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ABSTRACT

The main objective of the research was to determine the effect of defoliation on
BER incidence and Ca transport intdfetent size tomato fruit as influenced by
environmental factors under moderate water stress, provided by root zone restriction.
Two studies were conducted in 202018. The objective of the 1st study was to
determine the effect of defoliation on BER mence and Ca transport into different size
tomato fruit cultivars. Four experiments were conducted between January 2017 and June
2018. The start and end dates for each experiment were; 14-avtay, 22 July23
August, 30 August7 October 2017 and 20 Ma®5 June 2018, for experiment 1, 2, 3

and 4, respectivel y. Five tomato cultiwvar
medium (' Lui 60 (L60) " , ‘“Tio cook (TC) ',
(PP) ", size fruit c grown iunder rn®derate wadep stress i v e |

controlled by a combination of root zone restriction and solar mediated fertigation. Leaf
area of plants was reduced by-20P6 by removing alternate leaflets on all leaves.
Defoliation significantly reduced BER in all exjraents. Defoliation increased both

FGR and CTRandthere were significant linear relationships betwdem However,
degree of increase was apparently larger in CTR than that in FGR especially in the BER
sensitive large fruit cultivar MRand defoliatiorincreased total Ceoncentrationn fruit
accordingly.

In the 2nd study, the objective was to determine the optimum number of whole leaves
to retain on a tomato plant for effective BER managemektRrandCS and explore the
relationship between shoot @ad fruit Ca in nordefoliated plants. Treatments involved
maintaining 18, 15 and il2aves on the plant. All lateral shoots were removed regularly
throughout the growing period except the shoot closest to the flowering truss in the 18
leaves treatment. tAthe length of 10cm, this shoot was removed for real time Ca
determination using a hand held*Caneter. In the 18eaves, BER was higher MF at
10% compared to 2%S. FGR was significantly different iMF, however, no significant
difference was obserdeamong treatments @S. Defoliating to 12eaves increased CTR
by 59% and 37% irMF and CS, respectively. Defoliating to tRaves and Heaves
increased the water soluble Ca concentration in the distal part aof Ifiuihe plants
defoliated to 18eawes, a significant steady decrease was observed in the concentration of
water soluble Ca in the distal part of the fruits with increase in truss order. There was a
significant linear relationship between water soluble Ca concentration in the distal part of
fruit and shoot Ca concentration in the plant defoliated téed8s.We conclude that
under moderate water stress by root zone restriction and also certain other BER inductive
conditions, defoliation to 225 leaves on a tomato plant should be a promgiapproach
for decreasing BER incidence in susceptible large fruit cultivars.
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CHAPTER 1. GENERAL INTRODUCTION

Tomatoisan | mportant horticultural crop
consumed in large quantities worldwide and makes a substantial overall health and
nutritional contributions to the human diet (Buréneeman and Reimers, 2011; FAO,
2015). Greenhouse toma production is shifting to meet emerging consumer needs.
Increasing environmental concerns have pressured growers to supplguiigh
vegetables using sustainable production methods (Moya et al., 2017) such as nutrient and
water management. In tomatsalinity and water stress can improve fruit quality by
influencing the content and composition of soluble sugars, organic acids, and some amino
acids (Adams, 1991; Cuartero and Fernardenoz, 1999; Saito et al., 280Sakurai
and Oyamada, 1995; ZushichMatsuzoe, 1998). The use of reamtiume restriction, a
technique that predisposes the plant to moderate water stress, can improve the quality of
tomato fruit produced using drip fertigation (Sakurai and Oyamada, 1995; Yamasaki,
1999; Saito et al., 2008{owever, on the other handater stress is associated with the
increased risk of BER occurrence (Adams and Ho, 1992; Dekock et al., 1979; Taylor and
Locascio, 2004)Many studies have associated BER veistemic or localizedalcium
(Ca) deficiencyleadng to substantial losses in yield and quality (Shear, 1975; Huang et
al., 2005; Saure, 2005; Yang and Jie, 2005; De Freitas and Mitcham, 2012).

Ca is an essential plant macronutrient with key structural and signaling roles.
Calcium ions (C#) act as: arosmoticum within vacuoles; a stabilizing element of
membranes; a strengthening agent in cell walls; and a secondary messenger for a

1
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multitude of signals controlling plant development and responses to biotic and abiotic
stresses (Marschner, 1995; White éwbadley, 2003; McAinsh and Pittman, 2009;
Dodd et al., 2010; Gonzalé®ntes et al., 2017ptudies have shown that @aficiency
can be triggered by all factors that can limit plant Ca uptake and translocation to the fruit
(Taylor and Locascio, 2004)akEtors, such as low Ca content and availability in the soil,
inadequate root Gauptake, C& competition with other nutrients in the root, as well as
leaf and fruit competition for G4 available in the xylem sap, may aggravate BER
occurrence (Besford 9¥8; Saure, 2001, 200%)nderstanding the mechanisms involved
in BER development is the key to effectively controlling this disorder in tomatoes (Abdal
and Suleiman, 2005).

Despite studies suggesting that Ca deficiency is neither a primary nor an
indepenent factor in the development of BER (Nonamtial, 1995; Saure, 2001;
Rached, 2018), studies show evidence that low Ca concentration in the fruit is closely
associated with BER incidence in tomatoes (Ho and White, 2005; Sun et al., 2013;
Ooyama et al.2017; Vinh et al., 2018). In the literature, the cause of BER development
in tomato has been attributed to a low Ca level in the whole plant due to decreased soil
Ca supply or root Ca uptake, low transport of Ca to and in the fruit, or an increased
demandfor Ca due to a high growth rate of the fruit (bal, 1995; Saure, 2001; Ho
and White, 2005)Ti ssue Ca supply is often found t
and there is wide support that tramgpirat
of water and Ca from roots to topmost par

(Adams and Ho, 1993; Giliham et al., 2011)



Despite the major role of leaves in plant transpiration and importance of leaf area
index which is commonly recognizedrfphotosynthesis, not many studies have been
reported on the effect of defoliation on Ca transport and development of BER in tomato.
Sato et al. (2004) showed that defoliation could reduce BER incidence in hydroponically
grown tomato, however, they did rigtermine Ca in fruit tissue and no further work has
been done to ascertain the Ca transport and concentration in fruit of defoliated plants.
Secondly, since previous studies have shown that large fruit cultivars in tomato have a
low total Ca concentrativand are more susceptible to BER (Yoshida et al., 2014; Vinh
et al., 2018), there is need to understand the Ca transporting potential of different size

tomato fruit cultivars in relation to environmental changeder moderate water stress

This researchad two main objectives.

1. To investigate the effect of defoliation on BER development and calcium
transport into fruits of five tomato cultivars grown under moderate water
stress as influenced by changes in environmental conditions

2. To determine the optimumumber of whole leaves to retain on a tomato
plant for effective BER management and explore the relationship between

fruit Ca and shoot Ca as a diagnostic tool for predicting fruit Ca status

Specific research questions were:

1. What is the effect of defolin on:
a. BER incidence in different size tomato fruit?

b. Fruit growth rate in the different size tomato cultivars?
3



c. Daily Ca transport into tomato fruit?

d. Ca concentration in the distal portions of tomato fruits?

All the above as related to changes in enwinental factors

2. What is the relationship between fruit growth rate and daily Ca transport into

fruit in the different size tomato cultivars as influenced by defoliation?

3. What is the optimum number of leaves to retain on a tomato plant grown under

root zone restricted system for effective BER management?

4. Can shoot Ca concentration in raefoliated plants be used as a diagnostic
tool for assessing the fruit Ca status in tomato plants grown under root zone

restricted system?



CHAPTER 2. LITERATU RE REVIEW

2.1 Calcium (Ca): Function, uptake, transport and distribution in plants

Cais an essential plant macronutrient with key structural and sigralieg Cat*
act as: an osmoticum within vacuoles; a stabilizing element of membranes; a
strengthemg agent in cell walls; and a secondary messenger for a multitude of signals
(White and Broadley, 2003; McAinsh and Pittman, 2009; Dodd et al., 2010). Within
leaves, the current paradigm predicts that' @aves via extracellular pathways and is
separatedrom water when water enters cells (Canny, 1993; Storey and Leigh, 2004). In
numerous plant signal transduction pathw&g; is a versatile second messenger which
controls the activation of many downstream actions in response to various stimuli. There
is strong evidence to indicate that information encoded within these stindiused
Ca&* oscillations can provide signalling specificity. Such?Ca i g nal s? or
signatures’ |, are generated in the cytosol
nudeus and chloroplast, through the coordinated action &f @dlux and efflux
pathways (McAinsh and Pittman, 2009).

Solute and water transport pathways within plants can be broadly categorized as
symplastic (intracellular) or apoplastic (extracellular);aascellular pathway involving
both apoplastic and symplastic compart men
water cross multiple cellular membranes whilst traversing plant tissue (Johansson et al.,
2000). Several authors have studied the predomipathway of water (and €3  fl o w
through plant tissues and found that it differs between species, organs, developmental

stage, and with environmental parameters (Johansson et al., 2000; White, 2001; White

and Broadley, 2003; Cholewa and Peterson, 2004).
5



Catransport is generally believed to be exclusively through the xylem/apoplast
pathway because Ca is considered relatively immobile in the phloem/symplast system.
However, studies have shown that in some fruits, such as apple and kiwifruit, xylem
functiorality loss during the late fruit development causes reduction of Ca uptake. In
several other studies, though, an indication that the phloem might also be a major
pathway for Ca transport in fruits and that both symplast and apoplast pathways
participated m Ca movement into fruit has been shown (Song et al., 2018 add more
authors here). Hence, the pathway(s) of Ca transport to fruit is still a matter of dispute
and might be di erent among plant species

The apoplastic or symplastic pathys have distinct characteristics. The?Ca
apoplastic flux is significantly dependent
relatively nonselective for divalent cations (White, 1998; White, 2001; White and
Broadley, 2003). The symplastic pathwaymore selective and controls®C#ransport
into the xylem depending on the demand fof*@a the shoot (Clarkson, 1993; White,

1998, 2001; White and Broadley, 2003). It is likely that the proportion Sft@asported

via the symplast increases as fhex of C&* to the shoot decreases. This may occur
following increased suberization of the endodermis, low Ca supply, or low transpiration
(Clarkson, 1984; Baxter et al., 2009). Ca
have low relative rates dfanspiration compared with other parts of the plant, which
clearly highlights the role of transpiration in supply of Gand the low rate of symplastic
transport of C& within most tissues. Experiments show that root pressure and recycled

phloem watel Munch wat er) are capable of del i v

€



nutrients to the shoot, but not Ca which requires high rates of transpiration (Tanner and
Beevers, 2001).

However, even when the | eaf transpirat
occur in adjacent lowly transpiring organs on the same plant, for example fruits (Dayod
et al., 2010). Presumably, this is a conse
because when the transpiration rate of these regions is increased thesetitne ceCa
defici ency symptoms such as blossom end ro
2004; Frantz et al., 2004). Thus, under some circumstances (e.g. high growth rates and/or
impeded transpiration in folded leaves), it appears thatdistgne@ symplastic transport
is unable t o ¢#®tissuesghat have lbwitrarismration, e§pacially when
competing against tissues with higher transpiration rates. Lower transpiration results in
lower Ca content of plant tissues, therefore clematange which is predicted to reduce
transpiration through the effects of elevated atmospherica@@®increased frequency of
drought and salinity is also likely to decrease plant Ca content (MaBelésta et al.,
2010).

Water is usually initially tan up from the soil through the plant root system and
transported to the shoot via the xylem. However, during leaf development water may also
be transported by the phlogichmalstig and Geiger, 198%)ater moves down water
potential gradients where compent osmotic potential gradients require a
semi permeabl e membrane for flow to occur.
with most of the volume increase accounted for by vacuolar expaf@ibmalstig and
Geiger, 1985)Growing tissues therefore musewiklop water potential gradients and

water must be conducted to growing tissues
7



leaf tissue may involve a combination of pathways at some point depending on leaf
developmental stage (Evert et al., 1985; Voicu anikazek, 2010). Cells adjacent to
XxXylem vessels in |l eaves may have an i mpor
the apoplastic and symplastic compartments (Frangne et al., 2001; Heinen et al., 2009).

