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ABSTRACT
fnheritance of pod length, and interrelationships of seed yield, pod length, pod number per plant
(PNP), seed set per pod (S5P), sced weight, seed oil, and protein content in Brassica ':jifz'_pz_zx were
investigated.
crosses between the long-podded (approx. 12 em) and normal-podded (approx. 7 cm) gcnmypgs of séring
B. nepus. Fa, and BC, =ere also produced from Fy plants. These progeny populations and their parents were
grown at the Edmonton Rcsearch Station of the University of Alberta, Edmonton, Alberta in 1993 and/or
1994, DH lines were tested in the field at two row spazing and plant densities, i.e. 23 cm row spacing and
not thinned, or 46 cm row spacing and thinned to approx. 20 em between adjacent élams. Nested,
completely randomized, randomized complete block (RCB), or split plot in RCB were uscd in field layouts.
In addition, seven genotypes were tested at three locations in Alberta in 1993-94,
These studies showed that the inheritance of pod length fitted a model of three independent nuclear
genes with additive effect. In general, pod length had positive associations with SSP and sced weight, and

had no relationship with seed oil or protein content. Pod length had a weak compensating relationship with

PNP, but this relationship should not be a major concern when selecting for high seed yicld. Pod length had

genotypes with normal pod length. A high value of S8P was a distinctive characieristic of a high-yielding
genotype. Genotypes with small sceds were desirable to produce high seed yield and seed oil under
unfavorable environmental conditions. Sced yicld and seed oil content were oflen positively associated.
lSct:d oil and protein content were negatively correlated only when  environmental conditions were
unfuavorable.

Spaced plant density resulted in 2 marked increase in PNP, and slight increascs in pod length and

58P, but slight decreases in 1000 sced weight and seed protein content. Seed oil content was insensitive to

changes in plant density.
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CHAPTER 1
INTRODUCTION

In the Cruciferae (syn. Brassicaceae) family, Brassica napus L., B. juneea (L.) Czern, and B rapa
I.. (syn. B. campestris 1..) arc prgdmmmmly Lullw*ucd for the pmduclmn of vegetable oil. These thn:c
speeies are collectively referred 1o a ind usually known as rapesced.

Traditional rapesced cultivars contain two characteristic components, erucic acid in the extracted oil,
and glucosinolates in the residual meal, In many modern cultivars both components have been greatly
reduced sand such cultivars are referred o as double low cultivars. In Canada, a gederic name, canola, has
heen coined 10 differentiate double low cultivars from traditional ones (Adolphe 1974). Currently, canola is
defined as c;nnmiiﬁn;: less than 2% crueic acid of the total fatly acids in the extracted seed oil and less than
30 umol ¢! of aliphatic glucosinolates in the air-dried, oil-free residual meal (Downey and Rimmer 1993).
Hereafter, rapeseed will be used to describe the oilsced brassicas, and canola will be used to describe
double low cultivars.

R mmLCd lms plsycg an cver inzrca%ing mh: in th wm‘ld'% ngic:uilur*ﬂ C(]Iﬂﬁ]ﬂdilfur’. (Fiif I- l)

L!!ll(!ﬂhLLd (C:,n.\.s_ypuun }gppi)i wuh an gw;rall pmdu;lmn of 29;958 ml!llcm metric lonnes (MT) in 1994
{Food and Agricultural Organization (FAQ) 1994). Given the increasing demand for edible vegetable oil to

provide the growing human population with an adequate diet in developing countries, and the growing
interest in non-cdible uses of oilsced crops in developed countrics (Murphy 1994), it can be rcasonably -
expected that rapeseed production in the world will continue to increase.

Rapeseed has become an important crop in Canada since its establishment as a commercial crop in
the early 19405 (Canola Council of Canada 1988). Canada has been recognized as a world leader in canola
rescarch and production for the last two decades. It ranks among the three largest rapeseed growing
countries in the world (Fig. 1-1). The rapeseed growing area in Canada has increased from approximately
1300 hectares (ha) in 1943 (Fig. 1-2) to 5.8 million ha in 1995 (Statistics Canada 1995a), while the
production has increased from [ MT in 1943 (Siatistics Canada 19952a) 1o 7.2 million MT in 1994 (FAO
1994), On average, sereage and production have been increasing at an annual rate of over 84,000 ha, and
136,000 MT from 1943 (o 1995, respectively. With the current momentum of research on canola/rapeseed
amd the inereasing international interest in canola production in this country, it is likely that canola/rapeseed
production in Canada will continue to increase,

Rupc&;c.cd i i c:mp :1d:1plcd o var’iau% c:lim"uic Cﬁndilinns and gi’)wn in cvcry L‘Dnlinem in lhc \vnrid

.,uuumhn!uy of r-lpthed m bl()lﬂélgiﬂ ;md genetic nmmpulaugns pl;u;cs this gmp in 1hu h::rufmm of current
hiological and genetic studies among field crops. Haploid praduclian lhmugh ﬁ1icrmpf»m cuuurc h:]q bccn
routinely used for inbred line production. Transgenic B.
é,lu!m.mam (D;IL}\ ct nl 995) or glyphosate (Stringam, pers. Lcmmumgauan) are cut cntly bcmg ¥ ,arl\clcd
arrying lertility control genes have been used for hybrid seed production
(Murmm ct ;1l. 99(). annuy and Rimmer 1993). It has been demonstrated that fatty acid profiles of
rapeseed can be significantly madified for producing specialized oil through transformation with only a
single gene alteration (Knutzon, et al. 1992, Voelker et al. 1992). Genetic maps based on restriction
fragment length polymorphism (RFLP) and/or random amplified polymorphic DNA (RAPD) markers are
available for 8. rapa (Song ct al, 1990, Chyi et al. 1992, Teutonico and Osborn 1994), B. napus (Landry ct
al. 1991, Uzunova et al. 1995, Ferreira et al. 1994), and the related species B. oleracea (Slocum et al. 1990,
Landry et al. 1992, Kianian and Quiros 1992) and B, nigra (Truco and Quiros 1994). RFLP and/or RAPD
markers have been identified in B, napus and closely related species {or some specific traits, including
glucosinolates and their regulation (Magrath et al. 1993, Magrath et al. 1994, Uzunova ct al. 1995),
vernalization and flowering time (Ferrcira et al. 1995), and fentility restorer genes for Ogura type
cytoplasmic male sterility (CMS) (Delourme et al. 1994) in B. napus, ycllow seed color and low seed erucic
acid in B, rapa (Teutonico and Osborn 1994), scli-<incompatibility (Boyes et al. 1991) and resist
clubroot disease (Plasmodiophora rassicae) (Figdore et al, 1993) in B. eleracea. These genetic maps and
molecular markers will greatly facilitate selection for specific trait(s) in rapeseed breeding,




Despite the great success in the i improvement o of !h; nutritional virlue of rapeseed oil and meal, and
the exciting advances of biological and molecular studies on r.lfiLsLLd lmpm\'clmm in seed vield, oil and
protein content of rapeseed has been a gradual proce

C there has been very little
improvement of the seed yicld in any of the cannlalmpgsggd pmdu;l' n regions in Canada aver the 10 year
period from 1983 to 1993 (Fig. 1-3). According to the data of Statistics Canada (1995h), on average of all
spccncs grown in Cﬂnada l'fnn'] IQS‘.? m 1993, lhc annual s‘ccd vichl incrc'l\éL rale was nnl)' (i 15 ku h 1"i in

0. lD across C’madﬂ, 'Espﬂ;lwgly Cnnskqu;mly mehlms in TJ[“!L\;L\J hm.dmg h a8 s.lumd in recent )c:u\
from quality improvement to the improvement of seed yield.

Previous studies have shown that rapeseed pods contribute significantly to the developing sceds in
nutricnts and photosynthate transportation (sec Chapter 2. 3 and 4 for details). 1t was once thought that seed
yicld could be improved by improving the pod number per plant. However, excess pod number is
detrimental to the final seed yicld (sce Chapter 2). Alternatively, it might be possible to improve sced yield
by sclection for longer pods with more seeds per pod and increased sced weight,

B. napus germplasm developed at the University of Alberta by crossing Chinese with G
napus germplasm is characterized by long pods (11-
more sceds per pod and larger seeds than normal B napus genotypes. However, the inheritanee of the long-
podded trait and relationships of pod length with sced size, oil and protein content, total seed yield, as well
as other agronomic characteristics are not well understood. This project was initinted 10 address these
problems.

The primary objectives of the project were as follows: (1) To study the inheritance of the long-
podded character using doubled haploid (DH) populations, and conventional genetic analysis. These studies
are presented in Chapter 2 and Chapter 3. (2) To determine the interrelationships of pod length, sced size,
oil and protein contents, and other agronomic traits, which are reported in Chapter 2, 3 and 4. (3) To
investigate the effeets of row spacing and plant density on these traits and their interrelationships, which is
reported in Chapter 4 and 5. (4) To investigate the effects of environmental conditions on the performance
of the above traits under variable environmental conditions over years and locations in the area of céntral
Alberta, and to understand the nature and degree of genotype x environment interactions for these (raits.
These studies are presented in Chapter 6. The information from these studies should assist mpkul
breeders in designing future breeding programs and in making sclections more elfectively, Morcaver, it is
anticipated that the best lines produced fron: this study could be used as breeding lines upon the completion
of the project. Finally, results from all studies are discussed and summarized in Chapter 7.

3 em). These long-podded genotypes scem (o ln\'"
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CHAPTER 2

INHERITANCE AND RELATIONSHIP OF POD LENGTH AND SEED SET PER
POD IN BRASSICA NAPUS L.

2.1 INTRODUCTION

Breeding for high sced yield is a primary objective in rapeseed cultivar development. Various
breeding methodologics for high sced yield have heen developed over the years, and these can he
generalized into three categorics: 1) exploitation of heterosis of two or more parents with good combining
ability; 2) improvement of defect(s) of an otherwise ‘good’ cultivar by various approaches such as
backcrossing, introgression, or somaclonal variation; or 3) screening for high-yielding progenics following
hybridization of two parents using conventional pedigree or doubled haploid appraaches. However, sced
yield improvement of rapeseed has been a very gradual process (sec Chapter 1) and alternatives for seed
yield improvement remain to be investigated.

Extensive effort has been devoted to identify some simple morphological characters which may be
used as a selection criteria for high seed yicld. Previous studies in B. napus have shown that pods can
transport nutricnts and photosynthates to the developing seeds (Allen et al. 1971, Norton and Harris 1975,
Brar and Thies 1977, Zhang ct al. 1991). Similar findings were reported in B. rapa (Sheoran et al, 1991 ).
Subrahmanyam and Rathore (1992a, b) reported in B. juncea that leaves, stem and pods were cqually
important as sources of carbon for developing seeds at the ripening stage. In B, napus Richards and
Thurling (1979) observed high genetic correlation between seed yield and pod number (r = 0.90), and also
significant correlation between seed yicld and sced number per pod (r = 0.42). A variable but highly
positive correlation between pod length and sced weight was observed in B. napus (Chay and - Thurling
1989a, b), and the authors concluded that secd yield improvement in B. napus could be achicved through
introgression of long-pod genes into cultivars with an appropriate genetic background. Similar observations
were also reported in L. rapa where pod Iength was positively correlated with sced number per pod
(Lebowitz 1989).

Given the significant role of rapesced pods in sced yicld, it appeared that sced yield could be
improved by improving the pod number per plant. Unfortunately, a large pod density appears o be
detrimental (o seed yicld because a large pod canopy shades the leaves and pods formied earlier and
competes for assimilate, leading to the premature detachment of leaves and pods; consequently, final seed
yield is reduced (Mendham and Scott 1975, Mendham ct al. 1981, Mendham ¢t al. 1984). Studics in 8.
napus, B. juncea, and B. carinata have indicated that shading pods reduced the seed number per pod and
sced weight, resulting in 30 - 90% sced yicld reduction (Sharma and Ghildiyal 1992, Singal et al. 1992),

A possible alternative approach for sced yield improvement is to select for genotypes with long pods
containing more secds per pod and large sceds. Chay and Thurling (1989a, b) obscrved considerable
variations of pod length within and between genotypes in B. napus, where the long-podded trait was
determined by two dominant genes acting in a complimentary manner. Thurling (1991) reported that
selection for long pods produced at least five more sceds per pod.

Several long-podded B. napus genotypes were developed at the University of Alberia through
crossing Chinese B. napus germplasm with Canadian germplasm. These genotypes, with an approximate
pod length of 12 c¢m, had longer pods than normal B. napus (7 - 8 cm in pod length), and appeared to
contain more secds per pod and larger sceds than normal B. napus genotypes. The potential value of these
genotypes in rapesecd breeding, particularly in seed yield improvement, needs to be determined. This
chapter reports studies on the inheritance of pod Iength and the associated trait seed set per pod (SS1°), and
the relationship between these two traits.

2.2 MATERIALS AND METHODS

2.2.1 Production of doubled haploid lines

Doubled haploid (DH) lines were developed from the Fy progenies of three spring B, napus
genotypes 90-1152 (GD), 90-3010 (G1) and 90-3078 (G4). Under ficld conditions, GID was characterized



as long-podded with an approximate pod length of 11 cm, while G1 and G4 had an approximate pod length
of 6 and 7 cm, respectively. All three genotypes were DH lines derived from microspore culiure of breeding
lines available at the University of Alherta.

F; hybrids were produced through hand pollination in the greenhouse from reciprocal crosses
between GD and G) or G4. DH lines were produced through microspore culture followed by chromosome
doubling in a procedure modified from Coventry ct al. (1988) and Swanson (1990). F; plants produced from
the single crosses were grown in 6-inch plastic pots containing Metro mix (W.R. Grace & Co., Canada)
soil-free potting mix and placed in a growth cabinet under 16 hr photoperiod with photon flux density of
425 - 450 pmol m2s", and 1 24/21 °C day/night temperature regime. The plants were watered twice daily,
and fertilized four times a week with a nutrient solution containing 1 g/L 20-20-20 (N:P:K) fertilizer. Buds
were harvested at the stage when the stamens were 1/2 to 2/3 the length of the stigma and stored in the
refrigerator at ) - 1 °C for 24 - 48 hrs. The buds were then surface sterilized with the 7% (w/v) sodium
hypochlorite for 10 minutes, and rinsed with ice-cold water three times for 5 minutes each. The buds were
then crushed with a pestle and  mortar containing 10 ml of BS isolation medium (Appendix A) (Lichier
1982) supplemented with 13% (w/v) sucrose. The homogenate was filtered through 63 and 44 um aylon
mesh (Nytex). The filtrate was then collected into 50 ml Falcon tubes (Fisher Scientific Canada) and
centrifuged at 250 g for 10 minutes. The microspore pellet was resuspended with B5 medium in the tubes
and centrifuged twice for 10 min cach, and then resuspended in a modified NLN medium (Appendix B)
(Lichter 1982) containing 13% (w/v) sucrose, dispensed into 100 x 15 mm Petri dishes with 10 ml per dish,
sealed with parafilm and placed in an incubator at 32 °C in the dark. After two weeks, the plates were
moved onto a rotary shaker at 60 rpm in darkness at room temperature for 2 - 3 weeks.

Well-developing embryos were transferred into 9 cm Petri dishes containing 10 ml of B5 solid
culture medium supplemented with 0.15 mg/L gibberelic acid (Appendix C), and placed at 4 °C with 8§ hr
photoperiod of photon flux density of 30 umol m''s". Afier 10 days. the plates were incubated at room
temperature, with a 12 hr photoperiod of photon flux density of 30 umol m’'s™ for embryo germination.

free Mctro mix and grown in the greenhouse at the constant temperature of 20 °C and 16 hr photoperiod
supplemented with high intensity discharge 400 W high pressure sodium lamps. Plants were watered and
fertifized as previously described.

Plants were identificd as being cither spontancous diploid or haploid on the basis of their bud/flower
morphology and pollen production. As observed in previous studies (Keller and Armstrong 1978, Sichel
and Pauls 1989, Mathias and Rébbelen 1991), diploid plants produced large buds and large flower petals,
and abundant pollen. In contrast, haploid plants had smaller buds and flower petals, and anthers with very
little or no pollen. As a consequence, diploid plants were fertile upon open pollination, while haploid plants
were sterile.

Diploid plants were grown in the greenhouse to produce sceds which were harvested at maturity,
while haploid oncs were treated with colchicine for chromosome doubling as follows. Haploid plants were
washed with tap water to clean the soil-free potting mix from their roots at the beginning of flowering,
followed by immersing the roots into 0.34% (w/v) colchicine for 2 hours at room temperature. The plants
were rinsed with tap water, then planted in 7.6 ¢m diameter plastic pots (one plant per pot) containing soil-
frec Metro mix, and grown in the greenhouse under the conditions described above. Seeds formed on these
plants were harvested at maturity and increased in the greenhouse for an additional gencration along with
the sceds produced from the spontancous diploids. Three DH line families were produced which were
designated as M6 from GD x G1, M7 from the reciprocal cross G1 x GD, and M8 from the cross G4 x GD,
respectively.

2.2.2 Field plot design, measurement of pod length, seed set per pod and data analysis

ity of
Alberta, Edmonton, Alberta in 1993, Each family was grown in a completely randomized block with two
replications. Each plot consisted of a single six-meter row with 46 cm spacing between two adjacent plots.
Pod length was measured and SSP determined from five randomly sampled plants from each plot. The first
five pods formed on the main raceme of cach plant were measured and SSP recorded when the pods had
rcached the full length indicated by the seeds contained therein turning brown in color. Samples were
collected from this portion of the raceme because these pods formed first on a plant, and pods at the basal
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portion on the main receme have more fertile ovules and total number of ovules per ovary than the pods w
apical portion (Boutticr and Morgan 1992). Therefore, these five pods should be less variable in their length
and seed set than pods on other parts of a plant. Pod length, defined as the distance between the pedicellar
end connecting the pod and the base of the beak, of cach sampled pod was measured in centimeter to one
decimal point. and sceds in each of these five pods were visually counted. The pod length and SSP of cach
DH linc were determined by averaging the values from 5 pods x 5 plants x 2 replications.

Pod length and SSP within cach DH line family were analyzed., and the refationship of SSP and pod
length was determined with regression analysis for all three familics, Chi-square tests were applied to test
the hypothesis of the genetic control system of pod length. Computations were done using SAS/STAT 6.0
(SAS Institute Inc. 1989). - '

2.3 RESULTS AND DISCUSSION

2.3.1 inheritance of pod iength

Pod length exhibited continuous variation ‘in all three famitics on the basis of one centimeter
intervals, varying from 4 to 13 cm (Table 2-1). When grouped in 2 em intervals with cqual spacing from the
median, however, they could be classificd into four groups within cach family (Table 2-2). The lines
representing the two extreme groups, i.c. the shortest and the longest: pod length, comprised only a siall -
percentage of the lines observed, while the majority of the lines had intermediate pod fength.

Because the DH lines were derived from microspores produced on the Fy plants of two DI parents,
the number of genotypes or phenotypes of the DH lines should equal to the number of different types of
gametes formed on the Fy plants. If we assume that pod length is controlled by three independent nuclear
genes which may be designated as Lyl;, Lal; and Lsly, respectively, there should be 2° types of gametes
formed on the F; plants. If all threc genes arc independent and their effect is additive and cqual, the
frequencics of pod length within the DH line populations (genotypes and phenotypes) can be predicted from
the expansion of the binomial distribution (L + 1)}, which becomes 1 LY° + 3 LA + 3 L' + 1 1O, In this
cxpansion L represents the gene for long pods, and | the gene for short pods. The superseripts of each term
are the number of homozygous gene loci for long pods and short pods, respectively. The coefficient of each
term is the expected phenotypic frequency of genotype(s) following this cocfficient in a population of a DH
line family. For example, the second term of this expansion (3 L") indicates that three out of cight lines in
a DH line famlly would be CX]’)CClCd to be LiLiLalalsls, LyLy b Lsbhy, or IihLalalahy,

. el . . . . .
Chi-square (X°) tests of the three gene hypothesis on the segregation ratios of pod length did not
reveal significant differences between the observed and the expected frequencies ( \_z‘ us = 7.81) (Table 2-

2) in any of the three DH line familics, supporting the hypothesis that the pod length was controlled by three
independent nuclear genes with additive gence action, )

It should be pointed out, however, that the classification of the DH lines into four pod-length groups
was unavoidably somewhat arbitrary because of the continuity of expression from the shortest to the Tongest
pods. Morcover, pod length is also variable within DH fines. Since cach DH line is a genctically
homozygous population, the variation in pod length within DH lines can be attributed to enviropmental
factors, and/or to variation in other factors related to pod length. In general, a statistically significant but
weak positive association was obscrved between pod length and its standard error among the DH lines (Fig,
2-1). Thus, it should be expected that after averaging, the frequency of long-podded lines would always be
less than expected, as shown in Table 2-2. Nevertheless, it is still interesting 10 note that all three familics
could be classified into four similar pod length groups and all had similar average pod length and pod
length variability (Table 2-1). Given the number of lines observed in cach family, the average pod length
and variance should well represent the characteristics of that family. Particularly, the similarity in these
characteristics of M6 and M7 suggested that there would be very little cytoplasmic effect on the pod length,
since these two families derived from reciprocal crosses.

