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Abstract

Initially, experiments were conducted to pfove that a new screening technique,

namely the length of seedling roots in filter papers moistened \ tith solutions with high

concentrations ofboron, for tolerance to high concenhations ofboron could be used for

distinguishing between tolerant and sensitive genotypes. Seedlings were compared in the

filter paper technique with those grown in boron enriched soil to investigate the response

of wheat genotypes known to differ in tolerance to high concentrations of boron' Under

high boron concentrations in filter papers, the more tolerant genotypes had significantly

longer roots than those of the more sensitive genotypes' There was no significant

correlations between the root lengths in the control teatnent and the other three boron

treatuents (50, 100, 150 mgB rl¡. Thus, the differences in root lengths in the high boron

treatrrents could not be atfributed to inherent differences in root g¡owth but to the genetic

variation in response to high boron concentrations arnong va¡ieties. Root lengths in the

three boron treatments in filter papers were higbly signifrcantly correlated with the three

characters routinely determined for plants gfowll in soit containing high levels of boron'

namely the concentration of boron in the shoots, plant dry weight and leaf symptoms,

indicating that root length could be used as a selection criterion in genetic studies or

breeding programs for boron tolerance'

Genetic control of tolerance to bo¡on was investigated between a moderately

tolerant variety Halberd, a tolerant line G61450 and the moderately sensitive va¡ieties

Schomburgtc and Condor. Two genes, BoI and Bo4 corrfiolled tolerance to boron in Halberd

and G61450, respectively. The genetic control of response to boron was the sarne for

Condor, Schomburgk and a homozygous sensitive line 4425'l exhacted from the cross

between G61450 and Halberd.

The ch¡omosomal location of genes contolling tolerance to boron was studied by

the use of F2 monosomic and backcross reciprocal monosomic analysis. The results were

consistent for both methods showing that chromosomes 7B and 4A were responsible for

tolerance to boron in Halberd and G61450, respectively. Results of the backcross
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reciprocal monosomic analysis indicate that chromosome 4A was also the location of genes

contolling torerance to boron in the torerant exotic rines India 126 andBenventuto Inca.

The genetic relationship, with respect to tolerance to boron' between an Australian

moderately tolerant variety BT-Schombr¡rgk and a number of tolerant exotic lines was

investigated by testing the F3 derived Fa families' Transgressive segregations were

observed for the crosses between BT-schombugk and Klein crranador and rtukey 1473,

indicating at least two different genes controlling fesponse to boron between BT-

schomburgk and these two exotic lines. Monogenic segregations were obsen¡ed from the

cfosses between BT_Schomb'rgk and Aus 4903. The results of the cross between BT-

schomburgk and India 126 were mofe compricated than those of the othe¡ crosses and

indicated that more than one gene conferred tolerance to boron in this cross'

This thesis demonsüates that it is possible to breed even more tolerant va¡ieties

than Halberd or BT-schomburgk by transfening boron torerant genes from tolerant lines

including G61450, Trukey !473,AUS 4903 and Krein c¡ranador into ress torerant but

otherwise well adapted varieties'
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Boron is an e ssential micronutient"

Chapter 1

Introduction

but has an adverse effect on plant growttr when
.--------

present in high concentrations' Excessive levels of boron in wheat plants result in a

yellowing of the leaf tiP on the oldest leaves, followed by a non-specific necrosis

( continuing down the leaf (Pautl et al., 1988). High concentrations of boron have been

recorded in soils and plant samples obtained from widespread regions of the cereal growing

districts of southem Austalia (Ralpb, lgg2) and a yield reduction of up to llo/o and20%

inwheat(Moodyeta1.,1993)andbarley(Jenkin,1993),respectively'couldbeathibuted

to boron toxicity. These indicate that boron toxicity is a major problem for cereal

production in southern Ausüalia. Soils of South Australia in which boron toxicity has been

for¡nd are almost invariably sodic and rich in calcium carbonate (Cartwright et al', 1986)'

This calcium tends to absorb the boron at the top of the B horizon of the soil' thus

presenting a layer of high boron to advancing plant roots (Rathjen et al" 1986)'

/ 
The a¡nelioration of boron toxicity througb soil modiñcation (e.g. application of

gypsum, leaching with water) is not an economic proposition in southern Australia'

therefore the breeding of more tolerant varieties offers the only approach fe ainimizing

yield losses. An understanding of genetics of boron tolerance was a fi¡ndamental

component necessary for the development of an efücient breeding pfogram for boron

tolerance.

Boron tolerant genotypes of wheat and barley (Nable, 1988) and peas and medics

(Paull et a1., 1992b) maintain lower concentrations of boron in shoots and roots than more

sensitive genotypes, and consequentþ develop less severe symptoms of boron toxicity'

This applies for plants grown in both soil and solution cultr¡re' A large fange in genetic

variation in response to boron toxicity has been demonstrated in wheat (Moody et al"

1e88).
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Tolerance to high concentation of boron in wheat is expressed as a partially

dominant cha¡acter and contolled by major genes which act in an additive manner and have

been name d BoI, Bo2 afrdBo3 (pautl, 1990; Paull et al, 1991b). -Itle Bol allele has been

transferred from the moderately tolerant variety Halberd to the moderately sensitive

variety Schomburgk to produce BT-Schombr¡¡gk (Moody et al', 1993) which had a yield

advantage up to I I % with the average yield advantage being 3 .3o/o inall trials conducted in

a range of soil types across the south Austalian cereal belt and at walpeup in victoria

(Moody et al., 1993).

Aneuploid analysis has been used to identiff the chromosomal location of the genes

contolling tolerance to boron and the ch¡omosomes of homoeologous groups for¡r and

seven were for¡nd to be involved in boron tolerance @aull, 1990)' Exotic germplasms mofe

torerant than Halberd, the most torerant Australian variety, have been identified (Moody et

al., 1988), indicating that a more tolerant variety ttran Halberd could be bred by tansfening

the boron tolerance genes from those tolerant exotic lines to Halberd or the other more

sensitive but otherwise well adapted varieties. Transgressive segregation was observed

from the cross between the moderately tolerant Halberd and a tolerant exotic line G61450

(Paull et al., 1991b): The genetic shrdy of those exotic lines relative to AusEalian varieties

was undertaken here to indicate an appropriate breeding stategy for the tansfening boron

tolerant genes.

The project reported here comprised two studies, firstly an investigation of

screening tecbniques for boron tolerance and secondly the study of the genetic control of

tolerance to boron.

The initial experiments were conducted to establish a new inexpensive, rapid'

statistically anaþseable, non-destructive screening technique' narnely a filter paper

technique, which could be used in screening for tolerance to boron as a replacement for

screening in boron enriched soil in a glasshouse (Chapter 4)' The filter paper þshnique was

then used for the screening of boron tolerance in the genetic sh¡dies'

The genetic relationship, with respect to tolerance to boron, ws investigated

between a moderately tolerant variety Halber4 a tolerant tine G61450 and the moderately
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sensitive varieties schomburgk and condor. A homozygous tolerant and a homorygous

sensitive rine were selected from (G6r450 x Halberd). The crosses between both of these

lines and the tbree va¡ieties G61450, Halberd and schombrugk and between schomburgk

and Condor were tested for segregation in the F, and F3 $enerations (Chapter 5)'

since Halberd and G61450 were found to be more tolerant than condor (chapter 4)

and to differ in their genetic control of boron tolerance (Chapter 5), closer investigation of

the genetic contol of these va¡ieties was undertaken. studies on the cbromosomal location

of genes conferring tolerance in Halberd and G61450 were r¡ndertaken by Fz monosomic

analysis with condor monosomics as aneuploid stocks (chapter 6)'

It was not possible to use' the F, monosomic analysis when testing six tolerant

va¡ieties (India 126, Benventuto Inca, AUS 4041, Lin Calel' Halberd and G61450)

(chapter 7) simultaneously, because of the time required for the cytological examination of

the monosomic plants, so the backcross reciprocal monosomic analysis was adopted' The

respoff¡e to boron of only cb¡omosomes of groups four and goup seven of the six va¡ieties

wasexamined(ChapterT)becausechromosomes4AandTBwereresponsiblefortolerance

to boron in G61450 and Halberd, respectively (Chapter 6)'

The high level of tolerance to boron identified in exotic accessions could be

transferred to the moderately tolerant AusFalian varieties. To enable an efficient crossing

and selection strategy to be devised, the genetic relationship, with respect to tolerance to

boron, was investi gatedbetween a moderately tolerant Austatian variety BT-Schomburgk

and a number of exotic tolerant lines (India 126, AUS 4903, Turkey 1473 and Klein

Granador) (ChaPter 8).
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Chapter 2

Literature review

The relationship between boron, plants and soil

2.1 ChemisttY

Boron'theonlynon.metalamongtheelementsofgrouplllinthePeriodicTable,

has a tendency to form anionic rather than cationic complexes (Keren and Bingha*' 1985).

In aqueous solutions at pH ( 7, boron occurs mainly as undissociated boric acid [B(oþ3]'

which dissociates to B(OH)4- + H3O+ at higher pH values (Romheld and Ma¡schner'

lggl). Thus, in accordance with the electon configuration of boron, boric acid acts as a

weak Lewis acid:

B(OHþ + 2H2O <+ B(OII)a- + H30+ pY=a'= 9'25

Ithasbeenconcludedthatboricacidhasatrigonalplanarstnrcture,whereasthe

borate ion has a tetahedral structure in aqueous solution. Thii difference in stnrcture can

read to differences in the affinity of clay for these two boron species (Keren and Bingham'

r98s).

At boron concentration 10.025 mlvf, only the monomolecular species B(oHþ and

B(OÐ+- are usually present in solution (Ingr et al" 1957)'

Boricacidformsverystablecomplexeswithorganiccompoundswithacis-diol

configr'ation. These compo'nds incrude sugars, and thei¡ derivates a¡e abundant in cell

walls. The concentrations of boron in cell walls roughly reflect the differences in boron

requirement among plant species @ornheld and Marscbner, l99l)' For example' boron

requirement of cereals was observed to be lower than that of legumes @ergman' 1984) and

the suffrcient levels of boron in wheat and barley plants (2'1-10'l mgB kgl) (Guptq 1979)

were rower than those in soybean (Gtycine mø) atdarfalfa (Medicago sativa) (25-60 and

35-80 mgB kg l, respectively @ergglaon, 1983)'
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2.2 Source of boron in the environment

since the disribution of boron in the earth's crust is not r¡niform, the geochemistry

of boron is cha¡acte ruedby an abnormally large falrge of variation in its concentration in

rocks in comparison to those of other elements such as manganese and iron' For example'

the concentrations of boron in basic rocks, acid rocks and sedimentary rocks arc l'2' 3 and

100 ppm in comparison to 2000, 1000 and 1000 ppm, respectively, of manganese

(Norrish, lgls).The boron content of maernatic rocks increases with the acidity of the

rocks, while in sedimentary rock boron is associated with the clay fraction (Kabata-Pendias

andPendias,1984).Nonish(1975)reportedthatma¡inesedimentscontainmoreboron

than igneous rocks. However, the boron in rocks is not available to plants and most of the

plant-available boron in soil comes from the decomposition of soil organic matter and from

boron adsorbed and precipitated on to the surfaces of soil particles (Russell' 1973;

þingham, 1973; Bower¡ 1977).

In the terrestrial environment, boron is likely to combine with olrygen and is known

to form several minerals, mainly hydroxides and silicates, of which the tor¡rrraline group is

the most common in soils (Kabata-Pendias and Pendias, 1984)' Tourmaline (34% boron)

is present in soils formed from acid rocks and metamorphosed sediments; however' boron

within minerals is not available to plants (Norrish, lg75). Boron can substihrte for

tetrahedrany coordinated silicon (sÐ in some minerals. It is likely ttrat much of the boron in

rocks and soils is dispersed in the silicate minerals in this way and would be available only

afrer long periods of weathering (Nonish' 1975)'

2.3 Boron in soil

23.1 AdsorPtion of boron

Boron is an essential element in plant nutition. Low concentrations are required for

suffrciency while higher concentrations produce toxicity symptoms and ma¡ked yield
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reductions. Since the range in concentration between deficiency and toxicity is na¡row

@erger, lg4g),reactions affecting the availability of boron a¡e of interest for understanding

the occu¡rence of boron toxicity and deficiency of plants.

Boron may be for¡nd in tb¡ee main combinations:

(l) boron in silicate stn¡ctures;

(2) boron associated with clay minerals, e.g. sesquioxides and iron and aluminium hydroxy

compounds; and

(3) organicatlY combined boron'

Boron may enter silicate sbucû|res by substituting for Al3+ and sia+ ions (couch

and Grim, 196S). Tourmaline, the major mineral of this form, is reported to be the major

sonrce of boron in sodic soils @hunrbla and Chhabra lg82).However, boron in tourmaline

is not available for plant growth. rMeathering of boron containing rocks and minerals brings

boron into solution, predominantly as B(OH)3'

The adsorption of boron on clay minerals has been studied by many investigators

(Couch and Grim, 1968; Hingston, 1964;Keren and Mezuman, l98l; Keren et al" 1981;

Keren and O,Connot, l9B2; Sims and Bingham, 1967).Increasing pH enhances boron

adsorption on montnorilloniæ, kaolinite and itliæ clays, showing a maximum in the all@line

pH range. Keren et al. (1981) explained the response of boron adsorption to va¡iations in

pH as follows: Below pH 7 ,B(OH)3 predominated, but because the affrnity of the clays

for this species was relatively low, the amount of adsorption was small' As the pH

increased to about 9, the B(OH)a- concentation increased rapidly, as did the adsorption of

boron due to the high affinity of clays for B(oH)4-. Further inc¡ease in pH of more than 9

resulted in an enhanced OH- concentration relative to B(OH)a-, üd boron adsorption

decreased rapidly due to the competition of oH- for the adsorption sites. Although the

total sr¡rface area of montmori[onite is much grcater than that of illite, boron adsorption by

iltite is much gteater than by montmorillonite (Hingston, 1964; Keren and Mazuman'

19Sl). This is because the adsorption mechanism of boron is a specific type of adsorption'

There are two types of surfaces in clay minerals (Van Olphen' 1977): the planar and the
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edge s'rfaces. Boron is adsorbed mainly on the broken edges of the clay platelets, which

a¡e found more in illite, rather than on the planar surfaces (Keren and Talpaa 1984)'

MuchadsorptionofboronbyclaysisatEibutedtosesquioxidesandironand

aluminium hydrory compounds present as coatings on the sr¡rface of clays (sims and

Bingham,1968;EllisandKnezek,lgTz)-suchadsorptionvarieswiththepH',andboron

retention by altrminiurn hydroxy compounds is far gteater than that effected by iron

hydroxy compounds (sims and Bingham, 1968). Beyrouty et al' (1984) determined the

strength of interaction between boron and Al(OÐ3 surfaces by a combination of infra¡ed

and chemical analyses. They suggested that boron replaced of was bonded to surface

hydroxide ligands, thereby blocking sites of polymerization' However' these data do not

rule out the possibilþ that precipitation of boron on the sr¡rface of Al(oH)3 may also

occur.

Boronsorptionbehavior¡rinwholesoilhasindicatedanimportantroleforAland

Fe oxides. Bingham et al. (1970) reported a significant correration between Alzog content

and boron adsorption of foru Mexican and six Hawaiian soils' Elrashidi and o'connor

(1982) found that Fe2O3, organic c, and cation exchange capacity were the major factors

effecting the variance in adsorbed boron of ten soils from Mexico' Boron fixation in Alzog

and Fe2O3 is affected by pH, with adsorption peaks at pH 6 to 7 for Al2o3 and pH 8 to 9

for Fe2O3, followed by a gradual decline at higher pH levels (scharrer et al" 1956)' Sims

and Bingha* (196g) and Mcphail et al. (rgz2)obtained similar adsorptionbehavior¡¡ using

x-ray amorphous hydroxy Fe and Al forms. Boron adsorption was mæ<imum on freshly

precipitated materials and decreased with increasing crystallinity resulting from ageing

(sims and Bingham, 1968). Both sets of results also suggested that the mechanism of boron

adsorption may be anion exchange with hydroryl ions' This type of tigand exchange with

surface reactive oH- groups is a mechanism by which anions become specifically adsorbed

onto oxide mineral surfaces (McPhail et al', 1972)'

Manyresearchershavesuggestedthatsoilorganicmatterinfluencesextractable

boron and the availabitity of boron to plants. Berger and Truog (1945) for¡nd a high

positive correlation between available boron and the organic matter content of acid soils'
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and that increasing pH had a much greater infruence in decreasing the availability of boron

in alkaline soils than did organic matter in maintaining avaitability. Page and Paden (1954)

also noted the association between levels of organic matter and available boron in acid soils

and postulated that organic matter exerted a greater influence on boron availability than

either pH or soil texture. A large part of total boron is held in organic matter in the form of

boron-diol complexes (Parks and white , lg52) and the available boron is released by

microbial action @erger, 1962;Berger and Pratt" 1963)' Olson and Berger (1946) had

previousry found that oxidation of soil organic matter resulted in a significant rerease of

boron in forms available for plants and caused a slight decrease in boron fixation'

2.3.2lntetaction of boron with other nutrients

The uptake of boron by plants can be markedly affected by the presence of other

plant nutrients in soils. The association between calciunr and boron in plant nutrition was

fust indicated by Brenchley and wanington (1g27)and was studied in depth by Reeve and

Shive (1g44).It was shown that as the calcir¡nr content was increased, more boron was

required both to prevent deficiency and to produce toxicity. Eck and campbell (1962)

found that liming decreased boron uptake when soil boron reserves were high. They

attributed this effect to a high calcium content. The addition of calcium thus increased the

plants, requirement for boron but decreased the abilþ to absorb it' Tanaka (1967) reported

that boron uptake by radish (Raphanus sativus L.) was reduced when calcir¡m content of

the medium was increased. The effect of calcium on boron uptake may be atüibuted to the

Ca : B ratio in the plant tissue (Marsh and Shive, l94l)' The Ca : B ratio has been used to

predict boron deficiency; however this ratio should not be given the same importance as

levels of the individual elements (Gupta, lgTg).Prather (1977) and Takka¡ (1982) found

that at equivarent aÍrounts of calcium, tissue boron concentrations were much higher if

caSo¿, rather than ca}{o3r wâs applied to the soil. However, Gupta and Macleod (1977)

reported that increasing soil pH by the addition of rime, rather than the availability of

calcium and magnesium, decreased boron uptake in the absence of added boron'
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A relationship has been observed between the concentration of potassium in the

gfowth medium and boron nutrition. For exanple, Reeve and Shive (19¿t4) noted that at

low levels of boron supply the effect of potassium was simila¡ to that of calcium' so

increasing potassium revers in the nutrient sorution accentuated boron deficiency

symptoms. At high levels of boron supply, however, increased potassium levels

accentuated boron toxicity. Hill and Morill (1975) reported results from field and

greenhouse experiments and suggested that there was a significant positive relationship

between potassium and boron fertilizer in increasing yields of peanuts, except at the

highest boron and potassi'm levels where yields were reduced. Sinha (1961) atnibuted the

boron deficiency which resulted when potassium was applied to low boron soils to

physiotogical interactions. Patel (1967) showed that boron deficiency symptoms of Bedi

Tobacco increased and toxicity symptoms decreased with an increase in Ca : B or K : B

ratio. In contrast, cutcliffe and Gupta (1980) showed that boron concentrations of

cauliflower (Brassica oleracea L. spp. botrylis) leaf tissues were not greatly affected by

phosphorous or potassiurr treatments, but that applied nitrogen increased the boron

content ofthe tissues.

In many Austalian soils, a high concentation of soluble boron and a low level of

available zinc may occur simultaneously. The interactions of phosphorous with boron and

zinc were studied in bartey by Graham et at. (19g7). They concluded that both low zinc

and high phosphorous supplies increased boron accumulation in barley plants and

suggested that fertilizer with available zinc might be applied to reduce boron toxicity. singh

et al. (1gg0) found that zinc deficiency accentuated boron accr¡mulation to toxic levels in

the tops of wheat plants. They also found that boron accumulation in plant tissues

increased with the increasing of boron supply mo¡e in the absence of zinc ttran that in its

presence. Boron deficiency ín maize (zea mays L.) ted to the accumulation of

physiologically inactive zi¡c in plants and zinc deficiency symptoms, even though zinc

concentration in the plant tissues was not low (Leece, 1980). It is therefore possible that

boron may be required for the normal utilization of zinc by plant cells'
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Among the macronutients, nitogen is the most important in its effect on uptake of

boron by ptants (Gupta rgTg).Davies (lgg0) suggested that the availability of boronper

se \ilas not affected by the application of nitrogen fertilizers, but that, r¡nder critical

conditions, boron deficiency could be induced by the use of nitrogen' Smithson and

Heathcote (1976) found that the application of 250 kg N þ¿-t depressed cotton yield under

boron deficient conditions, but increased yield when boron was applied' The application of

boron enhanced the utilization of applied nitrogen in cotton plants by increasing the

translocation of nitrogen compounds into the boll (Miley et al., 1969)' Davies (1980)

described the nitrogen-boron relationship within plants as the inability of boron deficient

plants to effect complete protein synthesis. Chapman and Vanselow (1955) found that

liberal nitrogen applications were sometimes beneficial in contotling excess boron in citrus'

In greenhouse experiments, Gupta et al. (1973) found that the application of nitogen

decreased the severity of boron toxicity symptoms in cereals, but this was not the case in

the freld experiments (Gupta et al., lg76),where the application of nitrogen was helpful in

alteviating boron toxicity on soils low in available nitogen content'

2.4 Boron uPtake bY Plants

There are a¡guments about the mechanism of boron uptake by plants between two

groups of resea¡chers who support two different theories, nartely passive and active

mechanis¡ns.

It was fust suggested that boron moved to the rooti strrface in the soil solution by

mass flow (oliver and Barber, 1966) and was absorbed as molecula¡ boric acid in a

physical, non-metabolic process in response to the boron concentration gradient (Bingham

et al., 1970; Oertli and Grgurevic, 1975). Bingham et al. (1970) found that boron

absorption by excised barreyrootswas not affected by the tbree factors of solution pH

(range from 3 to 7), low temperatures and the addition of metabolic inhibitors (KCN'

DNP). Hence, they concluded that boron absorption was a physical pfocess' which

resulted from the diffi¡sion of r¡ndissociated boric acid across the lipid bilayer of the plasma
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membrane of root cells. oertli and Grgurevic (1975) reported that uptake of boron

decreased with an increase in pH of the nutient solution (pH 6: 100% morimum uptake)

and this was consistent with a decrease of r¡ndissociated boric acid at more alkaline pH

values.Thus,theyconcludedthattheequilibriumbetweenboroninplanttissueandthe

external solution occurred through the diffusion process, and this equilibrium was

controlled by the concentation of undissociated boric acid in the external solution' Tanaka

(1g67)proposed that in sunflower plants, boron was passively absorbed by excised roots

into the free space. He indicated that polysaccharides in the free space compartment

complexed with boron in this mode of absorption' However, the conclusion that boron

absorption is a physical process may be not true because there is evidence of genetic

variation in uptake of boron in many crops including wheat and bartey (Nable' 1988)'

The concept that boron is passively absorbed by plant roots has been strongly

challenged by other investigators. Bowen (1968; 1969) reported that boron uptake by

sugarcane reaf tissues, meristematic tissues and excised roots was metabotically reg¡¡lated

and had the characteristic of a carrier mediated reaction' The active uptake could be

detected only afrer boron reversibly accumulated in the free space was washed out by

rinsing with 0.5 mM CaCl2 for about thirty minutes @owen, 1968; 1969)' Bowen (1972)

again reported that a component of boron uptake by roots of intact sugafcane plants was

under metabolic control, although boron translocation from roots to shoots occurred

passively in the transpiration sEeam. In excised barley foots, active uptake of boron did

not occru at2oCand accumulated boron remained in the free space' Three components of

boron inthe free space were identified as:

(l) a surface contaminant film of boron on blotæd roots'

(2) water free sPace boron, and

(3) boron reversibly bor¡nd in the cell walls @owen andNissen' t976)'

In the pfesence of boron, a stoichiometic release of H+ from the roots indicated that

boron was bonded by borate complexes with polysaccha¡ides in the cell walls @owen and

Nissen, 1976). Oliver and Barber (1966) suggested that not all of the boron uptake by

plants can be accounted for by transpiratory water uptake at the B : H20 ratio that occurs
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in soil. They also reported that boron diffi¡sion to the root surface played a minor role in

boron suppty to plants. This hypothesis is supported by the evidence of differences in

water use effrciency among barrey varieties differing in torerance to boron (lvalker and

Lance, l99l). A difference in stoichiomeûry of B : H2O uptake between tolerant and

sensitive genotjæes was observed, suggesting that the difference in boron uptake between

these two genotypes was not simply related to transpiration rate'

Kochian (1991) proposed that the binding of boric acid in intracellular

comparEnents may affect the interpretation of boric acid transport' For exarnple' the

appearance of net boron inflrx into plant cells, where tissue boron concentation exceeds

the external boric acid concentation, may not necessarily mean that active transport is

occurring. An alternative explanation would be that boric acid complexes with cis-diol

groups in the symplasm, which would then allow for more difñ¡sion of free boric acid into

the ce[s. Thelrier et al. (1g7g) also suggested that the greater concentration of bo¡ic acid in

the symplasm was due to ester forrration with cis diols, and not to active transport'

Brown and Hu (1993) studied boron uptake in sunflower, squash and cultured tobacco

cells with the use of a stable boron isotope and inductively-coupled plasma mass

spectrometry (ICP-MS). They found that boron uptake is a non-metabolic process and

controlled by the formation of non-exchangeable boron complexes in the cytoplasm and cell

wall. The formation of boron complexes varies dependent on temperature, tissue and

organelle.

A nr¡mber of investigators believe that boric acid is tr¿risported by a combination of

active and passive transports systems. wildes and Neales (1971) sh¡died storage tissues of

discs of carrot (Daucus carota). They provided evidence supporting both active tansport'

probably of B(olfa-, ild passive transport of B(ott)3. Nissen (1974) also suggested that

tansport of boric acid cor¡ld be the combination of both active and passive mechanisms'

However, he indicated that active tansport of boron predominated at low external boron

concentrations, and probably involves B(oH)3 rather than B(oH)a-, while passive

transport of boron may predominate at higher external concentrations. Raven (1980)
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proposed that the overall boron distribution between the growing or culture medium and

the plant can be interpreted in terms of

(1) passive petmeation of boric aci{

(2) cis-diol formatio&

(3) active transport of boric acid (or aborate anion) and

(a) the use of total boron (rather than free boric acid) as a sensor for boron regulation'

2.5 Distribution of boron in plants

2.5.1 Boron transPort in xYlem

studies of boron transport at the whole plant level reveal a direct, though not

stoichiometric, relationship between transpiration rate and boron accr¡srulation by plants'

plants grown in row or high rerative humidities differ in their shoot boron concentration

according to transpiration rates (Amrstrong and Kirkby, 1979; Kohl and Oertli' 1961;

Michale and Marschner ,1962;Michaet et al., 1969)' Boron uptake by sugarcane seedlings

gro!\'n over a one week period in 30Vo, 58Vo, or 95% relative humidity was inversely

related to the relative humidity and directþ rerated to transpiration rate (Bowen, 1972)'

These results were consistent with the work of Nable et al. (1990b) who concluded that

the increasing of water use resulted in increased boron accr¡rruration by barley plants. It

has generally been assumed that boron moves passively with the transpiration steam' an

assumption primarily based on the observed pattern of distribution of boron in leaves

(Kohl and oertli, 1961; Oertli, 1960). Evidence of translocation of boron occu¡red in the

experiment of oertli (1960) where boron concentratioru¡ were higbest in the marginal areas

of lemon leaves and lowest at the base of the midfib. Kohl and oertli (1961) reported that

boron concentration of Easter lily leaves increased hyperbolicatly from leaf base to nea¡ the

tip. They also indicated that boron accumulated in those areas of the leaf where the

tanspiration stream ends.
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Bowen(]g72)studiedthetranslocationofboronfromroottoshootandconcluded

that the root-boron content and water flu in the :<ylem could be used for the prediction of

shoot-boron content; after absorption into the root, boron appeared to be passively

transported into and through the xylem. Raven (1930) has pointed out that the work of

Bowen may be correct at the very low transpiration fates with the relatively high boron

concentration in the external solution used during the experiment. However, there was

some evidence to support the hypothesis of regulation of boron transport into the xylem

by the root. The experiments conducted for barley (Hordeum vulgore) and wheat

(Triticum aestivum)(Nable, l9B8) and annual medics (Medicago spp.) and peas (Pisum

sativum) (Paull et al., lgg2b) identified an apparently simitar mechanism controlling

tolerance to boron for these species. The low concentations of boron in roots indicated

that the low concentrations measured in shoots of tolerant lines result from the lower

uptake of boron by roots of tolerant lines. The differences between the calculated boron

concentrations of the transpiration stream of boron-suffrcient c, plants (1-65 mmot m-3)

(Gauctu lg4z)and the normal root boron concentrations on a fresh weight basis (100-1000

mmol m-3¡ suggested that the shoot transpiration stream does not directly reflect root

boron concentrations @rown and Jones, l97l;Mengel and Kirkby, 1982)'

Brown and Jones (1971) investigated boron transport in boron-efficient and boron-

inefficient varieties of tomato. when the tomato va¡ieties were grown in boron levels which

induced boron deficiency, the root boron concentrations wefe similar in the efficient and

inefficient varieties but the boron concentrations in the xylem sap and shoot were much

lower in the inefücient varieties. These results indicate ttrat boron tansport in xylem is not

merely passive diffi¡sion related to mass flow of water. Halbrook et al' (1986) reported

that in table beet (Beta valgaris L. cv. Red Ace), for plants studied under a controlled

environment, boron translocation to shoots was controlled by dry matter accumulation

during early stages of plant development. They also concluded that boron movement in the

xylem to shoots was not affected by transpiration rates'
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2.5.2Boron transPort in Phloem

Boronisgenerallyconsideredtobeanimmobileelementandthatafteritis

deposited in a leaf it is not removed and retranslocated to other organs such as new leaves

or developing fruits. This immobitlty was explained by some forrr of fixation (Eaton'

lg44).Epstein (1973) attempted to explained this immobility by an inabilþ of boron to

enterthephloem.ontheotherharrd,oertliandRichardson(1970)postulatedthatboronis

able to penetrate and be tanslocated in the phloem, but then re-entered the xylem of the

leaf or petiole and moved back into the leaf via the tanspiration steam'

This a¡ea is marked by confusion and contoversy' Tammes and van Die (1966)

compared the boron content of phloem exudate of Yacca' either obtained from the severed

inflorescence stalk (peduncte) (l mol d3¡ or with that in the inflorescence supplied by the

phloem (2 mot m 3¡ and that in the leaves which a¡e the so'rce for the phloem fluid (34 mol

m-3¡. From this study, it appears that boron does enter the phloem.

In several studies, the stable boron isotope (l0g) was used as a stable tracer for the

1lB isotope. In order to monitor the translocation of boron out of the leaves, the l0B

isotope was applied to leaves in white clover (Triþlium repens L') (Martini and Thellier'

1980) and radish (Raphanus sativas L.) (Chamel el al', l98l)' chamel et al' (1981)

concluded that boron applied to leaves of radish penetrated the epidermis and was

tanslocated to other parts of the plants. However, the largest fraction was retained in the

treated reaf. Boron distribution within the treated leaf was homogeneous, leading the

authors to suggest . that the low rate of boron translocation from the treated leaf was a

result of it being partly bor¡nd as a boræ< polysaccharide complex (Mengel and Kirkby'

1978; Raven" 1980). Maftini and Thellier (1980) reported similar results with white clover'

They used the l0B (n, c) 7Li nuclea¡ reaction to study boron transport in the plant after

fotiar application and concluded tbat more than 98% of the applied boron remained at the

treated a¡ea of the leaves, presumably due to boron-ester bond fonnation between boric

acid and the alcoholic groups of cell wall. Less that 2Yo of the applied boron was

distributed to the other parts of the plant which was transferred from the oldest parts to
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the newry formed reaves. Raven (19g0) suggested that redistribution of boron in the

phloem is very limited because

(1) boron concentration in phloem sap was limited by toxicity of the boron in the

cytoplasmic transPort channel, or

(2)theinabilitytomaintainhighboronconcentrationsinatransportchannelwhichis

su¡roundedbyaboron.perrreablemembraneandisadjacenttoxylemsapwithlowboron

concentrations.

2.6 Soil factors affecting boron requirement and uptake by plants

2.6.1 Soil PH

soil pH is one of the most important factors affecting the availability of boron to

plants. Studies by Peterson and Newman (1976) and Gupta and Macl,eod (1977) have

shown that a negative relationship between soil pH and uptake of boron by plants occurs

when soil pH levels are higher than 6.5. Since only boron that is in the soil solution is

available to plants (Hatcher et a1., 1g5g), these results indicate that boron distribution

between the liquid and sotid phase is stongly dependent on soil pH. The soil pH may also

reflect the balance between B(OH)3 and B(OH)a-, with the proportion of the latter

increasing at high pH. If only B(OH)3 was taken up by plants, the effect of pH on uptake

of boron by prants does not necessarily require change in distribution between liquid and

solid phase. However, this relationship is not consistent, and deviations from this effect

occur, owing to factors such as crop species (Guptq 1972' 1977)'

LimingsoilstopHmorethan6.5inducedborondeficiencyinsusceptiblecrops

@atey, lgTl). The severity of lime-induced boron deficiency, hourever' depends on a

nt¡mber of variables, including the moistr¡re stah¡s of the soil (Berger, 1949)' the nah¡¡e of

the crop (Bradford, 1966), and the period of time from lime application @errrol and

Trinder, tg4l).Peterson and Newman (1976) studied the effect of pH on the availabiliry

of added boron at pH levels of 4.7,5.3, 5.8, 6.3 and 7'4' Boron uptake by tall fescue
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(Festuca arundenace¿ schreb.) was reratively r¡niform for the first foru pH levels but a

drastic drop in uptake occurred at pH 2.4 indicating that alt the effect is due to fixation

rarher than uptake of B(oÐ3 and B(oH)4-. prant uptake of boron at the five pH levels

showed no relationship with the amount of water soluble boron but the data were in

agreement with those of wea¡ and Patterson (1962) as the plant boron concentration was

higher at a lower pH level than at a higher level. Gupta (1968) also suggested that there was

no relationship between hot water soluble boron and pH on 108 soil samples from eastern

canada (pH 4.5-6.8). The decreasing of availability of boron at pH levels in excess of

approximately 6.5 is probably related to the decreasing of boron concentration in soil

solution as a consequence of adsorption onto clay and hydroxy-aluminum surfaces (Keren

and Bingharn, 1985). At pH < 7 boron is present in the soil as B(OH)3' which is not

adsorbed very extensivety by the colloidal fraction. As the soil pH rises, the concenmtion

of B(OII)a-, üd hence adsorption, increases

2.6.2Psrent material

The bulk of boron in soil comes originally from soil minerals, thus the boron

content of soil is primarity rerated to the boron content of the parent material from which

the soil was derived. Soils from ma¡ine shales (Norrish, 1975) and sedimentary rocks

contain much higher concentrations of boron than igneous rocks and gfanitic material

@ingham et al., l9l};whitestone et a1., 1942; Liu et al., 1983). Gupta (1979) suggested

that tourmaline is a boron conøining mineral that is present in soils formed from acidic

rocks and meta¡norphic sediments. However, boron from this so'rce is not readily available

for plant growttr. soil derived from materials of volcanic origin also have a high level of

boron (Morgaru l9s0). Hence, high boron soil is common in areas along the major world

fault lines. plant availability of boron is also reduced in soils derived from volcanic ash

(Sillanpaa and Vlek, 1985) and in soil rich in aluminr¡m oxides (Bingham et al', 1970; see

section 2.3.1).
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2.63 Organic m¡tter

Although most cultivated soils contain a small anount of organic matter (1-5%)' it

can significantly modiff their chemical properties (Keren and Bingham, 1985)' Okazaki

and chao (1968) reported that in acid soils, organic matter is one of the main sources of

boron since rerativery rittle boron adsorption in the soil occ'rs at low pH levels. Although

boron in soil organic matter is not immediately availabre to prants, it is considered to be the

main sor¡rce of available boron when rereased through mineralization (Gupta et al., 1985)'

The influence of organic matter on the availabitity of boron in soil is amplified by decreases

in the pH and the clay content of the soil. The strongest evidence that organic matter

affects the availability of soil boron is derived from shrdies that demonstrate a positive

correlation between organic matter and hot water soluble boron (Guptq 1963)' Addition of

material such as compost rich in organic matter resulted in a large increase in concentation

of boron in plant tissues and in phytotoxicity (Purves and Mackenzie ' 1973)' This is

probably because of the high concentration of bo¡on in the compost used in this

experiment. However, in soil with low organic matter content (l'2%)' the effect of the

organic matter on availability of boron in the soil is negligible (Mezuman and Keren' 1981)'

There a¡e indications that boron is strongly adsorbed in limed peat as leaching of

boron from peats has been forurd to be low (Prasad and woods, 1971)' The necesstty to

add boron to peat soils has been recognized @rasad and Byrne, 1975)' Results indicate that

the reduced boron uptake at high pH is partly due to a chemical reaction between limed

peat and added boron. Gupta (lglg)reported that boron toxicity symptoms could not be

observed from crops gro*n on peats at boron fertilizer rates that us'ally produce toxicity

on minerar soils. prasad and Byrne (1975) arso for¡nd that there was no boron toxicity

symptom in sweetcorn gfowll on a peat soil even when the hot water soluble boron

concentration was as high as l0 mg kg-l'
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2.6.4 Soil Texture

Soil textr¡re is an imporønt factor affecting the availability of boron in cerøin soils

(wear and Patterson, 1962). There is evidence that the movement of boron in sandy soils is

greaterthan that in soil of heavier texture (Kubota et al., 1949)' Page and cooper (1955)

also reported that afrer the addition of 12.5 cm of water to acid sandy soi[, about 85% of

applied boron was leached from the soil. Movement of boron is less rapid in heavy-

textt¡¡ed soils because of increased adsorption by the clay particles (Reisenauer and Hoeft,

lg*3).If other things are equal, light-tex$red soils contain less available boron than heavy-

textured soils and boron deficiency is more common in them @avies' l9S0)' Gupta (1968)

reported on his studies of soil from eastern canada that a greater quantity of hot water

sorubre boron was found in the fine-textr¡red soils than in the coa¡se-textr¡red soils while

the highest percentage of total boron in the hot water soluble form occu¡red in the fine-

textued soils. The observed rerationship between boron and soil texh¡re could be at'ibuted

to the fact that much of the boron present in the soil occ'rs as an anion, particularly in the

alkaline faûge, and is adsorbed to clay particles. The lower a*or¡nts of boron in sandy soils

are likely to be related to higher leaching of boron, which would also explain the lower

percentage of the total boron that occurred in the hot water soluble form (Gupta 1968)'

In general, more applied boron is required in fine.textrrred soil than that in coa¡se.

textu¡ed soil to produce simila¡ boron concentrations in plants' singh et al' (1976) reported

that in gram(Cicer arietinum), boron concentrations of 3'5 ppm in solution in sandy loam

and 4.5 ppm in clay loarn resulted in tissue boron concentrations of 232 ppm and 221

ppm, fespectively. Similarty, Eaton (1935) reported boron rnjury to be çsmFa¡atively

gteater at lower applied boron concentations in coafse texhred than fine texh¡red soil'

2.6.5 Soil moisture

Moisture appears to affect the availabitity of boron more than that of other

elements. Boron deficiency is observed in dry seasons or in late srÚtmer when moisture is
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low(HobbsandBertamson,lg4g;BakerandMortensetL1966).Droughtstressor

moisture stress in the surface soil induces boron deficiency in many crops including alfalfa

(Medicago satival.) (Barbe r, 1957),apple (Malus domestica Borks') (Faust and shear'

1968) and cotton (Gossypium hirsutuml.) (Miley and woodall' 1967)' Bouma (1967)

reported that root growtü is timited by boron defrciency which would intensiff drought

stress. According to Batey (1971), turnip (Brassica rapa)in Wales normally became boron

deficient in soil with < 0.3 mg kg-l of exfiactable boron but deficiency was observed in a

dry summer in fields with e:<tactable boron levels of 0.5-0.6 mg kg-I. Gupta et al' (1976)

also for¡nd that moistr¡re had a significant effect on plant boron uptake when boron was

applied to the soil. The boron concentration of barley, with added boron, ranged from 162

to 3t2mg kg'l r¡nder normal conditions, but only from 87 to 135 mg kg-l when the area

near the boron fertilizer band was kept dry'

The analysis of soils for predicting boron deficiency (Berger and Truog' 1945)

indicates that available soil boron is often concentrated in the surface zone although

cartwright et at. (19g6) observed that the concenüation of boron in the low rair¡fall regions

of southern Australia reached a mærimum in the subsoil' Thus' for the former sihration'

drying of surface layers should restrict water and boron uptake from this zone' and

consequentþ, restrict the boron supply to plant meristems (Moraghan and Mascagni'

1991). The explanation of how moisture stress induces boron deficiency in plants would

appear to lie not in fixation processes' but in the inabilþ of the plant to extract boron

from soil due to the lack of moisture in the root zone @avies, 1980)' some investigators

suggested that the car¡se of drought-induced boron deficiency was that lack of moisture

restricted mineralization and availabitity to plants of organically bound boron in soil

@erger, 1962;Evans and sparks, 1983; Flannery, 1985)' Studies by Kluge (1971) indicate',d

that boron deficiency in plants during drought may be only partially associated with the

level of hot water soluble boron in soil. The reduction in volume of soil solution' of mass

flow and diffusion rate and the limited transpiration flow in the plants during drought

periods may be causative factors of boron deficiency in spite of an adequate supply of

available boron in the soil.
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Boron toxicity in plants is chiefly affected by the concentration of boron in soil

water(KerenandBingham,lgS5).Tipsandmarginsofolderleavesarefirstaffected

because boron distibution in plants is related to tanspiration patterns (Marschner, 1986)'

Thus, environmental factors that influence the tra¡rspiration rate will influence the boron

toxicity in plants (Lovatt" 1985; Nable et al'' 1990b)'

2.7 Functions of boron in Plants

2.7.1 CeIl division and enlargement

The effects of a lack of boron on root g¡ourlû have been reported by many

investigators. Neales (1959, 1960) reported that root elongation continued for a period of

48 to 80 hours when corn, bean and pea were grown in the absence of boron while

elongation of flær foots was sustained for only 48 hor¡rs in a boron-deficient medium'

Theearliestsymptomofborondeficiencythatcanbeobservedinsquashplants

grown in boron-deficient solution culture is the cessation of root elongation (Cohen' 1972)'

Many investigators have questioned which of the two processes boron is necessary for'

cell elongation or cell division. Kouchi and Kr¡mazawa (1975) found that the primary effect

of boron deficiency on tomato root tips was the inhibition of cell division and cell

enlargement in the root apices. Several investigators have suggested that boron is required

for cell division (Hass and Klotz, 1931; Whittington, 1957)' Cohen and Leppet (1977)

concluded that the cessation of root elongation brought about by boron deficiency was

caused by a fail,re of cell division in meristematic cells, and not by ce[ura¡ elongation. This

suggests that boron acts as a regulator of cell division. The growth fespoffte of diatom cells

to boron indicated that cell division stopped early after removing boron from the culû¡fe'

and the cells increased in size due to swening rather tha¡r to a blockage in the process of cell

separation (Smyttr and Dugger, 1981)'

Alexander (1941), Neales (1960) and Sommer and sorokin (1923) suggested thatthe

primary influence of boron is not on cell division since abortive lateral primordia are
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forrred in boron-deficient roots. Normal mitosis occr¡¡red as lateral meristems began

deveropment but cell division ceased soon thereafter. skok (lg5g) also reported that boron-

deficient roots showed an increase in lateral root initiation with a decrease in root

elongation. Boron deficiency and phytohormone interactions have been studied by

Bi¡nbaum et al. (1974) in unfertilized cotton (Gossypium hirsutum L') ornrles grown in

vitro. They found that the in vitro cultures of cotton ornrles in the absence of boron

showed reduced fiber cell growth (i.e. elongation). However, cell division was rapid and

resulted in a mass of rurdifferentiated calh¡s tissue. Therefore, they concluded that boron is

not required for cell division but, in contrast, its absence promotes the division-inducing

(callus forming) capacity of gibberellic acid (GA3). They fr[ther suggested that boron is

required for fiber elongation in response to IAA. Skok (1957) observed that cell maturation

rather than division appeared to be more affected by boron deficiency in sunflower

seedrings. Resurts of Robertson and Loughman (19742) indicated that it is unlikely that

responses associated with boron deficiency are caused by interference with cell division'

but they may be related to the role of boron in the metabolism, transport, or action of

auxin-type hormones in broad þans (ViciafabaL')'

2.7.2 Cell difierenti¡tion and maturation

Skok(195s)proposedthatboronfurctionsprimarilyindifferentiationand

matu¡ation of plant cells ¡ather than in cetl division. Dugger (1983) suggested that in bean

and Clematis, root growttr of cuttings showed a respo6¡e to boron, but the effect was on

root initiation rather than on growttr and differentiation of the initiated roots. Sommer and

Sorokin (rg2g) studied roots of pea and found that in the absence of boron, differentiation

of rateral root primordia and of isolated xylem elements occr¡rred prematurely. similar

results were found in excised tomato roots by Albert and V/ilson (1961)' Neales (1960) and

Atbert and wilson (1961) also observed premature differentiation on lignified tissues in

root of Vicia fabaand excised tomato foots, respectively. In the studies of seedlings of

viciafaba,Robertson and Longhman (1974b) reported that boron deficiency did not reduce
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the ability of cells to divide, nor did it affect cell differentiation capacity. They ñ'ther

observed that deficiency caused a change in the nonnar polarity of elongation and division

resulting in apparent hyperplasia of the stele'

2.7.3 Phenolic compounds and lignin biosynthesis

Borondeficiencywasreportedtoleadtoanaccr¡mulationofphenoliccompounds

(Reed, lg4l).This resulted in a decreased level of lignin which is a product of phenolic

polymerization in boron-suffrcient tissue. The excessive amounts of phenolic compounds

are the cause of necrosis and ultimate death from this deficiency (watanabe et al'' 1964)'

spurr (1952) found that fluoresence in boron-deficient tissue of celery occurred because of

the rocalised accumuration of caffeic and chlorogenic acids. It was later suggested that the

necrosis caused by boron deficiency arises from an increase in caffeic acid @ugger' 1983)'

However, in boron-deficient oil palm, there were no leucoanthocyanins' which were

normally present where other phenolic compounds accumulated @ajaratnam and Lowry'

lg74).Boron deficiency also caused an increase in flavonol, flavonones, and flavonol-3-

glucosides in tomato leaves (Sbkol'nik and Abyshevar lgT5). Flavonol and flavonones are

in the flavonoids group which is the most important single group of phenolics (Harborne'

1e89)

sunflower (Hetianthus annuus) glown under conditions of boron deficiency

accumurated phenoric compounds which resurted in a reduction of IAA oxidase activity

(Shkol'nik et al., 1964). However, it was reported recentþ that early effects of boron

deficiency afe not athibuted to changes in endogenous IAA levels (Hirsch et al'' 1982;

Hirsch and ToneY, 1980).

