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Abstract
Main conclusion  Swelling of sweet cherry cell walls is a physical process counterbalanced by turgor. Cell turgor 
prevents swelling in intact cells, whereas loss of turgor allows cell walls to swell.

Abstract  Swelling of epidermal cell walls precedes skin failure in sweet cherry (Prunus avium) cracking. Swollen cell walls 
lead to diminished cell:cell adhesions. We identify the mechanism of cell wall swelling. Swelling was quantified microscopi-
cally on epidermal sections following freeze/thaw treatment or by determining swelling pressure or swelling capacity of cell 
wall extracts. Releasing turgor by a freeze/thaw treatment increased cell wall thickness 1.6-fold within 2 h. Pressurizing cell 
wall extracts at > 12 kPa prevented swelling in water, while releasing the pressure increased swelling. The effect was fully 
reversible. Across cultivars, cell wall thickness before and after turgor release in two subsequent seasons was significantly 
correlated (before release of turgor: r = 0.71**, n = 14; after release of turgor: r = 0.73**, n = 14) as was the swelling of 
cell walls upon turgor release (r = 0.71**, n = 14). Close relationships were also identified for cell wall thickness of fruit of 
the same cultivars grown in the greenhouse and the field (before release of turgor: r = 0.60, n = 10; after release of turgor: 
r = 0.78**, n = 10). Release of turgor by heating, plasmolysis, incubation in solvents or surfactants resulted in similar swell-
ing (range 2.0–3.1 µm). Cell wall swelling increased from 1.4 to 3.0 µm as pH increased from pH 2.0 to 5.0 but remained 
nearly constant between pH 5.0 and 8.0. Increasing ethanol concentration decreased swelling. Swelling of sweet cherry cell 
walls is a physical process counterbalanced by turgor.
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Abbreviations
AIR	� Alcohol-insoluble residue
ES	� Epidermal skin section(s)
PEG	� Polyethylene glycol
SC	� Swelling capacity

Introduction

Rain cracking severely limits the production of many soft, 
fleshy, fruit species in all regions of the world where rain 
occurs during the harvest period. Sweet cherries (Prunus 
avium) and grapes (Vitis vinifera) are prominent examples of 

high-value crops in which rain cracking can be commercially 
devastating—but there are many others, including tomatoes 
(Solanum lycopersicum), blueberries (Vaccinium corymbo-
sum) and plums (Prunus × domestica).

The primary cause of rain cracking in a fleshy fruit 
has for many years been thought to be an excessive inter-
nal (tissue) pressure (Considine and Kriedemann 1972; 
Sekse et al. 2005; Measham et al. 2009), where this exces-
sive pressure is a direct result of osmotic water uptake 
through the fruit’s rain-wetted skin. Thus, the fruit has 
been assumed to resemble a thin-walled pressure vessel 
containing a solution rich in osmotically active carbohy-
drates. The very negative osmotic potential of this solution 
is the driving force for the osmotic uptake of surface water. 
The increase in fruit volume and surface area occasioned 
by water uptake increases the tissue pressure (‘turgor’) 
inside the fruit. The fruit is believed to crack when cer-
tain critical thresholds of turgor and/or of skin strain are 
exceeded (Considine and Kriedemann 1972; Andersen and 
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Richardson 1982; Measham et al. 2009). Thus, what we 
shall refer to as the ‘critical turgor/strain’ hypothesis offers 
an intuitively plausible explanation of fruit cracking and, 
moreover, it is consistent with the observation that rain 
cracking usually follows extended periods of surface wet-
ness after rainfall and/or dew. However, in recent years, 
an increasing body of experimental evidence has started 
to bring this old hypothesis into question. More recently, 
still it has led to its rejection among many researchers. For 
a review, see Knoche and Winkler (2017).

The ‘zipper’ hypothesis offers an alternative understand-
ing that remains consistent with the general phenomeno-
logical observations—cracking is associated with rain/dew-
wetted fruit skin—but is also consistent with a new body of 
careful experimental data which does not align well with 
the ‘critical turgor/strain’ hypothesis (Knoche and Winkler 
2017). Cracking is now considered to be a multistep pro-
cess comprising: (i) the formation of microcracks due to 
cuticular strain caused by downregulation of cutin and wax 
synthesis and deposition during early growth (Knoche et al. 
2004; Peschel and Knoche 2005; Alkio et al. 2012) and the 
later exposure of the strained cuticle to wetness (Knoche 
and Peschel 2006), (ii) localized water penetration through 
microcracks (Winkler et al. 2016), (iii) the bursting of indi-
vidual mesocarp cells and the consequent leakage of malic 
acid into the cell-wall-free space that further damages adja-
cent cells including those of the epidermis (Winkler et al. 
2015; Grimm et al. 2019), and (iv) the complete loss of the 
(already low) turgor that results in cell wall swelling (Grimm 
and Knoche 2015). Lastly, cell wall swelling decreases cell 
wall stiffness, fracture tension and cell:cell adhesion result-
ing in the separation of neighboring cells (Brüggenwirth and 
Knoche 2017). The tension generated by the skin strain is 
sufficient to cause cells to separate along their swollen walls 
and to rupture the skin. Thus, the skin ‘unzips’—that is, 
starting from a single-point failure, a skin crack propagates 
linearly in a manner similar to the opening up of a garment 
with a ‘zipper’ and somewhat analogous to the propagation 
of a ‘ladder’ in a piece of knitted fabric (Grimm et al. 2019). 
Based on the ‘zipper’ hypothesis, the swelling of cell walls 
is an essential part of the decrease in the fracture stress and 
in cell:cell adhesion. The swelling of cell walls is also a key 
textural characteristic of fleshy fruit that develops a desirable 
‘melting’ texture during ripening (Redgwell et al. 1997). Lit-
tle is known about cell wall swelling in sweet cherry.

The objectives of our study were (i) to characterize swell-
ing of epidermal cell walls in sweet and sour cherries and (ii) 
to identify the underlying mechanism(s). These steps are a 
prerequisite for identifying the cell wall fraction responsible 
for cell wall swelling. A better understanding of cell wall 
swelling may be helpful in developing strategies to counter 
the cracking of fleshy fruit by a combination of breeding 
and cultural means.

Materials and methods

Plant material

Sweet cherry fruit (Prunus avium L.) of 14 cultivars 
(‘Adriana’, ‘Burlat’, ‘Dönissens Gelbe’, ‘Earlise’, ‘Fabi-
ola’, ‘Hedelfinger’, ‘Kordia’, ‘Merchant’, ‘Regina’, ‘Sam’, 
‘Samba’, ‘Schneiders Späte’, ‘Staccato’ and ‘Sweetheart’) 
and sour cherry fruit (Prunus cerasus) of 2 cultivars (‘Achat’ 
and ‘Morellenfeuer’) were harvested at commercial matu-
rity. The stage of maturity was judged based on fruit size 
and color by our experienced workers at the Horticultural 
Research Station of the Leibniz University in Ruthe (lat. 
52°14′ N, long. 9°49′ E) over two growing seasons. The 
growing conditions differed between the two season. In 
2015, average temperatures in the field in May and June 
were lower by 3.3 and 1.7 °C than in 2016, respectively, 
the July temperatures were about similar. Average tempera-
tures in August 2015 were warmer by 1.5 °C than in 2016. 
The sweet cherries were grafted on ‘Gisela 5’ rootstocks 
(Prunus cerasus × P. canescens) and the sour cherries on 
‘Maxma Delbard’ rootstocks (P. avium × P. mahaleb). The 
trees were cultivated either under a rain cover in the field or 
in a greenhouse. Mean temperatures in the greenhouse were 
higher by 1.6 °C and 1.1 °C in the 2015 and 2016 growing 
season as compared to the field. There was no application of 
foliage applied Ca fertilizers in either season at either site. 
Unless otherwise stated, fruit were processed fresh on the 
day of sampling or stored at − 20 °C until cell-wall extrac-
tion. In addition, off-season ‘Lapins’ sweet cherries from 
New Zealand (2016) and ‘Santina’ sweet cherry from Chile 
(2019) were purchased locally. All fruits were selected for 
uniformity of development based on size and color and for 
freedom from visual defects.