It has been shown for leaves of some speciesatigplastic water movement from the
xylem is essentially blocked (Fitzgerald
entirely cell to cell to the epidermis (Ye et al., 2008; Nardini et al., 2010a), while in others

the apoplastic pathway seems to predoteirfoicu et al., 2009). This is similar to the
variation observed in roots. (Bramley et al., 2009). The bundle sheath in leaves may have
suberin lamellae and/or apoplastic barriers on radial walls, thereby decreasing the
apopl astic fl owl9®r), andviadtherrcasés bundlessheatmextensions can
allow high connectivity to the epidermis and thence various degrees of connectivity to
the mesophyll (Voicu and Zwiazek, 2010). It would be useful to examine species
displaying these differences foiffiegrences in Ca compartmentation in leaves as this may
show interesting correlations, but at present this has not been done.

There are numerous examples o#finthat er act
literature. Foremost is the effect of apoplastié'©@a stomatal aperture (Ruiz et al., 1993;
DeSilva et al ., 1996 ; Webb et al ., 2001;
plant is dominated by stomatal conductance, stomatal aperture is the most important
factor in drawing water through the plalttis known that [C&] apoadjacent to the guard
cell will regulate stomatal aperture, for example in response to low temperature stress
(Wilkinson et al., 2001), and it has been proposed that this may involve an interaction

with AQPs in the guard cell¥&ng et al., 2006). There has also been a report 46kl 4
8



difference in sensitivity to Cabetween the adaxial and abaxial guard cells of Vicia faba
(Wang et al., 1998), which may have implications for delivery éf @adifferent sides

of the leaf. Hbwever, it is clear that hydraulic conductance through the leaf can be a
substantial fraction of wholplant hydraulic conductance (Tsuda and Tyree, 2000), and
assuchthewayinwhich€ nt eracts with this internal
delivery of C&* to different cell types including the guard cells (Gilliham et al., 2011).

In tomato plants developing fruits are such a powerful sink for Ca that developing
leaves may becom€adeficient unless high rates of transpiration are maintained. In
plants with large heads of enclosed leaves, e.g. Brassica spp. and lettuce, excessive
transpiration by outer leaves diver@a from meristems and a variety of necrotic
symptoms follow (Bangerth, 1979). Redistribution of many mineral nutrients from older
or senescing tissues occurs in the phloem thus reducing the dependence of the plant on
external nutrient supply and allowing weakly transpiring meristems and fruits to receive
adequate mineral nutrition. The immobility €& in phloem and symplast prevents
internal redistribution of this kind so that developing tissues require continuous inputs of
Cafrom the surroundings. These arrive by migration along the xylem walls, as described
above, or possibly by root pressure delivery of xylem sap (i.e. fre€)G&larkson,

1984).

2.2What is BER?

BER is a physiological disorder in tomatoes and other fruit bearing vegetables. In
tomatoes, it appears as a wadenked area at the distal part(stgted) of green fruits
aged 12 to 15 day after anthesis. It rapidlyedeps into black necrotic lesions and can

cause severe yield losses (Geraldson, 1955; Spurr,1959; Taylor and LocascioA2004).
9



brown discoloration of the tissue occurs finally in mostdeéiciency disorders and this

could be brought about by increaseakigge of phenolic precursors from the vacuole into

the cytoplasm with subsequent oxidation by polyphenoloxidases (Faust and Shear, 1968).
Polyphenols, however, also can damage enzymes, mitochondria, etc. Therefore, they not
only are a result of these dislers but also may be involved in the development of them.
Ca is widely accepted to be the main factor causing BER (Taylor and Locascio, 2004).
In fact, BER appears whetais lacking in the distal part of tomato fruit (Bradfield and
Guttridge, 1984). At ta cellular level, BER appears with low levels ofCia plasma
membranes (Suzuki et al., 2003). These facts can be explained by the need for Ca

cell membrane stability and semermeability (Marschner, 1995). Several authors have
tried to determinghe critical Ca concentration under which BER is triggered in the fruit
distal pericarp, but no consensus was established (Saure, 2001). In some case$, total Ca
concentration was even higher in BER fruits than healthy ones (Nonami et al., 1995).
Based orthese facts, Saure (2001) concluded that stress factors may be involved in BER

appearance rather than’Cper seand the debate continues.

2.3 Some hypotheses on BER development

The sequence of events preceding BER development is increasing membrane
leakage, cell plasmolysis, and membrane breakdown that lead to the seakerd
symptoms on the blosseend fruit surface (Saure, 2001; Suzuki et al.,2003; Ho and
White, 2005). Increased membrane leakage has been reported to result from lower levels
of free goplastic C&, which stabilizes cell membranes by bridging phosphate and
carboxylate groups of phospholipids and proteins at the membrane surface (Clarkson and

Hanson, 1980; Legge et al., 1982; Kirkby and Pilbeam, 1984; Hirschi, 2004). Previous
10



studies hae shown that apoplastic levels ofCaust be maintained at certain thresholds
to avoid excessive membrane leakiness and damage (Hanson, 1960; Kirkby and Pilbeam,

1984; Picchioni et al., 1998). Based on these ideas, BER could be triggered by an

abnormalregulation of cellular G4 partitioning and distribution that depletes the

apoplastic pool of G4 that otherwise might bind to and stabilize the plasma membrane

(De FreitasandMitcham,2012).Axelos and Thibault (1991) illustrated as shown in Fig

1, how Ca combines with pectin to form Ca pectate that keeps cell membranes sturdy and

rigid.

Middle {
Lamella |

Primary
CellWall

Plasrma
Membrane

FigSchematic representation of <cal ci

Axel os and Thibault, 1991)

Another hypothesis looks at the action of hore®rin response to abiotic stress

especially those known to stimulate auxin biosynthesis and transport in theAtlmic stress

is known to stimulate auxin biosynthesis and transport in the plant that leads to cell expansion

andmost of these responsiase place through cytosolic Gaoscillations(White and Broadley,
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2003; Hornitschek et al2012) Studies suggest that during the process of amxincedcell
growth PerrotRechenmann, 20)0low levels of cytosolic G4 in the tissue could result in
abnormal auxirinduced signaling responses, and insufficient apoplasti¢ @mcentrations
could lead to excessive cell enlargement, both cases leading to cell deati¥addfiCiancy
symptom development in the fruld¢ andWhite, 2005).

Suzuki et al., (2003) attempted to clarify the localizatio@afn the pericarp cells and
the ultrastructural changes during the development of BER. Ca precipitates were observed as
electrondense deposits by an antimonate precipitation method. They observed thataome
precipitates were localized in the cytosol, nucleus, plastids, and vacuoles at an early
developmental stage of normal fruits. P@cipitates were increased markedly on thamka
membrane during the rapfduit-growth stage compared with their level at the early stage. Cell
collapse occurred in the watsnaked region at the rapiiclit-growth stage in BER fruits. There
were no visibleCa precipitates on the traces of plasmambeane near the cell wall of the
collapsed cells. The amount G& precipitates on plasma membranes near collapsed cells was
smaller than that in the cells of normal fruits and normal parts of BER fruits, and the amount on
cells near collapsed cells wasaimThe amount o€a precipitates on the plasma membranes
increased as the distance from collapsed cells incre@seithe other hand, Ca precipitates were
visible normally in the cytosol, organelles, and vacuoles and even traces of them in collapsed
cells. The distribution pattern of th€a precipitates on the plasma membrane was thus
considerably different between normal and BER fruits. On the basis of these observations they
concluded thaCadeficiency in plasma membranes is caused by cell collapgSRitomato

fruits. This result shows the importance of Ca in BER studies.

12



Reactive oxygen species (ROS) were proposed to be involved in the causal mechanism
of BER development (Aktas et al., 200R0OS are a major player in stress related mechanisms.
ROS are well known to be involved in triggering cell damage and death by membrane lipid
peroxidation, leading to increased membrane leakage and cell lysis (Van Breusegem and Dat,
2006), a very similar mechanism to what happens during BER development. Ingdyeshe
appearance of BER was found to correspond to the stages of fruit development at which the
production of ROS was maximal while scavenging was limited in pepper fruits (Aktas et al.,
2003). ROS levels can be controlled by several enzymatic andneymatic mechanisms. For
enzymatic control, enzymes like superoxide dismutase (SOD), peroxidase, and catalase can be
deployed to control ROS levels, while for renzymatic control, two main metabolites,

ascorbate and glutathione, are produced and retielerotect the plant from oxidative damage

(Mittler,2002).Rached et al ., (2048ppaeghpeo ritnevdo | svienmelnatr
as a major player iinn BtERe Bafpfheruainzret bewclatuisea |
| arger ihrecirre aRsOCeS ismcatvenging capacity, r-eprese

inductive growth conditions
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According to Wiersum hypothesis (1966), a fast growing, low transpiring tissue

gets more water via the phloem and less via thenxyand hence less Ca compared to a

slow growing organ. There are few detailed experiments investigating this possibility,

but they do show that with an accelerated growth rate a decrease in the Ca concentration

can indeed be observed. The importance ot rates on the resulting Ca content is

further strengthened by the characteristic Ca uptake curves found e.g. for fruits

(Wilkinson, 1968). A rapid increase in Ca was generally noted during the earliest stage
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of fruit development, when growth rate i®wl At later stages, however, a remarkable
reduction in the rate of Ca accumulation may be observed, when the fruit grows at a much
faster rate. Some exceptions to this general rule are, for example, a continuous linear
increase (Tromp and Oele, 1972),apid increase when the fruit approaches maturity
(Oberly, 1973), or even a decrease in Ca at that time (Wilkinson, 1968). Such results
show that Ca uptake is not determined by growth rate alone. This could in some way be
expected, because conditions théiec the growth rate of storage organs might also
affect vegetative plant parts. This probably creates competition between vegetative and
storage organs which could well have influenced Ca distribution (Bangerth, 1979).
It was demonstrated for apples (Lisvet al., 1977), however, that increased wind speed
reduced bitter pit and increased Ca content of fruit, probably by reducing vegetative
growth and the competition for Ca.

Recent studies have suggested the importance of environmental factors in
aggravatng BER occurrenceYshida et al, 2014; Ooyama et al., 2017; Vethal.,
2018. Tissue Ca concentration is often found to be linked to transpiration, a major
driving force of Ca transport in plants. Previous studies have shown that large sized fruit
cultivars in tomato have a low total Ca concentration and are more susceptible to BER.
However, there is limited understanding on Ca transport into fruits in relation to
environmental changes when tomato leaf area is redBegdjerth, (1979) posited that
sincethe number of possible interactions that can affect Ca uptake anduistriis so
great, it is unlikely to see the developnt of cultural practices that will completely

eliminate Ca deficiencywithout a direct application of Ca to the susceptibigao.
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Indeed, very few studies have been conducted to find solutions of managing BER using

cultural practices.

2.4 Restricted root growth in tomatoes

In tomato, salinity and water stress in the root zone are known to improve the fruit
quality by influenang the content and composition of soluble sugars, organic acids, and
some amino acids (Adams, 1991; Cuartero and Fernavidamz, 1999; Saito et al.,
2008; Sakurai and Oyamada, 1995; Zushi and Matsuzoe, 1998). Sakurai and Oyamada
(1995) reported that roabne restriction with a polyester sheet improve TSS and acid
content with a decrease of fruit yield. Yamasaki (1999) also reported that restricting the
root volume of tomatoes, using namoven fabric, simplified the management of water
in the root zone,hus improving the fruit quality. The use of reailume restriction can
improve the quality of tomato fruit produced using drip fertiga{i8aito et al., 2008)
However there is the challenge of physiological disorders under this system as a result
of the moderate water stres®Vater stress is associated with the increased risk of BER

occurrence (Adams and Ho, 1992; Dekock et al., 1979; Taylor and Locascio, 2004)

2.5 Effect of environmental conditions on growth and nutrient translocationglants

The accurrence of BER is influenced by various factors including cultivar and
environmental factors (Adams and Ho, 1992; Ho and White, 2005; Ho et al.,1993;
Yoshida et al., 2014). It has been reported that BER is enhanced by water stress (Adams
and Ho, 1993; Hand White, 2005; Kataoka et al., 2017; Pill et al.,1978; Robbins, 1937),
high temperature, and high light intensity (Adams and Ho, 1993; De Freitas and
Mitcham, 2012; Ho, 1989; Ho and White, 2005; Hoet al., 1993; Yoshida et al., 2014) and

it has been widg accepted that BER of tomato is likely to be induced by not only Ca
16



deficiency but also a variety of factors which disturb the distribution of Ca in the fruit

tissues (Dekock et al., 1979; Saure, 2001).

