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ABSTRACT 

The effect of temperatu re on rate of kiwifruit maturation was studied using 

container-grown vines placed in contro l led envi ronments and fie ld-grown vines 

from fou r  orchards (Kerikeri , Te Puke ,  Palmerston North and Riwaka) at the 

geographical extremes of the kiwifru it g rowing regions. Solub le sol ids 

concentration (SSC) and partit ioning of carbohydrate between starch and total 

sugar concentrations were studied at different stages of maturat ion i n  both the 

contro l led environment and field work. Flesh f irmness, dry matter concentrat ion 

and fruit g rowth changes during fruit maturation were also measured. The effect 

of carbohydrate status on fruit maturation was determined by manipu lating it 

us ing g i rd l ing of f ield-grown vines. A model re lat ing changes i n  SSC to 

temperature was derived using data col lected from control led envi ronment 

treatments. This model was appl ied to fie ld-grown vines us ing meteorological 

data fro m  kiwifruit g rowing regions. 

Use of contro l led envi ronments quantified changes in kiwifru it du ri ng maturation .  

I ncrease i n  SSC and total sugar concentration ,  and decrease i n  starch 

concentration were faster at cooler than warmer mean temperatures ,  i rrespective 

of m in imum temperature per se or magnitude of the difference between maximum 

and m in imum temperatu re. A temperatu re perturbation altered the partition ing of 

carbohydrate compared to treatments where a perturbation did not occur. I n  

some years fruit were not responsive to any temperature treatments ; these fru it 

had not reached the stage of development at which they were able to respond 

to temperatu re .  Differences i n  rate of fru it maturation were fou nd among orchard 

sites. Some of these differences, such as decrease i n  starch concentration and 

i ncrease in total sugar and SSC cou ld be attri buted to the effect of temperatu re .  

G i rd l ing kiwifruit laterals altered carbohydrate concentration and affected rate of 

fru it matu rat ion. Carbohydrate concentration was h igher i n  fruit fro m  the 5 : 1  than 

1 :1 leaf :fruit ratio treatment.  Fru it in the 5 : 1  treatment matu red s imi larly to fruit 

fro m  ung i rdled vines,  compared to delayed maturation in fru it fro m  the 1 : 1  
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treatment. Carbohydrate concentration in  this treatment may be insuffic ient to 

support fruit maturation .  

The model developed to  predict the rate o f  change in  SSC during kiwifru it 

maturation  was made up of two components ; a state-dependent physio logical 

response function and a temperatu re-dependent rate function .  The base + 

exponential mode l  was chosen to represent the state-dependent physio log ical 

response function ,  based on SSC being separated into two components ; basal 

SSC and maturation SSC. The temperatu re-dependent rate funct ion from 

container-grown vines p laced i n  contro l led environments was successfu l ly 

transported to fit SSC in  field-g rown vi nes at d ifferent o rchard locations .  The 

model was developed using continuous temperature records but was later 

modified to use daily maximum and minimum temperatu res al lowing g reater 

p ractical appl ication. The partial rate coefficient accounted for most of the 

physio logical differences between years, orchards and experiments; it requ i red 

fitti ng at each o rchard location .  Transportabi l ity of the partial rate coeffic ient was 

demonstrated between years for two orchard locations. The model ,  therefore ,  has 

g reat potential for p rediction of harvest date of kiwifruit i n  different reg ions  and 

seasons. 
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CHAPTER 1 

I NTRODUCTION 

1 . 1 Kiwifruit; origins, biology and domestication 

Kiwifruit (Actinidia deliciosa (A. Chev) C. F. Liang et A.R.  Ferguson var. deliciosa) 

is one of the few new commercial fru it crops to have appeared in world trade this 

century. New Zealand is now accepted as the home of the cu ltivated kiwifru it that 

originated in China. A comprehensive text 'Kiwifru it Science and Management' 

(Warrington and Weston, 1 990) covers al l  aspects of the history and 

domestication of kiwifru it ,  its biology, production , postharvest handl ing, processing 

and marketing. Some of this material has been used for the fol lowin g  short 

summary of the or ig in ,  domestication and biology of kiwifru it. 

Cu ltivated kiwifru it are large-fruited selections of A. deliciosa, one of more than 

50 species and 1 00 taxa in the genus Actinidia. Most of these are foun d  in the 

temperate forests of the mountains and hi l ls of south-west China, although  some 

species are found in reg ions as d iverse as Siberia and Indonesia. The species 

are remarkably widespread in distr ibution and habitat, from 50°N to the equator, 

and from cold-temperate or arctic forests to the tropics (Ferguson ,  1 990a). The 

geographic centre of the genus is a narrow band between 25° and 30°N in  the 

mountains and h i l ls of south China, between the Chang J iang and Xi J iang 

Basins. A. deliciosa was referred to as A. chinensis unti l  1 984, but the species 

have since been separated. Ferguson ( 1 990b) describes the geograph ic location 

of the two species; A. chinensis is found in eastern , warmer regions and A. 

deliciosa in  western ,  colder reg ions. If the two species occur together in the same 

mountains then they are separated vertically, with A. deliciosa at h igher a ltitudes. 

In the mountains, maximum summer temperatures seldom exceed 40C, and 

winter temperatures can be freezing, but there is a long frost-free period of 2 1 0  

to 280 days. A .  deliciosa would therefore be adapted to cool winters and warm 
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summers;_ th is evolutionary background probably accounts for its current 

requirements for winter ch i l l ing and warm spring temperatures for budbreak, and 

perhaps also for the rapid rise in soluble sol ids concentrat ion (SSC) with  cool 
temperatures in  autumn (see Section 1 .4.2) . 

A l l  Actinidia species are perenn ial and form cl imbing or  stragg l ing plants. 

U ntrained, the stem s  can twist about and form tangles (Ferguson ,  1 990a) . S hoots 

of the current season come from axil lary buds of the previous season' s  g rowth ; 

these buds overwinter in  corky tissue above the leaf scar. Leaves are alternate, 
s imple with a long petiole and the vines are deciduous. All members of the  genus 

appear to be d ioecious, that is, pist i l late and staminate (female and male) f lowers 

occur on separate plants (Hopping,  1 990) . Female flowers h ave stamens but 

viable pol len gra ins have never been found,  whi le stam inate plants h ave a 

reduced ovary with poorly developed styles. Occasional ly A. deliciosa plants 

produce perfect flowers that are self-pol l inat ing and self-sett ing.  Vines with self­

fert i le b isexual flowers are being selected in the hermaphrodite kiwifru it b reeding 

programme in New Zealand (McNeilage, 1 992). F lowers, wh ich are cup shaped 

with white petals, occur in the leaf axi l ,  sometimes s ing ly or i n  smal l  

inflorescences. The fru it is  a berry with hundreds of smal l ,  dark seeds e mbedded 

in  soft, ju icy, bright g reen flesh. Detai ls of vegetative g rowth and deve lopment, 

f loral biology, fru it development (see also Section 1 .2) and cultura l  pract ices can 

be found  in Warrington and Weston ( 1 990). 

M issionaries in Ch ina were responsible for sending A. deliciosa seed to New 

Zealand in the early 1 900s, the fi rst plants being g rown at a nursery n ear 

Wanganui  (Ferg uson and Bol lard, 1 990) . These plants were propagated and 

d istributed to other  nurserymen and enthusiastic gardeners, both local ly and 

further afield. The cu ltivars 'Hayward' and 'Bruno' were probably selected and 

developed from these propagated seedl ings. G rowing conditions in  New Zea land, 

especial ly in  the north , seemed more favourable for successfu l  fru itin g  than  those 

prevai l ing in  Europe. During the next 25 years the orig inal  plants were 

propagated and the f i rst commercial orchard planted at Wanganui .  Plant ings were 
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soon establ ished i n  other parts of the country, such as the Bay of P lenty, 

Auckland and Kerikeri . From 1 950 to 1 970 kiwifruit p lantings were s low to 

expand, and produced fruit largely to satisfy local requ i rements. Fro m  1 973 

onwards plantings of kiwifruit were more extensive to fu lfi l the demand of the 

deve loping export i ndustry. I n  1 973 , about 90% of the total New Zealand 

p lantings were in the Bay of P lenty and 72% of these were in Te Puke.  By 1 99 1 , 

the Bay of P lenty contributed 65% to the total volume of kiwifruit exported ,  with 

the remain ing 35% coming from seven other  regions (Anon . ,  1 992a). 

The fi rst shipment of kiwifruit (1 2.5 tonnes/3 ,500 trays) left New Zealand for the 

Un ited Kingdom in 1 952, fol lowed by 1 3  tonnes (3,600 trays) of fruit to Australia 

i n  1 954 and exports of 30 to 40 tonnes (8 ,000 to 1 1  ,000 trays) in 1 960. By  1 964 

the quantity of export fruit had doubled and 1 976 marked the year when exports 

fi rst exceeded local consumption.  I n  1 991 , 59 mi l l ion trays (over 2 1 2 ,000 tonnes) 

were packed for export (M. Evans, 1 992 New Zealand Kiwifruit Market ing Board 

Conference , Rotorua) . Fruit are main ly packed in si ng le layer trays of 3 .6  kg 

(McDonald, 1 990). These trays have eight designated fru it sizes of 25 to 46 fruit 

per tray. I n  the 1 990 season ,  fru it in the mid sizes , 33 to 39 ,  were m ost in  

demand in  Europe, Japan and North America (Smith ,  1 991  ) .  Export value of 

unprocessed kiwifru it was NZ$ 539, 520 and 439 mi l l ion (f.o .b. )  for the year to 

30 June 1 990,  1 99 1  and 1 992, respectively (Anon . ,  1 992b) 

To cope with the growing demand for kiwifruit, researchers ,  g rowers and 

exporters had to determine su itable planting posit ions and spacings for female 

and male plants , pol l i nation techniques, train ing and prun ing methods, 

standardisation of cu ltivars (to 'Hayward') ,  development of a maturity standard 

for harvesting fru it (see Section 1 .2.3) , and storage, packag ing and t ransport 

conditions. 

Success of the industry in  New Zealand encouraged other countries such as 

France, Italy, Japan and Un ited States (Cal ifornia) to g row kiwifruit. Italy is the 

major producer of kiwifruit in Eu rope and in 1 990 produced 21 0 ,000 tonnes from 
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the total E uropean volume of 266,460 tonnes, Japan produced 54,720 tonnes 

and the Un ited States 32,960 tonnes (R. Martin ,  New Zealand Kiwifru it M arketing 

Board ,  Auckland, pers. comm.) .  P robably of g reater concern to the New Zealand 

i ndustry is the quantity of fruit grown in South America (Chi le) where labou r  is 

cheaper and fruit is produced and exported at the same time of year as in th is 

country. In 1 990,  39 ,300 tonnes were produced in  Chi le (Buzeta, 1 992) compared 

to 28 1 ,520 tonnes in  New Zealand. Estimated production in the no rthern 

hemisphere is expected to be I 00,000 tonnes greater than that of the southern 

hemisphere by 1 995. P redicted production of kiwifruit i n  1 995 is 75,000 tonnes 

i n  Chi le ,  262,800 tonnes in  New Zealand and i n  Italy between 270 ,000 ton nes (R.  
Martin ,  New Zealand Kiwifruit Marketing Board ,  Auckland, pers. comm . )  and 

41 0 ,000 tonnes (Costa et al. , 1 992b). 

To survive , it is essential that the New Zealand industry in  the future continues 

to supply a product that customers recognise as h igh qual ity. lt is equally 

important that commercial ly viable new cu ltivars are developed. Over the last I 0 

years i n  New Zealand,  considerable effort has been placed on plant b reed ing to 

broaden the range of cu ltivars avai lable, and the selection of other varieties such 

as those that are early maturing (Seal , 1 992). There is also a need to diversify 

into active marketing of the new and very different looking species and cultivars 

of kiwifruit being deve loped, before other countries do so. P roduction  of a range 

of nove l fruit types has been achieved. For example, a kiwifruit of s im i lar s ize to 

'Hayward' but with a distinctive g reen ,  hai rless ski n was obtained from crossing 

A. arguta to A. deliciosa and then by backcrossing to A. deliciosa (Beatson ,  

1 992). Other species o f  interest are the smooth (brown) skinned A.  chinensis and 

'kiwi g rapes' , selections of A. arguta and hybrids with smal l ,  g reen ski nned, 

hai rless fru its with a rich , sweet flavou r. Other i mportant selections n ot yet 

evaluated are red-fleshed kiwifruit, large fruited hermaphrodites (bisexual  vines) 

and easy-peel types (Seal, 1 992). 
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1.2 Fruit growth, maturation and ripening 

The processes of g rowth,  maturation and ripening need to be defined  and 

explained to g ive an understandi ng of the s imi larities and differences b etween 

various fruits. As it is a relatively new commercial crop,  less research h as been 

undertaken on kiwifru it than on many other species. lt i s  therefore necessary to 

d raw on  i nformation about other fruit i n  order to explain some processes i n  

kiwi fru it. 

A fruit is  the product of determinate g rowth from an angiospermous f lower or  

i nflorescence (Coombe ,  1 976). The Oxford Engl ish Dictionary (1 990) defi nes fru it 

as " the usual sweet and fleshy edible product of a plant o r  tree , contai n ing seed" .  

The word fruit refers to the fleshy, edible port ion of the i nflorescence,  i rrespective 

of which part develops i nto the fruit flesh (see Coombe ,  1 976) ; for examp le a 

strawberry (Fragaria ananassa Ouch .) develops from the receptacle and a peach 
(Prunus persica (L.) Batsch) from the mesocarp. After flowering there are periods 

of cel l  d ivision  and expansion when the developing fruit g rows, leadi ng  to 

maturat ion,  ripening and eventually senescence .  

Maturat ion is the process of  fru it development cu lminating i n  phys io logical 
maturity (Wa:t ada et al. , 1 984). Maturity is the stage of physio logical deve lopment 
which must be reached before a fruit may be removed from the plant, and yet sti l l  
continue to  deve lop unti l i t  is  suitable for consumption (Beever and H opki rk, 
1 990) . Ripening refers to the composite processes that occur  from the latter 
stages of maturation through the early stages of senescence to resu lt i n  a 
characteristic aesthetic and/or food quality , as evidenced by changes  i n  
composition ,  co lour, texture o r  other sensory attributes (Watada et  al., 1 984) . 
Watada et al. (1 984) defined senescence as the processes that fo l low 
physio logical maturity and lead to death of tissue. During senescence, e ating 
qual ity of fruit deteriorates (Beever and Hopki rk, 1 990). These definiti ons  show 
how the processes described are l inked biolog ical ly and cannot be easi ly 
segregated for scientific use. Fru its can be classified as being c l imacteric or  
noncl imacteric. C li macteric fruits are characterised by an i ncrease i n  the rate of 
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respi ration and ethylene production during ripening,  whereas nonclimacter ic fru its 
do not show any i ncrease in either respiration o r  ethylene production (Biale and 
Young ,  1 981  ) . 

The work described in  this thesis relates to the maturation of kiwifruit, that is to 

those pro cesses and changes that lead to ripening. This study did not examine 

the c l imacteric, effect of ethylene o r  postharvest storage of kiwifruit. These points 

wi l l ,  therefore, be briefly discussed in this review so the reader can com p rehend 

the context of the biological processes of g rowth,  matu ration and ripen i ng in  

which to place this work. 

1 .2 . 1  F ruit g rowth 

Fruits that we eat are developed from many different parts of the inflo rescence 

(Coombe, 1 976) and we should expect, therefore , d ifferences in g rowth and 
deve lopment. The pattern of fruit g rowth has been estimated for many species 

by measu ring changes in fruit size using either li near d imensions o r  f luid 

displacement (Coombe, 1 976) . Some fruits display a pattern of g rowth that 

fo l lows a si ng le sigmoid g rowth cu rve. Here ,  an in itial period of slow g rowth 

duri ng rapid ce l l  d ivision after anthesis is fo l lowed by a period of major  i ncrease 

in size dominated by cel l  expansion,  and a final period where g rowth rate 
decreases and ripening is in itiated (Rhodes, 1 980) . Examples of fru it exh ibiting 

sing le sigmoid g rowth curves are apple (Malus domestica Borkh) (Rhodes, 1 980) , 

pear (Pyrus communis L.) (Mann and Singh ,  1 988) , guava (Psidium guajava L.) 

(Yusof and Mohamed , 1 987) and muskmelon (Cucumis melo L.) (McCo l l um et 

al. , 1 988). In contrast, other fru it exh ibit double sigmoid curves where rapid 

g rowth phases are interspersed with one or two periods of little or no g rowt h. 

Double sigmoid g rowth curves are exhibited by a number of different fru it. The 

in it ial lag phase is succeeded by a period of in itial g rowth,  fo l lowed in  sequence 

by a period of little g rowth whi le the embryo deve lops and the pit (endocarp) 

hardens, then by rapid g rowth as the flesh (mesocarp) expands as i n  apricot 

(Prunus armeniaca L.)  (Reid and Bieleski , 1 974) , cherry (Prunus cerasus L.) 
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(Pol lack et al., 1 961  ) ,  g rape ( Vitis vinifera L.) (Ni i  and Coo m be , 1 983), fig (Ficus 

carica L.)  (Tsanti l i ,  1 990) ,  fe ijoa (Feijoa sel/owiana S erb) (Harman , 1 987) , and 

boysenberry ( Rubus hybrid) (Given et al., 1 986) .  Kiwifru it were thought to be 

characterised by a triple sigmoid growth curve (P ratt and Reid , 1 974) , but 

Hopping (1 976) and more recently Sawanobori and Sh imura (1 990) and Walton 

and de Jong ( 1 990a) have described fruit g rowth as a single sigmoid cu rve. 

1 .2 .2 Maturation and ripeni ng 

During maturation and ripening many changes occur in  the fruit tissues.  I n  

kiwifruit these changes include, among others ,  changes i n  carbohydrate 

metabol ism ,  ce l l  wal l  metabol ism and the patterns of ethylene production and 

respi ration .  

Carbohydrate metabo l ism 

A common feature of most fruit is accumulation of carbohydrate d u ring  

development. Some fruit store carbohydrate as starch which is later hydro lysed,  

while others accumulate a l l  o r  some of the fo l lowing : g lucose , fructose, sucrose , 

sorbito l and inosito l .  I n  fruit contai ning starch as the storage carbohydrate , the 

concentration of starch i ncreases during g rowth and then decreases as a resu lt 

of hydro lysis to sugars during maturation and ripening,  du ri ng which there is  

typically a concomitant rise i n  total sugar. Th is  occurs in  apple (Ohmiya and 

Kakiuchi ,  1 990) ,  banana (Musa spp.) (Marriott et al., 1 98 1 ; Agravante et al., 

1 990) , kiwifru it (Okuse and Ryugo, 1 981 ; Sawanobori and Shimu ra, 1 990) ,  pear 

(Mann and Si ngh ,  1 988) and tomato (Lycopersicon esculentum Mi l l . )  (D inar and 

Stevens,  1 98 1 ; Garvey and Hewitt, 1 991 ) .  

Fru it such as  g rape,  melon and pi neapple (Ananas comosus (L . )  Merri l l )  

accumu late sucrose, g lucose and fructose and do not store starch (Tucker and 

G rierson ,  1 98? ) . I n  addition ,  i n  the Rosaceae fami ly (apple, apricot, nash i  (Pyrus 

pyrifolia (Burm. f.)) , peach) sorbito l is the major form of translocated 
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photosynthate ; which is subsequently converted to other sugars i n  the fru it (Reid 

and Bieleski ,  1 974; Moriguchi et a!. ,  1 990; Moriguchi et a!. , 1 992) . In contrast, in 
kiwifruit sucrose is probably the major form of translocated photosynthate ; 

although the fruit of kiwifruit are capable of photosynthesis, this is l ike ly to p rovide 

a minor part of fruit carbohydrate requirement (Wegrzyn and MacRae ,  1 99 1  ) .  

I n  immature peach,  Moriguchi et al. (1 990) found that g lucose and fructose were 

predominant, whi le the concentration of sucrose and sorb itol remained low. 

However, concentration of sucrose increased marked ly to become the dominant 

compound in mature fru it (70% of total sugar) .  S imi lar patterns of sucrose 

contribut ions in mature fruit have been found in apricot (Reid and Bie leski , 1 974 ; 

N igam and Sharma, 1 987) . Grapes do not store starch , but at veraison 

(beg inn ing of berry ripening) there is rapid accum ulation of g lucose and fructose, 

with very little sucrose in  the f lesh tissue (Ni i  and Coombe, 1 983) .  This is s imi lar 

to changes that occu r in  boysenberry (Given et al. , 1 986). I n  al l of these fru it, 

concentrations of sucrose, g lucose and fructose increased during maturat ion and 

ripening due to accumu lation from assimi late , but in starch-contai ning fruit, also 

to breakdown of sto red carbohydrate . 

I n  banana, Ag ravante et al. (1 990) found that g reen fruit contained 1 0% starch 

and 1 %  suga r  but that during ripening starch decreased to less than 1 %  and 

sugar concentration increased to 20% of fresh weight. Concentration of sucrose 

was equal to that of g lucose and fructose 8 days before banana fru it were fu l ly 

ripe (Marriott et al. , 1 981  ) ,  whereas in  tomato , sucrose concentration rem ained 

low throughout maturation and ripening whi le g lucose and fructose concentration 

increased (Garvey and Hewitt , 1 991 ) .  However, resu lts from Garvey and Hewitt 

( 1 991 ) should be t reated with caution as the analysis procedu re was un l ike ly to 

have inh ibited invertase activity. Total sugar concentration in an eat ing-ripe 

kiwifruit ranges from 8 to 1 5% of the fresh weight; the major constituents are 2 

to 6% glucose, 1 .5 to 8% fructose and about 2% sucrose (Kawamata, 1 977 ; 

Matsumoto et al. ,  1 983). Trace amounts of inositol have also been found 

(Kawamata, 1 977 ; MacRae et al. , 1 989a; Walton and de Jong , 1 990a) .  The 
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absolute c oncentrations of sugars and acids, as we l l  as the sugar:acid rat io ,  are 

important i n  the taste and therefore quality of ripe fruit (Rhodes, 1 980) . Pathways 

of sugar and starch synthesis are described more ful ly in Section  1 .3 .  A t rigger 

mechanism for conversion of starch to sugar has not been identified,  but the 

p rocess appears to be faster at cooler than warmer temperatures (see Section 

1 .3 .2) .  

Carbohydrate concentration varies between different tissues i n  kiwifruit (MacRae 

et al. , 1 989a). S imi lar concentrations of soluble sugars were found in  the outer 

pericarp and core during fruit maturation .  However, during the same period there 

was a g radient i n  SSC between distal and proximal ends of fru it with the d istal 

end being highest. Soluble solids concentration of ju ice i ndicates  the 

concentration of compounds in fruit that are soluble in water such as sugars , 

acids, vitamin C ,  amino acids, ions and some pect in ,  and is measured  by 
refractive i ndex (Harman and Watkins, 1 986). Concentration of starch in  the core 

was higher, but more variable , than in  the outer pericarp. Numbers of starch 

g rai ns in the outer pericarp and core of fruit with a fi rmness 75.5 N were 

estimated to be 380,000 and 1 ,280 ,000 grains mm-3 tissue, respective ly (Weg rzyn 

and MacRae, 1 99 1  ) .  I n  fruit near eating ripeness, where fi rmness was 1 4.7 N ,  the 

number of starch g rains had decreased to 70 ,000 and 41 0 ,000 mm-3 tissue i n  the 

outer pericar p  and core, respectively. These figures for changes in the n u m ber  

of starch grains i n  ripening kiwifruit correlated we l l  with loss o f  starch measu red 

by chemical methods. Hal lett et al. (1 992) showed that there were spheri ca l  and 

el l ipsoidal cel ls  of two size g roupings in the outer pericarp : i nd ividual or smal l  

g roups of large cel ls (0.5 to 0.8 mm cross-sectional diameter) i n  a mat rix of 

smal ler cel ls (0. 1  to 0.2 mm cross-sectional d iameter). Patterson et al. ( 1 991 ) 

reported that the small cel ls were packed with starch g rains and the larger  ce l ls 
were devoid of starch. Detai led examination of core tissue showed that it was 

composed of re latively uniform spherical/el l ipsoidal ce l ls of 0 . 1  to 0 .2  m m  cross­

sectional d iameter (Gould et al. , 1 992; Hal lett et al. ,  1 992). If the smal l  cel ls i n  the 

core were the type that contained starch , then this may explain the h igher 

concentration of starch in  the core compared to the outer pericarp. 
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Cel l  wal l  metabo l ism 

Changes i n  texture o f  fru it during ripening resu lt fro m  changes i n  the structure 

and co mpo sitio n  o f  their cel l wal ls (Rho des, 1 980) . I n  additio n , there a re o ther 

b io lo gical changes o ccurring s imu ltaneo usly such as p igment b io synthes is  and 

pro duct io n  o f  vo lat i les (Fischer and Ben nett, 1 99 1  ). Mo d ificatio ns to cel l wal ls  are 

believed to be the majo r causes o f  so ftening and hence o f  textural change .  The 

so ftening pro cess is an i ntegral part o f  ripen ing i n  almo st al l  fru its. Decreases in 

fruit f irmness duri ng  maturatio n  and ripening have been demo nstrated in m any 
species including apple (Wo rkman, 1 963), f ig (Tsant i l i ,  1 990), guava (Y u so f  and 

Mo hamed, 1 987) , kiwifruit (MacRae et al. ,  1 989a) , melo n  (Micco lis  and Saltveit, 

1 99 1  ) ,  peach (Maness et al. ,  1 992) and pear (Mann and S ingh ,  1 988) .  I n  k iwifru it, 

the decrease was faster when fru it (especial ly immature fru it) were treated with 

ethylene (MacRae et al. ,  1 989b) . 

An understand ing o f  cel l  wal l  co mpo sitio n  is necessary befo re d iscuss ing the 

changes that o ccur during ripen ing .  Carbo hydrate po lymers typical ly fo rm 90 to 

95% o f  the structural co mpo nents o f  cel l  wal ls ,  the remain ing 5 to 1 0% being 

g lyco pro tein (Tucker and Grierso n, 1 987) . Cel l wal l  material o f  kiwifru it co ntained 

1 .4, 2 .2  and 2 .7% pro tein in  the o uter pericarp, co re and inner pericarp, 

respect ively;. the remain ing 97.3 to 98.6% was carbo hydrate (Redgwel l  et al. ,  

1 988).  H igher plants a l l  co ntain the po lysaccharides cel lu lo se ,  hem ice l l u lo se and 

pect in ,  but in  d ifferent pro po rtio ns.  Cel lu lo se co nsists o f  l inear chains o f  B - 1 ,4 

l inked D-glucan fo rming structures kno wn as m icro fibri ls .  Hem ice l lu lo ses are 

co mpo sed o f  several po lymers, the majo r o nes in h igher plants being 

xylo glucans, g luco mannans and galacto gluco mannans. Neutral pect ins  are 

arabinans, galactans o r  arabino galactans, wh i le acid ic pect ins have 

rhamno galacturo nan backbo nes (Tucker and Grierso n , 1 987). 

U ltrastructural and chemical studies o n  fru it have demo nstrated that 
co mpo sitio nal changes o ccur in  the cel l  wal l  du ring ripen ing .  These changes 

resu lt fro m  the actio n o f  cel l w al l  degrading enzymes such as po lygalacturo nase 
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(PG) , pect inmethylesterase (PE) and cel lu lase. Activities of such enzyme s  can 

be low or absent in unripe fru it but increase during the ripen ing process (Rhodes, 

1 980).  Polygalacturonase is invo lved in solubi l isation of pect in ;  both endo- and 

exo-PG are found in a wide range of fru its and th is enzyme has been l i nked to 

t issue soften ing (Tucker and G rierson, 1 987) . 

Polygalacturonase was thought to be the key enzyme i n  tomato fruit soften ing 

(Hobson and Harm an, 1 986), but recent work has indicated that i t  is  probably not 

the primary agent (Smith et al. ,  1 988).  Fru it soften ing has been studied 
ext ensively in  tomato, as there are several wi ld type l ines ( 'normal' fru it) and 

several ripen ing impaired m utant l ines, for example, non ripen ing (no!) , r ipen ing 

i nh ib itor (ri n) and neverripe (Nr) (Brady, 1 987) . M olecular b io logy has been used 

to alter the expression of PG in tomato such that the physio log ical and 

b iochemical expression of this altered expression could be assessed i n  vivo 

(Del laPenna and G iovannoni ,  1 99 1  ) .  Two approaches have been used. F irstly, 

m utant complementation where the expression of PG is forced in a m utant 

background (such as rin) which does not normal ly express the p rote in 

(Del laPenna et al. ,  1 987; G iovannoni  et al. ,  1 989) .  The g reatly reduced level of  

PG m RNA in rin fru it is due to a near total b lock of PG gene transcription 

(Del laPenna et al. ,  1 989).  Secondly, insertion of the PG gene into wi ld type fru it, 

but in its rev erse (antisense) orientation reduced the level of endogenous PG 

expression (Sm ith et al. ,  1 988) . The mutant complementation and antisense 

experiments have p rovided surpris ing and apparently conclusive evidence that 

the h igh level of PG activity expressed during tomato fru it r ipen ing is  both 

sufficient and n ecessary for pectin degradation and solubi l isation ,  but not 

sufficient to cause soften ing of the fru it t issue (Del laPenna and G iovannon i ,  

1 99 1 ) .  S im i larly, in  peach two PG enzymes increased i n  activity du ri ng  the  latter 

part of ripen ing when  fru it were already very soft ( Downs et al. ,  1 992) .  I n  k iwifru it, 

pectin so lub i l ised early i n  the ripen ing process has a h igh  m olecular weight and 

is s imi lar to that bound with in the cel l  wal ls. Later, the so lub i l ised pectin is 

degraded. Redgwel l  et al. (1 992) suggested that PG may not be a m ajor  factor 
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i n  this so lubi l isation process, but that it is invo lved in  depolymeris ing the 

so lubi l ised pect in .  

Pectinmethylesterase de-esterifies pectin and makes it more avai lable to PG 

attack. Pect inmethylesterase i s  present in  large amounts in  un ripe fru it, 

suggesting that there must be some mechanism in cel ls to prevent its activity 

(Tucker and G rie rson , 1 987). A 1 0% de-esterification of cel l  wal l  pectin was found 
early in  kiwifru it soften ing,  and this process continued throughout softening 

(Redgwel l  et al. , 1 990; Redgwel l  et al. , 1 992). 

Cel lu lase levels are low in un ripe fruit, but differ markedly between species in ripe 

fru it (Tucker and G rierson ,  1 987). Cell wal ls of kiwifruit swel l  du ring soften ing 

(after most of the pectin has been solubi lised) and this may be due to the action 
of cel lu lase or hemicel lu lase. A decrease in xylog lucan has been measu red 
(Redgwel l  et al. , 1 992) and during later stages of ripening (after an ethylene 

treatment) a decrease occurs in  the concentration of galactose from ce l l  wal ls. 

The same processes occurred in  non-ethylene and ethylene-treated fruit , but the 

relative tim ing of each process was different (Redgwel l  and Percy, 1 992) .  Non­

structural as wel l  as structural carbohydrates may be involved in  fru it softeni ng .  

Starch degradation could be important in the early stages of  kiwifruit softening 

(MacRae et ·al. , 1 989b) ; the starch g rains may not act as a physical barrie r, but 

du ri ng the i r  deg radation affect the osmotic pressure and turgor with in the ce l l  

(MacRae and Redgwel l ,  1 992) . 

Cl imacteric and ethylene 

Fru it of different species and genera can be classified as climacteric or 

nonclimacteric ,  the two groups differing in patterns of respi ration and ethylene 

synthesis during ripening. Ethylene is a plant hormone which regu lates many 

aspects of g rowth , deve lopment and senescence. As with other  hormones, 

ethylene is thought to bind to a receptor to form an activated complex wh ich 

triggers subsequent reactions leading to physio logical responses (Yang , 1 985). 
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Al l  c l imacteric fru it ,  such as stonefruit and pipfru it, are characterised by transient 

increases in both respiration and ethylene synthesis at an early stage of r ipening,  
but in kiwifruit th is occurs at a later stage (Paterson V.J. et al. ,  1 99 1  ) .  In contrast, 

noncl imacteric fru it including citrus and grape do n ot show these increases, 

indeed there is a decrease in respiration rate throughout the ripen ing  p rocess, 

with a s im ilar decrease in ethylene production (Tucker and G rierson,  1 987). 

Two systems of ethylene production have been proposed (McMurch ie et al. ,  

1 972); system I is common to noncl imacteric and c l imacteric fru it unti l  r ipening 

commences, whi le cl imacteric fru it also operate system 11 wh ich resu lts in  a 

massive increase in  ethylene production by the tissues, fol lowed by ripen ing  and 

senescence. System I is the low level of ethylene present in fru it before the  onset 

of ripening, whi le system 11 is the autocatalytic burst of ethylene production 

accom panying the ripen ing  process. In precl imacteric fru it, resistance to r ipening 

(or resistance to ethylene action) is so h igh that the ripen ing process is not 

in itiated. D uring maturation there is a progressive decrease in resistance to 

ethylene action (or an increase in sensitivity to ethylene action) and this p rocess 

is thought to be control led by endogenous ethylene (Yang ,  1 985). When 

resistance to ethylene action decreases to a point at wh ich fru it t issues become 

responsive to their endogenous ethylene levels ,  the ripening process is i n itiated, 

resu lt ing in t he autocatalytic burst of ethylene production (system 11 ) .  The 

important factor that triggers the onset of ripening is the decrease in  res istance 
(or an i ncrease in the sensitivity) to ethylene action (Yang ,  1 985). 

Cl imacteric and n oncl imacteric fru it also differ in  their response to exogenous 

ethylene (Tucker and Grierson,  1 987). In  noncl imacteric fruit, appl ication of 

exogenous ethylene increases the rate of respiration in proport ion to the 

concentration of ethylene appl ied ,  and the rate of respiration decreases to a basal 

level when ethylene is removed. Applying ethylene to cl imacteric fru it hastens the 
onset of the respiration peak, the magn itude of the response being independent 

of the concentration of applied ethylene. The difference between the response of 

cl imacteric and noncl imacteric fru it to added ethylene is due to autocatalytic 
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synthesis of ethylene in  cl imacteric fruit. Once synthesis is triggered ethylene 

concentrations wi l l  i ncrease so that the fi nal respi ration rate is i ndependent of the 

original ethylene concentration (Tucker and G rierson ,  1 987). 

Tissues are exposed to low leve ls of ethylene (system I )  throughout deve lopment. 

Exposure to higher concentrations of ethylene produces ,  in fruit tissues ,  a 

response that varies between species and with fruit maturity (Brady, 1 987). Some 

cl imacteric fruit, such as banana, are more sensitive to applied ethylene and ripen 

faster than less sensitive species such as tomato o r  apple. 

Two key enzymes i nvolved with ethylene synthesis are 1 -aminocyclopro pane-1 -

carboxylic acid (ACC) synthase (which catalyses the conversion  of 

S-adenosylmethionine (SAM) to ACC and ACC oxidase (which catalyses the 

conversion of ACC to ethylene) (Tucker and Grierson ,  1 987) . The concentration 

of ACC and activity of ACC synthase are very low in  precl imacteric fru it .  The rate 

l imit ing enzyme i n  precl imacteric fruit is ACC synthase , as ACC oxidase has a 

capacity in  excess of ACC synthase at all maturities (Brady, 1 987) . 

Kiwifru it behave as cl imacteric fruit as they ri pen .  When the respi ration rate rises 

towards the end of ripening, the concentration of ethylene also rises before fal l i ng 

as fru it reach senescence (P ratt and Reid ,  1 974) . I n  kiwifruit these increases 

occurred after the flesh had softened considerably and when it was at eat ing 

ripeness (Paterson V.J. et al. , 1 991  ) ,  that is ,  after the hydro lysis of starch and 

increase i n  sugar concentration that occurred during maturation .  These resu lts 

are in contrast to other cl imacteric fru it (such as banana) where starch 

degradation occu rs at the same time as the cl imacteric peak (Rhodes, 1 97 1  ) .  

Addition  of ethylene to kiwifruit resu lted i n  rapid soften ing (ripening) of the fru it 

at 20C (P ratt and Reid ,  1 974 ; Matsumoto et al. , 1 983 ; MacRae et al. , 1 989b) and 

in  fruit stored at OC with 0.1 111 r1 ethylene, compared to ethylene-free contro l  fru it 

(maximum ethylene 0 .02 Ill r1 ) (Harris ,  1 98 1  ). However, fruit ce l ls must be  ready 

to ripen before they can respond to ethylene (Romani , 1 987) so that factors other 

than ethylene may determine whether a fruit wi l l  ripen (Roman i ,  1 984) . Some 
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ripening changes in tomato are apparently independent of ethylene stim u lat ion 
(Jeffery et al. ,  1 984) and ripen ing changes can sti l l  occur in  pear even though  

ethylene production was blocked (Romani et al. ,  1 983) . l t  is l ike ly that m any 

changes occur at the genetic level during maturation and are independent of the 

ethylene concentration .  

1 .2 .3  Maturity indices 

A matu rity index is an arbitrary measurement used to determine whethe r  a 

particular crop is at an appropriate maturity for harvest. The index shou ld  be 

objective rather than subjective and preferably nondestructive (Reid, 1 992) .  

Maturity m easurements to be made by g rowers, exporters and qual ity control 

personne l  must be simple and require relatively inexpensive equipment. P otential 

indices should be highly correlated to fru it qual ity and be consistent b etween 

seasons (Underh i l l  and Wong, 1 990). Fru it should be harvested once they are 

physiological ly mature to ensure that they are of an acceptable qual ity to the 

consumer, s ince immatu re fru it do not maintain metabol ic homeostasis and are 

l ikely to senesce rapidly (Huber, 1 987). If kiwifru it are harvested too early they wi l l  

not develop their fu l l  flavour  and aroma; f lesh softens more rapidly than in m ature 

fru it and may have a water soaked appearance, wh i lst after storage the core may 

sti l l  be hard and the flesh have a bitter taste (Beever and Hopkirk, 1 990) .  Peach 

should be harvested when skin colour changes from g reen to yel low, earl ier 

harvests resu lt i n  incomplete maturation and poor qual ity r ipe fru it (Zuccon i ,  
1 986) . 

There are many changes that occur concurrently in fruit during maturat ion and 

some of these have been used to provide estimates of maturity (Reid, 1 992) .  

Genera l ly a s ingle indicator, or  combination of several indicators, is used as the 

maturity index to determ ine the t ime of harvest of a crop. For example, n u m ber 

of days from fu l l  b loom to harvest in apple and pear, firmness in stonefruit, starch 

pattern index in apple, SSC in kiwifru it and sugar:acid ratio i n  c itrus ( Citrus spp.) .  
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Skin g round colour was a feasible maturity index for peach (Delwiche  and 

Baumgardner, 1 985) . Measurement of skin colour of dark sweet cherries (Prunus 

avium L.) for cann ing was proposed as the maturity index using ref lectance 

colour (Drake et al. ,  1 982) .  Another maturation index is moisture content, used 

for harvest ing guava (Yusof and Mohamed, 1 987). Criteria evaluated as 

indicators of maturity i n  apple included calendar date, num ber of days from fu l l  

b loom, accum u lated 'heat-un its' (see Section 1 .4.3) ,  skin g round colour ,  seed 

colour, flesh firmness, respiration rate, SSC, acid concentrat ion ,  starch 

concentration, ethylene concentration and sugar:acid ratio (Dennis ,  1 986). 

Ethylene production was used as an indicator of harvest maturity for 'De l ic ious' 

apples (Smith et al. ,  1 969). The starch iodine test was evaluated on  apple i n  N ew 

Zealand and found to be useful for predicting harvest dates and assessing 

maturity at harvest for some cu ltivars (Reid et al. ,  1 982b).  Hesse and H itz ( 1 938) 

found that none of the indices they used proved whol ly successfu l  in forecasting 

maturity of 'Grimes' and 'Jonathon' apples. Flesh firmn ess was used as the 

maturity index for pear (Chen et al. , 1 993). Often several indices are used rather 

than one. I n  apple, Truter and Hurndall ( 1 988) used three or  more m aturity 

ind ices, measured weekly, to determine the optimum date of p icking.  More than 

one maturity index was recommended for rockmelons, where the m elon shou ld 

appear mature when inspected both external ly and internal ly and SSC shou ld be 

at least 8% (Wade, 1 98 1 ) .  

I n  citrus the total soluble sol ids:total acid ratio  i s  extremely sensitive as the  acids 

decl ine and sugars increase towards ripeness; the ratio is considered the  m ost 

rel iable i ndex of ripeness for citrus (except lemon (Citrus limon (L.) Burm f . )  and 

l ime ( Citrus sp.)) (Monselise, 1 986) . A sim ilar index (SSC:acid rat io)  was 

recommended for determin ing lychee (Litchi chinensis Sonn. )  harvest date in 

Queensland (Underh i l l  and Wong, 1 990) . 

A need for a su itable indicator  of maturity was recogn ised for kiwifruit to  ensure 

that fru it reached an appropriate stage of development before harvest. I n  the 

1 960s, harvest season for kiwifruit commenced on a specific date (1 M ay) and 



1 7  

fru it harvested before that date were not al lowed to be exported (Beever and 

Hopkirk, 1 990) . This procedure was general ly satisfactory and e l im inated export 

of very immature fru it, but 1 May was an inappropriate date i n  some seasons.  I n  

1 979, some fru it harvested soon after 1 May and exported from New Zealand 

were considered to be of poor qual ity as the fru it showed symptoms characteristic 

of fru it harvested when immature (Beever and Hopkirk, 1 990) . Othe r  maturation 

characteristics were investigated, but those such as external appearance and 

f lesh colour do not change during kiwifruit maturation as they do in  many other 

fru it (Beever and Hopkirk, 1 990) . Another unsatisfactory indicator was ethylene 

production , as it general ly reached a maximum rate wel l  after fruit softened (Pratt 

and Reid, 1 97 4 ) .  During the period of final maturation in kiwifru it, changes i n  flesh 

firmness and SSC were found to occur with reasonable consistency (Harman , 

1 98 1 ) .  Flesh f irm ne ss decreased, but the pattern of decrease varied fro m  year 

to year and d id not relate to storage quality. As fruit matured SSC increased due 

to hydro lysis of starch to sugar, and SSC did relate wel l  to fruit qual ity after 
storage .  In addit ion, SSC has a consistent positive relat ionship with sugar 

concentrat ion in kiwifruit (Harman, 1 98 1 ) and can be easi ly measured, even in 

the field, by us ing a hand held refractometer cal ibrated to a sugar so lut ion of 

known concentration (Harman and Hopkirk, 1 982) .  The standard starch iodine 

test was unsuitable for kiwifruit because the purple stain ing was d ifficult to  detect 

on the g reen flesh, and sugar concentration was not easy to measure ( Beever 
and Hopkirk, 1 990). 

The kiwifruit industry in  New Zealand has adopted 6.2% SSC at haNest as the 

m in imum level for export fruit. The 6.2% SSC maturity index was selected on the 

basis of eat ing qual ity after storage and is approximately when hydrolysis of 

starch commences. The maturity index of a crop such as kiwifru it m ust be taken 

from a sample of fru it from different vines, because there are d ifferences in SSC 

not only between vines but also between fru it from different posit ions o n  the 

same vine (Hopkirk et al. ,  1 986; Smith et al. ,  1 992) .  A sim i lar problem was also 

found in  the sampl ing of cherries (Drake and Fel lman, 1 987) . Harman and 

Hopkirk ( 1 982) showed that fru it from the same orchard b lock matured at d ifferent 
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rates in  different years and that there were also d ifferences among reg ions .  Th is 

may have been due to the d ifferent growing cond it ions, for example temperatures 

experienced by vin es between years or regions. The effect of temperature o n  rate 

of kiwifru it maturation has not yet been clearly defined (see Section 1 .4.2). 

Recently, Hopkirk ( 1 992) reviewed the development of the maturity standard for 

New Zealand kiwifruit and suggested that fru it should be p icked at 7% S SC to 

ensure h ig h  qual ity fru it after long-term storage.  

Maturity ind ices su itable in one country may not be appropriate to a n other 

country. There was no evidence that the maturity index used in  New Zealand  was 

the m ost appropriate for fru it g rown in the warmer Australian cl imate, or for other 

cu ltivars such as 'Bruno' and 'Dexter' (Scott et al. ,  1 986). These workers related 

potential maturity tests to eating quality of the fru it; SSC at harvest d id n ot p redict 

the qual ity of kiwifru it g rown in New South Wales. I nstead they suggested using 

total sol ids (dry matter concentration) as a more relevant measure of fru it 
maturity. The main perceived advantage of the dry matter test is that it is a 

measure of total carbohydrate and is less influenced by the conversion of starch 

to sugars than the SSC (Hopkirk, 1 99 1 ). Hopkirk ( 1 99 1 )  states that the 

relat ionship between dry matter and the storage and eat ing qual ity of fru it from 

a range o f  sources must be evaluated thorough ly before the  test could b e  used 

by the New Zealand kiwifru it industry. 

1 .3 Carbohydrates 

Carbohydrates are important in plants in both structural and non-structu ral roles. 

In the context of this study the focus was on the role of non-structura l  

carbohydrates, that is ,  those 'available' i n  the fruit cel ls as g lucose, fructose, 

sucrose and also starch as a storage form of carbohydrate .  The synthesis and 

degradation of sucrose and starch is discussed, as is the effect of temperatu re 

on cel l  metabol ism (enzyme regulation of the biochem ical pathways) and the 

funct ion of carbohydrates in respiration. Of special interest is the effect of  low 
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temperature on  starch hydrolysis.  Kiwifruit is a relative ly new crop (see Section 

1 . 1 )  so that ,  u nt i l  recent ly, little research had been  undertaken on its 

carbohydrate metabol ism. As a resu lt, much of the literatu re refers to other  c rops. 

Carbohydrates form 60 to 90% of a plant's dry matter. Monosaccharides are the 

s implest sugars made up of a carbon chai n with oxygen and hydroge n  e .g .  5 
carbon (pentose) o r  6 carbon (hexose) sugars ,  the most common i n  fruits being 

the hexose, 0-g lucose. Complex sugars are a series of monosaccharides l i nked 

by g lycosidic bonds and are called o l igosaccharides. Sucrose, common ly found 

in  plants, is a disaccharide composed of one unit of  g lucose and one of fructose. 

Maltose is comprised of two un its of g lucose. Polysaccharides are composed of 

more than ten monosaccharide un its and tend to be variable in mo lecu lar weight 

and complex in terms of the constituent monosaccharides and the types of 

l inkages (Hal l  et al. , 1 97 4) . Starch is a polysaccharide made up  of g lucose. 

Hexose phosphates ,  formed in  photosynthesis, g luconeogenesis and breakdown 

of storage carbohydrates in higher plants, are used in g lycolysis ,  the oxidative 

pentose phosphate pathway and in the synthesis of o l igo- and po lysacchari des 

(ap Rees, 1 980) .  Detai ls of the g lycolytic pathway, the oxidative and reductive 

pentose phosphate pathways and g luconeogenesis are beyond the scope of this 

review but can be found in  many texts and papers (e.g. Hal l  et al. ,  1 974;  Dennis 

and Miernyk, · 1 982;  Copeland and Turner, 1 987) . However, specific aspects , such 
as the effect of temperature on enzymes involved in the g lyco lyt ic and 

g luconeogenic pathways are discussed in Section 1 .3 .2 .  

Starch is the major  sto rage polysaccharide in  both photosynthetic and non­

photosynthetic tissues. Many storage organs i n  plants contain starch,  such as 

cereal grains ,  potato tubers (Solanum tuberosum L.) ,  and fruit such as apple , 

banana and kiwifruit. The accumulation and subsequent use of storage 

carbohydrates o r  reserve substances are fundamental processes i n  l ivi ng  cel ls 

that enable them to maintai n metabol ic activities when exogenous sources are 

unavai lable (Steup ,  1 988). Starch accounts for over 70% of the calo rific value of 

the diet of the human race , but re latively little progress has been made towards 
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understanding its metabol ism (ap Rees, 1 988) .  Starch occurs as water i nsoluble 

g ranu les. The s ize and shape of these granules depends on  their botan ical o rig in ,  

for example po l len starch g ranu les are 2 J..Lm in  diameter and those from barley 

(Hordeum vulgare L.) grains are 1 5  to 35 J..Lm (Banks and M u i r, 1 980) .  Starch 

g rains from kiwifru it are, on average, 5.5 J..Lm in d iameter, but m ost range  i n  s ize 

from 3 .0 to 7 .0 J..Lm (Fuke and Matsuoka, 1 984). There are two structural ly 

d ifferent polysaccharides in the granules. Amylose is main ly composed of long 
l inear chains of 1 ,4- l inked a-D g lucopyranose residues and accounts for 20 to 

30% of normal starch . In kiwifruit, the amylose content of starch g rains h as been 

estimated to range from 1 0.8% (Fuke and Matsuoka, 1 984) to 20% (E. M acRae, 

HortResearch , Auckland, unpubl ished data) . The other main component is 

amylopectin (a1 , 6- l inkages) ,  which is a macromolecule consist ing of short 

amylose chains l inked into a branched structure (Kainuma, 1 988) .  Starch in 

banana contains about 80% amylopectin (Garcia and Lajolo,  1 988), s im i lar to 

kiwifru it (E. MacRae, HortResearch, Auckland, unpubl ished data). Development 

of starch granu les is sim i lar in many plant species. As the o rgan develops the 

amylose content of starch increases in potato ,  pea (Pisum sativum L.) , barley, 

wheat ( Triticum aestivum L.) and rice ( Oryza sativa L.) (Banks and Mu ir, 1 980). 

In pea, increases in  granule d iameter corresponded to an increase in  starch 

concentration .  

1 .3 . 1 Synthesis and degradation of starch 

Photosynthesis is the dominant process responsible for hexose phosphate 

formation in plants. The reductive pentose phosphate pathway is the on ly 

pathway known to be capable of forming sugars from carbon d ioxide in plants (ap 

Rees, 1 980). This pathway is a starting point for many b iosynth etic sequences, 

but conversion of hexose phosphate to sucrose or starch is the m ost i m po rtant. 

The in itial source of hexose phosphate in non-photosynthetic ce l ls  are 

compounds translocated from leaves via the ph loem ; these are main ly s ucrose 

but include sugar alcohols in some species (ap Rees, 1 988) .  Ph loem t ransport 
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of sucrose depends o n  a decreasing gradient of sucrose from source (leaves) to 

sink (fru it) t issue. 

The enzyme sucrose 6-P synthase (SPS) catalyses formation of sucrose. 

However, there are three enzymes connected with sucrose degradat ion :  acid 

invertase, alkal ine invertase and sucrose synthase (Fig. 1 . 1 ) . l nvertases catalyse 

the conversion of sucrose to g lucose and fructose, where alka l ine invertase is 

present in the cytoplasm and acid invertase in the vacuole .  N ielsen et al. ( 1 99 1 )  

studied carbohydrate metabo l ism during fru it development in  sweet pepper 

( Capsicum annuum L.) ,  where in young fru its the invertases were active i n  

sucrose breakdown, i n  contrast to  sucrose synthase, wh ich was more active 

during maturat ion and ripening than the invertases. I n  cu ltivated tom ato (L. 
esculentum) invertase activity was h igh during final stages of ripen ing ,  result in g  

in  h igh concentrat ions of g lucose and fructose compared t o  sucrose (Yel le  e t  al. ,  

1 988; Stommel ,  1 992) . I n  contrast, in  wild type tomato L.  peruvianum (Stom mel ,  
1 992) and L.  chmielewskii (Yel le et al. ,  1 988) invertase activity was m in imal ,  

result ing i n  a h igher concentration of sucrose than g lucose and fructose in ripe 

fru it. The activity of acid invertase reflected the changes in sugar concentration 

i n  potato tubers, whereas there was no  evidence of  a specific alkal ine inve rtase 

(Richardson et al. ,  1 990) .  In potato tubers (Morrell and ap Rees, 1 986a) and 

tomato (Wang et al. ,  1 993) sucrose synthase was more active than the inve rtases 

i n  sucrose breakdown. When sucrose synthesis exceeds the capacity of the leaf 
to e ither transport or store sucrose, a regu latory mechanism operates to reduce 

photosynthesis and d ivert sucrose into starch .  S im i lar conversion of sucrose to 

starch may occur i n  fruit tissue .  

There are two forms of soluble starch synthase specific for ADP-glucose, and a 

starch g ranu le-bound starch synthase is also active with U D P-glucose (Preiss, 

1 988) .  The enzyme ADP-glucose phosphorylase catalyses the rate l im it ing  step 

of starch synthesis (G 1 P to ADPG). D egradation occurs when o l igo- or 

polysaccharides are converted into products having a lower degree  of 
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polymerisation (Steup, 1 988) . Starch can be degraded by amylase, debranch ing 
enzymes and phosphorylase. 

Amylases are a g roup of three d ifferent enzymes that hyd ro lyse starc h .  The 

enzyme a-amylase cleaves i nternal a- 1 ,4 l inkages of l inear or branched starch 

into a m ixture of l inear malto-ol igosaccharides and branched o l igosaccharides 
wh ich are hydrolysed further, for example to g lucose or maltose. The e n zyme 

B -amylase catalyses successive hydrolysis of alternate a- 1 ,4  l inkages from the 

non-reducing end of amylose and amylopect in to release B -maltose .  The action 

of both enzymes is b locked by a-D( 1  , 6) branch l inkages. a-glucosidase c leaves 

both a- 1 ,4 and a- 1 , 6  l inkages and can convert branched and unbranched chains 

to g lucose (Steup, 1 988) . Debranch ing enzymes hydro lyse on ly a-1 ,6 bonds but 

require a-1 ,4 l inkages to be present in the starch (Preiss and Levi , 1 980; 

Kainuma, 1 988; Steup, 1 988) .  Degradation of starch in  banana was hyd rolyt ic, 

that is, as a resu lt of amylase action rather than phospho ro lytic c leavage of 

starch ( lyare and Ekwukoma, 1 992) . Phosphoro lysis is the other major pathway 

of starch breakdown, as shown in potato tubers (Sowokinos, 1 990a) and tomato 

fruit (Robinson et al. ,  1 988). Phosphorylases attack the a- 1 ,4 g lucan chai ns  from 

the non-reducing end to give g lucose 1 -phosphate (G 1 P) (Hal l  et al. ,  1 974). 

Starch hydrolysis may occur fi rstly by act ion of a-amylase, secon d ly by 

debranch ing . enzymes fol lowed by phosphoro lysis of the remain ing fragments. 

However, in th is thesis the term hydrolysis has been used as a general term to 

indicate degradation of starch . 

I n  vitro experiments have indicated that the in itial attack on a storage starch 

g ranule could be by a-amylase, the rate depending on source and s ize of the 
starch g ranu le and properties of the respective a-amylase (Steup,  1 988) .  

Degradation often commences at a few sites on the starch g ranu le ,  forming 

cavities and al lowing rapid degradation of  the inner  reg ion ,  leavin g  a hol low  she l l .  

Alternat ively, su rface erosion can be dom inant. The ent ire reaction sequence of 

starch degradation has not been defined (Steup, 1 988) ,  but reserve starch 

degradation often begins after a large increase in the amount and activity of 
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a-amylase. Seven a myiases (3 a- and 4 B -amylase) were detected in  banana 

and their activity increased during fru it maturation (Garcia and Lajo lo ,  1 988). 

These researchers examined not only the concentration of starch in  banana 

during maturation and ripen ing,  but also the starch g ranu le sizes. I n  g reen 

bananas ( 1 8.4% starch) ,  60% of the g ranu les were 1 0  to 20 !lm d iameter and 

1 5% were smal ler than 1 0  !J.m . Granu les in  bananas with 3.2% starch were 
smal ler with about 60% being less than 1 0  !J.m. 

Coordination of starch synthesis and degradation m ust be f inely regu lated; if both 

systems operated s imu ltaneously it would result i n  a fut i le cycle (Preiss, 1 988) . 

Metabol ic pathways are often located in subce l lu lar compartments, a l lowing 

d ifferent and often opposing metabo l ic processes to occur s imu ltaneously (ap 

Rees, 1 980) . Transport mechan isms are required to 'carry' metabol ites from one 

subce l lu lar compartment to another if these metabol ites do not d iffuse freely. 