Microscopy

To determine cell wall swelling, epidermal skin sections 
(ES) were prepared, usually from the equatorial plane of 
the cheek. Narrow strips of skin were excised using paral-
lel razor blades (3 mm between blades). The ES were then 
pared down from the inner surface, to remove much of the 
cortical tissue. The ES were carefully blotted using soft tis-
sue paper, transferred immediately to the stage of a micro-
scope (BX-60; Olympus, Hamburg, Germany), placed in a 
droplet of test solution (usually a 10 mM MES solution at 
pH 5.8) and viewed at a magnification of 40 × . Calibrated 
digital photographs (camera: DP73; Olympus) were taken 
and the thickness of the anticlinal cell walls quantified by 
image analysis (cellSens; Olympus Soft Imaging Solu-
tions, Münster, Germany). This measurement reflects the 
initial cell wall thickness between two living turgid cells, 
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and before the imposition of any treatment (‘ + turgor’). 
This measurement—protoplast to protoplast—included the 
cell walls of two abutting cells, plus the intervening middle 
lamella. Cell wall thickness was later re-measured following 
treatment to minimize turgor (‘− turgor’) and to maximize 
cell wall swelling (a freeze/thaw treatment for a minimum 
of 12 h at − 20 °C followed by (usually) 48 h equilibration 
at room temperature). The only exceptions were experiments 
on the effects of plasmolysis (Fig. 6, Table 4), ethanol con-
centration (Fig. 9), temperature and turgor removal (Table 3) 
which were carried out without the freeze/thaw treatment. 
A total of 10 ES were prepared per treatment (1 ES from 
each of 10 fruit), 2 micrographs were taken per ES, and 
2 cell walls were measured per micrograph, such that the 
total number of cell wall thickness measurements was 40 
per treatment. Cell wall swelling (Δthickness) was calcu-
lated by subtracting cell wall thickness immediately after 
excision (‘ + turgor’) from that 48 h after the freeze/thaw 
treatment (‘− turgor’). Thus, cell wall swelling represented 
the increase in thickness of two abutting cell walls plus that 
of the intervening middle lamella.

Experiments

The time course of cell wall swelling was measured on 
microscopic images of ES prepared from ‘Burlat’ and ‘Lap-
ins’ fruit directly after excision (0 h). Thereafter, half of the 
ES were subjected to a freeze/thaw treatment at − 20 °C 
overnight to eliminate turgor. Following thawing at ambi-
ent temperature (23 °C), cell wall thickness was determined 
at 0.5, 2, 4, 8, 24, 48, 78 and 144 h. The other half of the 
sample remained without a freeze/thaw treatment. Here, the 
ES were incubated in deionized water and cell wall thick-
ness was determined after 2, 4, 8, 24, 56, 96, 120 and 144 h 
of incubation (‘control’). Because the loss of turgor is a 
prerequisite for cell wall swelling, only cell walls between 
two non-turgid cells were measured in the control. The only 
exceptions were those ES that were inspected immediately 
after excision (0 h).

Swelling of cell walls in different regions of the fruit sur-
face was studied by preparing ES from the shoulder, cheek, 
suture or the stylar scar region of ‘Lapins’ fruit.

The effect of turgor on cell wall swelling was estab-
lished in ‘Sam’ by eliminating cell turgor. Turgor was 
eliminated by one of four methods: (i) destroying mem-
brane integrity by a freeze/thaw treatment (16 h at − 20 °C 
followed by incubation at room temperature for 48 h); (ii) 
plasmolyzing cells in 2.5 M glucose for 24 h or (iii) solu-
bilizing plasma membranes in either acetone or 20 mM 
sodium dodecyl sulfate (SDS) for 48 h. In addition, a role 
of enzymatic activity in cell wall swelling was investigated 
by denaturation of proteins by heating the ES for 1 h to 
60 °C followed by 48 h incubation at room temperature. 

This treatment also destroyed cell turgor. Another set of 
ES were incubated for 48 h at room temperature without 
any pretreatment; these served as controls.

The effects of fruit mass loss during storage (2  °C, 
95% RH, 35 d) on cell wall swelling were established in 
‘Merchant’.

The relationship between turgor and cell wall swelling 
was studied in ES excised from ‘Staccato’. Turgor was varied 
by incubating ES in 0, 0.25, 0.5, 0.75, 1.0 or 1.5 M sucrose 
solutions for 48 h. The percentage of plasmolyzed cells and 
cell wall thickness were determined by microscopy for each 
sucrose concentration. A cell was counted as plasmolyzed 
when the symplast began to detach from the cell wall. The 
osmotic potential at 50% plasmolysis and that at 50% cell 
wall swelling were calculated using a sigmoidal regression 
model.

The reversibility of cell wall swelling was studied in a 
two-phase experiment using ‘Santina’ sweet cherry. Follow-
ing measurement of initial cell wall thickness, phase I of 
the experiment was initiated by incubating ES in hypotonic 
(0.25 M, − 0.6 MPa) or hypertonic sucrose solutions for 22 h 
(1.25 M, − 4.8 MPa). Incubation in hypertonic solutions 
induced plasmolysis in all cells. Cells of ES incubated in 
hypotonic solutions remained largely turgescent. For phase 
II of the experiment, half of the ES from the hypertonic 
sucrose solution (phase I) were transferred to a hypotonic 
solution and vice versa. Incubation was continued for a fur-
ther 22 h. For the remaining half of the ES incubation con-
tinued in the same solution as during phase I. Incubation in 
deionized water served as control. Cell wall thickness was 
quantified after 22 h (end of phase I) and after 44 h (end of 
phase II).

Whether cell wall thickness is affected by exposure to 
juice from the same fruit was assessed in ES excised from 
‘Adriana’. Cell wall thickness was quantified after excision 
and after incubation in juice extracted from the same batch of 
fruit using a spaghetti press. In addition, ES were incubated 
in an ‘artificial juice’ comprising the major osmolytes of 
sweet cherry juice (Herrmann 2001). These osmolytes were 
glucose (277 mM), fructose (253 mM), sorbitol (49 mM), 
potassium malate (36 mM) and malic acid (9 mM). Together, 
these account for about 98% of the osmolarity of the juice. 
Osmolarities were measured by vapor pressure osmometry 
(VAPRO® 5520 and 5560; Wescor, Logan, UT, USA). To 
separate the effect of juice from a potential pH effect, artifi-
cial juice was prepared without malic acid. Furthermore, the 
pH of the natural juice was adjusted to pH 6.4 using KOH. 
Cell wall thickness was quantified after excision (‘ + turgor’) 
and after a freeze/thaw treatment followed by 48 h incuba-
tion in the respective juices (‘− turgor’). Deionized water 
served as control.

