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Summary

This project sought to determine the level of heterosis in Fr hybrids amongst a diverse

set of genotypes to provide a measure of the potential for yield improvement in peas

(Pistutt søtiattm L.). The genetic diversity between parents was evaluated in various ways

and its usefulness as a predictor of the levels of Fr heterosis was tested. The proportion of

the observed heterosis which could be fixed in pure-line derivatives of the better Fr

hybrids was determined as a nìeans of estimating the potential yield increase in peas

achievable by traditional breeding procedures.

To determine the levels of heterosis in Fr hybrids, four current colnmercial varieties of

pea from southern Australia were used as felnale parents ancl crossed with 18 introduced

genotypes so 72 Fr hybrids were produced. Fr seeds of all crosses were grown in the

glasslrottse during sulììlììer 1989, but only 54 crosses produced sufficierrt seecl for Fz

sttrdies. Twerrty-two parents, T2Frhybrids ancì 54 Fz faniilies were growrì in replicatecl

plots in foul environments. Grain yield, plant weight, harvest inclex, branches per plant,

podded nodes per plant, poc-ls pel plar-rt, seecls per pod, hunclrecì seed weight, plar-rt

height, onset of flowering ancl flowering period were evaluated.

Most hyblids were higher yielding thar.r their mid-parent but were less stable in yield

across envirournents. Four hybrids were significantly higher yielcling than tl-re best

parent, by up to 26%. There wele significalit correlatiorrs between Fr ancì mid-parent

value for plant height, podded nocles per plant, pocls per plant and l-runclred seed r,veight

but not fol yielcl.

Overall, grain yield heterosis was rnainly due to more pocls per plant in the hybricls.

Tlie level of heterosis for yielct in a poor yielcting environment was higher than that ir-r a

high yieldiug one. Both additive ancl non-adclitive gene effects were important in the

expression of all studied traits. The level of heterosis for grain yield and plant weight in

Fz was half of that in Fr. The level of inbreeding depression from Fr to Fz suggested that

epistatic gene action also cor-rtributed to the expression of grain yielcl.

Fs seecls from six highly heterotic Frs were procluced to cletermine the fixability of the

superior performance of Fr hyblids in pure-line derivatives. For each cross, 24-31 Fs lines

cierived frorn single seecl descent were compared with Fr hybrids ancl their parents in two
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envirorÌments. The Frs out-yielded the best parent by 1 to 1'l%. AII crosses produced Fs

lines which were as high in yield as the Fr inclicating that pure-line derivatives equivalent

in yield to the heterotic Fr could be developed by conventional breeding.

To elucidate the relationship of the genetic distance between parental lines to the level

of heterosis in their Frs, the genetic distance between each pair of parents was estimated,

using in turn isozyme markers, morphological polymorphisms, quantitative traits and

finally a combination of isozyme markers and morphological polymorphisms. Ger"retic

clistance was moclerately correlated with the level of heterosis for yield over mid-parent,

but not significantly with heterosis over the better or best parent. It was, however, l'rightr

significantly correlatecl with all three measures of heterosis for pods per plant and

hundred seed weight.

It is concluclecl that it is possible, although it may not be easy, to obtain Fr hybrids

showing superiority to outstancling commercial varieties. Higlily heterotic hybricls can be

used to derive pttre lines with equally good yield. Genetic distance between lines can be

estiurated usir-rg quantitative traits, isozyme markers or the combination of isozyrne

tnarkers ancl morphological characters, cleper-rdirrg on the available facilities ancì

preference of the breeders. The genetic clistance separating parents, however, should not

tre the sole criterion for selection. Parental lines to be used in hybric-lization should

perform well for yield and its components and also be gerretically distant. There is

considerable potential for optimisirrg choice of parental combinations in the clevelopmerrt

of improved pea cultivars.
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Chapter L Introduction

Tlre field pea (Pisunr satiurnt L.) is the most important grain legume crop in south

eastern Australia (New South Wales, Victoria and South Australia). The area sown to

peas has increased greatly over the last decade, from 33 000 ha in 1982 (BAE, 1,987) to

445 500 ha in 1991-92 (ABARE ,7992).

Interest in field peas has increased for two reasons. First, they are a good source of

cash income. In recent years the expansion in tl're intensive livestock industries, both in

Australia and overseas, has stimulatecl demand for field peas as a cost-effective

alternative to other sources of energy and protein. In adclition, export markets for peas

for human consumption have opened up in India, Europe ancl the Middle East.

Second, they are a useful break crop for cereals. Rotation of peas with cereals can

recìuce disease, and enhance the control of grassy weeds and thus help control root

cliseases in cereals (Ali,7987). In acldition, peas recluce the need for N fertilizers irr the

overall farmirrg system.

Nevertheless, pea production is hampered by several ploblerrs. In particular

i) the yielcl of current pea cultivars is relatively low. In the Netl.rerlands, it is

estimated that clried peas have a yield potential of 7.5 to I t/lìa (Dantuma, 1983 ) while

the recommended cultivars in Australia have an average yield of less than 2 t/ha

(ABARE, 1991). Furthermore, in Australia the average grain yielcl of peas is less than that

of a range of other cereals ancl grain legumes including wheat, barley, peanut and

soybean. However, the relative yielcl varies greatly with both locality ancl season.

ii) peas are susceptible to clrought stress at flowering ancl pocl filling stages and have

a reputation for being "less reliable", ir1 terms of yielcl variation from year to year ancì

across sites, than cereals.

iii) all current cultivars are susceptible to the pea weevil and several fungal diseases

suclr as black-spot complex (Mycos1:hnerelln ¡tinodes (Berk. ancl Blox,) Vestergr. ancl

Phonm nrcdicogittis var. pinodella (L.K. jones) Boerema), clowny mildew ( Peronos¡tora

aicine (Berk.) Casp.) and powdery milclew ( Erystphe pisi DC.).

The n-rajor task facing pea breeclers is to overcome these problerns and to clevelop

varieties that produce high and stable yielcls in the water-limitecl environments that
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constitute the major pea proclucing areas of southeastern Australia. Two principal

approaclres "traditional" and "ideotype", have been adopted in the past in pea breeding

programnìes. In the traclitional approach, the basic philosophy is to cross amongst the

best varieties, then select for the best segregants among the progenies, usually by

pedigree or bulk selection. The rnain criterion used for selection is high yielding ability in

the derived homozygous liues. This approach has been the mainstay of efforts to improve

peas in South Australia. Ahna and Wirrega, two important current comnercial cultivars,

were developed using this approach by the Department of Agriculture of South Australia.

The "ideotype// approach involves the definition, from a knowledge of the agrononÌy

and physiology of a crop, of the iclealized genotype for a given environment. The aim of

defining an ideotype is to develop a plant which has high photosynthetic capacity and the

ability to translate this into grain yield, Ideotype breeding in peas has been undertaken in

Victoria anci to a lesser extent in Soutli Australia. Cultivars released by these

programnìes include Dirrkurn and Maitland, both semi-leafless cultivars. However',

despite the efforts of breeders, varieties already in cultivation such as Early D.rn, Dundale

aucl Derriurut have continued to be widely grown because of their relatively high ancl

consisteltt yields. This suggests that there is a pressing need for effective alternative

breecling strategies to improve pea yielcls under Australian conditions.

Oue plomising alteruative approach is the exploitation of the fixable conìponents of Fr

hybrid vigour or heterosis in pure-line cultivars. Heterosis can be exploitecl irr crops

using Fr hybricl varieties. To clate, the direct exploitation of heterosis in commercial

hyblicls is lestricted to a very limited range of fielcl crops (corn, sorghum, sunflower ancl

rice and to a lesser extent canola and wheat). The major factor restricting the use of

Itybricl varieties to a few crops is the lack of the appropriate tecl'rnologies for the

production of hybrid seeds. Tl'ris is especially true for self-pollinated crops. As an

alternative, it is possible to exploit heterosis indirectly in breeding progranìmes by using

the level of heterosis in Fr hybrids as an inclicator of crosses that are likely to generate elite

transgressive lines.

It is now well established that the level of heterosis in Frs clepends on the con'rbining

ability of their parents (Gritton, 1975; Mak and Yap, 1977; Kaw and Menon, 1979;

Venkateswarlu and Singh, 1981; Narula, 1984) and results from botl'r aclditive and non-

additive gene effects. Additive gene effects wliicl'r are potentially fixable in segregants of
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heterotic Fr plants are therefore worthy of study to determine what proportion of hybrid

vigour can be fixed in pure-line varieties. Under this approach, the aim is to select Fr

hybrids which show high and stable yield in a range of environments. Once such hybrids

are identified, the next step is to select those hybrids that generate superior lines at high

frequency.

Field studies are required to obtain meaningful estimates of heterosis of relevantzto

the plant breeder. Such studies are expensive and tin're-consuming because of genotype-

environment interactions and the need to use multiple sites and seasons. Nevertheless, a

range of studies have shown that the level of heterosis of Fr hybrids increases as tl-re

genetic distance between their parer-rts increases (Murty and Anand, 1966; }i4oll et al.,

1965; Sriwatanapongse and Wilsie, 1968; Khanna and Misra, 1.977; Ghaderi et a|.,1.984;

Singh and Ramanujam, 1981; Lefort-Buson et a1.,1986; Mittal et a\.,1,987). This finding

suggests that it may be possible to develop a preliminary screen for highly heterotic

con-rbinations by measuring the degree of genetic distance between parental lines. To clo

this requiles a simple, reliable and inexpensive method of measuring genetic clistance.

The most reliable measure would be one based on a conìparison of the DNA secluerrce of

the entire genome amongst inclividuals, but this is r-rot feasible at the present time.

Arralysis of specific DNA sequences is possible but is relatively clifficult and expensive. A

rarìge of measures of genetic diversity have been developed based on clifferent sorts of

genetic loci which have potential in terms of estimatir-rg genetic distance betweerr lines

and hence combining ability.

A better understancling of heterosis and its underlying genetic control may leacl to

greater opportunities for its mar-ripulation by plant breeclers. In particular a better

urrcìerstancling of gene action of heterosis for yielcl arrcl yield cornponents may allow

breeclers of self-pollinated crops to identify those traits responsible for high yield in Fr

hybrids and to better exploit these traits in plant breeding.

In light of the above, this project was developed with the following aims:-

1. To determine the level of heterosis in Fr hybrids amongst a diverse set of pea

genotypes. These data will provide a measure of the potential for yielcl

improvement in peas.
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2.

3

4

To investigate the relationship between Fr heterosis and levels of genetic diversity

between parents as well as to assess the values of various measures of genetic

diversity between parents in predicting Fr performance.

To estimate the proportion of the observed heterosis fixable in pure-line derivatives

of the better Fr hybrids. These data will provide an estimate of the fraction of the

potential yield increase in peas which can be readily exploited by traditional

breeding procedures.

To assess the genetic and morphological factors contributing to heterosis in peas.

The results of this study will provide the information needed to improve

predictions of which crosses would give highly heterotic Fr hybrids and which

progenies from these hybrids would give high yields.



Chapter 2 Literature review

2.1 The level of heterosis in inbreeding species

Tl're level of heterosis has been stuclied in a wide range of crops. Emphasis has been

given to studies of partially or predominantly out-breeding species, particularly those

crops such as corn, sorghum, pearl millet and sunflower where heterosis is exploited

comrnercially using Fr hybrid varieties. Nevertheless, in recent years, increasing attention

has been given to studies of heterosis in inbreeding species. Sr"rch studies have been

motivated in part by the possibility of developing effective systems for the commercial

exploitation of heterosis via Fr hybrid varieties in such species. Obvious examples are rice

and wheat. These studies have also beerr motivated in part by the potential for using yield

data of Fr hyblids and their progenies in selecting crosses. Breeders can then choose to

give priority to deserving crosses frorr the usually very large nurnber of poterrtial crosses

they can lnake.

2.1.1 Heterosis for yield

The level of heterosis has been found to vary widely both witl-rin and betweerì crops.

In this review, entphasis will be given to preclominantly ir-rbreeding species, and in

particular, clata from cereals and legume crops (Table 2.1) will be compared with the

lirnitecl amount of clata available for peas (Table 2.2).

The available reports indicate that heterosis is a wiclespread phenomenon in both

cereals ancl legumes. Indeed, in terms of increasecl yields over the mid-parent value,

heterotic Fr hybrids have been founcl in every experiment. On average, approximately

half of the hybrids showed heterosis over either tl'reir micl-parent and/or better parent.

Further analysis of the data for cereals, legumes and peas showecl that legumes in

getteral, including peas, gave higher proportions of heterotic liybrids than cereals (Table

2.3). Tlrere were 59ok, 82% and 88% of hybrids showing positive heterosis over mid-

paleut yielcls in cereals, grain legurnes excluding peas, and peas, respectively. Tl're low

proportion of heterotic hybrids in cereals may be due to the fact that cereals have been
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Table 2.1 Number of crosses showing heterosis and the amount of heterosis shown in Fl

hybrids of predominarrtly inbreeding cereals and legumes (othcr than peas)

Crop Reference Number of Fls Ilemarks

AnalysÞd < MP > MP > BPl (Heterosis levels)
BCC

Cereals

Barley (Horderun
zntlgnre L)

Oat (Attetn sntit¡a L.)

Rice (Oryzn sntiun L)

Whcat (Triticunr
aestit¡uttt (L.) emencl
Thell.)

Cornr-non be.an
(PImscol tts t,t¡lSn ri s

Murrg bean (Vign
rndintn L.)

Peanut (Arnclis
Iry¡tognLn L.)

So¡bean (Glycitrc nnx

Cebrekidan ancl
Rasmusson, 1970

Murphy,1966

Virnrani et nI., 1982

Panwar et nI ., 1983

Pengcl n|.,1988

Sikka ef a|.,7959

Fonseca ancl Patterson,
1968

Wells arrcl Lay,7970
1st vcar
2ncl ycar
Sun ct n|.,1972
1 st year
2ncf ycar

Mani ancl Rao, 1975

Sitrdhu and Singh,
i9/r
Malik ¿t nl., 1981

Uctclin, 1991

1001010

-26to 47% > BP, mean 11%

to 133% > MP, to 114% > BP

0.5 to 59% > BP

34 to 50% > BP

-44 tc¡ 156% > MP, mcan 34%

119 to 231% > MP
Combined frotl two ycars

to 63% > MP
to 61.% > MP

1ú31%,>MP
zto14%> MP

43 to 54'/. > BP
*>BCC
-52to 46%, > Mf)
1, to 54% > MP, nrcan 33%;
-9 To 4Z'7, > Bi), nlcan 31 %

to 20% > MP, to 71% > BP
to 29% > MP, to 13% > BP
to 31% > MIr, to 23'n, > BP

90 to 238% > BI) for rop 7
hybrids
-4.1. to 31..5%, ovcr MP
6.1 to 26.8% ovcr BP

-21 to 180/. > MP, n'rc.an 2%;
-22 to 1070 > BP

-1.0 to21,2%>MP

96 to I40vo > MP
-2.7 to 58.3% > MP

27

72

727

45

75

72

2l

49

90

19

44 31

72

27

0

0

44
44

5
5

55

15

45

30

45

27

0
0

19

J3
27

I
1

24

{J+

5
5

Narula, 1984
High fcrtility 36
Molcratc fcÍtility 3(r
Ltriv fcrtility 36

Carrt¿rur arrd Jain, 1985 27

8

17
76
25

10

18

27

15

22

79
)fi
11

11

8
4

27

8

r77

Legumes (other than peas)

Long.bcan (V(ln Mak and Yap, 1977
scsr¡uiyt:tlnlis L.)

42

12Foolacl and Bassiri,
L.) 1983

0 12 10 -3 to 705% > BP, mcan 37%

Iìanranujam et n1.,1,974 25

Mittal ¿t n1.,1987 28

Parker et nl., 7970 15

Islcib and Wynne, 1983 28

Lcffcl ancl Weiss, 1958

Paschal ancl Wilcox,
1975

Kaw and Menon, 1979

Nelson ancl Bernarcl,
1984

combined from 2 years
mean 8% > BP

-33 to 57% > BP, rnean 17vo

to 19% > BP

7

1

0

6

19 26

30

't4

24

12

18

25

14

0

I
5

MIr: Micl-parcnt, IJP: lScttcr parcut, BCC: Thc bcst
Gaps iudièatc clata not availablc.

parent or best commercial cultivar
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Table 2.2 Number of crosses showing heterosis and the amourÌt of heterosis shown in Fr

hybrids of peas

Reference Number of Fls Levels of heterosis

Analysed < MP > MP >BP/
BCC

Gritton,1975

Singlr ef a|.,7975

Siriglr ef al .,1978

Narsingl-rani and
Singh,1979

Venkateswarlu and
Singh,1981

Rao and
Narsinghani, 1987

28

10

30

36

45

23

2

5

7

B

13

8

24

19

mean 55% > MP; mean 28% > BP

to 747Vo > MP; to 86Vo > BP

to97Vo > MP; to 88% > BP

to 2757o > MP; to 1087o > BP

mean(To/o > MP; mean227o > BP

10 to 726/o > MP, rnean 49"/o
1.3 to 917o > BP, mean 25%

J 27

23

25

29

42

230

Mi): Mid-parcnt, BP: Bctter parcnt, BCC: The bcst ¡r¡¡s¡¡ or bcst conrnrcrcial cultivar
Caps indièatc data not avaifablc.

brec-l more intensively for yield over a longer period of time than legurìles. If so, the

current pure-line varieties of these species worlld rnore closely approach the yielcl

potential of heterotic hybrids.

The level of heterosis has also been found to cliffer in different studies within each

species, presurnably because of tl're differences in the genetic background of the parental

lines and/or the test environments used. The level of heterosis in Fr hybrids has been

reportecl to depencl upon both the general and specific combining ability of their parents

br.tt general combining ability has usually been founcl to be the more inportant (Critton,

1975; Mak and Yap, 1977;Kaw and Menon,7979; Venkateswarlu ancl Singh, 1983; Narula,

1984). It has also been shown to depencl on both additive and non-aclditive gene effects

but in inbreeding species additive gene action is preclominant. For non-additive gene

effects, dominance as well as epistasis was found to influence the expression of heterosis

(Leffel and Weiss, 1958; Gritton,1975; Narula, 1984). Maternal ancl reciprocal effects were

found in a small proportion of hybrids. In some cases there was a positive association

between perforrnance per se of parents and heterosis (Singl-r et ø1.,1978; Narula,'1984).
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However, Wells and Lay (1,970) found no evidence that high yielding pure lir-res tended to

produce high yielding hybricls.

Fr hybrids which showed high levels of heterosis also generally exhibited high levels

of inbreeding ctepression in Fz. Nevertheless there were notable exceptions to this rule

and some highly heterotic hybrids showed only moderate inbreeding clepression (Singh

et a|.,197Ð. The reduction in heterosis in the Fz generation is depenclent on the level of

non-additive rather than additive gene effects. The crosses which exhibit high heterosis

but lin'rited inbreecling depression in Fz are obviously of more interest to the breeder of

pure-line varieties of self-pollinated crops.

Table 2.3 Comparison of the proportion of heterotic and non-heterotic hybrids in cercals, grairr

legumes (other than peas), and peas

Crop Number of Frs

<MP >MP >BP

Ccrcals 75 (477o) 110 (59%) NA

Lcgunrcs 46 (18%) 209 (82%) NA

Pcas 17 (12%) 727 (88%) 101(70%)

MP = Mid-parent, BP: Better parent, NA = Not available

2.T.2 Heterosis for yield-related characters

Agronornic characters of grair-r legumes including peas, such as pods per plant,

branches per plant, plant height ancl pod size showecl significar-rt clifferences in heterosis

(Critton, 1975; Singh et al., 1975, 1978; Foolad arrd Bassiri, 7983). Most of the studies

found that heterosis for pod number per plant was higher than for seed weight or seeds

per plant (Mak and Yap, 1,977; Islelb ancl Wynne, 1983; Foolad and Bassiri, -1.983). The

nutnber of days from sowing to flowering and hunclred seed weight showecl negative

heterosis (Foolad and Bassiri, 1983). A separate stucly of the conìponents of heterosis in

peas also founcl no heterosis for days to flowering, while the level of heterosis for pocls

per plant was higher than heterosis for seeds per pod and seed weight respectively

(Gritton, 1975).
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In contrast, Kaw and Menon (1,979) reported that the level of heterosis in soybeans for

seeds per pod (1,2.4%) was slightly higher than the levels for pods per plant (6.5%).

Venkateswarlu and Singh (1981), who stuclied heterosis in 45 Fr combinations, found that

the level of heterosis for pods per plant based on mid-parent values Ø1%) was lower than

that for l'rundred seed weight (76%).

In cereals, all yielcl components generally show heterosis, but different characters

often manifest different levels (Gautam and Jain, 1985). For example, Fonseca and

Patterson (1,968) found tl'rat the levels of heterosis for spikes per hill and kernels per spike

were low while heterosis for kernel weight was high, There was disagreement arnongst

authors with respect to the association between the level of heterosis for yield and those

for its components. Murphy (1966), working with oats, found heterosis for yield was

positively associated with heterosis for panicles per plant and seeds per panicle but

negatively associated with weight per seed. Panwar et nl. (1,983) reported that heterosis

for grain yield in rice was obviously due to an increase in one or nìore components of

yielcl but that hybrids showing heterosis for grain yield were not heterotic for all

characters. For example, plant height ancl onset of flowering of Fr hybricls tended to be

iutermediate betr,veen their parerrtal values. They concluded that the absence of desirable

heterosis for grain yield in some of the crosses seemed to be clue to the absence c¡f

desirable heterosis for important yielcl componelìts snch as grains per panicle.

2.1.3 Environmental effects on heterosis

A nuluber of studies has shown that estimates of heterosis are influenced by the

environrnent in which tl-re hybricls ale grown (Peclerson, 1968; Griffing and Zsiros,1977;

Sun cf a1.,7972; JoSt and Hayward, 1980; Hofmarur ¿f a\.,7984; Narula, 1984; Uclclin,1991,).

Criffing ancl Zsiros (1971) who studiec-l the impact of genotype-environrnent interactions

otr levels of heterosis in Arabido¡:sis thaliann repolted that the expression of heterosis was

affected by temperature, nutrition ancl also by plant density. The level of heterosis can

also be influencecl by plantir-rg metl-rod. For example, Fonseca and Patterson (1968) found

that the degree of hybrid vigour was greater for hill seeding than for normal seeding.

Similarly, Severson and Rasrnusson (1968) who conductecl an experiment with barley

lrybricls sown at four rates (within-row spacings of 2.5,7.5,1.0.0 ancl22.5 cm with 30.5 cm
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between rows) found that heterosis for yield and its components increased consistently

with wider spacing.

JoSt and Hayward (1980) found that heterotic effects in cornmon winter wheat Frs

were greater in a stress environment, mainly because of the poor winter hardiness.

Narula (1984) also reported that the degree of heterosis in bread wheat hybrids was

higher uncler stress conditions caused by low fertility and late sowing than under non-

stress conditions. The average level of heterosis over mid-parent with a normal sowing

date and high fertility was 20.0o/o while levels from a normal sowing date with low

fertility and a late sowing date witl"r moderate fertility were 3"l.8Vo and 29.2%,

respectively.

Since heterosis is a relative nÌeasure, the magnitude of its expression depencls not

only on the perfornance of a hybrid but also on the performance of its parents.

Therefore, differences in the level of heterosis across environments may result from the

clifferences between hybrids and their parents in their responses to those environments.

For example, Hofmannet al. (1984) reported tl-rat sorghum hybricls and their parents

slrowecl clifferent responses to soil moisture stless. Similarly, Borghi et al.(1988) founcl in

r,vheat a highly significant genotype x environment interaction for parental varieties but

rrot for Fr hybricls, concluding that the hybrids were more stable than their parerrts.

Uclclin (1991) found that when sown at clifferent dates, wheat hybrids were generally

tuore stable in yield than pure lines, and the highest level of heterosis for yield was

observecl ab tl're optimum planting time in one year but not in the next.

In contrast, Guenzi et nl. (1985) found that hybrids were less stable across

euvironmental conclitions in a study of three wilrter wheat hybrids and five pure lirres at

59 locations across the USA over two years, Similarly, Johnson and Whittington (1977)

compared 8 barley varieties and their S hybricis in 16 environments in Englancl ar-rd four-rd

similar responses for hybrids and varieties to changing environments and little evidence

of differences due to G x E interaction, while Zeven (1972) reported no effects of plant

density on the expression of heterosis in wheat yield and its components. Finally, Carver

et nl. ('1987) carriecl out an experiment with a large numbe¡ of Fr hybrids and pure lines of

winter wheat genotypes between 1982 and 1985 to compare yielcl responses of hybrid and

pure-line cultivars across a wide range of environments. They found plant type affected

the differences in response between hybrids and pure lines across years.



13

Tl-re use of the Fr generation as a neans of determining tl-re potential for the

production of transgressive segregants in later generations has been limited, particularly

in peas. If heterosis in the Fr generation is indicative of the recombination potential of a

cross in later generations and Fr performance along with that of the parental lines can be

used to predict the performance of crosses in later generations, then Fr results would

enable the desired ends to be obtained from a hybridization programme with minimum

labour and cost. To do this it is important to unclerstand the genetic basis of heterosis.

2.2 Genetic basis of heterosis

Despite nìany studies over several decades, the genetic basis of heterosis in crop

plants remains unresolved ancl a focus of controversy and debate in the literature, Two

main genetic moclels have been put forward to explain the phenornetlorì of heterosis (and

its couverse, inbreeding depression). The first is the "dominatìce" hypothesis which was

first advocated in 1908 by Davenport and later supported by sevelal authors (Gowen,

1952). It assumes that heterosis is caused by the corrbinecl action of dominant favotrrable

getìes in hybrids. It attributes heterosis to the covering of deleterious recessive genes by

their don-riuant counterparts. Uncler this model the homozygous dominant genotype at

each locus is phenotypically indistinguishable from the heterozygote; that is AA = Aa >

aa. The average individual in a population of heterotic hybricls simply has more

favourable dominant alleles tharr its parents. Evidence for the critical role of dorninant

genes in heterosis has been given by Emerson (7952), Robinson (1952) and Whaley (1952).

TI're seconcl is the "overdominance" hypothesis which assumes that heterozygosity

per se is respousible for heterosis. Heterozygotes are expected to be superior to both

homozygcttes, that is Aa > AA ol aa, and this results in the superiority of Fr hybrids. The

overdominance l'rypothesis was advocatecl by East (1936). Evidence in support of the

overdonrinance l'rypothesis has been provided by Robinson et al. (1949) ancl Crow 0952)

frorn stuclies of grain yielcl in maize.

Both competing theories of heterosis have been set in the frarnework of classical

Mendelian genetics. They both assunìe that heterosis results frorn the summed effects of

interactions between alleles at inclividual loci. Support for each hypothesis has been

found in different experimental systems, with the weight of evidence favouring the
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dominance theory. The absence of evidence of genuine overdominance has been

described in detail by Gardner (7963), although he concluded that apparent

overdominance due to non-allelic interaction and linkage disequilibrium was a comnìon

contributor to heterosis. Gallais (1988) suggested in a review of a range of biometrical

analyses that the role of overdominance is likely to be small relative to that of dominance

effects. Such analyses, however, nìay not be sufficiently powerful to identify the role of

overdominance if it exists only for a limited set of the many loci governing the

quantitative characters determining heterosis.

Stringfield (1950) studied the relationship between the level of heterosis for several

traits including grain yield, days from planting to silking, height of ear node and level of

heterozygosis in maize. Heterozygosis was assigned a value of zero in an inbred line, 100

for an Fr cross between unrelated lines (including single crosses, three way crosses and

double crosses), and 50 for backcrosses and Fz populations. He found evidence of an

interaction between genes at different loci. However, the expression of hybricl vigour clid

not follow a linear trend as equal increments of lrew dominants were addecl. The

deviation from linearity was slight when yield was measured but for the other characters,

the regression was curvilinear. Jinks and Jones (1958) concluded that l'reterosis was a

genetically complex phenomenon depending on the balarrce of additivity, domirrance ancl

interaction components (particularly between homozygous/ homozygous arrd

homozygous/ heterozygous gene combinations) of the generation rìleans as well as on

tlie dist¡ibution of the genes in the parental lines. It did not depend on the interaction

between heterozygous/heterozygous cornbinations. Murty 096Ð reported that epistatic

interactions could result in the internal cancellation of some components of heterosis.

In terms of population genetics, Falconer (1964) reportecl that heterosis depenclec-l for

its occurrence on doninance. Loci without dominance caused neither inbreeding

clepression nor heterosis. The amount of heterosis following a cross between two

particular lines or populations depencled on the square of the difference of gene

frequency between the populations. If the populations crossed did not differ in gene

frequency, heterosis would not be expected to occur. Heterosis would be greatest when

one allele was fixecl in one population and the other allele in the other population.

Heterosis was defined'as the joint effects of all the loci as the sum of their separate

contributions:
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HFr = ldtyt'
I

where d¡ is the deviation of heterozygote from the mean of the homozygotes due to

dominance at the ith locus, and yi is the difference of allelic frequency between the two

intermated populations at the ith locus and summation is over all loci. Following this

theory, the degree of genetic divergence between parents will strongly affect the level of

heterosis.

2.2,L Components of variance

Sprague and Tatum (1942) introduced the terms "general combining ability" (GCA) to

designate the average performance of a line in a hybrid combination and "specific

combining ability" (SCA) to designate the cleviation in performance of a cross from that

expectecl on the basis of the average performance of the parental lines. The hybrid value

is the sum of the overall population mean, the GCA of the two parents and the SCA of the

parental lines as follows:

Ytj=M+gi+g+s¡¡+r¡¡

where Y1¡is the hybrid value between parent i and j

M is the overall mean of the population.

gi and g¡are the general combining abilities of parents i and j respectively,

s¡¡ is the specific combining ability between parent i and j, and

ri¡ is the reciprocal effect involving the ith and fh parents.

These conìponents were founcl to involve a range of genetic effects. Jinks and Jones

(1958) suggested that wherever overclominance occurred, non-allelic interactions also

occurred. They also concluded that SCA was always associated with the presence of non-

allelic interaction while GCA was generally the outcome of simple dominance.

In experimental terms, Griffing ('1956) partitioned the total genotypic variance into

GCA and SCA components as follows:

o2b. =o2gca*o2sco

where 026. is the variance between crosses or Fr variance,

o2sca is general combining ability variance ancl

o2".o is specific combining ability variance
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The total genotypic variance was partitioned into additive and nonadditive genetic

components (Fisher et a\.,7932):

o2c = o26+ o2¡¡

where o26 is genotypic variance

o24 is additive genetic variance

o2¡4 is non-additive genetic variance

Non-additive genetic variance was partitioned into interaction between alleles at the

same locus (o2p) and interaction between alleles at different loci (o2l). The estimation of

additive and non-additive genetic components can be made from the experimental

nraterial in terms of general ancl specific combining ability variance (Griffing, 1956):

C21'=2õ2gru and õ2D = dr.o

The GCA variance contains not only all additive variance (o2¡) but also a portion of

the epistatic variance (o2r).

The expected level of heterosis can be expressed in terms of the gerretic parameters of

aclditivity ancl clominance (Mather, 7949) and the non-allelic interaction component

(Hayman and Mather, 1955). These components of heterosis, or their derivatives, catt be

estinratecl using a variety of techniques including the diallel cross method (Griffing, 1,956),

tlre various forms of the triple test cross (Kearsy and Jinks, 1968; Jinks and Perkir-rs,7970)

ancl the nrethod of Chahal and Jinks 097Ð.

A number of studies in both inbreecling ancl outbreecling crops, have yielded

evidence of the importance of combining ability together with aclditive and non-aclditive

gerre effects on heterosis for a range of characters. For example, Leffel and Weiss (1958)

found that both GCA and SCA of parents affected yield per plant, maturity, height and

seed size of Fr hybricls of soybean.

Fasoulas and Allarcl (1962) studied the relative cor-rtributions of additive, dorninaut

ancl epistatic gene action to the inheritance of eight quantitative characters by

intercrossing four homozygous isogenic lines of barley. They found that the aclclitive

component was the largest, cor-rtributing 657o to the genetic variance in quantitative traits,

followed by the epistatic component (32Vo) and a small clominance conÌporìent (3%).

Sprague et ol. (7962) studied the effect of epistasis on grain yield in maize and concluded

that epistasis may be an important factor for high average cornbining ability.
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Miller and Marani (1963) found the extent of heterosis for yield in cotton was higher

in interspecific crosses than in intraspecific crosses. In interspecific crosses, the effects of

GCA were most important while the effects of SCA were significant in only a few cases

and were not consistent from year to year, This suggested that the main component of

genetic variance was the additive component.

Weber et al. (1,970) studied heterosis, performance and combining ability in soybean

and found GCA and SCA effects were significant for yield, maturity and height. Paschal

and Wilcox (1975) also found significant differences of GCA effects for all characters in Frs

of soybean. SCA effects were significant for seed size, maturity ancl height. Mak ancl Yap

(1977) found both GCA ancl SCA were important for all traits measurecl in long bean

(Vignø scsquipedalis ) except pod yield where only GCA was significant. They suggested

that the main genetic variation was due to non-additive action for pod yielcl ancl aclditive

gene action for other traits. Maternal and reciprocal effects were found associated with

grain yielcl heterosis in long bean (Mak and Yap,1977) and also in rice (Vimrani ct al.,

1982).

Isleib arrd Wynne (i983) stucliecl heterosis irr test crosses of exotic peanut cultivars.

They for:nd non-additive gene action expressecl by peanut hybricls particularly for pod

size aucl length in intersubspecific crosses. For pocl yield all heterotic hybrids sholved

nìore dourinance than epistasis, but epistasis was the preclomirrant type of action

cletermining heterosis for seecl yield.

Cornbining ability in wheat was studied by Narula (1984) who clemonstrated the

iurportance of both adclitive and non-additive gene action in determining the level of

heterosis in Fr hybrids although aclclitive gene action was preclominant. Epistatic effects

resulted ir-r the internal cancellation of solne components of heterosis in several crosses.

These data lead to the conclusion that the level of heterosis depends on the combining

ability of parents. It is the result of botl'r aclditive and non-additive gene effects, but

aclclitive effects are usually predominant. Adciitive gene effects can be estimated from the

GCA variance and non-additive effects from the SCA variance. Non-additive gene effects

are partitioned into dorninance and epistatic effects.

Heterosis is generally estimatecl from the pl'renotypic values of the Fr hybricts and

their parents. The phenotypic value of each indiviclual is a product of both genotypic and

environmental effects. Consequently, tl're phenotypic expression of heterosis is the result
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of genotype x environment interactions. Jinks (1983) suggested that genotype x

environment (G x E) interactions irnpinge on the stucly of heterosis at two levels:

1. If parents and hybrids respond differently to environmental change, the magnitude

of heterosis will vary with the environment,

2. If genotypes differ in their sensitivity to environmental change because of G x E

interaction, then that interaction becomes a character in its own right and may

display heterosis.

In several studies the level of heterosis has been found to vary with environmental

factors (eg. Narula,1.984) and crop nìanagement (eg. Fonseca and Patterson, 1968). The

estimated combir-ring ability of parents and genetic effects on heterosis thus may alter

with environmental changes. Therefore it is important to grow crops over a range of

environments for the estimation of the level of heterosis and genotype-environment

interactions for combining ability.

2.3 The fixable proportion of heterosis

Tl-re theory and practice of plant breeding has generally cleveloped separately for

inbreeding t)ersus outbreecling plants. In outbreeclirrg plants, because of the high levels of

heterosis ancl the frequent occul'rerìce of mechanisnÌs preventing self-pollinatior-r, breeclers

have coucentrated on the development of hybrid or syrrtl'retic varieties. In ir-rbreeding

plauts, in sharp contrast, emphasis has been given to clevelopmerrt of pure-line varieties,

in the presence of the restrictions imposed by the breecling systern which make the

comtnercial procluction of Fr seed clifficult. With predominantly self pollinated crops,

breecle¡s are therefore interested in identifying parer-rtal combinations that are likely to

produce superior homozygous segregants,

The suggestion that heterosis may be fixable in pure lines has been based on the

assumptions of the clominance ancl overclominance hypotheses (Jones, 1,957). If the

assumption is accepted that hybrid vigour results frorn tl're accumulation of dominant

alleles, then heterosis coulcl be accumulated uiø selection in homozygous genotypes. On

the other hand, with overdominance, where heterosis occurs from the reaction of alleles at

the same locus, the heterotic effects could only be accumulated in tl're heterozygous

condition ancl could not be fixed in pure-line varieties.
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A number of authors have critically examined the opportunities to fix heterosis in

pure-line varieties. For example, Williams (1959) found that much of the superiority of

two commercial Fr hybrids over their parents could be fixed in pure-breeding lines. This

supported the earlier work of Smith (1952) with tobacco, who showed that it was possible

to develop pure-line varieties from highly heterotic hybricls which perform as well as or

even better than the Fr. Later, Andrus ("1963) suggested that the superior Fr which results

from concentration and interaction between favourable genes contributed by the two

parents may produce highly productive transgressive segregants which approach the Fr

in yield. Singh and Malhotra ('1971,) stuctied heterosis for grain yield in interspecific

crosses of Pisuttt. They suggested that in the developrnent of high yielcling pure lines it

was possible to fix the heterosis which resulted from interspecific hybridization.

Hamblin and Evans (1976) studied the relationship between the yield potential of

crosses for several generations in common bean (Phaseolus uulgaris). They found that

when a cross proves to be low yielding in early generations it may safely be rejected

witlrout fear of losing potentially high yielding combinations. Pascl.ral and Wilcox (1975)

indicated that the precìominance of adclitive ger-retic variance leacls to the successftrl

isolation of high-yielding homozygous lines in later generations.

Jinks (1983) conclucled that heterosis arises in general from domirlarlce of alleles of

widely dispersed gerìes, so that it should be possible to extract pure-breecìing lines

equalling or out-performing the best Fr hybrids, provided that linkage combinations

could be broken. Nevertheless this may take nrany gerrerations. He suggestecl that the

relative performauce of the Fr and tlie better hornozygous parent must then be one further

factor to be considered in choosing between the alternative encl proclucts of a breecling

progranìme. He also inclicatecl that if there were incomplete dominance on average over

all loci, masking the occurrence of overclominance at the same loci, pure breeding families

superior to a heterotic Fr would be extractable from that Fr.

Interactions between genes at different loci (epistasis) occur in the homozygous as

well as in the heterozygous condition (Stringfield, 1950). Isleib ancl Wynne (1983) found

that, if heterosis is due to epistatic gene action (particularly the additive by additive type

of epistasis) or to repulsion phase linkage of loci exhibiting partial to complete

dominance, it should be possible through selection to fix alleles at the interacting or

linkecl loci to preserve the heterotic effect, Further, Narula 0984) noted that crosses
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between lines with good GCA are expected to produce desirable segregants in subsequent

generations since these involve additive effects and additive x additive interactions. On

the otl'rer hand, cross combinations between high x low general combiuers, showing

significant SCA effects, are likely to produce desirable transgressive segregants only if the

additive genetic system present in the good combiner and the complementary epistatic

effects in the Fr act in the same direction to maximise the desirable plant attributes.

To date, few studies have been conducted to determine the proportion of hybrid

vigour which can be retained in pure lines. Busch et al. (1971) compared the Fr with 90 Fs

wheat lines from each of 3 crosses. They found several Fs lines in each cross performed

significantly better than the Fr, and Fe lines derivecl from the best yielcling Fs still

performecl significantly better than their parental Fs lines. Similarly, Cregan and Busch

(1978) who studied heterosis and pure line performance in aclapted spring wheats also

founcl the best Fs lines were equal to Fr hybrids. J<Ét and Hayward (1980) compared one

highly heterotic hybrid and its derivatives in two locations. They founcl that in the rnore

stressed environtnent the Fr hybrid was significantly better than the best Fz lines, but in

the less stressed, two leading Fz lines gave similar yields to the Fr hybricls. More recently,

Udclin (1997) investigated the potential to develop pure lirres with similar yield to tl.re

ìreterotic Fr hybricls using four hancl-made hybrids and a commercial liybricl. Sever-rty-

five Fz lines derived by single seed descent were comparecl with their parents and Fr

hybricls in replicated hill plots. All crosses prociuced pure lines with similar yields to the

Fr hybrids, but there was no consistent pattern amongst the pure lines as to how they

achievecì their high yielcl in terms of physiological traits or yield components.