In general, with the exception of some ma¡ine diatoms, tigrrified plants require boron

(pilbeam and Kirkby, 1983). Boron may be essential for the biosynthesis of lignin from

coumaryl, coniferyl and sinapyl alcohols (McClure, lg79). Lewis (1980a) proposed that

the primary role of boron was in the biosynthesis of lignin and differentiation of :<ylem' ln

boron-deficient sunflower, the ability of leaves to synthesise lignin apparently
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decreased with the increasing severity of symptoms (Perkins, 1957) and there was less

rignification in boron-deficient root tissue than in normar tissue (Dutta and Mcllrath'

1964). Boron regulated the hydroxylase and oxidase activities of phenolases which a¡e

involved in the biosynthesis of caffeic and hydroxyfurulic acids'

The variation in boron requirement among plant species probably occurs because

of interspecific variation in lignin composition. The lignin of monocots and bryoph¡es'

two groups of plants with a low requirement of boron, consist mainty of coumaryl alcohol'

on the other hand, the higher boron requirement of dicots may be related to the additional

conversion ofp-coumaric aci4 the irnmediate prec'rsor of co'maryl alcohol' to coniferyl

and sinapyl alcohols @ilbeam and Kirkby' 1983)'

2.7 .4 Cell wall biosYnthesis

Several investigators have tried to define the role of boron in plant cell wall

biosynthesis. Boron deficiency in celery plants altered cell walls, and apparently affected

the rate and process of carbohydrate condensation into wall materials (spun, 1957)'

whittington (1959) suggested that the abnormality of cell wa[ formation in boron-deficient

field bean radicles prevented the cell wall from þsssming organized for mitosis' In boron

deficient field bean radicles, l4g-glo"ore w¿ls incorporated into pectic substances at a

higher level than that in boron-suffrcient radicles. This role of boron in ptant grourlh is

described as a bonding agent between cell wall and potysaccharides (slack and whittington,

lg64).Wilson (1961) also observedthe effects of boron deficiency on cell walls of tobacco'

For parenchyma grown in tissue culn[e there was a doubling of the amount of cell wall

fraction with no change of the cellulose : pectic substance ratio compa¡ed to tissue grown

under control conditions. There was an increased level of hemicellulose and pectic

substance in the root tissue of boron-deficient oil palm seedlings as compared to boron-

sufficient seedling roots (Rajaratnam and Lowry'1974)'
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The effect of boron deñciency at the ultastn¡ctr¡ral level appeared as morphological

changes in the cell wall and the cellula¡ Gotgi apparahrs (Kouchi and Kumazawa 1976)'

Theysuggestedthattheabnormalitiesobservedwerecausedby

(l) alterations to the mechanisms of cell wall synthesis or breakdown'

(2) the abnorrrality of the Golgi apparatus and

(3) the secretion of cell wall components by Golgi vesicles'

cell wall thickening in root apical meristems, which occurred less than 3 to 6 hours

after intemrption of boron supply, was the result of an increase in hemicellulose and

pectin, and an irregular deposition of vasicular aggregations of new cell wall material

intermixed with membrane material (Hirsch and Torrey, 1980)'

2.8 Level of boron in Plants

The boron concentration of plants grou/n under natr¡ral conditions varies widely for

plant species and kinds of soil. shacklette et al. (1978) reported that trees and shrubs'

which hadaboronconcentration of 50-500 mg kg l, generally contain two to ten times as

much boron as do vegetables. The lowest boron amotutts, however' have always been

found in seeds and grains, cereal gains in particutar (Kabata-Pendias and Pendias' 1984)'

In general, boron concentation in the plant reflects, to a considerable degree, boron

requirement of the plant (Jones, 1991). For example, monocotyledons contain less boron

than do dicotyledons, which agrees with their requirement for this element @erger' 1949)'

Members of the papilionaceae and Cruciferae families have relatively high boron

requirements and, therefore, generally contain fairly high (> 25 mg ttg'l) boron

concentrations in their leaves (Jones, l99l). A distinction must be made between the

requirement for and the tolerance to boron. Plants with a high requirement do not

necessarily have a high tolerance. Lucerne and cabbage have a high requirement' but they

a¡e classified only as semi-tolerant plants @radford, 1966). Grasses have low requirement

but some species, e.g., cocksfoot, can withstand relatively massive amor¡nts of boron-

containing herbicides without being killed (Oram, 1961)' Pea and barley have a low
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requifement, but are considered as semi-tolerant (Davies, 1980)' Most classifications of

species reported above a¡e based sa ¿ single genot¡pe' However' in view of the large degree

of intraspecific variation (see section z.rr.2), this is not valid. It is not acceptable to

generalise to the whole species on the basis of limited genetic material'

The critical levels of boron toxicity and deficiency in crops vary considerably

according to species, stage of development at sampling, plant part sampled and the method

used for extracting boron from plants. However, in many plants' bo¡on deficiency in the

field occrus when the concentration in fully mature leaves is < 15 mg kg 1 and the boron

suffrciency ¡angê is between 20 and 100 mg kg-l (Gupt4 1979; Adriano' 1986)' whereas

boron toxicity occufs when plant tissue concentation exceeds 200 mg kg-l (Gupta" 1979)'

However, Gupta (1971) reported the critical value for toxicity as 16 and 20 mg kg I in boot

stage tissue for wheat and barley, respectively. However, there are considerable problems

with the estabrishment of critical values and use of leaf or shoot anarysis to diagnose boron

toxicity in barley and wheat. These problems are a consequence of the pattern of

distribution of boron in leaves, the effects of environmental conditions on boron

accumulation by plants, and the leaching of boron from leaves (Nable et al', 1990b; Nable

and MoodY,1992).

The sr¡ffrciency fange va¡ies from one part of the plantto another' Lockman (1972)

reported that the sufFrcient fange for boron in sorghum lsorghum bicolor (L') Moench]

was 1-6 mg kg-l at dough stage in the thi¡d leaf below the head of the 82 to 97-days-old

plants, whereas it was 1-13 mg kg-l in the whole plant of 23 to 39-days-old plants'

Robertson et al. (1976) and Gupta (lg7g) reported the boron sufhciency range and

sampling criteria for a number of crops'

2.9 Distribution of boron toxicity and deficiency

Boron toxicity in plants may be common in semiarid regions with alkaline soils

(Caftqright et al., 1934). Toxicity can occur r¡nder three main conditions:



27

(1) in soils developed from parent materials that contained high levels of boron @aton'

1944),

(2) in soils inigated with high boron water leading to boron accr¡¡nulation and concentration

inthe soils (Wilcox, 1960),

(3) in soils using overfertilization with minerals high in boron (Mackay et al'' 1962)'

Boron toxicity has been reported in a number of cor¡ntries' In India' well water

containing a high concentration of boron has been reported to be used for irrigation in a¡id

and semi-arid regions of Utta¡ pradesh, Haryang Rajasthan, Punjab, Agra (Chauhan and

powar, l9lg;Chat¡tran and Asthana, 1981) and Patti (Amritsar) (Singh and Kanwa¡, 1963)'

symptoms of boron toxicity were observed in a wetland rice field at an IRRI farm in The

philþines and which was irrigated by high-boron deep well water @onnampenrma et al"

1979;Cayton,1985).Theyieldreductioninricewasestimatedatl0.20Yofottolerant

varieties in blocks irrigated by high-boron wells during dry seasons when rainfall was nil

(cayton, 1985). Boron toxicity has also been observed in crops gfown on soils with high

boron availability in newly developed fields of the san Joaquin valley in california

(Kubota" 1930). Plants with high concentrations of boron have been observed in other

regions of the'western usA (welch et a1., 1991). Boron toxicity in barley and wheat has

been identifred in T'rkey, Syriq Trurisia and the dryland areas of Egypt and suspected in

Libya and Algeria (ICARDA Annual Report, 1993). There was aPproximately a2645o/o

yield difference in a comparison between boron tolerant (5044-5800 kg ha-l) and sensitive

(3348 kg ha-l) lines of bartey in a higþ bo¡on field at Kazat Research Fa¡rr in Turkey

(ICARDA Annual RePort, 1993)'

High concentrations of boron have been recorded in many soil and plant sarrples

obtained from widespread regions of the cereal growing districts of southern Aushalia

(carnilright et al., 1984; 1986). The areas with the potentially toxic levels of boron include

upper Eyre Pennisula, upper Yorke Pennisula, parts of Murray Mallee in south Australia

(cartwright, 1986), parts of the cereal belt of 'westem Australia (Ktran et a1'' 1985) and

also western Victoria (Ratph, rgg2). soils of south Austalia in which boron toxicity has

been for¡nd are almost invariably sodic and rich in calcirun carbonate (Cartu¡right et al',
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19g6). This calcir¡rr tends to adsorb the boron at the top of the B horizon preventing its

reaching out of the soil and thus presenting a layer of high boroi soil to advancing plant

roots (Rathjen et al., l9s7). Identiffing the disüibution of high levels of soil boron in

southern Australia was demonstrated by soil surveys (cartwright et al., 1986) together

with chemical anarysis of barley grain harvested from sor¡th Ausralia and western victoria'

Maps depicting regions of low and high concentrations of boron in barley grain were

constructed by csIRO Division of soil and published by Ralph (1992)'

Generally,leachingisthemajorproblemwhichcar¡sesborondeficiencyinthesoil

of humid regions (Gupta et al., 1985). Miljkovic et at' (1966) reported that plant-available

boron in the humid soil is located in the top 15 cm in the organic matter fraction' Thus,

boron deficiency is frequentþ observed in plants gfowll on regosols' sandy podzols'

alluvial soils and low humic gleys (Gupta et al., 1985). Boron deficiency has been reported

in many counties of the world. In Austatia reports of boron deficiency a¡e confined to the

high rainfall, acid soil regions of the eastern States, for exarrple in clover in some parts of

New south wales (csIRO Research Report, 1985-86), Pinus radiata in victoria

(Ilopmans and Flinn, l9s4) and Brassicas in Tasmania (Lamp' 1964)' Boron deficiency in

peanut has been reported to be common in northem and north-eastem Thailand @ell et al"

1990). In China" the geographical distibution of boron deficiency in crops coincided with

the distribution of boron deficient soit (Zheng et al., 1982). Deficiency of boron has been

reported in many areas of Canada (Mackay et al., 1962), and in the United States boron

deficiency was reported in 43 states (Spa¡r, 1970). other cor¡ntries in which boron

deficiency has been repofed include New Zealand (Shenell, 1983), Sweden (Erikson

]glg),Nigeria (singh and Balasubramanian, 1983) and England (wallace' 1951)' Boron

deficiency has also been found in some arid regions of India (Ga¡g et al., 1979\ and Pakistan

(Ktran et al., 1979).
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2.10 ResPonse of Plants to boron

2.10.1 DeficiencY sYmPtoms

since boron is relatively immobile following translocation in the transpiration

stream and a concentrated distibution in the distar portion of older leaves (oertli, 1960)'

boron deficiency can always be detected ftst in the youngest leaves and the growing points

of shoots and roots (Bergman, 1984). In most plants, boron deficiency shows up as

shortened internodes and arested top growth. The terminal bud dies and lateral buds

produce side shoots which result in a bushy or rosette appeafance of plants (Guptq 1979)'

Under severe stress, boron-deficient plants may develop chlorosis, drop their flower buds

and fail to develop seeds (Keren and Bingharn, 1985). In vegetables such as rutabaga and

cauliflower, boron deficiency is indicated by dark-brown spots on areas in the storage

tissue (Gupta lgTg).Boron deficiency causes sterility and consequently grain set failure in

wheat without visual symptoms of deficiency on foliage (Rerkasem et al', 1991)' Results

of a study of the effect of boron on pollen germination when it was supplied in an agar

medium for invifro germination indicated that the percentage of germinated pollen and

length of the pollen tube increased with the increasing medir¡m boron (cheng and

Rerkasem, 1993). However, Bussler (1964) suggested that boron deficiency is manifested

in individuar species of prants by various visually perceptible cha¡acteristic micro- and

macromorphological changes. Detaits of symptom expression for a large number of crop

species are pfesented in a monograph on boron deficiency and toxicity by Eaton (194,4)

andinreviewsbyBerger(1949),Bradford(1966),andGupta(1979).

2.10.2 ToxicitY sYmPtoms

Since boron distribution in plants is related to the transpiration pattent, the toxicity

effects occur preferentially in the tips and édges of leaves, particularly in older leaves

(Marschner, 1986), and spread from the lower to the top leaves @ergman' 1984)' The
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pattern of chlorosis and necrosis follows the leaf venation (oertti and Kohl' 1961; Gt'pta

lgTg).Although different plant species vary greatly in their tolerance to an excess of

boron, most plants are similar in their boron-toxicity symptoms' The toxicity symptoms

consist of marginal and tip chlorosis, which is quickly followed by necrosis (shorrocks,

lg74).Acute boron toxicity results in premature teaf drop and eventual death of the plant

(Keren and Bingham, 1985). There is evidence that the gradients of boron concentations in

reaves and severity of symptoms of boron toxicity coincide, thus indicating a relatively

direct effect of boron upon symptom developments (Oertli and Kohl' 196l)'

Folia¡ symptoms of boron toxicity in barley have been described by Christensen

(1934),Gupta(1971)andCartwrightetal.(1984).Thesymptomischaracterizedby

chlorosis and necrosis extending from the tips of the oldest teaf, ûü brown spots forming

initially at the margins and later over the distal half or more of the leaf' In wheat' the

symptoms are similar to barley, but brown spots do not develop within the affected region

(paull et al., 1990). The symptoms of boron toxicity were similar for both peas (Pisum

sativum)and medic s (Medicago spp.) and consisted of chlorosis and necrosis initially

developing along the margins of the leaves and progressing to the leaf centre @agheri et al''

1992;Paull et al., lgg2b). symptoms developed first and were most severe on the older

leaves. Excellent descriptions of boron toxicity symptoms are given by Eaton (1944)'

Bradford (1966), and GuPta (1979)'

In field conditions where plants a¡e rmder water stress because of drought' the

symptoms of boron toxicity afe very similar to those of drought stress in wheat (Paull et

a1., 1990) and most other crops. However, the symptoms of toxicity and drought can be

differentiated in field gfown barley because the occr¡rrence of brown spots will indicate

boron toxicity. Therefore, barley can be used as an indicator of boron toxicity in the field.
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2.103 Yield

A reduction in yield due to the uptake of either extremely low or high

concentrations of boron has been reported in many crop species'

Under boron deficient conditions, the number of grainlpod and seeds/pod increases

with the application of boron for field peas and luceme, respectively (salinas et al'' 1981;

Misra and Patil, 1987). Rerkasem (1991) reported yield reductions of 2lVo ald 70% Lfl

green srarL (vignø radiata)and black grarf- (vigna mungo),respectively, in boron deficient

conditions in Thailand. Bell et al. (1990) reported that seed quatity of peanut, black g¡am'

greengramandsoybeangfowlrinThailandwasmofesensitivetolowboroninsoilsthart

wasseeddrymatter.Seedswithasymptomofborondeficiencyknownas''hollowheart',

(fla¡ris and Brolman, 1966) were classified as low quality seeds' Application of boron was

reported to increase the nr¡mber of grains Per efr (Ganguly' lg79) and 1000 grain weight

(Iqtidar et al., lgTg).Rerkasem et al. (1993) also reported depression of grain set under

boron deficiency conditions in wamr wheat-growing areas of Thailand'

In high boron conditions, ttrete were reductions in the size of heads and nurrber of

heads per plant of wheat, barley and oats (Guptq 1971)' In South Austalia a yield

reduction of approximatery r|%in a barrey crop was atüibuted to boron toxicity in a red-

brown earth. Boron concentrations in satuation enfiacts of the subsoil under plants that

were severery affected ranged up to 17.9 g boron/cml lcartwright et al., l9B4). In wheat"

high concentrations of boron reduced tillering and delayed matruity (Pautl et al'' 1990)' The

yield effect of a wheat gene' Bo1, that confers tolerance to boron' was evaluated over a

fangeofsoiltyPesinsouthernAustraliabycomparingborontolerantandsensitive

derivatives from a backcrossing program (Moody et a1., 1993). The advantage of the

tolerant lines ranged up to 11% with aû avefage yield advantage of 3'3%tî all trials

conducted over a fange of soil types. In contast to boron deficiency of cereals' where the

principal yield effect is upon fertility, boron toxicity affects both staw and grain yield

(Gupta, l9|l;Khandelwal and Lal, 1991). Mehrotra et al' (1980) reported that grain

nr¡¡nber was reduced by the reduction of spikelets of some wheat genotypes under boron
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toxic conditions. Grain production appeafs to be more sefu¡itive than straw growth to

boron toxicity and reductions in grain yield, without reductions of sraw yield, occurred in

r€sponse to increasing levels of appried boron for wheat (chaut'n and powa¡, 1978), lentil

(chauhan and Asthana, 1981) and peas (chauhan and Powa¡, 1978; Salinas et al" 1981)'

2.11 Genetic control and mech¡nism of response to boron

2.lll.llnterspecific genetic variation in response to boron

For many yeafs it has been recognized that plant species and cultivars within a

species may differ in response to nutrient levels in the soil' The magnitude of the

differences between va¡ieties in response to soil nuEient levels has prompted research into

breeding varieties specially adapted to soils low in available nutrients @rown and Jones'

te77).

Interspecific genetic variation was recognized in early investigations' Differences in

response to high boron concentrations were reported for fruit trees (Haas' 1929)'

commercially grown plants @aton, 1935; Eaton, lg4$),vegetables and cereals @unris and

Hanna, 1938), and ornamentals (Francois and clarh lg7g).In these experiments, each crop

species was fepresented by a single variety. The species wefe then classified as sensitive'

semi-tolerant and tolerant to a high concentration of boron. There was conflict between

resea¡chers about the tolerance of some species and this probably occurred because these

classifications were based on only a single variety. In general, the range of va¡iation u¡ithin

a species would be expected to be the same as that across species'

The data of oertli and Kohl (1961) indicated that the differences in boron toxicity

symptoms observed between species were attibutable to differences in the rate of uptake

and local accumulation of boron, rather than the tolerance of tissues to boron. It has been

claimed that" in general, the species which afe more tolerant to high concentrations of'boron

also require mofe boron for normal growth' For example, tobacco which was the most

torerant of five species in an experiment arso had the highest boron requirement (Gandhi

iì
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and Mehta, 1959). However, Davies (1980) demonstrated that plants with a high boron

requirement do not necessarily have high torerance. This is supported by Bradford (1966)

who classified lucerne and cabbage, which have a high boron requirement' as only semi-

tolerant. Since the classification of these species was based on a single variety' all of these

experiments should be reassessed'

ln studies of the respons¡e to high boron concentation in a diverse group of species,

Eaton (1944) and Francois and cla¡k (lg7g)suggested that there was almost no association

between the boron concentration in leaves and the boron tolerance fating' This' however' is

not true in the case of comparisons among related species' For instance' Jerusalem

artichoke (Helianthus tuberosus)is considerably more sensitive to boron' and has higher

concentrations of boron in leaves, than sunflower (Hetianthus annuus) (Eaton and Blair'

1e3s).

Wheat and bartey were classified as the same level of tolerance (semi-tolerant) to

high concentrations of boron @aton' 1935). However, Bingham et al' (1985) observed that

the torerance of wheat to high boron concentrations is less than that of ba¡tey. This conflict

of classification was attributed to either different va¡ieties chosen to represent the two

species, or the large variation of wheat yietd at the low boron treaünents @ingha¡Il et al.'

1985). However, the large degree of genetic va¡iation in response to boron of wheat and

barley (Nable, 1988; Paull et al., 1988b) indicates that the classification of species for

response to boron on the basis of a single genotype is not valid'

z.Ll.zlntraspecific genetic variation in response to boron

Knowledge of within species differences in response to mineral stess conditions is

impticit in the selection of tolerant varieties by ptant breeders' considerable resea¡ch has

been undertaken in many crop species to evaluate intaspecific variation in response to

boron stess, both toxicity and deficiency, and a nt¡mber of tolerant germplasms have been

used as sources of tolerance in breeding progtams'
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Field trials of wheat in a boron deficient soil were conducted by Ganguly (1979)'

Althougþ no symptoms of boron deficiency were observed on fôliage, there was genetic

va¡iation with respect to yield. Gfain yield and number of grains per eaf of the variety

Janak increased with the application of boron but these effects were not for¡nd in the

variety Sonalika. sonalika outyielded JanalÇ both with and without boron' The reduction in

grain yield under conditions of boron deficiency was probably the result of seedlessness

(Ganguly,lg19).ThevarietiesJanalçw262andsonalikawereclassifiedassusceptible,

moderately susceptible and less susceptible to boron deficiency, respectively' on the basis

of their response to boron application (chatterjee et al.' 1980)' Rerkasem et al' (1993)

reported a wide genotypic variation in reproductive responses to boron among eight wheat

genotypes. In sand cultr¡re g¡ain set index ranged from 9'5% in sw4l to94'5Yo in Fang 60

in low boron (0.2 pM) and 2 go% *Lan genotypes for high boron treatnents (10 ttM). In

this experiment, the variety sonalika with grain set index about 70% could be classified as

less susceptible compared with the sensitive variety sw4l and this is consistent with the

work of GangulY (1979).

Geneticvariationinresponsetohighlevelsofboronhasbeendemonstatedatthe

waite Agricultural Research Institute for a nr¡mber of crop species of southern Ausüalia'

seven va¡ieties of wheat and two of barley, selected from 150 varieties on the basis of

differences in response to high soil boron in a field triar (cartwright et al., 1987), were

compared in a pot experiment at a range of soil boron concentrations (Paull et al-, 1988b)'

The most tolerant varieties, Halberd and (flUqtKP)*wmÐ/6lL2,totonly showed the least

symptoms but also had the lowest tissue boron concentrations in each of the boron

treatments. These data were consistent with the results from field experiments' In barley'

although there was no significant difference in grain yield, M-25S4 was mofe tolerant than

Stirting on rhe basis of dry matter production (Paull et al., 1988b)' Nable (1988) also

reported on genetic va¡iation in response to high levels of boron in barley' Five barley

varieties, serected from screening trials in soil culture to represent a range of responses to

an excess boron suppty from sensitive to toleran! were tested for responses to a range of

boron concentfations in solution cultures. In each level of boron supply, the tolerant
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varieties saha¡a 376i andsaha¡a 3769 accumurated considerably ress boron than did the

sensitivevarietySchooner,whereasthemoderatelytolerantvarietiesSa}rara3768and

Galleon had intermediate concentations'

Genetic variation in response to high concentrations of boron has been reported in

field peas (Pisum sativuml.) (Bæheri et a1., 1992;Paull, et al'' 1992b) and annual medics

(Medicagospp.)(Paulletal.,|gg2b).Bagherietal.(1992)reportedthattherewas

signifrcant variation in response to high concentrations of boron for dry-weight yield,

boron concentration in shoots and visual symptoms among the tested va¡ieties of peas'

These three cha¡acters were used as parameters for the classification of varieties in

response to boron. The most tolerant Australian varieties Alm4 Early Dun' Dundale and

Maittand were found to be the lowest for boron concentation in shoots @agheri et al',

1992;Paull, et al., 1992b)'

Geneticvariationinresponsetoboronhasbeenobservedinrice.Ponnamperunaet

al. (1979) reported evidence of boron toxicity in a rice field inigated for 15 years with

deep-well water with a boron content of 3.0-5'3 ppm' They for¡nd that IR40 was mofe

torerant than IRg to high revers of boron. An experiment using sorution cultr¡re treated with

increasing boron levers (0.5-20 mg l-t) was conducted in a grasshouse (cayton, 1985). The

resurts showed that at the level resurting in a l0% yield reduction, IR42 contained more

boron in plant tissues than those of IR36 and IR46. This indicated that IR42 tolerated

more boron in plant tissues than IR36 and IR46. Cayton (1985) also reported va¡iation in

yield reduction among different varieties in a rice field with high boron soil (17 mgB kg-l)'

yields of tolerant and sensitive va¡ieties were reduced 0'35o/o and 45-76%, respectively'

compared withthose in normal soil (8.5 mgB kg-l). The reduction in grainyield may have

been due to a decrease in grain frlling (cayton, 1985) since there was evidence th¿t normal

supplyofboronenlrancesdephosphorilizationandsynthesisofsta¡chandcellulose

(Bergmann, 1983), whereas excess boron intribited the forrration of starch from sugar

(Scott, 1960).

StephensonandGallagher(19s7)reportedadifferenceinboronfespoil¡ebetween

two commerciar macadamia nÍ (Macadamia integriþtia,Maiden and Betche) varieties,
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Keauhou (246)and Kakea (50g). Although there were no differences in tree appearance'

kernel fecovery, kernel weight and percentage first gade kemels were enhanced by boron

spraystoKearrhou(246)Fees,whilethenut-in.shellyieldalsoincreasedinKokea(508).

Three va¡ieties of strawberry were grown in sand culture and supplied with for¡r

levels of boron and th¡ee levels of phosphorous. The experiment showed that the va¡ieties

Redcoat and K68-108 required more boron than the variety Midway for ma:<imum

vegetative growth. At high boron treatments, Redcoat had the lowest leaf boron

concentration while Midway, which appeared to be the most sensitive to high boron

concentrations, had ttre highest boron concentration in leaves @latt' 1976)'

studies have been conducted for several cfops at the waite Institute to identis

regions from which a high proportion of tolerant genotypes originated and thus allow

better targeting of germplasm collections in the search for boron tolerance' Moody et al'

(19sg) conducted a s'rvey of rines from the Austalian wheat conection for their response

to high levels of soil boron. The experiment was established in a glass house using large

boxes of soil with a high level of available boron (80 mg kg-l). 1576 wheat va¡ieties showed

large variation in their response to boron. In comparison with the check variety Halberd'

classified as moderately tolerant (paull, 1990), the tested genotypes were classified as

hiehlvsensitive(lzyù,sensitive(3s%ù,moderatelysensitive(33%),moderatelytolerant

(|4%)andtolerant(6%).VarietiesoriginatingfromtheAsia/AsiaMinorregion,

Afghanistan, India and Japan were predominantþ tolerant, those from south American

countries Argentina, Brazil, uruguay and the Northern Andes also included a considerable

proportion of tolerant genotypes, while those from the regions in the higher northern

latitudes (Norttr America and Northem Europe) were mostþ sensitive' Most of the

Austratian va¡ieties were classified as moderately sensitive (Moody et al.' 1989)'

Subsequent screening of collections of peas, medics and barley have produced

results consistent with Moody et al. (198s) regarding the origin of boron tolerant '

genotypes. Bagheri et al. (1994) reported that most of the tolerant lines of peas identified

originated from Asia and south America whereas most of the lines from Euope were

classified as sensitive. Tolerant accessions of medics were identified by Paull et al' (1992b)
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and most of these originated from the centrar and western Mediterranean region. Jenkin

(1gg3) reported that thirteen out of armost 350 barley accessions from the co[ection held

at the \Maite Agdcultural Research Institrrc were tolerant to higþ levels of boron' Th¡ee of

those tolerant genotypes originated from North Africq three from Turkey' two from USA

and one from each of Algeriq Korea, Argentina, china and Australia.It is interesting that

the geographicat distribution of tolerance to higb levels of soil boron mentioned above is

simila¡ across plant species. It seems likely that Asia/Asia Minor and south America are

the centres of origin for boron tolerance in wheat, peas and medics' However' more

germplasm of the crops from the regions of Asia/Asia Minor and south America needs to

be screened in order to conclude that these regions are the centres of origin for boron

tolerance.

2.1L.3 Mechanism of tolerance to boron

The mechanism of tolerance to boron toxicity has been investigated for barley,

wheat, peas and medics, using either soil, solution or tissue culture' Barley and wheat were

studied in a solution cultrue experiment by Nable (198s). In both species, the accr¡rrulation

of boron in roots and shoots of tolerant genotypes was considerably ress than susceptible

genotypes at each level of applied boron. Boron tolerance waf¡ govemed by the ability of

plants to restrict movement of boron into their roots and, consequently, into shoots' The

mechanism by which the boron was excluded was not deterrrined and may be due to either

membrane compositioru cell wall compositioru orphysical baniers (Nable and Paull' 1991;

paull et al., rgg2a). other factors that may differ between varieties and substantially

influence passive absorption of boron include

(l) surface area ofroots,

(2) composition of the root cell membranes and effects on permeability to boron' and

(3) concentrations of boron adsorption sites in the free space' in particula¡ the cis-diol

content. No information is presentþ available on how these factors may vary between

varieties of crop species (Nable, 1988)'
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Response to boron was independent of temperature of the root medium over the

range s-zsocsuggesting the mechanism is not dependent upon enzyme activity (Nable et

a1.,1990a)andisalsoexpressedbyr¡ndifferentiatedtissue(HuangandGratram,1990)

indicating tolerance is not dependent on whore plant stnrcture. An interesting observation

by Nable et al. (1990a) was that the mechanism affecting uptake of boron by barley

genotypes contrasting in boron tole¡ance also affected uptake of silicon, supplied as

si(oH)4. There was no competitive interaction in the uptake of boron and silicon'

indicating that the mechanism apparently operates independently on boron and silicon'

Restricted uptake of boron by torerant genotypes was arso reported for medics (Paull et

a1., 1992b) and peas (Bagheri et aI., 1992;Paull et al., 1992b)' Nable and Paull (1991)

suggestedthattheabilityofplantstorestictborontransportnotonlygovernedthedegee

of boron tolerance but may also be inversely related to the susceptibility to boron

deficiencY of the genotYPes.

z.ll.4lnheritance of response to boron

KellyandGabelman(1960)evaluatedsusceptibilitytoborondeficiency1m6T

strains and varieties of table beets (Beta vulgaris L.). Inheritance was concluded to be

complex because of a wide array of tolerance to low boron' However' segfegation among

progenies from crosses between tolerant and susceptible parents was not studied to

confirm this concrusion. In contrast, Tehrani et ar. (197r) reported that susceptibility to

boron deficiency of red beet was controlled by a simFle dominant gene' The different

conclusions between the authors were probably because of the difference in experimental

designs. since segregating populations derived f¡om crosses between tolerant and

susceptibre lines was not studied, the conclusion of Kerty and Gableman (1960) may not

be correct. Different varieties used in the elçeriments may arso resurt in different genetic

effects in resPonse to boron.

wall and Andrus (1g62)described a mutant of tomato (Lycopersicon esculentum)'

T323g,which developed the stem and petiole brittleness cha¡acteristic of boron deficiency
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in a nutrient medium in which the Rutgers variety grew without deficiency symptoms. It

was concruded that T323g has the ability to absorb boron from the soil; however'

translocation of boron from root to shoot was not as rapid as in the Rutgers variety' Brittle

stem susceptibility was contotled by a single recessive gene (åtI)' Pope and Munger

(1953) demonstated that a single recessive gene controlled susceptibility to boron

deficiency in celery (Apium groveolens)'

Blamey et al. (19g4) reported that the inlreritance of tolerance to boron deficiency

in sunflower could be explained predominantly by additive or additive epistatic gene

action. They fi[t]rer suggested that the susceptibility of a hybrid to boron deficiency could

be predicted from the performance of its parents since those parents with a high boron

status readily passed this cha¡acter to their offspring'

Gorsline et a1. (1964, 1968) studied the inheritance of different concentrations of I I

elements in the ear leaf of com using diallel anatysis of 12 inbred lines. They concluded that

the boron concentration in the ear leaf was under the contol of additive gene actions'

F1 hybrids from a full set of diatlet crosses' excluding reciprocals' among seven

Mexican wheat va¡ieties were studied in Thailand in response to boron deficiency using

sand culture with a low level of boron at 0'2 pM (Jamjod et a!" 1993)' The results

indicated that torerance to a low level of boron in wheat was¡ expfessed as a quantitative

cha¡acterandmostlycontolledbyadditivegeneactions.

TheelçerimentaldesignsusedintheexperimentsofBlameyetal.(1984),Gorsline

et at. (1964, 1968) and Jamjod et al. (1993), described above, were probably not adequate

to elucidate the mechanism of tolerance to boron. Therefore, major genes responsible for

tolerancetoboroninthesecropscouldnotbeidentified.

There is a very limited number of references in the a¡ea of genetic control of

tolerance to high concentrations of boron. However, paull et al. (1991b) reported that there

were three major genes BoI, Bo2 and Bo3 involved in the contol of torerance to high boron

concentrations in five wheat genotypes. The boron tolerant genes showed additive effects

which was¡ expressed as transgressive segregation in the progeny from the cross between

G61450 (toterant) and Halberd (moderately tolerant) (Paull et al', l99lb)' chromosomal
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rocation of genes controuing tolerance to higb boron concentration was sh¡died by Paull et

at. (lgg8a). They found that the substitr¡tion line of cb¡omosome 4A from Kenya Farmer

(KF) into chinese spring (cs) was significantry more sensitive to boron than cS and the

20 other cs/KF substitution lines. The substitution line tcs(KF4A)l atso expressed the

mid-leaf necrosis symptom which was observed only in sensitive genotypes, including

Kenya Farmer (Paull et al., 1991b). The segregation in response to boron of F2 derived F3

lines of cs x cs(KFaA) indicated a single gene located onthe long amr of cb¡omosome 4A'

pautl (1990) used the method of monosomic analysis (sea¡s, 1953) to identif fr¡rther the

chromosomescarryingborontolerancegenes.HeconcludedthatTBandTDwerethemost

probable cbromosomes responsible for boron tolerance in trryo wheat va¡ieties G61450 and

Federation, respectively. The difference in critical chromosomes between ttre ¡n'o varieties

could explain the tansgressive segregation that occured from the combination of G61450

and Halberd, a descendant of Federation @aull' 1990)'

Genetic control of tolerance of barley to high concentation of boron was studied in

the F1, F2 and F, derived F3 Poptrlations of the crosses between va¡ieties Saha¡a 3771

(highly tolerant), cwÏz(moderately tolerant) and stirling (sensitive) (Jenkin' 1993)' The

results indicated that boron tolerance in barley is expressed as a partially dominant tait

and controlled by at least two and three major genes fot CM72 and Satrara 3771'

respectivelY.

sources of boron tolerance have been sought in species related to wheat' while

interspecific amphiploids and addition lines have been evaruated to determine rocations of

genes confening tolerance. Paull et al. (1991a) reported that the amphiploid of T' aestivum

(var. Chinese Spring) x Ag. elongatum ismore tolerant to boron than Chinese Spring' This

indicated that the boron tolerance of Ag. elongatumcan be expressed in wheat backgrourd

(Paull et al., 1991a). Paull et al. (I992a)compared the boron concentation in shoots of two

ditelosomic addition lines of chromosome 7E with chinese spring and the disomic 7E

addition line in solution cultrue at high levels of boron. The results indicated that a gene(s)

conferring tolerance to boron was located on 7Ep. In contras! Manyowa (1989) reported

that none of the addition lines of cs lag. elongatum expressed more tolerance to boronthan
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Chinese Spring. This may be due to the fact that only some of the addition lines were

testedbyManyowa(1989).Theadditionlinesusedwerefromthefirstsetproducedby

Dvorak and l(nott (rgl4)which were demonstr¿ted rater to be incomplete and several of

tÌre addition cbromosomes were in fact translocations (Hart and ruleen, 1983). Manyowa

(1939) also found that the addition tines of Imperial rye (S' cereale) arld Ae' sharonensis

into chinese spring expressed significantþ more tolerance than chinese Spring and

concluded that chromosomes 2& 3& 5R, 35, 55 and 7s were responsible for boron

torerance. paull (lgg5) reported no difference in response to boron between chinese spring

and Betzes barley, therefore the Chinese Spring/Betzes barley addition lines (Islam et al"

1981) were not tested for boron response'

since the inheritance of tolerance to high boron concentation is r¡nder the contol of

a series of major genes @aull et a1., 1991b), tansfer of the boron tolerant Bo1 allele from

Halberd to Schombufgh a moderately sensitive variety, has been achieved by backcrossing

(Moody et al., 1993). An evah¡ation of the yield advantage of the boron tole¡ant allele was

conducted by comparing between boron tolerant and sensitive BC3 derived lines' The

tolerant lines, one of which was recently released as BT-schombugþ had ayield advantage

up to 11% with the average yield advantage being 3.3% :rr-all tials conducted in a range of

soil types acfoss the south Australian cereal belt and at walpeup in victoria' However'

there was no significant difference in yield between the two groups of lines in normal soil

boron conditions (Moody et a1', 1993)'

2.12 Summary and research obiectives

At the time when the research reported in this thesis started there was some

information on genetic contol of tolerance to boron in wheat which can be sr¡mma¡ized as

follows;

(1) Toterance to high concentrations of boron in wheat is expressed as a partially dominant

character and controlled by major genes which act in an additive maûner and have been
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named Bol,Bo2 andBo3 (Paull, 1990; Paull et al, l99lb)' The Bol allele has been

transferred from Harberd to schomb'rgk to produce BT-schomb'rgk (Moody et al., 1993).