Together, the data show that the inheritance of pod length of the B. napus genotypes studied in this
experiment is relatively simple, with three independent nuclear genes with additive gene action involved.
Therefore, incorporating the long-podded trait into a rapeseed breeding program should not be difficult. The
population size required for screening the long-podded trait is small. Specifically, one out of eight lines or
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one out of 64 plants respectively, is expected to have the maximum expression of long pods in a DH line
population derived from Iy plants or in an F; population,

2.3.2 Inheritance of seed set per pod and relationship between seed set per pod and pod

length

S8P cxhihited a typical multigenic characteristic as shown by a L()nlmunuq V'lrnlmn in ﬂauh of lhg
three PH families (Fig. 2-2). In addition, there was a weak but statistically si iation
hetween 855P and pod length (Fig. 2-3). On average, an increase of one ¢m in pt)d lcnglh n;sullud in an
increase of at lcast one more seed per pod. There was, however, considerable variation in this relationship.
A DDH line with a pod length of 7 ¢m or shorter, for example, may have more seeds per pod than a line with
a pod length of 11 em or longer. It terestingly, as the SSP increases its variation within lines decrcases (Fig.
2-4). Of interest was the fact that a few lines with an approximate pod length of 7 em had an approximate
$SP value of 40. Whether such genotypes with short pods and high SSP genotypes are desirable for high
seed ylle ru.]unru dddlllhﬂd] mvcsllg.ﬂmn

rela iv«;!y consistent seed yicld component (‘Scifﬁ:ﬂ and Bm‘.lck\: 1977), A high correlation bg(wc——cﬁ SSP
and seed yield has heen observed (Anderson and Olsson 1961). Thus il iq Ingc’:ul llﬂl im]‘)l‘*ﬂ\iiﬂg lhc SSP

direet selection for ,ﬁigh S5P, hecause these two (raits are po n\mly ;m‘rchlLd, zmd !s;wcr ggncs are
involved in pod length than in SSP. Breeding for increased SSP in principle is more difficult than breeding
for longer pods, Agcnrdingly. breeding mv;l!mdnlﬁgitzs for these two traits should be different. For instance,

pu[)l ﬂmn nl th same Lmd Cnns;quanlly, in pLlercc. '%EIC.LUDH pnd l«:n"lh muld b f.clc:(.u:d in F“! WhllB
selection for SSP should be conducted in later generations. Considering that DH line production through
mgrmpm LU“UIL lmm an rl g,m:mlmn h.,x-, hmeL rnuunu in B napm‘ brgedm it mlghl be particularly

frequency ﬁ;r ‘ESF of ﬁncrmpnrc dnnnr pl:’mlé prior to DH linc pmduc’;ﬁnn iF the nﬂinr breeding objective
is to lﬂLfL'lHL ‘-.EL(] ylc]d Hnwcvcr it shﬂuld h; pf)ﬁSlblC to salecl lDr angr:.r rmds whxlc qlmullaﬂcnu*;ly

Inr lnn;;. pnds has rLsullgd in a
increasing pod length by one ¢m, on average, u,)uld rgsull in anly one more —s.ccvd pcr pad, dnd yt:l lhu‘c arc
cnmidx:ruhlc v:xriiuinm (1!'SSP at lhc pm] ]En"lh of 7-1 l ent. Gcnmypcs with pnd h:nﬁlh greater than 1 1 ¢l

In ac llinn, whcn 'pnd lcnglh increases, more ds.‘almllﬂlcg havc o bc. dlslnbumd ﬁ;r pﬂd wall furmalmn.
which requires a greater nutrient supply. Furthermore, when pod length increases with the increased SSP
and pod wall, betier lodging resistance of  plants is required, which is often difficult to achieve. Thus, it
appears that in a B. napus breeding program for seed yield improvement, selection for genotypes having a

pod length of approximately 7 - 10 em, coupled with a SSP close to 40, would be ideal.

In summary, it has been shown, by using DH populations, that pod length and SSP arc controlled by
‘ r genes with additive gene
lines. Pod length
[ o its variation. Pod
lcﬁglh and bSP are pnsilivcly assncialcd, and [hEi‘EfDFE, thcy could bc simullancgusly improved by visual
selection for longer pods. On the other hand, there is considerable variation in the ionship of pod length
and SSP. Thus, a more preferable approach may be a combined selection for genotypes having a pod length
of 7 - 10 e¢m and an SSP value close to 40,

Although DH lines have been used for genetic analysis of pod length and SSP, such analysis is
based on the assumption that there is no selection on the speeific trait during microspore culture and
subsequent procedures. I this assumption had been violated for any reason, the proportions of different pod
lengths or 88P in a DH line population would have been biased accordingly, resulting in misleading
cnncluqinnﬁ Thcrcl"nrc s'mdic*: on iniu:r’ilance of lhm;e two traits using conventional genctic analysis have

'Tht: I‘ﬁrmcr 1% d«;lcrmincd hy three indcpcndenl nur:l&;

dil’l‘:;rcm ;;,cm:lic -yv;mi E
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Table 2-1. Pod length distribution of three microspore derived DH line familics from crosses of long-
podded x short-podded parents in B. napus

Pod length (cm) M6 family M7 family MBS Lumly
No.of DH  Percent No of DH O Pereent Nu of DH - Pereent
lines lines lines

41 - 50 1 1.77

5. - 6.0 1 115 2 3.33 | 1.19
6.1 - 70 10 11.49 9 15.00 14 ' 16.67
7.1 - 8.0 20 2299 15 25.00 13 15418
81 - 90 24 27.59 12 20.00 -7 20.2.
9.1 - 10.0 14 16.09 15 25.00 20 2381
10.1 - 110 12 13.79 4 6.67 R E 16.67
n.r - 120 5 5.75 2 3.33 2 238
12,1 - 13.0 1 1.15 : 3 _ 3.57

Total 87 100.00 60 10(.00 84 100.00

P 8.10 8.38 S 889

5 2.35 200 - 260

Table 2-2.  Chi-square test for the hypothesis of three genes with additive and equal gene action controlling
pod length for three DH line familics M6, M7 and M8 derived from Fy plants of long-podded x
short-podded parents in B. napus. ’

M6 M7 M8
Pod length (cm)  Exp* Obs" Pod length (cm)  Exp. Obs.  Podlength (cm)  Exp. Obs.
5.1 - 7.0 10.88 11 41 - 60 1.5 3 51 - 7.0 10.5 15
7.1 - 9.0 32.63 44 6.1 - 8.0 22.5 24 7.1 - 9.0 31.5 30
9.1 - 11.0 3263 26 81 - 100 225 27 9.1 - 11O 31.5 34
11.1 - 13.0 10.88 6 10.1 - 120 7.5 6 - 1.1 - 13.0 I(?.S 5
No. of DH lines 87 60 84
Chi-square (x%) 7.50 ‘ 4.00 5.08
Xz"“ 7.81 7.81 7.81

* Exp. = Expected frequency.
P Obs. = Observed frequency.
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CHAPTER 3
INHERITANCE AND INTERRELATIONSHIPS OF POD LENGTH, SEED
WEIGHT, SEED OIL AND PROTEIN CONTENTS IN BRASSICA NAPUS L.

3.1 INTRODUCTION

High sced yicld and high sced oil content are primary breeding objectives for oilseed Brassicas.
Unfortunitely, seed yield improvement has been the most difficult and costly trait to measure accurately.
Morcaver, breeding for improved quality of su,,d nll and m:.a] anpmumn hdi n.sulu,d ina r*llhcr narrow
uasm base for rapesced crops, esp
heen very gradual. Thh can hL scen Imm lhc mpcsccd ylcld in Canada f'mm th ycar
sseed species grown in Canada in this period, the annual seed yield
ics C.mada 1995). Thus, there has been an

germpl
yicld improvement has
1983 1o 1993, On average ol all mp
ll]LI’L,.l%L rate was (mly () 1() ls.E ha across Cm;]da (Sl:ll

R.Ipt:h(,cd pudh p]dy 51_}:nlf!gdnl roles in Lmnspﬂrlmg ‘nutrients fmd phamsymhatgs to developing sceds
(Allen ct al. 1971, Allen and Morgan 1972, Norton and Harris 1975, Brar and Thies 1977, Richards and
Thurling 1979, Zhang et al. 1991). Variable but highly positive correlations between pod length and seed
weight were observed in B. napus (Chay and Thurling 1989, b) and in B. rapa (Sheoran ct al. 1991).
Lehowitz (1989) reported that in B. rapa pod length was positively correlated with seed number per pod,
Similarly, Subrahmanyam and Rathore (1992a, b) observed in B. juncea that pods were important sources
ol carhon for developing seeds. Seed yield reductions up to 90% have been reported from pod shading in B.
napus, B, juncea, and B, carinata (Sharma and Ghildiyal 1992, Singal et al. 1992),

Th sludu,,s lmv; dunnnatraluj lh(al the mp;sc;d de is an lmp(jl'ldl‘ll organ inﬂuencing qced yigid

yn;hl Unmnun.llgly, a Llr;;,c pnd Lgnnpy xhddcs lhc lcavcs and pods furmed c:arhcr :md cc\mpclcs for

assimilates, leading to the premature detachment of these leaves and pods, and resulting in reduction of final
seed yield (Mendham et al. 1981, Mendham et al. 1984),

Large variation in pod length has been reported in B. napus, where the long-podded character has
heen reported to be controlled hy two dnm]mml gem:*; ﬂCllﬂé in a mmpllmmhry manner (Chay :md
Thurling 1989a.b). It was suggest L
pod, rather than selection for a hmvy rmd mncpy, wou]d bc: an allunatxv; l’cr s;cd ymld lmpmvcmcm
Indeed, seiection for long pods resulted in an increase of at least five seeds per pod (Thurling 1991).

In addition 1o high seed yield, high seed oil and protein contents are highly desirable for modern
rapeseed cultivars, Unfortunately, intensive selection for oil content usually results in lower protein values
(Downey and Rimmer 1993, Daun et al. 1995) because of the negative association between seed oil and
protein content (Grami et al. 1977). Grami and Stefansson (19772a,b) observed that oil, protein, the sum
percentage of oil, and protein were determined by the maternal genotype, and that gene action was mainly
additive with insignificant dominance and absence of epistasis.

Scveral long-podded B. napus genotypes (approx. 12 em) have also been developed at the University
of Alberta. Using microspore-derived doubled haploid (DH) lines, it has been shown that the long-podded
triit is positively correlated with seed set per pod (S5P), and that pod length is controlled by three nuclear
genes with additive gene effects (Chapter 2). A basic assumption which remains to be tested in using DH
lines for studying the inheritance of pod length is the absence of gamete selection for pod length during the
microspore culture. In addition, the relationship between the long-podded trait and seed oil, and protein
content has not been clearly defined. No information is available in the literature on the relationship
between pod length and sced oil or protein content,

The main objective of this study was to investigate the inheritance of the long-podded trait, using
conventional genetic analysis. In addition, inheritance of seed weight, seed oil and protein content, the
interrelationships of these teaits, and their relationships with pod length were also to be investigated.




3.2 MATERIALS AND METHODS -

Three DH lines derived from microspore culture in spring type B. napus, 90-1152 (GD), 90-3010°
(G1) and 90-3078 (G4). were used as parents for producing Fy, Fy, and backeross progenies. Under field
conditions. GD had an approximate pod length of 11 ¢m, while G1 and G4 had an approximate pod length
of 7 and 8 cm, respectively. GD was, therefore, referred to as long-podded parent while G1 and G4 as short-
podded parents. Fy hybrids were produced from the reciprocal crosses between GD and G1, or G4, and then
selfed and backerossed 1o the parental lines to produce Fs and the first generation hackeross progenies, All
crosses, self pollination and backerosses were conducted using hand pollination in the greenhouse.

Two experiments, experiment A and experiment B, were conducted at the I
Station of the University of Alberta, Edmonton in 1993,

Edmonton Research

3.2.1 Experiment A

The genetic relationship between long pods and short pods was investigated from two groups of
plant populations. Group one consisted of eight populations, i.e. two parenta GD and G, two Fys of
the reciprocal crosses GD x G and G1 x GD, and four first generation backerosses (GD x GI) x GD and
(GD x G1) x G, (Gl x GD) x GD and (Gl x GD) x Gl. Group two also consisted of eight simifar
populations except that the short-podded parent G4 was substituted for G1. Al populations were grown in
one ficld block. Each population was grown in one plot consisting of two 6-meter rows with 46 cm row
spacing. The plots in the field block were completely randomized. To reduce competition between adjacent

plants and to maximize the expression of pod length, plants within each row were thinned o an

approximately 20 cm spacing after the seedlings had established in the ficld. Pod length, as defined in 2.2.2,

was measured on the first five pods formed on the main raceme of 10 randomly sampled plants of cach

population, when the seeds in the pods began to trn brown in color. Methods for determining pod length

and SSP were the same as those described in 2.2.2. Data were analyzed using analysis ol variance

(ANOVA) using the model Yy = p + L+ Pl + Py, where Yy is the pod length of the kth pod [P} on

the jth plant [Pl] in the ith population [Lj). Pod length of different populations was compared using

Duncan’s multiple range test (Steel and Torrie 1980). All computations were done with SAS/STAT 6.0
(SAS Institute Inc. 1989).

3.2,2 Experiment B

Six populations, i.e. GD, G4, F) of GD x G4, F,, and two hackcrosses Fy x GD (BCP}) and I, x G4
(BCP,), were grown in the field. All populations were randomly allocated into one field block. Each
population was planted in a four-row plot, six-meter long with 46 cm spacing between two adjucent rows
with one exception that F, was planted into a six-row plot. After the seedlings had established, plants in
cach row were thinned to approximately 20 em between adjacent plants to maximize the expression of pod
length and other traits of interest. Pod length was measured on the first five pods formed on the main
raceme of randomly sampled plants of cach population using the same method deseribed in 2.2.2, The
number of plants sampled in each population varied from 25 to 86, depending on specific populations. The
planls mcﬁsurcd mr rmd lgn;;lh were har c%lcd individu‘ﬂiy at m;uurily, .md 1000 s;gul '\V(_’ighl, il .’nml

planl Thc mean n{' lhc two samph:s wits mulllpllLd hy twu. dnd kan s llu, I()()U x-ul wu&,hl for L,.u,h
plant Dll content wa dclummcd usmg a NEWPGI’( NMR wnh a %;lmplL nl l 2 ¢ ol sguls per pl.ml lhu

hed in section 3.2.1, and pod length
of the dlffc:l’&nl pcpulmnns were LDmperd wnh Dun;an ] mu!Uplg range test (Steel and Torrie 1980), The
interrelationships of pod length, 1000 sced weight, seed oil, and protein content were analyzed with
ations fnr lhrcg s;gﬂ;almg pupuldlmns l*z. B(' Pyound BCI,. The

2_n 2 2 . 2
Ta :2()-1 1 —(Crun é""fflﬂ'i)

T = 3
z F O 2 3 ;3
T,=0rn~(g,+0) TG:=0,70.,Y0;
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Q,

Cf?, mcr—i + G-% h n=

Q.

In these formula, ¢5° Orar Gt Ot Ol A4 Oy YEDTESENL variance for the long-podded
parent (Py), short-podded parent (Py), Fy, F gcmmtinn of the cross between Py and P, and the first
generation backeross o the Py, and P respectively. (3_ (j,,, and Q' . represent the variance of additive,
dominant, and environmental effects, respectively. (j%; and Cﬁ—i represent the total genetic and total
phenotypic variance, respectively. f,2 represents the heritability in broad sensc, while 7 represents the

heritability in narrow sense.

3.3 RESULTS AND DISCUSSION

3.3.1 Genetic relationship between long pods and short pods from the results of
Experiment A

A comparison of pod length of the cight populations within each group showed that the two parents
represented the two extremes and differed slgmf’camly from each other in pod length (Table 3-1). Fis from
the reciprocal crosses were not significantly different in pod length, but had significantly shorter or longer
pods than the parents. There was no significant difference in pod length between two backcross progenies of
the reciprocal Fys to the same recurrent parent. However, there were some differences between two groups.
The pod lengths of two hackcrosses to the long-podded parent GD in group 1 were not significantly
different from those of Fys, but they were still significantly shorter than the pod length of the recurrent
parent GD. Similarly, in group [ the backerosses to the short-podded parent G1 had significantly longer
pods than the recurrent parent, but their pod lengths were significantly shorter than those of the Fys. In
contrast, three backcrosses in group 2, (G4 x GD) x GD, (GD x G4) x G4 and (G4 x GD) x G4, had similar
pod length to the recurrent parents. Meanwhile, (G4 x GD) x GD and (G4 x GD) x G4 had significantly
longer or shorter pods than Fs, whercas the other two backerosses, (GD x G4) x GD and (GD x G4) x G4,
had similar pod lengths to the Fis,

These resulls suggested that there was no complete dominant-recessive relationship between long
pads and short pods since no Fy had a pod length similar to the pod length of either parent. Pod length was also
clearly controlled by nuclear genes with minimum cytoplasmic influence, as indicated by the similarity in pod
length of F;s produced from reciprocal crosses, and the similarity in pod length of the backcross progenies of
the reciprocal Fys to the same recurrent parent. Morcover, there was an indication that the inheritance of pod
length would be relatively simple, as suggested by the recovery of parental genotypes in three of the first
hackeross progenies in group 2.

3.3.2 Inheritance of pod length from the results of experiment B

Variation in pod length of the individual plants was observed within cach of the six populations (Fig.
3-1). Apparently, pod length was influenced by both genetic and environmental factors. For example, the
v,lrmlmn in pud l;n&,lh in GD, G4 'md F; can h:: mamly dlti‘lbutcd to cnwmnmenlal f;l,r;t,grr. Sm lhe, planls

wo hdeLTUh&s p()puhlmn,s were musgd by bmh g@n;llg and énwmnmemal facmrs since these sggmgmlrz,;3
populations consisted of different genotypes. It was also noted that the long-podded parent GD had much
larger pod fength variation than the short-podded parent G4, although both parents were DH lines. In an
carlier study (Chapter 2), it was shown that pod length variation was positively associated with pod length
within lines which was in turn positively correlated with SSP. Chay and Thurling (1989a) also observed that
long-podded genotypes had larger variation in pod length than short-podded lines. Thus, it would be
expected that GD had the larger variation in pod length than G4, which was confirmed by F test (F = 6.19,
Fay 3500 = 2.36). In addition, it was observed in the field that GD had poorer lodging resistance than G4. Tt
was likely that some of the lodged plants were also sampled for the measurement of pod length because of
the random sampling. These lodged plants could have poorer pod development after pollination than
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non-lodged plants. This would also increase the variation in pod length. Despite large differences in poud
length variation, GD still had the longest pods while G4 had the shortest pods among the six populiations
(Table 3-2). The pod length of F; and Fs wa slightly greater than mid-parent value, Backerossing shifted
pod length towards the value of corresponding recurrent parent, but the pod length of the backerossing
progenies was still significantly shorter or longer than that of the corresponding recurrent parent. Again,
there was no complete dominant-recessive relationship between long pods and short pods, The gene effect
seemed to be additive, and the expression of pod length was quantitative. These results were in accordanee
with those presented in section 3.3.1.

Chi-square tests of segregation ratios of pod length for the three segregating populations, I, BCP,
and BCP;, revealed that a hypothesis of three genes of additive action best fitted the data observed (Table 3-

3), with the contribution of cach gene to the pod length being cqual. With this hy pothesis, there should be
27 genotypes and seven phenotypes in Fa, and cight genotypes and four phenotypes in cach backeross

pnpulatmn rc:spcc:lwely Thc.scs gcnmypg; can hc prrLssEd wuh a ggnmypm lﬂrmuld L‘I in this Im‘nmLL

p nee of five allr;h:s for inng pnds one il”L]L Fur \hnrl pndx, am! a mml of six d”LIL‘\ There are th ce
possible genotypes inL', ie. LiLyLaLsLyls, LyLyLalLsL; or Lyl LaLaLs L.