2.4 Measurement of genetic distance

Numerous studies, both theoretical and experimental, indicate tl-rat the level of

heterosis in Fr hybricls increases with the degree of genetic differentiation between the

parental lines. These studies suggest that it may be possible to develop at least a

preliminary screen for highly heterotic combinations by measuring the genetic distance

between potential parents. To do this requires a rapid ar-rd reliable method of estirnating

the genetic clistance using procedures normally available to plant breeders. The most

appropriate rneasure of genetic difference would be a comparative analysis of the DNA
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sequence of the entire genome, but this is not feasible at the present time. Consequently,

a range of measures of genetic diversity have been developed based on sarnples of

different types of genetic loci.

In this section these measures will be outlined and their relative advantages and

disadvantages discussed in relation to different classes of genetic markers (qualitative

morphological traits, quantitative characters and enzyme and DNA markers).

2.4.1 Types of characters used in estimating genetic distance

Brown and Weir (1983) cliscussed the criteria required for an ideal set of marker loci

in terms of estimating genetic variability in plant populations:-

1. Allelic expression should be distinguishable in individuals; in particular,

heterozygotes should be clistinguishable from both homozygotes.

2. The effect of each allelic substitution should be locus-specific and ctistinguishable

froni substitutions at other loci.

3. All base substitutions shoulcl be detectable.

4. Loci shoulcl be sampled at rarrclom, irrespective of their function or likely level of

polymorphism.

Only the nurnber of nucleotide or coclon differerrces per unit length of DNA meets all

these criteria, but this statistic cannot reaclily be measured at the present time even for a

very limited sample of the genonìe of a species. Consequently scientists generally have to

be satisfied rvitl-r less than the cìefinecl ideal. For exarnple, plant breeders have generally

ttsecl traits of econornic importarrce, other metrical traits, clualitative morphological

characters ancl isozyme markers to rneasure genetic cliversity (Moll et al., 7965; Goodmau,

1968; Jain et n1.,1975; Ghacleri et a1.,1984; Moore and Castle, 1988), Each of these has

advantages as well as disadvantages. The best traits or rnarkers to use for the present

purposes will depencl on tl-reir respective advantages ancl clisadvantages and the

effectiveness of the clerived values in predicting the level of heterosis.

2.4.2 A,clvantages ancl clisadvantages of each class of trait

a.) Quantitative traits

Measures of genetic diversity based on the variation of cluantitative characters are

commonly and wiclely used in biology and plant breeding (Goodman,1968; Brown et al.,
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'1969;Bhatt,1970; Khanna and Misra, 1977; Arunachalam, 1981; Shamsuddin, 1985; Souza

and Sorrells, 7991.a). The advantages of these measures are that (i) many traits are

available for use and (ii) they are familiar to plant breeclers (Marshall and Brown,7975).

Indeed improvement of such characters, for example yield and yield components, is a

major aim of breeders. Genetic diversity can be quantified using multivariate statistical

analysis of data from many different characters. Recently/ comnercially available

cornputer programmes have been developed for this purpose.

Quantitative characters are often controlled by many genes. They are the result of the

interaction of the genotype of an inclividual and the environment. The first disadvantage

of measures based on quantitative characters is therefore that they yield only an indirect

measure of genetic diversity. Such parameters measure only that portion of the genic

variability which is expressed phenotypically. This portion varies markeclly with the

characters under consideration, their genetic background and the environmental

conditions in which it is expressed. Therefore, measures based on quantitative characters

nray be unreliable indicators of the diversity in a population at the level of the irrdividual

gene (Marshall and Brown, 197Ð. A second disadvantage is that clata collection is c'rften a

laborious and time-consuming task and requires access to substantial field facilities. A

thircl is correlation between characters. To obtain useful infonnation for estimating

gerretic diversity, all correlated variables must be transformed to uncorrelatecl variables.

b.) Qualitative morphological characters

Qualitative morphological characters have also been widely used in crop genetic

sttrclies and in measuring genetic distance (Allarcl ancl Hansche, 1964; Cooclman,l968;

Ashri, 1977; Jain et aL,1975; Ghaderi et a1.,1984; Moore and Castle, 1988; Singh et al.,

i989; Souza ancl Sorrells, 1991b). Brown (1978) has observed the advantages of these

characters: (i) they are usually controlled by a sn'rall number of genes and (ii) they are less

affectecl by non-genetic factors than quar-rtitative characters. These characters, such as

flower colour, seed colour, leaf type, plant type, flowering habit, pod size and pod shape

are easy to score. The obvious aclvantage of these characters is therefore a rapicl

classification of a large number of indivicluals.

Nevertheless such characters represent only a limited fraction of the genome and

suffer from tl're technical problems caused by dominance. The recessive alleles of genes
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controlling these traits may be deleterious when homozygous. The number of markers

may be limited by epistatic and/or pleiotropic effects.

c.) Isozyme markers

Isozymes are variant forms of an enzyme and have substantial advantages over

morphological markers in measuring genetic diversity. The use of isozyme markers to

estimate genetic distances or to assess genetic variation has been successful in maize

(Hunter and Kannenberg, 1,977;Heidrich-Sobrinho and Cordeiro, 7975;Price et a\.,1.986;

Frei ef a\.,1.986), soybeans (Gorman and Kiang, 1978), common beans (Bassiri and Adams,

1978), tomatoes (Tanksley et nl., 1981.), oats and barley (Price ct al., 1.984), peaches

(Arulsekar et al., 1,986), green gram (Mitt al et aI., 1987), citrus species (Moore and Castle,

1988), etrcalyptus species (Jane ¿f a1.,1988), peas (Przybylska, 1986; Weeden ancl Marx,

1987; Weeden et a1.,1988) ancl rice (Peng et a|.,1988). Isozymes are usually detected using

electrophoretic techniques and this allows many individuals to be screenecl non-

destructively ancl in a relatively short time. Further some properties of isozymes make

them especially suitable as genetic markers. Brown ancl Weir (1983) have summarised

their aclvantages as follows:-

1. They can be used to screen seedlings and this rnay save corrsiderable time ancì field

space.

2. The ecluipment and material needeci for screenir-rg the isozyme bancling patterns

(zymograms) of plants is relatively inexpensive and it is possible to screen large

numbers of plants rapiclly,

3. Allelic expression is usually codominant and allows heterozygotes to be

distinguished from homozygotes.

4. Each allelic difference is detected as a mobility clifference which is independent of

the functional role or the overall level of variation of the enzynìe in question.

Despite tl'rese effective properties, isozyme-based genetic analyses also have a number

of limitations. These are:-

1. Genetically or environmentally induced post-translational n-rodification of

electrophoretic mobility can occur leading to an over-estimation of genetic distance.

2. In polyploid species, multiple variants can arise through gene duplication and these

can leacl to difficulties in ascribing variants to single loci.
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On average, only about 25Vo of base substitutions result in amino acid replacements

which alter the nett charge on a protein and are therefore readily detectable by

routine electrophoresis.

They consist of only a restricted class of proteins, so that son'ìe ger-retic variation may

not be identifiable.

Some variants are present only in certain tissues or life stages of plants.

Large surveys of some particular enzymes can be time-consuming.

2.4.3 Measures of genetic distance

Several measures have been developed and proposed for quantifying genetic

cliversity (Rao, 1952; Sokal, 1961; Hanson and Casas, 1968; Hedrick, 7971 and 1975;

Goodnran, 7972;Rogers,1972; Nei, 1973; Sneath and Sokal, 1973; Adan'ts,7977; Cervantes

et a\.,7978;Roclgers et a|.,1983). Thesemeasuresvarywiththetypesof lociorcharacters

turder cor-tsideration, but they can be usefully subclivided into two groups - those

applicable to qtrarrtitative or multigenicalìy controlled traits ancl those applicable to

incliviclually scored marker loci. Each group is corrsiderecì below.

a.) Multiple gene marker loci (quantitative traits)

A nutnber of metl'rods have been proposed for the estimation of tlie level of genetic

diversity between two populations using quantitative characters. Mostly, such measures

have beelr based on multivariate statistical analyses such as Pearson's coefficient of racial

likeness (Pearson, 1926), Mahalanobis distance (Mahalanobis, 7936), Sokal distance (Sokal,

1961) and Euclidean distance (Coodn'ran ,1972), Two examples will be discussed here.

a.1) Mahalanobis distance

Mahalanobis clistance has been widely used for the quantitative assessment of genetic

divergence in several crops. It has been shown to be particularly useful for grouping or

classifying a number of accessions in germplasm collections into groups on the basis of

their genetic diversity. Mahalanobis distance is arì appropriate measure when traits are

correlatecl. The main disaclvantage of this technique is the need for a very large quantity

of data if reliable groupings are to be developed (Goodrnan, 1968). The cletails of tlíis

technique and its application in evaluating genetic diversity have been given by Rao

5

6
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(1,952). Multivariate analysis is concerned with the relationship among sets of dependent

variables and the individuals which bear them. To obtain useful information from this,

the analysis of variance must first be obtained for all the characters under consideration.

Then the variance-covariance (environmental) matrices are tested by Wilkes' criterion to

establish whether there is a significant correlation between the variables. Normally no

correlation is expected between the environmental portion of the variability unless these

variables themselves are correlated. All correlated variables are then transformed to

uncorrelated variables by the pivotal condensation method (Rao, 1952). Genetic distances

are calculated from these uncorrelated variables by taking the sum of squares of the

differences between the pairs of corresponciing correlated variables for any of the two

populations. The distance between any two groups is estimated from the equation

D2 = (Xi - Xi)' S-l(Xi- Xj)

where X1 and X; are the vectors of means of the traits for the ith ancl jth groups

respectivel/, and S-1 is the inverse of the pooled covariance matrix.

Goodman (1968) used Mahalanobis D2 to measnre the generalized clistar-rce between

races of maize. Sixteen niorphological characters were used in the analysis. Similarly,

Prasacl anci Singh (1986) usecl tl.ris statistic to select 10 parents from 64 varieties of maize

belonging to clifferent geographical regior-rs of the world. The observations wele recorded

on 12 morphological characters.

Lee and Kaltsikes (1973) measured genetic diversity in durum wheat usirrg

Mahalanobis clistance. Cl-raracters usecl were days to flowe¡ing, clays to physiological

maturity, plant height,loclging and grain yield. The influence of the characters stucìied in

assigning cultivars to particular groups variecl from cultivar to cultivar.

Glraderi et ø1. (1984) estin'rated genetic distance between conìmol1 bean (Phnscolus

uulgaris ) and faba bean (Vicia t'aba) parents using 11 traits in dry edible bean and 14

characters in faba bean.

a.2) Euclidean clistance

This n'rethod is an actaptation of the multivariate tecl'rr"rique. Each cultivar may be

identified on the basis of a large number of metrical traits as a single point in a

standardised multidimensional space. The axes of this space are plincipal components

obtained from the original clata as orthogonal transformations of the original variates,



26

each principal component being a linear combination of the varietal scores on the original

variables. The Euclidean "distance" between any two points represents the degree of

similarity or dissimilarity between the two cultivars whose scores on the principal axes

cletermine their respective positions in the hyperspace. When two cultivars are highly

related or genetically similar, they are expected to occupy the same region in the

hyperspace, the distance between them being small. If they are more remotely related or

genetically diverse, the Euclidean distance between their points will be correspondingly

greater (Goodn'ran , 1968; Adams, 1977). Adams 0,977) used the method based upon the

multivariate technique of principal components analysis to calculate a distance between

any two cultivars in common bean. He found that such clistances were highly inversely

correlated witl'r the genetic relationship estimated from a knowledge of breeding ancestry.

Isleib and Wynne (1983) used Euclidean distance to determine the extent of the genetic

basis for heterosis in crosses between 27 exotic peanut (Araclis hy¡togaea L.) cultivars

ancl an aclapted Virginia breeding line. The degree of genetic divergence was estimated

from the vegetative and reprocluctive characters used ir-r the principal component

analysis.

b.) Single gene marker loci (qualitative morphological characters and isozyme

markers)

Qualitative morphological characters and allele flequency data from isozyme markers

can be analysed clirectly by multivariate analysis, for example principle component

analysis (Gooclman alrd Stuber,1983; Doebley et al., 1984; Smith, 1984; Smith et nl.,1984;

Souza and Sorrells, 1991b). For inbreeding crops there are two simple nÌeasures which

have been used to quantify genetic distance between parental lines basecl on single gene

markers but more particularly, isozyme markers. These are the Diversity index of Hunter

and Kannenberg (1,971) and the Genetic Distance of Nei (1972).

b.L) Diversity index of Hunter and Kannenberg

Hunter and Kanuenberg (1,971,) proposed a sin-rple method to calculate a diversity

inclex from isozyme markers. An isozyme system refers to the alternative isozymes

producecl within a given segment of a gel, this variation being consiclered to be controlled

at a single locus. When any two inbrecl lines have different bands within the same
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system/ the parents are said to be different for that system and given a rating of one.

Inbreds with identical bands are rated zero for that system. For each pair of inbreds the

ratings for all systems studied are totalled and termed the diversity index (DI). Heidrich-

Sobrinlro and Cordeiro ('1975) and Mittal et aL (1987) used this method to study the

relationsl-rip between genetic diversity and heterosis in maize and green gram

respectively.

b.2) The genetic distance measure of Nei

Nei (1972) defined genetic distance as the extent of gene differences between cultivars,

as measured by allele frequencies at a sarnple locus. He defined the genetic distance

between two parents as

D =-log"Iand

l= ]xv

^/]rj.t

where J¡, Jy are the probability of identity of randomly chosen alleles in genotypes X and

Y respectively ancl J¡y is the probability of identity of genes from X with that from Y. For

a single locus with n alleles,

Jxv = )pixpiv,

¡* =\P2¡,

¡" = fP2iv,

where J¡y is the probability of iclentity of genes from X with that from Y, and

P1x and P,v are the frequencies of the ith allele in population X and Y.

For multiple loci, Jxv, Jx and Jy values are calculated by summing over alleles at all loci

and dividing by the number of loci.

Although a variety of measures of genetic cliversity has been proposed ancl each

nìeasure is based on different biological or mathematical assumptions, in practice, many

of tlre metl'rods give similar values (Hedrick, 1975). Further, significant associations have

often been found between single gene markers and quantitative traits (Stuber et aI., 1980;

Tanksley et a\.., 1,981; Price et aL, 1,986). In these circumstances, genetic distances

estimated from isozynìe or qualitative markers nìay corresponcl closely to those estin'rated

from quantitative traits and morphological characters.
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2.5 Correlation between genetic distance and heterosis

The association of genetic distance and heterosis has been investigatecl in many crop

species. Predominantly outbreeding species and self-pollinated crops are considered in

turn below.

2.5.1 Outbreeding species

Maize has undoubtedly been the most widely studied because of the widespread use

of hybrids in commercial agriculture. The correlation of genetic distance between parents

with Fr heterosis has been reported to range from significantly positive to significantly

negative values.

Moll ei al. (1962) four-rd that greater genetic diversity of the parental varieties was

associated with greater heterosis in the variety crosses in maize (Zea nmys L.). They

suggested that crosses of widely divergent varieties from distant sources would have

potential utility in yield improvement in spite of poor local adaptation of varieties. Moll

et al. (1965) repeatecl this type of study using nìore geoglaphically diverse races of maize.

The result indicated that heterosis increasecl within a restrictecl ralÌge of divergence but

extremely divergent crosses resulted in a decrease in heterosis. Sliwatanapongse ancl

Wilsie (1968) compared the expression of heterosis between interspecific, intervariety and

intravariety closses in alfalfa (Medicngo sotiao L. and Metlícago t'nlcnta L.) and found that

highest yietcls were obtained from interspecific crosses followed by intervariety and

finally by intravariety crosses.

Heterosis was associated with Mahalanobis genetic clistance estimated from

nrorplrological (both qualitative and quantitative) traits in maize (Moll et a1.,1.965; Prasacl

ancl Singh,1986). The magnitucle of heterosis for grain yielcl aud its components was

higher with moderate (intermediate) than with extreme parental cliversity. They

suggested that parental diversity should not be the sole criterion of selection. Parents that

differed to a moderate degree but performed well could be more useful than those which

were highly dissimilar genetically but poor perfornÌers. In comrnon bean, Mahalanobis

clistance between parents. was higtÐ significantly correlated with the heterotic effect over

nricl-parent for yield, pods per plant ancl seecls per pocl (Ghaderi et aL, 1'984). No

relationship was found for hunclred seed weight. In faba bean, yield of seed per s¿ was
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not associated with the Mahalanobis-D2s, although both significantly positive and

significantly negative correlations were found for an array of a number of traits in relation

to yield (Ghaderi et ø1., 1984). These contrasting results may be associated with the

contrasting breeding systems of the two species, comrnon bean being inbreeding and faba

bean partially outbreeding.

Heterosis has been found to be associated with isozyme variability (Bruce and

Kannenberg,197l; Heidrich-Sobrinho and Cordeiro, "1975). Bruce and Kanner-rberg ('1971)

used isozyme variability as an indicator of genetic diversity related to single-cross hybricl

performance in maize. Fifteen inbred lines were characterized electrophoretically for six

isozyme systems which were used to calculate a cliversity index (DI). The DI for an

inbred pair represented the number of isozymes that were dissimilar in the two inbreds.

Hybrids producecl from inbred pairs with l'righer DI out-yieldecl those with low DI, but

the correlation between grain yielcl performarìce of sir-rgle-cross hybrids ancl DI was low

arrd not significant. They conclucled that the specific combining ability could be predicted

reliably fron-r DI based on isozymes. A similar experiment was conducted by Heicìrich-

Sobrirrlro and Cordeiro (1975) with other maize ir-rbreds with similar results arrd they

concluded that the poor correlation was because of tlie small number of inbrecls (15 ancl 8

respectively) with relatively little isozyme cliversity.

When rììore erìzyme loci and more crosses were used, however, the correlation of

genetic clistance with heterosis of single-cross hybrids of maize remained poor and variecl

rvitlr tlre environments used for evaluation (Hadjin ov et aI., 1.982; Frei et al. , 1.986; Price et

nl., 1.986; Lamkey ct nl., 1987). Frei ¿f al. (1986) suggested that there was a general

association of allozyme diversity with higher yielcl but the reliability of tl-re prediction

depended on the pedigree background of lines. In aclclition, specific inbreds coulci

cleviate from the general allozyme-yield relationship, rnaking predictive value

questionable. They concluded that the predictive power of genotypes at allozyme loci

does not appear to be markedly superior to the other characters such as flint-dent

endosperm, chromosome knob and pecligrees.

Distances were measured in rapeseed (Brassica napus L.) by a function of kinship

coefficient (Lefort-Buson ef ø1., 1986). Four classes of kinship coefficient values were

defined ancl related to heterosis values and Fr performance. Two different experiments

were concluct'ed over a 2-year period to examine tl're relationship between heterosis and



30

genetic distance. The result showed a significant effect of the kinship class irrespective of

the agronomic character and the year. The best hybrids showing the greatest heterosis

were always obtained using unrelated parents coming from two different geographic

pools.

2.5.2 Inbreeding species

In most predominantly self-pollinated crops, heterosis is not exploitecl directly in

comrrercial Fr varieties, but it has been extensively studied because of its potential for use

as an indicator of the crosses that are likely to generate productive transgressive

segregants in later generations. The relationship between genetic diversity of parents and

the level of heterosis has been reported in several crops.

In cotton (Gosst¡pirm spp.), for example, Marani and Avieli (1973) found that

interspecific hybrids showed significantly higher heterosis durirrg early growth than their

intraspecific counterparts. Murty anct Anand (1.966) reported that SCA effects were larger

for a number of characters from crosses involving divergerrt parents thau from crosses

between nrore closely relatecl parents in flax (Litrum usilatissttttunt L.).

In tomatoes, Khanna ancl Misra (1977) studied the relationship between diversity and

heterosis. The diversity between parents was estimated from multiple measurenÌents ot't

a number of characters including plant height, number of branches, days to flowering,

locules per fmit, total soluble solids ancl yield per plant and classified into intraclass aud

interclass. There was a tendency for intercluster crosses to have greater heterosis thalr

intracluster crosses.

In peanut, heterosis was correlatecl with geographical diversity (Parker et øl.,1.970) or

morphological traits (Isleib ancl Wynne, 1983). Pocl size, seeci yield and other traits

slrowecl lreterosis up to 79% above the higher parent. Heterosis cleviations were

partitioned into two comporìents depending on the relative contributions of dominance

and epistasis to non-additive genetic variation. Dominance was the more important

source for pod yield, seed yielcl and pod length while epistasis was nÌore important for

pod number, seecl number and percent shelling. The relationship between heterosis and

genetic cliversity of traits which exhibited more dominance was linear and the linear

coefficients for these characters were all positive. For characters largely influencecl by

epistasis the lelationship was curvilinear.
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Arunachalam ef al. ((r98Ð found that heterosis in crosses between various diversity

classes in peanut was related to parental divergence and/or the SCA of the parental

combinations. The magnitude of heterosis for yield and its components was found to be

higher in crosses involving parents which diverged only to an intermediate degree rather

than the extreme ones. Arunachalam and Bandyopadhyay (1984) studied data froln

diallel crosses and divided genetic divergence among peanut parents into 4 classes. They

found that the chances of high frequency and magnitucle of heterosis were greater in

crosses between parents within *1 standard cleviation of the mean than in crosses

between parents with divergence outside this limit.

Heterosis was also found related to the differences in quantitative traits between

parent lines in soybean (Chauhan and Singh, 1982) and rnungbean (Ramanujant et al.,

7974). Ramanujam et aI. (7974) studied genetic divergence and hybrid performance in

mungbean using canonical analysis on quantitative characters viz. flowering time,

maturity, pods per plant, seed size ancl seed density. On the other hand, the divergence

between parents of each cross, estimated using generalized clistance and canonical

analysis, clid not correspond to the level of heterosis in chickpea (Ciccr nrietittutn L.)

(Singh and Ramanujam, 1981).

Isozyme diversity index (DI) between palents was associated with the level of

heterosis in eight varieties of green gram (Vi.grn radinta) (Mittal et aI., 1987). Hybrids

obtained from a pair of inbrecls having higher diversity index out-yielded those with

lower DIs, but the correlation between DI and heterosis for seed yielcl was not consistent

over seasons. It was concluded that isozymic diversity index rnay be of value in selecting

pairs of palents for heterosis studies befole an evaluation in the fielcl. In contrast, Peng el

al.0988) found no relationship between the magnitucle of yield heterosis in Fr hybricls

and isozyme patterns of the parents ilr Indica rice. The divergence between parents was

classified frorn 6 isozyme systems. Most of the parental lines used in their study were

elite rice cultivars bred from complex crosses involving parents of various geographic

origin that allowed extensive recombination an-ìong genes. Consequently linkage

disequilibriurn between isozyme markers ancl gene blocks involved in heterosis for yield

might have clisappeared.

The relationship between genetic distance between parental lines and the level of

heterosis in peas has been unclear. Singh and Malhotra (7971) studying grain yield in
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interspecific crosses of Pisttttt, found that heterosis appeared to be associated with genetic

diversity an'ìor1g the parents. Gupta et aI. ('1984) and Rao and Narsinghani (1987),

however, found that the most heterotic hybrids of field peas were between parents that

were moderately clivergent as determined from quantitative characters.

2.6 Summary

Detailecl and extensive studies in a wide range of crop plants indicate that heterosis is

a genetically complex phenomenon depending on the balance between allelic and non-

allelic interactions. The components of variance of heterosis may include additive,

clominance, epistatic ancl maternal effects, all of which may be fixed to varying degrees in

pure-line varieties. However, applied research on the fixable proportion of components

of heterosis in pure-line varieties of predominantly self-pollinated crops, which is a factor

of critical importance in practical breeding progranìme, has been limited.

The level of yield heterosis in inbreecling crops has been four.rd to vary markedly.

Such variation reflects clifferences in the conrbining ability of their parents. Both general

ancl specific combining ability are important for heterosis but GCA is prec-lominant.

Aclclitive gene effects are nearly always larger than non-additive gene effects. Dominance

as well as epistasis have been found to influence the expression of heterosis. The amount

of heterosis valies with the environment in which the plants are grown. Genetic

differences betweeu parents influence the level of heterosis in Fr hybricls.

A number of genetic clistance nìeasurenìents have been cleveloped and tested for use

in predicting heterotic response in the hybrids. Several lneasures suggested are highly

correlated despite the fact that tliey are based or-r different markers or mathematical

assumptions. Tl're most appropriate method for any crop will depend on the objective of

the breeding programme and the availability of facilities ancl resources. In recent years,

the use of isozymes as single gene markers has proved to be a metl'rod for convenient

detection of genetic clifferences close to the DNA level. Isozyme techniques have been

developed for use in a wide range of crops. Further, in some instances estimates of

genetic clistance based on isozyme markers have been found to be clearly correlated witl'r

estimates based on quantitative traits.
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Finally, while estimates of genetic diversity based on isozyme markers always closely

correlate witl"r Fr heterosis, isozyme markers may be a useful tool to identify potential

parents in screening for highly heterotic hybrids.

In the light of the above, and the problem facing Australian pea breeders in

in-rproving yield in water-limiting environments, it was postulated that a more effective

approach may be to select Fr hybrids which show high and stable yield in stress

environments ancl ascertain if these desirable traits occur at high frequency in pure-line

derivatives of such hybrids.

For an objective assessment of the potential of this breeding approach we need to

know:-

i) The level of heterosis for yield and its components which can be obtained ilt field

peas. Overseas studies indicate that Fr pea hybrids may show significant heterosis.

However, more information is required on the level of heterosis expectecl in a range

of environments with optimal plant clensity.

ii) The proportion of hybrid vigour which is fixable in pure-line derivatives of

heterotic hybrids. Clearly, if a large proportion of the observed heterosis is fixable

then yield testing of Fr hybrids to find highly heterotic combinations would be an

attractive breeding strategy. Further, what studies have been done have yielded

equivocal results. More experiments with a greater number and diversity of

hybrids are required to answer this question.



Chapter 3 Materials and Methods

The project was conclucted at the Waite Agricultural Research lnstitute, LJrrbrae,

South Australia (latitude 34o58' S, longitucle 138"51' E) during 1988-199'1. The project

consisted of three experiments. The aim of the first experiment (experiment A) was to

estimate (i) the level of heterosis exhibitecl by Fr hybrids amongst a cliverse set of pea

genotypes, (ii) the level of heterosis and inbreeding depression in Fz populations derived

from these Fr hybricls, (iii) the combining ability of each parent and (iv) the effect of

genotype-environment interactions on grain yield and its components, both in parents

and in their Fr hybrids across four environments.

The aim of the second experiment (experirnent B) was to determine the relationship

between the perfomrance of Frs ancl the yield of their Fs derivatives.

The third experiment (experiment C) explored the relationship between the ger-retic

clistance between parental lines and the level of heterosis in their progenies. The ger-retic

clistances between parental lines were estimated using isozyme markers, morphological

characters and quantitative traits separately and in combirration. Electroplioretic analyses

of pea parental lines were undertaken in the Department of Plant Science laboratories,

whereas rnorphological ancl quantitative characteristics were scored from the first

experiment. The relationship between gerretic distance between parents and the level of

heterosis in tl-reir Fr progenies was assessecl by simple correlation analyses.

Monthly rainfall clistribution at each site is presentecl in Figure 3.-1. Annual rainfall at

Urrbrae and Charlick in 1989 was higher than at Turretfield, but the clistribution at all

sites was suitable for growing peas. The annual rainfall in 1991 was slightly less than that

in 1989, and the distribution was less suitable for peas with drought during flowering and

pocl filling stage and heavy rain during harvesting. The peas were infectecl with powclery

n'rildew ancl consistently low seed weight and harvest index were recorded, especially at

Northfield.

These sites are all in South Ausffalia. Urrbrae and Northfield are suburbs of Adelaide,

south east and north east of the city cenüe respectively. Charlick Experiment Station is 50

kilometers south east of Adelaide and Turretfield Research Centre 65 kilometres north

east.
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Figure 3.1 Monthly rainfall (mm) at the

five experimental sites
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3.1 Experiment A: The levels of heterosis in Fr hybrids and Fz progenies

3.1.1 Genetic materials

Four commercially available and widely grown pea cultivars, Alma, Derrimut,

Dundale and Wirrega were used as female parents (Table 3.1). Alma was developed from

White Brunswick xPI173052 (SA 487) and was released in South Australia in 1986. White

Brunswick was bred in South Aust¡alia and PI 173052 originated in Turkey. Alma is a

Dun type of pea but its yield is more consistent and it outyields Dun in the presence of

tlre fungal disease, black spot (Ali, 1986).

Derrimut was released by the Victorian Department of Agriculture irt 7964.It is the

earliest to flower anìong the cornmercial cultivars with mid-season maturity. Its seed is

much smaller than that of Early Dun.

Dundale was selected from Early Dun by the SA Department of Agriculture and was

released in 1970. It is similar in most respects to Early Dun but matures slightly earlier.

Table 3.1 Origins and charactcrislics of fcmale parerrts

Alma Derrimut Dundalc Wirrega

Ycar of rclease

Pedigree

Flowcr colour

Basal brallches
(number)

Onset of flowering
(clays aftcr sowing)

Mahrrity

Seecì type

Seed coat

Reaction to black-spot
disease complex

7986 7964

Whitc Bruusrvick Unknown
xPL173052

pink pink

4 7-2

93-95 80-83

7970

selectcd from
Early Durr

pink

2-3

82-85

mid-season

dimpled

brown to green

moderately
susceptible

late

dimpled

brown to green

tolerant

mid-season

dimpled

green

susceptible

7986

Derrimut x PI
1852

white

3-4

94-98

late

round

cream

moderately
susceptible
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Table 3.2 Origins and characteristics of male parents

Accessionnumber Species Accession type Origin

SA 15

SA24

SA 35

SA 51

SA 54

SA 123

51^129

SA 157

5A236

54247

SA 248

SA 465

SA 483

SA 688

SA 828

sA 1041

sA 1405

sA 7423

P, satioun

P. safiutm

P. satiaunt

P. satiaum

P, sqtiaunt

P. satiattm

P. satiattm

P. sotiatüt

P. sntiuttttt

P, sqtiuttttt

Hindukush

Sweden

Sweden

Poland

USSR

Afghanistan

Afghanistan

Swcrlen

Hindukush

Ethiopia

Ethiopia

Swede¡r

Nc'pal

Afglranistan

Ethiopia

USA

Hollarrd

New Zcalancj

P. clalhts

P, satiaum

P, satiaum

P. sntiaum

P. satiau m ssp.transcattsiunrt

P. satiaum

P. satiaum

P. satiatun

Landrace

Fixed breeding line

Fixed breeding line

Fixed breeding line

Landrace

Landrace

Landrace

Mutation
(Centrobscurum)

Landrace

Landrace

Landrace

Fixed breeding line

Landracc (]1-181)

Lalrcl racc

Larrdrace

cv. Carficld

cv. Solar¿l

cv. Whcro

Wirrega was releasecl in 1986 by the SA Department of Agriculture as a replacement

for the cultivar Pennant. It is recommended for all areas of SA except for very early and

clrier districts. It was developed from the cross Derrirnut x PI 1852 (5A246), Variety Pi

1852 originated in Ethiopia. Wirrega has rapid germination and seedling establisl'unent,

has consistently out-yieldecl Pennant and has shown some resistance to the black-spot

disease complex (Ali, 1986). It produces white flowers ancl smooth, round seeds, in

contrast to the other three varieties which have coloured flowers and dimplecl seeds.

The 18 genotypes used as male parents were introduced from 10 different countries

and represented a wide range of diversity in terms of origin, physiological traits and

morphological characters (Table 3.2). Four were from Sweden, three from Ethiopia, five

from the Hindukush region ancl one each from Poland, USSR, USA, Nepal, Hollancl and
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New Zealand. Three were registered cultivars, four were fixed breeding lines, ten

represented samples from landrace populations and one was an induced mutation.

Using the 4 females and 18 males, 72 Ft hybrids were produced by manual

emasculation and pollination according to the factorial mating design or design II of

Comstock and Robinson (1952). The crossing was carried out in the growing season (May

to November) of 1988. Eight seeds of each Fr were grown in a glasshouse cluring the

summer oÍ 1,989 to produce Fz seed. The remainder of the Fr seeds along with Fz

derivatives and the parental lines were used in field experiments.

3.1.2 Procedures

Experiment A was conctucted during the growing seasons of 1989 and 1991. In 1989,

it consisted of 148 genotypes which comprised of 22 parents, T2 Fr hybrids and 54 Fz

families. There was insufficient seed of the other 18 remaining Fz families for this trial.

The genotypes were sown in plots in a ranclomizecl complete block clesign with three

replications. Each plot consistecl of 20 plants in four rows with 20 cm between rows and

10 cm between plants. A pathway of 50 cm x 80 cm was left between plots. Seeds were

sown on 23, 27 and 29 llay 1989 at Waite Agricultural Research lnstitute (Enviroument 1:

Ulrbrae clay loam, pH 6.5), Turletfielcl Researcl'r Station (Environmetrt 2: sarrdy loam, pH

5.3) ancl Charlick Research Station (Environmerrt 3: solonized brown soil, pH 6.4),

respectively. In 1991, the experiment was repeated at the Waite Agricultural Research

Instittrte with 166 genotypes which consisted of 22 parents,T2Ft and72 Fz families. Seeds

were sowll on 27 May 1991 with the same field layout as the 1989 experiment but in this

year a patl'rway of 50 cm x 60 cnl was left between plots ancl there were three replications.

Double super phosphate (32%P) (150 kglha) was appliecl at Urrbrae (first year') ancl

Clrarlick and triple super phosphate (48o/"P) (60 kg/ha) at Turretfield. Seecls were treated

with a fungicide (triadimefon) before sowing and the reconìmencled chernicals were used

to control red-leggecl earth mite (methiciathione), powclery n'rildew (triaclimefon) and pea

weevil (endosulfan) during the growillg season. During land preparation a pre-

ernergence selective herbicide (Avaclex@, cliallate) was appliecl. Post-emergence grass

weecls were controlled by a selective herbicicte (Hoegrass@, diclofop methyl) and

broadleaf weeds by hand weeding.
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3.1.3 Data collection

At maturit/, two plants were sampled at random from each plot at each site. Plant

height, basal branches, pod-bearing nodes, pods and hundred seed weight were recorded

from the two plants. Ten pods from tl're middle of the podded zone of each plant were

chosen, the seeds from them were pooled and mean seeds per pod was estimated frorn

this sub-sample. The days from planting to onset of flowering (1989, 1991) and the

duration of flowering (1,989) were recorded at Urrbrae.

At Charlick and Turretfield, the plots were damaged by birds shortly after emergence

and this resulted in a reduction in the number of harvested plants in some treatments.

Consequently, the data were analyzed on a single plant basis to minimize plot to plot

variation ciue to bird damage.

3.1.4 Statistical analyses

The data recorded on parents and the Fr hybrids were analysed together, while the Fz

data were analysed separately, The data from each environment were analyzed separately

and then combined over environments. The form of the analysis of variance for the Fr

hybrids is given in Table 3.3 while that for the Fz populations is given in Table 3.4.

The degrees of freedom for Fr hybrids were subdivided into males, females ancl tnales

x females, respectively, to provicle tests for general combining (GCA) ancl specific

combinir.rg abilities (SCA).

The levels of heterosis over (i) the mid-parent or parental average, (ii) better parent

ancl (iii) the best parent were calculated as follows:

Heterosis over rnid-parent (Hmp)
(¡'r - mp)

x 100 (%)
mP

Heterosis over better parent fibp)
q#x 

1oo (%)

Heterosis over the best parent (Hcm) qft x'too (v")

where Fl, nìp, bp and cm are the means for Fr, mid-parent, better parent of each cross ancl

the best parent of all crosses, respectively.
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Sources of variatiorr and degrees of freedom for the analysis of variance of parents

and Fr

Source Degrees of freedom (df) Expected Variance

Environments (E)

Reps /Environments (R/ E)

Genotypes (G)

Parents (P)

Fr

Males (M)

Females (F)

Male x Female (M x F)

ExG
ExP
ExFr

ExM
ExF
ExFxM

Pooled Error

(e-1) = 3

e(r-l) = 8

(g-1) = 93

(P-1) = 21

$t-1) = 77

(m-1) = t7
(f-1) = 3
(m-1)(f-1) = 5t

G-l)(g-'t)= zzg

(e-1Xp-1)= 63

(e-1)(rr-t)= zt3
(e-1Xrn-1)= 51

(e-1Xf-t)= 9
(e-1Xf-1Xm-1) = 153

e(r-1)(g-1)= 7++

rgo2"+ 9o2r+o2.
go2. + 02"

sro2, + rdrr+ 02"

sro2p+ ro2os+ o2e

srO211 * rO2y1s* o2s

srfo2^+rfo2-r+o2u
srmo2¡ + rfo2¡"+ 02"

Sro2-¡ +rfo2¡^r+ 02"

ro2r, + 02"

ro2"o + o2o

ro2r¡i + 02"

rfo2"- + 02"

ftl'1O25¡ * O2s

rO2r*¡ + 02"

02"

Table 3.4 Sources of variation and dcgrc.es of frecdom for the analysis of variartces of Fz

Source Degrees of freedom (df) Expectecl Variance

Environmerrts (E)

Reps / Errvirorrments (R/ E)

Genorypes (Fz)

CxE

Pooled Error

(e-1) = 3

e(r-1) = 4

(g-1) = ss

(e-1Xg-1) = 159

e(r-1Xg-1) = 212

gro2, + go2r+ o2u

go2.+ 02"

sro2r+fo2gs+o2e

ro2rs + o2e

02"

h'rbreeding depression was estinìated using values from Fr ancl Fz following equation

Inbreeding clepression (Inb)
(rr -rz)

Fz
x 100 (%)

The GCA effect of any male line was cstinìated as the deviation of the mean

performance of its Fr hybrids with all female parents from the grancl mean, and the GCA
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effect of any female line was computed similarly. The male x female interaction effect

was used to estimate specific combining ability, SCA (Beil and Atkins,'1967). Thus tl're

general effects for each line and specific effects for each hybrid were calculated as :

g¡ = (Y¡.-Y..)

g¡ = (Y.¡-Y..)

sii = (Yij - Y1. -Y.¡+Y..)

where gi is the general effect of female i

g¡ is the general effect of male j

si¡ is the specific effect of the hybrid of female i and male j

Y1. is the mean performance of hybrids of female i over j males

Y.; is the mealì performance of hybrids of male j over i females

\¡ is the performance of hybrid ij

Y.. is the grand mean

Standard errors for GCA (SEgi) (SEg¡) and SCA (SErt;¡ effects were calculated from the

fornrulas describecl by Cox and Frey (1984)

SEgi = MS,r mflr

sEsi = MSr,l mflr
1

SE
1

MSt^i mflr

where SE gi is standard error of general effects of female i

SE ,¡ is standarcl error of general effects of male j

SE 
"i¡ 

is standard error of specific effects of the cross of fernale i x male j

MSn is the female x environment mean square

MS.nt is the male x environment mean square

MSfn.,t is the male x female x environment rnean square

m, f, I ancl r are the number of males, females, locations and replications

respectively.

Two tailed t-tests were used to test the signìficance of the GCA ancl SCA effects,

where, = ffå u"a ffi respectively.

1
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3.2 Experiment B: Relative yield of pure-line derivatives of heterotic hybrids

3.2.1 Genetic materials

From experiment A, one Fe seed was collected from each Fz plant of 6 crosses: Alma x

SA24 (cross A), Alma x SA 828 (cross B), Derrimut x SA 129 (cross C), Dunclale x SA 123

(cross D), Wirrega x SA 157 (cross E) and Wirrega x Whero (cross F). A single F¿ seed was

taken from each Fr plant to multiply the next generation which was raised in a birctcage at

tlre Waite site during the growing season o11,990. At maturity, Fs seeds were harvested

from each plant and kept separately. Seeds were harvested from 26 plants for cross 4,31

each for crosses B and 8,27 for cross C and 28 each for crosses D and F. Fs seeds

originating from an Fz plant were designated as an Fs family.