Many experiments have been undertaken to determine the locat ion of the 

enzymes involved in synthesis and degradation of starch,  i n  o rder to identify 

wh ich processes occur in the amyloplasts (chloroplasts are s im i lar and  can 

transform i nto amyloplasts and vice versa) and the cytosol (Preiss, 1 988) . A 

d iagrammatic scheme of the suggested pathways involved in  carbohyd rate 

oxidation in  ch loroplasts was put forward by ap Rees ( 1 985) . 

1 .3 .2  Effect of temperature 

Temperature affects the rate of chemical reactions not on ly  in vitro but also in 

vivo. One aim of this study was to investigate the effect of temperatu re ,  especial ly 

low temperature ,  on  the rate of kiwifruit maturat ion.  I n  New Zealand, k iwifru it 

maturity is determ ined by the SSC of ju ice from the fru it. Fruit can be harvested 
for export once the SSC exceeds a min imum of 6 .2% (commercial m atu rity) . 

There is a difference in  tim ing of commercial maturity in  the d ifferent kiwifru it 

production areas in the country and from year to year; these variat ions m ay be 

due to d ifferent temperatures prevai l ing during the g rowing season . 



25 

There is very sparse information on the conversion of starch to sugar in re lation 

to kiwifru it, but it has been extensively studied in  other  crops, such as potato , 

where temperature effects on this process have been studied. I n  particu lar ,  much 

reference is made to the cold induced sweeten ing in  harvested potato tubers. 

This process is important to the potato processing industry which requires tubers 

after storage to have a low sugar concentration ,  thereby avoiding a non­

enzymatic browning reaction between reducing sugars and amino acids d u ring 

p rocessing which wi l l  lower potato ch ip quality (Shal lenberger et al. , 1 959) .  

lt i s  assumed i n  th is study that simi lar biochemical processes are occu rri ng at 

cold temperatures in  both the harvested potato tuber and i n  fruit of kiwifruit that 

are g rowing on the vine. P roducts of starch deg radation i n  isolated storage tissue,  

such as the potato, are relatively straightforward to determine.  In  kiwifruit 

however, starch degradation during the later stages of fruit maturat ion wi l l  

account for on ly part of the increase in  sugars, as some wi l l  be translocated fro m  

the leaves via photosynthesis. 

As early as 1 882, MOI Ier-Thu rgau detected accumulation of reducing sugars i n  

potato tubers stored at low temperatu res, and their subsequent disappearance 

when tubers were returned to higher temperatures. Many experimenters have 

shown that 'cold sweetening '  occurs in potato at low temperatures is due to 

i ncrease in sugar as a result of hydrolysis of starch (Pressey and Shaw, 1 966 ;  

lsherwood,  1 973 ; Pol lock and ap Rees, 1 975 ; Dixon and ap  Rees , 1 980b;  Morrel l  

and ap Rees , 1 986a; Sowokinos, 1 990a) . lsherwood ( 1 973) fou nd that 

concentration of total sugar in  potato increased when temperatu re was changed 

from 1 0 to 2C and was almost entire ly due to conversion of starch to suga r  (when 

an al lowance was made for respi ration) .  The decrease i n  sugar and i ncrease in 

starch which occu rred when tubers were transferred from 2 to 1 OC was 

accounted for by resynthesis of starch from sugar. P ressey and Shaw (1 966) , 

Pol lock and ap Rees (1 975) and Morrel l  and ap Rees ( 1 986a) a l l  demonst rated 

an increase i n  sugar when potato tubers were stored at 2 ,  4 or  5C compared to 

1 0 , 1 8  or 1 OC, respectively. The concentration of g lucose i ncreased when potato 



26 

tubers were transferred from 9 to 3C and decreased when placed at 1 8C 

(Sowokinos, 1 990b) .  Unfortunately none of these authors measured starch 

concentrations during the experiments. 

Conversion of starch to sugars at low temperatures has also been recorded in  

tomato fru it (Walker and Ho,  1 977) and in tu l ip  ( Tulipa gesneriana L. )  bu lbs 

(Haaland and Wickstr�m. 1 975). The enhanced accum ulation of sucrose in  

cooled (5C) tomato fru it compared to those at 25C was thought to resu lt from 

both inh ibition of sucrose hydrolysis and increased hydro lysis of starch (Walker 

and Ho, 1 977) . The concentration of starch in scales of tu l ip bulbs stored at 5C 

was lower, but the sugar concentration was h igher than in  bu lbs stored at 21 C 

for 1 5  weeks (Haaland and Wickstr�m . 1 975) . S imi lar patterns of a decrease in  

starch and increase in  sugar concentration were seen in  tu l ip  bu lbs cool-stored 

for 6 weeks at 9C compared to those stored at 1 8C (Davies and Kempton ,  1 975) .  

N ot on ly was the concentration of sugar (glucose and fructose) in  tu l ip bu lbs 

h igher after 6 weeks storage at 5 than 21 C, but there were d ifferences in  g l ucose 

and fructose concentrations between cu ltivars (Moe and Wickstr�m.  1 973) .  

Why are these changes occurring with temperature? What are the m etabol ic 

processes involved? These are difficult questions to answer because l ittle is 

currently known. Experiments have been undertaken to measure enzyme 

concentrations of potato tubers stored at d ifferent temperatures (Pressey and 

Shaw, 1 966;  Pol l ock and ap Rees, 1 975; Morre l l  and ap Rees, 1 986a) , whi le 

others have postu lated possible mechanisms (Dixon and ap Rees, 1 980b) .  New 

information is being generated and only recently a new sugar (fructose 2 ,6  -

bisphosphate) was d iscovered to be an important regu lator of carbohydrate 

metabol ism (Copeland and Turner, 1 987). 

Regulatory enzymes 

Al l of the enzymes in a metabol ic pathway wi l l  c.ontribute to the magn itude of the 

flux, but there are also certain steps that are catalysed by regu latory enzymes 
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and these have particular significance for contro l .  A summary of the react ions of 

g lyco lysis and g luconeogenesis is shown in Fig. 1 .2 .  Rates of all enzymes i n  the 

pathway wi l l  be affected by an increase or decrease in the activity of an enzyme 

that has a regu latory function .  The fi rst committed step in a metabol ic pathway, 

and its branch points, are strategic points for contro l ,  often catalysed by a 

regu latory enzyme (Copeland and Turner, 1 987) . 

Avai lable evidence suggests that phosphofructokinase and pyruvate kinase are 

the main control poi nts of g lycolysis i n  p lant tissues. Reactions catalysed by 

hexokinase (g lucose to g lucose 6-phosphate) , phosphofructokinase (fructose 

6-phosphate to fructose 1 ,6-bisphosphate) and pyruvate ki nase 

(phosphoenolpyruvate to pyruvate) are strong ly exergonic and effectively 

i rreversible. These reactions have a negative free energy change and release 

energy to the i r  surroundings. Hal l et al. (1 974) give the standard free energy 

changes in  the g lycolytic conversion of 1 mole of g lucose to 2 mo les of pyruvate 

as -3.4, -3 .4 and -7.5 kcal mo le-1 for hexoki nase , phosphofructokinase ( PFK) and 

pyruvate kinase , respectively. Alternative reverse reactions are necessary to 

overcome the thermodynamically unfavourable steps ; for example,  fructose 

1 ,6-bisphosphatase (F1 6BP) catalyses the reverse reaction of PFK and is 

considered a regu latory enzyme in  the g luconeogenic pathway (Hal l  et al. , 1 97 4) .  

Dixon and ap Rees (1 980a) , from work on mature potato tubers , concluded that 

entry i nto g lycolysis is regu lated by PFK, whi le pyruvate kinase contro ls  the 

movement of carbon out of glycolysis and into the oxidative pentose phosphate 

pathway. 

Pol lock and ap Rees (1 975) found that the temperature coefficients of P FK and 

pyruvate kinase in  the range 2 to i OC were h igher than in the range 1 0  to 25C. 

Activities of these enzymes were reduced by lowering the tem peratu re ,  

suggesting that P FK and pyruvate kinase were co ld labi le .  This i nstabi l ity may 

create a favou rable envi ronment for the reverse reactions to occur;  that is ,  for 

g luconeogenesis to proceed as starch is converted to sugar. I f  g lyco lys is was 

inh ibited at low temperatu res, then hexose phosphates wou ld be expected to 
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with contro l l i ng enzymes in italics (Hal l  et al. , 1 974) . 
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accum ulate (Pol l ock and ap Rees, 1 975) .  Simi lar conclusions were drawn by 

D ixon and ap Rees ( 1 980b) from an experiment using a 2 hour pu lse of label led 

g lucose fol lowed by an 1 8  hour chase with unlabel led g lucose. At 2C, the labe l led 

hexose phosphate concentration decreased as these compounds were converted 
to free sugars (sucrose, g lucose and fructose) .  during the chase. At 25C there 

was a much smal ler  increase in the sucrose and hexose concentrat ion after the 

chase, whi le that of starch nearly doubled. Th is again indicated that the e nzymes 

contro l l i ng g lycolysis were sens it ive to the cold. 

Starch was the on ly sign ificant carbon source for sucrose synthesis du ri ng cold 

induced sweetening in potato ( lsherwood, 1 973) . The role  that invertase plays in 
regulat ing the content of hexose in potato is sti l l  u nclear (Sowokinos,  1 990b) . 

Once the in it ial postharvest rise in acid invertase had taken place, there was l ittle 

evidence that invertase activity alone regulated the balance between s ucrose 

versus g lucose and fructose during subsequent storage at e ither 3 or 1 OC 

(Richardson et al. ,  1 990) . Determination of in vivo acid invertase activity is 

compl icated by the presence of an endogenous protein inh ib itor (Pressey and 

Shaw, 1 966) . Act ivities of a range of degradative enzymes were m easu red in 
potato tubers stored at 5 or 1 OC for 1 7  weeks (Morre l l  and ap Rees, 1 986a) . The 

activities of sucrose synthase, acid and alkal ine invertase were low and n either 

a- nor  B -amylase could be detected .  However, starch breakdown in isolated 
tubers is probably phosphoro lytic as there was h igh activity of a-g lucan 

phosphorylase, a starch degrading enzyme, and this was s ign ificantly h igher  at 

5 than at 1 OC. Sucrose 6-P synthase concentration was h igh ly corre lated to the 

g lucose concentration of potato tubers when stored at low tem pe ratu res 

(Sowokinos, 1 990b) .  

B iochemical pathways 

An understand ing is requ i red of the changes in  sugars that are occurrin g  at the 

subce l l u lar level .  This section investigates the biochem ical pathways that are 

l ikely to be involved (refer to Fig. 1 . 1 ) .  
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The new hexose, fructose 2 ,6-bisphosphate (F26BP) which modu lates sugar , 

metabol ism was d iscovered at the beginn ing of the 1 980s (Stitt, 1 987) At about 

the same time it was found that plants contain two sets of PFKs that catalyse the 

interconversion of F6P to F1 6BP (Black et al. ,  1 985) . The phosphorylat ion of F6P 

is catalysed by an ATP-dependent enzyme (ATP-phosphofructokinase or  
PFKase) as  described earl ier, or  a PPi-dependent enzyme (pyrophosphate: 

fructose 6-phosphate phosphotransferase or PFPase) wh ich is stimu lated by 

F26BP. The reactions are: 

F6P + 

F6P + 

PFKase 

ATP --------------- � ADP + 

PPi �-------------- � 

PFPase 

P i  + 

F1 6BP 

F 1 6BP 

� - G luconeogenesis G lyco lysis -- � 

There are d ifferences in  the way these two enzymes operate. The react ion above 

shows that PFPase is reversible. lt is located in the cytoplasm,  in  contrast to 

PFKase which is in  both the cytoplasm and the chloroplast. PFPase uses PPi  as 

an energy source and is sensitive to the presence of F26BP, wh i le PFKase is 

insensit ive to F26BP. F 1 6BPase is also sensitive to and inh ibited by F26 B P. The 

abi l ity to inh ibit this g luconeogen ic enzyme indicates a regulatory site in triose to 

hexose conversions. PFPase was found to catalyse both the g lycolytic and 
g luconeogen ic f low of carbon between hexoses and trioses (Black et al. ,  1 985). 

PFPase catalyses a near-equi l ibrium reaction ,  but the role  of PFPase and F26BP 

in p lant m etabol ism is complex and not fu l ly understood (Stitt, 1 990). There was 

thought to be two i nterconvertible molecu lar forms of the enzyme, one sens itive 

to F26BP or h igh levels of PPi whi le the other form was insensitive (Wu et al. ,  

1 983) . The large form of  PFPase is  more active in g lycolysis and the smal l  one 

in  g luconeogenesis. F26BP regulates the interconversion of  PFPase in to  the 
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large and smal l  forms. However, Stitt ( 1 990) concludes that evidence for a 

change in mo lecu lar mass of PFPase was inconclusive. 

Black et al. (1 985) demonstrated that there is a plentifu l supply of PP i  i n  p lant 

cel ls and the F6P to pyruvate step in g lycolysis is d riven by PP i ,  without ATP ,  
and stimu lated by F26BP.  P FPase may contribute t o  g luconeogenesis ,  but 

cytosol ic F 1 6BP often plays a major role (Stitt, 1 990) . As the concentratio n  of 

F26BP decreases, the inh ibition of F1 6BPase is rel ieved. Morre l l  and ap Rees 

( 1 986b) measured a decrease in the concentration of F26BP and an incre ase in 

g lucose in  potato tubers stored at 4C compared to 20C ,  therefore i ndicating  an 

inh ibition  of g lycolysis .  In sweet g reen pepper the concentration of F26B P  was 
marked ly lower when tissue sl ices were placed at 3C compared to 30C (Phelps 

and McDonald , 1 989). lt is l ikely that F26BP may play a ro le in i nc reased 

conversion of starch to sugar at low temperatu res. 

Effect of warm temperatures 

What happens to starch synthesis under warm temperatu res? The coro l lary of 

much of the work on cold sweetening in potato is that the concentration of starch 
increases in tubers stored at warm temperatu res. I ncorporation of 14C sucrose 

into starch in discs of potato tuber reached an optimum at 21 .5C compared to 

incorporation over the temperatu re range 9 to 31 C (Mohabir and John ,  1 988). 

I ncreased starch concentration was found at warm temperatures in  tu l ip  bu lbs 

(Haaland and Wickstn6m ,  1 975) and in  apical and basal kernels of maize (Zea 

mays L.)  ears (Ou-Lee and Setter, 1 985) . The apical regions of maize ears were 
heated to 25C from 7 days after pol l ination to maturity to obviate the effects of 

low night temperatures and periods of coo l weather. Tip heating hastened some 

of the developmental events in  apical kernels. ADP-g lucose phosphorylase and 

starch synthase reached peak levels and the starch concentration beg an rising 

earl ier  in  heated than unheated apical kerne ls. The effect of tip heatin g  on dry 

matter accumu lation patterns could large ly be attributed to differences i n  the 

starch accumu lation rate. 
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Starch synthesis in ch i l l ing sensitive plants such as avocado (Persea americana 

M il l . ) ,  maize and sweet potato ( Ipomea batatas Lam. )  was inh ib ited in  the ch i l l ing 

range of 0 to 1 2C but not inh ib ited in the chi l l ing resistant potato (S. tuberosum) 

(Downton and Hawker, 1 985). Asaoka et al. ( 1 984) investigated the effects of 

temperature on the structure, amylose content and other properties of endosperm 

starch during development of rice plants grown in control led envi ronments. H igh 

temperatures (30C) decreased amylose and short-chained amylopect in content 

compared to p lants grown at 25C, but increased the amount of long-cha ined 

amylopect in .  Therefore, temperature affects not only the concentration of starch 

in plant t issue but also the molecu lar composition of that starch . 

There are special ised t issues where starch degrades rapidly under  hot 

temperatures. I n  Arum (Arum spp.) l i l ies there is a period of heat generation 

(thermogenesis) soon after the floral chamber opens and volat i l isation of i nsect 

attract ing compounds occurs (Halmer and Bewley, 1 982). Starch,  wh ich 

comprises 40% of the spadix dry weight, is degraded completely with in  a few 

hours, generat ing a maximum temperature increase of 9C above ambient in  6 

hours. The major pathway of mobi l isat ion of starch is by a-amylase and 

g lycolysis. There are increases in the activities of hexok inase, 

phosphoglucomutase, PFK (presumably PFKase) and amylase 6 to 1 8  h ours 

before thermogenesis, to a sufficient concentration to accommodate the rate of 

carbohydrate consumpt ion during the heat ing. 

Rate of change 

How fast can the metabol ic systems respond to a change in temperatu re?  Is 

there an immediate rise in sugars when the temperature is dropped, or  a period 

of time before an increase in sugar is recorded? 

Pressey and Shaw ( 1 966) and lsherwood ( 1 973) both carried out experim ents on 

potato stored in it ial ly at cool and warm temperatures, and then reversed the 

treatments. Unfortunately, Pressey and Shaw ( 1 966) d id not measure starch 
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concentrat ion, but total sugar concentration increased during the cold periods 

(4C) and decreased at 1 8C. Measurements were taken at 2 week intervals ,  wh ich 

does not g ive a good indication of the rapidity of change. However, lsherwood 

( 1 973) took starch and sugar measurements at 2 to 8 day intervals and found 

changes in  total sugar sim i lar to those found by Pressey and Shaw ( 1 966). In 

both mature and immature tubers there appeared to be a 4 day delay after the 

tubers were transferred from 1 0  to 2C before there was any noticeable change 

in  total sugar concentration. There was no  delay when the tubers were 

transferred back to 1 OC (measured 3 days after transfer) , as the s ugar 

concentration decreased immediately. At 1 OC, starch concentration did not 

change during the experiment (56 days) , whereas at 2C it decreased immed iately 

(measu red 2 days after transfer) and then reached a plateau for the final 1 4  days. 

When tubers were transferred back to 1 OC starch concentration increased  after 

a 2 day delay. 

A s imi lar type of transfer experiment has not previously been undertaken with 

kiwifruit. During maturation , one cold n ight was thought to resu lt in an i ncrease 

in SSC (G .  Costa, University of Udine, Italy, pers. comm.) ,  however the effect of 

cold temperature on the rate of increase in SSC has never been quantif ied. As 

fru it are approach ing commercial maturity, it is essential to determ ine the effect 

of a period of cool or warm weather on the rate of kiwifru it maturat ion . Th is 

information is of value scientifical ly, for the grower and necessary for d erivation 

of a mathematical model that relates temperature to the increase in SSC during 

maturation. 

1 .3.3 Respi ration 

Respi ration involving uptake of oxygen and release of carbon d ioxide ,  is  the 

process providing energy for many components of growth. Respiration 

encompasses both complete oxidation of substrata to carbon d ioxide so p rovid ing 

h igh energy compounds, and partial oxidation to provide intermediates for 

biosynthesis. I n  plants, carbohydrate is the main respiratory substrate, via 
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g lycolysis and the oxidative pentose phosphate pathway. Respiration can be 

separated into g rowth and maintenance components (Penning de Vries, 1 975) . 

G rowth respi ration is the energy source for synthesis of new biomass, whereas 

maintenance respi ration supplies energy for maintenance of current b iomass 

( includi ng protei n turnover, maintenance of ion g radients, acclimatisation of the 

plant to envi ronmental changes especial ly temperatu re) .  

Temperatu re sensitivity of respiration has been shown in kiwifruit (Wright and 

Heatherbe l l ,  1 967; Walton and de Jong, 1 990a) and i n  harvested potato tubers 

( lsherwood, 1 973 ; Dixon and ap Rees, 1 980b) . Each of these authors showed 

that rate of respi ration decreased with a decrease in temperature. Walton and 

de Jong (1 990b) measured fruit gas exchange on attached kiwifruit i n  the o rchard 

throughout the season at temperatures of 1 5  to 40C at 5C intervals. They found 

that rate of respi ration increased with temperature at a l l  times during the g rowing 

season,  but decli ned with time at a given temperature. I n  addition ,  there was a 

seasonal t rend in respi ration , where respi ration rate of (detached) kiwifru it was 

highest early in the season and decli ned with time (Pratt and Reid ,  1 974) . 

1 .4 Phenology and modelling 

Experiments in plant science are usually designed to alter plant g rowth and 

development in some way to determine the effect of a treatment on the p lant. 

Experiments described in this thesis were designed to i nvestigate the effect of 

temperature on rate of fruit maturation . Data co l lected from such experiments can 

be used to develop mathematical models. There are many types of models that 

can be used,  depending on the aim of the experiment and/or the data co l lected. 

Phenology is the study of the effects of envi ronmental factors on plant g rowth and 

development, and these studies often lead to formu lation of mathematical models. 

Such models can predict the effects of temperature on p lant growth,  e .g .  the 

chi l l ing requ i rements for budbreak and subsequent flowering. Envi ronmental 
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conditions (temperature, rainfal l ,  i rradiation, wind) wil l influence plant growth and 

development. For example, soybean (Glycine max (L.) Merri l l) g rowth and 

development is pr imari ly determined by temperature and photoperiod (George et 

al. ,  1 990). Floral in itiation in soybean is primarily a photoperiodic response, 

whereas floral g rowth is regu lated mainly by temperature ,  and both temperature 

and photoperiod influence post-flowering development. Separation of temperature 

and photoperiod effects in field trials is inherently d ifficu lt because, as p lant ing 

date is altered through the season to g ive d ifferent temperature treatments, there 

wi l l  be a corresponding d ifference in  photoperiod. George et al. ( 1 990) 

c ircumvented the problem and isolated temperature as the major variable by 

using elevations with in the same latitude wh ich received sim i lar photoperiod, 

rainfall and i rradiance. 

Many studies with fruit crops have shown d ifferences in harvest date among 

s ites, and at the same site among years. Kronenberg (1 988) studied the effects 

of temperature on flowering and picking dates of ten apple cu ltivars at four  

d ifferent s ites over several years. There was variation in mean flowering date and 

mean picking date both between sites and between years. The physical  and 

chem ical indicators of maturity in  apple (e.g .  SSC, starch pattern index, seed 

colour  i ndex) showed variation in concentration or index, respectively among 

seasons (Krishna Prakash et al. ,  1 988) . I n  addit ion, there were d ifferences in  dry 

matter and sugar concentration of apple fru it measured at the same s ite but i n  

two d ifferent years (Marguery and Sangwan, 1 993) .  Apricots showed a 30 day 

d ifference in  the date of ripen ing between two s ites only 22 km apart (L i l le land, 

1 936) . 

Kiwifru it in  British Columbia flowered several weeks later than in  Cal iforn ia, but 

fruit were picked at sim i lar times (Kempler et al. ,  1 992) .  In New Zealand,  SSC i n  

the final maturation period before harvest varied in one orchard among seasons 

(Harman,  1 98 1 ) and also among orchards at d ifferent geograph ical locations 

(Harm an and Hopkirk, 1 982; MacRae et al. ,  1 989a; H .  McPherson ,  HortResearch , 

Auckland ,  pers. comm. ;  see also Section 1 .2 .3) .  I n  Japan , two orchards  at 
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d ifferent locations were measured for 2 consecutive years and differences 

between the orchards and years in t iming of maturity, f inal SSC and rate of starch 

breakdown were determined (Sawanobori and Sh imura, 1 990) . One orchard was 

cooler than the other. At the cooler orchard, increase in SSC and rate of starch 

degradation were both faster than at the warmer orchard. These d ifferences 

indicate that environmental conditions, especially temperature ,  may affect ha rvest 

date of kiwifruit between seasons and orchards. 

1 .4. 1 Control led envi ronment faci l it ies 

Control led environment faci l ities, such as growth rooms, in  wh ich temperatu re, 

daylength, l ight intens ity and hum idity can be control led, are used to d ist ingu ish 

between the effects of environmental factors that are normally closely inter­

related in  natural envi ronments. Different artificial cl imates can be made and  even 

a ltered at various t imes during the growth period or at specific stages of g rowth. 

Thorne ( 1 969) studied grain growth in  wheat both in  control led environments and 

in  the f ield and concluded that the good agreement between field and g rowth 

room results gave increased confidence to both sets of results. I n  d iscussing  the 

use of control led environment rooms, Thorne ( 1 969) adm itted that there are many 

d ifferences between control led environments and the field in factors other  than 

those tested that wi l l  affect plant growth. " If resu lts from experiments in controlled 

environments are to be incorporated into models of field growth , it is important 

to test that the responses to changing cl imatic factors i n  artific ia l ly l it 

environments also occur in natural l ight and in the field. This shou ld be possible 

by using experimental designs and mathematical techn iques once the qual itative 

and quantitative nature of the phenomena have been identified in the fu lly 

control led condit ions". 

The work described in  the remaining chapters of this thesis fol lowed th is 

approach. Temperature was isolated as probably being a major influence on 

kiwifru it maturation and these changes were quantified in the control led 

environment treatments (Chapter 2) .  Accurate temperature records were also 
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made in four  orchards in different growing  r.egions in New Zealand du ring 

maturation (Chapter 3)  and attempts to mathematically l ink these two approaches 

are d iscussed in  Chapter 5. 

Two research institutions in New Zealand have contro lled environment faci l ities 

where temperature, l ight, humid ity and carbon d ioxide concentration can be 

control led to study their i nfluences on plant growth (Warrington and Rook, 1 989). 

Both of these faci l ities were used to study the responses of con ifers (e.g .  Pinus 

radiata D. Don) to temperature in order to provide a better understanding of 

g rowth and development (Rook, 1 989). Resu lts obtained from the research , for 

example, seasonal d ifferences in frost tolerance of seedl ings, were found to be 

applicable to the forest environment. 

Vegetative growth of 'Hayward' kiwifruit has been stud ied at d ifferent 

temperatures and photosynthetic photon flux densities using contro l led 

environments (Morgan et al. ,  1 985); growth was more sensitive to temperature 

over the range 1 0 to 30C than to a reduction in  photosynthetic photon flux dens ity 

from 650 to 280 J.Lmol s-1 m-2• Growth, measured by leaf number and area, shoot 

length, shoot and total dry weight, was lowest at 1 OC and h ighest between 20 

and 30C. 'Winter' and 'spring' temperatu res were manipu lated i n  control led 

environments to determine the influence of pre- and post-budbreak temperatures 

on flowering in kiwifru it (Warrington and Stanley, 1 986) . Percentage budbreak 

was h ighest in treatments with the coolest pre-budbreak temperatu re ( 1 3/3C 

day/n ight) , but the proportion of fru itfu l shoots was higher when the post­

budbreak temperature was 21/1 1 rather than 1 7/7C (day/n ight) . This type of 

interaction between temperature and seasons would be very d ifficult to determ ine 

without the steady-state conditions of the controlled envi ronment. 

• 
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1 .4.2 Control led temperature experiments 

I n  this section , examples have been g iven of the methods researchers have used 

to control temperature around plants in an orchard, and the resu lts obta ined from 

such experiments. For perenn ial plants, temperature treatments have largely 

involved ' l imb chambers' where one branch of the tree is warmed or cooled in 

relation to the remainder, or  the whole plant has been covered .  

Early work us ing l imb chambers was rather prim itive compared to modern 

faci l it ies. Li l leland ( 1 936) had no thermostatic control on the chambers used, and 

there was no information g iven about temperatu re variations with i n  each 

treatment. Tukey ( 1 952, 1 956) attempted to contro l  n ight temperatu res in 

chambers contain ing apples, to ambient, 5.5,  1 1  and 1 4C above ambient :  "The 

temperature sett ings of the thermostats were determined each n ight from the 

temperatures of the previous n ight and personal observations of the weather 

conditions; n ightly adjustments of the thermostats were requ i red frequ ently". 

Perhaps we take for granted the equipment avai lable today! 

Snelgar et al. ( 1 988) developed relocatable greenhouses to cover one ha lf of a 

kiwifru it vine. The greenhouses had an automatic venti lation system and an 

accuracy of ±1 C when the temperature was raised to 5C above ambient. D i fferent 

responses (number of flowers on apical shoot) to the temperatu re treatment were 

recorded on the treated and untreated halves of the vine. Kiwifru it have been 

shown to translocate carbohydrates over distances of several metres (Snelgar et 

al. ,  1 986) so that an enhanced supply of carbohydrate from the heated h alf of the 

vine may have accounted for the increased flowering on the other  half. Long 

d istance translocation of carbohydrate may also be possible in apricot (Re id and 

B ieleski , 1 974) . Th is does cast some doubt on val id ity of results from l imb 

chamber experiments. Mel lenth in and Bonney ( 1 972) obviously had not 

considered this problem for their work with l imb chambers on fruit trees, because 

they concluded that the techn ique al lowed for pair ing of l imbs on a s ing le tree to 



39 

reduce tree to tree variabi l ity. Greenhouses that covered the whole vine were 

used i n  future work by Hopkirk et al. (1 989) and that of Kempler et al. ( 1 992).  

B lankenship ( 1 987) placed apple trees grown in 1 9  I containers into controlled 

environment rooms during fru it development and maturation . Snelgar et al. ( 1 988) 

were critical of the use of container-grown kiwifru it vines, suggesting that vines 

were smal l ,  not tra ined and pruned in an orthodox manner and insufficient fru it 

wou ld be avai lable for postharvest assessments: Although some of these 

criticisms are val id ,  use of container-grown vines in control led environments 

where temperatures can be manipulated to g ive a steady-state environment and 

a wide range of temperature treatments is more precise than relying on ambient 

temperature, as in the work of Snelgar et al. ( 1 988),  Hopkirk et al. ( 1 989) and 

Kempler et al. ( 1 992) .  The benefits of control led environments, where a factor 

such as temperature is controlled throughout maturation, g ive an excellent data 

base for mathematical modell ing and far outweighs any potential d isadvantage.  

The use of control led environments in conjunction with f ield work was also 

justified by Thorne (1 969) and other researchers. Control led environment studies 

showed that a 1 C drop in  mean daily temperature between bud break and 

flowering in  kiwifru it resu lted in  a 7.5 day delay· in flowering, s im ilar to observed 

d ifferences in field grown fru it (Warrington and Stan ley, 1 986) . Workin g  with 

annual plants, Warrington and Kanemasu ( 1 983) used contro l led environments 

to derive a heat-sum model (see Section 1 .4.3) for the t ime from sowing to 

anthesis in  maize. This  model was considered appl icable to sweetcorn 

development over the range of temperatures experienced in New Zealand 

growing  regions (Brooking  and McPherson ,  1 989) . 

There is a plethora of l iterature relating to the effects of temperature on  fruit 

maturation by the use of l imb chambers through to large chambers coverin g  the 

whole plant, and control led envi ronment faci l ities. I ncreasing n ight temperatu re 

relative to the ambient temperature accelerated fruit growth and enhanced 

maturity in  apricot (Li l leland, 1 936), cherry (Tukey, 1 952) , grape (Tukey, 1 958) 

and peach (Batjer  and Martin, 1 965) . Decreasing temperature delayed the 
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harvest date of m uskmelons grown at different n ight temperatu res in a 

g lasshouse, and affected the maturation period more than the SSC of the fru it 

(Wel les and Bu itelaar, 1 988) . In  contrast, Wang et al. ( 1 971 ) has demonstrated 

that cool temperatures increased rate of maturation in  pear. One hypothes is for 

the d ifference between these two effects could be the types of carbohydrate 

present in  the fru it. Stonefru it , melon and grape contain l ittle or  no starch (see 

Section 1 .2.2) , whereas apple and pear contain starch ,  the breakdown of wh ich 

is enhanced at cool temperatures (see Section 1 .3.2) . 

Timing of temperature treatment can affect fru it response. N ight tem peratures 

lower than the day temperature were necessary to increase the size of apples 

grown in l imb chambers from 38 days after petal fal l ;  high temperatures  ( 1 4C 

above ambient) were detrimental to fruit s ize (Tukey, 1 956). The period of one 

month before harvest was the most critical t ime for the induction of enhanced 

ripeni ng in pears g iven a cool temperature treatment (Wang and Me l lenth in ,  

1 972) .  At this stage degradation of starch , accumu lated in  the fruit during g rowth, 

would already be occurring,  and this process would be hastened by cool 

temperatures. 

Container-grown apple trees were placed in controlled environment treatments 

20 days after fu l l  b loom at different tempera�ure treatments, where the day 

temperature was 26C and night temperatures were e ither 22 o r  1 1  C 

(Biankenship ,  1 987) . I n  contrast to results with pear, there was no d ifference in 

SSC, flesh f irmness, ethylene production or ACC concentration between the two 

treatments, although reddening of skin colour was increased at the cooler n ight 

temperature. These resu lts seem surprising, but the author does comm ent that 

the cool n ight fruit abscised and by the end of the experiment ( 1 49 days after fu l l  

b loom) there were no  fru it from the cool n ight treatment remain ing on the trees. 

Temperatures below 1 1  C are not common until after the peak harvest t imes in 

many of the large Un ited States apple producing areas. Perhaps the u nseasonal 

low temperatu res affected fruit development and therefore maturation. 
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There i s  circumstantial evidence that cool temperatures accelerate kiwifru it 

maturation, although field data can be masked by year-to-year variat ions in 

temperatures. Sawanobori and Shimura (1 990) studied fruit maturation at two 

d ifferent s ites and recorded earlier maturation at the cooler s ite in one of the two 

years. The cooler temperatures in British Columbia than Californ ia (Kempler et 

al. ,  1 992) cou ld  account for fruit maturing at the same time even though flowering 

was several weeks earl ier in Cal iforn ia. Also in Cal iforn ia, kiwifru it sampled from 

the coolest of three sites reached harvest maturity earl ier than those from the 

warmer sites (Walton and de Jong, 1 990a). Kiwifruit g rown in relocatable 

g reenhouses under increased temperatures had a lower SSC, but a h igher starch 

concentration than in untreated control fru it (Hopkirk et al. ,  1 989) . Fru it harvested 

in Nelson consistently mature 3 to 4 weeks earlier than fru it harvested from the 

Bay of P lenty (Hopkirk, 1 986) and this may be due to the cooler temperatu res 

experienced by vines in Nelson compared to those in Te Puke. I n  New Zealand 

in 1 990, commencement of kiwifruit harvesting was delayed over the whole 

country probably due to warm temperatures, especially those at n ight (Ke l ly, 

1 990) . 

Use of control led envi ronment facil ities to quantify the effect of temperature on 

rate of kiwifru it maturation under contro l led cond itions appeared to be the next 

logical step to define further the processes involved in matu ration . Data from 

Hopkirk et al. ( 1 989) make a contribut ion to our understanding of the effect of 

temperature on kiwifru it maturation, but there are some drawbacks. Tem peratu res 

used in their experiments were on ly a few de_grees above or below ambient, 

wh ich is insufficient to be able to effectively define the effect of temperatu re on 

fruit maturation . Hence, control led envi ronments al low a much wider range of 

temperatures to be studied and data can be used effectively in a mathematical 

model. 
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1 .4.3 Model l ing 

There are many d ifferent types and appl ications of models in relation to fru it 

production and prediction of harvest times. A few examples are g iven here ,  but 

it should be noted that models are very versati le and can be adapted for specific 

purposes (see Chapter 5). Mathematical models are used in many f ields, from 

econom ics and demography to nuclear physics and astronomy (Thorn ley, 1 976). 

Although the problems investigated using this approach may be very d iverse,  the 

methods and underlying phi losophy are sim i lar. 

What is a mathemat ical model? A model should provide a representat ion of a 

system , that is, resemble and be capable of simulat ing the system .  The most 

important feature of a model according to Thorn ley ( 1 976) is that " it should be 

possible to understand it more readi ly, or to describe it more fu l ly than the real 

system" .  Thus a model is usually a simpl ification of the real system , but essential 

characteristics of the system should appear in the model .  A mathematical m odel 

consists of an equat ion or set of equations that quantitatively represent the 

assumptions or hypotheses made about the real system .  These equat ions are 

then solved to g ive predicted values to those measurements from the real 

system . The equations in the model express and interpret the hypotheses 

quant itatively, but they do not provide its b iological or scientific content. The 

model should be val idated with observed data to g ive confidence in the m odel .  

Types of models 

'Model l ing' is  a term to describe use of these mathematical models (Thorn ley, 

1 976) . P rogress can be made towards a quantitative understanding of p lants and 

their responses to the environment when there is a mathematical basis to the 

hypothesis. There are two types of model used in research . F i rstly, the 

mechan istic model is used when responses of a biological system are 

understood, right down to individual components and their interactions. 

Parameters of the model have biological meaning and g ive some understanding 
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of the system . Such models are developed before undertaking the exper iments. 

Secondly, the empirical model is developed where data are col lected and  an 

equation or set of equations are derived and fitted to form the model .  In effect, 

an empirical model simply redescribes data and is often a conven ient m ethod to 

summarise a large quantity of data. There is no clear d ividing l ine between these 

two methods and most models contain both to varying degrees. 

Attempts to relate the tim ing of plant developmental events, such as flowering,  

to environmental conditions have been made. Models constructed to l ink 

physiological mechanisms to environmental factors are d ifficult because 

developmental processes are complex and responses to environmental cond itions 

subtle and d iverse. Therefore, empirical models main ly have been used to relate 

development to environmental variables (McNaughton et al. ,  1 985) .  These 

authors spl it empirical models into two groups. The fi rst type are not 

physiologically based as input variables (temperatu re, photoperiod) are related 

to outputs (predicted inteNals between developmental events) for example, 

'growing degree-day' and 'heat-sum' models. The second type al lows plant 

development to progress continuously in time. In theory, development can be 

obseNed at any instant, but in practice it is measured by the occurrence of 

external ly recogn ised developmental events. The d iscrete rate analysis 

(McNaughton et al. ,  1 985) is usefu l because it is physiologically based and 

relates actual rate of development to temperature ,  rather than choosing a base 

temperature from some preconceived idea of how a plant ought to respond. 

Uses of models 

The heat-sum m odel mentioned above is not a new concept; Reaumur described 

this model in 1 740 (Waggoner, 1 977),  and it is sti l l  the centre of plant phenology. 

The heat-sum concept assumes a l inear r"esponse between the rate of 

development and mean temperature between defined min imum and m aximum 

temperature l im its, and that no development occurs below a certain  base 

temperature (e.g. Warrington and Kanemasu, 1 983; Brooking and McPherson, 
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1 989) . Tim ing  of a particular phenological event can be determ ined by integration 

of dai ly heat-sums to some critical value. Another assumption made in these 

models is that temperatu re is the sole factor affecting p lant development, and  that 

p lant environment is adequately described by dai ly maximum and m in imum air 

temperatures (New Zealand Meteorological Service, 1 983; Brooking and 

McPherson, 1 989) . Sometimes other factors are included in  a heat-sum model 

such as water stress or  daylength (McPherson et al. ,  1 979) . 

The heat-sum model has been used in a variety of ways for d ifferent crops. A 

simple l inear degree-day model with a 6C base temperature accounted for 89% 

of the variation in crop durat ion for 489 sweetcorn crops grown in th ree regions 

of New Zealand (Brooking and McPherson, 1 989) . Use of this model  enabled 

crop du ration to be predicted more accurately than by using calendar days. A 

m in imum temperature of 1 1 C and maximum temperature of 28C was used for 

prediction of tassel l ing and anthesis in maize (Warrington and Kanemasu, 1 983) . 

A growing degree-day model (base temperature 1 5C) was used in  the H awai ian 

islands to predict the beginn ing of harvest and 50% of harvest com pletion for 

guava (B ittenbender and Kobayash i ,  1 990). 

P redict ions with perennial plants are probably more d ifficu lt than with annuals, 

because there may be carry over effects from the previous year. However, the 

heat-sum model concept has been used to develop 'ch i l l-un its' for determ in ing 

budbreak after winter dormancy in peach (Richardson et al. ,  1 974) , apple (Ebert 

et al. ,  1 986) and sour cherry (Anderson et al. ,  1 986) . A period of cold is requ i red 

to overcome winter dormancy and to enable the plant to resume normal g rowth 

when external conditions become favourable. These models are based on the 

accum ulation of ch i l l-un its below a pre-selected optimum temperatu re (about 5 

to 7C depending on species) . The ch i l l ing contribution becomes less as 

temperatures drop below or rise above the optimum temperature ,  with very low 

or h igh temperatures resu lting in a negative contribution to the model .  The 

amount of winter ch i l l ing required to 'break' dormancy varies with each crop. The 

'Richardson ch i l l-un its' were developed for peach trees and th is is probably the 
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reason why the model does not work satisfactorily for kiwifru it (H. McPherson, 

HortResearch, Auckland ,  pers. comm.) .  No specific models for kiwifru it are 

currently avai lable. 

There are other d ifferent types of mathematical models that can be used in plant 

physiology, depending on the aim of the experimenter and/or model ler. Here, 

other examples of models are g iven to show the variety of types that have been 

used. A recent trend appears to be the determination of the carbon balance in 

fru it. A model of this type is very detailed because al l  inputs and outputs of fru it 

during development have to be known (or determined). Carbon budgets offer a 

usefu l tool for understanding p lant growth and use of resources. Models of 

partition ing p rocesses that d ivide the plant into supply and demand components 

can be used to investigate the interactions between them. Carbon balance 

models have been determ ined for apple (Seem et al. ,  1 986) , sour cherry (Kappes 

and Flore, 1 986) and kiwifruit (Walton and de Jong, 1 990b). 

Techniques are requ i red wh ich al low the kiwifru it industry to plan for hand l ing 50 

to 70 m i l l ion trays efficiently during the harvesting and marketing season . Kiwifru it 

are harvested at d ifferent t imes according to the season and to location with i n  the 

country. The judgment of when to harvest is based on conversion of starch to 

sugar, as seen by the rise in SSC. Differences In tim ing of harvests may be due 

to temperature d ifferences between the growing regions and seasons. Kiwifru it 

qual ity and storage l ife are influenced by the maturity of the fru it at harvest, so 

that p icking at the correct stage of maturity is critical. The prediction of harvest 

date in commercial orchards wou ld benefit the New Zealand Kiwifruit Marketing 

Board as well as growers, packaging companies, shippers and al l ied support 

industries who currently operate with considerable uncertainty regard ing the 

tim ing of the harvest period. Prediction of harvest date for perennial crops has not 

often been attempted. However, Perry et al. ( 1 987) used ten d ifferent methods 

of accumu lat ing heat-un its to predict harvest date in apples from early season 

temperature measurements. No one method was superior and the predict ions 

m issed the harvest date by 1 day for 'Del icious' and 8 days for 'Golden 
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Del icious' ,  although the authors decided that these values were acceptable for 

an early season prediction. Perhaps a different model would be more app ropriate 

for the prediction of harvest date in fruit crops. 

Sal inger and Morley-Bunker (1 988) suggested that SSC in kiwifruit i n creased 

l i nearly with a decrease in temperature once the SSC was g reater than 5 .0%. 

Snelgar et al. (i n p rep.) tested this model using kiwifruit p lants exposed to a 

range of temperatures between 1 1  to 1 6C .  They found that this l inear model 

lacked precision. lt was realised that the change in SSC with temperatu re may 

be curvi l i near rather than l i near as proposed by Sal inger and Morley-Bunker 

( 1 988). Another p roblem in  kiwifruit is predicting when SSC becomes greater than 
5%, as a rapid increase in  SSC occurs soon after. Nevertheless, the re lat ionship 

determined by Sal inger and Morley-Bunker ( 1 988) and used by Snelgar et al. ( in 

p rep. )  i s  an indication that harvest date can be p redicted, but the model has 

l imitations, lacks precision and needs to be fu rther deve loped. 

1 .5 Rationale for this study 

The work in  this thesis was designed to quantify the effect of temperature on  the 

rate of kiwifru it maturation by using contro l led envi ronments (Chapter 2) and field 

sites (Chapter 3). Maturation of kiwifruit from fou r  fie ld sites located at the 

geographical extremes of the kiwi fru it growing regions was recorded and accurate 

temperature records were obtained for each site (Chapter 3) . Concentrations of 

soluble and insoluble carbohydrates were determined at different stages of 

maturation in  both the control led envi ronment and field work. The carbohydrate 

status of fruit from field-grown vines was manipu lated by gi rd l ing in  an attempt 

to determine the effect of carbohydrate status on fruit matu ration (Chapter 4) . 

Data fro m  the contro l led envi ronment treatments were mathematically re lated to 

the fie ld data to derive a model to relate changes i n  SSC to temperatu re based 

on meteoro logical temperature data in kiwifruit g rowing regions (Chapter 5) . 
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I n  summary, the aims of this work were : 

- to determine the effect of temperatu re on carbohydrate changes and the 

rate of kiwifru it maturation. 

- to obtain accurate temperature records and detai ls of kiwifru it m aturation 

in fou r  o rchards at different geographical locations, hence provid ing data that 

wou ld enable the development of a mathematical model. 

- to alter the carbohydrate status of field g rown fru it and determine the effect 

on rate of SSC accumulation and fruit maturation. 

- to help develop and use a mathematical model to re late changes in SSC 

to temperatu re ,  and to use this model to predict harvest date. 
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CHAPTER 2 

MATURATION OF KIWIFRUIT GROWN AT DIFFERENT TEMPERATURES 
IN CONTROLLED ENVIRONMENTS 

2.1 Introduction 

Maturation is the stage of development leading to the attai nment of physio logical 

maturity when fru it wi l l  continue ontogeny even i f  detached from the parent p lant 

(Watada et al., 1 984) . The processes that occur from the latter stages of g rowth 

and development through to the early stages of senescence are called ripen ing. 

Changes i n  composition , colour, texture or  other sensory attributes resu lt in the 

characterist ic aesthetic  qual ity of a ripe fru it (Watada et al. , 1 984). Many changes 

occur in fru it tissue during maturation and ripening and these may be affected by, 

for example, temperature throughout the growing season.  A maturity index is an 

arbitrary measurement used to determine whether a particular crop is m ature. 

Potentia l  indices should be easy to measure (Reid, 1 992) , h ighly corre lated to 

fruit qual ity and be consistent between seasons (Underh i l l  and Wong,  1 990) .  

Maturation is  the resu lt of several simultaneous processes. Apart from changes 

in  carbohydrates , there is also a concurrent decrease in flesh fi rmness. Fru it 

soften ing duri ng matu ration has been observed in  many fruit including kiwifru it 

(Pratt and Reid ,  1 974) , apple (Workman, 1 963), fig (Tsant i l i ,  1 990) , guava (Yusof 

and Mohamed , 1 987) , melon (Miccol is and Saltveit, 1 991 ) ,  peach (Maness et al. ,  

1 992) and pear (Mann and Singh, 1 988) .  The pattern of  decrease in  flesh 

fi rmness varied from year to year in kiwifruit and did not relate consistently to fru it 

qual ity after storage (Beever and Hopki rk, 1 990) . For this reason flesh fi rmness 

was not used as a maturity index for kiwifru it. 

Kiwifru it harvested before they are physio logically mature do not store and  ripen 

satisfactori ly (Harman , 1 981  ). A suitable indicator of matu rity for kiwifru it had to 
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be developed to ensure that fruit reached physiological maturity before ha rvest 

(Beever and Hopki rk, 1 990) . In the 1 960s, the harvest season for k iwifru it 

commenced on 1 May; fru it harvested before that date were not perm itted to be 

exported (Beever and Hopkirk, 1 990). This index was not entirely satisfactory 

because, in some seasons such as 1 979, fruit were immature at harvest. I n stead, 

SSC was adopted as the maturity index for kiwifru it in New Zealand and fru it can 

be harvested for export once fruit SSC exceeds a m in imum of 6.2% (Beever and 

Hopkirk, 1 990). Components of SSC in kiwifruit include water soluble compounds, 

such as sugars, acids, vitamin C, am ino acids and some pectins (Harman  and 

Watkins, 1 986). Changes in SSC during maturation reflect changes in 

carbohydrates and are positively related to sugar concentration dur ing matu ration 

(Harman, 1 98 1 ) .  The t ime of reaching 6.2% SSC can vary in the same o rchard 

by up to 3 weeks among years (Harman, 1 98 1 ) . I n  addition to variation  in  the 

tim ing of reach ing 6.2% SSC among seasons, there are d ifferences in SSC 

among fruit harvested from different posit ions on the same vine (Hopkirk et al. ,  

1 986; Smith et al. ,  1 992) and gradients in carbohydrate concentration with in  the 

fru it. For example, with in  each fruit during maturation, SSC increased more 

rapidly at the distal end of the fruit than at the proximal end (Hopkirk et al. ,  1 989; 

Cotter et al., 1 99 1 ) and concentration of starch in the core was higher than in the 

outer pericarp (MacRae et al. ,  1 989a). 

Total non-structural carbohydrate concentration is composed of starch and 

sugars, predom inantly glucose and fructose, with some sucrose and traces of 

inositol (Kawamata, 1 977) . Starch is the main storage form of carbohyd rate in 

kiwifru it, and in  many other fru it including apple, banana (Tucker and G rierson, 

1 987) and tomato (Dinar and Stevens, 1 98 1 ; Garvey and Hewitt, 1 99 1 ) .  In such 

fru it, the starch concentration typically increases during growth and  then 

decreases during maturation and ripen ing as a resu lt of hydrolysis to sugars ,  with 

a concom itant rise in total sugar concentrat ion . Total carbohydrate concentration 

in kiwifru it was assumed to be simi lar to the dry matter concentration of fru it 

(Hopkirk, 1 991  ) .  I n  fact, Scott et al. ( 1 986) recommended the use of d ry matter 

as an appropriate maturity index for harvesting kiwifru it in Austral ia.  
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Kiwifru it from the same orchard block have been shown to mature at d i fferent 

rates in  different years (Harman , 1 98 1 )  and tim ing of commercial harvest has 

been shown to vary among orchards at different geographical locations (Harman 

and Hopki rk, 1 982). Soluble solids concentration was measured in two orchards 

at different locations in  Japan ; at the coo ler orchard increase i n  SSC and 

decrease in starch concentration were each faster than for fruit at the warmer 

orchard (Sawanobori and Shimura, 1 990) . I n  British Columbia, kiwifru it flowered 

several weeks later than in California, but fruit were picked at a simi lar t ime in  

both locations (Kempler et al. , 1 992) . These differences indicate that 

envi ronmental conditions,  especially temperatu re ,  may affect the harvest d ate of 

kiwifruit between seasons and orchards. 

The effect of temperature on maturation of many different fru it species has been 

studied using ' l imb chambers' ,  whe re one branch of a tree was warmed or  cooled 

in  re lation to the remai nder. This approach was used with apricot (Li l le land, 

1 936) , cherry (Tukey, 1 952) , grape (Tukey, 1 958) , peach (Batje r  and M arti n ,  

1 965) and pear (Wang et  al. , 1 971 ) . By using l imb chambers ,  it was fou n d  that 

warm temperatures enhanced fru it maturation i n  stonefru it and g rapes, whereas 

cool temperatures enhanced maturation in pear. The differi ng response m ay be 

due to the d ifferent carbohydrate metabo l ism of the d ifferent species. Stonefru it 

and g rape contain little or no starch , whereas pear accumulates starch as a 

storage carbohydrate. I n  an alternative approach , relocatable greenhouses were 

used in  an orchard to modify the temperature around entire mature kiwifru it vines 

(Snelgar et al. , 1 988 ; Hopki rk et al. , 1 989 ; Kempler et al. ,  1 992) . Kiwifru it g rown 

i n  relocatable g reenhouses under increased temperatures (3C above ambient) 

contained lower SSC but higher starch concentration compared to control 

(unheated) fruit (Hopki rk et al. ,  1 989) . A disadvantage of re locatable g reenhouses 

used to test the effect of temperatu re on the rate of kiwifruit maturation in the 

study by Hopki rk et al. ( 1 989) was that temperature in  the g reenhouses cou ld 

only be raised or lowered a few degrees from ambient.  However, use of 

control led envi ronments al lows accu rate control of temperatu re (Warrington and 
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Rook, 1 989) and a greater choice of temperature treatments throughout fru it 

maturation. 

In New Zealand, the warmer than average n ight temperature in autumn 1 990 was 

thought to have resu lted in the delayed harvest that year (Kel ly, 1 990).  Th is 

impl ied that cool n ight temperatures were requ i red to enhance maturity. H opkirk 

et al. ( 1 989) a lso suggested that the marked increase in SSC after cold n ights, 

observed over several seasons, altered the time of reach ing 6.2% SSC 

(commercial maturity) . There have been no publ ished studies that establish 

whether it is m in imum (night) temperature per se, mean temperature ,  or 

magnitude of the d ifference between maximum (day) and m in imum temperature 

that affects kiwifru it maturation . Indeed, there has been very l ittle work 

undertaken to determine the effect of temperature on any aspect of k iwifru it 

maturation. In particu lar, there is a lack of detai led analyses of changes i n  starch 

and sugar concentrations with advancing maturation under d ifferent temperatu re 

conditions. 

The control led environment faci l it ies used in th is study al lowed temperatu re to be 

accurately control led around container-grown kiwifru it vines. P lacement of v ines 

in controlled environment rooms at d ifferent temperatures during late summ er 

al lowed temperature to be isolated from the impact of other environmental factors 

and its effect on fruit maturation to be stud ied. In particular, study was m ade  of 

the effects of min imum temperature, mean temperature ,  and the magn itude  of the 

d ifference between the maximum and m in imum temperature on fru it maturat ion. 

The effect of a temperature perturbation and its t iming were also stud ied.  I n  

addit ion to recording changes i n  SSC, firmness, fru it s ize and respiration , detai led 

measurements of starch and total sugar concentrations were made during fru it 

development to determine the effect of temperature on the partit ion ing  of 

carbohydrate, and to attain a more complete understand ing of the processes 

occurring at the cel lular level .  An analytical method for the est imation of starch 

and sugar concentrations was specifically adapted for kiwifru it to allow the rap id 

analysis of a large number of samples (Seager and Haslemore, 1 993) . 
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2.2 Effect of different day and night temperatures 

2.2. 1 Materials and Methods 

Mature 'Hayward' kiwifruit vines were grown in . 28 I containers (Plate 2 . 1 ) . The 

soil medium in the container was composed of 40 parts steri l ised soi l  (Opiki 

humic s i lty clay loam ; a fine i l l it ic, mesic H istic Humaquepts) , 20 parts crusher 

dust (4 mm g ravel) ,  20 parts coarse pum ice (m ixture of 5 and 1 0  mm particles) 

with added m inerals of 1 33 g m-3 dolomite ( l ime) and 69 g m-3 N itrophoska® 

( 1  0:2:6 : 1 N :P :K:S) .  Vines were trained to have a 1 m high stem with a short 

permanent leader and were pruned to have three or  fou r  one-year-old canes 

(Plate 2.2) . Before treatment, vines were grown outdoors in Palmerston North 

under polyethylene-covered shelters (sheltered s ite) .  An automated i rr igation 

system d istributed e ither modified Hoagland's A solution (Brooking, 1 976) or 

water as requ ired .  A regu lar programme of chem ical sprays ensured that vines 

were kept free of pests and d iseases. Plants were hand pol l inated du ring 

flowering. 

Experiments were carried out in walk- in control led environment rooms at the 

National  Cl imate Laboratory, HortResearch, Palmerston North (Anon . ,  1 98 1  ) . 

Changes in  tem perature and relative humid ity between the dai ly m aximum and 

m in imum were programmed to occur in  1 6  d iscrete steps, with each step being 

maintained for about 45 m inutes. Temperature treatments were representative of 

the range of field cond itions occurring i n  autumn months (March , Apri l ,  May) , 

encompassing the geographical extremes of the main kiwifru it g rowin g  regions 

in New Zealand (Table 2. 1 ) .  

Light ing was provided by 4x1 000 W 'Metalarc' h igh-pressure metal hal ide lamps 

(M1  000 BU Sylvania) and 4x1 000 W quartz halogen lamps (Phi l ips type 1 20 1 2  R) 

g iving a photosynthetic photon flux density of approximately 700 J..Lmo l  m-2 s-1 at 

cane height (Warrington et al. ,  1 978) . The l ights ·were switched on 6 hours before 

the maximum day temperature was reached and off 6 hours before the m in imum 
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P late 2. 1 Contai ner-g rown vi nes being mai ntained in  the sheltered site during 
early spring growth. The 1 m high permanent stem and one-year-old canes 
supporti ng the flowering laterals are visible (see also P late 2 .2) .  

P late 2 .2 Contai ner-g rown 
vine after winter pruning 
showing five one-year-old 
c a n e s  t i e d  t o  t h e  
supporting strut. 
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Table 2 . 1  Mean dai ly maximum and min imum temperatures (C) at fou r  sampl i ng 
locations i n  March , Apri l and May. Meteorological site codes are shown (New 
Zealand Meteorological Service ,  1 983) . 

Kerikeri Te Puke Palmerston Riwaka 
(A52391 )  (876835) North (C1 21 9 1 ) 

(E05363) 

Max. M in .  Max. Min .  Max. M in .  Max. M in .  
Month temp. temp. temp. temp. temp. temp. temp. temp. 

