain molecular markers, that would enable the breeding of more resistant cultivars (Gupta et 

al., 1999).  

Susceptibility to cracking was greater in fruit with an extended neck. The frequency of necked 

fruit differed among cultivars suggesting that neck shape is a genetic trait. However, the 

frequency of necked fruit varied and also depends on other yet unknown factors (e.g., 

environmental conditions). Therefore, further research is warranted to determine the 

mechanism of neck formation. Our observations indicated that the neck formed during the 

expansion of the receptacle. There were no visible differences in flower shape. Moreover, the 

frequency of necked fruit varies with the hierarchy of the flower in an inflorescence of a given 

cultivar (Hurtado, Unpublished). It may be speculated that this observation is related to an 

uneven distribution or an insufficient number of fertilized carpels. Indeed, the number of 

anthers and carpels present on the flower declines with position on the inflorescence (category). 

Moreover, differences between basal and apical carpels in terms of maturation rates and stigma 

receptivity have been reported for some cultivars (Ariza et al., 2009; Yoshida et al., 1991). 

Unfertilized carpels fail to produce achenes and hence, fail to induce growth hormone synthesis, 

especially auxin (Nitsch, 1950; Archbold and Dennis, 1985). Whether this is related to neck 

formation is still unknown.  

5.2.1. Horticultural practices.  

Limiting surface wetness or exposure to high humidity of the fruit surface is key to 

preventing rain damage disorders. This may be attained preharvest through protected 

cultivation, either within a greenhouse or a plastic tunnel. However, occasionally overhead 

sprinklers and nozzles are used to irrigate or control humidity (Lieten, 2002; Kroggel and 
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Kubota, 2017; Xiao et al., 2001) in protected cultivation. These systems may facilitate the 

exposure of the fruit surface to wetness or excessively high humidity. Therefore, the use of this 

system needs to be properly managed to avoid wetness, particularly in the course of ripening. 

During the postharvest phase effective measures may include the design and use of adequate 

packaging materials (Bovi et al., 2019) and the implementation of handling practices aimed at 

preventing the accumulation of liquid water on the surface. This prevention extends to scenarios 

where water vapor condensation occurs. 

Calcium mitigates water soaking. Considering the significant economic implications of water 

soaking in field-grown strawberry production, the effects reported here warrant further studies. 

These investigations need to focus on two main aspects: (1) the physiology of Ca and the (2) 

increase of calcium concentration in the fruit.  

1. Little information about the physiology of Ca in strawberry fruit is available. Mahmood 

et al. (2012) reported a decrease in Ca content during ripening, and Makus and Morris 

(1998) established a gradient in Ca content between the fruit’s outer and inner tissues 

(Makus and Morris, 1998). However, important aspects such as the fruit-fruit 

variability, effects of flower categories, fruit size and sections, development stages, 

differences among tissues, and the effect of transpiration are still unknown. It is essential 

to note that calcium is only imported into the fruit through the xylem (Hocking et al., 

2016) and a recent study has identified a decline in xylem conductance during 

strawberry development (Winkler et al., 2021). Hence, considering the limited 

effectiveness of increasing Ca supply through soil fertilization, the more viable 

alternative is the direct application of Ca through spraying onto the developing fruit. 

 

2. Some studies have established the effect of Ca spray on strawberry fruit (Dunn and 

Able, 2006; Cieniawska et al., 2023; Chéour et al., 1990). However, some inconsistency 

has been reported regarding the effectiveness of these treatments (Makus and Morris, 

1998). Moreover, to our knowledge, there is no complete information regarding the 

mechanism and factors affecting Ca uptake, nor the presence of a preferential pathway 

for Ca uptake on the surface of strawberries. Potential benefits of increasing Ca content 

in fruits could extend beyond mitigating water soaking, including enhanced shelf life 

and improved fruit quality (Lara et al., 2004; Martín-Diana et al., 2007).  
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