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Abstract the fruit for determining the critical Ca concentration
in the induction of BER is discussed.

The relative importance of growth rate and calcium
concentration in sweet pepper fruits (Capsicum Key words: Capsicum annuum L., sweet pepper, blossom-
annuum L.) for the induction of blossom-end rot (BER) end rot, calcium, growth rate, pollination, fruit load.
was investigated in (1) four pollination treatments in
one cultivar, (2) four cultivars with the same fruit load

Introductionand (3) three fruit load treatments in four cultivars.
For fruits with the same pollination treatment those Blossom-end rot (BER) in pepper (Morley et al., 1993)
eventually developing BER had a higher initial fruit as in tomato fruits (Bangerth, 1979) is the symptom of
growth rate than those not developing BER. Within a physiological disorder caused by local calcium (Ca)
the same experiment both the growth rate of the deficiency during the initial stage of fruit development
young fruit and BER increased with the number of (first few weeks after anthesis). The first symptoms of
seeds. The Ca concentration of the pericarp in mature BER in pepper are the appearance of small brown necrotic
fruits was negatively related to both fruit size and areas of pericarp tissue in the distal half of the fruit. In
BER incidence. Differences in levels of BER between both tomato and pepper, the Ca concentration reduces
different pollination experiments could not be from the proximal to the distal tissue of the fruit where
explained solely by differences in growth rate of the the symptom of BER occurs (Morley et al., 1993; Adams
young fruit, but related to different Ca concentrations and Ho, 1992). Investigations on the cause of BER in
in the mature fruits. In the spring, but not in the tomato show that low Ca status in the whole plant caused
summer, cultivars more susceptible to BER had a by low supply or uptake of Ca, as well as low transport
larger final size but lower Ca concentration in the of Ca to the fruit, particularly to the distal fruit tissue,
young fruit than the resistant ones. By lowering the can induce BER, even when the Ca status in the plant is
fruit load in the summer both the final fruit size and high (Bradfield and Guttridge, 1984; Ho et al., 1995).
the BER incidence increased, but the Ca concentra- Although it is widely accepted that a local deficiency of
tions of both proximal and distal pericarp in the young Ca plays an important role in the induction of BER,
fruit of all cultivars were not consistently affected. there are also some claims that Ca deficiency is not the
Despite a correlation between growth rate and low cause of BER as the critical level of Ca for BER induction
Ca concentration in the fruit, the incidence of BER was not found (Nonami et al., 1995).
may only be predicted from separate effects of fruit The incidence of BER in tomato has also been shown
growth and of Ca concentration in the fruit. The data to be markedly affected by light and temperature,
indicated that at a higher growth rate a higher Ca independent of the Ca supply to the plant (Ho et al.,
concentration is required to prevent the induction of 1993). It was previously suggested that accelerated growth

rate of the fruit may induce BER in tomato ( Westerhout,BER. The usefulness of the total Ca concentration of
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of the treatments. The fruits were harvested about 42 d1962; Wiersum, 1966). Therefore, it has been proposed
after anthesis.that this increase in BER, associated with accelerated

The growth rate of the individual fruits was estimated from
growth, is due to an increased demand of Ca for rapid measurements of length and circumference at 17 d after anthesis
cell enlargement exceeding the supply of Ca to the suscept- in Expts 2–4 as described by Marcelis and Baan Hofman-Eijer

(1995). The seed number was measured at harvest. Fruitible fruit tissue (Ho et al., 1993). In several species,
samples were dried at 100 °C for at least 2 d. In Expts 3 and 4including pepper, a negative correlation has been observed
the Ca concentration in the pericarp of fruits about 40-d-oldbetween fruit size and Ca concentration (Mix and
was measured as mg Ca g−1 dry matter. For Ca determination,

Marschner, 1976; Perring, 1979; Tromp, 1979), though HCl and trichloracetic acid was added to the dry matter and
some studies did not observe such a correlation ( Volz boiled for 30 min after addition of BaCl2 and SrCl2. Ca was

measured by atomic absorption spectrophotometry (Varianet al., 1993; Boselli et al., 1995). Whether the effects of
AA10).accelerated fruit growth on the induction of BER can be