3.2.2 Experimental design and management

The experiment was conducted at Urrbrae (site 1) and Northfielcl (site 2) with 3

replications at each site. Crosses were randomized as rnain plots and withir-r each cross, Fs

families, Fr and two parents were sown as randomized subplots. Eacl'r subplot consisted

of 3 rows of 4 plants at a spacing of 20 x 10 cm. The spacing between plots was 60 x 50

cn't. A selective post-emergence herbicide, Metribuzine was applied for weed control.

Rotary hoes were used between plots and hand weedir-rg was clone insicie plots when

necessary. Plants were irrigated twice at both sites durir-rg pocl setting. Aphids ancl

powclery mildew were controlled by spraying Pirirnor@ ancl Benlate@ respectively.

3.2.3 Data collection

Two plants were collected from each plot to determine the number of basal branches

per plant, pods per plant, seeds per pod, hundred seed weight, plant weight and grain

yield. The remaining plants were harvested as a whole plot to measure dry plant weight

and grain yield. Plant weight and grain yield fron'r the sample plants were added to those

from the wl'role plot and results were then calculated on a single plant basis.

3.2.4 Statistical analyses

Separate ar-ralysis of variance was performed for each cross, then a combinecl analysis

was performed for all crosses. The frequency distribution of line nÌeans was constructed
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for comparison with the mean performance of the Fr and two parents. Broacl serìse

heritability anìong random Fs lines in each cross combined over two environtnents were

calculated as follows:-
l.z - 

o2g
(o2e+o2gy+o2g)

where o2g= genetic variance component among lines, o2gy = site x line interaction variance

component, and o2e = êrfof variance component.

3.3 Experiment C: Genetic distance amongst parental lines and its relation to

the level of heterosis

3.3.1- Isozyme markers

Electrophoretic analyses were carried out c'rn the 4 fenrale and 18 male parents from

experiment A.

a.) Sample preparation

Seeds were used for 10 enzynìes ancl leaves for the other two. Seecls were soakecl

over-night and dehulled. A small sample taken from a cotyledon was then crushed in 1-3

drops of extraction buffer. Tl're extract was centriftlgecl at 2000 rpm for 7-2 mirr, then the

supernatarrt was absorbed on chromatography paper wicks (6 mm x 3 mm) that were

inserted into a vertical slit in the starch gel.

Leaflets from the first fully expanded leaves were cut into 1-cm square segments and

crusheci in 1-3 drops of extraction buffer. The rest of the protocol was iclentical to that for

seeds.

The extraction buffer, depending on the elrzyrne assayed, was either phosphate buffer

(0.05 M phosphate, p}i-7.0) with DTT (DL Dithiothreitol) 10mg/ml solution, or Carlsons'

extraction buffer (12.1 gtris,7.44 g KCl, 1.86 g EDTA and 37.58 g sucrose/ in 1000 ml H2O)

also with DTT (1Omg/ml solution) (Table 3.5),

b.) Electrophoresis

The starch gel preparation and electrophoresis techniques were modifications of the

proceclures described by Shields et al. (1983). The gel and electrode buffer systen'rs used
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for each enzyrne are indicated by names and numbers in Table 3.5 and tl're buffer

con'rpositions are given Table 3.6.

Table 3.5 Criteria for extrachiorr of samples for isozyme analysis

Enzyme Sample
material

Extrachion
buffer

Elechophoretic
system

1 Alcohol dehydrogenase (ADH)

2 Aldolasc (ADL)

3 Amirropeptidase(AMP)

4 Clutamate oxaloacetate trarìsaminase (GOT)

5 Clucose 6 phospliate dehydrogcnasc (G6PD)

6 Isocihate dehydrogenasc (lDH)

7 Malate dchydrogc'nasc. (MDH)

8 Menadione rcductasc (MRD)

9 6-phosphogluconatcdchydrogcnasc(6-PGD)

10 Phosphogluco-isomcrasc (PGI)

1l Phosphoglucomutasc (PCM)

12 Shikimatc dchyclrogenase (SDH)

sced s

sccds

sceds

sceds

leaves

lcavcs

*-cds

sccd s

sceds

sceds

sccds

seeds

Carlson's

Carlson's

Phosphate

Phosphatc

Phosphate

Carlson's

Carlsolr's

Phosplrate

Carlsorr's

Carls<ln's

Carlson's

Carlson's

I

II

III

II

II

I

I

I

I

II]

III

I

Table 3.6 Conditions for eleclrophoresis of isozymes (Shields et al. 7983)

System Cel buffer Elechode buffer Elechic currerìt Duration of
elechophoresis

250 mI0.025 M DL

histidine pH 8;8 mg

NADP

16 ml 0.05 M citric acid;

19.5 rnl 0.19 M tris

added to 250 ml H2O

235 m10.65 M his, add

0.091 M citric acid until

pH 8.2;15 ml electrode

buffer

0.4 M trisodium

citrate pH 8;8 mg

NADP

0.3 M borate pH 7
(18.55 g boric acid + 4

gNaOHinllH2O)

0.0787 M LiOH and

0.25 M boric acid pH

8.5

25 Amperes -
100-150 v

5-5.5 h

II 200V (with wicks), 3.5-4 li or until

300V (witliout front at 9 cm

wicks)

200V (with wicks), 3.5-4 h or until

300V (without front at 9 cm

wicks)

III
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Table 3.7 Composition of errzyme stainirrg systems

Enzyme Composition Reference

1. ADH 50 ml 0.2 M tris-HCl buffer pH 8.0; 2 ml ethanol; 2 ml 0.5% NBT; 2rnl0.5%
p NAD; 1 ml0.57o PMS.

2

J2, ADL

3. AMP

4. COT

5. C6PD

6.IDH

50 ml 0.2 M his-HCl buffer pH 8.0; 2 mg sodium arserìate; 165 mg fructosc

1,6- diphosphate;2 ml0.57o NBT;2 mI0.5% MTT.

50 mI0.2 M tris-maleate pH 6.0;0.25 g PVP-40;0.25 mg MgCl2.50 mg Fasr

Black KK; 5 ml7% leucyl-p-rraphthylamide in 50 ml acetorle : 50 ml H2O.

50 nil0.2 M tris-HCl buffer pH 8.0;50 mg a- ketoglutaric acid; 100 mg a-

aspartic acid;5 mg pyridoxal-S-pìrosphate;75 mg fast blue BB salt.

50 ml 0.2 M rris-HCl buffer pH 8.0; 100 mg MgCl2; 100 mg Na2 glucose-6-

plrosplratc;10 mg NADP;2ml0.57o NBT;0.5 ml0.57o PMS.

50 nrl 0.2 M his-HCl buffer pH 8.0; 50 mg MgCl2; 75 mg isocitric acid; 5 mg

NADP;2ml05% NBT;0.5 mI0.5% PMS.

2

J

3

J

J7. MDH 2.5 ml 2 M malatc pF{7.0;47.5 mI0.2 M tris-HCl buffer pH 8.0; 10 mg

NADP; 2 ml0.5% NBT; 0.5 ml 0.5% PMS.

8. MRD 45 ml H2O; 5 ml 1.0 M phosphate buffer pH7;7.5 mg NADH; 25 mg

Merradione; 2 ml 0.5% NBT.

9.6PGD 50 mI0.2 M his-HClbuffer pH 8.0;20 mg MgCl2; 10 mg 6-phosphoglucor'¡ic

acid (trisodium);5 mg NADP;2ml0.57o NBT;0.5 mI0.5% PMS.

10. PGI 50 ml 0.2 M his-HCl buffer pH 8.0; 100 mg MgCl2; 20 mg fructose-6-

phosphatc;40 units G6PD;10 mg NADP; 2nlJ0.57o MTT;0.5 mI0.5% PMS.

11. PCM 50 mÌ0.2 M his-HCl buffer pH 8.0; 85 mg glucose-1-phosphate; 100 mg

MgCl2; 1 mg glucose-1,6-diphosphate;0.M mg G6PD; 5 mg NADP; 2 ml

MTT;0.5 mI0.5% PMS.

12. SDH 50 ml 0.2 M tris-HCl buffer pH 8.0; 20 mg MgCl2;50 mg shikimic acid,

tihate to pH 8;10 mg NADP;2.5 mI0.5% NBT;0.5 ml0.5% PMS.

1

J

J

J

J

References: 1: Burdo¡r et a\.,7980;2: modification of Shaw and Prasad, 1970;3: modification of

Soltis ¿l aI .,1983.
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c.) Enzymatic assessment

Following electropl-roresis, the gel was sliced into two to three pieces, and each slice

was immersed in 50 ml of prepared staining solutions (see Table 3.7). Each gel slice was

generally stained for a particular enzyme system.

After gels were sufficiently stained (30 min to overnight depenclirÌg on the enzyme),

they were washed with water ancl fixed with 507o ethanol, to allow ease of handling and

photography.

The genotype of each accession for each enzyrne system was scored from the gels.

The isozyme marker data were used to estimate the genetic distance between each pair of

parents.

3.3.2 Morphological polymorphisms

The22 parental lilres were characteriseci for 17 morphological traitS and gene symbols

were obtainecl (Blixt, 1974; M. Ali, Departmerrt of Agriculture South Australia, Pers.

Comrn.). The differences in morphological characters were used to estimate the genetic

distance between each pair of parents.

3.3.3 Quantitative traits

Quantitative characteristics of parents from experiment A were used to calculate

genetic distances between each pair of parents.

3.3.4 Genetic distance estimates from qualitative markers

Based on genetic information from isozyme genotypes and morphological characters;

the Genetic Distance of Nei (1972) was calculated using the equations given in the

literature review.

The allelic frequency was first transformecl to 1s and 0s from isozyme genotypes and

n'rorphological characters. Where 2 cultivars carry clifferent alleles, the allelic frequency

in cultivar A is 1 and in B is 0. Where the same allele is present in both cultivars, the

allelic frequencies are 1 for both. For example, the genetic distance between two cultivars

n'ray be calculated from 4 enzyme systems, three of which cliffered while the fourth was

identical.

Jxy =[(1x0)+(1x0)+(1x0)+(1.x1.))/a =0.25
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The probability of identity of two randomly chosen alleles in parent t (Jx) calculated

following the equation is

Jx =[72+'12+72*12]/4 = 1.00

The probability of identity of two randomly chosen alleles in parent Z (JÐ calculated

following the equation is

Iy = [02+02+02+'12]/4 =0.25

The genetic iclentity of the 2 parents calculatecl following the equation is

I -g =0.50
^/t*0.æ

Genetic clistance is

D = -loge 0.50 = 0.69

Thus tl're genetic distance of Nei between trvo parents differing at 3 of 4 alleles is 0.69.

Allelic frequencies at each locus for morphological traits were treated in the salne way

as isozyme markers. Furthermore, morphological and isozyme markers were pooled to

calculate a combined estimate of genetic clistance.

3.3.5 Genetic clistance estimated from quantitative traits

Eleven quantitative traits of parental lines (basal branches per plant, plar-rt height,

podcled nodes per plant, pods per plant, seeds per pod, hundred seed weight, grain yielcl,

plant weight, harvest inclex, days to onset of flowering and duration of flowering) were

recordecì in four euvironments in experiment A and were usecl for the calculation of

Euclidean distance

First, the 11 traits were orthogonally transformed to give principal comporÌents, each

of which was a linear combination of varietal values of the original variables. These

principal components were then used as the axes of a standarclised multi dimensional

space/ in which each parent was characterised as a single point. The Euclidean distance

was then be calculated frorn the coordinates of any two parents and representeci the

degree of dissimilarity between two parents. A GENSTAT statistical program was used

to carry out the analysis.

3.3.6 Relationship between genetic clistance ancl the level of heterosis

Four measures of genetic distance (GD) were calculated between all72 parental

combinations; CD¡, based on isozymes; GD,o, on morphological markers; GDia¡¡, or-t
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isozymes ancl morphological markers; and GDq, on quantitative traits. Three measures of

the level of heterosis (Hmp, Hbp, Hcm) were calculated for Fr and Fz. Simple correlation

coefficients were then computed for all possible types of GD with all lueasures of

heterosis.



Chapter 4 Results

4.1 Experiment A: Levels of heterosis in Fr hybrids and in Fz progenies

4.1.1 Yield of parents and Fr s

a.) Analysis of variance

Separate analyses of variance showed that there were highly significant differences

amorìg varieties for each trait al-rd in each environment (Table 4.1.1). Combined analyses

of variance were carried out with the clata from four environments for all traits except

plant height, podclecl nocles per plant (for which data were available from only thlee

environments), onset of flowering (two environments) and duration of flowering (one

environruent).

Significant differences were found anìong environments for all traits. The ratio of the

estitnates of the mearì square for environments and the grand nìean for each trait

(coefficient of variatiott, cv), which provides a measure of the relative variability across

environments, suggestecl tl'rat grain yield (cv = 6.84) was the most variable trait followed

by podcled nodes per plant (cv = 6.35), plant weight (cv = 5.31), pods per pla¡rt (cv = 5.26),

harvest index (cv = 3.84), basal branches per plant (cv = 3.50), onset of flowering (cv =

3.16), seed weight (cv = 1.17), and plant height (cv = 1.15) and finally seecls per pod (cv =

1.04).

The variance due to genotypes was highly significant for all traits in both the Fr and

parental populations. The relative variability differed amongst characters and

populations. For example, comparing the cv of genotype (ratios of mean squares from

Tables 4.1.1 and the grand means of parents and Frs from Tables 4.1.3 ancl4.1.4) revealed

that basal branches per plant, podò per plant, podcled nodes per plant and hundred seed

weight were highly variable in the parent population as well as in the Frs. In contrast,

onset of flowering and duration of flowering exhibited markedly less variation amongst

genotypes than the other traits. This suggests that the variation pattern in Fr populations



Table 4.1.1 Summary analyses of variance for 11 agronomic traits of parents and Flt Ryb;,ls

Source ofvariance df Mean square

Hundred
seed

weight (g)

df df Mean square

Pods per
plant

(number)

Seeds per
pod

(number)
weight

(e)

Mean square

Plant Podded
height nodes
(cm) per plant

(number)

Onset of
flowering
(days after

sowing)

Duration
of

flowering
(davs) -per plant

(number)

Basal
branches

96*++ 2 75426ns

6 3684

1.0576**

M8

"L 127438***

3 "1843
1,4493***

845

874""*

294*++

933++*

'l27ns

3027***

283+++

198*
777***

213¡++

80ns

434***
4149++*

70

22.9

Grain
yield (S)

Plant

37795*

5290

Harvest
index

2.6***

0.15

0.039***

0.043***

0.039r**

0.072***

0.1 23*"*

0.009***

0.007***

0.007*

0.007***

0.006*

0.008*'*

0.007**"

Envi¡onment (E)

Reolication /
enijtonmeni (R/ E)

J

8

36.7* 545ns '10259***

1137614.55.5

Genotype (G)

Parent (P)

Ft

Female (Ð
Male (M)

FxM

GxE
PxE
Ft xE

FxE
MxE
FxMxE

Pooled Error

Mean

93

21.

7'r

J

77

51

279

63

21,3

9

51

153

744

5.8**

9.2***

4.8***

1.3***

6.4***

2.7***

1.10
1.2***

1.L 
***

0.79ns

7.7***

0.9***

0.58

5.8

1'l 5**"

714

57**+

66**

727***

34+**

737***

773**+

327"*

857+++

615*"*

200*

207*++

153*++

LT+

290.*

239t++

205++*

ôJZ/ '

7221.**
-1597""

9993"*

2850**

686*"

679**

358**

707**

38ns

936**

662**

346

707.6

361,t*

1,74""

395**

736**

7247**

728**

502+r+

938++*

349**

2030***

856+*+

76ns

.167***

306**

126+++

286**

248+++

75ns

76**

83**

68**

779**

129**

42**

16++*

11+++

16.80*
1.3ns

64+**
-105+++

2.1**
2.lu*
2.2***

2.8*

2.1***

2.7***

0.89

2.8

480+++

706+++

420"**

263***

1 668"**

14++*

93

27

93

27

77

J

1,7

51

71,

3

17

51

92

27

77

J

77

51

7.5***

4.6*

8**

7.8*

1 g*f*

4.9**

3.4

79.9

26+*+

15***

2g**

28ns

1[0*++

24**t

784

42

742

6

34

702

81 
**

67""

85**

39ns

150**

65**

29

76.2

19.5+

30

74.6 106 0.003 558 372 52

11314.8 36.6 0.42

+ 186 df.

('r
O

ns, not significant; *, o, ***: P < 0.05, 0.01, 0.001 respectively
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simulated the variation for all these characters in parents except for grain yield and plant

weigl-rt.

The degree of variation for grain yielcl, plant weight, harvest index, plant height and

seed characteristics in the parental group was higher than in the Frs, but for poddecl

nodes per plant, pods per plant and basal branches, the coefficient of variability was

higher in the Frs than the parents.

The parent x environment (P x E) and the Fr x environment (Fr x E) interactions were

highly significant for pods per plant, podded nodes per plant, and basal branches, and

moderately significant for onset of flowering, hundred seed weight, seeds per pocl and

harvest index. The mean square for the Fr x E interaction for grain yielcl was higher than

that for P x E indicating that parerrtal lines were rnore consistent in the yield across
t ¡bt;ùs

environments than Frf In contrast, the Fr x E mean squares for pods per plar-rt ancl seecls

per pod were smaller than tl-rose for P x E interactions indicating that the Frs were rììore

consistent over environments with respect to those traits.

The mean squares for Frs were partitior-red into male, female and male x female

corìlponents to estimate the general combining ability (GCA) of male and female parents

and the specific combining ability (SCA) of crosses. The GCA effects of male and female

parents were significant for all traits except for basal branches per plant ancl pocls per

plant in females. SCA effects were also significant for all traits except plant weight. This

suggests that both GCA and SCA effects are important. The mearì square of variance for

male plus female exceeded the mean squares of variance for male x female in all traits

indicating that additive gene effects were greater than non-additive gene effects.

The n'rale x environment interactions were highly significant for all traits including

grain yield but the female x environrnent interactions were significant only for plant

weight, harvest index, basal branches per plant and hundred seed weight. Thus, the CCA

effects for grain yield expressed by females are more consistent than those of male

parents.

The highly significant male x female x environment interaction effects in all traits

except onset of flowering suggests that the SCA effects are inconsistent and ofter-t

markeclly affected by environment.
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Table 4.1.2 Environment means across genotypes for lL agronomic traits

Envirou-
ment

Basal Plant
branches height
per plant (cm)
(number)

Hunclred Grain
seed yield

Podcled Pocls pcr Sccds
nodes plant per pocl

per plant (number) (numbcr)
(number)

weight
(s)

Plant Harvest
index

weight
(g)

(g)

Urrbrae
(E1)

Turretfielcl
(E2)

Charlick
(E3)

Urrbrae
(E4)

2.7 1,04.6 10.5 74.4

2.9 11,3.4 23.4 30.7

2.8 779.7 77.3 26.4

3.5 NA NA

5.3 19.9 9.2 19.9 0.47 98

6.7 19.8 18.4 41.0 0.45 NA

6.0 215 21.4 45.1 0.48 NA

18.1 10.2 42.4 0.28 130

3.6 3.0 20.5 0.11 'r2.2LSD (0.01) 0.7 13.4 4.7

20.1 5.7

8.2 0.6

NA: Data l'rot available

b.) Environments

Observations cluring plant growth in the experimerìtal fields indicated that growtl'r

was best at Charlick (E3) followed by Urrbrae 1.991 (F4), Turretfield (E2) ar-rd finally

Urrbrae 1989 (E1). Average grain yields at E3 and E2 were higher than those at E1 ancl

E4 (Table 4.1.2). Plant height, seeds per pocl and seed weight were also highest at E3 but

basal branches per plant, podded nodes per plant and pods per plant were highest at E2.

At Urrbrae, parents and Frs gave the lowest means for all traits except harvest inciex in

1989. These results suggest that Charlick (E3) and Turretfield (E2) were rnore suitable for

growing peas than Urrbrae (El and E4). In the better conclitions as found in E3, plants

grew taller, weighed more, produced heavier seeds and gave higher yields. At E4, peas

were grown early in the season but suffered from powdery mildew cluring flowerir-rg and

pod filling. This disease resulted in poor pod filling, lower harvest index and

subsequently poor grain yield.

c.) Parental performance

Female parents were moderate in the expression of agronomic characters and had

lrigher grain yields (Table 4.1.3). They had the same number of basal branches per plant,

poddecl nodes per plant, pods per plant, duration of flowering and grain yield, but variecl



Table 4.L.3 Average performance of parents over 4 environments (except plant height and number of podded nodes perplant, 3 environment days to onset

of flowering 2 environments, and duration of flowering, 1 environment)

Cultivar Basai branches
per piant
(number)

Poclded nodes
per plant
(number)

9.5

13.6

73.2

7.0

5.4

17.2

79.4

1.4.3

11.5

9.6

12.0

79.4

7.1

20.4

18.3

15.1

8.2

1,2.8

13.5

5.0

Pods per Seeds pcr
plant pod

(number) (number)

Onset of
flowering (days

after sowing)

105

97

100

11.9

120

134
122
130

104

115

1t2
723

109

729

728

127

104

7't4
115

6

Duration of
flowering

(days)

Plant
height

1,76

85

1,76

100

93

82

48

89

97

67

76

64

106

1,21,

118

12t
50

58

96

45

1,20

92

74

Hunclred
seed

weight (g)

23.2

19.0

23.6

18.4

22.7

32.2

22.6

22.9

22.7

5.6

7.6

8.3

27.2

33.6

1E.2

20.0

18.3

7.3

12.7

14.8

29.2

24.9

1,9.3

1.8

C¡ain Plant
weight (g)

35.5

29.8

37.1,

43.7

22.2

27.6

20.1

22.5

23.0

21.2

23.9

75.7

28.3

36.0

33.2

42.2

23.2

77.8

26.2

27.7

24.2

39.7

28.6

9.0

Harvest
index

0-49

0.47

0.53

0.39

0.34

0.29

0.41.

0.40

0.42

0.41

0.37

0.38

0.49

0.46

0.37

0.40

0.51

0.41

0.41

0.07

yicld
(g)

Females
Alma
Derrimut
Dundale
Wirrega

Males
Garfield
SA 15

SA24
SA 35

SA 51

SA 54

sA723
5A729
SA 157

5A236
5A247
5A248
SA 465

SA 483

SA 688

SA 828

Solara
Whero

Mean
LSD (0.01)

28

JJ

32

31

30

30

35

3/
27

26

18

18

31

LJ

29

29

29

27

ôz

26

29

22

28
7

1.47

'r.6

L.J

2.0

1.8

7.9

2.6
,t
1.5

1,.2

4.5

4.3

4.0

7.6

1.9

2.7

2.8

1.8

4.0

3.6

2.2

2.2

1.8

2.5

0.6

1.6.0

16.5

14.1

16.8

6.4

5.9

5.8

6.4

1.5.7

13.9

16.0

75.7

0.49

0.47

0.46

0.37

115

104

111

772

1,7.3

79.3

77.9

21.1

r2.3
16.8

18.9

9.4

11.3

24.7

27.4

19.1

16.6

73.6

18.6

23.5

11.0

27.4

22.7

1,9.9

16.8

79.9

18.5

8.3

6.0

3-5

5.8

4.8
4.5

6.3

6.7

6.7

5.3

5.7

5.4

5.0

6.6

5.5

7.5

6.6

4.8

5.4

5.7

0.9

11.0

10.4

10.1

8.6

8.1

5.7

8.8

6.4

11 .1

1,4.5

11.9

13.1

11.0

7.9

9.8

10.8

11.6

16.0

11 .1

3.2

(Jr
(JJ
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significantly in plant weight, harvest index, plant height, seeds per pod, seed weight and

onset of flowering.

Among the female parents, Derrimut was the earliest and shortest and hacl the lowest

yield as well as the lowest plant weight, but it had the most basal branches. Both Wirrega

ancl Derrin'rut (a parent of Wirrega) had the same hundred seed weight and flowering

period. Wirrega hacl more seeds per pod but was later in reaching maturity and it gave a

higher yielcl and produced better vegetative growtl.r; although Wirrega was the highest

yielcling female, with the higl'rest plant weight, its yield and plant weight were not

significantly clifferent from those of Alma anci Dundale. Alma and Dundale were sin'rilar

in all characteristics except seeds per pod ancl they were taller ancl plocluced bigger seeds

than Wirrega or Derlimut.

All traits were much more variable among the 18 exotic rnale parents than among the

four locally adaptecl female parents. Whero, which gave the highest grain yield among

the rnale parents (16.0 g per plant), had no outstanclingly high yield component. It was

taller and later in maturity than the female parents.

SA 236 procluced heavier seeds (33.6 g per hundred seecls) but or-rly a mocìerate

nunrber of seecls per pocl (5.4). Although the number of pods per plant was low (12.4),|ts

yielcl (14,5 g per plant) was as high as the females.

SA 54, SA723,SA729, SA 483 were low yielcling although they l'rad many pods per

plant. They were similar in plant height, basal branches per plant, pods per plant anci

hundred seed weight. Among these males, SA 54 was the latest to mature, produced
úrc-

/smallest seeds and had the lowest harvest inclex. SA 123 and SA 483 had the equal most

pods per plant.

SA 24, SA 465 and Solara were clwarf types with short internodes, a high harvest

index, near average grain yield and relative earliness in the onset of flowering. The

differences among them were that Solara was semi-leafless and had bigger seeds than SA

24 and SA 465, while SA 465 had more seeds per pod and fewer pods per plant than SA

24 and Solara.

SA 15 was the earliest parent, starting to flower 91 days after planting. It had larger

seeds ß2.2 g per hundred seeds), moderate pod numbers per plant (16.8) and the fewest

seecls per pocl (3.5) and consequently its yield was moderate.
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Garfield, the introduced cultivar from the USA gave the same seed weigl'rt and the

sante number of seeds per pod as did the female parents but there were fewer pods per

plant, therefore its yield was relatively low.

SA 35 started flowering at mid-season and had the longest flowering period of all

parents. It had moclerate hundred seecl weight (22.6 g), fewest pods per plant (9.4), few

seeds per pod (4.8) and a relatively low yield. Similarly, SA 51, a fasciated type, had

nroderate hunclred seed weight (22.9), few pods per plant (11.3), few seeds per pocl (4.5),

and a low yield (8.1). Because of its low yield and nÌore vegetative growth, its harvest

index was also low (0.34).

SA 157 had moclerate values for all agronomic traits including grain yielct.

SA 247 and SA 248, accessions from Ethiopia, were similar in a number of

morphological characteristics but SA 248 had more basal branches, a higher seed weight

and initiatecl floweling eleven clays after 5A247.

SA 688 ancl SA 828 were late maturing parents and had the same grain yield, plant

weight ancl harvest index. SA 688 produced more basal branches, more seeds per pod

and l.rad a longer flowering period whereas SA 828 was taller and l'racl bigger seeds.

cl.) Parent x environment interaction

For most traits, the best parent was different in each environment (Table 4.'L4). SA 54

had tl're most basal branches at E1 and E3 while SA 123 hacl the most at E2 ancl SA 128 at

E4. SA 236 was tallest at E2 while SA 828 was tallest at the other tl'rree sites. Hundred

seed weight and seeds per pod were less variable over environments than the other traits.

SA 688 hacl the most seeds per pod in three environments. SA 236 procluced the biggest

seeds at E1, E2 and E4 while SA 15 produced the biggest seeds at E3 and also the second

biggest in the other three environments.
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Table 4.1.4 Tl're best parent for each cl'raracter arrd its value in each envirorrment

Character Environment

Turretfielct (E2) Charlick (E3)Urrbrae (E1) Unbrae (E4)

Basal branchcs per plant (number)

Plant height (cm)

Podcled nodcs per plant (number)

Pocìs per plant (numbcr)

Sccds ¡rc'r f¡<¡d (numbcr)

Hundrcd scccl weight (g)

Graiu yield (g pcr plant)

Plant weight (g pc.r plant)

Harrrc'st irrclcx

SA 54

SA 828

SA 54

SA 54

SA 688

SA 236

SA 236

SA 236

SA 24

(s.o)

(143)

(18)

(31.8)

(7.6)

(33.s)

(10.7)

(23.e)

(0.63)

SA 123

sA236

SA 483

SA 483

SA 688

5¡.236
Wirrcga

Wirrega

SA 24

(6.0)

(136)

(36)

(60.0)

(7.s)

(34.7)

(22.3)

(s1.0)

(0.61)

SA 54

SA 828

SA 248

SA 688

SA 688

SA 15

Whcro

Whe¡o

SA 465

(s.t)

(161)

(24)

(44.1)

(7.e)

(3s.7)

(26.8)

(5s.1)

(0.(r0)

SA 128

NA
NA
Solara

SA 123

SA 236

Dutrd alc.

SA 248

Solara

(6.8)

(33.0)

(7.0)

(31.9)

(13.2)

(70.2)

(0.41)

NA, data not available

e.) Fr performance

In general, Frs grew nìore vigorously tharr their parents, giving more basal branches,

pods and poddecl nodes per plant as well as bigger seecls. They were taller with greater

plarrt weight and higher yielcls tl.ran the average of their parents. Tl're average

performances of each cross across four environments are given in Table 4.1.5

The average grain yielcl of Frs was 76.1 g per plant with a range from 9.1 (Alma x SA

123) to 20.3 g (Dunclale x SA 123). Of the 72uosses,24 exceeded the yield of the best

parent but only seven dicl so significantly (P < 0.05) and four of those highly significantly

(P < 0.01).

Tlle average for plant weight was 37.5 g per plant with the minimum of 29.4 and

maxinìum of 50.3 g in crosses Derrimut x Solara and Dundale x SA 123 respectively. Nine

crosses surpassed the highest parent for this trait.

The average harvest index in Frs was 0.43 with the range front0.27 (Alma x SA 54) to

0.55 (Derrimut x SA 465), the latter marginally exceeding the best parent value of 0.53.

The average number of basal branches per plant in Frs was 2.9 with the minimum of

1.6 and maximum of 6.5 in Alma x SA 129 and Alma xSA236 respectively. Seven crosses

exceeded the best parent.

The majority of Frs were taller than the mict-parent ancl more than half the Frs

exceecled the taller parent. However, no cross was taller than the tallest parent. The



Table 4'1'5 Average performance of Fr over 4 environments (except plant height a.d number of podded nodes perplant, 3 environments; onset of
flowering, 2 environments and duration of flowering, 1 environment)

Cross

Alma x

Basal
branches
per plant
(number)

1.8

3.6

7.7

1.8

1.8

5.6+t
4.7

6.5f+
7.7

7.6

2.6

2.6

1.8

4.9

3.7

2.0

2.0

2-1

2.9

4.5

0.7

Hundred
seerc

weight (g)

Crain
yield (g)

Plant
weight (g)

Harvest
index

Onset of
flowerins

(days aftår
sowing)

776
't26

109

108

108

130

130

129

110

112

115

118

113

't24

722

118

704

771

772

91

'12

Duration of
flowering

(days)

Mean

The best parent

LSD (0.01)

Garfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

5/'729
SA 157

SA 236

5A247

SA 248

SA 465

SA 483

SA 655

SA 828

Solara

Whero

722

135

135

"r25

777

115

103

113

101

135

724

108

728

101

109
't43

719

720

1.72

747

't2

15.1

6.9

73.4

1 1.1

1.7.9

28.6++

20.2

33.7++

1.2.9

9.4

17.5

16.0

70.7

24.7++

18.1

19.0

11. i
10.6

1,7.1

20.4

3.2

15.9

9.9

22.0

17.6

19.0

48.8t+

30.2

46.6+t
"r7.3

15.9

22.6

22.4

74.7

35.31t

¿/.3

25.9

18.3

74.9

24.7

27.4

6.3

25.4

20.5

29.1

11-ô

27.0

72.3

12.8

9.4

23.5

30.3

21.0

27.8

22.3

'17.9

14."t

18.1

26.3

24.4

20.2

33.6

7.4

17.2

9.7

18.6t

76.9

75.7

72.0

i6.5
74.4

74.4

77.6

76.2

15.9

15.0

77.6

15.0

18.4+

18.0

15.8

76.7

16.0

3.0

34.5

37.2

43.9

39.6

38.6

47.3

47.6

47.9

32.3

46.5

42.2

36.0

31.0

43.9

4-1.6

49.7

39.0

38.5

39.5

43.7

8.1

0.50

0.27

0.44

0.45

0.44

0.28

0.39

0.31

0.46

0.43

0.41

0.44

0.48

0.41

0.37

0.40

0.47

0.42

0.43

0.53

0.04

29

20

32

35

38

27

27

76

28

30

27

28

32

1,9

39

27

32

26

31

37

7

Plant
h.eigf t
1cm)

Seeds per
Pod

(number)

Pocls oer
plarit

(number)

6.0

4.3

4.4

5.5

5.7

6.2

6.7

6.5

6.0

5.7

6.0

6.1

6.6

6.4

6.8

6.4

6.1

6.1

5.8

7.5

0.6

('r\

I fl': significantly better than the best parent at p<0.05, p<0.01 respectively



Table 4.L.5 continued

Cross Basal
branches
oer olant
tnurhuer)

Plant
height
(cm)

Plant
weight (g)

36.1

36.7

33.1

29.8

35.4

40.4

47.0

40.0

35.3

39.5

40.2

37.2

33.1

34.9

39.r

37.0

29.4

38.9

39.5

43.7

8.1

Harvest
index

Duration of
flowering

(days)

Podded
nodes per

olant
(nLmber)

Pods per Seecls per Hunclrecl Grain
plarit pocl seed yield (g)

(number) (number) weight (g)

Derrimui x Garfield
SA 15

sA24
SA 35

SA 51

SA 54

SA 123

5A729
SA 157

5A236
sA247
SA 248

SA 465

SA 483

SA 655

SA 828

Solara

Whero

Mean

The best parent

LSD (0.01)

2.8

3.8

2.5

7.9

1.8

4.5

5.0

5.1t
1.8

2.2

2.7

3.0

2.2

4.3

3.1

2.8

2.2

2.3

2.9

4.5

0.7

79.3

79.7

1.5.2

10.3

74.3

23.4

32.9tt
25.8++

14.0

74.4

18.3

77.4

74;l
23.8+

20.0

22.7

10.4

1.4.7

17:l
20.4

4.2

21,.5

29.4

19.0

1,5.2

22.5

40.9tt
47.61+

32.5+

'r7.3

19.9

23.5

26.3

20.4

30.4+

30.2+

26.8

15.9

79.3

24.7

27.4

6.3

27.2

20.0

24.3

27.5

23.8

10.5

10.8

1.0.7

22.2

28.8

19.8

20.6

20.8

13.1

15.5

77.7

23.0

23.3

20.2

33.6

1.4

76.9

13.1

15.9

73.6

75.7

15.5

76.6

19.5t1
'r5.7

1,7.8

19.stt
77.5

18.1

1.5.9

16.8

15.9

73.2

16.8

76.1,

16.0

3.0

0.47

0.37

0.47

0.45

0.45

0.40

0.39

0.48

0.46

0.46

0.48

0.48

0.55

0.45

0.43

0.42

0.49

0.45

0.43

0.53

0.04

42t+

37

JJ

31

35

31

25

40

28

29

29

34

32

28

30

27

29

31

37
n

105

712

101

103

1,04

111

111

1.79

772

104

707

109

105

108

714

772

97

103

1.72

91

72

106

95

106

103

140

92

95

84

774
't't4

707

115

108

78

't02

722

87

111

772

747

15

5.8

4.2

4.1.

5.6

5.4

4.9

5.4

5.9

5.4

5.9

5.8

5.8

6.5

5.6

6.3

6;I
5.2

5.9

5.8
7q

0.6

(¡
co

I ti: Significantly better than the best parent at P<0.05, P<0.0i respectively



Table 4.L.5 continued

Cross

Dundale x

Mean

The best parent

LSD (0.01)

Basal
branches
per plant
(number)

2.7

3.6

2.0

't.6

7.9

4.3

4.2

5.4tt
1.8

2.2

2.5

2.7

2.0

3.8

3.0

2.7

2.0

2.5

2.9

4.5

0.7

Hunclred
seed

weight (g)

Grain
yield (g)

Plant
weight (g)

Harvest
index

Duration of
flowering

(days)

Plant
height
(cm)

Podded
nodes per

olant
(nirmber)

Pods per
plant

(number)

Seecls oer
Pod

(number)

Garfield
SA 15

sA24
SA 35

SA 51

SA 54

SA 123

5A129
SA 157

SA 236

sA247
SA 248

SA 465

SA 483

SA 655

SA 828

Soìara

Whero

777

7't4
110

't27

139

717

1.07

115

725

115

1.26

118

707

96

125

134
't21

71,9

172

1.4'l

15

73.2

18.5

1.3.7

1.2.6

11.5

32.7++

21.5

41.9++

77.9

't2.0

15.9

1.3.6

10.4

20.4

1.6.5

't7.5

11.0

17.6

77.7

20.4

4.2

77.7

23.8

21..0

1.6.2

17.7

44.4+ï

33.6+

62.9++

18.4

16.8

19.8

22.0

76.6

27.4

27.5

27.0

1,6.6

78.2

24.7

27.4

6.3

25.5

23.3

28.9

24.6

26.8

71.7

1.1..9

8.0

23.6

31.0

21,.2

21.8

22.2

1,2.4

1,7.4

19.2

26.8

25.7

20.2

33.6

7.4

77.2

L4.3

i5.0
15.9

76.4

11.5

20.311

11 .3

15.3

16.5

't7.1

17.3

76.0

't7.5

'r4.9

17.0

16.0

76.3

16.1,

16.0

3.0

39.2

36.8

38.7

34.4

37.7

35.8

52.9+

35.7

39.7

45.6

38.1

47.9

33.9

40.1

41,.2

44.7

33.4

37.9

39.5

43.7

8.1

109

777

105

93

't04

118

724

1.-17

't07

't02

109

117

106

111

113

7'r7

104

707

1.'t2

91,

72

38

38

34

Jb

33

37

28

27

35

30

30

32

29

27

36

28

32

28

31

J1

7

0.M

0.40

0.43

0.M
0.45

0.33

0.42

0.34

0.42

0.45

0.46

0.44

0.50

0.M
0.38

0.4'r

0.49

0.44

0.43

0.53

0.04

6.0

4.3

4.2

6.5

6.0

5.4

6.5

6.5

5.1

5.9

5.9

5.8

6.7

5.9

5.7

6.3
q(

5.7

5.8

7.5

0.6

('r
\.o

t, ft: Significantly better than the best parent at P<0.05, P<0.01 respectively



Table 4.1.5 continued

Cross Basal
branches
oer oìant
tnurhuer)

Hundred
seeci

weight (g)

Grain
yield (g)

Plant
weight (g)

Harvest
index

0.45

0.33

0.45

0.49

0.45

0.39

0.44

0.46

0.46

0.45

0.43

0.46

0.47

0.39

0.37

0.42

0.47

0.47

0.43

0.53

0.04

Duration of
flowering

(days)

Plant
height
(cm)

Pocls per Seeds per
plant pod

(number) (number)

Wirrega x Garfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

5A729

SA 157

5A236
sA247
5A248
SA 465

SA 483

SA 655

SA 828

Solara

Whero

Mean

The best parent

LSD (0.01)

1.8

3.8

1.8

2.3

2.0

5.0

4.0

4.2

1.8

2;t
2.t
2.6

1.8

5.2+

3.9

2.5

2.2

3.0

2.9

4.5

0.7

105

177

115

102

722

108

95

103

110

103

99

105

97

98

111

727

101

105

772

747

15

75.2

15.0

14.8

10.3

77.6

29.9++

24.6ï

18.2

76.7

72.6

73.6

12.5

12.7

18.3

25.0rr

22.7

11.8

18.5

77.7

20.4

4.2

20.0

23.2

22.2

1.8.2

18.0

43.2t+

33.1+

27.7

24.0

76.6

19.2

25.8

17.9

31.3

34.7+

27.8

t6-/
25.4

24.7

27.4

6.3

22.5

18.8

25.9

22.3

73.4

9.7

1'.t.4

77.4

22.5

27.4

19.0

19.8

18.9

77.6

14.3

16.9

24.6

21.6

20.2

33.6

1..4

77.3

13.0

16.8

17.8

77.2

15.8

77.4

78.2

78.7+

t/.6
16.5

18.1

77.9

76.6

16.0

77.2

15.3

19.9++

16.1

1,6.0

3.0

39.5

39.6

37.9

36.4

37.5

47.7

38.4

39.3

47.9

42.3

40.3

39.5

38.8

50.0+

46.1

42.6

34.8

44.1.

