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Abstract

Key message Xylem functionality is the primary determinant of the Ca relations of developing sweet cherry. Cal-
cium influx is positively related to transpiration and decreases as xylem functionality is progressively lost during
development.

Abstract Fruit calcium (Ca) may be associated with susceptibility to rain cracking in sweet cherry but little background
information is available on the fruits’ Ca relations. The objectives of the study were to identify the key determinants of
the Ca content in developing sweet cherry fruit. The masses of Ca and K in the flesh (mg per fruit) increased continuously
through to maturity. However, their dry mass ratios [mg per g dry mass (DM)] decreased continuously. The decrease in Ca/
dry mass ratio was to about 30% of the transition stage II/III value, and for K to about 55%. These decreases occurred in
all cultivars investigated. Moreover, the Ca mass per fruit and the Ca/dry mass ratio were normally distributed and wide
ranging; the maximum recorded values were about twice the minimum ones. Within a fruit, the Ca/dry mass ratio was two
to three times higher in the stem end than in the stylar scar end. Fruit held under low relative humidity (26.2%) contained
more Ca per fruit and had a higher Ca/dry mass ratio compared with fruit held under high humidity (91.6%). There was a
positive relationship between Ca mass per fruit and cumulative transpiration. Our results indicate xylem functionality is the
primary determinant of the Ca relations of sweet cherry fruit.

Keywords Prunus avium - Cracking - Uptake - Penetration - Xylem

Introduction

Calcium plays an important role in the pre- and postharvest
physiology of most fruit. Functions of Ca include signal
transduction as a secondary messenger (Hardingham and
Bading 1999; Steinhorst and Kudla 2014), the maintenance
and regulation of membrane semi-permeability (van Ste-
veninck 1965; Poovaiah and Leopold 1973; Hepler 2005)
and the structural reinforcement and cross-linking of cell-
wall constituents (Demarty et al. 1984; Chan et al. 2017).
The latter functions are associated with apoplastic Ca. This
Ca pool constitutes by far the largest in a fruit (Demarty
et al. 1984).
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Because fruit firmness is an important quality attribute in
many fruit crop species, pre- and postharvest applications of
Ca are commonly made to improve these properties, includ-
ing in apple (Conway et al. 2002; Schlegel and Schonherr
2002), tomato (Garcia et al. 1995; Islam et al. 2016) and
sweet cherry (Winkler and Knoche 2019).

In sweet cherry, Ca is reported to positively affect fruit-
quality attributes such as firmness and cracking susceptibil-
ity [for review see Winkler and Knoche (2019)]. However,
the effects are not always consistent. Thus, cracking sus-
ceptibility is markedly reduced by Ca treatments in some
studies (Bullock 1952; Glenn and Poovaiah 1989; Meheriuk
et al. 1991; Michailidis et al. 2017), while in other studies
no Ca effect was found (Callan 1986; Koffmann et al. 1996;
Looney 1985). To properly exploit the potentially positive
effects of Ca applications on fruit quality in commercial pro-
duction systems requires a better understanding of the Ca
relations of developing fruit. To our knowledge, there are
no detailed reports on fruit Ca relations in sweet cherry. In
particular, the import of Ca to the fruit and its subsequent
distribution within the fruit have not been investigated on
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a temporospatial basis. Because Ca transport is restricted
to the xylem (Marschner 1995) and because, in a sweet
cherry fruit, xylem functionality decreases during develop-
ment (Briiggenwirth et al. 2016; Grimm et al. 2017; Winkler
et al. 2016), the import of Ca to the fruit is most likely to
be slowed and changes in fruit Ca relations are predicted to
occur. In particular, during the later stage of fruit develop-
ment, Ca import is expected to decline. Coincidentally, this
will occur at much the same time as cracking susceptibility
is known to increase.

Also, studies on Ca relations indicate that Ca transport is
driven by transpiration. Hence, manipulating transpiration
affected Ca import as was shown in kiwi when subjected
to differential transpiration (Montanaro et al. 2015) or in
tomato following spray application of abscisic acid (ABA)
(de Freitas et al. 2014).