(2) Although there was a report of evidence for transgressive segregation among the

progeny of G61450 x Hatberd @aull et al., 1991b), there was no report on the number of

genes contolling tolerance to high concenüations of boron for this cfoss'

(3) Chromosomes 7B and 7D have been reported to be the most probable locations of

genes for tolerance to boron in Federation and G61450, respectively' However' these

results were described as equivocal because of the unreplicated experiment and the use of

boron toxicþ symptoms, which is a quantitative character, as a criterion to assess the

response of individual ptants @aull, 1990)'

(4) Exotic germplasm more tolerant than Hatberd have been identified (Moody et al.,

lgss). However, there was no inforrration on the allelic relationships between the tolerant

exotic gennplasm and the local tolerant varieties such as BT-schombrugk' Information on

these relationships will be very useful forthe identification of the most suitable donors in a

backcrossing Prograûì.

Thus, the research described in this thesis was turdertaken to provide the following

genetic information of boron tolerance;

(1) Determine the nr¡mber of genes contolling borontole¡ance in G61450 x Halberd'

(2) Identit chromosomes responsible for the genes contolling boron tolerance in G61450

and Halberd and some other tolerant exotic germplasms.

(3) Determine the allelic relationships between tolerant exotic germplasm and BT-

Schomburgft.
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ChaPter 3

Materials and methods - general procedures

3.1 Screening technique

The method employed for screening plants for reaction to boron consisted of

growing ,.sdtings in filter papers which had been soaked with a solution of boric acid' The

development and full details of this technique a¡e described in chapter 4'

3.2 Statistical analYsis

A randomized complete block design (Chapter 4, Chapter 5' Chapter 6 and Chapter

7) and a split plot design (chapter 4) were used as experimental designs' Analysis of

variances were calculated using the MSTAT microcomputer progfam version 4'0 written at

the Michigan State UniversitY'

For the estimation of the number of genes responsible for tolerance to boror¡ F2

populations (Chapter 5 and Chapter 6), Fz derived F3 (Chalter 5) and Fa families

(Chapter 8), and parents were tested under high boron concentrations and means and

variances of their root lengths were calculated'

Thedetaitsoftheexperimentalprocedures,forexarrplethenumberofseedsfor

each F2 population and F3 family and the number of F, families, are described in the

individuat chaPters.

3.3 Genetic analYsis

The number of genes controlling boron tolerance was estimated from the F2

populations, F2 derived F, and Fa families (chapter 5, Chapter 6 and chapter 8)'

F2PoPulations

To estimate the nr¡¡nber of genes contolling boron tolerance, the seeds of individual

F2 populations and the parents of the crosses were tested under high boron concentrations
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in fitter papefs. The distribution of the seedling root length of the F2 population was

examined. If the distribution was bimodar (Figure 3.ra) or trimodal (Fig're 3.lb), it was

possibre to classiff the F2 seedlings into two (sensitive and intermediate-tolerant) or three

(sensitive, interrrediate and tolerant) categories' Chi-square analysis was used for testing

the goodness of fit of the observed segtegation ratios to frequencies expected for monogenic

(1 sensitive : 3 intermediate-tolerant or 1 sensitive:2intermediate : 1 tolerant) or digenic (l

sensitive : 1 5 intermediate-tolerant) segregations'

However, when the distribution was continuous, it was not possible to assign the

individual F2 seedlings to discrete categories (Figure 3.1c). Initialty an attempts was made

to differentiate among the individual F2 plants on the basis of perfonnance of the parents

as measured by their means and standard deviations, but there were problems with using

these parameters.

In the initial attempt, each F, seedling was assigned to one of the three categories'

namely sensitive, intermediate and torerant. seedrings were crassified as sensitive when the

root length was equal to or shorter than the mean root length plus two standard deviations

of the sensitive parent, whereas F2 seedlings with a root length equal to or longer than the

mean root length minus two standa¡d deviations of the tolerant parent were classified as

tolerant. The seedlings with a response between the sensitive and tolerant gfoups were

classified as segregating. chi-square analysis was used for testing the goodness of fit of the

observed segregation ratios to frequencies expected for monogenic or digenic segregation'

However, this differentiation between the sensitive, interurediate and tolerant genotypes on

the basis of the mean and standard deviation of the parents is very sensitive to the balance

between TYPe I and TYPe II errors'

Type I errors occur when the null hypothesis is rejected even though it is tn¡e

(sokal and Rohlf, 1981). For example, if the curves of the distibution of the root lengths of

parents and a F2 population tested under a high boron concentration are compared (Figure

3.2), and F2 seedlings are classified as the parental genot¡æe when roots a¡e equal to or

shorter than the mean root length plus two standard deviation of the parent, the frequency



Figure 3.1 The distribution of root lengths of individual plants within F2

populations.

(a) bimodal

(b) trimodal

(c) continuous
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Figure 3.2 The comparison between frequency distributions of two

parents and an F, population, illustrating Type I and Type II errors.

The shaded portions of the F, distribution represent plants classified as

parental types on the basis of falling within the range (mean t 2 st dev)

for each parent. Type I erfofs occuf when parental types fall beyond

these regions and Type II efrors occuf when heterozygous plants fall

within these regions.
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atwhichaTypelerrorwilloccurisrepresentedbytherejectedregions(about2.5%of

the population) (Figure 3'2)'

IncontrasttotheerrorTypel,theerrorTypellocctuswhenthenullhypothesis

is accepted arthough in fact it is false (sokar and Rohrt lgsr). For example, Type II errors

occur when the distributions of one of the parents and the F2 heterozygotes overlap

(Figue 3.2). The Type II error will increase as the mean of the F, approaches the mean of

theparent.Thusbothoftheerorswilloccr¡rwhenthecurvesoverlap,whereasonlythe

Type I error will occur when the two curves do not overlap' Because of the under (error

Type I) and over (error Type II) estimation of the parental genotypes in the F2

population,thismethodofestimationofthenr¡rnberofgenesconüollingtolerancetoboron

couldnotbeusedwhenthedistibutionswefenotbimodal'

Alternatively, it is possible to estimate the number of genes by comparing the

observedvarianceofasegregatinggenerationwiththeexpectedva¡iancecalculatedfromthe

va¡iance components of the parents and the F1 population' Mather and Jinks (1977)

partitioned the va¡iance of the F2 generation in terms of an additive-dominance model'

VF2:ll2&+lt4Ê+E

vFj:314&+3116t?+E

VF4:718&+7164tP+E

where vrz,vrs and vroare va¡iances of F, and F2 derived F3 and F4 Populations'

respectively, of the cross between two homozygous genotypes (AA and aa)' In the model'

the mid-point (n) is the midway between the means of the two homozygotes' d is the

departue from the mid-point (n) of the means of each homozygous genotype, å is the

depart're from the mid-point of the heterozygous genotype (Aa) (Figure 3'3) and E is the

environmental va¡iance (E : I /4 V p t + I /4 V P2 + I /2 V p ¡ wherc V, and V,2 arc the

variancesoftheparentsandvrristhevarianceoftheFlhybridbetweenPrandP2)'since

the F1 hybrids of the populations studied in this thesis were not tested' the va¡iance of the

F1 was estimated from the averageva¡iance of the two parents (Vpt: (Vpt + Vp)/Ð'



Vrz = llZD+ll4}l+E

F,¡=314D +3ll6H+E

Vn¿ = 7l8D +7164H+E (Mather and Jinks, 1977)

. Vnz and Vo are the variances of F, and F, derived F. and Fo populations' fespectively

o D is the additive component, {efined as d2 for a single locus and (d"2+do2¡ for two loci

o d is the departure of AA from the midpoint of AA and aa for a single locus

. do is the departure of AA from the mid-point of AA and aa, and do is the departure of BB

from the mid-point of BB and bb, for two loci

o H is the dominance component, defined as h2 for a single locus and (h"2+ho2¡ for two

loci

o h is the departure of Aa from the mid-point of the homozygotes AA and aa

. ho and hu are the departures of the heterozygotes from the mid-points of the

homozygotes for the two loci.

o E is the environmental variance

One gene

AA AaM aa

d
.+

Two genes

AABB AaBB aaBB aaBb aabb
da db db

h

d

da

AABB
db

AABb
db

AAbb
da

Aabb
da

aabb
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Figure33ThedandftmetricsofthealtelicdifferenceA-a.Deviationsa¡emeasuedfrom

the mid-par eat, m,midway between the two homozygotes AA an¿ aa' Aa may lie on

either side of n and the sign of tr will vary accordingly (Mather and Jinks' 1977)'

AAmaa Aa
lzt!-

-d

7

d

In the case of two genes with the assumptions of no linkage and no epistasis the

equationsforestimatingtheexpectedvariancesofpoprrlatiofN¡are

vpz = 1.12 (d^2 + dot) + 114 (h^2 + hb2) + E

vr¡ = 314 (d: + do') + 3tl6 (h"2 + ho2¡ + E

v"¿ = 7t8 (d^2 + dot) +7t64 (h"2 + ho2¡ + E

where do and d6 arcthe departures from the mid-point (n) of the homozygous genotypes

AABB and aabb, respectively , and hoand h6are the departtres from the mid-point of the

heterozygous genotypes AaBb, AaBB, AABb, Aabb and aaBb and the homozygous

intermediate aaBB and AAaa

Thus, the observed variances for segregating populations can be compared withthe

expected variances calculated for populations seglegating at one or two genes from the

above equations. The expected va¡iance can be regarded as being sig¡rificantly different from

the obseroed variance when the expected va¡iance is outside the range of the confidence

interval (P:0.95) of the observed va¡iance'

The confidence interval (P=0.95) of the population variance was calculated as

(V o x df)l7'P" < Confidence interval 3 (V o x df)fX?v

where zo = observed variance of a populati on, df = degrees of freedom of n-I 'n 
: nunrber

of plants of an F2 population or nr¡mber of F2 derived families of an F3 population ' X2a =

the lower level chi-sqgafe value at the probability of 0'95 and degrees of freedom of n'L'
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xzb =the upper level chi-square value at the probability of 0'95 and degrees of freedom of

n-I (D.Pederson, Pers. comm')

F2 derivedPoPulation

Arralternativemethodusedtoestimatethenrrmberofgenescontrollingtoleranceto

boron was the pfogeny testing of the F3 or F4 $enerations to determine the genotypes of

F2 plants. About 100 random F, derived famities per population were tested with the

parents in filter papefs at a high boron concentration' The mean and variance of the

seedling root length of each family wefe compared to those of the parents' A family was

classified as either homozygous sensitive or homozygous tolerant when the mean and

variance of the family were not significantly different from those of the sensitive or

tolerant pafent, respectively. The means of the families were significantly different from

that of a parent when the means were not within the confidence interval of the mean of the

parent. The confidence interval of the mean of a parent was calculated as

Confidence interttal : m ! ta r * ^/(Y p x ( I /n 1 
+ I /n ))

where n/ = number of plants within the famity, n2 = number of plants of the parent' n =

mean of the paren! f = t-test value at the probability of a, and degrees of freedom of (n' -

1)+(n,-I);at:O.Ll/nz(eachptantistestedindividually,thusn2testsafetobecarried

out and the probability of 0.05 is divided by n); Vo= vaiance of the parent (D' Pederson'

pers. comm.).

Whenthevarianceofafamilywasthesameasorclosetothoseoftheparentsbut

the mean of the family was between the sensitive and tolerant parents, the family was

classified as homozygous intermediate, whereas a family with a variance greater than those

of the pafents was classified as a segregating family. The variance of a family was

signifrcantþ different from the two parents when the variance of the family was greater

than the LSD of the parental variances. The LSD of parental and family variances were

calculated as
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IßD of the parental variances : Vp x Fa,

where vp = vanance of a parent, F : F-test at the probabilþ of ø1 and degtees of freedom

o1(n1-1),((nZ-1)+(nS-t));z¡=fltütrberofplantswithinaf,amily'n2andn3:number

of plants within each of the two parents; at : 0'05/n3 (each plant is tested individually'

thus n3 tests are to be ca¡ried out and the probability of 0.05 is divided by n 3) (D'

Pederson, Pers. comm.).

chi-square analysis was used for testing the goodness of fit of the observed

segregation ratios of the F3 famities to the frequencies expected for monogenic (l sensitive :

3 segregating-tolerant and 1 sensitive : 2 segregating : 1 tolerant) or digenic (1 sensitive : 15

intermediate-tolerant and t homozygous sensitive z 2 homozygous intermediate : I

homozygous tolerant : 12 segregating) segregation'

3.4 Cytological methods

The chromosome complements of pollen mother cells (PMCs) were determined

during monosomic analysis (chapter 6) and backcross reciprocal monosomic analysis

(Chapter 7). To determine the extent of chromosome pairing, PMCs wefe examined at

metaphase I. Spikes at the early boot stage were collected and anthers from florets were

squashed in aceto-orcein stain and examined microscopically to determine the stage of cell

division. When an anther at metaphase I was identified, the remaining two anthers fromthe

floret were fixed in 3 absolute ethanol : I glacial acetic acid for 24 hor¡rs at 4oc' The anthers

were then hydrolyzed in lN HCr at 60oc for 12 minutes and stained with Feulgen stain for

1-2 hor¡rs at room temperature. The stained anthers were squashe d i\ 45% acetic acid for

microscoPic examination.
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ChaPter 4

Screening technique for boron tolerance

4.l lntroduction

In breeding crop-plants for tolerance to a mineral stess, procedures for assaying

plant response to the pertinent sfess factor and screening techniques afe very important'

The procedures should

(a) conectþ measure the intensity of the appropriate stess'

(b) provide the maximum expression of genetic variation, avoiding the confounding effects

of genotype by environment interaction'

(c) be accurate, rapid and inexpensive in order to permit alargent[nber of segregants to be

tested.

The procedure of screening for boron tolerance adopted by Moody et al' (1988) for

evaluating a germplasm collection and by Paull (1990) for studying the genetics of boron

tolerance consisted of growing plants in loamy top-soil to which a high level of boron had

been applied. Plants were rated on the basis of vigor, indicated by the height of plants'

stem diameter and extent of tillering and by leaf symptoms related to the uptake of boron

by plants. These results were confor¡nded to some extent by environmental variation' for

instance evaporative demand, and other genetic effects (Paull, 1990), including the height of

plants being effected by semi-dwarf genes in some varieties' This was of particular

relevance when evaluating segregating populations derived from crosses between landraces

or ',old Australian" varieties, as the donor parents of boron tolerance' and semi-dwarf

recurrent Parents.

Paull et al., (1990) and Bagheri et a1., (1gg2) scored leaf symptoms to distinguish

between contrasting genotypes of wheat and peas (Pisum sativum L')' respectively' The

major problem encountered was that the severity of symptoms increased with the age of

the leaves, so only leaves of an equivalent age could be scored when comparing genotypes'
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The hlter paper technique used for screening for tolerance to boron in the

experiments described in this chapter was developed following an initial proposal and

investigations by D. smith, of the wheat breeding grouP, Roseworthy campus' university

of Adelaide. The experiments reported here were conducted to estabrish this rapid and non-

destructive test as being a suitable method for assessing response to high concentrations of

boron.

Two experiments were conducted to identiff the optimum boron concentrations for

the differentiation of response to boron between wheat varieties. Then, the seedling root

lengths of a range of varieties' measufed in the filter paper technique at different boron

treatments, were compared with other accepted parameters of boron fesponse' such as

boron concentrations in shoots, toxicity symptoms and shoot dry weight for plants glown

in soil, to establish the validity of the new test'

4.2 Materials and methods

The wheat varieties examined in these experiments, their pedigrees, responses to

boron and Australian winter cereals Collection accession numbers are presented in Table

4.1.

4.2.1 Response of diverse varieties b)¡ the filter paper technique

Sevenwheatvarieties(Table4.2)withdiverseresponsestoboronweretestedat

four boron treatments, in the filter papers technique, to identify the optimum

concentration of boron to distinguish between varieties and to determine the relationships

between root length, number of roots and shoot length' [The use of the filter paper

technique as a method for screening of tolerance to boron is being published in Plant and

Soil.l

As it has been shown that the function and growth of roots is impaired where there

is an inadequate supply of zinc (webb and Loneragan, 1990), boron and calcium (Haynes

andRobbins,1948),thecontrol(80)andallothersolutionsincluded0'5mM

Ca(NO3)2. 4H2O,0.0025mM ZISO4'7H2O and 0'015mM H3BO3'
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Table4.lVarietiesusedinexperiments,Australianwintercerealscollection(AUS)

accession numbers, their pedigrees, origins and responses to boron toxicity.

Variety AUS Pedigree Origin B resPonsea

1b

T

T

T

T

T

T

Argentina

Australia

T

MT

India 126

G 61450

Benventuto Inca

Turkey

AUS 4041

AUS 4903

Klein Granador

Lin Calel

Halberd

Bonza

BT-Schombtrgk

Schomburgk 23325

Mokoan 22680

Condor 16036

Unknown

Mentana/KenY a//Quaderna

Mentana/Lin Calel M.A.

Unknown

Abyssinial0

baq22

BuckRelen/B age I 2 ll{Jen

Petiso 1 2.300/Massav2No'5

-P.Gaboto/Janel

Unknown

(((Scimitar x KenYaC6042)

xBobin) xlnsignia49)

Yaqui5O/Kentana4S

((Halberd x Aroona) x

Schomburgk #3)13127

((W35S9 x OdeY) x

Wæigal #2) x

Aroona #2)165ll

WWl5/OlYmPicl2l

Kalyansona/OlYmPic

Penj amo62 I 4* Gabo56 I 2 I

TZPPll'{ainari 60 I 4 I 2* Lerma

Roj o/2À{orinl OiBrevor

(Seln.14)/3/3*Andes

Australia MS

Australia MS

Australia MS

4743

614L

t929

1473

4041

4903

22082

India

Greece

Argentina

Turkey

Ethiopia

Iraq

Argentina

2881

tl612

59

25600

Columbia

Australia

MT

MT
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Table 4.1 (continued).

Cultivar AUS Pedigree Origin B resPonse

(WlxMMC) 26183 Australia S

KenyaFarmer 612l Kenya VS

aDataof boron response were derived from: Moody et al. (1988) and Paull et al' (1991b)'

b T = tolerant, MT = moderately tolerant' MS : moderately sensitive, S : sensitive' VS =

very sensitive.

(Warigal x ((Siete Cenos x

Mengavi) x Crim))/l/l0

Gazat2*Bobin//ButtorV

KenyaT3D2IIC
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Fifteen seeds of each variety were surface sterilized with 05% sodium

hypochlorite and pre-germinated for two days at 4oC and one day at 15oC lPlate 4'la)'

The sterite seeds were placed embryo downwards at a spacingof Zcm across the middle of

a filter paper (Etcwip@ 32*46cm grade R6) (Ptate 4.lb) soaked with the control solution

(80) or boric acid solution (50, 100 and 150 mgB 1-1, designated as 850' 8100 and 8150'

respectively) and drained for 2'3 minutes. The filter papers were rolled up and covered

with aluminium foil (Plate 4.1c), then stored upright at 15oC' After 12 days'the length of

the shoot and longest root and the number of roots of each seedling were measured (Plate

4.1d)

The experiment was conducted as a randomized complete block desigrr wittr turo

replicates.

4.2.2

Previous investigators (Nable, 1988; Paull et al., 1992b) have reported that the

boron accumulation in plant shoots was the most reliable measurement of boron tolerance

for a range of crops, including wheat. The second experiment was conducted to compafe

the response of 14 wheat varieties (Table a.6) by the filter paper method with boron

accumulation in shoots of plants grown in a high boron soil'

This experiment was arranged as a split plot design with t'wo and five replicates for

the filter paper and pot experiments, respectively' The procedures as described in the first

experiment were used for the filter paper experiment with frfteen seeds of each variety per

plot and three solutions 850, 8100 and 8150' The length of the longest root of each

seedling \¡r¿u¡ measured after 12 days'

The soil in which the plants were grown was from the surface horizon (0-l0cm) of

a red brown earttr (Typic Haploxeralf¡ (Soil Survey Staff, 1975)' Boron' as boric acid' was

applied and uniformly mixed through the soil at a concentration of 10 or 20 mg kg-l

(designated as Bl0 and B20). The soil was placed in 200 mm diameter pots lined with

plastic bags to prevent leaching. Three pregerminated seeds of each variety were sown per

pot



Plate 4.1 Illustrations of the filter paper technique.

(a) Seeds being pre-germinated.

(b) The pre-germinated seeds placed on the filter paper.



(a)

(b)

lrf.l
lol



Plate 4.1 (continued).

(c) Filter papers rolled up and covered with aluminium foil.

(d) Seedling development after twelve days of treatment.



(c)
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The youngest fully expanded blade of the main shoot was rated for expression of

symptoms indicative of boron toxicity eight weeks after sowing using a scale adapted from

KlugeandPodlesak(1985)(Table4.7).Theplantswereharvestedatgroundleveleight

weeks after sowing, dried, weighed and the concentration of boron in the shoots was

determined by ICP spectromeûry following digestion in nitic acid (zarcinas et al" 1987)'

Anarcsinetransformationwasusedtonormalizetheborontoxicitysymptomdata

before the results were tested by analysis of variance'

4.3 Results

Root length

There were highly signifrcant effects for both genotypes and boron treatments and a

highly significant interaction (P < 0.01) between varieties and boron treatments for the

growttr of roots (Table 4.2).rnhigh boron treatments, the root rengths differed significantþ

between genotypes and root lengths were longer for the genotypes rated as tolerant in

earlier stt¡dies by Moody et a1., (1988) and Paull et a1., (1991b) (Table 4'2)'

At B0, the root lengths of the very sensitive variety Kenya Farmer and the

moderately sensitive schomburgk were not significantly different from the moderately

tolerant variety Halberd and the tolerant G61450, but signifrcantþ longer than the tolerant

Boruaand Benventuto Inca (Tabl e 4.2). At 850, there was no significant difference

between Halberd, G61450 and Benventuto Inca, whereas in 8100' Halberd had

significantly shorter roots than G61450, Botuaand Benventuto Inca' At 8150' Halberd'

G61450 and Benventuto Inca were not significantþ different from each other' however' the

roots of these three varieties were shorter than those of Bonza and India 126' The roots of

India 126 were significantry ronger than all other varieties at arl treatments, including the

control. At B50, there was no significant difference between the root lengths of Halberd

and Schomburgk, whereas, in 8100 and B150, Halberd had significantly longer roots than

schomburgk. Kenya Farmer had shorter roots than Schomburgk at all three levels of added

boron. These results indicate that genetic variation in response to boron is



Table 4.2 Mean length of the longest seminal root of 15 seedlings of seven wheat varieties and relative root length (%) when tested in the frlter

paper technique at four boron treatments'

ga Root length (cm) Relative root
Variety

B150/850
B0 850 8100 8150 Mean B50iB0b 8100/80 B1s0/80

lrrdia126

Bonza

G61450

Benventuto Inca

Halberd

Schombtrgk

Farmer

Mean

T

T

T

T

MT

MS

VS

22.7

15.6

19.9

15.5

19.5

20.9

20.9

18.2

15.1

14.4

t4.3

13.2

9.8

3.4

15.6

13.0

11.5

1 1.5

9.9

4.9

1.6

12.9

9.7

7.5

6.9

6.3

3.0

0.8

17.3

13.3

13.3

12.0

12.2

9.6

6.7

80

97

72

92

68

47

16

69

83

58

74

51

23

8

57

62

38

45

32

l4

4

7l

64

52

48

48

3l

24

tg.2 12.6 9.7 6.7 l2'r

LSD(O. 0 5) Varieties 0. 8, Treaûnents 0' 7, Interaction

a boron responses are quoted from Table 4'1'

b relative root length, e. g. 850/80 : (root length at 850/root length at B0) x 100'

1.6

u¡
oo
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expfessed in the filter paper procedwe at boron concentrations of 850 or greater' The root

lengthsofallvarietiesatB0andBl00areshowntnP|ate4.2.

There was no significant relationship between growth of roots in the absence of

boron and in the boron treatments, with correlations between B0 and 850, Bl00 and 8150

being r = -0.18, -0.23 and -0.09, respectively (Figwe 4.1)' There were' however' highly

significant rerationships (p < 0.01) between root length at different boron treatments with

correrations between 850 and 8100 and 8150 and between 8100 and Bl50 being r: 0'98,

0.94 and 0.97, respectively (Figure 4.1), which indicate that the responses of the varieties,

as determined by seedling root lengths were consistent at the three high boron levels'

As there were differences in root lengths, between varieties, at the control

treatment, relative root lengths ((root length at boron treatmenlcontrol) x 100) were

carculated (Table 4.2). Therelative root lengths of all of the torerant varieties were greater

thanthoseofHalberdwhichinturnwasgreaterthanthemoderatelysensitivevariety

SchomburgkandthesensitivevarietyKenyaFarmerwhichhadthelowestrelativeroot

length. At B150/850, Benventuto Inca and Halberd had the same relative root length. The

ranking of the tolerant varieties on the basis of relative root length was consistent between

850/80andB100/B0butthesedifferedfromBl50/B0whichinturndifferedfrom

8150/850. In contrast to B150/80, the relative root length of Benventuto Inca was greater

than that of India 126 atB50/80 and Br00/80. At Bl50/80 Benventuto Inca was more

tolerant than G61450, however, at 8150/850 they were similar (Table 4.2). G61450 had

longer roots at B0 than Benventuto Inca but similar lengths at B50'

Shoot length

varieties and boron treatments showed highly significant effects with respect to

length of shoots and a highly significant interaction (P < 0'01) (Table 4'3)' At B0' there

was no significant difference in shoot lengths between the very sensitive variety Kenya

Farmer, the moderately sensitive schomburgk and the tolerant varieties G61450' Bonza

and Benventuto Inca but at 8100 and 8150 the shoot lengths of Kenya Farmer were

significantly shorter than those of the other varieties. There was no significance difference



Plate 4.2 Response to two levels of boron of seven wheat varieties when tested in

the filter paper technique.

(a) B0

(b) B10o

From left to right : India 126, Bonza, G61450, Benventuto Inca, Halberd,

Schomburgþ Kenya Farmer.
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Figure 4.1 Relationships between seedling root length of seven wheat varieties

tested in the filter paper technique at four boron featments.

(a) B0 v 850

(b) B0 v Bl00

(c) B0 v 8150

(d) BsO v Bl00

(e) 850 v B150

(Ð 8100 v Bl50

Note: ** siguificant at P < 0.01
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Table 4.3 Mean of 15 seedlings for the length of shoots and relative shoot length (%) of seven wheat varieties when tested in the filter paper

technique at foru boron treaûnents'

Shoot leneth (cm) Relative shoot leneth
Variety

850 8100 8150 Mean 850/B0b 8100/B0 B1s0iB0 Bl50/850
BO

ga

lndia126

Botr¿;a

G6l4s0

Benventuto Inca

Halberd

Schombr.ugk

Farmer

Mean

T

T

T

T

MT

MS

\/lS

18.4

9.6

11.0

10.2

12.8

10.9

10.6

16.5

9.9

9.6

7.8

t0.7

9.8

7.7

14.9

10.9

8.2

5.7

7.3

7.4

3.3

12.3

8.2

5.6

4.6

6.2

5.9

0.3

15.5

9.6

8.6

7.1

9.2

8.5

5.6

90

103

87

77

84

90

73

8l

tl4

75

56

57

68

31

67

85

5l

45

48

54

5

75

83

58

59

58

60

4

11.9 10.8 8.3 6.1 9.1

LSD(0.05) Varieties 0.8, Treatnents 0'T,Interaction 1

a boron responses are quoted from Table 4'1'

b relative root length, e. g. B50lBg : (root length at 850/root length at B0) x 100'

.6

o\
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between schomburgk, Halberd and G61540 at the three revels of boron. shoots of India

126 weresignificantly longer than those of all other va¡ieties at all teatnents'

Thereweredifferencesbetweenvarietiesinrelativeshoottengfhsat850/80'

8100/80, B150/80 and 8150/850 (Table 4.3). The relative shoot lengths of Bonza were

the greatest, whereas those of Kenya Farmer were the least and this was consistent

between 850/80, 8100/80, 8150/80 and 8150/850. However, there was no consistency

in the ranking of the other genotypes. There was also inconsistency between the relative

shoot lengths and the previous assessments of level of tolerance to high boron' For

example, the tolerant variety G61450 had almost the same relative shoot length as the

moderately sensitive variety schomburgk, which suggested that the relative shoot length

should not be used as a selection criterion for boron tolerance'

Number of roots

There were highly significant effects for varieties and boron treaünents with respect

to the number of roots per prant and arso a significant interaction (0.01 < P < 0'05) (Table

4.4). These effects could be attributed principally to the response of the very sensitive

Kenya Farmer. There was no significant difference in number of roots between moderately

sensitive, moderately tolerant and tolerant varieties at the three high levels of boron'

correlation between root lengths, shoot lengths and number of roots

The lengths of the longest roots at 850, Bl00 and Bl50 were signifrcantly

correrated with shoot rengths at 8100 and 8150. However, there was only one statistically

significant correlation between the length of the longest root and number of roots and none

betweenthelengthofshootsandnumberofroots(Table4.5).
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Table 4.4 Mean number of roots per plant for 15 seedlings of seven wheat va¡ieties when

tested in the filter paper technique at four boron üeatnents'

Variety Number of roots

BO 850 8100 8150 Mean

Ba

Indial26

Bonza

G61450

Benventuto Inca

Halberd

Schomburgk

Kenya Farmer

T

T

T

T

T

MS

VS

4.0

4.5

5.0

4.0

5.0

4.0

3.5

4.0

4.5

5.0

3.5

4.5

4.0

5.0

4.0

4.5

5.0

4.0

4.5

5.0

4.0

4.0

4.5

5.0

3.5

4.5

3.5

2.0

4.0

4.5

5.0

3.8

4.6

4.1

3.6

4.3 4.4 4.4 3.9 4'2
Mean

LSD(0.05) Varieties 0.5, Treafinents 0'2' Interaction 1'0

a boron responses are quoted from Table 4'l
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Table 4.5 Conelation coefficients between root length, shoot length and number of roots

for seven wheat varieties tested in the filter paper technique at four boron treatrnents'

Statistic

and

treatments

Shoot length Number of roots

B0 850 8100 8150 B0 BsO 8100 B1s0

Root length

BO

850

8100

8150

Shoot length

BO

850

8100

8150

0.66

0.48

0.48

0.60

0.55

0.63

0.61

0.14

-0.19

0.50

0.47

0.35

0.26

-0.43

-0.34

-0.30

0.07

0.04

-0.10

-0.16

-0.20

0.79*

0.74

0.66

0.23 0.15

0.79* 0.87**

0.79* 0.83*

0.90** 0.90**

-0.05

0.08

0.19

0.27

-0.21

-0.20

-0.21

-0.38

-0.33

-0.14

-0.03

0.02

-0.14

0.30

0.53

0.61

* significant at P < 0.05, ** significant at P < 0.01 for one tailed test'
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4.3.2

Root length

There were highly significant effects for varieties and boron treatments and a

significant interaction between boron treatments and varieties for growth of roots (Table

4.6). The results indicate that the response of varieties to boron varied between different

boron treaünents, a finding consistent with the first experiment.

Higher boron treatments were required to discriminate between tolerant and

moderately tolerant varieties than between moderately tolerant and moderately sensitive

varieties. For example, at B50, root lengths of Halberd and BT-Schomburgk were

signifrcantly longer than those of Mokoan, Condor and (WlxMMC)' but not significantly

different from the tolerant varieties G61450, Benventuto Inca, Lin calel and AUS 4041'

whereas at 8100, the roots of Halberd were significantly shorter than those of all the

tolerant varieties. At B150, there was significant variation in root length rimong the tolerant

varieties. There were highly significant relationships (P < 0.01) between root lengths at

different boron treatments with the correlations between 850 and 8100 and 8150 and

between 8100 and 8150 being r: 0.g2,0.92 and 0.97 (P < 0.01), respectively (Figure 4.2)

and again these were consistent with the results from the fust experiment'

The relative root lengths at Bl00/B50 and Bl50/850 of all of the tolerant varieties

were greater than those of the moderately tolerant varieties (Table 4.6). At Bl50/850'

Halberd had a greater relative root length than BT-Schomburgk, Mokoan and Schomburgk'

but was not much different from condor and (wrxMMC), and there was little variation in

relative root length among BT-Schomburgk, Mokoan and Schomburgk' Whereas at

8100/850, the relative root lengths of Halberd, BT-schomburgk and (v/lxMMC) were

similar and greater than those of Mokoan, Condor and Schomburgk' There was variation in

relative root lengths among the tolerant varieties. At 8150/850, AUS 4041, and Klein

Granador had greater relative root length than India 126; these three varieties had the

greatest relative root lengths overall. AUS 4903, Lin Calel, Benventuto Inca, Turkey 1473

and G61450 differed little in response to boron. At 8100/850, the relative root length of

G1450 was similar to AUS 4o4l,Klein Granador and India 126'
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Tabre 4.6 Mean rength of the longest root of 15 seedrings and relative root length of 14

wheat varieties tested in the filter paper technique at three boron teatments'

Variety ga Root lensth (cm) nnrb (x)

850 8100 8150 Mean Bl00/850c Bl50/BsOd

62

70

57

7l

53

55

s6

55

42

33

30

38

35

38

lndia126

Klein Granador

AUS 4903

AUS 4041

LinCalel

Benventuto Inca

Turkey 1473

G 61450

Halberd

BT-schomburgk

Mokoan

Condor

Schomburgk

T

T

T

T

T

T

T

T

MT

MT

MS

MS

MS

S

13.9

12.7

13.5

1 1.1

11.6

1 1.5

13.2

9.6

10.6

9.8

8.2

6.1

7.4

6.5

12.5

l 1.8

11.3

10.8

9.9

9.2

8.8

8.7

6.7

6.4

4.1

3.1

3.9

4.1

8.6

8.9

7.7

7.9

6.2

6.3

7.4

5.3

4.5

3.2

2.5

2.3

2.6

2.5

It.7

1 1.1

10.8

9.9

9.2

9.0

9.8

7.9

7.3

6.5

4.9

3.9

4.7

4.4

90

93

84

97

85

80

67

9l

63

65

50

51

53

63(w1xMMC)

Mean 10.4 7.9 5.4 7.9

LSD(0.05) Varieties 0.9, Treaünents 1'6, Interaction 1'5

a Boron response'
b nnl, - relative root length,

c (root length at BlO0/root length at B50) x 100,

d (root length at 8150/root length at 850) x 100'



X'igure 4.2 Relationships between seedling root length of 14 wheat varieties tested

in the filter paper technique at three boron treatrnents.

(a) B50 v Bl00

(b) 850 v 8150

(c) 8100 v 8150

Note: the name of each variety is represented by a capital letter; A1 : AUS 4903,

A2: AUS 4041, 81 : Benventuto Inc4 B2 : BT-Schomburgk, C : Condor, G =

G61450, H: Halberd, I: India 126,K: Klein Granador, L: Lin Calel, M:

Mokoan, S : Schomburgk, T: Turkey 1473, t¡l: (Wl x MMC),

** significant at P < 0.01
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The ranking of the varieties India 126, G61450, Benventuto Inca' Halberd and

Schomburgk in this experiment (Table 4.6) was consistent with that of the first experiment

(Table 4.2).

Boron concentrations in shoots

There were highly significant effects of varieties and boron treatments' while the

interaction between boron treatments and varieties was highly significant (P < 0'01) for

concentrations of boron in shoots of prants grown in the high boron soil (Table 4.7)'

Concentrations were lower for the more tolerant than the sensitive genotypes'

AtBl0,therewasnosignificantdifferencebetweenthemoderatelysensitive'

moderately tolerant and tolerant varieties. However among the tolerant varieties' the

concentration of boron in shoots of Aus 404r was the lowest while Krein Granador was

the highest (Table 4.7). The concentration of boron in the shoots of the sensitive line

(wlxMMC) was significantly higher than the moderately sensitive condor, Schomburgk

andMokoan(Table4.7).AtB20,theconcentrationsofboroninshootsofHalberdand

BT-Schomburgk were signifrcantþ higher than those of the tolerant varieties G61450' AUS

404t,Benventuto Inca, Trukey 1473 andlndia 126. These results, which were consistent

with those for root length in frlter papers (Table 4.6), indicate that the higher boron

treatment maximized the variation among the more tolerant genotypes' There was no

signifrcant variation in concentrations of boron in shoots among the tolerant varieties' with

the exception of Lin carel and Krein Granador which contained significantly higher

concenfations of boron in shoots (comparable to Halberd) at the 820 treatment' This was

not consistent with the data from the root rength experiment (Tabre 4.6) and the report of

Moody et al. (1988) which indicated that these two varieties were more tolerant than

Halberd.

Shoot dryweight

There was significant va¡iation in shoot dry weight among varieties at each level of

boron and shoot dry weight was greater for the more tolerant genotypes (Table 4'7)' At
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Table 4.7 Boron concentrations in shoots, shoot dry weight and boron toxicity symptoms

for 14 varieties compared r¡nder high boron conditions in soil'

Shoot dry B symPtom b
Variety Ba B in shoot

ks-1) weieht (em)

Bl0 820 Bl0 B20Br0 B20

India 126

K. Granador

AUS 4903

AUS 4O4I

Lin Calel

Benventuto Inca

Turkey 1473

G61450

Halberd

BT-schomburgk

Mokoan

Schomburgk

Condor

(wlxMMC)

LSD (P < 0.0s)

T

T

T

T

T

T

T

T

MT

MT

MS

MS

MS

S

1r8.0

203.5

152.6

r02.2

131.1

r64.0

113.6

145.3

162.7

121.9

182.9

160.5

r79.0

299.4

312.8

553.2

368.6

245.9

491.9

269.3

293.0

285.0

488.9

413.8

680.8

577.2

600.0

'796.2

2.1

1.8

t.7

2.3

2.7

2.3

2.1

2.6

2.1

1.1

1.6

1.5

1.2

1.3

1.7

1.3

1.0

1.7

1.9

1.3

l.l
t.7

1,4

0.7

0.8

0.'l

0.6

0.4

1.2 (6.2) 1.3 (6.5)

r.6 (7.2) r.6 (7.2)

l.s (7.0) 1.5 (7.0)

1.2 (6.2) 1.3 (6.s)

1.1 (6.0) l.e (7.e)

1.4 (6.8) l.s (7.0)

1.0 (s.7) 1.8 (7.7)

r.2 (6.2) r.6 (7.2)

1.1 (6.0) l.s (7.0)

t.2 (6.2) l.e (7.8)

t.6 (7.2) 2.1 (8.3)

1.4 (6.8) r.e (7.e)

r.6 (7.2) 2.4 (8.9)

1.8 (7.6) 3.0(10.0)

0.3 (0.8)
97.9 0.4

a Boron responses are quoted from Table 3.1

to 5 (severe symptoms) and the sigrrificance value refers tob Symptoms were scored from I (no sYmPtom)

arc sine transformed data, presented in brackets, for the Bl0 and 820 treaÍnents'

Description of damage for youngest expanded leaf

no visual symptoms
tio necrosis (lcm)
i7¿ tearUu¿à severe chlorosis with > I cm tip necrosis

l12leafblade necrosis

leafdead

Adapted from Kluge and Podlesak (1985)

Visual rating
1

2
J

4
5
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B10, the shoot dry weight of Halberd was significantly greater than that of Schomburgk,

condor, Mokoan and (wlxMMC). However, there was littre difference between the

moderately tolerant and tolerant varieties at both the 810 and 820 treatments' shoot dry

weightsofBT-SchomburgkweresignifrcantlylowerthanthoseofHalberdatthetwo

boron treatments. The unexpected low shoot dry weight of BT-Schomburgk might have

occurred because of poor germination and uneven gfowth of seeds of this variety'

Symptoms of b or on toxicitY

Symptomsofborontoxicityofwheathavebeendescribedaschloroticandnecrotic

lesions developing from the tips of the leaves, along the margins, towards the mid-rib and

base (Paull et al., l9s8b). There were highly significant effects for varieties and boron

treatments and the interaction between boron treatments and varieties was also highly

significant (P < 0.01) (Table 4.7). At both levels of boron, symptoms of toxicity for

Halberd were significantly less than those for Schomburgk, Condor, Mokoan and

(wlxMMC), but similar to almost all of the tolerant varieties. However atB20, the most

severe symptoms occurred in (WlxMMC) and these were signifrcantþ different from the

other varieties. The least symptoms were observed on AUS 4041 and India 126'

correlations between root length, symptoms of toxicity and shoot dry weight

There were highly signifrcant correlations between the parameters in the pot

experiment atB2l,namely boron concentration in shoots, toxicity symptoms and shoot

dry weight, and the length of roots at all levels of boron in the filter paper experiment

(Figures 4.3,4.4,4.5). At 820 of the pot experiment, there were also highly significant

correlations between the three parameters boron concentration in shoots, symptoms of

boron toxicity and shoot dry weight (Figure 4'6)'

There were also significant correlations between shoot dry weight in the pot

experiment at Bl0 and the rength of roots at a[ revels of boron in the filter paper

experiment. At 810, there was a statistically significant relationship between boron

concentration in shoots and the length of roots at B50 and 8100 (Figures 4.3a,4'4a) and



Figure 4.3 Relationships between seedling root length at B50 in the filter paper

technique and boron concentration in shoots, symptoms of boron toxicity and

shoot dry weight at Bl0 and B20 in soil for 14 wheat varieties.

