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Abstract 

The utilization of rapeseed (Brassica napus L.) cultivars with improved N - 
efficiency may ameliorate the negative impact of N-fertilizers in the environment. The 

objectives of this research were: (1) to determine whether there is genetic variation 

for N-efficiency amongst gennplasm accessions of B. napus, (2) to determine if the 

genetic variation for N-efficiency is potentially useful in a bteeding program and, ( 3 ) 

to obtain information on the genetic nature of N-uptake and N-utilization efficiency of B. 

napus. Response of B. napus late in the rosette stage to one N-level (static efficiency) or 

to increased N-levels (response-rate efficiency) were used as definitions of N - 

efficiency. Studies canied out to develop a screening technique for selecting N-efficien t 

B. napus indicated that growth of 6. napus was rnaximized when some N was supplied aç 

N H ~  and that the shoot system, and not the root system, was a major factor i n  

determining N-efficiency components in B- napus genotypes. Furthermore, studies of 

the time-course responses to N supply and of the effect of N supply on B. napus growth 

and N-eff iciency components late in the rosette stage provided information for selecting 

sampling time, N-treatment levels, and N efficiency parameters for screening N 

efficient germplasrn. 

A screening of 1 12 genotypes under deficient and sufficient N levels indicated a 

large variability for both static and response-rate N efficiencies. However, the largest 

range of variability amongst genotypes was shown for the nitrogen use efficiency (NUE) 

parameter. A screening of a doubled haploid population derived frorn parents differing in 

N-efficiency indicated a large genetic component coupled with a strong materna1 effect 

for many of the N-efficiency parameters. 

Nitrogen use efficiency appeared to be the N efficiency parameter with the most 

potential for breeding in B. napus. However, this was accompanied by a strong 

environmental effect. It can be concluded that: (1 ) genetic variation for N-efficiency 



parameters amongst germplasm accessions of B. napus is available; (2) the genotypic 

variation might be potentially useful in a breeding program; (3) there is a large genetic 

component for N-efficiency coupled with an strong materna! effect; (4) a static N 

efficiency parameter such as NUE is potentially the most promising for crop 

improvernent and (5) breeding of N-efficient B. napus gerrnplasm might be possible, 

but difficult. 
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CHAPTER I 

1.1. Introduction 

1.1 .a. Sqppe of the thesis 

The topic of this thesis deals with the identification and breeding potential of 

nitrogen (N) efficient rapeseed (Brassica napus L.) gerrnplasm. Arnong the essential 

plant nutrients, N has received the greatest attention since its discovery as an essential 

nutrient. Subsequently, a large volume of literature has been gathered and a number of 

books (eg. Baligar and Duncan, 1990), and rnonographs (eg. Graham, 1984) have been 

written on al1 aspects of N and its interaction in plants. It is not, however, the aim of 

this introduction to cover al1 aspects of N and its interactions, nor is the aim to cover 

nutrient or N efficiency in plants in its entirety. It is intended to provide an 

introduction and a context to the research presented in this thesis- In particular, it is 

intended to set the study of N effkiency in crop plants in a plant breeding context. 

It is the purpose of this thesis to provide insight into the nature of N efficiency in 

rapeseed (B. napus) and to detemine its possible use in a breeding program. 

1.1 .b. Canola oroduction and nitroaen fertilization 

Canola in Alberta accounts for approximately 34% of the total Canadian canola 

production in 1 997 (Anonymous, 1 997). Canola has higher nitrogen (N) requirements 

than either wheat or barley, and more than half of the requirernent is rernoved with the 

seed crop (Anonymous, 1985). Furthermore, the requirement for N appears to be 

increasing because of cropping practices in Alberta (crop-crop-fallow or near 

continuous cropping) which have resulted in a 30 to 50% loss of soi1 organic matter and 

of the resulting plant nutrients, particularly N (Miller, 1983; Lickacz and Penny, 

1985). Because of the short growing season, only about one quarter of the total N 

required for high yields of oilseed crops is supplied frorn N released from soi1 organic 

matter during the growing season (Anonymous, 1 984). Higher yielding canola varieties 

will generally respond to higher rates of N application than those with lower yield 

potential (Anonymous, 1984). Thus, as new cultivars with higher yield potential are 

developed, N becornes one of the most comrnonly limiting nutrients. Maintaining high 

canola yields will require higher input rates of N fertilizer (Miller, 1983; Lickacz and 

Penny, 1985). 

With the increasing rate of N fertilizer use N has become the major cause of soi1 

acidification in Western Canada. Hoyt et a/. (1 981) projected that 25% of the soils i n  
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Alberta would be acid by 1985, however, this projection has yet to be confirmed. 

Environmental concerns over N leaching which endangers ground water supplies has also 

increased in recent years. High rates of nitrogen fertilization are thought to be a major 

contributor to nitrate contamination in ground water in Europe and North America 

(Strebel et a/., 1989; Power and Shepers, 1989). New laws are emerging which 

restrict fertilizer use (N in particular) in certain regions so as to protect ground 

water. In Baden-Wurttemberg, Germany, a maximum nitrate fimit has already been 

fixed for these areas (Schinkel and Mechelke, 1990). Water-quality problems related 

to agricultural development rnay well jeopardize the industry's ability to sustain itself 

in its current form. 

Agriculturally related water-quality problems do not yet appear to be a problem 

in Alberta, even in irrigated areas which represent the most intensive, large-scale 

agricuttural development on the Prairies (Paterson, 1 991 ). According to Paterson 

(1 991 ) however, there is insufficient experimental data on which to fully base this 

conclusion. Nevertheless, nitrate contamination of groundwater and surface water i s  

becoming an issue of increasing concem in Alberta (Paterson, 1991)- The main 

problem relates to nitrate leaching into the groundwater (Paterson, 1991 ). Effective 

rnethods of reduction of N-fertilizer usage are warranted. 

Environmental and economic problems have provided a platform for a renewed 

emphasis on alternative cropping practices. Regardless of the impact that the "green 

revoiution" may have had on agriculture, much needs to be done to improve the cropping 

practices in developing countries. Agricultural systems such as sustainable agriculture, 

low input agriculture and organic farming have taken centre stage as agricultural rnodels 

for the next century. 

A major focus of attention in many proposed agricultural models has been the 

improvement of fertilizer use by crop plants. Soil fertility problerns have always 

focused on the adjustment of the soi1 to fit the crop. Although technology is available to 

detect and correct nutrient deficiencies where they exist, economics become a s ig nif icant 

factor with rising costs of fertilizers and amendments. An economical approach to soi1 

fertility problems emphasizes tailoring the crop to fit the soil. Selection for genotypic 

variation in N uptake and utilization by plants could be an effective avenue for crop 

improvernent (eg. Gerloff, 1963; Vose, 1963; Gabelman, 1976; Clark and Duncan, 

1991). Breeding of canola cultivars with improved efficiency in N use, whether 

through an increase in yield at static levels of N or through the maintenance of current 

yield with a reduction in N inputs, would benefit the canola grower and reduce the 

negative impact on the environment. 
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Producer profit rnargins have eroded substantially in recent years as the cost of 

inputs (particularly fertilizers) have increased while crop values have been declining. 

Greater N -fe rtilizer-use efficiency could contribute to a reversai of this trend. The 

possibility of exploiting genotypic differences in absorption and utilization of N to 

improve efficiency of N fertilizer-use, or of obtaining higher productivity of canota on 

N-deficient soils would greatly benefit canola producers wishing to maximize efficiency 

of resource utilization. Furthermore, reduction of N-fertilizet-use would reduce 

acidifying effects and the danger of ground water contamination due to N -NO 3 leaching. 

Plant breeders should be preparing for this reduction because it takes many years to 

develop new, adapted cultivars. 

1.1 .c, Breedina nitroaen efficient Brassica napus aenotypes 

Several reviews of genotypic variation in nutrient uptake and utilization by 

plants have concluded that selection for such characters could be an effective avenue for 

crop improvement (eg. Gerloff, 1963; Vose, 1963; Gabelman, 1976; Clark and Duncan, 

1991). Given: (a) the current high costs of nitrogenous fertilizers, (b) the increasing 

concem about water contamination due to leaching of fertilizer nitrogen (N), (c) the 

strong soi1 acidifying action of NH4-based fertilizers (eg- Hoyt et al., 1981) and (d) the 

existence of genotypic variation in N uptake and N utilization in crop species (eg. Clark, 

1990), attempts to improve the agronomie performance of crop species through 

selection for more efficient use of N now seem to be justified, 

A breeding program involving selection for 'N uptake efficiency' and 'N 

utilization efficiency' can be divided into two major objectives (Yau and Thurling, 

1987; Vose, 1990). Fht, the breeder may wish to improve yield in a systern in which 

static levels of N fertilization are maintained. Alternatively, the breeding prograrn 

could be designed to produce cultivars capable of yielding at current levels under 

significantly reduced inputs of N. lmproved efficiency in N usage by crops, whether 

through an increase in yield at static levels of N or through the maintenance of current 

yield with a reduction in N inputs, would benefit the canola grower. 

is for breedina n i t r w n  efficient aeno- 
- .  

1.1 .d. G e n e t i w  

Genetic variability and heritability for important enzyme systems related to the 

efficient use of N by plant crops such as N uptake rate, rnetabolism, photosynthesis, N 

fixation and dark respiration have b e n  reported for numerous plant species (eg. 

Hageman et al., 1967; Hobbs and Mahon, 1982; Sherrard et al., 1984; Vose and Breese, 
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1964; Wilson, 1981 ; Clark, 1990). In these cases, adequate, but not ideal, methods for 

measurement of traits were developed, Unfortunately, under field conditions the 

associations between the various p hysiological or biochemical traits and yields have not 

been consistent or strong enough to lead to widespread commercial utilization ( S h errard 

et al., 1985). 

Littfe detailed information on the genetic controf of N uptake and N utilization i s  

available for any crop. In the case of N uptake, broad-sense heritabiiities in wheat at 

anthesis and maturity were 0.36 and 0.42 respectively (Austin et al., 1977). Narrow- 

sense heritability estimates ranging from 0.19 to 0-45 were obtained from analyses of 

variation in two perennial ryegrass cultivars, for total N-uptake (Holmes, 1965). Low 

heritabilities for nitrogen uptake were obtained in both solution culture (Holmes, 

1 967) and field (Rogers and Thomson, 1970) studies with Lolium perenne. However, 

these low estimates contrasted with a heritability of 0.73 for N-uptake reported in a 

Iater study with Lolium perenne and L- multiflorum (Goodman, 1977). Genetic studies 

of N utilization in perennial ryegrass (Thomson and Rogers, 1970) and tomato 

(O'Sullivan et al., 1974) indicated that non-additive gerie effects were most important 

and the narrow-sense heritability was low, 

In the study of N uptake and N utilization of plants, graminaceous species have 

received most of the attention in the literature (Macduff and Wild, 1989). Arnong dicot 

species, the emphasis has been on N fixing species. In the case of the non-leguminous 

oilseed rape (Brassica napus L.) crop research on N has been sporadic and mainly on the 

agronomie aspects of N response. Uptake of N by oilseed rape is usually large (Lefevre 

and Lefevre, 1957), with the highest levels reported at the rosette stage (stage 2 ; 

Harper, 1 973). Intensive N uptake occurs between germination and the beginning of 

flowering, after which N uptake declines (Rood et al-, 1984). Brassica napus has the 

capacity to respond to applied N above 150 kg N per hectare (Holmes, 1980). 1 n 

vegetative growth stages, the mobility of internai N compounds determines yield 

components (Krogman and Hobbs, 1975) such as number of axillary branches o r  

number of flowers. During the early stages of leaf (Freyman et al., 1973; Clarke, 

1978) and pod development, N is predominantly present as protein. However, during 

the course of senescence, N is exported from vegetative parts to the seed (Kullmman and 
Geisler, 1986). According to Allen and Morgan (1972) N level reguiates the number of 

pods per plant and the number of çeeds per pod during the period of pod development. 

Furthermore, it is likely that the effect of N is achieved indirectly through an increase 

in the supply of assimifates to the flowers and young pods (Allen and Morgan, 1972). I t 

has been reported that the N supply of young hulls and seeds is provided primarily by N 
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translocation within plants (Pate, 1 971 as indicated by Kulmman and Geisler, 1 9 8 6 ) . 

Brassica napus was found to absorb similar amounts of total N, irrespective of whether 

it was supplied as MI:, NO 3,  or WC+ NO ;, the discrimination occurring at root 

temperatures between 3-25 O C  (Macduff et al., 1987a,b). 

Evidence for genotypic variation in N uptake and N utilization in B. napus has 

been reported (Yau and Thurling, 1986; Gerath and Schweiger, 1991; Gerath and Balko, 

1995). The low heritabilities (0.0 to 0.45) for N uptake and N utilization of 5. napus 

obtained by Yau and Thurling (1 987) were consistent with most of the few recorded 

estimates in other plant species. The very low heritabilities for N utilization in Lolium 

perenne and B. napus rnay reflect the absence of significant genotypic variation under a 

non-limiting N supply. Brassi' napus cultivars grown at different N levels (Yau and 
Thurling, 1986) were shown to have significant differences in N utilization only at the 

lowest N level, which was clearly limiting plant growth. Thus, Yau and Thurling (1986) 

concluded that there would be Iittle smpe for selecting genotypes capable of yielding at 

current levels under reduced nitrogen inputs. However N-uptake and utilizatio n 

measurements may be of sorne value in selection for higher yield at current nitrogen 

application rates if used as an index in conjunction with other selection parameters in a 

breeding program (Yau and Thurling, 1 986). 

1.2. Research considerations for the implementation o f  the project 

I.2.a. Nitroaen efficiencv definitions 

Adequate but not ideal methods for measurernent of N-efficiency have been 

developed. In general, 'N efficiency' research has taken a Yrom the bottom up' approach. 

That is, emphasis has been to select for a specific biochemical, physiological or 

structural trait which has been correlated to N efficiency. Thus far the results obtained 

have not been comrnercially useful. Most studies of plant stress have also focused on 

responses of a single process to a single stress factor over a short tirne. Yet as a stress 

is imposed, traits usually exhibit a cascade of responses occurring on different tirne 

scales and involving biochemical and morphological adjustments. Since plants are 

integrated units, stress responses cannot be fully evaluated except in the context of the 

whole plant. The approach to be taken in this research will be from the 'top down' and in  

the context of the whole plant. 
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Several definitions and terrns appear in the literature relative to nutrient 

efficiency (Clark, 1990). For the purpose of this research six definitions for nutrient 

efficiency will be used: 

Nitrogen use efficiency (NUE) = SDWKOTN 

From Siddiqi and Glass (1 981), 

Efficiency of utilization (EU) = SDW (SDWKOTN) 

From Craswell and Godwin (1 984). 

Physiological efficiëncy (PE) = (SDWHieh N - SDWLow N)/(TOTNHigh N - TOTNLow N )  

(g mmol-1 N) 

Agronomie eff iciency (AE) = (SDWHigh N - SDWLow N)/net N applied) (g mmol-1 N) 

Apparent recovery (AR) = ((TOTNHigh N - TOTNLow ~ ) h e t  N applied) 100 ("/O) 

Where: SDW = shoot dry weight, TOTN = total nitrogen absorbed 

((((SDWxN0h)/100)/14~0)x1000) (rnrnol). L o w N =  N-treatrnent taken as control 

N-treatment; High N = N-treatment higher than control; net N applied = difference 

between High N- and Low N-treatments. By replacing the SDW term with LA in the 

equations, efficiency components on a LA basis were obtained. The relationship arnong 

the N-efficiency parameters used in this study have been shown in Fig. 1.1. and Table 1.1. 

As explained by Craswell and Godwin (1 984), apparent recovery depends upon 

the assurnption that fertilized and control plants absorb the same total amount of soi1 N; 

hence the term "apparent". Apparent N recovery reflects the eff iciency of the crop i n  

obtaining fertilizer N frorn the soi[. Physiological efficiency can be viewed as the 

efficiency with which plants utilize N in the plant for the synthesis of shoot yield. 

Agronornic efficiency is the product of the physiological efficiency and the apparent 

recovery and thus reflects the overall efficiency with which applied N is used. As 

outlined by Nowa and Loomis (1 98l),  increases in either or both the apparent N 

recovery and the physiological efficiency will increase the agronornic efficiency. 
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I.2.b. Plant arameters and arowth staae 

In a plant breeding program where several hundred genotypes are being evaluated 

for a range of characteristics an a regular basis, the earlier in the plant growth cycle 

the evaluation is performed, the more efficient the system becomes. When screening for 

N efficient B. napus germplasm, al1 factors involved in the protocol need to be evaluated. 

The developmental stage, plant growth and N efficiency components used in screening N 

efficient B. napus first need to be defined (Clark, 1990) and then related to the final 

economic yield of the crop (Duncan and Baligar, 1990). Selection of the growth stage 

and plant components is complicated by the fact that the sensitivity to nutrit ional 

deficiencies and toxicities may change as the plant gaes through various growth and 

developmental stages (Duncan and Baligar, 1990). In the case of B. napus, the rosette 

stage is an important growth stage which has a large influence on the overall final yield 

(see Thurling, 1993 and references therein). The rosette stage begins when the f i r s t  

normal leaf is unfolded, and terminates when the stem begins to elongate (Harper, 

1973). This relationship with final yield enables the growth cornponents of the rosette 

stage to become potential diagnostic markers for selecting N efficient B. napus 

germplasm. Thus, the rosette stage was the growth stage at which most of the assays 

were done throughout the research reported here. 

1.2,~- Recent research on nitroaen efficiencv in Brassica nams 

Tt-tus far no germplasm specifically efficient in N uptake and utilization has been 

developed and released for commercial use. In the case of rapeseed, only two research 

projects have been undertaken. In Australia, Thurling's research program on N - 
efficiency lasted for only three years (Dr. N. Thurling, personal communication). In  

Germany, Gerath and Schweiger (1 991) and Gerath and Baiko (1 995) are st il l 

continuing their research program, but it has been impossible to obtain detailed 

information of their progress or seed sarnples for research purposes. In Canada, there 

are no ongoing research projects in N efficiency of B. napus. Thus, to my knowledge, the 

group in Gemany and our research group are the only ones researching N-efficiency of 

B. napus- Recently, a new multidiciplinary initiative, ranging from molecular to whole 

plant approaches, has been initiated in Gerrnany to improve the N utilization of rapeseed 

(Dr. W. Horst, personal communication). 
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1.3. Thesis objectives 

The main objectives of this thesis are as follows: (1) to determine whether there 

is genetic variation for 'N efficiency' amongst germplasm accessions of B. napus, (2) to 

determine if the genetic variation for 'N efficiency' is potentially useful in a breeding 

program, and (3) to obtain information on the genetic nature of N uptake and utilization 

eff iciency in B. napus. 

A number of studies were carried out to devefop a screening technique for N 

efficient B. napus gennplasrn. In particular, the effect of NH::NO :ratios on dry matter 

production and shoot growth components in rapeseed (Chapter II) as well as the use of 

intraspecific grafts to evaluate the influence of the root and shoot systems on N 

efficiency in rapeseed plants were studied (Chapter III). A time-course response to N 

supply was performed to select an appropriate sampling tirne for screening N efficient 

germplasm (Chapter iV), Also, the effects of N supply on rapeseed growth and N 

efficiency components iate in the rosette stage were detemined (Chapter V). These 

studies provided the basis for a screening technique as well as providing information 

regarding the N efficiency components in rapeseed. The genotypic variability of N 

efficiency components of a large number of rapeseed genotypes was deterrnined under 

deficient and sufficient N levels (Chapter VI). This was followed by a genetic analysis of 

N efficiency components of doubled haploid progeny derived from a reciprocal cross of 

rapeseed cultivars (Chapter VII). The thesis concludes with a summary chapter in 

which the resuits and conclusions of the previous chapters are brought together and a 

short discussion regarding the future prospects for breeding N efficient rapeseed 

germplasm is presented (Chapter VIlI), 
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CHAPTER II 

Effect of NW: : NO ratio on dry matter production and shoot growth 

components in rapeseed (Brassica napus L.). 

11.1. Introduction 

Nitrate (NO j) and ammonium (m:) are the two major sources of nitrogen ( N ) 

available for plant uptake (Marschener, 1995). Numerous studies have shown that 

m:, as the sole source of N. is deleterious to the growth of several crop species 

including triticale, wheat, rye (Gashaw and Mugwira, 1 981 ), tomato (Magalhaes and 

Wilcox, 1983), radish (Goyal et al., 1982), sunflower (Kaiser and Lewis, 1 99 1 ) , 

millet (Smith et al., 1990), sugar beet (Krstic et al., 1986) and flatpea (Shen et al., 

1990). A notable exception is rice, which is more tolerant to high ~ w :  concentration 

and thus uses ml preferentially at an early growth stage (Ismunadji and Dijkshoorn, 

1971). However, additions of small amounts of NH to NO 5 fertilizers have been 

reported to increase growth of many plant species including triticale, rye (Gashaw and 

Mugwira, 1 98 1 ), wheat (Cox and Reisenauer, 1 973), ryegrass (Reisenauer et al., 

1 982), corn (Warnecke and Barber, 1973). and sunflower (Kaiser and Lewis, 1 9 9 1 ) . 

These studies support the concept that most crop species grow optimally when supplied 

with both forms of N (Haynes and Goh, 1978). However, the relative effect on plant 

growth of the combined N-forms is influenced by a number of factors, including plant 

species (Gashaw and Mugwira, 1 98l), cultivar within a species (Krstic et al.. 1 9 8 6 ) , 

and environmental growing conditions such as root zone temperature (Macduff and Wild, 

1989; Macduff and Trim, 1986; Clarkson et al., 1992), pH of the growing medium 

(Fried et al., 1965; Jungk, 1970), concentration of the N supplied (Xu et al.. 1 9 9 2 )  

and mi  :NO ;ratios (Errebhi and Wilcox, 1990; Smith et al.. IWO). Çurthermore, 

the favored N-form taken up by plants frequently changes with ontogeny (McKee, 1 9 6 2; 

Dibb and Welch, 1976; Smith et al., 1990). 

To select N-efficient rapeseed (Brassica napus L-) genotypes a screening protocol 

where N-treatments are standardized for maximum plant growth is required. In view of 

the wide range of plant responses to N-forrns, information regarding the growth 



response of B. napus to varying MI~:NO 5 ratio needs to be determined before proceeding 

with an N-efficiency screening rneaiodology. Although information on the effect of N 

levels on B. napus is extensive (Holrnes, 1980). information on the effects of N-f O rm 

ratios is iacking. Thus, the objective of this study was to investigate the effect of 

NH :NO ; ratio on growth of B. napus at an early growth stage. This information should 

provide a basis for selecting optimum N-form ratios when selecting N-efficient B. napus 

genotypes. 



11.2. Materials and methods 

11.2.a. Plant material and arowina conditions 

Plants of rapeseed (Brassica napus L.) cv. Alto were grown in 1 5 cm diameter 

plastic pots filled with a soil-free medium (Vermiculite + Peat Moss + Sand; 3:3:1 

volume basis) under greenhouse conditions. The growing medium contained an average of 

8 .07~10-~  mmol total N g-l. Sealecl plastic bags were inserted into each pot to prevent 

nutrient loss ttirough drainage holes. Two to six seeds were planted per pot, and thinned 

to one seedling seven days after seeding (DAS). A modified basal nutrient solution 

(Taylor and Foy, 1985) was added to each individual pot providing (pmol): K, 160; 

PO4, 40; SO4, 40; Mg, 15; CI, 33; Mn, 0.2; 6, 0.6; Zn, 0.05; Cu, 0.01 5; Na, 2.0; Mo, 

0.01 EDTA, 1 .O; Fe, 1-0. lron was supplied as Fe-EDTA prepared from equimolar 

amounts of FeCI3 and Na2EDTA- Stock solutions of NH4N03, (NH4)2S04, Ca(N03)24&0 

and CaS04*2H20 were combined to develop seven N-treatments consisting of the 

following NH::NO ratios (%:%): 100:O. 50:50, 40:60, 30:70, 20:80. 10:90 and 

0:100. Treatrnents provided a constant Ca level of 0.6 mm01 and a variable S level 

ranging from 0-35 to 0.60 mrnol. Commencing at 10 DAS, the basal nutrient solution 

(100 ml), together with 50 pmol N for each N-treatment, were added to each pot daily. 