2.5.1 Water Stress

It is well known that water stss is associated with the increased risk of BER

occurrence (Adams and Ho, 1992; Dekock et al., 1979; Taylor and Locascio, 2004) by
restricting water uptake which is the solvent fonztﬂux, therefore depressing Ca

translocation along vascular vessels #meh causing a lack of Ca in fruit required for

cell structure maintenance.t further increass the risk of BER development by

restricting cat uptake and/or reducing transpiration rate which is known as driving force

of transport of ca together withwater flow to fruit (Adams and Ho, 1993; De Freitas
et al., 2011; Taylor and Locascio, 2004).
2.5.2 Salinity

The effect of high salinity is probably to cause an osmotic effect on roots

depressing c uptake by restricting water uptake, therefore redutig Ca content

of the fruit (Adams and Ho, 1993; Taylor and Locascio, 2004). The high saline condition
may increase levels of reactive oxygen species in the apoplast at the time of BER
development (De Freitas and Mitcham, 2012), therefore increasingrabebility of
BER developmentin a study to understand role of ROS in BER development, A BER
inducing nutrient solution that has elevated salinity was effective (Rached et al., 2018).
2.5.3 Light
Increasing light intensity and temperature can lead tedaction of relative
humidity which can increase the fruit susceptibility to BER occurre@mgiama et al.,
(2017) examined the incidence of blossend rot in relation to the Ca concentration in
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tomato fruits as affected by a long daily photoperiod usingplemental lighting

( 6 0 ~1 6 B8 sntafl PPFD at plant canopies) in autumn cropping. Results showed

that supplemental lighting significantly decreased both total and ‘salgble Ca
concentrations in distal fruit tissue and aggravated the inciddrBER in the tomato.
No significant difference was observed in the fruit growth rate; however, a positive
relationship was found between leaf stomatal conductance and the intensity of
supplemental lighting. They concluded that probably active leaf tramispirafter sunset
caused by supplemental lighting may have resulted in decreased Ca translocation into the
fruit through xylem vessels. In addition to the vigorous growth and increased Ca demand
of fruit resulting from a high temperature and strong soéatiation, reduced Ca
translocation into the fruit due to a short dark period may aggravate tomato fruit
susceptibility to BER in the late spring to rsdmmer season.

2.5.4 Effects of mineral imbalance on BER incidence

The effects of mineral imbalance &ER incidence have been noted in several
papers. Accordingly, nutrient concentration ratio such as N/,CIa/Caz‘L, MgZ‘L/Ca2+
has been suggested as more precise parameters to predict the risk of BER development
than total CA" concentration alone (De Frestand Mitcham, 2012Ho and White,

(2005 noted that thecomplex interactive effects between Ca and mineral ions may

influence Ca uptake and partially define fruit Ca concentration intake, therefore, affecting
the probability of BER development due to mation or reduction of & uptake

Depressive effeatf high level of K, Mg, and Ko Ca uptake have been shown though it

depends on their concentration in the soil solution (Bangerth, 1B@0@kxample, e

increase of K level from 5 to 1GmokL™t in hydroponic solutionwas reported to
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promote the incidence of BER and reduce Ca uptake whereas increasing Ca concentration

had no effects on K uptake (B&al and Pressman, 1996). Freitas and Micham (2012)

positthat high levels of K and Mg2+ could potentifly disturb membrane structure and
functions due to replacing éhon binding sites at plasma membrane but not role of

Ca2+, leading to a leaky plasma membrane and further increasing risk to BER

development.

High level of nitrogen in soil or hydroponic sbbn may stimulate root growth
or favor vegetative growth which can enhance the competition fF @eake due to

higher transpiration rate compared to fruit. Besides, high nitrogen may promote fruit
growth and its enlargement may dilute fruit Ca congertt therefore increasing the risk

to BER development (Ho et al. 1999, Sauce 2001; Ho and White 2B0Ber,
application of NH; -N fertilizers or higher NH/NO3" ratios in soil or hydroponic
solution were reported to increase the rate and severitgBf&currence probably due
to interferingwith root cg? uptake. Ths implies that th@resence of antagonistic ions

may not only restrict root Ca intake but aléely result in stimulation of fruit growth

which had been associated with development dRBEor a proper minerdalancein

optimizingthe mineral composition of theolution avoiding high salinity (i.e. <5 dS.m
1) or excessive N (i.e. <10% total N,K* and M92+) concentrations, whilst

maintaining adequate &hconcentratiorhave been suggtedfor adequate root G4
uptake (Ho and White, 2005).

2.5.5Temperature and solar radiation

Ca uptake wafund tocorrelate highly with solar radiation and root temperature

(Adams and Ho, 1993; Taylor and Locascio, 2004any studies suggest thiaictors
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favoring photosynthesis ratesuld accelerate fruit enlargement which may dilute Ca
content within the fruit and therefore incregsobability of BER development (Adams
and Ho, 1993; De Freitas and Mitcham, 2012; Saure, 2001, 2005; Taylor andihkocasc

2004). Adams and Ho (1993) pointed that root Ca uptake increased at a temperature from

14—26°C, but decreased at lower or higher temperatures. Ca together with water uptake

was stimulated as transpiration increased with solar radiation but thé astsoobed Ca
to water may differ. Low temperatures were reported to have a negative effect on root
pressure which is associated with Ca transport (Taylor and Locascio, 2004). Temperature
and solar radiation are widely known as potential BadRictive facbrs. The promotive
effects of irradiance and ambient temperature on fruit growth and/or perturbation in Ca
uptake and distribution within the whole plant may trigger BER development (Adams
and Ho, 1993; De Freitas et al., 2012b; Ho and White, 2@i&grstudies have shown
thatlow solar radiation (Yoshida et al., 2014) and also short photoperiod (Ooyama et al.,
2017) may reduce water and also Ca competition against leaves caused by transpiration.
2.5.6Humidity and VPD
Stomatal responses to vapor presdieécit (VPD) are a principal means by
which vascular land plants regulate daytime transpirati@mt® continuously regulate
transpiration by controlling the aperture of the stomatal pores on the surface of the leaf.
The principal atmospheric determitiaf stomatal aperture is the humidity of the air,
which can be expressed as the vapor pressure difference between the leaf and the
atmosphereMany authors have studietbsatal responses to atmosphérRD across
the diversity of vascular plant speci@arwin, 1898 Lange et al., 197ITurner et al.,

1984 Franks and Farquhar, 199ren et al., 199Brodribb and McAdam, 201 Mott
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and Peak, 2023with stomata typically closing at highiPD and opemg at lowVPD.

This comprehensive characterization has allowed for the development of highly effective
empirical and mechanistic models of leaf gas exchange that provide robust predictions
of the responses of transpiration to changegRD (Buckley et al. 2003 Katul et al.,

2009 Damour et al., 20LMedlyn et al., 201)L High relative humidity has been reported

to both promote or reduce BER incidence (Taylor and Locascio, 2004). Adams and Ho
(1993) found that increasing relative humidity may elevaté @a content and decrease

that in leaves by reducing transpiration rate poitted out the high rate of transpiration

should be avoided to meet thezéaequirement for rapid fruit growth. The experiment

by Tadesse et. al (2001) on sweet pepper shovetdoti relative humidity reduced the

incidence of BER and increased Ca concentration in fruits (Taylor and Locascio 2004).

Low humidity at night time reduced Ca content and increased the risk of BER
development (Adams and Ho, 1992; Bradfield and Guttrid@84) In a study that

examined le effects of different Ca concentrations in the nutrient solrmh of air
relative humidity (RH) on the Ca | evels an
fruit cv. Jumbo, results showed that there was a greater Ca accumulation in fruits
submitted to low RH with this accumulation occurring at all Ca levelhé solution

(Paiva et al., 1998).

In another study, Guichard et al., (2005) examined the influence of air vapor
pressure deficit (VPD) and plant fruit load on the expansion and water relations of young
tomato fruits grown in a glasshouse under summeditdrranean conditions. The
contributions of phloem, xylem and transpiration fluxes to the fruit volume increase were

estimated at an hourly scale from the growth curves of intactgireideéd and detached
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fruits, measured using displacement transduddigh VPD conditions reduced the

xylem influx and increased the fruit transpiration, but hardly affected the phloem influx.

Net water accumulation and growth rate were reduced, and a xylem efflux even occurred
during the warmest and driest hours of the.dayFr om a f ar mer s’ per s
volume of fruit for large size fruit cultivars would be preferred as this translates to higher

yield and subsequently more profit, and therefore strategies to maintain fruit volume
would be undesirable.

In conclusia, it seems clear thahanipulationof growth conditions such as
increasing air humidity that decrease leaf transpiration rate may promote fruit Ca uptake
and reduce the risk of BER developmeiiihe effects of light and temperature on the
BER occurrencere important and fruienlargement may dilute Ca content within the
fruit and therefore increasprobabilityof BER developmentRoot temperature may
affect fruit Ca uptake through the intervention to root uptake and transpiration rates of
leaves and fruitThe rate of fruit Ca uptake is almost exclusively dependent on the
abundance of functional xylem vessels connecting to the faotgpmato genotypes

possessing a stronger xylem netwark likely to beess susceptible to BER

2.6 Seasonal changes iaconcentration in tomato fruit

In a study to understand the factors affecting the incidence of blesisdnot
(BER), the effect of the Ca/K ratio (4422/4, in me-E1) in nutrient solutions and Ca
concentration in fractions in the distal part of youagato fruits immediately before
BER symptoms appear for three seasons, Yoshida et al., (2014) found that seasonally,
total Ca concentration in the distal part of the tomato fruit was highest in winter and

lowest in summer. Mean values of total Ca in fwitipplied with standard solution (8/8)
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were O0.72, 0 . 53 FW m widter, GpriBg5 andisuwranher, gespectively.
Except in winter, the concentration significantly decreased with a decrease in the Ca
concentration in the supplied nutrient solutiamd an increase in the order of
inflorescence. Vinh et al.,, (2018) observed thginptoms of BER appeared and
developed most quickly in summer, followed by spring and lastly by autumn.

In an experiment to assess the effects of shoot pruning and in8aoesthinning
on plant growth, yield and fruit quality of greenhouse tomatoes in a tropical climate (Max
et al., 2016) observed marked seasonal influences on the incidences of the physiological
disorders BER and fruit cracking. BER occurrence was highdrel dry season than in
the rainy season, the opposite was true for fruit cracking, which was almost negligible
during the dry season whereas it contributed significantly to the share-ofardetable
fruits in the rainy season. During the rainy seasoningrease in relative humidity
towards the harvesting period resulted in increased fractions of cracked fruits, as this was
shown to be caused by large differences in water potentials between leaves and fruits
(Lara et al., 2014). The incidence of BERtr rainy season was only 50 % of that in
the dry season, which could be attributed to the higher solar irradiation during the dry
season, since high light decreases xylem contribution to fruit growth in tomato, according

to Hanssens et al. (2015).

2.7 Fruit growth rate and cultivar differences in the susceptibility to BER

Rapid fruit expansion is believed to be a dominant factor to dilute fruit Ca
concentration and increase fruit susceptibility to BER during the fruit enlarging period
and its effect hasden found to be related to the genotype (De Freitas and Mitcham, 2012;

Dekock et al., 1982; Ikeda et al., 2017; Ooyama et al., 2016; Wui and Takano, 1995).
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Fruit growth is favored under certain conditions of high temperature and solar radiation,
perhaps de to accelerated metabolism and increased photoassimilate supply to the fruit
(Ho and White,2005; Ho et al., 1993). Rapid fruit expansion may result in a lag in Ca
transport to the distal fruit tissue along with an increase in Ca demand (De Freitas and
Mitcham, 2012; Ho and White, 2005; Saure, 2005). In a study to clarify the effect of fruit
growth rate on the susceptibility to BER. using two different size fruit cultivars,
characterized with different susceptibility to BER disorder, Vinh et al., (2018)umted
that cultivar difference in the susceptibility to BER is likely explained by the difference
in the growth rate of young fruit, which may closely relate to potential fruit size and
majorly defines watesoluble Ca in the distal part of tomato fruit.

