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    Chapter 9   
 Blossom-End Rot in Fruit Vegetables 

             Hiroki     Ikeda      and     Yoshinori     Kanayama   

    Abstract     Calcium (Ca) is an essential element for plant growth, as calcium 
 defi ciency causes various disorders in some types of horticultural crops. The most 
signifi cant calcium defi ciency disorder is blossom-end rot (BER) of fruit vegeta-
bles. In tomato ( Solanum lycopersicum ), one of the most important vegetables in the 
world, the incidence of BER often becomes a serious problem in agricultural 
production and results in fi nancial losses. The typical external symptoms of BER in 
tomato are water-soaked tissues, necrosis, and discoloring of tissues in the distal 
portion of the fruit. BER develops in the necrotic region of the parenchymal tissue 
surrounding young seeds and the distal placenta in the internal tissue of the fruit. 
The symptoms and causes of BER have been extensively studied, and BER is 
assumed to be related to Ca defi ciency of the fruit. Here, we reviewed symptoms 
and physiological mechanisms of BER that are related to Ca concentration in fruit 
tissue and focus on recent molecular genetic research on tomato BER.  

  Keywords     Blossom-end rot   •   Ca 2+ -ATPase   •   Calcium   •   Cation exchanger   •   Fruit 
vegetable   •   Tomato  

9.1         Introduction 

 Calcium (Ca) is an essential element for plants: it maintains the integrity of the 
plasma membrane, the structure of the cell wall, and is involved in intracellular 
signaling (White and Broadley  2003 ; Hepler  2005 ). Ca defi ciency induces various 
physiological disorders such as bitter pit in apple ( Malus domestica ), black heart 
in celery ( Apium graveolens  var.  dulce ), tip burn in leafy vegetables, and cracking in 
tomato ( Solanum lycopersicum ), apple, and cherry ( Prunus  spp.) fruit (Kirkby and 
Pilbeam  1984 ; White and Broadley  2003 ). These physiological disorders induce 
severe economic and productivity losses. In fruit vegetables, such as tomato, 
blossom- end rot (BER) at the distal portion of the fruit is caused by Ca defi ciency. 
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The typical symptoms of BER in tomato are necrosis and discoloring of tissues in 
the distal portion of the fruit (Fig.  9.1 ).  

 The incidence of BER is also observed in other fruit vegetables such as bell pepper 
( Capsicum annuum ), watermelon ( Citrullus lanatus ), and eggplant ( Solanum melon-
gena ) (Taylor and Locascio  2004 ; Aktas et al.  2005 ; Silber et al.  2005 ). BER symp-
toms in bell pepper are enhanced by reactive oxygen species (ROS) production in the 
apoplast at the most sensitive stage to BER. BER symptoms in bell pepper are sup-
pressed by manganese (Mn), which inhibits ROS production (Aktas et al.  2005 ). 
A negative correlation between the incidence of BER and fruit Mn concentrations has 
been reported in bell pepper (Silber et al.  2005 ). Therefore, Mn concentration may be 
related to the incidence of BER in bell pepper fruit, but further studies are needed to 
demonstrate this hypothesis (Silber et al.  2005 ). 

  Fig. 9.1    Blossom-end rot (BER) in tomato fruit.  a  Induction of BER occurs within 2 weeks after 
fruit set, and the distal portion of BER fruit exhibits necrosis and discoloring during the early 
stages of fruit development.  b  BER enhances softening, causes premature ripening, results in small 
fruit, and exhibits water-soaked symptoms at the distal portion of the fruit.  c  A necrotic region 
also develops in the internal parenchymal tissue surrounding the young seeds and in the distal 
placenta       
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 Several previous studies about BER have focused on tomato fruit. Tomato is one 
of the most important vegetables in the world, and its global production is increasing. 
The incidence of BER results in a 50 % loss in the worldwide tomato production 
(Taylor and Locascio  2004 ), and thus induces serious problems in agricultural 
 productions and results in fi nancial losses. The incidence of BER is related to 
 environmental factors such as high salinity and high temperature (Taylor and 
Locascio  2004 ). Salinity treatment or water defi ciency to increase the soluble solids 
content of tomato often induces BER in fruit (Saito et al.  2006 ). BER is believed to 
be a Ca defi ciency disorder in tomato fruit because of the high incidence of BER 
during plant growth under low-Ca conditions, the low tissue Ca content in fruit with 
BER, and the reduced incidence of BER after spraying plants with Ca (Ho et al. 
 1993 ; White and Broadley  2003 ; Ho and White  2005 ). However, fruits with BER 
occasionally contain equal or higher Ca content than that of healthy fruits (Saure  2001 ). 
Therefore, high Ca content in the fruit tissue is not always critical in the  prevention 
of the incidence of BER. In this chapter, we describe the physiological mechanisms 
of BER incidence that relate to Ca concentration in the fruit tissue and the molecular 
genetics of tomato BER.  