At 16 DAS, N-treatment levels were increased to 100 pmol N. When necessary, plants 

were supplemented with distilled water and care was taken to prevent waterlogging. 

Plants were grown at an ambient temperature of 20-25 OC and a relative 

humidity of 60-90%. Natural light was supplemented with 400 Watt, high pressure 

sodium lamps (Sylvania) attached to high intensity discharge fixtures, providing a mean 

basal photosynthetic photon flux density (PPFD) of 350 i 20 pmol m-2 s-' at soi1 

surface height for 16 h daily. 

11.2.b. Plant arowth measurements 

Shoots were harvested individualIy by cutting at the surface of the growth 

medium, at 14, 19, 24, 29 and 34 DAS. Plant measurernents included leaf area (LA, 

cmz), leaf fresh weight ( L W ,  g), leaf dry weight (LDW, g), stem dry weight (STDW, 

g) and total shoot dry weight (SDW = LDW + STDW, g). Leaf srea was measured on a LI- 

COR LI3100 Area Meter (LI-COR Inc., Lincoln, Nebraska, USA). Samples were dried to 

constant weight at 65°C and weighed. Plant growth parameters were calculated 

according to Gardner et al. (1985) and consisted of leaf area ratio (LAR = WSDW, cm* 
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g-1 ). specific leaf area (SLA = WLDW, cm2 g-1 ), leaf density (LD = LRNILDW. O/O ) . 
leaf fraction (LF = LDWfSDW. %) and specific leaf weight (SLW = LDWILA. g cm-2). 

rimental design and w s t r c a l  analvs . * 11.2.~. B p e  is 
The experimental design was a randomized complete block, consisting of seven 

N-treatments, five harvests, two plants per N-treatment and six replications. 

Homogeneity of variance was determined by Levene's test (Levene, 1960). Relative 

growth rate (RGR) of SDW accumulation over time was determined on transformed ( I n ) 

data (Gardner et al., 1 985). Significance between means were determined by the least 

significance difference (LSD) or Duncan multiple range (DMR) tests (Gomez and G m z ,  

1 984) and estimated with the statistical software SASSTATS (SAS Institute, 1 9 9 2) . 
Unless otherwise indicated, al1 levels of significance were at p 5 0.05. 



11.3. Results 

1 l.3.a. Generaf visual svmptoms and remonses 

No N deficiency symptoms were obsewed during the experiment suggesting that 

N-treatments were sufficient for normal plant growth. Initiation of stem elongation was 

observed at about 28 DAS while, floral initiation was obsewed at about 34 DAS in ail N - 
treatments. This indicated that increased mi% in the N-treatments did not alter 

ontogeny of B. napus. 

11.3.b. Plant arowth resDonses 

The LDW and STDW increased significantly in N-treatments containing some NH 

relative to N-treatments without NH 1 (Fig. 11.1). This resulted in an overall increase 

in the total above-ground dry matter accumulation (SDW; Fig. Il-la). The total dry 

weight accumulation (SDW) did not appear to have leveled off at the end of the growth 

period (Rg. 11.1 a). Leaf area expansion, on the other hand, showed a leveling off above 

28 DAS (Fig. 11 -2a). The leveling off in LA expansion (Fig- 11 -2a) was not accompanied 

by a concomitant leveling off of LDW (Fig. 11.1 b) but, it coincided with the transition 

from rosette to stem elongation growth stage. Although, at the end of the growth assay 

maximum LA expansion was produced by plants grown in 40% NH 1 (Fig. 11.2a). it was 

only significantly different with the LA produced by plants grown in 10% NH y .  It did 

not appear that an optimum ml% level for maximum growth of SDW and LA existed. 

11.3.c. Plant growth parameters 

According to Levene's test the variance associated with SDW over the growth 

period was heterogeneous (analysis not included; Levene, 1 960). Thus, relative g rowt h 

rate of SDW over the growth period was estimated on transformed (In) data. Significant 

differences for RGR arnong N-treatments were obsewed (Table II. 1 ). A significant 

reduction of the RGR was obtained without any NH: in the N-treatment relative to plants 

grown with any amount of N H ~  in the N-treatments (Table II.1). Furthermore. there 

was not any significant difference amongst RGR of plants grown in N treatments with any 

amount of NH: in the medium. 
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Leaf area ratio reflects the "leafiness" of a plant (Gardner et al., 1985; Causton 

and Venus, 1981). Commencing at about 18 DAS, U R  declined steadily throughout the 

growth period for al1 N-treatments (Fig. 11.2b). This coincided with a steady shift from 

rosette to stem elongation growth stage. The highest LAR at the end of the growth period 

was obtained without N H ~  in the medium. however. this was only significantly different 

with LAR level of plants grown with 20% NR: in the medium (Fig. 11.2b). 

The LF declined steadiiy over the growth period however, there were no 

significant differences between N-treatments at any harvest time (Fig- 11.3a). The 

reduction in LF coincided with ashift towards a larger investment in stem formation, 

particularly at and above 28 DAS; during the stem elongation growth stage. In this case 

no changes in ranking of N-treatment effects for maximum LF over the growth period 

were observed. 

The SLA declined over the growing period after 18 DAS for al1 N-treatments (Fig. 

11.3b). Unlike LF, the shape response cuwes of SIA (Fig. 11.3b) were similar to the 

shape response curves of LAR (Fig. 1 b). This indicated a major influence of SLA on LAR. 

The highest SLA towards the end of the growth period was obtained without N H ~  in the N- 

treatments, however, it was only significantly different with S U  of plants grown in 

100% NH: in the medium (Fig. 11.3b). 

The LD commenced a decline at about 18 DAS across ail N-treatments (Fig. 1 1 -4 ) .  

The highest LD at the end of the growth period was obtained without NH: in the N 
.I 

treatment, however, it was only significantly different with LD of plants grown under 

1 OOOh NH: in the N-treatment (Çig. 11.4). 



11.4. Discussion 

11 -4.1 . General visual svmDtoms and resnonses 

Brassi- napus responded to limited N supply with a reduction in biomass 

production characterized by plants with short, thin main stems and few branches 

(Holmes, 1980) and a reduction in leaf area expansion (Ogunlela et al., 1989). The 

ontogeny of B. napus is also sensitive to N deficiency, with plants showing a significant 

reduction in the tirne to reach stem elongation (Chapter IV), flowering (Holmes, 1 980) 

and maturity (Thomas, 1 984). The N-forrn ratios have also been found to affect the 

ontogeny of plants. Ammonium nutrition compared with nitrate nutrition generally 

leads to early flowering of crop plants (Grasmanis and Leeper, 1967; Green et al., 

1973; Tsujita et al., 1974; Haynes and Goh, 1977). However, it can also promote more 

vegetative growth in the form of early leaves and stems in a crop plant such as wheat 

(Spratt and Gasser. 1970), and thus alters ontogeny. 

In this study the absence of N deficiency symptorns as well as the absence of 

changes in the time to reach stem elongation and flowering growth stages in B. napus 

(Harper, 1973) indicated that the level of the N-treatments were not deficient for 

normal plant growth and did not affected ontogeny. The dianges in SDW, iA and FGR 

growth parameters as well as the other plant parameters in this study, therefore, can be 

ascribed either to random variation and to the N-form ratios andfor not to the N-levels 

(ie. N-concentration) used during this study. 

1 l.4.b. Plant arowth responses 

Changes in dry matter accumulation are common plant responses to changes in N- 

form in the growth medium (eg. Cox and Reisenauer, 1973; Warnecke and Barber, 

1973; Reisenauer et al., 1982). Norrnally, dry matter accumulation is enhanced in the 

presence of mixed N ( N'HI+ NO 5). however, NH: as the sole source of N has generally 

been shown to be toxic to most plants, resulting in reduced dry matter accumulation (eg. 

Gashaw and Mugwira, 1981 ; Shen et al., 1990; Kaiser and Lewis, 1 991 ). Rice is an 

exception to this general rule (Ismunadji and Dijkshoorn, 1971). In this study, m: as 

the sole source of N enhanced dry matter accumulation of B. napus, despite the fact that 

B. napus is known to be sensitive to m:-based fertilizers, particularly when applied 

close to the seed (Thomas, 1984). Ammonium is also toxic to growth of 8. napus under 

hydroponic conditions if the pH of the nutrient solution is not buffered (Moroni. 



unpublished data). Most of the toxic effects of mi: in plants have been observed in  

nutrient solution experiments. Graham (1984) suggested simple solution cultures 

should rarely be used to select nutrient efficiency factors, which are influenced by the 

root-soi1 interface. Thus, the observation that mi is toxic to B. napus may be an 

artifact of the hydroponic system. The enhanced growth of B. napus in the presence of 

NH 1 in this experiment may be the result of the differential reaction of N-forms with 

the soilless matrix F d a l e  and Nelson, 1975). For example. conversion of NH; 10 NO 5 
(nitrification) may have been more rapid under the warmer environmental growth 

conditions of the greenhouse than under colder soi1 conditions generally found early i n  

spring (Tisdale and Nelson. 1975). Also, NH: rnay be more tightly held by the soiless 

matrix and thus its toxic effect on 8. napus may have been reduced (Tisdale and Nelson, 

1975). In summary, the results obtained in this study indicated that dry matter 

accumulation of 8. napus is enhanced when both forms of N were present in the growth 

medium. 

11 -4.c. Plant arowth oarameters 

The observed variation in RGR induced by N-form ratios (Table I 1.1 ) can be 

analyzed in more detait by inspecting its components (Lambers et al., 1990). Relative 

growth rate can be divided into two components: RGR = NAR x LAR, the net assimilation 

rate (NAR, g SDW m-2 LA day-1) and the leaf area ratio (LAR; Lambers et al., 1990). 

Thus, differences in RGR are not necessarily due to variation in NAR, the efficiency with 

which the leaves acquire carbon, but rnay also reflect the relative amount of biomass a 

plant investç in LA (Lambers et al., 1990). Leaf area ratio (LAR) varies wideiy 

between species and depends on environmental conditions such as N supply (Sage and 

Pearcy, 1987). In this study, the observed reduction of LAR over the growth period was 

a reflection of the ontogenic switch from the vegetative stage to the stem elongation stage 

(Harper, 1973). 

The lAR can be further divided into two components: leaf fraction and specific 

leaf area (ie. LAR = LF x SLA; Lambers et al., 1990). Leaf fraction is the ratio of leaf 

dry weight to total shoot dry weight and is a measure of the proportion of the total 

assimilate retained by the foliage (Causton and Venus, 1981). Specific leaf area is the 

ratio of leaf area to leaf dry weight and indicates very broadly the kind of leaf structure 

produced from the availabfe dry materiai. A high S M  indicating thin leaves of relatively 

large area, and vice versa (Causton and Venus, 1981 ). 
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According to Loomis and Connor (1 992) specific leaf weight (SLW, the 

reciprocal of SLA) is a useful index of leaf structure related to thickness and density, 

and hence to the balance between radiation capture and provision for diffusion through 

the air spaces within the leaf (Loomis and Connor, 1992)- Furttiermore, leaf net 

photosynthesis is often strongly correfated with SLW (Peatce et al., 1969). 

Leaf density (LD) is the ratio of leaf fresh weight (LFW) to leaf dry weight 

(LDW). lt provides a measure of the level of succulence or fleshiness of the leaf 

structure. 

Therefore, variation in LAR rnay be due to a difference in "investment" in leaf 

biomass (ie. a difference in LF) or ta a difference in leaf rnarphology (ie. difference i n  

SM; Lambers et al., 1990; Dijkstra, 1990). 

In this study, the major cause of the U R  differences can be attributed to changes 

in the SLA and not LF. 00th LF and SLA, however, are not entirely independent 

parameters (Lambers et al., 1 990). For example, an extra investment of biomass p e r 

unit LA (al1 other parameters being equal) will decrease SLA, but increase LF (Lambers 

et al., 1990). In summary, the presence of N H ~  in the growing medium induced the 

development of plants with less dense (high SLA) Ieaves relative to plants growing i n 

only NO 3.  

11.4.d. Chanae of ~reference for N forms 

The observed changes in ranking of the N-treatment effects on LAR, SLA and LD 

changed throughout the growing period of this study and may have been caused by the 

large randorn variation obsewed in this study. However, the possibility exists that the 

observed changes may be attributed to the changes in preference of B. napus for N forms, 

although there was not sufficient precision in this experimental design to critical l y 

estimate the changes in ranking among N treatments over the growth period. Plant 

species differ in response to N forms over the course of developmental growth (McKee, 

1962; Dibb and Welch, 1976). Thus, it would be useful to determine if the 

observations of changes in ranking arnongst N treatments were due to changes in plant 

stage sensitivity to different N-forms, and therefore to N-ratios, at different stages of 

the growing period, or as a resuit of random variation. 

11.5. Conclusions 

Growth of 8. napus was maximized when a portion of the total N was supplied as 

N H ~  with SLA being the major growai parameter affected. However, there did not 



appear to be an optimum NH: :NO 5 ratio for maximum growth. It is therefore suggested 

that when selecting N-eff icient B. napus genotypes, N-treatments should contain a 

portion of MI: to achieve maximum growth. If the experhental protocol is designed 

with small pots and the N treatment is done at seeding then, a 10% of would be more 

appropriate to avoid conversion toxicity. 
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Fig. 11.1. The effect of N-forrns ratio (% NH,:NO, 0 100:O; 5050; O 40:60; 
3090; A 20:80; 10:90; A 0:100 ) on dry weight accumulation of total 

shoots (a), leaves (b) and stems (c) of Brassica napus (L.) cv. Alto over time. 
Vertical bars represent LSD (pIO.05). 
' signif icant differences. 
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Ag. 11.2. The effect of N-foms ratio (% NH4:N4 O 1 00:o; 5050; O 40:60; 
1 30:70; A 20:80; i0:90; A 0:100 ) on leaf area (a) and Ieaf area ratio (b) 
of Brassica napus (L.) cv. Alto over time. 
Vertical bars represent LSD (pS0.05). 

significant differences. 
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11.3. The effect of N-fonns ratio (% NH4:N03 0 100:O; 50:50; O 40:60; 
30:70; A 20:80; 1 0:90; A 0: 1 00 ) on leaf fraction (a) and specific leaf 

area (b) of Brassica napus (L.) cv. Alto over time. 
Vertical bars represent LSD (pS0.05). 

significant differences. 
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Fig. 11.4. The effect of N-foms ratio (% NH,:Nq 0 100:O; 0 5050; 40:60; 
30:70; A 20:80; 1O:gO; A 0:100 ) on leaf density (a) of Brassica napus 

(L.) cv. Alto over time. 
Vertical bars represent LSD (pa.05). 

significant differences. 



Table 11.1 . The effect of N-form ratio (MI ;:NO 5) on the 
relative growth rate (RGR) of rapeseed (BrassrCa napus L.) 
cv, Alto. 

t Means followed by the same letter are not significantly 
different at the 5% level according to Duncans multiple 
range test. 



CHAPTER III 

The use of intraspecific gtafts to evaluate the influence of the root and 

shoot systems on nitrogen efficiency in rapeseed (btassica napus L.). 

111.1. Introduction 

Genotypic differences in nitrogen (N) efficiency of crop plants could result from 

differences in N-uptake and N-utilization of the shoots and roots or a combination of 

both, For example, iron efficiency in soybean has been found to be controlled by the root 

system (Brown et al., 1958). while in white clover, phosphorus efficiency has been 

shown to be controlled by the shoot system (Caradus and Snaydon, 1986). The effect of 

shoot and root systems in the expression of N-efficiency in rapeseed genotypes (Brassica 

napus L.) has not been studied. Identification of the relative influences of root and shoot 

systems on the expression of N-eff iciency in a high N-requiring crop such as B. napus 

could be useful when developing N-efficiency screening methodologies. 

The relative importance of shoot and root systems in controlling N-efficiency can 

be studied amongst plants of different genetic backgrounds by reciprocal scion/root 

grafting techniques. Several n utrient and plant species corn binations have been studied 

using reciprocal grafting. For exarnple, the technique has been used to study baron i n 

artichokes and sunflower (Eaton and Blair, 1939, phosphorus in white clover 

(Caradus and Snaydon, 1986) and, iron in sunflower, cucumber (Romera et al., 1 99 2), 

soybean (Brown et al., 1958) and tornato (Brown et al., 1971). This approach was also 

used to detemine the effect of N fertility on shoot physiological parameters such as leaf 

area, chlorophyll content, CQ exchange and Rubisco concentration between burley and 

flue-cured tobacco (Crafts-Brandner et al., 1987a,b). Their study indicated that the 

root system did not influence the expression of physiological differences obsewed in the 

shoots (Crafts-Brandner et al,, 1987a.b). This simple procedure appears to be a 

powerful technique to study mineral nutrition in plants and to detemine the influence of 

shoot or root systems on the overall physiological performance of plants. 

The objective of this study was to determine the relative influence of the shoot 

and root systems on N-efficiency parameters of B. napus genotypes which differ in the 

expression of N-eff iciency (Chapter VI). lntraspecif ic reciprocal scion/root g rafts 

between an N-efficient and three N-inefficient 8. napus germptasm accessions were used 

for this study. 



111.2. Materials and Methods 

111.2.a. Plant culture and araftina techni- 

Four accessions of spring rapeseed (Brassica napus L-) were used in this study. 

Pera (Germany) was N efficient, whiIe Bronowski (Poland), GSL-I (India) and Andor 

(University of Alberta, Canada) were found to be N inefficient when tested using a rapid 

N-efficiency screening test (Appendix 2; Table III.1). Seedlings were grown in a 

controlted environment chamber in 5x5 cm plastic inserts filled with a soil-free 

medium (Verrniculite + Peat Moss + Sand; 3:3:1 volume basis), A fertilizer mixture, 

containing normal levels of rnacro- and micro-nutrients, was mixed with the growth 

medium prior to potting. lntraspecific scionfroot grafts consisting of: PeraxBronowski, 

PeraxGSL-l and PeraxAndor were developed when seedlings were six to eight days old. 

WC manifold pump tubing (I.D. 1-2-1 -7 mm) was dit lengthwise and cut into 

approximately 1 cm lengths for holding the graft stocks. The hypocotyl of young 

seedlings were severed midway between the cotyledons and the sail surface using a 

slanting-cut with a sharp razor blade. The severed scion (ie. hypocotyl and cotyledons) 

was maintained in a water-filled via1 until grafted to the hypocotyl of the root stock. A 

tubing section, of similar diameter to the hypocotyl of the root-stock, was slipped h a l  f - 
way over the root-stock and filled with distilled water. The scion portion of the 

hypocotyl was then inserted into the tubing and aligned to f i  the root-stock slanting-cut 

by rotating it gentiy. A total of 816 grafts were performed. 

Graft treatments consisted of non-grafted controls, grafted controIs and 

intraspecific reciprocal grafts, and were designated according to shoot genotype/root 

genotype combinations For example, for the reciprocal PeraxAndor combination, g raft - 
treatments consisted of Pera and Andor (non-grafted controls), PerdPera and 

Andor/Andor (grafted controls), and PerafAndor and AndorIPera ( intras pecif ic 

reciprocal grafts). Therefore, a total of 14 graft treatment combinations were 

developed: three pairs of reciprocal grafts, four self grafts and the four non-grafted 

parental genotypes- 

Grafted and non-grafted plants were kept for two to four days in a mist chamber 

at 100% relative hurnidity and a dayhight temperature of 22120°C- A mixture of 

fluorescent and incandescent light fixtures provided a low light intensity with a 

photosynthetic photon flux density (PPFD) of 280 + 14 pmol rn" r1 for 16 h daily. 

Subsequently, the humidity was gradually reduced to ambient levels while the l ig ht 

intensity was gradually increased to a PPFD of 379 I 23 pmol m" sl. The seedlings 

were watered regularty and fertilized with a weak concentration of 20-20-20 (N P K) 
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fertilizer solution, Twenty four to twenty six days after grafting, plants were gradually 

hardened during 10 days before transplanting to the field (June 8, 1993) at the 

University of Alberta Research Station in Edmonton- Plants were spaced at a distance of 

12 inches, 

A random sample of graft treatments totaling 560 plants were used in the 

experirnent. The remaining graft genotypes were randomly planted around the plot as 

border rows. After transplanting, plants were watered manually. Subsequently, plants 

were sprinkle inigated when necessary. Air and soi1 temperatures for the duration of 

the experiment as well as N-levels of the soi1 were not determined. 

111 -2-b. Measurement of   la nt arowth and efficiencv m ara met ers 

The plant shoots were hawested after either 25 or 39 days of growth in the field. 

The plants (five per graft treatment) were cut at the ground surface and pooled. 

Variables measured were: shoot dry weight (SDW) and percent N content in the shoot 

(NOh). Samples were dried to constant weight at 65' in a forced-air flow-oven. weighed 

and ground in a Wiley miIl fitted with a 40 mesh screen (Arthur H. Thomas Co.. 

Scientific Apparatus, Philadelphia, PA, USA). Percent nitrogen was measured by the 

combustion method using a LHX) FP-2000 Nitrogen-Protein analyzer (LECO 

Corporation, St. Joseph. MI. USA). A homogeneous subsample of approximately 0.8 - 
0.99 was used to determine NOh. The following efficiency parameters were calculated: 

Total N absorbed (TOTN) = ((((SDWxN%)/l00)/14.0)x1000) (mmol-1 N), 

Nitrogen use efficiency (NUE) = SDWITOTN (g mmol-1 N) and 

Efficiency of utilization (EU) = SDWx(SDWTT0TN) (g2 mmol-l N; Siddiqi and 

Glass, 1981). 

. . 
11 1.2.c. merimental design and statistical anal- 

The experimental design was a split-plot design with 14 graft treatments, two 

harvest tirnes, five plants per graft treatment and four replicates where graft 

treatments were randomly assigned to main plots and harvest times to subplots. 

Analysis of variance (ANOVA) were perfonned for SDW, TOTN, NUE and N components. 

According to Levene's homogeneity test (Levene, 1960), as described by Milliken and 

Johnson (1 984a), the variances for SDW and TOTN were non-homogeneous. Thus, 

AMYMA was performed on transformed data (in). Cornparisons between mean estimates 

for main and interaction effects were estimated by the PFlûC MIXE0 procedure available 

in the SASSTATS statistical software (SAS Institute, 1992). 



111.3. Results and Discussion 

111 -3.a. Graftina and rirait treatment develo~rnent 

The grafting technique developed in this study was easier and faster than the 

"straw-band" technique (Bezdicek et al., 1972) commonly used for soybean, and is 

more suitable for seedlings with narrow and delicate hypocotyls like B. napus. Grafting 

did not appear to have any lasting detrimentaf effect on plant growth development, 

although some growth retardation relative to ungrafted plants was initially obsenied. In 

several cases, root growth from the scion at the scionfroot graft union was noted- This 

appeared to be directly related to the length of time seedlings were kept under high 

hurnidity after grafting or when graft unions were too close to the growing medium. 

Further root growth from the graft unions was not observed amongst plants transplanted 

to the field. From a total of 816 grafts, 74 grafted plants died within a week and 60 died 

after trimming the root growth frorn the scionlroot union, resulting in a survival rate 

of 84%. All grafted seedlings survived after 10 days of gradua1 hardening and the 

subsequent transplanting to the field. However, one of the replicates was lost due to an 

apparent soi1 contamination of the field and was not used in the analysis. Thus, PN(XIA 

was perforrned on only three replicates. 

