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Penetration of sweet cherry skin
by “>Ca-salts: pathways and factors

Andreas Winkler & Moritz Knoche™

Calcium is beneficial to sweet cherry physiology. The objective was to investigate factors affecting
uptake of Ca into mature sweet cherry fruit through their skins. Penetration of “°*Ca-salts was
monitored using whole fruit or excised fruit skins mounted in diffusion cells. Penetration of “*CaCl, into
intact fruit and through excised skins increased with time. Sealing the pedicel/fruit junction decreased
penetration, but sealing the stylar scar had no effect. There was little difference in permeances of

the fruit skin to **CaCl,, “*Ca(NO;),, “*Ca-formate, “°*Ca-acetate, “*Ca-lactate or “*Ca-propionate.

Only “*Ca-heptagluconate penetrated at a slower rate. Increasing temperature markedly increased
Ca-penetration. Penetration was most rapid at 35 °C, intermediate at 22 °C and slowest at 12 °C.
Increasing relative humidity (RH) from 0, 28, 75 to 100% increased penetration of “*CaCl,, but
penetration of “*Ca-formate was restricted to 100% RH. Increasing the RH from 50 to 100% at

96 h after droplet application had no effect on penetration of “*CaCl,, but increased penetration of
“>Ca-formate. The results reveal that: (1) the fruit/pedicel junction is a site of preferential Ca-uptake
and (2) Ca-penetration is limited by the mobility of the Ca ion in the dried-down droplet residue when
the point of deliquescence of the applied salt exceeds the ambient RH.

Calcium plays an important role in the pre- and postharvest physiology of sweet cherry fruit. High fruit Ca-
content is considered beneficial for many properties, including firmness, susceptibility to rot and fruit cracking’.
Calcium is transported only in the xylem?. In cherry, fruit xylem conductance falls to almost zero during
development®*. Hence, later fruit growth is driven exclusively by inflows of phloem sap. As a consequence, the
concentration of Ca in the fruit decreases in the later stages of fruit development™°. Sweet cherry is not unique
in this respect’'!.

Spray applications of Ca-salts can be effective in increasing fruit Ca-content'?. However, reports on the
effectiveness of spray applications of Ca-salts in sweet cherry are inconsistent. In a number of studies, there was
no effect on fruit physiology'*~1°. In others, Ca-sprays were even ineffective in increasing fruit Ca-content!'>!%17.
The lack of a significant Ca response may be due to low Ca uptake, for example as a result of adverse environ-
mental conditions at the time of application—e.g. low temperatures, low RHs. Also, high natural fruit-to-fruit
variability in Ca-content may mask the effects of Ca-sprays on fruit Ca-content. Fruit of the same batch (cultivar,
site, sampling date) can differ two-fold in Ca-content'®. Thus, small increases in Ca-content following spray
application may not be detectable above this statistical noise. Large sample sizes and good randomization are
required to detect minor changes in Ca with such high background variability. This makes such Ca-analyses
both time-consuming and expensive.

Laboratory experiments using radioactive **Ca as a tracer are an alternative way to quantify Ca-penetration.
Because background levels of *°Ca in sweet cherry fruit and in (deionized) water are essentially zero, even very
low levels of “*Ca penetration can be detected. Two different systems are described in the literature to quantify
penetration under controlled conditions'*%.

First, penetration may be monitored from a dilute donor solution containing a **Ca-salt through an interface
of excised skin (ES) into a receiver solution. Because the concentration gradient across the ES remains essentially
constant during the duration of an experiment, the system is referred to as the infinite-dose system'®. Penetration
is monitored by repeated sampling of the receiver solution. The infinite-dose system is particularly suited to quan-
tifying and comparing permeances under steady-state conditions. Second, with finite-dose diffusion, penetration
from a simulated spray droplet into a receiver solution is monitored through excised fruit skins. Here, as in the
real world, a spray droplet is subject to drying out so a dry deposit is ultimately formed on the skin. Because the
initial volume of the droplet is small relative to the receiver solution, this system is referred to as the finite-dose
system®. As in the infinite-dose experiments, penetration is monitored by sampling the receiver solution. Unlike
infinite-dose diffusion experiments, the concentration of the donor droplet and the cross-sectional area of the
droplet and the deposit change continuously as penetration proceeds. Steady state conditions are usually not
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Penetration (Bq)
Region sealed Burlat Regina Mean
Control 172+24 a* 132+17a 153+£15b
Pedicel cavity 57+4b 9749a 77+6a
Stylar scar 141+14a 152+22a 146+13 b

Table 1. Effects of selective sealing of potential sites of preferential uptake on penetration of **CaCl, into
whole sweet cherry fruit. Fruit was incubated for 4 h in 50 mM CaCl, at a radioactivity concentration of