‘ Mo mot a raolarge fruf buttivar had a high rate of BER incidence while

“Cindy Sweet a medium fruit cultivar wa:¢

concentration in the supplied solutifvinh et al., 2018)A vigorous rate of fruit growth

inlargesi zed cultivar, such as Momot aro Figl
decrease wategoluble Ca. Under conditions favoring high fruit growth, such as high
temperature and strong irradiation, wagefuble Ca can easily decrease below the

critical level and a breakdown of Ca homeostasis likely triggers BER development in the
young fruit. When the watesoluble Ca, including apoplastic and cytoplasmié*Cia

the distal part of the young fruit 1s high
developed in both cultivars. They further opined that watéwble Ca can be a useful

ri sk diagnosing parameter of BER incidence

critical for the frequent development of BER in different sized tomato cultivarsngrow

under various environmental conditions including the rhizosphere.
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Kitano et al., (1998) in evaluating the dynamics of fruit growth and
photoassimilate translocation in tomato plants as affected by irradiation and day/night air
temperature in relation teespiration, photosynthesis and transpiration of the fruit and
the leaf, found that fruit growth was explained by about 80% of sap flux imported into
the fruit and was scarcely affected by transpirational water loss from the fruit. Irradiation
clearly enlanced fruit growth and photoassimilate translocation, and about 70% of fruit
growth and about 80% of photoassimilate translocation were brought during the light
period with highly activated leaf photosynthesis and fruit respiration under day/night air
temperature of 25/15°C. In particular, when air temperature around fruits rose to 25°C in
the light period, remarkable increases in fruit growth and photoassimilate translocation
were found with the activated fruit respiration. On the other hand, decreabes in
growth and photoassimilate translocation were found during the dark period without
effects of air temperature. From these results, it was suggested that-@éeeeggent
transport process of sugar in fruits is one of the determinant processesimgguueit
growth and photoassimilate translocation in tomato plants under light.

Manipulation of growth conditions such as increasing air humidity that decrease
leaf transpiration rate may promote fruit Ca uptake and reduce the risk of BER
development (i et al, 200). Additionally, as the rate of fruit Ca uptake is almost
exclusively dependent on the abundance of functional xylem vessels connecting to the
fruits, tomato genotypesossessing a stronger xylem network have been found to be less
susceptiblédo BER Ho et al, 1993. Tomato varieties with elongated fruit usually have
a greater susceptibility to BER than other varieties. In a study that evaluated and

identified the possible physiological and morphological characteristics related to the
25



onset oBER development using four varieties of lestgape tomato fruit with different
susceptibility to BER: “San Mar Romm,’ ’ ‘B
(Ri boldi et al, 2018) results showed that
fruit) had a figher incidence of BER and lower €aoncentration in the distal fruit
tissue. ‘“San Marzano’ (the most elongated
the distal fruit tissue:RoBnw’ ' cdrhearsi sedm,n g'e
were lesssusceptible to BER and had a higher ratio for proximal/distal frifit &ad a
lower distal celwall bound content of C& Additionally, xylem functionality (vessels
transporting water and solutes) in the distal fruit tissue was also higher in these mor
tolerant varieties.

Considerable difference in susceptibility to BER disorder of five cultivaas
reported (Vinh, 2018) . Five cultivars (' M

60", “Cindy sweet and ‘Pepe’dandihdeed,di f f e
difference in susceptibility to BER disordeas highly associated with the difference in

fruit growth rate and watesoluble Ca in the distal portion. Lardruit cultivars,
‘Momotarofight and‘Tomimarumuchod presented low watesoluble Ca and high

incidence of BER, compared to the medisired and the smadlized ‘Pepé which

showed moderate and high waseduble Ca within the distal portion, respectively

2.8 Effect of defoliation on BER development and plant growth

Leaf is the majosource of supplying assimilates to developing organs, young
pods and seeds in crops and defoliation may influence TDM production and yield through
photosynthate production and distribution into different parts depending on the

maghnitude of defoliation (Adi et al., 2007; Mondal, 2007; Barimavandi et al., 2010).
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Since vegetative growth, as a powerful sink, consumes produced assimilates, limitation
of vegetative growth enhances assimilate transport to fruits. Thus, proper balance
between vegetative and reprective growth could improve fruit quantity and quality
(Chauhan and Halima, 2003; Hossain et al. 2006; Gustafson et al., 2006).

Several studies have been done in tomatoes to evaluate effect of defdiaton.
et al., (2004)nvestigated defoliation eféts on the incidence of blosseend rot (BER).

They removed 50 % of the leaflets from tomato plabyEgpersicon esculentuiill.)

of two cultivars with differing susceptibility to BER, which reduced whole plant
transpiration and xylem sap. Both cultivatsowed a reduced BER incidence in plants
receiving defoliation treatment. Further, defoliation treatment did not decrease the
number of marketable fruit or the fresh weight per fruit and they concluded that
defoliation treatment of tomato plants could ued BER incidence without
compromising marketable yield. However, this study was done under hydroponics and
Ca concentration in the fruit was not analyzed.

Il n Earl’s melon plant, Nashi mura et al
the influence of laf number on the fruit quality and mineral composition, found that Ca
content decreased forty days after fruiting in the first leaf on bearing branch in treatment,
where number of main stem leaves was over ten. In an attempt to establish the effect of
defdiation on dry matter accumulation and distribution to greenhouse tomato fruits
(Andriolo et al., 2001), results showed that total dry matter was higher on plants with
three leaves per sympod, but fruit dry matter did not differ significantly among
treatmants. It was concluded the extra dry matter accumulated irdatmiated plants

was not allocated to fruits, remaining mainly in leaves. For commercial purposes, higher
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densities of leapruned plants was suggested as a practice to simultaneously maximize
light interception and fruit yield per unit soil surface.

In Okra, up to 25% basal defoliation did not reduce yield significantly and
interestingly, yield was slightly increased at this thresh hold level, a phenomenon that
was attributed to higher totalydmatter, greater number of opened flowers and increased
pod and seed size (Bhatt and Rao, 2003). However, beyond 25% defoliation, yield
significantly reduced. Other authors (Verma et al., 1992; Board and Harville, 1998) have
reported similar results irogbean by observing that partial defoliation during flowering
and seed filling had no adv&3sdefoliatibnfaect s o
fl ower initiation phase attains capacity
immediately after impasd treatment through regrowth of leaves.

A study conductedn the effect of pruning on qualitative and quantitative
characteristics of tomatshowthat pruning limits vegetative growth and allows more
light penetration and so improves qualitative andntjtetive characteristics of tomato
fruits (Preece & Read, 2005). Thesesome evidencéhat pruning not only improe
fruit quality but also increases plant health against pests and diggasyomeka &
Shivute, 2005) However,in anotherstudy, that saight toassess the effect of different
levels of debranching on morpiphysiological, reproductive and yield contributing
characters in determinate tomato cultivar cv. Binatomatawo significant different in
chlorophyll content, photosynthesis rate, kaagar content in leaves, Vitamin C and
total soluble solid in fruits due to different levels of debranching was observed (Mondal

et al, 2016).
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In commercial greenhouse tomato production, indeterminate tomato cultivars are
predominantly cultivated withree main stem only and axillary shoots are customarily
removed on a regular basis (Navarrete & Jeannequin, 2000; Maboko et al.,|I@GL1).
study that investigated the extent to which and what portion afdtmiationduring the
beginning of reproductivphase affects fruit yield under field conditions and to identify
the yield components responsible for yield reduction in tomasults showed that
weight per fruit decreased only when plants were severely defoliated in tomato and
differences in compensah capacity of fruit yield due to leaf loss have been reported
(Salful et al., 2016)Hayashida et al., (2006 ian attempt tgoroduce turnip rape
(Brassica napus.) with high concentrations of total and wasaluble Ca,conducted a
study to investigatéhe effect of defoliation on the form and levels of Ca (wateh-

NaCl, 2% CHCOOH and 5% HCIsoluble Ca) in the lateral shoots of turnip rape.
Results showed that defoliation after pinching in November, inhibited elongation of
lateral shoots and théeyd of lateral shoots was reduced to 84~91% of the control without
defoliation. Defoliation significantly increased total and waeluble Ca concentrations

in lateral shoots of turnip rape from November to December, but not those after January.
The prodiction of vegetables with high nutritional values is increasingly important.
Maintaining a high watesoluble Ca content in vegetables needs to be explored because
this form of Ca is highly digestible. From the literatute;is evi dent thhat
studies have focused on dry matter accumulation and there is limited studies on mineral

transport.
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CHAPTER 3: EFFECT OF DEFOLIATION ON BLOSSOM -END ROT
INCIDENCE AND CALCIUM TRANSPORT INTO FRUIT OF TOMATO
CULTIVARS UNDER MODERATE WATER STRESS
3.1 Introduction

Ca plays an essential role in processes that preserve the structural and functional
integrity of plant membranes, stabilize cell wall structures, regulate ion transport and
selectivity, and control ioexchange behavior as well as cell wall enzyrogviies
(Marschner, 1995; Rengel, 1992). However, these functions can be seriously impaired
due to reduced Ca availability, as Ca can be readily displaced from its membrane binding
sites by other cations leading to development of physiological disardemne fruit.
BlossomendrotBER) is a physiol odlcadumndilsyoadpear g il
t hat odercconditionswflow apoplastic €aThe plasma membrane can become
leaky, leading to cell plasmolysis and eventually death (Suzwii, @003; De Freitas
etal., 2011). BER symptoms thus appear as a black sunken decay on the {#adsoim
the tomato fruit.

Ca transport in the xylem occurs by mass flow of*@ad some organically
complexed Ca, and by chromatographic movement alorgx@ange sites in the xylem
walls. Competition between sinks is intensified wherf*Ga xylem is low and
transpiration is grediCollier, 1983) As tissues grow, they provide sinks in the xylem
exchange column to which Ca neges. Clarkson (1984) previously demonstrated that
under certain environmental conditions, buds, developing leaves and fruit provide major
sinks for Ca delivery by the xylem. Plants continuously regulate transpiration by

controlling the aperture of the statal pores on the surface of the leaf. The principal
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atmospheric determinant of stomatal aperture is the humidity of the air, which can be
expressed as the vapor pressure def#tD) (McAdam, 2015)

BER has been shown to occur in plants with an adedDatsupply when grown
in environmental conditions that reduce Ca transport to rapidly growing distal fruit
tissues (Saure, 2001; Ho and White, 2005). Other studies have shown that fruit growth
rate can play a role in inducing BER. Large fruit cultivarveha low total Ca
concentration than small fruit cultivars resulting in severe and frequent BER incidence
(Ho and White, 2005; Vinh et al., 2018he authors have found significant relationship
between theconcentration of water soluble Ca in the distaition of the tomato and
BER incidence under inductive conditions, such as root zone restriction (Ooyama et al.,
2016; Yoshida et al., 2014) or elongated photosynthetic light period (Ooyama et al.,
2017). Therefore, promotive effects of irradiance and antbiemperature on fruit
growth and/or perturbation in Ca uptake and distribution within the fruit may trigger BER
development (Adams and Ho, 1993; De Freitas et al.,, 2012; Ho and White, 2005).
Clarkson (1984) noted that Ca deficiency seldom arises bechadeailure of Ca supply
to plant roots and is more frequently explained by problems arising from its internal
distribution and its allocation in mature and growing regions of the plant.