(C) (C) (C) (C) (C) (C) (C) (C) 

March 23.5 1 3 . 1  22.5 1 2.7 20.9 1 1 .7 21 .5 1 0 .5 

Apri l 21 .2 1 1 . 1 20.0 1 0.5 1 8 .2 9.6 1 8 .7 7 .6 

May 1 8 .4 9 . 1  1 6.7 7.2 1 5 .0 6.8 1 5 .7 4.5 

night temperatu re was reached giving a daylength of 1 2  hou rs .  The C02 
concentration was monitored via a central infra-red gas analyser and mai ntained 

close to 340 J.LI C02 r1 ai r. Ai rflow through the canopy was 0.5 m s-1 . 

Each temperatu re treatment was placed in  a different control led envi ronment 

room, and treatments were not replicated within a season.  An i ndependent 

estimate of variabi l ity between rooms was therefore difficu lt to determine. 

However, one temperature treatment (1 8/8C) was repeated in  Experi ment 1 and 

Experiment 2 using d ifferent controlled envi ronment rooms. In this i nstance , 

d ifferences between rooms was also confounded with d ifferences in  ages of the 

vines between the two years. Alternatively, in Experiment 3 (Section 2.2) vines 

were placed in two different rooms but at the same temperatu re with two 

temperature reg imes (1 1 /7 and 26/20C) for the fi rst 37 days of the experiment. 

To test whether there was a difference between rooms programmed to be the 

same temperatu re, a non l i near regression was used to fit an exponential equation 

for both t reatments , either separately or together. Comparison of the data using 

an F ratio showed that there was no sig nificant d ifference in the rate of i ncrease 

in SSC at the 5% (P�O.OS) level for the two rooms tested in 1 99 1 . I n  another 

check, there was no difference in  SSC from vines placed in  two d ifferent rooms 

maintained at 26/20C for 37 days (Fig. 2. 1 4). An assu mption was made that a 
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s imi lar relationship applied between other contro lled environment room s  in the 

same, or d ifferent years. 

Five experiments were undertaken to investigate the effect of tem perature o n  the 

rate of kiwifru it maturation. The first two experiments separated the effects of 

m in imum tem perature (Experiment 1 )  and maximum/m in im um temperature 

d ifference (Experiment 2 ,  Section 2.2) and the f inal three experiments determ ined 

the effect extremes of temperature (Experiment 3, Section 2 .3) and of a 

perturbation in  temperature (Experiments 3, 4 and 5) .  

M in imum temperature treatments (Experiment 1 )  

The temperature treatments and respective relative hum id it ies at 0 .6/0. 3  kPa 

vapour pressu re deficit (maximum/m in imum temperature, respectively) are s hown 

in Table 2.2. Temperature and relative hum idity in contro l led environment rooms 

were controlled to with in 0.5C and 5% of programmed condit ions, respect ively, 

for all studies in this chapter. 

Table 2.2 Temperatures (C) and relative humid ities (%) in control led environment 
rooms during different m in imum temperatu re treatments (Experiment 1 ) .  

Maximum Min imum Mean Relative 
temperature temperature temperature hum idity (%) 

(C) (C) (C) 

1 8  4 1 1  7 1 /631 

1 8  8 1 3  7 1 /72 

1 8  1 2  1 5  71 /76 

1 8  1 6  1 7  7 1 /84 

1 Relative hum id ity at maximum and m in im um temperatu re, respectively 

Twenty vines bearing fru it were transferred from the sheltered site on 23 M arch 

1 989 to the control led environment treatments (rooms) for a period of 56  days. 

Five vines were selectively placed in each treatment to g ive a s im i lar n u m ber  of 
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fru it per room . Each week, 1 0  randomly selected fru it per temperatu re treatment 

(2 fruit per vine) were sampled for SSC, flesh firmness and fru it g rowth 

measurements. Fresh weight of each harvested fruit was recorded and a m ethod 

of water displacement was used to measure fruit growth non-destructively by 

changes in  vol ume  (Lai ,  1 987). The concentration of soluble sol ids was measu red 

with ju ice squeezed from a 1 5  mm section cut from each of the d ista l  and 

proximal ends of each fru it (Fig.  2 . 1 ) .  An Atago N-20 hand-held refractometer was 

used to measure SSC, fol lowing an in itial calit�ration with 6% sucrose solution 

and the zero basel ine was frequently checked with d isti l led water (Harman and 

Hopkirk, 1 982) .  Measurements were made at laboratory room temperature. Flesh 

firmness was recorded with an Effeg i  penetrometer (FT327) with an 8 m m  h ead. 

Skin was removed to a depth of 2 mm on opposite s ides of the fruit in the 

equatorial region (Fig. 2 . 1 )  and the penetrometer plunged into the flesh .  To 

remove operator  variabi l ity, al l measurements were taken by the same person . 

Mu lt ipl ication of the reading by 9.807 was necessary to convert the 

measurements from ki lograms force (kgf) to newtons (N) .  

Maximum/min imum temperature combination treatments (Experiment 2 ) .  

Temperature combinations were chosen to  al low the separate effects of 

maximum,  min imum,  dai ly mean and maximum/m in imum temperature d ifferential 

to be evaluated (Table 2.3) .  A common maximum/min im um vapour pressure 

deficit of 0 .5/0.3  kPa was maintained in each treatment. 

Th i rty vines were chosen from the sheltered site and placed in the control led 

environment treatments on 1 3  February 1 990 for a period of 73 days. F ive v ines 

were selectively placed in  each room to g ive a sim i lar number of fru it per 

treatment. At each of 1 0  harvests, twenty randomly selected fru it from each 

temperature treatment were picked and used to determ ine SSC, flesh f i rmn ess, 

fresh weight and fru it growth as described previously. In  addition ,  a 3 mm section 

through the equatorial region (Fig. 2 . 1 )  of some fru it was taken and dried at 40C 

for 48 hours to determ ine dry matter concentration. Tissue from the outer pericarp 
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ssc Proximal end 

- - - - -

Flesh D ry m atter 
- - - -

firmness 

D istal end � ssc :;;= 
Fig. 2. '1 Sampling positions for analysis of sol ub le sol ids concentration ,  dry matter 
and flesh firmness of kiwifruit. 

Proximal end 

Outer pericarp 

Core 

Outer pericarp 

D i stal end 

Fig . 2.2 Sampling positions for chemical analyses from o uter pericarp and core 
tissue of kiwifruit. 
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Table 2 .3 Temperatures (C) and relative hum idities (%) in control led environment 
rooms during d ifferent maximum and min imum temperature combination 
treatments (Experiment 2) .  

Maximum M in imum Mean Max./min .  Relat ive 
temperature temperature temperature temperature hum idity 

(C) (C) (C) d ifference (%) 
(C) 

1 4  8 1 1  6 69/721 

1 8  8 1 3  1 0  76/72 

1 4  1 2  1 3  2 69/79 

22 8 1 5  1 4  8 1 /72 

26 8 1 7  1 8  85/72 

22 1 2  1 7  1 0  8 1 /79 

1 Relative hum idity at maximum and m in imum temperature, respectively 

and core (Plate 2 .3) was stored for subsequent analysis of starch and total sugar 

concentration. To provide sufficient tissue for analysis, two fru it were harvested 

from the same vine and tissues from the same sampl ing region (Fig. 2 .2)  were 

combined. Tissue samples from three regions were col lected :  outer pericarp 

tissue from each of the proximal and distal ends of the fru it, and core t issue. 

Between 4 to 5 g of the respective tissue was weighed into a vial, covered with 

20 ml methanol/water/form ic acid (ratio 1 2:2: 1 )  and stored at 3C. Samples were 

later analysed for starch and total sugar concentration by methods specifical ly 

developed for kiwifruit during this work (Seager and Haslemore, 1 993, see 

Appendix 1 ) .  

Statistical analyses 

The statistical packages used for al l numerical analyses were SAS, version 6 .0 

(Statist ical Analysis Systems, SAS Institute Inc. ,  SAS Campus Drive, Cary, NC 

275 1 3, USA) and Min itab, version 7 .2 (Min itab Statistical Software, 3081 

Enterprise Drive, State Col lege, PA 1 6801 ,  US(\). 
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Plate 2.3 Nomenclatu re of the different tissues in  a mature kiwifruit (from Beever 
and Hopki rk, 1 990). a) stalk, b) sepals, c) sclerified plug , d) core , e) i nner 
pericarp contain ing seeds, f)  outer pericarp , g) ventral carpe l lary bundle system,  
h )  dorsal carpel lary bund le system,  i )  withered stamens and  styles. 
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A logistic curve was used to fit the changes in SSC over time in each 
temperature treatment. The equation used in  Fig .  2.3 was : 

where S = SSC (%) 

S = a + ___ c __ _ 
1 + s -h(t - m) 

a = in it ial asymptote (% SSC) 

c = final asymptote - a (% SSC) 

a+c = final asymptote (% SSC) 
h = rate constant (dimension less) 

t = time (days) 

m =  poi nt of inflection (days). 

Data were l inearised by taking the log of the response variable. To determi ne the 

value for the upper asymptote , the l i near model was fitted with different values 

for the u pper asymptote unt i l  the lowest residual sum of squares was fou nd .  This 
provided a value of e=1 6% SSC for Experiments 1 ,  2 and 3, except the 1 1  /7C 

temperature treatment i n  Experiment 3 where e=1 4% SSC. lt should be noted 

that the in itial value on each graph is not the intercept as the method resu lts i n  

a rescal ing of the lower asymptote , al lowing the curves i n  some treatments to  be 

different at day 0 (see Figs 2.5 , 2.7 and 2 . 1 3) . The standard error of treat ments 

was compared at the point of inflection (m) , that is, the mid-point betwee n  the 

lower and upper asymptote. 

Starch and total sugar concentration data were fitted using a smooth ing routine 

because a parametric model was not suitable. In  Min itab the smooth ing routine 

obtains runn ing medians of 3 data points (Experiment 2) and medians of 4 ,  2 ,  5 

and 3 consecutive data points (Experiment 3) . Starch and total sugar 

concentrations were simi lar between samples taken from the proximal and d istal 

ends of the fruit, as found previously by Bowen et al. (1 988) . The mean value of 

the two samples was therefore used to present resu lts for Experiments 2 and 3 .  
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Fig. 2 .3  Format of logistic cu rve (used i n  Chapters 2 and 3) s howing 
assu med change in soluble solids concentration (%) of kiwifruit during 
maturation. a = lower asymptote, a+c = upper asymptote, m = point of 
inflection , t = time (days). 
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Linear regressions were fitted to flesh firmness data. To compare SSC o r  flesh 
firmness between the fixed temperature trea�ments ( 1 1 /7 and 26/20C) and 
respective temperature perturbation treatments in Experiment 3, a 95% 

confidence interval was calculated for the fixed temperature treatment (Figs 2 . 1 2  

and 2 . 1 4) .  

2.2.2 Results 

Min imum temperature treatments (Experiment 1 )  

Fruit weighed 67 ±1 .6 g at the beginn ing of the experiment and i ncreased to 

74 ±2.6  g by the end of the experiment. The i ncrease in fruit volume from the 

beg inn ing to the end of the experiment was 1 34 mm3 for a l l  treatments, an 

increase of 2.4 mm3 day·1 . 

Flesh f irmness decreased during the experiment, but there was n o  consistent 

relationsh ip  with m in imum temperature (Fig. 2 .4) .  I n it ial f irmness was 98 .9  N and 

the estimate of the rate of change in f irmness was -0.54, -0.  72, -0.89 and 

-0.92 N day·1 for the temperature treatments of 1 8/1 2, 1 8/1 6, 1 8/4 and 1 8/8C, 

respect ively. The fastest decreases in f irmness were in the treatments of 1 8/4 

and 1 8/8C, . but d ifferences between these treatments were n ot s ign if icant 

(P::;;0 .01 ). However, f irmness in the 1 8/1 2 and 1 8/1 6C treatments decreased at 

a slower  rate than i n  the 1 8/4 and 1 8/8C temperature treatments (P::;;0 . 0 1  ) .  The 

treatment by t ime i nteraction was significant. There was a s ignificant negat ive 

correlat ion (r=0.92) between flesh firmness and SSC (pooled for all treatments) 

(P::-;;0 .05) .  

I n itial SSC (Fig .  2 .5) in  fru it from container-grown vines was approximately 1 .5% 

h igher than that for field-grown fruit (Fig .  3.2) at the start of treatment. 

Nevertheless, fru it from container-grown vines appeared to be typical of f ie ld fru it 

and substantial changes in SSC occurred subsequent to vines being p laced in 

each treatment. 
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Fig .  2.4 Flesh firmness (N) of kiwifruit grown under different m i n i m um 
temperatu res (C) (Experiment 1 ) .  Regression coefficients i n  A.3. 1 . 
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different m in imum temperatures (C) (Experiment 1 ). Regression 
coefficients in A.3.2 .  
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Concentration of soluble sol ids increased i n  a l l  treatments but at a faster  rate 

when exposed to the cooler m in imum temperatures (Fig. 2.5) .  I n  addition , there 

were d ifferences among treatments i n  the shape of SSC curves. I ncrease i n  fruit 

SSC was 1 5.6,  1 3.8 ,  9 .6 and 7.9% day"1 (x1 o-2) from fru it g rown in the 1 8/4, 1 8/8, 

1 8/1 2 and 1 8/1 6C temperature treatments. T ime taken to reach the inf lection 

point varied with temperature ;  fru it from the tem perature treatment of 1 8/4C 

reached the inf lection point 5, 1 8  and 23 days before fruit from the 1 8/8, 1 8/ 1 2 

and 1 8/1 6C treatments, respectively (Table  2.4) .  F inal SSC at day 56 was 1 4.9 ,  

1 3.6,  1 1 .5 and 1 0.4% for fru it harvested from the treatments of 1 8/4, 1 8/8, 1 8/ 12  

and 1 8/1 6C, respectively. Detai ls of SSC at both proximal and d istal ends  o f  the 

fru it are g iven i n  Appendix 2. Soluble sol ids concentration at the d istal end of fruit 

was g reater than or equal to SSC at the proximal end from the beginn ing  of the 

experiment and remained h igher throughout. . 

Table  2.4 Comparison of the maximum rate of change in soluble so l ids 
concentration (slope) and number of days to the i nflection point of kiwifru it g rown 
under treatments of d ifferent m in imum temperatures (C) (Experiment 1 ) .  Values 
determ ined from fitted logistic curves where a maximum soluble so l ids 
concentration of 1 6% is assumed. 

Temperatu re Mean S lope Time to 
(max./m in , )  (C) temperature (C) (% day-1 ) inflection point 

(days) 

1 8/4 1 1  0 . 1 1 2  (0.006) 1 36 

1 8/8 1 3  0.098 (0.007) 4 1  

1 8/1 2 1 5  0 .081  (0.0 1  0) 54 

1 8/1 6 1 7  0.091 (0.0 1 1 )  59 

1±SE (standard error) 
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There were no  s ignificant d ifferences i n  fru it g rowth among treatments. Mean fruit 

weight for al l  treatments at the beg inn ing and end of the experiment was 

4 1  ±0.9  g and 58  ±1 . 1  g ,  respectively (measured from destructive harvests) .  For 

vines exposed to the d ifferent maximum/m in imum temperature combinat ions,  the 

increase in volume was 1 63 mm3 as a mean for al l  treatments; that is, an 
average rate of 2.2 mm3 day-1 (measured non-destructively). 

Fru it softened fastest at the cooler mean temperatu res and s lowest at the warmer 

mean temperatu res (Fig. 2.6). I n it ial firmness was 86.5 N and estimates of the 

rate of change i n  f irmness were -0.76, -0.65, -0.61 , -0.53, -0.49 and -0.45 N day·1 

for the temperature treatments of 1 4/8, 1 8/8, 1 4/1 2 ,  22/1 2 ,  26/8, and 22/SC, 

respect ively. Rates of change in f lesh firmness were n ot d ifferent among the 
treatments of 22/8, 26/8 and 22/1 2C but were d ifferent between these and the 

remain ing temperature treatments (P:::;;0 .05) .  The treatment by t ime i nteract ion 

was s ign ificant. 

Dry matter increased throughout the experiment i n  al l  treatments; at day 0 the d ry 

matter of fru it t issue was 1 7.6 ±0.72% and at the end of the experiment was 20.6 

±1 .22% (mean of al l  six treatments) . Differences among treatments did not 
appear to be related to temperature as the rates of change in d ry matter  were 

2 . 1 ,  2 .5 ,  3 .0 ,  4.2,  5 .5  and 6.6 (% day·1 x1 o-2) for the treatments of 22/1 2 ,  26/8, 

1 8/8, 1 4/8, 1 4/1 2 and 22/SC, respective ly. 

Soluble sol ids concentration of fru it from vines exposed to the d ifferent m in imum/ 

maximum temperature combinations increased fastest with the coolest m ean  daily 

temperatures, i rrespective of the maximum and/or m in imum tem perature 

(Fig. 2 .  7) .  I ncrease i n  SSC was 1 2.8 ,  1 0 .3 ,  9. l, 6.4, 5 .5  and 4.8% day-1 (x1 o-2) 
for fru it from the 1 4/8, 1 8/8, 1 4/ 12, 22/8, 22/1 2 and 26/SC tem perature 

treatments, respectively. The number of days taken to reach the i nflect ion point 

varied with  the temperature treatment (Table 2.5) .  I n  the treatment of 1 4/SC, fruit 
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Fig. 2.6  Flesh firmness (N) of kiwifruit grown under different m aximum 
and min imum temperatures (C) (Experiment 2) . Regression coefficients 
in A.3.3. 
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reached the i nf lection point by day 48, whereas fru it from the treatments of 1 8/8, 
1 4/1 2 ,  22/8 22/ 12 ,  and 26/8C reached the inflection point 1 1 , 1 2, 22, 22 and  43 

days later. Final SSC was 1 5.0 ,  1 3.0 ,  1 2.8 ,  1 0 .3 ,  9 .  7 and 9 . 1 %  for fru it i n  the 

treatment of 1 4/8, 1 8/8, 1 4/1 2, 22/8, 22/1 2 and 26/8C ,  respectively. Soluble s ol ids 

concentration was recorded at the proximal and d istal ends of the fru it; it was 

h igher i n  the proximal than d istal end for fru it from the fi rst harvest i n  a l l  

treatments except 22/1 2C, where SSC was h ighest i n  the proximal end from 

day 1 0  (Append ix 2). 

Table 2.5 Comparison of the maximum rate of change in soluble sol ids 
concentration (slope) and number of days to the inflection point of kiwifru it g rown 
under treatments of d ifferent m in imum temperatures (C) (Experiment 2) . Values 
determ ined from fitted logistic curves where a maximum soluble so l ids 
concentration of 1 6% is  assumed. 

Tem perature Mean S lope Time to 
(max./m in . )  (C) temperature (C) (% day-1 ) inflection po int 

(days) 

1 4/8 1 1  0 .092 (0.0 1 3) 1 48 

1 8/8 1 3  0 .070 (0.005) 59 

1 4/1 2 1 3  0 .079 (0.003) 60 

22/8 1 5  0 .05 1 (0.0 1 3)  70 

26/8 1 7  0 .037 (0.01 2) 9 1  

22/1 2 1 7  0.067 (0.01 6) 70 

1±SE (standard error) 

Concentration of starch in fru it decreased fastest in treatments with the coolest 

mean temperatures (Fig. 2.8) .  For example, in  the 1 4/8C temperature treatment 

starch concentrat ion in the outer pericarp decreased rapid ly after 32 days. I n  

comparison ,  starch concentration increased i n  the outer pericarp i n  26/8C 
treatment up to day 20 without further change during the remainder of the  study. 

Decreases in starch concentration in the outer pericarp in fru it from 1 8/8, 1 4/1 2 

and 22/8C temperature treatments were between the change i n  starch 
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concentration i n  the extreme temperature treatments described above. The 

concentration of starch was h igher in the core than in the outer pericarp, except 

at the early harvests. Th is d ifference was especia l ly noticeable towards the end 

of the experiment in the warmer temperature treatments (e.g .  26/8C) ,  where 

starch accum ulated in the core throughout the duration of the experim ent. I n  

contrast, i n  the cooler temperature treatments (e.g .  1 4/8C), starch concentration 

in the core declined to a value s imi lar to that in the outer pericarp tissue. In m ost 

temperature treatments the concentration of starch in core tissue reached a peak 

and then decreased ;  the peak tended to be reached later in warmer temperature 

treatments (cf. 1 8/8 and 26/8C). The peak was not as evident in outer per icarp 

tissue. I ncreases in total sugar concentration were sim i lar to those in SSC; that 
is, faster increases occu rred at the cooler mean temperatures (Figs 2 .7  and 2 .8) .  

Concentration of total sugar was s imi lar in outer pericarp and core t issue 

(Fig.  2 .8) .  Changes in total sugar concentration were h igh ly correlated with 

changes in SSC (r=0.98) (P:::;Q.05) (Fig. 2 .9) .  Changes in starch and s ugar 

concentration in outer pericarp and core tissue are shown in 3D graphs to enable 

comparison of a l l  temperature treatments (Fig. 2 . 1 0) .  
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Fig. 2. 1 0  Starch ( -- ) and total sugar ( . . . . . . . . ) concentration (mg g FW-1 ) of 

kiwifruit g rown under d ifferent temperatures (C) (Experiment 2) . a) outer pericarp 

tissue, b) core tissue. Temperature treatments of 1 8/8 and 1 4/1 2C and 26/8 and 

22/1 2C were combined . 



2.3 Effect of a perturbation in temperature 

2 .3 . 1  Materials and methods 

Temperature extremes and perturbation treatments (Experiment 3) 
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Vines and control led environment rooms were used as described in Sect ion 2 .2. 1 . 

Temperature treatments (Table 2 .6) were chosen to extend the range of 

temperatures beyond that used previously (Section 2 . 1 )  and to examine t he  effect 

of a perturbation in temperature on fru it maturation. A un it matrix (Table 2 .  7) was 

used to determ ine the frequency of temperature for each treatment. The four  

treatments where conditions remained the same throughout are referred to  as  the 

fixed temperature treatments. The two treatments where the temperature 

perturbation occu rred at day 37, and then reverted back to the original 

temperature at day 54, are the temperature perturbation treatments. 

Changes in temperature and relative hum idity between the maxim u m  and 

m in imum (also m in imum to maximum) temperatures were programmed to occu r 

within 1 20 m inutes. Th is programme resu lted in 1 0  hours at both the m axim um 

and m in im um temperatures, except the treatment of 1 5/1 1 C  where the 

temperature change took 240 m inutes so that t ime spent at the maxim um and 

m in imum temperatures was reduced accordingly. The maximum/m inimu m  water 

vapour pressure deficit for each treatment was 0.5/0.4 kPa and the corresponding 

relative h umidities are g iven in Table 2.6. 

Th irty vines were selected from the sheltered site and transferred to the 

control led environment treatments on 4 March 1 99 1  for a period of 75 days. Five 

vines were selectively placed in each treatment to g ive a s im i lar number of fru it 

per treatment. Randomly selected fruit were harvested every 3 days in t he  fixed 

temperature treatment and in the temperature perturbation treatment every 5 

days at the beg inning of the experiment, but every 2 days fol lowing the 

temperature change. At each harvest, s ix fru it from each temperatu re treatment 
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Table  2 .6 Temperatures (C) and relative hum idities (%) i n  control led enviro n m ent 
rooms during a) fixed temperature and b) temperatu re perturbation treat ments 
(Experiment 3) .  

Maximum Min imum Mean 
temperature (C) temperature (C) temperature (C) 

a) F ixed temperature treatments (4 treatments) 

1 1  7 9 

1 5  1 1  1 3  

1 5  1 5  1 5  

26 20 23 

b) Tem perature perturbation treatments (2 treatments) 

1 1 /7 -t20/1 3-t 1 1  /7C treatment 

1 1  

20 

1 1  

7 

1 3  

7 

26/20---t 1 5/1 1 -t26/20C treatment 

26 

1 5  

26 

20 

1 1  

20 

9 

1 6.5 

9 

23 

. 1 3  

23 

Relat ive 
humidity (%) 

60/621 

70/7 1 

77/71 

83/85 

60/62 

73/79 

60/62 

83/85 

70/71 

83/85 

1 Relative hum idity at maximum and m in imum temperatu re, respectively 

were sampled for SSC, flesh firmness, fresh weight, dry weight and fru it g rowth 

measurements. Cortex and core tissue from these fru it was stored for subsequent 

analysis of starch and sugar concentration as described in Section 2.2 . 1 . 

A portable gas-exchange system (McPherson et al., 1 983) using an infrared gas 

analyser (Binos; Leybold Heraeus G .m .b .H . ,  Haneau, Germany) in a c losed 

system with a darkened chamber (model 6000- 1 0 ; LiCor, Nebraska, U SA) was 

used to measure fruit respiration.  The chamber contained a fan at both ends to 

assist air movement. Respiration from individual fruit attached to the vin e  was 



74 

Table  2.7 Un it matrix showing the frequency d istribution of temperature (C) for 
the fixed temperature and temperature perturbation treatments (Experim e nt 3) .  

Temperature Temperature (C) 
(max./m in . )  (C) 7 1 1  1 3  1 5  20  26 Total 

1 1 /7 0.50 0.50 0 0 0 0 1 .00  

1 5/1 1 0 0 .33 0 .33 0 .33 0 0 1 .00  

1 5/1 5 0 0 0 1 .00 0 0 1 .00  

26/20 0 0 0 0 0 .50 0 .50 1 .00  

1 1  /7 -t20/1 3-t 1 1 /7 0 .39 0 .39 0 . 1 1 0 0 . 1 1  0 1 .00 

26/20-t 1 5/1 1 -t26/20 0 0 . 1 1 0 0 . 1 1 0 .39 0 .39 1 .00 

recorded five t imes in each temperature treatment during the experiment. At each 

record ing t ime, two fru it from each of three vines were measured at the m axim um 

temperature in each temperature treatment. Three consecutive measure ments, 

each of 1 20 seconds, were made on each fru it. 

Subsamples from selected sugar extracts ( 1 1 /7 and 26/20C fixed temperatu re 

treatments) were prepared for analysis by h ig h  performance l iqu id 

chromatography (HPLC). The subsamples ( 1  m l) were evaporated to d ryness, 

reconstituted to half the original volume with 80% aceton itri le  and fi ltered through 

a 0 .2 1-1m nylon membrane .  At ambient temperature, samples were inj ecte d  into 

a Waters HPLC fitted with an amino Bio-rad column (220 x 4 mm) and e luted 

with solvent (80% acetonitri le) . The flow rate was 1 ml m in-1 and the g uard 

column was a 300 mm Carbo-C column .  The reference standard contained 

300 1-1 1 1- 1 each of g lucose, fructose and sucrose. 

Unfortunately, data from the 26/20C temperature treatment were not o btained 

after day 56 d ue to a small leak of ethylene gas (3 ppm for 1 0  hours)  into  the 

contro l led environment room,  and this was sufficient to cause an extreme ly rapid 

r ise in SSC in the fru it. The remaining contro l led environment rooms were 

checked for the presence of ethylene, but were unaffected. To check the effects 
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of ethylene gas on kiwifruit attached to the vine, at the end of the exper iment, 

3 ppm ethylene was injected into the control led environment room contain in g  the 

26/20C fixed temperature treatment and maintained at that concentrat ion  for 
about 6 hours .  Measurement of SSC in the fru it over the fol lowing few days 

showed a rapid rise in SSC sim i lar to that seen i n  the temperature pertu rbat ion 

treatment. These resu lts indicated that i t  was ethylene that triggered the rap id r ise 

in  SSC and not the change in temperature that had been imposed 2 days 

previously. 

Temperature perturbation treatments (Experiment 4) 

A further exper iment was undertaken to determ ine the effect of a temperatu re 

perturbation. However, i n  th is experiment the temperature perturbation treatments 

were imposed for d ifferent periods of time, in  order to determine  the physio log ical 

response of fruit to short and long periods at cool temperatu res. 

The vines and contro l led environment rooms used were described i n  S ection 

2 .2. 1 . The treatments were e ither a fixed temperature of  22/1 8C or  a pertu rbat ion 

i n  temperature to 1 4/1 OC (Table 2.8) .  The fi rst temperature pertu rbat ion 

commenced on  day 1 4  and the second on day 56, for periods of 2 ,  6 or  1 3  days 

on both occasions before reversion back to 22/1 8C. On day 56, each of the  three 

temperature perturbation treatments were programmed to occur in the same 

contro l led environment room as those used for treatments imposed on day 1 4. 
Changes in tem perature and relative hum idity from the maximum to the m in imum 

took 1 20 minutes for al l  treatments, result ing in  1 0  hours at both the m axim um 

and m in imum temperature. A common maximum/m in imum vapour  pressu re deficit 

of 0.4/0 .3  kPa was maintained in each treatment (Table 2 .8 ) .  

Twenty vines bearing fru it were transferred from the sheltered s ite on 

24 February 1 992 to the contro l led environment treatments for 75 days. Five 

vines were selectively placed in each treatment to  g ive a s im i lar number of fruit 
per treatment. At each harvest, ten randomly selected fruit from each temperatu re 
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Table 2 .8  Temperature (C) and relative humidities (%) in control led enviro n ment 
rooms during  tem perature perturbation treatments (Experiments 4 and 5 ) .  

Maximum M in imum Mean Relative 
temperature temperature temperature h um idity (%) 

(C) (C) (C) 

1 4  1 0  1 2  75/761 

22 1 8  20 85/86 

1 Relative hum idity at maximum and m in imum temperature, respectively 

treatment were sampled for determination of SSC (Section 2 .2 . 1 ) .  Fru it were 
harvested at intervals of 2 to 1 0 days depending on the treatment and stage  of 

the experiment .  

Temperature perturbation treatments on immature fru it (Experiment 5) 

An experiment was undertaken to determ ine t.he  m in imum SSC at which fru it 

became responsive to a period of cool temperatures. 

The vines and contro l led environment rooms used were described in  S ection 

2 .2 . 1 .  The treatments were either a fixed temperature of 22/1 8C or a perturbation 

in  temperature to 1 4/1 OC, as in  Experiment 4 (Table 2.8) . The first temperature 

perturbation comm enced on day 2 and the second on day 22, for periods of 

7 days on both occas ions before reversion back to 22/1 8C. D ifferent control led 

environm ent rooms were used for each of the two temperature perturbation 

treatments. Changes in  temperature and relative hum idity from the maximum to 

the min imum took 1 20 m inutes for al l  treatments, resu lt ing in 1 0  h ours at both the 

maximum and m in imum temperature. A common maximum/m inimu m  vapour 

pressure deficit of 0 .4/0.3  kPa was maintained in  each treatment (Tabl e  2 . 8) .  

Twenty four vines bearing fruit were transferred from the sheltered s ite on  

1 5  March 1 993 to  the contro l led environment treatments for 36 days. S ix vines 

were selectively p laced in each treatment to g ive a s imi lar number of fru it per 
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treatment. At each harvest, eight random ly selected fru it from each temperature 

treatment were sampled for determination of SSC (Section 2 .2 . 1 ) . Fru it were 

harvested at intervals  of 7 days. 

2 .3 .2 Resu lts 

Temperature extremes and perturbation treatments (Experiment 3) 

There was l itt l e  difference in fruit growth (measured by volume) between 

treatments, except the 26/20C fixed temperature treatment where fru it were 

larger, but also grew at a faster rate during the experim ent. G rowth rate of fru it 

was 3 .3  mm3 day-1 i n  al l  treatments except for the 26/20C fixed temperature 

treatment where it was 7.2 mm3 day-1 . Fru it weighed 62 ±1 . 8  g and 70 ±4. 0  g at 

the beg inn ing and end of the experiment, respectively (mean of a l l  treatments 

except 26/20C treatment). Fru it from the 26/20C temperature treatment were 8 g 

heavier than the average of al l  the other treatments at the beginn ing of the 

experim ent, but th is marg in  had increased to 35 g by the end of the experiment. 

F lesh f irm ness decreased during the experiment for al l treatments, with the 

fastest decrease occurring in  treatments with ·the  coolest m ean temperatu res 

(Fig. 2 . 1 1 ) .  In it ial f irmness was 89.3 N and estimates of the rate of decrease in 

firmness were -0 .59,  -0. 88 ,  -0.9 1  and - 1 . 1 3  N day-1 for the temperature 

treatments of 26/20 ,  1 5/1 5 ,  1 5/1 1 and 1 1/7C, respectively. Flesh firmness was 

d ifferent between each temperature treatment (P:s;0 .01  ) .  The treatment by t im e  

interaction was s ign ificant. The decrease in f lesh f irm ness of fru it i n  the 
pertu rbation treatment that changed temperature from 1 1 /7C to 20/1 3C and from 

20/1 3 to 1 1 /7C was s im i lar to that exhib ited by fru it from vines exposed to 1 1 /7C 

throughout the experiment (Fig. 2. 1 2) .  The change i n  temperature from 2 6/20 to 

1 5/1 1 C did not alter the rate of decrease in flesh f irmness compared to the f ixed 

temperature treatment of 26/20C. 
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Fig .  2. 1 2  Flesh firm ness (N) of kiwifru it g rown u nder fixed tem pe ratu re 
(C) and temperatu re perturbation treatments ( Experiment 3) .  Linear 
regressions fro m  1 1 /7 and 26/20C fixed temperatu re treatments (as Fig.  
2. 1 1 )  are shown with 95% confidence l im its . Vertical l i nes ind icate t ime 
of temperatu re pertu rbation . 



79 

Fru it d ry matter increased during the experiment and was h ig her in the warmer 

than in the coo ler temperature treatments after 75 days (Table  2.9) .  I ncrease i n  

dry m atter was 1 . 1 ,  1 .3 ,  2 . 9  and 6 .4% day-1 (x1 o-2) for t he  1 5/1 5 ,  1 1 /7 ,  1 5/ 1 1 and 

26/20C treatments, respectively. Perturbation in  temperature d id not affect dry 

matter of fruit from the 1 1  /7C temperature perturbation treatment compared to the 

1 1  /7C fixed temperature treatment. 

Table 2.9 D ry matter (%) at the beginn ing and end of the treatments for kiwifru it 
g rown u nder a) fixed temperature (C) and b) temperatu re pertu rbation treat ments 
(Experiment 3) .  

Temperatu re Time after transfer (days) 
(max./min . )  (C) 0 75 

Dry matter (%) 

a) Fixed temperature treatments 

1 1 /7 1 6.9  ( 1 .2) 1 1 7.9  (1 .6) 

1 5/1 1 1 6.6 (0.8) 1 8 .7 (2.4) 

1 5/1 5 1 8 .5 (0.9) 1 9 .4 (1 .0) 

26/20 1 6 .0 (0.7) 20.8 (0.9) 

b) Temperatu re perturbation treatments 

1 1 /7�20/1 3�1 1 /7 

26/20� 1 5/1 1 �26/20 

1±SE (standard error) 

1 7.8  (0 .6) 

1 8 .5 (0.2) 

1 8.5 (0.9) 

Solub le sol ids concentration i ncreased very rapid ly in fruit exposed to the coolest 

mean temperature (Fig .  2 . 1 3) .  I ncrease i n  SSC was 1 3 . 1 , 1 0.4,  9 .7  and 4.3% 

day-1 (x1 o-2) for fruit from the 1 5/1 1 ,  1 1 /7, 1 5/1 5 and 26/20C tem perature 

treatments, respectively. The inflection point was reached i n  43 days by fruit i n  

the 1 1 /7C fixed temperature treatment,  and 7,  8 and 46  days later for fru it i n  the 

1 5/1 5 ,  1 5/1 1 and 26/20C treatments, respectively (Table 2. 1 0) .  F inal SSC was 
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1 5.7, 1 3.8 ,  1 3.8  and 1 0.0% for fruit in the treatments o f  1 5/1 1 ,  1 1 /7, 1 5/1 5 and 
26/20C ,  respective ly. The difference between maximum and m in imum 
temperatures in  Experiment 3 was obtained by a square-wave cu rve com pared 

to a si ne wave curve in  Experiments 1 and 2 (Sections 2 .2. 1 , 2 .3 . 1  ) .  Tim i ng  of 

the temperatu re change between maximum and min imum did not affect the rate 

of i ncrease i n  SSC. Soluble solids concentration at the distal end of fruit was 

g reater than or  equal to that at the proximal end after day 20 in  the 1 1 /7 ,  1 5/1 1 

and 1 5/1 5C  treatments, but after day 23 in  the 26/20C temperatu re treat ment 

(Appendix 2) .  

Table 2. 1 0  Comparison of the maximum rate of change i n  solub le sol ids 
concentration (slope) and number  of days to the inflection  poi nt of kiwifru it g rown 
under treatments of different min imum temperatu res (C) (Experiment 3) . V alues 
determ ined from fitted log istic curves where a maxim u m  so lub le so l ids 
concentration of 1 6% is assumed (except 1 1 /7C treatment where m aximum 
solub le sol ids concentration was 1 4%). 

Temperatu re Mean Slope Time to i nf lect ion 
(max./min . )  (C) temperature (C) (% day-1 ) point (days) 

1 1 /7 9 0.072 (0.006) 1 43 

1 5/1 1 1 3  0 .089 (0 .005) 5 1  

1 5/1 5 1 5  0 .055 (0.004) 50 

26/20 23 0.064 (0.0 1 4) 89 

1±SE (standard error) 

I n itial rise i n  SSC in the fi rst temperature perturbation treatment was s im i l ar to 

that i n  the fixed temperature treatment of 1 1  /7C (Fig. 2 . 1 4  ) . After the tem peratu re 

changed from 1 1 /7 to 20/1 3C on day 37, there was an immediate decrease i n  

SSC fo l lowed by marked fluctuations, but although the variation was large ,  the 

rate of change in  SSC was slower at 20/1 3C than under the 1 1  /7C condit ions. 

Upon reversion to 1 1 /7C, SSC increased over a period of 6 days to a m aximum 

concentration of 1 4%, simi lar to that attai ned by  fru it i n  the fixed tem perature 

treatment of 1 1  /7C.  
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There was no d ifference in SSC between the fixed temperatu re treatment and 

second temperature perturbation treatment of 26/20C unti l the temperature 

change (Fig .  2. 1 4) . After the temperature change to 1 5/1 1 C ,  there was a 5 day 

delay before any marked increase in SSC occu rred. The difference i n  SSC 

between the temperature perturbation and fixed temperatu re treatment was 

enhanced over the fo l lowing 1 0  days, resu lt ing i n  a fi nal SSC (at day 54) of 8 .3 

and 6 .5% in the temperatu re perturbation and fixed temperatu re treatments, 

respectively. 

Degradation of starch and subsequent i ncrease in total sugar concentrat ion was 

fastest i n  the coo l  est temperatu re treatments (Fig. 2 . 1 5) .  I n  the 1 1  /7C 

temperature treatment starch concentration decreased rapidly i n  the o uter 

pericarp and core from approximately day 22 to 8 mg g FW-1 or less from day 48 . 

I n  th is treatment there was an i nverse ly proportional i ncrease i n  total  sugar 

concentration in fruit. However, although total sugars rose after day 48 by 1 0 mg 

gFW-1 (Fig.  2 . 1 5) , there was l itt le further i ncrease i n  SSC in th i s  period 

(Fig .  2 . 1 3) .  I n  the 26/20C fixed temperatu re t reatment the re was an i n it ial 

decrease in starch concentration in  the outer pericarp fol lowed by l itt le  fu rther 

change , whi le starch concentration i n  core tissue i ncreased and reached a 

plateau at about day 30 (Fig. 2 . 1 5). Total sugar concentration i ncreased s lowly 

in this treatment after day 30. Decrease in starch and i ncrease i n  tota l  sugar 

concentration i n  the 1 5/1 1 and 1 5/1 5C temperature treatments were betwee n  the 

extremes described for the 1 1 /7 and 26/20C t reatments (Fig . 2 . 1 5 ) .  Corre lat ion 

of total sugar concentration and SSC (r=0.98) was identical to Experiment 2 .  

Changes i n  starch and total sugar concentration for a l l  the fixed tem perature 

treatments i n  the outer pericarp and core tissue are shown i n  3 D  g raphs 

(Fig .  2 . 1 6) .  

In the fi rst temperatu re perturbation treatment, when the temperature was 

changed from 1 1 /7 to 20/1 3C, the rate of decrease i n  starch concentrat ion i n  the 

outer pericarp and core was s lower duri ng the 20/1 3C period compared to that 

i n  the fixed temperature treatment of 1 1  /7C (Fig.  2 . 1 5) . However, the starch 
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concentration decreased again upon reversion to 1 1 /7C and fi nal starch 

concentrations in the two treatments were s imi lar. After  the temperatu re was 

changed from 1 1 /7 to 20/1 3C total sugar concentration d id not change for 2 days , 

then increased i n  the outer pericarp and core but later decreased sl ightly i n  the 

outer pericarp (Fig .  2 . 1 5) .  Final sugar concentration was approximate ly 1 0  mg 

g FW-1 lower i n  the temperatu re perturbation treatment than it was in the fixed 

temperature t reatment. I n  the second temperature perturbation treatment ,  when 

the temperatu re was changed from 26/20 to 1 5/1 1 C, starch concentration in the 

outer peri carp and core decreased sl ightly, then increased again to become 

s imi lar to the fixed temperatu re treatment of 26/20C (Fig. 2 . 1 5) .  However, 

concentration of sugar increased after the temperature changed to 1 5/1 1 C ,  akin 

to the rise i n  SSC (Fig .  2. 1 4) .  I n  both temperatu re pertu rbation treatments starch 

concentration in core tissue was over 20 mg g FW-1 h igher than that i n  outer 

pericarp tissue at the beg inning of the experi ment, the reasons for this d ifference 

are unclear as a l l  vines came from the same population .  

Concentrations of  g lucose, fructose and sucrose in kiwifru it were variab le ,  but 

i ncreased du ring the experiment and to a g reater extent at 1 1 /7 than at 2 6/20C 

(fixed temperature treatments) (Table 2 . 1 1 ) .  The concentration of fructose was 
e ither h igher o r  s imi lar to the glucose concentration i n  fru it, whi le sucrose 

concentration was either simi lar to or lower than that of either fructose or g l ucose. 

The concentrations of g lucose, fructose and sucrose in the core were usual ly 

s imi lar to o r  h igher than those in the outer pericarp. However, i n  the 26/20C 

temperature t reatment after 71  days , the concentrations of g lucose and fructose 

were lower in core tissue than outer pericarp. The (glucose plus fructose)/su crose 

ratio was lower i n  fruit from 1 1 /7 than 26/20C temperature treatments in both the 

core and outer pericarp tissues at al l  measurement times. 

Respi ration rate was h ighest in  fruit from the 26/20C temperatu re treatme nt and 

lowest in the coolest temperatu re treatment of 1 1 /7C (Table 2 . 1 2) .  Throughout 

the experiment ,  respi ration decreased i n  fruit from the fixed temperature 

treatment of 1 1 /7C , i n  contrast to those i n  the 26/20C temperature t reatment 
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Table 2 . 1 1  Concentrations of g lucose, fructose and sucrose (mg gFW-1 ) and 
(g lucose plus fructose)/sucrose ratio in fru it from the fixed temperatu re (C) 
treatments (Experi ment 3) .  

Temperatu re Tissue Time after Sugar concentration 
(max./min . )  type transfer (mg gFW-1 ) 

(C) . (days) Glucose Fructose Sucrose (G+ F)1 
s 

1 1 /7 Outer 1 1  1 1 .7 ( 1 .8)2 1 6.2 (2.5) 7.3 ( 1 .5) 3 .8  

pericarp 38 1 7. 1  ( 1 .3) 1 9 .8 ( 1 .2) 1 2. 1  (2.3) 3 . 1 

71  23.3 (0.3) 25 .8  (0.7) 1 6 .3 (2.2) 3 .0  

Core 0 1 .4 (0 .2) 3.4 (0.5) 7.7 (2.3) 0 . 6  

1 1  8 .2 (2.2) 1 8.6  ( 1 .2) 1 1 .6 (3.6) 2 . 3  

38 1 8 .2 (2.4) 22.3 (2.8) 23.4 ( 1 .3) 1 .7 

53 20.2 (3.7) 1 9.2 (2.6) 1 8 .9  (4.2) 2 . 1 

71 26 . 1  (2.6) 28.9 (4.4) 34.4 (9.2) 1 .6 

26/20 Outer 1 1  7.3 (2.9) 1 0 .3 (3.0) 4.3 ( 1 . 1 )  4. 1 

peri carp 38 3.7 (0.5) 5 .5 (0.7) 1 .7 (0.4) 5 .4  

7 1  1 2.4 ( 1 .8) 1 3. 1  ( 1 .5) 5.8 (0. 9) 4 .4  

Core 0 2.2 (0.7) 3 .3 (0.7) 1 .7 (0. 1 )  3 . 2  

1 1  5.3 (2.8) 1 4.2 (2.9) 7 .3 (2.0) 2 .7  

38 3.8 (0.2) 6 .7 (2.4) 3 .7  (0 .9) 2 .8  

53 4.3 ( 1 .6) 6 .4 ( 1 .6) 2.8 ( 1 .5) 3 .8  

71 8.0 (0.9) 1 1 . 1 ( 1 .3) 1 1 .8 (2.6) 1 .6 

1 (g lucose plus fructose )/sucrose ratio 
2±SE (standard error) 
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Table 2. 1 2  Respi ration (nmol C02 kgFW-1 s·1 ) of attached kiwifru it g rown u nder 
a)  fixed temperatu re and b)  temperatu re perturbation treatments (Experi m e nt 3) .  

Temperatu re Time after t ransfer (days) 
(max./m in . )  

(C) 29 43 50 55 

Rate of respi ration (nmol CO? kgFW-1 s·1 )  
a )  Fixed temperature treatments 

1 1 /7 7 1  (4) 85 (4) 
1 5/1 1 94 (9) 97 (1 6) 
1 5/1 5 45 (5) 64 (3) 
26/20 1 26 ( 1 6) 1 73 (9) 

b) Tempe ratu re perturbation treatments 
1 1 17 -t20/1 3-t 1 1 /7 treatment 

1 1 /7 87 (5) 
20/1 3 77 ( 1 1 )  

26/20-t1 5/1 1 -t26/20 treatment 
26/20 1 50 ( 1 2) 
1 5/1 1 58 (6) 

1±SE (standard erro r) 

39 (4) 24 (2) 
8 1  ( 1 1 )  50 (9) 
55 (5) 85 (5) 

1 72 (7) 1 99 (9) 

40 (5) 
72 (9) 

203 (1 0) 
97 (7) 

7 0  

1 8  (2) 
62  ( 1 6) 
48 (7) 

1 70 (8) 

22 (3) 

where respi ration  remained h igh.  Respiration rate of fruit was lower in  the 1 5/1 5 

than 1 5/1 1 C temperature treatment for al l  measurements, except those on 

day 55. There was no change in the rate of respiration fol lowing change i n  

temperature fro m  1 1 /7 to  20/1 3C. Respiration decreased upon  reversion to 

1 1  /7C, but it took a further 1 5  days unti l rates s imi lar to those i n  the  fixed 

temperature treatment were attai ned - that delay is s im i lar to the length of the 

temperature perturbation period itself. I n  the second temperature pertu rbation 

treatment, when the temperatu re was changed from 26/20 to 1 5/1 1 C ,  there was 

a marked decrease i n  respiration. Fo l lowing reversion to 26/20C , respi ration 

returned to a high rate , sim i lar to the rate in  the fixed temperatu re treatment of 

26/20C (Table 2 . 1 2) .  



Temperature perturbation treatments (Experiment 4) 

88 

There was no effect of the temperature perturbations on SSC in any treatment, 

i r respective of the duration or t iming of the temperature change (Fig. 2 . 1 7). 

Soluble solids concentration did not i ncrease before day 56 in  any treatment. 

I n it ial SSC was lower than in any of the three previous experiments (Figs 2 .5 ,  2.7 

and 2. 1 3) .  Solub le sol ids concentration at the d istal end of the fru it was lower 

than that at the proximal end for the majority of measurements in each treatment 

(Appendix 2). 

Temperature perturbation treatments on immature fru it (Experiment 5) 

I n itial SSC was lower (Fig. 2. 1 8) than that in Experiments 1 ,  2 and 3, but s im i lar 

to that in  Experiment 4 (Fig. 2. 1 7) .  I n  the fixed temperature treatment (22/1 8C), 

SSC increased by 0.9% during the experiment. After the temperature changed 

to 1 4/1 OC on day 2 ,  SSC decreased but was not d ifferent to SSC of fru it 

remain ing at 22/1 8C. However, when the same temperature perturbat ion was 

imposed on day 24, SSC increased during the cool temperature period compared 

to that in the fixed temperature treatment (Fig. 2. 1 8) .  Final SSC was 7 .3  and 

6.4% in  the temperatu re perturbation and fixed temperature treatments, 

respectively. Soluble solids concentration at the distal end of fru it was lower than 

that at the proximal end of fru it for the majority of measurements in each 

treatment (Appendix 2) .  
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Fig. 2. 1 7  Soluble sol ids concentration (%) of kiwifruit grown under 
different temperature (C) perturbation treatments ( Experiment 4). Bars = 
S E. Vertical l ines indicate time of temperature perturbation . 
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Fig. 2 . 1 8 Soluble solids concentration (%) of kiwifruit grown under 
different tem perature (C) perturbation treatments ( Experiment 5) .  Bars = 
S E. Vertical l ines indicate time of temperature perturbation . 
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2.4 Discussion 

Fru it growth in container-grown vines fol lowed the accepted sigmoidal pattern as 

ascertained for field-grown kiwifruit (Pratt and Re id ,  1 97 4; Okuse and Ryugo, 

1 981  ). Fru it from container-grown vines were smaller than those from fie ld-grown 

vines, but were s im i lar in other respects, for example dry matter and changes in 

SSC, starch and sugar concentration during m a tu ration (Pratt and Reid, 1 97 4; 

Okuse and Ryugo, 1 981 ; MacRae et al. ,  1 989a). However, in it ial SSC was 1 to 

1 .5% h igher than that for field-grown fruit (e.g. Wright and Heatherbel l ,  1 967; 

Reid et al. ,  1 982a; Chapter 3). This may be due to the effect of root restriction 

by growing p lants in containers. Peach seedlings g rown in small containers 

developed a reduced number and shorter roots than unrestricted plants and 

hence, production of hormones from root apices may be affected (Richards and 

Rowe, 1 977a, 1 977b) . 

The rate of increase in fruit growth was simi lar between treatments in 

Experiments 1 ,  2 and 3, except the 26/20C fixed temperature treatment in 

Experiment 3. The reason for the large increase in fru it growth in the 26/20C 

treatment is not fu l ly understood but they were, by chance, larger to start with 

than fru it from other treatments. Also, this treatment encouraged g rowth as there 

was visibly more active vegetative growth throughout the experiment and 

therefore, a g reater quantity of photosynthate available for fru it growth compared 

to othe r  treatments. 

Decreases in firmness of kiwifruit occur during maturation and ripening of fru it on 

the vine (MacRae et al. ,  1 989a; Beever and Hopkirk, 1 990). This is characteristic 

of several other fru it including apple (Workman, 1 963) , peach (Maness et al. ,  

1 992) , pear (Mann and Singh , 1 988) , fig (Tsanti l i ,  1 990) and guava (Yusof and 

Mohamed, 1 987) . However, there are d ifferences among species and between 

ye9-rs in the rate and extent of softening. For. example, decrease in f i rmness 

during m aturation was mostly l inear in apple and kiwifru it, but quadratic in some 

years (Harm an , 1 98 1 ; l ng le and D'Souza, 1 989). Immature guava were very f irm 
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(>295 N) ,  but flesh firmness decreased rapidly with in a 14  day period to  98 N at 

eat ing ripeness (Yusof and Mohamed, 1 987). I n  contrast, at physiological m aturity 

in peach , flesh f irmness was between 4 and 8 N ,  decreasing to 0.5 to 5 N when 

ful ly mature ,  depending on cultivar (Maness et al. ,  1 992) . Kiwifru it had h igher 

flesh f irmness than that in peach at physiological maturity, but flesh firm n ess in 

both species was sim i lar at eating ripeness (Beever and Hopkirk, 1 990) .  Flesh 

firmness decreased in al l experiments regardless of temperature treatment. 

However, there was a tendency for the greatest decrease in f irmness to occur in 

treatments with the coolest mean temperature ,  but separation of treatments was 

not as clear as shown with SSC. Hopkirk et al. ( 1 989) showed that wh i lst there 

were d ifferences i n  SSC among fruit at ambient temperature compared to those 

3C above ambient, there were no d ifferences in fru it f irmness. S imi larly, there 

was no  marked change in flesh firmness in  e ither temperature pertu rbation 

treatment after the temperature change, compared to the equ ivalent fixed 

temperature treatment, in contrast to the marked changes in  SSC, especial ly in 

the 26/20 to 1 5/1 1 C temperature perturbation treatment. 

During maturation, decrease in firmness is one of many changes taking p lace. 

Coombe ( 1 976) described three important contributors to ripening:  expans ion, 

solute accumulation and softening. Each has its own t iming and control wh ich 

may be interrelated, but the events are not necessarily coincident. Degradation 

of starch was thought to affect the early stages of fru it soften ing (MacRae et al. ,  

1 989b) . Starch granu les do  not affect firmness per se, but may do so d u ring 

degradation by affect ing the osmotic pressure and turgor with in the cel l  (Mac Rae 

and Redgwel l ,  1 992) .  Decrease in flesh firmness was negatively correlated to the 

increase in SSC during maturation as shown by the values of -0.88, -0 .92 and 

-0.94 for al l  temperature treatments in  Experiments 1 ,  2 and 3, respectively. 

S im ilar correlat ions were attempted with five d ifferent strains of 'Red Del icious' 

apples in two consecutive years ( lngle and D'Souza, 1 989). The values for their 

correlations were lower than for those with kiwifru it in  this work and in some 

strains there was a positive correlation between firmness and SSC, wh i le in 

others there was a negative correlation . Si� i larly, there was variation in 
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corre lation  between decrease i n  flesh fi rmness and i ncrease i n  SSC among 

seven melon cultivars (Miccol is and Saltveit, 1 99 1  ) .  Decrease i n  flesh fi r mness 
and i ncrease i n  SSC both occur i n  many fruit species during matu rat ion ,  but  not 

necessari ly at the same t ime or rate (Coombe, 1 976) . 

D ry matter is a measu re of the total sol id materia l  i n  kiwifruit and values i nc rease 

to a maximum about the same t ime as fruit reach maturity, that is ,  it reflects  the 

change i n  total carbohydrate concentration (Hopki rk, 1 99 1  ) .  Research in Austral ia 

and Californ ia has i nvestigated use of dry matte r  as an alternative i ndex for 

kiwifruit maturi ty, instead of SSC (Scott et al. , 1 986) . The advantage of th i s  test 

is  that it wou ld  be less i nfluenced by the conversion of starch to sugar (Hopki rk, 

1 991  ). I ncrease in d ry matter during Experiments 2 and 3 was s imi lar to that 

found by other  researchers. MacRae et al. (1 989a) recorded a d ry m atte r  of 

1 6.5% for fru it from an o rchard i n  Te Puke on  26 March , and th is had i nc re ased 

to 20.3% by 1 5  May. At Kumeu,  dry matter from contro l v ines at harvest was 

1 7.6% i n  1 986 and 1 6.0% in 1 987 (Hopki rk et al. ,  1 989) whereas , in Cal ifornia, 

dry matter at harvest was 1 8.5% (Walton and de Jong , 1 990a). There are 

differences between sites and within sites between years i n  fruit d ry m atter, 

possib ly reflecting the environmental conditions and management procedu res  that 

affect photosynthesis and thus carbohydrate status of fruit. 

However, in  th is study there was a varied re lationship between dry matter and 

total non-structural carbohydrate (starch and sugar concentration) .  The corre lation 

coefficients were r=0.41 , 0.44, 0.76 and 0 .77 for the treatments of 1 5/1 5 ,  1 1 /7, 

1 5/1 1 and 26/20C, respectively. In addition ,  rate of i ncrease in dry matter was not 

ent i re ly related to the d ifferent temperatu re t reatments and hence, change i n  

SSC. For example,  at the end  of Experiment 2 ,  d ry matter for a l l  t reatments  was 

20.6 ±1 .2% where SSC ranged from 9 . 1  to 1 5 .0%. A further  lack of consistency 

i n  the relationship between dry matter and SSC was shown when d ry matter was 
1 6.0  and 1 6.5% and SSC was 7 . 1  and 4.5%, respectively (Hopkirk et al. , 1 989 ; 

MacRae et al. , 1 989a) .  Hopki rk et al. (1 989) found  no d iffe rences i n  dry m atter 

content of  kiwifru it subjected to different temperatu re treatments, although there 
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was a trend for higher dry matter and lower SSC in treatments that were above 

ambient. lt therefore appears that dry matter does not consistently correlate to 

starch and sugar concentrations or SSC in  kiwifru it, and contrasts to the 

implication that dry matter may be better than SSC as a maturity index for 

harvesting kiwifru it (Scott et al. ,  1 986; Hopkirk, 1 991 ) .  Fu rther work is needed to 

establ ish whether dry matter wou ld be a su itable index of maturity for kiwifruit .  