The average leaf numbers below the first fruit were 40, 10, 2,explained by a higher Ca demand or by a decreased Ca
and 18 in Expts 1–4, respectively. The average glasshouse

concentration due to higher accumulation of dry matter temperature was 24 °C for Expt. 1 and 22 °C for the other
requires clarification. experiments. The average outdoor solar radiation was 17.3, 9.3,

12.3, and 4.4 MJ m−2 d−1 for Expts 1–4, respectively. Thus,The aim of this paper was to verify the relative impor-
the average daily product of temperature and radiation wastance of the fruit growth rate and the Ca concentration
416, 203, 272, and 98 °C MJ m−2 d−1 for Expts 1–4, respectively.in fruits of sweet pepper for the induction of BER.
The nutrient solution contained (in mM): 21.3 NO3, 0 NH4,Therefore, treatments that affect the growth rate and final 1.5 P, 6.5 K, 8.8 Ca, 3.3 Mg, 0.2 Cl, 3.8 SO4, 0.045 Fe, 0.012

size of fruits, such as pollination (Marcelis and Baan Mn, 0.0003 Cu, 0.0017 Zn, 0.0005 Mo, and 0.047 B. In the
feed the EC was 3 dS m−1 and pH was 5–6.Hofman-Eijer, 1997) and fruit load ( Wiersum, 1966) were

In Expts 1–4, the treatments were arranged in a randomizedapplied, in order to assess the relationship between BER,
block design. In most experiments abortion of fruits resulted infruit growth and Ca concentration in the fruit. As there
an unbalanced design for treatment effects on fruit character-

is a wide range of susceptibility to BER among pepper istics like fruit size and BER. Analysis of variance was carried
cultivars (Morley et al., 1993), the incidence of BER in out using generalized linear models, with binomial distribution

for BER and normal distribution for other fruit characteristics.four cultivars with known susceptibility to BER was
Differences between treatments were tested by the Students’related to their final fruit size and the Ca concentration
t-test (P≤0.05).in the proximal and distal pericarp from rapidly

growing fruits.
Cultivar and fruit load experiments (Expts 5, 6)

Four cultivars of pepper, two reported to be very susceptible
(i.e. Evident and Farulia) and two less susceptible (i.e. Mazurka

Materials and methods and Bendigo) to BER (Morley et al., 1993) were sown on
7 January 1994. The plants were grown in rockwool culture in

Pollination experiments (Expts 1–4) glasshouses at HRI, Littlehampton, UK. The plant density was
2.8 plants m−2. Plants were trimmed to two leader stems ofSweet pepper plants (Capsicum annuum L. cv. Mazurka) were

grown in either rockwool (Expt. 1) or aerated nutrient solution even strength with side shoots stopped at 1–2 leaves. In Expt.
5, plants were arranged in three blocks with an incomplete(Expts 2–4) in glasshouses at Wageningen, The Netherlands.

Plants were pruned to one leader stem with side shoots stopped Latin Square for four cultivars within each block. In each
block, each cultivar had a plot consisting of two rows of 15at one leaf. Plant density was 3 plants m−2. Only one (Expts 1,

2) or two flowers per plant (Expts 3, 4) were used for plants each. There were 90 plants of each cultivar in total. In
the spring, the incidence of BER (of all fruits) and final fruitpollination treatments. A limited number of naturally self-

pollinated competing flowers were retained. Four pollination size (of fruits without BER) were recorded at harvests between
April and May. A number of fruits set at April 1 were taggedtreatments were applied: (1) low pollination: lanolin was applied

on the stigma 2 or 3 d before anthesis to minimize pollination, and then two fruits per plot were harvested 15 d later for
measurement of Ca concentration (i.e. mg Ca g−1 dry matter)(2) limited pollination: lanolin was applied the day of anthesis

to limit pollination, (3) normal pollination: natural self- and fresh weight of the whole fruit. No treatment was applied
to limit the fruit number and the total number of fruits formedpollination, and (4) high pollination: hand pollination at