Despite the many studies on relationship between Ca deficiencyBBRU
development, the translocation of Ca within the plant and the causes of Ca deficiency in
fruit are still a matter of conjecture (Saure, 2005). Several studies have given suggestions
of strategies that can be used to control BER such as reducingiexcgisiserellin levels
(Saure, 2005), whole plant and fruit specific abscisic acid spray treatments (Barickman

et al., 2014; De Freitas et al., 2014) and control of potential BER inductive factors
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especially environment (Yoshida et al., 2014) among otkkraever, few studies have
investigated cultural practices that can reduce BER incidence in tomatoes, such as
defoliation. Despite the major role of leaves in plant transpiration and importance of leaf
area index which is commonly recognized for photosssig) not many studies have
been reported on the effect of defoliation on Ca transport and development of BER in
tomato. Sato et al. (2004) showed that defoliation could reduce BER incidence in
hydroponically grown tomato, however, they did not determiaenGruit tissue and no
further work has been done to ascertain the Ca transport and concentration in fruit of
defoliated plants. Secondly, since previous studies have shown that large fruit cultivars
in tomato have a low total Ca concentration and areersosceptible to BER (Yoshida

et al., 2014; Vinh et al., 2018), there is need to understand the Ca transporting potential
of different size tomato fruit cultivars in relation to environmental changes. We were able
to repeatedly control BER incidence byogting tomato plants with a combination of
restricted root zone volume and solar mediated fertigation control. Here we report the
effect of defoliation on Ca transport into different size tomato fruit as influenced by

environmental conditions under moderatgter stress provided by root zone restriction.

3.2Materials and methods

As shown in Table 1, four experiments were carried out in a plastic house (6 m
wide x 19 m long x 4 m high) in the Faculty of Agriculture, Okayama University from
January 2017 touhe 2018. Temperature in the plastic house was maintained above 12°C
by a warmair heater and adequate ventilation was applied with a fan and windows when

temperature exceeded 28°C. Daily environmental data was recorded for each
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experimental period and maes were calculated from anthesis to sampling for each
analyzed fruit.
Table 1.Mean growing conditions of five tomato cultivars from the beginning of anthesis

to the end of sampling for four experimental periods (22Q¥8).

E x Experti Exp
2017 2
2 JU 20 JU 2 APR

per i
2017
Date of s 18 JA 1
Beginning

_ 14 MA 22 JU 30 AU 20 MA
ant hesi s

End of sa 2 MAY 23 AU 7 OCT 25 JU

Greenhous:

18. 3 31. 4 24 .7 23. 2
t emper at u
Vapor pre:
o 0.56 0.83 0. 37 0.70
deficit (
Solar rad
6. 11 7.49 5.40 7.60
( MJ2 - &)y
Day |l engt
12: 4¢ 13: 3¢ 12: 17 14: 1€
( hh:*mm)

“Sunrise to sunset in Okayama (National Astronomical Observatory of Japan)

Five tomato cultivars incliuldng a | arge (‘ Mo=n2a0tOagr)o, f3i ¢
medium (‘° Lui80gO0Ti(d 600 dK0gamal) '*,Ciaf0Cy8)s we 8t0
80 g) and a s)al I (2°0Rgep ef r(URR cultivars, re
moderate water stress controlled dgombination ofroot zone restricion andsolar
mediated fertigation. The seeds were sourced from Takii Co., Ltd., Kyoto, (dpan
TC, L60 and PP) an8akata Seed Corp., Yokohama, Japan (CS), respectively. The seeds

were then sown on vermiculite moiseehwith water in trays and placed in a growth
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chamber set at 25°C and 12 h day length. At the 3rd true leaf stage, the seedlings were
transplanted into plastic pots (12 cm in diameter) filled with tomato growing medium.
The seedlings were then moved topleestic house and fertigated daily with half strength
Enshi solution having an EC of 1280 mSmL. At the growth stage where flower buds

on the plants were visible, the plants were transferred to a solar mediated fertigation
system within the plastic house as previously described (Yoshida et al., 2007, 2014).

Supplying amount of nutrient solutiondafertigation frequency were adjusted te 38
mL per ¥4 MJm? to ensure that 3@0% of supplied solution was discharged in the

control plant of MF.

Six plants were maintained for each cultivar in each experiment. All lateral shoots
were removed radarly throughout the growing period. Half the plants were used as
untreated control and the other half were used for the treatment. The treatment involved
removal of alternate leaflets on all the three leaves above a flowering(figss3)
henceforthrteer red to as ‘defoliation’ in this s
leaves between the Istd the 5th truss to ensure the 1st fruit on the 3rd truss had reached
sampling stage. The terminal leaflet on each leaf was not removed. Defoliatioretreat
commenced at anthesis of the 1st flowertloatruss for three leaves just above each
truss. Six leaves below the 1st truss were retained on all the plants. A day after end of
sampling the 1st fruit on the 3rd truss, leaf area of all leaves (inglticknmidrib) above
the 1st and below the 4th truss, respectively, was measured using an area meter (Model
L1-3100, LFCOR, Inc. Lincoln, Nebraska USA).

Date of anthesis of the 1st fruit on each truss was recorded. Sampling was

conducted for Ca analysis &4 (large fruit cultivar), 18 (medium size fruit cultivars),
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and 20 (small fruit cultivar) days after anthesis, respectively, to obtain sufficient amount
of fruit tissue for Ca extraction. Flowers on each truss were thinned to retain only 4, 8
and 20 fruts for the large, medium and small fruit cultivars, respectively. A minimum of
4 and maximum of 9 wellleveloped and not BER affected 1st fruits of-d3dtrusses

were sampled for Ca and growth analysis.

Fig. 3. Sketch showind\, a tomato leaivithout leaflet removal (Control) arl, with
alternate leaflets removed, referred td ag e f o Itreatiment io thi$ study.
At sampling, fruit fresh weight without calyx was measured to determine fruit
growth rate. The fruit was then divided equatiyiento two portions proximal and
distal, and prepared for Ca extraction. Sequential extraction to water and hydrochloric
acid (HCl}soluble Ca fractions that served as representatives for (1) apoplastic and
cytoplasmic C#, loosely wakbound Ca; (2) esidual insoluble Ca, respectively, was
done, as described Moshidaet al. (2014) Ca concentration was determined using
atomic absorption spectrometry (SPG210, Shimadzu, Kyoto, Japan) and described as

umol gt FW. BER incidence was recorded when observed.
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Fruit growth rate was calculated as fresh weight divided by the number of days
after anthesis. Daily Ca transport rate was determined by dividing the Ca amount in fruit
by the number of days after anttseesihe incidence of BER in 1sird trusses was
recorded until leaf area measurement and calculated as a percentage-affdgidl
fruits in the total number of fruits on each truss excluding sampled fruit and young small
fruit on the truss at the end amapling, which had not reached sampling stage (below
1cm and approx. less than 3g) especially common for the small fruit cultivéfabBlie
2). Microsoft Excel spreadsheets were used for data analysis and multiple comparison of
means was do nseestlPs0i05).gA simmiarg §f 'the statistical analysis
results is shown in Table 3.

Table 2. Number of fruits used in the calculation of BER incidence for five different

size tomato fruit cultivars in four experimental periods.

Act ual Number Number Tot al
number fruits small includ
fruitt § . for Ca at end BER
analysisampli cal cul
(A B+C)
Cultivar
Momot ar o 258 4 4 10 204
Ti o cook 461 52 12 397
Lui 60 546 46 6 494
Cindy sw 567 54 5 508
Pepe 1299 53 112 1134
Experi men
1 736 58 30 6 48
2 724 60 6 6 598
3 812 71 36 705
4 859 60 13 786
Treat ment
Control 1555 116 8 6 1353
Defoli at 1576 133 59 1384
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Table 3.Leaf area, BER incidendgalues were arcsine convertetiyit growth rate, daily Ca transport rate and Ca concentration in

the distal part of the fruit as influenced dgfoliationin five tomato cultivars grown under four different experimental periods.

Leaf ¢ BER Frui Dai ly Ca conc. in diste
(cmpl aincidgrowtltransp ( 4 mgF W)
(%) (gay (pmoéaly

Cultivar HCsol ulWat-sesd ukt Tot a
Momot aro f 355« 19. a 1. .a 1.'a 0.1!d 0. :.c 0. d
Tio cook ( 298b 7. thb 0.7¢b 1. ta 0. ¢c 0. :c 1. '.c
Lui 60 (L6 30€hb 4. tbc 0. ¢ 1.!'a 1.:b 0. :b 1. b
Cindy swee 254c 2.°¢C 0.1!'d 1.:b 1. :c 0. :c 1.:Db
Pepe (PP) 243c 2. .¢C 0. e 0. ¢ 1. a 0. ‘a 1. a
Experi ment
1 282c 9. .a 0.!c 0. 'c 0. {c 0. :b 1. (b
2 98 d 6. (aktk 0. b 1. (ta 1. /a 0. :c 1. a
3 345D 4. b 0. b 1.:b 1. a 0. :c 1. <a
4 440a 9. 'a 0. ‘a 1. ta 1. (b 0. :a 1. la
Treat ment
Control 333a 10.a 0. (b 1.:b 1. (b 0. :a 1.:b
Defoliation 250Cb 4. Db 0. {a 1. +a 1. a 0. :a 1. <a
Significanc
Cultiwvar ( * % * ok * * * * *
Treat ment * * * o* * o* * NS *
EXperIment * % * * * % * % * * *
C x T NS * * * * * NS *
C X E * * NS * % * % * % * % * *
T X E * * * * * * % * NS NS
C x T x E NS NS NS NS NS NS NS
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?Different letters withina categoryod col umn i ndicate signifi caRxQ05ma4s 52, 46,i54dnekr e n c ¢
53 for MF, TC, L60, CS and PP, respectively and n=58, 71, 60, 60 for experiment 1, 2, 3 and 4, respectively excepefonfehf a
BER; leaf area n=24 for each cultivar and n=20 for each experiment; BER n=204, 397, 494, 508, MEB34Tf0r L60, CS and PP,

respectively and n=648, 598, 705, 786 for experiment 1, 2, 3 and 4, respectivBi0.05; **P<0.01; NS, not significant (thresay

ANOVA)
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Fig. 4. Daily mean greenhouse temperatures for four experiments from beginninipesia to end of sampling
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3.3Results

3.3.1 Environmental conditions and leaf area

Mean values of the environmental conditions and changes in daily mean
temperature for the four experiments from the beginning of anthesis to the end of sampling
are shownn Table 1 and Fig. 4espectively. In experiment 1, the lowest and highest daily
mean temperatures during the experimental period were 12.7°C and 23.1°C, respectively.
Solar radiation and VPD were medium and day length was shorter than in experiment 2
ard 4. In experiment 2, temperatures were high throughout the period with the lowest and
highest daily means of 25.9°C and 33.6°C, respectively. Solar radiation and VPD were
high in this experiment and day length was long. In experiment 3, daily mean tempera
steadily decreased from 29.2°C to 18°C. However, solar radiation was low and day length
was short. In experiment 4, a steady increase in temperature from 18.7°C to 27.6°C was
recorded. Solar radiation and VPD were the highest, and day length was long.

Defoliation consistently reduced leaf area by3®%% in all the cultivars in all the
experimental periodsT@ble 3and Fig. 5. Leaf area of control plant was largest in
experiment 4 where temperature was medium and solar radiation and day length were
maximum, and it was smallest in experiment 2 where temperature and VPD were highest.
Large and medium fruit cultivars hdargerleaf area than the small cultivar PP in all the
experimental periods. L60 had the highest average leaf reduction of 31%, whiladVIF

the lowest average leaf reduction of 21%.
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Fig. 5. Effect ofdefoliationontotal leaf area (cf) between the 1st and 4th trusses of five
different size tomato fruit cultivars at the end of sampling for four experimental
periods.
3.3.2Effect of déoliation on BER incidence
BER incidence was significantly different between cultivars, experimental periods

and treatments as shown in TaBleThe large fruit cultivar MF, consistently had the

highest BER incidence and the small fruit cultivar PP haddtvest incidence in all the
experimentsKig. 6) The highest BER incidence was observed in MF in experiment 4 at

47%. The lowest BER incidence in our experiments was observed in experiment 3 with all

the cultivars showing incidence of below 10% exceptMé& which had 19%.

Defoliation corresponded to a reduction in incidence of BER in each of the experiments.

However, defoliation had the smallest and largest effects on BER in experiments 3 and 4.

In the latter experiment, no BER was observed in defalipkents of L60 and PP and BER
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incidence reduced to a quarter of control in the BER susceptible large fruit cultivar MF and

medium fruit cultivar TC.