9.2     BER Symptom Development 

 Initial BER symptoms are membrane leakage of cell solutes, cell plasmolysis, and 
membrane breakdown (Saure  2001 ; Ho and White  2005 ; De Freitas et al.  2011 ). 
Subsequently, the fruit surface exhibits water-soaked symptoms, and the tissue at 
the distal portion of the fruit becomes discolored and necrotic. BER enhances fruit 
softening in tomato and bell pepper, causes premature ripening, and results in small 
fruit (Aktas et al.  2005 ). In the internal tissue of the fruit, BER develops in the 
necrotic region of the parenchymal tissue surrounding young seeds and in the distal 
placenta (Adams and Ho  1992 ; Ho and White  2005 ). 

 BER of tomato fruit is considered to be the result of Ca defi ciency, and especially 
the concentration of Ca is reportedly low in the distal portion of the fruit (Bradfi eld 
and Guttridge  1984 ; Adams and Ho  1992 ). BER is induced within 2 weeks after 
fruit set when fruit cell expansion is most rapid (Saure  2001 ; De Freitas et al.  2011 ). 
The results suggest that, when the fruit grows rapidly and demands Ca, an insuffi -
cient Ca supply to cells in rapidly developing tissue causes BER despite a suffi cient 
Ca concentration in the whole fruit (Ho and White  2005 ). The incidence of BER is 
related to the daily irradiance and temperature, which controls fruit cell expansion 
(Ho et al.  1993 ). A previous study showed that plum tomatoes are more susceptible 
to BER than round tomatoes, and BER is never observed in cherry tomatoes or 
wild relatives of tomato (Ho and White  2005 ). Therefore, it is important to consider 
the genetics of BER incidence as well as the environmental effects on the induction 
of BER.  
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9.3     Calcium Movement and the Incidence of BER 
in Tomato Fruit  

 As already stated, BER in tomato fruit is induced by Ca defi ciency in cells of the 
distal portion of the fruit within 2 weeks after pollination. Ca is transported through 
the xylem (Michael and Kirkby  1979 ; Kirkby and Pilbeam  1984 ; Jeschke and Pate 
 1991 ). Tomato cultivars susceptible to BER have a lower capacity for Ca transport 
through the fruit xylem network than nonsusceptible cultivars (Belda et al.  1996 ). 
As fruit cell expansion advances, the density of xylem vessels decreases in the distal 
portion of fruit where there are fewer and narrower xylem vessels compared to the 
proximal end (Belda and Ho  1993 ; Ho et al.  1993 ; Belda et al.  1996 ). The xylem/
phloem ratio also decreases toward the distal end of the fruit (Ho and White  2005 ). 
These fi ndings strongly suggest that low Ca transport capacity to the distal end of 
fruit may cause BER. 

 Environmental factors that reduce Ca fl uxes into the developing fruit may induce 
BER, such as high canopy transpiration rates diverting the xylem stream preferen-
tially to leaves and high electrical conductivity (EC) impairing xylem development 
within the fruit (Ho and White  2005 ). BER is also induced by other growing condi-
tions such as low Ca or low phosphorus (P) supply, high magnesium (Mg), high 
nitrogen (N), high potassium (K), or high salinity, drought or waterlogging in the 
root zone, and low humidity or high light and temperature in the shoot environment 
(Ho and White  2005 ). These conditions that induce fruit BER limit absorption and 
transition of Ca (or Ca 2+ ) from the root zone. 

 Some Ca 2+  transport proteins occur in plant cells (Fig.  9.2 ), and studies on 
these proteins have progressed in  Arabidopsis thaliana  (Mäser et al.  2001 ). Cation 
exchangers (CAXs) are the integral membrane proteins that transport Ca 2+  using the 