3.3 kBq ml™. The pedicel cavity or the stylar scar region were sealed with a fast-curing silicone rubber. “Mean
separation within columns by Tukey’s Studentised range test at p<0.05.
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Figure 1. Time courses of penetration of **CaCl, in sweet cherry. (a) Whole fruit incubated in a **CaCl,
containing donor solution. Inset: Sketch of a sweet cherry fruit incubated in *CaCl,. (b) Cumulative penetration
from a donor (Do) solution containing **CaCl, through an excised skin segment into a receiver (Rec) solution.
Inset: Sketch of an infinite diffusion cell.

achieved. The system is used primarily to study effects on skin penetration of environment or of spray applica-
tion factors?!. In addition, whole fruit may be incubated in a dilute donor solution. Penetration is monitored
by destructive sampling. Technically, this system represents an infinite-dose system, because the concentration
in the donor solution remains essentially constant during penetration. When operated over short periods, the
tissue concentration of **Ca also remains low, so the concentration gradient is essentially constant. Because the
fruit remains intact, this system is useful for identifying sites of preferential penetration.

The objectives of this study were: (1) to identify any sites of preferential Ca-uptake into intact sweet cherry
fruit, (2) to investigate the effects of Ca-salts having different anions on penetration through excised fruit skins,
and (3) to quantify the effects of temperature, RH and the re-wetting of a dried droplet deposit on penetration
of #*Ca. For objectives (2) and (3) we used infinite- and finite-dose diffusion cells, where penetration of “°*Ca was
monitored through excised ES under controlled conditions.

Results
Sealing the pedicel cavity decreased the penetration of °Ca into sweet cherry fruit, whereas sealing the stylar
scar had no effect. Here, the effect was significant for ‘Burlat, but not for ‘Regina’ (Table 1).

The time course of **CaCl, penetration revealed linear increases in penetration for up to 24 h into intact sweet
cherry fruit and for up to 48 h in infinite-dose penetration through an excised sweet cherry fruit skin, indicating
that the rates of penetration remained constant (Fig. 1a,b). Replacing the **CaCl, by other Ca-salts had little effect
on penetration. Only the heptagluconate anion significantly decreased the rate of penetration (Fig. 2a, Table 2).
There was a slight trend for decreasing penetration of **Ca as the molar mass of the anion increased (Fig. 2b).
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Figure 2. (a) Time course of penetration of *Ca-salts from a donor solution through an excised skin segment
of mature sweet cherry fruit into a receiver solution. In phase I of the experiment, the steady state flow rate

of #*Ca was established using **CaCl, as the donor solution. At the beginning of phase II, the *CaCl, donor
solution was replaced by one of the following salt solutions: **Ca(NOs),, **Ca-formate, *°Ca-acetate, *°Ca-lactate,
45Ca-heptagluconate or **Ca-propionate. The steady state flow rates were re-established. Steady states flow rates
and permeances were calculated from the slopes of regression lines fitted through the linear portions of plots

of cumulative penetration vs. time. From these flow rates, permeances were calculated (for details see “Material
and methods”). For permeance estimates see Table 2. (b) Ratio of permeances during phase II divided by phase
I (**CaCl,) as a function of molecular size. The dashed line represents the ratio value 1.0, where the permeance
during phase II is identical to that during phase I.

Donor Permeance (x 10 m s!)

Phase I/phase IT Phase I Phase IT Ratio
4CaCly/*Ca-acetate 1.13+0.17 1.17+0.18 1.04+0.02
45CaCl,/*Ca-formate 1.86+0.34 2.08+0.44 1.15+0.14
#CaCl,/**Ca-heptagluconate 1.70+0.19 1.37+0.14* 0.81+0.01
4CaCl,/*Ca-lactate 1.17+0.12 1.15+0.12 0.99+0.02
5CaCl,/Ca(NO,), 1.68+0.21 1.7740.24 1.06+0.07
#CaCl,/*Ca-propionate 1.69+0.25 1.75+0.22 1.07+0.04

Table 2. Permeance estimates of different Ca-salts through excised skin segments of mature sweet cherry
fruit. During phase I of the experiment, *CaCl, was used as the donor solution. In phase II, the donor solution
was replaced by **Ca(NO3), or by one of the organic salts “*Ca-acetate, *°Ca-formate, “*Ca-heptagluconate,
#5Ca-lactate or **Ca-propionate. The change in permeance between phases I and II is specified as the ratio
phase II/phase I (for an example of the time course see Fig. 2). *Significantly different from the permeance in
phase I. The other phase I: phase II pairs are not significantly different. Paired Student’s t test at p<0.05.