During maturation there was an increase in  SSC in  fru it from container-grown 

kiwifru it vines with a sim ilar pattern to that observed i n  f ield-grown fru it 

(Chapter 3) and, for example, by Okuse and Ryugo ( 1 98 1 ) ,  MacRae et al. 

( 1 989a) and Sawanobori and Sh imura ( 1 990) . An increase in  SSC d u ring 

maturation was also found in  apple (Workman, 1 963; l ng le and D'Souza, 1 989) 

and pear (Mann and Singh, 1 988) . Many stud ies with fru it crops have shown 

d ifferences in harvest date among sites and among years. For example, studies 

have shown variation in  mean flowering and mean picking date of apple 

(Kronenberg ,  1 988) and maturation of kiwifruit (Harman and Hopkirk, 1 982) . Th is 

may be due to different temperatures experienced by plants between reg ions or 

years. A popular bel ief among kiwifruit growers is that SSC increases at a faster 

rate with cooler n ight (min imum) temperatures (Hopkirk et al. ,  1 989; Kel ly, 1 990). 

If the effect of temperature on kiwifruit maturation can be quantified and h arvest 

date predicted, it wou ld assist growers, the New Zealand Kiwifru it Marketing 

Board, packaging and shipping companies, and al l ied support industries, as at 

present there is  considerable uncertainty regarding t ime of harvest. 

There has been considerable interest over the years on the effect of d iffe rent 

m in im um (night) temperatures on fruit maturat ion . Many of these exper iments 

were carried out by covering part of the vine or tree with a chamber and 

increas ing temperature with in the chamber relative to ambient. Problems 

associated with such experiments were d iscussed in  Section 1 .4.2. Contro l led 

environments have been used to determine the effect of cool ( 1 1 C) or warm 

(22C) n ight temperatures on container-grown apple trees (Biankensh ip ,  1 987). 

There was no significant difference in SSC between temperatu re treatments, but 
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the concentrat ion was nearly always h igher at . 1 1  than 22C n ight temperatu re .  

S imi larly, there was no effect o f  different n ight temperatures on  SSC of peach 

(Batjer and Mart in ,  1 965}. However, when l imb chambers were placed around 

cherry trees ,  m aturation was delayed in fru it to a g reater extent at warme r  than 

cooler m in imum (n ight) temperatures (Tukey, 1 952). Again , SSC was h igher  in  

m uskmelon g rown at a n ight temperature of  1 2  compared to 2 1 C, although  the 

resu lts were n ot statistically different (Wel les and Buitelaar, 1 988). 

Temperature effects on field-grown kiwifruit vines have not been widely stud ied.  

However, g rower observations over a number of seasons have recorded that fru it 

from southern (cooler) d istricts, such as Nelson , reached 6.2% SSC before those 
from northern (warmer) d istricts, such as Kerikeri (Hopkirk et al. ,  1 989) .  Whole 

field-grown kiwifru it vines were surrounded by relocatable g reenhouses and the 

m ean temperature increased by 3C above ambient during the day (maximum)  

and  n ight (m in im um) or  during the  day on ly (Hopkirk et  al. ,  1 989) .  By  14  May, the 

SSC were 6.2,  6 .2 and 7.0% for the two warm temperature treatments and the 

contro l ,  respectively. There was a 9 day delay in reaching comm ercial harvest 

maturity (6.2% SSC) for fruit from the warmed treatments compared to fru it from 
control vines. The two warmed treatments gave sim i lar resu lts; Hopkirk et al. 

( 1 989) thought that this was probably due to the ambient n ig ht (m in imum) 

temperature .not be ing low enough in that year to reduce the mean temperatu re 

sufficiently i n  the treatment with the warm days to make it d ifferent from the 

treatment with the warm days and nights. 

Temperature affects al l  aspects of plant metabol ism , includ ing photosynthesis ,  

translocation of photosynthate, respiration and carbohydrate metabol ism .  The 

effect of tem perature on  these processes wi l l  affect increase in  SSC duri ng 

maturation. The increase in  SSC may be influenced by: 

i )  mean temperature 

i i ) m in imum temperature per se 

i i i )  magnitude of the d ifference between maximum and m in imum temperatu re .  
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Treatments with the coolest mean temperatu re resu lted in the fastest rate of 

increase i n  SSC (Fig. 2 . 1 9) .  Change in SSC occu rred in response to m ean 

temperature, i rrespect ive of min imum temperatu re or magn itude of the d ifference 

between maximum and m in im um temperature .  P·resumably the vine integrates the 

current temperatu re it receives and thus, over a dai ly cycle, appears to respond 
to  mean temperatu re .  M in imum temperature per se or  m agn itude of the d ifference 

between maximum and m in im um temperature were n ot responsible for changes 

i n  SSC for the fol l owing  reasons: 

i )  I f  m in imum temperature per se had caused the changes in S SC in  

Experiment 1 ,  then al l four treatments with a m in imum temperatu re of 8C 

shou ld have reached the  same SSC in  Experiment 2 ,  as  should t he  two 

treatments with a m in imum temperature of 1 2C. Again ,  th is d id  n ot occur, 

as final SSC was 9 . 1 ,  1 0 .3 ,  1 3. 0  and 1 5.0% for 26/8, 22/8, 1 8/8 and 1 4/8C 

temperature treatments, respectively. 

i i) If the magn itude of the d ifference between m aximum and m in imum 

temperature resu lted in  the d ifferences i n  SSC between t reatments i n  

Experiment 1 ,  then i n  Experiment 2 the  treatments of 22/1 2 and  1 8/8C ( 1  OC 

d ifference between maximum and m in imum)  should have had a s im i lar f inal 

SSC. Th is d id not occur as final SSC was 9.7 and 1 3. 0% for 22/1 2 and 

1 8/8C temperature treatments, respect ively. 

Results from contro l led environment work described in th is chapter clearly show 

that it i s  not the  m in imum temperature per se, but the mean temperature that 

inf luences the rise i n  SSC. The popular m isconception of m in imum (n ight) 

temperature account ing for increase in SSC probably arises because the 

m in imum temperature is an integral part of the mean temperatu re .  U nt i l  now, 

temperature has not been manipu lated around kiwifru it to determ ine such a 

precise relationship between temperature and SSC during fruit maturat ion .  

An interest ing except ion to the i ncrease in SSC at  low temperatures d escribed 

previously was the lack of d ifference in SSC between the fixed tem perature 

treatment and the temperature perturbation treatments i n  Experiments 4 and 5 .  
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Fig .  2 . 1 9  Rate of change in sol uble sol ids concentration (0/o) of kiwifru it 
du ring matu ration in contro l led environments at d ifferent m in i m u m  
temperatu res ( Experiment 1 )  o r  d ifferent maxi m u m  and m i n imum 
temperatu res ( Experi ments 2 and 3) .  
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There was no effect of either the fi rst o r  second set of temperatu re changes from 

22/1 8 to 1 4/1 OC for 2, 6 or 1 3  days, as SSC i ncreased s imi larly in  al l  t reat ments 

in  Experiment 4 and in  the fi rst temperature perturbation in Experiment 5 .  

However, SSC increased during the second temperature perturbation t reat ment 

of 1 4/1 OC in  Experiment 5 .  Here ,  the fruit had presumably reached a 

developmental stage where it was able to respond to cool temperatures,  resu lti ng 

in  an i ncrease in SSC. 

The lack of change in  SSC when vines were exposed to 1 4/1 OC was probably 

due to the fruit being immature in 1 992 and 1 993 (Experiments 4 and 5 ,  

respective ly) . I n  contrast, SSC increased i n  response t o  s imi lar periods o f  cool 

temperatu res in  the previous 3 years ; these fruit were presumably at a 

physiological stage of development where the temperatu re t reatment cou ld 

stimu late hydro lysis of starch to sugar. Seeds in  the fruit were sti l l  wh ite when 

fi rst sampled in Experiments 4 and 5 whereas they were brown or b lack in the 

other years ,  even though experiments commenced 1 1  days earl ier  in 1 990 

(Experiment 2) and on ly 8 days later in 1 99 1  (Experiment 3) than in  1 992.  The 

SSC at the beginn ing of the experiment was 0.5 to 1 .0% lower in 1 992 and 1 993 

than in the othe r  years. Even by day 56 i n  Experiment 4, SSC had increased very 
l itt le ,  again demonstrat ing the immaturity of the fruit, as an increase i n  SSC had 

occu rred by a s imi lar t ime in previous experiments. Further evidence for fruit i n  

Experiments 4 and 5 being immature may come from SSC differences at  the 

proximal and distal ends of fruit. As fru it mature ,  concentrat ion of SSC at the 

distal end exceeds that at the proximal end, although the physio logical 

significance of this change is unknown (Cotter et al. , 1 99 1  ) . So lub le sol ids 
concentratio n  at the distal end of the fruit was lower than that at the prox imal end 

throughout Experiments 4 and 5,  i n  contrast to fruit from Experiments 1 ,  2 and 

3 where SSC from the distal end was generally h igher. A factor contri buting to 

fruit immaturity in  1 992 and 1 993 may have been the low tem peratu res 

experienced by the vines during the g rowing season and before t ransfer to 

contro l led envi ronments. Temperatures from flowering to t ime of transfer were 

generally lower i n  1 992 and 1 993 than in  the years 1 989 to 1 991  (Table 2 . 1 3) .  
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Low temperatu res may have reduced rate of photosynthesis i n  leaves, rate of 

t ranslocation of photosynthate from leaves to fru it and conversion of sugar to 

starch in fru it ,  hence resu lt ing in the low SSC measured i n  fru it i n  1 992 and 1 993. 

Table 2 . 1 3 Mean month ly temperature (C) at Palmerston North (site code 
E05363) from floweri ng (November) to harvest (May) in the years corresponding 
to Experiments 1 ,  2,  3,  4 and 5, respectively (New Zealand Meteoro logical 
Records) . 

Temperatu re (C) 

Month Year 

1 988/89 1 989/90 1 990/9 1 1 99 1 /92 1 99 2/93 

November 1 5.4  1 6 .0 1 4.9 1 2 .3 1 4.7  

December 1 8. 1  1 5.7 1 6.4 1 5 .3 1 5 . 1  

January 1 9 .6  1 7.6 1 7.6 1 7.4 1 5 .7 

February 1 8.0  20 . 1  1 7.4 1 6 .7 1 6 .3 

March 1 7.2 1 7.9  1 6 .7 1 4. 1  1 4.7 

Mean 1 7. 7  1 7.5 1 6.6  1 5 .2 1 5 .3 

The whole concept of fruit immaturity is interesting ,  because Experi ments 4 and 

5 clearly showed that exposing fruit to cool temperatu res before a certain 

physiological stage had no influence on SSC. A s imi lar proposal was m ade for 

fie ld-grown fruit by Sal inger and Morley-Bunker ( 1 988) who stated that i ncrease 

i n  SSC up to 5 .0% did not appear to be contro l led by temperatu re. The present 

study has confi rmed that an increase in  SSC of kiwifruit cannot be i nduced by a 
reduct ion in  temperature before fruit have reached a certain stage of 

development. Although the mechanism for the change in responsiveness of fruit 

to temperatu re is unknown , it is possible that ethylene may be invo lved and/or 

that genes coding for SSC are induced and/or expressed at th is stage i n  fruit 

deve lopment. There may be two components of SSC ; a 'basal '  component and 

'maturation '  component.  Basal SSC is present from fruit set and determined by 
one set of genes coding for SSC, whereas the maturation component resu lts from 
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induct ion of a different g roup of genes and accounts for i ncreases in SSC d u ring 

maturation .  

In  fru it contain i ng starch as a storage carbohydrate , i t  is typically fou n d  that 

concentration of starch i ncreases duri ng fru it development .  Duri ng mat u ration 

starch is  hydrolysed to sugar and there is a concomitant rise i n  concentrat ion of 

total sugar. S im i lar patterns of changes i n  carbohydrates during matu rat ion of 

kiwifru it have been recorded by Wright and Heatherbel l  ( 1 967) , Harman ( 1 981 ) ,  

Okuse and Ryugo ( 1 98 1  } ,  Reid et al. ( 1 982a) , MacRae et  al. ( 1 989a) and 
Sawanobori and Sh imura (1 990) .  Although kiwifru it are harvested at 6 .2% SSC 

the decrease in starch concentration and i ncrease in sugar concentration 

observed during maturation continues throughout storage,  u nt i l  fru it are ri pe and 

ready for consumption (MacRae et al. , 1 989b). Starch concentrat ion at h arvest 

was 53 mg g FW-1 , but th is decreased to 6 mg g FW-1 after 4 weeks at 4C 

(MacRae et al. ,  1 989b). Other fru it that sto re starch also show sim i lar changes 

in carbohydrate during matu ration and ripen ing i nclude apple (Oh miya and 

Kakiuch i ,  1 990) , banana (Ag ravante et al. , 1 990) , pear (Mann and Singh ,  1 988) 

and tomato (D inar and Stevens, 1 98 1  ) .  I n  apple ( 'Gioster 69' ) ,  starch 

concent ration at harvest (1 9 mg gFW-1 } was lower than in kiwifru i t ,  and decreased 

to 0. 7 and 0. 1 mg g FW-1 by 97 and 200 days of storage at 3.5C, respective ly 

(Knee and Tsanti l i ,  1 988}. When simi lar apples were placed at 1 5C after h arvest, 

starch concentration decreased rapidly from 1 9  to 4 mg gFW-1 i n  1 4  days (Tsant i l i  

and Knee, 1 99 1  ) .  Starch concentration decreased i n  tomato (L. cheesmanii 

typicum) from 25 to 0% of dry matter i n  1 8  days when fru it were fu l ly ripe (Garvey 

and Hewitt, 1 991  ) .  Banana treated with ethylene ripened i n  1 0  days and starch 

concentrat ion decreased from 85% of dry matter at the g reen stage to 9% of dry 

matter i n  ful ly ripe fruit (Marriott et al. , 1 981  ) .  S imi larly, starch concentration 

decreased faster in fruit from kiwifru it vines sprayed with Eth re l  (ethylene) 

compared to fruit from unsprayed vines (Bowen et al. , 1 988) .  

I ncreases i n  total sugar concentration  for each temperature t reatment were 

s imi lar to those seen for SSC as correlation between the two was h igh .  Therefore 
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SSC measured was largely affected by sugar concentrat ion in  the fruit and 
affected consistently by other components i n  the ju ice, such as acids and vitam in  
C (Harman and Watkins, 1 986). Harman ( 1 98 1 )  stated that ,  i n  kiwifru it, there  was 

a consistent relat ionship between SSC and sugar concentrat ion ,  but d id  n ot g ive 

any data with wh ich to compare results from experiments reported h ere. Data 

col lected during the latter stages of fruit m aturation in pear (from Mann  and 

Singh,  1 988) ind icate a correlation coeffic ient between SSC and total sugar 

concentrat ion of r=0.94, s im i lar to that of r=0.9� obtained for kiwifru it. 

Part it ion i ng  of total sugars into the component sugars was affected b y  the 

temperature treatment. Neverthe less, the increase i n  the concentrat ions of 

g lucose, fructose and sucrose in fru it dur ing Experiment 3 were sim i lar to  t h ose 

for field-grown fruit (MacRae et al. ,  1 989a). G lucose and fructose concentrat ions 

were s im i lar i n  each of  the temperature treatments, but  the (g lucose p lus 

fructose)/sucrose rat io was h igher in  fru it g rown at  1 1 /?C than those at  2 6/20C. 

I t  is possible that invertase activity was h igher at 1 1 /7 than at 26/20C, resu lt ing  

i n  a h igher  proport ion of  g lucose and fructose. However, there is  no  evidence of 

i ncrease i n  invertase activity at low compared to h igh temperatu res in  h arvested 

potato tubers (Morrel l  and ap Rees, 1 986a; R ichardson et al. ,  1 990) . 

The rate of starch hydro lysis and concom itant increase i n  sugar and SSC d u ri ng  

maturation was affected by  temperature. At low temperatu res the rate o f  

decrease i n  starch and  increase in sugar concentration was faster compared to  

fruit g rown at warmer temperatures. There are very l itt le data avai lable where the 

effect of temperature on kiwifru it maturat ion has been studied under control led 

condit ions. Starch degradation and increase in sugar concentrat ion was s lower 

i n  fru it matured on  field-grown kiwifruit vines that were 3C above ambient d u ri ng  

the day, or  day and  n ight, than in fru it from control (ambient) vines (Hopkirk et  al. ,  

1 989) . I n  contrast, m uch research has been undertaken on  harvested p otato 
tubers to i nvestigate the cause of cold sweeten ing .  An analogy wi l l  b e  d rawn 
between potato and kiwifru it accept ing that ,  fi rstly, there are d ifferences between 
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the two types of tissues and secondly, that sugars can continue  to m ove i nto 

kiwifru it dur ing m aturation but cannot in a harvested potato tuber. 

Accumu lation of reducing sugars in  potato tubers stored at low temperatures  and 

their subsequent d isappearance when tubers were placed at h igher tem peratu res 

was recorded by MO I Ier-Thurgau ( 1 882) .  S ince that t ime, cold sweeten in g  in 

potato has been shown by Pressey and Shaw ( 1 966), lsherwood ( 1 973) , Po l lock 

and ap Rees ( 1 975) , D ixon and ap Rees ( 1 980b) and Morrel l  and ap Rees 

( 1 986a) . Unfortunately starch concentration was not measured dur ing many  of 
these experim ents with potato. Sugar concentration was h igher in potato tubers 

stored at 2 ,  4 o r  5C than those stored at 1 0, 1 8  or 1 OC, respectively (Pressey 

and Shaw, 1 966; Pol lock and ap Rees, 1 975; Morre l l  and ap Rees, 1 986a). 

Recalcu lat ion of these worker's data indicated that i ncrease i n  sugar 

concentration  was faster at a storage temperature of 2C than at 4 or 5C. 
S imi larly, the concentration of reducing sugar in potato tubers was g reater at 2 

than 4C, and both were h igher than those stored at BC (C iaassen et al. ,  1 99 1  ) .  

There was n o  change in the concentration o f  sugar in  tubers stored contin uo usly 

at 8C for 1 4  weeks (Ciaassen et al. ,  1 99 1  ) ,  1 OC for 20 days (Pol lock and ap 

Rees, 1 975) o r  1 OC for 1 0  weeks ( lsherwood, 1 973). A decrease in sugar 

concentrat ion  was recorded for tubers stored at 1 8C for 1 1  weeks (Pressey and 

Shaw, 1 966), perhaps due to an increased rate of respi rat ion at the h igher 

temperature as found in harvested kiwifruit (Wright and Heatherbel l ,  1 967).  The 

faster degradation of starch and synthesis of s.ugars at low compared to  warm 
temperatures may be explained by examination of control points i n  the g lycolytic 

and g luconeogen ic pathways. 

With i n  fru it from many species there is a marked g radat ion in carbohyd rate 

concentration along the long itudinal axis.  Soluble sol ids concentration was h igher 

at the d ista l  than proximal end of mature kiwifruit (Hopkirk et al. ,  1 986; C otte r  et 

al. ,  1 99 1 ) , s im i lar to apple (Harding,  1 936), citrus (Ting,  1 969) and m elon  (Scott 

and M acG i l l ivray, 1 940) . Very few studies have examined concentrat ions of 

starch and sugar in d ifferent tissue zones of kiwifru it during maturat ion ,  and even 
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these studies have not necessarily described the t issue from wh ich samples were 
taken .  Starch and sugar concentrations were h igher i n  the core than outer 
pericarp in  the experiments in th is thesis, and this d ifference was also found i n  

field-grown fruit (Hopkirk et  al. ,  1 989; MacRae et  al. ,  1 989a) . l t  is possib le  that 

the d iss im i larity between tissue zones can be explained by the d ifferent type of 

cells present in each tissue, as each type of cel l has a different funct ion .  There 

are two s izes of cel ls in  the outer pericarp (Hal lett et al. ,  1 992) .  Patterson  et al. 

( 1 991 ) reported that small cel ls were packed with starch grains wh i le large cel ls 

were devoid of starch . Core t issue is composed of smal l ,  i rregu lar shaped cel ls 

(Hal lett et al. , 1 992; Gould et al. ,  1 992) . I f  the smal l  cel ls in  the core were the 

starch contain i ng  type, th is may account for the h igher concentrat ion of  starch i n  

the core compared to  the  outer pericarp. Th is  is  confirmed by  starch g ra in  counts 

where the number of starch g rains in the outer pericarp and core of fru it with a 

f irmness of 75.5 N were shown to be 3 .8 x 1  05 and 1 .28  x 1  06 g rains m m-3 t issue, 

respect ively (Wegrzyn and MacRae, 1 99 1  ) .  By the t ime fru it were near eating  

ripeness ( 1 4 .7 N )  there were 7 .0  x1 04  and  4. 1 x 1  05  starch grains mm-3 t issue in 

the outer pericarp and core, respect ively. Changes i n  the number of starch g rains 

i n  ripen ing kiwifruit correlated well with l oss of starch measured by chem ical 

m ethods (Wegrzyn and MacRae, 1 99 1  ). 

Total carbohydrate (starch plus sugar concentrat ion) in  the outer pericarp at the 

beginn ing  of Experiment 2 was 49 mg gFW-1 and i n  Experiment 3 was 8 1  m g  
gFW-1 , but by the end of the experiments was 9 6  and 9 3  mg  gFW-1 , respectively. 

V ines were placed in the treatments 1 9  days later in Experiment 3 than in 

Experiment 2, thus allowing extra growth and accumu lat ion of carbohydrate 

before the comm encement of the experiment. A s im i lar maximum concentrati on 

of total carbohydrate was obtained i n  both experiments, perhaps indicat ing a 

physiological maximum concentrat ion. There was n o  d ifference i n  total 

carbohydrate between the temperature treatments at either the beg inn ing  or end 
of the experiments. Th is indicates that the change i n  starch and sugar 

concentration was due to  an alteration i n  partit ion ing of carbohydrate,  perhaps by 
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induct ion of temperatu re-dependent enzymes and not a change i n  the 

concentration of carbohydrate per se. 

There are few data avai lable for changes in  carbohydrate concentrat ions du ring 

temperature perturbation treatments with which to compare results from studies 

in this thesis. The substantial f luctuations in SSC and sugar concentration  in the 

1 1  /7C temperatu re perturbation t reatment make i nterpretat ion of the data d ifficu lt .  

However, the majority of data points (after t ransfer to 20/1 3C) fe l l  below the 95% 

confidence l im it of the 1 1 /?C fixed temperature t reatment, i ndicat ing i ncrease in  
SSC was lower at the warmer temperature. The temperature change was 

imposed near to the maximum SSC for fruit on vines in both the fixed 

temperature t reatment of 1 1  /7C and temperature perturbat ion treatment ,  and th is 

may have affected the response of fru it i n  th is t reatment. With h indsight, it wou ld 

have been p referable to have brought forward the date of the temperature 

change from 1 1 /7 to 20/1 3C. Decrease in  SSC after the temperatu re changed 

from 1 1 /7 to 20/1 3C was simi lar to the decrease in sugar concentration in potato 
tubers when transferred from either 2 or 4C to 1 0  or 1 8C ,  respectively (P ressey 

and Shaw, 1 966 ; l sherwood, 1 973) and cou ld have been be due to increased 

respi ration by fruit at the higher temperatu re .  The decrease in SSC occu rred 

with in two days of t ransfer to 20/1 3C and without the longer  delay measured in  

the other temperature perturbation treatment. Fo l lowing reversion of the 

temperature to 1 1  /7C SSC increased ,  as wou ld be expected from fruit on vines 

exposed to cool temperatu res. 

Final SSC was on ly 1 4%, simi lar to vines in the fixed temperature treatment of 

1 1  /?C .  The plateau at 1 4% SSC in the 1 1  /7C treatment may be due to the leaves 

on the vi ne becoming senescent and abscising (P late 2 .4) and therefore not 

operating at the ir  ful l  photosynthetic potential. The photosynthetic capacity of 

kiwifruit leaves was highest in spring ( 1 3  11mol m-2 s-1 ) and decl i ned d u ring  the 
g rowing season to 6 11mol m-2 s-1 i n  autumn (Greer and Lai ng , 1 992). Under  these 

condit ions a severely reduced amount of photosynthate would be entering  the 

fruit and increase in  carbohydrate concentration from new photosynthates wou ld 



Plate 2.4 Effect of tempe rature o n  vines in  the f ixed temperature treatments i n  Experiment 3. 
Left photog raph :  1 1  /7C t reatment.  Right photo g raph : 26/20C treatment. ...... 

0 
� 
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be l im ited. Also, at th is stage, v irtual ly al l  of the starch had been hydro lysed to  

sugar so that there would have been l ittle  further hydrolysis. 

In the 26/20C temperature perturbation treatment, when  the temperatu re was 

changed from 2 6/20 to 1 5/1 1 C the concentrat ion of starch decreased and that of 

sugar increased,  s im i lar to the rise in SSC. I n  potato tubers ,  when the 
temperature was changed from 1 0  to 2C, i ncrease in concentrat ion of tota l  sugar 
was thought to  be due to  the convers ion of starch to sugar, after a l lowance was 

made for respi ration ( lsherwood, 1 973) . After the temperature change from 2 6/20 

to 1 5/1 1 C ,  the 5 day lag phase observed i n  SSC was also reflected i n  the change 

in sugar concentrat ion.  S im ilarly, in potato tubers transferred from 1 0  to 2C there 

was n o  change i n  total sugar concentrat ion for about 4 days after the transfer 

( lsherwood, 1 973). Pressey and Shaw ( 1 966) also undertook t ransfer 

experim ents with potato tubers between d ifferent temperature treatments, but 

their m easu rements of change in sugar concentrat ion were taken at 1 4  day 

i ntervals ,  far too long to detect short term changes. The t ime delay seems 

surpris ing i n  the  context of rapid ity of changes in enzymes or  sugar substrates 

that can take place. I n  kiwifru it, metabol ite and enzyme concentrat ions may 

change qu ickly, but presumably it would take t ime for the  resu lts of these 

changes to  be incorporated into SSC, starch and sugar concentrat ions at a 

sufficient level to be detected by the methods used. Temperatu re also affects the 

rate of respirat ion .  In kiwifru it, respirat ion was lowest at low temperatu res  and 

under these condit ions sugars could accumu late instead of being respired .  

Respi ration decreased i n  kiwifruit when the temperature was changed from 2 6/20 

to 1 5/1 1 C ,  but th is measurement was taken 6 days after the temperature change, 

once SSC had begun to increase. l t  would be interesting to  study the rate of 

respiration more closely in the period immed iately fol lowing the tem perature 

change. 

Respiration can be separated into growth and maintenance components (Penn ing 

de Vries, 1 975). G rowth respiration is the energy source for the synthesis of new 

biomass wh i le  maintenance respiration suppl ies energy for maintenance of 
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current biomass. Both Jones ( 1 98 1 ) and Walton and de Jong ( 1 990b) recorded 

a decrease in respiration during the g rowing· season in apple and kiwifru it, 

respect ively. Such a decrease was especial ly not iceable in the 1 1  /7C temperature 

treatment. I n  th is t reatment, as described earlier, vines were beg inn ing  to 

senesce and the leaves abscise (Plate 2.4). A reduced quantity of photosynthate 

would therefore be avai lable for the fruit; as a consequence there would  b e  l ittle  
fruit g rowth or  other active processes, hence the reduction in  respiration . There 

was no decl ine in respiration with maturat ion in  the 26/20C fixed temperature 

treatment, presumably due to the ideal g rowing conditions in th is t reatment 

(Plate 2.4) .  

The h igher respirat ion rate of fruit in the 26/20 than 1 1/7C fixed temperature 

treatment was s im i lar to the differences in respiration rate with temperatu re found 

in kiwifruit by Walton and de Jong (1 990b) and by Jones ( 1 98 1 )  in  apple .  There 

was n o  obvious explanation for the lower respiration rates in  the 1 5/1 5C 

compared to  1 5/1 1 C temperature treatment as these fru it appeared to behave in 

accordance with the temperature treatments in a l l  other respects. 

I n  the 1 1 /7 to 20/1 3C temperature perturbation treatment there was a decrease 

in respirat ion o nce the temperature reverted back to 1 1 /7C as wou ld be expected 

in response to the cooler temperature. I n  the temperature perturbation t reatment 

when the temperature changed from 26/20 to 1 5/1 1 C,  respirat ion decreased, 

probably due to  metabol ic processes s lowing at cooler temperatu res. Respiration 

during the period at 1 5/1 1 C was lower on day 43 and h igher on day 50 than for 

fru it on vines g rown in the 1 5/1 1 C fixed temperature treatment. Although th is  may 

indicate over-compensatory swings in respirat ion,  respirat ion was not measured 

frequently enough to determine if th is was true: 

From these experiments conducted in contro l led environments, it can be 

concluded that kiwifruit maturation was affected by temperature . l ncrease in SSC, 

total sugar concentration and decrease in  starch concentration was faster at 

cooler than warmer temperatures, i rrespective of the m in imum temperature per 
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se or magn itude of the d ifference between maximum and m in imum temperatu re. 

Changes other than carbohydrates occur during maturat ion .  Flesh f i rmness 

decreased dur ing the experiments and tended to be fastest at the coolest 

temperature ,  but the temperature effect was n ot as clear as with carbohydrates. 

Fru it respiration was measured and found to be related to temperature at the t ime 

of measurement. Respiration was h ighest in  the warmest temperature treatments 

and lowest in the cooler temperature treatments. The precise effect of 

temperature on kiwifruit maturat ion, in particular SSC, was recorded under 

contro l led condit ions. Such data should al low development of a mathemat ical 

m odel (Chapter 5), the temperature funct ion of wh ich may be appl icable to f ield 

data (Chapter 3) , and u lt imately used to assist harvest date predict ion at o rchards 

i n  d ifferent geograph ical locations around the country. 



CHAPTER 3 

MATURATION OF KIWIFRUIT GROWN AT ORCHARDS IN FOU R  
CONTRASTING TEMPERATURE ENVIRONMENTS 

3.1 Introduction 

1 08 

Studies with many crops have shown differences i n  rate of m aturation  and 

date of harvest, both among s ites and at the same s ite among years. For 

example, there was a 30 day d ifference i n  the date of r ipening of apricot 

between two s ites 22 km apart (Li l leland, 1 93.6). Mean f lowering  date and 

mean picking date varied in  apple, both among s ites and between years 

(Kronenberg ,  1 988). I n  British Columbia, kiwifru it flowered several weeks later 

than in Cal iforn ia,  but fruit were picked at s im i lar times (Kempler et al. , 1 992) .  

l t  is possible that the t ime of flowering and harvest may be affected by 

temperature. 

The m aturity index used to determine harvest dates for kiwifruit i n  N ew 

Zealand is based on SSC; fru it can be harvested for export when  its S SC 

exceeds a m in imum of 6.2% (Beever and Hopkirk, 1 990) .  Soluble so l ids 

concentrat ion was positively correlated to total sugar concentrat ion (Harman ,  

1 98 1 ; Chapter 2 ) .  Increase in sugar concentrat ion dur ing maturation of k iwifru it 

is due to the combinat ion of inflow of current ass im i late and hydro lys is of 

starch (MacRae et al. ,  1 989a) , a process typical ·of other  fru it contain ing starch 

(Tucker and G rierson ,  1 987) .  

Soluble sol ids concentrat ion at harvest has proved to be a valuable i ndicator 

of fruit matur ity over the 1 2  years since it was introduced as a standard to  

ensure that immature fruit were not harvested for export (Hopki rk, 1 992) .  

However, studies have shown that fru it harvested at 6.2% SSC are n ot ideal 

for long term storage and frequently do not have optim um eat ing q ual ity, 
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whereas fruit harvested at higher SSC store for a longer t ime and have h igher  
eating quality ( Harman , 1 981 ; MacRae et al. ,  1 989a; M itchel l  et al. , 1 992). The 

SSC at harvest was reported to be of little use for predicti ng qual ity of kiwifruit 

post-storage (Scott et al. ,  1 986) , probably because rate of softening rather  

than eat ing qual ity of  the fruit was the major  considerat ion when the index was 

developed (Harman ,  1 98 1 ; Hopki rk, 1 991  ) . 

Use of d ry matter concent ration has been investigated as an alternative 

measure of kiwifru it maturity in Australia, California and New Zealand (Scott 

et al. ,  1 986 ; Hopki rk, 1 99 1 ; Mitchel l  et al. , 1 992). The advantage of th is test 

is that i t  is not i nfluenced by conversion of starch to sugar, as the change i n  

total sol id material is closely related to  change in  total carbohydrate 

concentration ( Hopki rk, 1 991  ) .  

The effect o f  temperatu re on kiwifruit maturat ion was discussed in  detai l i n  
Chapters 1 and 2 .  Matu ration is accelerated by  warm temperatu res i n  fruit not 

contain ing appreciable concentrations of starch,  such as stonefruit and g rapes 

(Li l le land, 1 936 ;  Tukey, 1 952, 1 958;  Batjer and Martin ,  1 965). However, in fru it 

such as pear and kiwifru it which contain starch,  maturation is enhanced by 

cool temperatu res (Wang et al. , 1 971 ; Hopki rk et al. , 1 989) . Control led 

environment stu dies have further defined the responses of kiwifruit maturation  

to temperatu re ,  especial ly in  re lation to  changes i n  SSC,  starch and sugar 
concentrat ions, flesh fi rmness and dry matter concentration (Chapter 2) .  These 

studies showed that once fruit had reached a certain stage of maturity (6. 0% 

SSC in  fruit from container-grown vines) , the rate of matu ration was then 

determi ned by temperatures to which fru it were exposed. As mean 

temperatu re decreased, rate of increase in SSC and total sugar concentrat ion 

and decrease in starch concentration became faster. 

Withi n  New Zealand there are differences in  t iming of commercial harvest 

among seasons (Harman , 1 981  ) ,  among regions (Hopki rk,  1 986 ; MacRae et 

al. ,  1 989a) ,  with in  regions (Snelgar et al. , i n  prep.) and with in vi nes (Hopki rk 
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et al. ,  1 986;  S mith et al. , 1 992) . Differences have also been recorded betwee n  

regions i n  Japan (Sawanobori and Shimura, 1 990) , California (Cri stoto e t  al., 

1 984) and Briti sh Columbia (Kempler et al. , 1 992) . These differences in t im e  

taken to reach 6.2% SSC may be due, at least i n  part, to temperatu re. Few 

studies have accu rately recorded temperature when compari ng fruit maturatio n  

between different o rchards o r  different years. Based on resu lts from contro l led  

envi ron ment studies, i t  wou ld be expected that rate o f  i ncrease i n  SSC and  
total sugar concentrat ion and decrease in  starch concentrat ion wou l d  be 

fastest at the coo lest o rchards. The aim of th is study was to evaluate the 

effect of  temperature o n  maturation of fie ld-grown kiwifruit i n  fou r  contrast ing 

temperature environments. 
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3.2 Materials and methods 

3.2 . 1 D escript ion of orchard s ites 

At each s ite, kiwifru it vines consisted of 'Hayward' scions grafted onto 'Bruno'  

rootstocks, tra ined on T-bars with rows orientated north to south . V ines were 

in fu l l  product ion and received normal commercial management, such as 

prun ing ,  spray programmes and cu ltura l  treatments. 

The H ortResearch orchard at Kerikeri (35° 1 O'S, 1 73° 57' E) was situated o n  

a n  Okaihau g ravel ly loam (Orthoxic Palehumu lt): The 6 year o ld kiwifru it v ines 

were spaced 4 .5 m apart with in a row and 5 m between rows. 

The HortResearch orchard at Te Puke (37° 49'S ,  1 76° 1 9'E) was s ituated on  

a composite yel low brown pumice soi l  over yellow brown loam (Orop i  sand o n  

Kaharoa ash) (Typic Hapludand). The 1 5  year old kiwifru it vines were spaced 

4.5 m apart with i n  a row and 5.5 m between rows. 

The Fruit Crops Un it orchard, Massey Univers ity at Palmerston North  (40° 
23'S, 1 75° 37'E )  was s ituated on a Manawatu s i lty and sandy loam (Dystric 

Fluventic Eutrochrept). The 7 year old kiwifruit v ines were spaced 4.5 m apart 

with i n  a row and 5 m between rows. 

The commercial  g rower's property at R iwaka (44° 06'S, 1 72° 58'E) was 

situated on a R iwaka s i lty and sandy loam , overlaying g ravel (Dystric 

Eutrochrept) . The 1 3  year old kiwifru it vines were spaced 5 m apart with in  a 

row and 4 m between rows. 

3 .2 .2 Measurements 

Fruit were harvested weekly (from 26 February 1 990) from six adjacent v ines 

at each orchard on a predetermined schedule (Table 3 . 1 ) .  Each week, s ix  
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sim i lar s ized fruit were harvested from each vine (36 fru it i n  tota l ) ,  packed i nto 

a polystyrene  box with ice pads (wrapped in. paper to prevent fru it from 

freezing) and sealed before sending by courier to Palmerston North. Fruit 

col lected from the orchard in Palmerston North were stored s imi larly, but i n  the 

laboratory, for 24 hours. Samples that did not arrive with in 24 hours of picking 

were discarded. To determ ine whether 24 hours in transit affected physical 
characteristics and chemical composition of fru it sent from each site, e ach 
week an additional  36 fru it were harvested from vines in  Palmerston North and  

measured with i n  2 hours o f  picking. Furthermore, fou r  addit ional harvests were 

taken at Kerikeri , Te Puke and Riwaka durin g  the experiment and SSC was 

measured at the site with in  2 hours of picking  to a l low comparison with the 

post-transit values measured at Palmerston North. 

Table 3 . 1 Date of measu ring kiwifruit sent to Palmerston North from d ifferent 
orchard locations. 

Week of Orchard site 
experiment Kerikeri Te Puke Palmerston R iwaka 

North 
Date of measurement in  Palmerston North 

1 27/2 28/2 3/3 1 /3 
2 6/3 7/3 1 0/3 8/3 
3 1 3/3 1 4/3 1 7/3 1 5/3 
4 20/3 2 1 /3 24/3 22/3 
5 27/3 28/3 3 1 /3 29/3 
6 3/4 4/4 7/4 5/4 
7 1 0/4 1 1 /4 1 4/4 1 2/4 
8 1 9/4 1 8/4 2 1 /4 1 8/4 
9 - 27/4 28/4 27/4 
1 0  1 /5 4/5 ' 5/5 4/5 
1 1  1 0/5 9/5 1 2/5 1 1 /5 
1 2  1 5/5 1 6/5 1 9/5 1 8/5 
1 3  22/5 23/5 26/5 22/5 
1 4  29/5 30/5 30/5 -
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At Palmerston North , fruit from each harvest were measured to determi ne 

SSC, f lesh fi rmness, dry matter concentration and fruit g rowth as describe d  in  

Section 2 .2. 1 . Samples from outer pericarp and core tissue were separate ly 

stored for later analysis of starch and total sugar concentration in  each t issue 

fol lowing the method outli ned in  Section 2.2. 1 , except that fruit were bu l ked 

i nto two repl icates , each of three fruit. Subsamples of sugar extracts from fru it 

harvested at Te Puke and Riwaka were analysed to determine component 

sugars using an H PLC (Section 2.3. 1 ) .  Extracts for analysis were selected 

from the begi nni ng and end of the experiment ,  and strategic points in between .  

Temperatu res were recorded at each o rchard as 30 minute averages us ing 

thermisto r  p robes coupled to Campbell Scientific CR21 data loggers (Campbel l  

Scientific ,  Logan , Utah) ;  the loggers were also prog rammed to record dai ly 

maximum and min imum temperatu res. Data were recorded onto a cassette 

tape sent each month to Palmerston North for transcription .  Thermistor p ro bes 

suppl ied to match the loggers were calibrated in an o i l  bath usi ng 

thermometers calibrated against New Zealand standard thermometers. Ai r 

temperature measurements were taken above and below the kiwifruit canopy 

(at 2.9 and 1 .3 m above the ground,  respectively) with in a louvred screen 

(Henshal l and Snelgar, 1 989). Soi l temperatures were measured at 200 m m  

below the soi l  surface. Temperature records for each o rchard are given i n  

Appendix 4. 

At both Kerikeri and Te Puke there were operational problems with the data 

loggers resu lt ing in loss of some data. For these sites ,  meteorological d ata 

were obtained from the closest NZ Meteoro logical Station at HortResearch ,  

Kerikeri (A5239 1 ) and HortResearch , Te Puke (876835) for February to 

May 1 990. Maximum and min imum temperatu res from these stat ions were 

regressed agai nst avai lable data from the logger over the same period.  The 

resultant equatio n  was used to adjust the Meteoro logical Station temperatu re 

data for Kerikeri and Te Puke from February to May. There can be  a 

difference between temperatu re records from data loggers and standard 
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meteoro logical stations. Daily maximum and min imum temperatu res are 

measured i n  the 24 hour period midn ight to midn ight with a data logge r, but 

are recorded over the 09.00 to 09.00 period at meteorological stations .  A 

difference i n  temperatu re measured with a data logger compared to the 

meteoro logical stat ion wi l l  occur when min imum temperature does not occur 
between midn ight and 09.00, as happens i n  approximately 20% of cases 

(A. Hal l ,  HortResearch , Palmerston North, pers. comm. ) .  This difference has 

not been taken i nto account i n  this work. 

3 .2.3 Stat ist ical analyses 

A l i near regression was used to fit flesh fi rmness data from successive 

harvests. A t-test was used to determine the difference in soluble sol ids, starch 

and sugar concentration of fru it measured with in  2 hou rs of harvest and those 

t ransported to Palmerston North or those stored for 24 hours in Palmerston 

North. Soluble sol ids concentration data were fitted with a logist ic curve where 

u pper asymptote is  1 6% SSC (Section 2.2. 1 ) .  The least significant difference 

(LSD) test was used to separate differences i n  starch and total sugar 

concentrat ions from fru it harvested at the fou r  o rchards. 
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3.3 Results 

The m ean m onthly temperatures for the four  orchards showed that R iwaka 
was the coldest orchard ,  Kerikeri the warmest and that Te Puke and 

Palmerston North were sim i lar during the period of study in 1 990 (Table 3 .2) .  

Decrease i n  m ean m onth ly temperature from February to May was 6.2, 7 . 6, 

8 . 9  and 9. 1 C at Kerikeri, Te Puke, Palmerston North and Riwaka, respect ively. 

Table 3.2 Mean temperatures (C) (February to May 1 990) from orchards  at 
four d ifferent locations. 

Mean temperature (C) 
Orchard February March Apri l May Mean 
location 
Kerikeri 20.0 1 9.2 1 6. 6  1 3. 8  1 7.4  
Te  Puke 1 9. 1  1 8. 0  1 4. 0  1 1 .5 1 5.7  
Palmerston 20.5 1 8.3  1 4.2 1 1 .6 1 6.2 
North 
R iwaka 1 8. 6  1 6.3 1 2.5 9.5 1 4.2 
Mean 1 9. 6  1 8.0  1 4.3  1 1 .6 

Fru it increased i n  s ize during the study, with the i ncrease i n  fru it volume be ing 

0 .47 m m3 day"1 at Kerikeri compared to 0.29 and 0 .36 mm3 day·1 at R iwaka 

and Palmerston N orth ,  respectively (Table 3 .3) .  Fruit volume data at the end 

of the experim ent were not collected at Te Puke.  Mean fru it weight at the 

beginn ing and end of the study was 69, 72, 76 and 85 g and 1 03,  1 0 1 ,  1 09 

and 1 29 g for fruit harvested from Palmerston North,  R iwaka, Te Puke and 

Kerikeri , respectively. This represents an increase of 0 .32, 0.36, 0 .37 and 

0 .48 g day·1 for fru it from Riwaka, Te Puke, Palmerston North and Kerikeri ,  

respectively. 
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Table 3 .3  Fruit volume (mm3) at the beginn ing and end of the experiment for 
kiwifru it harvested from orchards at different locations. 

Orchard locat ion 

Kerikeri 

Te Puke 

Palmerston North 

Riwaka 

1 ±SE (standard e rror) 

Fruit vo lume (mm3) 

Time of measurement (days) 

0 92 

90 (1 .7)1 1 33 (2.4) 

86 (1 .5) 1 1 82 

49 (1 .4) 

70 (1 .3) 

82 (2.2) 

97 (2.0)3 

2 i nterpolated from fresh weight 
3 day 84 

Flesh fi rmness decreased during the experiment as fru it softened with 

i ncreasing maturity (Fig .  3 . 1  ). I nitial firmness was 1 1 0 .0 N and the estim ated 

rate of change in fi rmness was -0.53 , -0.53, -0.56, and -0.62 N day-1 for fruit 

harvested from Te Puke , Palmerston North, Riwaka and Kerikeri ,  respective ly. 

F ru it harvested in Kerikeri softened faster than fru it harvested from other  
locations (P�0.05).  There was a negative correlat ion (r=-0.82) between flesh 

fi rmness and SSC for data poo led across al l  locations. 

D ry matter of fruit harvested from different locations i ncreased from the fi rst 

measu rement at the end of February to the final measurement three months 

later (Table 3.4) .  D ry matter of  fruit from Kerikeri was h igher than that from 

other o rchards at both the beginning and end of the experiment.  The rate of 

i ncrease i n  d ry matter was 2.5 ,  2.8 ,  3 .0 and 3 .2% day-1 (x1 o-2) for fruit 

harvested from Palmerston North ,  Te Puke, Kerikeri and Riwaka, respective ly. 

Tests were undertaken to check whether SSC, starch concentration and total 

sugar concentrat ion were affected by measuri ng fruit 24 hours after harvest 

compared to those measured with in 2 hours of harvest. So lub le so l ids 

concent ration was different in  only three of the 1 4  harvests among fruit 
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Fig . 3 . 1  Flesh f irmness (N) of kiwifru it g rown at fou r  d ifferent o rc hard 
locations .  Firmness of fru it harvested from Palmerston  N orth a nd Te 
Puke were s im i lar. Regression coefficients i n  A.3.7. 
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Table 3 .4  D ry matter (%) at the beginn ing and end of the experiment for 
kiwifru it harvested from orchards at d ifferent locations. 

Orchard 
locat ion 

Kerikeri 

Te Puke 

Palmerston North  

Riwaka 

1 ±SE (standard e rror) 
2 day 84 

D ry matter (%) 

Time of measu rement (days) 

0 92 

1 3 .2 (0.3) 1 1 6 .0 (0.3) 

1 1 .6 (0.2) 1 4.2  (0.6) 

1 2. 1  (0.3) 

1 1 .7 (0.2) 

1 4.4 (0.3) 

1 4. 6  (0.3)2 

measu red  2 hours after harvest i n  Palmerston North compared to those 

measured 24 hours later (Table 3.5). The d ifference i n  SSC between fruit 

measu red 2 and 24 hours after harvest was negat ive on five occasions and 

positive o n  n ine occasions;  these trends however, d id  not appear to be related 

to stage of maturity. S im i larly, there was reasonable ag reement in SSC val ues 

between the two measurement times for fruit harvested from Kerikeri and 

R iwaka (Table 3.6) .  I n  contrast, d ifferences in SSC consistently occurred i n  

fruit measured at 2 and 24  hours from Te Puke (Table 3 .6) .  The  difference i n  

SSC between the  two measu rement t imes was always less than 0 .6% fo r  fruit 

measured at Palmerston North (Table 3 .5) and Kerikeri , Te Puke and R iwaka 

(Table 3.6) . 

Overall ,  there were no consistent differences i n  starch and total sugar 

concentrat ions i n  outer pericarp o r  core tissue between fruit measured 2 hours 

after harvest i n  Palmerston North and those stored and measured 24 hou rs 

later (Table 3 .7) .  The differences i n  starch and total sugar concent rat ions 

between the two measu rement t imes were less than 1 9  and 1 1  mg g FW-1 , 

respective ly (Table 3.7) . 
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Table 3 .5 Difference i n  soluble sol ids concentrat ion (%) between kiwifruit 
measured with i n  2 hours of harvest and those sto red for 24 hours. Fruit were 
harvested in Palmerston North. 

Time of Difference i n  soluble sol ids 
measu rement concentration (%) 

(days) P::;0 .01  

0 -0.59 (0. 1 6) 1 2 

7 -0.57 (0.08) * 

1 4  0.00 (0.09) 

21 0 .02 (0.03) 

28 0 . 1 5 (0.04) * 

35 -0.01 (0.07) 

42 0 .00 (0.03) 

49 0 . 1 9 (0.08) 

56 0.00 (0. 1  0) 

63 -0.03 (0.08) 

70 0.46 (0. 1 0) * 

77 0.21 (0. 1 3) 

84 -0.34 (0. 1 6) 

92 0.00 (0.21 ) 

1 ±SE (standard error) 
2 * significantly different at P::;0.01 determined by t-test. 

The method used to transport fruit from the different locat ions to Pa lmerston 

North before measurement was therefore considered acceptable as fru i t  

carbohydrate metabol ism was not affected. In the experiments described he re, 

fru it  were t ransported in chi l led boxes which wou ld help to reduce the potential 

i ncrease i n  SSC duri ng t ransit. Harman (1 981 ) found the increase in SSC i n  

detached fru it after 24 hours at room temperature was faster than i n  s im i lar 

fruit attached to the vine. D ifferences i n  SSC, starch or total sugar 

concentratio n  between the two measu rement times were not significant for the 

majority of measurements, and those that were significant d id not appear to 
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be related to any particular stage of maturity. I n  addition , even though a l l  the 

d iffe rences i n  SSC measurements at Te Puke were significant, they were 

smal l ,  rang ing from 0.2 to 0.5%. 

Table 3.6 Difference in so luble sol ids concentration (%) between kiwifruit 
measured with i n  2 hours of harvest at Kerikeri , Te Puke and Riwaka and 
those transported to Palmerston North withi n  24 hours. 

Orchard Time of Difference i n  soluble sol ids 
location measu rement concentrat ion (%) 

(days) P:::-;0 .0 1  

Kerikeri 0 0 . 1 2 (0.05)1 -2 

21 0 .22 (0.05) * 

49 0 .22 (0.09) 

91 0 .09 (0.24) 

Te Puke 0 -0. 1 5  (0 .02) * 

22 0 .27 (0.03) * 

48 0 .20 (0.04) * 

92 0 .51 (0. 1 7) * 

Riwaka 0 -0. 20 (0. 03) * 

23 0 .28 (0.04) * 

48 0. 1 5  (0.08) 

84 -0.08 (0.24) 

1 ±SE (standard e rror) 
2 * sign ificantly different at P:::-;0 .01  determined by Hest. 
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Table 3.7 Difference i n  starch and total sugar concentration (mg g FW-1 ) 
between kiwifruit measured within 2 hours of harvest and those stored for 
24 hours. Fru i t  were harvested i n  Palmerston North .  

Tissue Time of Difference in concentration (mg g FW-1 ) 
type measu rement 

(days) Starch P:s:;0 .01  Sugar P:s:;0 . 0 1  

Outer 0 -6.33 (2.6) 1 2 -3 .91  (0.9) 
pericarp 28 -8.58 (2.7) * - 1 .06 (0.4) 

42 1 8. 1 4  (2.8) * 0.77 (0.5) 
56 -9.40 ( 1 .6) * 0 .57 (0.9) 
70 -3. 1 5  (1 .2) 5 .87 ( 1 .3) * 

92 1 .40 ( 1 .4) -4.39 ( 1 .7) 

Core 0 - 1 3.33 (4.0) - 1 .83 (0.7) 
28 -6.37 (6 .8) 0.09 (0.7) 
42 -3.07 (4.6) 0.99 (0.5) 
56 1 .86 (3 .2) 0.55 ( 1 .2)  
70 6.29 (5.0) 1 0.69 ( 1 .8) * 

92 -2. 1 1 (2.0) -5.94 (2.7) 

1 ±SE (standard e rro r) 
2 * sig nificantly different at P:s:;0.01  determined by t-test. 

Soluble sol ids concentration remained below 5% at all o rchards unt i l  early to 

mid Apri l ,  depending on the orchard ,  and then i ncreased rapidly (Fig .  3 .2) .  

Rate of SSC i ncrease was faster, and consequently earl ier ,  i n  fruit harvested 
at Riwaka compared to fruit from Kerikeri , Palmerston  North and Te P u ke 

(Table 3 .8) .  This d ifference was exemplif ied by the number of days projected 

to reach the i nflection  point (Fig 2.3) which was 85,  1 03, 1 04 and 1 09 days for 

fru it harvested at Riwaka, Kerikeri , Palmerston North and Te Puke respectively 

(Table 3 .8) .  In each fru it ,  SSC was measured from both the d istal and proxim al 

ends. Soluble  sol ids concentration from the distal end of fru it was g reater  than 

that at the proximal end after the fi rst harvest at Kerikeri , fou rth harvest at 
Palmerston North and fifth harvest at Te Puke and R iwaka (Appendix 2) .  
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Table 3.8 Comparison of the maximum rate of change i n  soluble so l ids 
concentrat ion (slope) and number of days to the i nflection point of kiwifruit 
harvested from orchards at different locations. Values from fitted logist ic curves 
where a maximum soluble solids concentrat ion of 1 6% was assumed. 

Orchard locat ion S lope Time to i nflect ion 
(% day-1 ) poi nt (days) 

Kerikeri 0 .044 (0.004) 1 1 03 
Te Puke 0 .045 (0.003) 1 09 
Palmerston  North 0 .044 (0.002) 1 04 
Riwaka 0.058 (0.004) 85 

1 ±SE (standard e rror) 

Concentrat ion of starch was higher in  core tissue than i n  outer pericarp t issue ,  

and th is  difference was consistent i n  fruit from al l  locat ions (Fig . 3 .3 ) .  D u ri ng 

th is study,  starch concentration i n  outer pericarp t issue i n it ial ly increased u nt i l  

i t reached an apparent plateau where starch concentrat ion remained the same 

for 20 to 30 days before decl in ing.  Simi larly , starch concentrat ion i n  core t issue 
i ncreased by approxi mately 20 mg gFW-1 more than i n  outer pericarp t issue ,  

then  reached a plateau and final ly decreased i n  the  last 20 to  30  days o f  the 

study. Decrease in starch concentration  was more rapid  in fru it from Riwaka 

than in those from Kerikeri . By the end of the study, starch concentratio n  was 

lowest from fruit harvested at Riwaka and highest in fruit from Kerikeri i n  both 

outer pericarp and core tissues; concentrations fro m  Te Puke and Palmerston 
North were between those measured at Kerikeri and Riwaka. The i ncrease i n  

total sugar concentration began before the  decrease i n  starch concentrat ion .  

Total sugar concentrations from outer  pericarp and core t issue were sim i lar  at 

the beginn ing of the study, but increased to a h igher final concentrat ion i n  core 

than outer pericarp tissue by the end of the study. I ncrease i n  total sugar 

concentrat ion was faster at Riwaka than Kerikeri , Pal merston North and Te 

Puke , respectively (Fig. 3.3) .  Correlat ion coefficient ( r) for the relationsh ip 

between total sugar concentration  and SSC was 0.99 when data were pooled 

for all o rchards and was 0.98,  0.99 , 0 .99 and 1 .00 for Te Puke ,  Keri ker i ,  

Palmerston North and Riwaka, respectively (Fig .  3.4) .  
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G lucose and fructose were the dom inant sugars present i n  kiwifruit, and 

sucrose general ly comprised less than 1 0% of total sugars. The concentrat ions 

of g lucose, fructose and sucrose increased from February to May at  Te Puke 

and R iwaka (Table 3 .9) .  I n  general, the concentration of each sugar was 

h igher in core tissue than in outer pericarp ·tissue throughout the study. 