39.5

43.7

8.1

110

7't4
115

108

i09
113

724

118

772

106

110

113

115

1,74

124

111

776

108

71,2

91,

1,2

5.9

4.6

4.4

5.7

6.0

6.t

6.6

6.7

6.0

6.0

5.8

5.3

6.5

6.1

6.5

6.3

5.9

6.0

5.8

7.5

0.6

34

Jö

34

30

JJ

31

30

26

31

29

30

30

31

23

30

31

31

29

31

3/

7

o\O

t, tt: Significantly better than the best parent at P<0.05, P<0.01 resperctively
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average plant height in Frs was 1'12.4 cm with a range Írom78.3 cm to 144.8 cm recorded

on Derrimut x SA 483 and Alma x SA 828 respectively.

The number of podclecl nocles ,ff '!l!;;i:gedt7.7 with a range from 6.9 to 41,.9

recorded in Alma x SA 15 and Dundale x SA 129 respectively. There werc27.4 pods per

plant on average with a rarìge from 9.3 to 69.9 procluced by these crosses respectively.

More than half the Frs exceeded the number of seeds per pocl and also the seect

weight of the mid-parent but none surpassed the best parent. The nulnber of seeds per

pod was 5.8 on average with a rarìge fron'r 4.3 (Alma x SA 15) to 6.7 (Alma x SA 129,

Dunclale x SA 465 and Wirrega x SA 129). The average hundred seed weight was 20.2 g

witlr a range from S to 31 g. In some crosses of SA 54, SA 15 ancl 5A1.29, seeds were

abortecl, therefore they hacl lower seed weight than expected and this may be a cause of

lower yielct. The aborted seeds were found in crosses which flowered late and had a long

flowering period wl'rich coincicled with an interval of limited soil moisture at the end of

seasorl.

Fr plants started flowering 97-130 days after sowing (mean, 112) and continued for 31

days. None was earlier than the earliest parent. In 6 crosses, the duration of flowering

was louger than in any parent. Derrimut x SA 35 hacl the longest flowerirrg period (40

days) whereas Alma x SA 129 had the shortest (16 clays).

f.) Fr x environment interaction

The maximum for each characteristic waS found in a clifferent cross in each

environment (Table 4.1.6) except for seecl weight in which Dundale xSA236 produced

the heaviest seed in all environments. These crosses with maximurn expression were

derived from at least one parent which was high in the value for that character. SA 54, SA

123,51.129 and SA 483 were high in basal branches, podded nodes and pods per plant

and their progenies were also the best for these traits. Similarly in other characteristics,

SA 51,51^236 and Alma were tall, Alma and SA 688 had nìany seeds per pod, Dundale

and SA 236had big seeds, their Frs were superior at least in one site. For grain yielcl,

Alma x SA 248 was superior in E1, Alma x SA 828 inE2, Dundale x SA 123 in E3 and

Derrimut x SA 465 (which was derived from dwarf parents) in 84.
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g.) The correlation between agronomic traits in Fr

The correlation coefficients between 11 agronomic traits were calculatecl for the Frs

(Table 4.1..7). Highly significant coefficients (r = 0.82 to 0.95) were found between podded

nocles, pods ancl basal branches per plant, Plant weight was significantly correlated with

tlrese traits (r = 0.35 to0.42) and hunclred seed weight showed high negative correlations

with thern (r = -0,81 to -0.86). Grain yield was significant correlated with only harvest

index, plant weight and seeds per pod (r = 0.64,0.34 and 0.33 respectively). There was a

significant rregative correlation between onset and cluration of flowering (r = -0.43),

inclicating that crosses which startecl flowering early tended to have a greater cluration of

flowering.

The correlation between Fr and mid-parent value was founcl to be highly significalrt

(<0.01) for all agronomic traits except grain yield, plant weight ancl harvest index (Table

4.1.8).

Table 4.L.7 Corrclatiorr cocfficicrrts (r) betwecn 11 agronomic traits of Fl

Agronomic
trait

Corrclation coefficicnt (r)

PIant
height

Poclclecl Pods Seeds
nodes

Grain Plant
yield weight

Onset of Duration
flowering of- flowering

Hunclred
seecl

weight

Harvest
indexPer per

pìant poclper
pìant

Basal branches
pc.r plant
Plant height
Podcled nodes
per plant
Pods per plant
Seeds per pod
Hundred secd
weight
Grain yielcl

Plant weight
Harvest index
Onset of
flowering

4.39** 0.82**

4.27
0.85**

-0.25

0.14

{.04
-0.86*"

0.43**

-0.64*"

-0.77

0.64"*

{.03

0.51**

0.54**

0.26

-0.63**

4.39**
0.06

4.21.

4.22
{.40**
0.33**

-0.26 0.42**

-0.10 0.11

0.95** 0.22

0.20

-0.81**

-0.82**

-0.34**

-0.51**

-0.57**

0.13

0.49**

-0.15 0.35**

-0.19 0.41**

0.33** 0.23

0.13 {.33*"

0.34"* 0.64**

-0.45**

4.15
0.51**

-0.63**

{.09
4.37""
0.18

**: P < 0.01

4.43**
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Table 4.1.8 Corrclation coefficients (r) between mid-parerrt and Fr values for 11 agrorromic traits

Agronomic trait Corrcla tion coefficient (r)

Basal branches per plant
Plant l'reight
Podded nodes per plant
Pods per plant
Seeds per pod
Hundred seed weiglit
Crain yield
PIant weiglit
Harvest ilrdex
Onset of flowering
Duration of flowering

0.86**

0.54**
0,58**
0.61**
0.58**
0.88**

0.25

0.27

0.77
0.45**
0.57**

*, **: P < 0.05,0.01 rcspcctivcly

IIí¿
4.1.2 Estimation of heterosis ittf't 4¡br;,1 s.

tw
a.) The levels of heterosit irrf rír¡bi,t s.

Heterotic effects were evident for all traits (Table 4.1.9). The average level of heterosis

over the mid-parent was positive for all traits except seeds per pocl and seed weiglìt.

Average heterosis over tlìe best parent was negative for these characters aud also for plant

height, duration of flowering and harvest index.

No cross had high heterosis for all traits. Heterosis for yield over the mid-parent or

the superior parent could always be attributed to heterosis in at least one of the yield

components. The averages of the levels of heterosis for grain yield over the micl-parent

(Hnrp), over the better parent (Hbp) and over the best parent (Hcm) were 30.8%,113%

and -'l.6To with ranges from -287o to 1037o, -34% to 587o and -39% to 20Vo rcspectively. Of

72 crosses, 70 gave positive heterosis over micl-parent, 58 over the better parent and 36

over the best parent.

The levels of heterosis for plant weight over mid-parent, better parent and the best

parent were 34o/o,16Vo and -10% respectively with the range front -1.4o/o to 1.06%, -24% to

60% and -29% to 307o respectively. Sixty-seven crosses expressed positive heterosis over

mid-parent, 59 crosses over tl-re better parent and 35 crosses over the best parent.

The average levels of heterosis for harvest index were very low,0.6ok, -2.7% and -20o/o

for Hnrp, Hbp and Hcm respectively with the ranges from -457o to 37ok, -437o to 37Vo and



Table 4.L.6 The best c¡oss for each agronomic character and its value in each environment

Character Environment

Urrbrae (E1) Turretfield (E2) Charlick (E3) Urrbrae (E4)

Basal branches per plant (number)

PIant height (cm)

Podded nodes per plant (number)

Pods per plant (number)

Seeds per pod (number)'

Hundred seed weight (g)

Grain yield (g per plant)

Plant weight (g per plant)

Harvest index

Derrimut x SA 54

Wirrega x SA 51

Dundale x SA 123

Wirrega x SA 54

Alma x SA 688

Dundale x SA 236

Alma x SA 248

Alma x SA 54

Derrimut x Solara

Alma x 5A729

Alma x 5A236

Alma x 5A729

Alma x 5A729

AIma x SA 157

Dundale xSA236

Alma x SA B2B

Alma x Whero

Alma x SA 157

Alma x SA 54

Alma x SA 15

Dundale x SA 54

Dundale x SA 54

Wirrega x SA 688

Dundale xSA236

Dundale x SA 123

Alma x SA 54

Derrimut x SA 157

Wirrega x SA 483

NA

NA

Dundale x SA 123

Derrimut x SA 688

Dundale x SA 236

Derrimut x SA 465

Dundale x SA 123

Derrimut x SA 465

(4.7)

(132)

(23.3)

(35.8)

6.7)

(31.2)

(72.7)

(28.6)

(0.se)

(e.0)

(193)

(60.0)

(79.0)

(7.5)

(32.4)

(28.s)

(e.0)

(0.54)

(7.8)

(772)

(42.5)

(n.0)

(7.e)

ßs.2)

(30.0)

(72.0)

(0.s7)

(e.0)

G7.0)

(7.6)

(31.0)

(22.5)

(86.s)

(0.s5)

o\À
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-48% toTo/o. Tl'¡ere were one cross,27 crosses and 40 crosses witl-r positive value for Hmp,

Hbp and Hcm respectively.

The average levels of heterosis for basal branches, poclded nocles and pods per plant

were high ancl their ranges were wicle as well (the average Hmp was 36.6,249 and 38.5%

witlr a range from -16 to 7307o, -32 to 1,93% and -23 to 242% respectively). The rnajority of

Frs were superior to the mid-parent, eleven crosses for basal branches per plant, 33 for

podded nodes per plant and 32 for pocls per plant had higher values than the best parent.

On average, heterotic values for seed characteristics were negative, although half of

Frs l'rad positive heterosis over mid-parent. Thirteen FLs were superior to the best parent

for seecls per pod and none had positive heterosis over the best parent for hundred seed

weight.

All crosses started to flower later than the earliest parent. The level of heterosis over

nrid-parent for tl're days to flower was 7.4% with a rarìge front -15ok to 29%. There were
f? te to. a'ttr

"K::ui'"S,9@withrregativelreterosi9þvertlrenrict-parerrtfheearlierparetrtand/the ea rlies t paren h ËæpeÊtirety.A¡
For flowering cluration, 57 crosses had positive values for Hmp, 21 for Hbp ancl 7 for

Hcnr. The averages of Hmp, Hbp and Hcm were 6.7Vo,4.5% ard- -'18.4% with ranges from

-32.0% to 57.4%, -44.4Vo to 36.4Vo and -59.3Vo to 5.3% respectively.

b.) Heterosis and environment

Hmp, Hbp and Hcm all variecl significantly arnong environments for basal branches,

podded nodes, yield, plant weight ancl harvest index (Table 4.1.10). Only Hmp and Hbp

varied significantly among environments for onset of flowering.

The level of heterosis over mid-parent for yield in poor environmental conditions

(42.9% and 34.60/o at El and E4 respectively) was higher than that in good conditions

(27.0V. and 25.3Vo at E2 and E3 respectively). Similarly, the levels of heterosis over the

better parent averaged 29.8o/o, 0.2%, 4.5% and 1'lo/o at F'7, 82, E3 and E4 respectively.

Similar results were obtained for plant weight and harvest inclex,

There were no significant differences among environments for the level of heterosis

for plant height. The levels of heterosis for basal branches, poddecl nodes and pods per

plant in the poorest environment, E3 were lower than that in E1, E2 ancl E4.



Table 4.1.9 Mean and range of heterosis over the mid-parent value (Hmp), over the better parent (Hbp), over the best parent (Hcm) and number of crosses

superior to mid-parent (>MP), better parent (>BP), and the best parent (>CM)

Character Hmp (%)

Range

IHbp (7o)

Range

Hcm (%)

Range

Numbers of crosses

>MP >BP >CMMean Mean

Basal branches per plant
Plant height

Podded nodes per plant
Pods per plant
Seeds perpod

Hundred seed weight
Grain yield

Plant weight

Harvest index

Onset of flowering

Duration of flowering

Mean

36.6

79.2

24.9

38.5

-7.4

-2.7

30.8

34.0

0.6

7.4

6.7

-16 to

-15 to

-32 to

-23 to

-33 to

-49 to

-28 to
1to

-45 to

-15 to

-32 to

130

66

793

242

25

26

103

106

37

29

57

26.3

0.9

16.0

33.0

-7.5

-74.7

11 .3

76.1
.> 'l

8.4

4.6

-15 to

-38 to

-38 to
-21 to

-36 to

46 to
-34 to

-241o

43 to
-12 to

44 to

),54

206

206

274

15

27

58

67

J/

40

ó/

-1.5

0.3

7.6

8.7

-70.2

-39.7

-7.6

0.7

-20.2

79.7

-78.4

-61 to 52

0to 47

-50 to 140

-50 to 797

-37 to 8

-76 to -5

-39 to 20

-29 to 30

-48 to 7

-4 to 48

-59 to 5

11

0

JJ

J¿

13

0

36

35

1

1,

7

62

J/

39

6l
22

23

58

59

27

20*

27

67

63

56

66

J/

44

70

67

40

38*

57

*

* number of crosses which started flowering earlier than mid-parent, earlier parent or earliest parent

o\
o\



Table 4.1.L0 The mean of heterosis over mid-parent (Hmp), over better parent (Hbp), and over the best parent (Hcm) from 4 environments (Urrbrae 1989

(E1), Tur¡etheld (82), Charlick (E3) and Urrbrae 1991 (E4))

Heterosis Environment Basal
branches
per plant

39.7

50.4

20.7

36.0

76.2

32.7

33.3

16.8

77.4

76.2

Plant
height

77.9

20.5

79.7

NA

NS

-2.5

4.5

0.6

NA

NS

Podded
nodes per

plant

Pods per
plant

Seeds per
Pod

Hundred
seed

weight

-2.0

-2.8

2.3

-5.7

4.9

Crain

42.9

27.0

25.3

u.6
22.9

29.8

-0.2

4.5

11.0

25.4

Plant
weight

47.2

26.0

32.0

36.4

76.6

Harvest
index

Onset of
floweringvield

Hmp(7o)

LSD (0.05)

ÍIbp(va)

LSD (0.0s)

2.6

-2.8

-3.2

5.6

4.2

E1

E2

E3

E4

E1

E2

E3

E4

33.8

32.6

8.1

NA

76.2

26.6

20.0

1.4

NA

27.7

49.0

52.0

21.0

30.0

25.0

-0.9

3.7

0.7

-9.1

8.3

-7 .l

-4.2

-6.4

-72.3

6.9

7.2

NA

NA

7.6

NS

40.7

39.2

20.7

32.0

28.2

-15.5

-15.9

-11 .1

-15.9

4.9

26.2

10.9

13.3

13.8

79.2

3.9

-6.0

-5.9

-2.9

4.4

5.5

NA

NA

11.3

4.6

Hcm (%) E1 -55.1 -27.0 23.8 11.3 -18.8 -39.9 18.6 2t.2 -13.3 6.s

E2 -23.5 -76.2 -32.8 -34.7 -75.4 -39.6 -3.2 0.9 _72.8 NA
E3 -41.8 -25.9 74.7 57.4 77.2 -35.6 -74.2 _10.8 _72.5 NA
E4 -0.6 NA NA 6.6 -73.7 -38.3 -5.5 _13.3 _38.6 32.9

LSD (0.05) 23.7 NS 34.7 NS NS NS 29.1 21.5 9.7 8.4

NS, not significan! NA, data not available

o\o\
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There was significant variation among environments for the levels of heterosis over

n-ricl-parent and better parent for seed characteristics. The levels of heterosis over the

nrid-parent for seeds per pod at El, 82, E3 and E4 were 9ok,3.7ok, 0.7o/o and -9.'l% and

over tlre better parent were -7.2%, -4.2ok, -6.4% and -'l2.3%o respectively. The levels of

heterosis over the mid-parent for hundred seed weight at E1, 82, E3 and E4 were -2.07o,

-2.8%, 2.3% and -5.7 Vo respectively.

c.) The correlation between the levels of heterosis of agronomic traits in Fr

The correlation coefficients between the three types of heterosis for various

agronomic traits of Frs were calculatecl (Tables 4.7.11,4.1.12,4.1.1,3). Many of the cor-

responding coefficients were significant. As seen before, there were significant positive

colrelations arrrorìg the levels of l'reterosis for basal branches per plant, podded nodes per

plant, pocls per plarrt and plant weight (r = 0.50 to 0.87 for heterosis over micl-parent).

The levels of heterosis (Hmp, Hbp and Hcnr) for basal branches, podded nodes per plant

ancl pocls per plant were negatively correlated with those for hundrecl seed weight

Table 4.7.'l,"LCorrelation coefficients (r) between the levels of heterosis over mid-parent of 11

- agronomic haits of Fl

Agronornic
trait

Correlation coefficient (r)

Plant Poclclecl Pods Seeds
height nodcs Per Pcrpìant pod

Hundrccl
seccl

weight

Crain
yielcl

Plant
weight

Harvcst
index

Onset of
flowcring

Duration
of

floweringPer
plant

Basal branches
per plant
Plant height
Podded nodcs
per plant
Pocls per plant
Seecls per pod

Hunclred seed
weight
Grain yield
PIant weight

Harvest index

Onsct of
flowcring

4.07 0.50**

0.09

0.57** 4.04
0.09 {.37"*

0.87"" 0.03

{.05
-0.61**

-0.63**

-0.08

-0.80**

0.11

4.04
0.09

0.56**

0.23

0.62"*

0.69**

4.22

{.58**
0.51**

-0.54"*

-0.19

-0.29

-0.29

0.43**

0.51**

0.40**

-0.53**

0.53"*

0.05

0.11

0.02

-0.24

-0.42*"

-0.29

0.22

-0.54"*

4.06
0.02

0.13

0.1,2

{.01
0.06

0.29

0.33**

0.13

0.08

0;t7
{.04

0.00

*": P < 0.01

{.11
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Table 4."1..12 Correlation coefficierrts (r) between the levels of heterosis over the better parent of 11

agronomic haits of Fl

Agrononric
trait

Correlation coefficient (r)

Poctded Pods Seeds Hunclred Grain PlantPlant
height

Harvest
inclex

Onset of
flowering

Duration

flowering
ofnocles

Per
plant

per per secd yicld weight
plant Ëo,t weight

Basal branches
per plant
Plant height
Podclecl nocles
per plant
Pods per plant
Seeds per pod
Hunclrccl secd
wcight
Crain yielcl

Plant wci¡;ht

Harvest indcx
Ouset of
flowerirrg

0.40** -0.18

-0.07 -0.30

0.19

0.06

-0.40**

-0.08

0.00 0.32**

4.11

-0.51**

0.18

4.34
4.08

4.72

{.20
0.23

0.52**

0.00

0.41**

0.40**

-0.46"*

-0.53*"

-0.24

0.38**

-0.60*"

{.11
0.24

0.91 0.13

0.11

-0.69**

-0.67**

-0.0s

0.46*"

0.45**

4.14

-0.51**

-0.48*"

0.27

0.56**

0.50**

-|J.62"

4.15
4.22

4.28

0.31 4.43**
0.14

0.24

{.10
{.09
-0.03

4.17

Ir < 0.01

Table 4,1,,73 Correlation cocfficic.rÌts (r) between the levels of l'reterosis over tlìe best parent of 11

agrorìomic traits of Fl

Agronomic
trait

Correlation coefficient (r)

Pìant
height nodes

Podded Pods
Der

plunt

Sc'eds
Der

Ëo,t

Harvest Onset of
index flowering

Duration
of

flowering

Hundred Grain Plant
se.eq yielcl wcight

werghtPer
plant

Basal branches
per plant
Plant height
Podcled nocles
per plant
Pocls per plant
Seecls per pod
Hundred seed
weight
Grain yield
Plant weight

Harvest index
Orrset of
flowering

-0.38** 0.29

-0.15

0.22 0.24

0.20

0.83**

4.23
0.18

-0.02

{.86**
0.41

4.31
4.79*"

{.39**

4.28
4.03

0.10

4.20

0.30*

0.62**

0.08

-0.51**

0.14

4.62
4.19

{.06
4.58"*
0.10

0.48"*

0.61**

4.62**

0.68"*

-0.05

-0.66**

-0.3r.*

0.63**

-0.69"*

4.32
0.15

0.14

4.1,6

4.27

0.27

-0.09

{.16
0.04

0.24

0.54""

0.18

0.18

0.54**

0.17

*, **: P < 0.05, 0.01 respectively

0.20

4.27
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On average, heterosis for grain yielcl over micl-parent was mainly due to an increase

in pocls per plant rather than in hundred seed weight or seecls per pod. However, the

correlation coefficient between the level of heterosis for grain yielcl and that for pocls per

plant was relatively low (r = 0.33). Plant weight was the only trait which showecl a

significant positive correlation with the levels of l'reterosis for grain yield (r = 0.51). There

was no correlation between other agronomic traits and grain yield in terms of the levels of

heterosis over the better or the best parents.

4.L.3 Fz performance, inbreeding depression ancl heterosis

Separate analyses were clone for each environment ancl a combined analysis was done

using 54 Fz families sowrì at all 4 environments. Significant differences among

enviLonments were found for grain yield (Table 4.1,.14) but not for plant weight or harvest

index. There were significant effects for cross ancl the cross x environment interaction for

all 3 traits.

Table 4.7.74 Summary analysis of variance for grain yicld, plant weight and harvcst indcx of 54

Fz familics across 4 environments

Sourcc of variance df

Crain yield (g)

Mean xluare

Plant weight (g) Harvest index

Envirorrment (E)

Rcplication/
Environment (R/E)

Fz

FzxE
Pooled error

Mean

J

4 205

4435** 13295ns

2975

238**

218*'r'r

87

33.6

0,92ns

0.15

0.45

53

159

272

46***

47***

76

74.4

0.018***

0.007+*

0.005

ns, not significant; **, ***: P < 0.01,0.001 respectively

Grain yield and plant weight were lower in the Fz populations than in the Frs while

harvest index was marginally higher (Table 4.1.15). In the 54 families, the range of grain

yield was 10.6 to 20.0 g per plant. One Fz (Alma x SA 24) yieldecl more than the best

parent and27 Fzs were not significantly different from the best parent in yield. The range
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of plant weigl'rt in Fz was front 22 to 48 g per plant and none exceedecl the best parent.

Thirty four Fz families had as high harvest index as the highest parent but none surpassecl

the best parent.

Tlre nrean of inbreecling depression over four environments was29.60/o,'l3ok and 8.9%

for grain yield, plant weight ancl harvest index respectively. The levels of heterosis (in the

Fz) over mid-parent for grain yield, plant weight and harvest index were 76ok,27o/o and

2ok respectively. There were negative values for the average of Fz heterosis over the better

and the best parent for all traits.

Table 4.1.15 Mean of Fz,Ft, inbreeding depression, the levels of l'reterosis over mid-parcrtt, over

better parent arrd over the best parent of Fz in four environments

Environment Fz mean Fr mean Inbreeding
depression

(%)

Hmp (Fz)
(E)

Hbp (Fz)
(%)

Hcm (Fz)
(V")

Grain yield (g)

E1

E2

E3

E4

Mealr

LSD (0.0s)

Plant weight (g)

E1

E2

E3

E4

Mean

LSD (0.05)

Harvest index
E1

E2

E3

E4

Mcalr

LSD (0.0s)

74.7 76.9

9.0

18.8

27.3

9.6

79.7

36.3

27.2

41.3

/.J

17.7

19.0

27.3

-79.7

-7.9

-1.0

-9.6

10.3

20.6

24.5

72.7

21.4

M.9

50.0

40.8

-2.6

-4.5

-5.8

-1.0

77.9

39.0

43.7

34.7

29.6

72.4

6.7

9.2

24.2

13.0

5.9

5.3

2.5

27.9

16.7

27.2

75.6

37.1

39.7

16.8

-3.5

5.7

-3.2

-5.3

-4.0

-1.7

5.1

-1.0

-2.8

-5.9

-9.4

-6.0

-26.0

-7.9

-20.6

-15.1

-47.9

-5.3

-72.6

-37.2

33.7 39.3

0.51

0.48

0.50

0.32

0.45

0.49

0.46

0,49

0.33

0.M

0.5

0.5

0.5

6.7

2.08.9 -1.1 -24.3
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The expression of Fz for grain yield, plant weight and harvest index were all also

affected by environmental conditions (Table 4.1.15) together with the level of heterosis of

Fzs over mid-parent.

4.1.4 Combining ability

General and specific combining ability for all traits varied significantly arnong

parents, except SCA for plant weight (Tables 4.1.16 and 4.1.19). The significant GCA and

SCA effects for onset ancl duration of flowering period could not be tested for significance

because data were collected from only one location.

a.) General combining ability in female parents

Wirrega showecl highly significant positive GCA effects for grain yield (0.80 g per

plant) and seecls per pod (0.10) together witl'r significant negative effects for plant height

(-5.60 cm) and hundrecl seed weight (-1.1 g). Derrimut also hact significant negative GCA

effects for plant height and hunclred seed weight as well as for onset of flowering, while

Alma and Dundale which were the taller females witl'r large seeds had significar-rt positive

GCA effects for plant height ancl seed weiglit. Alma expressed significant positive CCA

effects for seecls per pod and onset of flowering but gave a negative GCA effect for the

cluration of flowering lvhereas Dundale gave tl-re opposite results.

b.) General combining ability in male parents

None of the 18 males expressed significant positive GCA effects for yield, although

tlre effects of SA 123,5A 236 ancl 5A247 approached significance (>1.0 g per plant). SA15

and SA 54 hacl highly significant negative effects for yield with values of -3.9 and -2.6 g

per plant respectively. Both SA 15 and SA 54 had highly significant GCA effects for

lateness in onset of flowering (5 and 6.1 days respectively), resulting in their Frs being too

late in setting seeds and low in yield. They also showed significantly negative GCA

effects for harvest index.

SA 123 imparted significantly greater plant weight to its crosses (7.05 g) although this

line was itself low in plant weight. On the other hand, the crosses of Solara, SA 465 and

SA 35 hacl significantly reduced plant weights (4.35-5.43 g). Similarly, Garfielcl, SA 35, SA



Table 4.1.L6 Estimates of general combining ability effects of parents for important agronomic traits

Parent Basal branches Plant Podded nocles Pocls per Seeds per Hunclred Crain Plant Harvest Onset of Duration of
per plant height per plant plant pod seed weight yield weight index flowering flowering

Females (gi)

Alma
Derrimut
Dundale
Wirrega

Males (gj)
Garfield
SA 15

SA 24

SA 35

SA 51

SA 54

SA 123

sA'129
SA 157

s^236
5A247
SA 248

SA 465

SA 483

SA 688

SA 828

Solara

Whero

t 0.05 (SEgi)

t 0.01 (SEgi)

t 0.05 (SEg')

t 0.01 (SEgj)

0.00

0.08*
-0.09**
0.01

4.73**
0.81""
{.88""
4.97**
-1.00**

1.96**

1,.46*

2.39**

-1.09**

{.85**
-0.56*

4.17
{.95**
'1.67u

0.55*

4.39
4.79**
4.44

0.019

0.025

0.045

0.059

7.7**

-7.9""
5.8**

-5.6**

{.9
1.3*

4.6
{.3

-1.0

0.6*

0.3

0.1

0.77**

{.25**
{.03**
0.10*"

0.8**
{.8*"
1 .1**

-1.1**

-0.47**

0.06

-0.39**

0.80**

1.56

-2.59**

4.77
7.20

-0.027

0.022
-0.004*

0.004*

4.9**

4.3**
-2.0*

1..4

-2.0

5.0**

4.6**
-8.9**

-5.7**

6.\**
10.5**

8.8**

-1..7

-5.8**

-1.5

2.7

-2.4

2.5

6.5**

2.6

-6.6**

4.6**

1.95

2.56

2.97

3.83

-2.5

7.4

1.3

4.2

0.2

3.0

4.2

0.5

16.9**

4.2
-72.2

-8.6

0.3

4.6

1..7

4.9
11

-19.0**

4.4
19.3**

-5.2

7.7

1.0

1.3

12.4

15.8

-7.4

-2;t
-2.8

{.0*
4.8

11 .6**

7.7**

72.8**

-3.2

-5.0*
4.8
-2.7

-J.J'

4.7

2.8

3.3

{.0*
-3.4

1.0

3.1

5.0

6.3

-6.0*
-3.0

-3.5

-7.8**
-5.2

19.8**

1 0.1 **

17.9**

-5.3

-7.3*
-J.J

-0.5
_7 )*

6.5*

5.3

2.3
_7 7*+

-J.l

0.55

0.72

5.7

7.5

0.15

-7.46*'
-1.55**

0.03

{.04
-0.13

0.51**

0.60**

4.17
0.05

0.09

4.07
0.79**

0.20

0.49"*

0.51**

4.11
0.11

0.00s

0.007

0.035

0.046

J-O

0.6

6.9**
3-4**

5.1**

-9.1**
-9.4""

-L0.2*
2.9**
9.3**
0.2

0.9

1.0
7 Q+*

-4.8*"

-2.7"*
5.1**
3.6**

0.05

0.07

I .1J

7.52

0.89

-3.91,**

0.32

-0.22

-0.01

-¿.43 '

7.42

-0.41

-0.26

1,.07

7.04

0.91

0.50

0.63

-0.60

0.87

-0.62

0.91

0.19

0.25

I./5
2.30

-2.08

-7.96

{.98
-4.35*

-2.09

1.89

7.05**

7.34

-2.09

4.09

0.82

4.73
-5.43*

2.84

2.57

3.95

-5.26*
0.44

1.97

2.60

4.25

5.60

0.038

-0.099*

0.015

0.032
0.018

-0.083*

-0.019

-0.036

0.019

0.018

0.011

0.023

0.067

-0.008

-0.045

-0.019

0.050

0.014

0.0004

0.0005

0.08

0.11

3.6

3.6

3.6

2.6

3.1

1.9

-3.0

-7.4

2.6

-7.2

-7.4

4.9
0.8

-5.5

2.4

-1,.9

4.2
-2.8

NA
NA
NA
NA

\
f.J

NA, data not available; ns, not significant; *, **, ***: P < 0.05, 0.01, 0.001 respectively
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'l57,SA 236 and Whero, all had moderate harvest inclices wliilst their crosses had higher

harvest inclices.

SA 54, SA 1,23, SA 129 ancl SA 483 showeci many basal branches, poclded nocles and

pods per plant (Table 4.1.3) and also showect higlily significant positive GCA effects for

tlrese characters (Table 4.1.16). In the same manner, SA 51 and SA 828 were tall parents

witlr lrigh GCA effects for plant height and SA 236, for high hundred seed weight.

Other parents showed a low value and also significant negative GCA for basal

branches, podded nodes per plant, pocls per plant, harvest index, plant height and seecl

weight. SA 483 had the highest negative GCA effect for plant height while Solara, SA 35,

SA 465 and SA 236 had high negative GCA effects for poclded nodes as well as for pod

nunrbers. SA 54, SA723,SA1Z9, SA 483, SA 688 and SA 828 gave highly negative GCA

effects for seecl weight.

Similarly, in flowering traits, 5A 129 and SA 123 hacl short flowering duration ancl

irnparted tl.ris character to their crosses. SA 24, SA 35 and SA 157 which had lor-rg

flowering cluration, also imparted longer days of flowering to their crosses.

Solara, SA 24, SA 51 and SA 35 hacl significant positive GCA for earliness in their

crosses. 5A723, SA 465, SA 688 and SA 828 hacl significant positive GCA for the seeds

per pocl and also produced many seeds per pod.

As nrentioned above, tlte per s e perfonnance of parents was reflected in

corresponding GCA effects in many traits. The correlation coefficier"rt between the

average performance and the CCA effects was highly significant for basal branches,

podded nodes arrd pods per plant, hundred seed weight and duration of flowering (Table

4.1.17). However the correlations for other traits (grain yield, plant weight ancl harvest

index) were positive but non-significant.

The correlation coefficients between the pooled general combining ability effects of

parents (GCA female parent + GCA nrale parent) and all three level of heterosis were

significant for all traits except Hbp and Hmp for plant height and were particularly high

for Hcm (Table 4.1.18).
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Table 4,'l'.17 Correlafiorr coefficients between thc Tser sc pcrfonnancc' of parclìts and their general

combining ability effects for 11 agronomic traits

Agronomic trait Corrclation cocfficient (r)

Basal branches per plant
Plant height
Podded nodes per plant
Pods per plant
Seeds per pod
Hu¡rdred seed wcight
Crain yield
Plant weight
Harvest index
Orrset of flowering
Duration of flowcrirrg

0.89**
0.56**

0.65**

0.69**
0.59**
0.89**
0.30*
0.14

0.25

0.45*
0.70+*

*, **: P < 0.05, 0.01 rcspcctivcly

Table 4,1.'l,SCorrclation cocfficients (r) betwcerr gerreral combining ability and the. level of

he tcrosis ovcr rnid-parcnt, over the bettcr parent alrd over the best parent

Agrorromic trait Correlatiorr coefficients (r) betwee¡r GCA and

H-p Hbp Hcm

Basal branches per plarit
Plant ìreight
Poddcd nodes per plant
Pods per plant
Seeds per pod
Hundred secd weight
Crain yield
Plant weight
Harvest index
Onset of flowering
Duration of flowering

0.74**

0.02

0.73**

0.75**
0.54**

0.75*
0.25*

0.30*

0.62**

0.46**

0.36**

0.M*+
0.1,2

0.84**
0.76*+

0.72**

0.79**
0.60**

0.29*
0.74**
0.54**

0.57**

0.95**
0.82**

0.88**
0.87**

0.92**

0.99**
0.6**
0.77**

0.86**
0.84**

0.57*"

*, **: P < 0.05, 0.01 rcspcctively

c.) Specific combining ability

SCA effects were estimated for all traits in all72 crosses (Table 4.'1.1,9). Significant

negative SCA effects were found for nine traits (all except onset and duration of



Table 4.1.19 Estimates of specific combining ability effects of 72 crosses for 11 important agronomic haits

Cross Basal branches Plant Podded nodes Pods per Seecis per Hundred Grain Ptant Harvest Onset of Duration of
per plant height per plant plarit pod seed weight yield weight inclex flowering flowering

Alma x Garfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

sA1,29

SA 157

SA 236

5A247
SA 248

SA 465

SA 483

SA 655

SA 828

Solara

Whero

4.35
4.10
{.30
4.12
{.08
0.76*

{.25
'1,.23**

{.09
4.43
0.27

4.72
4.13
0.35

0.27

4.49

{.09
4.34

2.0

72.3

11.0

4.8

-20.1*

0.0

-4.2

1.7

-19.0*

11.0

2.6

-'t0.4

10.4

0.4

-70.2

4.4

4.3

-1.0

0.3

_7 )++

0.1

1.0

0.5

0.9

-3.7

4.7

0.0

-1.8

2.1,

2.0

4.2
3.9

{.8
4.4
1.0
a1-L.L

-1..7

-L0.7**

1.9

1.8

0.7

5.5

-J. ¿+

5.2

-1.0

-0.4

2.3

-0.7

-1.7

5.2

-1.6

0.0

2.4

-3.6

4.12.
4.21

{.02
-0.50*

4.22
0.37

0.22

4.07
0.20

4.32
{.05
0.2'r

4.16
0.23

0.34

4.08

0.24

0.02

0.97

4.94
1.28*

1.35*

0.98

0.48

0.31

-7.24*

4.24
0.16

{.03
0.01

0.47

-7.72*

-"1.96**

4.63

0.33

4.09

0.51

-2.79*

2.48*

7.32

-0.09

-7.25

-0.71

-0.99

-1.1 3

0.73

-0.64

-0.81

-7.29

7.1.7

-0.20

1.73

2.82*

-0.91,

0.053**

4.051*
0.015

0.009

0.013

4.046*

0.000

{.063**
0.032

0.003

-0.010

0.008

0.004

0.008

0.005

0.009

0.011

-0.003

0.8

3.9

-2.8

0.2

-3.2

7.2**

2.4

3.5

-4.8*

0.8

{.1
-1.3

-7.6

5.1*

4.9
-1.8

-5.8*

-t _5

4.4
-1.8

3.9

3.0

-0.3

4.5

4.4
5.6

4.6
1.5

0.4

4.2
-4.5

0.1

-1.9

4.8

J.J

-2.9

-3.1

-11.5

0.5

3.9

7.0

-2.8

-3.9

-5.1

-2.5

3.0

0.5

1.0

3.0

-4.0

8.1

0.4

4.3

0.6

t 0.05 (S¿ir*) 0.68 77.6 5.5 5.8 0.46 1.05 2.32 6.8 0.039 4.1, NA
t 0.01 (sÊil 0.90 22.0 6.9 7.7 0.67 1.38 3.05 8.9 0.0s2 5.4 NA

NA: Data not available; *, **: P( 0.05, 0.01 respectively
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Table 4.1.19 Continued

Cross

Derrimut x

Basal branches
per plant

Podded nodes
per plant

Pods per Seeds per
plarit pod

Hundred
seed weight

Plant
height Grain

yieÌd
Plant

weight

1.4

1.3

-2.7

-2.7

0.7

1.7

3.1

't.9

0.6

-7.4

2.6

1.1

1..7

-4.7

{.3
-3.8

-2.7

7.7

Harvest
index

0.039

0.052

Onset of
fìowering

Garfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

5A129
SA 157

5A236
5A247
5A248
SA 465

SA 483

SA 655

SA 828

Solara

Whero

1.5

-12.7

-2.6

-1.8

18.1*

-8.1

2.8

-1 1.8

9.3

4.9

0.9

11.5

5.8

-7.3

-7.9

-7.6

-77.9

4.6

2.3

7.2*

-2.6
aa

2.6

4.0
6.4*

-10.5**

-2.5

2;I

7.7

7.6

2.5

-1.3

-0.3

4.7
-1..6

4.7

0.10

0.11

0.10

0.02

4.10
{.52*
4.66**
4.25
0.02

0.30

0.16

0.32

0.16

{.15
0.26

0.04

4.24
0.24

-7.67t*

0.'t2

-7.96**

-7.20*

4.66
0.24

{.13
1.61**

0.02

0.22

0.33

0.37

0.53

7.63**

0.99

0.53

-1.42**

0.36

4.32
0.68

4.75
-2.51**

4.62
7.72

-7.74

3.59**

4.36
0.40

2.73

0.26

7.28

-1.06

7.07

-1.30

-2.51*

4.44

{.020
0.006

0.002

{.034
4.020
0.031

4.043*
0.064**

{.011
{.010
0.017

0.005

0.031

0.005

0.022

{.014
4.0"12

4.076

Duration of
flowering

1.1

6.7

7.7

-1,.6

4.4
1..4

2.0

0.4

5.1

-2.5

-1.3

-1.8

7.2

5.2

4.4
4.1
-5.i
4.2

NA
NA

0.s8

0.03

0.43

4.09
4.15
4.42
0.58

4.24
4.06
0.09

{.30
0.27

0.20

4.32
{.41
0.23

0.04

4.27

2.4

3.5

4.4
-2.0

0.7

{.5*
6.9*

-5.3

-1.1

1.1

0.7

1.3

1.1

0.7

-7.2

1.1

-2.0

{.8

4.2
4.9
-2;r

4.7*

1.8

-2.7

-6.9**

2.4

5.9**

2.7

0.9

-1.0

4.7
-7.9

0.1

7.7

4.'l*
0.4

4.7

5.4

t 0.05 (SEii)

t 0.01 (SEii)
0.68

0.90

'17.6

22.0
1.05

1.38

2.32

3.05

6.8

8.9

5.5

6.9

5.8

7.7

0.46

0.67

NA: Data not available; *, **: p( 0.0S, 0.01 respectively
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Table 4.1.19 Continued

Cross

Dundale x

t 0.05 (SEi)

t 0.01 (SEii)

Garfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

SA 129

SA 157

SA 236

5A247
SA 248

SA 465

SA 483

SA 655

SA 828

Solara

Whero

Plant
height

-1.3

-7.4

-12.5

2.3

3.6

3.2

1.4

5.7

6.4

-7.6

5.7

0.1

-8.5

-J.J

7.3

-3.4

8.5

4.4

77.6

22.0

0.73

1.52**

0.74

0.00

0.44

-0.46

-0.93

-2.98**

-0.48

0.52

-0.1.7

-0.33

0.03

-0.97

0.99

0.13

0.48

0.86

0.43

2.32*

-7.20

0.23

0.52

-1.83

3.00"

4.\7*"
4.32
4.46
0.18

0.50

4.38
0.99

{.38
0.24

0.74

4.50

4.005
0.061**

{.012
0.001

0.005

{.014
0.012

{.051*
4.026
0.005

0.022

4.010
0.006

0.020

4.002

0.002

0.013

{.001

0.039

0.052

Duration of
flowering

2.4

2:r

-7.6

7.4

-2.4

2.8

-1.0

2.1.

