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To my mother,



A'bstract. ’ ’

o The-Canadian Spring wheat collection was asséssed for alun.ximim‘ (Aly tolerance  °

using hcmatoxyhn ratings and relative root length indices (with-and without,Al). Relative
root lengths indicated a continuous distribution of phenotypes HY 320 ahd Vern lnanked
as highly tolerant and were both derived from uﬁ)orted germplasm. Thatcher an most of

its derivatives were moderately sensitive to sensitive in reaction to Al. Incorporauan of the °

Al tolerance trait in Canadian wheat has depended upon 1mported germplasm Hematoxylin

ratings gave sifnilar tolerance classifications, with some differences. »

o
. Root biomass for 20 cultivars screened-in Al toxic soil in greenhouse pot tests was

correlated with the pélative root length index developed from the nutrient solution studies.
' Préliminary whol¢ root Al assays suggested that Al tolerant cultivars accumulated more Al

ona whole root bdgis than mtolerant cultivars. *

- changes in mixed M so uuons Aluminum tolerant cultivars (Alondra 's ', Atlas 66, PF

7748 and Kenya Korﬁgom) alleviated Al toxicity by gapidly increasing pH, but sensitive

‘cultivars (Garnet, Park and Thatcher) mamtamed lower root microzone pH values. Cultivar
vtolerance was correlated with the rate of the pH increase, the final pH and the negative log

of the mean H¥ concentration. -
' . A six parental half dxallel crossing scheme was designed to mvesngate the genetics

of Al tolerance. Root’ length evaluation of Fy and backcross lmes gevealed monogenic -

inheritance with dominance of the tolerant phenotypes in some crosses. Varymg degrees of

dominance in the F; suggested that multlple alleles for the same locus were responsible for ‘

much of the observed tolerance. Root regrowth cvaluatlon of the 15 F3 lines detected
monogemc and digenic inheritance thh amblduectlonal tolerance classes within some

families. The root regrowth tec 1quc appeared sensmve to heterogeneity withini crosses A

" but inheritance data may be obsc by this’ tcchmque ' g

St
e \\
~-

Elght whea)\ cultivars were charactenzed for Al tolerance and plant—induce_d pf—l )
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/" CHAPTER I S
Introduction ‘ '

- Soil aeidity is a majd¥ factor limiting crop growth on some Canadian. soils. In
Alberta and the Peace River region of British. Columbla there are an estimated 328, OOO ha,
_ohtrongly ac1d (pH<5 5). cultlvated soﬂs (Penney et al. 1977) Penny et al. (1977/) also
esumated that there was an additional 1 ,600,000 ha of cultwated soil irl the pH range, of 5.6
10 6.0.In many acid mineral soils Al | toxxcrty becomes deletenous to cereal growth as pH ’
- values decline belsw 5.0 (Foy 1974). Aluminum levels as high as 7. 4 me 100g-l soﬂ have
been recorded in the Peace River region (Penney et al. 1977). The contmual use of so11
acxd1fy1ng fertilizers (Hoyt and Henning :1981; ‘McCoy and Webster 1977; Mahler et al.
1985; Perl and Webster 1982) and the déposmon of acid rain will enlarge the problem Soil. :
amehoratxon with lime orfertilizer is not always feasible or econonti¢al, ; .
\ Fortunately wheat cultivars are known to display conmderable differential alummum :
» “tolerance and the trait is hentable Incorporauon of algmmum tolerance into Canadlan
o g wheats has. not yet been consciously, implemented. The puxpose of the work reported here
- was to screen the Canadian spring wheats for alummum tolerance to establish a fe&erence .
set of Canadxan cultivars of known differential reacnon to ‘aluminum, and. to compare
screemng n}rethodologres in nutrient solutton -and'in alummum toxic Silver Valley s011 The
- genetic control of aluminum tolerance was also mvestlgated.
.. | \,
A. L_itel_'ature ,Revie’W : RN
<, 1 Evolutton of Metal Tolerance LT . .
_ The abxlxty of a plant species to colonize metal contamrnated soxl requrres the |
possessxon or evolunon of an adaptive tolerance mechanism (Antonovrcs et al. 1971

| MacNatr 1981). Tolerant gexmplasm may already exist within the populatton or tolerance -

‘may be dependent upon adapgive mutations (Antonovrcs et al. 1971) Selection for an
adaptive gene at low frequency within an outbreedmg species can theoreucahy change a

' metal intolerant populatlon to a tolerant population wrthm one generauon (MacNair 1981)

- Continued selecuon for tpinor genes w1th1n the vame populanon would gradually mcrease SR

the toleragce ex ressed i in each generatxon producing muluple shifts in gene ﬁ'equency e

- (MacNair 19§'l) uet al (1975) demonstrated that qp copper polluted sites the 70 year '
: ‘old lawns of Agrosns stolomfera were charactenzed by tolerant genotypes and the young 5.



* . L . ¢ . : .

~wyear old lawns also showed considerable tolerance. Strong selectron pressuxe 1nduced by
the stressful environment promoted evolution of tolerant/éenotypes (Wu etal. 1975)

*The genetics of metal tolerance in self-pollinaty 4 plants with htgher levels of ploidy ‘ |
is more complrcated An inbreeding species.c ing a metal tolera“ gene approachcs |
homozygosis by the rapld fixation of alleles. All ic mteractlon is eventually abandoned
but duplications and nonallelic interactions beco'fne 1mportant sources of geneuc variability
(McKey 1964). Increasmg levels of ploidy wtfl augment gene duphcauons, and disomy in

- a self-pollmated polyploxd (e g. wheat) will, troduce another form of heterozygosrty vis-a-
vis. the formatlon of homeologous log Homeologous tolerance alleles: may mutate
repeatedly and- these homomeric allele; are capable of dxversﬁled function and interaction

SR (McKey 1964) The -evolution of tqlerance in an autogamous disoniic polyplord is also

. dependent oni selection pressure (e.g ‘man-made toxic waste spills or mherent soil toxicities
; as a result of gradual soil degradatton) The geneuc system governing tolerance may be
more complex due to genome dupl1cauons R v r
The fitness of a partacular tolerant genotype may be reduced on noncontarrunated

soil as’ is the case in copper tolerant Agrostis tenuis (MacMair 198 ). Relatlvely little is
known about the fitness/of metal tolerant crop plants on noncontamipated soil (Foy 1983),
‘but aluminum has been reported to stimulate growth in specific génotypes of ltea, wheat,

rice and corn. (Foy et al 1978) NS | .

'2 Dlstrlbutl ' of Aluminum in Sml
- Aluminum is the third most abundant element in the soil next to oxygen and silicon.
: Alurmnum occurs in the aluminosilicate minerals, mtergrade minerals, sesquioxides, and
. can be plexed with organic matter (McLean 1976; Hargrove and Thomas 1982) In the
layer si cates, alummum convemently fits into the octahedral pores forrmng 8’ six- fold
' _coordmauon wrth ogrygen Aluminum is sometlmes substituted for silicon in the tetrahedral”
' units forming a four-fqld coordination with oxygen Oxides of i ifonr and aluminum are \
usually Yhe end result of intensive weathenng and are relatively - stable Jackson (1963)’ .
postulated that in igneous rocks aluminum shares an oxygen bond with silicon in a four-
fold coordination® framework -structure (as in the feldspars) ‘As weathenng proceeds
. aluminum gradually acquires a six-fold coordination. as in the layer silicates such as
kaoljnite and montmonllomte Hence with leachmg, feldspars .gradually hydrolyze to
montmonllomtes which if severcly leached will eventually hydrolyze to glbbsxte complexes
(Jackson 1963). ' “ o :
Schmtzer and Skinner (1963) demonstrated that humic and fulvrc acrds have‘
carboxyl groups which bind tmhydroxy 1ons of iron and alummum, and the ayerage




A

A

co}qpositiOn of alu'tninum-hydr_oxy complexes were AI(OH)2+. These complexes induced
" much weaker acid behavior was expected for a pure carboxyl system. '

- Aluminum is gradtgsfA released upon intensive leaching and weathering. Organic
matter decomposmon and the producnon of organic, acids, fertilizer amendents and the
deposition (wet and dry) of acids also increase acidific#tion. Depositions of cations displace

~adsorbed aluminum causmg the aluminum to hydrélyze and sequentially release its protons
which in turn increases acidity (Tisdale and Nelson 1975). Sulfides within the soil can
oxidize to sulphate and produce ac1d which also increases exchangeable aluminum.

'I'he chemxstry of soil aluminum below pHS5.0is s1rm1ar to pure solutxon chermgtry
Alummum exhlbxts both covalent agd ionic character in bondmg (McLean 1976) and can
" bind to, oxygen in' a w1de array of functtonal groups. Once alutmnum is dlsplaced from the ‘

3. Chemlstry of Sonl Alummum 1

‘Abre‘\”zi', ‘ ;and dre exchan%able (Bohn et al. 1979; Barnhlsel and Bertsch 1982). Alum:mum =
hexahydrate acts asa weak acid with a dissociation constant of 1.08 x 103 (McLean 1976)
and it sequenually lqses protons as the pH of the system increases. The hydroly51s :
- products can form monomers polyrners or c0polymers of i iron and alurnmum (Rengasamy
" and Oades 1978). L = ‘

“In mineral soils Al predommates at pH<4 7 and Al(OH)2 predommates between
pH 4.7 and 6.5 (McLe A976). Gibbsite (AI(OH)3 precipitates throughout a w1de ange
in pH once the solutton is saturated and the solubility product is exceeded (Bohn etal.
1979). Soluble Al is minimal between pH 6.5 - 8.0; AI(OH)4- is soluble above pH 8, but
due to its neganve charge is repelled from colloidal surfaces and does not significantly
contribute to adsorptlon (McLean 19?5 :

Hydroxy-Al species (notably Al(OH)2+ and Al(OH)z’f) polymerize at pH 4 7 -6.5
and form coatings on tmneral surfaces or they form continuous or discontinuous islands on

.the mterlayers of sﬂlcate mlnerals (Bohn et al. 1979; McLean 1976). These polymerized -
species are only partially neutralized and lower the net negative charge on the soil colloid L
(exchange sites are blocked and the cation exchange capacity (CEC) is lowered) (McLean -

1976). In organic soils, the AI(OH)2*adsorbed is not readily exchangeable and exchange o
sites -are blocked until an increase in pH precipitates gibbsite (Hargrove and Thomas 1982).
These prmcxples are 1mportant aspects of the pH dependent charge in both mineral and

’
-
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organic soils. Alummum and iron oxides and hydroxys can specifically adsorb phonhate
through hgand exchange rendering phosphate unavailable for plant use. : '

In many agricultural soils Al toxicity is particularly severe below pH 5 0, howevcr,
soil composition (organic matter, type of clay, mineral status) also influence the sevcnty of
Al toxicity in crop plants (Foy.1983). Kaolinitic soils at pH 5.5 may show severe Al
toxicity (Foy 1983) due to pH depcndent charge, Mmeral status in soils (Ca Mg ratios,

" N,P) will also’ mﬂuence toxxcrty since some species and/ culnvars are more efficient nutrient
q,tlhzers (Foy 1983 Gerloff 1976). Hue et al. (1986) determined that short-chamed |
carboxyhc acids present in the soil acts as Al detoxxﬁers Citric, oxahc, and tartaric acids .
were consrdered strong detoxifiers and detoxification was related to the relative posmons of

: COOH/OI-I groups on the main C chain whtch favored stable 5 or 6 bond ring structures |

with AL, & - X

Smce there is no direct relatxonshlp between pH, extractable. Al and plant toxicity

for all soils severdl researchers have proposed using Al activities rather than Al °

concentrations as a measure of toxrcrt)f (Adams 1971; Sposrto 1984) Long and Foy (1970)

have suggested usmg plant genotypes as indicators of Al toxicity. Several regional
laboratories and research centers have conducted field trials to determine which Al assay
procedures are best indicative of crmcal Al levels'and crop rcsponses to lime (Macleod and

Jackson 1967; Hoyt and Nyborg 1971 Reeve and Sumner 1971; Sheppard and Floate
1984) @ 4 N
Tradmonally at pH values below 5.0 monomenc Al was thought to be the dominant
Al species toxic to most plants. Kemdge (1967) and Wagatsuma and Ezoe (1985a) have
presented experimental results indicating that root elongatron in wheat was more inhibited at
pH 4.5 than at pH 4.0 in the presence of Al. Hydroxy-Al species polymcnze at higher pH
than at lowér pH. Bartlett and Riego (f972i) demonstrated that-a lmM hydroxy-Al -
polymer solution at near neutrality was more harmful to maize seedlmgs in companson '
wrth the control. In contrast, ‘Blamey et al. (1983) indicated that monomer Al ions were'
more toxic to soybean root elongation and that the toxicity ‘was alleviated with the addition
of OH- which mduced hydroxy-Al polymers to form. Growth was closely relatcd to the
sum of the monomeric, Al species (Alva et al 1986) leferences in Al analyucal procedures '
have been ascribed as the cause of these dlscrepanmes Differential crop species' reaction to
deferences in Al specxa_uon complicates the matter (Wagatsuma and E.;oe 1985a).