Concentrat ions of g lucose and fructose were s imi lar at both Te Puke and 
R iwaka and in outer pericarp and core tissues. The (g lucose p lus  

fructose)/sucrose ratio in fru it from Te Puke was general ly equal to o r  h ig h er 

than i n  fru it from Riwaka in  both outer pericarp and core tissues. However, 

with in each t issue type there were no  obvious trends in the rat io as the study 

progressed. 
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Table 3 .9 Concentrations of glucose , fructose and sucrose (mg g FW-1 ) and 
(g lucose plus fructose)/sucrose rat io i n  fruit harvested from o rchards at Te 
Puke and R iwaka. 

Orchard Tissue Time of Sugar concentration  (mg gFW-1 ) 
locat ion type measurement 

G+F1 (days) Glucose Fructose Sucrose 
s 

Te Puke Outer 0 3.9 (1 .2)2 1 . 1 (0.3) 0 .2 (0. 1 ) 25 
pericarp 42 2.3 (0.8) 2 .0 (0.6) 0 .0  (0.0) 0 

56 7.6 ( 1 .7) 7.8 ( 1 . 1 )  0 .5  (0.2) 3 1  
70 8 .8 (1 . 2) 9 .0  (0. 8) 1 .0 (0.2) 1 8  

92 9.6 (1 .7) 9.8 (0.9) 0 .9  (0 .4) 22 

Core 0 2.3 (0.8) 2 .0 (0.6) 0 .0  (0.0) 0 

42 5 . 1  (0.0) 4.4 (0.0) 0 .2  (0.0) 48 

56 8.4 (0.9) 1 0 .0  (0.2) 0 . 1  (0. 1 )  1 84 

70 1 0 .6 (2.3) 1 0 . 1  (0.8) 1 .0 (0.2) 21 

92 1 2.6 (1 .0) 1 2.6  (1 .9) 1 .4 (0.4) 1 8  

Riwaka Outer 0 2.4 ( 1 . 1 )  0 .9  (0.2) 0 . 1  (0.0) 33 
pericarp 42 5 .4 (2.0) 6 . 1  ( 1 .6) 1 . 2 (0.4) 1 0  

56 9.4 (1 .0) 9 .2 (0.5) 0 .6  (0 . 1 ) 31  

70 1 5.6  (3 .2) 1 2.7 (2.2) 3.0 ( 1 .0)  9 

84 1 2.8 (2.0) 1 3 .4 (2.2) 2 .2 (0.4) 1 2  

Core 0 1 .5 ( 1 . 1 )  1 .4 (0.7) 0 . 1  (0.0) 29 

42 5.7 (2.4) 7. 1 (2.5) 0 .3 (0.0) 43 

56 1 0 .8 (1 .5) 1 1 .3 ( 1 .4) 1 . 1 (0.5) 20 

70 20. 1 (4.2) 1 6.4  (4.8) 5.3 (2.2) 7 

84 1 4.0  (2.6) 1 4.9 (0.0) 0 .7 (0.6) 41 

1 (glucose plus fructose)/sucrose ratio 
2 ±SE (standard error) 
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3.4 Discussion 

Temperatu res in the main kiwifruit producing regions of New Zealand d u ri ng 

February to May 1 990 were warmer than the long term average (cf. Tables 2 . 1  

and 3.2) and coincided with delayed harvest of kiwifruit t h roughout the country 

(Ke l ly, 1 990) .  This is consistent with resu lts fro m  contro l led envi ronment 

experiments (Chapter 2) where rate of SSC increase i n  fruit was s lowest when 

vines were grown at the warmest temperatu res and fastest i n  fruit from vi nes 

g rown at the coo lest temperatu res. An increase in  SSC and decrease in sta rch 

concentration ,  which is characteristic of the maturation process i n  kiwifruit , 

usually commences about the beginn ing of Apri l for fie ld-grown fruit. 

Temperatu res in  the field during February and March are un l ike ly to i nf luence 

the t ime at which fru it reach the minimum acceptable commercial harvest 

maturity of 6.2% SSC (Salinger and Morley-Bunker, 1 988) ;  fruit have not 

reached a sufficient stage of physio logical development at which cool  
temperatures could stimu late hydrolysis of starch to sugar. This study is  the 

fi rst to accu rately record temperatures and to measure composit ional changes 

in  kiwifruit during matu ration at a range of contrast ing locations in  N ew 

Zealand.  Examples of the effect of temperatu re on increase in  SSC wi l l  be 

discussed genera l ly in  th is chapter, but interpreted in  more detai l i n  Chapter  5 .  

I ncreases i n  fru it g rowth over the who le study were simi lar for fruit harvested 

at Riwaka, Te Puke and Palmerston North , but the g reatest i ncrease was at 

Kerikeri .  Fruit from vines g rown at Kerikeri were heavier and had hig he r  dry 

matter than fruit from the other locations. This may have been due to the l ight 

crop load at Kerikeri i n  the 1 990 season ,  which may have been a 

consequence of a lack of winter chi l l ing and/or  hard winter pru ni ng i n  1 989  (A. 

Richardson ,  HortResearch ,  Kerikeri , pers. comm. ) .  Low winter ch i l l ing resu lts 

i n  poo r  budbreak and consequent ly low numbers of fru it and flowers 

(Warri ngton and Stan ley, 1 986) and would have resulted in  a l ight crop load.  

Studies which manipu lated crop load showed that vines with a l ight crop load 

have heavie r  fruit than those with a heavy crop load (Antognozzi et al. , 1 992 ;  
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Cooper and Marshal ! ,  1 992 ; Costa et al. , 1 992a). Physiological ly, vines with 

a l ight crop load wou ld have a greater quantity of photosynthate avai lable  per 

fruit than vi nes with a heavy crop load , resu lt ing in heavie r  fruit on  l i ght 

cropping vines. 

Flesh fi rmness decreased in fru it harvested from fou r  different o rchard 

locations from the beginn ing of March to the end of May,  i n  a sim i lar way to 
kiwifru it measured by MacRae et al. (1 989a) , Beever and Hopki rk ( 1 990) and 

for container-grown vines (Chapter 2) . However, there were differences in the 

rate of decrease in fi rmness between orchard locat ions, with fi rmness 

decreasing faster in fruit from Kerikeri than in those from Riwaka. In contrast , 

there were no differences i n  flesh fi rmness between fruit harvested from two 

different orchard locations i n  Japan (Sawanobori and Sh imura,  1 990) . 

A decrease i n  f lesh fi rmness during matu rat ion has been found i n  many other 

species of fruit ,  such as apple (Workman, 1 963) , pear (Mann and Si ngh ,  1 988) 

and peach (Maness et al. ,  1 992). However, differences i n  the rate and extent 

of soften ing have been found among species and between years. Flesh 

fi rmness i n  peach at physio logical maturity ranged from 4 to 8 N depend ing on 

cu ltivar ,  but decreased to 0.5 to 5 N when fu l ly matu re (Maness et al. , 1 992) ,  

s imi lar to fi rmness at eating ripeness i n  kiwifruit (Beever and Hopkirk, 1 990) .  

In contrast, i mmature guava were very fi rm (>295 N),  but fi rmness decre ased 

rapidly during a 1 4  day period to result in fru it that were 98 N at eating 

ripeness (Yusof and Mohamed, 1 987). Changes i n  fi rmness resu lt fro m  the 

action of cel l  wal l degrading enzymes such as polygalactu ronase , 

pecti n methylesterase and cel lu lase ; activities of these enzymes can be low or 

absent i n  un ri pe fruit, but i ncrease during maturat ion and ripening (Rhodes, 
1 980) . lt i s  possib le that the higher fi rmness in guava than kiwifruit o r  peach 

at eat ing ripeness may be due to a lower concentration ,  and/or dec re ased 

activity of ce l l  wal l  degradi ng enzymes in guava. 
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Dry m atter of fruit harvested from Palmerston North ,  Te Puke,  Keriker i  and 
R iwaka i ncreased by 2.3 ,  2.6, 2 .8 and 2.9%, respect ively dur ing the per iod of 

study from March to May. MacRae et al. ( 1 989a) m easured a 3.8% increase 

in dry m atter from fru it harvested at Te Puke during a s im i lar period.  At 

Kumeu, the dry m atter from control vines at harvest was 1 7.6% in 1 986 and 

1 6.0% in  1 987 (Hopki rk et al. ,  1 989), ind icat ing variabi l ity between years as 

found with SSC (Harm an,  1 98 1  ) .  Dry matter at harvest ranged from 1 6. 0  to  

20.3% in  d ifferent countries or i n  d ifferent regions of New Zealand (Hopkirk et 

al. ,  1 989; MacRae et al. ,  1 989a; Walton and de Jong,  1 990a). These values 

were h igher than the dry matter measured in the present study, perhaps due 

to different vine management or temperatures in the different seasons affect ing 

rate of  photosynthesis, translocat ion of  assim i late and subsequent convers ion 

to starch in  fru it. 

Soluble sol ids concentration remained below 4.5% at all o rchards unt i l  the 

beg inn ing of  Apr i l ,  but increased after th is  t ime.  S im i lar patterns of  increase i n  

SSC were found in maturing kiwifruit in  other orchards with in New Zealand 

(Reid et al., 1 982a; Beever and Hopkirk, 1 990), in  the USA (Okuse and Ryugo, 

1 98 1 )  and in Japan (Sawanobori and Shimu ra, 1 990) . For example, SSC was 

4.4 and 4.5% at Kumeu and Te Puke,  respect ively on 25 March and exceeded 

5% SSC at both s ites after 1 8  April 1 985 (MacRae et al. ,  1 989a). At Kum eu 

in 1 987, SSC was 4.5% on 1 2  March and remained at that concentrat ion unt i l  
2 Apr i l  when i t  increased to reach 5% two weeks later (Hopki rk et al. ,  1 989) .  

Resu lts obtained from fruit grown in Japan showed that SSC remained at 4.5% 

from 6 to 1 8  weeks after ful l  bloom (rough ly equ ivalent to 1 2  Apri l )  and 

increased thereafter (Sawanobori and Shimu ra ,  1 990) .  

Fru it has been shown to reach commercial harvest maturity, that is  exceed ing 

a m in imum of 6 .2% SSC, at different t imes depending on orchard locat ion  and 
season (Beever and Hopkirk, 1 990). Differences i n  the t im ing of harvest may 

be due,  in part, to  temperature. Although m aturation of fruit at d iffe rent 

orchards was studied i n  th is work in  on ly one season ,  orchards were selected 
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accord ing to their  geograph ical locat ion to g ive as wide a ran g e  of 

temperatures as possible. Fruit measured i n  R iwaka reached 6.2% SSC 1 0, 

1 1  and 1 6  days before fru it from Kerikeri ,  Palmerston North and Te P uke, 

respect ively. However, fru it from the Nelson region reached 6.2% SSC less 

than one week earl ier than fru it from Te Puke orchards in each of the 1 981  to 

1 984 seasons (Hopkirk, 1 986) and in 1 985 th.ere was no  d ifference in the 

t iming of fruit reach ing 6.2% SSC when harvested from Te Puke and Kum eu 

(MacRae et al. ,  1 989a). Soluble sol ids concentrat ion of kiwifru it harvested  from 

two orchards i n  Japan i ncreased s imi larly i n  one year, but there was a 1 4  day 

d ifference in the fol lowing year (Sawanobori and Sh imura, 1 990) . Low 

temperature effects an increase in SSC once SSC is g reater than 5% (Sa l i nger 

and Morley-Bunker,  1 988). To understand the reasons for the d ifferent harvest 

t imes in each of the regions and seasons, detailed temperature records from 

early March through May need to be known for each of the years concerned. 

Resu lts from contro l led environment studies (Chapter  2)  clearly showed that 

SSC increased fastest in  treatments with coolest mean temperatu res. I n  the 

f ie ld, the fastest i ncrease in SSC occurred at R iwaka, the coldest s ite 

compared to the other  orchards, which confirmed results from contro lled 

environment stud ies. I f  SSC increased solely according to the current 

temperature in April and May, then the increase in SSC for fruit from Te Puke 

and Palmerston N orth should have been s imi lar, and i ntermediate to  those for 

R iwaka and Kerikeri ;  th is did not occur. However, comparison of SSC change 

with m ean m onth ly temperatures is a very crude approximat ion ,  as the 

frequency of  t ime spent at each temperature is n ot taken in to accou nt .  In  

addit ion ,  chem ical reactions invo lved in convert ing starch to sugar are l ike ly to 

be both temperatu re and t ime dependent. In harvested potato tubers ,  changes 

i n  starch and sugar concentrations occurred several days after a tempe ratu re 

pertu rbat ion (Pressey and Shaw, 1 966; lsherwood, 1 973), s im i lar to changes 

in kiwifru it (Chapter 2) .  A more detai led analysis of the relat ionship of S SC with 

temperature from these orchards has been undertaken in Chapter 5 us ing the 



1 32 

d iscrete-rate analysis where the frequency of t ime spent at each tem peratu re 

is taken into account (McNaughton et al. ,  1 985). 

During m aturat ion many independent chemical changes are taking  p lace in the 

fruit ,  each of which have their own t iming and control wh ich m ay be 

interrelated, but the events need not be coincident (Coombe, 1 976) . For 

example, SSC in  two strains of red 'd' Anjou pear did not change whi le f lesh 

firmness decreased during ripening and storage (Chen et al. ,  1 993) . I n  

contrast, there was variation i n  corre lation between decrease i n  flesh firmn ess 

and increase in SSC among seven cultivars of melon (M iccol is and Saltveit, 

1 99 1  ). MacRae et al. ( 1 989a) found that SSC increased at a s im i lar rate in fru it 

harvested from Te Puke and Kumeu, but that flesh firmness decreased faster 

in fru it from Kumeu compared to those from Te Puke. I n  th is study,  the rate 

of decrease in flesh firmness at Kerikeri and Riwaka was not related to the 

rate of i ncrease i n  SSC, as firmness decreased fastest at Kerikeri whi le  S SC 

increased fastest at Riwaka. 

Likewise,  changes in flesh firmness are not related as closely to temperature 

as are changes in SSC. No d ifference in flesh firmness was detected between 

the contro l  and warmed treatments when kiwifruit were g rown in relocatable 

g reenh ouses, whi le there were differences i n  SSC of up to 1 .4% between 

treatments by the end of May (Hopkirk et al. ,  1 989) .  In contrast, when f ield­

g rown vines i n  British Co lumbia were either covered with a plastic g reenh ouse 

o r  left uncovered a l l  season (control ) ,  flesh firmness was 1 0  to 20 N h igher  for 

fruit in control than in fru it from covered vines dur ing maturation , wh i le  fru it 

from control v ines reached 6.2% SSC 2 days after those in the covered 

treatment (Kempler et al. ,  1 992) . The trend for the g reatest decrease i n  

f irmness t o  occur in  the treatments with the coolest m ean temperatu re 

(Chapter 2)  was not evident in  the current study where the fastest decrease 
occurred at Kerikeri (warmest s ite), and the firm ness at the coldest s ite 

(Riwaka) decreased more slowly. 
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Changes in starch and sugar concentrations during fru it m aturat ion i n  f ie ld­

g rown vines m easured i n  th is study were s im i lar to those for other f ield-grown 

vines (Wright and Heatherbel l ,  1 967; Harman,  1 98 1 ; Okuse and Ryugo, 1 98 1 ; 

Reid et al. ,  1 982a; MacRae et al. ,  1 989a; Sawanobori and Sh imura, 1 990) and 

for container-grown vines (Chapter 2). Examples of other  fruit contain ing sta rch 

which show sim i lar patterns of carbohydrate interconversions during maturat ion 

and ripening are apple (Ohm iya and Kakiuch i ,  1 990) , banana (Agravante et  al. ,  

1 990) , pear (M a n n  a n d  Singh,  1 988) and tomato (Dinar a n d  Stevens, 1 98 1  ) .  

However, t he  rates o f  these interconversions are different between t he  d ifferent 

species. For example, starch concentrat ion decreased in tomato  (L 
cheesmanii typicum)  from 24 to 0% dry matter in 1 8  days when fru it were fu l ly 

ripe (Garvey and Hewitt, 1 991 ) .  In 'G ioster 69' apple  placed at 1 5C after 

harvest, starch concentrat ion decreased from 1 9  to 4 mg g FW-1 in 1 4  days 

(Tsant i l i  and Knee, 1 99 1  ) .  Starch concentration in kiwifruit at harvest was 

53 mg gFW-1 , but th is decreased to 6 mg g FW1 after 4 weeks at 4C (MacRae 

et al. ,  1 989b) .  

The most not iceable difference between orchards was that concentrat ion of 

starch decreased and sugar increased to  a g reater extent in  both o uter 

pericarp and core t issue in fru it harvested from Riwaka compared with t hose 

from other  orchards. The cooler temperatures i n  Apri l and May at R iwaka 
compared to Kerikeri , Te Puke and Palmerston North probably accounted for 

the rapid i ncrease in SSC and total sugar concentrat ion and the decrease i n  

starch concentrat ion in  fru it harvested from Riwaka. S im i lar changes occurred 

in container-grown vines in contro l led environments, where the decrease i n  

starch concentrat ion and  increase in total sugar and SSC was faster a t  the 

cool est temperatures (Chapter 2). The faster hydrolysis of starch and synthesis 

of sugars at low compared to h igh temperatu res may be due to the effect of 

temperature on control points in  the g lycolytic and g luconeogenic pathways 

(Chapter 6). The h igh  corre lation between SSC and total sugar concentration  

from field-grown fru it was sim i lar to that in  container-grown vines (Chapter 2) ,  

confirm ing that the processes of  maturat ion were s im i lar between the two 
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populat ions of vines, even though SSC was h igher in  container-g rown v ines.  

H igher concentrations of sugar and starch were found in the core than the 

outer pericarp in  fru it from field-grown vines (MacRae et al. ,  1 989a) and 

container-grown vines (Chapter 2) .  The d issim i larity between the t issue zones 

may be  due to the different types of cel ls  present in  each t issue 

(Sect ion 2.3.2) .  

The increases i n  concentrations of g lucose, fructose and sucrose in fru it 

harvested from Te Puke and Riwaka were s im i lar to those for other field-grown 

fruit (MacRae et al. ,  1 989a) and for fruit from container-grown vines. A h igh  

(g lucose plus fructose)/sucrose rat io can indicate h igh  invertase activity, as 

both acid and alkal i  invertase catalyse the reduct ion of sucrose to g lucose and 

fructose (F ig .  1 . 1 ) .  The lower (g lucose plus fructose )/sucrose ratio in the core 

than outer pericarp (MacRae et al. ,  1 989a) was -also shown for fru it harvested 

at Te P uke and Riwaka at most sampl ing t imes. l t  is possib le that invertase 

activity may be reduced at cooler temperatures, resu lt ing in  a low (g lucose 

p lus fructose )/sucrose ratio. A low rat io was found at R iwaka, where 

temperatures were cooler than at Te Puke, and i n  container-grown v ines 

g rown at 1 1 /7C compared with 26/20C (Chapter 2) .  

The mean total (non-structural) carbohydrate concentrat ion (starch plus sugar 

concentrat ion) i n  the outer pericarp of fru it from al l  o rchards was sim i lar at the  

beg inn ing of  the study (39 ±1 . 6  mg  gFW-1 ) but by the end had increased to  

67 ±6. 9  mg  g FW-1 • Fruit from Riwaka and Kerikeri contained a s im i lar 

concentrat ion of total carbohydrate at the end of the study, the proport ion of 

starch was 25 and 48% of total carbohydrate. Degradat ion of starch was faster 

i n  fru it harvested from Riwaka than Kerikeri ,· s im i lar to that i n  fruit from 

container-grown vines g rown at cooler compared to warmer temperatu res 

(Chapter  2) .  

Total carbohydrate concentration in  fru it at harvest may be important in  

determin ing  the length of t ime fru it can be stored and sti l l  produce a fru it of  
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acceptable eat ing qual ity. Concentration of sugar can increase in fru it on  the 

v ine by a combination of starch hydro lysis and d i rect inflow of ass imi late. Once 

fru it have been harvested there can be no further inflow of carbohydrate, and 

repartit ioning of the exist ing carbohydrate wi l l  determ ine fina l  SSC at  eat ing 

ripeness. Therefore, starch concentration at harvest is an important contrib utor 

to f inal SSC at eat ing ripeness. The important contribution of sta rch 

concentrat ion to  the f inal SSC attained in the fruit was shown when fru it were 

g rown in  the contro l led environment treatment of 1 1 /?C (Sect ion 2.3) .  So lub le  

sol ids and tota l  sugar concentrations increased rapidly with a concurrent 

decrease in starch concentration, result ing in a rel at ively low final SSC ( 1 4%) . 

I n  that t reatment starch concentration in fruit decreased to  a low level and 

there were n o  further increases in sugar concentration as leaves had 

senesced, hence no  further photosynthates were being produced and imported 

into the fru it. U nfortunately, fruit from the study were not able to be stored and 

reanalysed after storage. l t  would have been interest ing to determ ine whether  

qual ity of  fru it post-storage was affected by the starch , the sugar or  the tota l  

carbohydrate concentration in the fru it at harvest. 

There are few experiments on kiwifruit reported in the literatu re wh ich h ave 

measured the concentration of starch and sugar both before and after sto rage. 

Studies of fru it harvested from Nelson and Te Puke did not measure the sta rch 

and sugar concentrat ions (Hopkirk, 1 986) . Other  experiments have e ither 

treated fru it of  the same in itial carbohydrate concentrati on (Matsum oto et  al. ,  

1 983) o r  sufficient data was not available to g ive mean ingfu l interpretat ion 

(MacRae et al. ,  1 989a, 1 989b). If starch concentration in  fru it at harvest was 

of overrid ing importance in determin ing SSC at eat ing ripeness (after storage) 

then,  taking the extremes, fruit from Riwaka would be less acceptable in  te rm s  

of SSC than fruit from Kerikeri. H owever, if total carbohydrate concentrat ion 

at harvest was the critical factor determ in ing SSC at eating ripeness, then fru it 

from Te Puke would be the least acceptable and those from Palmerston North 

the most acceptable; total carbohydrate concentrations were 57 and 71  mg 

g FW-1 for  fru it harvested at 6.2% SSC from Te Puke and Palmerston  North ,  
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respect ively. Further conclusions and recommendations cannot be drawn from 
these studies as SSC was not determ ined after storage. 

Dry matter of kiwifruit is being considered for use as an a lternat ive or  better 
maturity index than SSC, because it accounts for combined starch and s ugar 
concentrat ion i n  the fru it (Scott et al. ,  1 986; Hopkirk, 1 99 1  ) .  Although Hopkirk 
{ 1 991 ) indicated that dry matter reflected the change i n  total (non-structu ral) 
carbohydrate concentrat ion, contrary resu lts were obtained from the four 
orchards in this study and from container-grown vines (Sect ion 2 .4) . The 
corre lation coefficients (r) for the relationsh ip between dry matter and total 
carbohydrate concentrat ion were 0 .60, 0 .74, 0 .88 and 0 .9 1  for fruit harvested 
from Te Puke, R iwaka, Kerikeri and Palmerston North , respectively. This 
shows that the change i n  dry matter is variable among orchards and not 
reflected solely by total carbohydrate concentration.  The reason for the 
d ifferent values obtained for correlation of d ry matter and total carbohydrate 
concentration is unclear. However, Young et al. ( 1 993) found that components 
of solub le sol ids other than sugars, such as pect in ,  soluble starch, am ino  
acids, l ipids and m inerals affected accumu lat ion o f  fru it dry matter in  tomato. 
Further tests wi l l  be requ i red before dry matter can be used sat isfactor i ly as 
a maturity index for the harvest of kiwifru it, o r  a d ifferent test for total 
carbohydrate concentration needs to  be found. Any new matur ity index n eeds 
to be su itable for fruit harvested from all orchard locations. 

D ifferences in rate of kiwifruit maturation were found among orchard sites at 
Kerikeri ,  Te Puke, Palmerston North and Riwaka, and some of these 
d ifferences could be attributed to the effect of temperature. Decrease i n  f lesh 
f irmness was not inf luenced as much by temperature as were SSC, sugar and 
starch concentrat ions. The cooler temperatu res at Riwaka resu lted in faster 
increases in SSC, total sugar concentrat ion and decrease in starch 
concentrat ion than that occurring at the other orchards. lt is possib le that 
carbohydrate status (starch and/or total sugar concentrat ion) of fru it before 
storage may affect the qual ity of fru it after storage with fru it having low starch 
and/or total sugar concentration being  of lower qual ity at eat ing ripeness. S uch 
i nformation m ay influence storage and market ing strategies. 
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CHAPTER 4 

MANIPULATION OF CARBOHYDRATE CONCENTRATIONS IN KIWIFRUIT 

4.1 Introduction 

Fruit g rowth depends on the abi l ity of fruit to compete with concurrent vegetative 

g rowth for a supply of assimi lates from leaves. Fru it yie ld depends on the balance 

between source strength (supply of assimi lates from leaves) and s ink strength 

(governed by fru it number, fruit size and the i r  competitive abi l ity) (Ware ing and 

Patrick, 1 975) . 

Numerous studies using 14C02 have shown that ass imi lates flow from the source 

( leaves) to the closest sink (fruit) along a g radient where some sinks have a 

h igher priority than others. Such studies have been undertaken i n ,  for example ,  

apple (Hansen ,  1 969) , kiwifruit (Lai et al. , 1 989) and muskmelon (Hughes et al. , 

1 983) . Studies on tomato showed preferential movement of carbon i nto p roximal 

fru its on a truss compared to distal fruits (Ho et al., 1 983). Several leaves may 

be invo lved i n  assimi late flow into a fruit , but the d i rection of flow to the s ink can 

be very specific ,  such as in citrus. Here ,  the fru it quarter in d i rect vertical 

al ignment with the label led sou rce leaf received the majority of t ranslocated 1 4C 

and conversely, the lowest level of radioactivity was found i n  the fruit quarter 

opposite that a l igned with the source leaf;  leaves other than the sou rce leaf 

contributed to fi l l i ng the other fruit quarters (Koch , 1 984) . 

I n  kiwifru it, the pri ncipal source leaves which suppl ied fruit were those which 

subtended the fruit. The source leaves suppl ied as m uch as 62% of thei r  total 
14C-assimi late exclusively to their own fruit (Lai , 1 987). Smal ler amounts of 14C­

ass imi late also came from some distal leaves via vascular connections which 

l inked the node (n) with the fru it, these connections were with the n ,  n+5 and n+8 

nodes. However, when the shoot was pruned an increased amount (78% of 14C-
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assim i late) came from the subtending leaf plus assim i late from every d ista l  leaf 

(Lai , 1 987) .  Lai ( 1 987) concluded that new vascu lar connections m ay be 

developed after pruning in  response to the need for red i recting assim i lates to s ink  

demands. 

The majority of photosynthates produced by leaves are translocated out of the 

leaf to other  parts of the p lant. The movement of assim i lates from leaves to fru it 

is ·usual ly regarded as being hormonal ly d i rected , s ince growth centres are 

regions of h igh hormonal concentrations (Davison ,  1 990) . Whi lst carbohydrate 

can be transported to kiwifruit over 2 m from the nearest leaf (Snelgar et  al. , 

1 986) , the di rection of flow of photosynthate from the sou rce was normal ly to the 

adjacent si nk (Buwalda and Smith ,  1 990). S imi larly, removal of fruit from se lected 

b ranches of apple trees showed that leaves on non-beari ng b ranches support 

fruit g rowth on neighbou ring branches (Hansen and Christensen ,  1 974) . 

The flow of photosynthates to fru it can be altered by g i rd l i ng. G i rd l ing of the t runk  

o r  a branch of  a fru it tree is a technique which has been used to i ncrease fruit set 

and fru it s ize i n  apple (Priestley, 1 976a, 1 976b) , g rape (Coombe,  1 959) and y ie ld ,  

by 60%, i n  kiwifruit (Davison ,  1 980). I n  th is chapter, g i rd l ing refers to the rem oval 

of a ri ng of bark, thus breaki ng the ph loem connections with the remain ing  parts 

of the vi ne ,  but leavi ng the xylem i ntact (see photograph i n  Davison , 1 980) .  

G i rd l ing a fruiti ng lateral on a kiwifruit v ine isolates the lateral fro m  other parts of 

the vine .  Carbohydrate supply is  restricted by the number of leaves present on 

g i rd led laterals ,  but in ung i rd led laterals carbohydrate can be imported from 

outside the lateral . Consequently, fruit g rowth is  total ly dependent on the supply 

of photosynthate from leaves within that lateral (Lai et al. , 1 989) .  Fruit s ize was 

reduced on  a g i rd led lateral i n  the 1 : 1  compared with the 2 : 1  leaf:fruit ratio 

treatment but was not affected by the leaf :fru it ratio treatment on an u ng i rd led 

lateral (Lai et al. ,  1 989). Fruit size was prog ressive ly reduced as the leaf :fru it rat io 

on g i rd led kiwifruit laterals ranged from 5 : 1  to 1 : 1  (Snelgar et al. , 1 986 ;  Woo l ley 

et al. , 1 992). The min imum leaf:fruit ratio requi red to support maxim u m  fru it 
g rowth in the kiwifruit lateral was 2 : 1  (Lai et al. , 1 989). 
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M any changes occur i n  fru it duri ng maturation ,  inc lud ing i ncreases i n  SSC,  total 

sugar concentrat ion ,  dry matter concentration and fresh weight, and decreases 

in starch concentration and flesh fi rmness (Beever and Hopkirk, 1 990) . A ltering 

the leaf :fruit rat io on  g i rd led laterals i n  addition to i nf luencing fru it weight (Sne lgar 

et al. , 1 986 ; Lai et al. , 1 989 ; Woo l ley et al. , 1 992) also i ncreased SSC (Snelgar 

and Thorp, 1 988) where both were higher on laterals with a h igher leaf:fru it ratio .  

G i rd l ing studies have tended to measure main ly fruit weight but  not other 

changes in the fruit that occur duri ng maturation ,  such as carbohydrate , f lesh 

fi rmness and fruit respi ration .  

In  the present study, g i rd l ing of kiwifruit laterals was used as a too l to man ipu late 

the carbohydrate concentration in fruit to determine whether different 

carbohydrate concentrations affected rate of fru it maturation .  
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4.2 Materials and methods 

Six 'Hayward' kiwifru it vines were chosen i n  the same o rchard b lock at 

Palmerston North as described i n  Section 3. 1 . 1 . On 1 4  January 1 991 , 30 l aterals 

(Fig .  4. 1 )  on each vine were selected , g i rd led and pruned to g ive two d ifferent 

leaf:fru it ratio treatments (1 leaf : 1  fru it or 5 leaves : 1  fru it) . Care was taken to 

ensure that fruit selected were approximately the same size in both treatments. 

G i rd l ing i nvolved removal of a 1 0 mm portion of bark on the lateral closest to the 

vine leader. The appropriate number of fruit and leaves were then removed fro m  
the laterals b y  prun ing to give the requ i red leaf:fruit ratio .  Th roughout the 

experi ment the g i rd led region was recut when necessary to prevent recon nection 

of the ph loem. 

Two fru it from each treatment were harvested from each of the 6 vines on 5 

occasions (21 March (day 0) ,  1 1  Apri l ,  26 Apri l ,  6 May and 1 5  M ay). 
Measurements taken on each fru it were :  SSC, f lesh fi rmness, dry matter and 

fresh weight (Section 2 .2 . 1  ) .  These same two fruit in each treatment were used 

to take samples of outer pericarp and core tissue, where samples from the same 

vine were bu lked and stored for subsequent analysis of starch and total sugar 

concentrations (Section 2.2. 1 ) .  

An  additional 6 fruit per treatment ( 1  per vine) were harvested on each occasion 

for measurement of respiration. These fruit were held i n  a constant tem perature 

room at 20C , and measured at least three t imes duri ng 1 0  days at 20C .  Each 

fruit was placed i n  an airtight 500 ml jar which was open between measurements, 

but sealed before a measurement with a rubber bung fitti ng tightly i nto a ho le 

made i n  the l id .  The jars were flushed with C02-free air then sealed for 

90 minutes, the time necessary for accumu lation of a detectable concentration  

o f  C02 for fruit from both treatments. After this t ime a 1 m l  sample of gas was 

taken from each jar, through the rubber bung,  us ing a disposab le 1 m l  syri nge 

(Monoject Tubercu l in )  fitted with a hypodermic needle (1 5 .9 mm 25 gauge) and 
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Fig. 4. 1 Schematic d iagram of the nomenclature of kiwifru it v ine structure (based 
on Sale and Lyford, 1 990) showing 1 : 1 and 5 :1 leaf:fru it ratios and posit ions of 
g i rd les. 
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i njected i nto a gas chromatograph. After measurement ,  jars were unsealed  u nti l 

the next measurement. 

Carbon d ioxide was measured using a thermal conductivity detector at 60C and 

80 mA current in a Sh imadzu GC SA gas chromatog raph with an Al ltech CTR I 

co lumn (AI Itech catalogue no. 8700) at 30C and hydrogen at a flow rate of 
1 800 m l  sec-1 as a carrier  gas. The Al ltech CTR I column is a dual col u m n ,  the 

outer column (1 .83 m x 6.35 mm) packed with an activated molecu lar s ieve and 

the i nner  column (1 .83 m x 3 . 1 8 mm) packed with a porapak mixtu re. 

4 .2 . 1  Statistical analyses 

A l i near reg ression was used to fit flesh fi rmness data. An exponential equat ion 
was fitted to SSC data. The least significant difference (LSD) test was used to 
separate the differences in starch and total sugar concentrations betwee n  the 

leaf:fruit ratio treatments. 
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4.3 Results 

Leaf :fruit rat io treatments were applied i n  January to fruit of approx imately the 

same size. The treatments had a major effect on fru it g rowth by the fi rst harvest 

i n  March , as fruit i n  the 5 : 1  leaf :fru it ratio treatment were 39 g heavie r  than those 

in the 1 :1 leaf:fru it ratio treatment (Table 4 . 1  ). Fru it in the 5 : 1  leaf:fru it ratio 

t reatment were consistently over 35 g heavier than those i n  the 1 :1 leaf :fru it ratio 

treatment at each harvest. The i ncreases in size during this study were 0 . 1 6  and 

0.27 g day-1 for fruit harvested from the 1 :1 and 5 : 1  leaf :fruit ratio treat ments , 

respectively. 

Table 4 . 1  Fruit weight (g) at each harvest for kiwifruit g rown at two different 
leaf:fruit ratios. 

Fruit weight (g) 

Leaf:fru it ratio Time of measurement (days) 
treatment 

01 21  36 46 55 

1 : 1  47.6 59 .3 55.5 65.6 57.2 
(4.0)2 (4.4) (4.2) (7. 1 )  (3 . 8) 

5 : 1 86.7 94.5 97.3 1 08.5 1 01 .9 
(4. 9) (4.7) (7.4) (5.3) (6 . 6) 

1 Day 0 = 21  March 
2 ±SE (standard error) 

Flesh fi rmness decreased th roughout the study in both t reatments (P:s;0 .05) 
(Fig .  4.2) .  I nitial fi rmness was 1 00.4 N and estimated rate of change i n  fi rmness 

was -0.55 and -0.62 N day-1 for fruit harvested from the 1 :1 and 5 : 1  leaf :f ru it ratio 

treatments, respectively. The i nteraction between leaf:fru it ratio and t ime was not 

sign ificant. 
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Fig. 4.2 F lesh  f i rmn ess (N) of kiwifru i t  g rown at two d ifferent  l e af :fru i t  
ratios .  Regress ion coefficients i n  A.3.9.  
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At the fi rst harvest , d ry matter was over 2% h igher i n  the 5 : 1  than in the 1 : 1  

leaf :fru it ratio treatment. I n  subsequent harvests , d ry matte r  of  fru it from the 

5 : 1  leaf:fruit ratio treatment was 1 .2 to 3 .7 g h igher than in the 1 : 1  leaf:fruit ratio 

treatment (Table 4.2) . Rates of increase in dry matter during the study were 2.0 

and 3.8% day-1 (x1 o-2) for fruit harvested from the 1 : 1  and 5 : 1  leaf:fru it ratio 

treatments, respectively. 

Table 4.2 D ry matter (%) at each harvest for kiwifru it grown at two different 
leaf :fru it ratios. 

Dry matter (%) 

Leaf:fruit ratio Time of measurement (days) 
treatment 

01 21  36 46 55 

1 : 1  1 0.8 1 2.6 1 1 .7 1 1 .6 1 1 .9 
(0.6)2 (0.9) ( 1 . 1 )  (0.6) ( 1 . 2) 

5 : 1  1 2.9  1 3. 8  1 4. 2  1 5.3  1 5. 0  
(0.5) (0 .4) (0.5) (0 .2) (0.5) 

1 Day 0 = 21  March 
2 ±SE (standard error) 

I nit ial SSC was s imi lar for fru it from the 1 :1 and 5 : 1  leaf :fru it ratio treatments 

(Ps0.05 )  (Fig .  4.3) . However, SSC i ncreased faster in the 5 : 1  than the 

1 : 1  leaf :fruit ratio treatment (Ps0.05). Final SSC was 4.9 and 7.9% i n  the 1 : 1  and 

5 : 1  leaf :fruit ratio treatments, respectively. 

Starch concentration tended to be higher in the 5 : 1  than the 1 :1 leaf :fru it rat io 

treatments and higher i n  the core compared to the outer pericarp tissue,  a lthough 

these diffe rences were general ly not significant (Ps0.05) (Fig. 4.4) .  Concentrat ion 

of total sugar tended to be higher i n  the 5:1 than 1 : 1  leaf :fruit ratio treatment i n  

outer pericarp at al l  harvests. I n  core tissue total sugar concentration was simi lar 

i n  both treatments for the fi rst three harvests and subsequently increased faster 
in the 5 : 1 than 1 :1 leaf :fruit ratio treatment. Sugar concentration in the core was 
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general ly g reater than o r  equal to that i n  the outer pericarp at al l  harvests. The 

decrease in starch concentration after the second or th i rd harvest corresponded 

to an i ncrease i n  total sugar concentration. The difference i n  sugar concentration  
between treatments was significant for both the outer pericarp and core t issue at 

the harvests on  6 and 1 5  May (days 46 and 55) (P:::;0 .05) . 

Respi rat ion rates were very variable ,  with no obvious t rends when measured at 

i ntervals after any of the five harvests. Therefore , on ly the mean respiration  rate 

from each t reatment at each harvest has been given (Table 4.3) .  Mean rates of 

respi ration were generally higher i n  the 5 :1 than 1 : 1  leaf :fruit ratio treatments 
throughout the study. 

Table 4.3 Mean respi ration (nmol C02 kg-1 s-1 ) at each harvest for kiwifru it g rown 
at two d ifferent leaf :fruit ratios. 

Mean respi ration 1 (nmol C02 kg-1 s-1 ) 
Leaf:fruit ratio Time of measurement (days) treatment 

02 2 1  36 46 

1 :1  326.0 283.9 330.3 297.6 
(58.2)3 (25.0) (22.0) (20.6) 

5 : 1  368.3 255.8 353.4 432.4 
(41 .3) (4.5) ( 1 9.5) ( 1 8 .4) 

1 Mean of 3 measurements over 1 0 days at 20C 
2 Day 0 = 21  March 
3 ±SE (standard error) 

55 

1 91 . 5  
(1 7.7) 

253.5  
(1 8.5) 

Mean 

286 

333 



1 49 

4.4 Discussion 

I n  previous studies, the weight of kiwifruit on g i rd led laterals increased with an 
increase i n  leaf area (Snelgar et al. , 1 986 ; Sne lgar and Thorp ,  1 988 ;  Lai e t  al. ,  

1 989 ;  Wool ley et  al. , 1 992). Kiwifruit g rown on g i rd led laterals with a 5 : 1  leaf :fruit 

ratio were 62 g (Wool ley et al. ,  1 992) and 52 g (Snelgar et al. , 1 986) heav ier  than 

those fro m  the 1 : 1  leaf :fru it ratio treatments. These differences are s imi lar  to the 

45 g difference at the end of the experiment reported here. I n  other crops ,  for 

example tomato , an increase in leaf area resu lted in a 40% increase i n  the 

volume of fruit (Gustafson and Sto ldt, 1 936). 

Du ring maturation many changes are taki ng place i n  the fru it, such as decreases 

in flesh fi rmness and starch concentration and increases in d ry matter ,  so lub le 

so l ids and total sugar concentrations. There were differences i n  some of the 

ind icators of fruit maturity between the two leaf :fru it ratio treatments. Flesh 

fi rmness decreased i n  this study during the period from end March to mid May; 

which is  s imi lar to the decrease in fi rmness measured i n  other field-grown vines 
(MacRae et al. , 1 989a; Fig . 3 . 1  ) .  

At the end of this study, dry matter i n  the 5 : 1  leaf :fruit ratio treatment was h igher 

than that in the 1 : 1  treatment, s imi lar to the resu lts found in other  kiwifru it studies 

(Snelgar and Thorp, 1 988 ;  Woo l ley et al. , 1 992) .  D ry matter is  a measure of the 

total weight of sol id material in  kiwifruit and is re lated to total carbohydrate 

concentration i n  the fruit (Hopki rk, 1 99 1  ) .  Here ,  total carbohydrate concentrat ion 

is  comprised of both starch and sugar concentrations present in the fruit and both 

were h igher i n  fruit i n  the 5 : 1  than in the 1 :1 leaf :fruit ratio treatment. At the end 

of this study, concentrations of total carbohydrate were 42 and 68 mg g FW-1 i n  

the outer pericarp and 61  and 96 m g  gFW-1 i n  core tissue ,  for the 1 : 1  a n d  5 : 1  

leaf :fruit ratio treatments, respectively. Total carbohydrate concentratio n  a n d  dry 

matter was lower i n  fruit from the 1 : 1  compared to the 5 : 1  leaf :fruit ratio 
t reatment. Hence ,  d ry matter of fruit may be affected by the different 

concentrations of carbohydrate avai lable from the two leaf :fruit ratio treatments. 
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A g i rd led lateral i s  isolated from other parts of the vine so that fru it g rowth is  

totally dependent on the supply of photosynthate from leaves within that l ateral .  

G i rd led laterals with a g reater number of leaves wou ld  potent ia l ly have h igher  

p roduction  of photosynthates and therefore h igher carbohydrate concentration 

avai lable for fruit g rowth and deve lopment than that from u ng i rd led laterals. 

P roduction of photosynthates from a leaf:fruit ratio treatment of 2 :1 was sufficient 

to produce 'export' sized fruit, but a ratio of 1 : 1  was not suffic ient (Lai et al. , 

1 989). The 5 : 1  leaf :fru it ratio treatment i n  this study shou ld ,  therefore p ro duce 

ample carbohydrate for normal fruit g rowth. Kiwifru it in the 5 : 1  leaf :fru it ratio 

t reatment were heavier and the dry matter, SSC,  starch and total sugar 

concentrations were h igher than for fruit in  the 1 : 1  leaf :fru it ratio treatment .  

The pattern of  i ncrease i n  SSC during maturation for fru it from the 5 : 1  leaf :fruit 

ratio treatment in this study was typical of that occurri ng in fru it of fie ld-g rown 

vines, where SSC increased rapidly once a min imum SSC of 5 to 5.5% had been 

exceeded (Reid et al. , 1 982a; MacRae et al. , 1 989a; Beever and Hopki rk, 1 990 ; 

Fig. 3 .2) .  So lub le sol ids concentration was h igher and the rate of i ncrease faster 

in fruit from the 5 : 1 than fruit from the 1 :1 leaf :fruit ratio treatment. I n  other 

studies, fru it on g i rd led laterals had a high SSC which was associated with a h igh 

leaf:fru it ratio (Snelgar and Thorp, 1 988) . Agai n ,  th is  shows that the 5 : 1  leaf :fruit 

ratio treatment provided sufficient assimi lates for fruit to be s imi lar to those from 

ung i rdled laterals ,  where assimi late can be  transported considerable d istances 

around the vine (Snelgar et al. , 1 986) . However, in the 1 : 1  leaf :fru it ratio 

treatment, SSC did not reach 5% even by the end of the study i nd icati ng that the 

quantity of assimi late was l imiting for fru it g rowth and development. Hence, 

accumu lation of carbohydrates wou ld be prevented and consequently SSC wou ld  

not i ncrease to  the same extent as i n  fruit from the  5 : 1  leaf :fruit ratio t reatment. 

P revious studies where different leaf:fruit ratio treatments have been i mposed on  

kiwifru it vines have not measu red starch and total sugar concentrations i n  fru it 

du ri ng maturation .  However, the results from the leaf :fruit ratio treatments i n  th is 

study are consistent with several other types of study; these have shown that 
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du ri ng maturation of kiwifruit the concentration of so luble sugars i ncrease d  and 

that of starch decreased (Wrig ht and Heatherbe l l ,  1 967;  Rei d  et al. , 1 982a; 

MacRae et al. ,  1 989a; Beever and Hopki rk, 1 990 ;  Fig . 3 .3) .  Hydrolysis of  starch 

occurred i n  both leaf :fruit ratio treatments, but the rate of increase i n  total  s ugar 

concentrat ion was h igher in the 5:1 than 1 :1 treatment. This faster rate of 

i ncrease in sugar concentration in  the 5 : 1  leaf:fruit ratio treatment may i nd icate 

that ass imi late is  sti l l  being transported i nto fruit i n  addition  to sugar  from 

hydro lysis of starch. Leaves can provide photosynthates for fru it unt i l  such t ime 

as they beg in  to senesce and abscise (Section 2.4). lt is  possible that sugar 

re leased by starch hydrolysis in the 1 :1 leaf:fru it ratio treatment was uti l i sed by 

priority s inks ,  such as for respi ration ,  instead of remain ing in the fru it flesh as i n  

the  5 :1 leaf :fruit ratio t reatment. 

The core may act as a carbohydrate reserve in kiwifru it. Starch and sugar 

concentrations were consistently found to be h igher i n  core than outer pericarp 

tissue throughout this study, those in Chapters 2 and 3 and others (Hopki rk et al. , 

1 989 ;  MacRae et al. , 1 989a) . lt has been shown that there are a g reater n um ber 

of cel ls contain ing starch in  the core than outer pericarp (Patterson et al. , 1 991 ; 
Gou ld et al. , 1 992 ; Hal lett et al. , 1 992) and hence,  a h igher starch concentration 

than in outer pericarp (Section 2 .4) .  

However, vascu lar tissues i n  the fruit may also determi ne depositio n  of 

photosynthate. There are two networks of vascu lar tissue in fru it which o rig inate 

from the stalk attach ment (Hopping , 1 976) . The outer, dorsal ,  carpel lary bund le 

system spreads along the fruit between the inner and outer pericarp and 

branches i nto the outer pericarp. The i nner, ventral ,  carpe l lary bund le system is 

a ri ng of vascu lar bundles which run longitud inal ly in the outer tissue of the core 

and have d i rect connections to the developing seeds. However, although H opping 

(1 976) found no branches extendi ng from the i nner bund les i nto the central core ,  
14C-Iabe l led sugar accumu lated i n  core tissue (MacRae and Redgwe l l ,  1 990) 

ind icating that sugars in the vascular bundle were transported th rough o ut core 

tissue. Core tissue i n  kiwifruit cou ld act as a reserve of starch as the 



1 52 

concentrat ion i n  the outer pericarp is depleted earl ier  than in the core both u nder 
contro l led condit ions (Chapter 2) and in the fie ld (Chapter  3) .  Carbohydrate 
stored i n  the core may be used for seed deve lopment and g rowth. I n  its n atural 
habitat, kiwifru it re l ies on seed dispersal for p ropagat ion,  therefore resou rces for 
seed g rowth , deve lopment and maturation are a vital part of kiwifru it su rvival as 
a species. Storage of carbohydrate i n  core tissue may play an i ntegral part i n  this 
ro le. 

Rates of fruit respi ration measured i n  this study were simi lar to those reported for 
fie ld-grown kiwifruit (Wright and Heatherbel l ,  1 967 ; Pratt and Reid ,  1 974;  Walton 
and de Jong,  1 990b) ,  container-g rown kiwifruit (Chapter 2) , apple (Jones , 1 98 1  ) ,  
cherry (Po l lack et al. ,  1 961 ) and peach (de Jong et al. ,  1 987) , but were smal l  
compared to respi ration duri ng the cl imacteric (Wright and Heatherbe l l ,  1 967 ; 
Pratt and Reid ,  1 974) . This indicated that the cl imacteric had not been reached 
while the fruit were sti l l  on the vine. 

There was no clear effect of the two different leaf :fruit rat io treatments on  
respi ration ,  even though fruit i n  the 5 : 1 leaf :fruit ratio treatment were 
physio logical ly  more mature than those i n  the 1 : 1  leaf:fruit ratio treat ment. l t  
wou ld be anticipated that fruit in  the 5 : 1  leaf :fruit ratio treatment wou ld reach a 
cl imacteric before those from the 1 : 1  leaf :fru it ratio treatment. lt is  poss ib le to 
estimate the maximum SSC that cou ld be obtained after storage by fru it in the 
two leaf:fruit rat io t reatments. Starch concentration at the end of the stu dy was 
24 and 39 mg gFW-1 in outer pericarp and core tissue,  respect ive ly when SSC 
was less than 5% in  the  1 : 1  leaf:fruit ratio treatment.  Starch concentrat ion was 
34 and 56 mg gFW-1 in outer pericarp and core tissue , respectively i n  the 5 : 1  
leaf :fruit ratio treatment when SSC was 7.9%. Assuming that: 

i ) there is  no further import of photosynthate from leaves due to senescence 
and abscission i n  autumn (Section 2 .4) ,  

i i )  there is  a residual 1 0 mg gFW-1 starch concentration  i n  both outer peri carp 
and core tissue (see Fig. 2. 1 5) ,  

i i i )  the reg ression of  total sugar concentrat ion and SSC for fie ld g rown fruit 
( Fig .  3 .4) can be appl ied to fruit from d ifferent leaf :fruit ratio treat ments, 

iv) the contribution  of sugar from outer pericarp and core tissue is equa l ,  
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v) there is  no net loss of sugar due to respi ration ,  
hydro lysis of the  remain ing starch to sugar wou ld  resu lt i n  a final SSC (equ ivalent 
to eati ng ripeness) of 1 0.6 and 1 7.5% SSC for fruit fro m  the 1 : 1  and 5 :1 l eaf:fruit 
ratio treatments , respectively. Fru it with a final SSC of 1 0 .6% are un l i ke ly to be 
of acceptable eating quality as they lack the sweetness and flavou r  components 
compared to fruit with h igher SSC. A predicted SSC of 1 7.5% for fruit from the 
5 : 1 leaf :fruit ratio treatment i ndicates that the above assumptions are p ro bably 
reasonable as other researchers have recorded maximum concentrat ions of 1 6% 
in  kiwifruit (Wright and Heatherbel l ,  1 967 ; Beever and Hopkirk, 1 990 ; M itche l l  et 

al. , 1 992) . 

There are several ways of altering the carbohydrate concentration avai lab le for 
fruit g rowth and development, including manipulati ng the leaf :fruit rat io  o n  a 
g i rd led kiwifruit lateral or  shading of kiwifruit vi nes (Snelgar and Hopki rk, 1 988 ; 
Snelgar et al. , 1 991 ) and apple trees (Jackson et al. , 1 971 ; Jackson and Palm er, 
1 977; Campbel l  and Marin i ,  1 992) .  Shaded leaves produce less photosynthate 
than unshaded leaves ,  thus s imulati ng the effect of the ass imi late shortage i n  fruit 
on a g i rd led lateral with a low leaf :fru it ratio. Fru it size was reduced by 24 and 
37 g when apple trees were shaded by 34 and 1 3% of fu l l  sun l ight compared to 
those that were unshaded , respectively (Jackson et al. , 1 971 ). I n  kiwifru it mean 
fru it weight was reduced by 1 4  g on vines which received 45% of fu l l  sun l ight 
compared to . unshaded vines (Snelgar and Hopki rk, 1 988) . The fruit size of both 
apple and kiwifru it was reduced by shading , s imi lar to fru it in g i rd l ing t reatments 
with a low leaf:fruit ratio. The dry matter of apple fruit was reduced by 4 and 1 0 g 
when shaded by 37 and 25% compared to unshaded t rees (Jackson et al. , 1 977). 
So lub le sol ids concentration decreased with i ncreased shading in both apple 
(Campbel l  and Marin i ,  1 992) and kiwi fru it (Snelgar et al. , 1 99 1  ) ,  sim i lar to  SSC 
in kiwifru it from the 1 : 1  compared to 5:1  leaf :fru it ratio treatment. Starch 
concentration in apple fru it was higher when trees were unshaded compared to 
the shaded treatments of 34 and 1 3% of fu l l  sun l ight (Jackson et al. , 1 977). 
Respi ration was h ighest in unshaded apple fruit and lowest i n  heavi ly shaded 
fruit, simi lar to the present study on kiwifru it (Jackson et al. , 1 977) . The low 
respi ration  rate in fruit from heavi ly shaded apple trees may have been partly due 
to the low level of carbohydrate in these fruit (Jackson et al. , 1 977) . 
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I n  th is study, the reduced quantity of photosynthate i n  fru it fro m  the 1 : 1  l eaf :fru it 

ratio treatment resu lted in fru it where i ncrease i n  SSC did not appear to have 
been i nduced. Sal inger and Morley-Bunke r  ( 1 988) clai med that SSC increased 

l inearly with a decrease in temperatu re once a threshold concentration of 5 to 

5 .5% had been exceeded. Further definition of this response was shown i n  

Chapter 2 where fru it SSC i ncreased on ly once a m in imum SSC (6.0% in  

container-grown vi nes) had been exceeded. I n  the current study, SSC on 1 5  May 

in the 1 :1 leaf:fru it ratio treatment was less than 5%, that is ,  less than the 

th reshold SSC. The concept that there may be two components of SSC which 
i ncrease d ifferent ia l ly during maturation has been i ntroduced previously and is 

d iscussed further i n  Chapter  6. lt has been suggested that a basal component of 

SSC is present from fruit set whi le a maturation component is  induced during 

maturation .  lt i s  possible that carbohydrate concentration per se i nf luences 

maturation ,  in that a specific carbohydrate concentration has to be exceeded i n  

the  fru it before maturation can proceed. However, i t  is  also l ike ly that there is  an 

i nternal g radient of carbohydrate within each fru it which is driven by priority s inks. 

For example, the primary s ink may be for respi ration  essential to m aintain 

metabol ic processes, the secondary sink may be for g rowth, deve lopment and 

maturation of seeds, whi le the th i rd sink may be to support fru it matu ration .  

Hence , fruit maturation cou ld on ly proceed when sufficient carbohydrate is  

avai lable to · fu lfi l the requirements of  fru it for seed deve lopment and fruit 

respi ration .  

In  conclusion ,  g i rd l ing laterals on kiwifruit to g ive two different leaf:fru it ratio 

treatments did alter carbohydrate concentration and affect rate of fruit maturation .  

Carbohydrate concentration was h igher in  fru it from the 5 : 1  than 1 : 1  leaf :fruit ratio 

treatment. Fru it in the 5 : 1  leaf :fru it ratio treatment matured sim i larly to fruit from 

ung i rd led vi nes whereas increase in SSC in fru it from the 1 :1 leaf:fru it ratio 

treatment was de layed. lt is  possible that there is insufficient sto rage 

carbohydrate (starch) i n  outer pericarp and core tissue from the 1 : 1  leaf :fru it ratio 

treatment for normal fruit matu ration. lt has been proposed that core tissue acts 

as a reserve tissue for starch in  kiwifruit. 
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CHAPTER 5 

DEVELOPMENT OF A MODEL TO DESCRIBE I NCREASE I N  SOLUBLE 
SOLIDS CONCENTRATION IN  KIWIFRUIT 

5.1 Introduction 

The abi l ity to predict events such as harvest date of crops can al low more 
effective schedu l ing of harvesting and processing operations (McPherson et al. ,  

1 979) . Tim ing o f  harvest wi l l  be  affected by  the cl imate experienced by  the crop 

during g rowth and maturation ,  in particular temperatu re ,  solar radiat ion and 

rainfa l l .  Of these, temperature has been shown to have an i mportant i nf luence on  

p lant g rowth and pheno logy (McPherson et  al. ,  1 979) .  Li near re lat ionships 

between temperature and crop g rowth have common ly been used both i n  

horticu ltu re and agricu lture to predict harvest date , such as i n  apple (Bianpied, 
1 964) , guava (Bittenbender and Koybayashi , 1 990) , pear (Lombard et al. , 1 971 ) 
and sweetcorn (Brooki ng and McPherson ,  1 989) . I n  kiwi fru it, Sal inger and M orley­

Bunke r  ( 1 988) and Snelgar et al. (i n prep.) predicted a l i near i ncrease i n  SSC 

with a decrease i n  temperature. However, if the change in SSC with tem perature 

is  not l i near over the range of temperatures experienced by the vine du ri ng  fru it 

maturation ,  such models wi l l  be of l im ited value.  