0.1

4.5
{.6
0.9

-3.5

0.8

1.3

-2.7

{.1
-1.5

Basal branches
per plant

0.04

0.00

0.09

4.22
0.72

{.45
4.05
0.22

0.10

0.26

0.27

0.08

0.16

4.66
{.34
0.30

0.00

0.15

Podded nodes
per plant

Pods oer Seeds oer
plait pod

0.08

{.01
4.02
0.70**

0.28

4.23
0.22

0.13

-0.50*

0.08

0.05

0.11

0.74

4.07
4.56*
0.02

4.15
{.18

Hundred
seed weight

-2.5

3.5

{.5
1..6

4.7
4.1

-3.2

-7.9

4.1
4.3
-7.2

-'t.4

-1.3

-3.3

-2.8

0.0

-2.0

5.5

6.9

-1.8

2.0

{.3
-0.9

-7.9

4.2
-1.3

Grain
yield

2.32

3.05

Plant
weight

2.1

{.5
0.5

4.5
0.6

-5.3

6.6

4.9
2.6

2.3

-7.9

3.4

{.8
-2.0

4.6
0.9

4.6
-1.8

6.8

8.9

Harvest
index

Onset of
flowering

0.6

1.8

4.9
-8.1**

0.0

2.2

3.8

-1..6

-1.8

-2.3

0.7

4.6*

-1..4

-1.8

-2.9

4.8*

0.8

7.4

4.7

5.4

20.2**72.\**
-1.1

4.7
-7.7

-2.4

-1.0

-4.0

4.2
4.6
-1.5

0.68

0.90

5.8

7.7

0.46

0.61

1.05

1.38

NA
NA

NA: Data not available; *, **: P( 0.05, 0.01 respectively
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Table 4.1.19 Continued

Wirrega x

per plant height per plant plañt pod seect weight yield weight index flowering flowering

Garfield

SA 15

SA24
SA 35

SA 51

SA 54

SA 123

5¡^729
SA 157

5A236
5A247
SA 248

SA 465

SA 483

SA 655

SA 828

Solara

Whero

4.36
0.09

4.27

0.37

0.11

0.15

4.36
-1.08**

0.00

0.05

4.24
-0.13

4.14
0.64

0.46

0.00

0.10

0.55

11

7.2

4."t

-5.3

-'t.6

4.9

{.1
4.4

3.3

€.3
-9.7

-1.3

-7.7

70.2

4.8

0.6

{.8
3.2

4.2
0.2

0.8

{.5
{.5
1.5

0.1

-11 .4**

3.1

0.8

-2.5

-2;t

0.5

-J-3

5.4

2.7

1.0

5.1

7.24

7.47

0.99

7.26

-7.47

-7.28

-1.68

-74.87**

4.67

4.83
111

1.55

0.38

0.06

4.64

0.76

4.34
5.80*

-0.15

0.1,6

0.05

-0.23

0.14

0.33

0.19

0.20

0.77

0.05

-0.19

-0.53*

-0.19

0.00

0.11

-0.11

0.11

-0.01

{.0s
4.76

4.04
4.07
4.74
4.24
0.79

2.64"*

0.64

{.86
{.15
{.11
-1.05*

0.46

0.1.2

0.05

0.51

-7.02

-0.66

-0.16

-0.59

0.95

0.74

1..29

-1.08

1.54

1..90

-0.54

-7.67

0.12

0.34

-1.10

-0.47

-0.74

-1.15

7.92

i.0
0.9

-1.7

0.2

-1.0

{.8
-9.2**

-2.6

3.4

-2.4

-1.1

4.4
3.6

6.6

2.9

-7.9

{.5
3.1

-0.023

-0.077

0.000

0.023

-0.003

0.038

0.024

0.061*"

0.006

-0.003

-0.016

0.002

-0.032

-0.038

-0.020

0.004

-0.015

0.021

-"r.2

-4.7*

5.8**

J.J

't.4

4.7**
0.7

-4.3*

0.6

-1..2

-1.5

-L-3

3./
-7.4

3.8

4.7*
9.1*+

4.3

4.4
J.t)

4.4
-3.4

-0.3

-7.4

2.8

1-6

-2.4

0.0

7.2

0.1

4.6
-2.0

-2.9

2.7

1.0

1.3

t 0.05 (sEi) 0.68 17.6 5.5 5.8 0.46 1.05 2.32 6.8 0.039 4.7 NA
t 0.01 (sEi) 0.90 22.0 6.9 7.7 0.61 1.38 3.05 8.9 0.052 5.4 NA

NA: Data not available; *, **: P< 0.05, 0.01 respectively
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flowering) and significant positive effects for eight of those nine (all except plant weight).

Of 72 crosses, six gave significant positive SCA effects for hundred seecl weight, five eacl-r

for grain yield and onset of flowering, four for pods per plant ancl harvest index, two for

basal branches ancl podded nodes per plant and one each for both seeds per pocl and

plant height.

The correlation coefficient between SCA effects and the level of heterosis was

significant and positive for all traits except hunclrecl seed weight (Table 4.1.20).

Correlation coefficients for duration of flowering (0.78 with Hmp ancl0.73 with Hbp and

Hcm) ancl grain yield (0.65 witli Hcm) were relatively high. For the other traits, the

correlation coefficients were relatively low.

Table 4.7.20 Correlabiolr coefficients (r) between specific combirring ability (SCA) and the lcvcl of

hcterosis ovcr n'rid-parcrrt (Hrnp), over the bettcr parerrt (Hbp) and ovcr tìrc best

parcrìt (Hcm)

Charactcr Correla tion coeffici ents (r)

SCA : Hmp SCA: Hbp SCA : Hcm

Basal branches per plant
Plant hcight
Poddcd rrodes per plant
Pods per plant
Seeds pcr pod

Hundred seed weight
Crain yield
Plant weight
Harvest index

Onset of flowering
Duration of flowering

0.30*

0.41+*

0.56**

0.49**

0,45**

0.31*

0.48+*

0.32**

0.33**

0.36**

0.78**

0.34**

0.43*',f

0,45**

0.47**

0.37**

0.22

0.57**

0.36**

0.34**

0.31*

0.73**

0.33**

0.56**

0.41**

0.45**

0.34**

0.76

0.65**

0.47**

0.49*+

0.39**

0.73**

*, **: P < 0.05, 0.01 respectively

4.1.5 The six promising crosses

cls with high heterotic effects over the best

to examine the fixability of heterosis in pure

lines (Table 4.7.2'l). The six crosses were Alma xSA24, Alma x SA 828, Derrimut x SA
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129, Dunclale x SA 123, Wirrega x SA 157 ancl Wirrega x Whero (A to F respectively).

Grain yield ranged from 18.4 to 20.3 g per plant, plant weigl'rt frorn 40.0 to 52.8 g per plant

ancl lreterosis over the best parent for yield from 0.2 % to 28.0 ok.

Table 4.'l'.21' The details of 6 promising crosses wliich were selected to study the fixability of

heterosis in pure lines

Character Alma
xSA24

(A)

Alma
x SA 828

(B)

Derrimut
x SA 129

(c)

Dundale
x 54123

(D)

Wirrega
x SA 157

(E)

Wirrega
x Whero

(F)

Basal branches per plant
(number)

Plant height (cm)

Podded nodes per plant
(number)

Pods per plarrt (number)

Sceds pcr pod (numbcr)

Hundrcd seed wcight (g)

Crain yield (g pcr plant)
Plant wcight (g pcr plant)

Harvest index

Orrset of flowering (clays
aftcr sowing)

Duration of flowering
(days)

Yield Hmp inFt ("/o)

Yield Hbp in Fr (%)

Yield Hcm in Fr (%)

Fz yield (g per plant)

Yield inbreeding
depression inFz (7o)

Yield Hmp inFz (7o)

Yield GCA effect of female
parent

Yield GCA effect of male
parent

Yield SCA effect of cross

1.7 2.0 5.1 4.2

707.0

27.5

33.6

6.5

77.9

20.3

52.9

0.42

724.0

110.0

76.7

105.0

18.5

1.8 3.0

135.0

73.4

143.0

19.0

84.0

25.8

))n
4.4

29.7

18.6

43.9

0.44

109.0

32.5

5,9

70.7

19.5

40.0

0.48

119,0

25.9

6.4

1iJ.1

18.4

49.7

0.40

118.0

24.0

6.0

22.5

"t8.7

47.9

0.46

772.0

25.4

6.0

21.6

79.9

44.7

0.47

108.0

46.5

30.5

76.2

20.0

8.0

29.2

13.8

0.2

15.9

72.7

1i3,6

52.7

27.9

72.8

67.7

37.0

26.0

72.7

13.5

43.8

26.7

28.7

10.8

77.6

74.9

32.0 27.0 25.0

1,7.2

-0.5

0.3 0.8 -0.4

2.5 7.7

11.8

0.1

77.8

0.8

2.5

0.8

28.0 31.0 29.0

76.7

35.1

28.7

73.7

80.2

7.0

-0.4

7.4 -0.3 0.9

3.0 1.9 7.9

5.6

-0.5

3.6

Each cross gained much of its high yield from a different yielcl component. Alma x

SA24 hacl the heaviest seecls (39.1, gper hundred seeds) but haci the fewest seeds per pod

(4.4). Derrimut x SA 129 and Dundale x SA 123 had more basal branches, podcled nodes
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and pocls per plant but had very low seecl weight. Alma x SA 828 and Dundale x SA 123

developed many seeds per pod (6.4 - 6.5).

The level of heterosis over the rnicl-parent for grain yielcl was l-righest in Dundale x SA

123 (76.7%), and lowest in Wirrega x Whero (26.1Vo). Corresponclingly, the extremes of

heterosis over the better parent were52.1.o/o in Derrimut x SA 129 and 13.8% in Alma x SA

828. The levels of heterosis for grain yield in these crosses were due to heterosis in a

different yielcl component. The grain yield heterosis of Alrna x SA 828, Derrirnut x SA 129

and Dundale x SA 123 was mainly due to the heterosis in the pods per plant, while the

yielcl lreterosis of the Alma xSA24 was clue to heterosis for both pocls per plant and seecl

weight. For Wirrega x SA 157 and Wirrega x Whero, the grain yield heterosis was

derived from heterosis in all three important yielcl components (pods per plant, seeds per

pocl arrcl hundred seecl weight).

These crosses were produced from parents that tended to differ for their combining

ability effects for grain yield. Alma xSA24 and Derrimut x SA 129 were clerived from

parents which were low in GCA effects but were relatively higl'r in SCA. Dundale x SA

123 was derived from a high GCA male parent, whereas Wirrega x SA 157 and Wirrega x

Whero were derived from a high GCA fernale parent. Both the female and male parents

of cross AIma x SA 828 had smaller GCA effects. All crosses had positive SCA effects for

grain yield.

The six crosses were clifferent in the level of inbreeciing depression for grain yield at

tlre Fz generation. Inbreeding depression was over 600/o in crosses Derrimut x SA 129 and

Dunclale x SA 123 and was less than 15Vo in crosses Alma xSA24, Alma x SA 828 and

Wirrega x Whero.

4.2 Experiment B: Relative yield of pure-line derivatives of heterotic hybrids

4.2.L Pefiormance of crosses

The analyses of variance of Fs families over two locations (Table 4.2,1) inclicatecl that

the variation among crosses was significant for all traits. Cross A had the highest mean

for hundred seed weight, grain yield and harvest index, ancl also startecl flowering

earliest of all crosses (Table 4.2.2). Cross C producecl the most basal branches per plant
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wl-rile cross D had the most pocls per plant and seeds per pod. Cross B was the latest in

maturity and had the highest plant weight but the lowest harvest inclex.

Table 4.2.1 Summary arralyses of variatrce for eight agronomic traits of

crosses of peas

(rcs
F/bctwecn and within 6
l\

Source of
variance

df Mean square

Basal Pods per
brauches plant
pcr plant (nunlbcr)
(numbc'r)

Seeds
pcr pocl

(rrumber

Hunclred
seecl

Crain
yielct (g)

Plant Harvest
t index

weight
(s)

wcigh
(g)

Bc.twcen crosses

Within Cross A

Cross B

Cross C

Cross D

Cross E

Cross F

poolecl c.rror

6004.9***

144.0*"*

579.4"""

336.6ns

986.4"**

398.5*"*

426.7***

172

1878.4***

33.5**"

33.2***

52.2""*

46.6***

15.8***

24.4**"

6.51

13655***

860***

2986"**

1 465*++

21,44"""

L 823***

4794"**

656

20733""*

1277*"*

215**+

1286***

2845***

581**+

254***

234

5

28

25

29

JJ

30

895

g1.g***

1.7"

9.5***

15.4**"

16.9***

1.7"

2.8***

2.03

\7.9**
1.3ns

2.2**

2.9***

2.3***

3.9***

2.9***

0.92

301.5**

46.4"""

53.8**"

80.7***

57.2*"

64.8"n*

39.0ns

23.63

0.578*""

0.024*""

0.025"""

0.065***

0.082***

0.023*"*

0.028***

0.0095

ns, not significant; *, **, **ni P < 0.05, 0.01,0.001 respectively

Mean values and the least significant differences of grain yield and seven haits of Fs
(ueS

/in six crosses

Table 4.2.2

Cross Basal
branches
per plant
(nunrber)

Pods per
olant

(nLmber)

Seeds per
Pod

(number)

Hunclrecl
seed

weight (g)

Grain
yield (g)

Plant
weight (g)

Harvest
index

Cross A
Cross B

Cross C

Cross D

Cross E

Cross F

Mean

LSD(0.05)

LSD(0.01)

2.6

3.1

4.1

3.8

2.6

2.5

19.4

74.9

71.4

11.8

17.3

77.7

1,3.2

10.0

10.0

11.8

11.3

72.5

0.37

0.22

0.33

0.34

0.26

0.28

3.1

0.4

0.6

21.1

27.1

27.5

36.6

23.2

21.6

26.1

5.6

7.6

43

60

38

45

54

56

5.7

5.8

5.6

6.4

5.5

5.9

5.8

0.4

0.6

118

1,42

720

'121

130

739

"t29

4
q

15.5

1.1

1.4

77.4

7.6

2.2

50

10

74

0.30

0.03

0.04
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Variation in basal branches per plant was high in crosses B, C and D (the rnean

squares were 9.5, 15.4 ancl 16.9 respectively) and low in crosses A, E and F (the nìean

squares were1.7,1.7 and 2.8 respectively). Cross D had the highest variation for pods per

plant followed by crosses B, F ancl E wl'rile cross A had the least variation. The variation

for seeds per pod was highest in cross E and lowest in cross A, while cross E had the

Iowest variation for hundred seecl weight. Crosses C and D were highly variable in basal

branches, harvest inclex ancl hunclred seed weight. For grain yield, the variation was

lriglrest in cross C followecl by crosses E,D,B, A and F. The variation for plant weight

was greatest in cross F but least in cross A. Cross E had low variation for harvest inclex

ancl cross B was lowesb in the variation for days to onset of flowering.

4.2.2 PerÍormance of lines within crosses

Frequency clistributions of grain yield and seven agronomic traits for Fs lines in

comparison with their parents and their Fr hybrids for each cross ale given in Figures

4.2.7 to 4.2.8.

Basal branches per plant (Figure 4.2.1). The Frs of crosses C and D were significantly

higher than their parents for this trait. All crosses except C had some Fs lines which

exceeded their Frs (2 lines for A, 6 for B, 1 for D, 5 for E and 4 for F). One line in cross C

was superior to its Fr (but not significantly) and this line hacl the most basal branches.
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Figure 4.2.1 Frequency distribution of number of basal branches per plant in crosses A to F

s and the mean of F5 lines in the order

less than four arrows'
Pods per plant (Figure 4.2.2). Frs were superior to their parents in crosses A, B, D and

F. Among the Fss, there were 2lines in crosses A ancl D and 6 in E which had rnore pods

per plant than their Frs. Eight lines in cross C and 2lines in cross F were not significantly

different from their Frs.
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Figure 4.2.2 Frequcncy distribution of number of pods pcr plant in crosscs A to F

Seeds per pocl (Figure 4.2.Ð. Frs of crosses B, D anct E hacl sin"rilar values to their

parents whereas those of crosses A and C were lower than their better parent and that of

cross F was significantly higher. There wereT Fs lines in cross B, 6 in C, 4 in E arrd 1 in F

which were superior to their Frs.
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Hundred seed weight (Figure 4.2.4). The Fr values of all crosses were not significantly

higher than their better parents. There were 3 Fs lines in cross A, 9 in B, 16 in C, 11 in D

and 4 in E which exceeded their Frs but none exceecled the better parent in crosses B, C

and D. Most of the lines in cross E were equal to its Fr but only 3 lines were significantly

higher than the best parent. In cross F, there were l6lines with as high seed weight as the
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Eigure 4.2.4 Frequency distribution of hundred seed weight in crosses A to F

Fr but only 4lines were higher than the best parent and none significantly higher than the

Fr.

Grain yield (Figure 4.2.5). In all crosses, the Fr grain yields were higher than their

better parent but not significantly. The yield heterosis of Frs over their better parents

were 14.3%, 2.2o/o, 14.4%, 12.4Vo,2.4Vo and 5.7Vo for crosses A to F. The yield heterosis of

Frs over their mid-parent was in a range of 1,7 .5 to 49 .SVo. No line was significantly higher
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Figure 4.2.5 Frequency distribution of grain yield in crosses A to F

in yield than the best parent or its Fr although 4 lines in crosses D, 3 in 8,2 in A, 1 in C

and 1 in F were arithmetically higher in yield than their Frs. The relative yield of the best

line of each cross to its Fr was in a range of 93.6Vo (cross B) to 123.8% (cross D). Nine Fss

in cross A,7 in D and F, 6 in C and 5 in both B and E were as high in yield as their Frs.
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The relative yield of the best line of each cross to the best parent was 115.87o, 94.070,

109.|Vo,\'19.)Vo,109.57o and1,05.7Vo in crosses A to F respectively.

Plant weight (Figure 4.2.6). Frs from crosses B and cross C were significantly higher

than their better parents, and only one line from cross B exceeded the Fr. There were 12

lines in cross F, 10 in E,7 inD,6 in 4,5 in C and 1 in B which were as higl'r as their Frs.
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Figwe 4,2.7 Frequency distribution of harvest index in crosses A to F

Harvest index (Figure 4.2.7). No Fr of the six crosses was superior to its better parent.

The values of most Fs lines in all crosses were near to those of the Frs. There were l4lines

in cross A, 13 in D, 8 in C,7 in B and 1 in F which were significantly higher than their Frs.

Onset of flowering (Figure 4.2.Ð. Most Frs started flowering between their early and

their late parents. Fss of crosses A, C and D were earlier than their Fr on avera ge and aice
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4.2.3 The relationship between yield and yield components in pure-line clerivatives

The relationship between grain yield and the other agronomic traits within each cross

was investigated and the significant correlatior-r coefficients for each cross are summarised

in Table 4.2.3. The number of pods per plant was significantly correlated with grain yield

in crosses A, C, E and F whereas hundred seecl weight was significantly correlated with

grain yield in crosses B, C ancl D. Plant weight was found to be significantly correlated

with grain yield only in cross A.

4.2.4 The relationship between parental lines and pure-line derivatives

Significant correlation coefficients were found between Fs means ancl (a) mid-parent

values, (b) GCA of parents and (c) Fr values for both basal branches per plant and

hundrecl seed weight. hi aclclition, a sigrrificant correlation coefficier-rt was found between

Fr and Fs values for pods per plant (Table 4.2.4).

Table 4.2.3 Significant corrclatiolr coefficients between grain yield arrd relatcd agronomic traits
Fr 6;"t ol

fofach of 6 crosscs

Cross Character Correlation coefficier-rt (r)

A Grair-r yield vs. Pods per plant
Plarit weight

Hundred seed weight

Pods per plant
Hurrdred seed weight

Hundred seed weight

Pods per plant

Pods per plant

0.48*

0.51*

0.48*

0.47*

0.58**

0.47*

0.53*

0.45*

B

C

D

E

F

*, **: P < 0.05, 0.01 respectively
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Table 4.2.4 Correlation coefficient between (A) mid-parent and mearìs of Fss (B) the general

combining effects of parents and means of Fss and (C) Fr values and mealrs of Fss for

8 agrorromic traits from 6 crosscs

Agronomic trait Correla lion coefficient (r)

B CA

Basal branches per plant
Pods per plant
Seeds per pod
Hurrdrcd secd wcight
Crairr yield
Plant weight

Harvcst index

Onset of flowering

0.92**

0.31

0.48

0.97**

0.43

0.62

0.36

0.55

0.96**

0,69

0.33

0.98**

0.34

0.32

0.02

-0.15

0.87*

0.86*

0.41

0.98**

0.77

0.29

0.25

-0.23

*, **: P < 0.05, 0.01 respectivcly

The difference between parents (Pr-Pz) for each of the agronomic traits was examinecl

for its correlation with the mean square for (a) that same trait or (b) grain yield (Table

4.2.5). The difference in hundrecl seed weight between parents was significantly and

linearly correlated with the variation of the same trait in Fs progenies. The clifference

between parents in plant weight was highly correlated with tl-re variation of grain yield in

Fs . The differences of basal branches per plant, seeds per pod and hundred seed weight

also tended to be correlated with the variation in Fs grain yield.

4.2.5 Heritabitity

Broad sense heritability values varied anìong traits ancl crosses (Table 4.2.6). Of all

traits studied, onset of flowering had the greatest heritability (h2= 56.6% from cross F to

93.6o/o from cross A) whereas pods per plant had the lowest (h2= 38.0o/o from cross F to

61.07o from cross A). The heritability of grain yield was in a range from 36.7Vo from cross

F to 65.5Vo from cross C.
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Table 4.2.5 Correlation coefficients between parental diffcrences for 8 agronomic traits and (A)

mear'ì square of Fs for the same traits and (B) the mean square of Fs yield

Agronomic trait Correlation coefficient (r)

A B

Basal branches per plant
Pods per plant
Seeds per pod

Hundred seed weight
Crain yield
Plant weight
Harvest index

Onset of flowering

0.83

-0.16

0.54

0.85*

0.54

-0.52

0.30

0.74

0.79

0.48

0.83

0.76

0.54

0.94**

0.04

0.50

*, **: P < 0.05, 0.01 rc.spectively

Table 4.2.6 Perccnt heritability of grain yield and scverì agronomic traits in crosscs A to F

cstimatcd from Fs lincs

Character Hcritability (%)

Cross C Cross DCross A Cross B Cnrss E Cross F

Basal branches per plant
Pocls per plant
Seecls pcr pocl

Hundred sced weight
Crain yicld
Plant weight
Harvcst inclcx

Onsct of flowerirrg

47.4

46.5

42.2

56.7

47.9

51.1

44.1,

93.6

60.0

40.1

49.7

59.3

36.7

49.6

52.8

56.6

46.8

61.0

47.8

61.3

45.5

55.3

55.3

63.6

64.5

38.0

57.7

78.7

65.5

51.6

60.2

85.3

52.2

49.6

59.6

83.1

44.2

58.2

82.8

u.9

48.3

47.6

65.8

54.3

56.2

48.5

51.1

75.6

4.3 Experiment C part 1: Genetic distance amongst parental lines

4.3.1 Genetic distance based on isozyme genotypes (GD1 )

A single zolìe of isozyme activity on the stained gel was found ancl resolvable for each

of the enzymes ADL, G6PD and MRD (Table 4.3."1). Double zones were found for AMP,

GOT, IDH, 6-PGD, PGI and SDH but only one of them was resolvable in AMP, GOT, PGI



Table 4.3.1 Isozyme genotypes of pea parental lines

Cultiva¡ Enzyme system

ADH-1 ADL AMP GOT C6PD IDH-1 IDH-Z MDH-1 MDH-2 MDR 6PGD-1 6PGD-2 PGI PGM SDH

Females

AIMA ¡'T' FF MM ¡¡' FF FF SS FF FF SS FF FF SS SS FF
DeTTimut FF T¡ MM FF T'¡ FF SS FF FF SS FF FF SS SS SS

Du¡dale FF T¡' MM ¡¡ FF ¡T SS FF FF SS T¡ FF SS SS FF
wirrega FF FF MM FF FF FF SS FF FF SS FF r¡ ss ss ss

Males

GaTfield SS FF MM FF T¡ FF SS SS FF SS SS ¡¡. FF SS SS

SA 15 SS FF MM FF FF FF SS SS FF SS FF SS SS SS SS

SA24 SS FF MM FF FF FF SS SS FF SS FF FF SS FF FF
SA 35 SS FF MM FF FF FF SS SS FF SS FF FF SS SS FF
SA 51 SS FF MM FF FF FF FF SS FF SS SS ¡T' FF FF FF
SA 54 SS SS FF SS ¡P SS SS SS FF SS SS P¡' FF FF SS

SA 123 SS SS SS SS FF SS SS SS FF FF SS SS FF FF SS

51^129 SS SS SS SS FF SS SS SS FF FF SS FF SS SS SS

SA 157 ¡¡' FF MM FF FF FF SS SS FF SS TT ¡' SS SS FF
5A236 SS FF MM FF SS FF SS FF FF SS T'¡' FF SS SS SS

5A247 ¡P FF MM FF SS FF SS SS FF SS FF SS SS FF FF
SA 248 SS SS MM FF SS FF SS SS FF SS T'¡' FF SS FF SS

SA 465 SS FF MM FF FF FF SS SS FF SS T'¡' FF SS FF SS

SA 483 SS SS SS SS SS FF SS SS FF SS SS FF FF FF SS

SA 688 SS SS SS SS FF SS SS SS FF SS FF SS SS FF SS

SA 828 SS FF MM FF FF FF SS FF ¡¡ SS FF ¡P SS SS ¡¡
solara SS ¡p MM FF ¡¡' FF ss ss FF sS ¡p r'¡' ss SS FF
WheTo SS T¡' MM FF FF FF SS FF SS FF FF pT SS FF SS

FF = fast migrating band MM = medium migrating band SS = slow migrating band
\o
(J¡
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and SDH. Three zones were found for enzymes ADH, MDH and PGM, but again only

two zones were readable in MDH and one zone in ADH and PGM.

The genetic distance for 72 pairs of parents was in a range of 0.03 to 0.80 (Table 4.3.2).

The male parent SA 123 was very divergent from the female parents. SA 54, SA 123, SA

1,29,54 483 and SA 688 were high in distance from females (>0.38); SA 51, 5A248,5A247,

Garfield and Whero were moderate in distance from the females (0.16-0.38) while the

remaining distances were low (<0.16). The smallest distance was found in the pair of

Alma and SA 157 and also in the pair of Dunclale and SA 157. Alma and Dundale were

identical at every locus, as were Derrimut and Wirrega.

Table 4.3.2 Genetic distance of Nei. Estimates of gerreric distancc bctwccrr each pair of parcnts,

based on 15 isozyme markers (GDi), 17 morphological markcrs (GD',¡ and the

combination of isozyme and morphological markers (GDi*-)

Male CD¡ bclween male
ar.rd

CDrr., bctlvccn male
al'¡d

CDi*n., bctlvccn malc.
alrcl

Alma,
Dundale

Dcrrimut,
Wirrega

Alma,
Dcrrinut,
Dunclalc

Wirrcga AInra,
Durrdalc

Dcrrimut Wirrcgir

Carficld
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

SA 129

SA 157

SA 236

5A247
SA 248

SA 465

SA 483

SA 688

SA 828

Solara

Whero

0.20

0.16

0.11

0.07

0.26

0.55

0.80

0.46

0.03

0.11

0.16

0.26

0.16

0.55

0.46

0.03

0.07

0.20

0.16

0.11

0.16

0.11

0.31

0.46

0.66

0.38

0.07

0.07

0.20

0.20

0.11

0.46

0.38

0.07

0.11

0.76

0.13

0.r 0

0.17

0.32

0.27

0.22

0.13

0.22

0.10

0.13

0.13

0.10

0.77

0.77

0.10

0.10

n))
0.06

0.10

0.22

0.22

0.32

0.32

0.22

0.17

0.22

0.10

0.06

0.00

0.03

0.13

0.22

0.13

0.06

0.17

0.10

0.17

0.12

0.14

0.19

0.26

0.35

0.3s

0.32

0.07

0.12

0.14

0.77

0.77

0.32

0.26

0.07

0.14

0.72

0,14

0.10

0.77

0.21

0.29

0.32

0.32

0.29

0.08

0.10

0.72

0.74

0.74

0.29

0.24

0.08

0.77

0.10

0.12

0.77

0.19

0.21

0.32

0.32

0.35

0.29

0.08

0.07

0,08

0.10

0.72

0.32

0.24

0.07

0.14

0.72
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4.3.2 Genetic distance based on morphological polymorphisms (GDm)

Seventeen morpl"rological characteristics were observed (Table 4.3.3). Most of the

parents were conventional plant types except SA 51 which was fasciated type, SA 35 had

zigzag stems and SA 54 had hard stems (rmq gene). The majority of parents had normal

internode length, normal number of basal branches (1-4), normal number of upper

branclres and leaf types. Short internodes were found in SA 24, SA 123, SA1'29, SA 483

and Solara; more basal branches in SA 1.23, SA'129 and SA 483; more upper branches in

Wirrega, 51^247 and SA 828; semi-leaflessness in Solara and reduced lanceolate stipule in

SA 35. In general, plants had wax over the whole plant, 1-2 flowers per node, young pocls

were green and dry pods had pointed apices, but there were exceptions in SA 157 and SA

688 which were without wax on their plants ancl SA 51 which was without wax on upper

surface of leaflets and its young pods were yellow. SA 15, SA 54 and SA 35 had more

flowers per node whereas SA 24, SA 35 and SA 465 hacl pods with a rounded apex.

Flowers were pink, white or red in colour and most of the parents had normal flowers

except SA 51 where peduncles were short and in SA 35 the petal was pressed to the keel

petal. There was wide variation in seed colour; green, greenish blue, violet pattern on

seed coat, creamy and nrarbled while seed shape was classified into climpled and round.

The cotyledon was yellow or green and hilum colour was black or white.

The genetic distance between eacl'r pair of parents estimated from 17 morphological

characters was in a range of zero to 0.32. The highest distance was found between SA 35

and all feurale parents whereas SA 247 ancl Wirrega were almost identical (Table 4.3.2).

The male parents SA 35, SA 51, SA 54 and SA 129 had high distance from female pareirts

(>0.22) while Garfield, SA15, SA 24, SA 123, SA 757 , SA 465, SA 483, SA 688 and Solara

were moderate in clistance from the females (0.10-0.22) and the distances of the

remainders to female parents were relatively low (<0.10), Wirrega hacl a genetic distance

of 0.10 from Aln'ra, Dundale and Derrimut which were identical in all morphological

characters.

4.3.3 Genetic clistance based on the combination of isozyme markers and

morphological polymorphisms (GDi+m )

The 15 isozyme and 17 morphological markers were pooled to give a GD based on 32

cl.raracteristics which ranged from 0.07 to 0.35 (Table 4.3.2). Equal highest clistances were



Table 4.3.3 Mo¡2hological characters of parental lines

Cultivar Plant Stem Internode Basal
type texture branching . Upqe.r L,eaf Wax on Flower Peduncle Wing Flowers Pod Pod Seed Cotyledon Seed Hilum

branching t)?e plant colour shapé per node colour apex colour cólour shape colour

Females
Alma
Derrimut
Dundale
Wirrega

Males
Garfield
SA 15

s^24
SA 35

SA 51

SA 54
SA 123
SA 129

SA 157
SA 236

5A247
s/^248
SA 465

SA 483

SA 688

SA 828

Solara
Whero

N
N
N
N

N
N
N
N
N
N
fr
fr
N
N
N
N
N
fr
N
N
N
N

N
N
N
N

N
N
le
N
N
N
le
le
N
N
N
N
le
le
N
N
le
N

N
N
N
N

N
N
N
N
N

rms
N
N
N
N
N
N
N
N
N
N
N
N

N
N
N
N

N
N
N
z
fa
N
N
N
N
N
N
N
N
N
N
N
SL
N

ram

N
N
N

N
N
N
N
N
N
N
N
N
N

N
N
N
N

N
N

N
N
N
N

N
N
N
St

N
N
N
N
N
N
N
N
N
N
N
N
af
N

W
W
W
W

W
W
W

wlo

W

wa
W
W
W

W
wa
w
W
W

b
b
b
a

a

b
b
cr
cr
cr
b
cr
b
a

a

a

a

b
b
b

b

N
N
N
N

N
N
N
N
dt
N
N
N
N
N
N
N
N
N
N
N
N
N

N
N
N
N

N
N
N
k
N
N
N
N
N
N
N
N
N
N
N
N
N
N

N
N
N
N

N
fn
N
fn
N
fn
N
N
N
N
N
N
N
N
N
N
N
N

G
(.
G
G

G
G
G
Cr

GB
M

obs
obs
M
M
M
M
Cr
Cr
Cr
Cr
GB
M
M
M

GB
M

bt
br
bt
bt

bt
br
N
N
br
bt
bt
bt
bt
bt
bt
bt
N
br
bt
bt
br
bt

w
pl

pl

pl

pl

pl

R

R

R

f

r
R

r
r
r
r
r
r
f
r
r
r
r
r
r
f

r
r

I
I
I
I

ram

G
G
G
C

8P
G
G
G
G
G
G
G
G
G
G
G
G
G

ram

Cotyledoncolou¡'l =yellow, i=green; Seedshape:D = dimpled seed,i =round and smooth seed; Hilum colou¡: rv = white,pl =black
\o
oo
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found between the female parents and both SA 54 and SA 123 whereas the lowest

distance was found between SA 157 and both Alma and Dunclale. The genetic distances

between female parents and SA 51, SA 54, SA 723,5A129,5A 483 and SA 688 were high

(>0.24), whereas those between females and Garfield, SA 24,5A 35, SA 465 and Solara

were moderate (0.12-0.24) and those of the remainder were low.

4.3.4 Genetic distance based on quantitative traits (GDq)

The Euclidean genetic distance between male and female parents was in a range from

2.2 to 33.1 (Table 4.3.4). The greatest distance was found between Dundale and SA 54

while the lowest distance was found between Whero and Alma. The male parents SA 54,

54123,5A129 and SA 483 were at relatively great distances fronr all females (>22), SA 15,

SA 24, SA 465, SA 688, SA 828 and Solara were at rnoderate distance e.0-22) and the

rernaining distances were low (<9.0). The genetic distances among the female parents

were in a range of 4.6 to 7.4 (Table 4.3.5).

4.3.5 Correlations between four measures of genetic distances

Three of the four measures of GD, namely GDi, GDi*n, and GD' were higlily

correlated (0.76 to 0.89) (Table 4.3.6). GD- was poorly correlated with the other

nìeasures, although its correlation with GDi*n,, of which it was a conpolìent, was

significant at 0.57.
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Table 4.3.4 The Euclidean genetic distance (GDq) between each pair of parents estimated from

10 quarrtitative traits

Male

Alma

Female

Derrimut Dundale Wirrega

Garfield

SA 15

SA24
SA 35

SA 51

SA 54

SA 123

SA 729

SA 157

51.236

5A^247

54248
SA 465

SA 483

SA 688

SA 828

Solara

Whero

3.3

13.1

1,2.2

5.0

7.8

31.9

27.8

27.5

4.2

7.0

7.1

6.7

72.9

27.0

15.4

72.6

10.8

2.2

4.8

13.0

9.3

6.5

5.4

28.0

23.7

23.2

4.4

11.8

6.7

6.4

10.0

23;l

13,3

12.2

10.0

7.2

5.2

10.1

72.6

6.2

8.3

33.1

29.1,

28.6

6.7

7.4

0?

7.6

74.9

28.7

17.6

15.1

9.9

5.2

5.9

76.1

72.4

7.6

6.3

26.7

23.2

23.0

3.2

77.9

4.9

6.0

17.2

22.0

11.0

9.4

12.9

7.4

Table 4.3.5 Ccrtctic distance estimated from quantitative characters (GDn) for 4 fcmale parcnts

Alma Derrimut Dundale

Derrimut
Dundale

Wirrega

6.7

4.6

6.4

6.0

4.9 7.4
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Table 4.3.6 Correlation matrix for genetic distance estimated from isozyme markers (GDi),

morphological polymorphisms (GD*¡, isozyme markcrs and morphological

polymorphisms (GDi*^) and quantitative haits (CDq)

CDi GD- GDi*-

0.14

0.89**

0.78'r+ 0.76'+*

**: P < 0.01

4.4 Experiment C part 2: Relationship between parental genetic distance and

heterosis

4.4.1 Correlation between parental genetic distance ancl the level of heterosis in F

The relationships between tlie level of heterosis and the highly correlatecl measures of

genetic distance, GD¡, GD¡*,,, ancl GD,,, were sirnilar. There were highly significant

positive correlations between these three lreasures of clistalice and the levels of heterosis

in basal branches per plant, poddecl nodes per plant, pods per plant and plant weight

(Table 4.4.1). There were highly significant negative correlations between CD¡, GDi,.,¡ as

well as GDn and the levels of heterosis for seed weight but there were no significant

correlations between these three measures of distance and the level of heterosis for plant

height, seeds per pod, harvest index, days to onset of flowering and cluration of

flowering.

Tl're correlation coefficients between GD- and the level of heterosis were low for all

traits except plant height (r between GD. and Hmp = 0.57). Although GD- was different

from GD¡, GDi*- and GD., in terms of its relationship to the levels of heterosis in

agronomic traits, these four neasures were conparable in preclictability for grain yield.

The correlations between Hmp for yield and GD¡, GD¡1,¡, GD-, and GDo were 0.44,

0.53, 0.38 and 0.33 respectively. There were no significant correlations of any measure of

genetic distance with either Hbp or Hcm for grain yield (Table 4.4.1).

cD-
CDi*.n

cDq
0.57"*

0.23
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Table 4.4.L Correlations between heterosis and genetic distance. Correlation coefficients (r)

between genetic distance estimates based on isozyme markers (GD1¡, morphological

polymorphisms (GD^), isozyme markers and morphological polymorphisms

(CD,*^¡ and rluantitative traits (GDn); and the levels of heterosis over mid-parerrt

(Hmp), better pareut (Hbp) and the best parent (Hcm) for 11 agronomic fraits i¡r Fr

Agronomic trait

GDi GDo

Correlation coefficient (r)

GD^ GDi*-

Basal branches per plant Hmp
HbP
Hcm

Plant height Hmp
Hbp
Hcm

Poclclecl nodes pcr plant Hmp
Hbp
Hcm

Pods pcr plant Hmp
HbP
Hcm

Scccls pcr pod Hnrp
HbP
Hcrn

Hr.rndrcd scccl wcight Hntp
Hbp
Hcm

Crain yicld Hnrp
HbP
Hcm

Plant weight Hmp
HbP
Hcm

Harvcst inclcx Hmp
Hbp
Hcm

Onsct of flowcring Hmp
Hbp
Hcm

H.P
Hbp
Hcm

0.50**
0.10

0.76**

0.07
0.04
0.10

0.47**
0.1.2

0.69**

0.57**
0.26
0.84"*

-0.02
-0.06
-0.34**

0.52**
0.45*"
0.00

-0.02
0.11

0.32**

0.66**
0.40**
0.53**

'0.06

-0.20
-0.27

0.38**
-0.13
{.18

0.30"
-0.11

4.15

4.22
{.19
{.19

0.53**
0.54**
0.61"*

-0.50*"
{).59*"
{).65*"

0.53**
-0.13
-0.15

4.16
4.33**
{.31**

0.10
{.14
4.15

0.16
-0.14
-0.33**

0.63**
0.72**
0.77**

-0.09
0.05
0.20

-0.73""
-0.85""
-0.80*"

0.33*"
-0.20
-0.24

-0.06
-0.24
-0.24

0.23
0.17
{.2u

0.51**
0,60**
0.68**

0.20
0.06
0.06

0.57**
0.56**
0.66+*

0.27
0.11
0.10

0.61"*
0.52**
0.61**

0.67""
0.68"*
0.77""

0.09
0.07
0.01

0.00
0.12
0.26

-0.58**
-0.68**
-0.75**

4.02
4.07
4.06

0.44**
-0.08
-0.07

0.68**
0.28
0.38**

0.7 4"*
0.41*"
0.54*"

-0.25
-0.39**
-0.39**

012
0.02
0.05

-0.43**
-0.49**
-0.53**

0.13

0,33**
0.57**

0.00
0.19
0.39*"

0.18
0.46**
0.60**

Duration of flowering

*, **: P < 0.05, 0.01 respectively

0.11
0.04
0.03
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4.4.2 Correlation between parental genetic distance and the levels of heterosis in Fz

There was a significant positive correlation between the level of inbreeding

depression and GD¡, GDi*- and GDo for grain yield and plant weight, but there was no

correlation between the clistance of parental lines and the levels of heterosis in Fz for grain

yield, plant weight and harvest index (Table 4.4.2).