i.

o
4. The Genetlcs of Aluminurm Toleranbe m Plants

The genctws of metal tolerance i in crop plants is important in developing breedmg
" strategies to transfer a trait from donor to recipient lines. If the trait is controlled by a single

- . a . N . R
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gene with dlscrete effects it can be readxly transferred into recrplent culuvars_by
backcrossing. If the trait is controlled by polygenes continudl selection after the F
generation is necessary to ensure selection of tolerant phenotypes. L4

Qualitative examination of F, and F3 segregatxon patterns from diallel crqsses of
tolerant and sensitive barley cultivars mdxcated that Al tolerance was controlled by a single
domirant gene (Rexd 1969). Maternal effects were not .implicated in the reciprocal F;
populauon Rhue et al. (1978) qualltauvely evaluated F and bdekcross segreganon patterns
in malze crosses and determined that-Al tolerance was controlled at a single locus with
muluple alleles. Cytoplasmxc effects were not implicated in the inheritance. Magnavaca
(1982) concluded that Al t_olerance determined by root lengthin another series of Americar
inbreds was quantitative, but that the great differences in Al tolerance between the American
and Brazrhan lines did not preclude major gene control for the additional tolerance. _

e Camargo (l984b) determined that the broad sense hentabﬂrty estimates for Al
tolerance were iugh in F2 populauons of sensitive X tolerant rice crosses. Partial dominance.
- was observed for. N' sensmvrty and no maternal effects were observed in this study.
Hanson and Kamprath (1979) determmed that Al tolerance in soybean was hentable 0.67)
with responses in each cycle of selecnon The response to:selection was indicative of
‘ quantitative inheritance. In F; hybrids of sorghum the geneuc control of Al tolerance
determined by root length appeared to. be complex (Furlam 1981) Vﬁsua.l exarmnauon of
the Al pretreated roots tended to give somewhat contradictory results.

A review of the genetics of Al tolerance in wheat is given in Chapter 5.

5. Symptoms of Aluminum Toxicity .

Symptoms of Al toxic‘it_y" are not always easily discernable (Foy 1983) but the
symptoms often appear as P or Ca2+ deficiencies. The roots'are characteristically"discolored
and swollen with undeveloped laterals, and cell division and root elongation is inhibited
~ (Clarkson 1965). Aluminum induced drought may be a consequence of the decreased
, surface area in root absorption (Foy 1983). Ohki’ (1986) determined that Al toxicrty in

wheat decreased photosynthesis, chlorophyll concentration and transpiration.
On the cellular level, Al injury resulted in the progressive vacuoalation of the root
cap cells and dlsorgamzauon of the cytbplasm (Bennet ez al. 1985b). Plasma membrane

" structure and function may become 1mpa1red (Foy 1983). Prolonged Al stress caused

altergtions in the endoplasmic reticulum, and the migration of the Gol gl apparatus secretory
vesicles (Bennet et al. 198Sb) Aluminum inhibited DNA synthesxs ina sensmve wheat
cultivar (Wallace and Anderson 1984), and Al was strongly bound to nuclexc ac1ds in tea
" plants (Matsumoto et al. 1976).



" 6. Physnology of Aluminum Tolerance S
- MacNair (1981) speculated that metal tolerance contmlled by a major gene would ‘
likely involve internal sequestering of the-metal within the plant (cellplar accumulation or
exclusion, cellular transport and direct detox1ﬁcauon within the cells). Polygenic control of
tolerance would likely implicate more complex physiological and biochemical processes or

" the evolution of Al tolerant enzymes. Al tolerance may also be related to plant nutrition.

: a. Plant thrltlon

Differences in plant nutrition (amehoratlng effects of P and Ca, N preference; rate

‘of nutrient uptake) and, metabolism have been m/tphcated as mechanisms conferring

tolerance in many plant species (Foy 1983). Tolerance to Al has been related to the plant's |,

ability to utilize P in the presence of AL Alummum tends to coprecipitate P and accumulate
within the roots of many sensitive species (Foy etal. 1978). A wide array of blologtcally

*“active forms of P have been reported to be decreased in the presence of Al in some speci¥
(Foy 1983). Alurginum increased P absorption in barley (Clarkson '1966), soybean (Sartain |

and Kamprath 1977) and in wheat (Foy et al. 1974) but Al generally decreased the P

transported to plant tops (Clarkson 1966; Foy ez al. 1974). _

- Aluminum generally decreases Ca?+ uptake and transport in most crop specxes (Foy

- etal. 1974; Clarkson and Sanderson 1971 Mugwu‘a et al. 1980), and Ca2+ is known to
__ have an amehoratmg effect on plant growth (Wagatsuma 1983b; Furlani and Clark 1981

Aniol 1983 ue 1979) Alvaezal. (1986) reported that mcreased Ca2+’ concentratlons had

. beneficial effects on root slongation in the presence of A’l m alfalfa, clover, soybean and

sunflower. The beneficial effect was postulateq;to bedue to ameh?)ranon of Al induced
Ca2+ deficie cy. e f,;,.:‘ff :" _—

Aluminum treatments have been shown to decrease Mg2+ and K+ accumulauons in
‘rye, wheat and triticale (Mugwu'a etal. 1980), in com (Clark 1977) and in snapbean (Foy
1972). Ma nesium has also been shown to protect plant growth from Al injury (Aniol
1983). Mi eral mteractlons with iron and silicon have also been reported in plants (Foy

- 1983).

.

rev1ew of the N preference hypothesxs and assoc1atedp1ant—mduced pH chan ges
o i given/in Chapter 3. - ‘

b. Internal Sequeste,rmg .
Bennet etal. (1985'21) demonstrated that the penpheral célls of the root cap were the
prin ary sxtes of Al uptake and they proposed that Al uptake was a funeuon of the acxd

o S
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mucopolysacchandes in the cells involved. Huett and Menary (1979) used energy
dxspersxvc x-ray analysis and found Al distributed uniformly across the roots of three -
‘different species, and they concluded that Al entered the meristematic cells and the
'symplasm from the cortex (nonmetabolic uptake). Wagatsuma (1983Db) speculated that Al is
immobilized in the pectic substances of the cell wall. When the cell wall becomes saturated

" with Al, the Al diffuses into the cells and binds with the various nucleic acids and
phosphate compounds in the cell. ‘ -
' . ‘The plasma membrane has also been xmphcated asa bamer to Al entry into the cell’\
'(Wagatsuma 1983a). Aluminum has been demonstrated to decreases membrane fluidity in
Thermoplasma acidophilium (Viestra and Haug 1978), and Al appeared to change
) membrane structure in corn (S uhayda and Haug 1986)
Organic acids have also been 1mphcated as internal detoxifying agents. Bartlett and
Riego (197&a) demonstrated that the toxicity of Al was»allevmted by citrate, EDTA, and soil
organic matter. Snhayda and Haug (1986) determihed that an Al tolerant corn hybrid
maintained higher levels of malic and trans-aconitic acid under Al stress than a sensitive
* hybrid. The intolerant cultivar was proposed to have lower drganic acid levels because of
Al induced injury and leakage of metabolites out of the rbot Haug and Caldwell.(1984)
speculated that orgamc acids facﬂxtate Al chelation to prevent Al induced i macuvauon of
, - calmodulin. -

c. Plant Biochemical and Physiological Processes

Various researchers have reported either mcreasmg or decreasing activities of
membrane bound ATPases in the presence of Al (Foy er al. 1978; Matsumoto and Yamaya
1986). In peas, membran assocxated Mg-dependent ATPase was cornpctmvely inhibited
by Al with respect to ATP, and Matsumoto and Yamaya (1986) suggcsted that Al bound to
ATP causing a decrease in available ATP. . o=

-The evolution of metal tolerant enzymes have been postulated as blochermcal
tolerance mechanisms. Acid phosphatases have been.»lmphcated as enzymes enabling Al
stressed plants to extract P from organic sources, but acid phosphatase activity in three
ecotypes of Agrostis tenuts decreased under stress. Addmonal research is required to -
identify whether other enzymcs may relieve metal stress



CHAPTER II ,
Hemgtoxylin Ratings  and Relative Length Indices-

A Introductlon

. Hematoxyhn is the colorless form of the dye hematin (Jcnsen 1962) and it is used
extensively in botanical tmcrotechmque An aqueous soluuon of hematoxylin rhust be
oxidized to hematein by exposure to air before it can stain tissue, and the hematein will only

bind to the tissue after the ussuc has been mordanted by fcmc ions (Jensen 1962). These

ferric ions attach to the negatlvc binding sites in the tissue .8., chromosomes, certain
proteins) and then the metals chelate the dye (Jensen 1962). .
McLean and Gilbert (1927) boiled tissue specimegs in saturated solutions of

- ammonium carbonate with hematoxylin to demonstrat'c that Al accumulated in the root

cortex of s sensmve crop species. Wright and Donahue (1952) used Al prctrcatmcnts to
mordant barley tissue and- hematoxylin stain to indicatg the Al dlstnbuuon within the ’

cortical root regions. Hennmg (1975) used hematoxylin:to determine the course of entry of
Al into wheat root tips and the cellular disorganization rcsulgungfﬁ_'om the Al stress.
Polle ez al. (1978) developed a noridestructive hernatoxylin“method for. visually

estimating tolerance to Al"in wheat. This scrécning method detects differences in Al -

accumulation in the root tip, and the root tips are visually assessed for stainability.
Sensitive cultivars are thoughtto accumulate more Al in the root tips-(Wallace et al. 1982).

Aluminum épparently n;zdams tissue and the hematein will bind to the Al. Tolerance -

ratings are based on the amount and intensity of the. stain. Polle et al. (1978) reported that
tolerance ratings given by the hematoxylin method were well correlated with Al tolci'ancc

ratings determined by root elongation and field trials. Wallace et al. (1982) reported that the

hematoxylin method/could distinguish between Al sensitive and tolerant genotypes (as

verified by cessation of root elongation) after only two hours of Al pretreatment, whereas |

quantitative analyses of whole roots did not discern differences in Al accumulation. 9
Quantltauvc methods for cvaluatmg differential genotype tolcrancc to Al have

focussed on root dry matter production or root lcngth comparing control and Al levels. A’

relauve tolerance index (root biomass in Al /root blomass in control) has been utxhzcd by

many researchers (Taylor and Foy 1985a; Mugwira et al. 1981). This mdcx corrects for .

genotypic dlfferences in gerrmnahon and growth rate. The relative growth mdcx csscntlally
expresses all of the growth in the treatment as a proportion of the growth in the control.

“"/ -
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“ The great majority of commercially grown Canadxan spring wheats have never been
¢haracterized for Al tolerance. The few published rcportcd in the literature whigh have
characterized Canadian cultivars included entries that are either of historical interest only
(Anonymous 1967), are cconomxcally ummportant, or the varieties have been cla551ﬁed for
tolerance to soil acidity per se (Mesdag and Sloolmakcr 1969)
~ The objectives of these experiments were to

.

la.  Conduct a preliminary screening of the Canadian spring wheats
using the hematoxylin procedure (Polle et al. 1978).

b. Determine whether age differences in thg experimental material (4
days vs 10 days) affected the hematoxylin ratings.

c. Determine whether the hématoxylin ratings were well correlated with
tolerance ratings dé;'ivcd from root measurements.

2. Design &'screening system capaible of detccting differential tolerance
in a large number of segregating progenies for use in later genctlc
‘studxcs

. B. Materials and Methods
Experlment la’

Sixty-six sprmg wheat culuvars encompassing all of the licen8ed, approved and
historical wheats previously grown in Canada were screened for Al tolerance in nutrient
solution. In addition, ten 1mported cultivars with dlvcrsc origins were also mcrdcd as
reference cultivars representing a rangc of Al prekusly reported in_ the literaturg. (Narnwﬂa
1985; Rajaram er al. 1981; CIMMYT 1983; Pollc et al. 1978; Nychiro and Bnggs 1985,
Taylor and Foy 1985a). The pcdlgrees and ongms of the cultivars are glven in Appendix

Table 1. : .
The nutrient culture system was similar to Polle ez al. (1978) On day one of the
experiment the seed was pregerminated in the dark at room temperature (22 + 2°C) for 24
hours. The pregerminated seed was fhen sown crease down on the plastic mesh bottoms of

styrofoam planting trays with holes dilled to accommodate individual cultivars.
Two seedling trays per 10 1 tub of solution were used to test age differences in the

- hematoxylin procedure. The first batch of pregerrmnatcd seeds (designated as age 1) were

sown entirely to one tray. Seedling trays wcre floated in tubs with distilled water for 24
hours and then transferred to 10 1 of nutrient soluuon (Polle et al.et al' 1978). The nutrient

" solution was changéd daily.
On day six, the second batch of designated as age 2) were pregerminated in
the dark at 22+ 2°C fo inated seed was sown into seedling trays .