(a) seedling root lengfh (850) v concentation of boron in shoots (B,10)'

(b) seedling root length (850) v concentration of boron in shoots (820)'

(c) seedling root length (850) v symptoms of boron toxicity (Bl0).

(d) seedling root length (850) v symptoms of boron toxicþ (B20).

(e) seedling root length (B50) v shoot dry weight (810)'

(f) seedting root length (850) v shoot dry weight (B20).

Note: the name of each variety is represented by a capital letter; At : AUS 4903,

A2 : AUS 4047'81 : Benventuto Inca' 82 : BT-schomburgk' c : condoÍ' G:

G61450, H: Halberd, I: India 126,K: Klein Granador, L: Lin Calel, M:

Mokoan, S: Schomburgk, T: Turkey 1473, tg¿: (V/1 x MMC),

*, ** significant at P < 0.05 and 0.01, respectively, of one tailed test.
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X.igure 4.4 Retationships between seedling root length at 8100 in the filter paper

technique and boron concentration in shoots, symptoms of boron toxicity and

shoot dry weight at Bl0 and 820 in soil for 14 wheat varieties.

(a) seedling root length (8100) v concentation of boron in shoots (Bl0).

(b) seedling root length (8100) v concentration of boron in shoots (820).

(c) seedling root tength (B100) v symptoms of boron toxicþ (B10).

(d) seedling root length (8100) v symptoms of boron toxicity (820).

(e) seedling root length (B100) v shoot dry weight (810).

(f¡ seedling root length (8100) v shoot dry weight (820).

Note: the name of each variety is represented by a capital letter; At : AUS 4903,

A2 : AUS 4041'81 : Benventuto Inc4 82 : BT-Schomburgk' c = condof' G:

G61450, H: Halberd, I : India 126,K: Klein Granador, L : Lin Calel, M:

Mokoan, S: Schomburgk, T: Turkey l473,tgy: (Wl x MMC)'

*, ** significant atP < 0.05 and 0.01, respectively, of one tailedtest.
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X'igure 4.5 Relationships between seedling root length at 8150 in the filter paper

technique and boron concentration in shoots, symptoms of boron toxicity and

shoot dry weight at B10 and B20 in soil for 14 wheat varieties.

(a) seedling root length (8150) v concentration of boron in shoots (810).

(b) seedling root length (8150) v concentration of boron in shoots (820).

(c) seedling root lengfh (8150) v symptoms of boron toxicity (810).

(d) seedling root length (8150) v symptoms of boron toxicþ (820).

(e) seedling root length (8150) v shoot dry weight (810).

(f) seedling root length (8150) v shoot dry weight (820).

Note: the name of each variety is represented by a capital letter; A1 : AUS 4903,

A2 : AUS 4047, 81 : Benventuto Inca, 82 : BT-schomburgk, C : Condor, G:

G61450, H: Halberd, I: India 126,K: Klein Granador, L: Lin Calel, M:

Mokoan, S : Schomburgk, T: Turkey 1473, W: (Wl x MMC),

*, x* significant at P < 0.05 and 0.01, respectively, of one tailed test.
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Figure 4.6 Relationships between boron concentration in shoots, symptoms of

boron toxicity and shoot dry weight for 14 wheat varieties grown at two levels of

soil boron.

(a) concentation of boron in shoots (Bl0) v shoot dry weight (Bl0).

(b) concentration of boron in shoots (810) v symptoms of boron toxicity (810).

(c) symptoms of boron toxicity (810) v shoot dry weight (Bl0).

(d) concentration of boron in shoots (B20) v symptoms of boron toxicity (820),

(e) concentration of boron in shoots (820) v shoot dry weight (820).

(f) shoot dry weight (820) v symptoms of boron toxicity (820).

Note: the name of each variety is represented by a capital letter; At : AUS 4903,

A2 : AUS 4041,81 : Benventuto Inca, 82 : BT-Schomburgk, C: Condor, G:

G61450, H: Halberd, I : India 126,K: Klein Granador, L : Lin Calel, M:

Mokoan, S : Schomburgk, T: Turkey 1473, W: (rWl x MMC)'

*, * * significant at P < 0.05 and 0.0 1 , respectively, of one tailed test.
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between toxicity symptoms and the length of roots at 850 (Figure 4'3c)' However' there

wasnosignificantcorrelationbetweenboronconcentrationinshootsatBl0androot

lengths at 8150 (Figute 4.5a) and between toxicity symptoms and root lengths at B100

(Figure 4.4c) and 8150 (Figure 4.5c). The probable reason for this was the small variation

in shoot boron concentration and toxicity symptoms among the varieties at 810'

At Bl0 of the pot experiment, the correlation between toxicity symptoms and

boron concentration in shoots (Figure 4.6b) and shoot dry weight (Figure 4.6c) were highly

significant, and a significant correlation was also observed between shoot dry weight and

boron concentration in shoots (Figwe 4'6a)'

4.4 Discussion

There was a broad agreement in respect to boron response of varieties between the

results of the first firter paper experiment reported here and those of the previous research

by Moody et al. (1988) and Paull et al. (1991b). The ranking of the tested varieties on the

basis of tolerance to boron (Table 4.2) was consistent with the results of Moody et al'

(198S) and Paull et al. (1991b)'

As the correlations between the root length at B0 and the three boron treatments

were non-significant (Figure 4.1), the differences in root length at the high boron treaünents

could not be attributed to inherent variation in root growth among the varieties' The highly

significant rerationships between root lengths at the three boron treatments (Figure 4'1)

indicate the consistency of the seedling root lenglh in response to high boron conditions'

Thehighlysignificantinteractionbetweenvarietiesandborontreatmentsinthefirst

experiment(Table4.2)indicatesthatgeneticvariationforborontolerancecanbetestedby

the filter Paper technique'

Appropriatelevelsofboronmustbeappliedwhencomparinganumberof

genotypesofdifferenttolerance.Iftheconcentrationistoolow'therewillbeno

discrimination due to other factors overriding the boron fesponse, conversely the plants

will die if the concentration is too high. paull (1gg0) showed that for five wheat genotypes

tested for response to boron in soil, rower concentrations of boron are required for
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mÐdmum discrimination between sensitive genotypes than when comparing between the

more tolerant genotypes. The most appropriate teatnents for identiffing differences in

root length, between moderately sensitive and sensitive genotypes, would appear to be

B50becauseathigherconcentrations(B100and8150)thelengthoftherootsforboth

types of genotypes were simita¡ (Table 4.6). For example, at 850' the moderately sensitive

variety Mokoan ïvas more tolerant to boron than the sensitive variety (WlxMMC)'

whereas at Br00 and 8150, these two varieties were similar in response (Table 4.6).

However,bothB50arrdBl00areappfopriateforcomparingbetweenmoderatelysensitive

and moderately tolerant genotypes, but at 8150, there was no significant difference

between the two types of genotype. For example, at 850 and Bl00' there were significant

differences in root tength between the moderatery torerant variety BT-schomburgk and the

moderately sensitive varieties Mokoan, Condor and Schomburgk' while at 8150' the root

lengths of these varieties were similar. Significant variation in root length among the more

tolerant genotypes was observed at both 8100 and Bl50' For example' at 8100 and 8150'

Klein Granador \¡/as more tolerant than Lin calel and Benventt¡to Inca (Table 4'6)

The seedling root lengths at the three levels of boron in filter papers were highly

significantly correlated with the three characters determined for plants grown in soil

containing high levels of boron, namely, the concentations of boron in the shoots' plant

dryweightandsymptomsoftoxicity.Thisindicatesthatrootlengthcouldbeusedasa

selection criterion in a genetic study or breeding program for boron tolerance' There was a

consistent ranking of the genotypes used in the filter paper experiments (Table 4'7) with

those in previous reports (Moody et a1., 1988)' However, the seedling root length of the

sensitive variety (wlxMMC) was not different from those of the moderately sensitive

varieties condor and schomburgk at any of the treatnents (B50, 8100 and 8150) (Table

4.6). In contrast, the concentration of boron in shoots of (wlxMMC) was signifrcantly

higher and the symptoms mofe sevefe than those of condor and schomburgk' indicating

(wlxMMC) was more sensitive to boron than the latter two va¡ieties'

The use of the filter paper technique as a screening method for tolerance to boron

may be more appropriate than the use of concentration of boron in shoots and toxicity
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symptomsofborononleaves.Directselectionfortheabilitytoproducelongrootsinthe

pfesenceofboronmightresultingreatere:<fiactionofwaterandthusanincreaseingrain

yield of the new varieties. As it is non.destructive, the filter paper technique can be used

for selecting individuals in the segregating generations of a breeding program' whereas the

determination of boron concentration can only also be applied to advanced generations and

varietiesgÍownr¡nderhighboronconditionsinthefield.

Lower concentations of boron in shoots and grain have consistentþ been found to

be associated with boron tolerance for prants grown in soil or sorution culture (Nable,

1988; Pault et al., 1988b; Rathjen et a1., 1987), so the second experiment was conducted

without a nil boron treatment for both soil and firter paper experiments. Although it might

be argued that the interpretation of the dry matter data might be confounded to some extent

byvariationindrymatterproductionintheabsenceofboron,theratioofyieldatB20,

relative to B10, can be calculated as an alternative' A low ratio would indicate a large

decrease in yierd and a sensitive response. The yierds of varieties at 820, relative to Bl0

show that those varieties with lower ratios were indeed more sensitive than those with high

dry weights (Table 4.7). For example, the relative yield (820/810) of the sensitive

(wlxMMC) was 0.31 and the three moderately sensitive lines were approximately 0'50'

Atl the other lines were greater than 0.50, with India 126 producing a relative yield of 0'81'

Inthefilterpaperexperiment,B0wasomittedtomaximisethenumberofgenotypex

treatment combinations that could be wrdertaken at one time' and because there was no

relationship between root length in the absence and presence of boron in the first

experiment. There w¿rs no evidence from these experiments that the omission of the B0

treatrnents was not justified'

The tolerant varieties can be divided into two gfoups namely highly tolerant and

tolerant on the basis of the mean root rength averaged over an treatnents (850, Bl00 and

8150)(Table4.6).ThefirstgroupconsistedofthreevarietiesIrndjral26,KleinGranador

andAUS4glJ3,whileAUS404l,Lincalel,BenventutoInca'Turkey1473andc61450

beronged to the second group. The mean root rengths of ail torerant lines in all these

treatments, except G6r450 at 850, were longer than Halberd and BT-schomburgk (Table
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4.6).ThemeansoftherootlengthofmoderatelytolerantHalberdandBT-Schomburgk

were significantly longer than those of the moderately sensitive Mokoan' condor and

Schombugk, but the filter paper test was not able to discriminate between the moderately

sensitive and the single variety in the sensitive group' (wlxMMC)' Although the reason

for this is unknown, it is interesting to note that Huang and Gratram (1990) were not able

to discriminate between moderately sensitive and sensitive genotypes when testing

elongation of excised root tips on agar medium enriched with boron' However' the first

filter paper experiment clearly discriminated between the very sensitive Kenya Farmer and

Schomburgk (Table 4.2)'

Todifferentiatebetweenall14varietiesincludedinthesecondexperiment,a

combination of the mean length of root averaged from all treatments (Table 4'6) and the

concentration of boron in shoots atB20 (Table 4.7) was used. on this basis, India 126 was

classified as the most tolerant and (wlxMMC) was the most sensitive although Kenya

Farmer, which was only included in the first filter paper experiment would have been'

almost certainly, more sensitive than (WlxMMC)' There was some discrepancy in the

ranking of lines between the filter paper and the pot experiments and this occurred in

particular for Klein Granador and Lin calel. There was no significant difference in the mean

root length over all treatments between Klein Granador and AUS 4903' but the

concenfiation of boron in AUS 4903 was rower than that of Klein Granador (Table 4'7)'

The high boron concentration observed in shoots of these two lines might indicate either a

greaterlevelofinternaltoleranceofboronintheirshoots,comparedtootherlines,orit

maybeaconseqtrenceofgeneticallyimpurestocksorcontaminationofsamplesduring

analysis. Nevertheless, there was, in general, good agreement between the two experimental

systemsandtheoverallrankingoflinesintothecategoriesverytolerant'tolerant,

moderately tolerant, moderately sensitive and sensitive'

Althoughthereweresignificantrelationshipsbetweenrootandshootlengthsat

three levels of boron (850, Bl00 and 8150), shoot lengths and number of roots of different

varieties under high boron conditions, these were not consistent with the levels of tolerance
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of the varieties when grown in high boron soil, suggesting the two latter parameters a¡e not

appropriate for screening for boron tolerance'

The advantages of thefitter paper technique

There afe many advantages of using the filter paper technique as a method for

screening for boron tolerance. These include the fact that it is rapid, non-destructive and

produces an objective metric value that can be statistically analysed' The method is also

reproducible as it is conducted in a controlled environment and not subject to seasonal

variations in daylength, temperature regimes and precipitation, which influence glasshouse

and field experiments. For instance, boron concentrations in plant tissues grown in a

grasshouse are affected by day rength and temperature (yraranta et ar., r979).Nable et a1.,

(1990b) described considerable problems with using leaf or shoot analyses to diagnose

boron toxicity in barrey due to the patterns of boron distribution in vegetative tissue and

the effects of differential transpiration rates and rain on accumulation of boron

accumuration. Nable and Moody (rggz)reported that precipitation resurted in a decrease

in the boron concentration and content of whole shoots and young leaves of wheat

harvested from a field trial conducted in a high boron soil' They concluded that foliar

analyses are unreliable for diagnosing boron toxicity due to the change in boron

concentration by rainfall. However, this does not preclude tissue analysis from testing for

genetic variation in response to high concentrations of boron because even though the

boron in shoots may be decreased by rain there is no evidence to suggest that the relative

difference between va¡ieties is altered'

The filter paper assay may be conducted in 15 days, including the initial period of

seed imbibition which improves the uniformity of results. As the test is non-destructive,

selected torerant plants may be transplanted and used for seed multiprication or as parents

in a crossing Program.
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Chapter 5

Determining the number of genes conferring

tolerance to a high concentration of boron

in G61450 and Halberd

5.l lntroduction

Boron tolerance of wheat is controlled by a series of partially dominant additive

genes (Paull et al., 1991b). The Bol allele, which confers tolerance to boron' was

transferred from a moderately tolerant variety Halberd (full genotype

BoIBolBo2Bo2Bo3Bo3) to a moderately sensitive variety schomburgk

(bolbolBo2Bo2Bo3Bo3) to produce BT-Schomburgk' BT-schomburgkhas demonstrated a

significant yield advantage over schomburgk when grown under high boron conditions

(Moody et a1., 1993). It is possible that va¡ieties more tolerant than BT-Schomburgk' and

higher yielding in boron toxic conditions, could be bred by transferring other genes

conferring boron tolerance from tolerant to moderately tolerant varieties using a

backcrossing Progfam.

Exotic germplasm more tolerant to boron than Halberd were identifred at the waite

Institute (Moody et ar., lgsg). These rines offer the potential for increasing the level of

boron tolerance in Austrarian varieties. Most of the torerant exotic lines originated from

Asia,AsiaMinorandsouthAmerica,whereastherewasalowproportionoftolerantlines

from regions in the more northerry ratitudes (No.ttt America andNorth Europe) (Moody et

a1., 1988). The geographic diversity in origin between the exotic tolerant lines and

Austrarian varieties indicates the possibility of different genes controlling tolerance to

boron. simpre genetic control was observed within Australian materiars, but transgressive

segregation occurred between Halberd and a tolerant exotic line, G61450' that originated

from Greece (paull et ar., lgglb). This suggested that there were at least two different

genes controlling boron tolerance between the two genotypes' An understanding of the

genetic control of tolerance to boron within these lines would increase the efficiency of
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transferring the level of tolerance exhibited by G61450 to Halberd and other Australian

varieties.

Theobjectiveoftheseexperimentswastodeterminethegeneticrelationship,with

respect to tolerance to boron, between Halberd and G61450' In this regard' the F2 and F3

progeny from crosses between G61450, Halberd and two inbred lines derived from

transgressive segregants identified among the progeny of (G61450 x Halberd)' were tested

for segregation in response to boron. These four lines' and the Condor selection P44' the

varietyfromwhichthemonosomicseriesusedinChapter6wasderived'werecrossedto

Schomburgl.

on the basis of the preliminary results of Paull (1990)' it was hypothesized that

the genetic relationships among the six populations are :

(a)onegeneisresponsibleforthedifferenceinborontolerancebetweenthetolerantline

selected from (Halberd x G61450) and G61450'

(b)onegeneisresponsibleforthedifferencebetweenthetolerantlineandHalberd.This

gene is different to that in (a)'

(c)thealleleconfirminggreatersensitivityatthefirstlocus(a)isresponsibleforthe

difference between the sensitive line selected from (Halberd x G61450) and G61450'

(d)thealleleconfirminggreatersensitivityatthesecondlocus(b)isresponsibleforthe

difference between the sensitive line and Halberd'

(e)twogenesareresponsibleforthedifferencebetweenthetolerantlineandschombrrrgk,

(Ðnomajorgenedifferenceexistsbetweenthesensitivelineandschombwgk,

(g)nomajorgenedifferenceexistsbetweenCondorandschombrrrgk.

5.2 Materials and methods

plants in these experiments were tested for response to boron by measuring the

root length of seedlings grown in filter paper saturated with a solution of boric acid'

following the method described in Chapter 4'
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Genetic materials

The pedigree and the response to boron for Halberd, G61450' schomburgk and

Condor are presented in Table 4'1 of Chapter 4'

Paulletat(l99lb)selectedfourFrderivedF4linesfromthecombinationbetween

G61450 and Halberd as boron tolerant and sensitive families' concentrations of boron in

shootsofthetwotolerantlines,4lS-3(heredesignated4lsT)and426-2(heredesignated

426T),were signifrcantþ less than G61450, whereas those of the two sensitive lines 414-2

(4145) and,442-l (4425),were significantly greater than Halberd (Tabte 5'1)' The selected

families were used as genetic materials in the following experiments'

Boron response of Parental lines

Five homozygous tolerant (418T.1, 4|8T.2,418T-3, 426T-|, ald 426T.2) and

four homozygous sensitive (414S-1, 4l4S'2,4425'l and 4425-2) F5 lines derived from

single F4 plants, were tested for boron tolerance and compared to G61450' Halberd and a

moderately sensitive variety schomburgk to select the most tolerant and sensitive lines as

parents for genetic studies. Lines were tested in a solution of 100 mgB l-l' The

experimental design used was a randomized complete block design with ¡vo replications'

Boron response of segregating populations

F2PoPulations

TheFrgenerationofthecrossbetweentwoselectedlines'418T-land4425-1'and

the crosses between both lines and the varieties G6r450, Harberd and schombu¡gk, and the

F2 of the cross between schomburgk and a moderately sensitive condor selection' were

tested for segregation in response to boron'

The F2 generation of each cfoss was also multþlied to the F, using approximately

100 random F2 seeds per cfoss. The F2 plants were harvested individually and progeny

tested for tolerance to boron.

A totat of approximately 132 F2seeds from each of the eight combinations were

placed in filter papers with l1 F2 seeds plus two seeds of each of their parents per paper'
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Table 5.1 Concentration of boron (mg kg-l) in whole shoots of Fo plants' derived from

tolerant and sensitive F2 selections of (G61450 x Halberd), when grown in soil at 850

treatment. The concentrations of boron of rines within individuar families were compared

with Halberd (sensitive families) or G61450 (tolerant families), by an unpaired t-test'

Derived from Paull et al' (1991b)'

Fo familY Mean t-test

B Conc (mg ks-l)a

Sensitive

414-2

407-r

425-l

442-t

443-l

Tolerant

400-l

418-3

426-2

410-1

436-3

G61450

Halberd

233

209

208

248

174

2.77*

1.40

0.97

2.25*

r.15

128

107

105

119

t22

r28

191

0.03

2.39*

2.83**

1.35

0.54

a boron concentration (mg kg-l),

*, ** different from the parents at the 0.05 and 0.01 significance levels, respectively'
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The distributions of the seedling root lengths of the F2 populations \¡vere examined' when

the distribution was bimodal or trimodal, the F2 seedlings were claslified into two or three

categoriesusingthecut.offpointsofthebimodalortrimodalclassestodifferentiateamong

the categories, as described in Chapter 3' Chi-square analysis was then used for testing the

goodnessoffitoftheobservedsegregationratiostothefrequenciesexpectedformonogenic

or digenic segregation. If it was not possible to classiff the F2 seedling into categories due

to a continuous distribution, the comparison between the observed and expected variances

ofeachF2populationwasusedfortheestimationofthenumberofgenescontrolling

tolerancetoboron(Chapter3).Theexpectedvarianceswerecalculatedfromthefollowing

equations (described in chapter 3) on the assumptions of no epistacy' no linkage and no

dominance.

(a) 1 gene;

V¡..2 = ll2D +E

(b) 2 genes;

V"' = ll2D +E

where d is the departure from the mid-point (rr) of each homozygous genotype and E is

the environmental variance (E: 1/4 Vpl + l/4 VP2+ t/2 Vp¡Vp1 a.'dVp2 are the

variances of the parents arÃ vrris the variance of the F1 hybrid between P, and P2)' Since

the F, hybrids of the populations were not tested in this experiment' the variance of the Ft

was estimated from the average variance of the two parents (vn: (lpt + v')/2) (see

Chapter 3).

The expected variances were regarded as being significantly different from the

observedvariancewhentheexpectedvarianceswereoutsidetheboundariessetbythe

confidence interval of the observed variance, as described in chapter 3'

F2 tlerived F jPoPulations

Progeny testing, using approximately 100 random F2 derived F3 families per cross'

wasconductedforallofthecrosses.TheobjectiveintestingtheF3generationwasto

distinguish between homozygous and heterozygous progenies which could not be
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identified by testing the F2 seeds per se' Twelve seeds of each F2 derived family and

twelve seeds of each parent of each cross wefe placed in separate filter papers' The

methods (see Chapter 3) used for estimating the number of genes responsible for boron

tolerance were :

(a) the classihcation of F3 families into two categories (tolerant-segregating and

homozygous sensitive) according to the cut-off point of the bimodal or trimodal

distribution andthe mean seedling root length of individual families'

(b) the classification of F3 families into th¡ee categories (homozygous tolerant' segregating

and homozygous sensitive) using the comparison between mean and variance of each F'

family and that of the parents. A mean of the family outside the confidence interval of the

mean of the parents (chapter 3) or a variance greater than the LSD of the parental

variances (Chapter 3) indicated that the family was heterogeneous'

(c) the comparison between the variance observed for individual populations and expected

variances for alternative genetic models. The expected variances were calculated from the

following equations, as described in Chapter 3'

For 1 gene;VB:314 d2 + E

For 2 genes, do: db: dl2; VF3:314 d2 + E

The boron concentration used for all crosses was 100 mg f l with the exception of

crosses between moderately sensitive genotypes (442s-L x Schomburgk) and (Schomburgk

x Condor) where the boron concentration was 50 mg l-1 (Section 4'2)'

5.3 Results

Boron response of Parental lines

Theinitialexperimentshowedsignificantdifferencesbetweenthetestedlines.All

of the five tolerant lines were significantþ more tolerant to boron than the more tolerant

parent, G61450, and three out of the four sensitive lines were significantly more sensitive

than the more sensitive parent, Halberd, but not significantþ different from schomburgk'

418T-l was the most tolerant line and the most sensitive lines were 4425-1' 4145-1 and



86

4745.2(Figure5.landPlate5.1).418T-1ald442S-lwereselectedasparentsforthe

genetic studies.

Boron response of segregating populations

F2PoPulations

(a) Populations that did not segregate'

There was no significant difference between 4425-l and Schomburgk or between

condor and schomburgk at B50 and all F, plants of the crosses (4425-l x schomburgk)

and(CondorxSchomburgk)fellwithintherangeoftheparentalstandards(Figures5.2a

and 5.2b).

(b) Populations expected to be segregating at a single gene'

since the distribution of the F, of (4425-l x G61450) was trimodal (Figure 5'3a),

the F, seedlings were classified into two categories (intermediate-tolerant and sensitive)

and three categories (tolerant, intermediate and sensitive). The F2 seedlings were classified

as sensitive when the root length was less than or equal to 4 cm, whereas seedlings with a

root length of more than 4 cm \¡/ere crassified as intermediate-torerant. The result of chi-

square analysis indicated that the segregation ratio of this cross was consistent with the

monogenic ratio of 3 intermediate-tolerant : I sensitive. The intermediate and tolerant

seedlings were further classified using 10 cm (Figure 5.3a) as the value to differentiate

between the categories. chi-square analysis indicated that the observed segtegation ratio of

this cross did not fit the expected 1 tolerant : 2 intermediate : 1 sensitive (Table 5'2)'

Both of the expected variances for one and two gene models were not in the range

of the confidence interval of the observed variance (Table 5'3)' However' the observed

variance was closer to the expected variance for a one gene than a two gene model'

indicating the possibility of one gene contolling tolerance to boron for this cross'

Continuous distributions were observed in the F2 populations of (442S-l x

Halberd) (Figure 5.3b), (418T-1 x G61450) (Figure 5.4a) and (41ST-1 x Halberd) (Figure

5.4b). Thus, it was not possible to classify the F, seedlings into separate categories



X'igure 5.1 Mean root lengths of seedlings of tolerant and sensitive F4 derived F5

families of (G61450 x Halberd), together withparents and the moderately sensitive

Schomburgk, tested in filter papers at 8100.
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plate 5.1 Response of F5 lines of (G61450 x HalberQ in comparison with the two

parents and Schomburgk when tested at 8100.

(a) tolerant lines (the lines 418-3ll-2,418-3/3-3 and 418'313'5 were the original

selection numbers of 4l8T-1, 4l8T'2 and 418T-3, respectively)

(b) sensitive lines (the lines 442-ll2-1,414-213-L añ 414-214-4 were the original

selection nunrbers of 4425'1,4145-1 and 4l4S-2, respectively)
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Figure 5.2 Root length of F2 seedlings and parents, tested in filter papers at B50.

@) (a2s-1 x schomburgk), (b) (condor x Schomburgk). Populations where no

segregation was exPected.
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Figure 5.3 Root length of F2 seedlings and parents, tested in filter papers at 8100.

@) @a2s-l x G61450) , (b) (4425-1 x Halberd). Populations where a single gene

was expected to be segregating.
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Figure 5.4 Root length of F2 seedlings and parents, tested in filter papers at Bl00' (a)

(418T-1xG61450),(b)(4l8T.lxHalberd).Populationswheresegregationwasexpected

at a single locus
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Figure 5.5 Root length of F2 seedlings and parents, tested in fîlter papers at 8100' (a)

(41ST-1 x Schomburgk), (b) (41ST-I x 4425-l). Populations where segregation was

expected at two loci.
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Table5.2Chi-squareanaþsisoftheobservedandexpectedsegregationratiosobtainedfor

eight F, populations, tested in filter papers at 850 for (442S-l x Schomburgk) and

(Schomburgk x Condor) and Bl00 for the other populations'

Population Model FrequencY

(Fz)
Tola+Intb Sensc *t

(4425-lxSchomburgk)

(SchombwglorCondor)

(4425-1xG61450)

(4425-lxG614s0)

(4425-lxHalberd)

(418T-1xG614s0)

(4lST-lxHalberd)

(418T-lxSchomburgk)

(418T-1x442S-1)

No segregation observed

No segregation observed

96 36

99 33

18 78

33 66

Continuous distribution

Continuous distribution

Continuous distribution

Continuous distribution

Continuous distribution

Tol Int Sens

obsd

Expe 0.36

Obs

Exp

3:1

1:2:l
36

33 9.27

Pro of atland2degrees of freedom.

0.0s 0.01P 0.50 0.2s

v?t 0.45

1.39

r.32

2.77

3.84

5.99

6.63

9.21x%

a Tolerant, b Intermediate, c Sensitive, d observed value, e ExPected value
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Table 5.3 comparisons between expected and observed variances of six F2 populations

when tested under high boron conditions'

Pa¡ents andF2 da Eb Expected variancec Observed Confidence

d
1 gene 2 varrance interval

One gene h)'Pothesis

4425-r

(4425-r x G61450)

G61450

4425-r

(4425-l x Halberd)

Halberd

4l8T-1
(418T-1 x Halberd)

Halberd

418T-1

(418T-l x 442S-l)

4425-t

2.6 0.8 4.2

2.2 1.4 3.8

2.7 3.3 6.9

2.5

0.6

8.2

1.0

10.6-6.s

4.0-2.5

4.7-2.9

10.0-6.1

7.8-4.8

t2.0-7.4

418T-1

(418T-1 x G61450) 2'6 3'l 6'5 4.8

G61450

2.6

5.1

7.2

0.9

3.1

1.8

3.6

3.6

2.5

5.0

7.7

1.5

Two genes h)¡Pothesis

418T-1

(41ST-1 x Schombrugk) 4'0 3'2 ll'2
Schomburgk

4.5

6.0

t.9

4.1 2.8 r1.2 7.0

4.8

9.3

0.8

a d: the departure of one of a Pair
b E:environmental variance: ll2

of corresponding homozygotes from their mid-point'

PI+ ll2 P2 (ChaPter 3),

c the expected variances were calculated on the assumption of no dominance, no linkage

and no epistacY,

d confidence interval of observed variance at P :0'95'
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(chapter 3). The comparison between the observed variance and the variances expected for

one and two gene moders indicated that the observed variance for (418T-1 x Halberd) was

similar to the variance expected for segregation at a single gene (Table 5'3)' and this agreed

with the hypothesis for this cross. In contrast to the hypothesis, the obsenred variance of

(41ST-1 x G61450) was similar to the expected variance for two genes (Table 5'3)' The

observed va¡iance of (4425-1 x Halberd) was not significantþ different to either of the

variances expected for one and two gene modets (Table 5.3).

(c) Populations expected to be segregating at two genes'

classification of the F, seedlings of (418T-1 x Schomburgk) and (418T-1 x 442S-l)

into categories was not possible due to the distributions being continuous (Figures 5'5a and

5.5b), so comparisons between the observed and expected variances of these populations

were used for estimation of the number of genes controlling tolerance to boron' The

observed variance of (41gr-1 x schomburgk) was similar to that expected for two genes

(Table 5.3). However, the observed variance of (418T-1 x 442S-l) \¡ftis comparable with

the expected variance for the one gene model (Tabte 5'3) and not in agreement with the

hypothesis.

F, derived F 
3 PoPulations

(a) Poputation that did not segregate'

The testing of F2 derived F3 families of (4425-1 x Schombugk) (Figure 5'6a) and

(condor x schomburgk) (Figure 5.6b) were consistent with those of the F2 Populations

(Figures 5.2a and 5.2b). All F3 families of the two crosses fell within the fange of the

parental standards (Figures 5.6a and 5.6b). Also, there was no significant difference

between 4425-l and Schomburgk (Figures 5.2a and 5'6a) or between Condor and

Schomburgk (Figures 5.2b and 5.6b) at 850. It was therefore concruded that the genetic

contol of response to boron is the same for schombwgk, condor and 442S-l'



Figure 5.6 Mean root length of F3 families and parents (12-t5 seedlings for each

family and parent), tested in filter papers at 850. ({ (a2S-l x Schomburgk), (b)

(Condor x Schomburgk). Populations where no segregation was expected.
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Figure 5.8 Mean root length of F, families and parents (12-15 seedlings for each family

and parent), tested in filter papers at 8100. (a) (al8T-1 x G61450), (b) (418T-1 x

Halberd). Populations where segregation was expected at a single locus'
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Figure 5.9 Mean root length of F, families and parents (12-15 seedlings for each family

and parent), tested in filter papers at B100. (a) (a18T-1 x Schomburgk), (b) (al8T-1 x

4425-|).Populationswheresegregationwasexpectedattwoloci.

(
6

5

40

)a

3

2

1 0

0
Þ

50

4

b

B1 I ¿ter-t
lrs
El schomburgk

B1 00

C\(ÐStO(c)NOO)OF ot(Ð+to
FFFF

I ¿ter-t
lrs
Ø ++zs-t

2

1

30

0

Root length (cm)

(¡)l-æÓ|¡OrÂl
FFr-ô'l (\l(\l



93

(b) Populations expected to be segregating at a single gene'

(4425-1 x G61450)

TheF3familiesof(4425.1xG61450)wereclassifiedassensitivewhenthemeans

of the seedling root lengths were less than or equal to 6.0 cm (Figure 5'7a) and the variance

of the famity was less than or similar to the LSD of the parental variances (a'o Gigure

5.10a). Families with mean root lengths more than 6'0 cm were classified as intermediate-

tolerant. The chi-square analysis was compatible with a 3 : 1 segregation ratio (Table 5'4)'

TheF3familiesofthecross(4425.1xG61450)werealsoclassifiedintothree

categories (homozygous tolerant, segregating and homozygous sensitive) by statistical

methods (Chapter 3). A family with a variance less than or equal to the LSD of the

parental variances (a.o and a mean within the range of the confidence interval of mean of

the sensitive or tolerant parent was classified as homozygous sensitive or tolerant'

respectively, whereas a family with a variance greater than the LSD of the parental

variances was classified as segregating. There were four families with means above the

confidence interval of the tolerant parent (Figue 5.10a), however, because the variances of

these families were not significantry difterent from the paren! these families were classified

as homozygous tolerant. There were five families with means between the two parents

(Figure 5.10a) but which had variances less than the LSD of the parental va¡iances' Two of

these families (Families 1 and 2) were individually inspected' As the root lengths of some

of the plants within the two families fell between the two parents (Figure 5'l l)' the two

were classified as segregating. It is probable that the other three families, with means which

were between Family 1 and Family 2 (Figrue 5.10a), were also segregating. Chi-square

analysis indicated that the ratios of homozygous tolerant : segregating : homozygous

sensitive of (4425-1 x G61450) was consistent with the monogenic segregation ratio of I :

2:1(Table5.4).

The expected variance for a one gene model of the F2 derived F3 poPulation was

within the confidence intervals of the observed variance for (442s-l x G61450) (Table 5'5)

indicating segregation at a single gene'



Figure 5.10 Means and variances of root length of 97 and 99 F, families of the

cfosses (4425-l x G61450) and (442S-l x Halberd), respectively, with parental

lines, tested in filter papers at B100.

(a) (z+a2s-1 x G61450)'

(b) (442S-1 x Halberd)

Note: The horizontal line is the LSD of the parental variances.

The vertical lines are the confidence intervals of means of the two parents.

The numbers on the diagram refer to the families which are depicted in Figwes

5.11 and 5.12.
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Table 5.4 Chi-square analysis of the observed and expected segregation ratios of F2

derived families obtained for eight populations, tested in filter papers at 850 for (442S-l x

schomburgk) and (schomburgk x condor) and 8100 for the other populations'

Population
(F2 derived)

Model
Sensc

Classified on the basis of
bimodal distributions

(442S-lxSchomburgft)

(SchomburgkxCondor)

(4425-1xG61450)

(4425-lxHalberd)

Classified on the basis of
statistical criteria

(418T-1xG61450)

(418T-lxHalberd)

(418T-lxSchomburgft)

(418T-1x442S-1)

(4425-1xG61450)

(4425-lxHalberd)

(418T-1xG61450)

(418T-lxHalberQ

3

No segregation observed

No segregation observed

78 19

72.75 24.25
obsd

E*p"

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Exp

76 23
24.75

1.52

0.16

t4.23

3.92

1.96

Sens

3 : 1 74.25

88
723:l

3

82
73.50

15:1
100

96.56

95

15:1 75

Tol

I
16
24.50

8

24

3

6.44

5

6

Seg

l:2: I
23
24.25

25
24.75

52
48.5

5l
49.50

22
24.25 0.52

0.17

20.90

4.03

23
24.75l:2: I

l:2:l
19

24

I
24

69
48

56
49

Obs
Exo

26
7 24.50

l6
24.50l:2

of at I and of fteedom.

P 0.50 0.25 0.05 0.01

v?t

x%

0.45

r.39

t.32

2.7','l

3.84

5.99

6.63

9.21

a Tolerant, b Segregating, 
c Sensitive, d observed value, e ExPected value



X'igure 5.11 Response of individual plants within two F3 families of (4425-1 x

G61450) at Bl00 in comparison with individual plants of the two parents.
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Table 5.5 comparisons between expected and observed variances of six F2 derived F3

populations when tested under high boron conditions

Parents and F3 da Eb Expected variancec Observed Confidence

1 gene 2 genes variance intervald

One gene h)¡Pothesis

4425-l

(4425-1x G61450) 3'9 l'2 12'6 6.9

G61450

4425-l

(4425-l x Halberd)

Halberd

3.5 2.0 tl.z 6.6

3.1 0.6 7.8

2.2 0.9 4.5

3.9

0.4

5.3-3.0

14.6-8.3

8.0-4.5

5.6-3.2

8.1-4.6

15.6-8.9

1.0

10.8

1.4

t.2

5.9

2.7

0.8
418T-1

(41sT-l x G61450)

G61450

418T-1

(4lST-1 x Halberd)

Halberd

Two genes hypothesis

418T-1

(41ST-1 x Schomburgk)

Schomburgk

418T-l

(418T-l x 4425-1)

4425-l

4.2

4.9 1.5 19.5 10.5

2.7

t.4

4.1

0.3

2.6

6.0

0.4

3.9

11.6

0.4
7.4 2.2 43.3 22.7

a d: thedeparture of one of a pair of corresponding homozygotes from their mid-Point'

b E :environmental varianc e: 1l2P 1+ ll2 P2 (Chapter 3)'

c the expected variances were calculated on the assumtion of no dominance, no linkage and

no epistacY,
d confidence interval of observed variance at P:0'95'
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(4425-1x Halberd)

The F3 families of (4425-1 x Halberd) (Figure 5'7b) were classified as sensitive

when root lengths were less than or equal to 7'0 cm' chi-square analysis for the goodness

of fit to a3 :l (intermediate-tolerant : sensitive) ratio indicated segregation at a single gene

for these two crosses (Table 5'4)'

The families of (4425-1 x Halberd) (Figure 5'l0b) were classified into three

categories on the basis of their means and variances in comparison to those of the parents'

As the LSD of the parental variances of (442s-1 x Halberd) (Figure 5.10b) was too high to

use for differentiation, families with a mean within the confidence interval of the mean of

the sensitive or tolerant parent and with a variance close to that of the parents was

classified as homozygous sensitive or tolerant, respectively' There were four families

whichcouldnotbeclassifiedbecausetheirmeanswereintermediatetothatofthetwo

parents but with variances similar to or less than those of the two parents (Figure 5'l0b)'

sotheperformanceoftheindividualplantsofthesefamilieswasinspected.Theroot

lengths of the plants within Family 1 overlapped the two parents while all of the plants

within Families 2, 3 and 4 fell within the range of the torerant parent (Figure 5.t2)'

Therefore, Famity 1 was classified as segregating whereas Families 2' 3 and 4 were

classified as homozygous tolerant. chi-square anarysis indicated that the segregation of

(4425-lxHalberd)wasconsistentwiththemonogenicratioofl 
2:1(Table5'4)'

Thecomparisonbetweentheobservedandexpectedvariances(Table5.5)indicated

segregation at two genes for (4425-1 x Halberd)'

(418T-1 x G61450)

Continuous distribution was observed for F2 derived F3 Populations of (418T-1 x

G61450) (Figure 5.8a) so it was not possible to test the segregation directly' The F'

families of (41gr_1 x G61450) were classified into three categories on the basis of their

means and variances in comparison to those of the parents' Since the LsD of the parental

variances was very low in comparison to the va¡iances of the families, it was not used to

differentiate between the homozygous and heterozygous families (Figure 5'13a)' There



Figure 5.12 Response of individual plants within four F, families of (442S-l x

Halberd) at 8100 in comparison with individual plants of the two parents.
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X'igure 5.13 Means and variances of root length of 96 and 98 F3 families of the

crosses (41ST-1 x G61450) and (418T-1 x Halberd), respectively, with parental

lines, tested in filter papers at 8100.