Temperature had a marked effect on penetration of *CaCl, (Fig. 3a). Penetration was most rapid at 35 °C,
intermediate at 22 °C and least at 12 °C. Half maximum penetration (50% of the amount applied) was reached
after 4.6 h at 35 °C, after 10.9 h at 22 °C and after 96 h at 12 °C (Fig. 3a).

The RH had a marked effect on penetration of **CaCl, and **Ca-formate. The rate of penetration of *CaCl,
increased with increasing RH (Fig. 3b). In contrast, penetration of **Ca-formate occurred only at an RH of 100%
RH, there was essentially no penetration at 0, 28 or 75% RH (Fig. 3¢).

Increasing the RH from 50 to 100%, 96 h after droplet application, had no effect on penetration of **CaCl,
compared to the control that remained at 50% RH. However, when carrying out the same experiment using
45Ca-formate, increasing the RH from 50 to 100% markedly increased penetration. After 120 h, penetration of
“5Ca-formate at 100% RH had reached about 60%. At 216 h an asymptote was reached where penetration of

Scientific Reports |

(2021) 11:11142 |

https://doi.org/10.1038/s41598-021-90727-0 nature portfolio



www.nature.com/scientificreports/

100

50

25 | /

Penetration (%)

100 |

<
C
S
S q00f
[ Cc
c
&
75t
50
25 |
0%, 28%, 75%
0 —I 1 1 1
0 48 % 144

Time (h)

Figure 3. (a) Effect of temperature on the time course of penetration of **CaCl, through excised skin segments
of mature sweet cherry fruit. Relative humidity (RH) was maintained constant at 75%. Inset: Sketch of a finite-
dose diffusion cell. (b,c) Effect of RH on the time course of penetration of *°*CaCl, (b) or *Ca-formate (c).
Temperature was maintained constant at 22 °C and RH was adjusted by holding diffusion cells above dry silica
gel (0% RH), saturated CaCl, (28% RH), saturated NaCl (75% RH) or water (100% RH). Please note, that the
data symbols for 0, 28 and 75% RH are all superimposed in (c).
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Figure 4. The effect of increasing the relative humidity (RH) (from 50 to 100%) on penetration of “*CaCl,
and **Ca-formate through excised skin segments of mature sweet cherry fruit at 96 h after droplet application.
Penetration was monitored at 22 °C and 50% RH.
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Figure 5. Effect of re-wetting the dried-down droplet deposit on penetration of **CaCl, (a) and **Ca-formate
(b) through excised skin segments of mature sweet cherry fruit. The droplet deposit was re-wetted daily
(indicated by arrows) and penetration was monitored at 22 °C and 50% relative humidity.

“5Ca-formate at 100% did not differ from penetration of *CaCl,. In contrast, penetration at 50% RH remained
negligibly low (Fig. 4).

Re-wetting the dried-down droplet residue had little effect on penetration of **CaCl, (Fig. 5a), but markedly
increased penetration of *Ca-formate. Penetration of *Ca-formate quickly stopped when the droplet had dried
(Fig. 5b).

Discussion

The model systems employed in this study proved to be useful tools for quantifying penetration of *Ca under
controlled conditions. Using these systems, we demonstrate that (1) the pedicel cavity, but not the stylar scar
region, is a site of preferential Ca-uptake, (2) there is generally little difference in penetration between the dif-
ferent Ca-salt anions and (3) penetration of Ca from a drying spray droplet is limited by the mobility of Ca in
the dried droplet deposit.

Using whole fruit, the pedicel cavity was identified as a site of preferential penetration. By using radiolabeled
Ca, the penetration of *°Ca is accurately measurable, even if the fruit content of the common isotope *°Ca is highly
variable (as it is in sweet cherry®). By ashing the fruit, we minimized the handling of label. The whole-fruit system
had the advantage of being readily available and not requiring any manipulations. In addition, regions of the fruit
surface that are not suitable for preparing skin segments, such as the pedicel cavity with the pedicel/fruit junction,
can be investigated. However, a disadvantage is that the system requires destructive sampling. This eliminates
the possibility of repeat observations on individual fruits. Our experiments demonstrate that Ca-penetration
occurred to a significant extent in the pedicel cavity region. It is interesting, that the same observation has been
made for water uptake into sweet cherry fruit*. The cuticle in the pedicel cavity is discontinuous at the junction
between the fruit surface and the pedicel. Water and solutes, including Ca ions, can penetrate freely along the
gap at the pedicel/fruit junction. As in water uptake, Ca-penetration along this pathway is highly variable as
indicated by the consistently large standard errors on all treatments involving junction penetration. The amount
of water penetrating along the junction increases during fruit maturation and ripening and is negatively related
to the fruit removal force??. We would expect the same to apply for Ca uptake.