The effect of organic acids on cell wall swelling was 
investigated in ‘Adriana’. Cell wall thickness was quantified 
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after excision of the ES. The ES were then incubated in 
oxalic, tartaric, malic, citric and ascorbic acid (all at 20 mM, 
all solutions prepared in 10 mM MES at pH 5.8). An MES 
buffer treatment without addition of acid served as control. 
Thereafter, the ES were subjected to a freeze/thaw cycle. 
Following a 48 h equilibration period, cell wall thickness 
was quantified again. The effect of pH on cell wall swell-
ing was investigated in ‘Adriana’ fruit. The ES were incu-
bated in 10 mM MES buffer with pH adjusted to pH 2, 3, 
4, 5, 6, 7 and 9 using HCl (all pH ≤ 4) or KOH (all pH > 4). 
Thereafter, the effect of different buffers on cell wall swell-
ing was studied at constant pH. The ES were incubated in 
citrate, phosphate, HEPES, MES and TRIS buffer (all at 
10 mM) at pH 6.7. The pH was adjusted using HCl or KOH. 
Separate ES incubated in deionized water served as con-
trols. Cell wall thicknesses after excision (‘ + turgor’) and 
after a freeze/thaw treatment followed by 48 h of incubation 
(‘− turgor’) were quantified and cell wall swelling calculated 
as described earlier.

The effect of ethanol concentration on cell wall thickness 
was determined using ES and extracted cell walls prepared 
from ‘Sweetheart’. In phase I of the experiment, 20 skin sec-
tions were prepared from 10 fruits. Cell wall thickness was 
determined after excision and after incubation in 0, 25, 50, 
75, 87.5 and 99.8% aqueous ethanol for 48 h. For the sub-
sequent phase II, half the sections were transferred from the 
initial incubation solution to 99.8% ethanol. The other half 
were transferred into 100% deionized water. All were again 
incubated for 48 h and cell wall thickness re-determined.

The effect of temperature on cell wall swelling was stud-
ied in ‘Merchant’ ES incubated in 10 mM MES at 4 °C or 
at 23 °C for 48 h.

The effect of the molar mass (g mol−1) and concentration 
(g kg−1) of polyethylene glycols (PEGs) on the thickness of 
cell walls was estimated in ES from ‘Staccato’. Initial cell 
wall thickness was measured (n = 50 fruit with four cell walls 
measured per image). The cell wall thickness so obtained, 
represented the native thickness of fully turgid cells. There-
after, fruit were incubated in solutions of PEGs of mean 
molar mass: 300, 600, 1000, 1500, 3350 and 6000 g mol−1 
of 0, 100, 200, 300, 350, 400, 450 or 500 g kg−1. Sucrose 
solutions at comparable osmolarities served as controls. 
The osmolarities of all solutions were measured by vapor 
pressure osmometry. Following a freeze/thaw treatment to 
destroy turgor, and after 48 h of incubation, cell wall thick-
ness was re-determined according to the procedure described 
above. The osmotic potential at half maximum swelling was 
calculated for the different PEG molecules from a non-linear 
regression line fitted through a plot of cell wall swelling vs. 
osmotic potential. In addition, swelling was expressed as a 

function of the concentration of ethylene glycol units for all 
PEG molecules, at all PEG concentrations.

Preparation of extracted cell walls

Extracted cell walls were prepared using the protocol by 
Sozzi et al. (2002) with minor modifications. Pedicel and pit 
were removed from ten frozen fruit and the remaining tissue 
homogenized in 4 ml per g tissue of 80% (v/v) ice cold etha-
nol for 2 min. The homogenate was boiled for 30 min, cooled 
and then filtered through glass filter paper (Whatman GF/C; 
Sigma-Aldrich, St. Louis, MO, USA). The insoluble mate-
rial was washed with 95% (v/v) ethanol and filtered again, 
then extracted with 3 ml per g tissue of chloroform:methanol 
(1:1, v/v) for 15 min, filtered and washed again with the 
same solvent mixture followed by a final washing step with 
acetone. The resulting alcohol insoluble residue (AIR) was 
dried overnight, weighed and stored over dry silica gel until 
further usage.

Determination of swelling pressure

To quantify the pressure generated by swelling cell walls 
the following procedure was developed. A 25 mg sample 
of AIR was transferred to a custom-built pressure chamber. 
This chamber had an inner diameter of 25.5 mm and a port 
in the base for drainage covered by a stainless steel frit. Wet-
ting of the AIR in the pressure chamber was achieved using 
70% (v/v) aqueous ethanol and a mild vacuum of 20 kPa 
for 10 min. Earlier experiments established that there is no 
cell wall swelling when incubating ES in 70% aqueous etha-
nol. The pressure chamber was positioned under a univer-
sal material testing machine (BXC-FR2.5TN; ZwickRoell 
GmbH & Co. KG, Ulm, Germany) equipped with a 50 N 
force transducer (KAP-Z; ZwickRoell). A second stainless 
steel frit (25.4 mm diameter) was fitted to the force trans-
ducer. This frit served as a plunger to pressurize the cell 
wall in the pressure chamber. To reproducibly determine the 
minimum volume ( Vmin ) of the hydrated and non-swollen 
cell wall, the AIR was pressurized with 10.3 kPa for 12 h at 
the onset of each experiment and the Vmin was read. After 
10 min, the supernatant containing 70% aqueous ethanol 
was replaced by the same volume of deionized water. Swell-
ing was quantified by reducing the pressure stepwise: 9.9, 
4.9, 2.0, 1.0, 0.5–0.2 kPa. The pressure was held constant 
at each step for 12 h. Preliminary experiments established 
this time was required to approach an equilibrium volume of 
swollen cell walls at each pressure. During the experiment, 
the position of the plunger was recorded by the distance 
transducer of the universal testing machine. From the posi-
tion of the plunger, the volume change ( ΔV  ) due to cell 
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wall swelling was calculated as the difference between the 
volume at a particular pressure minus the minimum volume 
( Vmin ). The swelling pressure ( P0 ) of the AIR was calculated 
as the x-intercept of a plot of the change in volume (ΔV) at 
equilibrium at each pressure vs. the natural logarithm of 
the applied pressure. The determination of swelling pressure 
was carried out with three replications.

In a second run of the experiment, the 70% aqueous etha-
nol was not removed from the supernatant. The volumes 
resulting from stepwise releases of pressure were recorded 
as described before. Here, the equilibration time was set at 
6 h. The experiment was conducted in triplicate.

Whether swelling of AIR is reversible was investigated 
by subjecting extracted cell walls to ascending and descend-
ing pressures. During phase I, pressure was decreased step-
wise as described above. In phase II, pressure was increased 
again using the same pressure steps as in phase I. The treat-
ments were repeated during the subsequent phases III and 
IV. The volumes of the cell wall extracts at anyone pres-
sure were recorded with an equilibration time of 6 h and 
the (ΔV) and the swelling pressures for phases I–IV calcu-
lated as described above. The experiment was conducted in 
triplicate.

Determination of swelling capacity (SC)

The swelling capacity (SC) of the AIR is an established 
characteristic to quantify cell wall swelling (Raghavendra 
et al. 2004; Basanta et al. 2014). Here, we followed the pro-
cedure described by Raghavendra et al. (2004) and Basanta 
et al. (2014) with minor modifications. The AIR was ground 
thoroughly using a pestle and mortar. A sample of 50 mg 
(± 0.1 mg) of AIR was weighed into a graduated conical 
tube and 7.5 ml of degassed 10 mM MES (pH 5.8) was 
added. To ensure thorough wetting and remove all air, the 
AIR was vacuum infiltrated three times for 10 min each at 
3 kPa. Following an 18 h incubation at 22 °C to reach equi-
librium swelling, the final volume of the swollen cell wall 
was read and the SC was calculated as follows:

The SC determinations were always carried out with three 
replications.