In contrast to Ca, K occurs at high concentrations in
the phloem. Hence, plant organs preferentially supplied by
phloem sap such as fruit are typically rich in K (Mengel
and Kirkby 1982). Three variables are useful in describing
the changing mineral composition of a developing fruit: (a)
solute mass per volume, (b) solute mass per fruit and (c)
solute/dry mass ratio.

a  Solute mass per volume (e.g., mg/ml)—describes the
concentration of each soluble moiety in the fruit per
volume of solvent (water). Solute mass per volume is
particularly relevant to fruit chemistry because chemical
reactions are mostly concentration dependent. However,
with strong tissue and cellular compartmentation of
solutes, solute concentration measurements commonly
offer an averaged, whole-fruit or whole-tissue, value.
These values can obscure quite wide concentration dif-
ferences among the various compartments, so are not
very useful.

b Solute mass per fruit (e.g., mg per fruit)—describes
for each solute moiety the net of the influxes/effluxes
through the fruit-stalk vasculature that have occurred
up to that stage of fruit development. Thus, changes in
solute mass per fruit (the first differential of mass per
fruit with respect to time) can be taken as indicative of
the rates and directions of the phloem and xylem sap
flows (the only pathways through which most of these
solutes can enter/leave the fruit). This is particularly
useful because some solutes (e.g., sugars) are trans-
ported exclusively in the phloem, while others (e.g.,
Ca) are transported exclusively in the xylem (Marschner
1995). Moreover, while (it is believed) the phloem sap
flows always from tree to fruit, the xylem sap can flow
in either direction. That is, the speed and direction of
xylem sap flow depend on the magnitude and direction
of the water potential gradient between tree and fruit.
With wide diurnal oscillations in tree water potential
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being the norm, the xylem sap can flow from fruit to tree
in daytime and from tree to fruit at night (Lang 1990).

¢ Solute/dry mass ratio (e.g., mg/g dry mass)—describes
the mass of a particular solute moiety in relation to the
total dry mass of a tissue. Changes with time in the sol-
ute/dry mass ratio are useful in similar ways to those
of solute mass per fruit, providing current information
regarding the solute influxes/effluxes in the xylem and
phloem saps. However, while solute mass per fruit is
subject to very wide statistical variability between
apparently similar fruits, the normalization offered by
the solute/dry mass ratio can greatly reduce this vari-
ability.

The objectives of this study were (1) to quantify the Ca
and K contents of developing sweet cherry fruit, (2) to deter-
mine the natural variation in Ca content of sweet cherry
within the canopy (fruit-to-fruit variability with position in
the tree) and across a range of cultivars (fruit-to-fruit vari-
ability between cultivars), (3) to identify potential relation-
ships between fruit transpiration and fruit Ca import and
(4) to quantify the effects of abscisic acid (ABA) on the Ca
contents of fruit and leaves. Ca content was quantified as the
Ca mass per fruit (mg per fruit) and the Ca/dry mass ratio
(mg per g DM).

Materials and methods
Plant material

Sweet cherry fruit from the cultivars Adriana, Hedelfinger,
Sam, Schneiders Spite Knorpel, Staccato and Sweetheart
were sampled from greenhouse-grown or field-grown trees
grafted on ‘Gisela 5’ rootstocks (P. cerasus L. X P. canes-
cens Bois) at the Horticultural Research Station of Leibniz
University in Ruthe, Germany (lat. 52° 14’ N, long. 9° 49’
E). The only exception was the ‘Regina’ fruit used in the
study on the developmental time course of changes in Ca, K
and C content. For this, fruit was sourced from a commer-
cial sweet cherry orchard in Gleidingen, Germany (lat. 52°
16" N, long. 9° 50" E). The trees were trained to a slender
spindle. The soil nutrient level was optimum for potassium
(18-20 mg per 100 g soil). Soil pH was slightly acidic (pH
5.5) to neutral (pH 6.0) for the loamy sand at Gleidingen and
the loess at Ruthe, respectively. All fruits were cultivated
according to current European regulations for integrated
fruit production. No foliar fertilizers containing either Ca
or K were applied to any trees used in this study.
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General experimental procedure
Determination of fresh and dry mass

Fruit flesh and pit were separated mechanically and weighed
individually. Pit and flesh samples were frozen at — 20 °C,
freeze-dried for 3 to 4 days and then dried in an oven for 14
days at 103 °C and re-weighed.