(a) (a18T-1 x G61450)

(b) (418T-l x Halberd)

Note: The horizontal line is the LSD of the parental variances.

The venical lines are the confidence intervals of means of the two parents.

The numbers on the diagram refer to the families which are depicted in Figures

5.74, 5.t5, 5.16 and 5.17 .
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were only four families with means within the confidence interval of the sensitiVe parent

and eleven families within the range of the tolerant parent' The variances of the two

parents were lower than those observed in other crosses' with the result that the variances

of almost all of the families were higher than those of the two parents (Figure 5.13a). There

were many families with theif means outside the confrdence interval of the two parents

(Figure5.13a).Thus,theperformanceoftheindividualplantsof24familieswiththeir

means within or outside the confidence interval of the parents were investigated' Families

l-g and zl-z¡were classified as homozygous sensitive and homozygous tolerant (Figrues

5.14 and 5.16), respectively, because the variation in root length within these families was

low and their means were close to those of the parents. Families 9-20 (Figures 5'15 and

5.16) were classified as segtegating because of the high variation in root lengths within

these families in comparison to the homozygous families. Chi-square analysis indicated

segregationof(418T-1xG61450)wasnotconsistentwithlhomozygoustolerant:2

segregating:lhomozygoussensitive(Table5.4).Thedeviationfromtheexpectedratio

was principally due to a low frequency of sensitive families and a high frequency of

segregating families.

In contrast to the hypothesis of a one gene, the observed variance of (418T-1 x

G61450) was similar to the expected variance for segregation at two genes (Table 5'5)'

(4|ST-I x Halberd)

continuous distribution was also observed for F2 derived F3 populations of (418T-

lxHalberd)(Figwe5.Sb).ThereforetheFrfamiliesof(418T-lxHalberd)wereclassified

into three categories (homozygous tolerant, segregating and homozygous sensitive) using

the comparison between the mean and variance of each F3 family and those of the parents

(Figure 5.13b). The LSD of the parental variances (5'2) of (418T-1 x Halberd) was

considered too high to use to differentiate between the variances of the families and those

of the parents (Figure 5.13b). Therefore, families were classified as homozygous sensitive

or tolerant when the mean of the family was in the range of the confidence interval of the

sensitive or tolerant palents, respectively, and the va¡iance of the family was close to those



Figure 5.14 Response of individual plants within F3 families of (418T-1 x

G61450) (Families l-8) at 8100 in comparison with individual plants of the two

parents.
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Figure 5.15 Response of individual plants within F3 families of (418T-1 x

G61450) (Families 9-16) at 8100 in comparison with individual plants of the two

parents.
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X'igure 5.16 Response of individual plants within F3 families of (418T-1 x

G61450) (Families 17-24) at 8100 in comparison with individual plants of the two

parents.
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of the sensitive and tolerant parents. Fourteen F3 famities of (418T-1 x Halberd) with a

mean root length within the range of 8.1-9.4 cm and variance 0.1-3.0 were similar to the

sensitive parent and were classified as homozygous sensitive (Figure 5'13b)' There were

also two famities with means of lower than the confidence interval 0f the sensitive parent,

however, these families were classified as sensitive because thei¡ variances \¡vere close to

that of the sensitive parent (Fig're 5.13b). The22 families that fell within the confidence

intervar of the tolerant parent (rt.5-r4.7 cm) with variances close to that of the tolerant

parent (1.4) were classified as homozygous tolerant. There were also three families which

means of greater than the confidence interval of the tolerant parent but these families was

classified as tolerant because the variances of these families were close to that of the

tolerant parent (Figure 5.13b)'

There were twenty-two families of (418T-l x Halberd) which could not be

obviously classified into ttre above categories. so, the performance of the individual plants

of five families of these twenty-two families was investigated. Root lengths of the plants

within families 1-4 overlapped the two parents (Figure 5.17) and therefore the families

were crassified as segregating. The root rengths of all plants within family 5 fell in the range

of the tolerant parent and so the famity was classified as tolerant (Figtre 5.17). Chi-square

analysis indicates that the segregation of (418T-1 x Halberd) was consistent with the

monogenic ratios of I homozygous tolerant : 2 segregating : I homozygous sensitive (Table

s.4).

The result of the comparison between the observed and expected variances of the

F3 population and those of the parents (Table 5.5) indicated that a single gene was

responsible for boron tolerance of (418T-1 x Halberd) (Table 5'5)'

(c) Populations expected to be segregating at two genes

There were continuous distributions for the F2 derived F3 populations of (418T-l x

schomburgk) (Figure 5.9a) and (418T-1 x 442S-l) (Figure 5'9b)' since the LSD of the

parental variances of the two crosses was much higher than the variances of the two

parents (Figure 5.18), it was not used to differentiate between the homozygous and



Figure 5.17 Response of individual plants within Five F3 families of (418T-1 x

Halberd) at Bl00 in comparison with individual plants of the two parents.
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X'igure 5.18 Means and variances of root length of 103 and 100 F3 families of the

cfosses (418T-1 x Schomburgk) and (418T-1 x 4425-l), respectively, with

parental lines, tested in filter paper at 8100.

(a) (alST-l x Schombrugk),

(b) (418T-l x4425-t)

Note: The horizontal line is the LSD of the parental va¡iances.

The vertical lines are the confidence intervals of means of the two parents.

The numbers on the diagram refer to the families which are depicted in Figures

5.19 and 5.20.
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segegating famities. To estimate the number of genes controlling boron tolerance for these

crosses, the mean and variance of each F3 family waf¡ compa¡ed to those of the parents

(Figrres 5.18a and 5.18b)'

(418T-1 x Schomburgk)

Therewereappfoximatelythirty.threefamiliesof(4l8T.lxSchombr¡rgk)which

could not be categorised because their means were intetmediate to the two parents but with

va¡iances not significantry greater than those of the two parents (Figue 5.18a). Thus, the

individual plants of nine of these families were investigated (Figure 5.19). As almost all of

the prants of Fa'ities 1_2 and 7-g were within the fânge of the sensitive and torerant

parent, respectively, and the variation in root lengths within these families was low' they

were classified as homozygous sensitive and tolerant (Figure 5.19), respectively' The

va¡iation in root rengths within Families 3-6 was also low but there were many plants

within these families outside the rânge of the parents' therefore they were classified as

homozygous intermediate (Figtue 5.19). Chi-square analysis indicated segregation of

(418T-1 x schombtugk) was consistent with the digenic ratios of 15 tolerant-segregating : 1

homozygous sensitive but not I homozygous tolerant : 14 homozygous intermediate-

segregating : t homozygous sensitive (Tables 5.4 and 5'6), $'ith the deviation from the

expected ratio being in large part due to a very low frequency of homozygous sensitive

fa¡nilies and ahigh frequency of homozygoustolerant fa¡nilies'

Both the expected variances for one and two gene models of (418T-l x

schomburgft) were outside the confidence interval of the observed variance but were closer

to ttrat expected for the segregation at two genes (Table 5'5)'

(4IST-I x 4425-I)

There were twenty-th¡ee families of (418T-l x 4425-1) which could not be

classified into specific categories because their means wefe interrrediate to the two parents

but with variances not signifrcantly greater than those of the two parents (Figure 5'l8b)'

Famities l-3 and 8-10 were classified as homorygous sensitive and homozygous tolerant



X'igure 5.19 Response of the individual plants within nine F3 families of (418T-1

x Schomburgk) at 8100 in comparison with individual plants of the two parents.
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Figure 5.19 (continued).
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Tabte 5.6 chi-square analysis of the observed and expected segregation ratios of F2 derived families obtained for two populations'

(41gr-1 x Schomburgk) and (41gr-l x M2S-l),expected to be segregating at two genes' tested in filter papefs at Bl00'

Population Model Frequency

(F2 derived)
Homo tola Homo Int-segb Homo senc *z

(418T-l x Schomburgk) Obsd

Expe

(41sT-l x 442S-l) Obs

Exp

(41ST-1 x 442S-l)

Probability ofchi-sqnare at 2and

l:14:l 6.44

l:14:l
l0
6.25

3

46.336.44

5

23 77

90.12

85

87.5

Homo Int

t7

12.5

6.25

Homo sen Seg

2.57

Homo tol

Obs l0

Exp !:2:lz12 6.25

5

6.25

68

75 4.77

P 0.s0 0.2s 0.05 0.01

3 degrees of freedom.

fz
*

l.lg z.lt 5.99 9.21

2.37 4.1I 7.81 11.34
o

a Homozygous interrrediate-segregating,cHomozygoussensitive,dOb"*tdvalue'eExpectedvalue
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(Figure 5.2D),respectively, because their va¡iation in root lengths was low and most of the

plants of these families fell within or very crose to the range of thé parents. All plants of

Family 4 were outside the range of the two parents and many plants in Family 5 were

outside the range of the tolerant parent (Figu¡e 5.20); therefore, these two farrilies were

classified as homozygous intermediate. f'amilies 6 and 7 had means and va¡iances close to

the tolerant parent but there was greater overlap between the plants \ryithin these families

and the two parents in comparison to those of the homozygous tolerant families (Familis5

s-10)(Figufe5.2D),sothesetwofamilieswefeclassifiedashomozygousintermediate'

Famity I I was classified as segregating because of the higb variation in root length of the

plants within this family (Figure 5.20). chi-sq'are analysis indicated that the segregation

of (4lgr-1 x 4425_1) was consistent with alt of the three digenic ¡atios of 15 segregating-

tolerant : I homozygous sensitive (Table 5.4), t homozygous tolerant : 14 homozygous

intemrediate-segregating : t homozygous sensitive (table 5'6) and t homozygous tolerant:

2homozygous intermediate : t homozygous sensitive : 12 segregating (Iable 5'6)'

Boththeexpectedva¡iancesforoneandtwogenemodelsof(4l8T.lx¿142S-l)

were outside the confidence interval of the observed variance but were closer to that

expected for the segregation at two genes (Table 5.5). Examples of homozygous tolerant

(AABB),homozygousintermediate(AAbboraaBB),segregatingandhomozygous

sensitive (aabb) F2 derived fa¡nilies for 418T-l x 442S-l are presented in Plates 5'2 and

5.3

5.4 Discussion

Overall cotælusion

TheF2andF,derivedF3populationsofsixcrossesweretestedfortoleranceto

high concentrations of boron using a filter paper technique' The number of genes

controlling tolerance to boron of the F2 and F3 Populations of the six crosses wefe

estimated from the segregation data using three methods. The first was to classiff the F2

seedrings and F, families into two categories (tolerant-inærmediaæ and sensitive) according

to the distribution of the seedling root length of the individual F2 Plants and the mean root



X'igure 5.20 Response of the individual plants within 1l F, families of (418T-1 x

4425-l) at Bl00 in comparison with individual plants of the two parents.
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Figure 5.20 (continued).
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plate 5.2 Response of F2 derived families of (418T-l x zt42S-1) to the Bl00

treabnent in comparison with the two parents.

(a) a homozygous tolerant familY

(b) a homozygous interrrediate famity



a)(

b)



Plate 5.3 Response of F2 derived families of (418T-l x 442S-l) to the Bl00

treatment in comparison with the two parents.

(a) a segregating familY

@) ahomozygous sensitive familY



(a)

(b)
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length of F3 families' respectively. The second was to classiff the F3 families into three

categories (homozygous tolerant, segregating and homozygous sensitive) using the

comparison between the means and variances of the families and those of the two parents'

chi-square analysis was used in both methods to test for the goodness of fit of the

observed segregation ratios to the ratios expected for monogenic or digenic segregation' The

thirdmethodwastocomFafethevariancesobservedforindividualpopulationswiththe

expected variances for alternative genetic models as described in Chapter 3' While the first

method could only be used when the distribution of the populations was bimodal or

trimodal, the second and the third could be r¡sed regardless of the distribution pattern of the

populations.

paull et al. (l99lb) defined Halberd as BoIBoIBo2Bo2BoSBo3 with variation at the

Bol locus accounting for differences in response between Halberd and Warigal, a variety

derived from the saÍie parents as schomb'rgk and closely related to condor. The non-

segregating F2 populations and F2 derived families of the crosses (/t42S-1 x Schombrugk)

(Fignres 5.2a and5.6a) and (schomburgk x condor) (Figrres 5'2b and 5'6b) and the non-

significant difference inthe seedling root lengths of 4425-1 and Schombr¡rgk Gigure 5'1 and

plate 5.1) indicate that these three genotypes are similar in response to high boron

concentration (Figure 5.13), and are of the genotype bolbolBo2Bo2Bo3Bo3'

Based on the results observed in this experiment, a fourth locus Bo4, is proposed

with the genotypes of Halberd and G61450 being BotBolBo2Bo2Bo3Bo3bo4bo4 and

bolbolBo2Bo2Bo3Bo3Bo4Bo4,respectively (Figr¡re 5.21)- when the Bol and Bo4 alleles

were combined in the one line, such as 418T-1, a higher level of tolerance than either parent

was expressed. on the other han4 when both the Bol and Bo4 alleles were absent" more

sensitive lines, such as 44l25'l were observed'

The summary of the evidence for estimating the nt¡mber of genes controlling

tolerance to boron for the F, and F2 derived populations of alt crosses tested in this

experiment is demonstated in Table 5.7. This summary indicates the relationship between

the tested lines as described in Figrne 5.21. There was no segregation in F2 and F2 derived

populations of the crosses (4p¡25-lx schombugk) and (Schomburgk x condor) which was



Figure 521 Hypothetical relationship, genotypes and number of genes contolling

boron tolerance for six lines of wheat (4425'l,4l8T-1, Halberd, G61450,

Schomburgk and Condor).

Note: 1 : I gene, 2:2 genes
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Table 5.2 A sunmary of evidence from F2 and F2 derived populations of eight crosses for estimating the n'nrber of genes contolling

tolerance to boron between six lines.

Hypo" Evidence
Cross

F2 F2 derived

Distribution ratiob

(442S-lxSchomburgk) no r"gd continuous no seg

(SchombuglxCondor) no seg continuous no seg

No of effc

similar to
parents

similar to
parents

I

Distibution

continuous noseg

continuous no seg

¡atio No of eff

similar to
parents

similar to
parents

I
(4425-lxG6l4s0)

(¿il2s-lxHalberÐ

(418T-1xG614s0)

(418T-lxHalberd)

(418T-lxSchomburgk)

(418T-lx442S-l)

l ge,ne trimodal 3:l bimodal

1 gene continuous t¡nclassified I or 2 bimodal

I gene continuous unclassified 2 continuous

2 genes continuous unclassified 1 continuous

3zl,l:2:l

3:l,l:2zl

neither 3:l
nor l:2:l

l5:1, l:14:1,
l:2:l:12

2

2

I gene continuous unclassified I continuous tz2'-l

2 genes continuous unclassified 2 continuous l5:1

1

2

2

a Hypothesis, Segregation ratio that fit to the population c Number of effective factors
(-r¡

observed and exPected variances, d rro ."gt"gation.

based on the comparison between the
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consistent with the hypothesis. For the populations expected to be segregating ¿1 ¿ single

gene, the F2 and F, derived populations of (442S-l x G61450) s'egregated at monogenic

ratios and the observed va¡iances of these populations were also simila¡ to the variances

expected for a one gene model. For (4425-1 x Halberd) and (418T-1 x Halberd)' the

segregation of their F2 derived fa¡nilies was consistent with the monogenic ratio' The

observed va¡iances for both F, and F2 derived populations of (418T-r x Halberd) were also

consistent with the variances expected for a one gene model but (442S-l x Halberd) was

not. In contrastto the hypothesis, the seglegation of F2 derived families of (418T-1 x

G61450) was not consistent with the monogenic ratio and the observed variance of this

cross was similar to the variances expected for a two gene model and there was no

evidence from this cross to support a single gene segfegation'

For the populations expected to be segregating at two genes' The segregation of the

F2 derived populations of (418T-1 x schomburgk) and (418T-1 x 4425-1) was consistent

with the digenic ratio and the observed va¡iances of these populations were also similar to

the expected variance of a two genes model'

ThesegregationratiosobtainedfortheF,derivedfamiliesafemorereliablethan

those of the F2 generation (Table 5.7). Becaus e 12-15 F, seeds were tested per Ft derived

farnily, it was possible to assign a genotype to the F2 plant from which the farnily was

derived, whereas the F2 generation phenotypes were based on the response of single

plants. For five of the six crosses in this experimen! the segregation ratios were consistent

with the overall hypothesis, only one cross

segregants.

demonstrated a deficiency of the intolerant

Anontalotts evidence

In a number of instances, ttre concentration at Bl00 may be not have been enough

to discriminate between the fa'ilies and the higher concentation of boron, such as Bl50'

could have assisted in the discrimination. For example, chi-square analysis indicated that

the segregation of the F2 population of (442S-l x G61450) was consistent with the

monogenic ratio of 3 intennediate-tolerant : I sensitive but not with 1 tolerant : 2
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intermediate : I sensitive (Iable 5.2) apparently as a result of misclassification' The

misclassification of sensitive as tolerant-segregating families was also observed for the F3

populations of the cfosses (418T-l x G61450), (418T-1 x Halberd) and (418T-l x

Schomburgk). Chi-square analysis indicates that the segregation of (418T-1 x G61450) and

(4lgT-1 x Halberd) was not consistent with the ratio of 3 tolerant-segregating : 1 sensitive

(Table 5.4). This misclassification is because of the lack of bimodal disFibution possibly

due to low boron concentation.

In(418T-lxG6l450),therewereonlySfamiliesclassifiedassensitivein

comparison to the expected frequency of 24, while there were 88 families classified as

tolerant-segregating in comparison to the expected frequency of 72 (Table 5'4)' This

indicated a generar deficiency of the sensitive segregants for the crosses having 41 8T-l as a

parent. since 418T-1 was selected as the most tolerant line in resPonse to boron (Figure

5.1), there were possibly effects of minor genes other than the genes BoI and Bo4 nthe

response to boron of this line. Thus, the homozygo's sensitive families derived from the

cfosses having 418T-l as a parent, (for example, (418T-l x G61450), (418T-l x HalberQ

and (418T-1 x Schombr¡rgk)), were slightþ more tolerant than the sensitive parent and

were therefore misclassified as being tolerant-segfegating in these three crosses' For

example, Families 5-8 of (418T-l x G61450) (Fieure 5.13a) and Families I and 2 of (418T-

1 x Schombrugk) (Figufe 5.18a) classified as homozygous sensitive wefe slightþ more

tolerant than the sensitive parents'

For the cross (418T-l x G61450), segregation of the F, families was not consistent

with the monogenic ratio and this was mainly due to a low frequency of sensitive families

and a high frequency of segregating families, possibly because of the misclassification as

described above. However, the frequency of the families classified as homorygous tolerant

(19) was very close to the frequency (24) elçected for this category (Table 5'4) and chi-

square analysis indicated segregation of the F3 families of this cross was consistent with

the monogenic ratio of 3 sensitive-segregating : t homozygous tolerant Ø2 f l '39, 0'05 <

P <0.25) (data were not shown).
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The use of the LSD of the parental va¡iances to diffe¡entiate between the families

was not appropriated in the case where the variances of the parents were comparatively

high. A high variance of the parent will increase the LSD. In (442S-l x Halberd), the

va¡iances of 442S-l and Halberd were 1.2 and 2.7, respectively, and the LSD of the

parental va¡iances was7.Z(Figure 5.10b) which was high in comFafison to that of 4'6 of

(¿142s-l x G6r450) where the va¡iances of 442s-l and G6r450 were 1.0 and 1.4 (Figure

5.10a), respectively. The LSD of the parental va¡iances are, in general' subject to a high

level of uncertaintY.

The use of the confidence interval of the mean root length of the two parents for

classification of the families into categories must also be applied with caution because of

the errors from over @rror Type II) and under @rror Type I) estimation (chapter 3)' For

example, in F3 populations of (41 8T-1 x Halberd) and (418T-1 x Schomburgk), the nunber

of the families classified as tolerant-segregating wefe over-estimated in comparison to the

expected frequency, whereas the n¡mber of the families classifred as sersitive were wrder-

estimated (Table 5.4). Hence, a few famities (about SYo) a¡e expected to be beyond the

confidence interval of the parents (Figure 5'l8a)'

The expected va¡iance for one gene was likely to be over-estimated in some

instances due to the high value of d (the departtre of one of a pair of corresponding

homozygotes from their mid-point or mid-parent (n). For example, the dvalues of the F2

and F, populations of (418T-1 x G61450) (Table 5.3 and 5.5) were higher than expected

due to the high mean of the parental line 4l8T-1 compared to its value with other

populations. The mean root length of 418T-1 was 14.4 and 17 cm, respectively' for F2 and

F3 populations of (418T-l x G61450) (Figrues 5.4a and 5.8a) in comparison to l2'2 and

13.7 cm of 4l8T-1 for the F2 and F3 of (418T-l x schombu¡gk) (Figr¡res 5'5a and 5'9a) and

13.1andl3.7cmfor(4l8T.lxHalberQ(Figrrres5.8band5.4b).Ifthemean¡¡of418T.1

had been about 12 and 15 cm, respectively, for the F2 and F3 poptrlations of (418T-l x

G6l45O) (Figr[es 5.4a and 5.8a), the observed variances would be simila¡ to the expected

variances for the one gene model.
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The expected variances of the F2 population of (418T-1 x G61450) (Table 5'3) and

F3 population of (¿+42S-l x Halberd) (Table 5'5) may also be over-estimated due to the

high value of the environmental variance (@ calcutated from the va¡iances of parents' For

example, the variances of the pafents MzS'l and Halberd of F3 population of (4425-1 x

Halberd)(Table5.5)werehigherthanexpectedincomparisontothesameparentswith

other crosses and thus increasing the expected variances of this population'

There were also examples of the elçected va¡iance being lower than expected on the

basis of the hypothesis and this may be due to low values of d and E ' For example' the

expected variance for two genes for the F2 $eneration of (418T-1 x 442S-l) may have been

row due to the low varue of d. The value of d for the F2 generation was 4.1 (Table 5'3)'

comparedtoavalueofl.4fortheF3$eneration(Table5.4).

This method of estimation of the number of genes should be used cautiously,

especially when the difference between mean of the parents is either very large or very

small.

Potentialþr breeding

The Greek line G61450 (here confirmed as being of the genotype

bo t bo I Bo2Bo2Bo3Bo3 Bo4Bo4) and Australian variety Halberd

(BolBolBo2Bo2Bo3Bo3bo4bo4) have been classified as tolerant and moderately tolerant

respectively (Moody et al., 1988). The greater level of tolerance exhibited by G61450

compared to Halberd (Figure 5.1) indicates that the Bo4 allete is more potent than Bol' For

example, the mean root length of G61450 and Halberd in this experiment were

approúmately 9.0 and 10.5 cm, respectively. The gene product of Bo4 would therefore

appear either to be expressed at a higher rever than Bor or to affect a different step in the

exclusion of boron from Plants'

The results of this experiment indicate that when lhe BoI and Bo4 alleles a¡e

combined in the one rine, such as 4rgr-1, a higher level of tolerance than either parent is

expressed (Figures 5.1 and Plate 5.1). This was demonstrated by the mean root length of

418T-1 in rhis experiment (about 13.5 cm) being longer than those of G61450 (10'5 cm)
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and Halberd (9.Q cm). Therefore varieties more tolerant than G61450 could be bred by

transferring the two genes BoI and Bo4 to well adapted va¡ieties using the backcrossing

method.
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ChaPter 6

Chromosomal location of genes controlling

tolerance to a high concentration of boron

6.l lntroduction

Identifing chromosomes eqatretling boron tolerance would assist in

(a) the prediction of parental varieties which, when crossed, will show transgressive

segtegation. These varieties could have different cbromosomes controlling boron tolerance'

Transgressive segregation indicates at leasttwo genes involved in contolling the cha¡acter'

but, while it is possible ttrat more than one gene can be located on the one ch¡omosome' it

is more likely that the segtegation will be independent and separate chromosomes be

involved. when the ntrmber of genes are defined, precise breeding methods, such as

backcrossing can be employed. If accr¡¡ate techniques for the screening of those charactels

are devise{ selection for tansgressive segregation is likely to be rapid and effective'

(b) determination of linkage between the character of interest and other readily identified

factors. For example, the use of linkage between brown glumes and stipe rust resistance

enhanced the rapid selection for stripe rust resistance and ¡esulted in the release of the

wheat variety Angas. While selection for stripe rust resistance is not possible in summer in

southern Australia" it is feasible to select for the brown glumes strongly linked to the snipe

n¡st resistance. Estabtishing lir¡kæe maps, including the molecula¡ markers of considerable

current interest" allows the identification of closely linked ma¡kers which could be used for

selection.

(c) prediction of the situation in other species based on Vavilov's law of homoeologous

variation. For example, the homoeologous ch¡omosomes, 14, lB, lD of wheat (?"

aestivum)and lR of rye carry similar homoeologous genes such as the sfructr¡ral genes for

seed storageproteins(wang et al., lgg2). Genetic maps of the homoeologous group two

ch¡omosomes indicates that gene orders are highly conserved in the genomes of wheat'

barley and rye, except for the distal ends of chromosome arms 2BS and 2RS, which have



r22

been involved in interch¡omosomal t¡anslocations @evos et al', 1993)' From analogy with

wheat, barley witl also have genes contolling boron tolerance on chromosome groups four

and seven. Therefore, to identiff the chromosomal location of the gene in barley'

chromosomes four and seven should be the ñrst to be studied'

paull,s (1990) results with reciprocal monosomic and monosomic analysis using

aneuploid stocks of Chinese Spring and Federation were equivocal, suggesting that

chromosomes 78 and 7D were the most probable locations of genes for tolerance to boron

of Federation and G61450, respectively. several cbromosomes inthe reciprocal monosomic

analysis of Federation responded in the manner expected of a critical chromosome' of

these, 78 appears to be the most probable, however, other ch¡omosomes possibly

implicated include 34, 38, 5B and 28. For the monosomic analysis of G61450'

chromosomes 7D and 4A were the most probable locations of the genes' However' there

was some 
'ncertainty 

on the classification as sensitive of some of the Frsubstitutionlines of

chromosomes 7D and 4A. This occurred as a result of the small difference in response

between parents for symptoms of boron toxicity on the leaves and the relatively large

environrnental effects. The experiments described in this chapter attempted to locate the

genes controlling tolerance to boron by monosomic analysis but using response as

determined by seedling root length r¡nder high boron conditions in filter papers, instead of

the leaf symptoms as used by Paull (1990)'

The experiments described in this chapter were conducted to

(a) determine whether the responses of plants to boron is modified when chromosomes a¡e

present in the monosomic condition in comparison todisomics for the 2l monosomics of

Condor and, if so, to identiff the chromosomes involved.

(b) Since Halberd and G61450 were found to be more tolerant than Condor (Chapter 4) and

to differ in genetic contol of boron torerance (chapter 5), closer investigation of the genetic

control of these va¡ieties was needed. The F2 monosomic analysis (Sears' 1953) with

Condor monosomics as¡ aneuploid stocks was used to identiry the chromosomal locations

of genes in these two varieties.
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Monosomic anal]'sis

Monosomic series, the set of 2l aneuploids (2n = 4l) with single missing

ch¡omosome, can be manipulated to determine the ch¡omosome carrying a particular gene

(Sears, 1953; Kuspira and Unrar¡ 1959)'

All of the 2l possible monosomics and trisomics (2n = 43), together with their

nullisomic (2n:40) and tetrasomic (2t = 44) derivatives, were developed in the bread

wheat variety chinese Spring (sears, 1954). The essential genotypes for the development

of the monosomic series were either the haploid or nullisomic 38 of Chinese Spring which

have reduced cbromosome pairing at meiosis. Backcrosses with these genotypes produced

a large number of monosomics with the complete set of 2l monosomics eventually being

derived by selection âmong these back-cross progenies (Law and Worland' 1973)' The

monosomic series of condor were developed from ttre crosses between the 21 monosomic

series of chinese Spring as femare and csp44 (condor single prant serection 44) as amale

donor variety. The F1 monosomic plants of each cross were cytologically identified and

backcrossed seven times to the donor variety CSP44 (R' A' Mclntosh' pers' cornm')'

Monosomic analysis consists of crossing each of the twenty one different

monosomics as the female with a variety carrying a cha¡acter to be analysed (Figure 6'1)'

Hemizygous (unpaired) chromosomes identified cytologicalty in the F1 must derive from

the male donor. Monosomic analysis has been widely used in mapping genes for both

quantitative (Larson, 1966) and qualitative cha¡acters (Law and worland, 1973)' For

exaurple, the monosomic analysis was used to identiff the chromosomal locations of genes

contolling plant height (Petovic, 1979;Worland et al', 1988), glurre pubescence (Sridevi

et a1., 1989), culm tength (Allan and vogel, 1963), awns (Ganeva and Bochev' 1988) and

stripe rust(Puccinia striiformi$ resistance (Macer, 1966; Chen et al', l99l)'

If the attele in the donor variety of the gene being analysed is recessive to the allele

carried by the recipient monosomic variety, the monosomic plants of the critical Ft

families (for example in Figure 6.1, monosomic lA is the critical ch¡omosome) will all have

the recessive phenotype. All the twenty other farrilies will have the dominant phenotype'

In this case it is not necessary to examine the F2. However, if the F2 population of the



X'igure 6.1 Procedure for monosomic analysis in F1 and F2 generations for the

analysis of the chromosomal location of the gene for glume pubescence on lA.

Derived from K. W. Shepherd (pers. comm.).

Note: P : ParentS, II = a dominant gene contolling glume pubescence, h = a

recessive gene contolling non-pubescent glumes

I indicates a non critical chromosome (does not carrying the gene)

r indicates the critical chromosome
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critical family is exa¡nined, all of the plants, disomic, monosomic and nullisomic plants' will

again have recessive phenotypes because there is only the recessive allele on the

hemizygous chromosome inthe F1 Gigtre 6'l)'

when the allele in the donor variety is dominant, all the F1 offspring of all the 2l

families elpfess the dominant phenotype. In the F2 $eneration" the differences between the

families de¡ived from different F1 monosomics will appear. All the F2 monosomic families'

except one, will segfegate as three dominant to one recessive phenotype' For the critical

monosomic family, almost all the progeny will have the dominant phenotype, with only a

small proportion of segregants, depending upon the differences in the transmission

frequency of the univalent cb¡omosome between male and female ganretes' will have the

recessive phenotype. For the monosomic plants, approximately 75Yo and 4o/o of the

functioning female and male gametes have twenty chromosomes, thus the progeny from

selfing witl include disomics, monosomics and nullisomics in an approximate ratio of 24 :

73 :3percent, respectively (sears, 1944,1953) (Tabte 6.1)' Of these, only the nullisomic

progeny will lack the dominant allele and have the recessive phenotype' A ratio of 97

dominant : 3 recessive (nullisomics) (Table 6.1 and Figrüe 6.1) should be obtained in this

particular case. Thus, the critical chromosome can be identified by deviation from the r¡sual

3 : 1 segregationratio (Sears, 1953)'

For a check population, the F2 disomic segregants from the c¡oss between the

variety being investigated and the variety used to generate the aneuploid stocks may be

used (Kuspira and unrau, 1959). For example, in the experiment reported here, the F2

populations of (Halberd x condor disomic) and (G61450 x condor disomic) were used as

the check for the F2 PoPulations.

Monosomic analysis may also detect critical chromosomes for two or more genes

and for different types of gene action and interaction (sears, 1953; Kuspira and uruau'

l9s9).
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Table 6.1 The frequency of disomics, monosomics, and nullisomic progenies derived from

selfing of a monosomic plant. Derived from Kuspira and Unrau (1959)'

Fe,male garnete Male

25% (n)

75%(r,-t)

96%

24% (disomic)

72Yo(monosomic)

4o/o I

1% (monosomic)

3% (nullisomic)

n = haploid number of chromosome = 21

6.2 Materials ¡nd methods

Genetic Materials

Seeds of the monosomic series of Condor (selection P44) were kindly provided by

Dr. R. A. Mclntosh, plant Breeding Institute, University of Sydney. The twenty-one

monosomic families of Condor were multiplied in sta¡rda¡d potting mix in a glasshouse' The

plants were cytologically examined at meiosis to identiff monosomics using the methods

described in chapter 3. The seeds of each monosomic family were harvested from the

identified monosomic Plants.

Halberd and G61450 were derived from stocks selected from single plants by Paull

(1eeo).

Boron response of Condor monosomic families

Thetwenty-onemonosomicfa¡¡riliesandthedisomicofCondorweretestedfor

response to boron using the filter paper technique (Chapter 3)' The experiment consisted

of a split plot desigu with fifreen seeds of each family per filter papef' two replicates and

three boron treatnents 80, 850 and 8100'

The experimental procedures, including the pre-teaûnent and treatment of seeds

and the measr¡rement of the roots, were as described in Chapter 4. The analysis of va¡iance

was calculated using the MSTAT microcomputer program (chapter 3).
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Fz monosornic anal]'sis

The twenty-one monosomic families of condor wefe sown and selected plants,

identified as monosomics by cytologicat examination of pollen mother cells at metaphase I

(chapter 3), were crossed as female parents with Halberd and G61450. F1 hybrids were

also examined fortheir cbromosome complement at metaphase I of meiosis and monosomic

plants selected.

F2 seeds from the F1 monosomic plants of each cfoss were tested for segregation in

response to boron and compared to the control disomic F2 of the crosses (condor x

HalberQ and (Condor x G61450).

Approximately one hundred and ten seeds of each of the 2l F2populations of the

monosomic crosses and the corresponding disomic F2 were tested for each of the two

donor parents. Eleven seeds of each cross plus two seeds of each parent (condor and

Halberd or G61450) were placed in a filter papef' treated with 100 mgB l-l' The

experimental procedure included the pre-treatment and treatment of seeds and the

measu¡ement of the roots followed the methods described in Chapter 4'

The foltowing methods wefe used to differentiate between the segregation pattenrs

of the F2 populations of the monosomic crosses and the disomic population'

(a) If the distributions of the populations were bimodal the F2 seedlings were classified

into two categories (tolerant-intermediate and homozygous sensitive) according to the

distribution patterns. chi-square analysis was then used to test for the goodness of fit of

the observed segregation ratio to monogenic (3 tolerant-intermediate : 1 sensitive) and

digenic ratios (15 tolerant-internrediate : I sensitive). The F2 population derived from the

monosomic of the critical cb¡omosome would be elçected to have a segregation pattern

deviating from the disomic F2 population'

(b) when the distibutions of the populations were continuous, it was not possible to

classiff the F2 seedlings into distinct categories. In these populations, the variance of each

of the 2l Fzpopulations derived from the monosomics was compared with that of the

disomic population. The va¡iance of the F2 population with the critical chromosome is
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expected to be rower than that of the disomic popuration with the ratter expected to be

close to those of the other F, populations based on non-critical cbromosomes'

The mcan length of roots of the F2 poputation derived from the monosomic of the

critical ch¡omosome is also expected to be longer than those of populations derived from

non-critical ch¡omosomes and the disomic F2 PoPulation. This is because the segregation

ratio for the critical F2 Population is 97 tolerant : 3 sensitive in comparison with 3 tolerant

: 1 sensitive for the disomic and the non-critical F2 populations'

6.3 Results

Boron response of monosomic families

A highly significant interaction between monosomic families and boron treaÍnents

indicates that there was variation in fesponse to boron treatnents among the monosomic

families. At 80, the root lengths of some monosomic families (18, 28' 3A' 3B' 3D' 4A'

5A, 58 and 7A) were significantly shorter than those of the disomic (Figure 6'2)' However'

the non-significant variation of the means and standa¡d deviations of root length among the

families of the monosomics and the disomic at both of the boron treatnents B50 and Bl00

demonstrated ttrat the genes in the hemizygous condition had no effect on the response to

boron in the monosomic families (Figure 6.2). Examples of monosomic families for

chromosomes groups 4 and 7, the most probable chromosomal locations of genes

conferring tolerance to boron in wheat (Paull, 1990), at B0 and 850 are presented in Plate

6.2

In the combinations between the monosomics of Condor and Halberd, the F,

populations showed a continuous distribution in response to high boron (Figure 6'3)'

Thus, it was not possible to classiff the F2 seedlings into distinct categories. The variance

of each F2 population was compared with that of the disomic Fr. The variance of

population derived from monosomic 7B was significantþ less than those of the disomic F2



Figure 6.2 Seedling root length (cm) of 2l Condor monosomic families in

comparison with the Condor disomic variety when tested in filter papers at 80,

850 and 8100.

Note: The vertical ba¡s attached to the histograms represent standard deviations of

the meâns. An unatüached vertical bar represents the LSD (0.05) for the genotype x

treabnent interaction.
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plate 6.1 Compa¡ison of the response of the Condor monosomic families for

cb¡omosomes of homoeologous groups 4 and 7 and the disomic when tested at two

boron levels.

(a) B0

(b) Bso

Note: Left to tight; Condor monosomic families of chromosomes 4A,48,4D,74,

78,7D andthe disomic of Condor
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X'igure 6.3 Percentage distribution for seedling root length (cm) of the 2l F2

monosomic families derived from the crosses between the monosomic Condor

series and Halberd and the two parents when tested in filter papefs at 8100.
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X'igure 6.3 (continued).
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and other populations (table 6.2) although the populations derived from monosomics lA,

lB, lD, 2A,3D, 4A, 6A,6D and 7A atso had low va¡iances. However, the mean root

length of the F2 population derived from monosomic 7B was longer than that of the

disomic F2 and the other populations (Table 6.2). The low va¡iance and high mean for the

monosomic 78 population is consistent with a very high frequency of tolerant and very

low frequency of sensitive plants as is e:çected for the critical chromosome in monosomic

analysis. Examples of the respo$¡e for F2 population derived from monosomic 7B and the

disomic F2 control population in comparison with their parents Halberd and Condor a¡e

presented in plate 6.1. This result indicates that ttre boron tolerance of Halberd, relative to

condor, is r¡nder the contol of a gene located on chromosome 78.

G61450 populations

The distributions of F2 disomic population of (condor x G61450) and all of the F2

populations derived from the cfosses between the monosomic families of condor and

G61450 showed bimodal distibution (Figu€ 6'a)'

A cut-off point at 6 cm of the disomic population was used for all of the other

populations. Thus, the F, seedlings with a root length less than or equal to 6 cm were

classified as sensitive and the F2 seedlings with a root length more than 6 cm were

classified as tolerant-intermediate. Chi-square anatysis indicated that the F, disomic contol

population segregated in the monogenic ratio of 3 tolerant : I sensitive (78 z32,Xt2 = 0'g8'

0.5 < p < 0.25) (Table 6.3). The segregation ratios of alt the F2 populations except for

those derived from monosomics !D,2A,28,3A,38, 3D, 4A,48 and 54, were consistent

with the monogenic segregation ratio of 3 tolerant-intermediate : I sensitive (Table 6'3)'

The F2 population derived from monosomic 4A had the fewest seedlings with short roots

(Figure 6.5) and the segregation ratio of root length (> 6 cm : < 6 cm) (96 : l4'Xt2 = 8'84'

p < 0.001) was highly significantly different from the 3 tolerant : I sensitive ratio (Table

6.3 and Figrre 6.4j). Examples of the F2 population derived from monosomic 4A and the

disomic F2 control population in comparison with their parents are presented in Plate 6'3'

The other significant deviations of the segregation ratios for monosomics lD, 2A,2B,34'



132

Table 6.2 Minimum, mærimum and meanroot length (cm) and variance of the root length

of 2lF2monosomic families derived from crosses between the monosomic condor series

and Halberd compared to those of the disomic cross and the parental varieties'

Chromosome Min Max Total Mean Va¡iance F-test

1A

1B

ID
2A
29
2D

3A
3B

3D

4A
4B

4D

5A

5B

5D

6A
6B

6D

7A

7B

7D
Control F2

Halberd

Condor

2.8

2.9

3.3

2.9

2.2

1.2

3.0

1.1

2.1

3.1

2.5

1.4

2.0

2.5

2.6

3.1

1.5

2.7

2.9

4.2

2.0

1.7

6.1

0.9

9.7

9.5

10.7

8.8

9.4

9.5

10.0

10.5

9.3

9.2

10.9

10.6

9.6

10.0

r0.9

r0.6

9.0

9.7

9.9

9.9

10.3

r0.0

l0.l
5.1

110

110

lr0
110

lt0
110

110

110

110

110

110

110

109

110

110

n0
r10

109

110

r09

110

110

215

212

6.5

6.0

6.4

6.1

6.2

6.2

6.5

6.0

6.2

6.2

6.4

6.5

6.5

6.3

6.4

6.4

6.1

6.3

6.2

7.3

6.3

6.4

7.6

2.7

2.0

1.7

t.7

1.7

2.3

2.6

2.6

2.6

2.0

2.0

2.9

2.9

2.9

2.6

3.2

2.0

2.3

2.0

2.0

t.2

2.3

2.9

0.8

0.6

1.7*+

1.4'f

1.4*

1.4*

1.9'¡*

2.2+*

2.2+*

2.2**

1.8r'*

1.8*+

2.4**

2.4*+

2.4**

2.2**

2.7**

l.l**
1.9**

1.7**

1.7'I{'

1.9+t

2.4**

*, ** different from the variance of F2 monosomi c 7B at the 0.05 and 0.01 significance

levels, respectivelY.



plate 62 Response of F, populations to boron and the two parents Halberd and

Condor when tested in filter papers at the 8100.