The effect of different ethanol concentrations on swell-
ing of the AIR was studied. The AIR was prepared from the 
same batch of ‘Sweetheart’ fruit as that investigated in the 
microscopy assay. The AIR was incubated in 0, 25, 50, 75 
and 100% of aqueous ethanol for 18 h. The swelling capacity 
was calculated as described below.

SC
(

mlg−1
)

=
Volume of swollen AIR(ml)

Original sample dry weight(g)
.

Data analyses

The data presented in the tables and figures represent the 
arithmetic means and standard errors. Where error bars are 
not visible in figures, they are smaller than the data symbols. 
Data were examined by analysis of variance (AOV) followed 
by mean comparisons using Tukey’s Studentized range test 
at p < 0.05 with R (packet multcomp 1.4–0, procedure glht, 
R 3.0.2; R Foundation for Statistical Computing, Vienna, 
Austria). Linear and non-linear regression analysis was 
conducted using R (packet multcomp 1.4–0, procedure lm 
and nls). Significance of coefficients of correlation (r) and 
determination (R2) at p < 0.05, 0.01 or 0.001 is indicated by 
*, ** or ***, respectively.

Results

Increasing percentages of epidermal cells collapsed when 
skin segments were incubated in deionized water. This was 
indexed by loss of anthocyanins from the vacuoles (Fig. 1). 
The cell walls between pairs of collapsed (non-turgid) cells 
began to swell. Thickness of cell walls between collapsed 
cells did not differ from those in tissue that had lost turgor 
following membrane damage caused by a freeze/thaw treat-
ment (data not shown).

A time course study of cell wall swelling following loss 
of turgor caused by a freeze/thaw treatment established 
that swelling was rapid. Within 24 h, cell wall swelling had 
approached an asymptote averaging 5.4 µm (Fig. 2). This 
represents a 61% increase in cell wall thickness compared 
with that for turgid cells before the freeze/thaw treatment. To 
ensure equilibrium swelling in all subsequent comparisons, 
we chose a standard equilibration time of 48 h after turgor 
removal.

When extracted cell walls were pressurized to 10.3 kPa, 
their change in volume was as depicted in Fig. 3a. This pres-
sure was selected, because it corresponds to the mean tur-
gor reported for mature sweet cherry fruit (Schumann et al. 
2014). When holding this pressure for 12 h, there was no 
further detectable increase in volume, indicating that swell-
ing had reached equilibrium (Fig. 3a). When cell walls were 
incubated in water (but not when incubated in 70% aque-
ous ethanol, Fig. 3c), stepwise releases of pressure resulted 
in corresponding stepwise increases in cell wall volume 
(Fig. 3b). The relationship between the change in cell wall 
volume (ΔV) and the natural logarithm of the applied pres-
sure was linear (Fig. 3d). From this relationship, the pressure 
required to prevent swelling ( P0 ) was estimated at ≈ 12 kPa 
(R2 = 0.99; Fig. 3d).
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Ascending and descending pressure had the same effect 
on cell wall swelling regardless of whether these were 
applied during the first cycle (phases I and II) or the sec-
ond cycle (phases III and IV) (Fig. 4). There was no sig-
nificant difference in swelling pressure between ascending 
and descending pressures during the first or second cycle 
(Fig. 4c).

Significant differences in cell wall thickness and swell-
ing were detected between different sweet cherry cultivars. 
Swelling was largest in ‘Staccato’ and lowest in ‘Dönis-
sens Gelbe’ (Table 1). There were no consistent differences 
between the sweet and the sour cherries in the extent of cell 
wall swelling with turgor release.

Across cultivars, cell wall thickness and cell wall swell-
ing following turgor release were significantly correlated 
between different seasons (Fig. 5a, b). Also, cell wall thick-
ness did not differ significantly between greenhouse-grown 
fruit and rain-shelter-grown fruit, i.e. cell wall thickness 
data from the two sites were closely related (Fig. 5c). The 

Fig. 1   Micrographs of a time course of change in cell wall thickness of anticlinal walls of epidermal cells of mature ʻLapinsʼ sweet cherry after 
incubation in deionized water for 0, 4, 8 or 48 h. Bar = 20 µm

Fig. 2   Time course of change in thickness of anticlinal epider-
mal cell walls of mature ‘Burlat’ sweet cherry skin sections. Main 
graph: long-term time course. Inset: short-term time course. Data 
are redrawn from main graph but on a different scale. The increase in 
thickness was monitored after releasing turgor by a freeze/thaw treat-
ment (n = 40)
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increase in cell wall thickness was independent of the initial 
cell wall thickness (Fig. 5d).

Cell wall swelling was greater in the stylar scar region 
than in the cheek, suture or shoulder regions (Table 2).

There was little difference in the extent of cell wall 
swelling among the various methods used to release tur-
gor (Table 3). Thus, significant swelling occurred following 
release of turgor by: freeze/thaw, heating to 60 °C, plasmoly-
sis, or incubation in acetone or in SDS surfactant.

Incubation of ES in sucrose solutions of decreasing 
(increasingly negative) osmotic potential caused progressive 
increases in plasmolysis (Fig. 6a). ES incubated in deion-
ized water but not those in sucrose solutions lost vitality as 
indexed by a coagulated cytoplasm and the absence of an 
intact vacuole. Incubation in sucrose solutions increased cell 
wall swelling markedly when osmotic potential was more 
negative than about − 2 MPa (Fig. 6b; Table 4). There was 
no difference in cell wall swelling between ES incubated 
in deionized water and those incubated in solutions hav-
ing an osmotic potential below − 2 MPa Fig. 6b; Table 4). 
The fraction of cells plasmolyzed increased as the osmotic 
potential of the incubation solution decreased (Fig. 6c). The 
values of osmotic potential corresponding to 50% cell wall 
swelling and to 50% plasmolysis were estimated at − 2.0 and 
− 1.3 MPa, respectively. Deplasmolysing cells by transfer-
ring ES from a hypertonic into a hypotonic sucrose solution 
decreased cell wall thickness to the level not significantly 
different from the thickness immediately after excision of the 
ES (Table 4). Thus, the increase in cell wall thickness upon 
plasmolysis was completely reversible (Table 4).

Fruit weight loss during a 35 day storage period had no 
significant effect on cell wall thickness or on cell wall swell-
ing (following turgor release) (Fig. 7).