The steady-state conditions in the infinite-dose system allows experimental designs involving repeated
measurements to be made on each ES, including sequential measurements of control and treatment. This ena-
bled critical assessments of permeance changes when the CaCl, containing donor solution of the control was
replaced by one containing a different Ca-salt. With a single exception, we observed little difference in perme-
ance between the Ca salts tested. While “*Ca was the cation monitored for penetration, any **Ca gaining entry
must have been accompanied by an anion partner to maintain electrical neutrality®. In general, both cations
and anions are excluded from the lipophilic pathway across the cuticle because of their charge. Their passage
is normally restricted to the polar pathway, which is also present in sweet cherry fruit?*. Due to the porous
nature of the polar pathway, we would expect penetration of Ca-salts to decrease to zero as molar mass exceeds
the size exclusion limit of the polar pathway. Our data indicate the size exclusion limit is approached, but not
exceeded, by the largest Ca-salt tested here (Ca-heptagluconate, anhydrous molar mass 492 g mol™). Compared
to CaCl,, Ca-heptagluconate penetrated at a significantly reduced rate—but only slightly lower. A size conclusion
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limit >492 g mol™" is consistent with an earlier study, where the size exclusion limit in sweet cherry was found to
lie somewhere between sucrose (the largest penetrating solute, 342 g mol™) and polyethylene glycol 1500 (the
smallest non-penetrating solute, 1500 g mol™")?%. It is important to note that polar pathways do not represent
perfect cylindrical holes of constant diameter. More likely, they follow a size distribution that is likely to be also
affected by cuticle hydration.

The finite-dose system allows us to study the effects of re-wetting of the deposit and of environmental vari-
ables such as temperature and RH. Since the simulated spray droplet was subject to drying, we investigated
penetration from both, the liquid phase and the dry-deposit phase. The results demonstrate that Ca penetration
is limited by its mobility in the dried deposit. By increasing the RH beyond the point of deliquescence (DQ) of
the salt, Ca penetration was increased*?*. When the RH is above the DQ, the droplet remains as a concentrated
solution. This explains why, for Ca-formate (DQ>95% RH?), there was no effect of RH on penetration between
RH 0 and 75%. Only at RH 100% was penetration markedly increased. In contrast, for CaCl, (DQ RH 28%%)
penetration increased as RH increased from 0 to 100%. The marked effect of temperature on penetration is
somewhat surprising. We would have expected penetration along the polar pathways to be largely independent
of temperature. Penetration along the polar pathway is primarily by viscous flow, where temperature effects are
limited to small changes in the viscosity of water?. This view is also consistent with the low energy of activation
for water penetration across the sweet cherry fruit skin reported previously?®. A possible explanation for the
effect of temperature is an indirect effect on cuticle and/or deposit hydration*>*. The temperature experiment
was carried out at a constant RH of 75%. Under these conditions, the water vapor concentration (the absolute
humidity) driving hydration is highest at the highest temperature. For constant RH, the absolute humidity
decreases as temperature decreases. Hence, effects of temperature and cuticle and deposit hydration may have
been confounded.

Conclusion

From a practical point of view, maximum Ca-penetration may be achieved with any of the Ca-salts investigated
here. The only exception was Ca-heptagluconate, where penetration was decreased. But, unless the DQ of the
salt is low, as is the case of CaCl,, a surfactant must be added that maintains Ca mobility in the deposit. Ideally,
penetration of the surfactant matches that of the Ca salt. This will maintain a high driving force for penetration
of the Ca salt from the deposit. In the absence of a surfactant, penetration will likely be limited to humidities
above the DQ of the respective salt. We expect the relationships identified herein to also apply to earlier stages
of development. A previous study demonstrated that Ca penetration slighltly increases with development as
surface area increases®.

At present, we do not know whether physiological effects of Ca applications are simply proportional to the
amount of Ca taken up or whether the salt and hence, the anion associated with the Ca, also affects the physiol-
ogy, e.g., fruit cracking and fruit firmness. To our knowledge, these aspects have not been fully addressed and
hence, deserve closer attention.

Material and methods

Plant material. Sweet cherry fruit of the cultivars Burlat, Regina and Sweetheart were sampled at com-
mercial maturity based on color and size from greenhouse-grown or field-grown trees grafted on ‘Gisela 5
rootstocks (P. cerasus L. x P. canescens Bois) at the Horticultural Research Station of Leibniz University in Ruthe,
Germany (lat. 52°14'N, long. 9°49'E). Fruit was processed on the day of sampling.