anthesis with pollen of the same flower. Four experiments were was similar among cultivars (about 7 fruits per stem). In the
summer experiment (Expt. 6), in early June and prior to thecarried out at different times of the year. Pollination treatments

were carried out in May 1994, August 1994, August 1995, and start of the fruit load treatments, all the fruits were removed
from the plants of the same crop as used in Expt. 5. In eachOctober 1995 in Expts 1–4, respectively. In Expt. 1, four

pollination treatments were applied to 56 plants each and the plot, 30 plants were divided into 3 subplots with either low (3
fruits), medium (5 fruits) or high (8 fruits) fruit load per stemtreated fruits were harvested when they were turning red, about

55 d after anthesis. In Expt. 2, four pollination treatments were (6, 10 and 16 fruits per plant, respectively). The incidence of
BER (of all fruits) and the average final fruit size (of fruitsapplied to 24 plants each and the treated fruits were harvested

about 26 d after anthesis. In Expt. 3, only low and high without BER) were recorded at a single harvest at the end of
July. From each subplot one fruit of 15-d-old (set at 13 June)pollination treatments were applied to 12 plants each and the

treated fruits were harvested about 38 d after anthesis. In Expt. was separated into three equal parts (top, middle and bottom).
The Ca concentrations (mg Ca g−1 dry matter) of the proximal4, the same pollination treatments were applied to the same

plants as used for Expt. 3, but with a different randomization (top third) and the distal (bottom third) pericarp tissue were
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Table 1. Initial growth rate of pepper fruits cv. Mazurka thatmeasured. Fruit samples were dried in an oven at 80 °C for 3 d
and the dry weights were recorded. Ca was determined in the eventually did or did not develop BER at four levels of pollen load
acid extract of the ashed (560 °C ) fruit samples by atomic Initial growth rate is the average rate (±SEmean) of fresh weight increase
absorption spectrophotometry. from 0 until 17 d after anthesis in Expt. 2; between brackets are

In Expt. 5, the heating temperature setting of the glasshouse numbers of replicates.
was kept 21 °C day and 19 °C night with venting temperature
at 26 °C. The average outdoor solar radiation for fruit growing Pollen load Fruit growth rate (g d−1)
period of Expt. 5 in April and May was 15.7 MJ m−2 d−1 and

Non-BER BERthat of Expt. 6 in June and July was 27.5 MJ m−2 d−1. The
nutrient solution contained (in mM): 14.8 NO3, 0.4 NH4, 1.3

Low 1.40±0.16 (10) —P, 7.7 K, 4.7 Ca, 1.6 Mg, 3.2 Cl, 2.1 SO4, 0.04 Fe, 0.009 Mn,
Limited 1.79±0.18 (16) 1.72±0.37 (2)0.006 Cu, 0.008 Zn, and 0.05 B. During the fruiting period, the
Normal 1.80±0.17 (17) 2.57±0.20 (7)feed was kept at an EC of about 2 dS m−1and pH 5. High 1.74±0.21 (13) 2.61±0.37 (6)

Analyses of variance were carried out to assess effects of
cultivars and fruit load on parameters, with a normal distribu-
tion, such as BER, fruit size, Ca concentration and Ca content.
Students’ t-test was used to calculate least significant differences growth rate during the first 17 d after anthesis, the period
(LSD) at P≤0.05.

just before BER started to develop (Fig. 1B).
Despite a high correlation between BER and seed

number or initial fruit growth rate within the sameResults
experiment, the levels of BER differed between experi-

BER in relation to pollination
ments over similar ranges of seed number or initial fruit
growth rate. The occurrence of BER between experimentsAn increase in pollen load increased BER incidence in

most experiments (Fig. 1A). Within the same pollination correlated with the product of average daily temperature
and solar radiation (energy sum). For instance, at hightreatment, i.e. normal or high pollination, initial growth

rates of fruits eventually developing BER were higher pollen load the incidences of BER were 0, 32, 38, and
74%, while the energy sums were 98, 203, 272, and 416than those of fruits not developing BER (Table 1). For

the pollination treatments which did not induce BER °C MJ m−2 d−1, for Expts 4, 2, 3, and 1, respectively.
Therefore, although the seed number and fruit growth( low pollination) or induced low incidence of BER