Fig. 3   Swelling of extracted cell walls of mature ‘Staccato’ sweet 
cherry when incubated in deionized water (a, b, d) or in ethanol (c). 
Swelling was quantified as the change in volume ( ΔV  ) at different 
pressures (P) using a custom-built pressure chamber. Extracted cell 
wall was incubated in water to induce swelling. The volume of swol-
len cell walls after loading the cell wall with different pressures was 
quantified. a Time course of water-induced swelling of cell walls at 
a pressure of 10.3 kPa. b, c Representative test program to monitor 
the increase in volume of extracted cell walls when decreasing the 
applied pressure stepwise from 10.3 to 0.1 kPa. At any one pressure 
step, pressure was held constant for 12 h (a) or 6 h (c) to allow for 
equilibration of cell wall swelling. d Relationship between the swell-
ing of cell walls ( ΔV  ) at equilibrium and the applied pressure. The 
swelling pressure P0 corresponds to the pressure at which no swelling 
occurs. The value P0 was estimated as the x-intercept of a regression 
line fitted through a plot of ΔV  vs. ln P . The regression equation was 
ΔV = − 0.054 (± 0.002) * ln P (kPa) + 0.132 (± 0.003), R2 = 0.99***. 
Data in a, b and c represent a single replicate, those in d means ± SE, 
n = 3

▸
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Interestingly, when ES were incubated in sweet cherry 
juice extracted from the same batch of fruit, marked swelling 
of cell walls occurred after turgor release by a freeze/thaw 
treatment (Table 5). The increase in cell wall thickness fol-
lowing turgor release was large when ES were incubated in 
juice extracted from the same batch of fruit at the natural pH 
3.9. Adjusting the pH of the juice to a value comparable to 
that of the MES control, markedly reduced cell wall swelling 
to values even lower than in the MES control. Compared to 
natural juice at natural pH, artificial juice prepared using 
the five major osmolytes present in sweet cherries had a low 
pH and an even larger effect on cell wall swelling following 
freeze/thaw turgor release. As in the natural juice, the effect 
on swelling decreased markedly to below the control values 
following the pH adjustment.

There was little difference in cell wall thickness of ES 
incubated in a range of organic acids, compared to the 
swelling of cell walls incubated in an MES-buffered control 
(Table 6). The only exception was in oxalic acid that caused 
significantly more swelling than in the control.

The pH of the incubation solution had a marked effect 
on cell wall thickness and swelling in the absence of turgor 
(Fig. 8). Relationships were biphasic. Cell wall thickness 
and swelling were essentially independent of pH between pH 
8.0 and pH 5.0. Then, as pH decreased from pH 5.0 to pH 
2.0, swelling increased markedly (Fig. 8a, b). The breakpoint 
of the biphasic relationship was calculated to be pH 5.2. The 
buffer used to adjust pH also had a significant effect on cell 
wall swelling (Fig. 8c). Swelling was greatest in citric acid 
buffer, intermediate in phosphate, MES or TRIS buffer and 
the water control, and it was least in HEPES.

There was no cell wall swelling when ES were then 
incubated in 99.8, 87.5 or 75% ethanol (Fig. 9a). As the 
ethanol concentration decreased below 75%, cell wall swell-
ing increased and reached a maximum when the ES was 
incubated in deionized water (no ethanol). When an ES 
was transferred from aqueous ethanol to water or to 99.8% 
ethanol, the ES now incubated in water had fully swol-
len cell walls regardless of the ethanol concentration dur-
ing the phase I of the experiment. Meanwhile, those now 
incubated in 99.8% ethanol were all non-swollen regardless 
of the initial ethanol concentration during the first phase 
of the experiment (Fig. 9b). When determining the effect 
of the ethanol concentration on the swelling capacity of 
the AIR prepared from the same batch of fruit, the swell-
ing capacity decreased linearly as ethanol concentrations 
increased (Fig. 9c). There was a close and linear relationship 
between the swelling capacity of extracted cell walls and 
the swelling quantified microscopically using ES (Fig. 9c, 
inset). The regression equation was: SC (ml g−1) = 82.65 
(± 1.79) − 0.63 (± 0.03) × Thickness (µm); R2 = 0.99***.

Fig. 4   Effect of ascending and descending pressures on the swell-
ing of extracted cell walls of mature ‘Staccato’ sweet cherry when 
incubated in deionized water. Swelling was quantified as the change 
in volume ( ΔV  ) at different pressures (P) using a custom-built pres-
sure chamber. a, b Time course of (a) descending (phases I, III) 
and ascending pressures (phases II and IV) and (b) corresponding 
changes in volume of extracted cell walls ( ΔV  ). Horizontal arrows in 
a indicate the four consecutive phases I to IV of the experiment. Dur-
ing phases I and III pressure was decreased stepwise, during phases II 
and IV pressure was increased. c Relationship between the swelling 
of cell walls at equilibrium and the natural logarithm of the applied 
pressure in phases I to IV. Inset: swelling pressures ( P0 ) during 
phases I, II, III and IV. The P0 corresponds to the pressure at which 
no swelling occurs. Data in b represent a single replicate, those in c 
means ± SE, n = 3
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Increasing the temperature from 4 to 23  °C slightly 
increased cell wall swelling by 3.6 ± 0.2 µm at 4 °C and by 
4.3 ± 0.2 µm at 23 °C.

Following a freeze/thaw treatment, incubation of ES in 
PEG solutions induced cell wall swelling. For a particu-
lar size of PEG molecule, decreasing (more negative) the 
osmotic potential, caused a decrease in cell wall swell-
ing, compared to the fully swollen control (Fig. 10a). The 
osmotic potential at half maximum swelling (ψπ50) was 
calculated from the relationship between cell wall thick-
ness and PEG solution osmotic potential. The value for 
ψπ50 decreased exponentially as the molar mass of the PEG 
molecules increased (Fig. 10b). Interestingly, a common 
relationship for the different PEG molecules at the differ-
ent osmotic potentials was obtained when cell wall thick-
ness was expressed as a function of the number of ethyl-
ene glycol units in solution across all PEGs and across all 
osmotic potentials (Fig. 10c). Cell wall swelling increased 
markedly at low ethylene glycol concentrations (i.e. below 
50 units ethylene glycol kg−1). In concentrations above 50 
units of ethylene glycol kg−1, there were no changes in cell 
wall swelling.

Discussion

Our experiments establish several important findings.

1.	 Significant cell wall swelling occurs in mature sweet 
cherry fruit as indexed by microscopy of skin sections, 
by determinations of the swelling capacity or by the 
swelling pressure of extracted cell walls;

2.	 Cell wall swelling is a physical process resulting from 
the release of cell turgor.

Characterizing swelling using microscopy of skin 
sections, determinations of the swelling capacity 
or using a pressure chamber

Microscopy of skin sections, assessment of their swell-
ing capacity and swelling pressure, established that there 
is significant swelling of cell walls in mature sweet cherry 
fruit. Furthermore, correlation analysis demonstrated that 
in vivo swelling (as quantified by microscopy on ES) and 
in vitro swelling (as indexed by determinations of the swell-
ing capacity in AIR) were significantly and positively related 
across a range of ethanol concentrations. Sweet cherry 
belongs to that group of fruit species characterized by their 
possession of a ‘soft and melting’ texture for which cell wall 
swelling during ripening is typical (Redgwell et al. 1997).