Contents of Ca, Kand C

Unless specified otherwise, the Ca content was determined
only for the flesh. Flesh and pit were separated mechanically.
Preliminary experiments established that destruction of the
cuticle was essential for efficient lyophilization. Hence, stage
III fruits were incubated in liquid nitrogen and subsequently
crushed and freeze-dried for 3 to 4 days. For flesh samples of
stage III fruit, an aliquot of about 8 g was dried in an oven at
103 °C for at least three to 4 days before grinding. For sam-
ples of stage II fruit, oven drying was not required, samples
were ground directly. Grinding was carried out in a MM 400
mill (Retsch, Haan, Germany; 50-ml grinding jar, frequency
30 Hz, duration 10 s for flesh or 30 s for pits). A 1 g sample
of the powder was taken and further dried to constant mass
for at least 3 to 4 days at 103 °C. A 100 mg aliquot was taken
and ashed in a muffle furnace (L.24/11/B180; Nabertherm,
Lilienthal, Germany) at 500 °C (heating phase: from 20 to
500 °C 2 h, holding phase: 4 h at 500 °C). Occasionally ash-
ing was incomplete. These samples were taken up in 200 pl
of 1 N HCI and re-ashed using the same settings. The ash
was then taken up in 2 ml of 1 N HCl plus 8 ml of deionized
water and filtered (MN 640 M; Macherey-Nagel, Dueren,
Germany). LaCl; was added to the solutions at a final con-
centration of 1% to eliminate interference in the Ca analyses
by any P in the samples (Fishman and Downs 1966).The fil-
trate was diluted with deionized water as required to obtain
a Ca concentration in the measuring window (0 to 4 mg
1=1). Samples were analyzed using atomic absorption spec-
troscopy (AAS) (AAnalayst 300; Perkin Elmer, Waltham,
MA, USA) equipped with a Ca lumina hollow cathode lamp
(wavelength 422.7 nm, slit 0.7 nm) using an air-acetylene
flame. Following an additional dilution step, the K content
of the solutions was quantified by atomic emission spectros-
copy (1100B; Perkin Elmer).

The C mass of the flesh in developing ‘Regina’ fruit
was analyzed following drying and grinding. An aliquot of
30.0-41.5 mg of dried powder was weighed into stannic
cartridges for subsequent determination of C content using
an elemental analyzer (vario EL cube; Elementar Analysen-
systeme, Langenselbold, Germany).

Each sampling comprised three biological replicates of
10-20 fruits each and two to three technical replicates. The
only exceptions were samples taken at 15 and 23 days after

full bloom (DAFB) during the developmental time course,
when 30-53 fruits were used.

Experiments
Developmental time course

The developmental time courses of change in the Ca and K
mass of flesh and pit, dry mass ratios of Ca and K and in C
mass of the flesh were determined in developing ‘Regina’
fruit between 15 DAFB and 86 DAFB. Here, the Ca contents
of flesh and pit were determined.

Effect of cultivar

Putative differences in Ca mass per fruit and Ca/dry mass
ratio among cultivars were investigated in ‘Adriana’,
‘Hedelfinger’, ‘Sam’, ‘Schneiders Spite Knorpel’, ‘Staccato’
and ‘Sweetheart’. The Ca was determined in immature fruit
(transition stage II/II1, straw yellow) and also in mature fruit.

Fruit-to-fruit variability

The fruit-to-fruit variability in Ca mass per fruit and Ca/dry
mass ratio was determined in mature ‘Sweetheart’. Here 40
randomly sampled fruit were analyzed individually.

Position in the canopy

Fruits taken from different positions within the canopy
were analyzed for their Ca mass and Ca/dry mass ratio in
‘Adriana’. Row orientation was from southwest to northeast.
Comparisons were made between (1) top center, (2) mid-
center and (3) base-center, and on either side of the row, i.e.,
(4) mid-northwest, (5) mid-southeast, (6) base-northwest
and (7) base-southeast. All mid positions were at a height
of about 1.5 m above the ground and all base positions were
at about 0.5 m above the ground. The northwest and south-
east orientations faced the alleys on either side of the row.
Three biological replicates of ten fruits each per position
were sampled from three different trees.