It is notable that in spring B. napus Chay and Thurling (1989a,b) reported that long-podded trait was
controlled by two major complimentary genes. In general, the pattern of pod length distribution of six
populations obscrved in the present study was similar to that reported by these two authors in the six similar
populations. For instance, the long-podded parent was more variable in pod length than the short- -podded
parent. The pod length of the Fy of both studies was slightly greater than the mid-parent value, and the pod
length in F, displayed a biriomial distribution in both studies. However, there arc substantial differences
between Chay and Thurling’s reports and this study. The backeross progeny to the long- puddul parent in
the present study did not produce longer pods than the recurrent parent, whereas the similar backeross in
Chay and Thurling’s study produced significantly longer pods than the recurrent parent. ‘The pod lengih
distribution of backcrosses in the present study overlapped by a wide margin, whereas there was virtually no
overlaps in Chay and Thurling’s study. The majority of the plants in Fa population in the present study
covered a full range within the variability noted in both parents. In contrast, the pod length distribution of %
in Chay and Thurling’s study was apparently skewed towards the short-podded parent. These differences
suggested that genetic control systems of pod length in these two studies were different. The greater
variation and overlapping pod length distribution in the segregating populations in the present study support
the finding that more genes were involved in the genctic control of pod length for materials in the present
study than those in Chay and Thurling’s studies.

It is shown in Fig. 3-1 that pod length displayed a continuous variation. "Thus, classification of pod
length into discrete groups in each population was somewhat arbitrary. There were eight pod length groups
in F, based on one em intervals, Since there was certain variation in pod length, one hall of the plants cach
in the range of 9.1 - 10.0 em could be classified into neighboring groups, resulting in seven groups. Using a
similar approach, the plants in BCP, could be classified into four groups, where the plants in the range of
G 1-8. Q cm were iﬂ one gram and lh(‘)‘%i‘. l‘mr’n 1.1 to 13 0 cm were in .mu[hgr’ Dm; imlf uf the pl.’mls ledl

gmups in BCPg whcrc planls wnh pud Ignglhs up o 7.0 cm were in one Emupi and p!,mlh wnlh pud Imghs
of greater than 10.0 ¢cm were in another, while one half of the plants cach in range 8.0 - 9.0 ¢cm were
grouped into two neighboring groups.

~ In general, the results of the above two experiments were in agreement with the findings in the
previously study using DH lines (Chapter 2), which showed that three nuclear genes with additive action
were involved in the genetic control of pod length. The genctic analysis using DH lines was based on the
average pod length of DH lines. while the genetic analysis used in this chapter was based on the single
plants. Both studies were supportive of a three gene model of the inheritanc h. ‘The gene action
is additive and the contribution of cach gene to pod length is equal. In addition, th assumption made in
using DH lines for genetic analysis, i.c. there is no gamete selection during the process of DH line
production, appears valid, and underscores the superiority of using DH lines for genetic analysis, The
advantage of this approach has been well deseribed in the literature and will not be discussed in this thesis,




3.3.3 Heritability of pod length, 1000 seed weight, seed oil and protein contents and the
interrelationships of these traits

Estimations of the heritabilities of pod length, 1000 sced weight, seed il and protein contents
indicated that pod length and 1000 seed weight had a medium broad sense heritability (Table 3-4), while the
heritabilities of seed oil and protein contents were very low. In addition, most of the narrow sense
heritabilities became cither negative or greater than the broad sensc heritability estimated, resulting from
large variation in the data observed. Environmental factors caused some variation in cach trait, which was
suggested by the presence of variation in each of the four traits investigated in the populations GD. G4 and
Iy (Table 3-5), since cach of these three populations consisted of genetically identical individuals.
Conccivably, individual plants in the ficld have different micro-environmental surroundings, which would
affect the expression of these traits in varying degrees. Consequently, the heritability estimated on the basis
of individual plants would be low. It is noted that variation in seed oil and protein contents was greater than
that in pod length and seed weight in all six populations, indicating sced oil and protein contents were more
sensitive to environmental variations than pod length and sced weight. In winter B. napus, Rakow (1979)
also found that oil and protein contents were strongly modified by environmental factors. Thus. the results
from the present and previous studies suggest that evaluation of sced oil and protein contents on an
individual plant basis in rapeseed breeding programs would be less accurate than the evaluation for seed
weight and pod length.

Correlation analysis among pod length, 1000 seed weight, seed oil, and protein contents from three
segregating populations showed that pod length and 1000 sced weight were positively associated in BCP,
and F,, but were not associated in BCP) (Table 3-6). In addition, there was a slight negative relationship
between pod length and oil content although this rclationship was not statistically significant in BCP, and
F2. As expected from their low heritabilitics, no consistent relationships were obscrved among most of these
traits, implying again that evaluation on the interrclationships of these traits on an individual plant basis was
unreliable.

The studies in this chapter have confirmed that 1) pod Iength is controlled by three nuclear genes
with additive effect and equal contributions. Pod length is, however, responsive to environmental factors
with a broad sense heritability of 0.7. 2) On an individual plant basis, pod length has, in general, a positive
associated with 1000 sced weight, but pod length and seed oil content scems to have a ncgative association.
33 Seed oil and protein content are more responsive 10 environmental variation than pod length and sced

weight. :
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Table 3-1. Comparison of pod length of GD. G1, G4, their Fy hybrids of reciprocal crosses sund st
generation backerosses in B. napus.

7 Population No. of plants observed 7 Pod Vlcng,lh femy? i)unc;n's group
Group 1 o - B T - ﬁiwm
GD 10 114 i
Fi (GDx GI) 10 v.9 b
(G! x GD) x GD 10 0.8 b
F (Gl x GD) 10 9.7 h
(GDx G1)x GD 10 9.7 b
(GD x GI)x Gl 10 ' 8.5 ' ¢
(Gl x GD) x G 10 8.2 ¢
Gl 10 6.8 | d
Group 2
GD 10 1.6 : i
(G4 xGD)x GD 10 10.6 abo.
(GD x G4) x GD 10 0.3 he
Fi (GD x G4) 10 u.6 ed o
F, (G4 x GD) 10 9.5 o
(GD x G4) x G4 10 8.7 ;ls: 8
(G4xGD)x G4 10 ' 82 e '

G4 10 8.1 : . ;

* Standard error of the mean = 0,3 ¢m.

" The same letter denotes non-significance at p = 0.05.

¢ Standard error of the mean = 0.3 cm.
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Figure 3-1. Frequency distribution of the pod length of GD, G4, their F; and F, hybrids,
and two backcross generations in B. napus under field conditions
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Table 3-2. Number of plants observed and the mean pod length of GD, G4, their Fy and Fy hybrids amd
two backcross populations and Duncan's multiple range test of the means in B, napus,

Population and No. of plants Mean pod Duncan’s Standard Varanee
generation observed length (cm) group® error

GD (P)) 25 10.9 a 0.12 o7
BCP, 57 10.0 b 0.08 176

F, (GD x G4) 25 9.5 he 0.08 071

F, 86 9.3 ¢ 0.08 252
BCP, 62 8.1 d 0.07 142

G4 (P,) 25 74 ¢ 0.05 0.27 -

*p=0.03, and the same letter denotes non-significance

Table 3-3. Chi-square test of a three gene hypothesis for segregation in pod length in Fy and two backeross

populations of the cross GD (P1) x G4 (P2) in B. napus.

Pod length F, BCP, BCP,
(cm) Genotype®  Exp.” Obs.t Genotype  Bxp.  Obs.  Genotype Fxp. Obs.
6.1-7.0 P 134 4 e 775 4
7.1-8.0 Le 8.06 7 P 7.13 5 L'P 2325 26
8.1-9.0 L 20.16 25 L' 21.38 16
9.1-10.0 LA 2325 23
10.1-11.0 L3 26.88 30 L3 2138 25 RSk 7.75 9
11.1-12.0 L' 20.16 15 Loy 713 11 ‘
12.1-13.0 Ly 806 3 '
> 13.0 Lo 1.34 2
No. of plants observed 86 57 62
Chi-square (X*) 11.74 4.71 2.34

X.:.m,f 1259 xiw =781 AR EY

* The upper casc letter in cach genotype is the gene for long pod and the Jow case letter is the gene for short
pod. The exponents of cach genotype are the number of gene alleles (sce text fur details).

® Exp. = Expected frequency.
¢ Obs. = Observed {requency.
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Table 3-4. Heritabilities of pod length, 1000 seed weight, seed oil and protein contents in B. napus.’

Heriushility Pod length 1000 seed weight Oil content Protein content
I ).6591 0.567Y .0 0.2557
I 0 .1593 0 0

" 0= indicates that estimated values were negative or g2 > p¢.

Table 3-5. Vartance and standard error for pod length, 1000 seed wi. oil and protein contents estimated
from individual plants of six populations in B. napus.

Population Traits No. of plants Variance Standard crror
Gh ) Pod length (cm) 25 1.47 0.24
1000 seed wi. (g) 25 0.35 (.11
Oil content (%) 25 3.66 0.38
Protein content (%) 25 3.86. 0.39
BC I, Pod length (em) 23 1.47 0.25
1000 sced wit. (g) 23 0.83 0.19 ..
Qil content (%) 23 4.30 0.43
Protein content (%) 23 4,15 042"
FGn x G4y Pod length (cm) 23 0.39 0.13
1000 sced wt, (g 23 0.40 0.13
Oil content (%) 23 2.32 0.32
Protein content (%) 23 1.05 7 0.21
I% Pod length {cm) 47 1.95 _ 0.20
1000 seed wt. (g) 47 0.87 0.14
Oil content (%) 47 3.21 0.26
Protein content (%) 47 3.09 0.26
BC, P, Pod length (cm) 25 1.00 ' 0.20
1000 seed wt., (g) 25 0.77 0.17
il content (%) 25 677 0.52
Protein content (%) 25 - 6,12 0.49
GI (P Pod length (em) 22 0.14 0.08
1000 seed wi. (g) 22 0.36 0.12
Oil content (%) 22 375 041
Protein content (%) 22 1.99 (.30




Table 3-6. Pearson correlation coefficients of pod length, 1000 seed weight, seed oil and protein contents
from three individual segregating populations in B. napus.

Population * Oil content * Protein content Pod length

BCPI1 1000 seed weisht -0.01 0.10 (.25
Oil content 0.9 (1,52 *+
Protein content 0.13

BCP2 1000 seed weight 0.04 .10 .63+
Oil content -().d5% (031
Protein content ' .26

F, 1000 seed weight 0.32% 0.29# .51+
Oil content -0.12 (.26
Protein content .25

* The population size was 50 plants for Fz, 24 plants for BCPI and 25 plants for BCP2, respectively.

P The values followed * or ** indicates p < 0.05 or p < 0.01, respectively. -
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CHAPTER 4
INTERRELATIONSHIPS OF MAJOR AGRONOMIC AND QUALITY TRAITS IN
BRASSICA NAPUS L.

4.1 INTRODUCTION

High seed yicld, seed oil and protein content of residual meal are desirable characters for modern
rapeseed cultivars. Various breeding methodologies have been used to improve these ts, which have
been discussed in detail hy previous reviewers (Thompson 1983, Downey and Rakow 1987, Downey and
Rishblen 1989, Thurling 1991, Downey and Rimmer 1993). Most of these methods depend, to a large
extenl, on resources :n"lil:lhh: as wc;ll HIY lhc hrccdf’;r'ﬁ pcr%nnﬁ] thericncc imd prcﬂ:rcﬁcc mlhcr lh"m on

(.nmplu nature nl lln.= mhgrn.mLL, uf lhcs; traits dnd lhc pr;scnu, of ggn%ldcmb]g Efﬁ:;ls on lhg,m lmm
environmental factors, and genotype x cnvironment interactions. Thus, multiple location and year tests are
routinely conducted in breeding programs to cvaluate sced yield, seed oil and protein content.

Unfortunately, this approach is very exper . and is frequently a hit-and-miss process. Understandi

interrelationships ol these traits is important for an cffective breedi
parents for making crasses and/or backerosses, and the design of a pmpu sclection scheme in hybnd
progenics, all depend on information about the interrelationships among these traits.

Seed yield of rapesecd cultivars consists of seed yield components, i.e. number of pods per unit area,
numhu‘ of sLLds pu’ rmd .md su,d wughl In Jddllmn a numhcr Df hcnmhlc :md uwxmnmc:mal rilLleré- can

here. The Q!ﬂphilh!h in lhc present study will (:emrc on the lmcrrclalmnshlps nf sced ylcld .:md ils
cnmpnn;niﬂ. ;md pnd ]s;ngh

inalates in lhc:.
residual meal, which have also been discussed generally or specifically in numerous publications and will
not be addressed  here. The present swwdy will focus on total oil and proicin content, and their
interrelationships with other traits, with the aim o provide rapesecd breeders with additional information to
establish more effective and cconomic evaluation schemes for improvement of seed yield, and sced oil and
protein contents.

qu.lllly nnpmvc!mm, Inxrlmuldrly the reduction of erucic acid in the sccd oil and gluc:(

4.2 MATERIALS AND METHODS

Fy hybrids were produced from the cross 90-3010 (G1) x 90-1152 (GD) through hand pollination in
lhc ;;Lmhuuq:; Bulh ]’mrcim were dnuhle:d ha‘g'p]oid (DH) lint‘s nl‘ :prin;: B napus. Under ﬁcld cnndilians

(lL.\L!’lhgd in 2.2.1 Sceds nl JLh DH Imc: wgrg m;t‘::.,\;ed in thu grccnhuu% for an addllmml gt:nt.,ratmn
prior to growing the lines in the ficld.

In 1993, 25 lines were randomly sampled from the DH line family and grown in the ficld at the
Edmonton Research Station of the University of Alberta, Edmon ong with the ct ar Alto (spring
type B. napus). These lines/cultivar were grown in two randomized complete blocks, with cach line/cultivar
being grown in a plot consisting ol four 6-meter rows with 23 cm spacing between rows. The plots were
sown with a Fabro drill seeder (Fabro Lid. Swift Current, Sask., C'lmdn) at a sceding raic of 1.25 g of sceds
per row, Five plants were randomly (WO ¢ e of each plot to re the marginal
clfcet. Pod length was measured and seed set per pod (SSP) recorded from the first five pods formed on the
main raceme of each sampled plant, when the pods had reached their full length indicated by sceds
contained therein turning brown in color. Samples were collecied from this portion of the receme because

(]
—



these pods formed first on a plant, and they would be less variable in length and SSP, since previous studies
have shown that pods at the basal portion on the main receme have more fertile ovules and otal number of
ovules per ovary than the pods at the apical portion (Bouttier and Morgan 1992), Pod length, as defined in
2.2.2, and SSP were determined using the methods deseribed in 2 The means of the pod length and 880
of each linc/cultivar from 5 pods x 5 plants x 2 replications were used as the pod length and S8P of cach
line/cultivar. The number of pods on cach sampled plant was counted by hand in the ficld after the plants
had finished flowering, and the means (rom § plants x 2 replications of each line/cultivar were used as the
number of pods per plant. Plants from two centre rows from each plot were harvested in bulk nuurity.
Sced yield, 1000 sced weight, seed oil and protein contents of each line/eultivar were determined from the
bulk seed, using the methods described in section 3.2.2, with the exception that 26.2 ¢ of seeds per sample
were used in the determination of seed oil content.

The same lines/cultivar were grown again in the field in 1994 at the s
harvested from the ficld in the previous year. The field plot design was the s
there were three replications (blocks) in 1994. Determination of pod length, "s"il' ‘hL numhu nl pml!r. per
plant, sced yicld, seed oil and protein contents was the same as in 1993,

The phenotypic correlations of pod length, SSP, the number of pods per pi.ml 1000 seed weight,

e Ing;uiun 'u*r:inL lhc seeds

seed oil content and the protein content of the residual meal were caleulated as »
fu

- 4 where ¢, is the
.0,
covariance of trait i and j, and (5 and o, & standard deviations of i and j, respectively. The rank
correlation cocfficient (r;) of each trait in two years wuas caleulated with the same formula using the ranks of
DH lines/cultivar on cach trait in two years. Analysis of variance of cach trait was performed using a
random model for all factors, i.c. year, replication within year, line/cultivar, line x year interaction. -
Computations for variances and covariance, corrclations and regressions, and ranks of each trait were done
using SAS/STAT 6.0 (SAS Institute Inc. 1989). The direct and indirect effects on seed yield from pod
length, SSP, pod number per plant and 1000 sced weight, diagrammed in Fig, 4-1, were analyzed with path
cocfficient analysis, using the principles described by Li (1977). Briefly, path cocelficient analysis permits
the scparation of a correlation cocfficient between two variables into components ol direct and indirect
effects. In Fig. 4-1 for example, the direct effect of trait i on seed yield (0) is measured by the path
cocfficient (PO;) from i to O, which is a standurdized partial regression coelficient and caleulated s

_ ;. O, Where }is the partial regression coefficient of seed yicld on component i when all
P 0i b i !

O- it

components, i.c. pod length, SSP, number of pods per plant, and 1000 sced weight, are considered. o, ind

O, are standard deviation of component i and seed yield, respectively. The indireet effect of a component i

on seed yield (0) via component jis P, . =, P.,» where Fi is the correlation coctficient between i and j,

and p is the path coefficient from j to 0. For example, the phenotypic correlation coefficient {ryg) between
vy

pod length (1) and sced yicld (0) in Fig. 4-1 can he partitioned into the direct effeet from pod length to seed

yicld (Py)) and three indirect effects rjaPga, r13Poa. tnd r14Pay, where the sum of the direet and indirect effects

quldlS to the value of T'io (rm— Pm + rnP(,l-f- l'l_'qp()} + !‘NF(H);

4.3 RESULTS

Two consistent results were observed over two years: Pod length was positively correlated with 1000
sced weight (Table 4-1), and protein content had no relationship with any other traits. Except for these two
findings, no consistent relationships were observed among other traits. For instance, pod lengih was clusely
related to SSP in 1993 but there was no significant relationship between these two traits in 1994, Similar
associations occurred between seed yield and SSP, hetween S5P and sced weight, as well as between pod
length and PNP. Apparently, there were significant interactions hetween certain traits and years winch were
confirmed by the analysis of variance (Table 4-2). Of the seven traits investigaied, pod length had the least
variation over years, followed by 1000 sced weight, oil content and 851, which were indicited by the highly
significant rank correlations of these traits between twao veurs (Table 4-3),

Path cocfficient analysis (Table 4-4) revealed that there was a direet negative effeet of pod length on
sced yield, but indirectly, pod length had a positive elfect on seed yield either through S5P or sceed

3
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weight. In 1993, an indirect positive effect on seed yield via SSP (0.452) was greater than the direct
negative effect (-0.298) of pod length. However, in 1994 the dircct negative effect of pod length on seed
yicld (-.652) was three times as large as the indirect positive effect via 1000 seed weight (D 314).
Averaged over two years, there was no positive contribution of pod length to seed yield. )

The effect of 1000 sced weight on seed yield also varied with years. In 1993, its positive effect
mainly came from an indirect positive effect via SSP (0.401) and was greater than the indirect negative
L’JTLH viat pnd lLr’l);lh ( 0. 21()) Thz;., n(;}:,dli\fc indirgcl d‘ﬁ;c;l on f;;.g.d yidd via pod length (-0.492) was nearly

,,,,,,,,,,,

e #= Pod length (1)
Iy Fi2
77777 Pui

= Sced set per pod (2) \\ |

T Py2
i h \

L= No. of pods per plant (3) =Py —————s= Sced yicld (0)
| | /
% / Po
L e L g 1000 sced weight (4)

Residual
Figure 4-1. Caus' L“LL[ rLL mns.hlp bctwm’:n sccd yl;ld .md mul sc.cd yn:ld n‘:lalud mns. in E napm‘ Pﬂ,

L‘r’»mp(mcﬁts (i andJ) lmk;d by tlﬂl line.

While the number of pods per plant had no apparent effect on seed yield, SSP was the only trait having
positive effect on seed yield in two years among pod length, SSP, the number of pods per plant and 1000
seed weight (Table 4-4).

4.4 DISCUSSION

4.4.1.1 Seed yield vs. the number of pods per plant

Significant differences in the number of pods per plant were observed among the lines in the present
study (Table 4-3), but the ranks of this trait between two years were poorly correlated (Table 4-3). This
suggested that the number of pods per plant was a highly variable trait responsive to other factors. In fact,
previous studies have shown that the number of pods per plant can be influenced by both environmental
l.u,lnrs .ind physmlm,u.dl Lumlumns of plams (And;rimn 'md C)qu.ﬂn 1961) Allen *md Margﬁn (1975)
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Induced shading often resulted in fewer flowers and fewer pods developing to maturity (Tayo and Morgan
1979). Sowing dates also influenced the number of pods per plant. with carly sowings often producing more
pods per plant than late sowings (Richards and Thurling 1978, Mendham and Scott 1975, Mendham et al.
1981a.b). Given these findings, selection for the number of pods per plant in rapeseed breeding would be
very difficult without the effective control of other factors.