Plant genotypes can be ranked as N-efficient or N-inefficient by the use of 

several nutrient efficiency definitions (Clark, 1990). In this study, total shoot dry 

weight (SDW), total N absorbed (TOTN), N use efficiency (NUE) and efficiency of 

utilization (EU; Siddiqi and Glass, 1981) were used as N-efficiency parameters to 

characterite and rank the four stock B. napus genotypes utilized in this study (Table 

Il. 1 ) The four genotypes were chosen amongst 1 1 1 accessions that were screened f O r 

N-eff iciency under greenhouse conditions (Appendix 2; Table II 1.1 ). The genotypes used 

in this study were selected based on differences for N-efficiency, seed availability at the 

time and spring-type growth behavior. Based on half-normal statistical analysis 

(analysis not shown; Milliken and Johnson, 1984b) the Pera genotype expressed higher 

N-efficiency levels relative to the other three genotypes (fable 111.1). Under field 

conditions Andor is a faster growing cultivar (earlier flowering) than the other 

cultivars. Andor was developed at the University of Alberta and is a genotype better 

adapted to Edmonton conditions compared to the other three genotypes. Analysis of 

variance indicated significant differences between graft treatments for al1 N-efficiency 

components (Table 111.2.). However, for TOTN and NUE there were no graft treatment x 

harvest time interactions and thus, they were not explored further. 
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11 l-3.b. Com~arisons between non-arafted controls: Pera versus Bronowski, GSL-I and 

Andor 

Significant main effect differences between the non-grafted control Pera and the 

other three non-grafted control genotypes were detected for several of the N-efficiency 

parameters (Table lll.3-, set a)- Shoot dry weight accumulation of Pera was 

significantly greater than Andor, and although Pera shoots absorbed significantly more N 

(TOTN) than Andor shoots, they did not differ significantly for NUE but, they did differ 

for EU. An interaction effect of graft treatment with hanrest time was only detected for 

EU as a result of a significant difference shown at the second hawest (Table 111.3., set a). 

The Pera genotype was not significantly different from Bronowski or GSL-I for either 

SDW or TOT N, However, there were significant differences between Pera and Bronowski 

for both NUE and EU and between Pera and GSL-I for EU. Interaction effects with harvest 

time between Pera and Bronowski were not detected but, interactions were detected f O r 

both SDW and EU in the Pera and GSL-I pair combination. Once again, the differences 

were the result of significant differences at only the second harvest and not both 

harvests, In al1 instances in which significant differences were detected Pera had a 

greater mean estimate. Thus, the nature of the N-eff iciency differences between 

genotypes depended on the genotypic pair-wise combinations 

These results show that differences for N-efficiencies between Pera and the other 

three genotypes measured in the p reliminary screening under greenhouse conditions 

(Chapter VI, Table III -1 .) were also expressed under field conditions (Table 111.3.. set 

a). Thus, the differences observed between parental stocks for N-efficient components 

provided useful genotypic variation for the study of the relative contribution of the shoot 

and the root systems of the N-efficiency parameters expressed in 8. napus shoots by the 

grafting procedure. 

Il 1.3.c. Corn~arisons between non-grafted controls versus arafted controls 

The grafting procedure per se may affect the physiological performance of the 

shoots which in turn may lead to changes in expression of N-efficiency parameters by  

plants. It is generally accepted that vascular continuity between scion and stock is a 

prerequisite for a successful graft. Translocation of assimilates cm be restricted or  

blocked at the graft union by poor xylem and phloem connections as well as by enhanced 

deposition of starch in the grait union (Silberschmidt, 1933; de Stigter, 1971 ; Moore 

and Walker, 1981). A poor graft therefore, may result in dianges ta the profile of the 

differences for N-efficiency parameters between Pera and the other three genotypes. 

Furthermore, it may also confound the effects of the shoothoot grafting combinations on 
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the expression of N-eff iciency components. A cornparison between the non-g rafted 

control treatments and grafted control treatments would determine whether grafting per 

se had an effect on the shoot performance of each genotype. 

Significant main effect differences between the non-grafted control and the 

grafted control treatments for some, but not al1 the N-efficiency parameters were 

detected (Table 111.3., set b). Pera was not affected by grafting for any of the N - 
efficiency parameters (Table 111.3-, set b). Andor, on the other hand, was significantly 

affected by grafting for al1 the N-efficiency parameters except for NUE (Table 111.3., set 

b). Also, grafting affected Bronowski for Eü while GSL-I was affected for TOTN- Thus, 

grafting significantly influenced the expression of same N-efficiency parameters in the 

graft control treatments, with Andor being the most affected. Where significant main 

effects were detected the grafted controi treatrnent expressed a greater mean estimate 

(Table 111.3., set b). It should be noted that this results do not suggest that in some cases 
grafting increases N-uptake and that in other cases grafting increases growth rate. A 

possible, and more simple, expianation of the obsewed differences can be attributed to a 

retardation of the development of grafted plants whereby the vegetative growth stage rnay 

have been extended resulting in a larger vegetative matter accumulation. 

A possible cause of the greater main mean levels of SDW, TOTN, and EU between 

the grafted and non-grafted controls of Andor may be the result of its differential growth 

response under the field conditions at Edmonton for which Andor is better adapted than 

the other three genotypes. Also, as mentioned above, some retardation in the growth 

stage development was obsewed in the grafted control plants relative to the non-grafted 

control plants, The leaf number among diverse genotypes is fairly constant between N - 
treatments (Chapter VI; Appendix 2). Leaf size and the concomitant increase in m a s  

accumulation is not. Therefore, a longer vegetative growth stage resulted in an increase 

in overall mass accumulation. This may have resulted in making cornparisons between 

grafted and non-grafted control treatments at two slightly different growth stages. 

However, in general, grafting was not found to dramatically affect the N-efficiency 

parameters under study (Crafts-Brandner et al., 1987a; Kleese, 1968) however, 

Caradus and Snaydon (1986) working on the phosphorus nutrition of white clover found 

a significant effect of self-grafting on three of 20 plant characters measured including a 

reduction of relative growth rate. To properly sort out these interactions a repeat of the 

experiment under controlled greenhouse conditions is necessary. These conditions would 

eliminate the hardening and transplanting of the plants and would allow for treatments to 

be tested earlier in the growth stage of the plants. 
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11 1 -3.d- Çom~arisons of arafted - controls: Pera versus Bronowski. GSL-I and Andor 

As shown above, the grafting procedure per se affected çome N-efficiency 

parameters of the graft control treatments when compared to non-grafted control- These 

effects may result in the elirnination of existing differences between genotypes that were 

obsewed in non-grafted control treatments (Table 111.3.. set a). To determine the exlent 

of the N-efficiency diierences between the genotypes, the grafted control Pera genotype 

was compared to the other three grafted control genotypes (Table 2, set c). 

Only two of the 12 main effects between Pera and the other three genotypes were 

changed as a result of grafting (compare Table ll1.3., set a vs set c). The two changes due 

to the grafting procedure occurred between Pera and Andor for Tom, in which the 

significant difference disappeared, and between Pera and GSL-I for NUE, in which a 

significant difference was gained. Also, in every case that significant main effects were 

detected between Pera and the other three genotypes, the mean N-efficiency estimates of 

Pera were always greater. Overall, the differences between the stock genotypes were not 

greatly affected by the grafting procedure. Thus, regardless of the negative or positive 

effect that grafting rnay have had on the performance of the shoot genotypes, there were 

sufficient significant differences arnong Pera and the three other stock genotypes such 

that the N-efficiency of Pera relative to the other three stock genotypes was not lost. 

These results, therefore, indicted that significant differences existed between the 

selected genotypes for determining the relative effects of root and shoots on the 

expression of N-efficiency of 8. napus. 

lll.3.e. Effects of the root svstem of the N-inefficient stock aenotvDes on the shoot svstem 

of the N-efficient stock a e n o m  

The influence of root genotypes on the expression of N-efficiency parameters of 

shoots can be measured by comparing between intraspecific graft treatments composed of 

a cornmon shoot genotype grafted to different root genotypes. In this study, Pera shoots, 

used as the cornmon shoot genotype, were grafted with the three other root genotypes 

(PerdAndor, Pera/Bronowski and Pera/GSL-1). If the root system has a significant 

effect on the expression of an N-efficiency parameter of the Pera shoots then, significant 

differences for N-efficiency parameters between the PeraPera graft control and 

intraspecif ic graft treatments should be detected. 

Main mean effect estimates of the Pera graft control (PerdPera) treatments 

were not significantly different than the intraspecific graft treatments of Pera shoots 

with the three other root genotypes for any N-efficiency parameter (Table 111.3., set d). 

This indicated that the root of the three N-inefficient genotypes did not significantly 
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affect the expression of the N-efficiency parameters expressed by the Pera shoots: 

(Table 111.3., set d). However, when the intraspecific graft treatments (ie, Pera/Andor, 

Pera/Bronowski and Pera/GSL-l) were compared with each of the graft control 

treatrnents namely: Andor/Andor, BronowskiIBronowski and GSL-IIG S L-I , 

respectively, there were significant differences for only two N-efficiency parameters 

(Table 2, set 9. The intraspecific graft treatment Pera/Andor was significantly higher 

than the graft control treatment AndodAndor for EU while the intraspecific graft 

treatment Pera/Bronowski was significantly higher than the graft control treatment 

BronowskiIBronowski for NUE. There were no graft treatrnent and harvest time 

interactions in these two sets of cornparisons. 

As discussed above (111.3.d) six main effects were significantly different between 

the graft control PerdPera and the three other graft control genotypes (Table 111.3., set 

c). These significant main effect differences would be expected between the comparisons 

in set f if the roots from the extraneous genotypes are not significantly influencing the 

expression of phenotype in the shoots of Pera. However, as noted above, only two of the 

six expected remained significant, the other disappeared. Furthermore, the remaining 

six main effect comparisons remained the same (ie. no significant differences). 

The observed Ioss of significant differences arnongst four of the six N-efficiency 

parameters expected to be different (Table 11.3., set c vs set f) may be the result of a 

relative reduction of the expression of the N-efficiency levels of Pera shoots caused by 

the extraneous root systems or a relative increase in the expression of N-efficiency 

levels of the grafted controls. lt might also be the resulting effect of a negative influence 

on the root systems by the Pera shoots. The results indicated that there was a reduction 

in the levels of main effects for N-efficiency components of grafted controls shoots, 

there was not an increase in the N-efficiency component levels of the Pera shoots. 

Earlier, we noted that an increase in the levels of the main effects of the graft controls 

occurred because of grafting per se. Although that did not change the relative signif ican t 

differences between Pera and the other three genotypes, the increase in levels might 

have changed sufficiently so that compared to the intraspecific graft treatments, 

significant differences were detected. However, taken together, these two sets of 

comparisons indicated that the root system from the N-inefficient genotypes did not 

influence the performance of the N-efficient Pera shoots. Pera shoots may have 

influenced the root systems of the N-efficient roots systems. Since root systems were 

not compared, this hypothesis needs further study. 
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11 1 -3.f. Effects of the root svstem of the N-efficient genotype on the shoot svstem of the 

N-ineff icient aenotvnes 

The effect of the Pera root genotype on the shoots of the other three genotypes 

were deterrnined by maintaining the Pera root system constant and altering the genotype 

of the shoot system. There were no significant differences for any N-efficiency 

parameter when the intraspecific graft treatment of the three shoot genotypes with the 

Pera root stock genotype were compared with the grafted control treatments 

Andor/Andor, BronowskiIBronowski, and GSL-IIGSL-I (Table 11 1 -3-, set g). These 

results were as expected. Also, there were no graft treatrnent and harvest tirne 

interactions. However, as expected, when the intraspecific graft treatments were 

compared with the graft control tteatment PeraIPera, significant differences f O r 

several of the N-efficiency parameters were observed (Table 111.3., set e). Also, there 

were no graft treatment and hawest time interactions. Except for TOM between the 

AndorlPera intraspecific graft treatment and the PeraPera graft control treatment. al1 

other N-efficiency parameters responded similarly to cornparisons between grafted 

control PerdPera and the grafted control treatments AndorfAndor, 

Bronowski/Bronowski, and GSL.-IIGSL-1 (Table 2, set b). In other words, the levels of 

N-efficiency pararneters of the N-inefficient shoot genotypes were not significantly 

affected when attached to the root system from the N-efficient Pera, The resulting 

difference between the Pera shoot relative to the three other shoots when both were 

attached to the cornmon Pera roots, was due to higher main effect estimates of the 

expression of the N-efficiency components of Pera shoots relative to the others and vice 

versa. 

The Pera roots, therefore, appeared not to have an influence on the expression of 

the N-efficiency phenotype in shoots. The shoots of the N-inefficient genotypes appear 

to control their own level of expression of N-efficiency parameters. The shoot systems 

are of primary importance in effects to increase the level of N efficiency in plants. 

These sets of contrasts (Table 111.3., sets d,e,f and g) demonstrate that the expression of 

N-efficiency parameters in 8. napus shoots appear to be controlled by the physiology of 

the shoots and not the root systems. In the only other study in which N nutrition has 

been studied by intraspecific grafting (ie. shoot genotype of tobacco cultivars), the shoot 

was also found to be the controlling factor (Crafts-Brandner et al., 1987a). 

Furthermore, these results support a recent report indicating that the shoot controls 

nitrate uptake rates in B. napus (Laine et al., 1995). 
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111.4. Conclusions 

Taken together, the results of this study provide evidence that the root system 

has a relatively small influence on the expression of N-efficiency components in shoots 

of B. napus genotypes differing in N-efficiency when grown under field conditions. If not 

all, a large portion of the expression of N-efficiency components in the N-efficient Pera 

is due to the shoot stock genotype. These resuhs give credence to the hypothesis that the 

shoot system, and not the root system, is the major factor in determining N-efficiency 

components in 8. napus genotypes. Nevertheless, confirmation of this conclusion 

requires further study as well as the testing of other B. napus genotypes 



I l l 5  Refetences 

Bezdicek D F, Magee 6 H and Schillinger J A 1972 Improved reciprocal grafting 

technique for soybeans (Glycine max L.). Agron, J. 64, 558, 

Brown 3 C, Chaney R L and Ambler J E 1971 A new tomato mutant inefficient in the 

transport of iron- Physiol. Plant, 25, 48-53. 

Brown J C, Holmes FI S and Tiffin L O 1958 Iron chlorosis in soybeans as related to the 

genotype of rootstock, Soil Sci. 86. 75-82. 

Caradus J R and Snaydon R W 1986 Plant factors influencing phosphorus uptake by 

white clover from solution culture- III. Reciprocal grafting- Plant Soil 93, 175- 

181. 

Clark R B 1990. Physiology of cereals for mineral nutrient uptake, use, and efficiency. 

ln Crops as enhancers of nutrient use. Eds. V C Baligar and R R Duncan pp 131- 

209. Academic Press, San Diego, USA. 

Crafts-Brandner S J, Sutton T G and Sims J L 1987a Root system genotype and nitrogen 

fertility effects on physiological differences between burley and flue-cured 

tobacco. II. Whole plant. Crop Sci. 27, 1219-1224. 

Crafts-Brandner S J, Leggett J E, Sutton T G and Sims J L 1987b Effect of root system 

genotype and nitrogen fertility on physiological differences between burley and 

flue-cured tobacco. 1. Single leaf measurements- Crop Sci. 27, 535-539. 

Eaton F M and Blair G Y 1935 Accumulation of boron by reciprocally grafted plants. 

Plant Phys. 10, 41 1-424. 

Kleese R A 1968 Scion control of genotypic differences in Sr and Ca accumulation in 

soybeans under field conditions. Crop Sci. 8, 128-129. 

Laine P, Ourry A and Boucaud J 1995 Shoot control of nitrate uptake rates by roots of 

Brassica napus L.: Effects of localized nitrate supply. Planta 196, 77-83. 

Levene H 1960 Robust tests for equality of variances. In Contributions to probability 

and statistics. Eds. 1 Olkin, S G Ghurye, W Hoeffding, W G Madow and H 8 Mann pp 

278-292. Stanford University Press, Stanford, USA. 

Milliken G A and Johnson D E 1984a Analysis of Messy Data. Volume 1: Designed 

experiments. Van Nostrand Reinhold Company, New York, USA- 473 p 

Milliken G A and Johnson D E 1984b Analysis of Messy Data. Volume II: Nonreplicated 

experiments. Van Nostrand Reinhold Company, New York, USA. 199 p 

Moore R and Walker D B 1981 Studies of vegetative compatibility-incompatibility in 

higher plants. II. A structural study of an incompatible heterograft between 



4 5  

Sedum telephoides (Crassulaceae) and Solanum pennellii (Solanaceae). Am. J. 

Bot. 68, 831-842, 

Romera F J, Alcantara E and de la Guardia M D 1992 Role of root and shoots in the 

regulation of the Fe efficiency responses in sunflower and cucumber. Physiol. 

Plant. 85, 141-146. 

SAS Institute 1992 SASSTAT User's Guide. Version 6. 4th ed. SAS lnstitute, Cary, North 

Carolina, USA. 

Siddiqi M Y and Glass A O M 1981 Utilization index: a modified approach to the 

estimation and cornparison of nutrient utilization efficiency in plants. J. Plant 

Nutr. 4, 289-302. 

Silberschmidt K 1933 Beitrage zur Kenntnis der Stoffwechselgerneinschaft zwischen 

Pfropfpartnern, Planta 19, 729-780. 

Stigter H C M de 1971 Some aspects of the physiological functioning of the graft 

muskmeIonlCucurbita ficifolia. 1. MelonlCucurbita versus CucumberlCucurbita: 

differences in behaviour due to difference in degree of compatibility. 2. 

Pflanzenphysiol. 65, 223-231. 



Table III.1. The effect of deficient (1.5 mrnol) and sufficient (5.1 rnrnol) nitrogen 
supply on the expression of N-efficiency parameters of four Brassica napus (L .) 
genotypes. Partial data set obtained from Chapter 6. (Full results of both screenings 
were tabulated in Appendix 2). 

B. napus genotypes 

Nitrogen efficiency Bronowski G.S.L--1 Andor Pera 
parameters* (Poland) (India) ( U o f A )  (Germany) 

TOTN1*5 (mmol N) 

TOTNS-, (mmol N) 

NUE,, (g mmol-1 N) 

NUE,., (g rn rn~ l -~  N) 

- - -  - 

t Physiological efficiency (PE) = (SDW,., - SDW,~,)/(TOTN,-l - TOTNI-,) 
Agronomic efficiency (A€) = (SDWS.l - SDWl -,)/net N applied) 
Apparent recovery (AR) = ((TOTN5-, - TOTNI-,)/net N applied)) x 100 



Table 111.2. Analysis of variance (ANOVA) for the expression of N-efficiency parameters 
of graft treatments of Brassica napus (L). 

Source Shoot dry Total absorbed Nitrogen use Efficiency of 
weight nitrogen eff iciency utilization 
(SDW) (TOTN) (NUE) (EU) 

Harvests + * t 

Graft treatments t * t  t t t  

Harvests x Graft treatments * t ns 

* t 

t t t  

T T t 

=, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
ns not significant. 



Table 111.3. Cornparisons of maln and interaction estimates efiects between graft treatments of Brasslca napus (L), for the shoot expression of N-efficiency parameters. 

Corn parison Shoot diy weight Total nitrogen absorbed Nutrient use efliciency Elficiency of utilization 
between graf! treatments 

means main Inter Harvl Harv2 means main means main means main inter HarvlHarv2 

Pera vs Andor 
Pera vs Bron. 
Pera vs GSL-I 

Pera vs PerdPera 16.8 15.2 ns ns - 42.2 37,3 ns 0.42 0.42 ns 6.9 6,3 ns ' ns * '  
Andor vs AndorlAndor 9.7 14,2 ' ' ' ns - 26.0 37.6 ' 0.39 0.39 ns 3.7 5.4 ' ' ' ns "' 
Bron, vs Bron,/Bron, 16,8 14,1 ns ns - 48.7 39-9 ns 0 3 7  0.35 ns 6.0 5.1 ' ' ns ' '  
GSL-I vs GSL-IIGSL-I 13.1 1 5 . 4 n s  ns - 33.3 45,3 ' 0,40 0.37 ns 5,3 5,4 ns ns 

set c 
PeralPera vs AndorlAndor 15.2 14.2 ns - 37,3 37.6 ns 0,42 0.39 ns 6.3 5,4 ' ns 
PeraIPera vs Bron./Bron. 15.2 14.1 ns ns - 37,3 39,9 ns 0.42 0,35 ' 6,3 5.1 * *  ns 
PerdPera vs GSL-IIGSL-I 15,2 15.4 ns ns - 37.3 45,3 ns 0.42 0,37 6,3 5.4 ' b ns "' 

Set f 
AndorIAndor vs PerdAndor 14.2 1 5 ,O ns ns - 37,6 35,7 ns 0.39 0.42 ns 5,4 6.6 ' ns 
Bron.lBron, vs PerdBron. 14,1 14.6 ns ns - 39,9 38,4 ns 0,35 0,42 ' ' 5,) 5.0 ns ns 
GSL-IIGSL-I vs PeralGSL-l 15.4 14.8 ns ns - 45.3 98.9 ns 0.37 0,30 ns 5.4 5.7 ns ns 

sa g 
AndorlAndor vs AndorfPera 14,2 12,3 ns ns - 37,6 28,3 ns 0 3 9  0.43 ns 5.4 5.5 ns ns 
Bron.lBron, vs Bron./Pera 14.1 15,4 ns ns - 39.9 46,2 ns 0.35 0.34 ns 5,1 5.2 ns ns 
GSL-IIGSL-I vs GSL-IIPera 15,4 15,1 ns ns - 45.3 43.0 ns 0,37 0,36 ns 5,4 5.4 ns ns 

- 
*, ", "' Signilicant at the 0,05, 0,01, and 0.001 probability levels, respectively, ns = not signiflcant, 

P 
00 
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CHAPTER IV 

Time-course response of rapeseed (Brassica napus L.) to nitrogen 

supply: Selection of sampling time when screening for nitrogen efficient 

getmplasm. 

IV.1. Introduction 

The utilization of genotypes efficient in the uptake and utilization of nitrogen 

(N) in a high N-requiring crop such as rapeseed (Brassica napus L.) can be an effective 

way of reducing N pollution and crop inputs (eg. Gerloff, 1963; Vose, 1963; Gabelrnan, 

1976; Clark and Duncan, 1991 ), However, research on the improvement of N - 
efficiency in B- napus has been limited (Yau and Thurling, 1986; Gerath and Schweiger, 

1991; Thurling, 1993; Gerath and Balko, 1995). To select useful plant genetic 

variation for nutrient efficiency, a reliable screening technique, and clearly defined 

plant growth and nutrient efficiency rneasures for ranking genotypes are necessary 

(Devine, 1982; Devine et al., 1990). A two N-level screening technique provides a 

rapid procedure for screening genotypes (eg. Caradus and Dunlop, 1 979), however, 

sensitivities to nutritional deficiencies and toxicities change as the plant progresses 

through ontogeny (Marschener, 1995; Duncan and Baligar, 1990). Thus, sarnpling 

time is important when selecting N-efficient B. napus germplasm. The most appropriate 

sampling-time can be determined frorn tirne-course x N-dose response curves. 

The selection of a sampling time during the course of a growth period depends on 

the plant components to be measured and on the N-efficiency definitions used for ranking 

genotypes. Amongst the 37 nutrient efficiency definitions which have been proposed the 

most commonly used definition is nutrient concentration in tissue (Clark, 1 9 9 0 ) . 
Another widely used definition is nutrient use efficiency, which is the reciprocal of 

nutrient concentration (Siddiqi and Glass, 1981 ). Efficiency of utilization has been 

proposed as a way of integrating the final biomass and its nutrient concentration (Siddiqi 

and Glass, 1981). Nitrogen efficiency definitions used in ranking genotypes at an early 

growth stage have typically been calculated using biomass accumulation rather than leaf 

expansion (Clark, IWO). In B. napus, leaf area and biomass accumulation prior to 

anthesis are important growth components that influence yield (Thurling , 1 9 9 3). 