Whole-fruit uptake. Fruit were incubated in a 50 mM CaCl, donor solution that was spiked with the chlo-
ride of the radioactive isotope **Ca (specific activity 30.5 GBq mmol™; PerkinElmer, Waltham, MA, USA).
The concentrations of radioactivity ranged from 3.3 to 3.6 KBq ml ™. The fruit was incubated such that the cut
proximal end of the pedicel extended above the surface of the incubation solution. This prevented any uptake
through the cut pedicel surface. Fruit were incubated for various periods before destructive sampling. For sam-
pling, fruit were dipped three-times (each for 10 s) in deionized water to remove any radiolabel adhering to the
fruit surface. Cracked fruit were discarded. Thereafter, fruit were carefully blotted, dried over silica gel, then
ashed at 500 °C (ramped from 22 to 500 °C over 2 h, then held at 500 °C for 4 h) in glass scintillation vials in
a muffle furnace (L24/11/B180; Nabertherm, Lilienthal, Germany). Preliminary experiments established that
ashing temperatures and durations were sufficient to produce a whitish ash residue. Only occasionally was the
residue black, indicating incomplete combustion. In these cases, the residue was taken up in 0.5 ml of 1 N HC]
and re-ashed using the same settings. The ash was then taken up in 1 ml of 1 N HCI. Following the addition of
scintillation liquid (scintillation cocktail Ultima Gold XR; PerkinElmer), the radioactivity was determined in a
liquid scintillation spectrometer (LS 6500; Beckman Instruments, Fullerton, CA, USA). Using this procedure,
the following experiments were carried out.

A time course of penetration of **CaCl, was established using ‘Regina’ by incubating fruit for 2, 4, 8 or 24 h.
The number of replications was 12-15.

Sites of preferential uptake of *CaCl, were identified by selective sealing using a fast-curing silicone rubber
(Dow Corning SE 9186; Dow Corning Corp., Midland, MI, USA) in ‘Burlat’ and ‘Regina. The following regions
were sealed: (1) pedicel cavity and pedicel and (2) stylar scar. Unsealed fruit served as controls. The number of
replications was 11-15.

Infinite-dose experiments. Infinite-dose diffusion cells were used to quantify penetration of different
Ca-salts from a dilute donor solution through an interfacing ES into a receiver solution??**. Briefly, an ES com-
prising cuticle, epidermis, hypodermis and several layers of subtending parenchyma was obtained from a mature
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sweet cherry fruit using a biopsy punch (10 mm diameter). The ES were hand cut to about 1 mm thickness using
a razor blade and blotted using tissue paper. Subsequently, the ES were mounted in a polymethylmethacrylate
(PMMA) holder using high-vacuum grease (Korasilon Paste hochviskos; Kurt Obermeier, Bad Berleburg, Ger-
many). The cross-sectional area of the ES exposed in the holder was 19.6 mm?. The holders were positioned
between two glass half-cells of an infinite-dose diffusion cell, such that the cuticle side faced the donor cell. The
cells were placed on a multiple stirring plate and a stirring bar added to each half-cell. A leak-check was made by
applying a slight hydrostatic pressure across the ES using 50 mM CaCl,. The ES of cells that did not maintain the
gradient in hydrostatic pressure were replaced. The diffusion experiment was started by adding 5 ml of 50 mM
CaCl, as a receiver and 50 mM CaCl, containing **CaCl, at a radioactivity concentration of 26.7 KBq ml™" as the
donor. Aliquots of 1 ml were removed from the receiver cell at regular intervals, radio-assayed by liquid scintil-
lation spectrometry (scintillation cocktail Ultima Gold XR; PerkinElmer; counter: LS 6500; Beckman Instru-
ments) and replaced by cold receiver solution.

The effect of the different Ca-salt anions on penetration of *Ca was investigated in a two-phase experiment
using a repeated-measures design and ‘Regina’ fruit. During phase I of the experiment, steady-state flow rates
of #*CaCl, were established as described above. Thereafter, phase II was initiated by replacing the CaCl, donor
by a donor solution containing either one of the following salts: Ca(NOs),, Ca-formate, Ca-acetate, Ca-lactate,
Ca-heptagluconate or Ca-propionate. The receiver was replaced by the same Ca-solution containing no *Ca.
The radioactive concentration was maintained constant. Steady state flow rates were re-established for phase
I1. The steady state flow rate (F, Bq s™') was obtained by fitting a linear regression through a plot of cumulative
“5Ca-penetration vs. time. The permeance (P, m s™') of the skin was calculated using FicK’s law.

_F
T AxAC

In this equation, A (m?) represents the cross-sectional area of the ES exposed in the PMMA holder and AC
(Bq m™®) the difference in the concentrations of radioactivity between donor and receiver solutions. Because
the amount of radioactivity penetrating from the donor into the receiver solution was very low, AC remained
essentially constant and equal to the concentration of radioactivity in the donor solution. The number of rep-
licates was eight.