Despite the large differences in both the number of pods per plant and seed yield (Table 4-3) wmong
the lines investigated, no relationship between these two traits was found in the present study (Table 4-1),
Path coefficient analysis did not identity any significant direct or indirect contribution from the number of
pods per plant to seed yield cither (Table 4-4). This was somewhat surprising. considering that pad number
is one of the seed yicld components. In addition, positive correlation between seed yield and the number of
pods has been frequently reported (Andersson and Olsson 1961, Allen etal. 1971, Allen and Morgan 1972),
In spring B. napus and B. rapa, Richards and Thurling (1978 1979) observed high genetic correlation (r =
0.90) between these two traits. where the number of pods per plant was one of the determinants of genotype
variation in sced yicld. Using path cocfticient analysis, Shabana et al. (1990) found that the number of pouds
per plant had the highest direct effect on sced yield of individual plants. Foss (1977) obtained high seed
yield in B. juncea by sclection for a large number of pods on the terminal branches. On the other hand, high
pod canopy does not always produce high seed yield. In winter B. napus, Mendham et al. (198 1a) obtained
high seed yicld from late sowings. Compared with plants of carly sowings. late sown plants initiated
inflorescence and flowered later, had approximately half the number of pods m™, but produced higher seed
yicld (Mendham et al. 1981b). This yicld advantage over carly sowings was the result of greater seed
number per pod which was related to the reduced seed abortion in the lower portion of the pod canopy.

The exact reason for the difference between this and most of the previous studies in the relationship
between the number of pods and seed yield is unclear. Considering that the number of pods per plant was
highly variable, the sample size in the present study might be too small to represent a line's true value of
this trait, since only five plants from cach line were sampled from two (in. 1993) or three (in 199.4)
replications for measuring this trait, and the mean of the sampled plants was used to represent the number of
pods per plant for a linc. Morcover, the number of pods per plant was counted on the plants in the ficld and
sampled plants were Ieft to grow to maturity. There should have been some reduction, probably with
varying degrees among the different plants, in the number of pods per plant from time of the data collection
to the time of harvesting. The number of pods per plant could also be compensated for by the other yield
components. For instance, a significant negative correlation was observed between the number of pods per
plant and 1000 sced weight in 1994 (Table 4-1). In addition, the genotypes used in the present study were
DH lines except ¢v. Alto. These lines were genctically homozygous and have not been selected for any
traits. Whercas most, if not all, of the genotypes used in previous studies were released open pollinated
cultivars. It is possible that in such released cultivars high seed yield and high number of pods per plant
have been selected together during the course of cultivar development. These possibilities could have
resulted in the difference between the present and previous studies in the relationship between the number
of pods per plant and sced yield. However, the information on the relationship between ticse two traits in
nonselected populations would be more interesting than the information from established cultivars Tor
practical breeding purposcs.

Thus, it appears from the present and previous studics that the number of pods per plant is a highly
variable trait, and its rclationship with sced yield is still unclear. This makes it very difficult 10 use the
number of pods per plant alone as a selection criteria for high seed yield in B. napus breeding programs.

4.4.1.2 Seed yield vs. seed set per pod

A positive correlation between seed yield and SSP was observed in 1993 but not in 1994 (Table 4-1)
in the present study. Path cocfficient analysis showed that SSP had a direct positive effect on seed yicld in
both years (Table 4-4). Averaged over two years, SSP had the highest positive effect on seed yield among
the four traits investigated. In previous studies a positive correlation between these two traits has also been
reported in B. napus (Andersson and Olsson 1961, Allen ¢t al. 1971, Allen and Morgan 1972y, B. juncea
(Rawat and Anand 1977), and B. rapa (Kler et al. 1992). It appears from these studics that a high SSP
would be an important character of o high sced-yielding genotype. Sclection for high SSP should result in
increased sced yield.

Large variation in SSP was also observed in the present study among the DH lines (Table 4-3),
suggesting there is a potential for the further improvement of this trait.
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It should be noted that SSP, as other yield components, is also influenced by environmental factors.
‘This was indicated by a medium rank correlation (0.44) of SSP between two years. Indeed, a significant line
% year interaction (Tahle 4-2) suggested that there was strong genotype X environment interaction for this
trait, For instance, Morgan (1981) observed that added nitrogen fertilizer increased SSP. Mendham et al.
(19%1a,b) found that SSP was influecnced by the pod canopy of the plants which was related 1o sowing date.
Therefore, when using SSP as a reference for seed yield, one should a]m consider the environmental
conditions which might cause changes in expression of this trait.

4.4.1.3 Seed yield vs. 1000 seed weight

Previous studies have shown that sclection for high seed weight can improve sced yield, Morice
(1960) concluded that the best character for sclection for seed yield was seed weight per pod. In four years
of trials with winter B. napus Musnicki (1975) observed that the highest yielding variety. Brilland, showed a
yield advantage over other native and foreign varictics mainly because of its higher 1000 seed weight.
However, no apparent direct relationship between seced yield and 1000 seed weight was observed in the
present study, but indirectly the effect of seed weight on seed yield came from either S8P or pod length. As
indicated by the path coefficient analysis, without the changes in other traits, longer pods in general would
have a negative effect, wh:]; 1n;rcamng SSP Wnuk,l hnw a pusl[lvu cﬂcgl Cl;arly, su;h mdm:u Lch;ls
varied with years as i
the elfect of seed wu;?hl on L.d =\,ule is InlEFFLLllLd to mhcr scc:d ylcld rchl&:d traits :lnd cn\urﬂnmcmﬂ
factors, It would be very difficultl to clearly define the relationship between seed yield and sced weight,
Again, the exact fietor(s) causing the difference between the present and previous studies in the relationship
between seed weight and sced yield is unknown. Differences in the genotypes (selected cultivars vs. non-
selected lines) investigated and/or in environmental conditions, as discussed in 4.4.1.1 for the relationship
between seed yield and the number of pods per plant, would also apply to the arguments for the difference
between the present and previous studies in the relationship of seed yield and seed weight.

However, 1000 seed weight was the most stable trait among the number of pods per plant, 35P, and
1000 secd weight, which was indicated by its very low variance attributable to replications within year and
year x line interactions (Table 4-2). The high stability of 1000 seed weight was also demonstrated by its
highly significant rank correlation between two years (r,=0.88) (Table 4-3). Thus, in a rapesced breeding
program, seed weight can he evaluated accurately with relatively few replications and years, and be selected
at carly generations.

4.4.2 The value of long pods in rapeseed crops

Early studies have shown that rapesced pods can transport nutrients and photosynthates from pods to
the developing seeds in B. napus (Allen et al. 1971, Norton and Harris 1975, Brar and Thies 1977, Zhang
ct al. 1991), B. rapa (Sheoran ct al. 1991) and B. juncea (Subrahmanyam and Raihore 1992). However, a
excessively large pod canopy would lead to seed abortion on the lower pods of the canopy and reduced seed
yield (Mendham and Scott 1975, Mendham et al. 1981a,b, Mendham et al. 1984). This led to the increasing
interest in developing cultivars with longer pods. Such cultivars may have either increased sceds per pod
orfand sced weight with optimum number of pods per plant. Chay and Thurling (1989a, b) observed
considerably variable but highly positive correlations between pod length and sced weight in B. napus.
Later, it was reported that long-podded lines produced at lcast five more sceds per pod than short-podded
fines (Thurling 1991). However, the long-podded lines had no advantage in seed yield over others, since
long-podded lines had reduced pod number per plant (Chay and Thurling 1989b, Thurling 1991).

Large differences in pod length were observed among the DH lines in the present study (Table 4-3). In
addition, previous studies have shown that the pod length of the malerials tested in the present study was
determined by three nuelear genes (Chapter 2 and 3), indicating pod length was an easily selected trait. This
conclusion was supported by the results of the studies in this chapter. The highly significant rank correlation of
pod length between two years (r; = 0.93) suggested that the relative pod length of the lines varied very little
between two years, Together, these studies have shown that pod length is a highly heritable and simply
inherited trait. Of major interest in the present study were the relationships ol pod length with other agronomic
and quality traits.

No studies on the relationship hetween pnd length and sced oil, or sced protein content have been
reported carlier. In the present study, pod ler was not related to sced oil or protein content (Table 4-1),
despite the large variation observed in all three traits. Thus, it may not be possible to improve seed oil or
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protein content through indirect selection for pod length. However, lick of association between pod length with
seed oil, or protein content suggests that it should be possible to develop long-podded cultivars with high seed
oil and protein content. '

Pod length had a positive correlation with 1000 seed weight and seemed 1o be pusitively associated
with SSP, but path coefficient analysis revealed a negative direct effect of pod length on seed vield. Thas, it
is important to know whether the indircet contributions of pod length to seed vield is greater or less than its
direct negative effect. Path coefficient analysis did not show any significant indirect positive contribution ol
pod length to seed yield cither (Table 4-4). Detailed analysis on seed yield and pod length also did not show
any advantage of long-podded lines over some of the DH lines with normal pad length. For example, cultivar
Alto ranked 22 and 20 in pod length in 1993 and 1994, respectively (Table 4-3), but it ranked second in seed
yield in both years. Similarly, the DH lincs with the longest pod length in both years did not produce the
hi;;hv:ﬁl seed yieid Wilhin the range of DH lines invc-:li ;ncd the overall negative effect of pod length on
¢ effect. Therefore, although fonger pods may
increase SSP 1nd/nr ‘SLL,d w::nr-h[ it in ﬂLanl has a sh“hl l’lgédll\L elfect on seed yicld. Considering that an
increase in pod length by 1 em can, on average, result in only one more seed per pod (Chapter 2), and there
is large variation in the relationship, the indireet positive effect of pod length on seed yield through 851
would be small, and indeed, the path coeflicient analysis showed that such an indirect effeet varied with

years. In 1993 this indirect effect (0.45) made pod length have a very weak positive correlation with seed
yield (0.178), but there was no positive indirect contribution from pod length to seed yield through S8I in
1994, Similarly. the indircet contribution of pod length to seed yield via seed weight was also very limited
and inconsistent. Thus, data from the present study did not provide any solid evidence for the advant: age of
long pods in seed yield.

It should be mentioned, however, that the DH lines tested in the present study were derived from the
cross Gl x GD. These two parents were DH lines and chosen mainly [ eir contrasting pod lengths and
homozygosity of this trait for genetic studics on pod length, but not for their seed yield potential. In fuct, they
had not been selected for any agronomic or quality traits. Therefore, the yicld and the yield components of
these two parents and their DH line progenies may have limited genetic potential even though there were large
differences in pod length. This could limit the possibility of producing long-podded lines with good yield
advanhgr‘ from lhl‘i }igrmplaam Il wnuld h; mu.rulmg to study the ymld pulnrm mee of thL prn;ﬁuiy lmm

since ]DIIng’ ]‘)Ddh wnll ndlur*lily rcqum: more a ‘ilmlldlL‘a Inr r_md wall mrnmlmn pru er soit Iu‘uluy slmuld hg
maintained. Furthermore, with the increase in pod length, lodging resistance should also be improved in order
to support the heavier dry matter production. All these factors should be considered when exploring the
possible potential of long pods in rapeseed breeding,

To conclude, there were large but highly heritable v
spparent advantage of long pods for seed yield was obt
components, sced weight can be reliably selected, but it does not have an apparent positive association with
sced yield, and it alone can not be used as a sclectable trait for high sced yield. The number of pods per
plant had no significant relation with seed yield cither in this study. SSP appeared to e the only trait having
a positive direct cffect on seed yield. Therefore, more attention should he given to SSP than (o any other
yield f;ﬁmpancms when qclccting far high -r;ccd yidd Whm th imcrr;]:uiun*;hipq nl' su;d yiz,id and yi;id
related traits are
a selection critc,in for seed yl;ldi Thlh dlfﬁLulLy pdnmlly arises lmm anpul:-.a ! c.:lluu.s .mmnmé lhg— hu:d
yield components, as observed from present and previous studics. An increase in one component is often
accompanied by reduction of another (Andersson and Olsson 1961, Thurling 1974, Musnicki 1975,
Mendham et al. 1981a,b, Gou and Yuan 1987, Tommey and Bvans 1992}, Apart from such compensating
effects, the presence of large environmental and physiological effects on seed yield and yield related traits

make any indirect evaluation on seed yield very unreliable. In fact, the contributions from so-called yield
;nmpangms are very hmuuj For cxamplc in the pmsLm sludy i lgr;;; pmpurlmn nl IhL L”L.L[ on '-.Lul qud

ariations in pod length in B napus. However, no
ined within the lines investigated. OFf the yield

c

yle:ld and yu:]d ﬂ;ldl(}d traits are CDﬂbldLﬂgd. ll seems, as h;l!’s heen n:purlgd I}y G!’th; ot al. (l‘J‘JZ) in wmlL—r
B. napus, that high seed yicld could be obtained by different combinations of three yield components,
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4.4.3 Interrelationships of seed oil content, protein content, and seed yield
4.4.3.1 Seed oil content vs. protein content of residual meal

Oil percentage has a relatively higher heritability than sced yield (Olsson 1960). In addition, oil
content can be quickly and accuraiely measured with wide-line nuclear magnetic resonance (NMR)
¢ I‘)ﬁ?) or ncar inffurcd (NIR) (St*’lrr ct :1] 1985) Thcrufnrc more i’apid pfoﬁrcﬁ;ﬁ: can. hc

(('nnw:ly :md E r

1995) hecause sccd oil and rxrmcin conlents are m:galivcly associated (Gmmi ct :JL 1977). Grami and
Stul‘:mwm (1977:1 h) ()h%z:rvcd that oil, protein and the sum percentage of oil and protein were determined
that gene :minn wils mainly addilivc wilh inEiEniFL‘aﬁ{ dominance and
th hLI‘lthIllly of th 1at of individual traits.
lhuLhm: selection for the sum of vil Lmd prnlcln wnuld he more eﬁcuwc llmn selection for either one
without consideration of the other, Studies have also shown that the correlation between oil contents of
individual plants and those of their progeny ple poor (Olsson 1960, Thompson 1983). This may be due
to environmental eflects. Rakow (1979) found in winter B. napus that oil and protein contents were strongly
modified by environmental {actors. With ficld trials in B. napus. Zhao et al. (1993) found that seed protcin
and oil contents were influenced by the level of fertilizers N and S, but the effects were dependent on soil
type. When the soil was S-sulficient, application of § had no significant effect on seed protein or oil
contents, whereas appli d protein content, but ased oil content concurrently. In S-
deficient soil, there were significant interactions between § and N on protein. Thus, it appears that selection
for oil and protein content should be based on plot rather than on individual plants. and the environmental
conditions, particularly soil fertility, should be considered.

Large variation in seed oil and protein content was obscrved in the pr sent study (Table 4-3) but no
n:l:ninmhip hx:lw’ccn th‘%c wo lréﬁli‘. was nhs-:fvcd over two yr:ar'i; This suggests llﬂl it may bc pnsmblc o

lhu«.lnrgi lhg_\g, lmc.s/gullwar were _s:gngm:ally more umlurm than phms frgm mnvgnlmnal pcdng&:

prnggni . These factors mighl he related to the ﬁﬂding that oil and prmcin were not ncgalivcly associated

gl;nruy lhg !mlml n..suh:s.

4.4.3.2 Seed yield vs. seed oil or protein content
’n;; lhal the infﬂrmminn on Ihi: rclalinnx’;hip bclwc:(:n qccd yield zmd sr,.c:d ﬁil or gccd

il i% s‘urpri

lhz
uungl.u,mn ul m! ;\nd pmlun mm;ms of smglc plam& .:md [hDhC Dl pmgcny plm; are usua!ly pt‘mf (als\j see
Chapter 2). It was also known that seed yicld evaluation based on individual plants was very unreliable. The

five genotypes of spring B. napus in three sowing dates, three sowing rales over two years and two
locations, Degenhardt and Kondra (1984) did not find any association between seed yield and percentage
seed oil or prmcin Aprxarcmly. lhc TEl:l(i[‘m\‘hi]? bclwecn qecd yic]d aﬁd ni] or pmlcin content is f,lill unclcnr—
E'( ep

rcln!iuns,,ip hclwecn seed yicld and these two qualily traits. Nevertheless, no ncgz’uive rclali@nship was
observed between these two quality traits and seed yield or any yield component. Improvement '
protein with any combinations of yield components or seed yield might be possible. Again, this conclusion is
based on data from the replicated plots of homozygous genotypes at one location. Studies on the

remains to be investigated.
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Most of the traits studied in the present study are quantitative in nature, so they might perform quite
differently in different environments. Differences in plant densitics due to uneven germination are common in
fields which might be a factor affecting expression of traits. Variation in one trait might cause changes in it
relationships with others. For breeding programs, the information on the mterrelationships ol selected il
under different environments is important for proper experimental design and genolype  evaluations,
Accordi nﬂl), an experiment was specifically conducted to study the interrelationships of pod length, seed vield,
yicld components, and the seed oil and protein contents under different row spacings and plant densities,
sludy wi i] be reported in the following chapter,

I'his

o
=



Table 4-1, Pearson correlation coefficients of seed yiéld. pod length, sced set per pod (SSP), pod number
per plant (PNP), 1000 seed weight (seed wi), seed oil and protein content from 25 DH
lines/cultivar in B, napus 1ested over two years”, :

T Yoar  Podlengh(l)® SSP(2)  PNP(3) Scedwi(d) Ol . Prowin
Sced yield () 1993 0.1% 0.59%* -0.08 0.24 0.55%* 008
1994 -0.43% 0.18 0.18 -0.18 0.18 0.07
Pod length (1) 1993 0.6+ 0.10 0.70** 0,02 -0.06
1994 0.20 -0.42¢ 0.75%* 025  -0.12
S8P(2) 1993 0.05 0.54%* 033% 000
1994 -0.35 0.25 0.35 0.00°
PNP (3) 1993 0.04 -0.03 0.20
1994 -0.39% .06 -0.07
Seed wi (4) 1993 - =0.20 0.33
1994 0.00 0.03
Oil 1993 0.00
1994 : -0.16

" The values followed by * denotes p < 0.05 and those followed by #* denotes p<0.0l.

" “Ihe numbers in the parcnthesis are the variable numbers corresponding to the variables in Fig. 4-1

Table 4-2. Analysis of variance for pod length (PL), seed set per pod (SSP), pod number per plant (PNP),
seed yield (yield), 1000 seed weight (Seed wt), seed oil {oil) and protein content in B. napus
OVer (wo years.,

Source of DF 7 Mean square o -
variation PL sSSP PNP Yield  Scedwt Ol - Prowin
Year i L0000 B3 2065421 156 17000 ome 0.55
Replication fyear 3 0.20 012 2260.61 31.77 0.05 4,44 %% 13.21%%
Line 24 5516 3106 I03I8% TL6TH Logre (270w 8.49%
Year x Line 24 041% 506 1553.94  45.60%*  Q.15% 1.96%* 3.80

*The values followed by * denotes p < 0,05 and those followed by ** denotes p < 0.01,
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Table 4-4. Path coefficients to seed yield from four sced yield-related traits pod length, sced set per pod,
pod number per plant and 1000 sced weight in B. napus

Pathways of associations”

Path coefficients in the yecar

1993 1994
Seed yield (1)) vs, pod length (1)

Direct effeet (Pyy) -().298 -(0.652
Indirect effect via secd set per pod (r2P2) 0.452 0.055
Indirect effect via pod number per plant (r3Py3) -0.010 -0.047
Indireet effect via 1000 seed weight (r Pu) 0.033 0.214

Total 0.178 -0.430

Seed yield (0) vs, seed set per pod (2)

Dircet effeet (Pg2) 0.746 0.275
Indirect elTect via pod length (r1:Pq) -0.181 -0.130 -
Indirect effect via pod number per plant (razPgs) -0.004 -0.040
Indlirect elfect via 1000 sced weight (raPoy) 0.025 0,071

Total ry | 0.587 10.178

Seed yield (0) vs. pod number per plant (3)

Direet elfect (Pys) -0.081 0.113
Indirect effect via pod length (r;Py) -0.031 L 0.272
Indirect effect via seed set per pod (raaPg2) 0.034 -0.097
Indirect effect via 1000 seed weight (rzqPog) 0.002 -0.110

Total ry, -0.080 0.178

Seed yield (M) vs. 1000 sced weight (4) ,

Direet effect (Pyy) 0.047 o 0284 -
Indirect effeet via pod length (r,Pyy) -0.210 -0.492
Indirect effect via seed set per pod (ra4Pg2) 0.401 0.069
Indirect effect via pod number per plant (r33Pg;) -0.003 -0.044

Total ryg 0.235 -0.182

Path coelficient of residual (Pog) 0.773 0.838
Total value of determination (R) 0.402 0.297

The number and symbols following each trail are corresponding to those indicated in Fig. 4-1.
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CHAPTER 5

EFFECTS OF ROW SPACING AND PLANT DENSITY ON AGRONOMIC AND
QUALITY TRAITS IN BRASSICA NAPUS L.