1 S . i | 10
and floated on 10 1 of distilled water for 24 hours. On.the eighth day, both seedling trays .
were transfmed to the same treatment tubs supplxed with nutrient solution for another 30

|2

cooRo s
Br=traad

18, 0%6 0.72, 1.40

1 Nutrient solution after Polle ez al. (1978). . .
2 pH was initially adjusted to 4.0 with 0.25 M HCL. (

Since the seedling tray floated directly on the solution, gaps between the seedling
tray and the solution allowed dust to enter the system. Plastic skcwcrs were pierced into the
styrofoam trays to create a support for a canopy of clear polycthylenc which hung loosely
over the trays. This prevented dust entry. The canopy was removed for the duration of the
~ Al treatments (Polle et al. 1978). '

Root washing and hematoxylin staining were performed according to Polle et al.
(1978), however the hematoxylin staining period was reduced to ten minutes duration. The
seedlings were fixed in 9 ethanol and stored in the refrigerator until assessments for root
staifiing could be peﬂoﬁj;. ‘

~ The seedlings were grown in a growth chamber at 22°C. Irradiance was prowdcd
by 26 fluorescent (1500 mA) and 45 (40 W) incandescent lamps, and it-measured 322
-tmol m2s§€-1 1.5 m from the light source. A 16 hour light cycle was used during the
initial grdwth period and continuous lighting was provided during the Al treatments.
Relati humldlty was maintained at 60%. No atjempt was made to control the solunon
ternperature which averaged 22 + 2°C.

Experiment 1b . ‘ o

A separate experiment was designed to cluc.idatc genotype x Al interaction, as
measured by root length. The seventy-seven spring wheat cultivars (mostly the same as
those in experiment 1a) were screened fdr Al tolerance in nutrient solution for 10 days.

t
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The nutrient cultusf¢*¥s similar to that described in experiment 1a, with th'c

following modifications. Polystyrene planting trays were cut to fit the treatment tubs at the

* desired volumetric level so t,hat the seedling trays were not floating on the nutrient solution.
The pregerminated seeds wc;e sown into the seedling trays and the tra:/s were positioned
over 8 | of nutrient solution to grow on for4 days. The nutrient solution was replaced on
the third g{ay, but refilled to volume dmly The Al treatments (O, 360p.M) were apphed on
the fifth day of the expenmem.

The seedlings were grown in a growth chamber at 22°C. Irradience was provided

- by 26 ﬂuorescent (1500mA) and 30 (40W) incandescent lamps at it measured 348 pmol m-
2'sec-! 1.0m from the}light source. A continuous light cycle was used for the duration of
the txperiment. Relative humidity was not controlled but averaged 68%. After 10 days of -

. growth, the seedlings were preserved in 95% ethanol until the length variables could be
determined. : . o

N . X ) '
C. Plant Measurements and Calculated Variables~
, Experiments la and 1b

Assessments for hematoxyhn root staining were similar to Takagi er al.(1983) with
the following modifications. Primary seminal roots from every plant were assessed for
staining. Seedling that did not stain apically scored "3" for every Al treatment. Primary
seminal root tip§ that stained continuously around the root cap (greater than 4mm from the
root apex) scored "1". Intermediate and indistinct banding of root tips scored "2".

Age 2 seedlings were also measured for total seminal root length (RL), longest
seminal root (LSR) and shoot length(SL), and root and shoot length indices (RLI, SLI and
RLI; respectively) similar to the root tolerance index utilized by Foy and co-workers
(Mugwira et al. 1981; Taylor and Foy 1985a). were developed by dividing the length
variables at each treatment level by he carresponding control values (+Al/-Al). |

 In expe!Z:ent 1b, only the root and shoot length variables were studied. Seed
weight was determined from an a\ferage of 100 randomly selected seeds from each of the
77 cultivars, ' . S

i

D, Statistichl Desiyn and Analyses ' :
\/‘\ . » . R
. xperlment oy T

1 The treatments in the hematoxyhn staining procedure were 5 Al levels (0, 180 360,
720 and 1400uM), 2 ages and 76 wheat genotypes. 'I‘he experxmental des1gn was a split-
split plot with Al levels allocated as subplots and gcn\etypes allocated to subsubplots.
Genotypes were scored on the average of 4 plants‘per subsubplot Due to space and labor.



12
requirements the three replications were perfolned over time. The analysis of variance was
performed for a fixed effects model.

The raw data for hematoxylin score indicated that the distribution of the rankings
was not normal but tended to a Poisson where the variance is equal to the mean. The
analysis of variance wa*hercforc performed on the square root transformatxon of _
hematoxylin scores. Adjustments Vscore+0.5 were made for an abundance of small values
(Steele and Torrie 1980). The transformed dxsquutlon was 1mproved somewhat and the’
correlationm RLI also improved, therefore the transformed values were used in the
analyses of variance. ' . .

Analyses of variance for all of the measured and calculated variables from age 2
seedlings was performeed for a fixed effects model of a split-plot with Al levels as whole
piots and genotypes randomly allocated to subplots. The sum of squares for Al levels was..
partitioned into its linear, quadratic and cubic sums\of squares for the relative root and.
shoot.length variables. ’

Multiple comparisons using Duncan's Multxplc Range Tcst were performed on all
main effect variables of interest (mcan comparisons for transformed hematoxylin score
(Table 2.4) were presented on the ongmal scale to cmphasuc the differences). LSD values
- were calculated and used in compansons between genotype treatment means at the same Al
level. Slmplc Pearson correlations for the vafiables studied were performed.

Experiment .1b

The treatments mcluded 2 Al levels (0, 360 pM) and 77 wheat culnvars The
experimental design was a 77 x 2 factorial arrangement of treatments arrangcd in
randomized complete blocks. There were 4 replications perfbrmcd over time. The variables
measured were RL, SL and LSR. The analyses of variance was performed for a fixed
effects model calculated from the mean of 4 plants per plot.

The calculated variables RLI, SLI, and LSRI were used in a one-way analysis of
variance and multiple comparisons with Duncan's Multiple Range Test were used to
compare genotype tolerance ratings. Simple effect interactions and simple Pearson
correlations were calculated as outlined in Experiment 1a. Spearman rank correlations
between the tolerance values of Expcrimcnt la and 1b were used to determine competence

in ratings. Missing plot data was calculated by the method outlined by Gomez and Gomez
(1984). )
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E. Results and Discussion

Experiment la

i. Hematoxylin Ratings: . L 1

Sixty-six Canadianhspring wheat cultivars and ten imported cultivars were screeiftd
in nutrient solution at 5 Al levels-and at 2 ages. The analysis of variance for hematoxylin
score (Table 2.2a) indicated the existence of significant genotypic differences, significant
age x Al levels, and significant Al level x genoiype interactions. The results of the
hematoxylin staining were in general agreement with other published works for the same
reference cultivars (Polle ef al. 1978; CIMMYT 1983). Treatment means averaged over
replicates and ages for 6 representative cultivars are presented in Table<2.3.

L4

Table 2.2a Analysis of variance for the square root transformation of hematoxylin score
for two ages of 76 wheat cultwars grown in'nutrient solution at 5 Al levels.

(expcnment 1a)
| . Mean Squares
Source of Variation df .  Hematoxylin Score
Replications ' . 2 0.049
Al levels 4 28.351 **
Error a 8 - 0.039
Age 1 0.137 ns
Age x Al levels 4 0.078 *
Error b ‘ - 10 0.018
Cultivars 75 0.258 **
Cultivars x Al levels . 300 0.099 ** !
Cultivars x Age 75 0.009 ns
Cultivars x Age x Al levels 300 (\ 0.010 ns —
Errorc 1500 - 0.009
Total -~ — 22719 '
- CV(%) . 6.4

* Statistical significance at @=0.05
** Statistical significance at a=0.01
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Table 2.2h Analysis of variance for the squgre root transformation of hematoxylin score
» . for 76 young wheat cultivars grown in nutrient solution at 5 Al levels.

Mean Squares

Source of Variation - df Score
Replications ‘ 2 0.010
Allevels - 4 14317
Error a 8 0.043

+  Cultivars - 15 0.139 »*=
Cultivars x Al levels 300  0.055 **
Error b 750 0.008
Total - 1139
CV (%) 6.3 J

W

* Statistical sigpificance at a=0.05
** Statistical significance at a=0.01

Table 2.3 Treatment means (averaged over replicates and ages) for transformed

hematoxylin score in experiment 1a. (Cultivars are representative of the 77
entries) ' : '

~ " Hematoxylin Score
Alpum 0 180 360 720 1400 ave.

Cultivar

Kenya Kongoni 1.87 1.85 1.81 1.40 122 1.63

Gamet 187 176 177 1.44 122 161
PF 7748 1.87 1.87 1.77 1.28 1.24 1.6l
Alondra's | 187 187 1.64 127 1.24 1.58
Thatcher 187 138 138 1.28 1.27 1.44
Park 1.87 124 141 133 137 1.43

LSDg.g 5 for.comparing cultivars at the same Al level is 0.11. The LSD value was derived
from the results of experiment 1a (See Table 2.2a). -
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The data for the age 2 seedhngs (young seedhngs) indicated'a’ heterogeneous response to
- differént; IeVels of Al (Table 2.2b). Increasmg levels of Al generally increased root tip. .
| stammg in most cultivars, however the less readﬂy stained cultivars tended to exhibit less[ ,'
~ root tip stammg, but more bandmg in the region of elongatton (greater than 4mm from the
-root apex) i . : '
In general the 1mported cultivars and the Canadtan cultivars denved from 1mported
germplasm (e.g., HY 320, Pitic 62 and Norquay) were most tolerant Alummum tolerant
_genotypes’ have likely. been bred on soils with toxic quantmes of Al (Foy et al. 1974
Mugw1ra et al. 198,1 Takagr et ‘al. 1983). Se‘lecnon for adapted cultivars may have™
umntenttonally anckndn'ectly mcorporated genes for Al tolerance on native soils (Foy et al
1974) Brazilian and CIMMYT derived lines exhibited a preponderance of tolerant genes
Most of thé economlcally important Canadlan \éheats ranked intermediate to low in
hematoxyhn scores (Table 2.4) at all Al levels. 'I'h1s mdlcated that selection for tolerance-
had not been an important adapuve character as determmed by the hematoxYlin test.
: -The srgmﬁcant age x. Al level interaction (Table 2.2a) indicated that the genotypes
responded d1fferently to varymg Al levels. The duecnon of the responsae\measured by root
t1p starmng was the same, and although the magnitude of the response varied between the 2
.ages at 560 KM of Al the différence’ was ummportant The averaging of simple effects over
ine main effects of age obscured srgmﬁcant age dxfferenees S

' The assessment of hematoxylm tolerance ratings was’ sunphfied at the young o
seedlmg stage. At this age, only the root tips stained, but at the mature seedhng stage less

\

~ of the root apex stamed “While the remainder of the root drscolored comphcatmg the

hematox)'hn assessment.
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Table 2.4 Means for hematbxylm score, root length index (RLI) and root length (RL) (
v : forage 2 seedhngs of 76 wheat cultivars (expcnment la) :