Finite-dose experiments. Finite-dose experiments were carried out as described before. Epidermal skin
segments were excised using a cork borer (15 mm inner diameter), hand cut to 1 mm thickness using a razor
blade and blotted using tissue paper. The ES were mounted in PMMA holders using silicone grease (Korasilon
Paste hochviskos; Kurt Obermeier). The holders were affixed to the top of a glass finite-dose diffusion cell®. A
stirring bar was added and the holders with the ES positioned on the diffusion cell using silicone grease (Kora-
silon Paste hochviskos; Kurt Obermeier). About 3 ml of receiver solution (50 mM CaCl, or Ca-formate) was
added through the sampling port and the cells were placed on a multi-stirring plate. Following equilibration for
aminimum of 1 h, a 5 pl droplet of a 50 mM CaCl, or Ca-formate donor solution was applied to the outer side of
the ES. The respective donor solutions were spiked with **Ca so that the concentration of radioactivity was 16.7
KBq per 5 pl droplet. The receiver was sampled regularly and radioactivity determined by liquid scintillation
spectrometry (scintillation cocktail Ultima Gold XR; PerkinElmer; counter: LS 6500; Beckman Instruments).
The sampling volume removed from the receiver (0.2-0.5 ml) was replaced by fresh solution. Unless stated oth-
erwise, the temperature and RH were 22 °C and 50% RH.

The time courses of *°Ca-penetration from CaCl, and Ca-formate were established as described above using
‘Regina.

The effect of temperature on penetration of *CaCl, was investigated following equilibration of diffusion cells
for 1 hat 12,22 or 35 °C in ‘Regina’. The RH was adjusted to 75%. The receiver was sampled for up to 236 h after
droplet application. The number of replications was 10.

The effects of RH on penetration of *CaCl, or **Ca-formate were established in two experiments. In the first
experiment, ES excised from ‘Sweetheart’ were mounted in diffusion cells and equilibrated at 0, 28, 75 or 100%
RH. The RH was adjusted by holding the diffusion cells above dry silica gel (RH 0%?'), a saturated slurry of
CaCl, (RH 28%?’) or of NaCl (RH 75%?’) or above water (RH 100%). Temperature was held constant at 22 °C.
Following equilibration, a 5 ul droplet of donor solution was applied. Penetration was monitored by sampling
the receiver solution at 0, 1, 5, 20, 48, 80, 120 and 168 h after droplet application. The number of replications was
10. In a second experiment, the effects of increasing RH from 50 to 100% at 96 h after droplet application using
‘Regina’ ES was studied. The increase in RH was achieved by sealing the PMMA holders of the ES on half of the
diffusion cells using clear transparent tape (tesa film; tesa SE, Norderstedt, Germany). Because the permeance of
the tape to water vapor is markedly lower than that of the ES, the RH above the dried droplet deposit increased
rapidly to 100% RH. Un-sealed cells served as controls (RH 50%). Penetration of **CaCl, or **Ca-formate into a
receiver solution containing 50 mM CaCl, or Ca-formate, respectively, was monitored by sampling the receiver
solutions for up to 216 h. The number of replicates was 10.

The effect of re-wetting the dried-down droplet deposit on the penetration of **CaCl, or **Ca-formate was
investigated using ‘Regina. Diffusion cells were held at 22 °C and RH 50%. The time course of penetration was
monitored for up to 20 h as described above. At this time, a 5 pl droplet of deionized water was placed on the
dried-down droplet deposit on the ES. Penetration was followed for up to 24 h when the deposit was re-wetted
again. A total of five sequential re-wetting cycles was carried out and penetration was monitored for up to 118 h.
Diffusion cells without re-wetted deposits served as controls. The number of replications was 10.
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Data analyses. Data are presented as means+SE. Where error bars are not visible in a graph, they are
smaller than the plotted symbols. Data were tested for normality and homogeneity of variance. Thereafter, data
were examined using regression analyses, analysis of variance and pairwise t-tests (R version 3.6.3; R Founda-
tion for Statistical Computing, Vienna, Austria) or Tukey’s studentised test (package multcomp 1.3-1, procedure
glht, R version 3.6.3; R Foundation for Statistical Computing).

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.

Received: 7 January 2021; Accepted: 7 May 2021
Published online: 27 May 2021

References

1. Winkler, A. & Knoche, M. Calcium and the physiology of sweet cherries: A review. Sci. Hortic. 245, 107-115. https://doi.org/10.
1016/j.scienta.2018.10.012 (2019).

2. Marschner, H. Mineral Nutrition of Higher Plants 2nd edn. (Academic Press, 1995).

3. Briiggenwirth, M., Winkler, A. & Knoche, M. Xylem, phloem, and transpiration flows in developing sweet cherry fruit. Trees 30,
1821-1830. https://doi.org/10.1007/s00468-016-1415-4 (2016).