In our research, we used different cultivars and produc-
tion sites to extend the experimental season. Because sweet 
cherry is a highly perishable crop, fruit of anyone cultivar is 
available at the optimal stage of commercial maturity only 
for a few days. The change of cultivars is, therefore, manda-
tory, if compromises in fruit quality (for example due to the 

Table 1   Thickness and swelling 
(Δthickness) of anticlinal 
epidermal cell walls of the 
epidermis of mature sweet and 
sour cherry fruit of various 
cultivars before (‘ + turgor’) 
and after incubation for 48 h in 
deionized water (‘− turgor’)

Swelling was calculated as the cell wall thickness after incubation, minus that before incubation. All fruit 
were grown in the field in the 2015 growing season. ‘Achat’ and ‘Morellenfeuer’ are sour cherries, all the 
others are sweet cherries. Data are means ± SE, n = 10 for mass and osmolarity, n = 40 for cell wall thick-
ness
a Mean separation within columns by Tukey’s Studentized range test, p < 0.05

Fruit cultivar Mass (g) Osmolarity 
(mmol kg−1)

Thickness (µm) ΔThickness

 + turgor − turgor µm % increase

Achat 6.2 ± 0.2 1252 ± 15 3.5 ± 0.2 aa 5.3 ± 0.2 a 1.8 ± 0.2 50
Burlat 10.8 ± 0.5 1230 ± 59 2.2 ± 0.1 bd 5.4 ± 0.2 ab 3.2 ± 0.2 144
Dönissens Gelbe 5.7 ± 0.2 1232 ± 46 3.2 ± 0.1 ac 5.8 ± 0.1 ab 2.6 ± 0.2 83
Fabiola 13.0 ± 0.2 1227 ± 28 2.4 ± 0.1 bd 5.4 ± 0.1 ab 3.0 ± 0.2 126
Hedelfinger 9.2 ± 0.1 1284 ± 40 3.1 ± 0.1 c 6.0 ± 0.2 b 3.0 ± 0.2 97
Kordia 8.4 ± 0.4 991 ± 36 2.6 ± 0.1 bc 5.9 ± 0.1 ab 3.3 ± 0.1 126
Morellenfeuer 5.7 ± 0.2 1006 ± 42 2.3 ± 0.1 bd 5.0 ± 0.2 ac 2.8 ± 0.2 125
Regina 9.8 ± 0.6 1271 ± 82 2.6 ± 0.1 b 5.6 ± 0.2 ab 3.1 ± 0.2 121
Sam 10.1 ± 0.5 1456 ± 85 2.5 ± 0.1 bd 5.5 ± 0.2 ab 3.0 ± 0.2 124
Samba 8.8 ± 0.1 1089 ± 35 2.1 ± 0.1 bd 4.5 ± 0.1 c 2.4 ± 0.1 114
Staccato 8.10 ± 0.2 1117 ± 79 2.8 ± 0.1 c 6.9 ± 0.2 d 4.2 ± 0.2 150
Grand mean 8.7 ± 0.7 1196 ± 41 2.7 ± 0.1 5.6 ± 0.2 2.9 ± 0.2 114
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use of immature or overmature fruit) were to be avoided. 
The change of cultivars ensures that our findings are not 
limited to a specific cultivar, but are applicable to all cherries 
investigated. The data obtained indicate that swelling was 
reproducible among genotypes, seasons and environments 
(i.e. green house or rain shelter in the field) suggesting a 
high level of genetic control. Considerable differences exist 
in cell wall thickness and in the amount of swelling between 
cultivars. The reasons for these differences are unknown but 
may be related to one or both of the following: (i) Swell-
ing differs between cell wall constituents and cell wall 
constituents differ between cultivars. In particular, pectins 
and/or xyloglucans may be involved (Brummell 2006). (ii) 
In an earlier study, we observed marked decreases in cell 
wall swelling in the presence of free Ca ions (Brüggenwirth 
and Knoche 2017). In contrast, swelling increased in the 

Fig. 5   a, b Relationship between thickness (a) or Δthickness (swell-
ing, b) of anticlinal epidermal cell walls of skin sections of 14 sweet 
cherry cultivars over two consecutive growing seasons. Data points 
represent means ± SE (n = 40). c, d Relationship between thickness 
(c) or Δthickness (d) of anticlinal epidermal cell walls of skin sec-
tions of ten sweet cherry cultivars grown in a greenhouse or in the 

field under a rain-shelter. The change in cell wall thickness ( Δthick-
ness) was 48 h after the release of turgor by a freeze/thaw treatment. 
Skin sections were incubated in 10  mM MES buffered deionized 
water at pH 5.8. The Δthickness was calculated as the thickness of 
swollen cell walls (without turgor, ‘− turgor’) minus that of cells with 
turgor (‘ + turgor’). Data points represent means ± SE (n = 40)

Table 2   Thickness and swelling (Δthickness) of anticlinal epidermal 
cell walls of skin sections excised from different positions on the sur-
face of ‘Lapins’ sweet cherry fruit following incubation in deionized 
water

Swelling was calculated as the difference in cell wall thickness after 
release of turgor (‘−  turgor’), minus that before release of turgor 
(‘ + turgor’). Data present means ± SE, n = 40
a Mean separation within columns by Tukey’s Studentized range test, 
p < 0.05

Position Thickness (µm) ΔThickness (µm)

 + turgor − turgor

Cheek 2.6 ± 0.1 aa 4.3 ± 0.1 a 1.7 ± 0.1
Suture 2.6 ± 0.1 a 4.5 ± 0.1 a 1.9 ± 0.2
Stylar scar 2.7 ± 0.1 a 5.7 ± 0.1 b 3.0 ± 0.2
Shoulder 2.8 ± 0.1 a 4.5 ± 0.1 a 1.7 ± 0.1
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presence of malic acid, probably due to extraction of Ca 
from the cell wall. Hence, differences may exist between 
cultivars in the uptake of Ca and in its adsorption to the cell 
wall constituents.

From a practical point of view the question arises as to 
whether cell wall swelling and cracking susceptibility are 
closely correlated. Unfortunately, there is no comprehen-
sive study on cracking susceptibility published that assessed 
more than four of the cultivars investigated in our study. 
However, for a larger set of unpublished data from our group, 
there was no significant correlation between cell wall swell-
ing and cracking susceptibility as indexed by the time to 50% 
cracking (n = 11, r = − 0.04) or the water uptake required 
for 50% cracking (n = 11, r = − 0.13; Winkler, unpublished 
data). It is important to note, however, that the lack of such 
a relationship must not be interpreted as negative evidence. 
Swelling is only the final step in a series of events that ulti-
mately leads to cracking.

Table 3   Effect of turgor release on the thickness and swelling 
(Δthickness) of anticlinal cell walls of epidermal cells of skin sec-
tions (ES) of ‘Sam’ sweet cherry fruits following incubation in deion-
ized water

Turgor was released by a freeze/thaw treatment, or by heating fruit 
to 60  °C for 1  h, or plasmolyzing by incubation in 2.5  M glucose 
for 24  h, or by destroying membranes by incubation in acetone or 
in 20 mM sodium dodecyl sulfate (SDS) for 48 h. Incubation of ES 
for 48 h in 10 mM MES buffer served as control. Swelling was cal-
culated as the cell wall thickness after release of turgor (‘−  turgor’) 
minus that before release of turgor (‘ + turgor’). Data presented are 
means ± SE, n = 40
a Mean separation within columns by Tukey’s Studentized range test, 
p < 0.05

Treatment Thickness (µm) ΔThickness (µm)

 + turgor − turgor

Frost 2.8 ± 0.1 aa 5.6 ± 0.2 ab 2.9 ± 0.2
Heat 2.7 ± 0.1 a 5.8 ± 0.2 a 3.1 ± 0.2
Plasmolysis 2.8 ± 0.1 a 5.1 ± 0.2 ab 2.3 ± 0.2
Solvent 2.7 ± 0.1 a 5.6 ± 0.2 ab 2.8 ± 0.2
SDS 2.9 ± 0.1 a 4.9 ± 0.3 b 2.0 ± 0.3
Control 2.7 ± 0.1 a 5.2 ± 0.1 ab 2.5 ± 0.1