Table 4.4.2 Predicbion of Fz performa¡ìce from genelic distance. The correlation coefficient (r)

between genetic distance estimated from isozyme markers (GDt¡, morphological

polymorphisms (GD-), isozyme markers arrd morphological polymorphisms

(GDi*m) arrd quantitative traits (GDn); and iubrccding dcpression (lnb) aud the

levcls of heterosis over mid-parerrt (Hmp), over bcttcr parcrìt (Hbp) and ovcr thc

best parent (Hcm) for 3 agronomic traits in Fz

Agronomic trait

CDi

Correlation coefficient (r)

GDn.' CDi*n.t aDtì

Crairr yicld

Plarrt wcight

Harvcst indcx

hrb

H-p
Hbp

Hcm

Inb

H-p
Hbp
Hcm

Inb

H*P
Hbp
Hcm

0.53**

-0.13

-0.37**

0.03

0.52**

-0.02

-0.31**

0.08

-0.14

-0.05

-0.25

-0.44**

-0.18

0.17

4.07

0.05

-0.77

0.14

4.06

4.02

0.37',+'+

0.01

-0.35**

-0.31**

0.36**

0.07

-0.31**

0.05

-0.08

-0.03

-0.77

-0.34',È*

0.42**

-0.05

-0.24

-0.29

0.45**

0.00

-0.18

0.05

0.12

0.00

0.08

0.06

-0.72

-0.01

-0.32**

-0.47

**: P < 0.01

4.4.3 Correlation between parental genetic distance and the genetic variance in F s

The genetic clistance between parents was significantly correlated with the meal'ì

square of their Fs lines for basal branches per plant, hundred seed weight, harvest index

ancl onset of flowering. GDi, GD** and GDq were predictive for the variation of Fs lines

for these characters (r = 0.84 to 0.96; Table 4.4.3).
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Table 4.4.3 Prediction of Fs variability from genetic distarrce. The correlation coefficient (r)

betwecn the mean square for 8 agronomic traits in Fs from 6 crosscs and gerretic

distance cstimated from isozyme markers (GDi¡, morphological polymorphisms

(CD-), isozyme markers arrd morphological polymorphisms (GD1,.m) and

quantitative traits (CDo)

Agronomic hait Correlation coefficient (r)

CD^ GDt*-GDi GDq

Basal branches per plant
Podded nodes per plant

Secds per pod

Hundrcd sced wcight
Crain yield
Plant weight
Harvcst index

Onset of flowering

0.80

0.73

-0.13

0.77

0.24

-0.13

0.96**

0.91*

0.42

-0.36

-0.28

0.74

0.59

-0.63

0.56

0.38

0.81

0.48

-0.18

0.85*

0.39

-0.27

0.97**

0.8fì*

0.92*"

0.58

-0.35

0,94**

0.39

-0,29

0.94**

0.84*

*, n*, I' < 0.05, 0.01 respcctively



Chapter 5 Discussion

5.1 Experirnent A: The levels of heterosis in Fr hybrids and Fz progenies

5.L.1 Hybrid and parental performances

Considerable genetic variation was found for all characters studied between and

within all generations tested. Some traits were more variable than others in the parental

generation and the breaclth of variation in the Fr was similar to that in the parents.

Among the traits studied, the rnore variable were basal branches per plant, pods per

plant, podded nodes per plant and seed weight whereas the less variable traits were onset

of flowering, duration of flowering ancl seeds per pod.

Hybrid performance was generally better than parental performance. A statistically

significant correlation between hybrid performance and mid-parent value was found for

many characters, wl'rich could ger-rerally be expected when hybrid vigour expression was

predominantly corrtributecl by aclclitive ancl aclclitive x additive gene effects. Such traits

included plant height, poclded nodes, pocls per plant, seeds per pod and seed weight, and

palental values for these traits were predictive of the neans for populations derived from

tlrenr. For yield, however, the correlation between GCA and per s e performance of

parents was not significant. Although additive gene effects are important, parental values

alone would not be predictive for Fr characteristics.

rhe onlv asronon 
#tl.r#1ï ,;i.ro were plant

weight anct harvest in pfarit weíght was relatively

low (r = 0.34). This means that in peas, grain yield is unlikely to be in'rproved ora

selection for the inclividual conÌponents of yield. Numbers of basal branches, podded

nodes and pods per plant were l'righly significantly correlated with each other, so all of

these characteristics could be improved by increasing any one of them. The negative

correlation between number of pods and hundred seed weight suggests that the

maximum grain yield potential may depend upon the optimun agreement between these

two characteristics. The strong negative correlation between pocls per plant and hunclred
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seed weight suggests that there is considerable compensation between these two yield

components. The third component, seeds per pod, was independent of the other two,

showing that combined selection of it with one of the other two could potentially result in

increased yield.

In self-pollinating species where the cultivars grown are pure lines, any consicleration

of producing con"ìmercial hybrids would depend on their superiority over the best pure

Iines. The highest increase in grain yield of hybrids over the best pure lines was 26Vo and

4 of 72 crosses showed a significant superiority over the best line. The existence of

considerable yield heterosis over 25Vo has been reported in peas (Gritton, 1975;

Narsinghani and Singh, 1979) and 30Vo in wheat (Wells and Lay, 1970; Singh and Singh,

1971; Cregan and Busch, 1978; Malik et a1., 1981.). The results from this study suggest that

it is possible to obtain hybrids showing superiority to the outstancling commercial

varieties but a large nurnber of Frs or parental combinations neecl to be screened.

All traits varied across environments. Pod characteristics such as podded nodes per

plant and pods per plant were very strongly influenced by environment while seed

characteristics such as seeds per pocl and seed weight were influenced very little.

Sinrilarly, Khangildin (1970, quotecl by Makasheva,7975) found that the least variable

characteristic in peas from 14 years of trials was seed size, followed by seeds per pod ancl

the most variable yield component was pocls per plant. Numerous studies in other

legumes show pod nurnber to be the yield comporìent which is most sensitive to the

environment, whereas number of seecls per pod and hundred seed weight are determined

much nìore by the genotype. Significant genotype x environment interaction was

evidence of the wiclely recognised neecl for multiple environments for testing lines,

hybrids or populations.

The mean square for Fr x environment interaction of yield was higher than that for

parent x environment interactior-r indicating that parents procluced nÌore consistent grain

yield than Frs. This result was in agreement with the reports of Allan (1,97Ð and Guenzi

et al. (1.985) that wheat hybrids were not as stable as the pure lines. In contrast, a number

of authors have noted that hybrids were marginally more stable in yield than pure lines

(Jolrnson and Whittington, 7977;Borgl'tiet a1.,1988; Carver et a1.,1,987;IJddin, 1991). The

inferior adaptation of hybrids in the present study is attributable to the exotic origin and

hence poor aclaptation of their male parents.
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One factor which affected the consistency of grain yield in Fr was maturity or days to

flowering. Crosses derived from different species or subspecies started flowering later

than expected (mostly Frs started flowering slightly earlier than mid-parent) and had a

long flowering period. Many seeds of these crosses aborted, resulting in a lower than

expected yield, and were more particularly affected when soil moisture was limited at the

end of the growing season. These factors appeared to influence the stability of grain yield

in Fr and also affected the estimates of both combining ability and heterosis for grain yielcl

and seed weigllt.

5.1.2 The levels of heterosis

Positive values of heterosis over the mid-parent and better parent were found in all

the characteristics except harvest index, seeds per pod and seed weight. Grain yield

heterosis was mainly due to increases in pods per plant of the liybricls. Tl-re contribution

of pods per plant to heterosis for yield has also been reported by Gritton (1975). He

reported that the average levels of heterosis of an I x 8 diallel cross of peas fol pocls per

plant, seeds per pod ancl seed weight were 30.8, 8.0 and 0.8%, respectively. Similarly, in

tlris experimettt, the levels of l-reterosis obtainecl were 38, -1.4 and -2.1% for pods per

plant, seeds per pod and seecl weight respectively. The positive heterosis levels over the

tnid-parerrt and better parent for number of pods per plant suggested dominant or

overdominant genes controlled the expression of this character. The lack of manifestatiorr

of heterosis for seed weight may be attributecl to the presence of genes with oppositional

clominance or no clominance. Hunclred seed weight was the least heterotic of the yield

cotlìponents aud no hybrid had significantly larger seeds than the high parent of the

cross/ although 23 Frs showed significantly larger seeds than tl.re micl-parent.

The level of Hmp for plant weight was equal to that for grain yielcì, therefore, Hmp

for harvest index was close to zero.

The negative heterosis for days to onset of flowering is usually desirable because this

will cause the hybrids to mature earlier than their parents, thereby increasing their

productivity per day and per unit area. Most of the Frs startecl flowering earlier than the

mid-parent except FLs from crosses between different subspecies, but no cross was earlier

than the earliest parent. Thus genes controlling this trait woulct be partially dominant for

lateness of flowering. This was in agreement with Johnson (1957, quotecl by Gritton,
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1975) who reportecl flowering time was probably determined by one or two major genes,

plus partially dominant rnodifiers for late flowering.

For an inclividual cross, yield heterosis could often be attributed to significant

heterosis in one or more components of yield. Often, however, component heterosis was

small and non-significant and it was only the final yield heterosis which was significant.

In other crosses, there was no detectable heterosis in yield and yield componerìts. Since

there was no consistent pattern, the only effective way to determine heterosis is on a

comparative grain yield per plot basis.

Crosses which give high levels of heterosis for yield over the better parent or over the

best parent are the most desirable for plant breeders. Very high levels of Hcm can be

found in crosses between high x high yielding cultivars (e.g. Wirrega x Whero), l-righ x

moderate yielding cultivars (e.g. Wirrega x SA 157) and even between high x low yielding

cultivars (e.g. Dundale x SA 123). The results from this study have not proviclecl any clear

cut strategies for consistently producing high-yielding, higl'rly heterotic crosses.

5.1.3 Effects of environment on the levels of heterosis

The levels of heterosis for pods per plant, plant weight and grain yield were higher in

poor yielding conditions than in high yielding conditions. Similarly, the levels of

heterosis for wheat yield uncler stress conditions such as low fertility ar-rcl late planting

clate were higher than those under non-stress condition such as high fertility and

optinrurn planting date (Narula,7984). Several other authors have reported that levels of

heterosis were influenced by the environments in which the trybrids were grown

(Peclerson, 7968; GrifÍing and Zsiros,1971; Sun et al., 1972; Jci;t and Hayward, 1980).

Tltey found the heterotic effects in common wheat were greater in a stress environment

mainly due to poor wiuter hardiness of some parents, The expression of heterosis was

affected not only by natural factors but also by crop management i.e. planting methods

(Severson and Rasmusson,1968; Fonseca and Patterson,1968; Ucldin, 1991).

The difference in the levels of l'reterosis across environments resultecl from the

clifferent responses to the environment by the hybrids and their parents. Hybrids showed

greater superiority to pure lines for pods per plant, grain yield and plant weight in

inappropriate conditions than in appropriate conditions. Tl'ris finding suggests that

hybrids generally give greater aclvantages when growing in poor conditions than in goocl
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conditions. The significance of the heterosis x environment interaction for yield and other

traits shows that to get valid heterosis estimates for each breeding programme, it is
important to evaluate hybrids and parents in environments which correspond accurately

to the target area.

5.1.4 Fz performance, inbreeding depression and the level of heterosis in F ,

Yield and plant weight were lower in Fzs than in Frs and the level of heterosis in Fz

was halved, which corresponds to the theory that the level of heterozygosity in Fz is a half

of that in Fr. The level of inbreeding depression for grain yield was higher than the

decrease of Hmp from Fr to Fz, which suggests that epistasis influenced grain yield in

peas. Some Fzs still had grain yield as high as their Frs whereas others were very much

lower yielding. Crosses which rnaintain yield in Fz as high as in Fr may be affected

mainly by additive or additive x additive gene effects. The segregation of elite lines from

later generations of these crosses is worth attention.

5.1.5 Combining ability of parents

Both GCA and SCA have previously been shown in peas to be major cor.rtributing

factors for pods per plant (Venkateswarlu and Singh, 1983), pods per plant and seeds per

pod (Cervato et ol.,7977) and these two factors togetl.rer with seed weight (Gritton, 1975).

CCA for males was larger than for females in all traits, which reflects the greater

cliversity anìong tl're male parents. No parental line was consister-rtly a good general

combiner for all the characteristics studiecl. Among the females, Wirrega was the best

general combiner for grain yield aia seecls per pod whereas among males SA 123 was the

best combiner, by way of poclding ability and plant weight, but this male line had

negative CCA for seed weight.

Study of the relationship between pcr se performance of parents and GCA effects

revealed a moderate to high correlation for several agronomic characters but not for yield,

total plant weight and harvest index. This means that GCA for grain yielcl, total plant

weight and harvest index cannot be predictecl from the parental performance but that it

could for tl're other characters. Similarly, it has been reportect that per se performance of

pea parents for days to onset of flowering, seed yield, pods per plant and seecl weight in

Fr and Fz was correlated with the GCA effects (Dubey and Lal, 1983).
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The significant correlation between GCA ancl Hmp may suggest that additive gene

effects were involved in the levels of heterosis for basal branches per plant, pods per

plant, hundred seed weight and harvest index. The correlation coefficients were

relatively low and therefore additive gene effects were less important for heterosis in

grain yield, plant weight and both onset and duration of flowering.

Specific combining ability is a suitable index to determine the usefulness of a

particular cross in the exploitation of heterosis. In this study five crosses showed

significant positive SCA for grain yield and another five crosses showed a significant

negative SCA effect, indicating some non-additive gene action. The highly significant

correlation between SCA and Hmp showed that duration of flowering was also subject to

considerable non-adclitive gene action. Other characters had moderate SCA so they were

moderately affected by non-additive gene action.

5.2 Experiment B: Relative yield of pure-line derivatives of heterotic hybrids

5.2.1 Performance of crosses

The six crosses in this experiment were chosen on the basis of high estimates of

heterosis over the best parent in experiment A. The results of the two experiments

cliffered for the same genetic materials, with heterosis for yield ir-r the Fis in this

experiment being less than iu experiment A. This reduction in heterosis is probably

attributable to environmental variation. Fs means were lower than the corresponding Fr

values in the presence of reducecl heterozygosity following four generations of

inbreecling.

5.2.2 Peúormance of lines within crosses

Fs lines which were at least as high in yielcl as the Fr were recovered from every cross.

Sinrilarly, in wheat (Busch et a\.,"1977; Cregan and Busch, 1.978;Snape,1982; Uddin, 1991)

and in oats (Souza and Sorrells, 1991,c), pure lines equal to the Fr in yield have been

recovered. This finding clearly shows that in peas, the yield aclvantage initially achieved

witl'r a hybrid could be recovered in the best pure breeding line of highly heterotic

hybrids. This advantage could be obtaineci through any of the yield components.
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The relationship between yield and yield components was investigated in each cross.

Number of pods per plant was significantly correlated with grain yield in those crosses

where seeds were larger (crosses A, E and F). Hundred seed weight was significantly

correlated with grain yield in crosses which were obviously high in pods per plant but

relatively low in hundred seed weight (crosses B, C and D). In addition, yield was

significantly correlated with pods per plant in cross C. Thus in those crosses expressing a

high mean numbe¡ of pods per plant, selection of lines for high yield would be by

preliminary screening for high hundred seed weight, whereas in crosses with large seeds,

pocls per plant would be used as a criterion for preliminary screening of lines for higll

yield. However, the correlation coefficients of these traits to yield were moderate and the

correlation between hundred seed weight and pods per plant was significantly negative.

Ucldin (1,991,) found tl'rat for Fz lines of wheat, kernel weight was significantly positively

correlated with yield, but in both hybricls and pure lines, high yield was associatecl with

intermecliate kernel weight. He concluded on tl-re basis of these data that selection for

yield rtia its components was unlikely to be successful.

To determine which crosses are worth carrying on for selection, lines in each cross

should be comparecl with a comnìol1 standard which, in practice, is usually the best

contmercial cultivar. In this study, the comparison of lines frorn 6 crosses to the best

conrnrercial cultivars revealed that 1i lines were over 5o/o higher in yielcl than the best

conrnrercial parent, mostly from crosses D and E. Both these ,ro"rur^*relatively
nroderate lÉmean ancl high lá variation, whereas crosses A ancl F!*high ia mean but

low W variation and contributed only 3 high yielding lines. Cross C which gave only 1

high yielclir-rg line was low in mean but high in variation. These relationships suggested

that to obtain a high proportion of elite segregants, crosses should be high in variation

and not too low for mean.

The mean of crosses in later generations should have been equal to the n-rid-parent

value if the expression of genes were not affected by environment,lines were randomised

and sample size were big enough to cover all possible genotypes. In this study, this

relationship did not hold for the comparison of Fs mean to the mid-parent value unless

cross B was ornitted from the calculation. Most lines in this cross were late in onset of

flowering and severely infected by powdery mildew resulting in poor pod filling, so the

exclusion of cross B is justifiable.
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The variation among lines within crosses was expected to be correlated with genetic

distance between parents because the greater the parental divergence, the greater the

proportion of segregating loci in inbred generations. The genetic distance between

parents was found to be significantly correlated with the variation within crosses for basal

branches per plant, hunclred seed weight and onset of flowering. The correlation for

yielcl and pods per plant was significant for site 1 but not for site 2 or for the combined

sites. In oats, in contrast, parental genetic distance (based on either parentage or

nlorphological characters) was significantly correlated with the genetic component of the

variance of yield, but poorly correlated for the yield components (Cowen and Frey, 1987).

In another study, crosses between more distantly related oat lines produced larger

variance anrong families than crosses between closely related parents for plant biomass,

but for grain yielcl, heading date, grain filling periocl and maturity date, crosses between

more closely related parents produced larger among-family variance than crosses of

clistantly related parents (Souza and Sorrells,7997c).

The possibility to use genetic distance between parents in predicting variation of

crosses would depend on the accuracy of the estimation of both CD and genetic variance.

In this stucly, such prediction was possible for traits which were relatively irrsensitive to

environment and for robust estinrates of gerretic distance such as GDi*n., Yielcl, ltowever,

was very sensitive to environmental variation as well as to other factors e.g. epistasis,

non-randon sampling of progenies and genotype x environment interaction, all of which

reducecl its predictability.

Heritability is another criterion which is worth determining when choosing which

crosses to rnake. The broad sense heritability of yield estimatecl in this study rangecl from

36.7o/o (cross F) to 65.5% (cross C) which is comparable to that in Fs of wheat (13.4o/o to

44.87o, Buscl'r et a|.,1,971,) but rnuch lower than that in Fzs of wheat (h2 = 929 to 95.77o,

Uddin, 1991). This cliscrepancy is not surprising, since early generations usually give

lower estirnates of heritability than later generations because the fixing of genetic

conÌporìents in later generation results in higher genotypic variance. Since this stucly was

conclucted in two different environments, the estimated heritability was also influenced

by G x E interaction. The estimated heritability of yield in the 6 crosses suggests that

selection for yield in crosses C and E would be more effective than in the others.
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Among the studied traits, the heritabilities of onset of flowering (mean, 76.6Vo) and

hundred seed weight (mean, 65.6V") were relatively high suggesting that selection of these

traits in early generations would be possible.

From this study, it was difficult to determine how to maximise the choice of crosses

which would give a high proportion of elite segregants. There was no consistent pattern

of the performance and genetic distance between parents of crosses which gave high

proportions of superior lines. For example, cross D was relatively high in SCA, GCA,

inbreeding depression and genetic distance but moderate in mid-parent value and it

produced as high a proportion of elite segregants as cross E which was similar in mid-

parent value but lower in SCA, GCA, inbreeding depression, and GD between parents.

Cross B was high in mid-parent value, low in inbreeding depression and moderate in

SCA, GCA and GD between parents but procluced no superior line.

5.3 Experiment C: Genetic distance amongst parental lines and its relation to

the level of heterosis

5.3.1 The four measwes of genetic clistance

This experiment shows that it is possible to estimate genetic distance between pea

varieties usirrg quantitative traits (CDq), isozyrne markers (Gq), morphological

characteristics (GD-) and the cornbination of isozyme markers and morphological

polymorphisms (GDi**). Each method provided different estimate of genetic distance

between parents and the ranges of GDl and GDo were greater than those of GD- and

GDi*-. The significant linear correlation between GD¡ and GDn has also been reported in

Aztetn barbata (Price et n\.,1984). Similarly, isozyme markers were reconìmended for use

in improving quantitative characteristics in tomato (Tanksley et al., 1981) ancl each

isozyme locus in a set of 8 was strongly associated with at least one quantitative trait in Fz

of maize (Kahler and Wehrhahn, 1986). GD. was found not to be correlated with either

GD¡ or GD' which suggests that isozyme loci are more closely linked to quantitative than

qualitative morphological loci.
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5.3.2 The relationship between genetic distances and the levels of heterosis in F 1

The choice of class of traits or markers to estimate genetic distance should be based on

its effectiveness in predicting the level of heterosis. All measures (GDi, GD-, GD*- and

GDo) were found to be positively correlated with heterosis over the mid-parent (Hmp) for

yield in Fr (r - 0.33 to 0.53). Similar findings have been obtained in mungbean (r not

quoted; Ramanujam et al., 1974) and in spring wheat (r = 0.45; Shamsuddin, 1985).

Among these genetic distances, GD¡*^ provided the highest correlation with heterosis

and it remains to be seen whether this correlation is strong enough to allow prediction of

Hmp for grain yield from GD*r.. No GD had a significant correlation with the level of

heterosis over better parent (Hbp), or over the best parent (Hcm), so none can be used to

predict for the yield of Fr relative to the better parent or the best variety, which is the most

desirable use of GD by plant breeders.

Nevertheless, CD¡, GDi*- and GDn were goocl predictors of the levels of all three

measures of heterosis for basal branches, podded nodes and pods per plant, hundred

seed weight and total plant weight. All these agronomic characteristics showecl high

positive correlations with genetic distance, except that the correlation for hul-rdred seecl

weight was negative. For this range of genetic material, the higher tl-re genetic distance

between parents the higher the level of l'reterosis for pods per plant but the lower for

hundred seed weight.

Tl're positive correlation between GD and the level of heterosis meant that dominant

or overdominant genes determinecl such characteristics, that parents were different in the

frequency of the alleles and also that the difference in the frequency of alleles of these

characteristics corresponded to the difference of genetic markers which were used to

estimate the genetic distance. The genes which control these characteristics may be

dominant or overclominant.

The negative association for hundred seed weight may suggest that low seed weight

was dominant to high seed weight. Nurnber of seeds per pocl, however, showed no

association with any of the four genetic distances. Similarly, no association was found

between GD and the level of heterosis for seeds per pod in faba bean (Ghaderi et aL,

1984). Theoretically the correlation for a completely additive characteristic is zero. The

number of seeds per pod in Fr was founcl to be trighty correlated with the mid-parent
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value and the average heterosis over mid-parent was close to zero. This suggests that

there is a predominantly additive effect for seeds per pod.

The significant positive correlation between all GDs and Hmp for yield may suggest

that the difference of isozymes, morphological polymorphisms ancl quantitative traits

corresponds to the difference of frequency of alleles for grain yield. The correlation

coefficient between Hmp and GD*^ was the highest, which inclicated that the way GD¡*^

was estimated more adequately covered the grain yield alleles than the other GDs,

possibly because it was based on the most loci. The moderate correlation between GD

and Hmp for grain yield shows yielcl heterosis is an output of genetically controlled

biochemical, physiological and environmental interactions of the plant. These characters

may be controlled and affected by a large number of genes which have epistatic effects,

dominant effects and also additive effects. It is not clear why all GDs were significantly

correlatecl with only Hmp but not Hbp and Hcm.

GD,. was the best predictor for plant height ancl, on the otl'rer hand, GD1, GD¡a¡¡ and

GDn were all good predictors for basal stems per plant, podded nodes per plant, pods per

plant, hundred seed weight and total plant weight.

5.3.3 The relationship between genetic distances ancl the level of inbreecling

clepression and heterosis in Fz

Following the occurrence of heterosis in Fr for a given quantitatively inherited trait

(Falconer, 1964), the same relationship between GD and Hmp should remain in Fz if there

were rìo epistatic effects on the expression of these traits. Gl'raderi et al. (7984) found that

tl're relationship between GD ancl the level of heterosis in Fz was the same as that in Fr. In

this study, there was no correlation between four genetic distances and the level of

heterosis for yield, plant weight and harvest index in Fz although the average level of

Hmp in Fz remainecl a half of that in Fr. GQ, GDi*rn and GDn were moderately correlated

with the level of inbreeding depression for grain yield and plant weight.

Thus genetic distance was correlated not only with Fr heterosis but also Fz inbreeding

clepression. This high inbreecling depression from remote parents was from a high level

of Fr yielcl ancl it was evaluated over a population lììean. As shown at tl're Fs level, it is

possible to select individual lines from these crosses which maintain the Fr yield, even

though the population mean shows considerable inbreecling depression. The correlation
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between genetic distance and Fz inbreeding depression therefore does not mean that

parents with high GD will give poor pure-line derivatives.

5.4 Implications in breeding peas for high yield

When improving yield in peas, the breeder may usefully start selection in the earliest

possible generation. Heterosis of the Fr over the best commercial cultivar is a useful

indicator of future performance of the elite pure line derived from it. Tl¡e 267o higher

yield of the maximum Frs over the best parent observed in this study suggests that there

is relatively high potential for yield improvement in peas.

The ability accurately to identify parental combinations is crucial to the success of the

breeding programme. This project was conclucted to investigate what parental

combinations would produce high proportions of elite lines in later generations, based on

the hypotheses that heterosis in Fr was fixable in pure lines ancl that genetic distance

between parents was correlatecl with the level of heterosis of their hybrids ancl the

variation anong progenies in later generations. Tlie choice of characters for determirring

genetic distance was based on their practicality to pea breeders.

The better preclictive ability of GD¡*^ than GD¡ and GD,o showed that the ability of

GD may be improvecl by increasing the number of genetic loci used for the estimation.

Similarly, Souza and Sorrells (1991c) suggested that genetic clistance between parents

estimated from the combination of qualitative traits (isozyme markers ancl morphological

characteristics) ancl quantitative traits was better a preclictor than GD which was

estimated from any single set of characteristics.

The combination of isozyme markers and morphological polymorphisms was

considered to be a goocl genetic rnarker for estimating GD. Not only was GDi*-

predictive for the level of heterosis for yield and other agronomic traits, but also it was

easy to obtain the data. The morphological clescription of lines or all germplasm usually

being alreacly in hand, isozyme markers rnay be characterised and added to the database

for further use.

Genetic distance seemed to be predictive only for the proportion of the increasecl

yield of hybrids which resultecl from the effect of dominant genes. In fact, grain yield

characteristics were con-rplicatecl with aclditive, dominant and epistatic effects, together
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with the small number of genes controlling maturity. Therefore, the correlation

coefficient between GD and the level of heterosis was only moderate. Among all

estimated GDs, GDi*m was considered to be the best predictor because the correlation

coefficient for yield was highest and as good as GDi in predicting other agronomic traits.

The results showed that the greater the genetic distance between parents, the greater the

level of heterosis. Thus, if we increase both the mid-parent value and the distance

between tl're parents, the yield of hybrids would likely be increased.

Additive gene effects are inferred from high GCA levels. For some characters, such as

hundred seed weight and onset of flowering, GCA effects were correlated with parental

values. For these traits, one may select parents that perform well and predict that

offspring will also perform well. Other characters, however, such as yield, while having

high GCA and therefore significant additive gene effects, are also heavily influerrced by

environntental and GxE components, which impair their predictability. For these traits, a

high additive gene component would be detectecl from well adapted lir-res,

It was possible to produce lines whicl'r were as high in yield as Fr hybrids, but the

proportion of superior lines potentially produced from each Fr was different. It is

desirable to predict wliich crosses will give a high proportion of elite pure-line

derivatives. This prediction can be made if we know that the cross lìas a high rìrearì

together with a high variance. A high mean, in turn, can be predicted from a high mid-

parent value, while high variance carì be preclicted from a high genetic distance between

the parents. Nevertheless, the results show that we can not predict the procluction of elite

lines from a high mid-parent value and a high genetic distance.

It is widely accepted that when improving crops for l-righ yields the low potential

crosses and/or genotypes are eliminatect first, then the high potential ones are selected

and after that are evaluated for the highest yield and the best adaptation. These results

show that Fr yield is not an effective mealìs for eliminating low potential yield because

yield in Fr is much affected by environment and thus needs to be evaluatecl in replicates

over a wide range of environments wl'rich is not feasible. Selecting for the good parental

combination or culling low potential parents is however, nore feasible for breeclers.

Although the genetic distance between parents in this study was not a clear predictor of

the perforrnance and genetic variance of crosses, it provicled an additional and

recommenclable objective for efficient selection of parent combination.
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Experiment A: The levels of heterosis in Fr hybrids and Fz progenies

1. Most hybrids performed better than their respective parents for most of the traits.

High yielct in Fr was usually achieved from a high value in only one component of yield.

In comparison to the best parent,4 out of T2hybrids had significantly higher grain yielcl,

by tp to 260/o.

2. The variation of each trait in Fr obviously corresponded to that trait in the parental

population. Both parents and Frs showed greater variation in pod characteristics than in

seecl characteristics.

3. A high correlation was observed between hybricl performance and mid-parent

value for plant height, podded nodes per plant, pods per plant and hunclred seed weight,

but it was low for grain yield.

4. Pod characteristics were negatively correlated with hundred seed weight. Plant

weight and seeds per pocl appeared to be more closely related to grairr yielcl than the

other yield comporìents were, but no single yield component was consistently responsible

for the higher yielcl of hybrids.

5. Environments affected the expression of all pod characteristics nìore than seed

characteristics. Yield was marginally more stable across environlnents in parents than in

Frs.

6. The levels of heterosis for pocl characteristics were higher than those for seed

characteristics. Heterosis for grain yield was mainly due to heterosis for pods per plant.

Very high levels of heterosis over the best parent were found regarclless of the yield level

of one parent as long as that of the other parent was high.

7. Differences in response of parents and hybrids to environments resulted in the

difference in the level of heterosis across environments. Frs were better adapted to poor

yielding conditions than pure lines, therefore the levels of heterosis for grain yield, plant

weight, ancl pocls per plant were higher in a poor yielding condition than in a high

yielding conclition.
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8. Both additive and non-additive gene effects were important to the expression of all

traits. There was a high correlation between per se performance of parents and GCA

effects for basal branches per plant, pods per plant, hundred seed weight, duration of

flowering and seeds per pod. This means that gene effects were mainly additive for these

traits and CCA effects of parents can be predicted from their per se performance.

9. The correlation between GCA effects and Hcm was highly significant for all traits.

SCA effect was also highly significantly correlated with Hcm for grain yield and duratiolr

of flowering in Fr, suggesting that high yielding crosses comparable to the best parent can

be obtained from parental lines which are high in GCA or in SCA effect.

10. The average performance of Fzs was less than that of Frs. The level of heterosis for

yield in Fz was approxinrately half of that in Fr. The level of inbreeding depression was

higher than the decreasing proportion of heterosis from Fr indicating epistatic effects of

genes on grain yield. Crosses which had a high level of Hmp always had a high level of

inbreeding clepression, but some Fzs maintained the high yield were found in their Frs.

Experiment B: Relative yield of pure-line derivatives of heterotic hybrids

1. The relative yield of the best Fs line of eacl.r cross to its Fr was in a range of 93.6o/o

(wlriclr was not significantly less than the Fr) to 123.8%. The relative yield of the best line

of eaclr cross to the best parent was in a range of 92.2% to 118.3%. These results indicated

that the yielci advantage initially achieved with a hybricl could be recovered in the best

pure breecling lines of these crosses.

2. The higher the mid-parent value for basal branches per plant and hundred seed

weight, the higher tl're Fs line mean for the same trait. The greater the difference between

parents for hundred seed weight, the greater the variation anÌong the Fs lines. When a

high value for basal branches per plant, pods per plant and hundred seed weight was

found in the Fr it was also found in Fs.

3. There was arì inconsistent pattern of the performance and genetic clistance of

crosses which gave high proportion of elite lines in later generations.



1,20

Experiment C: Genetic distance amongst parental lines and its relation to the

level of heterosis

1,. Genetic distance anìong pea lines can be estimated from isozyme markers,

morphological polymorphisms, the combination of isozyme markers and morphological

polymorphisms or quantitative traits.

2. The genetic distance estimated from quantitative traits (CDo) was significantly

correlated with those estimated from isozyme markers (GDi) and from the combination of

isozyme markers ancl morphological polymorphisms (GDi*^). This may suggest that

enzyme loci were associated with quantitative traits.

3. GDi, GD¡** and GDn were equally good predictors for the level of heterosis in

basal branches per plant, number of pods per plant and hundred seed weight whereas

GD,o was the best predictor for the level of heterosis in plant height in Fr.

4. All measures of genetic distance proved moderately good predictors for Hrnp for

yield in the Fr, aucl GDi** was the best. None was preclictive for yield in relation to tl're

better (Hbp) or the best parent (Hcm).

5. There was lìo correlation between genetic distance ancl the level of heterosis for

yielcl and plant weight in Fz, but GD¡, GD*- arrd GDn were predictive for the level of

inbreeding depression in grain yielcl and plant weight.

6. When parents were high in GD¡, GD*- and GDq, crosses produced highly

transgressive segregants for basal branches per plant, hundred seed weight, harvest index

and onset of flowering.

Implications in pea breeding

1. There is considerable potential for improving yield in peas.

2. When choosing parents for a cross, consideration should be given to their genetic

distance, their overall adaptation and their yield.

3. Selection for certain characters can be conducted in early generations. These traits

include onset of flowering, whicl'r is important to general adaptation, and hurrdred seed

weight.
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4. Selection for yield should be conducted in the target (or similar) environment and

should be based on yield per se rather than its components.

5. Genetic distance between cultivars can be estimated using quantitative traits,

isozyme markers or the combination of isozyme markers and morphological characters,

depending on the available facilities and preference of the breeders.
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Appendix L Means across replicates for each genolype in each environment. Data from parents

and Frs for agronomic characters and yield.