A quantitative model  to predict changes of fru it SSC in response to a wide range 

of temperatu res is desi rable. Prediction of harvest date i n  commercial o rchards 

wou ld benefit the New Zealand Kiwifruit Marketing Board as wel l  as g rowers ,  

packagi ng companies, shippers and al l ied support industries as they currently 

operate with considerable uncertainty regardi ng the t im ing of the harvest period.  

P rediction  of harvest date requires development and testing of a suitable  

quantitative model for SSC accumulation. I n  very general terms,  a mode l  i s  an 

analogue of the system being studied (Be l l ,  1 98 1  ) . Two types of mathematical 
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models are used i n  research ; mechanistic and empi ri cal (Thornley, 1 976). 

Mechanist ic models are used when the nature of responses of a bio log ical 
system are u nderstood. In such models ,  parameters have b io logical m eaning.  

With empi rical models ,  data are col lected and equations are derived and fitted to 

data to form the model .  Empi rical models redescribe the data and are often a 

convenient method to summarise a large quantity of data. However, the re i s  no 

clear divid ing l ine between these two approaches and most models contain both 

mechanistic and empi ri cal  e lements. 

Empirical models are often used to re late p lant developmental events to 

envi ronmental conditions ;  developmental processes are complex and responses 

to envi ronmental conditions are subtle and diverse. Under these ci rcum stances, 

it is  extremely difficult to construct mechanistic models which l i nk phys io log ical 

mechanisms to envi ronmental factors (McNaughton et al. , 1 985). 'Growing 

degree-day' and 'heat-sum'  models are examples of enti re ly e mpiri cal 
approaches where no attempt is made to assign physiological s ignificance to the 

model (McNaughton et al. , 1 985) . In these models,  i t  is  usual ly assumed that 

there i s  a l i near re lationship between rate of development and temperatu re 

between defined maximum and min imum temperatu re l im its , and that no 

deve lopment occu rs below a certain base temperature (Warrington and 

Kanemasu , 1 983 ; Brooking and McPherson ,  1 989). 

Timi ng of a particu lar phenological event can be determined by i ntegration  of 

dai ly heat-sums to some critical value. A min imum temperatu re of 1 1  C and 

maximum temperature of 28C was used in a l i near model to predict tasse l l i ng 

and anthesis i n  maize (Warrington and Kanemasu , 1 983). A l i near deg ree-day 

model with a base temperature of 6C accounted for 89% of the variatio n  i n  c rop 

duration  (sowing to harvest) of  sweetcorn g rown in three reg ions of New Zealand 

(Brooki ng and McPherson ,  1 989). A base temperature of 1 5C was u sed in a 

g rowing degree-day model to predict harvest dates of guava i n  the Hawai ian 

is lands (Bittenbender and Koybayash i ,  1 990) . A s imi lar base temperature m ode l 

was used to predict harvest dates of several apple cu ltivars i n  fou r  locations i n  
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Europe (Kronenberg ,  1 988). A model based on heat-sums plus sunshine  hours 
from 1 Apri l to harvest was used to estimate sugar concentration of g rapes at 

harvest (Chudyk et al. ,  1 979). 

Other  empi rical models centre around a notional state of plant development that 

p rog resses continuously i n  t ime ;  for example it might be assumed that there is  

a unique relationship between current rate of p lant deve lopment and current 

temperature (McNaughton et al. , 1 985). These mode ls have a conceptual l i nk  to 

physio logical mechanisms and are therefore supe rior  to completely e m pi rical 

models,  such as that used by McPherson et al. ( 1 985) to determine effect of 

temperature on rate of development of pigeon pea ( Cajanus cajan (L.) M i l lsp . ) .  

The on ly existing models for SSC accumu lation i n  kiwifru it are empirical ones 

based on a l i near i ncrease i n  SSC with a decrease in mean tempe rature 

(Sali nger and Morley-Bunke r, 1 988;  Kempler et al. ,  1 992;  S nelgar et al. , i n  p rep.) .  

The model was on ly appl ied when SSC was greater than 5%; when less than 5% 

SSC, changes did not appear to be contro l led by temperatu re (Sal i nger  and 

Morley-Bunke r, 1 988) . However, Snelgar et al. ( in prep. )  found that the l inear 

model was not appropriate as it did not consistently predict increase i n  SSC 

between o r  with in seasons. For example, prediction of  rate of  increase in  SSC 

between 5 .0  and 6 .5% SSC resu lted i n  an R2 of 0 .73 in 1 981  and 0.48 in 1 982. 

As the re lationship between SSC and temperatu re has been  shown to be 

curvi l i near, th is lack of consistency through use of an inappropriate model i s  not 

u nexpected. 

In th is chapter, deve lopment of a physiologically-based empiri cal model to relate 

changes in SSC to temperature is described. There are two phases i n  th is 

p rocess ; fi rst, development of the model and second,  test ing of the mode l .  I n it ial ly 

the model was deve loped from two contro l led envi ron ment experiments with 

container-grown kiwifruit vines exposed to d ifferent temperature treatments. The 

model was then tested using data from the same popu lation of container-g rown 

vines, but g rown outdoors i n  a sheltered site at Palmerston North ,  and also on 
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data from fie ld-grown vi nes g rown at various reg ions th roughout New Zealand. 

I n  al l of these cases a conti nuous time cou rse of temperatu re was avai l ab le .  

However ,  on ly dai ly maximum and min imum temperatu res a re avai lable in many 

p ractical situations. The model  was therefore modified so that dai ly maxim u m  and 

min imum temperatures cou ld be used to p redict the i ncrease i n  SSC i n  field­

g rown vines. Use of the model to predict harvest date of kiwifru it i n  o rchards at 

different geog raphical regions in  New Zealand is i l l ust rated. 
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5.2 Materials and methods 

Solub le sol ids concentration data col lected from the fo l lowi ng studies were used 

in development and testi ng of models to predict harvest date of kiwifru it ,  based 

on SSC. Contai ner-grown vines piaced i n  contro l led environments d u ring 
Experiments 1 and 2 (Section 2.2) were used i n  i nit ial development of  the model .  

The temperatu re treatments i n  Experiment 1 were 1 8/4, 1 8/8 , 1 8/1 2 and 1 8/1 6C 

and i n  Experi ment 2 were 1 4/8 , 1 8/8 , 1 4/1 2 ,  22/8 , 26/8 and 22/1 2C. The model  

developed was tested on contai ner-grown vines selected from the same 

popu lation  as those in the contro l led envi ronment treatments but g rown in the 

sheltered outdoor site , and on field-grown vines i n  o rchards at both Pa lmerston 

North and Riwaka. For vines at Pal merston North and Riwaka where tem perature 

records were complete and those at Kerikeri and Te Puke, where conti nuous 

temperature records were i ncomplete due to operational p roblems with data 

loggers (Section 3.2) ,  a model using dai ly maximum and min imum temperatu res 

was deve loped and tested. The maximum/min imum model was also tested on 

data from fie ld-g rown vines at Te Puke and Riwaka col lected i n  1 981 . 

Air  temperatures were recorded i n  the she lte red s ite and at each o rchard as 
30 minute averages using thermistor probes coupled to Campbel l  Scientific CR21  

data loggers ;  the  loggers were also programmed to record dai ly maxim u m  and 

min imum temperatu res (Section 3.2.2) .  Temperatures in  the she ltered s ite and 

o rchards were recorded below the canopy (1 .3 m above g round) withi n a louvred 

screen (Henshal l  and Snelgar, 1 989) ; al l  analyses were based on these 

temperatu res. Temperature recordings were not made unti l  day 7 i n  the she ltered 

site in Experi ment 1 .  Temperature records for the sheltered site and each o rchard 
are g iven i n  Appendix 4 .  

The mathematical basis for the work in  th is chapter is  g iven i n  Append ix 5 .  SAS 

and NAG (Numerical Algorithms Group Ltd . ,  NAG Central Office, Mayfie ld  House,  

256 Banbury Road , Oxford , OX2 ?DE, UK) were used for analysis  of data 

throughout this chapter, along with appropriate purpose-written p rograms i n  
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FORTRAN. Constraints were imposed on the power-law model i n  Experiment 1 
to prevent computations becoming negative , resu lt ing i n  non-convergence of the 

non l inear procedure (thus standard errors were not obtained in Fig. 5 .5) . 

A logistic equation was used to describe accumulation of SSC duri ng kiwifruit 

maturat ion i n  the experiments in Chapters 2 and 3. However, on ly the fi rst part 

of the logistic curve (up to 1 2% SSC for contai ner-grown vines) was chosen for 

deve lopment of the model (Fig . 5 . 1 ) .  This portion  of data was selected as being 

appropriate to fie ld prediction where the nature of the f inal asymptote is i rre levant. 

Hence ,  data fro m  Experiments 1 and 2 were truncated to i nclude SSC up to a 

maximum of 1 2% and used i n  subsequent work i n  this chapte r. Commercial ly, 

fru it are harvested at or above 6 .2% SSC therefore, for any predicted harvest 

date fru it must have SSC at or above the min imum of 6 .2%. Soluble sol ids 

concentrat ion in fru it from container-grown vines was approximately 1 .5% h igher  

than that i n  fru it from fie ld-grown vines at a s imi lar stage of  maturity, but i n  a l l  

other respects these fruit mature simi larly to  those from fie ld-grown vi nes (cf. 

Chapters 2 and 3) . 

The focus i n  th is study was to develop a physiological ly motivated model rather 

than testing the statistical s ignificance of a model .  Conventional non l inear, least 

squares statistical techniques were used to fit models to data. When the model 

is  non l i near, a number of tests such as the F-test used for reg ression and lack 

of fit used in l inear reg ression are no longer val id (Draper and Smith ,  1 966). 

Alternative methods exist but requ i re special ist knowledge. The usual procedure 

adopted by b io logists was used here ,  that is, to use models based on m in im is ing 

the residual sum of squares and to determine the re lative physio logical p lausibi l ity 

of candidate models. Once suitable parameters for the temperatu re-dependent 

rate function had been determined from contro l led envi ronment studies,  these 

were used for the remain ing fits to data from different orchard locations.  I n  

addition ,  the partial rate coefficient ,  fitted by min imis ing the residual  s u m  of 

squares, was used to refine the fit of the model to each o rchard location. 
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Fig .  5 . 1  Soluble sol ids concentration (%) of container-g rown kiwifruit 
d u ring  m atu ration .  Sol id l ine shows sol uble sol ids concentratio n  u p  to 
1 2o/o, taken from part of the logistic fit used in  Chapter 2. 
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5.3 Results and discussion 

5.3 .1 Model development 

Empi rical models 

I n  th is section ,  increase i n  SSC with mean temperature i s  described fi rstly by use 

of a l i near model and secondly by calcu lation of rate coefficients. 

A descriptive approach to i nterpreting the rate-temperature relationship is to p lot 

the mean rate of change of SSC against mean temperatu re (f) (Fig. 5.2 ,  from 

Fig .  2 . 1 9) .  Here , a l i near re lationship between rate of change of SSC and 

temperature is  impl ied.  The mean rate is 

where R = mean rate of change in SSC (% day-1) 

S1 = SSC (%) measured at t1 
S2 = SSC (%) measured at t2 

t1 = time (day) of measurement 1 

t2 = time (day) of measurement 2. 

Rates of change in SSC were estimated for the period of rapid i ncrease in SSC,  

which occurred during the final 35 days of  Experiment 1 and final  33 days of 

Experiment 2 (Fig. 5.2). For example , the mean rate for the 1 8/4C tem perature 

t reatment i n  Experiment 1 is 

R 
= 

1 4.9 - 1.s 
56 - 21 

= 0.21 
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Fig.  5 .2  Mean rate of change in  soluble sol ids concentration  (0/o d ay-
1
) of 

kiwifru it d u ring matu ration i n  control led envi ronments at d ifferent 

m i n i m u m  temperatures (C) (Experiment 1 )  or d ifferent m axi m u m  and 

m i n i m u m  temperatu res (Experiments 2 and 3) , from Fig .  2 . 1 9 .  

Regression equation is R = 0 .308 - 0 .0 1 1 7  T (R
2 

= 0 .75) . 



The fitted equation for a l l  the temperature treatments (from Fig. 5.2) is  

R = 0.308 - 0.01 1 7  T 

where R = mean rate of change i n  SSC (% day-1) 

r = mean temperature (C) i n  treatment. 
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However, such a s impl istic approach should be treated with caution because on ly 

about half of the total data set was used , whereas it wou ld be preferab le  to 

i ncorporate the complete data set i nto a model .  Use of selected data sets such 

as mean rate of increase i n  SSC (Fig. 5.2) , n ight temperatu res on ly (Wal l ace and 

Enriguez, 1 980) o r  d ivision of temperatu re records i nto n ight and day 

temperatures (Robertson ,  1 968) lead to very empirical  equations and underlying 

physio logical processes of p lant deve lopment are obscure (McNaughton et al. , 

1 985) . 

An alternative approach that uses more data is to fit cuNes, derive rate 

coefficients and then p lot these coefficients against mean temperature . A rate 

coefficient is  the proportionality relationship between rate of i ncrease i n  SSC and 

SSC itself. A high value  impl ies a rapid i ncrease in SSC at a fixed temperature 

and a low value a s lower i ncrease in SSC. Rate coefficients (hi) were obtained 

for mean temperatures from the whole data set for Experiments 1 and 2 (Figs 5 .3 

and 5 .4) us ing an exponential equation of the form of equation (2) i n  A.5 . 1  fitted 

to each data set. For example , in the 1 8/4C temperatu re t reatment ( 1 1 C m ean 

temperature) of Experiment 1 

S(t) = 6.2 so.o13 t 

where S(t) = SSC (%) at a particu lar t ime, t 

6 .2 = SSC (%) at i ntercept 

0.0 1 3 = rate coefficient (days-1 ) 

t = ti me (days) . 

This analysis showed that highest values of rate coefficients occu rred at the 

coolest mean temperatures and that rate coefficient values decreased l i nearly as 
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Fig . 5 .3  Rate coefficient (h) values for the changes in soluble so l ids 
concentration of kiwifru it obtained by fitting exponential eq uations,  from 
different temperatu re (C) treatments (Experiment 1 ) . Mean ±SE. 
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concentration of  kiwifruit obtained by fitt ing exponential equ at ions 
(Experiment 2) . Different symbols i ndicate mean tem perature (C) was 
derived from different combinations of m axi m u m  and m i n i m u m  
temperatu res. Mean ±SE. 
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temperature i ncreased to a mean of 1 7C (Figs 5 .3 and 5 .4) .  Whi le this approach 

uses the whole data set, use of mean temperatu res may not be a usefu l 

summary of the temperature response as variat ion i n  temperature between 

m in imum and maximum temperatu re is  ignored i n  the fitti ng . However ,  the use 

of mean temperatures is  satisfactory if the rate of development varies l i near ly with 
temperatu re .  I f  the response is non l i near, there are two parts to consider ;  fi rstly ,  

the re lationship between the rate coefficient and temperature and second ly ,  the 

t ime cou rse of temperature (temperatu re variation with time). 

I mproved model 

P lotting rate coefficients agai nst mean temperatu re (Figs 5.3 and 5 .4) i s  a 

descri ptive approach which may not accurate ly reflect the underlying rate­

temperature re lationship. To achieve this, a re lationship is requ i red which l i nks 

the descriptive models and the physio logical processes i nvolved i n  fru it g rowth 

and matu ration (A.5.3) .  I n  general ,  once fru it have commenced maturat ion then 

the rate of change i n  SSC might be expressed as 

dS = F(S T) 
dt 

, 

where F = function re lating rate of change i n  SSC to S and T 

S =  SSC (%) 

T = temperature (C). 

This equation i mpl ies that SSC accumulation is  a function of both current SSC 

and temperature. The theory behind th is  equation was developed for analysis of 
biochemica l  systems (A.5.3) . lt is therefore possible to justify the p rocesses 

i nvolved in SSC changes,  such as sugar accumu lation ,  starch synthesis and 

hydro lysis ,  water exchange and changes i n  dry matter content i n  the fruit ,  as 

these processes are the result of biochemical reactions. This theory suggests the 

funct ion (F) can be spl i t  (A.5.3) so that 



. .  
dS = g(T) f(S) 
dt 

where g(T) = temperatu re-dependent rate function 

f(S) = state-dependent physiological response function .  
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The rate of SSC accumu lation is  determined both by the temperatu re-dependent 

rate funct ion and a function of the current SSC present. Examples of this 

equation are g iven i n  A.5 .3 ,  for example, equation (23). 

State-dependent physiological response function 

I n  fru it from container-g rown vines, i ncrease i n  SSC (the state-dependent 

physio log ical response function) up to 1 2% is positive ly cu rvi l i near with t ime 

(Fig .  5 . 1  and Chapter 2). The exponential model described earl ier  is  the s implest 

form avai lable to account for this change and it i s  widely used to describe 

curvi l i near i ncreases i n  data (Fig. 4.3). However, two other models were also 

examined ;  the base + exponential and power- law models. Each of these m odels 

can be re lated to the logistic equation used in previous chapters (A.5. 1  and 

A.5.3) .  In the base + exponential model a basal level of SSC is subtracted from 

every measurement. The power-law model is  also si m i lar to the exponential 

equation but raises each SSC measurement to a power. The latter  two models 

g ive flatter curves than the exponential mode l ,  which may be an advantage as 

increase i n  SSC is s low up to 5% in  field-grown vines (e.g . Fig. 3 .2) .  

Soluble sol ids concentration may be separated i nto two components cal led 

'basal' and 'maturation' SSC (A.5.2 and Chapter 6). Basal SSC is present from 

fru it set and throughout fru it development,  whereas the maturation component 

beg ins at some point during development and accou nts for the increase i n  SSC 

du ri ng maturation .  l t  is  possible that changes i n  SSC with development may be 

genetical ly determined, where basal SSC is regu lated by one g roup of genes, 

whi le matu ration SSC is determined by a separate g roup of genes activated 

duri ng maturation .  Evidence for induction of genes coding for SSC has been 

found in tomato (Lincoln et al. , 1 987 ; Linco ln and Fischer, 1 988a) .  
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Both the magn itude of the basal component and tim ing of the inductio n  of the 

maturat ion component may vary from year to year (A.5 .2) .  I n  Experiments 1 ,  2 
and 3 ,  SSC i ncreased fastest with cool temperatu res, whereas i n  Experiment 4 

and the fi rst temperature perturbation i n  Experiment 5 ,  SSC was not affected by 

any temperature treatment imposed (Figs 2 . 1 7  and 2. 1 8) .  I n  Experiments 1 ,  2 

and 3 where SSC was i nfluenced by the temperatu re t reatments (F igs 2 .5 ,  2 .7 

and 2 . 1 3) i t  is assumed that fru it had reached a sufficient stage of matu rity for the 

maturat ion component to be induced. I n  contrast, i t  was assumed that f ru it in  
Experiments 4 and 5 were too immature for the maturation component to be 

induced by low temperatu res (Section 2.4) .  Accordi ng ly fru it were not responsive 

to the temperatu res imposed in the different treatments. Treatments in the 

contro l led environment rooms may have begun either before (Experiments 4 and 

5) or after (Experiments 1 ,  2 and 3) the maturation component had been i nduced 

(A.5.2) .  

Temperature-dependent rate function 

The temperatu re-dependent rate function was defined using the discrete-rate 

method of McNaughton et al. ( 1 985) (A.5 .4). This is a physio logical ly based 

approach used to determine the effect of temperature on rate of SSC 

accumu lat ion i n  kiwifruit by al lowing assessment of the rate-tem peratu re 

re lationship without any constraint on the form of the plant response 

(McNaughton et al. ,  1 985). The discrete-rate approach i nvolves divid ing the 

temperature regime to which p lants were exposed du ri ng maturat ion i nto d iscrete 
classes (Tables 5 . 1 and 5 .2) .  The mean value of the rate-coefficient function  

applying to  each c lass was determi ned (hence use o f  the term 'discrete rates' ) .  

Values of the rate-coefficient function were obtai ned by simu ltaneously fitt ing an 

equation to each of the treatments in  an experiment. For example,  us ing  data 

from Experiment 1 (Table 5 . 1 )  and the exponential model (equation (30} , A.5 .4) ,  

the fol lowing equations were derived for the different temperature t reatments , 

where �. hg1, hg2, hg3 and hg4 are determined by non li near least-squares 

regression :  
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Table 5 . 1  Fraction of time spent i n  each temperature (C) class i n  t reatments i n  
Experiment 1 .  

Temperatu re Temperatu re classes (C) 
(C) 

4-8 8- 1 2  1 2- 1 6 1 6- 1 8 max./min .  

1 8/4 0 .286 0 .286 0 .286 0 . 1 43 

1 8/8 0 .000 0.400 0 .400 0 .200 

1 8/1 2 0. 000 0 .000 0.666 0 .333 

1 8/1 6 0 .000 0 .000 0.000 1 .000 

Table 5 .2 Fraction of  time spent in  each temperatu re (C) class i n  t reatments in  
Experiment 2 .  

Temperatu re Temperatu re classes (C) 
(C) 

4-8 1 2-1 4 1 4-1 8 1 8-22 22-26 max./min .  

1 4/8 0 .666 0.333 0 .000 0.000 0 . 000 

1 8/8 0 .400 0.200 0 .400 0 .000 0 . 000 

1 4/1 2 0 .000 1 .000 0 .000 0.000 0 .000 

22/8 0 .286 0. 1 43 0.286 0 .286 0 . 000 

26/8 0 .222 0 . 1 1 1  0. 222 0 .222 0 .222 

22/1 2 0 .000 0.200 0 .400 0 .400 0 .000 
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S1 ( t) = s o exp ( (0.286 hg1 + 0.286 hg2 + 0.286hg3 + 0.143 hg4) * t) 

S3 ( t) = s o exp ( ( 0.666 hg3 + 0.333 hg4) * t) 

where Sdt) = SSC (%) for 1 8/4C temperatu re treatment at a particu lar t ime,  t 

Sz(t) = SSC (%) for 1 8/SC temperature t reatment at a particular t ime,  t 

Ss(t) = SSC (%) for 1 8/1 2C temperatu re treatment at a particu lar  time, t 

Sit) = SSC (%) for 1 8/1 6C temperatu re treatment at a particu lar time,  t 

� = in itial SSC (%) 

hg = discrete rates when equations were s imu ltaneous ly fitted to data 

(day-1 ) 
hg1 = 0.022 (day-1 ) for 4-1 8C temperature class 

hg2 = 0 .024 (day-1) for 8-1 8C temperatu re class 

hg3 = 0.01 3 (day-1 ) for 1 2- 1 8C temperatu re class 

hg4 = 0.01 0 (day-1) for 1 6-1 8C temperatu re class 

t = time (days) . 

A s imi lar approach was fol lowed for the base + exponential and power- law 

models (A.5 .4). 

Rate coefficients fro m  the discrete-rate method (Fig. 5 .5) formed different shaped 

curves from those plotted using the rate coefficient values derived from mean 

temperature (Figs 5 .3  and 5.4). The rate coefficients from the exponential ,  base 

+ exponential and power- law models all decreased with an increase in  

temperatu re above 1 2C and there was a trend for  a reduction below BC 

(Fig .  5 .5) , i ndicating a curvi l i near response of  SSC with temperature. Although the 

shape of the histog rams were s imi lar for the three different models, actual  values 

of the rate coefficients were different. The coefficients for the power- law model 

were an o rder of magnitude smal ler than those for the exponential and base + 
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exponential models due to the different algebraic structure of the equation (A.5 .4) .  

Examples of the discrete-rate fits for Experiment 1 are g iven i n  Fig . 5 .6 .  

The whole data set was used to obtain the h istog rams i n  F ig  5 .5  which are 

discrete versions of the temperatu re-dependent rate function .  I n  gene ra l ,  the 
d iscrete-rate approach i ndicated that SSC accumulation was curvi l i near  with 
temperatu re .  A continuous description of the temperature-dependent rate f unction  

is requi red i f  these rate functions are to  be  appl ied to continuous temperature 

records from field envi ronments. 

Fitting a temperatu re-dependent rate function 

The patterns of  the discrete-rate coefficients i n  F ig .  5 .5 suggest that a s uitable 

function should rise from zero at OC to a maximum around 1 OC, before fal l i ng  to 

near zero at about 24C. 

Theory developed by Johnson and Thorn ley (1 985) has been used as a b asis for 

the rate-coefficient function (A.5.5) . An equation was deve loped descri bi ng the 

temperature response of plant processes by combi n ing the Arrhenius equation  
for chemical reactions (initial exponential phase o f  the curve) and  t he  Bo ltzmann 

enzyme distri bution function (loss of activity at h igher temperatures) (Fen g  et al. , 

1 990). The modified Arrhenius equation is as fol lows : 

Ae-a!K 
g(K) = 

1 + Be -b/K 

where g = rate function (dimension less) 

K = temperature (Kelvi n) 

A =  constant (dimension less) 

a =  constant (Kelvin) 

8 = constant (di mension less) 

b = constant (Kelvin ) .  
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I n  this thesis the equation has been written in  terms of degrees Celsius (A.5 .5) .  

The modified Arrhenius equation has been used to est imate tempe rature­

dependent rate functions for g rowth rates of bacteria (Johnson and Thorn ley, 

1 985) , leaf g rowth and shoot dry matter changes in spring wheat (Feng et al. ,  

1 990) and  colou r changes in  apples (Dixon ,  1 993) . The  temperature response 

descri bed by this equation was zero at OC , increased to reach a peak at 

i ntermediate temperatu res and then declined at h igher temperatu res. Therefore , 

this approach appeared to be suitable for describing changes in  SSC with 

temperature in kiwifruit. Equation (35) (A.5.6) describes the whole curve for the 

exponential model even though the integral i n  this equation cannot be evaluated 

algebraically. 

There were several steps involved in fitti ng the modified Arrhen ius equation to 

data as outl ined below. I n  addition ,  a su itable form of the state-dependent 

physiological response function needed to be selected from one of the 

exponentia l ,  base + exponential and power-law models. A combined data set 

from Experiments 1 and 2 was used as there were i nsufficient data i n  each 
experiment alone ; s imu ltaneous fits of each model to all treatments in both 

experiments were then carried out usi ng a combination of numerical i nteg ration 

in  conjunction with a non linear fit (A.5 .6) .  The temperatu re-dependent rate 

function was found for each of the exponentia l ,  base + exponential and power-law 

models and then modified by 

i) i ncluding a year-dependent rate coefficient and 

i i )  rescal i ng of the temperatu re-dependent rate function .  

These steps wi l l  now be described in  more detai l .  

To account for the possibi lity that rate coefficients varied between the two 

experiments, a year-dependent rate coefficient was included when the model was 

fitted to the combined data set (A.5.6) .  This coefficient is the combinatio n  of the 

year-dependent rate coefficient (h) and the mu ltipl icative coefficient (A) from 

modified Arrhenius equation (A.5.6) .  The product of these two parameters (h;A) 
al lows for the different physiological responses between years to be taken into 
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account. Parameters were obtained by fitting the modified Arrhenius equ at ion in  

combi nation with each of  the exponential , base + exponential and power- law 

models (Table  5 .3) .  An example of the modified Arrhenius equatio n  with 
coefficients is given for the base + exponential model for Experi ment 2 

ds -0.72/T 
- = 0.035 ( S - 4.03) 

8 
; S0 = 5.77 

dt 1 + 47.05 8 -5B.B8{T 

where 0.035 = (h�) 

S = current SSC (%) 

T = temperature (C) 

SO = i n itial SSC (%). 

Separation of this new year-dependent rate coefficient (h�) from the fitted 

temperature-dependent rate function permitted the latter to be fixed across years 

(experiments) (A.5.6) .  Hence ,  the year-independent temperature-dependent rate 

function may reflect the true underlyi ng physio log ical response . At the 

biochemical leve l ,  the shape of temperatu re-dependent rate function m ight be 

explained in  terms of activation and inactivation of specific enzymes in critical 

biochemical pathways. 

The year- independent temperatu re-dependent rate function ,  based on B, a and 

b is : 

8 -0.72t T 
g(T) =-----1 + 47.05 8 -sa.aatr 

The temperatu re-dependent rate function differed accordi ng to the model  used 
for SSC accumu lation (Fig .  5.7). The rate function i ncreased rapidly from zero to 

an optimum at coo l  temperatu res, fol lowed by a near- l inear decrease ,  then a 

s lower decrease approaching zero at warmer temperatu res. This is s im i lar to the 

shape of the curve determined by the modified Arrhenius equation from Johnson 

and Thorn ley (1 985) . 

The rate coefficients from each of the three models were rescaled by d ivid ing al l  
values by the maximum value of the rate coefficient so that g* (T) was scaled to 



Table 5 .3  Fitted parameters ((h;.) , 8, a, b, S0, Sb and a) from the modified Arrhenius equation for the exponential , base + 
exponential and power-law models, where S0 = i n itial soluble sol ids concentration (%) ,  Sb = basal solu ble sol ids concentration 
(%) and a =  power coefficient. 

Parameters 

(h;.) 8 a b so (%) sb (%) a 

Model Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 

Exponential 0 .03 1 0.021 7 1 .81  1 .66 60.02 5 .54 5.41 

Base + 0.037 0 .035 47.05 0.72 58.88 5.71 5.77 2.71 4.03 
exponential 

Power- law 0 .01 3 0 .004 55.83 0.24 62.21 5.64 5 .67 - - 1 .29 1 .70 

-L 
-....,J 
(J) 
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1 .0 at the optimum temperature (Fig .  5 .8) .  Rescaling of the rate coefficient made 
each of the three models s imi lar. The maximum value (9max) for the fitted function 

at the optimum temperature was 0.783, 0.896 and 0 .966 at 7.8, 7.3 and 6 . 8C for 

the exponential ,  base + exponential and power- law models ,  respective ly.  The 

fol lowing equations from A.5.7 show incorporation of the year-dependent rate 

coefficient and scaled temperature-dependent rate function :  

h/ = (hiA) gmax 
where hi* = scaled rate coefficient (days-1) 

hi = rate coefficient (days-1 ) 

i = year 

A =  constant (dimension less) 

9max = maximum value of rate function (dimensionless) . 

g*( T) = g( T) 
gmax. 

where g"(T} = scaled temperatu re-dependent rate function (dimension less) 

g(T) = temperatu re-dependent rate function (dimension less) . 

Contrasti ng temperatu re t reatments (26/8C and 1 4/8C) from Experiment 2 were 

selected to show s imu ltaneously fitted data to the three different models (Figs 5 .9  

and 5 . 1  0) .  lt should be noted that these are two examples from a s imu ltaneous 

fit to 1 0  data sets, therefore the fit of an individual treatment may not be 

particularly good. At 26/8C there was l itt le change in  SSC throughout the 

experiment and the fit of al l  models to the data was almost l i near whi le ,  in 

contrast, SSC at 1 4/8C i ncreased markedly and the base + exponential and 

power- law fits show more curvature in the fit than the exponential mode l .  At this 

stage, it appears that the base + exponential and power- law models a re more 

suitable (as the earl ier part of the curve is flatter) than the exponentia l  model 

(where the cu rve is steeper) for describing changes i n  SSC during m aturation ,  

when judged by eye. lt is obviously preferable to choose one of these models to 

describe the response of SSC to temperatu re over t ime. 
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treatment ( Experiment 2) fitted with the exponential , base + expo nential 
and power-law models .  Parameters in Table 5 . 3 .  
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5 .3 .2  Testi ng the models 

The mode ls developed thus far from contai ner-grown vi nes in  contro l led 

envi ronments were tested on simi lar container-grown vines in  the sheltered site 

and on fie ld-g rown vines in o rchards at different geographical locations  i n  the 

country. Although container-g rown vines had higher SSC than fie ld-g rown vines, 

it was hoped that models describing the state-dependent physio logical response 

function and/or the temperature-dependent rate function cou ld be transpo rted 

from container-grown vines to fie ld-grown vines. However, there are th ree 

possible options :  fi rstly, that the fitted models and parameters apply di rect ly to 

other  data (described above) ; secondly, that the fitted models apply, but new 

parameters are required for the kinetics of SSC accumu lation or  temperatu re­

dependent rate function ;  th i rdly, that a totally different model is requi red  (as 

described in A.5.8) .  

Data from sheltered site 

The fi rst option was tested by assuming that fitted models and parameters apply 

di rectly to other  data. Parameters for each model from the modified Arrhen ius 

equation (Table 5 .3) were applied di rectly to container-grown vines in  the 

she ltered site , where fruit were harvested and measu red at the same tim e  as fru it 

in Experiments 1 and 2 (Figs. 5 . 1 1 and 5 . 1 2) .  The fi rst observation to be used as 

the starting point in the s imu lation was day 7 in Experiment 1 and day 0 i n  

Experiment 2 .  The s imu lated increase in  SSC was simi lar to measured i ncrease 

in SSC for al l  models in Experiment 1 (Fig .  5 . 1 1 ). In Experiment 2, the s imu lated 

i ncrease in SSC was s imi lar to measured i ncrease in SSC for the base + 

exponential and power-law models, but not for the exponential model (F ig .  5 . 1 2) .  

S imu lated SSC from the exponential model increased at a faster rate than 

measured SSC during Experiment 2 and was 1 .5% higher than measu red SSC 

by the end of  the study. 
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The second option was tested by assuming that the fitted models apply, b ut new 

parameters may be requi red for the kinetics of SSC accumu lation or temperatu re­

dependent rate function .  Parameters for the base + exponential model f ro m  the 

modified Arrhen ius equation (Table 5 .3) were used to fit each of the exponentia l ,  

base + exponential and power- law models for data from the she ltered site d u ring 

Experiment 2 (Fig .  5 . 1 3) .  The temperatu re-dependent rate function for each 
model remained as in  Table 5 .3 and the fitted parameters are presented in 

Table 5 .4.  The base + exponential and power-law fits were s imi lar and had more 

curvature than the exponential fit (Fig .  5 . 1 3 ) .  Use of base + exponential 
parameters to fit each of the three models showed that the fit of each model  was 

s im i lar. 

Table 5.4 Fitted parameters (S0, Sb, a and hi) from the base + exponential mode l 
when used to fit the exponential , base + exponential and power-law models 
(Fig .  5 . 1 3) ,  where S0 = in itial soluble sol ids concentration (%) , Sb = basal soluble 
sol ids concentration (%) , a =  power coefficient and hi. = rate coefficient (days-1 ) .  

Model 

so (%) 
Exponential 5 .31  

Base + 5 .71 
exponential 

Power-law 5 .6 1  

Parameters 

sb (%) 

4.89 

a 

2 .79 

1 .64 x 1  o-2 

5 .07 x 1  o-2 

4.53 x 1  o-4 

An example of the equation with fitted coefficients is given for the base + 

exponential model :  

dS = 5.07 x10-2 ( S - 4.89) ( 9 -0.?2/ T  l ;  S0 = 5.71 
df 1 + 47.059 -SS.SS/ T 

-2 * 
where 5 .07 x 1  0 = hi 

S = cu rrent SSC (%) 
T = temperature (C) 
SO =  in itial SSC (%) . 
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Fitting of these parameters resu lted in  a better fit of the data than when 
parameters were transported di rectly from contro l led envi ronments (cf. Fig .  5 . 1 2) .  

Resu lts from the base + exponential and power-law models were sim i la r  and 

appeared to fit the data wel l ,  when judged by eye, whereas the expon ential fit 

was less precise. As the exponential model was the least sensitive on  several 

occasions (Figs 5 . 1  0, 5 . 1 2 and 5 . 1 3) ,  it was discarded. 

In conclusion , the fitted models and parameters from container-grown vines in 

contro l led environments cou ld not be applied di rectly to accu rately pred ict SSC 

(fi rst option)  of fruit from container-grown vi nes in  the sheltered site. When the 

temperatu re-dependent rate function was transported (second option) , the fitti ng 

of some parameters was requi red. Hence the th i rd option ,  of developing  a totally 

different model was not necessary. I n  conclusion ,  the temperature-dependent rate 

function was successful ly transported from contai ner-g rown vines in  contro l led 

envi ronments to container-g rown vines in the sheltered site but new parameters 

were requ i red to adequately describe SSC accumu lation.  The exponential model 

to describe the ki netics of SSC accumu lation ,  however, was discarded in favou r  

o f  the base + exponential and power-law models as these appear more sensitive. 

Data from orchards 

Parameters from the base + exponential and power-law models fro m  the m odified 

Arrhenius equation (Table 5 .3) were fitted to data obtained fro m  two o rchard 

locations (Palmerston North and Riwaka) where temperature records from the 

data logger were complete (Table 5.5) . Both models fitted data fro m  the two 

locations very wel l  (Figs 5 . 1 4 and 5. 1 5) ,  even though measured SSC i ncreased 

faster at Riwaka than at Palmerston North. The fits to data from the base + 

exponential model were vi rtual ly identical to those from the power- law model 

(Figs 5 . 1 0, 5 . 1 2 ,  5 . 1 3 , 5 . 1 4  and 5 . 1 5) ;  the base + exponential model was 

selected for al l  future analyses as only one model is requ i red. 
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Table 5 .5  Fitted parameters from the base + exponential and power-law m odels 
for Pal merston North and Riwaka (Figs 5 . 1 4 and 5 . 1 5) ,  where S0 = in itial so lub le 
sol ids concentration (%) , Sb = basal soluble sol ids concentration (%) , hi. = rate 
coefficient (days-1 ) and a =  power coefficient. 

Orchard location Parameters from base + exponential mode l 

so (%) sb (%) hi. (days-1 ) 

Palmerston 4 .28 3 .73 4. 1 5  x 1  o-2 
North 

Riwaka 4. 1 9  3 .71 4.89 x 1  o-2 

Parameters from power- law model 

so (%) a hi. (days-1 ) 

Palmerston 4 .21  2 .70 6 .9 1  x1 o-4 
North 

Riwaka 4.06 2 .30 1 .64 x1  o-3 

At this stage several conclusions can be drawn from the testing of the m ode l :  

i )  the  temperatu re-dependent rate function can be successfu l ly transported 

from container-grown vines in contro l led envi ronments both to contai ner­

g rown vines in  the she ltered site and to fie ld-g rown vines i n  different 

geographical locations with in New Zealand. 

i i ) even though the temperature dependence of the biochemical steps i nvo lved 

in SSC accumulation is not known , there appears to be an o ptimum 

temperatu re around 7 to  1 OC  where these processes occu r fastest .  The 

biochemical steps are presumably slowed at temperatu res less than 7C and 

g reater than 1 OC. 

i i i )  different fitted rate coefficients, basal SSC and power coefficients were 
requi red at the different orchards. 

Use of maximum and min imum temperatures 

The methods used thus far for fitting and testi ng the models are on ly feasible 

when temperature records are complete and frequent. The numerical i nteg ration 
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scheme described in  A.5 .6 estimates SSC at the end of each half-hour ,  based 

on temperatu res measured during the half-hour. Therefore, temperatu re records 

m ust be complete during maturation for the method to work. This was not the 

case at Kerike ri and Te Puke where there were periods of missing data g reater 

than one day. Also, the models cannot be used when temperatu re records are 
restricted to dai ly maximum and min imum temperatures as meas u red at 

meteo ro logica l  stations. As continuous temperature records are often unavai lab le ,  

the method of i nteg ration needs to be modified to ensure i t  can be used when 

on ly daily maximum and min imum temperatures are avai lable.  Modifications to 

the method of integration were developed (A.5.9) and used with SSC and 

temperature records co l lected from orchards at Keriker i ,  Te Puke ,  Palmerston 

North and Riwaka in  1 990 and tested on data col lected at Te Puke and Riwaka 

i n  1 98 1 . 

Altering the model from using conti nuous temperature records to a daily 

maximum and minimum temperatu re is described in A.5 .9 .  The time step in the 

integ ration needs to be changed from half-hours to days as on ly daily m ax imum 

and m in imum temperatures are avai lable. I nstead of  basing the  i nteg ra l  on an 
unknown daily time course of temperatu re ,  a temperatu re-based average is  used. 

This creates an error and necessitates introduction of a term , the dai ly correction 

value (kd) to account for the error. The dai ly correction factor accou nts for the 

erro r  when a temperature-based mean is used in  place of the dai ly i ntegral .  

The fol lowi ng equation shows that the exponent includes h·, kd and g *(T) ,  
therefore h. is a component of the rate coefficient and is now cal led a partia l  rate 

coefficient. 

S(d) = sb+ + (S(d- 1 )  - sb+ ) exp ( h *  kd g *(1) )  

where S(d) = SSC (%) at day d 

s+ = basal ssc (%) after maturation i nduction poi nt 

S(d- 1) = SSC (%) at previous day 
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h. = partial rate coefficient (day-1 ) 

kd = daily correction factor (dimension less) 

g *(T) = mean value of scaled temperatu re function (g*; for maxim u m  to 

min imum temperature (C) range.  This is calculated using Simpson 's ru le 

(a simple method of integration) , that is :  

g*(T) = 1 /6 [g *(Tmin) + 4g*(T) + g *(TmaJ 

where g*(T) = scaled temperatu re-dependent rate function (di mension less) 

Tmin = min imum temperatu re (C) 
T = 0.5( Tmin + Tmax) (C) 
Tmax = maximum temperature (C) . 

The partial rate coefficient takes into account most of the physio logical 

differences between years ,  orchards and experiments. 

Studies of the dai ly correction factor 

Estimates of values for the daily correction factor are requ i red to use the equation 

above. The daily correction factor was calcu lated and plotted against m aximum 

and m in imum temperatu res, when data were avai lable,  from Kerikeri , Te  Puke ,  

Palmerston North and Riwaka for the whole study in  1 990 (Fig .  5 . 1 6). There was 

a decrease i n  the dai ly correction factor duri ng the studies at al l  o rchard 

locations.  Use of a t ime-based function is not ideal because it may differ between 

years. A temperatu re-based function may have a more di rect re lationship with 

SSC and be transportable between years. The daily correction factor was 

therefore regressed against mean temperature for each of the orchards ( Fig .  5 . 1 7  

and Table 5 .6) .  The daily correction factor was either  g reater than, equal to, or  

less than 1 .0 depending on mean temperature (Fig. 5 . 1 7) but, on average ,  i t  was 

close to 1 .0 ,  hence the low R2 values in Table 5.6 .  As the daily correction  factor 

is close to 1 .0 ,  this ind icates that using it as a function of temperatu re may be 

suitable. 
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Fig. 5 . 1 7 Trend of the daily correction factor (�) with mean temperature at Kerikeri , 
Te Puke, Palmerston North and Riwaka. Regression coefficients in Table 5.6.  
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Table 5 .6 Regression coefficients (b0 , b1 ) and R2 for the dai ly correction factor (kd) 
versus mean temperature (C) at Kerikeri , Te Puke , Palmerston North and R iwaka 
(Fig .  5 . 1 7) ,  where b0 = i ntercept and b1 = slope. 

Orchard location 

Kerikeri 

Te Puke 

Palmerston 
North 

Riwaka 

bo 
1 .0 1 0 

0 .897 

0 .787 

0 .828 

Coefficients 

b1 R2 

0.003 0 .02 

0 .009 0 . 1 6 

0.0 1 7  0 .44 

0.01 4 0 .40 

Testi ng of the dai ly correction factor at Palmerston North and Riwaka 

The option of t ransporting the temperatu re-dependent rate function ,  includi ng the 
daily correction factor, and fitti ng parameters from the base + exponential model 

was appl ied to data from Palmerston North and Riwaka. The temperatu re­

dependent rate function was expected to be transportable from vines in contro l led 

envi ronments to those in  orchards as shown previously from data with contin uous 

temperature records. Fitting of 

i) the partial rate coefficient (h.} , 
i i )  the partial rate coefficient and basal SSC (S) or  

i i i )  the partial rate coefficient ,  basal SSC and in itial SSC (Ef) 
resulted in  s imi lar fitted SSC at Palmerston North (Fig .  5 . 1 8) and Riwaka 

(Fig. 5 . 1 9) .  Hence it was decided to use the s implest option ,  that is ,  to fit on ly 

one parameter - the partial rate coefficient. So far, the dai ly correction factor 

obtained from the reg ression against mean temperatu re has been used 

(Table 5.6) . However, the model may be further simpl ified by using a value  of 1 .0 

instead. Comparison of use of regression coefficients or 1 .0 for the dai ly 

correction factor for Palmerston North and Riwaka showed that there was litt le 

difference between the two fitted curves of SSC (Figs 5 .20 and 5.21 ) .  Agai n ,  the 

simplest option (kd = 1 .0) was c�osen for the remain ing work. 
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S0) and use of regression values for kd (0.787 + 0.0 1 7 T) . Parameters i n  
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Fig. 5. 1 9  Soluble sol ids concentration (%) of kiwifru it g rown at R iwaka 

and fitted with one, two or th ree parameters (h *, S
b
, S0) and use of 

regression values for kd (0.828 + 0.0 1 4 T) . Parameters i n  Tab le  5 .5. 
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F ig .  5.21  So lub le  so l ids  concentration (0/o) of kiwifru it g rown at R iwaka 
and fitted with one parameter ( h*) (h* = 4.70 x1  o-2) and d i fferent val ues  
for the d ai ly  correctio n  factor (kd) . 
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Application of the dai ly correction factor to Kerikeri and Te Puke 

The main test of the model was to apply it to data from Kerikeri and Te Puke ,  

where the on ly temperature records avai lable were daily m in imum and m ax imum 

temperatures. As explained above , on ly  one parameter (partial rate coefficient) 

was requi red as the dai ly correction factor was set at 1 .0 .  The partia l  rate 

coefficient was used i n  two ways, either fitted o r  used as a parameter  i n  the 

model .  The value of the partial rate coefficient when used as a parameter was 

calcu lated as a mean from the values from fitted data from Palmerston No rth and 

Riwaka (Figs 5.20 and 5 .21  ), that is ,  h • = 4.68 x1 o-2. Simu lation of SSC f ro m  a 

fixed value of the partial rate coefficient was not a suitable method as s imu lated 
SSC was too h igh  at both Kerikeri (Fig. 5.22) and Te Puke (Fig. 5 .23) .  H owever, 

fitting the partial rate coefficient resu lted in a good s imu lation of SSC compared 

to the measured SSC at both orchards (Figs 5 .22 and 5 .23) .  Again ,  th is  shows 

that the second option was appropriate ; that the fitted models apply, but a new 

parameter was requ i red for the partial rate coefficient. 

Fitted values of the partial rate coefficient were lower at Te Puke and Keri keri 
(4. 1 2  and 4.20 x 1  o-2 , respectively) compared to 4.66 and 4.70 x 1  o-2 at Palme rston 

North and Riwaka, respective ly. However, fitted values of the partial rate 

coefficient did not correspond to increase in  SSC at each o rchard locat ion 

(Fig .  3 .2) . The partial rate coefficient encompasses all the phys io logical 

d ifferences between years ,  orchards and regions, hence factors othe r  than 

temperature may also inf luence the partial rate coefficient , such as daylength ,  

dai ly l ight integral (sunshine hours) and rai nfal l .  
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I n  summary, the basic equation for the base + exponential model used for  fie ld­
g rown vines at Palmerston North is :  

S(d) = 3.73 + (S{d- 1 )  - 3.73)  exp ( 4.66 xto -2 g *(T) ) 

where the components are made up as fol lows : 
S(d) = current SSC (%) on day (d) of measu rement 
3 .73 = basal SSC (%) 

S(d- 1) = SSC (%) at previous day 
4.66 x1 o-2 = the partial rate coefficient (day-1 ) .  This was 4. 1 2 , 4 .20 and 
4.70 x1 o-2 for Te Puke , Kerikeri and Riwaka, respectively. 

g *(T) = the mean value of scaled temperatu re function (g*) for m aximum 

to  min imu m temperature (C) range (Section 5 .3 .2  Use of maxim u m  and 
min imum temperatu res). 

A further test of the transportabi l ity of the partial rate coefficient was possib le  with 
data from fou r  different o rchards in Te Puke and six near Riwaka, but co l lected 
in a different year ( 1 981 ) .  Mean SSC was used as the starting point (day 0) for 
the s imu lation as the re l iabi lity of the model is dependent on the starti ng poi nt. 
The fitted partial rate coefficient from Te Puke and Riwaka was used to s imulate 
SSC at the fou r  o rchards (Figs 5 .24 and 5 .25). The prediction of increase i n  SSC 
at orchards in  Te Puke and Riwaka was good. This resu lt is important because 
it indicates that the partial rate coefficient may be transportable betwee n  years 
within  a region.  I n  terms of the practical use of the whole model ,  it appears that 
the partial rate coefficient is the only parameter that is requ i red to be fitted, but 
that once it has been fou nd for a region it may apply to any o rchard with in  that 
location. 

The predictive capacity of the model developed in  this chapte r  was shown when 
it was used to p redict harvest date at Te Puke and Riwaka in  a different year 
( 1 981 ). However, to accurately predict harvest date for kiwifru it , a sensitivity 
analysis is requ i red using historical records of maximum and m i nimum 
temperatu res and SSC measurements. I n  addition ,  i nterpo lation of these 
temperature records is necessary between the orchard location and closest 
meteoro logical station. 
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5.4 Summary and conclusions 

The mode l deve loped to predict the rate of change in SSC during kiwifru it 

maturation is made up of two components. Fi rstly, the state-dependent 

physiological response function and secondly the temperatu re-dependent rate 

function. The overal l  model was developed using combined data from contai ner­

g rown vines in two control led envi ronment studies. The base + exponent ia l  and 

power- law models both fitted data equal ly we l l .  However, the base + exponential 

model was chosen to represent the function of SSC and a tempe rature­

dependent rate function was selected based on a modified Arrheni us equation. 

This mode l was then tested on data from sim i lar contai ner-grown vines in the 

she ltered site and on fie ld-grown vines at a range of contrasting sites. 

The temperatu re-dependent rate function from control led envi ronments was 

successfu l ly transported to fit SSC measured from simi lar container-grown vines 

g rown in  the sheltered site exposed to uncontrol led ambient temperatu res .  A 

s imi lar approach also resu lted in good s imu lation of SSC i n  fie ld-g rown vi nes 

duri ng maturation .  These results showed the benefits of using contro l led 

envi ronments to obtai n the temperatu re function which could then be applied to 

vines in other s ituations. I n itial SSC was different between container-grown and 

field-grown vines, but the transportabi l ity of the temperatu re-dependent rate 
function showed that increase in  SSC during kiwifruit maturation was s im i lar, 

even though the measured values were different. 

The temperature-dependent rate function was modified to use dai ly maxim u m  and 

min imum temperatu res, al lowing g reater practical use of the model for p rediction 

of SSC without affecti ng fit of data. This is very significant as on ly maxi m u m  and 

min imum temperatu re records are avai lable from standard meteo ro logical 

stations. There were differences among locations in the value of the part ial rate 

coefficient, hence the best method was to fit the model for each region.  

Transportabi lity of the partial rate coefficient between years in  the same region 

was shown for data from Te Puke and Riwaka. This shows that the mode l  has 
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g reat potential for prediction of harvest date i n  different regions and seasons ,  but 
access to additional data for regions in different years wi l l  be necessary to fu rther 

val idate the model .  

The mode l developed and used to describe p rediction of harvest date in kiwifruit 

in this chapter  has a stronger physio logical basis than models used by Sal inger 

and Morley-Bunke r  (1 988), Kempler et al. (1 992) and Snelgar et al. ( i n  prep.) . 

These other models are based simply on a l inear relationship between mean rate 

of increase in  SSC and mean temperatu res. For example , Kempler et al. ( 1 992) 

calcu lated dai ly heat-units with a se base temperatu re , but gave no justification 

for selection of se as a base temperature . The analysis in  this chapter suggests 

that i ncrease in SSC can occur at temperatu res below SC.  F ro m  a physio logical 

perspective , it is un l ikely that i nactivation of enzymes in  biochemical pathways wi l l  

occur at exactly SC;  inactivation is more l ikely to be g radual with a decrease in 

temperature .  Base temperatu res have been used for othe r  crops, for example , 

1 SC for guava (Bittenbender and Kobayash i ,  1 990) and a s imi lar physio log ical 

argument may app ly. 

Sali nge r  and Morley-Bunker (1 988) and Sne lgar et al. (i n prep.) based the i r  

approaches on mean rate of  i ncrease in  SSC between S. O and 6.S% reg ressed 

against mean temperatu re for that period. The regressions showed an i ncreased 

rate of increase in  SSC with decrease in  temperature which are simi lar to resu lts 

from contro l led environment studies (Chapter 2) .  Snelgar et al. ( in prep . )  found  

that 73  and 48% of  the variation cou ld be  accounted for by  the  reg ression in  

1 981  and 1 982 , respective ly. However, the temperatu re coefficients for the two 

years were significantly d ifferent, resu lting in a model where the p recision of 

p rediction  is l ikely to be poor. The form of the model used by Snelgar et al. ( in 

prep. )  is not appropriate as this study clearly showed that change i n  SSC is 

curvi l i near with temperatu re .  These authors concluded that i )  factors othe r  than 

temperature may influence rate of increase in SSC and i i )  that the form of the 

model re lating rate of increase in  SSC to temperatu re may not be app ropriate. 

Use of a curvi l i near model as in  this study al lowed prediction  of i ncrease in SSC 
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both among different o rchard locations and between two different years. The 

present study also suggests that factors other  that temperatu re influenced  rate 

of i ncrease in  SSC as there were differences i n  the partial rate coefficient among 
the fou r  o rchard locations studied. This a lso justifies use of a more complex 

model than that by Sal inger and Morley-Bunker ( 1 988) and Sne lgar et al. ( in 

prep.) for description of the effect of temperature on i ncrease in SSC in kiwifru it. 

Whi le Sal inger and Morley-Bunker (1 988) and Sne lgar et al. (in prep.) deve loped 

models to describe the effect of temperature on i ncrease in  SSC in  kiwifru it , they 

did not attempt to predict the date of harvest. Kempler et al. ( 1 992) did p redict 

the number  of days from anthesis to maturity, but with the same data that was 

used to derive the mode l ,  and hence it was not a true predictive test. I n  th is 

study, the mode l developed was used to predict harvest date at two o rchard 

locations in  a different year to that used in  development of the model .  However, 

substantia l  further work is required to validate the predictive capacity of th is 

mode l .  Predict ion of SSC appears to be possible for orchards from d i fferent 

regions once the partial rate coefficient has been determined and where dai ly 

maximum and min imum temperatures are avai lable.  Prediction  of harvest date 

wou ld  give the Kiwifruit Marketing Board ,  growers , packaging com panies, 

shippers and al l ied support industries a greater certainty of the timing of harvest 

for kiwifru it. 
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CHAPTER 6 

GENERAL DISCUSSION 

6.1 Introduction 

The primary objective of this study was to determine the effect of temperature on 

the rate of  SSC and carbohydrate changes in  kiwifruit during matu rat ion .  Early 

studies by Reid et al. ( 1 982a) and Harman (1 981  ), described changes i n  SSC 

and f lesh fi rmness duri ng maturation, but did not attempt to evaluate the effect 

of temperatu re on these processes. Considerable i nterest has been shown in  
SSC and carbohydrate changes during maturation ,  in it ial ly to discover the rates 

of these changes (Okuse and Ryugo, 1 981 ; Reid et al. ,  1 982a). Later 

investigations examined differences in maturation at different orchard l ocations 

(MacRae et al. ,  1 989a) but again ,  the effect of temperature on these p rocesses 

was not considered. 

Recently, Sne lgar et al. ( 1 988) developed relocatable g reenhouses ;  whe n  p laced 
over field-grown kiwifruit vines al lowed the effect of temperature duri ng g rowth ,  

deve lopment and maturation to  be evaluated (Hopki rk et al. , 1 989) .  Such studies 

whi le valuable ,  are l im ited because it was on ly possib le to increase air 

temperature around vines in  such greenhouses by 3 to 4C above ambient 

conditions. To fu l ly evaluate the inf luence of temperatu re on kiwifruit m atu ration ,  

and to  be  able  to  develop an  accurate predictive model o f  increase i n  SSC duri ng 

maturation, a more accurate determination of the response of kiwifruit to  a wide 

range of temperature conditions is requ i red. Contro l led envi ronments a l low the 

effect of temperature on kiwifruit maturation to be investigated over a wide range 

of temperature treatments, and also allow SSC and carbohydrate changes duri ng 

deve lopment to be quantified. Resu lts showed that the fastest rate of i ncrease in 

SSC and total sugar concentration and decrease in  starch concentration  occurred 

at the coo lest mean temperatures. I n  addition ,  temperature was found  to effect 
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an increase in  SSC on ly when a critica l ,  as yet un identified, stage of deve lopment 

had been reached. 