5.1 INTRODUCTION

Most of the agronomic and quality traits of rapeseed, such as sced yicld and its components, and
seed oil and protein contents, are sensitive to variation in macro- and micro-cnvironmental conditions. The
performance of such traits dnder one set of environmental conditions could be very different from that
under other conditions. In addition, varjation in one trait might cause changes in its relationships with
others. The information on the interrelutionships of such traits under different environments is important for
proper experimental design and  genotype cvaluations. While macro-environmental effects on the
performance of breeding materials at this time can only be roughly estimated using tests with multiple
locations and years, cffects of micro-cnvironmental factors can be specifically tested with proper
experimental design,

Among various micro-environmental factors, variation in plant density due to uneven gcrmmﬂlmn or
various survival rates after winter is very commonly observed in field test plots. Breeders very often have to
cvaluate the performance of their breeding materials and make inferences about them based on such varying
plant densitics. Unfortunalely, conclusions based on one plant density might not be applicable to other plant
densitics. Roy and Paul (1991) observed in field trials with three B. rapa cultivars grown at four densitics
that plant height, number of branches and number of pods per plant, number of sceds per pod and harvest
index decreased with increase in population density. Similar resulls were reported from field trials with B.
Juncea (Singh ct al. 1989) where threc cultivars were grown al (wo row spacings and three plant densitics.
In B. napus, McGregor (1987) observed from two cultivars in a ficld with hail injury that reduced plant
density compensated for the yield lms through increasing the number of seeds per pod and seed weight in
some instances, but yield compe n at low plant density was mainly due to an increase in pod number.
These studies indicate that row spacing and plant density influence seed yield and yield related traits. Few
studics have dealt in depth with the interrelationships of various traits at variable row spacing and plant
densitics. For genotype cvaluations, interrelationships of specific traits and relative performances of
genotypes at different row spacing and plant densities are equally important to the absolute values of
individual traits under such conditions. This chapter reports the experiments which were conducted to study
the influences of row spacing and plant density on pod length, yield and seed yield related traits, seed oil
and protein contents in B. napus and interrelationships of these traits.

5.2 MATERIALS AND METHODS

F; hybrid plants were produced from the cross 90-3078 (G4) x 90-1152 (GD) in the greenhouse
using the methods described in 2.2.1. Both G4 and GD were doubled haploid lines of spring type B. napus
from the breeding program of the University of Alberta. Under ficid conditions, GD was characierized as a
long-podded genotype with an approximate pod length of 11 cm, while G4 had an approximate pod length
of 7 ¢m. The Fy plants were grown in the growth chamber and doubled haploid (DH) lines designated as M8
family were produced from the Fy plants through microspore culture, which has been deseribed in 2.2.1,
The sceds of cach DH line were in d for an additional generation in the greenhouse prior to growing
them in the field. Two different field plot layouts were used in 1993 and 1994,

5.2.1 Field layout in 1993
'l‘wcn(y DH Iim:s' rzmdmﬁly qmnpicd fmm lhc DH line ﬁmiiy ;md cv., Alm (spﬁnfr lypc B iifi]jll.i‘)

normal row spacing
and pl.mt sl.md (nurnml dumly) muj d@ubl;d row apm.mg *md ‘spaLcd pl:ml Eland within rows (spaced
density). In the normal density, the DH lines/cultivar were grown in a completely randomized field block.
Each plot consisted of four 6-meter rows with 23 ¢m spacing between two adjacent rows, The plots were
sown with a Fabro drill sceder (Fabro Ltd. Swift Current, Sask., Canada) at a seeding rate ol 1.25 g of seeds
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per row. The plants within rows were not thinned. In the spaced density, the same DH linesfeultivar were
grown in another completely randomized ficld block on the same sowing date as the normal density, with
cach plot consisting of two 6-meter rows with the doubled row spacing (46 em). The plots were also sown
with a Fabro drill seeder (Fabro Ltd, Swift Current, Sask., Canada) at the rate of 1,35 £ seeds per row, and
the plants within each row were thinned to an approximately 20 em spacing between two adjacent plants,
after the seedlings had established.

For the normal density, pod length and seed set per pod (S5 were determined from five planis
randomly sampled from the two central rows of cach plot. Pod length was messured, and seeds containel
recorded from the first five pods formed on the main raceme of each sampled plant. when the pods had
reached their full length as indicated by the sceds turning brown in color. The reason that samples were
collected from this portion of the raceme was that these pods were formed first on a plant. In addition,
studies have also shown that pods at the basal portion on the main receme have more fertile ovules and total
number of ovules per ovary than the apical pods (Bouttier and Morgan 1992). Therefore, pod length and
SSP at this portion of raceme should be less variable than those on other parts of a plant. The means of pod
length and SSP of cach linc/cultivar from 5 pods x 5 plants were used to represent the pod length and 859
of cach tine/cultivar. The number of pods of cach sampled plant was counted in the tield after plants had
finished flowering, and the mean of the five plants was caleulated 1o represent the number of pods per plan
of cach linc/cultivar. At maturity, only plants of two central rows of cach plot were harvested in butk, Seed
yicld, 1000 sced weight, seed oil and protein contents of cach line/cultivar were determined from the seed
bulk. Seed yicld, 1000 seed weight, seed oil and protein contents of each line/eultivar were determined from
the bulk sced, using the methods described in section 3.2.2, with the exception that 26.2 g of seeds per
sample were used in the determination of seed oil content. i

For the spaced plant density, five plants from cach plot were randomly samipled 1o determine pod
length, SSP and the number of pods per plant, using the method described carlier. All plants were harvested
in bulk at maturity. Sced yicld, 1000 sced weight, seed oil and protein contents of each line/eultivar were
determined from the seed bulk, using the same methods for the norml plant density. :

5.2.2 Field layout in 1994

A split plot in randomized complete block design was employed to get more aceurate estimation of
the effects of plant density on sced yield and yield reluted traits, oil and protein contents, - and
interrelationships of these (raits. Nine DH lines which showed good potential in seed yield and seed oil
content in 1993 and cv. Alto were grown in four randomized complete blocks at the Edmonton Research
Station of the University of Alberta, Edmonton, using the sceds harvested in the previous year, where 1he
lines/cultivar were whole-plots and plant densitics were subplots, Two plant densities as defined in 5.2.1
were studied, where cach plot of the normal density consisted of four 6-meter rows with 23 ¢m row spaicing,
and cach plot of spaced density consisted of two 6-meter rows with 46 cm row spacing. All plots were sown
with a Fabro drill seeder (Fabro Ltd. Swift Current, Sask., Canada) at the rate of 1.25 g of seeds per row,
After the scedlings had established in the ficld, the plants in the plots of the spaced density were thinned
into an approximately 20 ¢m spacing within rows. Five plants were randomly sampled from cach subplot (o
measure pod length, SSP and number of pods per plant, using the same methods described previously, At
maturity, all plants of cach subplot, i.c. four rows in normal density and two rows in spaced densitly, were
harvested in bulk. Seed yiceld, oil and protein contents were determined using the methods deseribed earlier.

5.2.3 Data analysis

For the data in 1993, the phenotypic correlations were calculated from the means of pod length, 551,
the number of pods per plant, 1000 sced weight, seced oil content and protein content of cach DH

O, where o, s the covariance of
i - 4
G-ig}
traits i and j, and 5 and o, are standard deviations of i and j, respectively. The rank correlation
‘ 4

linc/cultivar within cach plant density, using the formula

coefficient (r,) of cach trait in two years or at two plant densities was calculated with the same formula using
the ranks of DH lines/cuitivar in two years, or at two plant densities for the data in both years, ANOVA was
performed for each trait for the data in 1994, using the model Ypuz=p+p+u+7, + 5+ (Ufd)y + £,y
(Steel and Torric 1980), where Y is the observation in the ith block on jth whole-plot with the kth subplot,
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Computations were done using SAS/STAT 6.0 (SAS Institute Inc. 1989).

5.3.1 Effects of row spacing and plant densities on individual traits pod length, the
number of pods per plant, seed set per pod, 1000 seed weight, seed yield, seed oil
and protein contents

The effects of row spacing and plant density on individual traits varied with the different traits. In
general, pod length, the number of pods per plant and SSP increased at the spaced plant density, with the
increase in the number of pods per plant being the most significant (Fig. 5-1 and Fig. 5-2). Pahkala et al.
(1994) found in a previous study that with the increase in plant density the number of branches decreased as
did the number of pods on the branches and on the main raceme. Similar findings were also reported by Roy
and Paul (1991). These results showed that the number of puds per plant was very sensitive to the variation
in row spacing and plant density.

Although there was no apparent difference in 1000 sced weight between the two plant densities in
1993 (Fig. 5-1), data in 1994 showed o slight (Fig %—“’) but statistically significant (Table 5-1) decrease in
1000 seed weight at spaced plant density. The di sults in these two years might be related to the
different field layouts. The normal and spaced plant densities were planted in two different blocks in 1993,
but they were planted in the same whole-plot in 1994, Conceivably, the soil fertility for the same DH
line/cultivar at two plant densities, and possibly some other factors as well, would be more variable in 1993
than in 1994. Unfortunately, the block effect, if it existed, could not be statistically analyzed for the data in
1993,

The spuced plant density appeared beneficial for a high seed yicld. In 1993, plants at the spaced
density took twice as much row space as that of plants at the normal density (46 cm vs, 23 cm), but there
were fewer plants within rows at the spaced density than at the normal density because of thinning. Because
only two centre rows were harvested from each plot with normal density, the sced yield of each plot at the
normal density was doubled. Nevertheless, most of the DH lines at the spaced plant density still produced
higher seed yicld than they did at the normal density (Fig 5-3). This indicated that plants at the normal
density might be too denscly populated, resulting in the reduction of seed yield. Although the possible block
elfect, which could not be statistically detected, might have been involved in this difference between the
two plant densities in 1993, the data in 1994 showed that the normal plant density had no advantage in seed
yicld over the spaced plant density. In 1994, all four rows at the normal plant density were harvested.
Therefore, within cach whole-plot there should have been more than twice the number of plants at the
normal density than at the spaced density. Interestingly, the seed yield at the normal plant density was not
significantly higher than at the spaced density (Fig. 5-2 Table 5-1).

Given the fact that there was only a slight decrease in seed weight, but dramatic increase in the
number of pods per plant, coupled with increases in pod length and SSP, a proper plant density was
essential for producing high seed yicld. A large reduction in plant density might be detrimental to seed
yicld, but a slight reduction from the normal density as defined in this experiment would be favorable. Thus,
an optimum plant density at which to achieve the maximum number of pods per plant without significant
adverse effects on other traits, such as maturity and lodging resistance of plants, is essential for high seed
vicld. Additional studies are needed to identify such an optimum plant density.

Because the genotypes tested in this study were DH lines except Allo which was an adapted cultivar
in this area. the variation observed within each line/cultivar at different plant densities could be attributed to
environment (plant density), and possibly genotype X environment interactions (plant density x line).
ANOVA for the number of pods per plant revealed significant difference in plant density (Table 5-1),
suggesting that the number of pods per plant mainly depended on the resource available. Thus, it is likely
that cultivation practices, such as changes in sceding rate or row spacing, would have a greater effect on pod
number per plant than breeding approaches,

Pod length, SSP and sced weight were much less responsive to the variation in plant density than the
number of pods per plant. This conclusion was based on the fact that the ranks between the spaced and
normal plant densities were highly correlated for pod length, SSP and 1000 seed weight (Table 5-2, Table
- ‘) hut pnurlv mm,Lm.d for th numer of puds pc,r pl.inl Thm HLILL[IG“ lnr pnd l::n"th SSP and seed
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Accordingly, in breeding for improved seed yield. more emphasis should be given to $8P and sced wetphi
with reference to pod size than to the number of pods per plant. Since row spa affect
the absolute values of pod length, SSP, and 1000 sced weight, but have little effect on the relative values of
these traits, these traits may be evaluated at either high or low plant density provided the genotypes under
study are grown at the same plant density. Variable plant densities due o uneven germination or different
survival rates after winter often occur in test plots in rapeseed breeding programs. Such variation would
affect absolute values of traits under study, which would lead 1o a biased conclusion if the experiment had
limited replication. Thus it is necessary 1o study the minimum number of replications required for an
accurale estimation of the traits under study in areas, such as the western Canadian prairie, where varying
plant densities are unavoidable.

Of the two quality traits sced oil and protein content, no apparent differences in seed oil content were
observed between the two row spacings and plant densities in cither 1993 (Fig. 5-1) or 1994 (Fig, 5-2). The
analysis of variance for the data in 1994 confirmed that there was no significant difference in the seed il
content hetween the two plant densitics (Table 5-1). Thi similar to o previous report (Morrison et al.
1990) which showed that row spacing had no significant effect on seed oil content of B, napus cv. Westar.,
The ranks of seed oil content at two plant densities also exhibited high correlation in both years (Table 5-2,
Table 5-3). Apparently, sced oil content was very tolerant o the vartation in plant density. Theretore, ml
content can be evaluated at any plant density in rapesced bre . This finding could be used 1o mdvantage,
When there are not enough seeds for the evaluation of eertain traits, seed oil content can stll be evalugated at o
spaced plant density, and then only those genotypes with a satisfactory level of oil content be advanced for
evaluation of other traits, ,

In contrast to seed oil content, protein content was more sensitive to the variation in plant density. Data
in 1993 indicatcd lhﬂl n:hlivc values (ﬂ' pr'mi:in ccmlgm% ni' lhr;: 21 ,;_,gnulypg;.s were signil"ic,mlly dil :

ng and plant density

5 3).
Thlh pcmr c,:c,lrrt?! tion m!ghl bc, duc m th pn,sum.c ul ;Egnnlyp;; X pldnl dgnsuy interaction on protein
content. It might be also related to variable environmental conditions in two blocks since two plant densitics
were grown in two separate blocks. The 1994 cxperiment, using a split plot in randomized complete blocks
with four replications, should be more accurate than the experiment in 1993 for measurement of the protein
content. Indeed, although the ranks ol protein contents of nine DH lines and cv. Alto in 1994 were highly
ted (Table 5-3), there were significant diff in sced protein content between the two plant

ensilies mdmamd hy a hléhl_y mgmhu\nt mean squdrg \mlug (l() 96 p < (). ()I) (l.nhlg 5- i) Il wits ilso

]
o

p I~

ﬁlgnlﬁuam dl!fcn:nu., in prmun content was fnund huw;cn (wo row \pdungs Hnwqur. .s(udu.s. hy ‘ahm:l el
al. (1990) also showed that a reduced plant density ruulu.d in the LlLLl‘L;! ¢ in \LUJ prnlum content, wllul
four 5‘ nfxpuv L.Llll!\fdr's were gmwn at two row ‘*, t

density should be as uniform as possible, and the field plots of genotypes under evaluation should be as
close as possible.

5.3.2 Effects of row spacing and plant densities on the interrelationships of pod length,
the number of pods per plant, seed set per pod, 1000 seed weight, seed yield, seed
oil and protein content

The effect of row spacing and plant density on the interrelationships of the trails investigated also
varied with the traits under study. Correlation analysis of the data in 1993 showed positive associations
between pod length and SSP, and 1000 seed weight (Table 5-4), regardless of plant density. Similar results
were obtained from experiments of DH lines of M7 family in 1993 (Chapier 4), where longer pods were
always positively correlated with larger sceds and more seeds per pod. Thus, row spacing and plant density
had no significant effect on the relationship between pod length and SSP, or seed weight,

The relationship between pod length and the number of pods per plant differed with plant densities.
No relationship between these two traits was ohserved at the normal plant density (Table 5-4). This result
was in agreement with the observation using DH lines of M7 family (Chapter 4) in 1993 also at the
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normal plant density. At the spaced plant density, however, pod length was negatively associated with the
number of pods per plant. With DH lincs of M7 family in 1994 at the normal plant density (Chapter 4), a
negative correlation between pod length and the number of pods per plant was also observed. Chay and
‘Thurling (1989) also reported a similar negative corrclation between these two trails at normal plant
density, hut not at reduced plant density. Taking account of all these studies, it appeared that there was a
compensating relationship hetween pod length and the number of pods per plant. The magnitude of this
relationship was reduced at the normal plant density but increased at the spaced plant density. It was likely
that at the normal plant density, the potential for plants to produce a heavy pod canopy and develop long
pods was not fully expressed because of the limited resources available, hiding the compensating
relationship. When more nutrients were available at the spaced plant density, this compensating relationship
wis more clearly expressed than at the normal plant density. Probably, plants primarily distribute morc
resources Lo the initiation of pods than to the growth of pods at spaced plant density, which was indicated by
a much greater increase in the absolute value of the number of pods per plant than that of pod length (Fig. 5-
1 and Fig. 5-2). Conccivably, within the framework of growth period and the available nutritional supplies
there would still be a limit in overall resources. The resource divergence to pod initiation would reduce the
resource supplies to the growth of pods, resulting in the number of pods per plant being increased at the
expense of increase in pod length,

Similarly, the number of pods per plant and SSP had a negative correlation at the spaced plant
density but they had no relationship at the normal plant density (Table 5-4). Again, there might be a
compensating relationship hetween these two traits, which was hidden at the normal plant density.

Apart from these relationships described, no significant relationship was observed among seed yield
and its related traits,

Consistent posilive association hetween pod length and SSP, and seed weight at both spaced and
normal plant densities suggested that long pods could be used as a reference for high S5P and large seeds in
rapeseed breeding. It is known that seed yield is directly or indircctly related to the number of pods per
plant, SSP and pod length. The compensating relationship between the number of pods per plant and pod
length, and between the number of pods per plant and SSP indicates that there should be an optimum
combination among these traits o achieve the highest seed yield. Since plant density influences the
magnitude of this compensating relationship, an adequate plant density would be required to obtain this
optimum combination. As discussed carlicr, there were increases in the absolute values of the number of
pods per plant, pod length and SSP at the reduced plant density. It appears that a slightly reduced plant
density would be beneficial for producing high seed yicld by significantly increasing the number of pods per
pl.ml although an increase in the number of pods per plant would reduce the plants’ polential to produce
mger pods and more seeds per pod. However, an excessively high pod canopy, which could result in a
reduction of SSP, and consequently final seed yield, should be avoided.

Sced yield was positively correlated with seed oil content regardless of plant density in 1993 (Table
5-4). A positive correlation (r = 0.55) between these two traits was also observed with 25 DH lines of M7
fanily in 1993 at the normal plant density (Chapter 4). However, no significant relationship between these
two traits was found at any plant density in 1994 (data not shown), which might be due to the limited
genotypes (10) investigated, consequently limited variation in both traits, since these 10 genotypes were
chosen for their good yicld and sced oil potential in 1993. Nevertheless, the data from the present study
indicate it sfe=uld be possible to improve seed yield and seed oil content simultancously since they have
cither a positive correlation or no relationship. As a matter of fact, a recent report (Daun et al. 1995) on the
hest Canadian rapesced/canola cultivars grown from 1956 to 1994 demonstrated that both seed oil and seed
yield have been increased, and there is a positive correlation (r = 0.69) between these two traits.

Correlation analysis did not show any significant relationship between sced protein content and seed
yield in 1993 (Table 5-4) and 1994 (data not shown) at any plant densitics, indicating that plant density had
no apparent effect on the relationship of these two traits.