Furthemore, most of the N is absorbed prior to anthesis (Holmes, 1980). How these N 
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efficiency components change over time needs to be examined prior to devefoping a 

screening technique. 

The effects of N supply on plants inciude those arising as a result of N deficiency 

and those arising as a result of N sufficiency. Nitrogen deficiency subjects plants to 

stressful conditions in which stress tolerance can be asseseci, while N sufficiency 

subjects plants to non-stressful conditions allowing maximum genetic potential to be 

expressed (Baker, 1994). By deterrnining the differential effect of N deficiency and N 

sufficiency on N efficiency components, the selection of N levels for developing screening 

techniques can be sirnplified. Examination of time-course x N-dose response curves 

should indicate when a transitional response from N sufficient to N deficient condition 

occurs, and also in which N-treatment range the two N-levels should faII for screening 

purposes- 

In the present work, the response of B. napus cv. Alto to eight N levels over a 

period of 35 days of growth was examined (a) to determine a sampling-time for 

estimating N efficiency, (b) to evaluate leaf area and shoot dry weight for calculating N 

efficiencies and (c) to characterize the transitional point between N suff iciency and N 

deficiency. 



IV.2. Materials and Methods 

- * tV.2.a- Plant material and arowina conditions 

Plants of rapeseed (Brassica napus L.) cv. Alto were grown under greenhouse 

conditions in 10x10 cm square plastic pots filled with a soil-free medium (Vermiculite 

+ Peat Moss + Sand; 3:3:1 volume basis), Each pot contained an average of 322 I 3 g of 

growing medium, (dry weight basis), containing 26 f: 0.2 mmol total N per pot. Seeds 

of cv. Alto contained an average of 9.98 mmol N per 1000-kernel weight (on an O il-f ree 

basis: 4-53 mm01 N g-1 seed; 0.22 g seed rnm~ l -~  N). Plastic bags sealed at one end were 

inserted into each pot to prevent nuttient loss through the drainage holes. Two to four 

seecfs were seeded per pot and seedlings were thinned to one per pot seven days after 

seeding (DAS). 

A modified basal nutrient solution (Taylor and Foy, 1985) was adâed to each 

individual pot providing (mmol): K, 1.60; POq, 0.40; SO4, 0.40; Mg, 0.60; CI, 1 -34; 

Mn, 8x1 0-3; B, 2-4x10-*; Zn, 2x1 0-3; CU, 6x1 O-4; Na, 8.1 x10-2; MO. 4x1 EDTA, 

0.04; Fe, 0.04. lron was supplied as Fe-EDTA prepared from equirnolar amounts of 

FeCI3 and Na2EDTA. All nutrients were supplied in solution, except for Ca, which was 

supplied as powdered CaS04 and mixed into the medium. A nitrogen (N) solution 

consisting of 90% N-NO 5 and 10% N-NH: was used to provide eight N-treatments (ie. 

0,  0.6, 1 -5, 2.4, 3.3, 4.2, 5.1, 8.0 mmol per pot) corresponding to a range of O to 1 1 2 

kg N ha-'. An earlier experirnent demonstrated the positive response of B. napus to N 

supply when N-NO 5 and N-NE: were supplied as a mixture rather than alone (Chapter 

II). Measured volumes of al1 nutrients, including N-treatments, were added to each 

individual pot one DAS. Plants were watered regularly with distilled water and care was 

taken to prevent waterlogging. 

Plants were grown under greenhouse conditions at a temperature of 20-23 OC 

and relative humidity of 60-90%. Natural Iight was supplemented with 400 watt, high 

pressure sodium lamps (Sylvania) attached to high intensity discharge fixtures 

providing a basal average photosynthetic photon flux density (PPFD) of 280 + 14 pmol 

m-2 s1 for 16 h at soi1 surface height daily reaching a total PPFD of 686 I 54 pmol m-2 

s-' when days were sunny and clear. 



IV.2.b. Measurement of dant arowth and N efficiencv Darameters 

Shoots were harvested individually, by cutting at the surface of the growing 

medium, at 12, 16, 20, 25, 30 and 35 DAS- Roots were not harvested, because an 

earlier experiment had shown that shoots were the principal plant parameter accounting 

for differences in N efficiency (Chapter III) - Variables measured included leaf area 

(LA), shoot dry weight (SDW), and percent N content in the plant shoot (N%). Leaf area 

was measured on a LI-COR LI31 00 Area Meter (LI-COR Inc., Lincoln, Nebraska, USA). 

Samples were dried to constant weight at 65 OC, weighed and ground in a Wiley m il 1 

fitted with a 40 mesh size screen (Arthur H. Thomas Co., Scientific Apparatus, 

Philadelphia, PA, USA). Percentage nitrogen was measured by the combustion method 

using a LKX) FP-2000 Nitrogen-Protein analyzer. (LEC0 Corporation, St. Joseph, M 1, 

USA). A homogeneous subsample of about 0.2-0-9 g was used to detennine N%. 

Plant component ratios cafculated consisted of leaf area ratio (LAR = LAISDW), 

Efficiency components calculated consisted of total nitrogen absorbed (TOTN) = 

((((SDWxNOh)ll 00)114.0)~1000) (mmol-1 N), nitrogen use efficiency (NUEçDw) = 

SDWKOTN (g m m ~ l - ~  N) and efficiency of utilization (EUçow) = SDW (SDWKOTN) (g2 

mmol-1 N; Siddiqi and Glass, 1981). Nitrogen use efficiency and EU were also calculated 

for each N-treatment on a LA basis (ie. NUELA, EULA) by replacing LA for SDW in the 

equations, 

IV.2.c. Calculation of points of inflexion of the curves 

The DAS when the LA, and TOTN response curves for ail N-treatments underwent 

their point of inflexion (DASpi) were determined by fitting a non-linear function to the 

raw data of each curve and estimating the corresponding parameters of the functions. 

The point of inflexion in a sigmoidal curve is the point at which the concavity changes 

from upward to downward, or from downward ?O upward (Swokowski, 1979). It is also 

where the absolute rate of change is maximal (Richards, 1959). Although data 
transformation (In) is commoniy used to fit a linear model to non-linear data, the non- 

linear model the Richards' function was more appropriate for those data (see Appendix 3 

for a graphical comparison). A reparameterised Richards function (Richards, 1969) as 

described by Cromer et al. (1993) was fit to each replication of the LA and TOTN curves 

at each N-treatment as follows: 



Where Wx is the asymptotic value of W for large t, to is the time at which W ( t) 

undergoes its point of inflexion, r is the relative growth rate of W (t) at to and d 

determines the shape of the curve of W versus t sr, that the point of inflexion occurs 

further up the curve with larger d (Cromer et al., 1993). The inflexion points of the 

SDW cuwes for the two lowest N-treatments (0.0 and 0.6 mm01 N) were obtained using 

this technique. These curves were the only SDW curves which showed sigrnoidal curves 

in response to N supply (Fig. 1 ,a). 

A linear spline model consisting of two straight lines with estimated knot (Smith, 

1979; SAS Institute, 1991) was used to estimate when the NUESDW curve undenvent i ts  

point of inflexion at each replication for each N-treatment as follows: 

NUEçow = Po + & DAYS + & DAYSx + E 
where DAYSX = DAYS - Knot if DAVS r Knot 

and DAYSx = O if DAYS c Knot 

Smith (1 979) indicated that "splinesn are generally defined to be piecewise 

polynornials of degree 'n' whose function values and first (n - 1 ) derivatives agree at 

points where they join. The abscissae of these joint points are called 'knots". Thus, the 

knots occur at the approximate point of inflexion for these curves. The resulting 

piecewise polynomial linear equations estimated for fitting the lower section of the 

NUEsow curves were used to determine the value of the Y-axis (NUEsDw) where the 

point of inflexion occurred. 

iV.2.d. h~er i rnenta i  desian and statistical analvsis 

The experimental design was a randomized complete biock, consisting of eight N - 
treatments, six harvests, five plants per N-treatment and three replications for a total 

of 720 pots. Fitting of the functions to data were perforrned by the nonlinear procedure 

(NLIN) available in the SAS/STATS statistical software (SAS Institute, 1991; SAS 

Institute, 1992). Analysis of variance (ANOVA) were performed on the estimated points 

of inflexion and significance between means was determined by the LSD multiple range 

test (Gomez and Gomez, 1 984). The estimated points of inflexion for LA, TOTN and 

NUEçDW were correlated between each other (Spearrnan correlation) and regressed on 

the N-treatments (Gomez and Gomez, 1984; SAS Institute, 1991, 1992). Unless 

otherwise indicated, ail levels of significance were at pe0.05. 



Results 

Visual arowth resoonses to N su~p?y 

Differential N supply resulted in differential N deficiency symptoms and changes 

in the development of Alto over the 35 days of growth. Nitrogen deficiency symptoms 

such as chlorotic cotyledons, chlorotic and purplish leaves and reduction in plant growth 

(Marschener, 1995) became visible at about 20-22 DAS in 0.0 and 0.6 mm01 N. 

Deficiency symptoms were observed on plants growing in 5-1 mmol N at the last harvest 

(35 DAS). Nitrogen deficiency symptoms were increasingly delayed with each increase 

in N treatment. Within each N treatment. the severity of N deficiency syrnptoms 

increased over time. The onset of N deficiency symptoms coincided with a reduction i n 

the rate of leaf expansion (Fig. lV.lb) and N absorption (Fig. 1V.2a) amongst N 

treatments. Inhibition of stem elongation was noticeable at 26-28 DAS on plants 

growing in 0.0, 0.6, 1.5 mmol N and was obsewed progressively up to 5.1 mmol N at 

the final harvest. Some plants grown in 0.0 mm01 N flowered by 30 DAS- At the final 

harvest, some plants were flowering in 2.4 rnmol N. Thus, continuous and progressive 

severity of N deficiency symptoms was accompanied by reductions in the length of each of 

the developmental growth stages obsewed in this experirnent (rosette, stem elongation 

and flowering; Harper, 1973). 

IV.3.b. Time-course responses of ~ l a n t  arowth components to N s u ~ p l y  

Significant differential responses of SDW and LA to N supply were observed, 

however LA expansion was reduced earlier than SDW growth to N supply (Fig. IV.1 a, b ) . 
Only plants growing in 0.0 and 0.6 mm01 N showed a significant reduction in SDW 

accumulation resulting in sigmoidal curves for SDW (Fig. IV.la). No significant 

reduction was observed in SDW growth for the other N treatments. In contrast, LA 

increased sigmoidally across al1 N-treatments resulting in significant differences 

between N treatments at each harvest except for 20 DAS (Fig. IV.1 b). Significant 

increases in LA at and above 30 DAS only occurred in the 4.2, 5.1 and 8.0 N treatments 

(Fig. Ib). The SDW and LA growth reductions were initiated at different DAS (Fig. 

IV.1 a,b). At 0.0 and 0.6 mmol N the reduction in LA expansion was observed several 

days earlier than the reduction in SDW (Fig. 1V.ta.b). Thus, LA was a more sensitive 

indicator of N deficiency than SDW, 

The absorption of N by shoots followed sigmoidal curves over the entire growing 

period in ail N treatments (Fig. IV.2a). All growth curves, except in 8.0 mm01 N, 

exhibited an asymptote indicating N limitation (Fig. IV.2a). The point of inflexion of 
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TOTN. where the onset of the N absorption rate reduction occurred. was significantly 

correlated with N treatment (r = 0.91; Table IV.1). For each 1 mm01 increase in N the 

onset of the reduced N absorption rate was delayed by 1 -2 days(Table IV.1). The RXN 

curves (Fig. IV.2a) showed more similarity to the LA curves than to the SDW curves 

(Fig- 1 ), further supporting the more sensitive nature of LA relative to SDW in  

response to N supply. 

A relatively constant LAR of about 350-380 cm2 g-' was observed for the f i  rs t 

three harvests followed by a sharp reduction in al1 N-treatments (Kg. IV.2b). In 

general, these reductions were similar in al1 N-treatrnents, but a significant N - 
treatment effect on LAR was detected at or above 25 DAS between the two lowest N - 
treatments (0.0 and 0.6 mmol N) and the highest N-treatment (8.0 mmol N; Fig. 

IV.2b). Hence. as plants developed, a proportionally smaller 'partitioning' of 

photosynthates was diverted toward Ieaf expansion than to biomass growth. 

Proportionally, the reduction of LA was higher than the reduction of SDW due to N 

deficiency (Fig . IV.1 a,b; fig . IV.2b). These effects increased progressiveIy in severity 

with declining N supply and the longer time after seeding (Fig. IV.2b). 

IV.3.c. Time-course resDonses of nitroggn efficiencv ~ararneters 

Nitrogen use efficiency (NUE) is yield per unit N in the tissue and thus is the 

reciprocal of N concentration (Glass, 1990). During initial growth, a relatively 

constant NUESDW level of about 0.20 g mmol-1 N was maintained by shoots (Fig. IV.3 .a). 

This level did not differ significantly arnongst the six highest N treatments but i ts 

duration did (Fig. IV.3,a). This steady NUEsDw level was maintained for a longer period 

of time in the high N treatments than in the low N treatments. Coincidentally, this 

NUEsDw level was similar to the NUE of Alto seeds (ie. 0.22 g mmol-' N, oit-free basis; 

Chapter V). Whether this level is of any physiological significance andfor a reflection of 

a homeostatic response characteristic of each genotype, rernains to be tested. Wide 

variability arnong NUELA curves prevented cuwe fitting (Fig. IV.3,b). No constant 

NUELA was observed such as the one observed for NUEsow (Fig. IV.3a,b). 

The overall NUEsow or NUELA levels maintained over the entire growth period 

were higher at low levels of N supply. Treatment effects were significantly magnified 

when NUE was calculated on a LA (Fig. IV.3b) rather than on a SDW basis (Fig. IV.3a). 

Plants grown in the two lowest N-treatments showed a maximum NUELA was reached 

(Fig. IV.3b) at the approximate time of LA reduction (Fig. IV.l b) concomitant with the 



5 6 

termination of N absorption (Fig. IV-2a)- The larger NUE levels were obtained under 

conditions of diminishing N availability as plants developed- 

Efficiency of utilization (EU) is expressed as the product of total yield times NUE 

and emphasizes the contribution of the total plant yield (Glass, 1990; Siddiqi and Glass, 

1981). Differential EU responses to N supply were observed over the entire growing 

period, however these responses varied if Eü was calculated on a S W  (EUSD~;  Fig. 

1V.4a) or LA basis (EULA; Fig. IV-4b). The increase in EUsow over the course of the 

growth period resulted in significant differences between N-treatments at al1 but the 

final harvest (Fig* IV.4a). The maximum EUsow was attained in the 2.4 mm01 N 

treatment during final harvest (Fig. IV.4a). Visible signs of a decline in E U S D ~  were 

only observed for plants grown in 0.0 and 0.6 mmol N (Fig. IV.4a). 

The effect of N supply on EULA resulted in a sigmoidal growth response although. 

not al1 curves reached an asymptote (Fig. IV.4b)- A significant reduction in EUtA at the 

three lowest N-treatrnents were observed at and above 25 DAS which became accentuated 

over time (Fig, IV.4b). Most of the available N would have been absorbed by this time i n  

these three N treatments (Fig. IV.2A). Since this was accompanied by a concomitant 

reduction of leaf expansion (Fig. IV-la) it is unlikely that EUtA would have increased 

beyond these maximum levels (Fig. IV.4b)- The maximum EULA declined with declining 

N supply. The EULA should not change beyond a certain tirne period but should increase 

in magnitude and reach the maxima at later dates (DAS) for each increment in N supply 

(Fig. IV.4b). The maximum EULA was attained earlier than the maximum EUsow for 

most N treatments. 

IV.3.d. Determinina the transition of non-stress to stress N environment 

The DAS at which LA, TOTN, and NUEçow curves undenivent their point of 

inflexion (DASPI) have been summarized in Table IV-1. For the SDW curves, the 0.0 and 

0.6 mm01 N treatments were the only ones where the response attributed a sigmoidal 

pattern and were the only ones used for fitting Richards function (Richards, 1969). For 

these curves, the DASpl occurred at 26 and 27 DAS, respectively. Significant N 

treatment effects on DASpi were deterrnined for LA, TOTN and NUEsow, which resulted in  

a positive linear relation in response to increasing N supply (Table IV.l). The rate of 

increase of DASpl in response to N supply was in the order of 1 day per mm01 (Table 

IV.1). Except for 0.0 and 4.2 mmol N, differences between the DASpl means among LA, 

TOM and NUE at each N-treatment were not significant (Table IV.1). However, the 
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DASpl for TOTN curves were consistently lower than that for LA and NUEsow by an 

average of about 2 days (Table IV.1). The DASpl of SDW cuwes (ie, 26 and 27 DAS for  

the 0.0 and 0.6 mm01 N treatment, respectively) occurred about nine days after the 

DASPI of TOTN and about six days after the DASpl of LA for the same N treatments. Also, 

significant correlations (pc0.001) amongst the D e l  for TOTN, LA and NUEsow were 

obsewed. The correlations ( r )  for DASpi between TOTN with LA and NUEsDw were 0 -95 

and 0.90, respectively, and the correlation for DASpl between LA with NUEsow was 0.88. 

This indicated a close relationship between the point of inflexion for N uptake and the 

point of inflexion for LA expansion. 



IV.4. Discussion 

IV.4.a. Pifferential remonse of LA relative to SMN 

When screening N efficient B. napus gerrnplasm, the effect of ail factors involved 

in the screening protocol need to be defined and evaluated (Clark, 1990) including both 

the growth stage and the growth components to be measured, Sampling times and the N 

treatments to which the plants will be subjected are alsa important. The shape of the 

crop at rosette stage of 8- napus defines the overall final yield (Thurling, 1993). Thus. 

the rosette stage is potentially a useful growth stage at which to screen for N efficiency 

in B. napus. The rosette stage begins when the first normal leaf is unfolded and 

terminates when the stem begins to elongate (Harper, 1973). However, changes i n  

sensitivity to nutritional deficiencies and toxicities as the plant goes through 

developmental stages (Duncan and Baligar, 1990) would confound the selection of both 

the sampling time and N treatments. Describing the different responses induced by  

sampling-time x N-treatment combinations on growth components is therefore critical 

when developing a screening technique. 

Leaf expansion and increases in shoot biomass are the main growth components of 

the rosette stage. Shoot dry weight is one of the most common growth components used to 

estimate N efficiency at an early growth stage (Clark, 1990). Still, there is evidence to 

suggest LA is a sensitive parameter to N stress and thus useful for determining N 

efficiency (Ogunlela et al., 1989). In this study, N deficiency symptoms and the shift 

from vegetative to reproductive stage occurred earlier under conditions of lower in i t ial 

N supply. The resulting effect was in an earlier reduction of leaf expansion relative to 

biomass growth, indicative of the greater sensitivity of leaf expansion to N supply. 

Furthermore, these growth responses coincided with a transition from an environment 

of N sufficiency to N deficiency resulting from N depletion (Fig. IV.2a). Leaf expansion 

in B. napus is responsive to N supply (Allen et al,, 1971; Allen and Morgan, 1972; Rood 

and Major, 1984; Ogunlela et al., 1990). The high responsiveness of LAI to increased N 

supply (Scott et al., 1973) has a strong positive association with seed yield (Allen and 

Morgan, 1975) during the early stage of reproductive development. Similarly, plant 

dry weight at anthesis is responsive to N supply in spring type (Thurling, 1974) and 

winter type (Mendham and Scott, 1975) rapeseed and has been closely correlated with 

seed yield. Thus, both LA and SDW are important in the final yield of 8. napus. Two 

possible causes, either separately or in combination, may account for the d ifferential 

response of LA relative to SDW and the concomitant changes in growth stages; a direct N 

deficiency causes in hibit ion of leaf expansion andfor the acceleration of the 
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developmental stages from vegetative to reproductive. The reduction in leaf expansion 

by N deficiency may result from a reduction in cell division (MacAdam et al., 1 9 8 9) , 

reduced cell size (McDonald, 1989) or a combination of both. The acceleration of 

developmental stage from vegetative to reproductive may result from a plastic response 

to stress inducing early flowering and sustaining reproductive allocation as a proportion 

of the biomass (Grime, 1989). This is common in crop plants under low f ert il ity 

conditions, and results in a time phase reduction for each growth stage (Stoskopf, 

1981). Thus, LA and SDW are responsive parameters useful for determining N 

efficiency components in B. napus germplasrn. 

Stress induced by N deficiency and its effect on the reduction of plant growth was 

detected earlier when estimated by LA rather than by SDW. The resulting differential 

effects on LA and SDW growth are reflected in the growth components TOTN and L4R as 

well as in the N efficiencies NUE and EU. Whether the differential responses between LA 

and SDW diff er arnongst 8. napus genotypes and can be potentially useful in selecting N 

efficient germplasm, remains to be tested. 

IV.4.b. Transition from N sufficiencv to N deficiencv 

The combination of sampling-time and N-treatment will determine the nature of 

the selecting N-environment and the nature of the N efficiency responses observed. An 

N-deficient environment would subject plants to stressful conditions in which stress 

tolerance can be assessed while an N-sufficient environment would subject plants to 

non-stressful conditions in which maximum genetic potential can be assessed (Baker, 

1994). Thus, N-efficiency estimates in either N environment would be a reflection of 

different and distinct characteristics of a genotype for N-efficiency. The interaction of 

both sampling time and N-treatment would therefore define the level of N stress to 

which plants would be subjected. Characteriration and selection of the type of growing 

environment as affected by the N-level x time combination is therefore important. 

The inflexion point of a growth curve is the time transitional phase at which the 

rate of growth is maximal and where a change from increasing to decreasing rate occurs 

(Richards, 1 969). The inflexion point in a growth curve indicates a transition phase 

from N sufficiency to N deficiency or frorn a non-stressful to a stressful N environment 

and can be used to characterize the growing environment of the plants. In this study, 

this rate change can be attributed to the depletion of N in the growing medium since al1 

environmental variables (eg. temperature, light, nutrients) were maintained relatively 

constant and in sufficient supply over the growing period. A change in N supply elicited 

changes in growth and N efficiency components (Fig. IV.1, IV.2, IV.3, IV.4). Thus, any 
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period before the inflexion point indicated a non-stressful N Ievel while any period after 

the inflexion point indicates a time of N stress- 

lV.5. Conclusions 

Caution should be exercised when selecting N-levels x sampling-tirne f O r 

screening N efficient gemplasm, Minimizing growth stage differences is paramount i f 

cornparisons among genotypes are to be meaningful. For a two N-level screening of B. 

napus gemplasm a growth period of 25-30 DAS will provide a sufficient time interval 

for plants to reach the late rosette stage. Both leaf area and shoot biomass may be useful 

growth components when ranking B. napus genotypes for N efficiemy and may be used i n 

a plant breeding selection index. Also, selection of N treatments at or below 1.5 and at or 

above 5.1 mmol N would provide a stressful and non-stressfut N environment, 

respectively. These N levets and sampling times would also provide sufficient plant 

material for analysis. 
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Fig. IV.1.Theeffectof N supply ( 0 0.0; 0.6; O 1.5; i 2.4; A 3.3; A 4.2; o 5.1; 
4 8.0; mmol N) on the time course of shoot dry weight accumulation (a) and leaf 
area increase (b) of 8. napus cv. Alo. Vertical ban at each harvest repiesents LSD 
(p s 0.05) for mmparisans between N-treatment means. 
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Fig. IV.2. The effect of N supply ( 0 0.0; 0.6; 0 1.5; i 2.4; A 3.3; A 4.2; O 5.1; 
8.0; rnmol N) on the time course of total nitrogen uptake (a) and leaf area ratio (b) 

of B. napus cv. Alto. Vertical bars at each hawest represents LSD (p 1 0.05) for 
cornparisons between N-treatment means. 