Axial gradient within the fruit

Putative axial gradients in Ca/dry mass ratio from the fruits
stylar ends to their stem ends were investigated in ‘Sweet-
heart’ and ‘Merchant’ sweet cherry fruit. Fruits were cut
transversely (i.e., normal to the stem/stylar-scar axis) into
four slices of equal thickness, and the pit was removed. The
slices were frozen, freeze-dried and analyzed as described
above. The number of replicates was ten.
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Effect of transpiration

Putative relationships between fruit transpiration and Ca
mass per fruit or between fruit transpiration and Ca/dry mass
ratio were investigated by manipulating the transpiration
of greenhouse-grown ‘Sam’ fruit beginning at 13 DAFB.
Working with fruit still attached to the tree, transpiration was
changed by enclosing individual fruit in transparent poly-
propylene pottles (volume 120 ml). To increase transpira-
tion, relative humidity (RH) was lowered by placing 25 g of
dry silica gel in each pottle. To minimize transpiration, RH

was increased by fruit transpiration in empty pottles. The
fruit was introduced to the pottle through a 12-mm-diameter
hole cut in the screw lid. The gap between stem and lid was
sealed with a foam plug. The plug arrangement significantly
reduced water vapor gain/loss from the pottle through the
hole in the lid. Each setup was attached to the tree using
thin wire. Sensors (logger: MSR147WD, sensor: FH2.3/160;
MSR Electronics, Seuzach, Switzerland) were used to moni-
tor the temperatures and humidities inside four such pot-
tles—two representing the low-RH treatment (silica gel) and
the other two the high-RH treatment (no silica gel) (Fig. 1).
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Fig. 1 Relative humidity (a, ¢, e) and water vapor pressure deficit
(WVPD) (b, d, f) of fruit held at low (a, b) and high relative humidity
(RH) (¢, d) and control fruit (e, f). The low and high-RH environ-
ments were generated by sealing still-attached fruit within plastic pot-
tles containing dry silica gel (low RH) or not (high RH). Fruits not
within pottles (i.e., directly exposed to the greenhouse atmosphere)
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served as controls. The silica gel was replaced periodically. Repeated
weighing of the silica gel allowed fruit transpiration to be quantified.
There were no differences in temperature (c inset) between the treat-
ments. Trees were grown in a greenhouse. Numbers in the graphs are
means +SE
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In total, 150 fruits were mounted in pottles with silica gel
and 150 fruits in empty pottles. In the pottles containing
dry silica gel, a low RH (mean 26.2%) and thus high water
vapor pressure deficit (WVPD, mean 1.8 kPa) was estab-
lished. In contrast, in the pottles with fruit but no silica gel,
the RH was elevated (mean 91.6%) and the WVPD was low
(mean 0.3 kPa; Fig. 1). The pottles with dry silica gel were
weighed and the silica gel was replaced weekly with freshly
dried silica gel. Separate pottles without fruit but with dried
silica gel served as controls to quantify diffusion of water
vapor into the vessel. A third group of fruit remained hang-
ing in situ in the tree (no pottle), being directly exposed to
the greenhouse microclimate. For this group, the mean RH
was 76.4% (corresponding to a WVPD of 0.7 kPa). Fruits
were sampled at 27, 37, 48, 58 and 69 DAFB and fresh mass
(FM), dry mass as well as Ca mass per fruit and Ca/dry mass
ratios were quantified as described above. Three biological
replications of ten fruits each were sampled for each treat-
ment and date.

Effect of abscisic acid

The effects of abscisic acid (ABA) on Ca mass and Ca/dry
mass ratios of ‘Sam’ sweet cherry were investigated. Whole
trees were sprayed to run-off using a commercial formula-
tion of ABA (ProTone SL; Valent BioSciences, Libertyville,
IL, USA). The treatments were applied at weekly intervals
starting from 14 DAFB to 81 DAFB (maturity) at a concen-
tration of 400 mg 17!, The non-ionic surfactant Tween 20
(Sigma-Aldrich, St. Louis, MO, USA) was added at a con-
centration of 0.05%. The effect of ABA on transpiration was
measured 24 h after spray application using a leaf porometer
(SC-1; Meter Group, Pullman, Washington, USA). The Ca
mass per fruit and the Ca/dry mass ratios of fruit and leaves
were analyzed at maturity as described above.