(limited pollination), the initial fruit growth rates were rate were affected by pollination treatments in Expt. 4,
no BER was recorded, while the energy sum was therelatively low and no difference in growth rate was found

between fruits developing or not developing BER. lowest among all experiments.
The different responses to pollination treatments in theAs reported previously the degree of pollination

affected both fruit size and number of seeds (Marcelis incidence of BER between Expts 3 and 4 (Fig. 1) were
found to be related to the Ca concentration in the pericarpand Baan Hofman-Eijer, 1997). In all pollination experi-

ments, except Expt. 4 where BER did not occur, the of fruit of 40-d-old (Fig. 2). While the Ca concentrations
in the pericarp with low pollen load treatment were higherincidence of BER was positively correlated to either the

number of seeds at harvest (Fig. 1A) or the initial fruit than those with high pollen treatment in both experiments,

Fig. 1. Relationship between the incidence of BER (number of BER fruits as % of total fruit number) and (A) the seed number or (B) the initial
fruit growth rate (from 0–17 d after anthesis) in pepper fruits cv. Mazurka manipulated by pollen load, i.e. low (square), limited (circle), normal
(diamond), and high load (triangle) in Expts 1 (······), 2 (–––), 3 (– – –), and 4 (– · –). Bars indicate standard errors of means.
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Fig. 2. Relationship between dry weight and Ca concentration in pepper
fruits cv. Mazurka about 40-d-old in Expts 3 (open) and 4 (closed)
under either low (square) or high (triangle) pollen load. The relationship
can be described by y=1.25–0.100x; r2=0.44 for Expt. 3 and y=
2.05–0.152x; r2=0.46 for Expt. 4. Fruits with BER were excluded from
the analysis.

the average Ca concentrations in Expt. 3 (1.06 and
0.43 mg g−1 in low and high pollen load, respectively)
were lower than those in Expt. 4 (1.52 and 1.07 mg g−1,
correspondingly). However, within the same experiment,
the total Ca content per fruit (pericarp+seeds) was
not significantly affected by pollination treatment.
Ca contents in fruits with low and high pollen load were
4.24 and 3.38 mg (LSD=1.45) in Expt. 3 and 6.85 and
6.55 mg (LSD=1.14) in Expt. 4, respectively. As a whole,
the Ca concentration was inversely related to the dry
weight of the pericarp (Fig. 2). Thus, the increase in the
incidence of BER, manipulated by pollination, was associ-
ated with an increase in fruit growth rate in the young
fruit or with a decrease in Ca concentration in the pericarp
of the mature fruit.

BER in relation to cultivar susceptibility and fruit load
Fig. 3. (A) The incidence of BER (number of BER fruits as % of total
fruit number), (B) the fresh weight and (C) the Ca concentration inConsistent with previous findings (Morley et al., 1993),
15-d-old fruit in four cultivars of pepper, i.e. Bendigo, Mazurka,Fig. 3A showed that the incidence of BER was lower in Evident, and Farulia in the spring experiment (Expt. 5). Bars indicate

Bendigo and Mazurka than in Evident and Farulia in the standard errors of means.
spring (Expt. 5). The cultivar susceptibility to BER was
related to the initial fruit growth and Ca concentration
in the young fruit. Fifteen days-old fruits were heavier in mediate in response (Fig. 4; LSD=11). The cultivar

susceptibility in the summer experiment was not consist-the more susceptible cultivars, i.e. 46.9 g for Farulia and
24.8 g for Bendigo (Fig. 3B; LSD=9.9). Although there ently related to the differences in final fruit weight (Fig. 4).