. Cultivar -+ - RL RL ' Hematoxylin
_ . . : - ‘ * Score
Redfife - 70.843 a 8.04 nfs  1.47 g
Chuckar 's' - 0.841 ab 8.39 k; 2.12 a-g
» Romany - ’ 0.806 abc =~ 10.57 be . 2.09 a-h
‘Preston 0.796 a-d 931 fm 140 j -, ‘
Alondra's’ °  0.781 ae = 11.02 ad 2.01 aj © R
Vernon 0.777 a-e -7.93 ofy 1.85 a4 S
Chester _ : 0.766 -a-f - 7.73, s-fz 153 e -
Opal 0.762 a-g 8.25 k-cy 1.88 a-j
Pioneer ‘ 0.757 a-h 7.25 x-g2  1.59 ¢
Renown 0.752 a- 946 ej . 1.587c
Cinquentenario - 0751 ai ~ 8.79 hr 233 a
Concorde 0746 ay 8.58 k-w 1.67 a-
Huspn o 0.745 a3 = 9.42 e 199 a-j
Iakc . 0.739 a5 = 8.03 nfz. 1.59 cj
Tantag: v 0.730 a-k  7.09 by-g2 1.47 g-j
~ iviiltor ‘ 0.726 a-l 7.41 w;f2 197 aj
EariRedFife ~ N0.723 am”  8.17 16, 1.75 a
Canuck . 0.722 a-m - 7.14 ay-g2 145 hj
Piic62 0720 am 941 em 213 ag )
Regent 0.720 a-m 8.51 k-x 1.49 g-
_ . Bananaquit 0.720 am - 9.17'g-0 2.20 a-d
Renfrew 0719 am 11.17 abe 2.18 a-e
Kenya Kongoni 0.713 am . 8.65 k'w  2.20 ad
~ Chinook 0712 aam  6.15 g2 142 j
. Reliance - 0.711 a-n  ~ 694 ex-go 142
Fielder =~ -0.710 a-n .6.85 fo-g2 232 ab
. Cascade 0.710 a-n 10.45 b-e 1.85 a-j
Reward - =~ 0.709 b-n 7.89 r-f 1.47 g-j
Springfield 0.709 b-o 7.56 r-f 1.73 aj
- Lee o «0.704 c-o. 7.57 u-fy 1.45 h-j
- Leader 3 0.700 co ~ 7.66 t-f2. 151 f
- Norquay . 0.699 c-p - 945 e 2.10 a-i
Kota . 0.698 cp - 791 p-f2 1.47 g-j
PF 7748 : 0.695 cp 991 d-h. . 2.16 a-f S
~ Ruby ~ - 0.692 c-p - 8.35 k-p 1.47 g-j
- Laval 19 0.689 c-p 8.15 m-e; 190 2
Thatcher ' -O.ggS c-p -8.83 h-u 1.53 e
Prelude 0.682 ¢cq - 9.89 d-i 1.93 a-
- Manitou ~ 0.682 cq . 8.24 k-d2  1.57 ¢
- Glenlea - ‘ 0.676 cq - 9.09 hq 1.69 bj. s
- HY 320 0.674 cq - 11.77 a 2.27 ab
Stanley 0.665 d-r 845 k-y 1.45 h-_]
Red Bobs . 0.665 d-r - 1.79 r-f3 1.43 j
Red Bobs 222 0.661 er 9.27 fn 1.49 g-j
Rescue % _ 0.658 e-r 7.81 r-f 1.54 d-j
Hard Red Calcutta 0.658 er . . 7.56 r-f; 1.58 c-,
‘Kenhi - 0.658 er . 7.12 ar-g 126 a-j
© 7.0 425

 Napayo . 0.656 er

P N}
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Dundas 0654 er 699 cogp

1.70 a-j
-Sonora 64 0.646-e-s . | 6.85 fp-go  2.20 abc
- Columbus 0.646 e-s 8.71 h-v. 149 g-j
Benito 0.640 f-t 7.09 b-g, 1.57 cj -
-Gamet ‘ - 0.638 £t 1147ab =~ 216 ae
Katepwa 0.637 f-t - 7.86rf; 148 g
Lemhi§53 =~ - 0.634 f-u 9.04 h-r 1.53 e
Park 0.628 g-u 8.21 k-d; 1.54 d
Acadia - 0.627 gu 7.57 u-f 147 g
Ceres \ 0.625 h-u - 9.27 f-n 147 g
Kitchéner -0.625 h-u 9.19 g-n . 149 g
Neepawa 0.621 h-u 7.63 .u-fp 1.52 e+
.. .Lemhi 62 - 0.620 i-u 8.96 h-s 1.75 aj
Saunders ' 0.613 ju’ 8.15 m-e; 1.57 c-j
"BH 1146 0.611 j-u 959 ej " 225 ab
Quality A - 0.610 j-u 8.37 k-a; 1.40 j
Coronauonll - 0.602 k-u - 903 hr 1.45 h-j
Ladoga 0.591 - lu 10.31 c-f 1.46 h-j
- Redman - 0590 m-u 777 r-f; ~L42 j
Selkirk - , 0.576 n-u 7.23 y-g, 1.42+j
Cypress - 0.574 o-u 6.97 da-gz  1.40 j\x\
Canus 4 " 0.564 p-u 6.13 g5 1.55 ¢
‘Bishop ‘ 0.548 q-u 8.92 h-t 1.54 d-j
Maringa 0.534 r-u 897 h-s - 229 ab
Marquis : 0521 stu 837 k-ap  145hj
Pembina . 0.516 s-u 8.15 m-e; 147 g
Apex . 0509 tu 7.57 u-f; =~ 144 j
Sinton ‘ - 0504 u 6.90. e2-g2 1.45 hj
Mean 0.6836 8.4032 145 -

Means followed by the same lettcr within a column are not sxgmﬁcantly different at

- the 5% level of mgmficance by Duncan s Multiple Range Test

o
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ii. Comparlsons Between the Root and - Shoot Length Indlces and.
Hematoxylin Ratings N
All three relative length vanables calculated from measurement of the ychmg
seedlings after 18 hours of exposure at Al were capable of detecting cultivar differences
(Table 2. 5). However none of these variables were sensitive'" enoUgh to detect a significant
~ genotype x Al level mteractxon\ These analyses therefore assumc that the‘entire population
of genotypes reacted simifarly to thc" Al stress. _ : ;
‘ Partitioning the Al levels sum of squares for the root and shoot lcngth variables
. revealed the significant linear responsg to Al levels for all of the variables. The cubi¢
response for the variable RLI was significant at the 5% level, and this response can be
explained by the observation that"720 HM Al was sufficient to completely inhibit root
elongatlon in most cultivars. Above this concentratlon Al had no additional mhlbxtory
effect. The sxgmﬁcant quadranc response at the 5% level for the variable LSRI indicated
_ that 360 and 720 UM Al were opt1ma.l concentrations for 1nh1bmn g root elongation in most
cultivars. - T
The means of the RLI at each Al level (Table 2. 6) revealcd that most.of the
genotypes responded smularly to increasing concentranons of Al Interaction effects were
negligible. The coefficient of variation was high for this experiment repeated in time and the
interaction effects’inay nnve been obscured, or the method (in particular, duration of Al |

~  treatment) was too insensitive to detect significant interactions.

Although the correlation coefficient for RLI and hematoxylin score was significant
~(r=0.356, a=0.01; Table 2.7), the number of pa1rs (74) involved in the correlation lend
doubt to the biological significance of this observation. Only 12.7% of the observed
variability can be accounted for by the relationship between transformed hcmatoxylm score
and RLL 40.8% of the observed variability in rating was accounted for by the relatlonshlp ;
between actual root length (RL) values and nomntransformed hematoxyhn score, Wider
- distributions for hematoxylin ‘score and RL variables may explain this in‘crease in
cotrelation. ' . o ,
- The hematoxylin test was able to detect differences in cultivar response after only
18 hours of Al treatment, however assessments of d1fferenna1 tolerance by root length
measurements were not facilitated after this treatment duration. Polle etal. (1978) reportcd
a correlanon (no data shownf between root elongation and hematoxylin staining aftcr 18
}murs of Al pretreatment. The present study does support thxs result, but the low correlanon,'_ '
mdmated a weak relatLonshlp

Y
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Table 2.5 Analyses of vanar\;?:e for roobl;%th index (RLI), shoot length index (SLI),'
-and longest seminal root index YLSRI) .for 76 wheat scedhngs grown in

nutnent solution (experiment 1a).

, Mean Squares )

- Source of Variance . df ~ RLI © SLI - LSRI’
Replications 2 0.053° . 1017 0225
Allevels - 3 1.830 ** 0.833 * - 1.082 ** -

Al linear o ‘] 1752.314 **  174.025 **  1530.667 **:
Al quadratic ~ 0.026 ns - 1.311 ns 9102 *
Al cubic . by - 7.674* - 1.866 ns 0.348 ns . -
Errora ‘ 6 0.026 0.119 L. 0.015
Cultivars 75 0.067 ** 0,240 ** 0.044 **
Cultivars x Al Levcls 225 0.010 ns .. 0.039 ns 0.009 ns
. Errorb 600 0.017 0.089  0.020
Total : 911 - B

CV(%) e . 195 7 -287 18.9

¥ Statistical significance at @=0.05 " |
** Sratistical significance at 0=0.01 ' .
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Table 2.7  Simple correlations among root length (RL), shoot length (SL), longest
‘seminal.root (LSR), the root and shoot length indices (RLI and SLI,
respectively) and hematokylin scores (cxpcnmcnt 1a).

RL SL = LSR RLI SLI  Hematoxylin Transformed
B : ' Score Score
SL 0.455%% - | o /-
LSR ~ 0.892%*  0.439** .
. RLI 0.650**  0.321%* (.536%* |
SLI ~0.255%%  0.584%* (.248** 0.438**

Hematoxylin 0639** 0.029  0.576%* 0.333** -0.012
Score '

Transforrncd 0.422** 0.003 0.31’2**"‘“&’556** 0011  0.998%*
Score * ' R ‘ »

LSRI 0.518%* 0.305%* 0.648%* (.755%* 0.429%* 0.264**  0.266**

- ** Indicates statistical significance at the 1% level.

b. Expenment 1b

i. Root length Index

Seventy-seven spring wheat cultivars were screened for Al tolerance in nutrient
solution at 2 Al levels (0, 360uM). ‘Seedlings grew well in this arrangement however
‘missing values were rcported for Chinese Spring, Maringa, Red Flfe, Lemhi 53 and

" Kenhi. Missing values were caused by either a loss of expcnmcntal material during

'handlmg or due to a contamination by Rhizopus. The soft white spring wheats (Lemhi 53
and Kenhi) were slow to develop on the nutrient solution, and endosperm breakdown wés,
prccipitatéd as the seed imbibcd solution -promoting. invasion by Rhizopus. Surface
stenhzauon of the seed did not irprove this condition. :

The variables RL and LSR, butnot SL, were capable of dctectmg dlfferenual
genotype interaction at different treatment levels (tables 2.8a and 2.8b) and the magnitude
of these interactions are shown in Table 2.9. There was a high correlation (r=0.853,
0:=0.01; Table 2.10) between the RL and LSR variables. This assots#ton mc/hcated that the
average longest seminal root was a good indication of the average root length, but both of
these average values dg‘bgvt arithmegjcally correct scalar differcpccs in growtll potential
~ (e.g., the shoot or root length of semi-dwarf varieties in omparison to tall varieties).
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Table 2.8a Analyses of variance for root length (RL), shoot length (SL), and longest
seminal root (LSR) for 77 wheat cultivars grown in nutrient solution at 2 Al

levels (experiment 1b). , : :

N\,

3
1

‘ .Mcxin Squares
Source of Variation df RL  LSR SL
Replications "3 485.2 15.3 19.2
Allevels 1 - 83840.1 ** 4596.4 **  ]88.3 **
Culttvars . 76 - 184.0 ** 8.0 * 15.7 **
Cultivars x Al levels . 76 02.8 ** 5.3 1.1 ns
‘Error 454 34.5 1.2 3.7
Total 610 :
CV(%) 21.1 14.2 15.4

* Statistical significance at ®=0.05
** Statistical significance at a=0.01"

Table 2.8b Analyses of variance for RLI, LSRI, and SLI (relative Values +Al/-Al) for
' 77 wheat cultivars grown in nutrient solution (experiment 1b).