Another aim of this study was to alter carbohydrate status of fie ld-grown fru it and 

to determine if this affected rate of accumu lation  of SSC and fru it matu ration .  l t  
shou ld be possible to alter carbohydrate status i n  fruit by manipu lation of l eaf :fruit 

ratio, which can marked ly inf luence fruit weight (Snelgar et al. , 1 986; Lai et al. ,  

1 989;  Woo l ley et  al. , 1 992) and SSC (Sne lgar and Thorp,  1 988). Other changes 

that occur in  kiwifruit duri ng maturation, such as flesh fi rmness, starch and  sugar 

concentrations were not measured in previous  studies. In the prese nt work, 

i ncrease i n  SSC was delayed in fruit with a low compared to a h igh carbohyd rate 

concentration. 

Other aims were to obtain temperature records and detai ls of kiwifruit m aturation 

from fou r  o rchards at different geographical locations, selected to provide a range 

of temperatures, and to use this data to develop a mathematical model to re late 

changes in SSC to temperatu re .  Previously, various components of m atu ration 

of fie ld-g rown fruit have been compared among orchards (MacRae et al. ,  1 989a; 
Walton and de Jong, 1 990a) , but temperatures were either not recorded or were 

not used for i ncorporation into a model to predict harvest date. A l i near 

re lationship between mean temperature and increase i n  SSC has been proposed 

as a method to predict harvest date in kiwifruit (Sal inger and Morley-Bunker, 

1 988; Kempler et al. ,  1 992; Snelgar et al. , i n  prep. ) .  However, the present study 

has shown that the relationship between mean temperatu re and increase i n  SSC 

was curvi l inear, hence a l i near approach is un l ike ly to permit sufficient accuracy 
o r  precision in prediction of harvest date (Snelgar et al. , i n  prep.) .  The non  l i near 

approach adopted in the current study al lowed increase in SSC of kiwifruit to be 

described at fou r  orchards at d ifferent geographical locations with a reasonable 

deg ree of accuracy. 

The remain ing part of this chapter  discusses several issues in  greater d etai l than 

has been possib le in previous chapters. These inc lude:  
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i )  physiological reasons for smaller fruit and h igher SSC in fru it from 

container-grown vines compared to fru it from fie ld-grown vi nes 

i i )  a possible mechanism to account for the induction of maturity in  fruit 

i i i )  the possible biochemical pathways involved i n  increase in sugar and 

decrease in  starch concentrations at low temperatures 

iv) the strength and weaknesses of the mathematical model deve loped to 

predict increase in SSC. 

6.2 Differences between container-grown and field-grown vines 

The main differences between container-grown and fie ld-grown vines were 

smal ler fruit and higher SSC in  fruit from contai ner-g rown vi nes. Fruit typically 

weighed 40 to 75 g from contai ner-g rown vines compared to 69 to 1 29 g from 

fie ld-grown vines. Soluble solids concentration of contai ner-g rown vines was 1 to 

1 .5% h igher at the beg inni ng of each contro l led envi ronment experiment than for 

fie ld-grown vines at a simi lar date . Simi larly, fru it from container-grown vines 
p laced in an orchard next to fie ld-g rown vines also had higher SSC (G. Lupton, 

HortResearch , Riwaka, pers. comm.) .  Fru it from vines g rown in  containe rs in a 

sheltered site, pruned to have a main stem 1 m high with 4-5 fruiti ng canes and 

i rrigated with Hoag land's A solution wi l l  not necessari ly be identical to fru it from 

field-grown vines where the training system ,  pruning and avai lable nutrients are 

different. The reasons for the difference i n  SSC between container-g rown and 

field-grown vines were not investigated, but a possible explanation for the 

differences may, in  part, be due to restriction of the root system and a h igh 

leaf:fru it ratio. 

Restriction of roots for example, by growing the p lant in  a pot, does not a l low the 

root system to spread beyond the soi l  volume in that pot (Geisler and Ferree , 

1 984) . Richards and Rowe (1 977a, 1 977b) restricted one-year-o ld peach 

seedl ings in small containers and plant size decreased due to a reductio n  in leaf 
number and area and shoot length. Such seedlings developed a reduced number 
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of roots and shorter roots than unrestricted plants. A di rect relationship was found 

between the size of the root system and size of the above ground portio n  of the 

plant. The regulation of top growth may be determined by the produ ct ion of 
hormones from the root apices (Richards and Rowe , 1 977a) as cytokin i ns are 

produced in  roots and translocated to shoots (Mika, 1 986) .  Appl ication of a fol iar 

spray of the synthetic cytoki n in (6-benzylaminopurine) overcame the reduced 

g rowth of restricted p lants which suggests that production of cytokin in from root 

tips exerts considerable contro l  over top growth (Richards and Rowe, 1 977a, 

1 977b) . Additional evidence for the effect of cytokin ins was shown by another 
synthetic cytokini n ,  C P P U  (N-(2-chloro-4-pyridyi)-N-phenylu rea) , which i nc reased 

fru it size of kiwifruit when applied di rectly to fruit or as a fo l iar spray (Henze l l  et 

al., 1 992 ;  Lawes et al. ,  1 992 ;  Latter, 1 992) . 

Assuming that root restriction occurred in the container-g rown kiwifru it vines,  it 

wou ld be expected that both the number of root tips and root length wou ld be 

reduced, resulting in a reduction in cytokin in  production. Furthermore, it is l ikely 

that a reduction in cytoki n in wou ld result in smal ler fruit compared to those from 

fie ld-g rown vines where root growth is unrestricted. 

Fru it growth depends on the abi l ity of fruit to compete with concu rrent vegetative 

g rowth for a supply of ass imi lates from leaves (Lai et al. , 1 989). G i rd l i ng  of 

laterals has been used as a techn ique to alter the leaf:fruit ratio in kiwifruit , and 

hence alter fruit g rowth. On g i rd led laterals,  an increase in leaf area resu lted in 
an increase in  fru it weight (Snelgar et al. , 1 986 ; Snelgar and Thorp, 1 988 ;  Lai et 

al. ,  1 989) .  High SSC was associated with a high leaf :fru it ratio on girdled laterals 

(Sne lgar and Thorp, 1 988) and was h igher in the 5 : 1  than the 1 :1  leaf :fru it ratio 

treatment in the study reported in this thesis. The min imum leaf :fruit ratio requ i red 

to support maximum fruit growth in  the kiwifruit lateral was 2 : 1  (Lai et al. , 1 989). 

Contai ner-grown vines have a leaf:fruit ratio of approximately 1 0 : 1 . 

The h igh leaf:fruit ratio i n  contai ner-grown vines may affect SSC i n  fruit and 

account for h igher SSC when compared to fie ld-grown vines. Photosynthates flow 
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fro m  the source (leaves) to the sink (fruit) down a concentration gradient .  A 
leaf:fru it ratio of 1 0 : 1  means there is a high ratio of source to sink. Total (non­
structural)  carbohydrate was higher in  fruit from container-g rown than fie ld-g rown 

vi nes, being 49 and 81 mg gFW-1 at the beginn ing of Experiments 2 and 3 ,  

respectively compared to 3 9  m g  gFW-1 in  fie ld-g rown vines. By the end  o f  the 

experiment the concentrations had risen to 96 and 93 mg g FW-1 from 

Experiments 2 and 3 ,  respective ly and 67  mg gFW-1 i n  fie ld-g rown vines. I n  th is 

situation it is possible that the sinks are fi l led to near capacity i n  fruit fro m  

container-grown vines, resu lting in  a low g radient between the source a n d  s ink. 

If leaves cannot re lease the photosynthates produced then they wi l l  also fi l l  with 

starch. Unfo rtunately starch concentration in leaves was not measured i n  th is 

study. However, Schupp et al. (1 992) found that if the sink (blossom )  was 

removed from apple trees then leaves had a higher starch concentratio n  than 

those from apple trees where b lossom was not removed. Starch conce ntration  

also increased in  leaves o f  pot-bound tobacco (Nicotiana tabacum L . )  p lants ,  but 
decreased rapidly after transfer of the root restricted p lants to larger pots ( He ro Id 

and McNei l ,  1 979) . I ncreased starch concentration in  leaves of pot-bound tobacco 

p lants may be the resu lt of the lowered requ i rement for photosynthates when  

g rowth was restricted. 

Sne lgar et al. (1 988) suggested that results obtained from container-grown vines 

i n  phytotrons may not be directly appl icable to kiwifruit vines in a commercial 
o rchard .  The small size of fru it and higher SSC in  contai ner-grown than field­

g rown vines may resu lt from both a restricted root volume and high leaf:fru it rat io.  

Nevertheless, fru it from container-grown vi nes appeared to be typical of fie ld­

g rown vines duri ng maturation in  other respects , such as decrease in f lesh 

fi rmness and starch concentration ,  increase in  sugar concentration ,  fresh weight 

and d ry weight. Also , the temperature-dependent rate function from the 

mathematical model for contai ner-grown vines i n  contro l led envi ronments was 
successfu l ly fitted to the increase in SSC in fie ld-g rown vines. Therefore , th is 

study clearly showed that resu lts obtained from container-grown vines p laced in 



206 

contro l led environments were applicable to fie ld-grown vines, g iven that there 

may be differences i n  the magnitude of specific responses. 

6.3 Induction of maturation 

Solub le sol ids concentration of kiwifruit increased i rrespective of whether  vines 

were g rown in  containers or in the fie ld. The rate of SSC increase was 

temperature-dependent,  with the fastest rate of increase occurri ng at the coo lest 

mean temperatu re .  However, i n  one contro l led envi ronment study desig ned to 

test the influence of alternating temperature ,  it was found that fruit d id  not 

respond to any temperatu re treatment i mposed. These fru it were found to have 

an i nitial SSC about 0.5% lower than fruit measured in previous stud ies .  I n  

addit ion, SSC was h igher at the proximal than dista l  ends of fru it for the m ajority 

of measurements and seed colour  was white at the beginn ing of the study, 

g radual ly changing to brown and black with succeeding measu rements. A s imi lar 

effect was found in a subsequent study when fru it were subjected i n it ia l ly to 

7 days of cool temperatures ,  but SSC increased in  response to coo l  temperatu res 

when a second perturbation was applied 22 days later. By this stage ,  SSC had 

i ncreased by 0.5% in both the fixed temperature and temperatu re pertu rbation 

treatments. lt is suggested that fruit which did not respond to the pertu rbations 

to cool temperatu res may have been physio logica l ly immature and h ad not 

reached a stage of development where they cou ld respond to externa l  stimu l i ,  

such as a decrease in  temperatu re .  Salinger and Morley-Bunker ( 1 988) c laimed 

that SSC increased l i nearly with a decrease in temperature once a th reshold 

concentration of 5 to 5.5% had been exceeded. lt is possible that a specific 

carbohydrate concentration in the fru it has to be exceeded before maturat ion can 

be i nduced. However, there are also l ike ly to be prioritised requ i rements for 

carbohydrates , creating g radients within each fru it. I f  this happens ,  fru it 

maturation as a whole may only proceed when avai lable carbohydrates have 

fu lfi l led the priority requirements of the fru it for mai ntenance respi rat ion and 

g rowth , development and maturation of seeds. 
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P hysio logica l ly ,  this may be regarded as a change or  switch from the i m m ature 

to mature stage .  The concept of a thresho ld or critical point i n  the deve lopm ental 

process, after which coo l  temperatures cou ld induce an i ncrease in SSC,  was 

used in the model l ing work to describe the difference between the two 

components of SSC;  the basal and maturation components. I n  th is thesis it has 

been proposed that the process of maturation is induced at some point i n  the 

deve lopmental pathway of kiwifru it ; the precise cause or deve lopment stage of 
this i nduction poi nt is u nknown. The decrease in  starch and i ncrease in sugar 

concentrations measured in  this study during maturation of kiwifru it have shown 

that hydro lysis of starch sometimes commences after the increase in sugar 

concentration. The two processes may therefore not be concomitant, but the 

i ncrease in sugar concentration may be due to d i rect i nflow of photosynthate 

(sucrose) from leaves or some other factor. On ly relatively s imple carbohydrate 
concentrations were measured in  this study, but there are many other mo lecu lar 

and biochemical changes occurring in fruit during maturation and ripening .  An 

obvious candidate to be considered for involvement in induction of the matu ration 

process is ethylene. Ethylene is a plant hormone that i nf luences development and 

in particu lar has been imp licated in  contro l l ing fruit ripening (Brady, 1 987) .  

During maturation there is a prog ressive decrease of resistance to  ethylene 
action (or increase in  sensitivity to ethylene action) and this process is thought 

to be contro l led by ripening inhibitors, avai labi l ity and/or activity of ethylene 

receptors (Yang ,  1 987) . The sensitivity of banana fruit to ethylene changes du ri ng 

fruit maturation (Peacock, 1 972). Two systems of ethylene production were 

proposed by McMurchie et al. ( 1 972) . System I is com mon to noncl im acteric and 

c l imacteric fruit u nt i l  ripen ing ,  where a low concentration of ethylene is present 

i n  fru it. System 1 1  operates i n  c l imacteric fru it on ly and is the autocatalyt ic burst 

of ethylene production accompanying the ripening process. The low level of 

system I ethylene gradual ly destroys the ripening inh ibito r  which either 

suppresses the development of system 1 1  receptor or interferes with ethylene 

binding to the receptor (Yang, 1 987) . As the ripening i nhibitor is  i nactivated, fru it 

t issue develops a functional system 1 1 receptor and hence, the autocatalytic 
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production  of system 1 1  ethylene and synthesis of ripen ing-specific enzymes. 

Thus,  there is a transition from a noncl imacteric t issue which lacks the system 1 1  

receptor to a cl imacteric tissue, where system 1 1  receptor deve lops. 

In kiwifru it, a marked increase in  ethylene production occurs during ripening 
(Paterson ,  V.J . et al. ,  1 99 1  ) .  However, th is i ncrease i n  ethylene production  occurs 

when flesh firmness is below 0.6 N ,  that is ,  when fruit are at eating ripeness and 

a considerable t ime after the increase in SSC during maturation. MacRae et al. 

( 1 989b) found that internal ethylene concentration of fru it at harvest i nc reased 

with i ncreasing maturity of fruit. Therefore , if ethylene is i nvo lved in  switch ing  fru it 

from the unresponsive to a responsive state i n  re lation to coo l  temperatu res, fru it 

cel ls  wou ld need to react to low internal ethylene concentrations.  Fruit ce l l s  must 
be ready to ripen before they can respond to ethylene (Roman i ,  1 987) so that 

factors other than ethylene may determine whether a fruit wi l l  ripen (Romani ,  

1 984) . Some ripeni ng changes in  tomato are apparently i ndependent of ethylene 

stimu lation (Jeffery et al. , 1 984) and ripening changes can sti l l  occur in  pear  even 

when ethylene production was blocked (Romani et al. , 1 983) . I rrespective of the 

i nvolvement of ethylene during kiwifru it matu ration ,  the rise in soluble so l ids and 

total sugar concentrations and decrease in  starch concentration is a b iochemical 
response to the stage in  fruit deve lopment. This stage may be related to the (as 

yet u nidentified) genes induced and/or expressed during maturatio n .  Once 

appropriate genes are active, the documented changes in  carbohydrates and 

f lesh fi rmness can occur. The rates of these reactions wi l l  be regulated by the 

enzyme and substrate concentrations whi le the d irection of the react ion wi l l  

depend on temperatu re .  

The cel ls of  ripen ing fru it undergo a series of  physio logical and biochemical 

changes which render them attractive to eat. Ripening used to be conside red as 

a degradative process caused by the breakdown of cel l u lar o rganisation  and the 

l iberation of hydrolytic enzymes. However, there is i ncreasing evidence that the 

expression  of specific genes is requi red for normal ripening (Grierson et al. , 

1 985) . Most plant genes are expressed in  a high ly regu lated manner. Gene 
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products may be present on ly in  certain cel l  types, at specific stages of 

development or on ly fo l lowing the application of dist inct environmental stimu li 

(Kuh lemeier et al. , 1 987) . For example , the transcript ion of many plant genes 

i nvo lved i n  photosynthesis is contro l led by l ight (Apel and Kloppstech , 1 978). 
S im i larly in soybean p lants, production of m RNAs for low molecu lar weight 

proteins was induced by heat stress (Gu rley et al. , 1 986). Likewise ,  when 

p lantlets of Solanum commersonii Dun.  were accl imatized for 1 4  days at 5/5C 

maximum/min imum temperature after bei ng g rown at 20/1 5C  maximum/mi nimum 

temperature (Tseng and Li , 1 990) , 23 cold- induced polypeptides were i dentified 

that were thought to be i mportant in the development of co ld-hardiness. 

I n  tomato , polygalactu ronase (PG) m RNA was virtua l ly absent from i m m ature­

g reen fru it ,  but increased 2000-fo ld during ripening to reach its h ighest 

concentration in  red-ripe fruit (Del laPenna et al. , 1 986) . Two translation p roducts 

of m RNA were found i n  ripening tomato fruit that were present i n  a smal l  amount 

o r  absent from mature-green fruit (Rattanapanone et al. , 1 978). Grierson  et al. 

( 1 985) proposed that ripening related mRNAs are products of a g roup of genes 

that code for enzymes i mportant in  the ripening process. A ripening-re lated gene 

(A VOe3) was fou nd in avocado fruit where the protein  and m RNA appeared 

before endogenous ethylene production ;  the gene coded for ACC oxidase 

(McGarvey et al. ,  1 992),  a key enzyme involved in ethylene biosynthesis (Tucker 

and G rierson ,  1 982) . During tomato fru it ripen ing ,  gene expression is reg u lated 

by ethylene concentration  (Grierson et al. ,  1 985 ; Maunders et al. ,  1 987) . Low 

concentrations of ethylene were measu red in un ripe tomato, but h igher 

concentrations in  ripe fru it (Lincoln  et al. , 1 987) , simi lar to i ncreasing ethylene 
concentration measured in kiwifruit during maturation (MacRae et al. , 1 989b). 

Exogenous ethylene appl ied to mature-g reen fruit i nduced an i ncrease in fou r  

different m RNAs (E4, E8 , E1 7 and J49) with in 0 .5 to 2 hours (Lincol n  e t  al. ,  

1 987) . An  increase in ethylene concentration l ed  to  the  onset of gene expression .  

L inco ln  and Fischer (1 988a) also showed that onset of  E4 and EB gene 

transcript ion coincided with the increase in  ethylene concentration ;  whereas onset 
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of E1 7 and J49 gene transcription preceded the increase in  ethylene 

concentration .  

Ripening- impai red mutant l ines of tomato were used to further investi gate the 

effect of ethylene during ripening. Ethylene concentrations i n  the tom ato fru it 

ripening mutant (rin) remained at basal levels throughout fruit deve lopment 

(Lincoln and Fischer, 1 988b) . The low concentration of ethylene in  rin fruit 

i nh ibited transcriptional activation of the E4 gene and significantly reduced  EB 
and J49 gene transcription. E1 7 gene transcription took p lace but E1 7 m R NA 

accumulation was i nhibited. The functions of the E4, EB, E1 7 and J49 genes may 

not have been elucidated but, i n  the context of this discussion ,  it is sufficie nt to 
know that induction of genes occurs during maturation i n mature-green tom ato. 

The responsiveness of these genes to ethylene is different, that is ,  some respond 

to a basal ethylene concentration and others to increased concentrat ions  of 

ethylene.  MacRae et al. (1 989b) measured 6 .9  n l  1 "1 gFW-1 i nternal ethy lene on 

25 March 1 985 at 4.4% soluble solids but th is  concentration had increased to 

1 6. 1  nl 1"1 g FW-1 ethylene by 7 May at 6 .4% soluble sol ids. lt is therefore possib le 
that there is  a sufficient basal concentration of ethylene in  kiwifruit to a l low the 

relevant genes to respond. 

Based on the above information for tomato and avocado ,  it is probable that new 

genetic material is i nduced in  kiwifruit as they deve lop fro m  the immatu re to 

mature stage. As far as the author is aware , there is no such info rmation 

available for kiwifru it. However, considerable research has been conducted with 

tom ato at the genetic, physio logical and biochemical leve ls to determine  the 

mechanisms of fru it ripening. l t  is possible that s im i lar mechanisms operate i n  

kiwifruit during maturation. I f  genes for SSC could be identified and fou n d  t o  be 

present in  matu re ,  but absent in immature ,  fru it then this may g ive additiona l  

evidence for the induction of  maturation. S ix d ifferent cu ltivars of  A. deliciosa 

('Ab bott ' ,  'Bruno' ,  'Constricted ' ,  'Gracie ' ,  'Hayward' and 'Wi lkins Super') 
com menced maturation at different times and had different SSC at haNest and 



2 1 1 

at eating ripeness after storage (Cotter et al. , 1 991 ) .  lt wou ld be interesting to 

determine the genetic differences among these cu ltivars during maturat ion .  

Many i mportant heritable characters are a consequence of the joint action of 

several genes. Such characters are often referred to as polygenic or quantitative 

traits and are more difficu lt to manipu late in breeding programs than are s ing le 

gene traits (Tanksley et al. , 1 989). Soluble sol ids concentration of tom ato is 

quantitatively inherited and genetic variation with respect to this character is low 

among commercial cu ltivars ( lbarbia and Lambeth ,  1 969) .  In  contrast, othe r  wi ld 

species of tomato such as L. chmielewskii have very high SSC (Rick, 1 974) . 

Recombinant DNA technology has been used to clone genes, but few of these 

have been di rectly associated with characters of major agricu ltural importance, 

such as yie ld or  product qual ity (Tanks ley et al. , 1 989). Restriction fragment 

length polymorphism (RFLP) markers enabled identification ,  mapp ing and 

measurement of the effects of genes underlying quantitative traits (Tanks ley et 

al. , 1 989) . In tomato , genes effecti ng changes in SSC have been marked with 
RFLPs (Tanks ley and Hewitt, 1 988). The F3 generation (selfed F2) from a cross 

between L. esculentum and a wi ld type , L. cheesmanii, was used to determine 

the chromosomal location of quantitative trait loci (QTL) affecti ng fruit  SSC 

(Paterson ,  A. H .  et al. , 1 991  ). The F3 population was grown in both Cal ifornia  and 

I s rael .  The positions of QTLs on chromosomes 1 ,  3 and 6 were s imi lar  for SSC 

from fruit g rown in  the two locations. However, the Israe l i  popu lation revealed two 

new QTLs, on  chromosomes 7 and 9 ,  although the gene actions of these QTLs 
were thought to be recessive and additive/recessive , respectively. The gene 

action on chromosome 1 was dominant/additive , chromosome 3 was 

additive/recessive and on chromosome 6 was additive ( Israe l)  or 

dominant/additive (California) .  Paterson ,  A. H .  et al. ( 1 991 ) suggested that 

differences i n  adaptation of plant genotypes may be due to envi ronment-sensitive 

QTLs. 

Several points wi l l  be discussed from work on tomato (Paterson ,  A. H .  et al. , 

1 99 1 )  that cou ld  be applied to kiwifruit. Fi rst ly, a number of QTLs have been 
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identified i n  tomato that code for SSC and these appear to have different gene 
actions.  As measurement of the QTLs was not made at different g rowth stages, 

it cannot be determined whether  genes are induced during maturation .  H owever, 

some genes may account for 'basal '  SSC and others for 'maturation '  SSC i n  

kiwifru it as used in  the mathematical model developed to predict haNest date. 

Second ly, i n  tomato individual QTLs appear to show a range of sensitivity to the 

envi ronment. Two new QTLs were discovered in  the F3 population of tom atoes 

g rown i n  Israel compared with those grown in Californ ia. However, SSC in ri pe 

fru it fro m  the Israel popu lation was lower than for those grown in Califo rnia and 

perhaps, this is in some way connected to the predominantly recessive gene 

action of the new QTLs. 

Kiwifru it grown at different geographical locations in NZ matured at different rates. 

Fru it on these vines experienced different envi ronmental conditions,  for example ,  

temperature ,  daylength and daily l ight i ntegral (sunshine hours) du ri ng the 

g rowing season .  lt is possible that increase in  SSC of tomato and kiwifruit is 

affected by the envi ronment in  two ways ; genetically by i nduction of envi ron ment 

sensitive QTLs and biochemically by temperatures experienced du ri ng the 

maturation period. Paterson, A. H .  et al. (1 991 ) acknowledge that the QTLs 

mapped thus far a lmost certain ly do not comprise the entire set of genes which 

affect SSC. As molecu lar genetics becomes a more establ ished techn ique ,  it wi l l  

be  i nteresting to discover whether additional genes for SSC are induced  du ri ng 
maturation and the extent to which the envi ronment determines the genetic 
composition of a fru it. Further work wi l l  be needed to establ ish whether the basal 

and maturation components of SSC are genetical ly determ ined in  kiwifruit .  

6.4 Carbohydrate metabolism at low temperatures 

Contro l led envi ronments were used to determine the effect of temperatu re on rate 

of kiwifruit maturation. The main  response to different temperatu re treatments 

was a change in SSC and carbohydrate where ,  for example ,  SSC i ncreased 
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fastest at the coolest mean temperatures. During matu ration ,  i ncrease i n  SSC 

was s imi lar to the i ncrease in  total sugar concentration and coincident with a 

decrease in  starch concentration. A simi lar pattern of decrease i n  starch 

concentration and i ncrease in sugar concentration occurred i n  fru it from fie ld­

g rown vines duri ng maturation. Hydrolysis of starch to sugar accounted for part 

of these changes i n  carbohydrates, where the rate of hydrolysis was enhanced 

at low temperatu res. 

Why is starch hydrolysis stimu lated at low temperatures? Processes occurring at 

the subce l lu lar leve l need to be investigated in  order to explai n the increase in  

sugar  concentration and decrease i n  starch concentration at low temperatures. 

Much research has been undertaken on harvested potato tubers to investigate 

the cause of cold i nduced sweetening in potato (an i ncrease in sugar when 

tubers are stored at low temperatures) . Cold sweetening is a complex m etabol ic 

process inf luenced by several levels of cel l u lar regu lation  and the mechan ism(s) 

remains unexplai ned at the mo lecu lar level (Sowokinos, 1 990a) .  H owever, 

knowledge of the mechanism of co ld sweetening in  potato might help to explain 

partit ioning in  carbohydrate that occurs in  kiwifruit at low temperatu res. 

Pathways and enzymes i nvolved in g lycolysis and g luconeogenesis were 

described in  Section 1 .3.2. G luconeogenesis usual ly refers to formation of 
g lucose from various non-carbohydrate precu rsors, but in a more narrow sense 

it rel ates to the reversal of the g lycolytic pathway (Hal l  et al. , 1 974) . The concept 

of regu latory enzymes is important because they control i nflow or  outflow from 

a particu lar step in a pathway and are strategic points for contro l (Cope land and 

Turner, 1 987). Avai lable evidence suggests that phosphofructokinase ( PF K) and 

pyruvate kinase are the mai n  contro l points of g lycolysis in p lant tissues.  Both of 

these enzymes catalyse reactions that are strongly exergonic and effectively 

i rreversib le,  so that a different enzyme is required for the reverse react ion (Hal l  

et al. , 1 974) . The enzyme fructose 1 ,6-bisphosphatase (F1 6BPase) catalyses the 

reverse reaction of P FK and is considered a regu latory enzyme i n  the 

g luconeogenic pathway. Experiments with mature potato tubers showed that entry 



2 1 4 

i nto g lyco lysis was regu lated by P FK, whi le pyruvate kinase contro l led movement 

of carbon out of g lycolysis and into the oxidative pentose phosphate pathway. 

Activity of P FK and pyruvate kinase was reduced at temperatures of 2 to 1 OC 

compared to those of 1 0  to 25C, indicati ng that these enzymes were co ld  labi le 

(Po l lock and ap Rees, 1 975) .  The instabi l ity of P FK and pyruvate kinase at low 

temperatures wou ld  probably favou r  the reverse g luconeogenic reaction .  

I n  the early 1 980s a new hexose , fructose 2,6-bisphosphate (F26 B P) was 

d iscovered,  which modu lates sugar metabo l ism (Stitt, 1 987). At about the same 

time it was shown that p lants contain two sets of P FKs that catalyse the 

conversion of fructose 6-phosphate (F6P) to fructose 1 ,6-bisphosphate (F 1 6BP) 

(Black et al. , 1 985). These two P FKs are :  an ATP-dependent enzyme (ATP­

phosphofructokinase or PFKase) and a PP i-dependent enzyme (pyrophosphate : 
fructose 6-phosphate phosphotransferase or PFPase). There are two 

i nterconvertible molecu lar forms of PFPase ; F26B P  regu lates the enzyme i nto 

either the form active in g lycolysis or the form active in g luconeogenesis (Section 

1 .3.2) .  The concentration of  F26BP inf luences the di rection of  the ste p  F6P to 

F 1 6BP,  that is, either towards g lycolysis or towards g luconeogenesis. There is 

good evidence that changing concentrations of F26BP strongly regulate g lycolytic 

and g luconeogenic carbon flow in the cytoplasm of plant cel ls (Sung et al. ,  1 988) .  

As concentration of F26BP rises, g lycolysis is favou red and when concentration 

of F26BP fal ls, g luconeogenesis wi l l  proceed because i nhibition of an enzyme 

contro l l ing production of F1 6BP is rel ieved (Black et al. , 1 985). Thus  low 

concentrations of F26BP promote the interconversion of starch to sucrose (Stitt, 

1 987) . 

A lthough there are few direct l inks between starch and the g luconeogenic 

pathway (Fig. 1 . 1 )  another enzyme ,  sucrose 6-phosphate synthase (SPS) is  a 

key regu lator of the sucrose biosynthetic pathway. P roperties of SPS ind icate that 

it is a regu latory enzyme, as SPS activity is promoted by h igh concentrat ions of 

substrate, particu larly U D P-g lucose and i nhibited by end-products of sucrose 

synthesis (Sowokinos, 1 990b) . Extractable SPS activity in barley leaves was 
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inversely re lated to F26BP concentration (Sicher, 1 986). Since fructose 1 ,6-

bisphosphatase (F1 6BPase) activity also i ncreases with low concentrat ions of 

F26BP ,  it appears that both SPS and F1 6BPase may be corre lated to contro l  

sucrose synthesis (Sicher, 1 986;  Sicher et al. , 1 986) . Hence ,  hydrolysis of  starch 

to sugar is l ike ly to occu r when F26BP concentration is low as g luconeogenesis 

is favoured in  the cytoplasm. In addition ,  starch may be phosphoro lysed to 
g l ucose 1 -phosphate (G1 P) in  the starch granu le ,  transported to the cytoplasm 

and phosphoro lysed to U DP-g lucose which is catalysed by  SPS to  form s ucrose 

and later, g lucose and fructose. l t  is possible that a low concentration of F26B P  

results in  starch degradation due to enhancement of several reactions that favour  

the  formation of sucrose , resu lting in  a concentration g radient towards s ucrose 

and hence g lucose and fructose. 

Concentration of F26BP is also affected by temperature .  A low concentrat ion of 

F26BP was found in potato tubers stored at 4 compared to 20C (Morre l l  and ap 

Rees , 1 986b) and in g reen pepper at 3 compared to 30C (Phe lps and McDonald , 

1 989) . I n  contrast, the higher concentration of F26BP found i n  potato at 2 and 4 

compared to 8C (Ciaassen et al. , 1 991 ) may have been due to d ifferent 

experi mental techniques used among the studies. At low temperatu res , the low 
concentration of F26BP and/or the e levated P Pi leve ls found in co ld stressed 

potato increased the form of P FPase active in g luconeogenesis (Black et al. , 

1 985) . Another contribution to starch degradation at low temperatures is  h igh P Pi 

concentration ,  as th is is thought to enhance the speed of the g lucose 

phosphorylase catalysed reaction towards G1 P (ap Rees et al. , 1 985) .  The 

P Pi :G 1  P ratio in  isolated starch granules from potato tubers was higher  (250 : 1 ) 

than the PP i :G6P (g lucose 6-phosphate) ratio which was 1 5 :1 ( lsherwood ,  1 976). 
I n  contrast, at h igh temperatu res there is an increase in concentration of F26B P  

s o  that P FPase converts to the form where g lycolysis i s  favou red , especial ly as 

F1 6BPase is inhibited by high concentrations of F26BP.  The reaction catalysed 

by P FKase can also proceed. The enhanced g luconeogenic pathway at low 

temperatures l inks i nto the mathematical model developed to re late changes i n  
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SSC to temperature during maturation ; the temperatu re-dependent rate f unction 

was highest between 7 and BC compared to lower or h igher temperatu res .  

Concentration of F26BP increased in carrot (Daucus carota L . )  and potato treated 

with ethylene and in natu ra l ly ripened avocado (Stitt et al. ,  1 986) . Assuming that 

ethylene is associated with maturation and ripen ing ,  the increase in  F26B P  in  

response to  ethylene treatment provides evidence that this regu latory m etabo l ite 

is promoti ng carbohydrate mobi l isation and breakdown, as g lycolysis is favoured. 

l t  remains to be seen how F26BP brings about this stim u lation. Tissues of 

avocado , carrot and potato are of different morphological o rig ins and m ay not 

exh ib it s imi lar patterns of response, also avocado does not store starch .  The 

effects of appl ied exogenous ethylene or natural ly occurring ethylene i nvoke a 

different biochemical response (high F26BP concentration) compared to the  effect 

of low temperatu re ( low F26BP concentration) .  S imi larly, there m ay be a 

difference between cold  i nduced and senescent sweetening in  potato tubers .  Cold 

induced sweetening has al ready been described, whereas senescent sweetening 

is i nduced during matu ration and perhaps by the appl ication of exogenous 

ethylene. The amyloplast membrane was intact i n  tubers stored at low 

temperatures, but broken in senescent tubers (depending on cu ltivar) (Sowokinos 

et al. , 1 985) . A broken membrane around the amyloplast wou ld increase 

vu lnerabi l ity of the starch granu le  to degradative enzymes from outside the 

amyloplast, and cytoplasmic leve ls of PPi cou ld  be e levated by leaky membranes 

(Sowokinos, 1 990a) .  Hence, the PPi concentration may increase in potato and 

in  fruit duri ng maturation and ripening.  In this situation ,  g luconeogenesis wou ld 

be favou red and starch may be hydro lysed to sugar. lt is possib le that th is 

mechanism is necessary for fruit to ripen and sweeten. 

A summary is given of the proposed biochemical pathways that may describe the 

effect of temperatu re on the rate of carbohydrate changes that occu r in kiwifru it 

duri ng maturation and inf luences SSC concentration (Fig .  6 . 1  ) . lt is assumed that 

the m aturation component of SSC has been induced in  the fru it and therefore ,  the 

fru it are responsive to temperature. When temperatu res are low starch is 



LOW TEMPERATURES 

PFPase 
P Pi • l> P i  

21 7 

Gluco neogenesis � F6P + + F1 6BP ----7 Glycolysis 

1 
Sugar increase 

Starch decrease 

PFKase I ATP -----11> ADP 

F1 6BPase 
(Low concentration F26BP enhances reaction) 

l 
High activity SPS 

H IGH TEMPERATU RES 

PFPase 
PPi  4 � Pi 

G l uconeogenesis � F6P + + F1 6BP  ----7 Glycolysis 

t PFKase I ATP ----., AD P  

F1 6BPase 
(High concentration F26BP inhibits reaction) 

l Sugar d ecrease 
Low activity SPS -------7 

Starch i ncrease 

Fig . 6 . 1  A theoretical scheme to demonstrate that temperature may affect the 
d i rection  of the g lycolytic pathway. 1> inh ibited • enhanced 

reaction reaction 



2 1 8 

hydro lysed to sugar through regu lation of g luconeogenesis and other pathways 

by F26BP  concentrations. A low F26BP concentration and/or h igh  P Pi 
concentration wou ld i ncrease the concentration of the form of P FPase active in  

g luconeogenesis and F1 6BP is converted to  F6P .  I n  addition ,  a low concentrat ion 

of F26BP resu lts in  h igh activity of SPS leading to formation of sucrose and 

perhaps a concentration gradient from starch to sugar. At h igh temperatu res 

sugar is converted to starch through control of g lycolysis and other  pathways 

regu lated by F26BP.  Concentration of F26BP is h igh and P FPase is converted 

to the form active in g lycolysis, catalysing conversion of F6P to F 1 6BP .  I n  
addition ,  S P S  and F1 6BPase are inh ibited by h igh concentrations of F26B P ,  so 

that the reaction catalysed by PFKase can proceed. As the g lyco lyt ic and 

g luconeogenic pathways play a central ro le in  cel l u lar metabo lism and F26BP  

concentration strongly regu lates g lycolytic and g luconeogenic carbon f low i n  

plants (Sung et al. ,  1 988) , it wou ld be expected that the biochemical pathways 

in other starch contai n ing fruit, such as apple,  pear and tomato, wou ld respond 

to temperatu re during maturation in a simi lar way to that proposed for kiwifru it. 

For an enzyme-catalysed chemical reaction to proceed there must be sufficient 

concentrations of both substrate and enzymes present. The law of mass act ion 

states that the rate of a chemical reaction is proportional to the concentrat ion of 

the reactants (Goodwin and Mercer, 1 972) .  The rate of an enzyme-catalysed 

reaction shows a saturation effect with increasing substrate concentratio n  ( Hal l  

et al. , 1 974). At low substrate concentrations the reaction rate i s  d i rectly 

proportional to the substrate concentration ,  but as the substrate concentrat ion is 

i ncreased further, the reaction rate decli nes givi ng a hyperbo l ic re lationsh ip 

characteristic of al l  enzyme reactions. However, there is considerable variation 

i n  the substrate concentration needed to produce saturation. 

The Michae lis-Menten equation describes the relationship between the enzyme 

react ion rate and substrate concentration (Hal l  et al. , 1 974) . G lyco lysis and 

g luconeogenesis are networks of reactions, not single pathways (Su ng et al. , 

1 988) . Hence ,  at each step in  the g lycolytic and g luconeogenic pathways the rate 
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of reaction wi l l  be proportional to the concentration of substrate and e nzym e  
present. However, some steps may be s lower than others ,  resu lt ing i n  rate­

l im iti ng steps (Goodwin and Mercer, 1 972) . Dunn (1 97 4) used an equat ion to 

describe the effect of a-amylase concentration on deg radation of starch .  The 

equation is 

where v = velocity of reaction 

k = constant 

A = total surface area of granules 

E = total a-amylase concentration 

n = constant 

A h igher concentration of a-amylase resulted in a higher rate of reaction .  lt 

should be possible to calculate the rates of reaction for each step in the g lyco lytic 

and g luconeogenic pathways. However, the Michael is-Menten equation and its 

re lationship with temperature wou ld need to be known for each step. If such 
information was avai lab le ,  it may be possib le to incorporate it i nto a 

physiologically based model in  order to predict changes in  starch and sugar 

concentrations with changes in  temperatu re duri ng maturation of kiwifru it. 

How quickly can a metabo l ic pathway respond to a change in  temperatu re? At 

the subce l lu lar leve l ,  if F26B P  is a regu lator of P FPase , then its concentration 

m ust be able to be altered in p lant tissues (Black et al. ,  1 987). To be effective in 

coping immediately with rapid envi ronmental changes, the change i n  F26B P  

concentration shou ld occu r i n  minutes. Paz e t  al. ( 1 985) flooded roots o f  pea 

p lants and measured an i ncrease in F26BP concentration in leaves with in  1 5  to 

30 seconds. A change in F26BP concentration within a s im i lar period of tim e  may 

also be expected in response to a change in temperatu re. However, changes i n  

concentrations o f  starch, total sugar and soluble sol ids were not recorded u nt i l  

several days after a temperatu re perturbation was imposed on kiwifru it o r  in  

potato tubers (Pressey and Shaw, 1 966). This is probably because changes in  

concentrations of  these carbohydrates are the resu lt of  many metabol ic  steps 

and,  realistically are g ross measurements. Measurement of the concentration  of 
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key enzymes and sugar substrates of kiwifruit subjected to coo l  and warm 

temperatures is necessary to determine the effect of temperature on i ndividual 

metabo l ic steps. 

In potato tubers the effect of a temperature pertu rbation on starch and sugar 

concentrations appeared to be reversible. For example, when tubers were 

transferred from 1 0  to 2C,  the concentration of total sugar increased ; after 

transfer back to 1 OC starch concentration increased and sugar conce ntrat ion 

decreased (Pressey and Shaw, 1 966). I n  this thesis, some treatments were 

designed to investigate the reversibi l ity of starch and sugar conversions i n  

kiwifruit with temperatu re perturbations. Unfortunately, resu lts were not obtai ned 

after the transfer from 1 5/1 1 to 26/20C due to a leak of ethylene i nto that 

contro l led environment treatment which resu lted in ripe fruit. However, when the 

temperature was changed back to 1 1  /7C after 1 8  days at 20/1 3C the decrease 

in starch concentration and increase in sugar and so lub le sol ids concentrations 

were faster than at 20/1 3C.  These resu lts i ndicate that the dynamic temperatu re­

dependent re lationship i n  starch and sugar concentration ,  in both kiwifru it and 

potato tubers, is dependent on ambient temperature experienced. The central ro le  

of  g lycolysis and g luconeogenesis i n  plant metabol ism appears to  give p lants 

thei r un ique abi l ity to respond dynamical ly to their changing envi ronment.  

Biochemical pathways i nfluenci ng co ld sweeten ing i n  potato have been explained. 

lt is suggested that s imi lar pathways may operate i n  kiwifruit accounti ng for the 

rapid decrease in  starch concentration and increase in  sugar concentrat ion that 

occu r at low temperatu res. Detai led knowledge of the biochemical reactions  

invo lved in  starch deg radation and sugar accumu lation in  kiwifruit may be usefu l 

when attempting to include these into a mathematical model .  Further work is 

needed to ascertain whether  F26BP is present in  kiwifruit, whether i t  changes in  

response to  temperatu re and i f  i t  plays a central ro le duri ng matu ration .  
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6.5 Description of increase in soluble solids concentration 

The mode l  deve loped to predict rate of change in SSC duri ng kiwifruit matu ration 

has two components. Fi rstly, the state-dependent physio logical response fu nction  

as  described by the base + exponential mode l .  Secondly, the temperatu re­

dependent rate function based on a modified Arrhenius equation .  The mode l  was 
developed using continuous temperature records and a combined data set from 

container-grown vi nes in two contro l led envi ronment studies. Testing of th is 

model was undertaken on data from s imi lar container-grown vines in the 

she ltered site and f ie ld-g rown orchard vines from sites where conti n uous 

temperature records were avai lable. As on ly dai ly maximum and m in imum 

temperatures are avai lable in  many practical situations, the model was modified 

to  use these temperatures to  describe the increase in  SSC i n  field-grown vi nes 
and hence predict harvest date when based on a specified SSC. The model was 

suitable for describing the rate of change in SSC at different sites as increase in  

SSC was simi lar to  measured SSC at fou r  orchards in  different locations, and for 

two of these sites in two different years. A wide range of contro l led temperature 

treatments were used in the development of this model. Data col lected  from 

previous control led temperature studies (Hopki rk et al. , 1 989;  Kemple r et al. , 

1 992) or when temperatures were not contro l led (Sal inger and Morley-Bunke r, 

1 988; Snelgar et al. , i n  prep.) are more difficu lt to use for developing a mode l ,  but 

cou ld  be used for validation of other models. 

P rediction of harvest date wou ld be of benefit to the kiwifruit i ndustry in  terms of 

p lann ing harvesti ng operations and subsequent transport of fruit. The mode l  is 

envisaged being used as fo l lows. Soluble sol ids concentration shou ld  be 

measured from fru it harvested weekly from, for example, the end of March i n  the 

same orchard block. Once SSC beg ins to increase during maturation , a 

measu red value can be inserted into the model as the starti ng point. At th is stage 

maximum and min imum temperature data from previous years could be u sed to 

predict the most l ike ly earliest and latest date of harvest. As the season 

prog resses, fu rther SSC measurements can be inserted into the model as wel l  
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as cu rrent maximum and min imum temperatures for that particular season .  

Hence ,  prediction o f  harvest date by early Apri l shou ld be  more accu rate than 

that fro m  the fi rst prediction in March. Updating of predicted harvest date cou ld 

cont inue u nti l actual harvest date is reached. 

Although the model developed has not been rigorous ly tested in  a predictive 

capacity, an example of s imu lati ng SSC has been prepared where m aximum 

temperature was increased and min imum temperature was decreased by  1 C from 

measured temperatures (Figs 6 .2  and 6.3) .  Under these conditions, when  SSC 
was s imu lated from 26  February, the possib le t ime of harvest (min imum of  6 .2% 

SSC) ranged over an 8 day period (Fig .  6 .2) .  However, if SSC sim u lation 

commenced 35 days later, the possible time of harvest ranged over a 4 day 

period (Fig .  6 .3) .  These simu lations show that i) the t ime of harvest is affected 

by different temperatures duri ng the growing season and i i )  prediction of harvest 

date i mproves when the prediction is made closer to the t ime of harvest. At 

present, commercial harvest in  kiwifruit is when fru it SSC exceeds a min im u m  of 

6 .2%, but it is possible that this min imum SSC may be increased as fru it 

harvested at higher SSC store better and fruit are more guaranteed to ripen to 

an acceptable flavou r  after storage (Beever and Hopkirk, 1 990).  If this happens 
the model deve loped here wi l l  sti l l  be suitable because it can predict the time of 

harvest at any predetermined SSC. 

There are some l imitations of the model. Prediction of the exact harvest date 

cannot be made a long time before harvest. This is a disadvantage to exporting 

companies and packhouses as ships to col lect export fru it are ordered up to 

6 months in advance of actual harvest in Apri i/May. Timing of harvest wi l l  also 

affect the time that new season fruit arrive in the export markets and hence , may 

affect marketing strategies. However, a prediction  of harvest date 4 to 1 0  weeks 

before harvest may be better than relying on estimates fro m  previous years. The 

base + exponential was chosen to describe the kinetics of SSC i ncrease du ri ng 

kiwifru it matu ration as there was no apparent difference between this model  and 
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the power- law model .  Whichever model is used, the fitted parameters wi l l  vary 

between contro l led environment experiments or different fie ld studies. An 

interesting feature of this model is the use of a site specific coefficient, the partia l  
rate coefficient. This may mean that SSC and temperature data has to be 
col lected for a new site in  order to derive the specific partial rate coeffic ient for 

that s ite. Nevertheless, it is possible that the country cou ld be spl it i nto loca lities 

or regions where the rate coefficient is simi lar and can be used over a wider  area 

than the specific o rchard measured. For example, the northern region cou ld 

comprise of North land and a central region comprisi ng of the Bay of P lenty, whi le 

the southern reg ion cou ld include Horowhenua and Ne lson. Analysis of su itable 

data at different sites wi l l  confi rm whether an average value of the partia l  rate 
coefficient can be used for a region .  However, it appears that the part ia l  rate 

coefficient is consistent between years, although analysis of previous data wi l l  

establ ish whether this i s  correct. Also , the physio logical basis o f  the partial rate 

coefficient needs to be determined by examin ing other factors , such as dai ly l ight 

integ ral and daylength at the different orchard locations, to ful ly understand those 

factors inf luencing the maturation process. 

Futu re work shou ld involve testing this model against data from other sites and 

the same sites in  different years, and attempts should be made to model changes 

in  starch and sugar concentrations duri ng maturation , as carbohydrate 

concentration may determine the potential of a fru it for storage and eati ng quality 

after storage .  lt wou ld  also be interesting to determine the effect of temperature 

on  carbohydrate partit ioning before maturation ,  and to deve lop a suitabl e  model  

to predict maximum carbohydrate concentration o r  carbohydrate concentrat ion at 

harvest. l t  is possib le that this model cou ld be incorporated into a large r  crop 

prediction  model such as Orchard 2000 (Atkins et al. ,  1 992). 
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Abstract. Experiments i nvestigating kiwifru it (Actinidia deliciosa (A. Chev) C . F. 
Liang et A. R. Ferguson var. del iciosa) maturation were undertaken requ i ri ng  the 
analysis of total soluble sugars and starch in  large numbers of fruit samples. 
Current analytical methods were found to be cumbersome, s low and not su ited 
for use with fruit tissue. Existing techniques were modified to al low larger 
numbers of samples to be processed more rapid ly. The phenol-sulfuric acid 
assay was judged to be a convenient method for determination of total so luble 
sugars from tissue extracts and gave results s imi lar to those obtained by high 
pressu re l iquid chromatography. The starch procedure adopted i nvolved 
ge lati n isation of fruit tissue using hot water and a thermostable a-amylase 
(Termamyl) ; starch hydrolysis using amyloglucosidase ; and determination  of 
g lucose using g lucose oxidase. The methods enabled up to 40 kiwifruit samples 
to be analysed for total sugar and starch concentrations by one person over a 
nine-hou r period and should be applicable to research areas concern ing fru it 
deve lopment and maturation .  

Received for publication 17 Nov. 1 992. Accepted for  publ ication 3 1  Mar. 1 992. 
Nicky Seager  thanks HortResearch and the New Zealand Kiwifru it Marketing 
Board for fi nancial support. We thank Chemcolour Industries (NZ) Ltd .  for 
provid ing the Termamyl and Coli n Tod for the H PLC analyses. The use of t rade 
names in this publ ication does not imply endorsement of their  use,  nor  crit icism 
of simi lar ones not mentioned. 



226 

The predominant storage carbohydrate in  kiwifruit is starch which is stored 
in both the outer pericarp and core tissue of the fruit. Fruit starch concentrations 
i ncrease and reach a peak about one month before harvest and then rapid ly 
decrease with a concomitant rise i n  free sugars during the latter phases of 
maturation (Beever and Hopki rk,  1 990). The major sugars in kiwifruit at eating 
ripeness are g lucose (2-6% of fresh weight) , fructose (1 .5-8%) and sucrose (2%) 
(Beever and Hopki rk, 1 990) with traces of po lyo ls such as inosito l (Kawamata, 
1 977) . 

Studies have been conducted to investigate the changes in  partit ion ing of 
carbohydrate between starch and sugars in response to temperatu re du ring 
kiwifruit maturation (Seager et al . , 1 991 ) .  Mature fruit are regarded as those 
havi ng reached eating ripeness. This work required analysis of sugars and starch 
i n  fruit samples which were col lected regularly during fru it development from 
p lants subjected to different temperature treatments. However, as it was not 
feasib le to analyse the carbohydrates at the time of sampl ing,  it was necessary 
to preserve the fresh tissue at harvest. The very large numbers of samples 
accumu lated (6000) meant the analytical methods adopted were required to have 
as h igh a sample throughput as possible. 

Sugar and starch concentrations have been determined in  a wide  range 
of different types of fresh and dried plant tissue. Typical ly, sugars are q uantified 
us ing calorimetric (e.g . ,  Hodge and Hofreiter, 1 962) or chromatographic 
procedures fo l lowing extraction of the fresh or dried tissue with alcoho l-based 
solvents. After sol uble sugars have been removed , starch is usual ly hydro lysed 
enzymatically fo l lowing pretreatment to render the substrate avai lable to e nzyme 
attack, and the re leased g lucose is measured using specific enzyme systems 
(e .g . , Has lemore and Roughan, 1 976 ; MacRae et a l . ,  1 974) . None of the 
publ ished methods appear to have been specifical ly designed or  adapted for 
fresh kiwifruit tissue or  other fru it types. Our co l leagues have appl ied the 
Boeh ringer Mannheim starch kit (Boeh ringer Mannheim GmbH,  I nternational 
Divis ion ,  PO Box 31 01 20 ,  06800 , Mannheim 31 , Germany) based on the 
methods of Keppler and Decker (1 974) for the analysis of starch in fresh kiwifruit 
t issue (Bowen et al . ,  1 988;  MacRae et a l . ,  1 989a) , but the method was fou nd to 
be unsuitable for the rapid analysis of large numbers of fru it samples. 
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The aim of this work was to develop a simple and practical method for 
determin ing total soluble sugar and starch concentrations in the fruit t issue of 
kiwi fru it with sufficient throughput to undertake large numbers of analyses du ring 
each fru it g rowing season. 

Preparation of samples for storage and analysis. Approximate ly 4-5 g 
samples were taken from the outer pericarp or  core tissue of each ' Hayward' 
kiwifruit. The tissue was chopped into approximately 5 mm cubes, weighed and 
steeped i n  20 m l  methanol :  water: formic acid (1 2 :2 : 1  v/v) (E.A. MacRae , pers. 
corn. )  in capped vials prior to storage at 3C for up to one year. For analys is ,  the 
extractant was decanted into a beaker, the tissue transferred i nto a pre-weighed 
50 m l  centrifuge tube and homogen ised with 20 m l  disti l led water us ing a 
Polytron homogeniser, then centrifuged at 2000x .9. for 1 5  m i ns. The supernatant 
was combined with the orig inal extractant and used for so lub le sugar analysis. 
The weight of residual fru it tissue was obtained by reweighing the tube p lus 
contents and set aside for starch analysis. 

Total sugar analysis. Calcu lations were based on the mean total vo lume 
of extractant estimated from at least 1 0  replicate measu rements from outer 
pericarp or core tissue samples. These vo lumes varied accordi ng to the type of 
kiwifruit tissue being extracted but were consistent among either outer pericarp 
or core fractions. Al iquots of one ml were removed from the extract so lutions and 
d i luted by a factor of between 1 0 and 1 20 with disti l led water depending on sugar 
concentration ,  and 1 m l  of d i luted extract was assayed for total carbohydrate (by 
comparison with a range of g lucose standards) by the phenol-su lfu ri c  acid 
method of Dubois et al. (1 956) . 

A comparison of the phenol-su lfuric  acid assay with a h igh pressure l iqu id 
chromatography (HPLC) procedure was undertaken to independently evalu ate the 
recovery of sugars from the fruit extracts. Subsamples from selected sugar 
extracts were evaporated to d ryness under reduced pressure at 40C ,  
reconstituted to  the  orig inal  volume with disti l led water and fi ltered th rough a 
0 .2  11-m nylon membrane. Samples were injected i nto a H PX-87C Bio-Rad column 
(300 x 7 .8 mm) and  e luted with water at 85C for 90  mins.  Component peaks 
were detected by refractive index. 
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Starch analysis. Subsamples of the residual tissue (300 to 900 mg 
depending on  the maturity of the fru it sample) and three starch standards of 
approximately 1 0 , 35 and 65 mg were weighed accurately i nto screw-capped 
cu lture tubes (Kimax 45066-A; 1 6  x 1 25 mm).  The starch standard used was a 
purified wheat preparation (Sigma S-2760) and weights were corrected for 
moisture content ( 1  0 .6% of OM determined at 1 05C). A 1 0  m l  al iquot of d isti l led 
water and 50 �I of a thermostable a-amylase (Termamyl ,  activity 1 20 KNu  g-\ 
suppl ied by Novo l ndustri , NS Copenhagen ,  Denmark) were added to each 
sample, mixed and the tubes were then heated in a boi l ing water bath for 9 0  m in .  
The tubes were fi rm ly capped after 5 min heati ng , and remixed after 45 m in .  After 
coo l ing , the tube contents were poured into a 1 30 m l  contai ner, the tubes ri nsed 
with 1 0  ml 0 .25 M sod ium acetate buffer (pH 4.5) , and the buffer p lus 80 m l  
d isti l led water was added to the container with thorough m ixing to give a f inal 
so lution of 1 00 ml with a variation in volume of ±0 .5 m l . 

Approximately 1 m l  from each sample was centrifuged i n  a 1 .5 m l  
micro-centrifuge tube at 8000x _g_ for 2 mi n. Omitting the centrifug ing step  had no 
effect on starch recovery but gave rise to blocked pipette tips when subsampl ing 
for further analysis. A 200 �I a l iquot of supernatant from each sample was added 
to a cu ltu re tube (1 6x1 25 mm) fol lowed by 400 �I sod ium citrate buffer (pH 4 .6) , 
350 �I dist i l led water and 50 �I amylog lucosidase (Boehringer Mannhe im 737 1 60 , 
1 4  U mg-1 ) .  The contents were mixed and then hydro lysed by incubating at 60C 
for 20 min .  Re leased g lucose was determined by a g lucose oxidase method (e .g . ,  
K i lburn and Taylor, 1 969). 

Calculations. Soluble sugar and starch concentrations were calcu lated as 
mg per g of fresh tissue and corrected for the app ropriate d i l utions. Starch 
concentration was also corrected for the amou nt of residual tissue subsampled 
for analysis and mu ltipl ied by 0.9. This factor (x0.9) accounted for the mass of 
g lucose theoretical ly hydrolysed from a unit mass of starch. 