4. Winkler, A., Briiggenwirth, M., Ngo, N. S. & Knoche, M. Fruit apoplast tension draws xylem water into mature sweet cherries. Sci.
Hortic. 209, 270-278. https://doi.org/10.1016/j.scienta.2016.06.041 (2016).

5. Facteau, T. J. Levels of pectic substances and calcium in gibberellic acid-treated sweet cherry fruit. . Am. Soc. Hortic. Sci. 107,
148-151 (1982).

6. Winkler, A. & Knoche, M. Calcium uptake through skins of sweet cherry fruit: Effects of different calcium salts and surfactants.
Sci. Hortic. https://doi.org/10.1016/j.scienta.2020.109761 (2021).

7. Drazeta, L., Lang, A., Morgan, L., Volz, R. & Jameson, P. E. Bitter bit and vascular function in apples. Acta Hortic. 564, 387-392.
https://doi.org/10.17660/ ActaHortic.2001.564.48 (2001).

8. Drazeta, L., Lang, A., Hall, A. J., Volz, R. K. & Jameson, P. E. Causes and effects of changes in xylem functionality in apple fruit.
Ann. Bot. 93, 275-282. https://doi.org/10.1093/aob/mch040 (2004).

9. Diiring, H., Lang, A. & Oggionni, F. Patterns of water flow in Riesling berries in relation to developmental changes in their xylem
morphology. Vitis 26, 123-131. https://doi.org/10.5073/vitis.1987.26.123-131 (1987).

10. Keller, M., Smith, J. P. & Bondada, B. R. Ripening grape berries remain hydraulically connected to the shoot. J. Exp. Bot. 57,
2577-2587. https://doi.org/10.1093/jxb/erl020 (2006).

11. Mazzeo, M., Dichio, B., Clearwater, M. J., Montanaro, G. & Xiloyannis, C. Hydraulic resistance of developing Actinidia fruit. Ann.
Bot. 112, 197-205. https://doi.org/10.1093/aob/mct101 (2013).

12. Schlegel, T. K. & Schénherr, J. Penetration of calcium chloride into apple fruits as affected by stage of fruit development. Acta
Hortic. 594, 527-533. https://doi.org/10.17660/ ActaHortic.2002.594.69 (2002).

13. Koffmann, W., Wade, N. L. & Nicol, H. Tree sprays and root pruning fail to control rain induced cracking of sweet cherries. Plant
Prot. Q. 11, 126-130 (1996).

14. Looney, N. E. Benefits of calcium sprays below expectations in B.C. tests. GoodFruit Grower 36, 7-8 (1985).

15. Christensen, J. V. Cracking in cherries V. The influence of some salts and chemicals on cracking. Frukt og Baer Oslo 1, 37-47 (1972).

16. Nagy, P. T,, Thurzo, S., Vago, I. & Holb, I. Effect of foliar application of K and Ca on leaf and fruit contents in a sweet cherry orchard.
Cereal. Res. Commun. 35, 817-820. https://doi.org/10.1556/Crc.35.2007.2.163 (2007).

17. Measham, P. F, Richardson, A. & Townsend, A. Calcium application and impacts on cherry fruit quality. Acta Hortic. 1161,
375-381. https://doi.org/10.17660/ActaHortic.2017.1161.60 (2017).

18. Winkler, A., Fiedler, B. & Knoche, M. Calcium physiology of sweet cherry fruits. Trees 34, 1157-1167. https://doi.org/10.1007/
s00468-020-01986-9 (2020).

19. Knoche, M. & Petracek, P. D. Foliar uptake of PGRs: Barriers, mechanisms, model systems, and factors. Acta Hortic. 1042, 125-141.
https://doi.org/10.17660/ActaHortic.2014.1042.16 (2014).

20. Bukovac, M. J. & Petracek, P. D. Characterizing pesticide and surfactant penetration with isolated plant cuticles. Pestic. Sci. 37,
179-194. https://doi.org/10.1002/ps.2780370212 (1993).

21. Knoche, M. & Bukovac, M. J. Finite dose diffusion studies: II. Effect of concentration and pH on NAA penetration through iso-
lated tomato fruit cuticles. Pest Manag. Sci. 56, 1016-1022 https://doi.org/10.1002/1526-4998(200012)56:12<1016::Aid-Ps253>3.
0.Co0;2-8 (2000).

22. Beyer, M., Peschel, S., Knoche, M. & Knorgen, M. Studies on water transport through the sweet cherry fruit surface: IV. Regions
of preferential uptake. HortScience 37, 637-641. https://doi.org/10.1007/s004250000404 (2002).