Mean Squares

Source of Variation df RLI LSRI SLI

Replications 3 0.044 0.024 0.116
Cultivars 76 : 0.055 ** 0.035 ** 0.049 ns
Error : o223 : 0.020 "~ 0.009 0.0s2
Total : 302 S
CV(%) 33.4 21.3 24.4

* Statistical significance at 0=0.05 ~
- ** Statistical significance at 0=0.01
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Table 2,9 Treatment means for root Jength (RL), shoot length (SL) and longest %
‘ - seminal root (LSR) for 77 wheat cultivars grown in nutrient solution at 2 Al

levels (experiment 1b) ' :
RL ‘ SL ' LSR, (T}
(cm plant-) - (cmplant-) < (cm plant-)
Cultivar um Al 0 - 360 0 360 . 0 360
Acadia ' 35.21 10.60 13.19 10.78 9.88  3.54
Alondra's' - 4324 28.29 1221 17,75 1117 6.72
Apex 3623 12,93 15.56 10.35 9.29  4.02
~ Atlas 66 26.43  19.98 13.18 11.80 995  5.55
Bananaquit 35.67 17.62 1099  8.98 9.02 4.42
Benito . 27.84 11.88 10.64 10.89 8.52 3.88
BH 1146 61.10 31.41 1610 12.68 1428  6.56
Bishop 53.33  14.29 13.88 10.89 13.49  4.64
Canthatch 4152 1369 . 13.02 11.08 1048  4.13
Canuck . 39.91 " 12.27 1281  9.76 1002  4.83
Canus ' 28.52 1226 10.68 11.73 9.19  4.04
Cascade « 39.53 17.85 11,01  9.91 1133 5.45
Ceres 42.23  12.48 12.75. 12.24 - 1087  4.07
Chester 4578 15.25 12.96" * 10.99 11.86  4.75
Chinese Spring” 29.85' 10.77" - 9.07' 8.12' 7.95' 395"
Chinook | 2599. 1296 . 1273 12.37 7.15  3.94
Chuckar 's' 36.56 18.46 9.94 10.33 890 5.10
Cinquentenario 3695 21.63 1425 13.53 9.15 5.91
Columbus 4434  14.04 13.15 12.86 1238  4.49
Concorde . 4198 16.61 1141  11.50 1139  4.60
Coronation II 5951 1337 15.38 10.51 ~  15.07 .4.25
Cypress 30.35 11.45 1153 1144 875 379
Dundas 36.55 11.33 13.04 12.17 *9.42  3.44
Early Red Fife 37.40 14.54 11.61 10.59 9.81 4.64
Fielder 31.56 17.33 - 6.64 7.94 8.15  4.47
Garnet - 48.95 16.89 13.11  12.49 1446  4.67
" Genlea 45.54 17.29 13.08 12.46- 1093  5.50
Hard Red Calcutta 42.17 1214 1082  9.67 1149  4.06
Huron 35.36  16.25 12.82  10.22 9.05 4.88
HY 320 4232 28.73 9.41 10.03 10.67  6.94 ,
Katepwa 4294 13.72. ° 1319 11.06 11.12 . 4.54
Kenhi 31137 1055 1159'  9.87' 836" 2.80'
Kitchener 2621 15.85 ¥ 10.54 10.50 776 4.03
Kenya Kongoni 40.24 25.58 10.72 11.68 10.19° 7 5.59
Kota : 45.56 15.03 1542 14.12 150 437
Ladoga 4346 16.83 1128 11.62 11.87 4.78
Lake . 3966 18.42 1475  13.67 1151 531"
Laval 19 29.90~ 11.59, 11.76  11.49 8.13  3.38
Leader | 41.4% 12.98 14.07  12.68 11.10  3.96
Lee 39.6¥ 12.58 13.95 12.8% 1128  4.38
Lemhi 53 33.56' 13.26'  1091'  9.66' 9.55' 387
‘Lemhi 62 | 3493 1391 . 1299 13.09 10.44 422
Manitou - { 36.16 1243 . 1322  8.56 9.890 397

Maringa . 37.61' 24.07" - 8.58'  8.80' 8.56'.  6.20'
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Marquis - i/ 3722  18.63 1240 11.04 10.14 5.1
Napayo - 3624 13.19 11.57  10.21 978 4.1
Neepawa 4121  11.14 12.66 12.00 1079 3.5
Norquay 3478 18.87 9:54  8.35 9.01 54
Opal 3463 1421 . 12.17 10.58 8.79 4.0
Park 45.17 10.48 13.49 10.82 1128 ° 3.3
Pémbina ¢ 43.15 14.14 13.43  12.04 1129 44
PF 7748 49.43 31.03 15.83  12.24 1192 7.2
Pioneer 3199 11.22 18.44  12.04 9.14 3.5
Pitic 62 - 3345 18.74 1033 12.37 . 878 48
Prelude 38.33 18.26 13.27  13.03 11,17 5.3
Preston 45.44 14.30 14.15 11.65 1189 4.4
Quality A . 4161 1402 1233 11.03 1134 44
. Red Bobs 222 37.04 16.98 10.44 10.86 1269 49
Red Bobs 46.65 15.46 13.17  13.10 1337 5.1
Red Fife 4 31.34'  10.64' 10.37' 10,33 8.51"  3.64
R 40.38 14.31 _ 1181 11.44 10.50 4.9
chen? 44.83 13.47 14.85 12.77 11.67 4.0
Reliante 3599 13.90 . 12.00 10.70 994 42
Renfrew 54.38 21.10 1421 11.82 1298 5.2
Renown 4549 23.72 13.90 13.67 1283 5.8
Rescue 36.73 14.30 1474 14.34 11.62 4.7
Reward 40.65 14.06 15.48 13.75 1173 4.4
Romany 37.67 24.01 10.80 10.97 973 6.0
Ruby _ 4827 16.00 13.91 . . 13.04 12.18 4.5
Saunder 34.19 . 1227 1190 12.03 .. 868 4.3
Selkirk | ‘ .40.00 12.84 12.48 11.84 10.57 3.9
Sinton / 3532 11.75  10.68 9.17 9.81 3.8
Sonora . 3872 2193 .11.06  11.40 “843 5.2
Springfield : 33.74 12.54 -}1.40 10.01 982 3.9
Stanley ; © 38,62 12.58 235  9.88 11.01 4.1
Thatcher ' 39.61 20.59 11.83 10.70 1046 4.5
Vemon 26.12  16.00 1129  8.61 774 4.4
Mean - 39.13  15.95 11.27 © 12.50 1045 4.

LSD 0.05 8.13 8.13 1.52 1.52 267 267

1 Treatment means with missing plot values (treatment tdtals averaged over four plots).

Table 2.10 Simple correlations among root length (RL), shoot length (SLj, longest
seminal root (LSR), the root and-.spoot length indices (RLI and SLI,

respectively) and hematoxylin-scores (experiment 1b).

RL SL LSR - RLI. SLI “ g
SL 0.211 **
LSR . - 0.853 **  (.268 **
RLI 0.731 ** . 0212 **  (0.607 ** : ,
SLI 0.202 ** 9599 **  (0.231 **  0.416 ** ’
LSRI 0.624 **  0.080 0.739 **  0.791 **  0.394 **

»* Indicates statistical significance at 1% level.

-
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Both of the variableg RLI and L3RI, but not SLI were able to detect significant
genotypic differences (Table 2.8b). Most Af the research ’gtilizing root length as a measure
of Al tolerance utilizes measurements ox the longest seminal root (Moore er al. 1976;
Mu&wua et al. 1978; Lafever and Campbril 1981; Narhwila 1985) or the two longcst
seminal roots (Kinraide et al. 1985). The tolerance indices determined by the measurement
of total seminal root length is postulated to be more sensitive to differential Al tolerance in
cornparison to ratings based only upon the longest roots. The ratings of the former reflect _
the diffc{cniial clongation rates of the entire root system rather than the limit of the genetic
potential represented by the primary root. In the present experiment, the LSRI accounted
- for 62.6% of the variation observed in the RLI measuréments (Table 2.10). The LSRI is
capable of detecting broad cutivar differences. o
‘Based upon Duncan's Multiple Range Test groupings and the relative inhibition of
root elongation, the RLI was divided into six somewhat arbitrary tolerance classes (ranging
from very tolerant to very sensitive (Table 2.11)) which facilitated cultivar classification
and comparison. The RLI ratings of the imported varieties were in consistent agreement
. with published reports in the literature (Konzak et al. 1976; Polle et al. 1978; Rajaram er al.
1981; CIMMYT 1983; Mesdag and Slootmaker 1969; Namwila 1985). :
Alondra 's' performed remarkably well as measured by both RLI and LSRI This is
in direct contrast to a published report that Alondra 's' has no Al tolerance 'per se' in
nutrient solution, but has the capacity for increased and more efficient uptake c\)f
phosphorus under field conditions (CIMMYT- 1983). The nutrient solution in this
experiment supplied no pliosphorus, therefore the seédlings were entirely dependent on
seed reserves which were adequate for the ten days of growth (no deficiencies observed).
This report (CIMMY'T 1983) did not specify how Al tolerance was assessedl (root weights,
/-/’\'oot lengths, hematoxylin staining, etc.), and other differences in. ptotocol (n'utrierit
solution composition, Al exposure time) could also account for this discrepancy.

In the present study, concentrations of Ca2+ and Mg2+ were relatively high in
comparison to the Al levels and these diYalent cations (particularly Ca2+ can alleviate the
toxic effects of Al (Haug 1984; Wagatsﬁma 1983b). Perhaps some of the discrepancies
with published reports of Al tolerance indicate the differential capabilities of plants to
alleviate Al stress (e.g., efficient Ca2+ utilizers) with other compensatory cations in
solution. ' .

There were other deviations from'thc'publishcd literature (Anonymogs 1967,
Mesdag and Slootmaker 1969) however,these discrepancies emphasize the imprecise nature
of screening techniques and the problem of comparirig results from different experiments.

“'Mesdag and Slootmaker (1969) screened wheat in acidified soil and visually assessed Al
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toxicity, whereas Aonymous (1967) measured root and shoot yield of cultivars grown in
nutrient solution. Mosf deviations from these results were only of minor importance. It
-should be noted that the 2 lines of Red Bobs (each line obtained from different seed
sources) reacted differently to the Al stress. The tolerance of Benito was the result of
variable root growth in the control study. |

The correlations between seedweight and RLI, average root length in Al, average
longest seminal root in Al and the shoat length in the control were all significant (Table
2.12), however the correlation coefficients were so low thavlittle biological relevancé could
be attached to the observation that bigger seeds generally produced more vigorous
seedlings in nutrient solution-with or without Al stress. The root length index was
positively correlated with the average root length in Al and the average of the longest
seminal roots in Al . The correlation coefficient for the.former (r=0.697, 0=0.01) indicated
that the measurement of total root length in Al alone can define broad tolerance categories
particularly in genetic trials where seed is limited to replicate over controls. Although 360
UM Al ‘was effective in screening a diverse population, this concentration depressed the
growth of the most tolerant genotypes by 31.3%. A lower Al concentration may have
improved the correlation between the RLI and total root length in-Al.