Total sugar analysis. The major requ i rement for this procedure was to 
obtain a re l iable estimate of total soluble sugars in fruit samples harvested 
sequential ly and preserved in an acidic alcohol ic extractant. The num be r  of 
samples generated meant that the method chosen needed to balance analytical 
accuracy with sample throughput. Examination of numerous samples, particu larly 
mature fruit h igh in sugar levels,  indicated that the original steeping extraction 
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procedure removed nearly 80% of al l  soluble sugars and accounted for 96% of 
a l l  sugars when combined with a cold water wash. Washing the residua l  tissue 
a second and third t ime released the last 3% and 1 %  of the remain ing  so lub le 
sugars ,  respectively. The additional t ime needed for these steps was not justified 
for our  work, but might possib ly be required in other situations. Also , to save ti me, 
combined extract volumes were not measured ind ividual ly but were based on 
mean vol umes estimated from repl icated measurements. 

Examination of extracts of mature fruit using H P LC identified the major 
components as fructose (48%) , g lucose (39%) and sucrose (1 3%) . These mean 
proportions are simi lar to those reported e lsewhere (MacRae et al . ,  1 989b) .  None 
of the extracts contained other di- or o ligosaccharides. The presence of sugar 
alcoho ls such as inositol were not detected using this system. The pheno l-su lfuric 
acid assay proved ideal for the calorimetric determinat ion of total soluble sugars 
i n  kiwifruit tissue extracts. This procedure gave a sim i lar response to g lucose 
(1  00%),  fructose ( 1 1 4%) and sucrose (96%) when normalised to g l ucose on a 
mass basis. lt is a quick, convenient and considerably more cost effective m ethod 
than that avai lable using H PLC. Furthermore ,  the resu lts obtai ned were 
comparable with those using H PLC for measuring total sugars in extracts. For 
example,  the analysis of a typical mature kiwifruit sample by the ca lori metric and 
H P LC procedures gave 44.4 ±1 .0  and 42.8  ±2.2  mg sugar.g fresh weighr1 , 
respectively (mean and standard deviation for three repl icated tissue analyses 
with in a fru it sample) .  

Starch analysis. I n itial ly, fru it starch assays were carried out usi ng the 
Boehringer Mannhe im method (1 979) with the aim of modifying some of the steps 
to increase throughput above the 1 5  samples per day achieved by our  
col leagues. This analytical procedure involves starch so lub i l isation us ing hot 
acidic DMSO,  neutral isation to pH 4.5 monitored by a pH  meter, hydro lysis of the 
solubi l ised substrate using amyloglucosidase , and specific determination  of the 
re leased g lucose usi ng the UV/hexokinase method. Most of these steps are time 
consuming and unsuited to reductions in  scale to i mprove effic iency and 
throughput. 

Solubi l is ing starch by steepi ng fruit tissue at 60C in  HC I/DMSO in conical 
f lasks (Boehringer Mannheim, 1 979) did not permit rapid  analysis. The recovery 
of hydro lysed g lucose from starch standards was some 5% higher, when f lasks 
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were constantly swi rled in  a shaking water bath compared to a non shakin g  water 
treatment. However, the efficiency of sample processing was substantia l ly 
improved when the solubi l isation step was carried out in  screw capped tubes. 
Here ,  pre lim inary resu lts with fruit samples indicated that starch level s  were 
s imi lar to those obtained with flasks, shaken or otherwise. Fol lowing steeping in  
HC I/DMSO, the neutral isation procedure recommended by Boehringer Mannhe im 
( 1 979) used dropwise addition of 5 M sodium hydroxide to  achieve a fina l  pH  of 
4 .5 .  Attempts were made to neutralise these acidic so lutions by adding constant 
vo lumes of sodium acetate buffer (pH 4.5), but these were not com pletely 
successfu l .  

We gelatinised starch by treating fruit t issue i n  water at 1 OOC as an 
alternative to  the so lubi l isation/neutralisation step. Gelatinisation is com mo n ly 
used to render starch accessible to enzymic hydrolysis (e .g . ,  Haslemore and 
Roughan, 1 976) and i n  recent years, this procedure has been extended by boi l i ng 
tissue in  the presence of  a thermostable a-amylase preparation such as 
Termamyl (Aman and Hesselman, 1 984;  Bengtsson and Larsson ,  1 990)  which 
converts the substrate to a mixture of soluble o l igosaccharides. Add it ion of 
Termamyl gave higher starch levels with improved precision for both standard 
and fru it t issue samples compared to samples gelatin ised without Termamyl .  For 
example ,  starch leve ls measured from a typical ripe fru it sample were a lmost 
doubled when 50 Ill Termamyl was used compared to gelat in isation without the 
enzyme (Table 1 ) ,  but were not increased further when enzyme vo lumes larger 
than 50 Ill were added. 
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Table 1 The effect of us ing a thermostable a-amylase (Termamyl) during  starch 
ge latin isation in standard and fruit samples. 

Sample type 

1 0 mg starch standard 

35 mg starch standard 

65 mg starch standard 

Outer pericarp tissue 
from ripe kiwifruit 

Volume of Termamyl (�-tl) 

0 25 50 

Theoretical recovery of re leased g lucose 
(%)z 

92.8±1 2.7 

86.7±1 .5 

69.9±2.0 

1 0 1 .2±2.4 

97.9±2.3 

8 1 .2±0 .9 

1 06.6±1 .5 

1 0 1 .2±0 .9  

80.7±0.6 

Starch leve l (mg g FW-1 )z 

1 .9±0 .7 3 .0±0.3 3.5±0 .2  

zoata are the means and standard deviations of three repl icate analyses from the 
same fruit using the methods described above . 

A variant of the common ly used g lucose oxidase procedure (Ki l burn and 
Taylor, 1 969) was substituted for the hexokinase method employed by Boeh ri nger 
Mannheim (1 979) for measuri ng hydrolysed g lucose. Both methods gave s imi lar 
theoretical recoveries of g lucose from severa l  standard starch hydrolysates 
(ranging from 1 5  to 70 mg starch) namely 99.6 and 96.6% determined from the 
g lucose oxidase and g lucose hexokinase methods, respectively. The g lucose 
oxidase m ethod was thus adopted routine ly because of its advantages of speed, 
convenience and economy. 

Both the solub le sugar and starch methods described here have g iven 
s imi lar results for common or comparable fruit samples to those obtained  with 
alternative procedures. For soluble sugars, this involved quantitative H PLC on 
com mon  extracts as described above. For starch,  the comparisons were made 
with fru it of simi lar maturity using the method reported here (Seager et al . ,  1 992) 
and the Boehringer Mannheim method (MacRae et al . , 1 989b) . The proposed 
starch method is s imi lar to procedures developed specifically for cereal  g rains 
(Aman and Hesse lman , 1 984) and for non-fruit horticultural material (Rasmussen 
and Henry, 1 990) , but both the sugar and starch methods described in  this paper 



232 

shou ld  be appl icable to a wide range of different types of fru it tissue. Specifical ly, 
the use of a thermostable a-amylase duri ng gelatin isation of starch in  kiwifru it 
samples resu lted in much i mproved recoveries of starch fro m  these fruit samples. 
Furthermore ,  the use of Termamyl may have a s imi lar benefit i n  the analysis and 
quantitative recovery of starch from other fleshy fruit types and this approach may 
warrant further study. 

Kiwifruit, l ike most other fru it tissue,  is i nherently variable.  Repeated 
analyses withi n the outer pericarp tissue of individual fru it gave coeffic ients of 
variation in the order of 2-1 0% and 5-1 5% for sugar and starch analyses 
respective ly, depending on the stage of fru it maturity. Typical ly, variation between 
fru it for both analyses was 1 5% or greater. 

The development of these methods arose from the need to analyse the 
g ross carbohydrate fractions of numerous fru it samples from kiwifruit vi nes. Whi lst 
the procedu res are practical and do not requ i re expensive equipment, there may 
however, be opportunities to improve or refi ne them further. Cu rrently, the i r  key 
advantages over existing methods, particu larly the Boehringer Mannhe im starch 
procedure, are simpl icity, convenience , and speed as one analyst can p rocess 
40 samples dai ly. We suggest that these procedures may have applications  i n  a l l  
aspects of kiwifruit research concern ing the re lationship betwee n  fruit 
carbohydrate composition and fruit deve lopment. 
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APPEND IX 2 

SOLUBLE SOLIDS CONCENTRATION AT PROXIMAL AND DISTAL ENDS 
OF FRUIT 

A.2. 1 Soluble sol ids concentration (%) at proximal and distal ends of kiwifru it 
g rown under treatments of different min imum temperatures (C) (Secti on  2 . 1 )  
(Experi ment 1 ) . 

Time Temperature (max./min.) (C) 
after 

1 8/4 1 8/8 1 8/1 2 1 8/1 6 transfer 
(days) Soluble solids concentration (%) 

Prox. Dist. Prox. Dist. Prox. Dist. Prox. D ist. 

0 6 . 1  6.2 5.9 5.9 6 . 1  6:2 5.8 6 . 0  

7 6.4 6.7 6.5 6.5 6.3 6.5 5.8 5 .9 

1 4  6.8 7.3 6.9 7.3 6.3 6.6 5.8 6 . 1  

2 1  7.2 7.7 7.2 7.4 7. 1 7.5 5.7 6 . 1  

28 9.3 9.8 8.3 8 .6  7.4 7.9 6.4 7 .0  

35 1 0 .2 1 0 .8 9.7 1 0 .3 7.5 8 .0 7.3 7.9 

42 1 1 .4 1 2 .4 1 0 .8 1 1 .5 7.9 8.5 7.9 8 .5  

49 1 3.5 1 5 . 1  1 2 . 1  1 4. 1  9 . 1  1 0 .2 8.4 8 .9  

56 1 4 .0 1 5 .8 1 2 .8 1 4.5 1 1 .0 1 2 .0 1 0 .0 1 0 .7 

A.2.2 Solub le sol ids concentration (%) at proximal and distal ends of kiwifruit 
g rown under treatments of different maxi mum and mi n imum temperatu res (C) 
(Section 2 . 1 )  (Experiment 2) . 

Tim e  Temperature (max./min.)  (C) 
after 

transfer 1 4/8 1 4/1 2 1 8/8 22/8 22/1 2 26/8 

(days) Soluble solids concentration (%) 
Prox. Dist. Prox. Dist. Prox. Dist. Prox. Dist. Prox. Dist. P rox. Dist. 

0 5.7 5.7 5.7 5.8 5.4 5.5 5.7 5.7 5.8 5.6 5 . 6  5.7 

1 0  6 .8  6.9 5.8 5.9 6.1  6.1  6.6 6.8 6.3 6.3 7 . 1  7 . 1  

20 6.7 6.9 6.2 6.2 6.4 6.4 7.2 7.3 6.3 6.2 6.9 6.8 

30 7.3 7.7 6.5 6.8 7.2 7.3 7.6 7.8 6.7 6.8 6 . 8  6 . 9  

40 8.3 8. 9 7.2 7.9 7.9 7.9 7. 1 7.3 6 .6  6 .8  6.7 6.7 

50 1 0.8 1 1 .6 8.8 9.5 9.8 9.6 8.0 8 .6  7 .5  7.9 7 . 1  7.3 

60 1 2.2 1 3.4 1 0.3 1 1 .3 1 0.2 1 1 .0 8.9 9.3 9.3 9 .9  7 . 8  8 . 3  

73 1 4.3 1 5.8 1 2.4 1 3.4 1 2.4 1 3.6 9.9 1 0.8 9.2 1 0.2 9 .0  9.3 
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A.2.3 So luble sol ids concentration (%) at proximal and distal ends of kiwifru it 
g rown under fixed temperatu re (C) treatments (Section 2.2) (Experiment 3) .  

Time Temperature (max./min.) (C) 
after 

1 1 /7 1 5/1 1 1 5/1 5 26/20 transfer 
(days) Soluble solids concentration  (%) 

Prox. Dist .  Prox. Dist. Prox. Dist. Prox. Dist .  

0 6. 1 5.9 6.0 5.7 6.9 6. 1 5.9 5.5 

3 6.3 6.4 6.2 6.4 

5 6.5 6.2 6.4 6.0 

8 7.0 6.6 6.2 5.9 7.0 7.0 

1 1  6.6 6.5 6.2 6.1  6.0 6.2 

1 4  7.4 7.2 6.4 6.3 6. 1 6.2 

1 7  7.5 7.4 6.7 6.6 7.1  7.2 6 . 1  6 .2  

20 8 .5 8 . 1  7.4 6.9 9.4 8.9 6.5 5.7 

23 8.2 8.5 7.3 7.3 7.7 8.2 6 . 1  6.0 

26 9 . 1  9 .6 7.3 7.4 8 .2 9 . 1  6.3 6.4 

29 9 .5 1 0 .2 7.6 7.5 8 .0 8 .6 6.3 6.3 

32 9 . 1  1 0 .5 8.4 8.8 9.0 9.7 6.2 6 .2 

35 9.9 1 2 .5 8.2 8.2 8.2 9.3 6.2 6.3 

38 1 1 .0 1 3 .8 7.7 8.2 8.4 9.7 6.2 6.2 

41 1 0 .7 1 2 .4 9.4 9.9 8.7 9.5 6.7 6.8 

44 1 1 .4 1 4.7 8.3 9.3 9.2 9.9 6.9 6.9 

47 1 1 .0 1 4.4 9.3 1 1 .3 8 .7 1 0 .0 6.7 6 .7 

50 1 0 .6 1 5 .6 9.3 1 0 .2 9.6 1 1 .6 6.9 7.2 

53 1 0 .8 1 4.5 1 1 .2 1 2 .7 9.5 1 1 .7 6.3 6.7 

56 1 1 .6 1 5 .0 1 0 .0 1 2.2 1 0 .0 1 1 .7 7.0 7.3 

59 1 0 .6 1 4.8 1 2 .0 1 4.2 1 0 .9 1 3 .3 7.7 8 .0  

62 1 2 .6 1 4.7 1 1 .2 1 2 . 1  1 1 .7 1 3 .7 7.6 8.3 

65 1 3 .0 1 5.7 1 2.0 1 5 .0 1 2 .2 1 3 .9 7.4 9 .0 

68 1 2 . 1  1 5.4  1 2 .2 1 4.7 1 2 .4 1 5 .2 7.6 9.3 

7 1  1 1 .9 1 5 .8 1 2 .7 1 5 .5 1 2 .6 1 6 . 1  8 .2 1 0 .0 

75 1 1 .7 1 5 .9 1 4.3 1 7.0 1 2 .7 1 4 .9 8 .0 9.9 
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A.2.4 Solub le sol ids concentration (%) at proximal and distal ends of kiwifru it 
g rown u nder temperatu re (C) perturbation treatments (Section 2 .2) (Experiment 
3) .  

Time Temperature (max./min.) (C) 
after 

1 1 /7-7201 3-71 1 /7 26/20-71 5 1 1 -726/20 transfer 
(days) Soluble solids concentration (%) 

Prox. Dist .  Prox. Dist .  

0 6.2 6.0 6.5 6.4 

5 6.3 6.0 6.6 6.3 

1 0  6.3 6.5 6.3 6.4 

1 5  7.0 7.0 6. 1 6 . 1  

20 7.8 7.3 6.4 5.9 

25 8 .2 8 .3 5 .9 5 .9 

28 8.3 8 .6 5.8 5.5 

31 9.3 1 0 .0 5.9 5.9 

34 1 1 .0 1 1 .9 6.4 6.5 

37 1 0 .6 1 1 .5 6. 1 6.6 

40 9.8 1 0 .9 6.5 6.3 

42 9.3 1 0 .5 6.4 6.7 

44 1 0 .0 1 2 .2 7.0 7.4 

46 1 1 .0 1 3 .0 7.4 7.7 

48 1 1 .2 1 4.3 7.9 7.8 

50 1 0 .4 1 2 .4 7.8 7.9 

52 9.9 1 2 . 1  7.5 8 .2 

54 1 0 .6 1 2 . 1  8 . 1  8 .4  

56 1 0 .6 1 3 .6 7.9 8.8 

58 1 0 .4 1 2 .2 

60 1 2 .3 1 4. 1  

62 1 2 .8 1 4.5 

64 1 2 .0 1 4.4 

66 1 3 . 1  1 5 .4 

68 1 2 .0 1 4.8 

70 1 2 .6 1 5 .4 

72 1 3 . 1  1 4.8 

75 1 2 .5 1 5 .4 



237 

A.2.5 Soluble sol ids concentration (%) at proximal and distal ends of kiwifru it 
g rown under temperature perturbation treatments (C) on immatu re fruit (Section  
2.2) (Experi ment 4). 

Time Time (days) until perturbation to 1 4/1 OC 
after 0 2 6 1 3  

transfer 
(days) Soluble solids concentration (%) 

Prox. Dist. Prox. Dist. Prox. Dist. Prox. Dist .  

0 5.8 5.3 6.0 5.6 6 . 1  5 .0 6.0 5.5 
3 5.9 5 . 1  6.2 5.5 5.9 5.0 6.0 5 . 1  
6 5.7 5.0 5.8 5.0 6.0 5.4 5.7 5 . 1  
9 5 .4 4.8 5.7 5.0 5.9 5.4 5.4 4 .7 
1 3  5.6 5 . 1  5.8 5.2 6.4 5.4 5.5 4.9 
1 5  5.6 5 . 1  5.9 5.5 5.5 5 .2  
1 6  5.7 5.3 
1 7  5.9 5.3 6.0 5.5 5.6 5 .2  
20 6.0 5.6 5.6 5.2 6.1 5.6 5.7 5 .2 
22 5.5 5.0 6.0 5.4 5.5 5.0 
23 5.8 5.4 
24 5.7 5.4 6.1  5.8 5.7 5.3 
27 5.6 5.3 5.5 5 . 1  6.3 5.7 5.9 5 .4 
29 5.7 5.3 6.4 5.8 5.7 5 .4 
30 5.9 5.5 
31 5.8 5.4 6.4 6.0 5.5 5.3 
34 6 . 1  6.0 5.7 5.4 6 . 1  5 .6  5 .5  5 . 1  
41 6.1 5 .8 6.4 5.4 6.3 5.8 5.6 5.4 
48 6.0 5.7 5.7 5 . 1  6.5 6.0 5.6 5.3 
56 6.9 6.6 7. 1 6.2 6.5 6. 1 5.5 5.2 
58 6.7 6 . 1  
59 6.8 6.8 6.7 6.4 7.4 7.0 6.6 6.3 
62 6.9 6.8 7.0 6.4 7.5 7.2 7 . 1  6 .7 
65 7.5 7.3 7.3 6.6 7.0 6.7 7.0 6.6 
66 7.4 7.0 8.5 7.8 7.4 6.9 7.4 6.8 
69 7.6 7.4 7.4 6.9 7.6 7.3 7.7 7.3 
72 7.6 7.3 7.6 7. 1 7.5 7.3 8 .2 7.9 
73 7.3 7. 1 7.8 7.7 
76 7.4 7.4 8.2 7.8 7.2 7 . 1  7. 1 6 .8 
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A.2.6  So luble sol ids concentration (%) at proximal and distal ends of kiwifru it 
g rown under temperature perturbation treatments (C) on immatu re fruit (Section 
2.2) (Experiment 5) .  

Time Time (days) until perturbation to 1 4/1 OC 
after 0 2 22 transfer 

(days) Soluble solids concentration (%) 

Prox. Dist. Prox. Dist. Prox. D ist. 

5.5 5.4 5.4 5.3 
2 5.7 5.8 
7 5.4 5.3 5.3 5.3 
1 5  5.5 5.5 
22 6.4 6.2 6.2 6 . 1  
27 6.5 6.1 7.0 7. 1 
36 6.4 6.3 7.4 7.3 

A.2.7 So luble solids concentration (%) at proximal and distal ends of kiwifru it 
g rown at different o rchard locations (Chapter  3) . 

Time of Orchard location 
measurement Riwaka Kerikeri Palmerston Te Puke 

(weeks) North 

Solub le solids concentration (%) 

Prox. Dist .  Prox. Dist. Prox. D ist. Prox. D ist . 

1 4.2 4. 1 4.4 4.4 4.2 4. 1 4.3 4 . 1  
2 4.4 4.3 4.5 4.6 4.5 4.5 4.4 4.3 
3 4.6 4.5 4.2 4.2 4.5 4.5 4.5 4.4 
4 4.8 4.7 4.5 4.5 4.7 4.7 4.6 4.5 
5 4.4 4.4 4.4 4.5 4.7 4.8 4.5 4.4 
6 5.0 5. 1 4.8 5. 1 4.7 4.8 4.8 4.9 
7 4.9 5. 1 4.7 5.0 4.7 5 . 1  4.5 4 .7 
8 5.4 5.8 5.2 5.7 5 . 1  5 .5 4.8 5 . 1  
9 5.9 6.6 5.8 6.6 5.2 5.7 4.8 5 .2  
1 0  7.0 7.7 5.6 6.3 5.5 6.2 5.3 5 .7  
1 1  7.7 8 .8 6.0 7.0 6.5 7.4 5.5 6. 1 
1 2  9.2 1 0 .8 6.8 8.0 7.3 8 .2 6 .5 7.2 
1 3  9.5 1 1 .0 7.2 8.5 7.6 8 .7 7. 1 8 .0  
1 4  7.9 9.4 8 .2 9.4 8.0 9 .0  
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A.2.8  Soluble sol ids concentration (%) at proximal and distal ends of kiwifru it 
g rown u nder different leaf:fruit ratio treatments (Chapter 4) . 

Time of 
measurement 

(days) 

0 
21 
36 
46 
55 

Leaf:fruit ratio treatment 

1 : 1  5 : 1  
Soluble solids concentration (%) 

Prox. 

3.8 
3.8 
4.6 
4.4 
4.0 

Dist. 

4.2 
4.2 
5.3 
5 .3 
5.6 

Prox. 

4.4 
4.3 
5 . 1  
6.8 
7.2 

Dist. 

4.6 
4.7 
6.0 
7.7 
9 . 1  
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APPENDIX 3 

TABLES OF REGRESSION COEFFICIENTS 

A.3. 1 Reg ression coefficients from fitted l i near equations for decrease i n  f lesh 
firmness of kiwifru it grown under different m in imum temperatu res (C) 
(Experi ment 1 ) .  From Fig. 2.4.  I ntercept = 98.9 N ,  R2 = 0 .89 .  

Temperature Mean S lope 
(max./min . )  temperature (N day-1) 

(C) (C) 
1 8/4 1 1  -0.892 

1 8/8 1 3  -0.921 

1 8/1 2 1 5  -0.540 

1 8/1 6 1 7  -0.724 

A.3.2 Reg ression coefficients from fitted logistic curves for i ncrease in  soluble 
sol ids concentration of kiwifruit grown under different min imum temperatures (C) 
(Experiment 1 ) .  From Fig. 2.5. 

Temperature Mean 
(max./min . )  temperature 

(C) (C) 
1 8/4 1 1  

1 8/8 1 3  

1 8/1 2 1 5  

1 8/1 6 1 7  

I ntercept 
(%) 

4.07 

3.99 

4.36 

5.38 

S lope 
(% day-1 ) 

0 . 1 1 2  

0 .098 

0.081 

0 .091 

0 .98 

0 .97 

0 .9 1 

0 . 9 1  
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A.3.3 Regression coefficients from fitted l i near equations for decrease in f lesh 
fi rmness of kiwifruit grown under different maximum and min imum temperatures 
(C) (Expe riment 2) . From Fig. 2 .6 .  I ntercept = 86.5 N, R2 = 0.95.  

Temperatu re Mean Slope 
(max./min . )  temperature (N day-1 ) 

(C) (C) 
1 4/8 1 1  -0.757 

1 8/8 1 3  -0.651 

1 4/1 2 1 3  -0.61 3 

22/8 1 5  -0.451  

26/8 1 7  -0.493 

22/1 2 1 7  -0.527 

A.3.4 Reg ression coefficients from fitted logistic curves for increase in soluble 
sol ids concentration of kiwifruit grown under different maximum and m in imum 
temperatures (C) (Experiment 2 ) .  From Fig. 2.7.  

Temperatu re Mean I ntercept S lope R2 
(max./min . )  temperature (%) (% day-1 ) 

(C) (C) 
1 4/8 1 1  4.40 0. 092 0 .89 

1 8/8 1 3  4. 1 4  0 .070 0 .97 

1 4/1 2 1 3  4.74 0 .079 0 .99  

22/8 1 5  3 .59 0.051 0 .71  

26/8 1 7  3.36 0 .037 0 .62 

22/1 2 1 7  4.71 0 .067 0 .75 
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A.3.5 Reg ression coefficients from fitted l i near equations for decrease i n  flesh 
f irmness of kiwifruit grown under fixed temperatu re treatments (C) (Experim e nt 3). 
From Fig .  2 . 1 1 .  I ntercept = 89.3 N,  R2 = 0 .93. 

Temperature Mean Slope 
(max./min . )  temperature (N day-1 ) 

(C) (C) 
1 1 /7 9 - 1 . 1 28 

1 5/1 1 1 3  -0 .91 4 

1 5/1 5 1 5  -0.879 

26/20 23 -0.587 

A.3.6 Regression coefficients from fitted logistic curves for increase i n  soluble 
sol ids concentration of kiwifruit grown under fixed temperature treatments (C) 
(Experiment 3) . From Fig. 2 . 1 3. 

Temperature Mean 
(max./min . )  temperature 

(C) (C) 
1 1 /7 9 

1 5/1 1 1 3  

1 5/1 5 1 5  

26/20 23 

I ntercept 
(%) 

3.29 

4.53 

2.77 

5 .72 

S lope 
(% day-1 ) 

0. 1 0 1 

0 .089 

0 .055 

0 .064 

0 .95  

0 . 92 

0 .92  

0 .50  

A.3.7 Regression coefficients from fitted li near equations for decrease in  flesh 
fi rmness of kiwifruit g rown at four different o rchard locations. From Fig .  3. 1 .  
I ntercept = 1 1 0.0 N ,  R2 = 0 .95.  

Orchard location S lope 
(N day-1 ) 

Kerikeri -0 .624 

Te Puke -0.533 

Palmerston -0.533 
North 

Riwaka -0.568 
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A.3.8 Regression coefficients from fitted logistic curves for increase in so lub le 
so l ids concentration of kiwifruit grown at fou r  different o rchard locations .  From 
Fig.  3 .2 .  

Orchard location I ntercept S lope R2 
(%) (% da{1 ) 

Kerikeri 4.54 0 .044 0 .92 

Te Puke 4.90 0 .045 0 .96 

Palmerston 4.59 0.044 0 .98 
North 

Riwaka 4 .91  0 .058 0 .95 

A.3.9 Regression coefficients from fitted l i near equations for decrease i n  f lesh 
f irmness of kiwifruit g rown at two different leaf:fruit ratios. From Fig .  4.2.  I ntercept 
= 1 00 .4 N ,  R2 = 0.91 . 

Leaf :fru it ratio 
treatment 

1 : 1  

5 : 1  

S lope 
(N da{1) 

-0.546 

-0.620 

A.3 . 1  0 Regression coefficients from fitted exponential curves for increase in  
so lub le sol ids concentration of  kiwifruit grown at two d ifferent leaf:fru it ratios. 
From Fig .  4.3.  R2 = 0 .75. 

Leaf:fru it ratio 
treatment 

1 : 1  

5 : 1  

I ntercept 
(%) 

3.56 

3.71 

S lope 
(% day-1 ) 

0 .055 

0. 1 58 
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• 

A.4. 1 Maximum and m1mmum temperatures (C) measured below (1 .3 m above 
g round) and above the canopy (2.3 m above g round) and soi l  temperature (200 mm 
depth) of kiwifruit grown at Riwaka in February 1 990. 
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A.4.2 Maximum and min imum temperatures (C) in February, March, April and May 
measured below the canopy of kiwifruit grown at Kerikeri 1 990. 

M issing data: February 1 8-28, March 1 -2, April 7-1 6 and 22-24, May 4-9 and 1 8-20. 
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30 

A.4.3 Maximum and min imum temperatures (C) in February, March ,  Apri l and May 
measured below the canopy of kiwifruit grown at Te Puke 1 990. 

Missing data: February 26, April 1 3-30, May 1 -1 5 . 



30 

20 

0 
Q) 

1 0  '-::J ....... ro '-Q) c.. 
E 0 Q) ....... 
>-c.. 0 c ro 30 (.) 
3: 0 
Q) 

CO 20 

1 0  

0 

0 

• 
• •  

.· .... • 
. . . .... ... 

• •  • • •  • 

·. ; 
� 

0 - Maximum temperature (C) 
• · • · Minimum temperature (C) 

• •• 

• • • • • • • 

• 
. . 

. . 
• '  
. .  4t . . . • . : • 

• . . 
• 

.. 

• 

5 1 0  1 5  20 

lt • . . . . . . , •.. . · . . . 

• • • 

� 

• 

• • • t 
• • � • • 

• •  
• •• • 

• .. : • •  • 

25 0 5 1 0  

Day of month 

• 
,.. .. · . 

•• 11 • 
• 

• • • 
� ,; 

• ··- • 

41 

1 5  20 

� 

247 

• 
. . 

� 
... 

• •• 

25 

• . . 
• 

•••• 

30 

A.4.4 Maximum and min imum temperatures (C) in February, March, April and May 
measured below the canopy of kiwifruit grown at Palmerston North 1 990. 



0 
Q) .... :::::l 
1il .... Q) a.. 
E Q) ..... 
>­a.. 0 c ro (.) 
;::: 0 
Q) 

(0 

30 

20 
•• • • 
. . .. . ... .. . .... 

•••• • • 

1 0  • •••• . .. • •. 
• •  • • 

.. 

0 

30 

20 

1 0  

0 

0 

. ,.. .. ·.• . .• . 
.. .... . · ..... .. 

•• 

5 1 0  1 5  

• 

. : . .. 

20 

• . . 
• 

25 0 

March 

,. � 
• . . . . .... • it 

• • 
¥ .lit 

•
•• •

• 
. . • 

. . . • 
• 

•. � . .. 

• 

. 

.. 
· 
.. . .. 

248 

• • 
w 

• • � . . . . .. .. . .. .... . ... . . .. 

5 

• • 

1 0  1 5  20 25 30 

Day of month 

A.4.5 Maximum and minimum temperatures (C) in February, March, April and May 
measured below the canopy of kiwifruit grown at Riwaka 1 990. 
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A.4.6 Frequency distribution of below canopy temperatures (C) in  kiwifruit 
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during February, March , April and May 1 990. 
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A.4.7 Maximum and min imum temperatures (C) in February, March , Apri l and May 
measured below the canopy of kiwifruit grown at the sheltered site in Palmerston 
North 1 989. 
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A.4.8 Maximum and minimum temperatures (C) in February, March, April and May 
measured below the canopy of kiwifruit grown at the sheltered site in Palmerston 
North 1 990. 
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APPENDIX 5 

MODELS FOR ACCUMULATION OF SOLUBLE SOLIDS CONCENTRATION 

P .W. Gandar, HortResearch ,  Batchelar Research Centre ,  Palmerston No rth 

A.5.1 Descriptions of accumulation of soluble solids concentration 

I n  Chapters 2 and 3 the logistic equation 

S =  a +  ___ c __ 
1 + s -h(t - m) (1 ) 

was used to describe accumu lation of soluble sol ids (SSC) i n  fruit du ri ng 
m aturation .  Here ,  S i s  soluble sol ids concentration (SSC) ,  a and a+c are i n itial 
and f inal asymptotes , h is a rate constant, t is time and m gives the position  of 
the point of i nflection. Eq. ( 1 ) describes the entire time course of accum ulation 
of SSC from an in itial value through to a plateau at the end of ripening . O n ly the 
fi rst part of this curve is required for the practical purpose of predict ing 
permissib le harvest dates. Alternative descriptions of changes in SSC are sought 
over the fi rst part of accumu lation curves - that is ,  up to or a l itt le beyond  the 
point of i nf lection on the curve in  Fig. 5. 1 .  

There are two obvious equations suited to this description .  One is the exponential 
equation 

(2) 

where Et is the intercept at t = 0 ,  hj is a rate coefficient and the subscript .j 
identifies a particu lar treatment. The other is an exponential equatio n  with an 
additive component, 

s t t) = s b + ( S0 .:.. s � 6 hi t
. (3) 

where Et is the i ntercept at t = 0 and 8" is the basal SSC (see below) . 
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Sets of equations in  the form of (2) or (3) can be fitted to experimental data u nder 
the assumption that SSC accumu lation curves from a g iven year wi l l  share the 
same SO (eq. (2)) , or SO and S> (eq. (3)) , but wi l l  have d ifferent hj, accordi ng to 

temperature h istories. This approach is i l lustrated in  Section 5.3 . 1 using data from 

Experiments 1 and 2. 

A.5.2 The two-component hypothesis for SSC accumulation 

A.5 .2 . 1  Exponential (eq. 2) 

The hypothesis that SSC accumu lation involves a basal , metabol ic com ponent 

which is present throughout fruit development and a 'matu ration '  com ponent 

which is induced at some poi nt during development was discussed i n  Chapter 6 .  

The  fo l lowing is an algebraic description of this two-component hypothesis and 
set out its re lationship with eq. (2) . 

If 1: is i ntroduced to measure t ime from a starti ng point such as fru it set and 1:t 
> 0 to identify the point at which the maturation phase starts in  the i th year, the 

two-component model can be written as 

(4) 

where Sib and sim are , respectively, the basal and maturation components. Eq. 

(4) provides a general summary of SSC accumu lation.  To make it usefu l ,  

appropriate descriptions o f  each of the components and a method for determi ni ng 

when the maturity induction point occurs are requ i red .  A number  of assu m pt ions 

are required to accompl ish these objectives. 

The fi rst of these concerns the basal component,  st This cou ld vary in t ime 

duri ng a g rowing season and between years. l t  shal l be assumed, i n it ia l ly ,  that 

Sib is fixed with in a season although not necessari ly between years. This 
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assumption impl ies that the absolute amounts of so lub le sugars and other 

compounds i nvo lved in  basal metabol ism increase in  strict proportion to the 

absol ute amount of ju ice as fruits grow (that is, the concentration d oes not 

change) . 

I f  st is fixed , attention can then shift to tim· Here ,  two cases arise, depend ing on 

the re lative t iming of  the beginning of matu ration and of  experimental treatments. 

Case 1: treatments begin before the beginning of maturation. If experimental 

treatments begin  at t/' and t/' : tt, it is convenient to define a time variable ,  t, 

for the experimental period using 

(5) 

If maturation starts after the beginning of experimental treatments it is possib le 

that treatments might affect the t iming of the matu rity induction poi nt. This is done 

by defin ing 

(6) 

where 'tt and tt are maturity induction points in abso lute and experimental t ime,  

respective ly, and j identifies a specific treatment. Us ing eqs (5) and (6) , eq. (4) 

can be modified to read 

m t 5'. fg (7) t > tt 

To proceed from eq. (7) , a specific form for the maturation-component function ,  

St(.) is requ i red. One candidate is 

$. f = m 
m { 0, g ( ) 

S/[ sh,(t - r, > - 1 ] ,  
m t 5'. fg ' 

m t > tg .  (8) 
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so that sm is zero before the maturation induction point and i nc reases 

exponential ly thereafter. Equation (8) impl ies that total SSC accumu lat ion is 

described by 

m t � tq , (9) 
m t > tq • 

Case 2: treatments begin after the beginning of maturation. If 'tt > 'tim, then t 

defined by eq. (5) can sti l l  be used as an experimental-t ime variab le but eq. (4) 

becomes s imply 

(1 0) 

Once agai n ,  a specific model for St(.) is requ i red to proceed. If eq .  (8) is 

adopted,  changes in sm must be accounted for before the beg inn ing of the 

experimental period as wel l  as after. Let 

(1 1 )  

s o  that eq. (8) becomes 

(1 2) 

where h.is a mean rate constant for the maturation period prior to the beg inn ing 
I 

of the experiment. If st is defined 

(1 3) 

and then substitute (1 2) in (1 0) then 
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(1 4) 

which is simply eq. (2) in  a sl ightly modified form. Thus, the exponential 

equations used to describe SSC accumu lation in Experiments 1 and 2 

(Section  5 .3. 1 )  are compatible with the two-component hypothesis. 

A.5 .2 .2  Exponential with additive component (eq. 3) 

Equation (3) can also be related to the framework set out in Section  A.5 .2. 1 . 

Once again ,  the cases where treatments begin  e ither before o r  afte r the 

beg inn ing of the maturation phase must be considered. 

Case 1: treatments begin before the beginning of maturation. In Sectio n  A.5 .2 . 1  

i t  was assumed that Si was fixed throug hout a season. I n  the absence of 
experimental data to confi rm this assumption it cou ld  equal ly wel l  be assumed 

that Si varies in  the season. One particu lar pattern of variation wou ld  be for Si 
to assume two fixed values, say s-i before the begi nning of maturation and s+i 
< s-i thereafter. Then eq. (7) becomes 

{ Sb-s i ' if.. t) = s�+ s.m( t) I + if ' 

m t � fg (1 5) 
t > tt 

The two fixed values for Si need to be l inked to each other and to the m atu ration 

component ,  Er. I f  it is assumed that the latter increases exponential ly ,  this can 

be accompl ished by writing 

st< t> = 

The total SSC accumu lation is then described by 

m t < fg ' 
m t = tq ' 

m t > tq .  

(1 6) 
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m t � tq ' (1 7) 
m t > tg • 

Thus, the downwards jump in � at tt is matched by an u pwards jum p  i n  sm. 
Thereafter sn increases exponential ly and the total ,  S, increases as the s u m  of 
sn and S'+. 

Case 2: treatments begin after the beginning of maturation. If eq. (1 1 )  i s  adopted 

to defi ne the i nterval between the beginn ing of the matu ration phase and  the 

beginn ing of the experiment,  eq. (1 7) can be mod ified to 

I f  Si0 is defi ned 

S/ .f) = S;b+ ,+ (S;b-- S;b+ ) sh,t/' + h,t 
S;b+ + (sf-- sf+) eh,t/' shut. 

substitute this in  eq. ( 1 8) and rearrange ,  then 

(1 8) 

(1 9) 

(20) 

which is  equivalent to eq. (3) . Thus, eq. (3) is also compatib le with the two-phase 

hypothesis for SSC accumu lation. 

A.5.3 Models for SSC accumulation 

The equations used in Sections A.5 . 1  and A.5.2 merely describe observed SSC 

accum u lation curves, or possible accumulation curves, under the two-phase 

hypothesis. They do not i nclude any of the mechanisms and processes g overn ing 

fruit g rowth and fruit maturation discussed in  various chapters i n  th is  thesis. 
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C learly, l inks between descriptive equations and models for processes are 

desi rable. 

I f  e mpi rical descriptions of a process are to be justified, then there must be some 

underlying model for the process. This 'bottom-up' approach wi l l  often lead to a 

differential equation i n  which the rate of change of a variable describ i ng  the 

process is expressed as some function of other variables. Thus ,  for SSC 

accumu lation a rate mode l might be developed in the form 

dS = f(l E) 
dt 

' ' (21 ) 

where f is a function and I and E stand , respectively, for the sets of variab les 

internal and external to fruit that affect SSC accum u lation. U nfortunately, 

equations in the form of (21 ) are often of l ittle value .  Fo r compl icated processes 

such as SSC accumulation ,  both the nature of f and the variables that shou ld be 

included in I and E are large ly unknown. A simple r, more empirical 'top-down' 

approach to developi ng models for the process is required.  

I n  the top-down approach , a rate model is constructed from the avai lab le data. 

The data in Chapter 2 consist of different temperature treatments and 

observations of changes in S that occurred under these treatments so we are 

restricted to development of models of the form 

dS = F(S n. 
dt 

' (22) 

where S is SSC and T is temperature. Given (22) , the fi rst chal lenge is to f ind a 

su itable form for the function,  F. Theory developed for analysis of b iochemical 

systems (Voit et al .  1 99 1 ) suggests the general model 
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(23) 

where h, k, a and � are constants and g(T) is a temperatu re-dependent rate 

function 1 . The model underlying eq. ( 1 ) is 

dS * 
= g( D [ h S * - {h/c) (S * )2 ] 

dt 
(24) 

The equ ivalence between eqs. (24) and (23) are then k = hie, a =  1 and f) = 2.  

The variable S i n  eq. (23) is treated as 

(25) 

where Et is basal SSC. If c is infi nite , eq. (24) becomes 

(26) 

after re-use of eq. (25) . This is the model underlying eq. (3). I n  it , the rate of 

accumu lation of SSC is equals to total SSC minus the basal level .  If the rate of 

accumu lation is proportional to total SSC the fol lowing equation is  obtai ned 

dS = g( D h S. 
dt 

This is  the model underlying eq. (2). 

(27) 

Equations (26) and (27) are used as models for accumulation of SSC i n  th is 

thesis. They are referred to as the base + exponential and the exponential 

mode ls,  respectively. A third variant of eq. (23) has also been investigated as a 

candidate for SSC accumulation .  If k i n eq. (23) is set equal to zero then 

1 1 t  is possib le to j ustify eq.  (23) starting with rate laws for the various 
processes that are involved i n  SSC accumu lation , such as sugar accum u lat ion ,  
starch synthesis and hydro lysis ,  water exchange and d ry matter change .  
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(28) 

This is  referred to as the power-law model .  lt can be shown that this m ode l  is 

compatible with the two-component hypothesis for SSC accu mu lation u sing  an 

analysis that paral le ls Section A.5.2. 

A.5.4 A discrete-rate model for rate coeffic ients 

Resu lts discussed in Chapters 2 and 3 demonstrate the general thesis that h igh  

rates o f  SSC accumu lation are associated with low mean temperatu res and  vice 

versa. Here a better model is requi red for the dependence of SSC accum u lation 

on temperatu re .  Equation (27) wi l l  be used to i l lustrate a discrete- rate approach 

to findi ng such a model .  

Equation  (27) models SSC accumu lation as a process i n  which the rate of 

accumu lation is propo rt ional to the amount of SSC present and in which the 

proportional ity re lationship is temperatu re-dependent. This tem perature 

dependence is embodied in  the rate-coefficient function g(T). The probl em  is to 

define the nature of this function using avai lable experimental data. 

Equation (27) can be integrated formal ly to g ive 

sp) = S0 exp ( h [ 'g(Tjs)) ds J {29) 

where 0(s) describes the time cou rse of temperature in  the j th treatme nt and s 

is a dummy variable of integration. This equation can be modified into a more 

tractable form using the 'discrete-rate' approach of McNaughton et al. ( 1 985) . I n  

this approach , the temperature treatment to which plants are exposed du ring 

maturation is divided into discrete classes and the mean value of the rate-



262 

coefficient function applying to each class is found. Temperatu re classes used fo r 
Experiments 1 and 2 are l isted in  Tables 5 . 1  and 5 .2 .  P lants were exposed to 

fixed daily temperatu re cycles in  each treatment so the fraction of time between 

harvests spent i n  the k th temperatu re class in  the j th treatment can be specified 

as �k (Tables 5 . 1  and 5 .2) .  Using gk to  stand for the mean rate coeffic ient over 

the k th temperature interval and the theory described on p .  582 of McNaug hton 

et al. ( 1 985) , eq. (29) can be rewritten as 

(30) 

Thus, the integral in eq. (29) now appears as a l inear combination of known 

fractions of time, the �k·s, and of unknown mean values for the rate-coefficient 

function ,  the gk's. Values for the latter can be estimated by fitt ing equations  i n  the 

form of (30) s imu ltaneously to each of the treatments i nvolved i n  an experiment .  

The steps from eq .  (27) to  eq .  (30) can be matched using eqs (26) (base + 

exponential mode l) and eq. (28) (power-law mode l) as starting points. For eq. 

(26) the equivalent of eq. (29) is 

{31 ) 

(cf. eq. (20)) .  For eq. (28) it is 

(32) 

Note that i n  these equations, and in  eq. (30 ) ,  the rate parameter, h, appears 

mu lt ip l icatively i n  front of the summation.  This means the equations can be 

s impl ified by defin ing 

(33) 

Parameter estimates obtai ned using eqs (30)-(32) modified i n  this fash ion are 

i l lustrated and discussed in Section 5.3 .1  using data from Experiments 1 and 2 .  
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A.5.5 Empirical rate-coefficient functions 

The advantage of the discrete-rate method is that it reveals patterns of res ponses 

to envi ronmental factors and opens the way for selection of suitable conti nuous 

response functions that is ,  for the g(T) function i n  eq .  (1 6) .  The pattern of  

d iscrete-rate coefficients i n  Fig. 5 .5 suggests that a suitable rate-coefficient 

function shou ld fal l  towards zero at about 24C. The data also suggest that the 

function shou ld have either a plateau or a maximum value at around 1 OC. Since 

Fig .  5 .5  suggests that there is a low-temperature cut-off i n  SSC accumu lation ,  a 

su itable function shou ld rise from zero to a maximum value at around 1 O C  before 

fal l ing again towards zero at higher temperatures. 

A number of functions have this behaviour. The function used in this thesis is 

based loosely on an equation derived using rate-response theory (Johnson and 

Thornley 1 985) .  The rate response of a catalysed chemical reaction where the 

rate coefficient for conversion of substrates into products fo l lows an Arrhen ius 

response cu rve to temperature and the catalyst becomes inactive at h igh 

temperatu res can be described using 

(34) 

where K is temperatu re in degrees Ke lvin and A, a, 8 and b are constants. This 

equation describes a temperature response that starts from zero at K = 0, rises 

to a peak and then decl ines towards an asymptote of A/(1+8). 

Extremely large values are often required fo r A and 8 and this makes eq.  (34) 

difficu lt to fit to data2. Analysis in this thesis has therefore been carried o ut us ing 

eq.  (34) written in terms of degrees Celsius. With th is scale for temperatu re ,  eq. 

(34) is forced to zero at OC. 

2A reparameterisation that makes this job much easier was discovered too 
late to be used in  this thesis. 
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A.5.6 Fitting the rate-coefficient function 

Choice of a particular form for g(T) means that the sums in eqs (28) ,  (31 ) and 

(32) can be replaced by i ntegrals. Thus, eq. (28) can be written 

Sjt) = S0 exp h J 6 ds 
( t A -s/7j(s) ) 

0 1 + B 6 -b/7j(s) (35) 

with s as a dummy variable of integ ration. Unfortunate ly, this equation ,  and its 

equivalents for the base + exponential and power- law mode ls ,  -cannot be  fitted 

d i rectly to experimental data because the integral does not have an analytical 

so lution .  To proceed, schemes must be establ ished for numerical solution  of eqs 

(26)- (28) with eq. (34) appearing for g(T). 

The starting poi nt for this scheme is the approximation that 

sr - sr-1 ds 
ll t  � di' 

(36) 

when b..t is smal l .  This means that if t is measured i n  hours rather than days, as 

previous ly,  the SSC value ,  S1, at the end of an hour  can be approxim ated i n  

terms o f  t he  value at the beginning o f  an hour, S1_ 1 ,  by  writing 

(37) 

The next step is to substitute eq. (36) in  one of the candidate mode ls for SSC 

accumu lation .  For example,  in the case of the exponential mode l ,  eq. (27) , can 

be written 

(38) 

where r i s  the mean temperature over the hour between t- 1 and t. 
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Eq. (37) , o r  its equivalents for the base + exponential and power-law m ode ls ,  

provides the basis for a numerical integration scheme that can be u sed in 

conjunction with non l inear least-squares estimation to fi nd values for the 

parameters i n  eq.  (33) from experimental data. Starting with an in itial guess for 

S and the mean temperature in a treatment over the fi rst half-hour a value  can 

be estimated at the end of the half-hour, say S/. This value can then be u sed i n  

conjunction with the mean temperature over the second half-hour t o  find Sf, and 

so on unti l the end of an experimental run. Differences between observed and 

estimated SSC accumu lations are calcu lated whenever the counting i ndex for 

hours matches a sampl ing ti me in days. Estimates of parameters can then be 

obtained by min im ising these residuals over a l l  harvests and a l l  treatments. 

This n umerical scheme was set up withi n the DUD  nonl inear routi ne of SAS and 

fitt ing was carried out on a combined data set made up  of SSC measured in  both 

Experiments 1 and 2. This combined analysis necessitated one further 

modification .  lt is apparent from Fig.  5 .5 that discrete-rate coefficients vary 

between years ,  particu larly when the exponential and power- law models are used 

for SSC accumu lation .  To accommodate this possibi l ity in  the analysis of the 

com bi ned data set, h and A i n  eq. (38) were combined into a sing le  year­

dependent rate coefficient ,  (h;,). This separation means that the fitted g(T) i s  

fixed across years and may therefore reflect a true u nderlying physio logical 

response. Parameters and fitted functions obtained on this basis are discussed 

in Section 5 .3. 1 . 

A.5.7 Scal ing the rate-coefficient function 

The fitted rate-coefficient functions i l lustrated in  F ig .  5 .8 differ accord ing to the 

mode l used for SSC accumulation. Simi larities between the functions can be 

i l lustrated by rescaling .  I f  9max is the maximum value for a fitted function at the 

optimum temperatu re ,  then 



(h,4) g( T) = { h,4) Umax g( T) 
Umax 

= h/ g *( T) ,  
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(39) 

so that g*(T) is scaled to 1 .0 at the optimum temperature and hi. is a new, year­
dependent rate coefficient. This scaling is discussed further in  Section 5 .3 . 1 . 

A.5.8 Testing the models 

Data on SSC accumu lation in Experiments 3 and 4,  in the she ltered site and in  
o rchards are avai lable for testing the models described i n  preceding sections.  

There are th ree possibi l ities :  

i )  Fitted models and parameters apply di rectly to alternative data sets. 

i i )  Fitted models apply, but new parameters are requ i red either for g (T) ,  o r  

for the  kinetics o f  SSC accumulation ,  o r  both. 

i i i )  A total ly different model is required. 

Analyses of the efficacy of various combinations of fixed and fitted parameters 

were then carried out. These are discussed in Section 5 .3 .2 .  I n  a l l  of these cases, 
curves through observed data were generated using modifications of the fi n ite 

difference scheme described in Section A.5 .6 .  

A.5.9 Use of maximum and minimum temperatures as input  data 

The integ ration method used in  fitt ing and testing models, and out l i ned i n  

Section A.5 .7 ,  i s  only feasible when temperature records are complete and 

frequent. lt breaks down if there are gaps in records3, as occurred at Kerikeri 

3Gaps of a few hours in  a day cou ld be accommodated using a suitable 
interpolation  scheme to bridge missi ng observations. 
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and Te Puke (Section 3 . 1 .2) ,  and cannot be used at al l when tem pe rature 

records are restricted to a few dai ly values, such as the maximum and m in imum 

temperatures avai lable from standard meteoro logical stations. 

I n  many practical situations, temperatu re maxima and min ima are the on ly 
avai lable data. For this reason, considerable effort has been devoted to 

deve loping methods for using these data to generate synthetic tem perature 

functions. Usual ly, some l i near or curvi l inear interpolation method is used for this 

purpose (Reicosky et al. , 1 989) but methods based on temperature frequencies 

have also been developed (A.J .  Hal l  and H .G .  McPherson ,  HortResearch ,  pers. 

cam . ) .  Here ,  a third approach contains elements of both these methods.  

Th is approach has three stages : 

i) changing integration steps from hours to days , 

i i )  estimating temperature effects using l i near interpolation between 

maximum and min imum temperatures plus a dai ly correction factor and 

i i i ) , estimating values for the correction factor from temperatu re m axima 

and min ima. 
These stages are i l lustrated for the base + exponential model ,  eq. (26) .  Th is can 

be integrated to g ive 

S(t) � sb• + ( S0 - Sb')  exp ( h '  (g'(T(s)) ds l (40) 

Here ,  eq. (39) has been used to replace (h;.).g(T) with h *.g*(T). When t is an 

i nteger  equal to d the integral i n  eq. (40) can be rewritten as 

t J g *( T(s)) ds 
0 

d - 1 d 
= J g *(T(s)) ds + J g* (T(s)) ds. 

0 d - 1  

(41 ) 
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where d counts numbers of days from the fi rst SSC measurement .  Back 

substitution into eq. (40) fo l lowed by some manipu lation then leads to 

S(d) = sb+ + (S(d- 1 ) - sb+) exp ( h *  Jd 
g *(T(s)) ds ] (42) 

d- 1 

This accompl ishes stage (i) of the new approach : using eq. (42) dai ly steps can 

be taken forward from the in itial SSC , provided the integ ral can be eva luated. 

Stage (ii) of the new approach involves a rather long argument so the resu lt is 

given fi rst. U nder various assumptions, yet to be specified,  eq. (42) can be 

s impl ified by rewriting the integ ral as 

d f g*(T(t)) dt = kd g *(D , (43) 
d- 1 

where g *(D is the mean value of g* over the temperature range from T; to T/, 
the maximum and min imum temperatures on d th day, and kd g ives the ratio 

between the original i ntegral and this mean on a specific day. 

Eq. (43) is  derived as fo l lows. The temperatu re range in  the d th day is divided 

i nto Jd classes of width 

and the i ndicator function is defined 

{ 0, 
't t) = 1 ' 

Then the integral i n  eq. (43) becomes 

T(t) < 1j 
T(t) ;<: 1j 

(44) 

(45) 
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d J g *(T(t)) dt d- 1 (46) 

I f  the total amount of t ime spent i n  the j th temperatu re class on the d th day is 

d 
fdJ = f [ �- 1  (t) - Itt) ] dt, (47) d- 1 

and the temporal-mean temperatu re in  this period is d 
gdJ = ( 1 / fdJ )  f [ �_ 1 (t) - 11 (t) ] g *(T(t)) dt , (48) d- 1 

then eq.  (46) becomes 

d J g*(T(t» dt = 'L1gd1 td1 . (49) d - 1  
The temperature-based mean of g* i n  the j t h  interval i s  now defined by 

Tj g1 = ( 1 /  �d) f g *(T) dT. (50) 
7j-1 

Equation (49) can be written as 

d f g *(T(t» dt = 'Ljg/dJ - Lj ( gdj - gj) tdj · (51 ) d- 1 

Since the fractions of t ime spent in  each temperatu re class , the fdj i n  eq. (51 ) ,  are 

u nknown let 

(52) 
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be the fraction of a day that wou ld be spent in each temperature class if change 

between T/ and T J were l i near. Equation (5 1 )  can be written as 

d J g*(T(t)) dt = a 'L1u1 - 'L, ( td1 - a ) g1 d- 1 

Now it fo l lows from (44) , (50) and (52) that 

11 a 'L1 u1 = ( a tt:..d ) J g *(T) dT +  . . .  + 
r; 

1 
= ---r: - r; 
= g *(T) . 

r; 
f g *(T) dT 
r; 

(53) 

(54) 

so that the fi rst term on the right-hand side of eq. (53) is  s imply the mean value  

o f  g* over t he  temperature range from T/ to TJ. Thus, eq .  (53) can be rewritten 

as 

d J g*(T(t)) dt d - 1  
� g '(T) [ 1 'L, (�a ) u, _ 'L, (� - g1 ) td1 ] 

g*(T) g *(T) 

(55) 

(i) (ii) 
Sett ing kd equal to the b racketed term on the right-hand side of eq. (55), then 

eq. (43) is derived. lt fo l lows that eq. (42) can be written as 

S(d) = sb+ + (S(d- 1) - sb+ )  exp ( h *  kd g *(T) ) (56) 

This completes stage (ii). 
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The net effect of the steps to eq. (56) is that the integral based on the u nknown 

dai ly time cou rse of temperature is replaced by a temperature-based ave rage ,  
calcu lated from daily maxima and min ima, and by a new dai ly term, kd. Th is  is a 

gain provided the latter can be evaluated. 

l t  is c lear from eq. (55) that kd acts as a daily correction factor that accou nts for 

the e rror that arises when a temperature-based mean is used i n  place of t h e  dai ly 

i nteg ral .  The are two sou rces for this error. Term (i) i n  eq. (55) shows the re lative 

e rror that arises from usi ng a l i near time course for dai ly temperature in p lace of 
the true time cou rse. Term (ii) gives the relative error caused by use  of the 

temperature-based mean of g*() in place of the true temporal mean . C learly, the 

temperatu re-based mean wi l l  closely approximate the true dai ly integ ral on ly 

when both of these terms are smal l .  But a more pertinent question i s  - what 

range of values does kd take and can these be estimated empirically? Th is ,  the 

th i rd stage of the new approach , is examined in  Section 5 .3 .2 .  
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