Cenotype Basal branches per plant (number)

El E2 E3 E4

Plant height (cm)

E2 E3E1 E4

Alma
Derrimut
Dundale
Wirrega
Carfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

5A729
SA 157

5A236
5A247
SA 248

SA 465

SA 483

SA 688

SA 828

Solara

Whero
Alma x Carfield
Alma x SA 15

Alma x SA 24

Alma x SA 35

Alma x SA 51

Alma x SA 54

Alma x SA 123

Alma x SA 129

Alma x SA 157

Alma x 5A236
Alma x 54247
Alma x SA 248

Alma x SA 465

AIma x SA 483

Alma x SA 688

Alma x SA 828

Alma x Solara

Alma x Whero
Dcrrimut x Carfield

1.767

1.333

1.333

1.833

't.767

1.500

1.000

1.000

1.000

s.000

2.767

2.833

2.167

1.500

1.833

2.000

1.167

2,767

2.000

1.833

1.500

1.333

1.333

4.000

7.467

1.500

7.667

3.833

3.733

3.333

7.767

1.467

1.733

2.333

1.000

3.333

2.500

7.233

1.500

2.000

7.667

1.000

2.300

7.567

7.667

1.167

2.333

2.567

1.300

7.567

4.067

6.033

2.567

1.067

1.833

i.500
2.033

r.500

5.500

4933
2.767

1.800

1.500

1.833

3.567

1.333

1.833

7.667

5.800

3,500

9.000

1.033

1.000

3.400

2.067

2.000

6.767

4.400

2.033

r.667

2.167

4.067

2.100

3.000

2.167

2.000

2.333

2.500

3.300

1.333

7.767

5.100

3.500

3.67
1.000

2.767

2.000

3.000

2.m0

3.000

4.600

2.833

1.333

2.167

2.333

2.833

2.100

7.67
7.67
7.800

3.600

6.333

2.300

1.333

2.100

2.500

2.333

5.367

3.833

2.367

2.000

1.500

2.833

2.767

2.667

3.000

1.833

3.000

4.000

3.000

2.333

7.767

3.67
5.333

6.833

2.000

1.933

3.167

4.000

2.333

5.333

2.67
1.923

4.000

2.250

2.n7
4.539

1.890

2.333

2.767

3.773

5.500

7.699

2.333

2.890

3.333

3.500

3.762

4.774

5.206

2.Ø0
3.140

2.667

2.667

718.7

84.3

777.3

96.7

81.0

64.3

JJ.J

79.2

78.7

63.3

57.3

51.3

103.0

706.7

98.8

109.7

42.0

53.2

83.0

743.7

42.7

114.8

775.7

120.5

134.2

720.7

131.0

127.3

72.2

98.3

707.7

773.2

118.2

709.7

727.0

94.3

97.8

726.2

122.5

104.3

104.0

722.7

82.7

120.7

707.5

87.5

76.3

46.'t

88.0

89.1

66.7

65.7

55.9

727.0

725.7

716.2

115.0

44.0

59.5

92.7

136.3

45.3

128.5

723.2

727.2

744.9

130.5

115.0

737.8

81.9

110.5

92.8
"146.7

726.8

111.9

118.3

703.7

111.0

115.9

118.5

770.7

100.3

722.2

79.6

113.5

102.5

99.8

92.0

50.4

88.6

89.1

70.7

87.2

57.6

119.3

135.7

114.8

714.7

52.5

56.8

101.0

734.7

44.9

732.7

725.0

118.6

733.2

131.0

120.0

742.8

105.9

739.2

90.3

769.3

127.0

95.9

110.0

117.5

104.3

128.7
"132.7

107.3

101.1
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Appendix L continued

Genotype Basal branclìes per plarrt (number)

E1 E2 E3 E4

Plant height (cm)

E2 E3E1 E4

Derrimut x SA 15

De.rrimut xSA24
Derrimut x SA 35

Derrimut x SA 51

Derrimut x SA 54

Derrimut x SA 123

Derrimut x SA 129

Derrimut x SA 157

Derrimut x SA 236

Derrimut xSA247
Derrimut x SA 248

Derrimut x SA 465

Derrimut x SA 483

Derrimut x SA 688

Dcrrimut x SA 828

Derrimut x Solara
Derrimut x Whero
Dundale x Garfield
Dunclale x SA 15

Dundale xSA24
Dundale x SA 35

Dundale x SA 51

Dundale x SA 54

Dundale x SA 123

Dundale x SA 129

Dundale x SA 157

Dundale x SA 236

Durrdale xSA247
Dundale x SA 248

Dundale x SA 465

Dundale x SA 483

Dundale x SA 688

Dundale x SA 828

Dundale x Solara

Dundale x Whcro
Wirrega x Garfield
Wirrega x SA 15

Wirrega x SA 24

Wirrega x SA 35

Wirrega x SA 51

Wirrega x SA 54

Wirrega x SA 123

3.333

1.833

1.467

1.500

4.667

3.500

4.767

1.833

1.333

1.500

2.000

1.333

3.833

3.000

3.300

7.667

7.667

7.667

3.833

1.500

7.433

7.167

4.767

3.233

4.333

1.333

1.500

1.333

7.467

7.467

2.733

3.167

1.833

2.767

1.333

1.000

4.167

1.333

1.233

1.333

4.333

2.833

4.800

2.833

1.633

1.500

5.500

7.333

6.667

1.333

2.300

2.567

J.JJJ

2.500

5.767

3.300

2.500

1.833

2.333

2.533

4.167

1.667

1.900

7.667

4.167

3.333

6.333

7.767

2.800

2.500

2.900

2.067

4.067

2.300

1.900

1.833

1.200

1.500

4.667
't.667

2.733

2.000

6.333

5.333

2.833

2.567

1.833

7.67
3.333

4.500

4.333

1.600

2.500

7.67
2.833

2.000

4.767

2.833

2.67
1.800

1.833

1.500

3.533

r.833

1.300

2.000

5.067

3.333

6,100

2.167

1.600

2.æ7

2.û0
1.333

4.767

3.333

2.833

1.833

2.000

2.167

2.567

2.'t67

3.100

2.333

4.333

4.500

5.206

2.333

2.833

2.500

5.444

4.833

6.890

2.333

2.972

3.62
4.162

J.JJJ

3.774

3.912

2.67
3.500

3.767

2.972

1.892

3.000

1.833

2.$7
3.949

8.140

4.472

2,67
2.833

J.JJJ

3.833

3.000

4.699

4.769

4,640

2.000

5.333

2.723

4.744

2.449

2.949

2.662

4.949

3.449

91.0

110.3

109.2

727.0

80.7

83.0

/ 3,/
97.7

115.0

99.7

94.8

92.2

75.7

81.7

118.8

90.3

712.3

120.7

93.0

115.8

114.5

726.8

95.2

88.2

99.0

777.7

723.8

121.3

704.2

116.0

84.5

99.0

130.0

120.0

122.5

109.0

99.3

106.3

702.2

737.7

85.7

82.3

72.5

96.2

i05.4
737.0

87.8

101.3

75.7

770.7

111.0

773.2

104.8

87.2

76.7

93.8

133.8

92.3

r28.2

119.7

115.5

109.8

107.3

727.8

720.2

95.5

108.3

122.3

726.9

727.3

779.2

707.5

89.9

115.0

135.8

138.0

119.8

104.8

770.7

772.7
't27.2

726.7

87.7

't02.3

100.5

707.2

177.7

750.2

100.2

772.0

82.3
't30.7

105.4

779.9

107.2

94.2

70.0

104.0

720.7

95.7

130.8

718.2

721.5

113.5

119.0

728.5

734.2

99.0

121.5

777.3

732.7

113.0

118.5

99.0

96.4

742.0

727.2

1,37.3

774.4

90.8

105.0

772.0

704.7

114.0

96.0

95.3
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Appendix 1 continued

Gerrotype Basal branclìes per plant (number)

E1 E2 E3 E4

Plant height (cm)

E2 E3 E4

Wirrega x SA 129 3.000 4.000 4.767 5.500 97.0 114.0 709.2

Wirrega x SA 157 7.767 1.667 2.333 2.167 100.5 119.5 ttï7
Wirrega x SA 236 7.667 2.033 2.767 2.890 95.0 109.8 722.5

Wirrega xSA247 1.333 1.667 2.333 3.767 96.0 923 94.0

Wirrega x SA 248 1.767 2.900 2.500 3.667 106.0 105.3 720.7

Wirrega x SA 465 7.767 1.700 2.333 1.833 106.0 705.7 99.9
Wirrega x SA 483 3.000 2.533 6.333 9.000 78.7 87.2 94.0
Wirrega x SA 688 3.000 5.000 3.833 3.67 97.3 102.7 702.s
Wirrega x SA 828 1.333 1.800 2.833 4.000 84.6 91.0 9Z.g

Wirrega x Solara 1.333 2.767 2.367 9.167 93.0 82.2 90.8

-t

Cenotype' Pods per plant (numbcr)

El E2 E3 E4

E1

Podded nodes per plant (number)

E1 E2 E3 E4

AIma
Derrimut
Dundale
Wirrega
Carfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

SA 129

SA 157

51'236
51'247
SA 248

SA 465

SA 483

SA 688

SA 828

Solara

Whero
Alma x Carfield
Alma x SA 15

Alma x SA24

5.7

8.5

8.7

70.7

5.5

5.3

5.5

3.5

5.0

18.5

9.2

9.8

9.5

7.2

8.0

8.2

4.3

10.5

9.0

10.2

5.7

6.2

79.7

/.J

8.5

71.7

72.8

13.3

16.0

7.8

7.5

10.4

7.1

7.0

15.3

T8.2

13.1

13.8

9.3

72.2

13.8

7.2

22.8

75.7

20.5

8.8

13.8

24.5

8.0

9.6

16.0

15.5

19.3

18.7

9.7

74.5

11.3

9.4

/.J

15.3

26.8

13.9

72.2

8.5

13.5

19.5

8.3

28.5

18.5

23.5

10.7

76.7

74.6

6.0

74.6

8.00

70.77

9.00

12.00

6.83

5.40

8.77

4.83

6.83

31.83

74.67

75.27

72.83

9.33

72.33

13.83

7.83

9.77

11.83

76.67

7.50

10.00

10,50

11.33

73.57

78.77

20.63

79,63

27.33

12.67

23.77

23.23

77.63

77.87

22.37

51.00

76.63

22.77

12.00

22.67

30.50

13.50

60.67

25.97

34.33

13.50

29.77

27.67

10.77

22.17

26.43

25.77

22.33

23.33

77.67

23.50

30.13

12.83

11.33

31.10

25.33

28.83

77.83

16.00

20.50

30.83

74.67

27.33

44.73

15.60

13.33

23.03

15.50

8.83

26.93

75.94

27,17

20.55

27.67

72.77

15.00

:t4.77

8.77

9.25

13.33

18.50

75.67

13.39

16.95

'18.72

78.79

8.11

18.28

8.67
't3.17

33.01

77,56

1.6.02

12.55

24.26
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Appendix L continued

Genotype Podded nodes per plant (number)

El E2 E3 E4

Pods per plant (number)

El E2 E3 E4

Alma x SA 35

Alma x SA 51

Alma x SA 54

Alma x SA 123

Alma x 5A729
Alma x SA 157

Alma x SA 236

Alma x 5A247
Alma x 5A248
Alma x SA 465

Alma x SA 483

Alma x SA 688

Alma x SA 828

Alma x Solara

Alma x Whero
Derrimut x Garfield
Derrimut x SA 15

Derrimut x SA 24

Derrimut x SA 35

Derrimut x SA 51

Derrimut x SA 54

Derrimut x SA 123

Derrimut x SA 129

Derrimut x SA 157

Derrimut x SA 236

Derrimut xSA247
Derrimut x SA 248

Derrimut x SA 465

Derrimut x SA 483

Derrimut x SA 688

Derrimut x SA 828

Derrimut x Solara

Derrimut x Wrero
Dundale x Garfield
Durrdale x SA 15

Dundale xSA24
Dundale x SA 35

Dundale x SA 51

Dundale x SA 54

Dundale x SA 123

Dundale x SA 129

Dundale x SA 157

6.0
|, ,,

77.8

9.7

73.2

6.2

8.2

7.0

10.0

5.5

14.0

9.2

6.5

8.2

7.2

8.8

77.3

9.5

7.5

9.3

19.8

15.8

18.2

10.8

7.8

8.3

10.3

8.7

15.0

11.0

13.8

8.8

11.3

8.5

16.0

9.5

7.4

6.2

18.8

14.7

23.3

6.7

12.8

10.8

27.0

15.1

35.8

9.7

7'1.2

15.5

73.9

8.5

22.3

20.2

72.5

13.3

9.2

18.8

23.9

14.5

9.6

14.8

23.8

30.3

26.8

11:8

74.7

75.7

76.3

11.3

75.2

77.8

27.8

8.3

14.5

15.0

77.5

73.7

8,8

77.7

28.0

22.9

38.3

77.2

15.0

15.5

35.2

77.9

53.2

71.2

13.1

27.3

15.1

11.0

35.1

22.8

21.2

76.2

71.2

24.8

24.8

27.5

72.3
't4.3

29.7

40.3

35.0

78.2

79.2

78.2

18.0

1,3.7

20.2

23.8

30.7

12.2

19.0

79.2

79.7

16.7

15.1

15.2

43.0

28.2

57.7

13.0

9.83

12.00

37.77

76.57

20.00

77.77

9.57
't2.33

77.1,7

8.67

75.37

16.00

9.07

12.50

77.67

71.77

25.77

11.50

10.33

13.63

34.00

24.83

25.50

13.00

9.33

11.83

15.33

77.67

20.50

77.77

22.77

12.00

14.50

10.83

79.67

74.17

73.77

10.00

31.33

20.33

35.00

9.67

27.1,7

21.50

58.37

40.33

79.00

18.00

24.97

35.97

18.63

77.50

60.33

40.00

40.00

79.67

15.00

35.63

44.63

29.00

20.10

30.67

45.33

79.50

46.77

77.83

28.00

28.37

33.77

30.67

32.00

49.60

39.83

15.83

22.83

25.27

31.83

22.67

79.60

22.33

66.83

47.00

95.67

18.00

75.77

79.33

67.73

35.33

50.00

27.40

10.83

29.70

30.67

20.50

36.77

28.17

27.93

14.83

77.00

23.33

23.33

79.77

14.83

22.(n
43.50

35.00

31.33

23.93

16.50

30.67

26.33

18.83

44.67

31.33

32.33

14.00

76.67

15.00

25.83

23.67

27.73

21.83

54.73

31.00

77.67

21.00

18.11

23.33

23.27

28.55

33.98

72.45

76.26

13.06

23.06

8.68

14.42

25.75

24.26

27.42

15.U9

15.83

20.30

14.00

15.61

23.83

37.22

27.23

46.92

14.28

30.02

39.35

33.68

23.06

9.47

11.85

13.00

27.67

23.22

78.77

12.27

23.56

70.72

76.78
't6.39

34.42

35.10

25.71
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Appendix L continued

Cenotype Podded nodes per plant (number)

E1 E2 E3 E4

Pods per plant (number)

E1 E2 E3 E4

Dundale x SA 236

Dundale xSA247
Dundale x SA 248

Dundale x SA 465

Dundale x SA 483

Dundale x SA 688

Dundale x SA 828

Du¡rdale x Solara

Dundale x Whero
Wirrega x Carfield
Wirrega x SA 15

Wirrega x SA 24

Wirrega x SA 35

Wirrcga x SA 51

Wirrega x SA 54

Wirrega x SA 123

Wirrega x SA 129

Wirrega x SA 157

Wirrega x SA 236

Wirrega xSA247
Wirrega x SA 248

Wirrega x SA 465

Wirrega x SA 483

Wirrcga x SA 688

Wirrega x SA 828

Wirrega x Solara

Wirrega x Whero

6.2

72.8

5.2

8.5

14.7

72.5

9.5

7.2

6.2

6.7

11.5

9.7

5.5

7.2

27.5

15.3

11.5

10.8

7.0

8.5

7.8

7,0

13.0

12.3

10.3

6.2

7.2

72.0

75.7

11.1

77.7

17.2

14.8

16.5

71.7

10.5

15.5

77.7

77.2

11,0

10.8

33.2

23.2

19.8

77.3

72.8

76.8

B.B

9.5

73.2

24.0

27.8

8.8

13.7

75.7

14.0

74.6

72.6

21.0

77.3

20.0

13.3

13.5

18.0

76.7

16.0

11.8

74.2

39.8

27.5

26.7

78.2

17.2

77.5

't3.2

11.3

73.2

26.8

30.5

11.3

27.7

8.50

18.83

8.07

10.83

21.07

19.00

73.67

10.50

9.83

8.50

19.33

14.00

7.57

71.77

35.83

21.00

18.33

74.67

8.83

11.50

72.77

71.77

20.33

21.33

15.00

8.07

9.33

22.13

22.67

23.37

20.37

35.63

33.87

30.37

27.33

79.27

26.67

24.33

32.33

23.37

22.83

63.50

39.00

39.33

27.33

23.00

23.00

34.87

13.80

26.27

50.83

45.87

20.00

41.83

77.83

27.33

30.10

13.00

32.50

29.67

31.10

18.33

22.00

25.50

25.83

24.33

24.03

27.83

40.50

46.33

32.33

27.)7
77.00

20.33

25.77

28.77

42.67

48.60

32.50

19.30

24.77

18.61

10.39

26.28

22.06

18.06

24.00

32.75

76.39

27.83

79.24

79.44

17.37

79.23

76.60

10.89

23.81

18.89

26.83

75.26

22.00

31.06

18.28

36.06

18.11

77.89

77.22

23.59

Cerrotype Seeds per pod (number)

E1 E2 E3 E4

Hundred seed weight (g)

El E2 E3 E4

Alma
Derrimut
Dundale
Wirrega
Carfield
SA 15

SA24
SA 35

SA 51

5.867

5.133

4.600

6.1,33

5.700

2.467

4.800

5.467

3.933

6.000

7.033

6.700

6.067

6.600

3.733

5.533

4.033

5.533

7.500

5.533

5.933

6.867

6.133

2.867

6.567

5.400

4.333

6.200

6.050

5.967

6.517

5.683

4.967

6.767

4.200

4.250

24.33

19.33

24.74

18.81

23.37

31.96

23.41,

23.18

78.96

22.84

18,96

24.51,

18.35

22.27

33.51

22.23

21.64

27.79

24.39

20.41,

23.77
"r9.27

24.08

35.67

22.96

24.79

24.77

27.22

17.45

22.02

77.79

21.24

27.83

27.63

21.98

22.78
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Appendix 1 continued

Cenotype Seeds per pod (number)

E1 E2 E3 E4

Hundred seed weight (g)

E1 E2 E3 E4

SA 54

SA 123

54729
SA 157

5A236
5A247
5A248
SA 465

SA 483

SA 688

SA 828

Solara

Whero
Alma x Garfield
Alma x SA 15

Alma x SA 24

Alma x SA 35

Alma x SA 51

Alma x SA 54

Alma x SA 123

AIma x SA 129

Alma x SA 157

AIma x 5A236
Alma x 5A247
AIma x SA 248

AIma x SA 465

Alma x SA 483

Alma x SA 688

Alma x SA 828

Alma x Solara

Alma x Whero
Derrimut x Garfield
Derrimut x SA 15

Derrimut x SA 24

Derrimut x SA 35

Derrimut x SA 51

Derrimut x SA 54

Derrimut x SA 123

Derrimut xSA729
Derrimut x SA 157

Derrimut x SA 236

Derrimut xSA247

5.800

6.667

6.200

6.000

5.400

5.200

3.800

7.733

5.667

7.600

6.667

4.000

5.067

5.467

3.533

4.300

5.067

5.400

6.067

6.300

6.000

5.133

4.800

5.600

5.033

6.433

6.500

6.733

6.000

5.467

5.000

5.533

3.800

3.467

6.000

4.533

4.667

5j33
5.400

5.267

5.733

5.733

6.033

6.400

5.833

4.667

5.667

5.467

6.400

7.333

5.333

7.467

6.667

5.500

5.667

6.800

3.200

4.467

6.067

5.367

6.333

7.067

7.533

6.800

6.600

s.600

7,033

/.JJJ

6.933

6.733

6.700

6.000

6.933

6.833

3.833

4.867

6.267

4.733

4933
5.533

6.267

6.067

7.100

6.733

6.633

6.800

5.733

5.133

5.200

5.67
5.133

5.867

5.100

7.967

6.67
5.400

5.067

5.867

5.233

4.800

6.000

6.067

5.767

6.833

6.333

5.767

5.833

6.s33

6.467

6.733

6.900

7.067

6.67
7.000

6.533

5.267

4.833

3.600

5.133

6.533

5,133

4.67
5.833

6.200

5.667

5.333

6.700

6.867

6.467

5.283

6.533

5.367

4.500

5.977

5.733

6.800

6.500

4.267

5.933

5.936

6.739

4.031

4.983

5.800

6.736

6.Kr7

6.013

6.U00

5.531

6.200

5.933

4.406

4.63
7.006

6.531

5.931

5.977

5.533

4.546

4.777

5.100

5.833

4.802

5.800

6.930

4.233

4.506

5.940

5.13

6.60

6.77

20.39

33.53

18.11

20.68

77.84

6.95

12.46

74.37

29.29

25.15

25.34

79.26

29.65

25.77

28.10

11.51

71.76

8.53

26.13

30.62

20.60

22.39

27.78

77.97

74.36

19.10

26.30

25.76

22.77

27.77

24.79

20.86

23.33

10.56

70.49

10.54

22.42

29.24

18.88

5.48

7.72

70.66

21.72

34.72

18.53

79.57

L8.27

6.84

72.77

74.89

30.07

26.08

25.15

20.57

28.94

27.64

25.64

74.23

77.64

8.11

23.22

37.27

27.02

27.47

27.98

72.75

72.95

77.60

26.33

23.23

20.30

79.56

24.82

24,06

24.59

9.59

10.14

70.92

21.80

27.30

79.tJs

5.37

7.96

7.33

22.38

34.09

79.16

27.35

79.39

9.02

77.97

15.59

32.36

26.26

25.73

20.47

32.09

28.19

29.53

70.87

12.U0

9.31

24.74

34.81

21.39

23.95

23.45

72.19

74.26

20.40

28.95

28.07

22.62

78.72

26.M
23.30

26.03

11.34

12.06

71.77

25.45

37.22

27.03

6.61

7.99

8.57

20.35

31.89

16.97

18.59

77.82

6.57

73.42

14.55

25.26

22.26

27.99

27.37

25.45

20,74

24.69

9.76
"t4.91

11.48

20.59

23.06

20.85

79.61

18.27

11.00

72.78

75.47

23.85

27.02

19.78

79.20

21.00

17.69

27.40

8.79

70.67

11.11

19.13

26.45

17.62
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Appendix 1 continued

Cenotype Sc'eds per pod (number)

E1 E2 E3 E4

Hundred seed weight (g)

E1 E2 E3 E4

Derrimut x SA 248

Derrimut x SA 465

Derrimut x SA 483

Derrimut x SA 688

Derrimut x SA 828

Derrimut x Solara

Derrimut x Whero
Dundale x Carfield
Dundale x SA 15

Durrdale xSA24
Dundale x SA 35

Dundale x SA 51

Dundale x SA 54

Dundale x SA 123

Dundale x SA 129

Dundale x SA 157

Dundale xSA236
Dundale xSA247
Dundale x SA 248

Dundale x SA 465

Dundale x SA 483

Dundale x SA 688

Dunclalc x SA 828

Dundalc x Solara

Dundaìe x Whero
Wirrcga x Carfield
Wirrcga x SA 15

Wirrega xSA24
Wirrega x SA 35

Wirrega x SA 51

Wirrega x SA 54

Wirrega x SA 123

Wirrega x SA 129

Wirrega x SA 157

Wirrega x SA 236

Wirrega xSA247
Wirrega x SA 248

Wirrega x SA 465

Wirrcga x SA 483

Wirrega x SA 688

Wirrega x SA 828

Wirrega x Solara

Wirrega x Whero

5.533

5.600

5.667

5.067

5.467

4.733

5.700

5.067

3.533

4.467

6.267

4.600

4.400

6.500

5.400

4.133

5.300

5.333

5.100

6.200

5.400

5.400

5.467

4.533

5.800

5.400

4.067

4.000

5.200

4.333

5.967

6333
6.400

5.400

5.533

6.067

4.667

6.200

5.733

5.667

6.200

5.533

5.600

6.333

6.800

5.933

7.700

5.867

6.733

6.000

6.400

4.467

4.200

6.767

6.533

5.800

6.800

6.800

5.600

6.633

6.867

6.767

6.733

6.433

s.333

6.967

s,667

6.500

7.067

4.867

3.800

5.767

6.667

6.400

7.000

7.467

6.200

6.700

6.667

5.967

6.100

6.500

6.333

6.633

6.867

6.467

5.733

7.133

5.67
6.133

5.733

5.467

6.733

6.200

4.833

4.533

/./6/
7.333

5.567

6.333

7.300

5.000

5.933

6.333

6.133

7.467

6.733

6.467

6.433

6.200

5.467

5.867

4.767

4.467

5.833

6.533

5.867

6.467

6.733

6.267

5.800

5.533

5.000

6.867

6.000

7.933

6.133

6.200

6.333

5.206

6.563

5.131

6.206

7.490

4.533

5.050

6.606

3.949

3.467

5.600

5.367

6.728

6.467

6.206

5.767

5.600

5.200

5.m0
6.467

s.5{ì8

5.189

6.831

5.600

5.000

5.367

6.383

5.463

5.533

6,067

6.739

6,463

5.æ3

6.000

6.031

s.000

5.400

6.767

6.067

5.933

6.267

5.031

5.456

20.73

18.71

70.74

74.72

77.68

22.63

23.75

24.42

23.42

29.97

23.60

27.47

10.95

72.04

6.43

24.70

31.20

22.51

23.39

22.08

11.98

16.45

19.77

26.27

26.18

22.62

19.43

25.72

22.00

23.22

9.80

77.22

10.95

22.96

29.07

79.07

19.05

19.00

10.83

15.14

77.75

23.94

22.68

21.30

20.20

74.47

74.28

76.62

22.37

23.85

25.77

20.29

29.50

24.62

26.85

9.86

71.22

8.79

22.96

32.36

20.05

79.66

27.07

12.21

14.65

79.32

27,55

27.34

20.18

77.69

26.77

22.52

24.08

10.52

10.64

11.06

21.48

28.44

7892

19.80

't6.96

14.01

73,75

76.97

24.05

22.24

27.75

23.85

16.00

76.22

79.46

25.10

25.44

28.85

24.70

31.81

29.76

29.67

77.39

73.26

8.07

25.24

35.25

22.74

23.90

23.69

13.20

22.25

27.49

27.n
28.96

26.59

79.34

26.87

22.47

25.39

9.03

10.99

12.05

24.69

29.U
21.02

21.97

27.29

12.29

15.58

16.03

27.72

23.86

18.31

79.48

8.02

76.22

16.85

27.94

20.07

22.27

24.U
24.31

27.01

23.08

5.85

77.46

8.53

27.63

25.73

19.53

20.40

22.08

11.11

14.47

17.M

25.67

20.21

20.74

22.97

22.65

27.33

79.92

7.60

72.27

70.6
20.88

21.02

17.77

18.33

18.24

9.35

'/.2.53

76.æ

22.5r

16.83
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Appendix L continued

Cenotype Grain yield (g)

E2 E3

Plant weight (g)

E2 E3E1 E4 E1 E4

Alma
Derrimut
Dundale

Wirrega
Carfield
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

SA 729

SA 157

5A236
5A247
SA 248

SA 465

SA 483

SA 688

SA 828

Solara

Whero
Alma x Garfield
Alma x SA 15

Alma x SA 24

Alma x SA 35

Alma x SA 51

Alma x SA 54

Alma x SA 123

Alma x 5A729
Alma x SA 157

Alma x SA 236

Alma x 5A247
AIma x SA 248

Alma x SA 465

Alma x SA 483

Alma x SA 688

Alma x SA 828

Alma x Solara

Alma x Whero
Derrimut x Garfield
Derrimut x SA 15

9.19

7.31

7.58

8.80

7.06

6.58

7.70

3.52

4.32

3.79

4.77

2.60

7.96

10.70

6.63

10.31

6.68

4.42

5.87

8.55

7.83

8.39
'tl.20

8.05

71.29

10.21

77.21

9.97

9.79

7.57

9.25

9.13

10.21

72.74

9.35

71.23

9.01

8.46

11.02

8.88

10.80

7.93

21.90

76.71

20.18

22.28

13.04

13.90

72.45

12.05

9.10

4.95

14.33

8.51

12.87

16.08

15.83

74.95

13.33

8.82

13.67

77.74

74.76

20.40

76.67

10.19

27.17

20.30

18.20

72.24

20.93

16.45

74.86

25.23

77.80

74.42

77.34

24.74

74.42

28.45

20.18

15.41

24.01

15.34

20.95

21.71

22.86

22.97

77.10

75.70

13.50

14.73

15.02

8.77

11.30

11,15

15.01

27.77

77.83

76.52

18.21

77.75

15.13

10.62

74.95

26.76

23.83

9.62

25.39

26.23

27.28

13.91

26.67

22.82

23.55

23.73

29.72

22.48

21.36

20.62

21.71

25,72

24.28

24.78

23.99

77.59

10.85

10.30

13.22

8.83

6.67

5.24

7.53

3.94

3.86

5.47

5.47

3.31

8.57

9.55

7.22

10.45

5.77

6.47

4.56

6.73

9.59

8.62

13.58

7.76

75.47

10.91

72.27

9.42

9.29

8.91

9.84

9.20

7.58

't3.82

8.65

8.s9

70.71

8.72

15.66

14.03

8.84

72.35

79.16

15.35

75.87

22.02

73.92

12.53
'17.24

8.83

11.10

70.57

8.88

5.81

77.98

23.89

15.19

22.70

17.46

10.50

74.20

20.57

14.26

77.75

22.86

28.51

25.01

20.3r

23.75

28.55

19.95

24.02

18.13

77.97

27.77

26.02

18.43

25.23

22.74

79.77

22.77

18.58

18.18

19.80

46.37

33.04

40.00

51.03

27.29

27.39

21.08

25.58

25.27

27.74

43,80

79.34

27.30

32.66

36.27

37.47

25.77

17.43

43.83

38.86

27.60

44.14

34.28

26.78

44.73

47.59

37.88

47.77

46.99

57.77

26.78

52.55

37.70

32.85

35.83

54.03

43.77

63.95

48.51

36.99

45.96

44.45

39.97

40.63

44.36

48.26

33.58

30.45

23.M
33.77

35.55

22.70

22.56

22.25

30.93

43.&
41.83

43.61

30.54

22.54

30.26

28.07

27.70

55.07

46.27

53.26

50.09

60.68

42.48

72.35

61.85

67.26

47.97

45.24

61.60

45.38

43.56

46.34

52.47

51,12

45.01

53.92

48.01

46.59

36.æ

29.98

48.00

53.M
73.82

16.05

25.03

27.90

20.28

30.37

20.4'l

15.58

36.86

43.81

39.45

70.97

25.79

20.81

16.66

21.00

27.29

39.56

41.45

63.23

il.76
35.92

50.95

42.59

67.45

59.67

36.37

74.36

48.48

39.80

40.û
52.76

75.87

&.20
32.51

M.54
32.43

M.02
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Appendix 1 continued

Cenotype Crain yield (g)

E2 E3

Plant weight (g)

E2 E3E1 E4 E1 E4

Derrimut xSA24
Derrimut x SA 35

Dcrrimut x SA 51

Derrimut x SA 54

Derrimut x SA 123

Derrimut x SA 129

Derrimut x SA 157

Derrimut x SA 236

Derrimut xSA247
Derrimut x SA 248

Derrimut x SA 465

Derrimut x SA 483

Derrimut x SA 688

Derrimut x SA 828

Derrimut x Solara

Derrimut x Whero
Dundale x Carfield
Dundale x SA 15

Durrdale xSA24
Du¡rdale x SA 35

Dundale x SA 51

Dundale x SA 54

Dundale x SA 123

Dundaìc x SA 129

Dundale x SA 157

Dundale x SA 236

Durrdale xSA247
Dundale x SA 248

Dundale x SA 465

Durrdale x SA 483

Dundale x SA 688

Dundale x SA 828

Dundale x Solara

Dundale x Whero
Wirrega x Garfield
Wirrega x SA 15

Wirrcga xSA24
Wirrega x SA 35

Wirrega x SA 51

Wirrcga x SA 54

Wirrcga x SA 123

Wirrega x SA 129

9.43

8.62

8.79

11.98

10.20

10.25

7.48

10.80

10.81

9.99

8.93

9.93

9.70

70.66

8.44

12.09

10.91

9.79

8.34

70.63

8.74

10.02

11.03

7.91

8.93

77.02

9.62

17.63

1,7.47

70.79

10.00

9.27

11.01

9.67

70.72

9.07

9.13

8.84

10.03

72,49

9.18

11.82

't9.60

75.87

16.56

77.05

24.73

22.38

23.29

79.54

2073

27.21

21.85

74.70

23.90

77.44

15.70

27,61,

27.57

17.18

r 8.16
-15.22

20.63

15.63

21.64

14.94

27.78

79.47

78.57

76.47

15.35

22.02

27.78

21.32

23.81

78.27

18.50

15.31

23.32

21.86

20.39

1,9.75

27.82

20.38

24.39

22.77

23.57

T7.57

22.36

26.24

22.72

22.58

28.51

23.27

20.69

25.54

20,32

29.87

17.84

22.48

27.39

18.97

21.58

28.65

23.72

74.91

29.97

12.66

21.85

23.77

24.36

25.77

22.53

25.58

77.75

79.77

17.04

26.05

29.26

14.62

21.85

26.26

25.12

17.53

26.32

26.34

7.79

7.94

13.78

9.39

8.95

20.84

9.79

78.57

17.97

73.70

78.94

6.22

5.39

5.76

11.00

10.99

74.42

5.80

11.96

9.05

12.44

1.80

79.12

/./J

9.24

17.79

16.01

15.41

14.73

7.77

2.26

77.57

72.33

71.29

10.85

4.72

70.79

77.82

72.09

8.41

8.37

70.74

18.83

78.72

18.88

27.96

27.57

27.90

17.38

22.88

22.80

19.96

16.80

20.88

21.60

23.99

74.68

24.00

23.35

23.75

77.80

20.59

77.27

25.10

23.97

27.65

18.87

23.75

20.24

24.93

23.68

23.43

24.83

23.46

21.44

20.74

20.69

25.48

78.78
"17.57

22.78

26.88

79.75

25.94

40.86

30.98

32.97

44.69

57.67

49.'t8

48.55

47.28

42.90

42.45

42.25

32.04

54.73

35.97

31.51

45.06

56.43

46.75

39.72

29.07

43.05

56.75

43.93

50.42

45.10

37.93

38.47

34.63

30.33

47.57

54.29

45.32

45.24

37.89

42.70

45.08

51.28

44.35

42.60

57.02

47.57

43.91

47.52

39.20

45.69

48.43

47.48

50.77

39.79

47.56

56.06

46.23

37.73

52.28

47.21

56.32

37.73

4'1.83

39.23

47.95

38.43

57.38

46.28

34.27

68.30

43.77

44.26

45.32

53.11

50.15

41.72

55.77

39.45

40.82

30.82

48.74

57.69

48.22

43.58

46.57

48.54

44.73

54.13

50.92

27.09

30.81

M.23

47.36

67.20

44.75

36.09

55.73

57.82

47.74

38.38

27.98

35.M

37.54

39.50

M.85
42.85

29.n
58.84

30.72

M.24
75.&
73.56

29.50

50.74

76.74

40.46

57.92

36.73

31.92

44.17

70.75

35.94

M.6B

37.44

24.46

39.94

35.22

42.77

77.25

39.n
34.10
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Appendix 1 continued

Cenolype Grain yield (g)

E2 E3

Plant weight (g)

E2 E3E1 E4 E1 E4

Wirrega x SA 157

Wirrega xSA236
Wirrega xSA247
Wirrega x SA 248

Wirrega x SA 465

Wirrega x SA 483

Wirrega x SA 688

Wirrega x SA 828

Wirrega x Solara
Wirrega x Whero

70.37

11.95

8.59

10.18

11.24

8.00

72.48

10.41

8.02

8.33

23.55

27.07

21."12

24.70

18.55

22.63

78.57

25.07

78.96

27.06

28.81

23.39

22.87

24.33

29.77

27.58

23.53

23.50

18.63

28.26

11.95

71.69

13.34

13.15

72.03

8.33

9.26

9.99

72.98

13.51

20.01

24.03

77.56

20.96

27.97

1,6.92

28.04

18.58

15.53

76.43

48.60

43.74

40.22

49.77

38.60

53.76

47.62

54.72

39.03

52.47

s5.87

45.95

48.61.

46.58

53.34

56.21

56.33

51.25

35.43

52.54

43.01

54.47

54.79

47.27

41.40

73.27

52.24

45.95

43.96

52.47

Cenofype Harvest index

E1 E2 E3 E4 E1

flowering
sowing)

Onset of (days after

E3 E4E2

Alma
Derrimut
Dulrdale
Wirrega
Carficld
SA 15

SA24
SA 35

SA 51

SA 54

SA 123

SA 129

SA 157

SA 236

51^247

SA 248

SA 465

SA 483

SA 688

SA 828

Solara

Whcro
Alma x Garfield
Alma x SA 15

Alma x SA24

0.4800

0.4767

0.4767

0.3967

0.5067

0.5267

0.6300

0.4000

0.3900

0.3500

0.4600

0.4400

0.4500

0.4533

0.4400

0.4567

0.5867

0.4400

0.4100

0.4200

0.5433

0.4733

0.4933

0.2800

0.4533

0.4733

0.5200

0.5100

0.4367

0.4767

0.5067

0.6r 33

0.4633

0.3433

0.2300

0.3633

0.4333

0.4733

0.4900

0.4333

0.4900

0.5233

0.5400

0.3767

0.4667

0.5200

0.4667

0.4933

0.3833

0.4733

0.5300

0.5233

0.5167

0.4767

0.5133

0.5167

0.5800

0.4300

0.3933

0.3900

0.5033

0.5000

0.4833

0.5000

0.4300

0.3967

0.6000

0.5200

0.4933

0.4067

0.5467

0.5200

0.5267

0.1900

0.5100

0.3100

0.3500

0,3233

0.1800

0.4667

0.3300

0.3133

0.1800

0.2267

0.1800

0.2933

0.2333

0.2800

0.2067

0.1633

0.i833

0.2533

0.3200

0.2633

0.3200

0.4100

0.2567

0.2546

0.0648

0.3030

97.67

89.00

91.33

95.33

95.67

84.33

89.00

96.67

98.00

106.00

700.67

102.33

96.67

98.33

702.33

104.33

94.33

104.00

106.00

108.00

89.67

700.67

98.67

727.33

92.00

132.00

708.67

118.00

124.67

7't4.33

94.67

99.00

737.67

143.33

764.00

744.00

767.44

110.00

732.33

121.33

142.67

123.00

155.00

151.33

147.67

777.33

127.67

732.33

1.33.27

128.35
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Appendix 1 continued

Cenotype Harvest index

E2 E3 E4 E1 E2 E3

flowerirrg
sowing)

Onset of (days after

E4E1

Alma x SA 35

Alma x SA 51. 
.