Data analysis

Except for Figs. 1 and 2 data are presented as means + SE.
Where error bars are not visible in a graph, they are smaller
than the plotted symbols. The WVPD was calculated from
temperature and relative humidity for every 5 min interval
logged using the following equation (Allen et al. 1999):

RH 17.27xTemperature (°C)
WVPD (kPa) = <1 - (%)> Tempersurs (012573

X 0.611 X e Temperature (°C)+237.3 |
100

In the next step, the cumulative transpiration of the low-
humidity (high transpiration) treatment was calculated. The
increase in mass of the silica in the pottle, which was deter-
mined at weekly intervals, was accumulated for the time
periods from the initial mounting of the pottle at 13 DAFB
until harvest at 27, 37, 48, 58 or 69 DAFB. Regressing the
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Fig.2 Developmental time course of change in fresh mass and dry
mass (DM) (a) and Ca mass and K mass per fruit (b) and Ca/dry
mass ratio and K/dry mass ratio in sweet cherry (c). Dashed vertical
lines indicate transition between stage I and II and between stage 11
and III development

so-obtained cumulative transpiration against the cumula-
tive WVPD in the pottle (calculated for the 5-min intervals
as described above and then accumulated for the same
time period as the cumulative transpiration was calcu-
lated) yielded a significant relationship. The equation was
Transpiration(g) = 2.84 X 10_4(g kPa~') x WVPD(kPa), r
=0.97**. This regression equation allowed prediction
of transpiration from the WVPD value for the free-hang-
ing control fruit and for the fruit of the high-humidity
treatment.

Regression analyses were carried out using R (function
Im, version 3.5.1; R Foundation for Statistical Computing,
Vienna, Austria) and SigmaPlot (version 12.5; Systat Soft-
ware, San Jose, CA, USA). SigmaPlot (version 12.5; Systat
Software) was used to create the figures. The significances of
coefficients of determination (72 at P <0.05, 0.01 and 0.001)
are indicated by *, ** and ***, respectively.
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Results

As expected, fruit fresh (FM) mass and dry mass (DM)
increased with time (Fig. 3a). The increases resulted pri-
marily from increases in flesh FM and DM. Pit FM and DM
increased only until about 37 DAFB (FM) and 65 DAFB
(DM) and remained constant thereafter.

Flesh DM (%) increased only slowly up to about 58
DAFB and then increased rapidly. For the pit, DM (%) fol-
lowed a sigmoidal pattern:

(DM (%) = 5.70 + %ﬂm_m, data not shown).
1+e 783
In the flesh, Ca mass per fruit and (especially) K mass

per fruit increased markedly up till maturity (Fig. 3b). In
contrast, Ca and K mass in the pit increased only to about
51 DAFB. Thereafter, Ca in the pit remained constant, while
K in the pit decreased (Fig. 3b). On a dry mass ratio basis,
Ca in the flesh decreased to about 30% during the develop-
mental period and that in the pit to about 84%. In the flesh,
the K/dry mass ratio decreased from about 15 to 37 DAFB
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Fig. 3 Relationship between K mass and the dry mass (a) and the C
mass (b) per fruit of developing sweet cherry. (b inset) Relationship
between C mass per fruit and dry mass per fruit
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followed by a transient increase from about 37 to 65 DAFB.
Thereafter, the K/dry mass ratio remained about constant.
In the pit, the K/dry mass ratio decreased from about 22 mg
at 15 DAFB to about 2 mg at 65 DAFB and remained about
constant thereafter (Fig. 3c).

The mass of K per fruit was linearly related to fruit
dry mass (Fig. 4a) and the amount of C per fruit (Fig. 4b)
indicating that the C content of the dry mass was constant
(Fig. 4b inset).

The marked decrease of the Ca/dry mass ratio between
fruits at the transition stage II/III and at the mature stage
IIT was not unique for ‘Regina’, but also occurred to simi-
lar extents in other cultivars (Table 1). Marked differences
existed between cultivars. At the transition stage II/III, the
range was 1.6-fold from the lowest to the highest Ca/dry
mass ratio and this increased to 2.7-fold at the fully mature
stage. The larger range at the mature stage III was due in part
to differences among cultivars in the increase in fruit mass
that diluted the Ca present.

99

g

w
o

2 B
‘ Frequency (%)

Cumulative frequency (%)

S0 F o8 1.2 4
30 - Ca mass
10 | (mg per fruit.)
°
°
1t

0.2 0.4 0.6 0.8 1.0 1.2
Ca mass (mg per fruit)

X 99 2 b
- °
3 28 :
c 90 g hd
g 10 g "
g 70 o C
put - 0
; 50 04 06 08
> 30 F Cardry mass ratio
(_g 10 | (mg g DM; 8 L4
S .
3 1}
0.2 04 0.6 0.8

Caldry mass ratio (mg g~ DM)
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dry mass ratio of single sweet cherry fruit (b). Insets: histograms of
frequency distributions



Trees (2020) 34:1157-1167 1163

Table1 Ca mass per frui.t and Cultivar Fruit fresh mass (g) Ca mass per fruit (mg per Ca/dry mass ratio (mg g~ !