Average shoot length in the control was posmvcly correlated (r=0.524, a=0.01)
with the average root length in the control, however only 27.4% of the observed variability
could explajn this relationship. After ten ddys of growth, the genotypes exhibited ge
differences jn shoot length, and shoot length was unreliable as an indi_catof of Al tolerance.
The additiomof Al further decreased the reliability of the shoot length vatiables in detecting
tolerance classes as is evident from the analysis of variance (Tables 2.8a and 2:8b). The
" Spearman rank correlation coefficient between the RLI of experiment 1b and the
hematoxylin score of experiment la was significant (r=0.595, 0=0.01). However, only
35.4% of the observed vanablhty could be accounted for by this relationship. B
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" Table 2.11 Means of RLI, LSRI SLI (rclatJve vaIucs +Al/-A1) and tolerance ratmgs of
) 7 wheat culuvars grown in nutrient solution. , Rk
Cultivar * RLI . LSKI ' SLI2 Tolerance
_ o . . o ‘ Rating?
HY 320 0.687 al . 0.654 ab . 1.145 VT
Alondra™'s' 0.686 a " .0.613 ad - 1.050 VT
Romany 0.673ab . 0.635.abc 1.052 vT
Kenya Kongoni 0.642 abc -0.557 bl 1.131 VT - a
‘Maringa - 0637 ad 0740 a 1.019 VFE
- -PF 7748 - 0.631ad . 0.607 ae 0.796 vT
~ Vemon % 0.622 a-e 0573 b-h  '0.746 VT
‘Benito 0.609 a-f = 0474 cq '1.080 NA
- Cinquentenario 9.602'a-g-.  0.653 ab . 0.956 T .
Kitchener ~ 0.586 a-h 0.514 b-n  A1.021 . T
Pitic 62 0572 a1 0.559 b- 1.221 T
Sonora 64 0.566 a-k -+ 0.620 ad 1.041 T
Atlas 66 0.570a-j, - 0.575b-g = 0.903 T .-
. Norquay - 0.560 a—I 0.609 ae¢ ~ 0.899 T
'BH 1146 0.549 am 0,469 cT . §.801 T
- Helder 0546 a-m - 0.565bi . - 1.185 T
. Chinook 0.530 asm~  0.561 b-j 0.986 T
- Renmown " 0.524 a-m 0.454 d— .0.991 T
- -. Chuckar 's' 0.546 a-n 0.580 b-e .046 MT
s/ Marquis -0.502 a-n | 0.507 'b-o .907 - MT
"N Prelude 0.500 a-n 0.485 b-q .008 MT
. 'Bananaquit  0.493 a-n 0.488 b-q §818 MT
= . Jake .0.474 a-o 0.463 a-r 924 MT
. Huron - 0473 a0 0546 bm  0.815 MT
- Cascade - 0471l ao. . 0491bp . 0953  MT
- Red Bobs 222 -0.470 a-o 0403 g-s 1.090 MT -
Rescue 0.439 a-o 0415 f-s  0.922" - MT ,
- Canus . - 0.431 c-0 0441 e-s -+ 1.094 I AN
~ Opal .+ - 0.419 co 0.463 dr 0.882 1 )
.~ Early Red Fife 0.415co . 0486bq  0.978 I ~
Lemhi 62 * 0.405c-0o ~ - 0404 g-s 1.012 I
- Concorde - - 0397 co . 0404 g-s . 1.025 T
. Lemhi 53 0.394co - 0409 f-s.  0.904 I
- Reliance 0.392d-0 - 0435 f-s 0.900 - o 1
Laval19 0.390 d-o - 0.421 f-s 0.971 - - 1
Renfrew . 0.389 d-o. 0.408 g-s " 0.833 I
‘Glenlea 0.387 d-o 0.507 b-o -0.968 I
‘Cypress o o 0.380 e-0 0432 f-s = = 0990 - T
Chinese pr:mg 0.379 e-0 0.502 l-p 0.917 1
Ladoga 4 - 0.376 e-o ~0.400 i 1- 1.034 I
Springfield 0375 e0 0406 g-s 0.888 I
Garnet ® - 0371 e-0 .- 0.337 o s 0.925 s 1
" Canthatch 0.370 f-o 0.407 g-s 0.866 I
. Pioneer, +0.365 g0 = 0384 m-s ~ 0.899 MS
‘Napayo © 0363 g0 0423 f-s 0.878 - MS
Saunders . 0362 g0 - 0504bp  1.009  ~ MS
Apex . " 0.359 g-o 10434 -f-s 0.680. . MS
Redman . MS
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$0.352 g0 0411fs = 0.667 MS |
Reward: | 0.351 go 0.385 1I-s | 0.892 v MS
Red Bobs - 0.343 h-o 0.389 k-s 0.995 - MS
Red Fife 0.342 h-o 0.428 f-q 1.012 - MS
Sinton 0.342 h-o . 0.399 i-s ~ 0.870 MS
Pembina 0.339 h-o . 0.398 i-s 0.906 - MS -
Chester 0.349 h-o 0.401 h-s 0.841 MS
Quality A 0.339 h-o - 0389 j-s . ~0.900 MS
Katepwa 0.331 i-o. $ 0414 f-s 0.853 MS
Thatcher - 0.330 i-o 0.432 f-s - 0.925 . MS
~ Kota 0.329 io 0.382 m-s 0.913 MS
Lee 0.329 jo~  0.390 j-s 0.928 MS
Ruby L« 329 o 0.374 m-s 0.940 MS
Stanley . - 22 j-o 0.371 n-s 0.794 MS~
Selkirk 21 jo 0.375 m-s 0.981 MS |
Dundas - ' 320 jo 0.368 n-s 0937 . MS
Preston ~0.319 ;o0 0.378 m-s 0.828 * MS
Columbus 0318 k-o  0.364 n-s 0.979. MS
Leader 0.315 k-o .  0.361 n-s 0.904 MS
- Canuck 0.309 l-o 0.497 b-p 0.768 .8
Atadia 0.307 l-o 0361 n-s  0.827 S
Regent 0.304 mno  0.354 n-s . 0.877 S
Hard Red Calcutta 0300 mno- - 0352 n-s - 0942 - .S
Kenhi 0.296 mno 0.316 g-s -0.866 S
. Ceres 0.296 mno  .0.374 m-s 0.970 S
Neepawa 0.271 no + 0.333 p-s 0973 .. .S
Bishop 0.269 no - 0,375 n4 0.775 W
Park 0.233 o - 0.298 r-s 0.800 S
Coronation IT 0.233 0 0290 s - 0.685 S
Mean -0.4202 0.4526 . 0.9294
1. Means followed by the same letter within a column are not sxgmﬁcantly different at

the 5% level of 31gmﬁcance as determined by Duncan'’s Multlplc Range Tcst.

2 SLI means not s1gmﬁcant at 0=0.05 (See Table 2.8b)

3. VT = very tolerant
' T = tolerant = . R
MT = moderately tolerant
I = intermediate -
MS = moderately sensitive -+ . !
e S = -senSitive ‘

-
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Table 2.12 Simple correlations among the roat and shoot length vanables ' .
[ (expenment 1b). |

Root lenfth [Shoot length Longest seminal| “Root length RLI
in control - | in control rootin Al inAl - .
Shootlength | 0.524 **
in control , o
' Longest sermnal . 0.377 **  0.020
- root in Al . e
Rootlengthin Al . | * 0.265 * | -0060 |° o. §95 ¥ |
RLI -0.376  {» -0.399 ** 36 ** |° 0.697 ** | ‘
Seed weight | -0.055 .| -0.230 * O 295 % | 0.311 *+ 0.359 *x

- ** Indicates statistical mgmﬁcance at the 1% level.
* Indicates statlstlcal 31gn1ﬁcance at the 5% level

F. ‘Conclusions

Experiment la and 1b: : .

The results of Expenment la 1nd1cate that the hematoxyhn procedure is, capable of
detecting differential cultivar responses at each level of Al after only 18 hours of Al-
treatment. The hematoxylin ratings of the young seedlmgs are most easxly assessed and
reproduced however this method is only recommended as a general screening rnethod )
capable of detectmg gross differences in Al tolerance as visually assessed by root t1p
- _staining, reﬂect:mg differences in Al accumulation. The advantages of thrs method are its
B p rapldxty, cqnvemence and nondestrucuveness K
TT " The RLI developed from expenment 1bis postulated tobea more precxse indication

of Al tolerance based upon root length inhibition in Al proporuonate to the control The
measurement of root elonganon more - accurately reflects the direct stress of Al in the
- rhizosphere than does a subjecuve v1sua1 assessment of root tip stalmng and Al
: accumulanon The main disadvantage of the RLI is the time reqmred for root
8. measurements, however, if the treatments are staggered in time, roots can be measured in
batches. The measurement of the longest seminal root and’ the development of an LSR
index is more convenient and not as nme-consummg From these experiments it was
* determiried that 360 uM of Al is sausfactory in deterrmnmg tolerance ratmgs for a d1verse
“population of entries. 300 M rnay provide better culnvar d1fferenttauon by mhlbmng the
most tolerant culuvars to a lesser extent. '
Major dxscrepanmes between the RLI and hematoxylin ratings persist. Garnet and
Renfrew repeatedly scored in the tolerant range in the hematoxylln test but were only
intermediate-in reaction based on the RLI. Kitchener and Chmook consrstently scored

-~
% .
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" sensitive with hematoxylin yet were classified as tblcrant by the RLI. It is not yet known

which species of Al hematoxylin binds with in the root np "Continued rcscarch into,
methodology may elucidate these cultivar x Al interactions. .

The Canadian spring wheats and 1mported reference cultivarg were screcncd for Al
tolerance using hematoxylin and relanvc root length indicgs. Most of the tolerant culnvars
(HY 320, Romany, Kcnya Kongom Maringa, Cinquentenario and PF 7748 wcrc all
. derived from Brazilian or Mcxlcan cultivars. CIMMYT derived germplasm g .
contnbute the Al tolerance in Pitic 62, Fielder and Norquay. Thatcher and mo Thatch\r
. denvanves were relauvcly scnsmve in reactxon to Al

Sk o




CHAPTER \)II
Plant-Induced pH Changes

)

AL Introductlon

Plant induced pH changes dueto N preference have been implicated in Al tolcra.nce o

- of wheat (Taylor and Foy 1985 a,b,c,d, Fleming 1983, Foy and Fleming 1982, Dodge and

Hlatt 1972). Dodge-and Hiatt (1972) indicated that plant-mduced PH changes were due to
amon-cauon uptake th%erences If cauon uptake exceeds ani%h uptake the pH will decrease

due to the release of H*, however if anion uptake is greater than cation uptake, the-pH

increases due to the release of HCO5- or OH- (Dodge and Hiatt 1972 ). Nitrate reductase

activity was found to'be lower in wheat cultivars grown in solutions with NH4+ than in

solutions with NO3- alone (Dodge and Hiatt 1972). Foy and Fleming (1982) detected

- differences in plant-induced pH increases (presumably due to differences in NO3

absorpuon) and in nitrate reductase activities between an Al-tolerant cultivar and an Al-
sensitive cultivar grown in a mixed N solution with Al stress. Fleming (1983) determined

- that Al treatments with NH,* inhibited NOs: uptake, decreased the rate of pH increase and

injured an Al sensitive cultivar more than an Al- tolqrant cultivar. Aluminum injury was

. intensified by i increasing NH,4* concentrations in solution (Fleming 1983). Mugwira and
-Patel (1977) indicated that Al tolerance in wheat, but not in tntlcale, was consistently

related to plant-induced pH changes in 1/5strength Steinberg solution (Foy er a/ 1967) in
the absence of Al. Aluminum tolerant cultivars induced higher pH values than sensitive
cultivars. Mugwira and Patel (1977) also noted a close relationship (r=0.731, 2=0.0

‘between plant-induced pH changes and ion uptake in wheat and triticale grown in solutiofis
" of KNO;3 and Ca(NOs); but the wheat and triticale cultivars could not be separated into Al

tolerance groups in these solutions.

Root cation exchange capac1ty values for tolcrant wheat cultivars have generally
been reported as lower than sensitive cultivars (Foy et al. 1967; Mugwira and Elgawhary
1979) Sensitive cultivars are thought to absorb NH4* more rapidly (Taylor and Foy 1985 .
c,d; Foy and Fleming 1982) therebygmamtam‘mg a low root microzone pH with a
consequent increase in exposure time and toxicity from Al Tolerant cultivars of wheat, rye,.
barley and triticale are known to raise the pH of the root microzones and alleviate Al °
toxicity (Foy et al. 1967; Dodge and Hiatt 4972; Foy and Fleming 1982; Flemmg 1983;
Taylor andKoy 1985 a,b,c,d; Mugwira and Patel 1977). Al tolerant culuvars are thought to

‘utilize NO5- more rapxdly (Fleming 1983; Taylor and Foy 1985 ¢ d)
/

33
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" Taylor and Foy (1985 a.b,c,d) charactenze:d both winter and Spring wheat cultivars

for plang. induced pH changes and dctemnned that cultivar differences in the rate of the pH
decling were negatively correlated to.an A] tolerance index. The pH decline coincided to
depletion of NH,* from solution a~d the pH decline per unit rate of NHy* absorption was
also °0rre1ated to an Al tolerarfce index in winter wheat (Taylor and Foy 1985d). Taylor
and Foy (1985d) also suggested that differential NOj- depletion from a mixed N solution
© with A was related to Al tolcrance This hypothesis supported pubhshed reports that
tolerant yheat cultivars grown in mixed N solutions generally induced a higher final pH in
the presence of Al (Foy and Fleming 1982; Fleming 1983 Taylor and Foy l985c) and in
the absence of Al (Mugwira and Patel 1977y, .

In contrast, differential cultivar tolerance to Al was not related to plant-induced pH
‘ changes in 2 snap bean cultivars orin2 soybean cultivars (Foy ef al. 1972 Foy et al. 1978

- TeSPectivelyy. Wagatsuma and Yamasaky (1985b) concluded that for 5 barley cultivars,

Plant-inqyuced pH changes for €ach cultivar were determined by the.N source, but that
cultiyar gifferénces in Al tolerance Persisted regardless of N source. . |

The primary objective of this e"Pt‘-nment was to characterize the cultivars to be used .
_inlater genetic studie’s for p}ant—mduccd pH changes in mixed N solutions and to detcrmmc ,
 Whether dlfferenual Al tolcl‘ance Was associated with these pH changes. - o )
B. Materlals and Methods - ) y ‘

Six sprmg wheat cultivars (Garnet Park, Thatcher, PF 7748, Kenya Kongom and
Alondra g representing a range of Al tolerance and to be used in later genetic studies were
seletteq 1o monitor plam.induCCd PH changes in nutrient culture. In addition, the winter
wheat Cult1vars Atlas 66 and Scout (the seed supplied by Dr. G.T. Taylor) were mcludcd
8 Teference cultivars to sgandardxze the expcnmcnt with prewously Published literature-
(Taylor ang Foy a,c,d):

The nutrient culture Was similar to tRat of Taylor and Foy (1985 a b) The seeds
'wer‘e germinated in petri dishes in the dark at room temperature (22 £2°C) for 24 hours.
The Seedlings were established and elongated in plexiglass trays equipped with hyloh mesh
bottomg g su5pendcd over 101 of acrated dilyte nutrient solution (dilute nutrient solution after
Taylor and Foy 1985 a,b.c.d (See Table 3,1a )) in a growth cabinet at 22°C with a 16 hour :
light CyCle The light intensity Wag 440 umol m-2 sec! at 1.2 m from the light source.
Relative humidity was contl‘Ollcd at60%. - . . BN

Ten uniform nine day old Seedllngs of each ‘cultivar" were wrapped individually at
- the stem roo interface in pOIY“réthaﬁﬁ plugs (previously soaked for 1 week in 95% ethanol
and thoroyghly washed with distilled warer (Wheeler er al. 1985))- The seedlings were -

®
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indiViduale inserted into 10 holes drilled in the lids of 51 Plastic buckets. An additional .