Days after seeding (day) 

Fig. IV.3. The effect of N suppiy ( O 0.0; 0.6; 0 1.5; i 2.4; A 3.3; A 4.2; O 5.3: 
+ 8.0; mm01 N) on the time course of nitrogen use efficiency on a shoot dry weight 

basis (a) and leaf area basis (b) of 8. napus cv. Alto. Vertical bars at each harvest 
represents LSD (p 10.05) for cornparisons between N-treatment means. 
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Fig. IV.4. The effect of N supply ( O 0.0; 0.6; O 1.5; i 2.4; A 3.3; A 4.2; 0 5.1; 
+ 8.0; mmol N) on the time course of efficiency of utilization on a shoot dry weight 
basis (a) and leaf area basis (b) of 8. napus cv. Alto. Vertical bars at each hanrest 
represents LSD (p s 0.05) for cornparisons between N-treatment means. 



Table IV.1. The effect of nitrogen supply on the number of days after seeding (DAS) 
that LA and TOTN cuwes underwent thek point of inflexion (DASPI) and the DAS 
for the Knot point of NUESDW. 

Nitrogen Point of inflexion (DASPI) Knot 
treatment 
(mmol pot*') LA lUTN N U b W  'LsD0.05 

CRegression constants of DASPI and Knot on nitrogen treatments 

- --  - -  - -  

a = LS00-05 statistics for cornparisons between OASpl means within each N-treatment, 

= LSDO.OS statistics for cornparisons within DASpl means between each N-treatment. 

= Regression constants shown for linear regressions of the form: DASpl= a+bN. 
where DASpl is days to inflexion point (days) and N is nitrogen treatment (mrnol). 
"' Significant at the 0.001 probability level. 
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CHAPTER V 

The effect of nitrogen on growth and nitrogen efficiency components in 

rapeseed (Brassica napus L.) late in the rosette stage. 

V.1. Introduction 

The use of crop cultivars that are more efficient in the uptake and utilization of 

nitrogen (N) can be an effective way of reducing N pollution and crop inputs (eg. Gerloff, 

1 963, 1 976; Vose, 1963; Gabelman, 1976; Clark and Duncan, 1 991 ). Selection f O r 

genotypic variation for N-uptake and N-utilization in an important high N-requiring 

crop such as canola (Brassica napus L) might be exploited for improving the N - 
efficiency of new cultivars. However, research on the improvement of N efficiency in B. 

napus has been limited (eg. Yau and Thurling, 1987; Gerath and Schweiger, 1 9 9 1 ; 

Gerath and Balko, 1995). 

A reliab le screening technique is necessary to select plant genetic variation f O r 

nutrient efficiency (Devine, 1 982; Devine et al., 1 990). With the objective of 

developing a technique to screen N-efficient B. napus, several factors have been 

examined. An optimum NH::NO; ratio for maximum plant growth has been determined 

(Chapter II). Also, the feasibility of using shoots rather than roots to assess N 

efficiency has been demonstrated (Chapter III). The later part of the rosette stage has 

been established as an appropriate sampling time and the possibility of using leaf area 

expansion and shoot biomass as diagnostic growth components when estimating N 

eff iciency has been demonstrated (Chapter IV). Arnong other factors req u iring 

examination are the N levels at which to assay 8. napus genotypes. Selection of a set of 

N-treatments to assess maximum genetic potential and to assess stress tolerance 

(Baker, 1994) can be deduced from an N-dose response curve (Berry and Wallace, 

1981 ; Duncan and Baligar, 1990). 

Definition of N efficiency for screening germplasm may be classified in two 

groups (Chapter 1). The first group describes the response of growth components 

relative to the N supplied or absorbed at a particular static N level. This group includes 

eff iciency definitions such as total N absorbed. nitrogen use eff iciency, and efficiency of 

utilization (Clark, 1990; Siddiqi and Glass, 1981 ). These are static rneasures of 

efficiency. The second group of N efficiencies describes the response of growth 
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components to increasing supply per unit of N or absorption of N and include terms such 

as apparent recovery, agronornic eff iciency, and physiological eff iciency (Craswell and 

Godwin, 1 984). These measurements express a response to incremental Ievels of N 

application and thus are considered to be response rates per unit of N increment. The N 

levels for which these efficiencies are estimated define the nature of the selection. How 

these N efficiency cornponents behave in response to N supply in B. napus has not been 

previous ly determined- 

In the present work, the response of B, napus cv. Alto to increasing N supply and 

the resulting effects on plant growth and N-efficiency components were examined. This 

information would form the basis for the selection of N treatments and N-efficiency 

components necessary for a screening ptotocol to select N-efficient B. napus germplasm. 



V.2. Materiats and Methods 

V.2.a. Plant materials and arowina conditions 

Plants of rapeseed (Brassica napus L,) cv. Alto were grown in the greenhouse i n 

10x10 cm square plastic pots filled with a soil-free medium (Vermiculite + Peat Moss 

+ Sand; 3:3:f volume basis). Each pot was filled with 257 f 4 g of medium, (d ry 

weight basis). containing 21 -1 I 0.3 mmol N per pot. To prevent nutrient loss, the 

drainage holes of the pots were sealed with tape. Two to four seeds were planted per pot, 

and thinned to 1 seedling, 7 days after seeding (DAS). Seeds of cv. Alto contained an 

average of 9.98 mm01 N per 1000 seeds. 

A modified basal nutrient solution (Taylor and Foy, 1 985) was added to each 

individual pot providing (mmol): K. 1 -60; PO4, 0.40; SO4, 0.40; Mg, 0.60; Cl, 1 -34; 

Mn, 8x1 0-3; 0 ,  2.4~10-2; Zn, 2x1 0-3; Cu, 6x1 Na, 8.1 x10-2; Mo, 4x1 o * ~ ;  EDTA, 

0.04; Fe, 0.04. lron was supplied as Fe-EDTA prepared from equimolar amounts of 

feC13 and Na2EDTA. AI1 nutrients were supplied in solution, except for Ca which was 

supplied as powdered CaSû4 and mixed into the medium. A nitrogen (N) solution 

consisting of 90°h N -NO ; and 1 0% N - N H ~  provided 20 N-treatments, from O to 8.0 

mmol. corresponding to a range of O to 11 2 kg N ha-'. An earlier pot experiment 

demonstrated the positive response of B. napus to N supply when N -NO 5 and N -ml 
were supplied in a mixture rather than in isolation (Chapter II). Measured volumes of 

al1 nutrients, including N-treatments, were added to each pot 2 DAS. Plants were 

watered regularly with distilled water and care was taken to prevent waterlogging. 

Plants were grown under greenhouse conditions at a temperature of 20-23 O C  

and relative humidity of 60-90%. The photosynthetic photon flux density (PPFD) was 

1 303 + 38 pmol m" s-1 when days were sunny and clear. During cloudy days. natural 

light was supplemented with 400 watt, high pressure sodium lamps (Sylvania) attached 

to high intensity discharge fixtures providing a basai average PPFD of 292 + 17 pmol 

m-2 s-' for 16 h daily at soi1 surface height. 

V.2.b. Plant growth and N efficiency components measured 

Shoots were harvested individually, cut at the base of the cotyledons, 28 a9S 

when most plants were in the rosette stage (Harper, 1973). Roots were not harvested 

since an earlier study indicated that shoots and not roots were the principal plant 

components accounting for differences in N efficiency (Chapter II 1). 
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Measured variables included leaf area (LA), shoot fresh weight (SFW), n um ber 

of leaves per plant (LNUM), shoot dry weight (SDW), and percent N content in the shoot 

tissue (N%). Leaf area was measured with a LI-COR LI31 00 Area Meter (LI-COR Inc., 

Lincoln, Nebraska, USA). Leaf presence on a plant was recorded if the leaf lamina was 

longer than 0.5 cm. Samples were dried in a forced-air oven to constant weight at 6 5 

Co, weighed, and ground in a Wiley miIl fitted with a 40 mesh size screen (Arthur H. 

Thomas Co., Scientific Apparatus, Philadelphia, PA, USA), Percent nitrogen was 

measured by the combustion method using a LKX) FP-2000 Nitrogen-Protein analyzer 

(LEC0 Corporation, St, Joseph, MI, USA). A homogeneous subsample of approximately 

0.7-0.9 g was used to determine N%. 

Calculated parameters included leaf area ratio (WSDW = LAR), plant density 

(SFWtSDW = DENSITY) and total N absorbed 

(TOTN = ((((SDWxN%)/100)/14.0)x1000)) (mmol'' N). The parameters used to 

characterize the efficiency of N acquisition and use by cv. Alto, and the efficiency of 

response to increasing N supply were calculated using the following equations: 

Equation 1 : Nitrogen use efficiency (NUE) = SDWKOTN (g mmol-1 N) 

Equation 2: Eff iciency of utilization (EU) = SDWx(SDWK0TN) (g-2 mrnol-1 N) 

Equation 3: Physiological efficiency (PE) = (SDWHigh N - SDWLow N)/(TOTNHigh N - 
TOTNL,,,,, N) (g mmol-1 N) 

Equation 4: Agronomic efficiency (AE) = (SDWHigh N - S D W L ~ ~   net N applied) ( g  

mmol-1 N) 

Equation 5: Apparent recovery (AR) = ( (TOTNH~~~ N - TOTNL~~  net N applied)) x 

100 (%) 

Where: Low N = N-treatment taken as control N-treatment; High N = N - 
treatment higher than control; net N applied = difference between High N and Low N. 

Equation 2 was taken from Siddiqi and Glass (1981) whereas equations 3, 4 and 5 were 

taken from Craswell and Godwin (1 984). Efficiency cornponents on a LA basis were 

obtained by replacing the SDW terni with LA in the equations, 
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V.2.c. Ex~erimental desian - and statistical analvsis 

The experimental design was a randomized complete block, consisting of 20 N - 
treatments, six plants per N-treatment and five replications for a total of 600 pots. 

Replications were staggered over time and harvested accordingly. Polynomials to the 3'* 

power were fitted to the means of the response curves of each measured parameter. Each 

data point represented the value of 30 observations. These polynomial equations 

descnbed the overall trend and shape of the response curves and were used in calculating 

the N-efficiency parameters AE, AR and PE. 

Values of AE, AR and PE were calculated by systematically selecting a combination 

of both a Low N and a High N (see equations 3, 4 and 5). h e  two N-treatments were 

then used to calculate the SDW and TOTN from the polynornial equations derived from the 

empirical data (Fig. VA, and fig. V.3a, respectively). The difference between the two 

N-treatments was used as net N applied. 00th N-treatments chosen, Low N and High N, 

and the values calculated from the polynomials for SDW and TOTN were then used to 

calculate the efficiency parameters (ie. AE, AR and PE) and each resulting value was 

plotted against the N-treatment chosen as High N. The N-treatments selected as Low hl 

were 0.0, 1 .O, 2.0, 3.0, 4.0, 5.0 and 6.0 mmol N while, the High N was selected 

incrementaily at small intervals of 0.02 mmol N from 0.01 to 8.0 mm01 N. For each 

efficiency parameter seven curves were developed. Each of the seven curves for eacb 

efficiency parameter represents an N-treatment selected as a Low N while the shape of 

each curve reflects the N-treatment incrementally selected as High N. All calculations 

and graphs were developed using the modeling software package STELLA II (STELLA 1 1 ,  

High Performance Systems Inc,, Hanover, NH, USA). 



V.3.a. General responses to N SUD& 

The majority of plants were between the end of the rosette stage and the beginning 

of stem elongation stage at sarnpling time, regardless of the N-treatment (Harper, 

1973). Plants grown in treatments with less than 1-0 mm01 N exhibited N deficiency 

symptoms (eg. leaf chlorosis; Salisbury and Ross, 1992; Marschener, 1 995), however, 

no leaf shedding was observed. Each pot contained an average of 21 -1 mmol N before N 

addition, while seeds contained an average background level of 9.98~10-3 mmol N per 

seed. An estimated 0.7 mmol N was absorbed by the shoots in the O N-treatment (Fig. 

V.3a). This indicated that most of the native N in the medium was not available for  

growth. The combined seed and media levels of N, therefore, were not large enough to 

significantly influence the effects of increasing N supply on plant growth (Fig. V.1, V.2). 

V.3.b. Response of plant growth comDonents to N su~p l y  

Shoot dry weight and LA increased in response to high N supply in a hyperbolic 

fashion (Fig. V.1). Increasing N-supply resulted in a SDW increase by a factor of 3 and 

a LA increase by a factor of 4 (Fig. V.1). with maxima obtained 3 to 5 mm01 N (Fig . 

VA). lncreased N supply also resulted in increased LNUM, DENSITY and LAR (Fig. V.2a- 

c), A maximum of about 6-7 leaves per plant were produced above 1.5 mmol N supply 

(Fig. 2a). Thus, leaf number production was not responsive to increasing N supply and 

appeared to be a deteminate trait. Leaf area ratio increased from 200 cm2 g-1 to 2 8 0 

cm2 g-t as the supply of N increased (Fig. V.2b). This indicated that Alto 'partitioned' 

more resources into LA rather than SDW and plants became more 'leafy'. This greater 

'leafiness', however, was not the result of an increased number of leaves- Plant density 

decreased with increasing N supply. From a level of 10 g SFW g-1 SDW. at the lowest N 

treatment. a steady increase to a maximum of 14 g SFW g-1 SDW at the highest N - 
treatment. This indicated an increase in shoot succulence as the N level increased (Fig. 

V.2c). 

Total nitrogen absorption (TOTN) increased linearly up to about 4.0 mmol N - 
treatment followed by a curvilinear response up to the highest N-treatment (Fig. V.3a). 

Above 3.0 mmol of N-treatment, the total N recovered was less than the N supplied at the 

beginning of the experiment. The linear response of TOTN up to about 3 mmol N 

indicated that Alto had absorbed most of the available N in the growing medium, whereas 

above 3 mmol N, there might still have been N available for growth (Fig. V.3a). The 
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increased N absorption resulted in SDW and LA increasing in a curviiinear fashion (Fig. 

V.3b). Relatively similar levels of growth response of SDW and LA were obtained above 

3-0 and 4.0 mm01 of absorbed N, respectively (Fig- V.3b)- mus, critical N 

concentrations for maximum response of SDW (Fig. VA) growth and LA (Fig. V.3b) 

expansion were not the same. 

V.3.c. Estimates of static nitroaen efficienc~ comnonents 

Nitrogen use efficiency (NUE; Fig. V.4a) describes plant yield per unit nitrogen 

in the tissue and thus is the reciprocal of nitrogen concentration (Glass, 1 9 90 ) . 
Nitrogen use efficiency either on a SDW basis (NUEsow) or a LA basis (NUEu) 

decreased curvilinearly as N supply increased resulting in a three- and two-fold 

reduction, respectively (Fig . V.4a). The higher values obtained at Iower N treatmen t 

concentration (Fig. V.4a) represented a dilution of N as SDW growth or LA expansion 

continued to increase (Fig. IV.l) after N becornes unavailable to plants in those same N 

treatments (Fig. V.3a, V-4a). 

Efficiency of utilization (EU) is the product of total yield times NUE and 

ernphasizes the contribution of total plant yield (Glass, 1990; Siddiqi and Glass, 198 1 ) .  

Efficiency of utilization was calculated on a SDW basis (EUSDW) and on a LA basis (EULA; 

Fig. V.4b). Maxima EUsDw and EULA were produced at about 2.0-3.0 and about 3.0 -4.0 

mm01 N, respectively (Fig. V.4b). These maxima levels did not coincide with either the 

maxima SDW or LA levels (Fig. V.1) nor with the maximum NUE levels (Fig. V.4a). The 

highest EUsDw responses were obtained in the lower N levels while the lowest EUmw 

responses were obtained at bath low and high N levels. The responses of EULA, on the 

other hand, were obsewed at the high N levels. The EU increase was the result of the 

greater rate of increase of SDW or LA relative to the rate of N absorption. The constant 

EU was a result of the similar rates of increase of SDW and LA relative to the rate of N 

absorption, while the EU decline occurred when the SDW or LA rate of response to N 

supply was ni1 or lower than the N uptake rate. 

V.3.d. Estimates of respwe rate of N efficiencv components 

AIthough not shown, AE and PE on a LA basis showed similar response curves as 

when calculated on a SDW basis (Fig. V.5a-c). Apparent recovery of N is the total N 

recovered (TOTN) at the High N treatment relative to the total N recovered (TOTN) at the 

Low N treatment. (Craswell and Godwin, 1984). It is a measure of how efficient a plant 

is in recovering N fertilizer added to the growing medium (Fig. V.3a). A wide variation 
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of AR estimates were obtained ranging from 0-0 to 81 .O% (Fig. V.5a). A relatively 

constant AR estimate of about 80% between 0-4 mmol High-N was obtained when either 

0.0, 1 .O or 2.0 mmol N was used as a Low-N (Fig. V.5a). Selection of both Low-N and 

High-N below 3 mmol N supply gave the highest and relatively similar AR estimates. 

This is a reflection of the straight portion of the N-dose response on N absorption (Fig. 

V.3a). However, the largest plant growth responses were obtained above these N 

treatments (Fig. V.1)- Thus, higher N recovery rates did not indicate higher absolute 

plant growth- 

Agronomic efficiency is the dope of the SDW curve as N supply increases (Fig. 

1 )  It is the response rate of SDW to increased N supply (Craswell and Godwin, 

1984). The estimated AE values were not constant and were the direct result of the N - 
treatments selected as Low-N and High-N (Fig. V.5b). The largest AE estirnates (Fig . 
VSb) occurred when SDW response rates to increasing N were the Iargest and this 

occurred in the N deficient range (Fig. V.1). 

Physiological efficiency is the dope of SDW in response to the total N uptake 

(Fig. V.3b). It is the response of SDW per unit of N absorbed by the plant (Craswell and 
Godwin, 1984). Physiological efficiency estimates did not show a constant level 

regardless of the N-treatments selected as either Low N or High N (Fig. SC). The highest 

estimated PE was obtained in N deficiency levels, as was the case for AE estimates. That 

is, the rate of response of SDW to increasing N declined as the N supply increased (Fig. 

V.3 b) . 
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V.4. Discussion 

The levels of the N treatments used in screening N-efficient B. napus germplasm 

define the nature of the genetic selection- If the N Ievel is in the deficient range, N stress 

will be imposed on the growing plants, otherwise, N stress will be absent, In an N - 
stressed environment, genotypic tolerance to N deficiency will be asessed while in the 

non-stressed N environment maximum growth potential will be assessecl (Baker, 

1994). Under field conditions, a wide variation of N availability exists as a result of the 

wide range of soi1 conditions and farming practices. Therefore, 8. napus genotypes are 

desirable which are able to have a relatively high yield not only at Low or High N, but 

are also responsive to increasing N supply. 

Crop genotypes can respond differentially to increased N supply (eg. Vose, 1 9 90  ; 

Sattelmacher et al., 1994). Genotypic selection under suboptimai N levels may not 

guarantee that selected genotypes will respond to incrementally higher N supply, nor 

will they necessarily show the largest growth potential under normal conditions (eg. 

Muruli and Paulsen, 1981). There is thus a lack of consensus regarding selection 

criteria. Some have suggested that genotypic selection should be done under suboptimal 

N leveis (Evans, 1991 ), while others have recornrnended intermediate N fertility levels 

(Balko and Russell, 1980) or extreme or modest N levels (Muruli and Paulsen, 1 98 1 ) . 
From this study, several Low and High N-treatment combinations could be used for 

assessing both static (NUE and EU) and response rate (AR, AE and PE) N efficiencies i n 

B. napus (Fig. V.4ab, V.5a-c). Furthermore, the response curves of the estimated 

efficiencies provide clear evidence of the relative nature of these estimates (Fig. V.4ab, 

VSa-c). In the context of this assay, selection of N treatments for a two N-levers 

screening protocol could be at or below 1.5 mm01 N, and at or above 5.1 mm01 N in order 

to provide both stress and non-stress N environments. A 1.5 mmol N treatment 

produced approximately 50% growth response, while a 5.1 mmol N treatment produced 

approximately 100% growth response (Fig, VA). 

Suitable growth parameters for estimating N-efficiency should be sensitive to N 

deficiency and be related to the final economic yield (Devine et al., 1990). A large 

nurnber of growth parameters have been used in estimating N-efficiency in crop plants 

(see references in Clark, 1990). 1 have already established that the latter part of the 

rosette stage is an appropriate sampling tirne for screening N-efficient B. napus 

germplasm (Chapter IV). Several growth parameters at this stage are potentially useful 

for screening. In the present study LA was more responsive than SDW to N supply and 

appears, along with SDW, to be suitable for ranking genotypes for N efficiency (Fig. 
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VA). Leaf expansion of B. napus has been shown to be responsive to N supply (Chapter 

IV; Ogunlela et al., 1990; Rood and Major, 1984; Allen et ai., 1971 ) and its sensitivity 

to N-deficiency appears to be a potentially useful diagnostic character for N stress. The 

other growth cornponents (LNUM, LAR and DENSITY) were less sensitive to increasing N 

supply (Fig. V.2) and are therefore less suitable for screening 8- napus germplasm. 

However, the final selection of the growth cornponents suitable for screening will depend 

on the available genotypic variability in the B. napus population. 

The three efficiency components AR, AE and PE are interrelated: AE = ARxE 

(Craswell and Godwin, 1984). Consequently, AE can be viewed as a reflection of the 

integrated efficiency with which N supplied is used by the plant (Craswell and Godwin. 

1984). An increase in either AR or PE or both will result in an increase of AE (Novoa 

and Loomis, 1981)- In the context of a breeding program, selection for the three 

response-rate N efficiency estimates would be potentially useful if not necessary- 

Although some genotypes may have both a high AR and PE it rnay not occur for al  1 

genotypes. Thus, there might be a need to select for each parameter separately amongst 

genotypes. A recombination program could be attempted to combine the best N - 
efficiency characteristics into a genotype. 

The wide range of Low and High N combinations available for estimating these 

efficiency components resulted in a wide range of values for each N efficiency component 

(Fig. V-3b, VSa-c). This is similar to the NUE and EU response to N supply. Also, high 

efficiency estimates, either static or response rates, did not measure maximum growth 

response in sufficient N nor maximum tolerance in N deficiency, Therefore, genotypic 

characterization and ranking must be baseci on an assessment of both growth component 

responses and estimates of both static and rate response efficiencies to N supply. 

V.5. Conclusions 

Screening 8. napus genotypes for N-efficiency should be performed in both N 

stressed and non-stressed conditions. For a 28-day growth period an N-level of 1 -5 

mmol as Low N, and an N-level of 5.1 mmol as High N, would provide about a 50 and a 

100% growth response, respectively, and should induce both stress and non-stress N 

environments. lhese N levels wilf provide N environments in which both static and 

response rate efficiency estimates can be made. 
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Fig. V.1. The effect of N supply on shoot dry weight (SDW) and leaf area (LA) of B. 
napus cv. Alto plants hawested at 28 days after seeding. 
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Fig. V.2. The effect of imreasirtg N supply on number of leaves (LNUM; a). 
leaf area ratio (LAR; b) and plant density (OENSITY: C) of B. napus cv. Alto 
plants harirested at 28 days after seeding. 
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Fig. V.3. The (a) effect N supply on total N uptake (TOTN) and the (b) 
response of shoot dry weight (SDW) and leaf area (LA) to total N uptake 
(TOTN) of B. napus cv. Alto plants hawested at 28 days after seeding. 
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Fig. V.4. The affect of N supply on (a) nitrogen use efficiency (NUE) and (b) on 
efficiency of utilization (EU), on a SDW and LA basis, of B. napus cv. Alto plants 
harvested at 28 days after seeding. 
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CHAPTER VI 

Variability of nitrogen efficiency components in rapeseed (Brassica 

napus L.) germplasm grown at deficient and sufficient nitrogen levels. 