Alma x SA 54

Alma x SA 123

Alma x SA 129

Alma x SA 157

Alma x SA 236

Alma x 51.247
Alma x SA 248

Alma x SA 465

Alma x SA 483

AIma x SA 688

Alma x SA 828

Alma x Solara

Alma x Whero
Derrimut x Carficld
Dcrrimut x SA 15

Derrimut x SA 24

Derrimut x SA 35

Dcrrimut x SA 51

Derrimut x SA 54

Dcrrimut x SA 123

Dcrrimut x SA 129

Derrimut x SA 157

Derrimut x SA 236

Derrimut xSA247
Derrimut x SA 248

Derrimut x SA 465

Derrimut x SA 483

Derrimut x SA 688

Derrimut x SA 828

Derrimut x Solara
Derrimut x Wl'rero
Dundale x Garfield
Dundale x SA 15

Dundale x SA 24

Dundale x SA 35

Dundale x SA 51

Dundale x SA 54

Dundale x SA 123

Dundale x SA 129

0.5067

0.4833

0.3500

0.4733

0.3133

0.5133

0.5100

0.4700

0.4900

0.5100

0.4433

0.4067

0.4433

0.4867

0.4900

0.5933

0.4133

0.4967

0.4800

0.4633

0.4300

0.4767

0,4667

0,4333

0.4767

0.4767

0.5000

0.5333

0.4800

0.4567

0.4400

0.5900

0.5000

0.4700

0.4133

0.4667

0.5167

0.5133

0.4000

0.4667

0.3733

0.4867

0.4900

0.2433

0.4533

0.3167

0.5367

0.4833

0.4833

0.4433

0.4833

0.4433

0.3300

0.4433

0.4433

0.4200

0.5333

0.3400

0.4867

0.4933

0.5033

0.3867

0.4367

0.4500

0.47ffi
0.4400

0.4833

0.5033

0.5767

0.4567

0.4400

0.4900

0.4933

0.4833

0.4000

0,3900

0.4567

0.5167

0.4800

0.2733

0.4967

0.2967

0.4400

0.5033

0.2000

0.4333

0.3733

0.4900

0.5233

0.4733

0.4933

0.4933

0.4400

0.4000

0.4933

0.5400

0.4567

0.5000

0.3800

0.5133

0.5600

0.5133

0.3700

0.4700

0.5200

0.5667

0.5433

0.5067

0.5100

0.5500

0.4900

0.4300

0.5300

0.5700

0.5333

0.5467

0.4000

0.5600

0.5000

0.5100

0.4300

0.4400

0.2933

0.3567

0.2933

0.3544

0.7967

0.7687

0.3000

0.1530

0.7967

0.3400

0.1983

0.2287

0.1846

0.1580

0.4330

0.3033

0.2633

0.1946

0.2983

0.2733

0.3233

0.0928

0.1933

0.4780

0.3633

0.3333

0.3233

0.3183

0,5987

0.2934

0.2346

0.2000

0.3767

0.2933

0.3533

0.2745

0.2267

0.3100

0.2933

0.1767

0.3000

0.3733

91.33

96.33

717.33

105.33

113.33

95.33

96.33

99.33

96.33

92.67

710.67

i02.33

99.33

91.33

98.67

96.67

100.33

86.67

94.00

91.00

700.67

99.00

700.67

86.67

94.67

97.00

95.00

89.33

96.00

709.67

98.67

88.33

94.00

97.67

106.33

90.67

80.67

90.67

105.33

98.33

100.33

126.35

130.85

144.53

152.94

746.53

726.85

128.35

131.35

140.35

727.85

740.72

143.85

137.35

118,85

724.35

772.35

123.00

115.00

712.67

777.85

721.33

124.85

138.53

727.00

173.44

777.00

123.85

779.67

121.85

723.54

125.00

105.33

114.35

125.33

128.85

771.67

97.55

119.35

132.85

151.35

134.00
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Appendix 1 continued

Ccnokype Harvest index

E2 E3 E4 E1

flowering
sowing)

Onset of (days after

E4E1 E3E2

Dundale x SA 157

Dundale xSA236
Dundale xSA247
Dundale x SA 248

Dundale x SA 465

Dundale x SA 483

Dundale x SA 688

Dundale x SA 828

Dundale x Solara
Dundale x Whero
Wirrega x Garfield
Wirrega x SA 15

Wirrega xSA24
Wirrega x SA 35

Wirrega x SA 51

Wirrega x SA 54

Wirrega x SA 123

Wirrega x SA 129

Wirrega x SA 157

Wirrega xSA236
Wirrega xSA247
Wirrcga x SA 248

Wirrega x SA 465

Wirrega x SA 483

Wirrega x SA 688

Wirrega x SA 828

Wirrega x Solara

Wirrega x Whero

0.4700

0.4767

0.4767

0.4633

0.4967

0.4567

0.4033

0.4067

0.5767

0.4800

0.5267

0.3567

0.4833

0.5133

0.4500

0.4600

0.4700

0.4533

0.5133

0.4967

0.4900

0.4867

0.5100

0.4767

0.4500

0.5300

0.5767

0,5100

0,47m
0.5233

0.4767

0.4733

0.4933

0,4700

0.3900

0.4733

0.5333

0.4867

0.4500

0.3367

0.4600

0.4867

0.4800

0.3500

0.4733

0.4667

0.4900

0.4900

0.5200

0.5067

0.4867

0.4133

0.3967

0.4600

0.4867

0.5233

0.5000

0.s233

0.4600

0.5133

0.5500

0.4633

0.4367

0.4833

0.5533

0.5333

0.5067

0.3100

0.5033

0.5633

0.5200

0.3933

0.4967

0.5't67

0.5133

0.5067

0.4767

0.5233

0.5533

0.4933

0.4200

0.4667

0.5133

0.5400

0.2367

0.2867

0.4067

0.3100

0.4400

0.3737

0.7236

0.2730

0.3700

0.2567

0.2967

0.1937

0.2987

0.3533

0.2883

0.7837

0.2537

0.3100

0.3267

0.2530

0.2233

0.3167

0.3100

0.1833

0.2767

0.2367

0.3200

0.2680

90.00

95.33

94.33

94.33

94.33

99.67

96.67

98.33

90.33

95.67

9't.33

105.00

97,67

95.67

91.00

706.67

100.33

99.67

94.33

92.33

95.00

97.00

103.33

107.00

104.33

102.33

92.00

94.67

123.00

109.85

r24.00

125.35

118.00

72'r.67

131.85

137.85

118.00

119.35

130.54
't23.85

127.33

120.35

727.00

720.54

149.85

737.53

130.00

121.85

725.67

130.85

127.35

123.35

144.35

130.00

129.67

123.85



Appendix 2 Fz results. Means for grain yield, plant weight and harvest index at each of the four environments E1 to E4

Cross

Ei

Yield (g/plant)

E2 E3 E4 E1

Plant weiglit (g/plant)

E2 E3 E4 El

Harvest index

E2 E3 E4

Alma x Carfield
Alma x SA 24

Alma x SA 35

Alma x SA 51

Alma x SA 123

Alma x SA 157

Alma x 5A247
Alma x SA 248

Alma x SA 483

Alma x SA 828

Alma x Solara

Alma x Whero

Derrimut x Carfield
Derrimut x SA 35

Derrimut x SA 51

Derrimut x SA 54

Derrimut x SA 123

Derrimut xSA729
Derrimut x SA 157

Derrimut xSA236
Derrimut xSA247
Derrimut xSA248

9.37

11.33

8.70

8.95

72.40

7.00

8.05

9.89

7.55

8.76

8.87

9.07

70.22

8.72

6.8s

8.77

7.33

8.26

7.88

17.78

8.85

9.76

20.53

77.42

27.60

77.53

15.61

22.89

24.77

15.55

13.48

25.67

26.57

25.84

23.48

79.24

75.96

8.65

79.72

73.66

33.22

19.54

23.82

74.74

77.49

33.63

19.03

23.46

78.72

27.92

22.63

77.62

77.20

22.40

26.76

28.33

29.65

27.86

19.88

23.59

23.66

18.49

't4.31,

37.49

79.77

25.59

11.93

73.24

77.22

7.55

7.70

8.18

9.85

76.75

9.70

7.80

11.30

5.86

9.20

9.42

1,0.62

8.35

3.86

8.27

7.72

11.54

9.01

70.97

20.88

23.76

i6.35

78.76

28.55

73.24

15.05

27.57

76.57

76.77

76.65

79.76

15.25

15.97

74.49

27.73

74.94

78.64

15.53

27.44

i8.90

77.86

42.76

34.45

54.72

32.75

45.29

45.50

53.63

29.62

28.52

57.75

49.97

50.99

47.78

36.72

25.20

22.07

40.15

28.96

62.85

37.27

47.52

29.92

22.64

&.26
36.26

49.97

45.20

M.98

46.56

39.08

40.90

45.67

56.69

59.47

52.96

42.13

42.45

60.28

57.67

40.25

27.82

60.22

26.94

50.87

47.00

43.28

36.76

30.61

20.85

37.80

30.83

67.29

47.U

42.æ

27.79

20.28

20.29

32.26

45.31

57.47

26.6
37.43

28.90

u.28
45.05

39.83

0.46

0.50

0.54

0.48

0.44

0.53

0.54

0.47

0.46

0.53

0.54

0.46

0.69

0.55

0.48

0.41

0.50

0.45

0.51

0.56

0.47

0.51

0.49

0.51

0.51

0.54

0.40

0.50

0.45

0.51

0.47

0.49

0.53

0.50

0.49

0.54

0.64

0.36

0.s0

0.47

0.53

0.53

0.50

0.52

0.53

0.53

0.53

0.47

0.47

0.50

0.49

0.45

0.42

0.50

0.47

0.48

0.60

0.52

0.47

0.39

0.46

0.46

0.52

0.53

0.48

0.51

0.26

0.32

0.30

0.29

0.34

0.22

0.35

0.32

0.24

0.24

0.42

0.39

0.46

0.35

0.26

0.11

0.25

0.32

0.30

0.35

0.20

0.30

ÈÈ
co



Appendix 2 continued

at

E1 E2 E3 E4 E] E2 E3 E4 E] E2 E3 E4

Derrimut x SA 465

Derrimut x SA 688

Derrimut x SA 828

Derrimut x Solara

Derrimut x Whero

Dundale x Carfield
Dundale xSA24
Dundale x SA 35

Dundale x SA 51

Dundale x SA 123

Dundale x SA 157

Dundale xSA247
Dundale x SA 248

Dundale x SA 465

Dundale x SA 483

Dundale x SA 688

Dundale x Solara

Wirrega x Carfield
Wirrega xSA24
Wirrega x SA 35

Wirrega x SA 51

Wirrega x SA 123

8.72

8.60

70.64

8.77

8.82

.8.55

8.84

70.79

8.43

9.80

8.34

8.06

8.43

70.26

7.52

70.07

7.43

8.76

9.15

9.25

7.68

9.35

77.27

10.91

77.22

22.27

79.72

15.20

79.49

26.57

73.76

20.37

8.62

47.74

76.63

6.70

15.50

4.50

18.11

79.67

7.70

27.29

77.74

9.74

22.75

22.08

19.88

77.24

79.64

73.87

17.88

27.87

22.45

77.69

76.98

77.64

27.70

78.17

76.94

16.53

27.69

27.74

22.44

22.93

20.63

77.74

7.76

3.69

7.28

11.82

10.55

/.J6

15.53

8.77

8.48

7.74

9.22

13.77

7.73

11.56

7.23

3.92

75.73

7.73

7.04

3.85

77.76

8.61

76.54

77.82

27.79

15.93

18.35

18.64

76.07

78.74

18.43

77.29

77.70

15.50

77.72

79.23

15.05

23.07

74.74

16.50

77.84

77.5'l

73.97

77.77

29.20

28.20

26.32

39.24

38.89

29.75

37.97

48.95

25.18

48.77

26.65

101.95

38.27

15.78

34.08

40.85

35.10

39.85

76.64

40.57

33.96

20.40

45.29

53.05

42.27

34.21

37.69

26.97

31.17

M.46

46.36

37.86

32.6
35.86

48.36

34.01

36.08

37.42

40.39

39.74

47.86

43.87

43.û
39.68

17.90

4.49

77.43

25.55

25.45

25.18

51.90

32.95

27.22

45.53

47.61

36.15

36.42

J3.¿ô

29.05

30.86

24.88

23.67

23.92

29.40

27.59

44.92

0.53

0.48

0.49

0.5s

0.65

0.46

0.55

0.58

0.45

0.56

0.48

0.54

0.50

0.54

0.50

0.45

0.50

0.54

0.52

0.53

0.59

0.53

0.57

0.36

0.41

0.57

0.49

0.52

0.52

0.55

0.51

0.43

0.54

0.46

0.43

0.43

0.46

0.11

0.51

0.49

0.47

0.53

0.51

0.45

0.49

0.41

0.47

0.51

0.53

0.53

0.s9

0.s0

0.49

0.47

0.52

0.s0

0.45

0.s5

0.48

0.45

0.54

0.53

0.54

0.52

0.47

0.45

0.44

0.32

0.42

0.32

0.42

0.31

0.37

0.28

0.31

0.20

0.25

0.37

0.27

0.47

0.30

0.20

0.53

0.31

0.30

0.14

0.43

0.34

È\o



Appendix 2 continued

Cross

E1

Yield (g/plant)

E2 E3 E4 E1

Plant weight (g/plant)

E2 E3 E4 E1

Harvest index

E2 E3 E4

Wirrega xSA729 70.47 23.47 26.24 7.59 23.68 56.07 55.89 57.54 0.45 0.47 0.48 0.21,

Wirrega x SA 157 11.03 16.31 19.51 9.91 22.31 32.43 36.40 42.19 0.50 0.50 0.53 0.24

Wirrega x SA 236 8.41 74.1.2 32.30 72.46 75.23 33.35 59.39 28.52 0.56 0.43 0.54 0.44

Wirrega xSA247 7.61 ' 29.09 18.51 8.04 77.00 49.05 36.01 37.69 0.45 0.42 0.52 0.2g

Wirrega x SA 465 8.22 9.47 28.78 70.27 't5.12 79.98 55.86 26.03 0.54 0.46 0.52 0.39

Wirrega x SA 483 .6.22 15.05 77.83 6.60 11.81 35.49 35.11 13.55 0.53 0.44 0.51 0.54

Wirrega x SA 688 9.79 27.83 26.73 6.79 22.48 66.08 54.67 45.95 0.46 0.33 0.49 0.2t
Wirrega x SA 828 9.56 14.81 20.55 716 77.73 31.32 43.80 36.98 0.55 0.47 0.42 0.2t
Wirrega x Solara 8.04 20-37 77.42 L3.74 76.22 37.87 31.30 M.78 0.50 0.54 0.56 0.35

--"-"-*t t* rrt 
"* ^

(Jr
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Appendix 3 Fs results. Mean values across replicates for each agronomic trait of each Fs line derived from crosses A to F in each environment, E1 ancl E2.

Cross Basal branches per Pods per plant Seeds per p.od Hundred seed Grain yield (g) Plant weiglit Harvest index Onset of floweri¡g
plant (number) (number) (number) weight (g) (g) - (days after sowin{)

Line E1 E2 El E2 El E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2

5.9

4.6

6.3

6.8

5.0

5.8

5.8

6.7

6.4

5.6

5.5

6.0

5.8

5.5

5.9

5.8

6.4

5.9

5.6

6.4

6.2

5.5

6.7

6.7

3.2

1.8

1.8

2.6

1.1

2.8

2.5

2.6

2.5

2.6

1.5

2.0

2.7

5.0

ó./
2.3

3.8

3.3

2.3

3.0

2.7

2.5

5.0

1.3

2.0

2.0

3.0

2.6

3.0

2.7

2.2

2.6
)o
2.2

2.3
)q

3.2

z.J

2.8

3.2

2.8

2.2

7.4

2.5

2:2

3.0

2.5

41.
A2
A3
A4
A5
A6
A7
A8
A9
410
All
412
413
474
415
476
477
418
479
420
A2l
422
423
424

15.1

22.9

77.6

25.6

78.2

27.2

77.7

75.7

19.0

70.4

79.2

24.0

15.5

76.6

72.2

79.4

11.8

24.0

73.9

73.7

15.5

72.6

23.0

79.7

22.2

26.6

20.0

26.3

23.7

20.2

27.2

79.9

77.4
')) '),

23.3

26.5

27.2

18.4

22.6

26.2

27.7

27.0

20.3

74.7

78.7

19.1

20.0

23.7

18.0

24.2

77.7

15.5

76.6

19.0

75.7

14.8

73.7

18.5

20.4

20.4

77.3

76.3

9.9

20.3

77.7

72.7

77.2

79.4

i4.5
79.9

79.7

14.9

9.0

10.3

72.7

19.5

10.5

79.9

8.1

8.7

i0.6
9.3

10.1

74.7

77.2

10.6

5.3

74.9

8.1

75.9

72.7

72.3

72.7

74.0

73.7

76.9

15.3

79.0

16.5

9.3

9.4

77.5

11.7

74.6

13.0

72.2

9.6

76.6

r0.7

15.0

4.4

22.4

76.7

13.3

13.0

17.4

15.5

16.5

74.6

9.7

22.3

34.7

36.0

58.7

24.7

56.0

79.7

76.2

39.2

27.8

37.9

37.4

24.0

38.2

10.4

42.0

20.3

39.7

35.1

77.8

39.9

28.0

46.3

39.7

41,5

76.6

51.4

56.8

50.5

52.2

43.0

50.6

100.0

53.7

49.2

67.7

80.2

83.6

27.9

57.9

36.0

97.4

&.0
58.4

75.7

57.6

40.5

49.9

0.47

0.36

0.38

0.39

0.43

0.34

0.47

0.60

0.32

0.33

0.33

0.44

0.49

0.28

0.54

0.35

0.42

0.41

0.36

0.39

0.31

0.54

0.30

0.42

0.36

0.31

0.40

0.37

0.20

0.39

0.39

0.33

0.77

0.25

0.23

0.4i
0.77

0.28

0.33

0.45

0.51

0.19

0.28

0.37

0.34

0.42

0.38

0.34

99

100

104

133

111

138

734

131

111

1,37

739

102

105

737

110

115

707

725

135

704

118

130

111

726

96

702

99

725

108

732

133

732

777

736

135

95

108

725

101

97

101

111

136

97

177

132

100

133

34.3 5.7

39.0 4.7

32.5 4.9

24.8 5.5

10.8 5.7

29.5 5.9

25.0 5.5

46.8 5.2

28.2 6.0

27.7 6.3

18.0 5.9

29.5 5.3

15.3 5.3

32.2 6.3

23.2 5.2

27.8 4.9

35.5 5.0

33.2 6.4

19.3 6.3

39.2 s.6

47.2 5.4

32.2 6.0

34.2 5.3

23.3 6.0
(Jr
È



Appendix 3 Fs results continued

Cross

Line

Basal branches per
plant (number)

E1. E2

Pods per plant
(number)

E1 E2

Seeds per pod
(number)

E1 E2

Hundred seed Crain yield (g)
weight (g)

Ei E2 E1 E2

Harvest index ûrset of flowering
(days after sowing)

E1 E2 E1 E2

Plarrt weight
(g)

El E2

6.9

5.2

5.5

5.7

6.3

8.3

4.9

6.3

6.2

5.4

5.6

6.7

6.3

5.0

5.3

5.8

5.3

4.6

6.5

5.4

6.2

6.2

6.5

4.9

6.7

5.9

3.7

6.0

6.2

6.7

5.9

6.8

4.3

5.1

4.2

5.5

5.9

5.5

5.6

5.7

5.8

5.0

6.0

5.9

4.8

5.8

4.8

6.7

3.3

2.7

J.J

2.7

2.2

2.3

3.2

4.5

2.5

3.5

1.5

2.5

4.2

2."1

4.2

2.2

4.3

2.8

6.8

J.J

J.J

2.8

4.5

7.6

A 25 1.8

A 26 2.9

A Fr 2.2

A Pr 2.8

A Pz 3.0

813.5
824.2
834.0
B42.7
852.7
863.2
872.3
883.0
892.7
B 10 2.5

B 11 2.4

B 72 5.3

B 13 2.0

B 74 2.7

B 15 2.9

B 76 1.8

B 77 2.0

B 18 4.7

B 79 2.6

20.5

74.0

79.2

13.0

77.2

75.4

28.3

34.2

77.8

26.0

77.4

79.7

38.3

13.0

26.7

32.7

35.3

23.0

19.0

19.3

14.5

74.0

37.7

15.9

30.2

77.6

34.5

19.8

24.0

14.8

39.4

24.9

24.6

72.1

74.4

38.1

64.4

76.9

43.9

40.4

37.8

28.6

60.9

23.9

8.8

39.6

53.7

1,5.4

23.9

20.8

LÔ.J

20.2

27.6

19.8

72.0

11.3

74.3

18.1

25.2

77.6

15.1

77.7

16.8

14.5

15.9

19.6

27.3

18.4

15.8

75.2

75.7

16.8

79.2

77.3

77.5

15.9

78.7

72.5

8.9

13.1

6.0

9.4

15.9

74.7

1 1.1

72.6

13.5

15.1

15.3

79.3

72.7

11.5

72.7

13.8

10.4

70.2

15.1

15.0

15.1

74.6

7.5

8.8

6.8

5.7

4.7

11.8

6.5

77.7

77.4

5.1

8.6

10.5

74.7

70.7

8.3

9.7

7.5

4.4

7.2

5.7

74.7

9.5

16.8

73.4

15.0

10.1

8.4

12.7

2.0

5.4

14.8

73.7

6.3

10.3

77.2

72.3

5.0

4.0

18.8

10.7

0.8

75.2

10.6

4.7

43.9

27.3

53.2

52.0

25.0

36.7

46.7

65.4

J/./

46.5

42.0

37.7

44.4

25.7

23.3

45.0

46.3

59.6

53.1

30.1

29.7

74.7

20.8

33.0

42.8

87.3

77.8

63.4

60.0

45.2

70.8

88.8

66.5

79.5

723.7

45.8

101.8

61.8

23.7

85.8

82.5

63.7

734.7

54.9

58.2

37.4

118.3

62.8

0.37

0.55

0.30

0.30

0.31

0.31

0.1,7

0.22

0.27

0.28

0.77

0.28

0.25

0.27

0.38

0.22

0.39

0.25

0.23

0.31

0.77

0.43

0.33

0.15

0.29

0.20

0.26

0.25

0.28

0.22

0.07

0.18

0.02

0.i0
0.77

0.26

0.13

0.15

0.27

0.22

0.07

0.11

0.16

0.27

0.04

0.38

0.72

0.10

734

103

725

732

99

747

156

140

158

742
"t28

136

742

747

749

747

744

138

747

140

150

"t37

741,

756

732

101

725

133

101

739

148

150

158

153

744

734

145

134

742

747

734

737

734

138

741

736

749

747

ql
l-.J



Appendix 3 Fs results continued

Cross

Line

Basal branches per
plant (number)

E1 E2

Pods per plant
(number)

E1 E2

Seeds per pod
(number)

E1 E2

Hurrdred seed Crain yield (g)
weight (g)

El E2 E1 E2

Harvest index Orrset of flowering
(days after sowing)

E1 E2 El E2

Plant weight
(s)

E1 E2

B 20 3.3

B 27 2.7

B 22 3.0

B 23 2.8

B 24 3.5

B 25 1.8

B 26 7.7

B 27 7.9

B 28 2.6

B 29 2.0

B 30 3.7

B 31 7.7

B Fr 3.2

B Pr 2.0

B Pz 2.8

c13.1
c23.7
c33.2
c44.7
c53.6
c62.5
c74.5
c84.1
c93.3

7.8

13.8

2.0

3.5

1.3

5.8

2.4

2.3

2.3

2.8

3.5

2.0
))
2.4

J.J

5.7

7.7

2.7

0.9

4.3

2.2

2.7

3.9

2.2

28.2

28.2

32.7

23.8

38.8

26.7

20.9

25.4

73.9

20.0

34.7

27.7

40.7

77.0

78.2

18.6

34.5

25.4

19.0

29.7

26.3

27.0

27.7

15.5

37.8

67.7

34.7

30.8

16.8

45.8

27.8

79.6

18.3

15.8

37.4

J/ .+

37.9

22.4

27.6

29.8

27.9

18.0

15.5

20.0

26.3

38.6

26.0

34.2

6.7

5.8

5.3

5.2

5.6

5.2

5.6

6.8

6.6

4.3

6.7

5.7

5.9

6.3

6.0

5.7

5.8

5.9

5.7

5.4

4.3

6.3

5.3

5.3

74.7

77.4

78.4

78.2

78.4

79.3

15.8

18.6

20.5

18.6

20.5

18.3

74.4

73.6

20.2

73.4

77.2

74.4

77.7

8.7

11.8

13.6

75.6

73.6

8.0

14.9

73.4

77.4

77.4

13.8

8.0

15.6

72.8

10.3

9.3

75.6

72.9

13.3

18.4

9.2

10.6

12.2

13.1

5.0

70.2

11.4

10.9

77.6

9.4

72.2

14.0

8.0

11.1

72.7

8.4

8.9

7.7

72.5

76.2

7.2

14.0

6.8

74.6

4.5

73.6

8.6

10.6

11.9

7.4

7.3

9.8

76.3

7.0

76.7

8.5

72.9

3.8

8.8

1.0

13.1

13.0

72.7

72.7

76.2

76.9

15.6

15.7

76.7

74.4

72.8

4.3

6.3

72.3

77.5

77.4

39.9

37.6

54.9

29.4

34.5

31.1

34.4

35.9

20.0

51.3

56.4

31,.6

85.1

23.2

52.0

73.4

37.7

24.8

34.4

47.5

40.5

18.4

32.9

43.7

86.9

69.2

42.7

101.0

99.7

90.3

75.2

59.2

40.5

797.4

92.9

65.2

767.6

105.4

51.5

62.5

57.7

75.7

49.7

39.9

48.9

79.2

46.7

32.9

0.25

0.30

0.25

0.23

0.23

0.27

0.25

0.26

0.27

0.28

0.28

0.23

0.19

0.30

0.30

0.34

0.37

0.32

0.43

0.27

0.18

0.42

0.32

0.38

0.09

0.79

0.26

0.20

0.02

0.13

0.15

0.22

0.31

0.04

0.15

0.24

0.72

0.18

0.36

0.15

0.40

0.53

0.26

0.09

0.77

0.49

0.29

0.42

739

736

742

742

746

737

137

737

737

746

135

140

739

148

732

111

104

722

727

133

131

707

109

101

739

135

740

743

744

150

160

734

736

752

747

135

140

159

736

99

706

101

777

732

736

98

720

99

5.7

6.7

6.0

4.8

3.5

5.5

4.7

6.2

6.3

5.2

5.3

6.6

5.9

5.5

6.0

5.6

6.0
qt

6.9

4.8

4.8

6.3

2.4

6.3

C¡
O)



Appendix 3 Fs results continued

Cross Basal branches per Pods per plant Seeds per pod Hundred seed Grain yield (g) Plant weight Harvest index ûrset of flowering
plant (number) (number) (number) weight (g) (g) - (cìays after sowing")

Line E1 E2 El E2 El E2 E1 E2 E1 E2 El E2 E1 E2 E1 E2

104

105

729

100

702

113

726

103

130

722

737

108

742

707

131

133

712

160

113

103

741

100

95

94

6.9

4.7

5.3

6.3

5.1

4.8

6.r

6.5

4.5

6.6

4.5

4.9

5.4

7.0

5.4

4.7

5.0

7.2

6.0

6.6

6.7

5.8

6.7

5.0

7.9

7.9

3.9

3.4

7.7

7.5

6.0

7.8

1.8

3.9

2.9

5.8

5.9

3.5

3.0

9.5

3.5

5.4

3.8

2.8

3.5

J.J

J./

2.2

c 10 4.0

c 11 2.4

c 72 2.8

c 13 3.3

c 74 2.8

c 15 6.8

c 76 5.9

c 77 4.7

c 18 5.6

c 79 4.3

c 20 3.0

c 27 4.2

c 22 2.4

c 23 5.5

c 24 3.0

C Fr 7.2

C Pr 2.3

C Pz 6.8

D11.8
D22.5
D33.8
D43.i
D 5 1..7

D62.7

41.0

21.2

76.3

28.5

19.0

26.3

50.9

39.8

31.8

27.9

37.0

25.3

12.7

39.8

40.2

34.7

77.6

75.7

25.0

34.3

57.2

32.6

13.5

73.9

29.7

27.4

72.4

44.2

79.4

47.8

27.6

45.6

75.7

10.5

35.3

73.4

22.4

6.9

22.3

27.9

37.3

37.9

18.5

51.8

48.8

27.8

26.6

34.6

6.7

5.9

5.8

5.7

5.6

4.9

6.6

6.7

5.3

5.8

5.8

5.2

6.4

5.8

5.9

6.2

6.2

6.5

7.2

6.9

7.0

6.7

7.7

5.8

76.2

77.6

9.7

13.3

13.5

77.4

72.0

13.0

11.1

9.3

79.7

9.8

8.0

10.6

77.8

10.0

23.7

8.6

11.0

74.9

10.9

13.3

18.0

13.0

77.9

77.4

7.9

77.2

73.6

9.4

10.8

72.0

10.1

11.3

9.8

8.1

6.2

5.2

77.2

7.6

74.9

5.2

7.5

13.3

9.7

72.9

76.3

70.7

14.8

10.3

4.5

11.3

5.0

5.2

15.0

7.0

4.9

6.7

14.5

6.4

3.1

6.7

11.3

77.8

72.6

3.5

9.8

74.7

13.9

79.3

7.7
'70

79.6

15.8

4.7

10.8

70.2

8.6

7.9

72.7

6.7

5.8

13.1

5.6

7.0

10.9

74.9

72.6

14.0

7.6

72.0

73.2

11.0

18.3

73.9

9.4

34.0

22.2

76.7

29.0

28.7

22.4

57.9

27.7

33.2

49.5

44.5

27.6

31.3

27.4

22.7

53.7

72.8

76.3

32.9

47.5

50.7

56.5

22.4

75.6

43.4

36.6

79.4

26.0

27.7

45.3

50.7

84.1

79.6

23.7

72.7

50.3

84.1

35.5

91.5

76.6

86.9

23.8

56.9

35.7

46.9

53.0

47.7

32.4

0.45

0.42

0.28

0.39

0.16

0.23

0.30

0.41

0.18

0.24

0.33

0.29

0.13

0.45

0.55

0.36

0.25

0.23

0.33

0.39

0.28

0.46

0.33

0.47

0.47

0.52

0.77

0.52

0.42

0.22

0.20

0.22

0.30

0.24

0.22

0.11

0.10

0.42

0.20

0.27

0.23

0.33

0.29

0.48

0.33

0.45

0.37

0.42

725

113

746

111

110

110

138

103

r40
772

727

722

726

105

719

747

728

157

118

721,

742

108

100

102
ql
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Appendix 3 Fs results continued

Cross

Line

Basal branches per
plant (number)

E1 E2

Pods per plant
(number)

E1 E2

Seeds per pod
(number)

El E2

Hundred seed Crain yield (g)
weight (g)

E1 E2 El E2

Harvest index Orrset of flowering
(days after sowing)

El E2 E1 E2

Plant weight
(s)

El E2

83

87

150

93

707

158

106

88

90

151

767

92

80

742

116

97

110

165

107

97

172

132

702

746

77.87.7

2.7

3.5
)4

2.5

4.3

J.J

3.0
?q

3.2

3.6

4.5

4.0

3.0

1.5

3.2

6.0

4.0

6.6

3.2

2.7

4.5

5.2

4.3

4.3

D7
D8
D9
D10
D11
D72
D13
D74
D15
D76
D77
D18
D79
D20
D27
D22
D23
D24
D25
D26
D27
DFr
DPr
DPz

3.0

2.8

2.6

3.2

3.8

3.8

6.3

3.5

2.5

5.0

7.7

3.2

3.0

2.3

4.2

4.7

4.2

4.5

18.0

3.9

4.2

7.2

4.9

7.2

26.3

35.8

75.7

27.0

27.8

23.0

30.2

11.1

37.7

36.6

30.3

28.3

18.3

20.7

25.8

72.0

40.3

27.4

52.0

22.5

36.7

30.2

24.5

27.0

70.6

32.5

78.7

50.8

29.8

76.5

47.8

87.7

39.8

50.8

68.8

31.1

45.3

28.1

31.0

37.5

85.2

23.8

82.3

57.3

20.3

57.3

32.8

23.7

6.0

6.5

6.9

7.7

6.3

6.5

6.2

6.4

6.8

6.8

6.7

6.2

4.9
na

6.7

6.8

6.9

5.5

6.6

6.9

6.7

6.6

5.8

5.8

6.5

7.9

7.7

5.9

5.6

6.8

5.9

6.2

5.7

6.2

6.7

5.2

/.J

5.6

7.2

4.9

5.6

6."1

7.8

6.7

5.8

6.3

73.9

73.7

8.9

72.4
Q')

6.7

77.4

13.5

13.5

72.9

5.8

10.1

13.3

9.5

8.1

10.5

8.8

6.6

/-4

73.2

6.9

9.8

6.7

15.0

10.8

75.2

74.7

7.7

6.3

8.2

4.0

76.7

15.8

5.3

7.2

5.9

6.7

9.0

77.3

72.8

6.9

10.8

7.8

9.4

16.3

6.5

73.6

19.0

13.8

7.9

76.7

11.0

13.1

74.3

74.6

75.9

13.0

10.0

8.5

77.7

9.9

73.7

5.2

73.4

11.6

20.3

15.8

4.0

74.7

7.6

73.4

79.9

37.6

37.5

73.6

37.0

26.7

32.9'
70.7

32.9

88.6

23.9

26.8

15.6

25.3

30.8

64.3

47.6

24.5

35.0

27.6

32.7

67.6

19.0

52.7

418
30.0

67.8

28.2

49.7

5.5

50.9

44.0

22.9

88.9

75.7

90.8

37.8

773.7

86.1

73.9

109.0

64.7

67.7

73.2

773.7

88.2

19.5

433

0.s3

0.43

0.15

0.53

0.20

0.25

0.40

0.43

0.52

0.23

0.20

0.16

0.53

0.13

0.20

0.72

0.20

0.28

0.37

0.33

0.72

0.21

0.37

0.32

101

707

749

108

736

739

104

111

113

746

154

725

113

747

135

105

727

737

100

702

727

754

779

144

75.9

73.6

15.3

15.1

9.6

9.8

76.2

72.8

12.7

11.5

11.6

72.9

13.5

77.9

70.2

11.5

77.6

77.2

9.3

74.9

9.6

77.2

9.0

20.3

0.54

0.49

0.24

0.57

0.22

0.31

0.54

0.37

0.61

0.21

0.23

0.28

0.38

0.28

0.31

0.26

0.31

0.29

0.31

0.51

0.30

0.29

0.35

0.25

c¡
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Appendix 3 Fs results continued

Cross

Line

Basal branches per
plant (number)

E1 E2

Pods per plant
(number)

El E2

Seeds per pod
(number)

E1 E2

Hundred seed Crain yield (g)
weight (g)

E1 E2 El E2

Harvest index Onset of flowering
(days after sowing)

El E2 El E2

Plant weight
(e)

El E2

133

739

732

150

727

737

138

734

737

135

734

732

138

742

135

737

723

752

728

728

131

745

150

736

5.5

5.2

3.6

6.0

4.7

4.6

4.8

4.8

4.3

4.8

4.0

5.1

5.6

6.5

5.7

4.3

3.8

5.4

4.3

6.9

5.4

6.9

7.4

4.5

5.9

6.3

4.6

7.5

5.3

5.2

5.5

5.6

5.2

5.5

4.8

4.9

6.2

5.6

4.6

4.6

5.7

5.9

5.7

6.7

5.8

6.9

7.9

5.1

2.7

4.4

2.7

2.0

2.3

2.4

4.0

2.9

J./

2.8

2.3

7.7

3.6

2.0

2.9

3.2

2.7

J,/

7.4

2.0

2.0

2.7

2.0

2.7

3.0

J.J

2.6

2.3
?Ã

2.5

2.7

2.7

3.8

J.J

2.7

3./
J.J

)1,

2.0

2.0

2.5

2.2
)q

2.7

)o
2.3

7.6

3.0

7

2

3

4

5

6

7

8

9

10

11

1,2

13

74

15

76

77

18

79

20

27

22

23

24

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

8.1

19.5

23.2

77.9

18.3

27.6

29.7

32.7

22.7

23.7

26.9

32.3

24.8

6.7

13.8

13.1

16.0

74.3

25.9

22.9

32.0

74.9

70.2

24.3

13.0

8.0

22.3

27.2

25.5
))q

37.5

33.2

23.8

27.6

33.2

76.3

47.2

6.9

49.2

32.9

23.3

75.2

77.0

22.8

2.5

16.8

6.0

41.8

79.4

20.3

27.2

18.5

18.1

16.8

18.6

22.7

18.3

20.5

77.2

77.2

20.7

78.2

27.9

20.7

27.3

18.3

76.9

79.2

18.8

77.7

23.2

18.5

72.6

9.5

13.1

74.6

14.4

74.4

74.6

74.9

79.7

74.2

13.5

16.2

74.9

75.4

16.8

79.2

15.5

72.7

14.6

74.5

73.2

76.9

77.5

73.2

6.8

70.7

5.0

72.0

70.2

8.7

77.9

9.9

8.9

18.5

8.5

73.4

12.4

4.3

4.9

7.5

77.2

6.7

10.4

74.7

9.0

7.9

6.6

8.9

5.6

5.9

7.2

8.4

6.8

8.0

T2.5

10.3

9.6

76.7

73.9

9.9

77.6

5.6

77.2

27.7

11.0

13.0

15.3

18.8

8.9

70.7

8.4

76.5

32.7

38.4

27.7

38.9

33.1

32.8

44.0

36.3

39.8

83.7

23.7

39.3

44.9

24.5

77.7

39.9

35.3

23.6

47.6

39.6

29.2

35.0

26.9

47.6

69.4

777.2

77.2

53.8

45.2

57.2

57.7

7752
64.2

105.4

44.7

77.6

57.9

59.4

60.6

725.4

107.7

773.4

133.9

47.3

513
405
465
88.6

0.10

0.28

0.23

0.27

0.32

0.27

0.29

0.30

0.22

0.25

0.44

0.34

0.27

0.18

0.30

0.23

0.33

0.28

0.25

0.37

0.31

0.27

0.34

0.27

0.02

0.07

0.11

0.25

0.13

0.77

0.26

0.13

0.79

0.18

0.24

0.77

0.29

0.08

0.28

0.19

0.12

0.13

0.16

0.25

0.22

0.34

0.20

0.22

729

744

725

746

118

132

131

129

726

725

727

722

128

158

727

776

776

135

109

772

779

139

153

130
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Appendix 3 Fs results continued

Cross

Line

Basal branches per
plant (number)

Ei E2

Pods per plant
(number)

E1 E2

Seeds per pod
(number)

E1 E2

Hundred seed Crain yield (g)
weight (g)

E1 E2 E1 E2

Harvest index Onset of flowering
(days after sowing)

El E2 E1 E2

Plant weiglrt
(g)

E1 E2

E

E

E

E

E

E

E

E

E

E

F

F

F

F

F

F

F

F

F

F

F

F

F

F

138

118

125

732

131

727

729

130

110

125

135

138

140

747

739

138

734

743

747

737

739

722

148

135

2.3

3.0

3.0

2.0

2.3

2.6

2.9

2.2

1.8

2.2

3.3

1.8

0.8

2.7

3.6

3.0

J.J

1.8

7.7

3.5

2.0

1.5

7.4

2.5

2.2

2.5

4.0

7.7

3.2

3.0

2.3

2.7

2.0

7.7

3.2

2.3

1.5

3.2

J.J

2.8

2.8

2.3

2.0

2.7

3.0

2.0

7.2

2.9

25

26

27

28

29

30

31

Fr

Pr

Pz

1

2

J

4

5

6

7

8

9

10

11

72

13

74

5.6

5.8

4.9

6.7

6.1

7.6

5.0

5.9

4.6

5.4

7.7

5.9

5.1

4.1

6.4

7.4

6.4

6.9

7.0
q)

7.0

8.4

6.5

5.5

5.3

4.8

5.7

6.9

5.3

6.2

4.3

5.7

5.3

6.5

5.5

6.7

7.7

4.9

4.7

6.4

6.3

7.7

6.3

4.9

6.3

6.4

6.3

5.4

14.8

27.7

28.3

18.8

20.7

25.6

72.8

23.0

70.7

20.0

20.0

77.5

72.3

20.3

15.6

76.6

30.3

25.0

10.8

14.0

19.4

16.9

13.5

72.7

27.4

50.3

29.7

73.7

55.2

33.8

39.0

27.2

29.6

73.4

22.7

25.7

-10.9

9.3

52.7

76.7

30.4

/.J

78.2

25.3

72.2

10.9

/.J

37.5

27.8

77.2

27.6

20.9

79.6

20.6

77.9

20.5

20.4

77.2

76.2

20.6

77.7

20.7

27.5

23.3

22.6

76.9

22.4

20.6

14.0

78.2

18.2

25.0

18.8

15.9

18.8

78.2

15.0

76.2

13.3

15.1

15.8

7r.9

74.3

17.2

76.7

72.7

16.3

16.5

77.7

74.2

74.7

14.8

13.3

77.9

72.4

77.7

13.8

9.5

72.2

7.9

72.7

10.3

6.5

75.7

8.6

72.2

8.7

13.0

11.1

72.5

9.6

11.1

15.0

78.7

10.9

7.9

70.7

11.5

7.4

17.4

79.6

76.4

13.8

8.8

27.7

78.2

13.0

77.0

72.2

70.7

74.7

9.7

7.7

22.6

15.3

74.2

76.7

72.9

13.1

15.0

74.9

76.3

4.5

72.7

76.0

53.5

s8.0

85.5

732.5

77.2

63.0

60.5

69.0

722.7

59.5

51.5

70.4

84.7

10.5

51.0

104.3

77.7

67.7

82.8

34.3

88.7

73.6

s3.8

39.5

33.7

44.0

73.4

36.9

28.7

52.3

68.9

36.9

60.0

33.2

38.3

41.5

30.3

30.2

30.0

42.8

63.3

32.0

29.3

43.8

55.2

37.9

31.0

0.35

0.28

0.32

0.18

0.38

0.33

0.77

0.28

0.28

0.27

0.27

0.32

0.28

0.41

0.33

0.37

0.36

0.30

0.36

0.31

0.26

0.26

0.27

0.34

0.28

0.42

0.32

0.13

0.16

0.28

0.26

0.27

0.20

0.20

0.27

0.28

0.24

0.28

0.54

0.29

0.30

0.24

0.23

0.23

0.39

0.23

0.11

0.22

736

772

716

158

724

723

113

772

118

131

743

133

1,57

131

728

739

736

138

746

135

139

746

155

728
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Appendix 3 Fs results continued

Cross

Line

Basal branches per
plant (number)

El E2

Pods per plant
(number)

E1 E2

Sceds per pod
(number)

El E2

Hundred sced Crain yield (g)
weight (g)

El E2 E1 E2

Harvest index Onset of flowering
(days after sowing)

E1 E2 E1 E2

Plant weight
(e)

E1 E2

37.5

33.8

52.8

26.6

64.3

42.7

54.5

48.9

28.0

66.9

50.2

37.5

45.3

28.9

47.6

60.2

56.4

18.8

55.4

72.0

67.2

60.6

50.6

327.6

77.2

139.6

45.2

51.6

45.8

59.1

49.2

96.9

45.2

61.1

0.35

0.25

0.14

0.22

0.77

0.28

0.07

0.28

0.07

0.10

0.42

0.23

0.37

0.43

0.24

0.27

0.27

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

728

133

748

131

732

734

133

138

732

154

133

139

153

160

757

139

729

7.7

3.0

2.5

1.7

2.3

2.3

3.0
)q

3.7

2.6

3.4

2.7

2.7

3.0

2.6

3.2

2.0

15

76

77

18

79

20

27

22
)?

24

25

26

27

28

Fr

Pr

Pz

5.0

5.9

6.7

5.4

6.4

5.8

5.6

5.0

5.9

5.8

4.9

5.2

6.5

5.7

6.2

5.4

7.0

5.4

4.7

6.3

5.3

7.2

6.4

4.2

6.7

7.6

6.4

5.6

5.9

6.8

6.9

6.7

5.6

4.7

1.3

2.9

2.2

2.2

3.0

4.7

2.2

J,/

1.5

) '),

4.7

1.3

0.8

3.8

2.8

1.8

3.2

23.1

19.5

75.7

73.6

14.5

76.0

20.8

11.0

13.3

15.5

27.8

24.7

74.5

72.3

73.6

23.5

77.5

26.6

27.0

7.9

19.0

4.1

27.6

5.3

18.1

25.5

4.9

24.8

7.7

20.6

60.6

77.8

10.9

19.8

21.4

18.9

19.5

79.3

16.3

24.4

77.2

79.2
)') (\

20.9

21.2

77.7

17.8

17.6

21.3

19.3

1¡1.2

16.8

15.9

18.1

74.4

74.2

16.7

'14.7

13.9

19.2

21.5

i5.9
71.2

18.6

74.6

77.6

15.6

14.5

17.0

13.3

10.8

8.1

12.7

72.2

12.2

9.9

7.8

16.7

75.7

9.7

73.4

7.4

72.6

18.0

10.3

10.4

13.0

73.9

72.3

7.6

9.8

15.5

70.2

77.6

4.9

75.2

70.7

77.2

79.7

27.7

73.9

74.5

0.44

0.40

0.22

0.34

0.20

0.33

0.25

0.23

0.29

0.32

0.34

0.27

0.29

0.32

0.29

0.31

0.23

734

736

138

734

136

736

743

737

145

759

136

138

744

736

128

138

726
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