" hole permitted aeration and pH determination, The composition of the completc nutrient
solution initially adjusted to pH 4.5 is given in Table 3.1b (nutrient solution after Taylor

and Foy (1985a) and Foy ef al. (1967), excepyfor iron source which is indicated in Table
3. lb) : ¢ -

.4

"\

* Table 3.1a Dilute nutrient solution!

. < - mM
Ca2+ ‘ 1.27 L

. Mg2+ i . 0.27 ‘ -
NOs- y332 . - -
NH,* 0.24

1 Composition after Taylor and Foy (1985a,b,c,d)

o

Table 3.1b Complete nutrient solution! 2 . _ e
- - -y Y —

NO;. , 3.71 o P
NH,* ‘ 0.30 :
Ca2+ 1.27
K+ 0.75
M2+ | 0.27 . o
SO 0.12 .

. HPOg- | 0.10
- L 58.5
Na+ ‘ 53,9 .-
Fe2+3 179
B3+ o ‘ 6.6
Mn2+ ’ 2.4/
Zn2+ . . 0 o
Cu2+ ' o 0.1
Mo ‘ S 0.1
Al4 740

1 Nutrient composition after Foy etal. (1967) and Taylor and Foy (1985 2,b,c,d)
except for.iron soyrce.,

PH initially adjusted to pH 4.5 w1th HCL

Fe added as Fe EDTA made from solutions of FeSO4 and Na2 EDTA \

Al supplied as AlK(SO4)2 12H20.

RSN SR O]

——— e

The plants were grown in the greenhouse in the ﬁrst 2 weeks of May, 1986. A 16
hour light cycle was used and the greenhouse temperature averaged 22 + 3°C. The relanve
humidity was not controlled but averaged at 70 £ 4%. Solytion temperature was not

N
5 .
- @
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-controlled but avcraged at 21° + 2°C, pH mcasurcmcms were taken every other day by
wnhdrawmg 25 ml aliquots of solution from cach container. The experiment was

terminated aftef 14 days of growth in thc greenhouse and after the last pH readings were

taken, The plants were doused with 95% ethanol to inhibit growth and temporarily stored

in the refrigerayér unnl biomass yields could be determined. The plants were washed

thoroughly i tap water; divided into roots and shoots, and dried to a constant weight at

60°C.
. /!\
AN ‘ / \ ‘ . 'Y
‘\\\,/}i g !

C. Plant Measurements and Calculated Variables ./

‘ t and shoot dry matter weights for each cultivar were determined and used
 rdot and shoot ‘weight indices (RWI and SWI, respectively) by dividing the
biomass in the Aluminum treatment by the biomass in the correspondmg control trcatment
(Taylor and Foy 1985 a,b,c,d; Mugwira et . 1981), ,

The values from thc Al treatments were used to construct pH variables (Tay‘ior and
Foy 1985 a,b). The pH dechne was evaluated by detcrrmmng the rate of the pH decline for
the first 10 days of growth and the rate of the. plant-mduccd pH increase was dctcrmmcd
for the last 4 days of growth. minimum pH induced, the negative log of the mean H*

ion conccntratlon (for the entire 14 days of growth) and the final pH mduced were also
determined.

D. Statlstlcal Design and “Analyses | t

The treatments were 2 Al lcvels (0 and 74 HM Al) and 8 wheat culuvars The
expenmental design wasa 8 x 2 factorial with treatments arranged in randomized blocks
with 3 replications of each block.'The pots were randomized after 1 week within blocks on -
the greenhouse bench to decrease variability‘ frop uncontrolled sources. The analyses of
variance were performed fok fixed effects models from the mean of 10 plants per plot The
average root and shoot weight values and the pH variables were used in two-way -
~—ANOVAS todetect cultivar resporise. RWI and SWI were used in one-way ANOVAS to _
determine cultivar rankings. Simple interactions were studied by determining LSD values
for each treatment level. To determine whether functional relationships existed between
RWI and the pH variables, regression analyses were performed with RWI as the
independeiit variable and each of the pH variables as dependent variables. The pH variables
used in the regression énalyses were derived from the Al treatments since differences did
exist for some of the variables between treatments’ ‘(the negauvc log of the mean H+
concentration, rate of pH increase, and final pH). T . -



. »
E. Results and Discussion : o

The plants grew well in the arrangement however, Powdery Mildew from adjacent
greenhouse trials contaminated shoot growth of several cultivars (particularly"Scout,”
Thatcher, Kenya Kongoni, and PF 7748). This was noticeable on day 10, however,
termination of the experiment on day 14 avoided severe t‘l’xngal damage. Chlorotic spotting
was associated with fungal invagion. Nutrient dcﬁciency symptoms on the shoat growth in
the Al treatments were not clczy defined or proﬁounccd, but the shoots were thinner and
more flaccid with chlorotic shoot tips than in the control treatments. Roots grown in Al
were stubby and discoloured with undeveloped laterals.

All of the variables except the rate of the pH decline, the rate of the pH increase and
the final pH detected significant cultivar differences (Table-3.2a). Differential cultivar
response to each treatment level was detected by average root weigh\g},v(Table 3.3), and
interaction effects were detected for the final pH and the rate of the pH increase (Tablé 34
and 3.5). . N : I
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Table 3.2b Analyses of variance for root and shoot weight index values (RWI and
, SWI, respectively) for 8 wheat cultivars grown in nutrient solution.

Mean Squares \
Source of variation ~ df . RWI SWI o
Replications 2 0.008 0.222 .
Culdvars _ 7 0.096 ** . 0.030 ns
Error 4 0.021 0.224
Total 1
CV (%) 214 17.7

*'[ndicates statistical significance at the 5% level,
** Indicates statistical significance at the, 1% level.

Table 3.3 Méans for average root weight (averaged over replicates) for 8 wheat
cultivars grown in nutrient solution at 2 Al levels. R

Average root weight gpot!

Cultivar AlyuM 0 74
Alondra 's' 0.844 0.534
Kenya Kongoni | 0.784 0.576
- Atlas 66 : 0.665 0.584
Thatcher- 0.657 0.353
Scout v 0.650 0.276 -
" PF 7748 0.426 0.398
Garnet , 0.455 0.257
Park 0.351 0.241 ‘ : -
Mean ©0.604 0.402 |
LSDo o5 | 0.013 0.013.
L

AT



" Table 3.4  Means for final plant-induced pH values (averaged over replicates) for 8

\
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TN -wheat cultivars grown in nutrient solution at 2 Al levels.
~ ’ ~ . pHvalues -

Cultivar Al pM 0 L 74

" Kenya Kongoni 1.5 5.3
Atlas 66 6.9 49
Alondra 's' 6.5 4.9
Thatcher 7.1 4.3 >
G - 6.9 3.9
Scout ) 6.6 3.9
PF 7748 5.0 5.2
Park 6.0 ®.0
Mean 6.6 4.6
LSDggs 0.6 00.6

2

Table 3.5 Means for rate of pH change (averaged over replicates) for 8 wheat cultivars -

grown in nutrient solution at 2 Al levels.

rate of pH change (pH units per 2 days)

Cultivar Al ukM 0 74
Kenya Kongoni  ° 1.717 0.667
Atlas 66 1.493 0.503
Alondra 's' 1.320 0.513 -
Thatcher 1.600 © 0.003
Gamnet .563 ~-0.017
Scout ‘ 1,423 - -0.023
Park 1.013 -0.057
PF 7748 ' 0.267 0:663
Mean 1.300 0.212
1.180

LSDgos 0.180

\

Thé analyses of variance for RWI and SWI are given in Table 3.2b, and the

&

tolerance ratings are in general agreement with published litC(aturc reports (Tay_lor and Foy

1985 a,c,d) and from the results of Chapter II (experiment 1b): Alondra 's' did not perform
-as well as anticipated based on the results of root elongation Chapter II (experiment 1b).
The performance of Atlas 66 and Scout confirmed literature reports of Al tolerance and
sensitivity, respectively (Taylor and Foy 1985 a,c,d), and the general pH patterns observed
~ among the cultivars confirmed literature reports (Taylor and Foy 1985 a,b,c,d; Foy and
Fleming 1982). It is of interest to not¢ that the rate of the pH increase, the rate of the pH

-~

-y
(3
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decrease and the final pH induced did not differ between spring and winter wheats, hence it
was decided to examine both types of wheat together for these variables. ; -

Although none of the cultivars exhibited increased root weight in the Al treatments,
PF 7748 yielded 93% as well in the Al treafigent as in the control treatments (Tables 3.3
and 3.6). PF 7748 did not induce high pfmues in either treatment in com;;arison with
the other cultivars however, the final pH induced in the Al reatment was 0.2 units higher
than in the control treatment. Apparently PF 7748 has the ability to maintain a relatively low
root microzone pH in the process of normal nytrition without Al. The rate of the pH
increase was more rapid in the Al treatments than in the control treatments (Table 3.5). This
latter phenomenon can be partially explained by anomalqus data points for the control
treatments in replicate 2, but analysis of the other replicates alone did not significantly alter
the ran\king of PF 7748. Kenya Kongoni and PF 7748 rapidly increased solution pH in
comparison with Scout and Park. The coefficients of variation for the rate of the pH decline
and the rate of the pH increasé were high indicating that the relia{)im/tmpu-\ea;rﬁ::m
means compz;rcd were subject to variation,

It is of interest to note that there were no treatment differences in the minimum pH
induced by each cultivar (Table 3.2a). Apparently, 1/5 strength Steinberg solution (Foy ez
al 1967) initially acidified to pH 4.5 with or without Al facilitated similar plant~induccd

~minimum pH valucs The result is consigtent with published literature reports (Taylor and

':'Foy 1985a; Foy and Fleming 1982). The negative log of the mean H+ concentration

(averdged over cultivars and replicates) was generally lower (pH=4.3) for the Al treatment

* than for the control treatment (pH=4.7). Taylor and Foy (1985b) reported a correlation

(r=0.436, a=0.01) between spring wheat cultivar tolerance and the negative log, of the
mean H+ concentration.

The rates of the pH declines determmed before pH inflection were similar for both
treatments and all 8 cultivars. Differential gehotypic response at eithér treatment could not
be detected by this variable. Taylor and Foy (1985 a,b,c,d) reported cultivar differences in
the rate of the pH decline in both winter and spring wheats. Foy and Fleming (1982)
reported similar rates of pH decline for 2 cultivars of sprmg wheat (UC-44-111 and Anpza).

&It is significant that in the present study, both the spring and wmter culuvpfs did not
statistically differ in rates of pH decline. Alummum tolerant genotypes (PF 7748,
Alondra 's', Kenya Kongoni and Atlas 66) only différed in pH changes after 10 days of
growth. In the present experiment pH recordings were performed every other day instead
of daily (Taylor and Foy a,b). Perhaps the sensitivity of experiment decreased with less

\ ffequcm monitoring and this obscured differential rates of pH decline for cultivars. The
nutrient solutions used in this experiment were not allowed to age for four days (Taylor
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personal communication) and this factor may have increased Al hydrolysis ahd | drift,

Judging from the ANOVA tables (Table 3.2a) none of the pH variables were scnsﬂ?/e .

enough to defect both cultivar and cultivar x Al level interactions. , ,:f ’

v

Table 3.6 Means for relative shoot and root weight index values, minimum p

the pH increase, and final pH (average over replicates) for 8 w
grown in nutrient solution.

negative log of the mean H* concentration, slope of the pH deme?slo f‘” S "

tcu!n

o P ,«.~\»
Cultivar RWI SWE2  min. pN3" neglog slope of pH f ﬁt‘m s.lépc of pH
mean H* decline { /pH2 3 incr23
conc3
PF 7748 0.929 al 0.804 4.1 a 45 b -0.111 5.1 0.465
Atlas 66 - 0913 a 0701 39 abc 4.5 b -0.208 5.9 0.998
Kenya Kongoni* 0.745'ab 0.795 4.0 ab 4.8 a -0.114 6.4 1.192
Park 0.683 abc 0700 4.0 abc 44 b -0.108 5.0 0.478
Alondra's' . 0.633 bc 0.834 3.9 abc 4.6 ab -0.140 5.7 0917 .
Garnet 0.563 bc  0.549 3.8 cd 45 b. -0.140 54 0373 ¢
Thatcher 0527 bc  0.599 39 abc 4.5 b -0.135 5.7 0.802
Scout 0425bc 0745 38 cd 44 Db -0.150 5.3 . 0.700
Mean 0.677 0.716 3.9 4.5 -0.138 56, 0491

1 Means followed by the same letter within a column are not significan 'fﬁx‘bn!at
©+ the 5% level of significance as determined by Dy 's Multiple Rang€™st.