Experiment 1 Experiment 2
30 - Conirol
40 F i Defoliation
£l
20 F
10 |

BER incidence {%a)

Experiment 3 Expermment 4
50 B
40 + -
0 B
20 -

HER maodence (%)

MF TC 180 CS5 FP

I»IFIICIL:!SDIC'SIPPI
Fig. 6. BER incidence (%) as influenced dgfoliationin five different size tomato fruit

cultivars gravn under four experimental periods.

3.3.3Effect of defoliation on fruit growth rate

Fruit growth rate was larger in defoliated plants compared to the control plants
throughout the experiments (TalkBeand Fig. 7). The smallest fruit growth rate was
obseved in experiment 1 and differences among the other 3 experiments were little.
However, it increased much by defoliation in experiment 1 and 4 by ratios of 1.42 and 1.39,
where temperature was lowest in the former and radiation and day length wereitargest
the latter, respectively. In experiment 3, which had low radiation and short day length,
defoliation increased fruit growth rate by the lowest ratio of 1.07. On average, defoliation

increased fruit growth rate in MF, TC, L60, CS and PP by a ratid3&f 1.29, 1.22, 1.21,
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and 1.19, respectively. The large and medium fruit cultivars consistently had a larger fruit

growth rate than the small fruit cultivar PP.

7 . Experiment 1 Experiment 2

16 Control
— 12 Defoliation
08
= 4

Fruit growth rate

Experiment 3 Expermment 4

Fruit J_:rnmh rate
(-
=
o
1

‘MF TC L60 CS PP MF TC 160 CS PP
Fig. 7. Fruit growth rate (glay') as influenced byefoliationin five different size

tomao fruit cultivars grown under four experimental periods.

3.3. 4Effect of defoliation on daily Ca transport rate

Daily Ca transport into fruits increased in defoliated plants in all the cultivars and
in all the experimental periods (TalBeandFig. 8). In control, the Ca transport rate was
highest in experiment 2 and lowest in experiment 1. The increase in Ca transport rate in
defoliated plants was highest in experiment 4 by a ratio offblé8ved by1.37, 1.33 and
1.28 in experiments 1, 3 and 2, redgpeely. The increase in Ca transport rate in defoliated
plants was higher in large and medium fruit cultivars than in the small fruit cultivar.
Defoliation increased daily Ca transport rate in MF, L60, TC, CS and PP by an average

ratio of 1.64, 1.55, 1.38..30, 1.13, respectively.
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Fig. 8. Rate of Ca transport into fruit (umday?) as influenced bylefoliationin five

different size tomato fruit cultivars grown under four experimental periods.

3.3.5Influence of defoliation on relationship betweenlyl@la transport rate and
fruit growth rate

There were significant linear relationships between fruit growth rate and daily Ca
transport rate into fruits and the trends differed among cultifags 9). The slope value
of TC, one of themedium fruit cultivars was the highest at 1.87 in the control and 1.79 in
the defoliated plantandthe othermedium fruit cultivars showed a similar trend. MF had
the lowest slope value at 0.74 in the control and 1.19 in the defoliated gutaltibe effect
of defoliationon Ca transport rate was larger than that on fruit growth rate. The slope ratio
(defoliated/control) of 1.61 in MF was the highest, followed by PP, L60, TC and CS at

1.31, 1.15, 0.94 and 0.82, respectively.
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Fig. 9. Comparison of influence afefoliation on the relationship between rate of Ca
transport into fruit and fruit growth r
(“"Tio cook’”) and small (‘" Pepe’) size to

*** indicate significance @<0.001, respectively.

3.3.6Effect of defoltion on Ca concentration in distal part of tomato fruit

Total Ca concentration in the distal part of the fruit significantly differed among cultivars,
treatments and experiment§aple 3)and it was slightly higher in defoliated plants.
However,the differencecausedby defoliation was ot significant statistically(Table 3).

As shown inFig. 10, MF, a large fruit cultivar, had the lowest Ca concentration in the distal
part of the fruit with 0.62, 0.88, 0.57 and 0jf®ol-g*FW, in experiments 1, 2, 3 addn

the control plants. PP, a small fruit cultivar, had the highest Ca concentration in the distal
part of the fruit among the cultivars with 1.08, 1.45, 2.06 and um8l-g'FW, in
experiments 1, 2, 3 and 4, respectively. Among medium fruit cultiv&@shad the highest

Ca transport rate and exhibited the highest Ca concentration in the distal part of fruit.

Watersoluble Ca concentration was also the highest in the small fruit cultivar PP in all the
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experiments and the lowest in MF in the control,egtdor experiment 2. However, the

effect of defoliation was highest in MF in experiment 1 by a ratio of 1.43.

Experiment 1 Fxperiment 2 ®W-S Control
15 ¢ . w HCL- S Control
- I m WS Defoliation
Ez 2t HCl- S Defoliation
g L
B L 15
5 2 _
5e !
S = 05
0
25
E= 2
g F
% :J, 15
- B 1
3 E
a = 05
L)
0

MF TC 180 Cs PP MF TC 1I&8 Cs PP

Fig. 10. Watersoluble (WS) and insoluble (HGE) Ca concentratiorumol-g*FW) in
the distal part of fruit as influenced by defoliationfive different size tomato

fruit cultivars grown under four experimental periods

3.4 Discussion

The objective of this study was to determine the effect of defoliation on BER
incidence and Ca transport into different size tomato fruit cultivars under atedeater
stress. Many studies have established the relationship between Ca deficiency and BER in
fruit (Adams and Ho, 1993, De Freitas et al., 2014; Ooyama et al., 2016, 2017; Vinh et al.,
2018; Yoshida et al., 2014). Development of BER in tomato frgitdeen known to occur
mostly under conditions of dryness or an inadequate supply of Ca in the root zone (De

Freitas and Mitcham, 2012; Ho and White, 2005; Saure, 2001, 2005; Yoshida et al., 2014).
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In this study, we used the combination of restricted roaeza/olume and solanediated
fertigation control. Under this system, moderate water stress levels were maintained
continuously and BER symptoms were observed in all the seasons and in all the cultivars
at varying severity levelsT@ble 3 and Fig6). Thisresult shows that this system is an

effective tool in BER studies as previously reported (Yoshida et al., 2007, 2014).

Leaf area analysis revealed that alternate leaflet removal reduced leaf area of
tomato plants by 280% and cultivars varied in the pemise to defoliationHig. 5). Large
and medium fruit cultivars had larger leaves than the small fruit cultivar in this study.
Interestingly, alternate leaflet removal did not reduce leaf area above 31% irrespective of
the cultivar.The reduction far smadt than 50% waprobablydue to the midrib, terminal
leaflet, and the compensataypansion of retained leaflets on the I&xHto et al. (2004)
also applied similar treatment by removing half number of leaflets from a leaf, but they did
not measure leadrea.The compensatory expansion of leaflets should vary depending on
cultivar and growing season, and finally result in the differencelseimgduction ofeaf
area.

In this study, defoliation significantly reduced BER in all the experiments. This
resut is similar to that of Sato et al. (20049ompetition for Ca between the leaves and
fruits with Ca moving preferentiallyo the leaf rather than to the fruit under rapid
transpiration (Ho, 1989) may cause inadequate distribution of Ca in the fruiicatspef
critical demand leading to a Ca deficiency associated with BER disorder (Adams and Ho,
1993). The reduced BER incidence by defoliation may have been as a result of the

increased Ca transport rate into fruit, leading to the increased Ca concenir#tie fruit.
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BER reduced considerably in the large and medium fruit cultivars that had the largest
increase in Ca concentration due to defoliatleig.(10), which probably became available
for structural functions in the fruit at a point before BER twiggjered, unlike in the control
plants. Cultivars differed in their susceptibility to BER. Large and medium fruit cultivars
were more susceptible than the small fruit cultivar. This result agrees with several other
studies that have associated differemmcgsusceptibility to BER among cultivars to genetic
characteristics regulating the potential size and growth rate of fruit (Adams and Ho, 1992;
Ho and White, 2005; Marcelis and Ho,1999).

Fruit growth rate and potential fruit size are important parametensderstanding
Ca transport into tomato fruit. Previous studies have suggested that rapid fruit expansion
may result in a lag or reduction in Ca transport to rapidly growing distal fruit tissue along
with an increase in Gademand by fruit tissue (Deritas and Mitcham, 2012; Ho and
White, 2005; Saure, 2005). In this study, defoliation increased fruit growthFigter)(in
the large fruit cultivars than in the small fruit cultivars under conditions of low temperature,
high solar radiation and long yigength. This result differs from that of Sato et al. (2004)
whose study found no significant effect on fruit growth. However, they conducted the
experiment only in one season and also under hydroponics system. Therefore, our result
may imply that probdlyp under root zone restriction, thus moderate water stress, defoliation
improved water relations within the fruit. Even though fruit growth rate was increased by
defoliation thus expected to be more susceptible to BER, the simultaneous increase in Ca
trangort rate and Ca concentration in the fruit, may have caused the lower BER observed

in defoliated plants.
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It is widely known that Ca cannot be readily remobilized once unloaded from the
xylem, and in particular, to points downstream of transpiration fl®mnce Ca is
transported via the transpiration stredeayves, as highly transpiring organs, usually have
high Ca than the low transpiring organs such as tigther transpiration and growth rates
can reduce water potential and increase tissue stresgthka for xylem C4 (White and
Broadley 2003; Conn and Giliham2010). Under conditions which favor high
transpiration of leaves, within the greenhowesenpetition for Ca between leaves and fruits
can occur leading to reduced Ca concentration in fuicritical times resulting in
development of BERIn our study, the observed increase in Ca transport rate and Ca
concentration in defoliated plant$-ig. 8 and10) is probably a result of reduced
transpiration in the leaves and this led to a lesser etiigm for water between the leaves
and fruits causing more Ca to be distributed into the fruit especially in the large and medium
fruit cultivars.

Both physiological and molecular mechanisms are involved in the uptake and
transport of Ca that affect thadistribution and accumulation of Ca in plant tissuga.
accumulation in tomato fruit has been show
i nffuenced by transpiration and growth rat
parameters have been remari{Ho et al., 1993e Freitas et al., 201¥inh et al., 2018
Riboldi et al., 2018).Our study showed a significant linear relationship between Ca
transport into tomato fruit and fruit growth ratéid. 9 in all the different size fruit
cultivars withthe large and medium fruit cultivars showing a higher Ca transport rate than
the smaller fruit cultivar. Defoliation had a larger effect on the Ca transport rate in the large

and medium fruit cultivars than in the small fruit cultiviig. 8). This couldimply that
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the Ca transporting potential into tomato fruit is proportional to fruit expansion and
defoliationmay have caused a compensatory physiological effect enabling the fruit to draw
in more water hence increasing the Ca transport rate into the fruit

However, in addition to fruit growth rateultiple regression analysis showed that
environmental factoraffecting BER developmemmcluding temperature, radiation, VPD
and day length (Adams and Ho, 1993; De Freitas et al., 2012; Ho and White, 208613800
et al., 2016; Yoshida et al., 201diay an important role in explaining Ca transpaidlgle
4 and Fig. 4 As a whole, temperature and day length are positively, and radiation is
negatively related to Ca transport. For BER development, these aneintal factors also
play a significant role except day lengifaple 5).Converse to Ca transport, temperature
is negatively and radiation is positively related to BER incidence as a whole. Although
elongated photoperiod significantly increased BER deveéy in our previous study
(Ooyama et al, 2017), day length showed no significant effect on BER incidence in this
study. Length of photoperiod and/or dark period may be less important compared to

cumulative solar radiation.
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Table 4. Regressioranalysis of Ca transport rate into fruit against fruit growth rate (FGR,
FW/No. of days after anthesis) and environmental parameters namely, greenhouse
temperature (GHT), solar radiation (SR), vapor pressure deficit (VPD), day length
(DL). FGR and enviromental parameters were calculated for each analyzed fruit
from anthesis to sampling.