VI.1. Introduction 

Genotypic variation for the efficient absorption and utilization of macro- and 

micro-nutrients has been detennined for a number of important agricultural crops 

(Baligar and Duncan, 1990). Introduction and exploitation of this genotypic variation 

into adapted cultivars rnay result in more efficient use of nutrients in plants (Clark and 

Duncan, 1991). In the case of nitrogen (N), a more efficient uptake may also reduce the 

nitrate pollution of water supplies. Thus, in an important high nitrogen-requiring crop 

such as rapeseed (Brassica napus L-; Holmes, 1980) this approach may be an effective 

way of reducing N fertilizer use and N pollution (eg. Gerloff, 1963; Vose, 1 96 3 ; 

Gabelman, 1 976; Clark and Duncan, 1 991 ). However, research on N fertilizer use b y 

B. napus has concentrated mainly on agronomic aspects. Research on genetic variation 

for N uptake and N utilization in B. napus has been sporadic and limited in scope. While 

genotypic differences of 6, napus have been shown for N uptake and utilization (Yau and 

Thuriing, 1986; Gerath and Schweiger, 1991 ; Gerath and Balko, 1995), this 

information has not been used in the devetopment of high yielding 8- napus germplasrn 

with improved N absorption andfor utilization. 

A preliminary screening to determine the existence of useful genotypic variation 

is a necessary first step when breeding for N efficient B. napus genotypes (Devine et al., 

1 990). A screening technique consisting of several N-levels over a period of several 

tissue harvests would be ideal for assaying each genotype but, in the context of a 

breeding program it is impractical and uneconornical. Screening techniques performed 

using two N levels at one growth stage have been successfully used in the selection of 

stress tolerant accessions for nutrient stressful environments (see references i n  

Clark, 1990). Screening at two extreme N-levels, a non-stressful and a stressful 

treatment, would subject plants to conditions in which maximum genotypic potentiai and 

stress tolerance of accessions could be assessed (Baker, 1994). 

Several factors required for a two N-level screening technique for selecting N 

efficient B. napus germplasm have been examined. The importance of a NHdNO3 

mixture for producing maximum plant growth has been demonstrated (Chapter I I ) .  
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Also, the shoot systems have been shown to be more important than the root systerns f O r 

assessing N efficiency (Chapter III), Furthermore, the late rosette stage was shown to 

be appropriate for plant sampling and assaying for N efficiency (Chapter IV) as well as 

for determining the appropriate N levels for screening (Chapter V). 

In this work, genotypic variation for plant growth and N efficiency parameters 

amongst rapeseed (Brassica napus L.) gennplasm accessions as assessed by a two N - 
level screening technique. were examined. An additional objective was to identify N 

efficiency characteristics and accessions potentially useful for the genetic improvement 

of N efficiency in B. napus germplasm, 



V1.2. Materials and Methods 

V1.2.a- Plant material and arowina conditions 

Two N-screenings were done over time on a collection of rapeseed (Brassica 

napus L-) accessions obtained world wide (See Appendix 1 for listing). Each screening 

included 60 randomly selected accessions. The N o  screenings were grown under 

conditions sirnilar to those described earlier (Chapter IV and V) in the greenhouse in  

10x10 cm square plastic pots filled with a soil-free medium (Vermiculite + Peat Moss 

+ Sand; 3:3:1 volume basis). Plastic bags sealed at one end were inserted into each pot 

to prevent nutrient loss through the pot's drainage holes. Two to four seeds were seeded 

per pot and thinned to one seedling per pot seven days after seeding (DAS). 

A modified basal nutrient solution (Taylor and Foy, 1985) was added to each 

individual pot providing (mmol): K, 1.60; PO4, 0.40; S04, 0.40; Mg, 0.60; CI, 1.34; 

Mn, 8x1 0-3; B. 2 . 4 ~ 1 0 - ~ ;  Zn, 2x10-3; Co, 6 ~ 1 0 - ~ ;  Na, 8.1~10-2; Mo1 4x1 O-4; EDTA, 

0.04; Fe, 0.04. lron was supplied as Fe-EDTA prepared from equimolar amounts of 

FeCI3 and Na2EDTA. All nutrients were supplied in solution, except for Ca which was 

supplied as powdered CaS04, and mixed into the medium. A nitrogen (N) solution 

consisting of 90% N-NO3 and 10% N-NH4 provided two N-treatments (ie. 1.5 and 5.1 

mm01 providing a Low N and a High N level, respectively) selected from a dose response 

curve of cv. Alto (Fig. IV.1, Chapter IV). The two N levels induced a 50 and 1 0 0 Oh 

growth response of cv. Alto, respectively. An earlier experiment demonstrated the 

positive response of B. napus ta N supply when N-NO3 and N-NH4 was supplied in a 

mixture rather than as single ions (Chapter II). Measured volumes of al1 nutrients, 

including N-treatments, were added to each individual pot 2 DAS. Plants were watered 

regularly with distilled water and care was taken to prevent waterlogging. 

The two sets of accessions were grown under greenhouse conditions at a 

temperature of 20023°C and relative humidity of 60090%. Natural light was 

supplemented with 400 watt, high pressure sodium lamps (Sylvania) attached to high 

intensity discharge fixtures providing a basal average PPFD of 292 I 17 pmol rn-2 s-1 

for 16 h daily at soi1 height surface. 

V1.2-b- Plant arowth and N efficiencv naramete . . rs 

Shoots were harvested individually, cut at the base of the cotyledons at 28 DAS. 

Variables rneasured included leaf area (LA), number of leaves per plant (LNUM), shoot 

dry weight (SDW), and percent N content in the shoot (N%). Leaf area was measured on 
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a LI-COR LI3100 Area Meter (LI-COR lnc., Lincoln, Nebraska, USA). Leaf presence on a 

plant was recorded if the leaf lamina was larger than 0.5 cm- Samples were dried in a 

forced-air fiow-aven untii constant weight, weighed and ground in a Wiley miIl fitted 

with a 40 mesh screen (Arthur H- Thomas Co., Scientific Apparatus, Philadeiphia, PA, 

USA), Percent nitrogen was measured by the combustion method using a LECû F P -200 0 

Nitrogen-Protein analyzer (LEC0 Corporation, St. Joseph, MI, USA). A homogeneous 

subsample of approximately 0.7-0.9 g was used to determine percentage N content in the 

shoot. 

Calculated parameters included leaf area ratio (LAR = WSDW) and total N 

absorbed (TOTN = ((((SDWxN%)/ lOO)/l4.O)xlOOO)) (mmol-1 N). For the purposes 

of this study, the parameters used to characterize the efficiency of N acquisition and use 

by accessions and the efficiency of rate of response to increasing N supply were 

calculated using the following equations: 

Equation 1 : Nitrogen use efficiency (NUE) = SDWKOTN (g rnmol-l N) 

Equation 2: Efficiency of utilization (EU) = SDW (SDWKOTN) (g-2 rn rn~ l -~  N) 

Equation 3: Physiological efficiency (PE) = (SDWHigh N - SDWLow N)/(TOTNHigh N - 

TOTNL,, N) (g m r n ~ l - ~  N) 

Equation 4: Agronomic efficiency (AE) = (SDWHigh N - SDWLow  net N applied) ( g  

mmol-' N) 

Equation 5: Apparent recovery (AR) = ((TOTNHigh N - TOTNLow N)/net N applied)) 1 0 0 

( % )  

where: Low N = 1.5 mmol N; High N = 5.1 mmol N; net N applied 5.1 - 1.5 = 3.6 mmol 

N, Equation 2 was taken from Siddiqi and Glass (1981) while equations 3, 4 and 5 were 

taken from Craswell and Godwin (1984). By replacing the SDW terrn with LA in the 

equations, efficiency components on a LA basis were obtained. Characterization of the 

plant growth and N efficiency components in response to N supply in 8. napus were 

examined previously (Chapters 11, III, IV and V). 
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V1.2.c. Ex~erimental desian and statistical analvsis 

The experimental design of each screening was a split-plot, consisting of 6 0 

accessions per screening, two N-treatments and six plants per N-treatment for a total 

of 720 pots per screening. To test whether the two sets of accessions were drawn from 

the same population, the Kolmogorov-Smirnov No-sample test (K-S test; Siegel. 

1956) was performed on the growth and efficiency components, Simple linear 

correlations among growth and N-cff iciency components were performed separately f O r 

each screening (Gomez and Gomez, 1984). Analyses were carried out with the 

statistical software SASSTATS (SAS Institute, 1992)- 



V1.3. Results and Discussion 

VI -3.a. General observations 

A total of 57 accessions from the first screening and 55 accessions from the 

second screening were included in the final analysis. Some accessions did not germinate 

while others proved not to be 8- napus and were eliminated from the analysis. According 

to the non-parametric K-S test (Siegel, 1956). significant differences for most of the 

growth and efficiency parameters were observed beniveen the two sets of accessions. 

This indicated that the two sarnples were drawn from different populations. Therefore , 

the data of the two screenings were not pooled for purposes of statistical analysis. 

Although accessions were randomly selected, the first group contained a large percentage 

of Canadian accessions while the second group contained a large percentage of Australian 

and European accessions (see Appendix 1, and Appendix 2)- The observed results may 

indicate the presence of differences in the source gene pools or that the growing 

conditions were not identical at each screening. 

The analysis of genotypic variability for growth and N efficiency parameters of 

B. napus germplasm was examined in a three-step approach, First, the genotypic 

variation of the plant growth parameters LNUM, SDW, LA and LAR at both N levels was 

assessed. To indicate whether genotypic variability existed for these growth parameters 

in a stressed and non-stressed N environment. However, the presence of genotypic 

variability for plant growth parameters does not necessarily imply the existence of 

genotypic variation for N efficiency. Second, the genotypic variation of NUE and EU at 

both N levels, which assesses static N efficiencies, was determined. However, the 

presence of genotypic NUE or EU variation does not imply the existence of genotypic 

variation for response rate efficiencies. Third, the genotypic variation for AR, AE and 

PE which quantifies the response rates to incremental N supply needs to be examined. 

This was done to indicate whether the genetic variation is the result of differential 

response rates to increasing N supply. An examination of the three types of responses of 

B. napus accessions to N supply was made to determine if it is possible to make selection 

based on N-efficiency. 

V1.3.b. Visual v la nt characteristics 

Most accessions grown in Low N showed N deficiency symptoms such as leaf 

chlorosis and/or purplish leaf color as well as leaf senescence when harvested 

(Marschener, 1995)- Leaf shedding was not observed among any of the accessions, thus 

al1 the accumulated leaf area was measured at harvest. Also, accessions grown in Low N 
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showed a range of developmental growth stages such as rosette, stem elongation and 

flowering (Harper, 1973)- Accessions grown in High N did not show N deficiency 

symptoms and exhibited a more unifom rate of developrnent in reaching the late rosette 

growth stage or stem elongation stage (Harper, 1973). The responses of genotypes 

grown in Low N were consistent with an N deficient environment in which stress 

tolerance could be assessed. The absence of deficiency symptoms and the presence of a 

narrow range of growth stages expressed by accessions grown in High N were consistent 

with a non-stressful N environment in which genotypic potential could be assessed 

(Baker, 1994). 

VI -3.c. Genoty~ic variabilitv of arowth Parameters 

Variability among rapeseed genotypes was observed for ail growth parameters, 

narnely LNUM, LA, SDW, LAR and TOTN when grown in each N environment (Table VI -1 ; 

see Appendix 2 for original data). Al1 accessions responded positively to High N relative 

to Low N (Table VI.1). It appears that morphological variation is available amongst the 

accessions screened to be useful for selection in a breeding program. This is the f i  r s t 

step in deterrnining the feasibility for breeding N efficient gennplasm (Devine et al., 

1 990). A subsarnple of genotypes selected from this study and screened under s im i l a r 

experimental conditions confinned the presence of genotypic variability for plant 

growth components, such as SDW, amongst this germplasm (Appendix V). 

When the accessions were grown in Low N, LA was not correlated with LNUM ( r 

= 0.03 and 0.16, for screening 1 and 2, respectively), but when grown in High N there 

was some significant Iinear correlation between LA and LNUM (r = 0-64"' and 0 .27' ,  

for screenings 1 and 2, respectively; ', "' significant at 5% and 0.1%, respectively), 

ln general, variability in leaf expansion was not necessariiy explained by an increased 

LNUM. This indicated that selection for high Ieaf number may not translate into 

selection for high leaf area when using this B. napus germplasm. 

The correlations of LA with SDW for accessions grown in Low N were lower than 

the correlations of LA with SDW for accessions grown in High N (Table Vl.2). This 

might indicate differential sensitivity to N deficiency between accessions as assessed by 

LA. Leaf expansion which ceases earlier than SDW is more sensitive than biornass 

growth to N deficiency (Chapter IV). If there are genotypic differences in sensitivity of 

leaf expansion to N deficiency relative to shoot biomass growth, the correlation between 

LA and SDW will not be strong, when grown in a N-deficient environment. This scenario 

would give rise to a low correlation between LA with SDW when accessions are grown i n  

Low N but, a higher correlation when grown in High N, as seen in this study (Chapter 
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IV). Thus, this may indicate not only that genotypic variability exists for LA and SDW, 

but also that sensitivity to N deficiency in terms of LA and SDW varies amongst 

accessions . 
Although there were significant correlations of TOTN with SDW and with LA i n  

both N environments, the correlations were low (Table V1.2). This indicated that the 

accessions that absorbed the larger N amounts did not necessarily produce the larger 

SDW or LA. The absence of a close correlation of TOTN with SDW and with LA indicated 

an absence of a common constant N concentration of the tissue maintained by the 

accessions. Variability of leaf expansion and shoot biomass production arnong accessions 

can not be attributed solely to the total N absorbed. Selection for maximum SDW growth 

or LA expansion potential based on the absolute total N accumulation did not appear to be 

justified with this germplasm. 

Leaf area ratio (LAR) reflects the leafiness of a plant (Gardner et al., 1985 ) .  

Differences of LAR arnong accessions indicate differences for differential allocation of 

resources to either LA expansion or SDW gain. The higher the LAR, the more is allocated 

to LA, white the lower LAR, the more is allocated to SDW gain. Leaf area ratio was highly 

significant but negatively correlated with SDW in both N environments but, although i t 

was correlated with LA the levels were low (Table V1.2). This indicated the existence of 

variability arnong genotypes for partitioning of photosynthates between shoot biomass 

and leaf area expansion. 

The growth components considered in this study namely LNUM, SDW, LA, LAR and 

TOTN are al1 important growth components of the rosette stage (Harper, 1973) and may 

be potentially useful selection criteria for increasing N efficiency in B. napus. 

Genotypic variability for LNUM, SDW, LA, TOTN and M R  was demonstrated when 

accessions were grown in both deficient and sufficient N environment, Exploitation of 

these characters may be possible. The growth components SDW and LA appear to be the 

most promising growth characteristics suitable for selection when breeding for N 

efficient 8- napus germplasm. Whether these are only morphological differences 

between accessions and not a result of N efficiency differences, needs to be examined i n  

relation to the amount of N absotbed by the accessions . 

V1.3.d. Genotypic differences for static N efficiencv components 

Nitrogen use efficiency (NUE) and EU (equations 1 and 2, respectively) provide 

a rneans of measuring N utilization by plants and a means for making cornparisons 

between accessions to asses N efficiency. Nitrogen use efficiency (NUE) is a measure of 

growth (eg. SDW or LA) relative to the N uptake by the plant, whereas EU emphasizes 
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the contribution of total plant growth (eg- SDW or LA) and is expressed as the product of 

total growth times NUE (Glass, 1990; Siddiqi and Glass, 1981). 00th efficiency 

definitions are static assessments of N efficiency. There were large genotypic variations 

for both NUE and Eü when calculated either on a SDW or on a LA basis, and when 

determined in both N environments (Table VI.1). As cornpared to Alto, there were 

accessions with lower and higher efficiency estimates in both N treatments (Table 

VI.1). Genotypic variability for both NUE and EU appears ta be available for genetic 

irnprovement of N efficiency in 8. napus (Table VI.1). A subsample of genotypes selected 

from this study and screened under similar experimental conditions confirmed the 

presence of genotypic variability for static N-efficiency components among th is 

germplasm (Appendix V), 

Correlations of both NUE and EU were performed with each component of the i r 

equations (Table V1.3, V1.4). That is. correlations of NUE with SDW or LA and TOTN and 

correlations of EU with SDW or LA and TOTN and NUE (Table Vl.3, VI-4). In general, i n  

both screenings and when grown in both N environments, both N efficiencies were highly 

correlated with either LA or SDW but overall with slightly higher correlations when €ü 

was used in the estimates instead of NUE (Table V1.3). Also, EU was highly correlated 

with its NUE component in both N environments and when calculated in both LA and SDW 

(Table V1.4). In contraçt, the correlations of both EU and NUE, in either LA or SDW 

basis, with TOTN and when grown in either N environment were very low (Table VI -3).  

One exception to this was in the second screening, where the correlation of NUE on a SDW 

basis grown in Low N was negative and significant with TOM (Table VI.3). Taken 

together, these results indicate that genotypic variability in LA and SDW is highly 

associated with the N utilization by the plants and poorly associated with the total N 

absorbed by the accessions . Genotypic variation, therefore, of SDW and LA can be 

explained mostly by the genotypic variation of N utilization and not by the genotypic 

variation of the total N absorbed. 

VI -3.e. Genotynic diff erences for remonse-rate N efficiencv mmnonents 

The genotypic rate of response to increasing N fertilizer can be assesseci by 

efficiency definitions such as AE, AR and PE (See equations 3, 4, 5; Craswell et al., 

1 984). The AR is a measure of how efficient a genotype is at obtaining N from the 

growing medium, AE is a measure of biomass response per unit of N applied and PE is a 

measure of efficiency of the rate of response of growth to the uptake of N (Craswell et 

al., 1984). Agronornic efficiency is the product of PE and AR and an improvement of 

either PE or AR may result in an improvement of AE (Novoa and Loomis, 1981 ). 
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Accessions screened in this study showed wide variation for al1 three N efficiencies 

when calculated both on a SDW and on a LA basis (Table V1.5). There were accessions 

expressing N efficiencies above and below the ones measured for Alto (fable VIS). This 

indicated the existence of variation in these germplasms in response to increased N 

fertifizer supply, which may justify genetic selection for al1 three N efficiency 

components. A subsample of genotypes selected from this study and screened under 

similar experimental conditions confimied the presence of genotypic variability f O r 

response-rate N-efficiency components among this germplasm (Appendix V). 

The efficiency of N recovery (AR) by accessions was poorly correlated with the 

LA and SDW when grown in either of the two N environments (Table V1.6). The most 

efficient accessions for N recovery, therefore, did not necessarity produce the most 

SDW biomass or the largest LA. 

The correlation patterns of AE and PE on either a SDW or LA basis and in either 

Low or High N environments were similar (Table V1.6). Both AE and PE had lower 

correlations with SDW when accessions were grown in Low N as compared to accessions 

grown in High N (Table V1.6). Also, with the exception of AE of screening 1, AE and PE 

were not correlated with LA when accessions were grown in Low N, but were 

significantly correlated with LA when accessions were grown in High N (Table V1.6). 

The high level of correlation with SDW or LA at sufficient N indicates that accessions 

tended to be very responsive to increasing N (or very sensitive to deficient N). The lack 

of complete correlation, however, indicated that some accessions did not follow the sarne 
response to N supply- 

The correlations of A€ and PE with NUE and EU showed different patterns of 

response when estimated in either LA or SDW basis (Table V1.7). Both, AE and PE, had 

low correlations with NUE and EU when estimated on a LA basis and grown in Low N but, 

had high correlations when grown in High N (Table V1.7). In contrast, both AE and PE 

correlated well with NUE and Eü when estimated on a SDW basis and grown in both N 

environments although, in the Low N environment, the level of correlation was slightly 

lower (Table VI -7). 

The correlations of AE with PE when calculated on a LA basis were significant, 

but they were not as high as when they were estimated on a SDW basis (Table V1.8). Ch 

the other hand, the correlations of A€ with AR when calculated on either SDW or LA basis 

were significant but low (Table V1.8). Likewise, the correlations of PE with AR on 

either SDW or LA were almost insignificant (Table Vl.8). This indicated that the 

response rates of AE by the accessions were almost exclusively explained by the 

response rates of PE among al1 screened accessions . This may imply that it might be 
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difficult to increase AE by improving PEI However, this may only be the case with 

gerrnplasm used in this study. 

It can be argued that the time, effort and cost that went into rneasuring N content 

was wasted and that AE- which was highly conelated with PESDw, could have been 

derived just from SDW data and the calculated differences in N available between the 

high and low N treatments. However, in the context of a plant breeding program and the 

fact that N-efficiency in plants is the result of a nurnber of components, this approach 

may result in the loss of valuable genetic variability. 

Caution should be excercise when interpreting the correlations used in th is 

study. The correlation between a primary parameter with derived parameter (eg. SDW 

vs NUE) or the correlation between derived parameter with a common primary 

parameter (eg. NUE vs AE) may give rise to "autocorrelation". It is not, however, self 

evident that uautocorrelaionw will result in a correlation of 1.00 nor that it is of no 

value. For example, in in Table Vld list the correlations of NUEm (ie. SDWKOTN) 

with both SDW and TOTN. 60th sets of correlations give diferent results; high 

correlations with SDW but low with TOTN. This indicates that SDW is a better predictor 

of NUESDW than TOTN in this gemplasrn. Thus, as a tool for trying to detrminuing with 

of the primary parametrs could be used when selcting genotypes it can be useful. 

V1.4. Conclusions 

Crop responsiveness to increasing N fertilizer is important in crop production. 

Because of the wide range of existing farming practices, large variation of N levels is  

nonnally found in cultivated soils. A B. napus genotype with high NUE and EU, and high 

shoot biomass as well as a high leaf expansion, accompanied by a high responsiveness to 

N increase, is a desirable combination in accessions grown in high input cropping 

systems in which N loss reduction is desired. Whether those traits c m  be brought 

together in a genotype would depend on their level of inheritance and their stability of 

expression. 
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Table V1.2. Correlation coefficients of plant growth parameters of two screenings of B. 
napus germplasm when grown in a deficient (1.5 mmol) and a sufficient (5.1 mmol) N 
environment, 

Shoot dry weight (SDW) Leaf area (LA) 

tvariable Screening 1.5 mm01 N 5.1 mm01 N 1.5 mmol N 5.1 mm01 N 
(def icient) sufficient (deficien t) (sufficient) 

LAR 1 -0,6g1** - 0 . 8 0 ~ ~  0 . 2 8 ~  -0.27- 

LAR 2 - 0 . 8 8 * * *  - 0 . 9 0 * * *  0.23 - 0 . 3 3 ~  

t SDW = shoot dry weight, LA = leaf area, TOTN = total absorbed N, LAR = leaf area ratio. 
*, ", "' Significant at the 0-05, 0.01 and 0.001 probability levels, respectively. 



Table V1.3. Correlation coefficients of plant growth parameters with N efficiency 
parameters of two screenings of B. napus germplasm when grown in a deficient ( 1 - 5 
mmol) and a sufficient (5.1 mmol) N environment. 

Shoot dry weight (SDW) Total absorbed N (TOTN) 

tvariable Screen 1.5 mmol N 5-1 mm01 N t .5 mmol N 5.1 mmol N 
(deficient) (sufficient) (deficient) (sufficient) 

Leaf area (LA) 

tSDW = shoot dry weight, LA = leaf area, NUE = nitrogen use efficiency, EU = efficiency 
of utilization. 

t* *** 
I Significant at the 0.05, 0.01 and 0.001 probability levels, respectively. 



Table V1.4. Correlation coefficients of N efficiency parameters of two screenings of B. 
napus gennplasm when grown in a deficient (1 -5 mm00 and a sufficient (5.1 mmol) N 
environment. 