Ca/dry mass ratlg for various fruit) DM)

sweet cherry cultivars in

immature fruit (transition stage Stage II/11T Stage 111 Stage II/111 Stage III Stage II/I1T Stage III

TI/11I, straw yellow) and in

mature fruit (stage III) Adriana 2.6+0.0 7.8+0.4 0.32+0.02 0.45+0.02 2.00+0.10 0.70+£0.04
Hedelfinger 35+£02 8.8+0.2 0.46+£0.01 0.73£0.05 1.72+0.05 0.66+0.04
Sam 32+0.1 10.2+0.3 0.56£0.03 0.70+0.02 2.34+0.11 0.53+0.01
Schneiders Spite 4.3+0.1 11.5+0.1 0.48£0.01 0.68+0.02 1.54+0.03 0.46+0.02

Knorpel

Staccato 2.6+0.1 7.4+0.3 0.51+0.05 0.87+£0.07 2.53+0.26 1.26+0.11
Sweetheart 2.5+0.1 6.1+£02  0.41+0.03 0.64+0.03 2.45+0.19 1.25+0.06
Grand mean 3.1+0.1 8.7+0.4 0.46£0.02 0.68+0.03 2.10+0.10 0.81+£0.08

The pit was removed before analysis

Table2 Ca/dry mass ratios in different regions of mature ‘Staccato’
and ‘Sweetheart’ sweet cherry fruit

Region of fruit Ca/dry mass ratio (mg g~ ! DM)

Sweetheart Merchant
Stem 0.86+0.05 0.36+0.03
Stem center 0.61+0.04 0.27+0.01
Stylar scar center 0.49+0.01 0.20+0.00
Stylar scar 0.44+0.01 0.11+0.00

Fruits were cut in the plane normal to the stem/stylar scar axis into
four slices of equal thickness. The pit was removed before analysis

The mass of Ca per fruit and the Ca/dry mass ratio
followed normal distributions as indicated by the linear
normal probability plots. Ranges in Ca per fruit and Ca/
dry mass ratio were both about twofold, with coefficients
of variation of 22.3 and 18.4%, respectively (Fig. 2).

Within a mature sweet cherry fruit, the distribution of
Ca was not uniform. There was a gradient in Ca along the
stem/stylar scar axis. The Ca/dry mass ratios were two-
(‘Sweetheart’) to threefold (‘Merchant’) higher in the stem
end than in the stylar scar end (Table 2).

There were no significant effects of the position of the
fruit in the canopy on fruit size, Ca per fruit or Ca/dry
mass ratios (results not shown).

Manipulating the RH around individual fruit in the
greenhouse resulted in significant effects on Ca per fruit
and on Ca/dry mass ratio. The effects on fruit size were
generally not significant. Fruits held under a low-RH envi-
ronment (high transpiration) were slightly smaller than
others held under a high-RH environment (low transpira-
tion) (Fig. 5a). Free-hanging control fruit exposed to a
variable and intermediate RH environment (variable and
intermediate transpiration) tended to be largest. There
were no differences in the temperatures between the free-
hanging control fruit and the fruit enclosed in the pottles

as well as between the low-RH and high-RH pottles (data
not shown).

The low-RH fruit generally had a significantly higher Ca
mass per fruit and a higher Ca/dry mass ratio compared with
that of the high-RH fruit (Fig. 5b, ¢). Control fruit exposed
to the greenhouse climate was intermediate in Ca mass per
fruit and Ca/dry mass ratio. Consistent with the developmen-
tal time course study, Ca/dry mass ratios decreased during
development under all treatments. The difference in Ca mass
per fruit resulted from differences in cumulative transpira-
tion. The low-RH environment resulted in high cumulative
transpiration and, vice versa, the high-RH environment
resulted in low cumulative transpiration (Fig. 6a). The free-
hanging control fruit was intermediate (Fig. 6a). These dif-
ferences were all significant. Expressing Ca mass per fruit
as a function of cumulative transpiration revealed a positive,
non-linear relationship (Fig. 6b). As cumulative transpira-
tion increased, Ca mass per fruit increased at a decreasing
rate, i.e., the curve tended to asymptote for values of high
cumulative transpiration.