Parameter Control Defoli at Tot al

(n=116) (n=133) (n=24"
Adjusted | 0. 54** 0. 84*+* 0. 71~
|l Nt ercept 1. 97* % 2.27** 2. 34¢*
VPD 0. 12NS -0. 05* 0. 09N
SR -0.09 -0. 04NS -0.07*
GHT 0. 04** 0. 03*~* 0. 03*
DL 3.57NS 4. 08* 4 . 44~*
FGR O. 77** 1. 27** 1.13*

NS, *, ** indicate nonsignificance or significance & 0.05 andP<0.01, respectively

Table 5. Regression analysis of BER incidence (#ean values & plantsx 3 trussegor
2 treatments X5 cultivars x 4 experimentsagainst environmental parameters
namely; greenhouse temperature (GHT), solar radiation (SR) and vapor pressure
deficit (VPD), and fruit growth rate (FGR) and wateruble Ca concentration in
thedistal part of fruit (WS CgEnvironmental parameters were calculated for each
experiment from anthesis of 1st flower of 1st truss to sampling of 1st fruit of 3rd
truss as shown in Table 1.

Paramet Control Defolia Tot al
n=20 n=20 n=40

Adj us?t ed 0. 34* 0. 55*~* 0. 36*
|l ntercept -3. 16NS 77.22¢* 32. 771
VPD -1. 89NS 39.31¢* 24. 791
SR 4.18* -0. 14NS 6. 67*
GHT -0. 92NS -0. 36 N -0.61*
DL 0. 42NS -8. 79NS 5. 43 N.
FGR 16. 60NS 8. 27* 2.87*
WS Ca -41. 46* 2. 46 NS -73. 73

NS, *, ** indicate nonsignificarce or significance &< 0.05 and®<0.01, respectively.
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When control and defoliated plant were analyzed dividedly, only VPD represented
adverse effect for defoliated plant compared to control, and the effect was significant only
in defoliated plant in botiCa transport and BER. Solar radiation and day length were
occasionally significant statistically, however temperature which is closely correlated to
fruit growth rate was steadily significant in explaining Ca transport rate into fruit. This
result may ingtate that rapid fruit growth may be a dominant factor affecting Ca transport
rather than environmental factors except temperature. Therefore, environmental factors
directly affecting leaf transpiration may be not effective for control plant subjected to
moderate water stress, but occasionally effective for less stressed defoliated plant in
explaining Ca transport rate in tomato. For BER incidence, environmental factors and also
fruit growth rate and watesoluble Ca concentration in the distal part oftfiuhich have
been highly significant parameters in our previous studies (Ooyama et al., 2016; Vinh et
al., 2018; Yoshida et al., 2014) were only occasionally, not steadily, effective parameters
in this study. Here, we did not take BER affected fruit a@napde, and number of samples
fluctuated especially in control plant. Thus fruit rapidly growing and/or containing very
low watersoluble Ca may have developed BER and been omitted from fruit sample.
Nonetheless,wn though the effect of defoliation on thatersoluble Ca concentration
was not significant, thE value was less than 0.1.

Several studies have reported that Ca allocation among tissues, between symplastic
and apoplastic spaces, or among various cell compartments determine the availability of
Ca for its structural function (De Freitas and Mitcham, 2012; Yoshida et al., 2014; Vinh et
al., 2018). Vinh et al., (2018) suggested that water soluble Ca, including apoplastic and

cytoplasmic C& which are closely related to cell physiological processespared to cell
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wall bound or insoluble Ca fractions in the distal part of young tomato fruit can be useful
risk diagnosing parameter to BER incidence. In this study, defoliation increased the Ca
concentration in the distal part of fruit in all cultivdfis@ble 3 and~ig. 10).This increase

could be a probable reason why there was decreased BER incidence in the defoliated plants
compared to the control. Most likely, in defoliated plants, sufficient wakible Ca
accumulated in time within the distalrpaf fruit, thus maintaining the Ca homeostasis
within the fruit.

In conclusionalternate leafletemoval applied for moderately water stressed plants
significantly increasedruit growth rate,increasedCa transport into tomato fruit and
decreased BE susceptible large fruit cultivaf3able3). Compared to small fruit, the
higher Ca transport rate into fruit presentedhmfarge fruit cultivar was probably, due to
a faster fruit growth rate. However, in the large fruit cultivar, Ca amount oftetoteneet
the demand, resulting in BER incidence. We therefore hypothesize that defoliation
probably decreased the competition for water between the leaves and fruits due to reduced
transpiration causing sufficient Ca to be transported into the fruitsritcal time before
BER is triggeredWe would therefore recommend defoliation as a simple cultural practice
that can be used to mitigate against BER development in large fruit cultotassly under
root restricted condition but also under other BERurctive conditionsHowever, the
defoliation technique used for this study can be labor intensive. Further research with the
aim of establishing a practical number of whole leaves that can be removed to increase Ca
within the fruit without consequentlyrsissing the plant and /or compromising on fruit

quality is proposed.
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CHAPTER 4: THE EFFECT OF DEFOLIATING WHOLE LEAVES ON
BLOSSOM-END ROT INCI DENCE AND CALCIUM CONCENTRATION IN
FRUIT OF TWO TOMATO CULTIVARS GROWN UNDER MODERATE

WATER STRESS

4.1 Introducton

In tomato production, BER may cause severe economic losses because of the
deterioration of fruit quality and market acceptabi(iyposhida et al., 2014Many studies
have associated BER wiystemic or localizedalcium (Ca) deficiencye Freitas and
Mitcham, 2012; Saure, 2009 the previous chaptewe reported that alternate leaflet
removal for tomato plant grown undesstricedroot zone volume increased Ca transport
into fruit and reduced BER inciden@@deche et al., in press; Sato et alQ2).We noted
that this technique can be laborious in commercial tomato production. Here, first, we report
results of a more practical defoliation technique suitable for commercial prodtémtion
tomato plants grown under a system combining restricted zamee volume and solar

mediated fertigation control.

It has been reported repeatedly that excessive nitrogen nutrition and subsequent
vigorous vegetative growth often causes severe BER incidence. Our result revealed that
competition for water and Ca beten leaves and reproductive organs may be a major
cause of BER developmenin a previous study, we observed -tjurn, another Ca
deficiency symptom that develops in young leavespinal and alsdateral shoots in Ca
starved plants developing severe Bftlts. These facts may represent that young shoot

and floral organs are similarly influenced by competition for Ca against mature leaves. It
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was supposed that Ca status of young lateral shoot may relate to that of young fruit sensitive
to BER and reflecbr indicate the risk of BER developmeultural practices such as
lateral shoot removal, defoliation, pruning, pinching and staking are some of the common
practices done in tomato production to ensure high yield and quality. The relationship
between lateal shoot Ca and Ca in fruit as a diagnostic measure for fruit Ca status has not
been exploredThus, secondly, we tried to explore the relationship between Ca status in

lateral shoot and neighboring young fruits.

4.2 Materials and methods

An experiment s carried out in a glasshouse in the Field Science Center,
Okayama University frondaruary2018 to July 2018. Temperature in the glasshouse was
maintained above 12°C by a waaimm heater and adequate ventilation was applied with
windows when temperatureec e eded 28°C. Two tomato cultiwv
Co. , Ltd. , Kyot o, Japan) and *‘Cindy sweet’
examined.On h Jaruary, the seeds were sown on vermiculite moistened with water in
trays and placed in a growthamber set at 25°C and 12 h day length. At the third true leaf
stage, the seedlings were transplanted into plastic pots (12 cm in diameter) fill&@0vith

ml of tomato growing medium. The seedlings were then moved to a small plastic house

within the ghsshouse and fertigated daily with half strength Ohtsuka A solution having an

EC of 126-130 mSm*. At the growth stage where flower buds on the plants were visible,

the plants were transferred to a solar mediated fertigation system within the glasshouse a

previously describeflyoshida et al., 2007, 2014)
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Four plants were maintained for each treatment in each cultivar. Six leaves below
the 1st truss were retained on all the plants before treatments commenced. All lateral shoots
were removed regularly thoghout the growing period except the shoot closest to the
flowering truss in the control plants. At the length otth® these shoots were sampled for
real time Ca determination using a hand held*Gaeter. At anthesis of 5th truss,
defoliation treatmenta/ere commenced and continued until the 1st fruit on the 10th truss
had been sampled for * Momotaro fight’' and
Treatments were:

1. Control where no defoliation was done except for the dead and yellowing leave

to maintain 1821 leaves at any given time on the plant

2. 15 leaves maintained on the plant

3. 12 leaves maintained on the plant

In this study, the treatments are henceforth referred to-#esa¥8s, 15eaves and
12-leaves, respectively. Samplimgs done on the 1st fruit on the 5iBth truss at 14 and
5t-1 5t h truss at 18 days after ant hesi s i
respectively. Defoliation treatment was done at anthesis of the 1st flower youtigest
truss. Flowersoneathr uss wer e thinned to retain 4 an
“Cindy sweet |, respectivel y. Nutrient solu
monitored within the sampling period and drained solution within 6 hours recorded
(Fig.11). At sanpling, fruit fresh weight without calyx was measured to determine fruit
growth rate. The fruit was then divided equatorially into two portipnsximal and distal,
and prepared for Ca extraction. Sequential extraction to water hydrochloric acid

(HCI)-soluble Ca fractions that served as representatives for (1) apoplastic and cytoplasmic
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Ca&", loosely walbound Ca; (2) residual insoluble Ca, respectively, was done, as
described inYoshida et al. (2014) Ca concentration was determined using atomic
absorption spectrometry (SPE&R10, Shimadzu, Kyoto, Japan) and described as pmol
glFW.

For shoot Ca determination, sap from 1 cm of the shoot-tda\&s treatment was
squeezed onto a hand held®Cmeter (LAQUAtwin B-751, Horiba Ltd. Kyoto, Japan)
and the concentration in ppmas recorded. Fruit growth rate was calculated ashire
weight divided by the number of days after anthesis. Daily Ca transport rate was
determined by dividing the Ca amount in fruit by the number of days after anthesis.
Concentration of the wateoluble Ca in the distal part of the fruit was determinethas
guotient of the Ca concentration in the distal part of the fruit in pumol and the fresh weight
of the distal tissue in gram&lumber of fruits that showed BER symptoms wesorded.
Microsoft Excel spreadsheets were used for data analysis and compariseans was
done using Tukey’ s test.
4.3 Results

4.3.1 Nutrient absorptioand BER incidence

As shown inFigure 11, the plants in all the treatments absorbed over 50% of the
nutrient solution supplied. 2#@aves treatment drained less nutrient soluti@n the 15
leaves and Eaves treatments, however, the difference wassigmificant. Therate of
BER occurrence in this study was generally low, howeverl&leavesin both cultivars
had the highest rates (Fig. 1o BER incidence was observedthe 12leaves, and in
thel2and 15 eaves treat ments i n ‘' Morespectaalyoln f i ght

the 18leaves, BER was higheriMomotaro fightat 10% compared to 2%
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The earliestBER incidence was observed on the 7thdruso f ‘

Mo mot ar-o

leaves and Heaves treatmenilhe highest rate of BER incidence was observed in 18

leaves, 10th trus$. n

“ Ci n dy eadiestBERtincidence Wwas observed in the 10th

truss 18-leaves treatment.
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Fig. 11. Changesn the anount of nutrient solution supplied and draimkoting daytime

(6hours)within the sampling period betweethQo 17h July 2018for two tomato

cultivars
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Fig.12BER i ncidence in two tomato cultivars.

influenaed by number of retained leaves on plants in Spring 2018.