1.5 mm01 N 
(deficient) 

5-1 mm04 N 
(suff icient) 

tvariable Screen N U E m  NUELA NUE= NUELA 

t NUE = nitrogen use efficiency, EU = efficiency of utilization. 
', *', "' Significant at the 0.05, 0.01 and 0.001 probability levels, respectively. 



Table V1.5. Response-rate nitrogen efficiency parameters of two screenings of B. napus 
germplasm in response to a 3.6 mm01 N increment- 

tvariable Screen ing Mean a2 Range cv. Alto 

t AR = apparent recovery, AE = agronomic efficiency, PE = physiological efficiency 



Table VI -6. Correlation coefficients of plant growth parameters with 
N efficiency parameters of two screenings of B. napus germplasm 
when grown in a deficient (1.5 mmol) and a sufficient (5.1 mmol) N 
environment. 

*Variable Screen 1.5 mmol N 5-1 mm01 N 
(deficient) (sufficient) 

Shoot dry weight (SDW) 

Leaf area (LA) 

t SDW = shoot dry weight, LA = leaf area, AR = apparent recovery, 
AE = agronornic efficiency, PE = physiological efficiency . 
', '*, **' Significant at the 0.05, 0.01 and 0.001 probability 
levels, respectively. 



Table VI.7. Correlation coefficients of static N efficiency parameters with response rate 
N efficiency parameters of two screenings of B. napus germplasm when grown in a 
deficient (1.5 mmoI) and a sufficient (5.1 mmoi) N environment. 

Nitrogen use efficiency (NUE) Eff iciency of utilization (EU) 

tvariable Screen 1 .S mmol N 5-1 mmol N 1.5 mm01 N 5.1 mrnol N 
(deficient) (sufficient) (deficient) (sufficient) 

Shoot dry weight basis (SDW) 

Leaf area basis (LA) 

t SDW = shoot dry weight. LA = Ieaf area, AE = agronomie efficiency. PE = physiological 
eff iciency. 
*, ", "* Significant at the 0.05, 0.01 and 0.001 probability levels, respectively. 



Table V1.8- Correlation coefficients of response-rates N efficiency parameters of two 
screenings of B. napus germplasm in response to a 3.6 mm01 N increment. 

tvariable Screen ~ ~ ç o w  AELA AR P ~ D W  

t AR = apparent recovery, AE = agronomic efficiency, PE = physiological efficiency. 
*, ", "* Significant at the 0.05, 0.01 and 0.001 probabitity levels, respectively- 
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CHAPTER VI1 

Genetic analysis of nitrogen efficiency components of doubled haploid 

progenies derived from a reciprocal cross of two rapeseed 

(Brassica napus L.) cultivars. 

VII.1. Introduction 

Arnong crops grown in temperate zones. rapeseed (Brassica napus L.) is one of 

the highest nitrogen (N) requiring crops (Holmes. 1980). The use of high levels of N 

fertiiizer. particularly xw:-based fertilizers, leads to water pollution and soi1 

acidification. The utilization of improved N-efficient rapeseed cultivars may arneliorate 

the negative impact of N-fertilizers in the environment (Baligar and Duncan, 1 990). 

The availability of a wide genotypic variation in N uptake and utilization by most plant 

species indicates that it would be possible to select N efficient germplasm (Graham, 

1984; Clark, 1990; Gerloff, 1963; Vose, 1963; Gabelman, 1976; Clark and Duncan, 

1991). Although a large body of Iiterature is available regarding physiological N uptake 

and utilization in crop plants, very little detailed information on the genetics of N uptake 

and utilization is avaiiacie for any crop plant, including B. napus. 

Heritabilities for N uptake have been reported to be low. Broad-sense 

heritabilities for N uptake measured at anthesis and maturity were low in wheat 

(Triticum aestivum L.; Austin et al., 1977). Narrow-sense heritability estimates f O r 

total N uptake were also low in two perennial ryegrass cultivars (Lolium perenne L.; 

Holmes, 1 965). Low heritabilities for N uptake were obtained in both solution culture 

(Holmes, 1967) and field (Rogers and Thomson, 1970) studies with L. perenne. 

However, in a later study with L. perenne and L. multiflorum, Goodman ( 1 9 7 7) 

reported a high heritability (0.73) for N-uptake. Genetic studies of N utilization i n  

perennial ryegrass (L. perenne; Thomson and Rogers, 1970) and tomato (Lycopersicon 

esculentum Mill.; O'Sullivan et al., 1974) indicated that non-additive gene effects were 

most important and the narrow-sense heritability was low. In B. napus, heritabilities 

for N uptake and utilization obtained by Yau and Thurling (1 987) were low and 

consistent with estimates in most other plant species. If breeding N-efficient B. napus 

germplasm is to become routine, further information regarding the genetics of N uptake 

and utilization at the whole plant level will be needed. 
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The physiology and genetics of N uptake and utilization in plants are complex 

(Marschener, 1995). Before undertaking a mechanistic study of the factors affecting N 

efficiency in B. napus, information regarding the genetics of N-efficiency cornponents at 

the whole plant level is of value. Doubled haploid (DH) lines derived from biparental 

crosses offers a powerful tool to study the genetics of quantitative characters such as N 

eff iciency components in plants. DH progenies fom an immediate F, generation with al l 

of the advantages' that self pollinated populations provide (Snape and Simpson, 1 9 8 2) . 
Microspore-derived OH lines in B. napus are similar to lines derived by the pedigree 

and single seed descent method (Charne, 1 990). The evaluation of D)J Iines developed 

from different parents and the cornparison of the frequency distributions of the DH 
populations permit detection of genotypic differences (Kotch et al., 1 992). Moreover, 

the use of third and fourth degree statistics such as skewness (the degree of departure of 

a distribution from symmetry) and kurtosis (the peakedness of a distribution) allows 

differences with haploid populations to be detected and genetic control to be inferred 

(Choo and Reinbergs, 1982; Choo et al., 1982)- Therefore, a study of a DH progeny 

should provide insight into N-efficiency components in B. napus. In this study a genetic 

analysis of N-efficiency cornponents of DH progenies derived from a reciprocal cross of 

B. napus cultivars is presented. 



V11.2. Materials and Methods 

V11.2.a. Plant material and arowina - conditions 

Microspore-derived doubled haploid (DH) lines were developed from FI plants 

obtained from 12 reciprocal crosses of nine spring-type 8. napus genotypes selected f O r 

their variation in N-efficiency (Appendix 4). F rom this genetic materiai the genotypes 

Andor and Taiwan were selected for this study because they provided a large number of 

DH lines- These two genotypes have been shown to differ in N efficiency (Appendix 4) .  

Prior to crossing, the two genotypes were self-pollinated Nice and their progenies were 

assumed to be homozygous, Hybridization of f plants was confirmed by morphological 

observations and the analysis of the erucic acid profile of one of the cotyledons at çeed 

germination initiation (Dorrell and Downey, 1964; Downey and Harvey, 1 9 6 3) . 
Doubled haploid lines were developed by the procedure outlined by Coventry et al. 

(1 988). All DH lines were advanced to DH2 to increase the seed supply and eliminate 

possible residual environmental effects on plant growth. From each cross (ie. Andor x 

Taiwan (AnxTai) and its reciprocal Taiwan x Andor (TaixAn)), 48 DH lines were 

randomly selected and used in this study. 

Plants were grown in 10x10 cm plastic pots filled with a soil-free medium 

(Vermiculite + Peat Moss + Sand; 3:3:1 volume basis). Plastic bags sealed at one end 

were inserted into each pot to prevent nutrient loss through the pot's drainage holes. 

Two to four seeds were seeded per pot and thinned to one seedling seven days after seeding 

(DAS). A modified basal nutrient solution (Taylor and Foy, 1985) was added to each 

individual pot providing (mmol): K, 1.60; PO4, 0.40; S04, 0.40; Mg, 0.60; CI, 1.3 4; 

Mn, 8x1 B, 2 . 4 ~ 1  Zn, 2x1 0-3; CU, 6x1 Na, 8.1 x1 MO, 4x1 O-4: EDTA, 

0.04; Fe, 0.04. lron was supplied as Fe-EDTA prepared from equimolar amounts of 

FeC13 and Na2EDTA. All nutrients were supplied in solution, except for Ca which was 

supplied as powdered CaS04, and mixed into the growth medium. A nitrogen (N) solution 

consisting of 90% N-NO3 and 10% N-NH4 provided 2 N-treatments of 1.5 and 5.1 mmol 

providing a Low N and a High N treatment, respectively. Measured volumes of al1 

nutrients, including N-treatments, were added to each individual pot 2 DAS. The plants 

were watered with distilled water and care was taken to prevent waterlogging. Plants 

were grown under greenhouse conditions at a temperature of 15-23OC and relative 

humidity of 50-90%. Natural Iight was supplemented with 400 watt, high pressure 

sodium larnps (Sylvania) attached to high intensity discharge fixtures providing a basal 

average PPFD of 315 I 20 pmol m-2 s-1 for 16 hrs daiiy. 
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VI 1.2.b. Measurement of  lan nt arowth and N eff iciencv Darameters 

At harvest, shoots were cut at the base of the cotyledons 28 DAS. At this time 

most DH Unes were at the rosette stage (Harper, 1973). Variables measured consisted 

of leaf area (LA), number of leaves per plant (LNUM), shoot dry weight (SDW), and 

percentage N content in the shoot tissue (hi%). Leaf area was measured on a LI-COR 

LI31 00 Area Meter (LI-COR Inc., Lincoln, Nebraska, USA). Leaf presence on a plant 

was recorded if the leaf lamina was larger than 0.5 cm. Samples were dried to constant 

weight at 65 O C ,  weighed and grounded in a Wiley miIl fitted with a 40 mesh screen 

(Arthur H. Thomas Co., Scientific Apparatus, Philadelphia, PA, USA). Percentage 

nitrogen was measured by the combustion method using a LEOO FP-2000 Nitrogen- 

Protein analyzer (LEC0 Corporation, St. Joseph, MI, USA). A homogeneous subsarnple of 

about 0.7-0.9 g was used to determine percent N content in the shoot tissue. 

Parameters calculated consisted of leaf area ratio (LAR = WSDW) and total 

nitrogen absorbed (TOTN = ((((SDWxN%)/100)/14.O)xlOOO) (mm01 N). For 

purposes of this study, the parameters used to characterize the efficiency of N 

acquisition and use, and the efficiency of rate of response to increasing N supply, were 

calculated with the following equations: 

Equation 1 : Nitrogen use eff iciency (NUE) = SDWKOTN (g mmol-' N) 

Equation 2: Efficiency of utilization (EU) = SDW (SDWTTOTN) (9-2 mmol-1 N) 

Equation 3: Physiological efficiency (PE) = ( S D W H ~ ~ ~  N - S D W L ~ ~  N)/(TOTNHigh N - 
TOTNLow N) (g r nm~ l -~  N) 

Equation 4: Agronomic efficiency (AE) = (SDWHigh N - SDWLow  net N applied) ( g 

mmol-1 N) 

Equation 5: Apparent recovery (AR) = ((TOTNHigh N - TOTNLoW N)/net N applied) 1 00 

( % )  

Where: Low N = 1 -5 mmol N; High N = 5.1 mmol N; net N applied = 5.1 - 1,5 = 

3.6 mmol N. Equation 2 was taken from Siddiqi and Glass (1 981), while equations 3, 4 

and 5 were taken from Craswell and Godwin (1 984). By replacing the SDW term for LA 

in the equations, efficiency components on a LA basis were obtained. The plant 
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parameters LNUM, SDW, LA, TOTN and LAR which are used as components to calculate 

the N-efficiencies will be referred henceforth as 'plant parametersT- The N-efficiency 

definitions descnbed by equations 1 and 2 (ie. NUE and EU) will be henceforth referred 

to as 'static N efficiencies', since they are calculations based at only one N-treatment. 

The N efficiency definitions described by equations 3, 4 and 5 will be henceforth 

referred to as 'response-rate N-efficiencies' since, these efficiencies were calculated as 

a rate of response to an increased N-level (ie. A 3-6 mmol N increment), 

VI 1.2.c. Experimental desian and statistical analvsis 

The experimentaf design was a split-plot with 98 genotypes, two N-treatments, 

three plants bulked per N-treatment and three replications where genotypes were 

randomly assigned to main plots and N-treatments to sub-plots. The plant genotypes 

consisted of the two parental Iines and the 96 DH fines. The experiment was performed 

twice (ie. screening #1 and #2). The DH Iines sum of squares was partitioned into the 

two populations AnxTai and TaixAn components and the residuals for eadi analysis. 

Error mean squares associated with each of both population variances were compared by 

Levene's test to confirm their homogeneity (Levene, 1960). Mean squares for both DH 

populations for each trait within each screening were compared by an F-test using the 

larger of the two mean squares as the numerator (Snedecor and Cochran, 1980). The 

means of both populations (ie, AnxTai and TaixAn ) and parents were compared by t-test 

(Steel and Torrie, 1980). The distribution of both DH populations for each trait were 

compared using the Kolmogorov-Smirnov non-parametric procedure (K-S test, Siegel, 

1956). The normality of the distribution of each DH population as well as the genetic 

differences between populations were asessed using coefficients of skewness and 

kurtosis (Snedecor and Cochran, 1 980). All statistical analysis were carried out w i t h 

the statistical software SASSTATS (SAS Institute, 1 992). 



V11.3. Results 

V11.3.a. General observations 

The erucic acids profile for Andor, Taiwan and the FI were O%, 14.3% ami 

8.5%, respectively, indicating that the FI cross was successfully. Seven DH lines were 

lost during screening. four DH lines failed to gertninate and three sarnples were lost 

during handling of the plant material. Because some DH lines included in the study 

differed between both screenings, data for each N-efficiency component from each 

screening and N-treatment were anaIyted separately- A total of 44 and 45 lines f ro m 

the AndomTai and TaixAndor crosses, respectively, were included in the statistical 

analysis of bath screenings. Statistical analyses showed that the error variances 

associated with both DH progenies in each analysis were homogenous (analysis not 

shown; Levene, 1 960). 

There were two main sources of environmental variation for the phenotypic 

expression of the traits under study. The main source of variability was due to the 

environmental conditions under which the plants were grown (ie. screenings) while the 

other was due to the N-treatments. Both sources of variability caused a large effect on 

the phenotypic expression of al1 traits under study, as shown by the differential 

responses exhibited by the traits under both screenings and both N-treatments. 

V11.3.b- Resmnses of   la nt parameters 

Except for LNUM, significant differences between progeny means of reciprocal 

crosses were shown by al1 plant parameters however, not al1 were rnaintained across 

screenings (-fable VII.1). Ch average, the progeny mean levels of LNUM, LA, and SMN 

were greater in screening #2 whereas, LAR was greater in screening #1 (Table VI 1.1 ). 

Except for LNUM, for al1 plant components, progeny means performance was higher 

under high-N than under Iow-N (Table VIL1 ). The SDW was the only plant parameter 

showing consistent levels of significance across both N-treatments and screenings. 

Thus, significant environmental and N-treatments effects were indicated. The LA and 
SDW mean of the DH lines derived from the TaixAn progeny were consistently higher 

than the mean of the DH Iines derived from the AnxTai progeny under both N treatments 

and both screenings. Furthermore, the MS variances and errors associated with plant 

components of both progenies tended to be greater in screening #1 (Table VI 1.2). 

Significant variability among DH Iines was maintained across screenings for some but 

not al1 plant parameters. The LNUM and LA were the only plant components showing 

significant consistent differences in both screenings indicating diff erences in the al l e l ic 
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composition of the parental cultivars for LNUM and LA (Table V11.2)- Although 

significant responses were shown by SDW, TOTN and LAR, these values were low and not 

maintained across environrnents and N-treatments, indicating an absence of significant 

differences in the allelic composition amng parental cultivars and their progenies f O r 

these traits (Table V11.2). Furthemore, significant differences between variances of the 

progenies for TOTN but not for the other plant parameters (Table V11.2) were shown. A 

greater variance indicates that more extreme segregants were present in the progeny. 

In this study, the TOTN for the AnxTai progeny had the larger variances indicating that i t 

had the more extreme segregants for TOTN (Table V11.2). Also, LNUM was the only p tant 

component which did not show significant differences between progenies both across 

environments and N treatments. For the most part, al1 MS variances and errors 

associated with plant components tended to be larger under high N than under low N, 

indicating differential response of DH lines to N supply (Table V11.2). 

The plant components that showed significant differences for eitt-ter skewness O r 

kurtosis were not maintained across screenings (Table V11.3). In general, the progenies 

were normally distributed as shown by the absence of skewness and kurtosis in the 

frequency distributions for most plant components under study (Table VI 1.3)- Detection 

of non-normality was consistent across screenings except for TOTN of the TaixAn 

progeny. Furtherrnore, there was a consistent pattern of skewness and kurtosis under 

both N treatments and screenings, indicating a strong environmental effect in the 

progeny distributions, Where non-norrnality was detected, it was the result of 

significant differences for skewness between the DH progeny distributions and not of 

kurtosis. However, in general, significant differences between progeny distributions 

were maintained across screenings (Table V11.3). For the most part, the K-S test 

showed differences between the frequency distributions of both progenies of all plant 

cornponents. This is further evidence of the significant differences in either means 

andior variances for these traits as shown earlier (Table VII.1, V11.2). In al1 instances 

where significant differences were shown by the K-S test (Table V11.3), it was 

associated with signif icant differences between means (Table VI 1.1 ) but, not al l were 

associated with significant differences between variances (Table V11.2). 

V11.3.c. Resmnses of the static N-efficiencv Darameters 

The mean performance for the static N efficiency parameters NUE and üJ 

calculated on a SDW or LA basis were tabulated in Table V11.4. There were significant 

differences between progeny means for reciprocal crosses for static N eff iciencies. Al l 

but one (ie. NUE,) were maintained across both screenings (Table V11.4). The progeny 
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mean levels were greater in screening #2 (Table V11.4). Mean performance of the 

progenies were higher under low N than under high N except for one static N-efficiency 

component (ie. EULA, screening #2; Table V11.4). The progeny derived from the TaixAn 

cross had higher means for al1 static N-efficiency cornponents under both N treatrnents 

and screenings (Table VI 1.4)- Furthemore, the MS variances and error associated w i t h 

the static N efficiencies of both progenies tended to be greater in screening #2 (Table 

VI 1 -5). Significant variability among DH lines was maintained across screenings f O r 

only NUEm and EULA- Significant differences between variances were not maintained 

across screenings for any static N-efficiency (Table V11.5). In general, the progeny 

variances tended to be larger under low-N than under high-N (Table V11.5). These N - 
treatrnents effects on the phenotypic expression of static N-efficiencies were opposite to 

the responses shown by plant components (Table V11.2) from which these cornponents 

were calculated. The variation of static N-efficiencies among DH lines of both progenies 

were consistently significant for NUE and EU on a IA basis, but not on a SDW basis, 

across both N-treatments and screenings (Table Vil-5)- Thus, there appears to be 

differences in the allelic composition of the parental cultivars for NUE and EU when 

calculated on a LA basis- The TaixAn progeny produced the wider genotypic variation, 

indicating that it had greater extrerne segregants (Table VI 1.5). However, almost a Il 

static N efficiencies that showed significant differences between progeny distributions 

were maintained across screenings (Table VI 1.6). Also, the static N-efficiencies that 

showed significant differences for skewness or kurtosis were not maintained across 

screenings (Table VI 1.6). In general, static N-efficiency components were normal l y 

distributed (Table V11.6). Where non-norrnality was observed, the frequency 

distributions always indicated positive skewness indicating the presence of a higher 

proportion of genotypes showing a high level of N-efficiency arnong the OH lines. The 

only consistency was the non-normality of NU EL^ AND NUEsDw at both DH progeny in 

screening #2, showing a significant skewness and kurtosis of the progeny distributions. 

This indicated a higher than expected nurnber of genotypes with low NUE Iines. Also, for 

the most part, the K-S test showed significant differences between the progeny 

frequencies (Table V11.6). As shown earlier, NUELA did not show significant differences 

for either means (Table VII.4) or error variance estimates across N treatments or 

environments (Table V11.5) which was confirmed by the K-S test. In al1 other cases 

where significant differences were shown by the K-S test, the progenies differed in  

rnean and/or variance estimates. 



V11.3.d. Resmnses of response-rate N-efficiencv Darameters 

The AELA and AR were the only response-rate N-efficiency parameters that 

showed significant differences between progeny means. These differences were 

maintained across both screenings (Table V11.7). The progeny mean levels for al l 

response-rate N-eff iciencies were greater in screening #2. There were no s ig n if icant 

differences between progenies for PE means on either a SDW or LA basis. Furthermoie, 

significant variability arnong OH lines was not shown for most response-rate N - 
efficiencies. The two response-rate N-efficiencies that showed significant differences 

among DH lines and/or between progenies were not maintained across screenings (Table 

VI 1.8). Although significant differences were shown by the static N-efficiencies arnong 

progenies (Table V11.5) resulting in significant variability among OH Iines for the plant 

components (Table VI 1.2). these effects did not generaily result in signif icant 

variabilities among DH Iines for iesponse-rate N-efficiencies (Table VI 1.8). Few 

response-rate N-efficiency components showed significant differences for variab il i ty 

among DH lines, indicating an absence of genetic variation for these traits in the parental 

lines. Also, PEU was the only response-rate N efficiency that showed a significant 

s kewness and kurtosis that were maintained across screenings (Table VI 1.9). However, 

the response rates AELA and AR were the only static N-efficiencies that showed 

significant differences between progeny distributions both of which were also 

maintained across screenings (Table Vt1.9). Where non-normality was detected, the K - 
S test did not detect any difference between the progeny frequency distribution. PELA was 

the only response-rate N-efficiency which showed non-normality in both progenies and 

screenings (Table V11.9). However, these differences were not detected by the K-S test. 

Both progenies, therefore, had similar distributions and were negatively skewed, 

indicating a preponderance of lines with a higher than expected proportion of higher 

PEU lines. Also, significant differences for the response rate N efficiencies AEtA and 

AR between progeny distributions were shown by the K-S test (Table V11.9). This 

further corroborates the significant differences shown by the progeny means (Table 

V11.7) but not by the variances (Table V11-8). 



V11.4. Discussion 

Vll.4.a. Genotype x environment interactions 

A general understanding of the genetics as well as the environmental effect on the 

trait is a main concern when breeding for a particular plant trait. Quantitative traits, 

such as the N-efficiency components in this study, will be normally-distributed in a 

large sarnple of DH Iines produced from a biparental cross- This expectation is based on 

the assumptions of random union of gametes during meiosis, and random gamete sampling 

through haploidy, with no linkage or epistasis, and no differential survival of gametic 

genotypes (Falconer, 1981 ). Non-normality may result if these assumptions are 

violated (Falconer, 1981). However, non-normality may also be the result of the 

differences in the interaction of the DH Iines with the environment in which the traits 

are measured, since the phenotypic distribution is bas& on the DH line means, which 

contain effects due to genotypes, environment, and genotype x environment interaction 

(Falconer, 1 981 ). By evaluating the material under study in different envitonments 

non-normality caused by a GxE interaction can be separated from that which has a 

significant genetic component (Choo and Reinbergs, 1 982). A persistence of n O n - 
normality across environrnents will indicate the presence of a large genetic component 

whiie, the presence of non-normality in some environments but absent in others w i l l 

indicate a non-normality which is environment-specific. 

The results of this study indicated large environmental effects on the traits 

under study. For example, a significant negative skewness of P E S D ~  of the AnxTai W 

progeny in the first screening, but absent in the second screening (Table VI 1.9). is an 

example of non-genetic normality. The positive kurtosis for PELA present in the same 

DH progeny in both screenings, by contrast, is likely of genetic origin (Table VI 1.9). 