  Fig. 9.2    Summary of Ca 2+  transport system in plant cells based on White and Broadley ( 2003 ) and 
Manohar et al. ( 2011 ). Cation exchangers ( CAX s) are integral membrane proteins that transport 
Ca 2+  using the H +  or Na +  gradient. Plant CAXs are mainly localized in the vacuole membrane and 
transport Ca 2+  into the vacuole. Ca 2+ -ATPases are mainly localized in the plasma membrane and 
actively transport Ca to the apoplast against substantial concentration gradients using ATP. Calcium- 
permeable channels (Ca 2+  channel) are localized in the vacuole and plasma membrane       
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proton (H + ) or sodium (Na + ) gradient generated by primary transporters. They are 
mainly localized in the vacuole membrane and transport Ca 2+  into the vacuole 
(Hirschi et al.  1996 ; Cheng et al.  2005 ; Shigaki et al.  2006 ; Manohar et al.  2011 ). 
Ca 2+ -ATPases are integral membrane proteins mainly localized in the plasma mem-
brane and actively transport Ca 2+  to the apoplast against substantial concentration 
gradients in plant cells using ATP (Axelsen and Palmgren  2001 ; White and Broadley 
 2003 ). Calcium-permeable channels (Ca 2+  channels) are localized in the plasma 
membrane (White  2000 ; White and Broadley  2003 ). Knowledge about these Ca 2+  
transport proteins in fruit crops is poor, and further genetic and physiological stud-
ies of these transport proteins in fruits may reveal novel fi ndings regarding the inci-
dence of BER that relates to Ca 2+  movement.   

9.4     Stabilization of the Plasma Membrane with Ca 2+  

 A cellular mechanism for the induction of BER by Ca 2+  defi ciency is described in this 
section. The largest Ca 2+  pool in plant tissue is in the cell wall, where at least 60 % of 
the total Ca 2+  content is found (Demarty et al.  1984 ). Higher membrane leakage is 
observed during an early stage of BER incidence and is responsible for the defi ciency 
of apoplastic free Ca 2+  (Clarkson and Hanson  1980 ; Kirkby and Pilbeam  1984 ; 
Hirschi  2004 ). Apoplastic free Ca 2+  stabilizes the plasma membrane by bridging 
phosphate and carboxylate groups of phospholipids and proteins at the membrane 
surface (Clarkson and Hanson  1980 ; Kirkby and Pilbeam  1984 ; Hirschi  2004 ). The 
apoplastic level of Ca 2+  is maintained at certain thresholds to prevent excessive mem-
brane leakiness and damage (Kirkby and Pilbeam  1984 ; Picchioni et al.  1998 ). 

 Transgenic tomato that overexpresses  CAX  ( sCAX1 ) from  A. thaliana  shows 
an enhanced BER development compared to that of nontransgenic plants (Park et al. 
 2005a ; De Freitas et al.  2011 ). This study revealed that the  sCAX1 -expressing fruit 
reduces cytosolic and apoplastic Ca 2+  concentrations, affecting the plasma membrane 
structure, and leads to the development of BER symptoms in the fruit tissue, although 
water-soluble Ca concentrations in  sCAX1 -expressing fruit tissue are higher than those 
in a nontransgenic control (De Freitas et al.  2011 ). Pectin methylesterases (PMEs), 
which increases the Ca 2+  bound to the cell wall, also affect apoplastic Ca 2+  concentra-
tions. Apoplastic water-soluble Ca 2+  was increased, and membrane leakage and BER 
incidence were decreased by suppressing PME gene expression in transgenic tomato 
fruit (De Freitas et al.  2012 ). These reports indicate that BER could be triggered by 
low concentration of apoplastic Ca 2+ , which stabilizes the plasma membrane.  

9.5     Genes Affecting the Incidence of BER 

 The incidence of BER can be regulated by changing apoplastic Ca 2+  concentrations 
in transgenic tomato plants. However, few studies have been performed on the isola-
tion of endogenous genes affecting the incidence of BER. As already stated, the 
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incidence of BER could be related to rapid cell expansion, resulting in a low 
 concentration of apoplastic Ca 2+  in the distal portion of tomato fruit within 2 weeks 
after anthesis. Because this early stage of fruit development is regulated by auxins 
and gibberellins (Vriezen et al.  2008 ), the analysis of auxin- and gibberellin-related 
genes such as cell wall-modifying proteins would be useful for indentifying the 
relationship between early fruit development and BER incidence (Catalá et al.  2000 ). 

 Ca 2+  transport proteins such as CAXs and Ca 2+ -ATPase (White and Broadley 
 2003 ) could be involved in the incidence of BER. Overexpression of the  Arabidopsis  
CAX gene in tomato, carrot, and potato increases calcium content in edible parts 
(Park et al.  2004 ,  2005a ,  b ; De Freitas et al.  2011 ), and that in petunia enhances 
cadmium tolerance and accumulation (Wu et al.  2011 ). Overexpression of the 
 Arabidopsis  CAX gene in tomato also increases the incidence of BER, as described. 
These studies used the  Arabidopsis  CAX gene; however, the information on endog-
enous CAX gene in fruit crops is inadequate. Because whole-genome sequencing 
has been previously reported in tomato (The Tomato Genome Consortium  2012 ), 
the relationship between tomato CAX genes and BER incidence can be investigated 
effi ciently based on the  Arabidopsis  CAX family functional classifi cation informa-
tion (Mäser et al.  2001 ). 