Spray application of ABA decreased stomatal conduct-
ance of leaves by about 20% (Table 3). However, there was
no effect on either the fruit or the leaf Ca/dry mass ratios or
the Ca mass per fruit (Table 3).

Discussion

The results indicate (1) that the import of Ca into developing
sweet cherries does not keep pace with the increase in fruit
mass and (2) that Ca import into developing sweet cherry is
positively related to changes in fruit transpiration.

Caimport does not keep pace with fruit growth

The increase in Ca mass per fruit lagged behind the increase
in fruit FM and DM. As a consequence, Ca/dry mass ratio
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Fig.5 Developmental time course of change in fruit fresh mass (a),
Ca mass per fruit (b) and Ca/dry mass ratio of developing sweet
cherry (c). The developmental time courses were established for fruit
held at low relative humidity (RH) (mean 26.2%) or high RH (mean
91.6%). The low RH was established by sealing a still-attached fruit
in a plastic pottle containing dry silica gel. The high RH was estab-
lished by sealing a still-attached fruit in an empty pottle. Free-hang-
ing, still-attached fruit exposed to the greenhouse atmosphere served
as controls (mean RH 76.4%). DM dry mass. The dashed vertical line
indicates the transition from stage II to stage I1I

decreased. This effect is not unique to ‘Regina’, but has also
been observed in ‘Sam’ (Fiedler, unpublished data) and in
‘Lambert’ (Facteau 1982). In the latter cultivar, Ca mass
per fruit remained constant during the last 2 weeks before
harvest. Decreases in Ca/dry mass ratio during fruit devel-
opment have also been reported in apple (Amarante et al.
2013), bean, pepper, quince (Mix and Marschner 1976a, b),
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Fig.6 a Cumulative transpiration and b Ca mass per fruit of develop-
ing sweet cherry that remained attached to the tree and held at low
relative humidity (RH) (mean 26.2%) or high RH (mean 91.6%). The
low RH was established by sealing a still-attached fruit in a plastic
pottle containing dry silica gel. The high RH was established by seal-
ing a still-attached fruit in an empty plastic pottle. Free-hanging, still-
attached fruit exposed to the greenhouse atmosphere served as con-
trols (mean RH 76.4%). The dashed vertical line in a indicates the
transition from stage II to stage I1I

Table 3 Effect of abscisic acid (ABA) applications on stomatal con-
ductance, the Ca mass per fruit and the Ca/dry mass ratio of sweet
cherry fruit and leaves

Treatment Stomatal Ca mass per Ca/dry mass ratio (mg

conductance fruit (mg per g~ ! DM)

(mmol m™2s™1) fruit)

Leaves Fruit Fruit Leaves
Control ~ 591+25 0.87+0.05 0.48+0.03 16.9+0.5
ABA 465+28 0.88+0.06 0.49+0.04 145+0.8

ABA (400 mg 1=!) was applied at weekly intervals from 5 DAFB to
harvest

kiwifruit (Clark and Smith 1991; Xiloyannis et al. 2001),
mango (Joyce et al. 2001), papaya (Qiu et al. 1995) and
tomato (Ehret and Ho 1986).
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Ca translocation is limited to the xylem (Marschner
1995). Thus, the lack of proportionality between fruit growth
and fruit Ca import was likely due to a progressive loss of
xylem functionality in the developing sweet cherry. During
stage III, the contribution of xylem water inflow to the fruit
decreases from 95% of total inflow at the transition stage 11/
III to about 5% of the total at the mature stage III (Briiggen-
wirth et al. 2016; Winkler et al. 2016). Furthermore, the
decrease in xylem functionality occurs progressively, begin-
ning at the stylar end and progressing towards the stem end
(Grimm et al. 2017; Winkler et al. 2016). Accordingly, the
lowest Ca/dry mass ratio was recorded in the stylar scar end,
where xylem functionality was first lost; and the highest Ca/
dry mass ratio was recorded in the stem end of the fruit,
where the xylem remained functional through to maturity
(Grimm et al. 2017; Winkler et al. 2016). Similar observa-
tions have been reported for apple (Lewis and Martin 1973),
avocado (Burdon et al. 1991; Chaplin and Scott 1980), sweet
pepper (Marcelis and Ho 1999) and tomato (Adams and Ho
1993; Ehret and Ho 1986; Nonami et al. 1995). Thus, xylem
functionality seems to be the primary determinant of fruit
Ca distribution within a sweet cherry.