(a) Fz population derived from (monosomic 7B x HalberQ

(b) disomic F2 control PoPulation
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(B = 100)

Tolcrant HalberdSensitivcConclor

(b)

(Condor x Halberd) F2

(B = 100)

HalberdCondor TolcrantSensitivc



Figure 6.4 Frequency distribution for seedling root length (cm) of the 2l F2

monosomic families derived from crosses between the monosomic Condor series

and G61450 and the two parents when tested in filter papers at 8100. The a¡rows

indicate the cut-offpoints (at 6 cm) between sensitive and tolerant seedlings.
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Í'igure 6.4 (continued).
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Table 6.3 Segregation for fesporu¡e to boron of 2l F2monosomic fa¡nilies derived from

cfossesbetweenthemonosomicCondorseriesandG6l450.

Chromosome Sensitive

( l6 cm)

Tolerant

(> 6 cm)

Total nr¡nrber

of seedlings

xt2

for 3:1 ratio

1A
IB
ID
2A
2B
2D
3A
3B
3D
4A
4B
4D
5A
5B
5D
6A
6B
6D
7A
7B
7D
Control F2

25
28
59
45
4l
34
49
47
66
l4
4l
32
42
34
25
26
3l
32
29
35
36
32

85

82

110
ll0
lr0
109
ll0
ll0
110
109
110
ll0
110
lr0
110
110
ll0
u0
110
ll0
110
110
ll0
lt0

2.05
0.01

48.1l*'¡
15.41*',|
8.84*'f
2.05

22.41**
19.08*'¡
71.87**
8.84**
8.84r"1
0.98

10.19**
2.05
0.30
0.t2
0.59
0.98
0.12
2.73
3.50
0.98

5t
æ
69
76
61

62
44
96
69
78
68
76
85
84
79
78
81

75

74
78

Significance of differences: ** P < 0'01



F'igure 6.5 Percentage of short roots (S 6 cm) of (Condor monosomic x G61450)

F2 farnilies and the check disomic F2r rtoâsrr€d on 110 seedlings of each family at

8100.
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plate 6.3 Response of F, populations to boron and the two parents G61450 and

Condor when tested in filter papers at the 8100.

(a) Fz population derived from monosomic 4A

(b) disomic F2 contol poPulation



(a)

(Monosomic 4Ã x G61450) F2

(B = 100)

TolcrantSensitivc c61450Condor

(b)

(Condor x G61450) F2 (B = 100)

ì

{

I

I

I
I
I

,tr

G61450Condor TolerantSensitive
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38, 3D,48 and 5A from the 3 : 1 ratio were due to an excess of sensitive plants, probably

resulting from the misclassification of poorþ germinated seeds or low vigor seedlings as

sensitive genotYPes.

The mean root length of the F2 Population derived from the monosomic 4A was

longer than those of the other F2 populations, except those from monosomics 1A' 6A and

the disomic F2 population (Table 6.4). The mærimum and minimum root lengths of these

th¡ee latter populations were longer than those of the population derived from the

monosomic 4A (Table 6.4),indicating that the three populations are more vigorous than

that population derived from monosomic 44. The variance of the F2 Population derived

from monosomic 4A was the lowest for all of the F2 populations, except those derived

from 2D and 3A. As the chi-square analysis indicates that the F2 Populations derived from

monosomics 14, 2D, and 6A segregated inthe monogenic ratio and were not different from

the disomic F2 population (Table 6.3) and that there was a high frequency of sensitive

plants in the F2 population from 3A (Table 6.3), these results indicate that cbromosome

4A is responsible for boron tolerance in G61450'

6.4 Discussion

Although the disomic F2 population of (condor x Halberd) and all of its Ft

monosomic populations showed continuous distribution (Figure 6.3), thereby invalidating

the segregation ratios as a means of identifiing the criticat chromosome, the variances and

means of the F2 populations indicated that monosomic 7B was the critical chromosome

(Table 6.2). The low variance and high mean was consistent with a very high frequency of

tolerant and very low frequency of sensitive plants as is expected for the critical

chromosome. This result indicated that, relative to Condor, chromosome 7B is responsible

for boron tolerance in Halberd.

In the monosomic analysis of G61450, all of the F2 populations had bimodal

distributions (Figure 6.4), and the comparison between the seglegation ratios identified 4A

as ttre critical chromosome (Table 6.3). This indicated that the boron tolerance of G61450,

relative to Condor, is rurder the contol of a gene located on chromosome 4A'
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Table 6.4 Minimr¡m, mærimum, mean root lenglh (cm) and variance the root length of 2l

F2 monosomic families derived from crosses between the monosomic condor series and

G61450 compared to those of the disomic cross and the parental va¡ieties'

Chromosome Min Mær Total Mean Va¡iance F-test

2.9
2.3
2.9
2.4
1.5

2.2
2.5
2.0
0.3
2.2
2.4
2.5
0.5
2.2
2.5
2.8
2.9
2.3
2.8
2.6
2.7
3.0

6.0
0.5

13.3

12.3

13.5

tl.2
10.8
13.6
10.7
15.8
13.0
11.8
11.5

12.l
11.6
tt.2
12.5

t4.3
13.8
t5.4
12.3

14.3

15.2
16.5

15.2
4.9

110
110
110
109
u0
ll0
ll0
109
110
110
110
110
110
n0
il0
110
lt0
110
110
110
ll0
1r0
322
407

8.1

7.6
6.2
6.6
6.4
6.6
6.1

6.5
5.9
7.8
6.5
7.3
6.5
6.9
7.7
8.0
7.6
7.3
7.5
7.4
7.3
8.4

8.8
2.9

6.3
5.3
6.3
5.3
3.6
3.6
5.3
5.3
3.6
5.8
5.3
5.8
5.3
5.3
7.8
6.3
7.3
5.3
7.3
7.8
9.6

0.6
3.6

2.0**
1.8*+
1.5*
1.8'|*
1.5*
1.0
1.0

1.5*
1.5*

7.3
1A
1B
1D
2A
2B
2D
3A
3B
3D
4A
4B
4D
5A
5B
5D
6A
6B
6D
7A
7B
7D
Control F2

G 61450
Condor

1.6**
1.5*
1.6**
1.5*
1.5'¡
2.2**
1.8tt
2.0**
1.5*
2.0'r+
2.2**
2.7**

*, ** different from the variance of F2 monosomic

levels, respectivelY.

 |atthe 0.05 and 0.01 significance
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paull et al. (l99lb) described tbree genes es¡¡slling tolerance to boron and the gene

at which Halberd and Warigal differ with respect to boron toleiance was Bol. As the

pedigree of V/arigal and Schomburgk are (WW-15 x Raven) and ((W3589 x Oxley) x

Warigat #2) xAroona #2), respectively, and Aroona has the same pedigree as Warigal'

schombr¡rgk is virtr.ratly a sister line to warigal. schomburgk has the sr22 gene on

chromosome 74, effective against all pathotypes of stem rust in Aushalia' incorporated

from the donor parent w3589 (Paull et al., lgg4). condor with a pedigree of (ww-15 x

WW80) is also related to Warigal and Schomburgk because WW-15 is a common parent of

the th¡ee va¡ieties. As Condor, Schombr¡¡gk (Chapter 4) and Warigal @ault et a1', l99lb)'

extribit ¿ similaf level of response to boron, and segregation studies (chapter 5) indicated

Condor and schomburgk are genetically identical, it can be assr¡rned that Warigal and

condor a¡e the same with respect to tolerance to boron. It can therefore be concluded that

the segregation observed between Halberd and Condor resulted from allelic variation at the

Bol locus shown here to be located on chromosome 78'

The result of monosomic analysis of this Chapter is consistent with the report of

paull (1gg0) in that chromosome 7B is the location of a gene controlling boron tolerance of

Federation, an ancestor of Halberd, relative to Chinese Spring' The other chromosomes he

implicated, including 28,3A,38 and 58, in this monosomic analysis had F2 populations

with va¡iances not significantly different from the variance of the disomic F2 Population

(Tabte 6.2). The mean root lengths of these foru F2 populations were also lower than that

of the F2 poputation derived from monosomic 4A (Table 6.2) indicating that chromosomes

28,3A,38 and 5B are not involved in the contol of tolerance to boron in Halberù relative

to Condor.

The result of monosomic analysis of G61450, which indicates that, relative to

Condor, chromosome 4A is responsible for tolerance to boron in G61450, is also

consistent with the suggestion of Paull (1990). His alternative hypothesis, chromosome

7D, was not supported here. In this work, the segregation ratio of the F2 Population

derived from monosomic 7D was consistent with the 3 tolerant-intermediate : I sensitive

ratio (Table 6.3), indicating that chromosome 7D is not responsible for tolerance to boron
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in G61450. Nor is there any evidence here for the hypothesis that more than one gene

controls tolerance in G61450, relative to chinese spring (Paull, 1990)' In the monosomic

analysis in this chapter, there is one gene difference between G61450 and condor'

therefore only chromosome 4A is responsible for difference between G61450 and Condor'

The difference in the critical chromosomes between G61450 and Halberd is

consistent with the results of Chapter 5 showing that there were two alternative genes

controlling response to high boron conditions between G61450 and Halberd, expleining the

transgressive segregation observed in response to high boron concentations for their F2s

(Paull et al., 1991b). Cross between parents having separate boron tolerance genes on

chromosomes 7B and 4A would make it possible to select for more torerant segregants in a

þ¡ssding progfam for sowing in areas where high levels of boron occur in the soil'

The results of these experiments wilt facilitate fi¡rther study, for exanple the

establisbment of linkage maps between the genes controlling boron tolerance and other

marker genes. Linkage maps using DNA markers, restriction fragment length

polymorphisms (RFLP), have been developed for the chromosomes of homoeologous

group seven (Chao et al., 1989). As these ma¡kers show a high degree of polymorphism

they could be applied to fa¡nilies segregating for response to boron to determine which of

the ma¡kers are linked to boron tolerance. Paull et al. (1993) tested I l0 F7 derived lines of

G61450 x KF for segregation with 43 RFLPs. Linkage on cb¡omosome 4AL between

XtrsuGlILlocus and the boron tolerance gene of G61450 @aull et al., 1993) is consistent

with the result of the monosomic analysis in this Chapter. The tinkage of boron tolerance

genes and ma¡kers was also studied for chromosomes group 7 using F3 derived lines of

Halberd x warigal (J. G. Paull, Pers. cornm.). Approximately eigbty probes known to map

to group 7 were tested. As there was a very low level of polymorphism between the two

parents, no tight linkage between the RFLP ma¡kers and the Bol gene was established (J'

G. Paull, pers. comm.).

There is evidence of ch¡omosomal translocation between chromosome groups four

and seven of wheat. A segment of chromosome 7BS was found to be translocated to

ch¡omosome aAL $aranjo et al., 198Ð and a segment of cbromosome 4AL tran'slocated to
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5AL (Sharp et al., 1989). Homoeoloci for the seed peroxidase gene' Per.B4' are found on

chromosomes 48, 7A and 7D (Kobrehel and Feillet" 1975) and for¡r cDNAclones which

hybridized with 7AS and 7DS, but not 7BS, hybriôiznd with 4BL (Chao et al', l9S9)' On the

basis of translocations, it is possible that the genes contolling tolerance to boron observed

on ch¡omosomes 4A and 7B of G61450 and Halberd, respectively, as described in this

chapter, were originally located on ch¡omosome 78 and later transferred to 4A by the

evolutionary translocation. This would suggest that there were two loci of boron tolerance

gene on group 7, unless there is a translocational difference between G61450 and Halberd'

since there is evidence of homoeology between the chromosome of wheat, barley and rye

(Wang et al., lgg2),it is possible that the genes conferring tolerance to boron in barley and

rye may be located on chromosomes of homoeologous group seven.



141

ChaPter 7

Chromosomal variations for boron tolerance

in exotic germPlasms

T.l Introduction

Genetic diversity of crop species is important because it provides the variation for

improving traits of economic importance, and adaptation to new regions and farming

methods. For instance, useful agronomic traits have been transferred from the wild

Pennisetumgene pools into cultivated pear millet (Pennisetum typhoides)' These included

rust resistance, cytoplasmic male steritity and fertitity restorer genes from P' glaucum sp'

monodii,and high forage yield and quality, and firrr sEaw from P' pufPureum (Hanna et

al., 1985; Ma¡chais and Pernes, 1985)'

Geneticdiversitymaybeoriginatefromtwomajorsources.

(a) the parental wild sPecies

Polyploid wheats can be allocated into two evolutionary lineages' one lineage

comprises Triticum turgidum (L.) Thell. (AABeBe) and common wheat T' aestivum (L')

Thell. (A,/AReBeDD) and the other T. timopheevizhttk. (AABts) and T' zhukavsþiMen'

et Er. (AABIBtAA) (Dvorak, 1988). The results of RFLPs suggest that the domesticated

diploid wheat ?E monococcilrn ssp. monococcum wss domesticated from ?' m' ssp'

aegilopoides (syn. T. boeoticum) but that the A genomes of both T' turgidum and T'

timopheevi were contibuted by L urartu (Dvorak et al', 1983)' From morphological

studies, sa¡kar and Stebbins (1956) concluded that the source o|nË ,"nome was I'

speltoides(Tausch) Gren. or a close relative. The D genome was contributed by I' tauschü

(Coss.) Schmal. (McFadden and Sears, 1946)'

There is overwhelming evidence from cytology and molecular genetics indicating

that the ch¡omosomes of ,,' hexaploid wheat and its ancestors a¡e homoeologous' so the

ancestral species can be used as a source of new germplasm of benefit for breeding
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prog¡ams. For example,T. tauschii,thedonor of D genome inbread whea! is being used as

a source of resistance to cereal cyst nematode (CCN) @astwood et al., 1994),leaf blotch

disease (Septoria tritic),stem rust and adaptation to saline soil (Lagudah and Appels'

1993). Linkage mapping of the isozyme loct Got3, AdhI, Adh2, and Got2 to DNA markers

on chromosomes thlee, fou¡ and six, respectively of T. tauschii confirmed their paralogous

relationship to the wheat genome (Haft, 19S7) as well as their homoeology to the barley

(Hordeum vulgare) genome (Lagudah et al., l99l). The order of the ma¡ker loci on

chromosome g¡oup one of T. tauschii was the same as that for lD of bread wheat (Payne

1937). Gene Sr22,which is effective against all pathotypes of stem rust in Australia' was

originally identified in A genome diploid wheat species Triticum boeoticum (Gerechter'

Amitai et al., lgTl) and 7. monococcumL. (Kerber and Dyck, 1973)' This gene was

incorporated in the released wheat variety Schomburgk (Rathjen et al', 1987)'

Evidence ofhomoeologyras first demonstated by the ability of chromosomes

within T. aestivumto compensate for one another in nullisomic-tetrasomic combinations

(Sears, lg14,lg66).Later,more evidence was assembled from induced intergenomic pairing

and recombination both within hexaploid wheat (Riley and chapman, 1958) and between

the wheat genomes and those of related species (Naranjo, 1982; Koebner and Shepherd,

19g6), and from the concurrence of chromosomal and intrachromosomal locations of

marker genes, particularly biochemical and molecular loci. These are often observed to be

tiplicated in wheat (Mclntosh et al., 1990)'

In wheat, the homoeologous relationships between the chromosomes have been

reported using restriction fragment length polymorphism (RFLP) analysis' Eight cDNA

clones, potentially located to the wheat group two chromosomes because of their

hybridization to the fragments from the groups two chromosomes of barley' rye and

Aegilops umbellulata, were labelled and hybridized to restricted DNA isolated from seven

of the Chinese Spring group two aneuploid lines (nullisomic-tetrasomics N2A-T28, N2B-

T2D,N2D-T24, ffid ditelocentrics DT2AS, DT2BL, DT2DS, DT2DL) (Sharp and

Soltes-Rak, l9B8). A considerable nr¡mber of ma¡ker homoeoloci (four and nine homoeoloci

located on the long and short arms, respectivety) was stong evidence for the short arms
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and long arms being mutually homoeologous in this group (sharp and soltes-Rak, 1988)'

Another study of homoeology behrreen ch¡omosome of group seven using RFLP analysis

indicated that the gene orders on each of the homoeologous chromosomes were almost

identical (chao et al., 19S9). The evidence was most comprehensive for chromosome 7B

and 7D whefe, apart from the inconsistency in the Xpsrl65, Xpsr150 and Xpsr152 regior¡

nine homoeoloci and the centromere were observed to lie in the same order and to be

separated by similar map distances (Chao et al', 1989)'

Since chromosome 4A and 7B were responsible for tolerance to boron in G61450

and Halberd, respectively (Chapter 6), and because of the evidence of homoeoloci between

homoeologous gloups of chromosomes' the ch¡omosomes of groups fou and seven were

selected for determination of chromosomal location of the genes controlling boron tolerance

in the exotic va¡ieties included in the elçeriment described in this cbapter'

(b) separate evolutionary pathways

In breeding plants for resistance to disease or tolerances to soil toxicities or

deficiencies, different alleles controlling those traits could be developed under simila¡

selection regimes. In this respec! selection within a wide geographical spread of germplasm

is likely to be beneficial as this makes it more likely that different alleles witl be available'

The screening for boron tolerance of t576 accessions of wheats, demonstrated that

va¡iation of tolerance to boron occurred between different geographical regions. Va¡ieties

from usA, canada, Egypt and North west Et¡¡ope wefe mostly sensitive, those from

Argentina" Turkey and Iraq varied, while those from Afghanistan, India and Japan were

predominantly tolerant. Most Australian varieties were moderately sensitive (Moody et

al., 1988).

Cytogenetic studies of homologous chromosome variation for boron tolerance

among exotic tolerant lines was r¡ndertaken here to indicate different genotypes which

could be used in the local breeding prograrn. To manipulate such genes' the backcross

method can be used for transfening tolerant genes to high yielding but sensitive va¡ieties'

For exarnple, the gene responsible for tolerance to boron, Bol, was successfully tansferred
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from Halberd to Schombugk resulting in the release of BT-schombugk (Moody et al',

1ee3).

The cytological techniques for identification of the chromosomal locations of genes

include the F, monosomic analysis (chapter 6), the reciprocal monosomic analysis and the

backcross reciprocal monosomic analysis described below.

Backcross reciprocal monosomic anal]'sis

The establishment of the chromosomal location of genes controlling agronomic

cha¡acters is essential for the success of infaspecific chromosome manipulation techniques

in wheat improvement (Law et al., 1981). Although the F2 monosomic method (chapter 6)

is the most commonly used method because it is easily applied and is particularly effrcient

(Macer, 1966), it cannot be used with cha¡acters having continuous variation where

discrete phenotypes a¡e not discernible in the F, because of the confounding effects of

allelic variations and chromosome dosage (snape et al., 1983). This effect was observed in

Chapter 6 for the analysis of the crosses between Condor monosomic fa¡¡rilies and Halberd.

Reciprocal monosomic crossing, which allows the comparison between the two F1

monosomics from the reciprocal crosses between the homologous monosomics of two

varieties (McEwan and Katsikes, 1970), overcomes this problem. However, the reciprocal

monosomic method is limited to va¡ieties for which a monosomic series has been

developed.

A more flexible method of ch¡omosome assay which overcomes the deficiencies of

both of the above methods is the backcross reciprocal monosomic method described by

Snape and Law (19g0). An exarrple of the crossing procedure for this method is illustated

in Figure 7.1 in which only two pairs of chromosomes, 3A and 4B, are demonstrated for

the monosomic 48 of variety K and disomic variety L'

Monosomics for each of the chromosomes under investigation of variety K as

females a¡e crossed with L, the euptoid variety. Monosomic plants a¡e selected from the F1

progenies and these are then used as both male and female parents in backcrosses to their

original monosomic parent K. Because of differences in the transmission frequency of



Figure 7.1 Diagrammatic representation of the backcross reciprocal monosomic

crossing procedure. The monosomic in variety K and disomic variety L are used to

develop reciprocal families with compa¡able genetical backgrounds but different

hemizygous chromosomes. The scheme is simplified to show only two pairs of

homoeologous chromosomes 3A and 4B and the development of backcross

reciprocal monosomics for chromosome 48.

Chromosome 3A of varietY K

NN Chromosome 3A of varietY L

Chromosome 48 of varietY K

Chromosome 48 of varietY L
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twenty cb¡omosomes betweenmale (47o) and female (75%) gametes, this procedrue results

in contasting backcross reciprocal (BcR) fa¡nilies (itlustated as farnilies X and Y inFigue

7.1) which have equivalent genetical background but a predominance of a specific

chromosome from one or other of the two parents' Approximately 72Yo of progenies of

family X a¡e monosomics carrying chromosome 48 from variety L (Figure 7'l)' whereas

approximately 72%of the progenies of family Y a¡e monosomics carrying chromosome 4B

from variety K (Figure 7.1). The two famities also have l%o,3Yo and24o/o of monosomic'

nullisomic and disomic progenies (Figr[e 7.1). The disomics and nullisomics of family x

are equivalent to those of family Y in genetical background and ch¡omosomes from the two

parents while the monosomics of families X and Y carry chromosomes 48 from variety K

and variety L, respectively. The avefage difference in phenotype between the two BCR

families (BCl Fl) X and Y (Figrue 7.1) should reflect differences between genes on the

chromosome 48 of the two varieties. It is necessary to undertake a randomised and

replicated experiment to detect this difference'

Theeffectsofmonosomycanbeexcludedbyselfingthebackcrossreciprocal

monosomic plants and then selecting disomics for the comparisons of the varietal

differences. However, this was not necessary for the experiment reported here because the

genes in the hemizygous condition had no effect on the resPonse to boron of the condor

monosomic fa¡nilies in comparison to the Condor disomic (Chapter 6)'

The backcross reciprocal method makes it possible to compare a particular

monosomic ch¡omosome from one variety with same monosomic from another variety' If

there is a difference between the two BCR families, either allelic differences occur between

the monosomic ch¡omosomes or the genes a¡e identical and the differences result from

interactions with different genes in their backgro,nds, or a combination of both of these

(Law et a1., 1983). compared to monosomic analysis, there a¡e three advantages of using

the backcross recþocal monosomic. Firstly, the backcross reciprocal monosomic method

avoids the problem of heterogeneity in the background of monosomics series. Secondly, as

the crossing procedure is carried out between individuat plants, the same parental

monosomics and F1 monosomics can be crossed reciprocally, thus ensuring a relative
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consistency of backgro'nd genotype in the reciprocars regardless of genetic diversity in the

original monosomic lines. Thirdly, the homologous chromosomes of two or mofe varieties

can be assessed simultaneousþ, regardless of whether the monosomics of these va¡ieties

are available.

The backcross reciprocal monosomic method has a good predictive value for the

results of developing a particular single chromosome substitution line (Snape and Law'

1980). For example, when chromosome 5A of Bezostaya I was substituted into cappelle-

Desprez and the performance of the substitution line was compared with the perfonnance

predicted by the backcross reciprocal monosomic method, the results suggested that for ear

emergence time, plant height, tiller nr¡rrber and g¡ain weight per plant' the chromosomal

difference was not influenced by hemizygosity or diffe¡ential interaction with the

background (snape and Law, 1980). The method therefore provides the means of surveying

homologous ch¡omosomal effects from a fange of varieties. It allows these effects to be

ranked, and the chromosomes with large effects identified for use in breeding programs'

This should make it possible to improve the performance of established varieties directly

by using inter-varietal chromosome substitution (Snape and Law, 1980)'

The results of chapter 6 indicated that chromosomes 78 and 4A are the locations

of genes contolling boron tolerance in Halberd and G61450, respectively' As it was not

feasible to r¡ndertake backcross reciprocal monosomic analysis for all chromosomes for

several va¡ieties because of the time required for the cytological examination of the

monosomic plants, only the effects of chromosomes of gloups fot¡r and seven were tested

here. The objective of this experiment was to identiff whether chromosomes other than

those in groups fotu and seven controlled boron tolerance in fot¡¡ other tolerant exotic

varieties. Halberd and G61450 also included to the check results described in chapter 6' In

particular, chromosome 79 of Halberd needed to be reconfirrred because of the continuous

distribution observed in the F2 populations of all of the Condor monosomic families

crossed with Halberd (ChaPter 6)'
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7.2 Matenals and methods

The seeds of monosomics for homoeologous groups 4 and 7 of csP 44, a selection

of condor, wefe sown in standard potting mix in a glasshouse and the monosomic plants

identifred cytologically by detennining the chromosome complements of pollen mother

cells at metaphase I as described in chapter 3. These were cfossed as the female parents to

six boron tolerant wheat varieties; G61450, Halberd, Indial2í,Benventuto Inca' Lin calel,

and AUS 4041 (Moody et al., lg88). The five tolerant exotic varieties, were selected on the

basis of their being more tolerant than the Austalian variety Halberd, and their genetic

background being divergent from Halberd (Moody et al., l9s8). Pedigree, boron response

and the origin of these varieties is presented in Table 4.1.

Two monosomic F1 plants of each cross were identified but, where possible, only

one plant was used as both male and female parent in backcrosses to the Condor

monosomic parental line. The second plant was crossed only if there was insuffrcient

pollen produced by the first plant. Each pair of the 68 BCR families @c1F1) [(derived

from 2 $oups of monosomics (groups 4 and 7)) x (3 monosomics in each group (genome

A, B and D)) x (6 varieties) x (2 reciprocats) - (4 of the families lost during the experiment)l

was then compared. The seeds of the backcross reciprocal families of Lin Calel and AUS

4041 for ch¡omosome 4A were not available because their F1 seeds were damaged by

insects and not viable.

The 34 pairs of BCR families were tested for boron tolerance in a randomized

complete block design with three replicates using the previously described filter paper

technique with a boron treatnent of 100 mg l-1. The experimental procedures, included

pretreaünent conditions, were described in Chapter 4. Five seeds of each family of each

reciprocal pair plus two seeds of each parent were included in a single filter paper' Each

replicate contained 34 filter papers. The lengths of the longest root of each seedling were

measured after 12 daYs.

The length of roots of individual families were tested by analysis of variance and

the mean root length of the reciprocal lines were compared using Dturcan's New Multiple

Range Test (Gomez and Gomez, 1984). Variances of the seedling root lengths within
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families calculated from the data from the fifteen seedlings of each family and were

compared to those for the reciprocal monosomics and the disomic parents' The statistical

analysis was calculated by MSTAT microcomputer program (chapter 3).

Themeanrootlengthofthecriticalfamily,derivedfrom(condormonosomicx

(Condor monosomic x tolerant)), in which approximately 960/o of the progeny carrying the

ch¡omosome of the tolerant variety, is expected to be slightþ shorter than or equal to that

of the tolerant parent but longer than that of the reciprocal family ((condor monosomic x

tolerant variety) x Condor monosomic), in which only about 25%o of the progeny carry the

ch¡omosome of the tolerant variety, which in turn is expected to be longer than that of

condor. The variance of the critical family, with the excess proportion of the tolerant

chromosome, is expected to be higher than those of the parents but lower than that of its

reciprocal famity and lower than those of the non-critical families. The difference between

means and va¡iances of the critical family for the ch¡omosome of the tolerant variety and

those of its reciprocal family arises from the difference in frequency of the tolerant'

intermediate and sensitive plants within these families due to the difference in transmission

frequency of the r¡nivalent ch¡omosome between male and female gauretes of monosomic

plants. For the monosomic plants, approximately 75% and 4Yo of the functioning female

and male gametes, respectively, have twenty chromosomes (Figrrre 7.2).

The diagram in Figure 7.2 demonstrates the frequency of the progenies in critical

families for the chromosome 48 backcross to the tolerant (N) (Figue 7.2a) and sensitive

(M) (Figure 7.2b) varieties. The family from tolerant variety as male and the monosomic

carrying ch¡omosome 4B of the sensitive variety as female, consists of 24%o and72Yo of

heterozygous (disomic) and hem@gous (monosomic) plants for the chromosome carrying

boron tolerance gene (Figure 7.2a). Since the gene in the hemizygous condition had no

effect on the response to boron of the Condor monosomic families in comparison to the

condor disomic (chapter 6), the hemizygous plants are expected to be simila¡ to the

tolerant parent in response to boron while the heterozygous plants are expected to be

intermediate between tolerant and sensitive parents. Approximately 3Vo and lo/o of the

progenies are monosomic and nullisomic (Figure 7.2a) for the critical ch¡omosome of the



Figure 7.2 Diagtam of reciprocal fa¡nilies derived from crossing between

monosornics carrying critical chromosome 48 of varieties M (sensitive) and N

(tolerant). The scheme is simplified to show only two pairs of homoeologous

chromosomes 3A and 4B and the frequency of disomic, monosomic and nullisomic

progenies derived from the reciprocal crosses.

(a) a famity derived from crossing between monosomic 48 of va¡iety M (as female)

and monosomic 48 from variety N (as male),

(b) a fa¡nily derived from crossing between monosomic 4B of variety N (as female)

and monosomic 4B of variety M (as male)

n: haploid number of chromosome = 2l; figures in brackets are percentage values.

I Chromosome 3A of varietY M

VVTVP Chromosome 3A of varietY N

Chromosome 48 of varietY M

I Chromosome 48 of variety N (critical chromosome
carrying boron tolerance gene)

I
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sensitive variety and are expected to be sensitive. Thus, approximately 96% and 4%o of the

progenies of the critical family for the chromosome from the tolerant variety are expected

to be tolerant-interrrediate and sensitive (Iable 7.2a),respectiveþ, indicating that tolerance

to boron of this family is on average equal to or slightþ less than the tolerant parent' For

the critical family for the ch¡omosome from the sensitive variety (M), approximately 25Yo

(24% plus l%) were heterozygous and hemizygous for the critical chromosome of the

tolerant variety and 75Yo were hemizygous for the critical ch¡omosome from sensitive

variety plus nullisomic (Figure 7.2b).This family will be more tolerance to boron than the

sensitive parent but considerably less tolerant than the critical family for the equivalent

chromosome from the tolerant parent'

In non-critical fa¡ilies, there afe no monosomic lants for the gene for boron

tolerance. On the basis that tolerance to boron is controlled by a single gene' approximately

50% of the plants would be heterozygous for the gene contolling boron tolerance and the

other 50%o ofthe plants would be sensitive. Thus in average, these families will be more

tolerant than the sensitive parent but less tolerant than the tolerant parent'

Since the ratio of tolerant-intermediate : sensitive progenies are 96 : 4 (Figtue 7 '2a)'

25 :75 (Figure 7.2b) and 50 : 50 for the critical family for the chromosome from the

tolerant variety, the critical family for the ch¡omosome from the sensitive variety and the

non-critical families respectively, the variances of the critical family for the chromosome

from the tolerant variety is expected to be higher than those of the parents but lower than

that of its reciprocal family which in turn is lower than those of the coresponding non-

critical families.

7.3 Results

The difference in root length between the BcR families for chromosomes of

homoeologous groups four and seven of each tolerant variety compared to those for the

condor homologue a¡e shown in Table 7.1 and Table 7.2. Famities for chromosome 4A

from three of the tolerant varieties, Benventuto Inca" G61450 and India 126 and for

ch¡omosome 7B of Halberd, exhibited increased root lengths relative to those families in



Table 7.1 Mean length of roots (cm) and differences between backcross reciprocal families for chromosomes of group 4 derived from

the Condor monosomics in crosses with six tolerant genotypes'

Genotype
4A BCR

BCRb Diff Disomic BCR

o.t2 1.32
G61450

Condor

3.8**

-0.01 -0.20

Halberd
Condor

0.55

0.57 7.67
6.19

1.48

Indial26
Condor

2.15*

-1.46 5.91
5.53

0.38
Benventuto. Inca
Condor

4.14+*

9.9
4.4

8.38d
4.5ge

9.5
4.t

7.0
3.6

5.04
4.49

10.2
3.5

8.78
6.63

9.2
3.5

8.39
4.25

NAf NA 10.6

3.8

6.00
5.88

8.8

3.9

5.99
4.67

6.5
4.0

5.18
5.38

7.1
3.9

4.83
4.84

6.51
5.94

9.4
4.4

5.81
7.27

9.2
3.5

r 1.3
3.7

10.6
3.9

Lin Calel

Condor

NA 4.9s
4.20

0.75 10.7

4.4

7.32
7.60

6.32
6.59

-0.2E

1.06 -0.27

AUS4O4I
Condor

a disomic parent b backcross reciprocal families c differences between backcross reciprocal families, sipificance of differences: . p < 0.05; r* P < 0.01, tested by

Duncan's New MultiPle Range Test, d mean root length of a family derived from crossing between F, rnonosomic of (Condor monosomic 4A x G61450) as

male and Condor monosomic 4A as female, e mean root length of a family

G61450) as female and condor monosomic 4A as male,f NA = not available.

derived from crossing between F, monosomic of (Condor monosomic 4A x

NANA NA l0.l
4.0

6.35
5.29

12.5
4.2

(,t¡
t.J



Table T.Z6eanLength of roots (cm) and differences between backcross reciprocal families for chromosomes of group 7 derived from

the Condor monosomic in crosses with six tolerant genotypes.

Background Root

Diff Disomic BCR BCR
BCR

0.71

7B
Difr

G61450

Condor

Halberd
Condor

lndial26
Condor

Benventuto. lnca
Condor

Lin Calel
Condor

AUS4O4I
Condor

9.1

3.4

6.4
3.4

6.42
4.29

12.l
3.6

4.88
3.80

10.9

4.5

5.51

4.80

4.93
4.45

t2.7
3.5

5.52
6.17

5.82
5.28

9.6
4.2

5.32
5.365.51

6.68

12.8
4.0

5.93
5.34

8.7

3.4
5.75d

5.66e

0.09

0.81

-t.17

0.s9

6.12

6.92

-0.80

2.13'

1.28

1.60

l.l2

1.08

.l

.7

9.9
3.8

I
37.1

3.8
4.97
4.16

6.74
6.19

0.48

-0.65

0.54

-0.04

0.55

10.2
3.6

6.62
5.44

r.l8 12.8
4.0

8. l3
6.85

9.8
4.2

6.88
6.44

0.44 8.3
3.5

6.36
4.76

9.1
4.0

5.55
4.43

10.4
4.0

t2.4
3.8

a disomic parurt b backcross reciprocal families c differences between backcross reciptocal

New Multiple Range Test, d mean root length of a family derived from crossing between

Condor monosomic 7A as female, e mean root length of a family derived from crossing

female and Condor monosomic 7A as male'

families, sipificance of differences: t P < 0'05, tested by Duncan's

F1 monosomic of (Condor monosomic 7A x G61450) as male and

between F, monosomic of (Condor monosomic 7A x G61450) as

(.,r
t¿J
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which most of their progenies carry the condor homologues @lates 7.1,7 '2,7 '3 andT '4)'

The difference between the fa¡nilies with predominately chromosome 4A from Benvenhrto

Inca and G61450 and that of condor was 4.14 and 3.g0 cm, respectively (rable 7.1) which

was highly significant. There was also a significant difference of 2.15 cm between the

chromosome 4A family of India 126 compared with that of condor (Table 7'1)' The

difference between chromosome 78 family of Halberd compared wittr ttrat of condor was a

signifrcant 2.13 cm increase in rength (Table 7.2). T\e differences between the other BcR

families were all smaller and non-significant'

The relative root lengths of the critical families for the chromosome of the tolerant

varieties were longer than those of the corresponding critical famities of the condor

chromosome (Table 7.3). Those for chromosome 4A of Benvenfl¡to Inca, G61450 and

India 126 and 7B of Halberd were 13lyo, ll6vo, l27yo and l3l%, respectively' in

comparison with 66%o,640/o, 96\0 and 88% for the corresponding families of the Condor

chromosomes. The relative root lengths of the non-critical families were in the range of

62%oto 108% (Table 7.3).

There were differences in the variances of the root lengths between the BCR

families. The variances of the critical fa¡nilies for chromosome 4A of Benventuto Inca'

G61450 and India 126 wercin general lower than those of the non-critical families of the

same variety (Table 7.4) and lower than those of the corresponding critical families of

Condor. Anomalous results were observed for the families derived from G61450 where the

va¡iances for the non-critical fa¡nilies of chromosome 4B and 4D were lower than that of

the critical fa'ily for ch¡omosome 4A (Table 7.4). However, there was no significant

difference in the mean root lengths of their reciprocal pairs, indicating that these two

chromosomes (48 and 4D) had no effect in the response to boron of G61450. The variance

of the critical family with chromosome 7B of Hatberd was similar to that of chromosome

78 from condor (Table 7.4). This is not entirely unexpected because both of the critical

families with cb¡omosome 7B from Halberd and condor were expected to have lower

variances in comparison with the non-critical families of the corresponding va¡ieties'



Plate 7.1 Response of F, backcross reciprocal families in comparison with

disomic parents.

(a) critical cbromosome; chromosome 7B of Halberd v chromosome 78 of Condor,

7B(78 x HalberQ: backcross reciprocal family derived from crossing between Ft

monosomic of (Condor monosomic 78 x HalberQ as male and Condor monosomic

TB as female,

(78 x HalberQTB = backcross reciprocal family derived from crossing between Ft

monosomic of (Condor monosomic 78 x Halberd) as female and Condor

monosomic 78 as male,

(b) non-critical chromosome; chromosome 7A of Halberd v chromosome 7A of

Condor.

7A(7Ax HalberQ = backcross reciprocal family derived from crossing between Ft

monosomic of (Condor monosomic 7A x Halberd) as male and Condor monosomic

7A as female,

(74 x Halberd)7A: backcross reciprocal family derived from crossing between F1

monosomic of (Condor monosomic 7A x Halberd) as female and Condor

monosomic 7A as male.
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plate 7.2 Response of F1 backcross reciprocal families in comparison with

disomic parents.

(a) critical cb¡omosome; chromosome 4A of G61450 v chromosome 4A of Condor,

4A(4Ax G61450): backcross reciprocal family derived from crossing between Ft

monosomic of (Condor monosomic 4A x G61450) as male and Condor monosomic

4A as female,

(44 x G61450)44 = backcross reciprocal family derived from crossing between Ft

monosomic of (Condor monosomic 4A x G61450) as female and Condor

monosomic 4A as male,

(b) non-critical chromosome; chromosome 7A of G61450 v chromosome 7A of

Condor.

7A(7Ax G61450) = backcross reciprocal family derived from crossing between Ft

monosomic of (Condor monosomic 7A x G61450) as male and Condor monosomic

7A as female,

(74 x G61450)74: backcross reciprocal family derived from crossing between F1

monosomic of (Condor monosomic 7A x G61450) as female and Condor

monosomic 7A as male.
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plate 7.3 Response of F, backcross reciprocal families in comparison with

disomic parents.

(a) critical cb¡omosome; ch¡omosome 4A of Benventuto lnca v ch¡omosome 4A of

Condor,

4A(44 x Benventuto Inca) = backcross reciprocat family derived from crossing

between F, monosomic of (Condor monosomic 4A x Benventuto lnca) as male and

Condor monosomic 4A as female,

(44 x Benventuto Inca)4A = backcross reciprocal family derived from crossing

between F1 monosomic of (Condor monosomic 4A x Benventuto Inca) as female

and Condor monosomic 4A as male,

@) non-critical chromosome; chromosome 7A of Benventuto Inca v ch¡omosome

7A ofCondor.

7A(7Ax Benventuto Inca) : backcross reciprocal family derived from crossing

between F1 monosomic of (Condor monosomic 7A x Benventuto Inca) as male and

Condor monosomic 7A as female,

(TAxBenventuto Inca)7A: backcross reciprocal famity derived from crossing

between F1 monosomic of (Condor monosomic 7A x Benventuto Inca) as female

and Condor monosomic 7A as male.
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plate 7.4 Response of F1 backcross reciprocal monosomic families in comparison

with disomic parents.

(a) critical chromosome; chromosome 4A of India 126 v chromosome 4A of

Condor,

4A(4Ax India 126): backcross reciprocal farnily derived from crossing between

F1 monosomic of (Condor monosomic 4A x India 126) as male and Condor

monosomic 4A as female,

(44 x India 126)4A= backcross reciprocal family derived from crossing between

F1 monosomic of (Condor monosomic 4A x India 126) as female and Condor

monosomic 4A as male,

(b) non-critical ch¡omosome; chromosome 4B of India 126 v ch¡omosome 4B of

Condor.