Fig. 6   a Micrographs of the effect of the osmotic potential of sucrose 
solutions on cell wall thickness and plasmolysis of excised ‘Staccato’ epi-
dermal skin sections. Deionized water (osmotic potential 0 MPa) served 
as control. Bar = 20  µm. b, c The effect of the osmotic potential of 
sucrose solutions on the thickness of epidermal cell walls of skin sections 
(b) and the percentage of plasmolyzed cells (c). Dotted horizontal lines 
indicate cell wall thickness at 100, 50 and 0% cell wall swelling (b) and 
at 50% plasmolysis (c), the dashed vertical lines indicate the osmotic 
potentials at 50% cell wall swelling (b) and at 50% plasmolysis (c). The 
arrow indicates the osmotic potential of the fruit (− 2.6 ± 0.1 MPa). The 
equation for the sigmoid regression model describing the relationship 
between cell wall thickness and osmotic potential was: 
Thickness(μm) = Thickness with turgor (μm) +
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The maximum thickness (upper asymptote) was calculated as the average 
cell wall thickness of all treatments with fully swollen cell walls (without 
turgor, 5.8 ± 0.2 µm), the minimum thickness (lower asymptote) as the 
average thickness of all treatments with non-swollen cell walls (with tur-
gor, 2.7 ± 0.1 µm). The regression equation for the relationship between 
the percentage of plasmolyzed cells and the osmotic potential was: 
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potentials of the sucrose solutions at half maximum thickness of the epi-
dermal cell walls (− 2.0 MPa) and at 50% plasmolysis of epidermal cells 
(− 1.3 MPa) were calculated from the respective regression equations. 
Data in b and c represent means ± SE, n = 40 for b, n = 20 for c 
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Swelling is a physical process resulting from loss 
of cell turgor

Cell wall swelling is a physical process resulting from the 
release of pressure on the cell wall due to loss of cell turgor 
(in most cases associated with cell death). This hypothesis 
is supported by the following arguments:

First, the magnitude of the pressure generated by 
extracted cell wall material and the turgor pressure in mature 
sweet cherry parenchyma cells are of the same order of mag-
nitude (Knoche et al. 2014; Schumann et al. 2014; Grimm 
et al. 2019). Hence, it is plausible that cell turgor balances 
and (and thus prevents) cell wall swelling in turgid cells. 
We recognize that the cell wall swelling pressure and cell 
turgor are both negligibly low relative to the very negative 
osmotic potential of juice extracted from sweet cherry fruit. 
Hence, cell wall swelling does not contribute significantly 
to fruit water potential (which is the sum of a number of 
water potential components—including osmotic, pressure, 
matric, etc.).

Second, pressurizing and depressurizing cell walls 
resulted in corresponding changes in volume of the swollen 
cell wall and in nearly identical swelling pressures indicating 
that cell wall swelling was completely reversible.

Third, the release of cell turgor (realized in this study 
through a number of quite different and unrelated treat-
ments) always resulted in a similar level of cell wall swell-
ing. We did, however, note some significant (but minor) dif-
ferences in wall swelling depending on the chemical nature 
of the organic acid or buffer used. For example, more wall 
swelling was observed with citric or oxalic acid. This was 
probably due to complexing with Ca ions, which altered the 
amount of bound Ca in the cell wall matrix. Removal of Ca 
from the cell wall will result in reduced cross-linking, thus 
a loosening of cell wall constituents, and thus an increase in 
swelling (Brüggenwirth and Knoche 2017).

Fourth, in vital cells, incubation in hypertonic solutions 
caused plasmolysis and cell wall swelling. There was no 
swelling in hypotonic solutions provided that cells remained 
vital and turgescent. Furthermore, upon transferring cells 
from a hypertonic to hypotonic solution cells deplasmolysed 
and cell wall swelling was completely reversed. In the water, 
control cells lost vitality and turgor and hence, cell walls 
swelled. These observations support the idea of a role for 
turgor in cell wall swelling. However, while over a small 
range of osmotic potential (between − 0.6 and − 1.3 MPa) 
cells began to plasmolyze, we could detect no corresponding 
increase cell wall swelling. The reason for this discrepancy 
is unknown but it may be related to a non-uniform distri-
bution of osmotic potential within the tissue (Grimm and 
Knoche 2015) and/or to different kinetics of plasmolysis and 
cell wall swelling.

Fifth, incubation of ES in a concentration series of aque-
ous ethanol resulted in less or even no swelling at high etha-
nol concentrations. This effect is familiar to light micros-
copists, being associated with tissue dehydration during 
fixation. As expected for a physical process, the effects of 
ethanol on cell wall swelling were simply reversible.

Table 4   Thickness of anticlinal epidermal cell walls of excised skin 
segments (ES) of ‘Santina’ sweet cherry fruit following incubation in 
hypotonic or hypertonic sucrose solutions. Incubation in water served 
as control

Treatments were applied sequentially. Following establishment of 
thickness immediately after excision (Initial), phase I and phase II 
treatments were applied for 22  h each and thicknesses quantified. 
Data present mean ± SE, n = 40
a Mean separation within rows by Tukey’s Studentized range test, 
p < 0.05. The symbol *indicates that cells collapsed as indexed by 
the loss of anthocyanins and the presence of a coagulated cytoplasm, 
**indicates plasmolyzed vital cells. In all other treatments cells were 
vital without plasmolysis

Treatment sequence Thickness (µm)

Phase I/Phase II Initial Phase I Phase II

Control/control 2.5 ± 0.2 aa 3.9 ± 0.2 b* 4.0 ± 0.2 b*
Hypotonic/hypotonic 2.7 ± 0.1 a 2.8 ± 0.1 a 2.9 ± 0.1 a
Hypotonic/hypertonic 2.5 ± 0.1 a 2.7 ± 0.1 a 3.7 ± 0.1 b**
Hypertonic/hypotonic 2.7 ± 0.1 a 4.8 ± 0.2 b** 2.8 ± 0.1 a
Hypertonic/hypertonic 2.5 ± 0.1 a 4.3 ± 0.2 b** 4.3 ± 0.2 b**

Fig. 7   Effect of storage duration of mature ʻMerchantʼ sweet cherry 
fruit on swelling of anticlinal epidermal cell walls of skin sections 
following the release of turgor by a freeze/thaw treatment and a 48 h 
incubation period in 10  mM MES buffered deionized water at pH 
5.8 (‘− turgor’). Cell wall thickness before the freeze/thaw treatment 
served as control (‘ + turgor’). Inset: mass loss of whole fruit dur-
ing storage. Whole fruit were held for up to 35 days at 2 °C and 95% 
relative humidity before skin sections were excised and incubated 
to quantify cell wall swelling. Data represent means ± SE, n = 40 for 
main graph, n = 10 for inset



Planta (2020) 251:65	

1 3

Page 13 of 16  65

Lastly, for the PEG series investigated, there was no 
simple relationship between the solution osmotic potential 
and the extent of swelling. Interestingly, a close relation-
ship across all PEG molecules and all osmotic potentials 
was obtained when swelling was expressed as a function 
of the number of ethylene glycol units. This observation 
was unexpected and may find its explanation in terms of 
the physicochemical interactions between PEG and water. 