In contrast to Ca, plant organs that are preferentially
supplied by phloem sap such as fruit are typically rich in
K (Mengel and Kirkby 1982). It is, therefore, not surpris-
ing that the K mass per fruit and the K/dry mass ratio both
increased linearly with the increase in fruit dry matter and,
hence, with total C import into the fruit. During stage III,
water inflow via the phloem accounts for an increasing pro-
portion of the total inflow until, at maturity, essentially all
water inflow to the fruit occurs via the phloem (Briiggen-
wirth et al. 2016). This explains why the K/dry mass ratio
changes only slightly during fruit development. The tran-
sient increase in K/dry mass ratio between 42 and 68 DAFB
is difficult to explain. This effect was not due to biological
variation, but it was reproducible in ‘Sam’ sweet cherry dur-
ing another growing season (Fiedler, unpublished data).

Increased transpiration increases Ca import
to the fruit

Our results establish a close relationship between fruit tran-
spiration and Ca import to sweet cherry. Low-transpiration
fruits had a Ca mass of about 0.6 mg per fruit at maturity,
while high-transpiration fruits had a Ca mass averaging
about 1.1 mg per fruit. This relationship is not linear, with
the nearly twofold increase in fruit Ca being associated with
a nearly 6.4-fold increase in fruit transpiration (Fig. 6b).
Increases in fruit Ca with increased transpiration have also
been observed in apple (Cline and Hanson 1992), kiwifruit
(Montanaro et al. 2015) and snap bean (Grusak and Pomper
1999). Also, as in sweet cherry, the relationship between
fruit transpiration and fruit Ca content was not linear in

apple (Tromp and Vanvuure 1993) or in kiwifruit (Mon-
tanaro et al. 2015).

These observations are accounted for by the progres-
sive change in xylem functionality in developing fruit.
At the stage II/III transition, the xylem is fully functional
and xylem flow and fruit transpiration are closely related
(Briiggenwirth et al. 2016). After the stage II/III transition,
transpiration becomes increasingly independent of xylem
inflow as the latter tends to decrease (Briiggenwirth et al.
2016; Winkler et al. 2016). Thus, during early development,
fruit transpiration has a strong effect on fruit Ca import, but
the effect is much weaker at later stage III and at maturity.

Furthermore, convective flow within the xylem sap is
not the only mechanism of Ca transport. Three additional
mechanisms are involved. (1) Ca translocation occurs by
movement along Ca-exchange sites on the walls of vessels
and pit membranes of the xylem (Clarkson 1984; Kuhn et al.
1995). (2) The acropetal Ca transport is linked to the basi-
petal auxin transport. An inhibition of basipetal transport
of IAA restricts the acropetal transport of Ca (Banuelos
et al. 1987; Tomala and Dilley 1990). (3) Transport of Ca
also occurs via Ca**-transporters or Ca**-binding proteins
(Hirschi 2004; Park et al. 2005). The combined effects of
all three mechanisms would account for the lack of a sim-
ple linear relationship between cumulative fruit transpira-
tion and cumulative fruit Ca mass. These effects may also
account for the absence of any consistent effects of position
in the canopy on fruit Ca mass. We expected fruit high in
the canopy to experience higher transpiration and, hence, to
exhibit higher Ca mass per fruit than the more shaded fruit
in the base or center of the canopy. This was not the case.

Practical implications

The influx of Ca to developing fruit is slowed by the progres-
sive loss of xylem function. Hence, agronomic practices that
may increase fruit transpiration may also increase fruit Ca—
but only if these are applied early on in fruit development.
These practices might include a more open canopy structure.
Closing of rain shelters at (or shortly after) bloom will keep
the canopy and the fruit surfaces dry and will also increase
their temperature. Provided proper ventilation also occurs,
these conditions (i.e., warmer and drier) will increase the
water vapor pressure deficit, and hence fruit transpiration,
and hence fruit Ca Whether the resulting increases in fruit
Ca are sufficient to significantly reduce cracking susceptibil-
ity has yet to be demonstrated.
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