4B(4B x India t26): backcross reciprocal family derived from crossing between

F, monosomic of (Condor monosomic 48 x India 126) as male and Condor

monosomic 4B as female,

(48 x India 126)48: backcross reciprocal family derived from crossing between

F1 monosomic of (Condor monosomic 4B x India 126) as female and Condor

monosomic 4B as male.
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Table 7.3 Relative root lengfh (%) of backcross reciprocal families compared to the

midparent fo¡ ch¡omosomes of groups 4 and 7 employing the condor monosomic in

crosses with six tolerant genotypes'

Family Relative root length (o/o)

4A 48 4D 7A 7B 7D

monoax(monoxG61450)
(monoxG6l450)xmono

mono x (mono xHalberQ
(mono xHalberQ xmono

monox(monoxIndial26)
(monoxIndial26)xmono

mono x (mono x Benventutolnca)
(mono x Benventutolnca) x mono

mono x (mono xl-inCatet)

(mono x Lin Calel) x mono

monox(monoxAUS404l)
(monoxAUS4041)xmono

lt6b 88 94

64c 87 73

97 72

ll0 62

131

88

r08 84

8l 77

94

93

95
85

t27
96

t3l
66

NA
NA

88

88

r02
93

84
105

89
75

98 90
t02 76

t02 96
83 79

82
74

68
76

77

78

83

76

97
82

84

67

62
48

98
92

NAd 69

NA 58

81

76

96 77

100 93

7l
&

75
78

a Condor monosomic,
b Relative root length of the family derived from crossing between F1 of (Condor

monosomic 4A x G61450) as male and condor monosomic 4A as female,

c Relative root length of the family derived from crossing between F1 of (Condor

monosomic 4A x G61450) as female and condor monosomic 4A as male,

dNe = not available



T¡ble 7.4 variances of seedling root lengths wittìin backcross reciprocal families for chromosomes groups 4 and 7 derived from the condor

monosomic in crosses with six tolerant genotypes in comparison with the variance of thei¡ disomic parents'

Genotype
4D 7A 7B 7D

4B Di BCR Di BCRDi BCR Di BCR
4A

G61450

Condor

Halberd
Condor

Indial26
Condor

Benventuto. lnca
Condor

Lin Calel

Condor

AUS4O4I
Condor

1.7

0.5

5.0c

10.4d

l.l
0.6

3.2

5.2

2.1

2.4

5.6

0.1

1.7

1.5

6.1

5.2

4.1

1.7

5.5

9.2

Di BCR

0.8

0.6

0.6 1.8

1.3 4.4

0.7
2.0

3.0 3.9

2.0
1.5

NA

NA

NA
NA

0.5
6.1

1.8
0.8

11.3
8.9

0.9 8.2
7.72.1

0.3
1.3

1.8
2.1

0.8
1.8

0.9
2.3

3.1
0.5

1.2
0.9

0.3
0.8

0.5
0.5

0.1
1.0

1.7
1.8

2.8
2.5
1.5

7.8
4.4

2.7
0.5

3.7
5.6

3.1
0.9

9.8
6.9

1.0
0.8

6.7
7.4

6.4

3.7

5.0
l.l 0.8

0.7
0.5

4.8
9.1

3.4
2.2

7.8
4.1

0.2
1.0

5.0
4.7

NAE

NA

1.0

0.3

2.2

1.9

0.4

1.3

0.7

1.1

5.6

6.7

0.3

1.3

2.1

2.5

0.9

0.5

2.9

3.6
6.9

9.8

NA
NA

3.9
0.3

5.2
4.1

1.6
0.8

5.2
4.1

10.7
8.2

3.7
4.8

1.5
1.0

6.2
7.2

1.5
0.8

3.4
1.0

a disonic parenq b backcross reciprocal families, c variance of a family derived from crossing between F I monosomic of (Condor monosomic 4A x G61450) as male

and Condor monosomic 4A as female, d variance of a family derived from crossing between F1 monosomic of (condor monosomic 4A x G61450) as female and

Condor monosomic 4A as male, e NA = not available'

(.lr
Or
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The variances of all of the disomic parents were lower than or equal to those of the

corresponding famities except for India 126 and Benventuto Inca for chromosomes 4A and

Halberd for chromosome 7A (Table 7'4)'

The non-criticat families of each variety were examined individuatly to estimate the

nr¡rnber of genes contolling tolerance to boron of the varieties relative to condor' on the

basis of only one gene controlling tolerance to boron between Condor and a tolerant

variety, the segregation ratio of 1 intermediate : I sensitive was expected' whereas a

segregation ratio of 3 intermediate : I sensitive was expected if there were two genes' This

is because the segregation of the non-critical families @c, F1) is similarto that of the

normal backcross (BCr) family. For example, if there a¡e two genes contolling tolerance to

boron between a tolerant (AABB) and a sensitive (aabb), the F, backcross family using the

sensitive variety as a recrurent pafent will segregate at 3 intermediate (1 AaBb, 1 Aabb and

1 aaBb) : 1 sensitive (aabb). The chi-square analysis should be treated with a degree of

caution, however, particularly for the two genes model, because of the low expected

numbers of sensitive Plants.

For the critical families of chromosome of the tolerant varieties and those of Condor

the expected segregation ratio would be2ltolerant-intermediate : 1 sensitive (Figrre 7'2a)

and I tolerant-intermediate : 3 sensitive (Figure 7.2b),respectively'

The root length of the individuat plants within each family was compared with that

of the disomic parents and crassified into categories. A plant with a root length within the

range of the sensitive parent was classified as sensitive. \ilhereas a plant with a root length

longer than the range of the sensitive parent was classified as tolerant-intermediate'

Chi-square analysis indicated that the seglegation of root length of the plants $'ithin

the critical fa*ilies for chromosomes of G61450, Halberd,India 126 a¡dBenventuto Inca

was consistent with the expected ratío of 24tolerant-intermediate : I sensitive (Table 7'5)'

Whereas the segregation of the critical families for ch¡omosomes of Condor was consistent

with the ratio of I tolerant-intermediate : 3 sensitive with the exception of the critical

family for chromosome 7B (Table 7.5). The deviation from the expected ratio was

principally due to a deficiency of the tolerant-intermediate plants. The distribution of the
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Table 7.5 Chi-square analysis of the observed and expected segregation ratio of Ft

backcross reciprocar families carrying critical chromosome of G61450, Halberd,India 126'

Benventuto Inca and Condor, tested in filter paper at Bl00'

Family Model Frcquency

Tol-inÉ Sensb *t

c61450 4Ac

Condor 4Ad

Halberd 7B

Condor 78

India4A

Condor 4A

Benventuto Inca 4A

Condor 4A

Obse

erçf

Obs

Exp

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Eç

Obs
Exp

Obs
ExP

24: I
l3
14.40

1:3
4

3.75

24: I
l3
t3.4

1:3
0
3.25

24: I

24

l5
14.4

l4
14.4

2

0.60

ll
tt.25

I
0.56

t3
9.75

0
0.60

9
9.75

3.40

0.03

0.36

4.331

0.23

0.28

0.63

l:3 3.25
4

monosomic of (Condormonosomic 4A x G61450) as male

I

3

3.75

I
0.60

t2
11.25

a Tolerant-intermediate, 
b Sensitive,

c Family derived from crossing between the F1

and Condor monosonic 4A as female,

d ru.tty derived from crossing between the F1

female and Condor monosomic 4A as male,

e observed value, fExPected value,

+ Significant difference at 0.01 < P < 0.05'

1:3 0.20

monosomic of (Condor monosomic 4A x G61450) as
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seedting root lengths of the criticar and non-criticar families for cb¡omosome of G61450'

Halberd, India 126 Benventuto Inca and condor in comparison urith the disomic parents

are demonstrated in Figures 7.3-7.6. These results confirmed that ch¡omosome 4A of

G61450, India 126 andBenventuto Inca and 78 of Halberd were responsible for tolerance

to boron relative to Condor.

For the non-critical fagilies, the root length of the individual plant within each

family was compafed with that of the disomic parents and classified' A plant with a root

lengfh within the range of the sensitive parent was classified as sensitive. whereas a plant

with a root length of longer than the range of the sensitive parent was classified as

intermediate. chi-square anarysis indicated that the segregation of all of the non-critical

fa¡nilies for Harberd and condor was consistent with the monogenic ratio of I intermediate

: 1 sensitive (Table 7.6, Figrue 7.3) but not the digenic ratio of 3 intermediate : 1 sensitive

(Tabte 7.7) with the exception of families for chromosome 4A and 7A of condor (Table

7.6). The consistency of the segtegation ratios to the monogenic ratio of 1 interrrediate : I

sensitive indícates a single gene contfolling tolerance to boron in Halberd relative to

Condor, consistent with the results of Chapter 6. However, chi-square analysis indicated

that the segregation ratio of total intermediate : total sensitive was not consistent with

either the 1 : 1 (Table 7.6) and 3 : 1 (Table 7.7) ratios, confirming a major deficiency in the

intermediate categories compared to sensitives'

The segregation of all of the non-critical families for the chromosome of G61450

(Table 7.8, Figwe 7 .4) andBenventuto Inca (Tabl e 7 '10, Figr[e 7'5) was also consistent

with the monogenic ratio of 1 intermediate : 1 sensitive with the exception of chromosome

4B of G61450 and 4D of condor (Table 7.8). The segregation of these two families also

deviated from the digenic ratio of 3 intermediate : I sensitive' The segregation of some of

the non-critical families for chromosomes of G61450 (Table 7'8,7'9), Benventuto Inca

(Table 7.10, 7.11) and condor wefe consistent with both ¡atios of I intermediate : I

sensitive and 3 intermediate : I sensitive. However, most of the non-critical families for the

chromosomes of G61450, Benventuto Inca and their reciprocal families segregated in the

monogenic ratio of I intermediate : 1 sensitive. The segregation of the total frequency
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Table 7.6 Chi-square analysis of the observed and expected segregation ratio of 1

intermediate : I sensitive of F1 backcross reciprocal families carrying non-critical

chromosomes of Halberd and Condor, tested in frlær paper at 8100'

Family Model Frcquenry

Inf Sensb *t

Halberd 4Ac

Condor 4Ad

Halberd48

Condor 48

Halberd4D

Condor 4D

HalberdTA

Condor 7A

Halberd 7D

Condor 7D

Total frequencY

7.5
l0
7.5

Obse

e*pf

Obs

E:ç

Obs
Ery

Obs
Ery

Obs
Exp

Obs
Exp

Obs
Ery

Obs
Exp

Obs
Exp

Obs
Eç

Obs
Ery

t3
7.5

1l
7.5

0.33

8.07tr

3.27

1.68

0.60

0.60

2.57

lt.27ri

1.68

4
7.5

5

5

7.5

5

6

2

7.5

7

6

I I

I

I

I

I

6
I 7.5

6

9
7.5

9
7.5

l0
7

l4
7.5

I 7.5

4
7

I
7.5

103
73

43
73

I1

I

1:l

1:l

l0
7.5

l0
7.5

a Intermediate, 
b Sensitive,

c Family derived from crossing between the F1 monosomic of (Condor monosomic 4A x HalberQ as male

5

I 7.5 1.68

24.66.*

monosomic of (Condor monosomic 4A x HalberQ as female
and Condor monosomic 4A as female,

d Futnily derived from crossing between the Ft

and Condor monosomic 4A as male,

e Observed value, f E:çected value,

*t Significant difference at P < 0.01.



Figure 7.3 The distributions of root lengths of individual plants within the

backcross reciprocal families derived from the reciprocal crosses between the Ft

monosomic of (condor monosomic x Halberd) and condor monosomic, in

comparison with the disomic parents.

(a) 7Bx (7B x Halberd) = family derived from crossing between the Fr monosomic

of (Condor monosomic 7B x Halberd) as male and Condor monosomic 7B as

female.

(b) (7B x Halberd) x7B: family derived from crossing between the F1 monosomic

of (Condor monosomic 7B x Halberd) as female and Condor monosomic 78 as

male. This system also applied to the other crosses.
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Figure 7.3 (continued).

(g) 4D x (4D x Halberd) (h) (4D x Halberd) x 4D

(i) 7A x (7A x Halberd) (j) (74 x Halberd) x 7A

(k) 7D x (7D x Halberd) (l) (7D x Halberd) x 7D
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Table 7.7 Chi-square analysis of the observed and expected segregation ratio of 3

intermediate : I sensitive or F1 backcross reciprocal fa¡¡rilies carrying non-critical

chromosomes of Halberd and condor, tested in filær paper at Bl00'

Fanily Model Frequency

Ine sensb ft

Halberd 4Ac Obse 5

9

7

3

Condor 4Ad

Halberd48

Condor 48

Halberd4D

Condor 4D

Halberd 7A

Condor 7A

Halberd 7D

Condor 7D

Total frequency

l0
3.5

I
11.25

t4
3.75

l0
3.75

l0
3.75

103
36.5

9.8tt

75 g.grt

16.09.*

37.36ri

13.89r*

13.89r+

l6l.54r*

Bt pf

Obs

Ery

Obs
E:ç

Obs
Ery

Obs
Eç

Obs
E:ç

Obs
Exp

Obs
Ery

Obs
ExP

Obs
Ery

Obs
Exp

3

3

3

3

3:l

I

3:1

2

tt.25

4
tt.25

5

lt.25

6
11.25

6
lt.25

4
10.5

5

tr.25

5

tt.25

43
109.5

l3
3.75

7.l3fr

30.42t+

18.64.*

l3.89tt

I

l1
3.7s

l0
3.75

9
3.75

9
3

3

3

I

3:l

I

3:l

3:l

a Intennediate, b Sensitive,
c Family derived from crossing between the F, monosomic of (Condor monosomic 4A x Halberd) as male

and Condormonosomic 4A as female,

d Fa-ily derived from ctossing betrreen the F1

and Condor monosomio 4A as male'

€ Observed value, f ExPected value,

** Significant difference at P < 0.01'

monosomic of (Condor monosomio 4A x HalberQ as female
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Table 7.8 Chi-square analysis of the observed and expected segregation ratio of I

intermediate : 1 sensitive of F1 backcross reciprocal families carrying non-critical

chromosomes of G61450 and Condor, tested in filær paper at Bl00'

Family Model

Inta

G61450 4Bc

Condor 4Bd

G61450 4D

Condor 4D

G61450 7A

Condor 7A

G61450 78

Condor 7B

G61450 7D

Condor 7D

Toølfreçøtcy

Obse

E,pf

Obs

E:ç

Obs
Ery

Obs
Erç

Obs
E:ç

Obs
Exp

Obs
E:ç

Obs
Exp

Obs
E:tp

Obs
E:ç

Obs
Ery

t2
7.5I

I I

3

I 7.5

I
7.5

5.40r

7

7.5 0.04

5
7.5 1.68

5.40*

0.69

0.08

7.5 1.68

8
7.5 0.04

I

l:1

l0
7.5

3
7.5

6.5

7
6.5

l0
7.5

1 r.92

12
7.5

4
6.5

5

6.5

6
6.5

5

9
6.5

8
1

7
I

I

I 7.5

5
7.5

74
72

70
72l:1

l0
7.5 1.68

0.1I

a Intermediate, b Sensitive,
c Family derived from crossing between the F1 monosomic of (Condor monosomic 48 x G61450) as male

and Condor monosomic 48 as female,

d fr.ily derived fiom crossing between the F1 monosomic of (Condor monosomic 48 x G61450) as

female and Condor monosomic 48 as male'

e observed value, fExPected value,

* Sigrrificant difference at 0.01 < P < 0'05'



F,igure 7.4 The distributions of root lengths of individual plants within the

backcross reciprocal families derived from the reciprocal crosses between the Ft

monosomic of (condor monosomic x G61450) and condor monosomic, in

comparison with the disomic parents.

(a) aA x (44 x G61450) : family derived from crossing between the Fr monosomic

of (condor monosomic 4A x G61450) as male and condor monosomic 4A as

female.

(b) (4A x G61450) x 4A = family derived from crossing between the Ft

monosomic of (condor monosomic 4A x G61450) as female and condor

monosomic 4A as male. This system also applied to the other crosses.
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X'igure 7.4 (continued).
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Table 7.9 Chi-square analysis of the observed and expected segregation ratio of 3

intermediate : I sensitive of F1 backcross reciprocal families carrying non-critical

chromosomes of G61450 and condor, tested in filter paper at Bl00'

Family

c61450 4Bc

Condor 4Bd

G61450 4D

Condor 4D

G61450 7A

Condor 7A

G61450 78

Condor 78

G61450 7D

Condor 7D

TotalfreçencY

Obse

E,pf

Obs

Exp

Obs
Ery

Obs
E:ç

Obs
E;ç

Obs
E:ç

Obs
Ery

Obs
Exp

Obs
E:ç

Obs
Exp

Obs
E:ç

Model

3:l

3:l

3:l

3:l

Inta

3

I1.25

I
lt.25

t0
tt.25

3
I1.25

9
9.75

8

9.75

7
9.75

l0
11.25

7
lt.25

5
lt.25

70
108

t2
3.75

7

3.7s

5
3.75

24.20.*

3.7s

0.56

6.42*

13.89t*

53.48tt

3:l

3:l

3:l

3:l

12
3.75

I
3.75

l0
3.75

4

24.20ri

3.25 0.23

5
3.25 t.26

6
3.25 3.10

5

3.75 0.56

3 1

3

74
363 I

a Intermediate, b Sensitive,
c Family derived from crossing between the F1 monosomic of (Condor monosomic 48 x G61450) as male

and Condor monosomic 48 as female,

d fuo,ily derived from crossing between the F1 monosomic of (Condor monosomio 48 x G61450) as

female and Condor monosomic 48 as male,

e observed value, fExPected value,

*, ** Significant difference at 0.01 < P < 0.05 and P < 0.01, respectively.
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Table 7.10 chi-square analysis of the observed and expected segregation ratio of I

intermediat, , 1 ,åo.itive oi F1 backcross reciprocal families carrying non-critical

chromosomes of Benvenhrto Inca and Condor, tested in filter paper at Bl00'

Fanily Model Frequenry

Inf sensb *t

Benvenhrto lnca 4Bc Obse
gr.pf

6

l:l 7.5

l0
7.5

1

9
7.5 0.60

5

7.5 r.68

0.00

2.s8

5

r.6E

7.5 0.04

0.60

0.06

Condor 4Bd

Benventuto lnca4D

Condor 4D

Benventuto lnca 7A

Condor 7A

Benvenûrto lnca 78

Condor 7B

Benventuto Inca 7D

Condor 7D

Total frequency

l0
7.5 7.5

Obs

E:ç

Obs
Exp

Obs
ExP

Obs
Exp

Obs
Exp

Obs
Ery

Obs
Eç

Obs
Exp

Obs
Exp

Obs
Exp

I

I

1

1

1

5
5

6
9.5

5

5

9.5
l3

1.68

7
7.5 7.5 0.04

9 6

l:l 7.5 7.5 0.60

8

I
5 10

7.57.5

I 7
l:l 7.5

6 9

I 7.5 7.5

l:l 74.5
76
74.5

I

73

a lntermediate, b Sensitive,
c Family derived from crossing between the F, monosomic of (Condor monosomic 48 x Benvenh¡to lnoa)

as male and Condormonosomic 48 as female,

d fa-ity derived from crossing between the F1 monosomic of (Condor monosomic 48 x Benventuto Inca)

as female and Condor monosomic 48 as male,

e Observed value, fExPected value,



Figure 7.5 The distributions of root lengths of individual plants within the

backcross reciprocal families derived from the reciprocal crosses between the F1

monosomic of (Condor monosomic x Benventuto Inca) and Condor monosomic, in

comparison with the disomic parents.

(a) aA x (44 x Benventuto Inca) : family derived from crossing between the Ft

monosomic of (Condor monosomic 4A x Benventuto Inca) as male and Condor

monosomic 4A as female.

(b) (44 x Benventuto Inca) x 4A: family derived from crossing between the Ft

monosomic of (Condor monosomic 4A x Benventuto Inca) as female and Condor

monosomic 4A as male. This system also applied to the other crosses.
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Figure 7.5 (continued).
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Table 7.11 Chi-square analysis of the observed and expected segregation ratio of 3

intermediate : r sensitive of F, backcross reciprocar families carrying non-critical

chromosomes of Benvenfirto Inca and Condor, tested in filter paper at Bl00'

Family Model FrequencY

Inta sensb *,

Benventuto Inca 4Bc

Condor 4Bd

Benventuto Inca 4D

Condor 4D

Benventuto Inca 7A

Condor 7A

Benventuto Inca 78

Condor 7B

Benventuto Inca 7D

Condor 7D

Total frequencY

Obse
gr.pf

Obs

Exp

Obs
Exp

Obs
ExP

Obs
ExP

Obs
Exp

Obs
ExP

Obs
Exp

Obs
Exp

Obs
Exp

Obs
Exp

6

11.25

l0
tt.25

5

6
14.25

9

3.75 9.80t*

0.55

3.33

3.75

1.80

53.75r+

3 I

3

J

3

1

5

3.7s

13
4.75

I 7.5
5

2.5

5

3

1 lg.l0r*

75 0.553

10

r 1.25

3

3

3:l
8

11.25

9
tl.25

5
lt.25

8
lt.25

6
11.25

7
3.75

6
3.75

l0
3.75

76
37.25

I

I

3:l

l3.g9r*

7
3.75 3.75

9
3.75 9.80rr3 I

3:l
73

I l1.75

a lnterr¡ediate, b Sensitive,
c Family derived from crossing between the F¡

as male and Condor monosomic 4B as female,

monosomic of (Condor monosomic 48 x Benvennrto Inca)

d F-rily derived from crossing between the F, monosomic of (Condor monosomic 4B x Benventuto lnca)

as female and Condor monosomic 4B as male,

e observed value, fExPected value,

t* Significant difference at P < 0.01.
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between the intemrediate and sensitive plants from all families of G61450 (tables 7'8 and

7.g), Benventuto Inca (fables 7.10 and 7.11) and condor was also consistent with the ratio

of r intermediate : l sensitve but not 3 intermediate : r sensitve. This indicated that

tolerance to boron of G6r450 and Benventuto Inca relative to condor was controlled by a

single gene. The result of a single gene controlting boron tolerance in G61450 was

consistent with ChaPter 6.

Chi-sq¡are analysis indicated that segregation ratio of all of the non-critical families

of India 126 andCondor was consistent with digenic ratio of 3 intermediate : 1 sensitive

(Table 7.12, Figrue 7.6), with the exception of chromosomes 7D (Table 7'12)' The

segregation ratios of the non-critical families for ch¡omosomes 48 and 4D of India 126

were consistent with both monogenic (Table 7.r3) and digenic ratios (Table 7.12)'

However, the chi-square values for chromosome 4B and 4D of India 126 at I : I ratio were

3.27 (0.05 < P <0.25) (Table 7.13) in comparison to 0.02 (0.75 < P < 0'95) (Table 7'12)

for 3 : 1 ratio, indicating that the segregation ratios of monosomic 4B and 4D of India 126

were closer to the digenic ratio than the monogenic ratio. The segregation of the total

frequency between intermediate and sensitive plants of all families of India 126 and Condor

was not consistent with the ratio of 3 : 1 (Table 7 .72), a deviation mainly because of a low

frequency of intermediate plants for chromosome 7D. This is possibly a result of poor

germination of the seeds of these famities. The segregation of the total frequency between

intermediate and sensitive ptants was consistent with the 3 : 1 ratio (Table 7'12) when the

families for chromosomes 7D were not included. The consistency of the segregation of the

non-critical families of India 126 and condor at the digenic ratio of 3 intermediate : 1

sensitive demonstrated that tolerance to boron of India 126, in relative to Condor is

probably controlled bY two genes'

7.4 Discussion

Clearly, there is homologous chromosome va¡iation with respect to boron tolerance

between different families. The significant increase in root length resulting from the

presence of three homologues of chromosome 4A relative to condor indicates that
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Table 7.12 Chi-squafe analysis of the observed and expected segregation ratio of 3

intermediate : I sensitive of F1 backcross reciprocal families carrying non-critical

chromosomes of India 126 andCondor, tested in filter paper at 8100'

Family Model
nf

Indial26 4Bc

Condor 4Bd

Indial26 4D

Condor 4D

I¡¡dial267A

Condor 7A

Indial26 7B

Condor 7B

lndial26TD

Condor 7D

Toøl freçencY

Total frequency9

Obse

Brçf

Obs

Eç

Obs
Ery

Obs
E:ç

Obs
Elç

Obs
E:ç

Obs
E:ç

Obs
Exp

Obs
E:ç

Obs
Erç

Obs
E:ç

Obs

E:ç

ll
tt.253:l

I

3:l

3:l

3

3

J

l0
3:l 9

4

3.75 0.02

6

3.75 1.80

75 0.02

6
3.75 1.80

O,M

2.39

0.20

6
3.75 1.80

9.80**

6.42r

I

9

11.25

l1
lt.25

9
tl.25

4
3

2
3

6
3.5

J
3.75

,75

.75

3

I
r0.5

3 I

t2
I1.25

9
tt.25

6
tl.25

7
tt.25

92
109.5

54
36.5

9
3

8

3I3

3

3:1

11.19.*

2.95
37

29
79

87

a lntermediate, b Sensitive,
c Family derived from crossing between the F, monosomic of (Condor monosomic 4B x India 126) as male

and Condor monosomic 4B as female,

d fumily derived from crossing between the F, monosomic of (Condor monosomic 48 x India 126) as

female and Condor monosomic 48 as male,

c Observed value, fExPected value,

I Total frequency excluded families derived from chromosome 7D,

t, t* Sipiñca¡t difference at 0.01 < P < 0'05 and P < 0'01, respectively
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F'igure 7.6 The distributions of root lengths of individual plants within the

backcross reciprocal families derived from the reciprocal crosses between the Ft

monosomic of (Condor monosomic x India 126) and Condor monosomic, in

comparison with the disomic parents.

(a) aA x (44 x India 126) : family derived from crossing between the Ft

monosomic of (Condor monosomic 4A x India 126) as male and Condor

monosomic 4A as female.

(b) (4A x India 126) x 4A: family derived from crossing between the Ft

monosomic of (Condor monosomic 4A x India 126) as female and Condor

monosomic 4A as male. This system also applied to the other crosses.
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Figure 7.6 (continued)
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Table 7.13 Chi-square analysis of the observed and expected segregation ratio of I

intermediate : I sensitive of F1 backcross reciprocal families carrying non-critical

chromosomes of India 126 andCondor, tested in filær paper at Bl00'

Family Model
Ine

Indial26 4Bc

Condor 4Bd

Indial26 4D

Condor 4D

Indial26 7A

Condor 7A

Indial26 78

Condor 7B

Indial26 7D

Condor 7D

Total freçencY

Obse ll
7.5

4

7.5

6

7.5

4
7.5

6
7.5

2
6

6
7

3
7.5

E*pf

Obs

E:ç

Obs
E:ç

Obs
E:ç

Obs
Exp

Obs
E:ç

Obs
Exp

Obs
Exp

Obs
Ery

Obs
E:ç

Obs
E:ç

1:1 3.27

0.60

3.27

0.60

5.33*

0.29

5.40*

0.60

I
9

7.5

9
7.5

t2
7.5

ll
7.5II

I I

l0
6II

I

8
7I

9
7.5 7.5

6

I

6
1:l

92
73

7.5

7
7.5

7.5 0.60

8
7.5 0.04

9.90t*

9

I

54
73

a Intennediate, b Sensitive,
c Family derived from crossing between the F, monosomic of (Condor nonosomic 48 x India 126) as male

and Condor monosomic 48 as fernale,

d'ramily derived from crossing between the F, monosomic of (Condor monosomic 4B x India 126) as

female and Condormonosomic 4B as male,

e Observed value, fExPected value,

r, r* significant difference at 0.01 < P < 0.05 and P < 0'01, respectively.
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chromosome 4A of Benvenhrto Inca, G61450 and India 126 carry alleles responsible for

boron tolerance. Cb¡omosome 78 is responsible for boron tolerance'of Halberd.

Chi-square analysis indicated that the segregation of root lengths of the plants in

the non-critical families of G61450, Benventuto Inca and their reciprocal families was

consistent with the monogenic ratio of I intermediate : I sensitive, indicating a single gene

controlling tolerance to boron of the two varieties in relative to Condor and that only the

chromosomes identified above have substantial effects on boron tolerance. The segregation

of the non-critical families of India 126 andtheir reciprocal was consistent with the digenic

ratio of 3 intermediate : I sensitive, suggesting that two genes a¡e involved in contolling

tolerance to boron of India 126 relative to Condor, one of which is located on ch¡omosome

4¡^.

The segregation of root lengths of almost all of the non-critical families of Halberd/Condor

monosomic crosses was consistent with a monogenic ratio. However, all families had a

deficiency of intermediate plants (Table 7.6). It is probable that the low frequency of

intermediate plants was a consequence of the closeness in response of Halberd and Condor

(Figure 7.3) resulting in poor discrimination between the various classes and a high level of

Type I and Type II errors.

The segregation of some of the non-critical families of G61450, Benventuto Inca'

India 126 and their reciprocal families was consistent with both of the monogenic and

digenic ratio. For example, the segregation of non-criticat families for ch¡omosomes 48 and

4D of Indial26was consistent with both monogenic (Table 7.13) and digenic ratio (Table

7.12). This is probably because the number of seeds (fifteen seeds per family) used for

testing tolerance to boron was not sufflrcient to differentiate between the two ratios. The

lower frequency of intermediate and higher frequency of sensitive plants than expected in

some families is possibly as a result of misclassification of the intermediate as sensitive due

to the poor germination (Table 7.12).For example, the frequency of the intermediate plants
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of the non-critical family for chromosome 4B of G61450 and 4D of Condor was 3 in

comparison to 12 of the expected frequency (Table 7.8).

It has been shown that chromosome dosage has no effect on root length of all the

Condor monosomic families (Chapter 6). Thus, the differences in root length observed

between each pair of the reciprocal families may be attributed to differences in response to

boron of the tested chromosomes rather tha¡r ch¡omosome dosage effects. Almost all of the

families for the critical ch¡omosomes from the tolerant va¡ieties had, on average, shorter

roots than the corresponding disomic parent, whereas the critical families for the

ch¡omosomes from Condor had a mean root length greater than the disomic Condor (Table

7.1,7 .2). For example, the mean root lengths of the critical family for ch¡omosome 4A of

Benventuto (8.39 cm) was shorter than that of Benventuto Inca(9.2 cm) (Table 7.1) while

the mean root lengths of the family carrying chromosome 4A from Condor (4.25 cm) was

longer than that of the disomic Condor (3.5 cm) (Table 7.1). This phenomenon may be

explained by the frequency of tolerant-intermediate plants of the critical families for the

chromosome of the tolerant variety (960/o) and the corresponding families of the sensitive

variety (25W Gig¡¡re 7.1).

As the frequency of 72Yo,24Vo arrd 4Yo fot tolerant, intermediate and sensitive,

respectively, was expected for the progenies of the family for the critical chromosome from

the tolerant variety (Figure 7.2a) while the frequency of lyo,24Yo and75%o was expected

for the tolerant, intermediate and sensitive progenies of the family for the critical

chromosome from Condor (Figure 7.2b),an expected mean canbe calculated.

The expected mean of the famþþr the critical chromosome from tolerant variety

: (Q2 xm) + (4 x^) + Qa xm))/100

The expectedmean of thefamþfor the critical chromosomefrom sensitive variety

: ((1 xmì + (75 x m) + (24 xm))/100
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where r11 = r¡eã¡-root length of the tolerant parent, rr2: nrêîrtroot length of the sensitive

pafent, m j -- (m 1 
+ m)/2, the mean root length of the heterozygote.

The observed differences between the means root lengths of the families for the

critical chromosomes from Halberd, G61450 and Benventuto Inca and those of the

corresponding families for the critical chromosomes from Condor were similar to those

expected (Table 7.!4).This indicated that all the response of tolerance to boron of Halberd,

G61450 and Benventuto Inc4 relative to Condor, was attributable to chromosomes 7B or

4A. The difference between the observed mean of the critical family for India 126 and that

of the famity for Condor was 2.15 cm in comparison to an expected4.76 cm indicating that

there was probably more than one chromosomes responsible for tolerance to boron in India

t26.

For the family derived from the reciprocal crosses between the non-critical

monosomic of the tolerant and sensitive varieties, there is no monosomic plant with the

gene for boron tolerance in the hemirygous condition. Approximately 50o/o of the plants of

this family are heterozygous for the gene controlling bo¡on tolerance and the other 50% of

the plants are the sensitive. Thus on average, these families were more tolerant than

Condor but less tolerant than the tolerant varieties and show an increased va¡iation. For

example, the average root lengths over all the non-critical families for G61450 and Condor

were 5.87 and 5.59 cm, in comparison to the over all average 9.56 and 4.06 cm for the

parents G61450 and Condor (Table 7.2 ).

The variance of the critical families for ch¡omosomes from the tolerant va¡ieties

were in general lower than those of the corresponding critical families for chromosome of

Condor which in turn were lower than those of the corresponding non-critical families. For

example, the distribution of the seedling root lengths of the critical family for chromosome

4A from Benventuto Inca (Figure 7.5a) was substancially different from that for

ch¡omosome 4A from Condor (Figure 7.5b) and the non-critical family for ch¡omosome 4B

from Benventuto Inca (Figure 7.5c) and Condor (Figure 7.5d). There were only the

tolerant-intermediate seedlings observed in the critical family for chromosome 4A of
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Table 2.14 The expected and observed means of the F1 backcross reciprocal families for

the critical ch¡omosomes of Halberd, G61450, India 126, Benventuto Inca and Condor,

tested in filter papers at 8100.

Family Mean

Expected Differencec Observed Difference

Halberd 7Ba

Condor 7Bb

G61450 4A

Condor 4A

India 126 4A

Condor 4A

B.Inca4A

Condor 4A

5.90

3.77

9.03

5.13

9.14

4.38

8.30

4.25

2.13

3.90

4.76

4.05

6.42

4.29

8.38

4.58

8.78

6.63

8.39

4.25

2.13

3.80

2.t5

4.t4

a Family for chromosome 7B of Halberd, b Futoily for chromosome 7B of Condor,

c Difference between the BCR families.



t77

Benventuto Inca (Table 7.5) and the variance of this farnily was 0.5 (Table 7.4). The root

length of the plants for ch¡omosome 4A of Condor, with the variance of 6.1 (Table 7.4),

segregated at the ratio of 1 tolerant-intermediate : 3 sensitive (table 7.5). The non-critical

fa¡nilies for chromosomes 4B of both Benventuto Inca and Condor, with the variances of

11.3 and g.9 (Table 7.4), respectively, seglegated at the ratio of 1 intermediate : I sensitive

(Table 7.10).

The results of the chromosome 4A and 7B of G61450 and Halberd, respectively,

were consistent with the monosomic analysis experiment (Chapter 6). For Lin Calel and

AUS 4041, there was no significant effect of ch¡omosome 4B and 4D or chromosomes of

group 7 in response to boron. This indicates a possibility of chromosome 4A or,

alternatively, chromosomes of different homoeologous groups being responsible for boron

tolerance in the two varieties. If chromosome 4A is responsible for boron tolerance in Lin

Calel and Aus 4014, transgtessive segregation should not be expected when the two

varieties are crossed to G61450 and Benvenfl¡to Inca.

For India 126,the segregation of the non-critical families for India 126 and Condor

was consistent with the digenic ratio suggesting two genes involved in controlling tolerance

to boron of India 126.Incontast, backcross reciprocal monosomic analysis indicated that

only one chromosome (44) is responsible for tolerance to boron in India 126. However,

there were large differences between the mean root lengths of the families for chromosomes

4D,7Aand 78 from India 126 andthose of the families from Condor (1.48, l-18 and 1.28

cm, respectively) (Tables 7.1 and 7.2), indicating that these chromosomes may be

responsible for tolerance to boron in India 126. The non-significant effects of these

chromosomes in response to boron relative to Condor could be because the effects of the

alleles on each of these ch¡omosomes are small in comparison to chromosome 44.

Alternatively, it is possible that a homoeologous groups other than group 4 and 7, were

responsible for the tolerance to boron of India 126.
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Chapter I
Relationship between the South Australian boron tolerant variety

BT-Schomburgk and exotic germplasms

S.l Introduction

In the regions of southem Austalia where high levels of boron predominate, wheat

varieties that have been widely cultivated belong to a single family of varieties descended

from Federation (Wrigley and Rathjen, l98l), which is moderately tolerant to boron (Paull

et al., 1986). Most of the varieties in this family, including Halberd, are also moderately

tolerant to boron (Pau11, 1990). This suggests that the high concentrations of boron in the

soil have had a significant selection pressure on the breeding and disfibution of the wheat

varieties grown in southern Australia.

More than 1500 accessions of wheat from the Australian Winter Cereals

Collections, Tamworth, have been screened for tolerance to boron. Approximately 7%

(107) of the lines, most of which were exotic, were more tolerant than Halberd (Moody et

al., 1988). Most Australian varieties were classified as moderately sensitive. Lines from

Afghanistan and Japan were predominantly tolerant whereas lines from semi-a¡id regions

or along the earttr's major fault lines including Chinq Trukey, India and South America' had

a greatdiversity, probably associated with localized zones of depletion and accu¡nulation

of boron (Moody et al., 1988). These tolerant lines could be used as donor parents in a

backcrossing program to increase the levels of tolerance in sor¡thern Australian wheats.

The introduction of CIMMYT wheats to Australia in the 1960's produced the

most important new source of genetic variability this century. Although the CIMMYT

derived wheats are generally moderately sensitive to boron (Moody et a1., 1988)' many are

resistant to stripe rust (puccinia striiþrmis) and as a result of the impact of this disease

since 1979, farmers, particularly in Victoria, have continued to grow these varieties despite

their moderately sensitive reaction to boron. The most tolerant of the cu¡rent Austalian

varieties are Halberd, Spear, Dagger, BT-schombr¡¡gk, Banrnga, Trident and Frame. BT-
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Schomburgk was developed by deliberately tansfening the boron tolerant gene Bol from

Halberd, a moderately tolerant Australian variety, to the high yieiding and well adapted

variety Schomb¡rgk by backcrossing. This sa¡ne approach could be adopted to transfer the

high level of tolerance identified in exotic accessions to the moderately tolerant Australian

varieties.

To enable an efücient crossing and selection stategy to be devised it is necessary to

elucidate the genetic relationship between the exotic sources of boron tolerance and the

Austalian varieties carrying the BoI gene. If it can be demonstated that the difference in

response between a tolerant exotic and a moderately tolerant Australian variety is under

simple genetic contol, the backcrossing procedure could be utilized. On the other hand,

where transgressive segregation occurs, as was observed among the F2 progeny of the cross

between the tolerant line G61450, intoduced from Greece, and Halberd (Chapter 5) (Paull

et al., 1991b), the potential exists to select very tolerant genotypes which have a

combination of genes from the two varieties.

The experiment described in this Chapter was conducted to establish the genetic

relationship, with respect to tolerance to boron, between BT-Schombr¡¡gk and four exotic

lines derived from geographically diverse locations.

8.2 Materials and methods

Genetic material

The pedigree, boron response, Ausfalian .lMinter Cereals Collection accession

number and the co¡ntry of origin for atl lines, including the tolerant selections India 126'

AUS 4903, Turkey 1473 and Klein Granador, used in this experiment a¡e presented in

Table 4.1. These lines were chosen on the basis of their responses to boron (Moody et al.,

lgBB), and their geographical origins and genetic backgrowrds which a¡e diverse from

Australian wheat varieties. The F1 hybrid seeds from the crosses between BT-schomburgk

and the foru exotic lines were kindly provided by lvh.D. B. Moody. These crosses were

developed as part of his PhD project. He is now working with the Victoria DeparEnent of

Agriculture CVIDA). The F, seeds were advanced to the FZ, F¡ and FO generations.
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Generation of the tested nopulations and number of seeds

Approximately 100 random F2 seeds were obtained from F1 plants and advanced to

F, and F4 generations using a single seed descent method. Approximately l0 random F1

seeds (inctuding reciprocals) of each cross \^'ere solvrl and the F, seeds within each cross

were bulked. In the second season, approximately 100 random F2 seeds \Arere sown and one

random F3 seed was separately hawested from each of the 100 F2 plants and sown. The Fo

seeds which were harvested from individual F3 plants are described as F3 derived fa¡nilies.

These families were tested for tolerance to boron using the filter paper method

(Chapter 4) with the concentation of boron of 100 mg fl. Twelve to fifteen seeds of each

F3 derived family and their parental lines were placed separately in filter papers.

Methods used for estimation of ttre number of senes responsihle for horon tolerance

The methods (Chapter 3) used for estimation the number of genes responsible for

tolerance to boron in fot¡r F3 derived populations are described below'

(a) The F, derived families were classifred into three categories (homozygous tolerant,

segregating and homozygous sensitive) using the comparison between means of each F3

derived family and their parents. The confidence intervals of the means of the two parents

were calculated as described in Chapter 3. The LSD of the parental variances were also

calculated (Chapter 3), however as these LSD a¡e very subject to Type II errors @.

pederson, pers. comm.), it can be observed that when the variance of one, or both parents,

was high (see Table 8.4), the variances of virtually all families were below the LSD of the

parental variances, despite overwhelming evidence of segregation within some of the

families. In some instances, where the LSD of the parental variances was not

comparatively high, famities having va¡iances less tha¡r or equal to the LSD of the parental

va¡iances and with mearx¡ within the confidence interval of the mean of either the sensitive

or tolerant parent could be classified as homozygous sensitive or tolerant, respectively.

Families with va¡iances higher than the LSD of ttre parental va¡iances were classified as

segregating. However, when the LSD of the parental variances was higtU an arbitary level

of a little above the parental variances, at the upper level of those families obviously in the
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homozygous categories, was taken for differentiation between the segregating and

homozygous families. For the monogenic model, it was not immediately possible to

classiff a family into any of these three categories when its variance was similar to that of

the parents but its mean was between the two parents. In this case, the individual families

were investigated and the classification was¡ based on the basis of the performance of the

individual segregants. For example, if the root lengths of the plants within a family

overlapped with the two parents, the family was classified as heterozygous. Whereas a

family was classified as homozygor¡s tolerant or sensitive when the root length of all plants

within the family felt within the range of the tolerant or sensitive pafent.

Chi-square analysis was used for testing the goodness of fit of the observed

segtegation ratios to frequencies elçected for monogenic and digenic segregation' Since the

single seed descent method was used for advancing the four populations to the F4

generatior¡ the expected monogenic and digenic seglegation ratios of the F3 families were 5

tolerant-segregating:3sensitiveand3tolerant:2segregating:3sensitiveor55tolerant-

intermediate : 9 sensitive and 9 tolerant : 46 intermediate : 9 sensitive (Table 8.1),

respectivelY.