It was notable that seed prmcm content was positively corrclated with seed oil content at the normal
plant density but not at the spaced plant density in 1993 (Table 5-4). The correlation analysis for the data in
1994, however. did not show any relationship between these two traits at any plant densities (data not
shown), despite the significant differences in each trait. In all situations, no negative association between
seed protein and oil content was found. This is contrary to previous studies in which seed oil and protein
were negatively correlated (Grami et al. 1977, Daun et al. 1995). The reason for this difference is unclear.
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and prmgm content \1mulmncnusly

The present study showed that row :p'lgm; and plant density influenced the expression of traits and
in some cases their interrelationships to varying degrees, depending on the specific traits. When the traits
under study were individuaily considered, reduced plant density resulted in a dramatic increase in the
number of pods per plant and slight increases in pod length and SSP, but a slight decrease in seed weight.
While sced oil content was insensitive to variation in plant density. there was a significant decrease in seed
pmt::m content at reduced plant density. Plant density also had significant influence on seed yield, with

reduced plant density being favorable for a high seed yield. Thus in rapeseed breeding progrims, evaluation
Qf see d ml cnmcnl dncs not quLlll'L a umﬁ‘)rm planl dLnxlly hLL'lU\E. al mu‘m.ll .md sp.u.u,l pl.ml dulslllu

A urnf'cxrm phnt dcnsny i% chscmnl fﬂr an accurate u.lmulmn of rimle umh_nl since prulun content cian
be dramatically different at different plant densities. A uniform plant density would also he preferable for
cvaluation of pod length, 1000 seed weight and SSP. Although plant density would influence the absolute
values of pod length, 1000 sced weight and SSP, the differences would not be very large, and the relitive
values of these traits would be highly correlated at varying plant densities. In contrast. a uniform plam
density is essential for an accurate estimation of the number of pods per plant and secd yield, because
varying plant densities these two traits would be markedly different, and their re
poorly correlated.
While row spacing and plant density had no apparent effect on the relationship between pod length
and SSP and seed weight, increased row spacing and reduced plant density within rows increased the
agnitude of the compensating relationship between the number of pods per plant and SSP, and also
between the number of pods per plant and pod length. Regardless of row spacing and plant density, no
negative association was observed between sced oil and protein content. In addition, seed yield was
positively correlated with sced oil content in some cases. Thus, it might be possible to improve seed yield,
sced oil and protein contents simultancously without significantly reducing one or the other.

lative values would be

It should be noted that the information from this experiment comes from DH lines, except Alto
which is a highly inbred cultivar. It is unclear whether the interrelationships of these traits, or responses of
thesc traits to variation in plant density, are similar to those from genotypes in the carly generations of
pedigrce progenies. Thcrefﬂrx: additinmi :tudicf; are rcquir’c:d to :1ddru:< lhi*; i'ﬁLIL,

common for mﬂsl nﬁh; traits mvr“:ll}:ﬂl;d Il is of mlc:n:sl o unduslamd lhe dg;;rgu of environmentzl L“LLI'\
and/or G x E interaction on seed yield and seed yield related traits, seed oil and protein content. Studies on
these issues with tests in multiple locations and years will be erurlLd in the following chapler,
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Tuble 5-1.

Analysis of variance for pod length (PL), seed set per pod (SSP), pad number per plant (PNP),

seed yield (yield), 1000 seed weight (Secd wt), seed oil (oil) and protein content of 9 DH lines

and cv, Al in B, napus sown in split plots in 1994

Mean square *

7 Source of Dro }
variation - rL S5P - PNP Yield Seedwt Ol Protein
Block By 3 016 1.85 60006.68 25.86 0.16 0.19 4310
Line/cultivar (L) 9 12.36%+ 54.48%* 1877.11%+ 23.27 5.77%%  31.84%* 8374
BXL 27 0.22 4,11% 5227.03 20.68 0.62 0.38 2.19%
Plani density (D) I A4 80%* 143.11%%  2767680.00%* 71.82 ].24%% 0.02 10,96%+
LXD Yy (LAB** 5.42% 12957.36* 3.80 0.09 1.01* 1.09
Error 30 0.14 1.92 5123.00 2242 0.08 0.33 0.91
"The values followed by * denotes p < 0,05 and those followed by ** denotes p < 0.01.
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Figure 5-3. Sced yield ot spaced (8) and normal (N#¥2) plant densitics of ¢v. Alio and 20 DH lines of
B. napus in an experiment with completely randomized block design in 1993.

53



9
91
0l
i
141
€
(<
0T
19
el
Ll
81
L
8
6
4
[4
%
It
61
Sl

STFL0
CIEETy

Ll
61
ol
I
0z
81
¥4
91
S

€

v

HE L0000
k-3 Y £ECED

=)
[ Y]
=,
=
<t

=

9_\
25~ o

T o0 D e

—_ =
N O
—_——_a

oo
(9'
N O T o o
~ MmO e

oo

—
'ﬁc\lf)‘ﬂl\o'—'

— O\ —

o\
—

Ll

o0

ic

cl

C‘?’TWV‘;OOO\I\MO(VO\MO
— —— —_— — e~

[+22]

01
el
91
9

LFSED R
0000 8TFO

cl 1 [
Ly
61

=] = = D
— =
DN e O =
—_— = —
Tl e a0 o

[e21

N 1N — O
SN — O o, e
[= 7

~ o
< —

S

MO M O~ T e
o~ o— = —

€l
14!

PR
L3O

T =~ 0 o e =
—_— -
v,

o vy on

1 tl
4!
0c 61

~ o

ERE %
1
OCHARIY
GIHQ RN
STHQsIN
LYHARIX
9THASIN
STHASIN
FIHASIN
tTHASIN
cTHAsN
T THASIN
OlTHASIN
60HUSIN
SOHASIN
LOHASIN
90HASIN
COHASIN
FOHASIN
tOHASIN
COHAs
I0HA SN
oy

S

N

S N

S

N

S N S

N

S N

ac\mv uao01g

(%) 110 (8) 1m pasg 0001

(ey/3Y) pla1 g

dNd

dSS

(wd) Y15ud} pog

eanmo
/ S3ul HQ

ur umos sndou g ur oly ‘s pue
pod *(4sS) pod 1ad 105 poaos ‘s

"1S0M0] ol sey |7
Apwey g wi saun 4q 0z Jo swauod waoad pue (10 pas
9] pod jo sonisuop jued () paseds pue (N) puiiou uss

"ON pUT 3n[eA 1S3Y514 Y1 SEY [ "ON YUEI Y1 210UM ‘€661
S IYS1oM Pads 00| ‘pIoIk paos ‘(dNd) wed 1ad saquinu
M10q (1) SIUDIDL1J0D UONR|aLI0D ueunreads pue syuel ayJ, ‘z-g Jqey,



OO (LY [ALIRY 00D D9z 0 FOO'0 000 J3]<4id

8180 66’0 ZF80 0£80 FoED F18°0 €80 g
9 8 & 6 6 6 8 g € 8 g £ 6 8 OTHAB
£ € ot 01 I £ L 9 1 € 6 01 9 9 CIHAgW
T T L < T ¥ ¥ L 01 01 ol 6 i i HHHJEW
01 01 8 8 t l < r L l 9 ¥ S t OTHIBIN
l i 3 t 13 9 01 6 € 13 £T €9 z g H0HI’M
t 9 C E 9 £ 9 B F ¥ L B £ ¥ SOHABW
8 L £ L L L C € 8 L £T [ B 01 FOHARIN
L £ 9 9 € T 1 I 9 € ! I b [ tOHA8W
S T £ C 8 8 6 01 g 6 L g L L HOHGOBIN
4] 6 | [ 0l o £ C 6 9 8 £'9 01 6 ony
5 hd S W 5 N 5 N S N S N b M TeAnn

B0 LR) b PR3g 0001 (eyyay) pran

=

dild dSS (wd) p3u| pod { saul] HA

"IN 1SAM0] U1 SEY (] "ON PUB 3n[ea 1SaUSIY AU sey | top yuB a1 a1aum ‘pe61 ut s1ojd upds
Wl wsos sudoE g w0 CAD pUR Sjnuep S usaul) H 6 JO siunuod wnold pue (10 pass ‘wSom pass gpol pletk pass dnd) wepd rad saquimu
pod i gsst pod 1ad yas poas duay pod o samisuop wed (S) poowds pue (N) feuIou wABmIag (SI) SINIILR0D uonejRHeD weuuwads pue syuel 3y "g-S 3|qe]

55



Table 5-4. Pearson correlation coefficients (r) of pod length, seed set per pod (S8P), pod number per plant

(PNP), 1000 seed weight (sced wi), seed yield, seed oil and protein contents caleulated  from
the data of the normal (N) and spaced (8) plant densities of 20 DH lines and ¢v, Alto in 1,
napus sown in 1993 °

sSSP PNP Sced yield Seed wi Qil Protein

Pod length N 0.48* -0.01 -0.10 0. 75%+ 0.04 0.03
S 0.56%* -0.50* 0.33 (0, 70%* 0,05 0.08

SSP N 0.16 0.15 0.34 0.06 ‘0,02
S -0.48* 0.40" 041" 0.11 003

PNP N 0.36 -0.01 -0.29 -0.20
S -0.38° -0.33 -0.24 -0.27

Seed yield N 0.06 O 1#* 0.25
S 0.40" T 045 0,38°

Seed wt N -0.10 0.08
S 014 0.31

il N 0.47*
S (.24

* The values followed by * or *# denote that p < 0.05 or p < 0.01, respectively.

Pp=007.p=009,
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CHAPTER 6
GENOTYPE-ENVIRONMENT INTERACTIONS OF AGRONOMIC AND

QUALITY TRAITS IN BRASSICA NAPUS L.

6.1 INTRODUCTION
Brassica napus L is one of the mzljﬁr mpcsced smcige. in Cun;ul;’x :md muny mhcr areds nli the wnrld,,

sugggslecj in [’!IIVIDL!\ slud!gs (Andcrssnn .md D!hhtjn 19(1 . Ihurllné 1974 ]‘)!)I, f‘\gl“L‘!l and Bn;lgkc 1977,
Shabana et al. 1990, Grosse et al. 1992) since seed yield was reported (o be positiv ly correlited with these
traits. In addition, previous studies in B. napus have shown that seed set per pod (S8P) and seed weight are
often positively correlated with pod length (Chay and Thurling 1989a.b, Thurling 1991, Ch apter 4 amd 3),
Unfortunately, the presence of genotype x environmient interactions often causes ohg mges in the
interrclationships of these traits. Consequently, such relationships have not been clearly defined and
successfully applied to breeding programs. The objectives of the present study were 1o investigate the
cffects of general environmental conditions on pod length, SSP and seed weight, sced yield, sced oil and
protein contents, and to study the interrelationships of these traits under various environmental conditions in
the canola growing region of central Alberta, Canada.
6.2 MATERIALS AND METHODS

Seven spring type B. napus genolypes, cv. Alto, 88-1426K (G3), 92-20501 (G4d), 91-54165NK
(LPHIPR), 91-22521 (GD), 92-21213 (HIOIL), 92-20504 (HIYLD). were grown ot three loeations,
Edmonton Research Station of the University of Alberta (Michener), Ellerslic and Kelsey, Alberta, in 1993
and 1994. Of these genolypes, Alto was an established cultivar in these areas, G, GD, LPHIPR and
HIYLD were doubled haploid lines derived [rom microspore culiure, HIYLD was registered as cv.
Quamum in l)§5 (Slﬁn!'ilm ct al 1995) G"? was an J(lmnugd inhrul Iim;. duginpul l’mm puliygg

[ % acing hclwccn rows, The plnis were seeded with a l"";lhru
drill seeder (Fabro Ltd. Swift Current, Sask., Canada) at a sceding rate of 1.25 g of seeds per row. To
determine pod length and SSP, five plants were randomly sampled from the two central rows of cach plot,
Pod lcnglh *md SSP were dclcrmlmd from lhc hrsl lIVB pnds Im‘m;d on lhn, HHTH] raceme nl g.u.h pl.ml when

in bulk Sc:t:d y!f;ld IDDD s,u:d wmgn, su:d ml and protein contents u! gglgh lm;/guluv.u were dugrmmul
from the seed bulk, using the methods described in section 3.2.2, with the exception that 26.2 ¢ of seeds per
sample were used in the determination of sced oil content.

Thu data were ;m;l!yﬂ:d by analysis ol variance. Variance and covariance components, and
Jile were estimated using the principles of Comstock and Moll (1963) (see Appendix I
for del;uls) Phcnulypm correlation of the traits investigated were caleulated using the same formulae
presented in section 5.2.2. Genotypic correlations of the traits investigated were caleulated from the
variance and covariance components, also using the same principles for estimation ol heritability (sce
Appendix D for details). Most of the computations were done with SAS/STAT 6.0 (SAS Insiitute Inc.
1989).

6.3 RESULTS AND DISCUSSION
6.3.1 Genotype x environment interactions and estimation of heritabilities

Significant genotype x year interactions were observed in all traits (Tuble 6-1). This was similar 1o
the finding in Chapter 4, where significant genotype x year interactions were observed for all traits except

the number of pods per plant, when 25 DH lines and cv. Alto were tested over two years at one location,
:¢ of significant genotype x year interaction suggested that it would be difficult o sccurately

U
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understanding of the real nature of genotype x year interaction and the lack of control in factors associated
with this interaction. Nevertheless, the outstanding genotypes with a specific trait could still be identified.
For instance, GD had the highest values in pod length, 1000 seed weight and protein contents over years
(Fig. 6-1). Similarly, HIYLI had the highest values in SSP and sced yield, and HIOIL consistently had the
highest oil content over years, These ohservations suggest that genotypes with outstanding performance of a
specific trait, including multigenic traits such as seed yield or seed oil content, in one year would still likely
he superior to other genotypes if tested for additional years. In a breeding program, usually large numbers
of genotypes have to be evaluated. Unfortunately, the prescnce of genolype x environment interactions
makes it very difficult to differentiate one genotype from others without extensive testing. Cﬁnslmmlq in
resources frequently limit the scale of testing, and consequently, the discovery of sup i
resolve this dilemma increasing the genetic variability of traits of interest appears to be t ost effective
approach because outstanding genotypes would appear only in the presence of a large genetic variation for
the trait of interest.

In contrast to the complicated relationship between genotype and year, no significant interaction of
genotype x location was observed on any trait except protein content (Tahle 6-1). This was also clearly
shown in Fig. 6-2. When one genotype had an increased or a decreased value at a specific location, the

values of this trait for other genotypes were also increased or decreased. However, the mean values of each
of th six trails were dillucm at th three loeations, clearly indicating that the performance of all trait
'mne. at u;h IDLalmn Thl‘i nhservalmn lmplu::s that pcrlnrm.m;:c'; nl

evaluate the performance of these traits with limited years, This difficulty arises from the lack of

Pod luu;(h wits th h.dsl vnrmhh, trait over ymrs 1nd aCross lncauans Thc :malysls uf v.lrkm;c mmpuncms
and the estimation of heritabilities (Table 6-2) revealed that most of the variation in pod length came from
genotypes with small variation from genotype x year, whereas genotype X lo cation and genotlype X year X
location interactions were minimum. Thus pod length is a highly heritable trait, having the highest
heritability (0.92) among the six traits,

Sced weight was also a very stable trait as indicated by its very small values of variance components
in genotype x year (0.16), genotype x location (0.01), and genotype x year x location (0.05). Since there
was only very limiled genctic variation (0.18) in the ]‘mpul:\lmn seed weight had only a lu.rllah lity of 0.65.

Since sced weight is stable over years and locations, extensive evaluation trait. Thus
it appeared that increasing genctic variation in a population is the most m1pc3rlam clgmcm m improve seed
weight,

SSP was very similar to pod length in its responses to variation in location and year x location
interaction, but SSP was obviously more sensitive to year variation than pod length as indicated by the high
proportion of genolype x year cﬂmpﬁncnl (1. 63)

Sced oil content varied very s but there was a small genotype x year x location
imu.u;linn in .1ddilinn to lim v"\riulmn lmm genmypc X 'ymr imc'rar;linn. Because of the large genetic
varia sced oil had the second highest
huuuhnhly (()Sl) .mmng llu: traits investi ucd of lhc six (raits mw,sugalgd sced yield and prolein
ssitive to environmental variations indicated by the presence of variance components
in Ecnulypu X yLllr ELnﬁlpr x location, and genotype X year X location.

The generally higher sensitivity of these traits to varmlmn in yLm’ lh;m to variation m ln;almn
indicated that increasing the number of year
fora te L\'dll_l;lll()n nl lh;s; {raits. I’hc dlﬂLl’L e
there was a large gen ch
S§P, sced weight, dlld seed oil content with lcsun;: nf h::w years and Ima(mns wh;rgas morc ycars ;md
locations would be needed for evaluation of seed yield and protein content. Consequently, improvement for
these twa traits would be more difficult and progress would be much slower.

oil and prc\tem cantent

Data analysis across three locations and two years revealed high positive associations of pod length
with SSP. seed weight and seed protein content (Table 6-3). No relationship was observed between pod
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length and sced yield. nor between pod length and oil content. These results suggested that it should be
possible to select for high SSP, large sceds and high seed protein content through selection for long pods.
On the other hand. long pods appeared to be an undesirable trait for seed yield and seed oil content (also see
following discussion) within the genotypes investigated, which was demonstrated by the genotype GD, This
genotype had the longest pod length and the highest value in sced weight among the seven genotypes aeross
three locations over two years (Fig. 6-1 and Fig. 6-2.), but produced the lowest seed yield, the second
lowest seed oil content following G4 at cach location (Fig. 6-2).

No significant relationship between SSP and seed yicld was observed in the present study either from
the combined data from three locations over two years (Table 6-3), or at individual locations {Table 6-.
This might be due to the limited genolypes investigated, where both traits showed no statistically significant
difference at the 5% level. Nevertheless, there was an indication that high $SP may be a desitable character
of a high seed-yiclding genotype. This was clearly demonstrated in Fig, 6-1 and Fig. 6-2, where HIYLD,
which consistently had the highest value of SSP, produced the highest seed yield across three locations and
over two years. Indeed, HIYLD had an outstanding yield performance even in the Western Canadiun
Canola/Rapesced Recommending Committee performance trials, and was registered as cv. Quantum in
1995 (Stringam ct al. 1995). Thus, increasing SSP should be an effective approuchi for seed “yicll
improvement. A similar conclusion was reached in Chapter 4, where SSP was shown to be the only trait
with a consistent positive contribution to seed yield.

A negative correlation between seed yield and sced weight (Table 6-3) was unexpected, considering
that sced weight was onc of the seed yield components. Data analysis at individual locations revealed a
pronounced negative correlation between seed yield and seed weight at Kelsey (r = -0.80) (7

ible 6-43, For
most genotypes, all traits except seed oil content had the poorest performance at this location (g, 6-2),
Obviously, the general environmental conditions at Kelsey in those years were unfavorable for the
production of these genotypes. Under those conditions, plants would tend to produce smaller but more seeds
per pod to produce a maximum sced yield. Consequently, the genotypes with smallet but more seeds per
pod would have higher seed yicld than those with larger seeds, resulting in a negative correlition between
seed yield and sced weight. Furthermore, only scven genotypes were investigated, and some. of the
genotypes had extreme values in one trait or/and the other, such as pod length of GIJ, and 51 and seed
yicld of HIYLD. The results obtained from these extreme genotypes might be different from what would be

fact, no relationship between sced yicld and sced weight was obtained in the studies reported in Chapter 4.
Morcover, previous studies have shown that seed yicld can be improved by selection for high sced weight
(Morice 1960, Musnicki 1975). Thus, this highly significant negative correlation should he viewed as
special case, rather than the typical relationship of these two traits that one would expect in a breeding
program.

il

these two traits was found in previous studies from 20 DH lines tested at two row spazings and plant
densities (Chapter 5). It is known that high secd yicld and high seed oil content are two essential
characteristics for a rapesced cultivar. Seed oil coatent also has a higher heritability, and is ¢
measure accurately than seed yicld. A positive correlation between these two traits can be used 1o advantage
in rapeseed breeding. Genotypes should be evaluated for seed oil content first, and only genotypes which
have a satisfactory oil content, and would also likely have high sced yield, should be advanced for
additional evaluation on seed yield. This approach would be more efficient and cconomical than selection
for both traits simultancously, or sclection for seed yield first.

In addition to SSP and sced weight, the number of pods per plant should also be considered in
discussion on seed yicld in rapesced breeding, since the number of pods per plant is also an important factor
determining the sced yield of a rapesced cultivar. Although the number of pods per plant wis not
investigated in the studies in this chapter, a positive correlation between seed yield and the number of pods
per plant has been reported in previous studies (Andersson and Olsson 1961, Sciffert and Boelcke 1977),
Shabana ct al. (1990) found through path cocfficient analysis that pod number per plant had the highesi
direct effect on seed yield per plant. However, carlier studies (Chapter 4 and 5) found that the number of
pods per plant was mainly dependent on the nutritional resources available, and this trait is very difficult to
be accurately evaluated. Thus, in terms of sclection criteria, it scems that the number of pods per plant
should not become a major concern.
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Similar to previous reports (Grami and Stefansson 1977a b, Grami et al. 1977), a significant negative
correlation was found between seed oil and sced protein contents in the present study, when the data were
analyzed from the averages across three locations over two years (Table 6-3). At individual locations, these
also appeared 1o he negatively correlated, although the negative association was more pronounced
at Ellerslie than at the other two locations (Table 6-4). Tt appeared that small seeds were favorable to high
seed oil content but unfavorable Lo high protein content, whereas large seeds had just the opposite effect.

fowest protein content (Fig, 6-1 and Fig. 6-2). In contrast, genotype GD, which had the highest value in seed
weight, produced the highest sced protein content but the second lowest seed oif content at cach individual
location, Thus, simultancously improving sced oil and protein content under cnvironmental stressful
conditions seems a dilemma and remains a challenge to rapesced breeders.