23. Schonherr, J. Cuticular penetration of calcium salts: Effects of humidity, anions, and adjuvants. J. Plant Nutr. Soil Sci. 164, 225-231.
https://doi.org/10.1002/1522-2624(200104)164:2%3c225::Aid-Jpln225%3e3.3.Co;2-E (2001).

24. Weichert, H. & Knoche, M. Studies on water transport through the sweet cherry fruit surface. 10. Evidence for polar pathways
across the exocarp. J. Agric. Food Chem. 54, 3951-3958. https://doi.org/10.1021/jf053220a (2006).

25. Fernandez, V. & Eichert, T. Uptake of hydrophilic solutes through plant leaves: Current state of knowledge and perspectives of
foliar fertilization. Crit. Rev. Plant Sci. 28, 36-68. https://doi.org/10.1080/07352680902743069 (2009).

26. Guo, L. Y. et al. A comprehensive study of hygroscopic properties of calcium- and magnesium-containing salts: Implication for
hygroscopicity of mineral dust and sea salt aerosols. Atmos. Chem. Phys. 19, 2115-2133. https://doi.org/10.5194/acp-19-2115-2019
(2019).

27. Wexler, A. In Handbook of Chemistry and Physics (ed Lide, D. R.) 15-23 (CRC Press, 1995).

28. Nobel, P. S. Physicochemical and Environmental Plant physiology (Academic Press, 1991).

29. Fernandez, V. et al. Leaf structural changes associated with iron deficiency chlorosis in field-grown pear and peach: Physiological
implications. Plant Soil 311, 161-172. https://doi.org/10.1007/s11104-008-9667-4 (2008).

30. Winkler, A., Grimm, E. & Knoche, M. Sweet cherry fruit: Ideal osmometers?. Front. Plant Sci. 10, 164. https://doi.org/10.3389/
fpls.2019.00164 (2019).

31. Geyer, U. & Schonherr, J. In Pesticide Formulations: Innovations and Developments Vol. 371 (eds Cross, B. & Scher, H. B.) 22-33
(American Chemical Society, 1988).

Acknowledgements
We thank Dr. Sandy Lang for very helpful discussions and comments on an earlier version of this manuscript.
We also thank the Deutsche Forschungsgemeinschaft (DFG, grant KN 402/14-1) for funding this study.

Scientific Reports |

(2021) 11:11142 | https://doi.org/10.1038/s41598-021-90727-0 nature portfolio


https://doi.org/10.1016/j.scienta.2018.10.012
https://doi.org/10.1016/j.scienta.2018.10.012
https://doi.org/10.1007/s00468-016-1415-4
https://doi.org/10.1016/j.scienta.2016.06.041
https://doi.org/10.1016/j.scienta.2020.109761
https://doi.org/10.17660/ActaHortic.2001.564.48
https://doi.org/10.1093/aob/mch040
https://doi.org/10.5073/vitis.1987.26.123-131
https://doi.org/10.1093/jxb/erl020
https://doi.org/10.1093/aob/mct101
https://doi.org/10.17660/ActaHortic.2002.594.69
https://doi.org/10.1556/Crc.35.2007.2.163
https://doi.org/10.17660/ActaHortic.2017.1161.60
https://doi.org/10.1007/s00468-020-01986-9
https://doi.org/10.1007/s00468-020-01986-9
https://doi.org/10.17660/ActaHortic.2014.1042.16
https://doi.org/10.1002/ps.2780370212
https://doi.org/10.1002/1526-4998(200012)56:12<1016::Aid-Ps253>3.0.Co;2-8
https://doi.org/10.1002/1526-4998(200012)56:12<1016::Aid-Ps253>3.0.Co;2-8
https://doi.org/10.1007/s004250000404
https://doi.org/10.1002/1522-2624(200104)164:2%3c225::Aid-Jpln225%3e3.3.Co;2-E
https://doi.org/10.1021/jf053220a
https://doi.org/10.1080/07352680902743069
https://doi.org/10.5194/acp-19-2115-2019
https://doi.org/10.1007/s11104-008-9667-4
https://doi.org/10.3389/fpls.2019.00164
https://doi.org/10.3389/fpls.2019.00164

www.nature.com/scientificreports/

Author contributions
M.K. and A.W. planned and conducted all experiments and wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:11142 | https://doi.org/10.1038/s41598-021-90727-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Penetration of sweet cherry skin by 45Ca-salts: pathways and factors
	Results
	Discussion
	Conclusion
	Material and methods
	Plant material. 
	Whole-fruit uptake. 
	Infinite-dose experiments. 
	Finite-dose experiments. 
	Data analyses. 

	References
	Acknowledgements