4.32 Effect of number of retained leaves on fruit growth rate
Fruit growth rate was higher (Fg 13)Momot a
In increase in fruigrowth in 12leavestreatmentva s 21 % and 6% i n ‘ Mon
and *Cindy sweet ', respectivel y. However

s we e P<0.05a t

0.6 -
a
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b, 1
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=0
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® 03 - a a a
= * *
] 4
= 0.2
H
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18-leaves ‘ 15-leaves ‘ 12-leaves | 18-leaves ‘ 15-leaves ‘ 12-leaves
Momotaro fight Cindy sweet

Fig.13. Fruit growth rate of two nt2d @ausses x4ul t i v
plant9 and ‘ Ci(nadd, 11 treisses &8 6 plantas influenced by number of
leaves ora plant.Different letters indicate significant mean differen@song

treatments withina cultivdsy T u k e yP<9.05t est at
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4.33 Dally Ca translocated into fruit
Daily amount of Ca ainsported into fruits increased as number of leaves decreased
in bothcultivars* Mo mot ar o f i ght '  &dh @he Cranspbry ratswas e t ’

highestinl2 eaves ‘ Momotaro -feghées aGdndpweweéeein

significant diference in Ca transport rate betweenld®esand 12 eaves i n * Mo mc
fight ' . However, t here was -leages and Heaves.i c ant
Defoliatingto 12l eaves i ncreased Ca transport rate
andntd¢i sweet’, respectively.
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Fig. 14 Daily amount ofCa translocated into fruit in two tomato cultivarsMo mot ar o
f i gh246trgssesx4plantand’ Ci ndy SHyELerasses X drplantas
influenced by number of leaves aplant Differentletters indicate significant mean

differencesamong treatments withina cultivary T u k e yP<€.05t est at
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4.34 Concentration of water soluble Ca in the distal part of fruit

Defoliation increased Ca concentration in both cultivars (5. Tlhe incease was
significant among treatmentsn * Mo mot ar asd ginght cabhtt i no* Ci |
Defoliating to 12leaves and Heaves increased the water soluble Ca concentration in the
distal part of fruit by84%and23%i n * Mo mo t a d48barid9%g mt * ,Ci aamddy s we

respectively.
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Fig. 15. Watersoluble Ca concentration in the distal part of fimitwo tomato cultivars
‘' Momot ar o024f6itrgskes x 4 plamtand’ Ci ndy Sy életrusses ( n =

x 4 plant3 as influenced by number of leav ona plant Different letters indicate
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significant mean differencemmong treatments within a cultivery Tukey’' s t e

P <0.05

4.35 Concentration of water soluble Ca in the distal part of fruit in-non

defoliated plants as influenced by ordermiarescence

There was a significant steady decrease in the concentration of water soluble Ca in
the distal part of fruit inL8-leavesplants with increase in trussder (Fig.16). The Ca
concentration was highest in the 5th truss and lowest in the upgtelaabsampled truss

in both cultivarsThedecreas@ watersoluble Ca concentratidoetween theth truss and

the 1@h truss was 55%nd43%i n ‘* Momot aro fight’® and * Cind
06 - ==0==18-leaves (C5)
- ==00==15-leaves (C5)
= 0S5 F 2::“-.a. ==f==12-leaves (CS)
= o S ®— 18 leaves (MF)
o .. B 15-leaves (MF)
R .‘“Efm‘ﬂ A— 12-leaves (MF)
= Bt o SO 4 Ll S
£ 03 L o B, ﬁﬂ“"gn__ﬂ“m
I * g a ““-Q:::%}
= ] O B,
5 02 ¢ . -
S 01t
{]_D 1 1 I 1 1 I 1 1 I 1

4 5 ] 7 8 0 10 11 12 13 14 15
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Fig. 16. Watersoluble Ca concentration in the distalpof individual fruit in two tomato
cultivars' Mo mot ar o fi ght’ ( MR} inflaencgd byunber d y s we

of retained leaves on a plant amdier of inflorescence
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4.36 Real time shoot Ca concentrationlif-leaves tomatplants

Results of tb shoot Ca concentration i8-leavesplants showed that there was
more watersolublg nonstructuralCa* i n t he shoots of “Cindy
“ Momot ar o 17).i Ten@ad"” metér Fecogded significantly lower concentrations in
‘“Momot aro wiiitghh a readi ng thttussacampdrend o 4ppsninl p p m
the 15ht russ of *Cindy sweet . However, i n bo

order of inflorescence revealed a significant linear relationship.

25
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= * S R*=0.08***
r O o,
2 “A
715 F ®
: °~o
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5 G 7 8 Q 10 11 12 13 14 15
Order of inflorescence

Fig. 17. ShootCa concetrationof individual plantsn two tomato cultivarsn 18-leaves

plants as influenced byrder of inflorescencé** indicate significance d@<0.01

4.3.7 Relationship betweshoot Ca and concentration of watsoluble Ca in the
distal part of individuafruit in 18-leavesplants
There was a significant linear relationship betwd®ot Ca concentration and water

soluble Ca concentration in the distal part of fruit in-defoliated plants (Figl8). The
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coefficient of deter mi meottiaom wasghG@4 % aaardd ‘ 8

respectively.
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Fig. 18. Relationship between watspluble Ca concentration distal part of individual
fruit andneighboring shoo€a concentratiom two tomato cultivarsn 18-leaves

plants *** indicate significanceat P<0.01

4 .4 Discussion

The objective of this study was first, to determine the effect of number of whole
leaves retained on a plant on Ca transport into fruit and BER incidence and second, to
assess the relationship between shoot Ca concentration te¥ésalable Ca concentration
in the distal part of fruit in two tomato cultivars under moderate water stress. In this study,

tomato plants were grown undé®0 ml/plant ofroot zone volume in a solar mediated
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fertigation system (moderate water stress) a8deaves, 18eaves and }1Raves were
retained on the plant after anthesis of 1st fruit on the 5th ftussvell known that water
stress is associated with the increased risk of BER occur(@&aeens and Ho, 1992;
Dekock et al., 1979; Taylor and Lamao, 2004 )by restricting water uptake which is the
solvent for C&' flux, therefore depressing Ca translocation along vascular vessels and then
causing a lack of Ca in fruit required for cell structure maintenance. It further increases
the risk of BER dvelopment by restricting €auptake and/or reducing transpiration rate
which is known as driving force of E&ransport together with water flow to frfsdams

and Ho, 1993; De Freitas et al., 2011; Taylor and Locascio, 280%ever, water stress

in the root zone is known to improve the fruit quality by influencing the content and
composition of soluble sugars, organic acids, and some amino Saitdset al., 2008;
Sakurai and Oyamada, 1995; Zushi and Matsuzoe, 1998)he other hand, defoliation

has been found to reduce BER incidence in tomato plants grown under moderate water
stress(Indeche et al., in presapd also non stressed hydroponic condi{i8ato et al.,

2004) In this study, BER incidence was below 10%, and the incidence was morkeptreva

in nondefoliated plants (:-8aves) than in the defoliated plants{&&ves and :Rkaves)

in both cultivars (Fig12). Notably, BER incidence was observed in higher trusses as the
season progressed which coincided with a decrease in Ca conceritrdtiat (Fig. 15).

BER development in tomato has been attributed to a low Ca level in the whole plant due
to decreased soil Ca supply or root Ca uptake, low transport of Ca to and in the fruit, or an
increased demand for Ca due to a high growth ratbeofruit (Ho et al, 1993; Ho and

White, 2005) Although the decrease in Ca concentration in the upper trusses was expected

to induce BER, BER incidence was low. Studies have shown that for BER to occur, Ca
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concentration must fall below a certain thresh@arcelis and Ho, 1999 The water
soluble Ca concentration in the fruit ranged from @58 umolg? FW in both cultivars,

and this may be within the threshold valuegorted by Vinh et al., (2018).

Cultivar differences in susceptibility to BER veealso observed in this study. The
| arge fruit cultivar ‘Momotaro fight’ wh i
susceptible than the medi ub3). The impdrtancewfl t i v ar
growth rate on the resulting Ca concentration aftfirs well demonstrated by several
authors in BER development in tomdtodeche et al., in pres®oyama et al., 2016; Vinh
et al., 2018)In this study, Ca transport rate was higher in the large fruit cultivar than in the
medium fruit cultivar and subgaently higher in defoliated plants than in the control (Fig.
14).In comparing the Ca transport rate of different size tomato fruit, the authors found that
large fruit cultivars transported potentially more Ca than the small fruit cultivars and
suggestedhat the Ca transporting potential into tomato fruit is proportional to fruit
expansion and defoliation may have caused a compensatory physiological effect enabling
the fruit to draw in more water hence increasing the Ca transport into th@rfdgithe &

al., in press)

In the 12leaves plants, fruit had the highest wateluble Ca concentration in both
the large and medium fruit cultivars (FIp). In terms of C# partitioning, conditions that
affect the growth rate of storage organs might alsaiaffegetative plant parts. In other
defoliation studies, photosynthate production and distribution into different parts depends
on the magnitude of defoliatiqf€hauhan and Halima, 2003; Hossain et al. 2088ice

vegetative growth, as a powerful sink,neames produced assimilates, limitation of
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vegetative growth enhances assimilate transport to fild@egerth (1979) showed that
competition between vegetative and storage organs could well have an influence on Ca
distribution. The leaf possesses a higtranspiration rate than the fruit, and often acts as

a competing sink with the fruit for directional Ca flow and accumulaficaylor et al,

2004).

Ca accumulation in tomato fruit has been shown to be dependent on rates of xylem
sap flow influenced byranspiration and growth raté®e Freitas and Mitcham, 2012; Ho
et al., 1993)In an effort to explore the relationship between shoot Ca and fruit Ca in plants
defoliated to 18eaves, this study revealed that both wat@uble Ca concentration of fruit
(Fig. 16) and shoot Ca concentration (F1F) decreased in upper trusses. Since there was
a relationship between shoot Ca and fruit Ca (E8), shoot Ca may be used as a useful
tool to predict the fruit Ca status and allow growers to improve the siafase BER is
triggered. This however is a preliminary study and more experiments need to be done to
ascertain the model and further understand the changes in Ca concentration that were

observed.

In conclusion, retaining XA5 leaves on a tomato plant gno under moderate
stress reduces BER incidence and increases daily Ca transport rate into fruit and water
soluble Ca concentration of both large and medium fruit tomato cultivars. There is a
relationship between shoot Ca and fruit Ca that can be exptodedérmining the fruit Ca
status for management of BER. Even though the number of possible interactions that can
affect Ca uptake and didtrition is so great, defoliation is one of the simple sustainable

cultural practice that can be adopted by groi@rsnanagement of BER.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

l.Defoliation reduced BER incidence, I ncrea
transport rate and Ca concentration in t
However, the effect of defoliation on the
medium fruit cultivars. This may i mply t h;:
functions in the fruit at a point before

2. Increased Ca concentmai in the distal part of fruit due to defoliation was a probable
reason why there was decreased BER incidence in the defoliated plants. Most likely, in
defoliated plants, sufficient watspluble Ca accumulated in time within the distal part
of fruit, thusmaintaining the Ca homeostasis within the fruit.

3. Since defoliation had a larger effect on the Ca transport rate in the large and medium
fruit cultivars than in the small fruit cultivathis could imply that the Ca transporting
potential into tomato fruits proportional to fruit expansion and defoliation may have
caused a compensatory physiological effect enabling the fruit to draw in more water
hence increasing the Ca transport rate into the fruit.

4. Temperature which is closely correlated to fruit grovette was steadily significant in
explaining Ca transport rate into fruit. This result may indicate that rapid fruit growth
may be a dominant factor affecting Ca transport rather than environmental factors except
temperature. Other environmental factorgclily affecting leaf transpiration may be not
effective for nordefoliated plants subjected to moderate water stress.

5. This study supports the theory thatder conditions which favor high transpiration of

leaves, within the greenhouse, competition forb€aveen leaves and fruits can occur
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leading to reduced Ca concentration in fruit at critical times resulting in development of
BER. The observed increase in Ca transport rate and Ca concentration in defoliated
plants is probably a result of reduced traregn in the leaves and this led to a lesser
competition for water between the leaves and fruits causing more Ca to be distributed

into the fruit especially in the large and medium fruit cultivars.

5.2 Recommendations
1. To understand effect of defoi@t on BER development under moderate water stress,
more studies should be done to provide evidence on water and assimilate influxes into
fruit.
2. Further studies are required to determine the number of leaves to retain on tomato plant
in the other growig seasons
3. The relationship between watsluble Ca in the fruit and shoot Ca could be explored
in defoliated plants to compare with that in raefoliatedplants, todevelop a non
destructive fruit Ca status diagnostic tool.
4. Studies focusing onegteloping a practicalsystem that can preciselgontrol
environmentatonditions related tdsk of BER occurrence within a greenhoss®uld
be conducted.
5. At cellular level, expression and activity of Ca transporters in fruit of defoliated plants

could be determined to further understand the low BER incidence observed.
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