For instance, although Mazurka had the lowest incidenceseemed to be a negative correlation between Ca concentra-
tion of the whole fruit (Fig. 3C) and BER incidence of BER in all fruit load treatments, their final fruit sizes

were either larger or similar to the more susceptibleamong cultivars (Fig. 3A), the differences in Ca concen-
tration were not statistically significant. cultivars. In the summer experiment (Expt. 6) the average

final fruit size of all cultivars was increased by limitingIn contrast to the spring crop, cultivar susceptibility in
the summer was highest in Evident (59% BER, averaged the fruit load from 8 to 5 and 3 fruits per stem (Fig. 4).

Under the low fruit load treatment the final fruit size wasover all fruit load treatments) and lowest in Mazurka
(22%), with Bendigo (30%) and Farulia (35%) inter- 34% or 25% higher than that under high fruit load
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Fig. 5. Relationship between the Ca concentration in either the proximal
(broken lines) or distal (solid lines) pericarp of fruit about 15-d-old
and the incidence of BER in four pepper cultivars in Expt. 6. SymbolsFig. 4. Relationship between the final weight of healthy fruits and the
are the same as in Fig. 4.incidence of BER (number of BER fruits as % of total fruit number)

in the four pepper cultivars Bendigo (circle), Mazurka (triangle),
Evident (square), and Farulia (diamond) when the fruit load was 3
(closed), 5 (half-filled) and 8 (open) fruits per stem in the summer both fruit size and Ca concentration independent from
experiment (Expt. 6). The relationship can be described by y= each other.
−14.9+0.44x (r2=0.970) for Evident, y=−40.9+0.47x (r2=0.878)
for Bendigo and Farulia and y=−46.0+0.40x (r2=0.996) for Mazurka.
Bars indicate standard errors of means.

Discussion

BER in pepper became visible from about 3 weeks after
anthesis. Over this period both the rate of fresh weighttreatment in Evident or other cultivars, respectively. The

increase in fruit size as caused by a decrease in fruit load and dry weight gain in pepper fruit increased rapidly and
reached the maximum rate (Marcelis and Baan Hofman-was positively related to the incidence of BER in each

cultivar. The average BER incidences in all cultivars were Eijer, 1995). This rapid initial growth can be increased
further by a high pollen load (Marcelis and Baan27, 38 and 45% for high, medium and low fruit load

treatments, respectively (LSD=9.8). BER incidence Hofman-Eijer, 1997). In accordance with observations of
Morley (1996), the initial rapid fruit growth appeared toincreased linearly with final fruit size when fruits were

pruned, and the increases in BER of 0.40–0.47% g−1 fruit play an important role in the induction of BER in pepper
fruits. In tomato, the induction of BER coincided with aweight were similar among cultivars. The relationship

between the incidence of BER and the Ca concentration low Ca concentration during the period of rapid growth
(Ehret and Ho, 1986). In the present pollination experi-in the pericarp of fruits about 15-d-old is shown in Fig. 5.

The Ca concentrations in the proximal pericarp (ranging ments with pepper, a positive relationship between fruit
size and BER and a negative relationship between fruitfrom 0.9 to 1.4 mg Ca g−1 DM) were higher than those

in the distal tissue (ranging from 0.3 to 0.4 mg Ca g−1 size and Ca concentration (Figs 1, 2; Table 1) was
observed. This negative correlation may be explained inDM) of the same fruit. The most susceptible cultivar had

the lowest and the least susceptible one the highest Ca terms of an increase in phloem transport of assimilates
without an increase in xylem transport of Ca duringconcentration in the distal tissue. In addition, the more

susceptible cultivars had lower Ca concentrations (ranging accelerated fruit growth. The gain of dry matter and
water in the tomato fruit is mainly supplied by phloemfrom 0.9 to 1.2 mg Ca g−1 DM ) than the less susceptible

ones (ranging from 1.2 to 1.4 mg Ca g−1 DM ) in the transport, while the accumulation of Ca is limited by
xylem transport (Ho et al., 1987). Hence, an imbalanceproximal tissue. However, the Ca concentration in the

pericarp tissue was not reduced by low fruit load consist- between transport of assimilates and Ca during acceler-
ated growth could be the common cause of the inductionently, despite the increase in BER by low fruit load in all