 Because wild species of tomato are generally stress tolerant and the occurrence 
of BER has not been reported (Ho and White  2005 ), wild species may have genes 
that inhibit the incidence of BER. Genetic variation in wild species is valuable for 
breeding modern cultivars, in which natural biodiversity has been lost from domes-
tication. However, it is diffi cult to evaluate the agriculturally important traits of wild 
species because most of the useful traits are quantitative, and genetic variation in 
wild species has a negative effect on agricultural productivity. 

 To resolve these problems, introgression lines (ILs), which contain genomic 
 segments of  Solanum pennellii  LA716 replaced by homologous regions in the back-
ground of the cultivated tomato  S. lycopersicum  “M82”, have been developed 
(Eshed et al.  1992 ; Eshed and Zamir  1994 ).  Solanum pennellii , a wild species with 
small green fruit, has some useful traits (Eshed and Zamir  1995 ; Eshed et al.  1996 ). 
Seventy-six tomato ILs, which cover the entire genome, lack most negative traits of 
wild species and are useful for evaluating individual quantitative trait loci (QTLs) 
(Lippman et al.  2007 ). Some useful genes that relate to fruit sugar concentration and 
fruit weight have been isolated using these lines (Frary et al.  2000 ; Fridman et al. 
 2004 ; Gur et al.  2010 ). ILs and DNA markers are also available for pepper QTL 
analyses (Thabuis et al.  2004 ; Zygier et al.  2005 ; Eggink et al.  2014 ). Thus, ILs are 
potentially useful for genetic studies on the incidence of BER, which is reportedly 
controlled by a QTL. 

 The incidence of BER in IL8-3, one of the ILs that carries a  S. pennellii  chromo-
some segment on chromosome 8 of M82, is reportedly lower than that in indepen-
dently cultivated M82 (Fig.  9.3 ) (Uozumi et al.  2012 ). The gene locus affecting the 
incidence of BER has been mapped to a narrow region on chromosome 8, which 
is covered by two BAC clones. The isolation of BER tolerance genes using ILs is 
expected in the near future. It is also important to explore further genetic material 
other than ILs using the  S. pennellii  chromosome.   
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9.6     Conclusion 

 BER is observed in various fruit vegetables such as tomato, bell pepper, water-
melon, and eggplant. Although BER is a well-known physiological disorder of 
tomato fruit induced by calcium defi ciency, it may occur despite a suffi cient Ca 
content in the fruit because BER is related to Ca movement determined by xylem 
vessels in the fruit. BER is induced by insuffi cient Ca in the distal portion of the 
fruit tissue and occurs within 2 weeks after anthesis when fruit cell expansion is 
most rapid. Therefore, the incidence of BER is affected by daily irradiance and 
temperature, which affect fruit cell expansion as well as Ca supply. Studies using 
transgenic tomato indicated that BER could be triggered by a low concentration of 
apoplastic Ca 2+ , which stabilizes the plasma membrane. A QTL for BER toler-
ance has been identifi ed using ILs that contains a  S. pennellii  chromosome segment. 
The tomato genome project has recently been completed, and the entire genome 
sequence is now available (The Tomato Genome Consortium  2012 ). A huge quan-
tity of information on tomato and its wild relatives has been revealed with next- 
generation sequencing technology (Koenig et al.  2013 ). Therefore, progress on 
genetic analysis and isolation of genes related to BER is expected in Solanaceae 
fruit crops.   

    Acknowledgment   The authors thank Ms. Ai Uozumi for providing the picture in Fig.  9.1 .  

  Fig. 9.3    Incidence of blossom-end rot (BER) in  Solanum lycopersicum  “M82” and the tomato 
introgression line “IL8-3” (Uozumi et al.  2012 ). Percentage of fruit with BER per total number of 
fruits is shown for the M82 and IL8-3 lines. About 65 % of the total fruits exhibited BER symp-
toms in M82; IL8-3 exhibited <30 %. Each value represents the mean and standard error (SE; 
 n  = 11) in the fi rst, second, third, and total infl orescences. Values with ** and * of IL8-3 are signifi -
cantly different compared with M82 at  P  < 0.01 and 0.05, respectively, by the  t  test       
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