Table g.1 The expected frequencies for monogenic and digenic segregation ratios (these

ratios apply to all additive genetic situations) of progenies from F2, F3 and F4 populations

derived from F1 hybrids using the single seed descent method.

Gerieration

Monogenic

Aam AABB IntaAA

I

9 946

49

t4

158

I

3

7

2

2

2

I

J

7

F2

F3

F4

a Intermediate genobæes are AAbb, aaBB, AABb, AaBb, aaBb, AaBB and Aabb.

49
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(b) The variance observed from the individual populations was compared with the

expected variances for alternative genetic models. The observed and expected va¡iances

were not regarded as being sig¡ificantly different when the expected va¡iance fell within the

confidence interval of the observed variance (Chapter 3). The expected variances were

calculated from the following equations as described in chapter 3.

For I gene;VF4= 7l8D +E

For 2 genes, do= db= dl2;VF4= 7/8D + E ,

where d is the departure from the mid-point (m) of each homozygous genotype, and E is

the environmental va¡ianc e (E: I/4 VpI + I/4 VpZ + I/2 Vp¡ Vp1 and Vr2 arc variances of

the parents , V, isthe va¡iance of the F, hybrid between P, and P2)' Since the Ft plants

were not tested in this experiment, the variance of the Ft hybrid was estimated to be equal

to the average of the variance of the two parents (Vn = (Vpt + Vr2)12) (see Chapter 3)'

8.3 Results

The distributions of the mean root length of the F, derived families under high

boron condition were observed to be bimodat or trimodal for all crosses (Figure 8.1).

However, there was no obvious cut-off point between the sensitive and tolerant-

segregating fanilies in all crosses. Thus, the F, derived fa¡nilies of the four crosses were

classified into two (tolerant-segregating and sensitive) and three (tolerant, segregating and

sensitive) categories according to the means and variances of each family in comparison

with the confidence interval of the means and the LSD of the va¡iances of the parents

(Chapter 3).

t"

(BT-Schomburgk x India I 26)

The LSD of the parental va¡iances was much higher than the va¡iances of virtually

all families @igure 8.2) and thus it was not used to differentiate among the families. An

arbitrary level of a little above the va¡iance of the parents, at the upper level of those

families obviously in the homozygous categories, was taken for differentiation between the

segregating and homozygous families.



X'igure 8.1 Seedling root length of F3 derived families (mean of l0-12 Fo seedlings

for each families) and parents (mean of 20-24 seedlings for each parent), tested in

filter papers at 8100.

(a) @T-Schomburgk x India 126)

(b) @T-Schombrugk x AUS 4903)

(c) @T-Schomburgk x Turkey 1473)

(d) @T-Schombtrgk x Klein Granador)
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f igure 8.2 Mean and va¡iance of root length of 93 F3 derived families and their

parents for the cross @T-Schomburgk x India 126), tested in filter papers at 8100.

Note: The horizontal line is the LSD of the parental variances.

The vertical lines a¡e the confidence intervals of means of the two parents.

The nt¡mbers on the diagram refer to the families which are depicted in Figures 8.3.
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The F, families were classified into two categories (tolerant-segregating and

homozygous sensitive). Families with a mean within the confidence interval of the mean of

the sensitive parent and variance close to that of the sensitive parent were classified as

homozygous sensitive. Families with a mean of greater than the confidence interval of the

mean of the sensitive parent were classified as tolerant-segregating (Chapter 3). The F3

families were also classified into th¡ee categories (homozygous tolerant, segtegating and

homozygous sensitive). Families with a mean within the confidence interval of the mean of

the tolerant parent and va¡iances close to that of the tolerant parent were classified as

homozygous tolerant. Families with a mean outside the confidence interval of the means of

the parents and variances much greater than those of the parents were classified as

segregating. There were four families with va¡iances that were little different from those of

the sensitive and tolerant parents, but with a mean root length between the two parents

(Figure 8.2). These individuat families were inspected and classified on the basis of the

performance of individuat plants in comparison with the parents (Figure 8.3). The ranges

of the root lengths of the sensitive and tolerant parents were 2-8 cm and 8-15 cm,

respectively (Figrue 8.3). Since there was overlap between the root lengths of plants within

each of Families I and 2 arrd those of the two parents (Figure 8.3), these families were

classified as heterozygous or segregating. The variation in root lengths of Fa¡nilies 3 and 4

was low and as almost all of the plants fell within the range of the tolerant parent (Figure

8.3), Families 3 and 4 were classified as homozygous tolerant.

Chi-square analysis indicated that the segtegation of the F3 derived fa¡nilies of @T-

Schomburgk x India 126) was consistent with the monogenic ratio of 5 tolerant-segregating

: 3 sensitive and 3 tolerant : 2 segregating : 3 sensitive (Table 8.2) but not the digenic ratio

of 55 tolerant-segregating : 9 sensitive (Table 8.3). Examples of the homozygous tolerant

homozygous sensitive and segregating F3 families of @T-schomburgk x India 126) in

comparison with the two parents are presented in Plate 8.1a.

As the expected variances for both one and two gene models of the F3 derived

population of @T-schomburgk x India 126) were in the range of the confidence interval of



X'igure 83 Response of twelve plants within four F3 derived Fa families of @T-

Schomburgk x India 126) at Bl00 in comparison with the two parents.

E BT-Schomburgk
I F4 individuals within a family
I India 126
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Table g.2 Chi-square analysis of the obsen'ed and expected segregation ratios for a one

gene model of F3 derived Fa families for four populations, tested in filter papers at 8100.

Population

(F3 derived Fo)

Frequency

Tola+segb sensc *t

Model

(BT- Schomburelodndia I 26)

@T-SchomburglorAUs4903 )

@T-SchomburglrxTurkeY 1473)

@T-schomburgþKleinGranador)

@T-Schomburgkxlndia I 26)

@T-Schomburglo<4Us4903 )

@T-SchombrnglotTurkeY I 473)

@T-schomburglorKleinGranador)

Obsd

Eçe

Obs
Eç

Obs
Exp

Obs
E:ç

J5

5

5

29

25
2t

Obs
Ery

Obs
E:ç

Obs
Exp

Obs
Ery

&
58.125

58
53.75

57
52.5

29

34.87s

28
32.2s

1.58

3

3

5:3

3 :2:3

3 :2:3

3 :2:3

3 z2:3

4
34.875

36
32.25

)<
30.75

20
23.25

22
21.5

33
20.5

0.90

27
31.5 1.03

58
5t.25

24
30.75 2.36

Tol Seg Sens X',

32
3l.5

27
31.5

34.875 3.83

28
32.25 l.0l

l.4l

24
30.75 10.18

of of freedom.

P 0.50 0.05
0.45 1.32 3.84 6.63

* L.39 2.77 5.99 9.21

ffisitive, d observed value, e Erçected value

I
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Table 8.3 Chi-square analysis of the observed and expected segregation ratios for a two

gene model of F3 derived Fa families for four populations, tested in filter papers at 8100.

Population

(F3 derived F4)

Model Frequency

Tola+intb Sensc Tit

(BT-Schombruelodndia I 26)

@T-SchomburgkxAuS4903 )

@T-Schomburglo<TurkeY I 473)

@T-schomburglo<KleinGranador)

60
72.19

23
I l.8l

obsd
ExPe

Obs
E:ç

Obs
Exp

Obs
Eç

55:9

55:9

9

9

&
79.92

58
73.91

70
70.47

29
13.08

28
12.09

12
I1.53

22.55

24.36

12.65

0.02

55

55

Tol Int Sens *2

@T-Schomburglo<KleinGranador) Obs
Eç 9 :46:9

5
I1.53

65
58.94

t2
I l-53 4.34

of at

P 0.50 0.25 0.05 0.01

@z.t+ 6.63

1.39 2.77 5.99 9.21

a Tolerant, lntermediate, c Sensitive, Observed value, e Expected value

of freedom.



Pl¡te 8.1 Response of homozygous tolerant, segregating and homozygous

sensitive F3 derived families of ¡vo crosses to the Bl00 treatment and comparison

with the two parents.

(a) @T-Schomburgk x India 126)

From left to right: India 126, Homozygous tolerant, Segregating, Homozygous

sensitive and BT-Schomburgk

(b) @T-Schomburgk x AUS 4903)

From left to right: AUS 4903, Homozygous tolerant, Segregating, Homozygous

sensitive and BT-Schomburgk
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Bororì responsc of (BT-SChonìburgk x Aus4903)F4
(B = 100)

BT-SclìomburgkScgregal¡ng Homozy(tous sensilivellomozygous loleranl
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the observed variance (Table 8.4), this failed to differentiate between the one or two genes

models for tolerance to boron for this cross.

(BT-Schomburgk x AUS 490 3)

The LSD of the parental variances (6.9) for this cross was also higher than most

families (Figrue 8.4) and thus was not used to differentiate between the families. Families

were classified into two (tolerant-segregating and homozygous sensitive) and then into

three (homozygous tolerant, segregating and homozygous sensitive) categories. There were

nine families which could not be obviously classified because their means were intermediate

between the two parents but with variances not much greater than those of the two parents

(Figure 8.4), so the performance of the individual plants of these fa¡nilies was inspected.

The ranges of the root lengths of the sensitive and tolerant parents were 5-8 cm and 9-16

cm, respectively (Figrue 8.5). Families with root lengths overlapping the two parents were

classified as segregating (Families 2-8). The root lengths of Family I also overlapped the

two parents, however it was classifred as homozygous sensitive because the variation in

root lengths of this family was lower than those of the other families. Family 9 with root

lengÍhs within the range of the tolerant parent was classified as homozygous tolerant

(Figure 8.5). Chi-square analysis indicated that the segregation ratio of the F, derived

families of this cross waf¡ consistent with the monogenic ratios of 5 tolerant-segregating : 3

sensitive and 3 tolerant : 2 segregating : 3 sensitive (Table 8.2) but not the digenic ratio of

55 tolerant-intermediate :9 sensitive (Table 8.3). Examples of the homozygous tolerant,

homozygous sensitive and segregating F3 derived fa¡nilies of (BT-Schomburgk x AUS

4903) in comparison with the two parents are presented in Plate 8.Ib.

In contrast to the chi-square analysis, the comparison between the observed and

expected variances (Tabte 8.4) indicated segregation at two genes for (BT-Schomburgk x

AUS 4903).
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Table 8.4 The comparison between expected and observed va¡iances of four F3 derived Fa

populations for monogenic and digenic models.

Parents and F* dt Eb Expected variancec observed Confidence

I sene 2 variance intervald

BT-schomburgk

F4

India 126

BT-Schomburgk

F4

AUS 4903

BT-Schomburgk

F4

Turkey 1473

BT-Schomburgk

F4

Klein Granador

3.2 3.6 t2.6

3.1 2.2 10.ó

2.2 1.4 5.6

2.9 1.2 8.6

8.1

6.4

3.5

4.9

3.2

10.4

4.0

0.8

6.4

3.6

0.8

11.6

2.0

0.6

10.3

t.7

t4.2 - 7.9

8.8 - 4.9

16.l - 8.7

t4.4 - 7.7

a d:the departure of one of a pair of corresponding homozygotes from their mid-point,

b E = environmental variance = lD P1+ lf2P2(Chapter 3),

c the expected variances were calculated on the assumption of no dominance, no linkage and no epistacy,

d confidence interval ofobserved variance at P = 0.95.



tr'igure 8.4 Mean and variance of root length of 86 F3 derived families and their

parents for the cross (BT-schomburgk x AUS 4903), tested in filter papers at

8100.

Note: The horizontal line is the LSD of the parental va¡iances.

The vertical lines are the confidence intervals of means of the two parents.

The numbers on the diagram refer to the families which are depicted in Figures 8.5.
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Figure 8.5 Response of twelve plants within nine F3 derived Fo families of (BT-

Schomburgk x AUS 4903) at 8100 in comparison with the two parents.

E BT-schomburgk

I f+ individuals within a family

I Aus 4903
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@T-Schomburgk x TurlæY I 47 3)

The LSD of the parental variances (4.4) was used to differentiated between

homozygous and heterozygor¡s families (Figure 3.6). Families with variances of less than or

equal to 4.4 were classified as homorygous. Fa¡nilies were classified into two and th¡ee

categories using the comparison of the mean of each family with the confidence interval of

the means of the two parents. There were many families with a mean root length below the

confidence interval of the sensitive parent, BT-schomburgk, and several above the

confidence range of Turkey 1473 @igure 8.6). This suggested transgressive segtegation

among the progeny of this cross.

The¡e were thirteen families with mean root lengths intermediate to the confidence

intenals of the parents, but with low variances. Six of these families were inspected for the

performance of the individual plants in comparison with the sensitive and tolerant parents

with ranges of the root lengths of 5-8 cm and 9-14 cm (Figure 8.7), respectively. Family 6

was classified as segregating (Figr¡re 8.7). The root lengths of Fa¡nilies l-5 also overlapped

with the parents, however these families were classified as homozygous intermediate

because the va¡iation in root length was comparatively low in comparison to that of the

segregating family (Figure 8.7). Chi-square analysis, classifying the apparently

transgressive segregants into the homozygous categories and the low variance intermediates

as segregating, indicated that the segregation of (BT-schomburgk x Turkey 1473) was

consistent with the monogenic ratio of 5 tolerant-segregating : 3 homozygous sensitive and

3 homozygous tolerant : 2 segregating : 3 homozygous sensitive (Table 8.2). However, the

observation of the homozygous interrrediate fasrilies (Families l-5) again indicated the

probability of two genes controlling tolerance to boron in this cross.

There were twenty three sensitive families with means below the range of the

sensitive parent (5.7-7.9) and five tolerant families with means above the range of the

tolerant parent (Figure 8.6). If this was the result of tansgressive segregation and all the

twenty three families were classified as homozygous sensitive and all the other families

were classified as tolerant-intermediate, chi-square analysis indicated that the segregation of

this cross was not consistent with the digenic ratio of 55 tolerant-intermediate : 9



Figure 8.6 Mean and variance of root length of 84 F3 derived families and their

parents for the cross (BT-schomburgk x Turkey 7473), tested in filter papers at

8100.

Note: The horizontal line is the LSD ofthe parental variances.

The vertical lines are the confidence intervals of means of the two parents.

The numbers on the diagram refer to the families which are depicted in Figures 8.7.
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X'igure 8.7 Response of twelve plants within six F3 derived Fa families of (BT-

Schombtrgk x Turkey 1473) at 8100 in comparison with the two parents.

E BT-Schomburgk

I F4 individuats within a family

I Turkey 1473
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homozygous sensitive (Table 8.3). The failr¡re to obsen¡e digenic segregation in this cross is

possibly because one of the two genes had a comparatively large êffect compared to the

other. If this was the case, transgtessive segregation can be tested using the expected ratio

of 49 tolerant-intermediate : 15 homozygous sensitive as outlined below.

Transgressive segregation would be expected from the F3 population of the cross

between variety X (AAbb) and variety Y (aaBB). For an additive genetic system, the

families derived from genotypes aabb, Aabb and aaBb woutd, on average, be more sensitive

than either of theparents. However, if 'A'is the allele of large effect, Aabb would be similar

to aaBB and more tolerant than aaBb and aabb. Therefore only the genotypes aabb and

a¿Bb would be more sensitive than the either parent. The heterozygous families of the

genotype aaBb would also have relatively low variances as it would be segregating at only

the minor locus. The expected frequencies of families derived from F3 individuals of the

genotypes aabb and aaBb a¡e 9164 and 6164, rcspectively and thus, the frequency of the

families being more sensitive than either parent would be expected as 15164.

Therefore, for 84 families of the F3 population derived from (BT-Schomburgk x

Turkey 1473), approximately 19 fa¡nilies are expected to be more sensitive than BT-

Schomburgk.

Families with means less than the confidence interval of the mean of the sensitive

parent were classified as sensitive whereas families with means wiftin or greater than the

confidence interval of the two parents were classified as tolerant-intermediate. Chi-square

analysis indicated that segregation was consistent with the transgressive segregation ratio

expected for contol by two genes (Table 8.5).
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Table 8.5 Chi-square analysis of the obsen'ed and expected ratios for transgressive

segregation of F3 derived Fa families for @T-schomburgk x Turkey 1473), tested in filter

papers at 8100.

Population

(F3 derived F4)

Model Frequency

Tola+Intb Senc X't

(BT_Schomburslo(Tu*ev I 473) obsd
Exp" 49 :15

6l
64.3t

23

t9.69 0.73

at I and2 of
0.50 0.25

I 0.45 1.32 3.84 6.63

tìlerant, b Intermediate, c Sensitive, d observed value, e Expected value

The observed variance of (BT-Schomburgk x Turkey 1473) was significantly

different from both of the expected variances for the one and two genes models and the

observed va¡iance of 11.6 was much greater than the expected va¡iance of 5.6 for the one

gene model (Table S.4). An observed variance greater than that expected for a one gene

model is consistent with transgressive segregation as¡ a high proportion of the progeny fall

at the extremes of the distribution. Two homozygous sensitive and two homozygous

tolerant families of @T-schomburgkx Turkey 1473) a¡e demonstrated in Plate 8.2.

(BT- Schomburgk x Klein Granador)

When the F, derived families of @T-Schomburgk x Klein Granador) were divided

into ¡vo and three categories using the comparisofl between means and va¡iances of the

families and those of the two parents (Figrue 8.8), it is obvious that a considerable number

of families had a mean root length less than BT-schomburgk or greater than Klein

Granador.

There were twelve sensitive families with means less than the range of the sensitive

parent and five tolerant families with means greater than the range of the tolerant parent

(Figrne 8.8). If this was the result of transgressive segregation and the twelve families were



Plate 8.2 Response of F3 derived faurilies of @T-Schomburgk x Turkey 1473) to

the Bl00 treatnent and comparison with the two parents.

Note: left to right; T1473 = Turkey 1473, 924647 aú 24224 = homozygous

tolerant families, 924671 and 24230: homozygous sensitive fa¡nilies, BTSch =

BT-Schomburgk.
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Figure 8.8 Mean and va¡iance of root length of 82 F3 derived families and their

parents for the cross @T-schomburgk x Klein Granador), tested in filter papers at

8100.

Note: The horizontal line is the LSD of the parental va¡iances.

The vertical lines are the confidence intervals of means of the two parents.

The numbers on the diagram refer to the families which are depicted in Figures 8.9.
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classified as homozygous sensitive and the other families were classified as tolerant-

interrrediate, chi-square analysis indicated that the segregation was consistent with both

digenic ratios of 55 tolerant-interrrediate : 9 sensitive and t homozygous tolerant : 46

intermediate : t homozygous sensitive (Table 8.3). When the segregation ratios were tested

for transgressive segregation by the assumptions applied to (BT-Schomburgk x Turkey

1473) (see results of (BT-schomburgk x Twkey 1473) for the assumptions in fitting the 49

: 15 model), chi-square analysis atso indicated that the segregation was consistent with the

tansgressive segregation ratio expected for control by two genes (Table 8.6).

Table 8.6 Chi-square analysis of the observed and expected ratios for transgressive

segregation of F3 derived Fo families for (BT-schomburgk x Klein Granador), tested in

filter papers at 8100.

Population

(F3 derived F4)

Model Frequency

Tola+Intb Senc tl

(BT- S chombr¡¡glo(KleinGrariador) obsd
Expt 49 :15

70

62-78

t2
19.22 3.54

Probabiliw (P) of chi-square at I and 2 degees of freedom.

P 0.50 0.25 0.05 0.01

dTol"r"ttt, b Intermediate, c Sensitive, d observed value, e Expected value.

Eight families (Figure 8.8) were inspected individually. All of the root lengths of the

plants within Famity 8 fell within the range of the tole¡ant parent, whereas for the other

families, the root lengths of the plants overlapped the two parents (Figure 8.9). Therefore,

Family 8 was classified as homozygous tolerant and Families l-5 were classified as

homozygous intermediate because the variation in root length of the plants of these families

was comparatively low. Families 6 and 7 tßd a higher variation in root length than those of

the homozygous families and thus were classified as segregating (Figure 8.8). The



X'igure 8.9 Response of twelve plants within eight F3 derived Fo families of (BT-

Schomburgk x Klein Granador) at 8100 in comparison with the two parents.
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observation of the homozygous interrrediate families (Fanilies l-5) also indicated that it

was probable that two genes contolled tolerance to boron of this cross'

The observed variance of (BT-schomburgk x Klein Granador) is above that

expected on the monogenic model, although the monogenic but not the digenic models fall

within its limits (Table 8.4).

8.4 Discussion

The result of this experiment indicate that contol of boron tolerance of AUS 4903

differs from BT-Schomburgk at a single gene while tansgressive segregation was observed

between BT-Schomburgk and Turkey 1473 andKlein Granador. The relationship between

BT-Schomburgk and lndial26 is more complicatedthanthose of the other crosses.

AUS 4903

The segregation ratio of the F3 families of (BT-schomburgk x AUS 4903) was

consistent with both monogenic ratios of 5 tolerant-segregating : 3 homozygous sensitive

and 3 homozygous tolerant : 2 segregating : 3 homozygous sensitive confinning an allelic

difference at a single gene between AUS 4903 and BT-schomburgk. The slightly low

frequency of the homozygous sensitive families observed in this cross (Table 8.2) may be

due to there being some misclassification of the homozygous sensitive families (Fig¡¡re 8.4).

It is not possible to determine from the combinations tested whether AUS 4903 is

of the same genotype or how it relates to G61450, the reference genotype fot the Bo4

locus. The genotype of the AUS 4903 is either:

Bo 1 Bo I Bo2Bo2Bo3 Bo3 Bo4Bo4

or

Bo 1 Bo I Bo2 Bo2 Bo 3 Bo3bo4bo4Boí Bo5.

To test the two hypotheses, this variety should be crossed with G61450 and the progeny

tested for segregation in response to boron. If AUS 4903 is of the former genotype, the

progeny would segregate at a single gene, the 8ol locus, however, if of the latter genotype,
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transgressive segregation would be observed among the progeny due to contrasting

genotypes at the Bol, Bo4 and Boi loci'

Turlrcy 1473 and Klein Granador

The distribution of the F3 derived families of the crosses (BT-Schomburgk x

Turkey 1473) and (BT-schombr.ugk x Klein Granador) showed that the mean root lengths

of some families exceeded the range of the parents indicating transgressive segregation

among the progeny of these crosses. As two genes seem to be segregating, these varieties

cannot be of the same genotype as AUS 4903. It is probable that the genotypes of Turkey

1473 and Klein Granador are different from that of G61450

(bolbolBo2Bo2Bo3Bo3Bo4Bo4) because the level of tolerance to boron of these varieties,

on the basis of root length in response to high boron was longer than that of G61450

(Table 4.6 of Chapter 4). At 8150, the mean root length of Klein Granador (8.9 cm) and

Turkey 1473 (7.4 cm) were signiñcantþ longer than that of G61450 (5.3 cm) and therefore

it is unlikely that either of them has the same genotype as G61450

(botbolBo2Bo2Bo3Bo3Bo4Bo4). While these two varieties have a non-tolerant allele at

one of the three loci with tolerant alleles in BT-schomburgk, there is no evidence to

discriminate between whether this occurs at the Bol, Bo2 or Bo3locus. Thus, there a¡e five

possible genotypes for the two varieties (Table 8.7) and transgressive segregation should

be observed in the progenies from the cross between both of these varieties and G61450.

Test crossing both of the two varieties with the homozygous tolerant line 4l8T-l

(BoIBoIBo2Bo2Bo3Bo3Bo4Bo4bo5boí) (Chapter 5) could result in monogenic segtegation

if the genotypes of the two varieties were BolBolbo2bo2Bo3Bo3Bo4Bo4 or

BoIBoIBo2Bo2bo3bo3Bo4Bo4 (Table 8.7) whereas transgressive segregation should be

observed if Turkey 1473 or Klein Granador are one of the other th¡ee genotypes.
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Table 8.7 The expected genotypes of Turkey 1473 andKlein Granador.

Expected genotypes Conditions

Bo I Bo I bo2bo 2 Bo 3 Bo 3 Bo4 Bo4bo5bo5

Bo 1 Bo I Bo2Bo2bo3 bo 3 Bo4Bo4bo5bo1

Bo 1 Bo I bo2bo2Bo3 Bo 3bo4bo4Bo5 Bo 5

Bo I B o 1 Bo 2 B o2bo 3 bo 3 bo4bo4 Bo 5 Bo5

bo I bo 1 Bo2 Bo2Bo3 Bo 3bo4bo4 Bo5 Bo5

if Bo2 has a small effect.

if Bo3 has a small effect

if Bo2 has a small effect.

if Bú has a small effect.

if Bo5 has a much greater

effect thanBo4.

An example of transgressive segregation of a F2 population derived from the cross

between a moderately tolerant variety BT-schomburgk or Halberd

(BoIBolBo2Bo2Bo3Bo3bo4bo4boíbo5) and a tolerant variety such as Turkey 1473 or

Klein Granador with an expected genotype of bolbolBo2Bo2Bo3Bo3bo4bo4BoíBoï is

demonstrated in Figure 8.10. The F2 plants with the genotype of

(BoIBoIBo2Bo2Bo3Bo3bo4bo4Bo5Bo5) would be more tolerant than the tolerant parent

and the F2 plants with the genotype of (bolbolBo2Bo2Bo3Bo3bo4bo4bo5bo5) would be

more sensitive than the sensitive parent (Figure 8.10) but the same as Condor

(bo 1 bo 1 Bo2 Bo 2Bo 3 Bo 3bo4bo4bo 5bo5).

Chi-square analysis indicated that the segregation ratio of @T-Schomburgk x Klein

Granador) was consistent with both digenic ratios of 55 : 9 and 9 : 46 : 9 (Table 8.3). The

segregation of the F3 derived families of (BT-schomburgk x Turkey 1473) and ( BT-

Schombrugk x Klein Granador) were consistent with the transgressive segtegation ratio of

49 : 15 (Tables 8.5 and 8.6). The observed variances of 11.6 and 10.3 for (BT-Schomburgk

x Turkey 1473) and (BT-Schomburgk x Klein Granador), respectively, \À'ere above the

expected variances for a single gene model (Table 8.4), indicating tansgressive segregation

for the two crosses. The low frequency of families more tolerant than the upper confidence

limit for the tolerant parent in the two crosses was not unexpected, due to the



Figure 8.10 Diagram of transgressive segregation in a F2 population derived from

crossing a moderately tolerant variety BT-Schomburgk or Halberd (Bo 7Bo þosbos)

and a tolerant variety such as Turkey 1473 or Klein Granador (bo þo posBo).

The scheme is simplified to show only the two genes segregating between the two

genotypes.

Note: P1 : BT-Schomburgk or Halberd,P2: Trukey 1473 or Klein Granador,

Check: Condor.



-c
.9
.c,
o

=-9
E
e
.9,o
o
o(.t
c,
E
-fPoF

Bol Bol BoSBo5

bo1 bol Bo5Bo5

Bol Bol boSboS

bol bol boSboS

Transgressive segregation

Transgressive segregation

Check Pl n
(bol bol boSbos) (Bol Bo1 boSboS) (bol bol Bo5Bo5)

F2

No
5



205

concentration of boron used in this experiment (100 mg f l) being insuffrcient to separate

the homozygous very tolerant from the tolerant parental types.

India 126

The results of Chapter 7 indicated that chromosome 4A was responsible for

tolerance to boron in India 126, while the Bol gene from Halberd, responsible for boron

tolerance in BT-schombugk, was located on ch¡omosome 78 (Chapters 6 and 7). Those

results suggest that there are at least two different genes controlling tolerance to boron

between India 126 arñ BT-Schomburgk and that transgressive segregation would be

expected from the cross between these two varieties. However, the results of this

experiment superficially support only a single gene difference.

The reason for the apparent monogenic segregation but not digenic or tansgressive

segregation for the cross (BT-schomburgk x India 126) may be because the BT-

Schomburgk parent had a much larger va¡iance (3.2) (Table 8.4), lower mean (5.3 cm)

(Figure 8.1) and larger confidence interval (3.1-7.5 cm) (Figure 8.2) than it did (-1.0,4.5

cm and 5.5-7.5 cm, respectively) when tested with the three other crosses. This was due to

a number of plants of BT-schomburgk with short roots when screening its cross with India

126. This was possibly due to factors other than boron toxicity (Figure 8.la) such as

damaged seeds giving poor vigor seedlings. If the BT-schombrugk had responded as it had

with the other crosses @igwe 8.Ib, 8.lc and 8.1d), the most sensitive families in the @T-

Schombrugk x India 126) cross (Fignre 8.2) would havç been classified as transgressive

segregants. The variance of (BT-schomburgk x India 126) (10.4) is similar to that of (BT-

Schomburgk x Turkey 1473) and (BT-schomburgk x Klein Granador) for which

transgressive segregation l\¡aÍ¡ observed. The other possible reas¡on is that the concentation

of boron used in this experiment (100 mg f l) was not enough to separate the segregating or

intermediate families from sensitive families and a higher concentration of boron (for

example, 150 mg fl) may be required for differentiation between those genotypes.

Since chromosome 4A was responsible for tolerance to boron in G61450 (at the

Bo4 locr¡s) (Chapters 6 and 7) and India 126 (Chapter 7), the boron tolerance genes on
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chromosome 4A of these two varieties a¡e possibly at the same locus (Bo4) but are

different alleles. Therefore the possible genotype of India 126 is

b o t bo I Bo 2 Bo 2 Bo 3 Bo 3 Bo4 6Bo4¿ in compa¡ison to bo I b o I Bo 2 Bo 2 Bo 3 Bo 3 Bo4 po4 o of

G61450. However, the result of Chapter 7 indicated that the effect of the 4A locus from

India 126 was less than that for the 4A locus for G61450. In addition, India 126 is more

tolerant than G61450. This more or less rules out this hypothesis.

Alternatively, the transgressive segregation is a result of different alleles at several

loci. In Chapter 7, India l26bad several chromosomes with a small effect in response to

boron. The lack of significance of these could be due to

(a) their comparatively small effect

and

(b) the low level of replication.

At this moment, the second hypothesis is the more likely one.

Variance

In contrast to chi-square analysis, the observed variance of @T-Schomburgk x AUS

4gO3) was consistent with the expected variance for a two gene model (Table 8.4). This

was possibly because the expected va¡iance of @T-Schomburgk x AUS 4903) was higher

than those of (BT-Schombtrgk x Tukey 1473) and (BT-schomburgk x Klein Granador)

due to high values of d and E,as described in Section 5.4 of Chapter 5.

The observed variance of @T-schomburgk x India 126) was similar to those of

@T-Schomburgk x Turkey 1473) and @T-Schombrngk x Klein Granador) (Table 8.4) for

which transgressive segregation was observed, indicating the possibility of two genes

controlling for tolerance to boron of @T-Schomburgk x India 126). However, the observed

va¡iance of (BT-schomburgk x India 126) was not higher than the expected variance for a

single gene model (Table 8.4). This is possibly because the expected va¡iances of the one

gene model for this cross were very high due to the high values of d and E, both of which

would be inqeased if some of the seedlings of BT-schombwgk were low in vigor.
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The use of the LSD of the parental variances to differentiate between homorygous

and segregating families is not appropriate where the va¡iances of the two parents are high

through experimental variation because this increases the LSD of the parental variances.

For example, in @T-schomburgk x India 126), the variances of BT-schomburgk and India

126 werc 3 .2 atd 4.0, respectively, and the LSD of the parental variances was I I . I (Figure

8.2), much higher than the 3.6 of @T-Schombr¡¡gk x Klein Granador) where the va¡iances

of BT-schomburgk and Klein Granador were 0.6 and 1.7 (Figur€ 8.8), respectively.

It should also be recognized that the use of the confidence interval of the root length

of the two parents for classification of the families into homozJgous and segregating

categories was subject to enors due to the over (enor Type II) and r¡nder (error Type I)

estimation (Chapter 3).

Breeding

Since India 126, Turkey 1473 andKlein Granador showed more tolerance to boron

than G61450 (Tabte 4.6 of Chapter 4), tolerant transgressive segregants from crosses

between these varieties and BT-Schomburgk should produce lines more tolerant than the

lines produced from (Hatberd x G61450). These highly tolerant lines could be used as

donor parents in a backcrossing prograan for the development of boron tolerant va¡ieties.
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Chapter 9
General discussion

The comparison of wheat genotypes with diverse responses to boron *tþ"frtr",

paper method (Chapter 4) indicate that the length of roots of the tested va¡ieties were

consistent in response to boron between the th¡ee boron treaûnents. As the correlations

between the root lenglh at B0 and the three boron treaünents were non-significant, the

difflerences in root tength at the high boron treatnents could not be attributed to inherent

differences in root gioufù among the va¡ieties (Chapter 4). Seedling root lengths at the

three levels of boron in the filter paper technique were highly significantly correlated with

the th¡ee cha¡acters determined for plants grown in soil ss¡taining high levels of boron,

na6ely, the concentrations of boron in the shoots, plant dry weight and plant symptoms

(Chapter 4). This indicates that root length could be used as a selection criterion in a

genetic study or breeding prognm for boron tolerance. Shoot lengths and number of roots

of different varieties r¡nder high boron conditions were not consistent with the levels of

tolerance of the va¡ieties when grown in high boron soil, suggesting that the two latter

parameters a¡e not appropriate for screening of boron tolerance.

Root lenglhs were observed to be affected by some unexplained factors. The

va¡iation of root lengths of some varieties were sometimes observed to be higher than

expected (for example, the high variance of the BT-Schomburgk parent of the cross (BT-

Schombgrgk x India 126) (Table 8.4) and this could have been a result of instability in the

temperature control of l5oC in the room used for storing the treated seeds or due to

unevenly genninated or poor growth from damaged seeds or contamination of the filter

papers.

The number of genes conüolling tolerance to boron between C61450 and Halberd

was estimated (Chapter 5). The F2 and F2 derived populations of the crosses between a

homozygor¡s sensitive (¿t42s-l) (a homozygous sensitive line derived from the combination

between G61450 and Halberd) and a tolerant (418T-l) line from the same sou¡ce, and
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between both these lines and the va¡ieties G61450, Halberd and Schomburgk and between

Schombwgk and Condor were tested for segregation in response to boron. The results

indicated that there were two altemative genes Bol and Bo4 contolling tolerance to boron

of Halberd and G61450, respectively (Chapter 4). This was consistent with the

¡ansgressive segregation observed from the F2 progenies of this combination (Paull et al.,

1991b). The genes Bo2 and Bo3 are responsible for the boron tolerance of the moderately

sensitive genotypes (bobolBo2Bo2Bo3Bo3bo4bo4) Schomburgk, Condor and 4425-1'

whereas, these plus the genes BoI atd Bo4 are responsible for boron tolerance of the

homozygous tolerant line 4l8T-l which showed greater tolerance to boron than G61450.

Therefore va¡ieties more tolerant than G61450 can be bred by transferring the two genes

BoI and Bo4 to well adapted varieties using the backcrossing method. Backcrossing for

transfening the Bo4 gene from G61450 to a moderately tolerant variety BT-Schomburgk is

now being undertaken as pa¡t of the wheat breeding program at the Waite Agricultural

Resea¡ch Institute.

The chromosomal location of genes for tolerance to boron was undertaken by F2

monosomic analysis (Chapter 6) and backcross reciprocal monosomic analysis (Chapter 7).

The results for the monosomic analysis using aneuploid stocks of a Condor selection

demonstrated that chromosomes4A and TBtreresponsible for tolerance to boron in G61450

and Halberd, respectively. This was consistent with the result of Paull (1990) which

indicated that ch¡omosome 7B is the location of a gene controlling boron tolerance in

Federation, an ancestor of Halbe¡d, relative to Chinese Spring. This difference in the critical

chromosome between G61450 and Halberd (Chapter 6) was consistent with the result of

Chapter 5 in showing that there were two alternative genes conüolling resporu¡e to high

boron conditions between G61450 and Halberd.

Backcross reciprocal monosomic analysis indicated that there was chromosomal

variation between the different va¡ieties (Chapter 7). The significant increase in root lengfh

resulting from the presence of ch¡omosome 7B and three homologues of chromosome 4A

relative to Condor indicated that chromosome 7B of Halberd and 4A of Benventuto Inc4

G61450 and India 126 wercresponsible for tolerance to boron. The significant difference
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between the mean root length of the critical family for cb¡omosome 4A from India 126 and

that of the fanily for ch¡omosome 4A from Condor was less than expected, indicating that

there was probably another cb¡omosome also responsible for tolerance to boron in India

126 (Chapter 7). The results for the chromosomes 4A and 78 of G61450 and Halberd

(Chapter 7) were consistent with the monosomic analysis experiment (Chapter 6).

The finding that ch¡omosomes 4A of Benventrto Inc4 G61450 and India 126 and

7B of Hatberd were the locations of genes contolling boron tolerance will facilitate ñ¡rther

studies. The establishment of linkage maps between the genes controlling boron tolerance

and molecular markers, which could be used for indirect selection for tolerance to boron in a

breeding program, may not be necessary because the selection can be conducted rapidly

and accurately using the filter paper technique. Actually isolating the genes for boron

tolerance might be valuable as there will be a continuing need to select for adaptation to

varying levels of soil boron. This may facilitate more direct methods of genetic

manipulation (e.g. transformation if the techniques can be refined) of these genes. An

interesting topic for further study would be to find out the location of the exûa genes in

India 126 arrd this could be attempted by F, monosomic analysis using the Condor

selection aneuploid stocks.

The relationship between an Australian wheat variety BT-Schomburgþ with the

BoI gene from Halberd, and four tolerant exotic varieties was studied. The F3 derived

families from the crosses between BT-schomburgk and the four varieties (Chapter 8) were

tested for tolerance to boron using the filter paper technique at B100. The result indicated

that there was a single gene difference between BT-Schomburgk and AUS 4903.

Transgressive segregation was observed from the F3 derived populations of (BT-

Schomburgft x Turkey 1473) and (BT-schomburgk x Klein Granador), indicating that at

least two genes controlled tolerance to boron between BT-Schomburgk and Turkey 1473

and Klein Granador. The observed variance with India 126 was similar to those of @T-

Schomburgk x Turkey 1473) and (BT-schomburgk x Klein Granador) in which the

transgressive segregation was observe{ again indicating the possibility of rwo genes being

responsible for tolerance to boron between BT-Schomburgk and India 126.
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The information in this thesis on the genetic conüol of boron tolerance in exotic

lines, relative to the most tolerant of the Australian varieties, enables a strategy to be

devised to intoduce a greater level of toleraûce into AusEalian varieties. Backcrossing will

be required becar¡se the sources of tolerance a¡e all poorly adapted to Australia. The ease of

handling a single gene as compared to two genes in backcrossing programs needs to be

considered.

To breed very tolerant lines by çenþining genes from BT-Schombr.ugk and India

126 needs at least two generations of selfing after backcrossing to produce the segregants

from which the very tolerant genotypes can be selected. A larger number of BC1F2 plants

would need to be screened to produce the homozygous tolerant genotypes because

approximatety only 1164 of the BC1F2 plants will be homozygous tolerant when two

genes are segregating, as opposed to 1/8 where only a single gene is segregating. The

tolerant lines could then be recrossed in the backcrossing program. On the other han4 a line

with only one gene controlling tolerance to boron can be used directly in a backcrossing

progmm. Thus, at least two generations fewer a¡e needed when a line with a single gene is

used as a sor¡rce of tolerance to boron.

Agronomic infonnation is required to indicate whether the very high levels of

tolerance are required in southern Austatia or if the level of tolerance of a variety such as

AUS 4903 would be adequate. At B100, AUS 4903 had the mean root length of I1.3 cm in

comparison to 6.4 cm of BT-schomburgk (Table 4.6). Yield reduction in the areas of high

concentrations of boron would indicate the levels of boron toxicity in those a¡eas and

whether or not the tolerant va¡ieties shoutd be bred. Double haploid lines which have

similar genetic background but differ in boron tolerance from the crosses between BT-

Schomburgk and the other tolerant va¡ieties such as G6l450,India 126, Turkey 1473 and

Klein Granador, would be suitable experimental materials for field trials conducted across

the regions of high boron soil. These would indicate the yield advantage of the va¡ious

levels of tolerance. The double haploid lines could also be used for physiological str¡dies on

mechanisms of tolerance to boron.
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Chi-square analysis and the comparison between the observed variances of the

individual populations and the variances expected for alternative genetic models were used

to estimate the nr¡mber of genes contolling tolerance to boron in segregating populations

(Chapter 5 and Chapter 8). From the results it is obvious that the two methods should be

used together for the estimation of the number of genes. When the estimated number of

genes was the same between the two methods, it increased the confidence that the estimate

was correct. However, when the two methods had conflicting answers, ttre data of the

individual populations (such as individr¡al plants \ilithin a family) needed to be investigated

tbrough the comparison of root lengths of individr¡al plants within each families and those

of the parents (ChaPters 5 and 6).

In conclusion, the results of this thesis indicate that the¡e are several major genes

which act additively to control tolerance to boron between wheat va¡ieties. Tolerant

va¡ieties can be bred using a backcrossing method or by selection of transgressive

segregants from crosses between two parents with at least two different genes controlling

boron tolerance. These results can be applied to the other agricultural crops such as barley,

peas and medics where yields are also effected by the higb level of boron in soil. Breeding

for boron tolerance will improve the adaptation of many crops to southern Aushalia.
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