Table 5   Effect of expressed juice and artificial juice, without and 
with pH adjustment on the thickness and swelling (Δthickness) of 
anticlinal epidermal cell walls of ‘Adriana’ sweet cherry fruit

Swelling was calculated as the cell wall thickness after release of 
turgor (‘−  turgor’) minus that before release of turgor (‘ + turgor’). 
Deionized water served as control. Data presented are means ± SE, 
n = 40. Artificial juice (containing glucose, fructose, sorbitol and 
potassium malate) was prepared at the same osmolarity as the juice 
expressed from the fruit. NB These five osmolytes represent the 
major components of sweet cherry fruit, accounting for around 98% 
of juice osmolarity (Herrmann 2001)
a Mean separation within columns by Tukey’s Studentized range test, 
p < 0.05

Treatment Concentra-
tion (mmol 
kg−1)

pH Thickness (µm) ΔThickness 
(µm)

 + turgor − turgor

Control 10 5.8 2.6 ± 0.1 aa 5.5 ± 0.1 a 2.9 ± 0.2
Juice 663 3.9 2.6 ± 0.1 a 6.5 ± 0.2 b 4.0 ± 0.3
Juice pH 

adjusted
675 6.3 2.5 ± 0.1 a 4.7 ± 0.1 c 2.2 ± 0.2

Artificial 
juice

665 3.9 2.7 ± 0.1 a 7.8 ± 0.2 d 5.0 ± 0.3

Artificial 
juice pH 
adjusted

671 6.4 2.7 ± 0.1 a 4.9 ± 0.1 c 2.2 ± 0.2

Table 6   Thickness and swelling (Δthickness) of anticlinal epidermal 
cell walls of excised skin segments (ES) of ‘Adriana’ sweet cherry 
fruit before and after incubation in solutions of citric, tartaric, malic 
or oxalic acid (all at 20 mM)

MES buffer at 10 mM served as control. Swelling was calculated as 
the cell wall thickness after release of turgor (‘− turgor’) minus that 
before release of turgor (‘ + turgor’). Data present mean ± SE, n = 40
a Mean separation within columns by Tukey’s Studentized range test, 
p < 0.05

Treatment pH Thickness (µm) ΔThickness (µm)

 + turgor − turgor

Control 5.9 2.5 ± 0.1 aba 5.2 ± 0.1 a 2.7 ± 0.1
Citric acid 4.8 2.4 ± 0.1 ab 5.7 ± 0.2 ab 3.2 ± 0.2
Tartaric acid 4.5 2.4 ± 0.1 ab 5.6 ± 0.2 a 3.3 ± 0.2
Malic acid 4.9 2.3 ± 0.1 a 5.7 ± 0.2 ab 3.4 ± 0.2
Oxalic acid 4.4 2.4 ± 0.1 ab 6.2 ± 0.2 b 3.8 ± 0.2
Ascorbic acid 5.5 2.6 ± 0.1 b 5.4 ± 0.1 a 2.8 ± 0.1

Fig. 8   a, b Effect of pH on thickness (a) and swelling (Δthickness, b) 
of anticlinal epidermal cell walls of skin sections of ʻAdrianaʼ sweet 
cherry fruit. The dashed horizontal line indicates the cell wall thick-
ness (a) and swelling of the cell wall (b) after a freeze/thaw treatment 
and subsequent incubation in 10 mM MES buffered deionized water 
at pH 5.8. Swelling was calculated as the cell wall thickness after 
releasing turgor by a freeze/thaw treatment and subsequent incubation 
in solutions of different pH (‘−  turgor’) minus that before (‘ + tur-
gor’). c Effect of different buffer systems at pH 6.7 on thickness of 
anticlinal epidermal cell walls before and after releasing turgor by a 
freeze/thaw treatment and subsequent incubation in the buffer solu-
tions. The effect of the buffer was established on the same batch of 
fruit as that used in a, b. Skin sections incubated in deionized water 
served as control. Mean separation in c by Tukey’s Studentized range 
test, p < 0.05. Data represent means ± SE, n = 40
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PEG is an amphiphilic molecule that binds to the cell wall, 
thereby physically blocking the surface and preventing 
swelling. Binding, and hence blockage, will increase with 
the molecular weight of the PEG molecule and with PEG 
concentration. In addition, the direct binding of water by 
the PEG molecules will reduce swelling. The molar ratio of 
water molecules bound to ethylene glycol units is up to 2:1 
(Makogon and Bondarenko 1985; Lüsse and Arnold 1996). 
Water bound to ethylene glycol units (in contrast to free 
water) does not participate in the swelling process. Both 
effects explain why swelling should be related to the num-
ber of ethylene glycol units, and not related to the osmotic 
potential of the PEG solution.

The effect of pH on swelling is consistent with literature 
data on tomato cell walls (MacDougall et al. 2001; MacDou-
gall and Ring 2003). It is also supported by the hypothesis 
of turgor control of swelling. Pectins are a potential candi-
date for cell wall swelling. They represent weak polyelec-
trolytes cross-linked by divalent Ca ions. The pKa of the 
uronic acid moiety of galacturonic acid is pH 3.5 (Kohn and 
Kovac 1978). As pH decreases, dissociation decreases and 
so will the Ca-content of the cell wall (and hence cell wall 
cross-linking) (MacDougall et al. 2001). This is expected 
to result in greater cell wall swelling. Extraction and com-
plexing of Ca would also account for differential swelling 
among buffers of different chemistry but of the same pH. 
Additional indirect evidence for the involvement of pectins 
in swelling comes from (i) the exposure of pectins on the 
fracture surface of the sweet cherry fruit skin (Schumann 
et al. 2019), (ii) the mode of fracture of the skin along and 
not across cell walls (Brüggenwirth and Knoche 2017) and 
(iii) data on other fruit crops demonstrating that swelling is 
associated with the pectin fraction (Redgwell et al. 1997; 
Basanta et al. 2013).

Interestingly, expansins show a similar response of cell 
wall loosening to variation of pH as the cell wall swelling 
in our study (Cosgrove 1998). Whether they contributed to 
cell wall swelling in sweet cherry at low pH, is unknown. 
In the normal pH range, a role of expansins in swelling is 
unlikely. Because expansins are proteins, they should have 
been inactivated by heat, surfactant or solvent treatments 
summarized in Table 3. These, however, did not differ in 
swelling from the control.

Conclusion

Our results demonstrate that cell wall swelling in mature 
sweet cherry fruit is substantially a physical process. In a 
healthy cell, the wall swelling is countered by cell turgor. 
The pressure generated by cell wall swelling is very low 
relative to the very negative osmotic potential of the juice. 

We do not yet know which fraction(s) of the cell wall are 
responsible for swelling. Nevertheless, we suggest that 
pectins and, possibly, xyloglucans are likely candidates. 

Fig. 9   Effect of the concentration of ethanol on the thickness of anti-
clinal epidermal cell walls of skin sections of mature ‘Sweetheart’ 
sweet cherry. a Effect of incubating skin sections in aqueous etha-
nol. Cell wall thickness was quantified before (‘ + turgor’) and after 
release of turgor by the ethanol treatment (‘− turgor’). b Reversibility 
of the effect of ethanol on swelling of cell walls. The reversibility was 
studied by replacing the aqueous ethanol solution from (a) by deion-
ized water (‘Water’) or by 100% ethanol (‘Ethanol’), as the incuba-
tion solution. c Effect of ethanol concentration on the swelling capac-
ity (SC) of an extracted cell wall preparation from fruit of the same 
batch. Inset: relationship between the swelling capacity of extracted 
cell walls and the cell wall thickness of swollen cell walls (without 
turgor) as determined by microscopy (see data in a). The coefficient 
of correlation was r = 0.98***. Data represent means ± SE, n = 40 for 
a and b, n = 3 for c 
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We expect that further study will reveal which cell wall 
fractions are responsible for swelling. The effects of Ca 
ions on cell wall swelling also warrant further study. Field 
applications of Ca may prove a useful tool for decreasing 
susceptibility of soft fruit species to rain cracking.
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