61



Table 6-1. Analysis of variance for pod length (PL), seed set per pod (S8P), seed yield (yield)., 1000 seed

weight (Sced wt), seed oil and protein contents in B. napus.

“Source of ~ DF B T Mean square © i ] B
variation ] PL .,Sl; - Yield ) Seed wi o il Protein
“Year (Y) EEEEEE 125 14985  1030*  57.67 447

Location (L) 2 3.582 162.06 211572 % 1.63 S00.01% U18.73
YXL 2 0.85% 27.88 106.96 0.33 19.10 118.67 *+
Replication/(Y X L) 12 0.20 8.67 37.50 0.07 TO5#F 08+
Genotype (G) 6 16.78** §9.16"  29138¢ 508 T205%  27.05°
YXG {] 1.35#% 2| 50% 8273 % 1.67 ¥* 13.76 %+ 7,549 *+
LXG 12 0.14 4.61 34.79 (0.2 .59 300 #*
YXLXG 12 0.13 0.50 208 % (19 ** 2,33 ## 1.33
Residual 72 0.15 6.91 21.33 0.04 0.76 1.02

* The values followed by * denotes p < 0.05 and those followed by ** denotes p <001,
"p=0.10.“p=0.08."p=0.08° p=0.09. :
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Table 6-2. Variance components and the heritabilitics of pod length, sced set per pod (SSP), seed yield
(yicldy, 1000 sced weight (Seed wt), seed oil and protein content estimated from ficld trials
with seven genotypes (g) in B. napus tested at three locations (1) over two years (y) with
three replications (r) at each location.”

Estimated variance components (VE) and their 'ilmd'll'd dcvm[mns (SVMS)

DE Pod length sSSP Yield Sced wi oil Protein
vC SVMS vC SVMS vC SVMS ) vC 57VMS vC SVMS ) \;’C 5\’MS’
s 6 086 047 388 255 1080 846 0.J8 015 321 204 094 079
5. 6 0.14 008 163 123 674 469 016 009 127 077 070 043
¢ 120 0 0 0 202 260 00t 002 009 023 043 0.26
g, 120 0 0 0 025 302 005 002 052 030 011 0.18
¢ 72 0I5 006 690 043 20133 076 004 003 076 0.4 102 0.7
s 0.93 5.08 16.19 0.28 4.00 1.50
i 0.92 0.76 0.67 0.65 0.81 0.62

S’ = genotype, S, = year x genotype. Sy, = location x genotype, S\ = year x location x genotype,

S, =rcsidual, S, = phenotypic variance, and /1" = heritability.

Table 6-3. Phcnotypic [r(x,y),] and genotypic [r(x,y),] correlations of pod length, sced set per pod
(SSP), 1000 seed weight (sced wt), seed oil and protein content in B. napus calculated from
the data of seven genotypes tested at three locations over (wo years. !

SSP ~ Yicld Seed wi ol Protein
Mxy)y XY TRy FY)e Tyl K&y)y  rxy)y  T0Gy)y () r(xY)g

Pod length 071 071°  -008  -00! 077* 077 -0.16 -0.09  0.58 0.58"

sSp 0.53 0.53 0.24 0.24" 0.21 0.18 0.07 0.32

Yicld -0.64 -0.64* 0.82% 0.82* -0.79% -0.79"
Sced wt -0.69 -0.66 0.88** (.88"
Qil -0.78%  -0. 78“

' 'The values followed by * or ** denote p < 0.05 and p < 0.01, respectively; The values followed by *
indicate that estimated r(x. ), s greater than the r(X,y)p, and then set to be equal to the r{x,y),
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Table 6-4. Phenotypic correlation coefficients of pod length, seeds set per pod (SSP), seed yield (yield),
1000 sced weight (Seed wi), seed oil and protein contents in B. napus at three individual
locations over two years®

Location ssp Sced wi Yield Qil 7 ' l"rulciﬁ”
Ellerslic 0.80* 0.66 0.10 005 0.38
Pod length Kelsey 0.68 0.65 -0.22 <114 0,44
Michener 0.59 0.83* -(115 -0.28 ().RO**
Ellerslic 0.17 0.61 0.38 0,06
58P Kelsey (.15 0.45 B § 211 (.01
Michener 0.45 0.55 0.20 0.52
Ellerslic ’ -0.61 -{)71% 0,02%*
Sced wt Kelsey ' -0.80% -0.69 0.01+*
Michener -(1.29 -(.39 - (1.75%
Ellerslic 0.79* 0,77
Seed yield Kelsey 0.67 -0.72%
Michener ().BO*#* =023~
Ellerslic » 098+
Oil Kelsey 7 x(f).i(i‘r)
Michener ' S 042

" The values followed by * or #* denote that p < 0.05 or p < 0.01, respectively.
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CHAPTER 7
GENERAL DISCUSSION AND SUMMARY

7.1 INTRODUCTION

The present studies can be generally classified into two arcas: 1) inheritance of seed yield qnd s
related traits, and sced oil and protein contents in spring B. napus, with the emphasis on the inherstance !
the long-podded trait; 2) interrclationships of these traits. Different results for a specific it or a
relationship were occasionally observed. depending on the specific study. In this chapter resubts obtained
from all studies will be summarized and discussed in relation to the improvement of rapesced yield, seed
oil and protein contents.

7.2 INHERITANCE OF POD LENGTH, SEED YIELD, THE NUMBER OF PODS PER PLANT, SEED SET PER POD,
SEED WEIGHT, SEED OIL AND SEED PROTEIN CONTENTS IN B. NAPUS

7.2.1 Inheritance of pod length

It has been reported in the previous studies that pod length in spring B. napus was determined by two
dominant genes acting in a complimentary fashion (Chay and Thurling 1989a,b). The data from both DH
line populations and conventional genetic analysis in the present studics, however, have shown that the
inheritance of the long-podded trait best fits a model of three independent nuclear genes with additive gene
action. This difference may be a result of the different genotypes investigated. Morcover, it has been shown
in the present study that pod length is affected by environmental conditions. For example, reduced plant
density can result in a slight increase in pod length. However, pod length is a highly heritable trait, having o
broad scnse heritability of 0.7 on the basis of individual plants and 0.9 on the basis of lines tested with
multiple years and locations. The rank correlation in pod length from DH lines between two years, or
between two plant densitics reached approximately 0.9. Thus, pod Iength can be selected easily and reliably.
Since only three nuclear genes are involved in the long-podded trait, it should not be difficult 1o incorporate
this trait into other genotypes with other desirable traits through conventional breeding approaches.

7.2.2 Inheritance of seed yield and seed yield components

Sced yield is the most important, but also the most clusive trait in rapeseed breeding. It is generally
recognized that secd yicld has a large genotype x environment component and controlled by multiple genes.
The limited information on seed yicld in the present study also showed that seed yield can be greatly
influenced by environmental factors. For instance, sced yicld of DH lines was poorly correlated (r, = 0.22-
0.29) between two years, or between two plant densitics, when more than 20 genotypes were cvaluated.
However, the accuracy of sced yicld estimation can be greatly increased with proper experimental designs.
The data from a split plot in RCB design, for example, showed that seed yield of different genotypes was
highly correlated (r;= 0.83) between (wo plant densities, although it appeared that seed yicld at the reduced
plant density was higher. This suggested that the effect of plant density on seed yield in split plot design wits
more accurately estimated than that in RCB design. [t should be noted, however, that only 10 genotypes
were investigated in onc year in this experiment. In a breeding program, usually a large, number of
genotypes have to be evaluated against designated check(s). Using a split plot design to cvaluate cvery
genotype against check(s) would be impractical. Thus, effective seed yield evaluation for both accuracy and
efficiency remains a challenge to rapesced breeders. A medium level of heritability (W2 = 0.67) of sced yield
was obtained from tests of seven genotypes over three locations and two years. This value was mainly a
result of a relatively large genotypic variance against a small variance in genotype x location and genotype
x year x location. Again, the cxperimental scale was small. In addition, large variation in the estimated
variance componcents were observed, as indicated by a large standard deviation for all components. Thus,
onc nceds to properly interpret a heritability value in order to use it in a practical breeding prograns.
Discussion in this arca is beyond the scope of this study.

Although a larger number of studies have been conducted to elucidate the relationship between seed
yield and its components, there is little information on the inheritance of sceed yield components in the
literature. The present study showed that sced weight was the most stable trait among the three seed yield
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components, having a broad sense heritability of approximately 0.6 based on either single plants or DH
linu 'I'hL hi;zhly pmilivz, nmk cnrn;lluinn (dpprnx’ D SS) ()F s’e:ed WEi};hl between _yg;u’: :’md bclwccn plsm

Lll.lrdLlLr, .md was less hl.lhlL llmn sLLd wu;;,hl. whmh is lnLllLdlEd by its Inw mnk Lurrclall(m (dppmx. 0.44)
between years, or hetween plant densities. Although SSP had a higher heritability (0.76) than seed weight
(0.65) when estimated from the tests in multiple locations and years in Chapter 6, this higher value mainly
resulted from the higher genelic variance among the genolypes investigated, in comparison (o the lower
genetic variance of sced weight, The number of pods per plant was also a typical quantitative trait, and it is
more responsive Lo environmental variation than 5P, F’Dr instance, rcdum:d ril:]nl dcniﬁly ﬁi‘t‘:llly incrca:cd

Grami and Stefansson {1977, i:) found that oil, protein and the sum percentage of oil and protein
were determined by the maternal genotype in B. napus and that gene action was mainly additive with
insignificant dominance and absenee of epistasis. The ability of the sum of oil and protein was higher
than that of individual traits, Frew the studies on the differences in protein, oil and the sum of protein and
oil between two B. napus cullivais, Midas and Tower, where the latter with an clevated oil and protein
content was developed from the former by a joint selection Tor the oil and protein content (Stefansson and
Kaondra 1975), Grami ct al. (1977) found that at least five to seven genes were involved for protein, one for
oil, and two for the sum of protein and oil. Thus, the inheritance of oil content should be simpler than
protein content. However, studics have also shown that the correlation between oil content of individual
plants and their progenies was poor (Olsson 1960, Thompson 1983). Oil and prolein contents were strongly
maodified by environmental factors (Rakow 1979, Zhao et al. 1993).

The data from the pr study showed that seed oil was a highly heritable trait. When estimated
from seven genotypes tested at three locations over two years, a heritability of 0.81 was obtained. Highly
positive rank correlation (approx. 0.8 to 0. 9) of seed oil content of DH lines also supported this conclusion,
In comparison, sced protein contlent was less stable than seed oil content, which was indicated by its low
heritability (0.6), and highly variable mnk correlation coefficients (0.3-0.8) between ye or between plant
densities. Thus, selection for oil content should be more effective than for protein content . .apeseed

breeding.

7.3 INTERRELATIONSHIPS OF POD LENGTH, THE NUMBER OF PODS PER PLANT, SEED SET PER FOD,

1000 SEED WEIGHT, SEED YIELD, SEED OIL AND PROTEIN CONTENTS IN B. NAPUS

Interrelationships of pod length, the number of pods per plant, sced set per pod, 1000 seed weight,
sced yield, seed oil and protein content investigated in the present study ar umm'lrlfcd in Fig. 7-1. These
interrelationships and their implications in rapeseed breeding will be d iscussed with reference to the
previous reports l)y other research

Pod length, seed yield and seed yicld components are interrelated traits. Most of these traits can be
strongly influenced by environmental conditions as indicated in the present and many previ studies. No
relationship between any two traits can be defined without consideration of the others and environmental
conditions which, unfortunately, can not be clearly defined in many cases. Therefore, discussion on this
subject is very difficult. In the present study, there was a general compensating relationship between pod
length and the number of pods per plant, but other factors, such as plant density, influenced the magnitude
of this relationship. A reduced plant density increased the magnitude of this relationship. Chay and Thurling
(1989h) reported a similar negative correlation between these two traits, but the negative correlation was
observed only at normal plant density. Since the number of pods per plant is an important factor influencing
seed yield of a cultivar, the question is how much this compensating relationship would affect seed yield,
The results of the present study indicated that this compensating relati ip should not become a major
concern in mpwccd hrccdin; Hns. mn;luamn was h;ls;d on lh(: fnlluwmg mus (l) At nurnﬂl planl
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Figure 7-1. Interrclationships ol pod Iength, the number of pods per plant (pods per plant), seed sei per pod
(sceds per pod), 1000 sced weight, seed yield, seed oil and protein content in B, napuy, where the
sign(s) within a specific double headed line represents the general relationship ol the two Iraits
linked by that line, with *+' representing a positive correlation, *=* a negative correlation, *No™ no
relationship, and *?” unclear, respectively. X

density, there was a remarkable increase in the number of pods per plant. Therelore, the gain in sced yield
from the increased number of pods per plant would be much grealer than the amount of seed yield loss due
to reduced pod length. In addition, the absolute values of both pod length and the number of pods per plant
increased at spaced plant’ density. Furthermore, the number of pods per plant can he changed through
agronomic measurcs such as  sceding rate or row spacing, even it a genolype has long-podded
characteristic. (3) Pod length had a positive association with SSP and seed weight (see discussion later).
Thus, indirectly, long pods would have a favorable effect on sced yield. It follows that selection for long
pods is unlikely to significantly reduce the number of pods per plant of o genotype, and consequently, its
seed yiceld potential.

In general, there was a positive association between pod fength and SSP, and 1000 seed weight. This
was in agreement with previous studies (Chay and Thurling 1979a,b). Large variation in this relationship
was also observed in the present study, where a genotype with a pod length of 7 - ¥ ¢m could have more
than 40 sceds per pod, suggesting there was huge potential to improve the 85P without significantly
increasing pod length.

Given these interrelationships, @ more interesting consideration is the potential value of the lang-
podded genotypes in seed yicld improvement. Within the genotypes investigated in this study, there was no
obvious advantage of long-podded genotypes for sced yield over some of the genotypes with normal pod
length. Path cocfficient analysis revealed a direct negative effect of pod length on seed yield. However, no
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analysis, presumably resulting from the effects of other components. Thus, it is difficult to clearly define the
relationship between pod length and seed yield. This difficulty arises from a number of factors. Firstly, pod
length and the number of pods per plant had a compensating relationship, but there were positive
associations hetween pod length and SSP, and seed weight. These traits, individually or collectively, can
influcnce seed yield. Secondly, all these traits are subject to variation. The degree of variation depends on
genotypes, environmental conditions, and genotype x cnvironment interactions, Thesc genetic and
environmental factors can complicate the interrelationships of these traits, and their relationships with seed
yield. Thirdly, although the parental genotypes used for producing the DH lines, from which most of data:
were obtained, had targe differences in their pod length, they might not necessarily have large differences in
SSP and sead weight, and seed yield (no detailed data collected). Consequently, the DH lines produced had
large differences in their pod lengths, but their differences in SSP, sced weight, and sced yicld were small
compired with the differences in their pod lengths. This would also influence the relationships between pod
tength and SSP, sced weight, and seed yield. Lastly, it is not clear whether there is any potential to combine
the long-podded trait with high SSP. As mentioned earlier, considerable variation in 3P was obscrved. A
genotype having a pod length of 7 - 8 em could contain approximately 40 or morr. seeds per pod. At the
same time, genotypes with a pod length of 12 - 13 em were also observed. If the vong pod and high SSP
could he combined into one genotype, giving no significant adverse effect on other agronomic traits, it
should be possible to produce high-yielding cultivars by increasing pod length. Therefore, there are still
unanswered questions about the potential value of the long-podded trait in seed yield improvement of
rapesced.

7.3.2 Relationship between pod length and seed oil and seed protein contents

No studies have been reported previously regarding the relationship between pod length and seed oil
or protein content. In the present study, a negative correlation (r = -0.26 ~ -0.52) was obscrved between
pod fength and sced oil content on a single plant basis, but no relationship between these two traits was
observed based on lines in any other studies in any ycars, or at any plant densities, or at any locations. It is
known that both pod length and sced oil content arc subject to small variation. Their relationship estimated
from single plants might be less accurate than that from lines. Similarly, no relationship was observed
between pod length and seed protein content on either a single plant basis, or a line basis, or at any plant
densitics, except a positive genetic correlation (r, = 0.58) determined from seven genotypes grown at three
locations over two years. This positive correlation was mainly due to a highly positive association at (he
Edmonton Research Station (Michener). Thus, in general, there was no significant relationship between pod

length and sced oil, or sced protein content, but with certain genotypes, longer pods could have higher

protein content. Thus, it should be possible to develop long-podded genotypes with high seed oil and seed
protein content.

7.3.3 Iinterrelationships of seed yield and seed yield components

7.3.3.1 Seed yield vs. the number of pods per plant

No refationship between seed yield and the number of pods per plant was found in the present study.
Since both traits arc quantitative and have a low heritability, it is expected that they would have no
consistent relationship. Thus, it is impractical 1o seleet for high seed yield through selection for the number
of pods per plant. This conclusion differs from the reports in previous studics (Andersson and Olsson 1961,
Allen et al. 1971, Allen and Morgan 1972, Richards and Thurling 1979, Shabana et al. 1990). Some of
these previous studies dealt with individual plants, such as the study by Shabana et al. (1990), where a
positive correlation between the number of pods per plant and seed yield should be expected. It was unclear
in other reports whether the positive correlation referred to the number of pods per plant, or the number of
pods per unit arca. It was shown in the present study that the number of pods per plant was greatly affected
by row spacing and plant density, which in turn greatly influenced seed yicld of a genotype. Thus, it is
important to have a uniform plant density when sced yields of different genotypes are compared. Rapeseed
breeders tend to predict the yield potential of a genotype in their breeding nurseries by looking at its pod
canopy since this trait can be casily visualized in ficlds, whereas evaluation of SSP and seed weight is more
time-consuming. The uniformity of plant density, or possibly a genotype’s sowing dates and maturity as
well, should also be considered when one is using this approach.




7.3.3.2 Seed yield vs. seed set per pod

Positive correlation between seed yield and SSP has been reporied in previous studies (Andersson
and Olsson 1961, Allen et al. 1971, Allen and Morgan 1972, Rawat and Anand 1977, Kier et al. 1992). In
the present study, the relationship between seed yield and SSP varied with different genotypes and
experimental conditions, but path coefficient analysis revealed that $8P had 2 direct positive contribution to
seed yield. Comparison of SSP and seed yield of seven genotypes tested af three locations over two years
also showed that SSP was a distinctive character of the genotype HIYLD which consistently produced the
highest seed yield at every location and in each year. Thus, it appears that high 851 is a desiruble
characteristic of high sced-yiclding genotypes. )
7.3.3.3 Seed yield vs. seed weight

Morice (1960) suggested that the best character of selection for seed vield was seed weight per pod
in B. napus. A higher sced weight was shown to he the distinguishing character of o high-yielding cultivar
aver others (Musnicki 1975). However, Andersson and Olsson (1961) found little or no correlation, or even
a negative correlation, between seed weight and sced yicld. It seems from these studies that the relationship
between seed weight and sced yield has not been clearly defined. Similarly, no relationship between these
two traits was found in the present study, except a negative genetic correlation (r, = -0.64) determined from
seven genolypes grown at three locations over two years. As has been discussed in 6.3.2, this negative
correlation was a special instance that occurred under environmental stress conditions. Two, or more
possibilitics, may account for the difference observed between the present and some of the previous studies,
Firstly, seed weight in the present study was on a line basis, whereas in Morice's study, it wiis on a basis of
individual pods. Sccondly, the majority of genotypes investigated in the present study were DH Tines which
were not sclected for any traits, whereas the genotypes in Musnicki's study were released cultivars, 1 is
likely that in a released cultivar, high seed weight, and high seed yield could have already been intentionully
selected together in the course of a cultivar development. Based on the present study, it appears thiit in
general seed yield and seed weight have no significant relationship, but they might become negatively
associated under environmental stressful conditions. Nevertheless, such a special relationship is interesting,
If the targeted growing arca of a cultivar frequently has unfavorable environmental conditions for rapeseed
production, the desirable seed size of this cultivar would be small seeds. It should be remembered that this
indication came from an experiment with seven genotypes tested at three locations over two years. [t would -~
be interesting to study the relationship between sced weight and seed yiekl over a wide range ol genotypes
and environments.