cultivars. Multiple regression analysis showed that 62% of BER in tomato and pepper. However, accelerated fruit
growth did not always lead to a reduction in the Caof the variation in BER observed in the summer experi-

ment could be explained by variation in final fruit fresh concentration of the fruit. For instance, in our fruit load
experiment the Ca concentration in the pericarp (Fig. 5)weight (FW in g of healthy fruits) and Ca concentration

in the distal fruit parts (mg Ca g−1 DM) of about 15-d- was unaffected by fruit load despite a strong effect on
fruit size (Fig. 4), which is in contrast with the observa-old fruits (%BER=5+0.72FW–243Ca). This analysis

showed that BER incidence correlated significantly with tion by Mix and Marschner (1976). As an enhanced
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import of assimilates may be accompanied by enhanced by the pollination (Fig. 2) and cultivar experiments
(Fig. 3) in this investigation supports the suggestion thatimport of K, the cause of BER may not be entirely due

to a low Ca concentration but to a high K/Ca ratio in BER in sweet pepper is also caused by Ca deficiency.
Furthermore, the Ca concentration of the distal pericarpthe fruit tissue as reported in tomato ( Wiersum, 1966;

Ho, 1980). tissue was found to be negatively correlated with the
cultivar susceptibility and was much lower than those inMost of the observations in this study showed a positive

correlation between the incidence of BER and growth the proximal pericarp tissue (Fig. 5). However, the lack
of relationship between the BER incidence and the Carate or fruit size, except that (a) no BER was observed

in Expt. 4 while the fruit growth rates were similar to concentration in the distal pericarp tissue in the fruit load
experiment is likely explained by the fact that the criticalthose in Expt. 3 under similar pollination treatments

(Fig. 1B), and (b) the final fruit size of four cultivars did Ca concentration should be the concentration of Ca
relevant to the membrane permeability rather than thenot correspond to their cultivar susceptibility of BER

(Fig. 4). However, in both cases BER incidence was total Ca concentration which is dominated by free Ca in
the extracellular pool and Ca oxalate in the vacuolenegatively related to Ca concentration in the fruit tissues

(Figs 2, 5). Similarly, most observations showed a positive (Minamide and Ho, 1993). Therefore, measurements on
the concentrations of individual Ca compounds at thecorrelation between the incidence of BER and a low Ca

concentration, except that the enhanced BER incidence subcellular level in the distal pericarp are essential in
future work to quantify the critical Ca concentration forby fruit load cannot be explained by a reduction of Ca

concentration in the distal pericarp tissue (Fig. 5). the induction of BER.
The findings in this investigation have provided someHowever, as revealed by the multiple regression analysis,

the induction of BER can be explained by two independ- useful pointers for the prevention of BER in pepper.
Firstly, providing that the supply of Ca is adequate, theent effects of fruit growth rate and Ca concentration. Our

findings support previous suggestions that the Ca demand incidence of BER may be reduced by avoiding accelerated
fruit expansion caused by high assimilate import. Infor fruit tissue development increases when growth

accelerates which may cause local Ca deficiency (Ho practice, partial shading during the high summer (to
avoid too much import of assimilate by the rapidlyet al., 1993). Hence, the observations indicate that the

critical Ca concentration for the induction of BER may growing fruit) and frequent picking to maintain an even
fruit load are effective to balance the supply and demanddecrease with increasing growth rate.

Similar to observations in tomato (Ho et al., 1993), for Ca in individual fruits during rapid fruit growth.
Secondly, bee pollination should not be used for thethe incidence of BER in pepper showed a positive correla-

tion with the product of temperature and radiation. large-fruited cultivars or at conditions that favour rapid
fruit growth. The benefit of good pollination in producingFurthermore, the change of BER susceptibility among

cultivars from spring to summer may be influenced by larger fruits may likely be nullified by the yield loss caused
by BER.the higher temperature sensitivity in Bendigo and Evident

than in Mazurka and Farulia (Figs 3, 4). Apart from the
effects of temperature and radiation, leaf area and number
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