Genetically, kurtosis for a quantitativ5 trait can occur when there are few gene 

differences between the parents, or when sorne alleles for which the parents differ 

contribute substantially more to the expression of the trait than do others (Mather and 

Jinks, 1971 ; Choo and Reinbergs, 1982). While the precise genetic basis for kurtosis 

for PELA cannot be indicated in this case, its existence can be of benefit to the breeder 

when selection for PELA is an important selection criterion. A high frequency of N 

efficient PELA lines can be obtained through haploid breeding. 

These response-rate N-efficiencies reflect differential rates of response of DH 

lines to increasing N supply. These phenotypic responses can be seen in the significant 

AEow and AEm in screening #2 (Table V11.3). If genetic differences for any of the N - 
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efficiency components were not present in the parents, then, there would not have been 

any difference between the OH progeny derived from the bi-parental cross. 

The significant effect of environment on the performance of the progenies makes 

it difficult to interpret the data for deterrnining the basis of the genetic responses. A 

large genotype x environment interaction was shown by the DH lines and its phenotypic 

expression of the traits in this study. This is not surprising considering that others 

have found that N uptake and utilization traits have low tieritabilities (Yau and Thurling, 

1987). However, a strong genotypic component was present for several plant 

components as expressed by the N-efficiencies. It is important, therefore, to test lines 

in different environments and N levels when selecting for N-efficiency in plants. 

VI 1 -4.b. Differences between DH ~o~ulat ions lmaternal effects) 

The most significant results from this study were the differences shown between 

DH progenies for several N-efficiency components. The plant components LA expansion 

and SDW accumulation were strongly influenced by the materna1 parent. Furthermore, 

there was a significant matemal effect on both NUE and EU on a LA and SDW basis. These 

results clearly indicated a strong materna1 effect on the genetics of N efficiency 

components. However, the strong environment and N-treatment effects on the 

phenotypic responses of DH lines makes an examination of these components most I i k e 1 y 

to be controlled by materna1 inheritance difficult, Three different classes of maternal 

effects have been described: cytoplasmic genetic, endosperrn nuclear, and maternal 

phenotypic (Roach and Wulff, 1 987). To determine the true nature of the maternal 

effect, genotypes would have to be tested under a wide range of environrnents and N 

treatments. Difficulty arises because a large number of genotypes would need to be 

tested to select a genotype expressing true maternal inheritance (of genetic O rig in) - 
This study was not designed to sort out the different classes of maternal effects. 

Materna1 effects in plants have been reported previously for several traits (reviewed by 

Roach and Wulff, 1987). For example, materna1 effects have been shown for seedling 

growth rate, leaf area and tiller number in Dactylis (Parker, 1 968a,b), seedling root 

length and plant weight in Arabidopsis (Corey, et al., 1976) and pod length and yield per 

row in B. campestris (Singh and Murty, 1980). 

VI 1 -4.c. Eff iciencv com~onents @enetics) 

Most of the genetic differences shown amongst OH lines can be attributed to N - 
utilization and N-uptake. An important observation was the fact that these varia bil it ies 

were shown under both N treatments. Contrary to other reports, in this study 
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significant differences in N-utilization were shown at both low-N and high-N levels. 

For example, cultivars of B. napus grown at different N levels were previously shown to 

have significant differences in N utilization only at a iow N level which Iimited plant 

growth (Yau and Thurling, 1986). The low heritabilities reported for N utilization in 

L. perenne (Thomson and Rogers, 1970) and B. napus (Yau and Thurling, 1987) may 

reflect the absence of significant genotypic variation under a non-limiting N supply- 

Because of these observations Yau and Thurling (1 986) concluded that there would be 

little scope for selecting genotypes capable of yielding at current levels under reduced 

nitrogen inputs. Gerath and Schweiger (1 99 1 ) however, concluded that selection of 

improved use of N efficient winter type B. napus might be possible. 

Our results showed genetic variability is present among B. napus lines under N - 
stress and N-sufficient conditions. This indicated the possibility of selecting Iines that 

are tolerant to N-deficiency as well as lines that are more responsive under sufficient 

N-levels. 

V11.4.d. Selection of N-efficiencv Darameters 

The variability shown for plant components, static N-efficiencies, and in same 

instances, response-rate N-efficiencies, indicated the presence of genotypic varia b il i ty 

for selection in the progenies tested. However, the use of several N-efficiency 

components and N-levels might not be the most efficient approach. The main criteria for 

selecting an N-efficiency component and N-treatment to be used in a screening protocol, 

will depend on the target environment in which the genotype is to be grown. A breeding 

program involving selection for 'N uptake efficiency' and 'N utilization efficiency' can be 

divided into Wo major objectives (Vau and Thurling, 1987; Vose, 1990). The breeder 

rnay wish to improve yield in a system in which static levels of N fertilization are 

maintained (Yau and Thurling, 1987; Vose, 1 990). Alternatively, the breeding 

program could be designed to produce cultivars capable of yielding at current levels 

under significantly reduced inputs of N. Thus, improved efficiency in N usage by crops, 

might be accomplished through an increase in yield at static levels of N or through the 

maintenance of current yield with a reduction in N inputs (Yau and Thurling, 1 987; 

Vose, 1990)- 

This study has shown that LA and LA-based efficiency components express far 

more variability than SDW and SDW-based N efficiency components amng the DH Iines. 

Earlier I showed LA to be significantly more sensitive than SDW to N deficiency (Chapter 

IV. Fig. IV.4). Furthermore, a number of reports indicated the high sensitivity of LA to 

N-deficiency (Ogunlela et al., 1989). The combination of a sensitive plant cornponent to 
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N supply together with a well defined N efficiency cornponent that witl express the 

definition of the target environment would make N efficiency improvement in B. napus 

possible. 

VJ1.5. Conclusions 

The present study indicated that selection of N-efficient B. napus germplasm 

might be possible, but difficult. Nitrogen use efficiency (NUE) appeared to be the N - 
efficiency component with the most potential for breeding in B. napus. Genetic 

expression of N-efficiency components were expressed for tolerance to N-deficiency 

levels as well as for maximum productivity under N-sufficiency levels. Furthermore, a 

strong materna1 effect for N-efficiency was determined in this cross. Although a large 

genetic component is present for many of the N-efficiencies in this study, the strong 

environmental effect on genotypic expression on the progenies may restrict the f u l l 

exploitation of this genetic variability. Whether these genetic differences rnay be 

obsewed under field conditions and result in differential yield responses is the 

appropriate next step to be addressed- 
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Table V11.7. Mean performance of response-rate N efliciency parameters of DH progenies 
derived from AndomTaiwan and TaiwanxAndor crosses and screened in a deficlent (1.5 mmol) 
and a sufficlent (5.1 mrnol) N envtronrnent. 

AndorxTaiwan 0.002 7.1 1 24.3 -0,09 22.4 

TaiwanxAndor 0,003 1 0,63 33.7 0,04 30,6 

ns L * a *  ns ns 

AndorxTaiwan 0.037 22.1 57.1 0.05 36.4 

TaiwanxAndor 0.045 25.3 61.7 0.07 39.4 

ns 1 * * ns ns 

t A€ = agronomie efllciency; AR = apparent recovery; PE = physlologlcal efliciency. 
*. *', "* Significant at the 0.05, 0.01 and 0.001 probabillty levels, respectively; 
ns = nonsignificant 



Table V11.8. Mean squares and errors of tesponse-rate N eiiiciency parameters associated 
with the DH progenies derived from AndorxTaiwan and TaiwanxAndor crosses and 
screened in a deficient (1.5 mmol) and a suffident (5.1 mmol) N environment. 
Analyzed as a randomized complete block. 

Screening tl 

AndorxTaiwan 0.001 5ns 91.8ns 0,049ns O0,727nS 4660nS 

TaiwanxAndor 0,OO 16ns 88.2ns 0,032" 0,344"s 8738nS 

Error 0,0016 108.8 0.038 0,552 5962 

Ditference between 1 .07nS 1.04"s 1 .50"S 2.1 1" 7.88' 
mean squares 

Screening W2 

AndomTaiwan 0.0027* 121.9* 0,0203"s 0.0087nS 267"s 

TaiwanxAndor 0.0026ns 89. 5ns 0,0090ns 0,0O77ns 238nS 

Error 0.0020 71.2 0.01 11 0,0079 179 

Difference between 1 .06nS 1.36nS 2 . 2 S C *  1 .13ns 1.12ns 
rnean squares 

t AE = agronomie efficiency; AR = apparent recovery; PE = physiologicel efficiency. 
', ", "' Signiflcant at the 0.05, 0.01 and 0.001 probability tevels, respectivety; 
ns = nonsignificant 



Table Vll.9. Comparisons of nomallty and equality of distribution of response-rate N efficlency parameters of OH progenies derlved 
from AndomTaiwan and TaiwanxAndor croses and screened in a deficient (1.5 rnmol) and a suiflcient (5.1 rnmol) N environment. 

Taiwan' wanxAndorU Kolmogorov-Swnov test 
t Variable Skmess Kurtosis Norrnality Skewness Kurtosis Normality 9D KSa 

Screening #1 

AEsow (g mmd-1) 0.03" -0.72ns Y ~ s  -0.1 l n s  -0.1 l n s  Y06 0.09 0.43nS 

AEU (cm2 mrnorl) -0.31" -0.64"s V ~ S  O. 16nS 0 . 6 W  Y= 0,32 1,49* 
AR (%) -0.12ns -O.75ns YS -0.27"' 0.3Sns Y- 0.39 1 , 8 $ * *  
PEsow (g mmoi-1) -2.33'. 6.54**  No 2.12.. 12.43** No O. 16 0.75"s 
PELA (cm2 mmol-l) - 2 .26" *  7 .99* *  No 0,96**  9 .50**  No O .2 1 0.96n8 

Screening #2 

AEsow (Q mmorl) 0.15"s -0.07"s  es -0,4Ons 0.94"s Y= 0.21 0.96ns 
AEu (cm2 rnrnol-1) 0.01 ns 0.94ns Y= -0.30"' 0.22"' Y ~ s  0.84 1.60" 
AR (%) -0.21" -0.39"s Y ~ s  - 0 , 8 3 * *  0.68ns No 0.39 1.81 * *  
P E ~ D w  (g nirnN1) -0.52"" -0.17"s YS -0.63ns 1 . I o n s  Y= 0.21 0,96ns 

PELA (cm2 rnmorl) - 1.14* 2.06. No - 1 , 0 6 * *  2 . 5 4 * *  No 0.21 O.96ns 

t AE = agronomlc efflciency; AR = apparent recovery; PE = physiological efflclency. 
*, **, "" Significant at the 0.05, 0.01 and 0.001 probability levels, respectively; 
ris = nonsignificant 



Chapter Vlll 

Summary 

VIII.l. General Discussion 

Four factors need to be addressed before undertaking a breeding program for a 

specific edaphic adaptation (Devine, 1982). These four prerequisites are as follows: 

(1) that techniques are available to assay a plant's response to the particular edaphic 

stress; (2) that there is useful genetic variation for the plant characteristics required, 

either in agronornically suited cultivars, in noncultivated forms of the crop species, O r 

in related species; (3) that the character is heritable; and finally (4) that the estimated 

degree of improvement in adaptation (determined from the range of variation and 

heritability) is sufficient to be of applied value (Devine, 1982). The results obtained 

in these studies indicated that the first three prerequisites have been partially f u If il l ed 

for the selection of N efficient 8. napus genotypes. 

The studies carried out to develop a screening technique for selecting N efficient 

B. napus genotypes indicated that growth of B. napus was maximized when some N was 

supplied as N H ~  (Chapter II). However, there did not appear to be an optimum 

NH 1 : ~3 5 ratio for maximum growth. Therefore, when selecting N-efficient B. napus 

genotypes N-treatments containing some NH: should be used to achieve maximum 

growth. Furthermore, evidence indicated that the root system had a relatively smai l 

influence on the expression of N-efficiency components in shoots of B. napus genotypes 

differing in N-efficiency when grown in a high-N environment (Chapter III). These 

results give credence to the hypothesis that the shoot system, and not the root system, i s  

the major factor in determining N-efficiency components in B. napus genotypes. 

Therefore, assaying the shoot system to determine N efficiency in B. napus genotypes 

might be an effective way of ranking genotypes. 

The studies of the time-course responses to N supply (Chapter IV) and of the 

effect of N supply on rapeseed growth and N efficiency components late in the rosette 

stage (Chapter V) provided information for selecting sampling tirne, N-treatment 

levels, and N efficiency parameters for screening N efficient germplasm. The results of 

these studies indicated that a growth period of 25-30 days after seeding wiIl provide 

sufficient time for the terminal portion of the rosette growth stage to be achieved 
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amongst diverse B. napus germplasm sources. 60th leaf area and shoot biomass were 

shown to be useful plant growth components when ranking B. napus genotypes for N 

efficiency. Also, the use of N treatments for a screening technique at or below 1.5 mm01 

N and at or above 5.1 would provide a stressful and non-stressful N environment when 

selecting B. napus genotypes. These N levels provide a 50 and 100% growth response 

among genotypes. respectively, and sufficient plant matenal for analysis. The combined 

use of these N levels and sampling times provide N environments in which both static and 

response rate efficiency estimates could be made. Taken as a whole, these studies 

provide a screening technique for selecting N efficient B. napus genotypes indicating that 

Devine's (t982) first requirement has been fulfilled. 

There was wide variation amongst rapeseed genotypes under deficient and 

sufficient N levels (Chapter VI). This indicated a large variability for both types of N 

efficiency parameters: namely, static and response-rate N efficiencies. However, the 

largest range of variability amongst cultivars was shown for the nitrogen use efficiency 

(NUE) parameter. Therefore, variability among genotypes to acquire and use N, and 

variability among genotypes to respond to increases in N supply appears to be available 

for exploitation in a breeding program. Thus, Devine's (1982) second requirement was 

fulfilled. 

The results obtained from screening DH populations derived from parents 

differing in N efficiency indicated a large genetic component for many of the N efficiency 

parameters under study (Chapter VII). Nitrogen use efficiency appeared to be the N 

efficiency parameter with the most potential for fixing in 8. napus, however, the 

observed strong environmental effect on genotypic expression of the progeny may 

restrict the full exploitation of this genetic variab ility . This indicated that selection of 

N-efficient B. napus germplasm might be possible, but difficult. Thus, Devine's th i rd 

requirement has only been partially fulfilled, 

Much research has been done and reported on the effects of increasing N supply 

on the growth of crop plants. Recently, an increased volume of Iiterature on the effects 

of N in crop plants at the molecular level has occurred. It would be inappropriate, 

however, to conclude that questions conceming the effect of N supply at the whole plant 

ievel have been resolved. This is particularly true conceming selection of N efficient 

plant crop genotypes. The studies presented in this thesis indicated that a number of 

issues need to be addressed before proceeding with the full implementation of a breeding 

prograrn for selecting N efficient B. napus genotypes. A better understanding of the 

process at the whole plant level coupled with knowledge forthcoming from molecular 
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biology may provide the necessary base for developing N efficient B. napus genotypes 

that can be useful to faniers. 

V111.2. Conclusions 

It can be concluded from this study that: (1) genetic variation for N efficiency 

parameters arnongst gerrnplasm accessions of B. napus is available; (2) the genotypic 

variation might be potentially useful in a breeding program; (3) there is a large genetic 

component for N efficiency and coupled with a strong matemal effect; (4) a static N 

efficiency parameter such as NUE is potentially the most promising for crop 

irnprovement and (5) the implementation of a breeding program for selecting N efficient 

B. napus is not yet feasible- 
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Appendix 1 

List of rapeseed (Brassica napus L.) genotypes used for the screening of N-efficiency 
cornponents (Chapter VI). 

-novps -notype 
Une name Oriflin Une name Origin 

1 Tonazo 
? 
Bronowski 
BOH 1491 
G.S.L-I 
Kabulena 
Miiauchina 
Gogatsuna 
C. O. Na 
Shin kirina 
Gulliver 
Osga 
HJA 81081 
Al ku 
Gulle 
Regia II 
Rso 
Nilla 
Gulie 
Hankkijan Laun 
Petranova 
? 
Suditalien 1 980:5795 
Weiheustephaner 
Liho 
Gulzower 
Crusher 
Regent 
Tower 
Shiralee 
Hero 
DJ-52 
AC Excel 
OAC Triton 
Midas 
Legend 
Profit 
AC Tristar 
Celebra 
Bounty 
Cyclone 
Stallion 
Hyola-40 1 

ltaly 
3 (w!) 
Pd 
Pd 
Ind 
Jap 
Jap 
Jw 
Jw 
Jw 
sw 
swe 
fin 
fin 
Swe 
Swe 
Swe 
Swe 
Swe 
Fin 
Ger 
? (Ger) 
? (Ger) 
? (Ger) 
? (Ger) 
? (Ger) 
Can 
can 
Can 
Aus 
cm 
cm 
cm 
Can 
Can 
Can 
Can 
cm 
cm 
cm 
cm 
cm 
cal 

1 1 2 88-1 4O9K Co-OpIDark 
1 1 3 88-1 426K CO-Op 
1 1 4 88-1409K Co-OpPale 
115 Andor 
11 6 Altex 
11 7 Wesreo 
11 8 Wesbell 
119 Wesway 
120 Wesroona 
121 Mamoo 
t 22 Chikuzen 
123 Genkai 
124 Haya 
125 Chisaya 
126 Isuni 
127 T o h a  
128 Mutu 
129 Norin 14 
130 Non'n 16 
131 Norin 17 
1 32 Norin 20 
133 ChinaA 
134 Komet 
1 35 Spaeths 
1 3 6 Erglu 
137 Jumbo 
138 r r a  
139 Kosa 
140 Janetzkis 
141 Vankka 
142 Kroko 
143 Loras 
144 Lirasol 
145 Pera 
146 Taiwan 
147 ? 
148 ? 
149 ? 
150 3 
151 Wckadee 
152 Barossa 
1 54 Iwashiro 
156 Omi 

U of A 
U of A 
U of A 
U of A 
U of A 
Aus 
Aus 
Aus 
Aus 
Aus 
Jap 
Jap 
J ~ P  
Jap 
Jap 
J ~ P  
Jap 
Ja P 
Jap 
Jap 
Jap 
Ja P 
Ger 
Ger 
Ger 
Ger 
Ger 
Ger 
Ger 
Finland 
Ger 
Ger 
Ger 
Ger 
Taiwan 
Bangladesh 
Banaladesh 
~ e p a i  
India 
Aus 
Aus 
? ( J ~ P )  
? (Aus) 



97 Westar Can 157 Kongo ? (Aus) 
98 Vanguard Can 1 59 Liraglu ? (Aus) 
100 Global Cai 160 Ukraine A ? (Aus) 
1 O1 Delta Can 161 UkraineS ? (Aus) 
102 Maluka Aus 163 China D ? (Aus) 
103 Alto U of A 164 CP191424 China 
1 04 91 -1 020-1 (N-efficient) U o f A  165 CP191426 China 
105 92-536-5 (High oillprotein) U of A 166 CP191429 China 
1 06 91 -21 5-3 (DH increase) U of A 1 67 CP191432 China 
1 07 91 -1 t 52- (long pod) U of A 168 363 (Exchange NQ2) China 
108 91 -421 t -1 lnterspecific U of A 169 CP1107192 ? 
1 09 91 -4214-2 lnterspecific U of A 171 Asahi Kor 
1 1 0 9 i  421 2-1 lnterspecific U of A 172 Naehan Kor 
1 1 1 91 4231 -3 Interspecific U o f A  173 Youngsan Kor 



Appendix 2 

Appendix 2 lists the original data obtained in both screenings (screening 1 and 

screening 2) of rapeseed (8rassica napus L.) genotypes for N efficiency described in 

Chapter IV. The numbers 6 and 18, used in the abbreviations at the top of the tables, 

indicate 1 .S and 5.1 mmol N treatments, respectively. Abbreviations used in the 

headings are listed bellow. 

AELA = agronomic efficiency on a leaf area basis 

AEDW = agronomic efficiency on a shoot dry weight basis 

AR = apparent recovery 

DW = LDW + STDW = total shoot dry weight per plant 

EULA = efficiency of utilization on a leaf area basis 

EUDW = efficiency of utilization on a shoot dry weight basis 

LA = leaf area per plant 

LARDW = WSDW = leaf area ratio per plant 

LINE = Line number (see Appendix 1) 

LNUM = number of leaves per plant 

NUELA = nitrogen use efficiency on a leaf area basis 

NUEDW = nitrogen use efficiency on a shoot dry weight basis 

PELA = physiologicat efficiency on a leaf area basis 

PEDW = physiological efficiency on a shoot dry weight basis 

TOTN = total N absorbed per plant 

(cm rnmol-l N) 

(g rnmol-1 N) 

(cm2 mmol-1 N) 

(g mmol-1 N) 

(mmol-1 N) 



9 3  6-58 6.5' 170.61 321.7: 0-Q! 1-21 1.5 4.3 198-5 276.0 
9 4  7.0 8.0 162.8. 311.21 0.8; 1.31 1.8 4.5, 194.7 235.2 



Appendix 2 - Screening 1 
UNE! NUEDW6 : NUEDW18 NUELA6 ' NUEU18 ' EUOW6 EUDW18 : E U U 6  EUU18 







Appendix 2 - Scmning 2 
NUEDW6 NUEOW18 NUEU6 WUEU10 EUDW6 . E U W 0  E U U S  EULA18 1 



Appendix 2 - Screening 2 
a w  ' AEu AR i p E o w i m  



Appendix 3 

Cornparisons between In-transformed and non-transfomed TOTN data selected 
from Chapter IV (Fig, IV.2a). 

1. in-transfomed TOTN data 
=-+-- original TOTN data 

3 -. 8.0 mm01 N-treatment 
Ln-transformeci TOTN data 

rrr-rr 

2- 
original TOTN data 

1 - 

0 -  

-1 - 

-2- : 27.4 OASpi . 



Appendix 4 

Pairwise cornparisons between genotypes used in the reciprocal crosses to develop DH 
lines (Chapter VII). Data were abstracted from Chapter VI (see Appendix 2 for data). 
Significance differences between parents were determined by the half-normal plotting 
technique. The absolute value from the difference between means is compared to 30. The 

estirnated "au is an estimate of experimental error as derived by the normal plotting 

technique (Milliken and Johnson, l989)n. 

Crosses Nitrogen eff iciencies 

Line Ne Line names Physiolog ical Agronomic Apparent 
efficiency eff iciency recovery 

Bronowski x Maluka 
Bronowski x 92-536-5 
Bronowski x 91-1 152- 
Bronowski x Alto 
Taiwan x CPI91426 
Andor x Taiwan 
Andor x Lirasol 
CP191429 x Pera 
CP191429 x ? 
CP191429 x Taiwan 
CP191429 x Lirasol 
CPIW 429 x Ukraine A 

sist 
sig 
ns 
sig 
sig 
ns 
ns 
sig 
sig 
sig 
ns 
ns 

ns 
sig 
ns 
ns 
sig 
sig 
ns 
sig 
sig 
sig 
ns 
ns 

ns 
ns 
sig 
ns 
ns 
sig 
sig 
ns 
ns 
sig 
sig 
sig 

t sig: significantly diferent, ns: not significant. 
1 Milliken G A and D E Johnson 1989 Analysis of Messy Data. Vol. 2. Nonreplicated 
Experiments. Van Nostrand Reinhold, New York, USA. 199 p. 



Appendix V 

Table Appendix 5 (Page 149) lists the result of responses of plant growth and 

nitrogen efficiency components of rapeseed (Brassica napus L,) when grown in a 

deficient (1.5 mmol) and a sufficient (5.1 mmol) nitrogen environment. The lines were 

a subsarnple of genotypes taken frorn the lines screened in Chapter VI. The growing 

conditions, plant measurements and cornponents calculations were the sarne as described 

in Materials and Methods of Chapter VI. The experimental design was a split-plot w it h 

four replications.' 