7.3.3.4 The number of pods per plant vs. seed set per pod

There is little information available in the literature on the relationship between pods per plant and
SSP. Shabana ct al. (1990) observed no relationship between the number of pods per plant and SSP on 4
basis of individual plants. In the present study, no significant relationship between these (wo traits. was
found from DH lincs of the M7 family, but there was a negative correlation (r = -0,48, p = (L03) hetween
them in DH lincs of the M8 family only at spaced plant density. Thus, SSP and the number of puds per plant
seem to have a compensating relationship only at a reduced plant density. However, this negative
correlation should not become a major concern in rapeseed breeding, because (1) the negative correlation

reduced plant density, there was a remarkable increase in the number of pods per plant. Accordingly, the
gain in secd yield through increased number of pods per plant would be much greater than the quantity of
yicld loss through decreasc in SSP. Indeed, studies in Chapter 4 and § have shown (hat a reduced plant
density was beneficial to high sced yield.

7.3.3.5 The number of pods per plant vs. seed weight

No information is available in the literature on the dircet relationship between the number of pods
per plant and seed weight. McGregor (1987) observed an increase in both the number of pods per plant and
sced weight from two B. napus cultivars in the ficld which had a reduced plant density from hail injury.
However, the relationship between these two traits was not conducted. In the present study, no relationship
was found between these two traits, except a weak negative correlation (r = -0.39, p < 0.05) deiermined
from DH lines of the M7 family in 1994. Apparently, genctic contribution to this negative correlation
should be very small. Thus, in gencral there was no relationship hetween these two traits. Even if they had a
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slight compensating relationship, this relation would not significantly affect the seed yield potential of a
rapeseed cultivir. Similar reasons discussed in 7.3.3.4 can be applied to this conclusion.

7.3.3.6 Seed sel per pod vs. seed weight

Again, there is no information availuble in the literature on the relationship between SSP and sced
weight. In the present study, a positive ¢ tion (r = 0.54, p = 0.01) was determined from the DH lines of
the M7 family in 1993, but no significant relationship was found from the same lines in 1994, or from any
other studies. It appears that the relationship of these two traits depends on the genctic and environmental
fuctors and/or their interactions. In any case, no compensating relationship was observed. Since botl: traits
are important components of seed yield, a lack of compensating relationship suggests that both traits could
he improved without sacrificing one or the other.

When all interrelationships of seed yield and seed yield components were considered, it seems that
seed yi ld ¢ian not ,imply hc sciccu:d on the h nl‘ ;my one nl‘ lhcsc cnmprmcm&; ulnnc in ﬂddiliﬁﬁ qccd

dil"luun Lulll\’.lll()n p,r.mu;u-, LlL. ,Lm,,h n! lhgsu faunrs may mﬂuzm; onc or more uf lhg. mhcr erul,s
mu—"m'ui‘t:cl in lhis‘ %ludy Mm;l (ii' lll@%E (‘m:mrq can not bc c;ﬁily ilﬂd 'mcurnlcly L“ilimill“'d pi‘cdi;‘lcd or
[;lgl(lrh. th efore, l‘L[‘lllLled lrmls wnh mulllplg !nc;l,lmns g\nd years wc)uld remain to bc lhc most n:lmblc
method for accurate estimation of seed yield.

7.3.4 Relationships between seed oil conteiit and the number of pods per plant, seed set
per pod, seed weight or seed yield

The information on the relationship between seed oil and seed yield, sced yicld components is
limited in the literature, although it was suggested that larger seeds might have a higher sced oil content
because the proportion of seed coat declines with the increase of seed size (Hutcheson, 1984), Dege (
and Kondra (1984) reported that there was no direct relationship between seed yield and seed oil or pmlcm
in B. napus from the data of five genotypes tested at two locations over two years. More recently, Daun ct
al. (1995) demonstrated, using the data from surveys conducted from 1956 to 1994 on oil and protcin
values of No. I Canada canola, that both seed yield and oil content had increased during this period, and
that these two traits were positively correlated (r = 0,69).

No relationship between seed oil and the number of pods per plant was found in the present study.
Except for a weak positive correlation (r = 0.33, p < 0.05) determined from DH lines of the M7 family in
1993, no relationship between seed oil content and SSP was obtained {rom any other experiments. Thus,
there was virtually no relationship between seed oil and the number of pods per plant, or SSP. Therefore, it
should be possible to incorporate high seed oil, large number of pods per plant and high SSP into onc
genotype.

There were differences in the relationship between sced oil content and seed weight. When DH lines

ul lhg M7 .md M'% l.\mlhu were lleuJ ;ll Edmanmn RL%Eﬂth Smtmn (Mlchcmr) no rddllt‘ms 1p was
0.66) when seven genotypes were tested at  three Incminnq over Lwo ye Lhc
negative association was particularly more p onounced at Ellerslie r = -0.71) dnd Kcl:;cy (r -D 69) lhim at
MlL.hLHLl' (l —() 19) As has h' clise 'd in Chapl;r {3‘ ll Sccmed lha[ thc Eun:ml LDndllmns I'Dr thc

l()()() ‘aLLd wugghl t
genotypes, all these S Ld ml content Imd lhc hlghcsl v*llucs at Michener, and the lowest
values at Kelsey, while the values at Ellerslic were intermediate (sce Fig. 6-2). Thus, this ncgalive
lLLlU{)nhh!p huwcm \LLd oil :md su:d wughl shnuld be vmwud as a s cual case llml DL;,Ufl’cd under
sires ] i

mldlmnshlp is nI unpun.mu, in mpu;ud bru.dmg, Il th, a bn:x:dmg pmtfram was m ﬁcvalup cullwars hjr
enviromnental stresstul conditions, an ideal cultivar would have small seeds for high sced oil content, A
similar conclusion was reached regarding the relationship between seed yield and seed weight in 7.3.3.3.
crefore, for genotypes grown under unfavorable conditions, small seeds appears to be a desirable
characteristic to produce high seed yield and seed oil content.
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presented from Chapter 4 to Chapter 6. The majority of these penotypes were DH lines which had ot been
selected for any of these two traits, as compared with the genotypes in the carly report (Daun et al. 1995)
which had alrcady been selected for hoth high sced yield and high seed oil. Thus, the resulis from the
present study suggested that a positive association between seed oil and seed yield may not be uncommon.
If so. it could be used advantageously in rapeseed breeding, considering that a high value Tor both traits is
required for a modern rapesced cultivar., 7

7.3.5 Relationship between seed protein content and the number of pods per plant, seed
set per pod, seed weight or seed yield

There is Tittle information available in the literature on the relationship between seed protein content
and seed yicld or seed yield components. Although there is no statistical data showing the relationship
between seed yield and seed protein content, it is still very interesting to note from the report by Daun et al,
(1995) that for the top grade canolw/rapesced cultivars at harvest, seed protein content has been declining
although both seed yield and sced oil content have been inereasing. Tt is unclear what exactly caused this
trend. In the present study, no relationship was found between seed protein content and the number of pods
per plant, SSP or seed weight in majority of genotypes investigated. With certain genotypes, however, large
sceds had a positive association with high sced protein content, particularly under unfavorable
environmental conditions which has been discussed in Chapter 6. The relationship between seed protein
content and sced yield differed with the eavironmental conditions under which the relationship was
investigated. When seven genotypes were tested at thr ions over two years, there was o significan
negative ¢ wrelation at Ellerstie (r = -0.77) and Kelsey (r = -0.72), but not at the Edmonion Research Station
(Michener). As mentioned carlier, general conditions were better at Michener than Kelsey or Ellerslie for
the production of the genotypes tested. Apparently, the relationship of these two Iraits was influenced by the
environmental conditions at thesc locations. Under favorable conditions there was no relationship between
these two traits, whereas there was a compensating relationship under stress conditions, This argument was

were subject to a stress environment. Thus, any simultancous comparison of seed yield and protein contemt
of different genotypes or investigation of their relationship should be based on the results from the same
locations and/or years.

7.3.6 Relationship of seed oil and protein content

Grami et al. (1977) found that seed oil and protein are negatively correlated. A recent repurt by Diun
ct al. (1995) also demonstrated that there was a high negative correlation hetween seed oil and protein
content (r = -0.76) among the top canola/rapesced cultivars at harvest in Canada from 1956 1 1994, The
surveys on individual cultivars grown from 1992 to 1994 in Canada also revealed a signilicant negative
correlation between oil and protein content for both B. napus (r = -093) and 8. rapa (r = 0.89). It should
be noted that these negative correlation values were ohtained from the cultivars grown in (rue production
situations rather than from breeding lines.

Various, sometimes contradictory, results were obtained regarding the relationship of seed oil and
sced protein contents in the present study. Based on single plants, & negative correlation (-0.45) way
determined from one BC, population, but not from the other BC; population, or from the F, gencrition,

positive corrclation (0.47) was obtained from the M8 family only at the normal plant density. When seven
genotypes were tested over two years at three locations, a general negative correlation (r = -(1.78) hetween
these two traits was found. Analysis at individual locations revealed  that the negitive  association was

more pronounced at Ellerslic (r = -0.78) and Kelsey (r = -0.69) than at Michener (r = -00.42), Thus, the
relationship of sced oil and protein contents appears o depend on the genotypes and environmental
conditions. It is difficult to clearly define the relationship of these two traits.

Apart from the interrelationships discussed carlier, row spacing and plant density significantly
affected the expression of the traits investigated in the present study exeept seed ail content, and sttuctimes
their interrelationships. Since this arca has been extensively discussed in Chapter 5 and there are no
overlapping studies in different chapters, it will not be discussed  here again,
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7.4 SUMMARY

Inheritance of pod length, the number of pods per plant, sced sct per pod, sced weight, seed oil and
sced protein contents, and seed yield in B. napus were investigated, using DH lines and/or conventional
genetic analysis. The long-podded trait (11-13 e¢m) was found to be controlled by three independent nuclear
genes with additive gene action, and pod length had a broad sense heritability of 0.7 - 0.9. Seed weight was
the most stable trait among the number of pods per plant, sced sct per pod and sced weight. Seed set per pod
was less stable than seed weight, while the number of pods per plant was most responsive to environmental
variations. Significant genotype x year x location interaction existed on seed yield, and the influence of any
individual yicld component on sced yicld was small.

Of the two sced quality traits oil and protcin, sced oil content generally had a higher heritability, and
consequently was more stable, than seed protein content.

Thus, in rapeseed breeding, sclection for pod length, sced weight and sced oil content would be
casier and more effective than selection for sced set per pod and seed protein content, whereas selection for
the number of pods per plant would be difficult. Selection for seed yicld remains the most difficult.

Plant densities influenced the expression of individual traits. At spaced plant density, there was a
great increase in the number of puds per plant, and slight increases in pod length and seed set per pod, but
slight decreases in 1000 seed weight and sced protein content. Seed oil content was insensitive to changes in
plant density.

Interrelationships of pod Iength, the number of pods per plant, sced set per pod, 1000 seed weight,

genotypes and cnvironmental conditions under which a specific relationship was estimated. In general, no
significant association was found between sced yicld and pod length, the number of pods per plant, sced set
per pod, and 1000 sced weight. However, path coefficicnt analysis revealed a direct negative effect of pod
length on seed yicld, whereas seed set per pod had a direct positive contribution o seed yield. An
experiment with three Jocations in two years also indicated that a high value of sced set per pod was a
distinctive characteristic of a high-yiclding genotype. Under unfavorable environmental conditions,
genotypes with small seeds appeared to have higher seed yicld. Positive association between seed yield and
seed oil content was frequently observed, suggesting that these two traits could be improved simultancously.
Under favorable environmental conditions, seed yicld had no relationship with seed protein content; but
these two traits had a negative association under unfavorable environmental conditions.

Pod length had a positive association with sced sct per pod, and seed weight, bul a ncgative
content, nor between pod length and seed protein content.

No relationship between sced size and sced oil, or protein content was found under favorable
cnvironmental conditions. Under unfavorable environmental conditions, however, sced size was positively
associated with high protein content, but negatively associated with seed oil content. It appeared that small-
sceded genotypes would have higher seed oil content than large-sceded genotypes under unfavorable
environmental conditions.

Sced oil and protcin content were negatively correlated only when environmental conditions were
unfavorable, suggesting that thesc two traits could be improved simultancously under [avorable
environmental conditions.
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APPENDIX A. BS5 MEDIA

A.A.1 BS Wash Medium (1 L)

- B5 x 10 stock (below)

- sucrose

- ddH,0 added to a final volume of 1 L
- stir contents until dissolved

- pH adjusted to 6.0

- sterilize in autoclave

A.A.2 B5x 10 (frozen stock) (1 L)

- KNO;

- MgS0,4-7H,0

- CaCl;,-2H-0

- (NH,;),804

- NaH,PO,-H,0

- Fe 330

- B5x 10 vitamin stock (below)

- B5x 100 micronutricnt stock (below)
- KI stock (below)

- ddH,0 added to a final volume of 1 L
- stir contents until dissolved

- storc in freczer as 100 mL samples

A.A.3 B5x 10 (frozen vitamin stock) (1 L)
- myoinositol
- nicalinic acid
- pyridoxine HCI
- thiamine HCI
- ddH»0 added to a final volume of 1 L
- stir contents until dissolved

- store in freezer as 100 mL samples

NDICES

OO0 ml.
130g

12.50 ¢
125
375
0.67 ¢
075 ¢
0.20 ¢

30,00 ml.

50.00 mlL

5.00 ml.

10.00 g
0.10 g
0.10 g
1.00 g
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A.A.4 B5 x 100 (frozen micronutrient stock)
- Mn&0;=7H50
- H,\BO,
- Zn50,-TH,O
- NaaMnQ,-2H,0
- Cu50,4-5H,0
- CuCly-6H-0

- ddH10 udded to a final volume of 1 L

- slir contents until dissolved

- store in freczer a5 100 mL samples

A.A5 KI Stock
- Kl
- ddH-0 added to a final volume of T L
- stir until contents dissolved

- refrigerate (2 - 5°C)

APPENDIXB.  NLN CuLTURE MEDIUM (1 L)
- ddH;0
- KNO;
- MgS80,-7TH.0
- Ca(NOy)»-4H,0
- KH3PQOy
- Fe 300
- B5x 100 vitamin stock (Appendix A)
- B5x 100 micronutrient stock (Appendix A)
- slutathione
- L-glutamine
- L-serine
- SUCTOse
- ddH,0 added to a final volume is 1 L
- stir contents until dissolved.
- pH adjusted 10 6.0
- filter sterilize and store in fridge (2 - 5 °C)

ApPENDIXC.  BS5 SoLip CULTURE MeDium (1L)
- B5 x 10 stock (appendix A)
- SUCTOSE
- GA(D.15 myg/l)
- ddH:0 added to a final volume of 1 L

= stiv contents until dissolved.

o -
Tl
= S
mes s

o]
T
i

‘
s
iy

0.02:

0.002
0.002

-

¥

Bk

T

LU

Tl
s e

500 mL
0.125 ¢
0.125 g
0350¢g
0.125 g
004¢g

10.00 g
10.00 g
003 g
0.80¢g
0.10¢
130 g
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- pH adjusted 10 5.7

=

i

- agar
- sterilize in autoclave

- pour 10 ml into petri plates (100x 15 mm)
- approximately 100 plates can be poured.

- allow samples to solidify

- seal in plastic bags until used

APPENDIXD. FORMULAE USED FOR THE CALCULATION OF VARIANCE COMPONENTS AND THEIR

STANDARD DEVIATIONS, AND FOR THE ESTIMATION OF THE HERITABILITIES.

A.D.1. Table of analysls of variance for the experiment with seven QE pes {g=7) tested
over two years {y=2) at three locations (I=3) with three replica s (r=3) in an RCB
design, where all factors have random effects.

-
—.

SOURCE F EXPECTED MEAN \QU;\I{L ANBR

YEAR | VarlError43Var(YEAR*LOCAT*GENOTYPE)
+9Var( Y EAR*GENOTY PEHTVar(REF(YEAR*LOCATY)
+21Var( YEAR*LOCAT+6IVar( YEAR)

LOCATION

[2%]

Var(Error)+3Var( Y EAR*LOCAT*GENOTY PEE)
- +6Var(LOCAT*GENOTYPE)+7Var(REI Y EAR*LOCAT))
- F2IVar YEARFLOCAT)+42Var(LOCAT)

YEAR*LOCAT

fndt

Var(Error)+3Var(Y EAR*LOCAT*GENOTYPE)
+IVar(REP(YEAR*LOCATH+2IVart YEARFLOCAT)

REPLICATION (YEAR*LOCAT) 12 Var(Error)+7Var(REP(YEAR*LOCAT))

GENOTYPE 6 Var(Ermon) £3Var YEAR*LOCAT*GENOTY PEWOVar(LOCAT*GENOTYPE) M
HVar( YEAR*GENOTYPEM+ 1 8Var(GENOTY ')

YEAR*GENOTYPE 6 Var(Error)+3Var Y EAR*LOCAT*GENOTYPE) J-QJ-VSIT(‘i’Ei\H"ﬂENU'E!‘YPE) M2

[LOCAT*GENOTYFPE 12 Var(Error}+3Var YEAR*LOCAT*GENOTYPEMGVar LOCAT *GENOTYPI) - M3

YEAR*LOCAT*GENOTYFE 12 Var(Error)+3Var(YEAR*LOCAT*GENOTYPL) M4

Error 72 Var{Error) M5

A.D.2. Variance components and heritability

~2 2
A.D.2.1. Variance components of genotype (Sg) 4 YUir X genotype (S o

~2 -2
genotype (Sﬂg) , and residual (S{) :

5 ‘!'2 .
|5 tocation x genotype S Wl yeur x location x

:_ M1+ M4-M2-M3 g _M2-M4 S.zgﬂé:i"!i
S;E xlr Tk g Ir d by yr

#l)



S i r
2 2 2
A.D.2.2. Phenotypic variance (S ): Sv’ _ + S oL Sl; + S LI S,
P T e T i vl vir
A3.2.3. Heritahility (h ): .S
h™ =<+
S

A.D.3. Variance of mean square (VMS) and standard divination of variance components
(SVMS)

2
A.D.3.1. Variance of MS for genotype (VMS,) and the standard divination of Sg (SVMS'\ ):

(0 MS, 2MS,, 2MSy 2MS 1
VS ”(ylr)[df, R A R BN E R B

SVMS.=yVMS .-

A.D.3.2. Variance of MS for year x genotype (VA § o) and the standard divination of Six:

‘SVMS,,»

(1 (2Ms, 2MS i | SVMS.=JVMS..
VM S"'(’T) { TR Y A ]

: 2
A.D..3.3. Variance of MS for location x genotype (VMSIE) and the standard divination of Slg :

Vs ( | )’[w;s,; zMs,‘..g‘]-SVMS,ga/VMS.g-
¢ .)V"

df .+  Tdf .. v

A.D..3.4. Variance of MS for year x location x genotype is ( SV/AfS ) and the standard

yig

divination of S ( SVMS”L

IY{2MS 1 2M9jSVMSW=WMSW'
VA'ISH,: -
r df_"*?- (If

A.D..3.5. Varian:ze of MS for residual ( S/M.S,) and the standard divination of |§ ?
(SVMS.»
SVMS.=VMS.

2MS. -
VM S.= —T'j;——

e
2
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A.D.4.1,

Symbaols for covariances, variance and covariance components, phenolypic variance and covarianco

components between trait X and trait Y of seven genotypes (g=7) tested over two years (y=2) at three lacations (1=3) wnh
three replications (r=3) in an RCB design, where all factors have random effecis.

, - - “VARIANGE COVARIANCE _ VARIANCE COVARIANCE N
SOURCE COMPONENT OF X AND Y COMPONENT COMPONENT OF X AND Y
OF X OF Y
GENOTYPE S ( \) OV S(v) “COVCOMP(x.y), 3
YEAR*GENOTYPE cov? COVCOMP(X.¥)w
LOCAT*GENOTYPE COV3 COVCOMP{xyhy
YEAR*LOCAT*GENOTYPE covd COVCOMP (%)
ERROR covs COVCOMP(x,y),
PHENOTYPIC MRS c COVCOMP(x.y);
VARIANCE/COVARIANCE S(x), S(y) '
COMPONENT
. . OV OV A - OV =V (N
COVCQMP(I,;\‘)iéL{UI*C—{L‘—“”:”‘" i(,),‘,,i A
o va g )
CQVC’C’MP(A’J")u;'c'n‘?”crﬂvi (i3)
o P (t
COVCOMP(x,y), -2 i-cord
- COV A = COVS 13)
COVCOMP(x,y), »S0ricov: ¢
COVCOMP(x,y) =covs ()
STE B C D
COVCOMP(x,y), =4 A
A.D.4.2. Phenotypic correlation:
L. .y _COoOVCoOMDP,
rlx,y), = <= s
S () Ls (y)
A.D.4.3. Genotypic correlation:
_covcompP,
r(x,y), =

(,\) S(v)
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