2 Means not significantly different at 5% level of #flificance. S

3 Variables are averaged over treatments. B R

The final pH ihduced by each cultivar in the Al treatments differed. Génerally, the
tojgrant cultivars induced higher final pH values in Al (Table 3.4) (Taylor and Foy 1985
a,b,c,d; Mugwira and Elgawhary 1979; Mugwira and Patel 1977, Mugwxra et al. 1978;
Foy and Flermng 1982).

The results fro Tegression afral e presented in Tablc,ﬁ. R‘cgrcssion'with
SWI as the iridependent variable was not performed because SWI was incapable of
distinguishing differential cultivar response, however, there was a significant but low
correlation between RWI and SWI (r=0.411, d=0.01; n=24). The observed variability
accounted for by most of the pH variables was lower than previous literature reports
(Taylor and Foy 1985a,b,c,d) with the exception of the rate of pH increase. The results
indicated that the rate of the pH increase, the final plant-induced pH values and the negative
log of the mean H* concentration were all significantly correlated with RWI, The rate of the
pH decline was not significantly related to the RWI although visual examination of the
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"roots for the first 10 days of ‘growth mdxcated Al toxtcny The rate of the pH increase
: explamed a larger amount of the observed variance (46 5%) ‘

E

_ Table 3.7 Re'gre. alyses be, tween root welght index valyes (RWI) and the pH —
E . variables (minimum pH, negauve log of the mean H* concentration, rate of
-« the pH decline, race of pH increase, and final pH) for 8 wheat cultivars
_ grown in‘trient solution.! © .- ‘
Independent - Dependent : ST : :
Variable ~ - Variable : : b a s P
*RTT  minpH - ~ 0.175ns 3843 0.107
neg. log. mean H* conc.  0.297 ** 4165  0.194 |
rate of pH dectine. 0.042ns  -0.087  0.051 ‘
rate of pH increase U191 %% 0525 0.465
final pH 1.920 #% 3310 0353

+ok Indtcates statxstlcal slgmﬁcance at the 1% level

1 Rephcate values were combmed and analyzcd (n—24) N

: depressed below 4 0. The results in thlS expenment conﬂrm thls rel" odsh;p smce
} decreases i 1n both treatments were sumlar Tolerant plants in the Al treatrnents gener‘allv
mcreased the pH of the solutxons to tneutrahty albeit ata slpWer rate. The extended effects
of the pH x Al toxicity resulted in decneased root bxomasst L
AC1d1ty has been regarded as having an mdﬂet:t effect on nument absorpu?n W ebbu-;:. i
‘and E"oneragan 1985). Alurmnum is: duet:tly tox'ic or Al coprempt" tes w’tlugan’ jtis anions
‘and nutrient deﬁaenclps are mduced Webb and Lon "ag 98 _ that increasing
pH of solutions mcreased 32p§ absorpnon in wheatkseedhngst'm short term 32Pi absorption
‘studies for a wide array of pH value

L i "mm;tent compositions. The increase in 32pj .
absorptlon was not immediate, theref ore thgfauthors speculated that the pH' 1nduced
~metabolic ciggnges which resulted Kdtr\&tft strucfural changes which affected 32Pi .

abso on. It is possible that in the present long teril'l experiment the extended effects of o

. 1ow pH altered P absorpnon Wagatsuma and z0e (1985a) reported that root cation

B . exchange eapacity values in several crop specxes mcreaSed from pH4.0to 4.5, and that Al

absorpuon, accumulauon and translocatton appears to be pH dependent Changes in pH
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“result in Al speciation (Bohn et al. 1979). The toxicity’ effects associated with Al speciation
appear to.be species specific (me etal. 1986; Blamey et al. 1983; Wagatsuma and Ezoe

1985a). The additional vanablhty in this cxpenment not accounted for is likely the result. of

nutrient x Al and/or nutrient x pH interactions operatmg in the root environment. This does

not preclude the differential effect of Al tolerance mechanisms operating within the plant.

.
F. Concluswns

The results of this experiment indicate that the tolerant wheats characterxzed can
allev1ate A(tgxmlty by rapidly increasing pH in mixed N solutions in nutriént culture. This
phenomenon was the result of differential cultivar tolerancc which could be observed pnorv
to pH inflection (Taylor and Foy 1985d) PF 774@7 Kcnya Kongoni and Alondra 's
rapxdly increased solution pH at rates comparable to or better than Atlas 66. PF 7748 ‘
appears to be a superior source of Al tolerance as determined by relative root blomass
values. There were no cultivar dxfferences in the rate of the pH decline and cultivar
tolerance was not related to the rate of the pH decline. Culuvar tolerancc was cofrelated.

“with the rate of the pH increase, the final pH and the negatlvc log of the mean H*ﬂ

<a
. concentration. : . Q\/ .



CHAPTER IV

Soil Studles
A Introductlon - : ,
On Albeﬂa soils in the pH range of 5.1-5.5, liming to pH. 6. 5 is expected to
~ increase yields of barley by 10-15%, and increase the ylelds of red cloyer and canola by 5-
10% (Penney etal. 1977). The yield response of wheat on acid and limed native soils is
poorly _documented, but it is less than that of barley (Agdex 834-2). Soil amelioration with
lime and fertilizers (increased P) i_sn"'ot always feasible due to extensive subsoil acidity (as
occurs in the Peace River region), and due to the economics of liming. Root penetration
"into the subsoil can be seyerely limited due to acidic subsoil conditions, even when the
topsoil is not acidic (MacKenzie 1973). Additions of organic matter' are known to decrease
extractable Al in acid soils (Hoyt and Turner 1975; Hargrove and Thomas 1982; Bloom ‘
. 1982) and to relieve Al toxicity symptoms in sorghum (Ahmal and Tan 1986). Apphcauons
of organic matter to ameliorate extensive soxl acidity on a large scale is unhkcly to unprove

’

margmal agncultural lands.—

MacKenne (1973) recogmzed the need for Al tolerant erg)
adapted o native soil conditions. Selecting Al tolerant geno : fied in nuﬁ'ient
soluuons wnh controlled Al levels Extraneous sources of ’ 0X 1ty (as in smls)

Y s'spéciﬁqaliy ‘

The pnmary Ob]CCtIVC of this study was to determme wh.ether Al tolerance ratings of -
wheat genotypes grown in nutnent solution at controlled Al levels would be indicative of
the relative tolerance ratings from a soil screening in Al toxic SllVCI' Valley soil at two hme

- levels. ' - _ ‘ _ @ |

B. Materlals and Methods SR !

Twenty wheat cultivars ( 1Q spring cultivars and 1 winter cultivar) were screened for
Al tolerance in. hmed and unlimed soil in the greenhouse The soil site characterization and
legal location are given in Table 4.1. The soil sample was obtamed from the surface 15 cm
of topspil collected from a farm field in the Silver Valley Reglon and was\adjacem to the
site utilized for liming trials conducted by MacKenzie (1973).

-»

r
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1 Results from the Alberta Soils and Feed Testing Laboratory.

Tablei 4.1 . Soil site, legal location and soil characterization!
_ - _
, R - * .pH .
e Legal Sail % Base - (1:2.5 soil:soln.)
Site . location Series Sat. Water 0.01MCacCl,
Silver | NE-10- | Boundary 8.37 4.5 4.1 1
Valley 82-10-6 Complex ’ -
‘ . ’ ‘ i
~ 0.01MCaCl, . 1ONKC " 'NH,0Ac
pg gl | ‘pggl : meq 100g! soil
- sol Al* so_l Mn2+ eX AP ex Mn Ca? | Mg> | Na* | K¢
i - 16.25 3791" 37775 7.30 487 | 0.82 | 0.05] 1.27

4,
]

The soil was bulk mixed and sieved through a 5 mm mesh screen. The liimc

- requirement was determined by serial addi&ons of Ga(OH); to aliquots of 20 g of soil

.(University of Alberta Soil Scléqcc Laboratory) Bulk lots of soﬂ were limed to pH 6.7 by -
adding Ca(OH)2 at a rate-of I The soil was potted 800 g of air dry soil per pot), and

the lime was equlhbrated wi € soil by watenng 19 field capacxty and drym g for 1 week,
for 4 consecutive weeks. - S

Planung was staggered over 3 days to accommodate 3 replicates whxch consisted of

: 2 U'eatrnents each (limed and unlimed). Before planting, each pot of soil was remixed and

N was incorporated throughout the soil aarate ‘of 67.4 kg ha-1, P was banded perpotata .
Jrate of 39. 3 kg ha-1 approximately 2 cm ' below the seed. The nutrients were solutions of

‘ NH4(N03)2 and NH4H2PO4 ‘Ten seeds of .each cultivar were plantcd into separate pots,
* covered w1th the remaining 100 mls of air dry soil and watered to field capacity. Thereafter,

the pots were watered to values between 85-100% of field capacity. At the emergent
growth stage, some chemlcal drift of soap solution being used to control thrips in an

- adjacent greenhousc trial caused severe damage to the shoots.of the emergmg culnvars'_' '

(particularly in rephcate 3). Due to time and space constraints it was dcmded to continue the -
experiment. After 10 days of growth the s\esﬁhngs were thinned to 7 sccdlmgs per pot for

~ most culuvars Somé cultivars in the control treatments emerged poorly due to.soil

compaction, and thinning to 6 seedlings per POt across treatments and replicates' was
necessary. An additional apphcauon of N at thc rate of 60 kg ha- 1 was apphcd aftcr 2
weeks of growth.
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~ The plants were érown in the grecnhousc for the month of October, 1986. A 16-

" hour light cycle was used and the. femperature averaged at 20:t3°C The replications were
© harvested on consecutm; days commencing onr November 3, 1986. _

At harvest, the soil was washed away from the plant samples with tap water. The
plant tissue was rinsed twice in distilled water. Plants were divided into roots and shoots
“and the plant tissues were dried t a constant weight at 60°C. Whole foot and shoot samples
from 5 selected culnva:s (Laval 19, Garnet, Park Kenya Kongom and Alondra 's') were
bulked over replicates and suBmlttcd to the Alberta Soil and Feed Testing Lab for Al assays

: (HNOg/HClO4 ngCSthD and Inducuvcly Coupled Plasma detectlon) ‘

C. Plant Measurements and Calculated Variables. )
\ The root and shoot dry fnatter wexghts for each cultivar were detcrmmed and used
to construct root and shoot weight indices (RWI and SWI, respectively) by dividing the |
»-blomass in the unlimed treatment by the biomass i in the limed treatment (Foy et al. 1974
- Mugwira et al. 13@ 1) for each replicate. 3
D. Statistical Design and- Analyses ® / : ' | v
" The treatmcnts were 2 hme levels (limed and unhmed) and 20 wheat cultivars. The
experimental desxgn wasa 20 x 2 factorial arranged with treatments in randomized complete
Blocks Due te the spray damage in replicate 3 only 2 rephcatcs were analyzed. The
& analyses of vanance w perforrncd for fixed effects models from the ﬂn of 7 plants per
plot for most cultivard. The plots of Concorde, Opal, Park and Prelude consisted of 6
plants per plot across treatments and replicates. The root and.shoot weight index values
were used in one way analyses of variance. ‘Mean comparisons were performcd as outlined -
- in Chapter 2 (expe_nmcnt 1a). Simple Pearson correlations were dctcrr_mned for the root and
shoot weight variables, and Spearman rank correlations were determined to compare Al
‘tolerance ratings in soil with the results from Chapter 2 (experiment 1b). The relationship
between root weight in the unlimed treatment was examined by regressing root weight on
relative root length values calculated -ﬁofn'Cllaptcr 2 (experiment 1b). |
E. Results and Discussion o o
The seedlings in replicate 3 were the latest to emerge and we{é most severely
affected by the drift from insecticidal soap solution used on nea'rﬁy' plants.f:Shoots -
displayed tip chlorosis and epinasty. The limed treatments exhibited soil compaction, salt .
accu{nulatign and soll-cmstin g, and these factors appeared‘ to escalate the spray damage
(particularly in replicate 3). As a consequence, replicate 3 was eliminated from the
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analyses It should be noted that thxs soil is high in sulfate and the Ca2+ from the lﬁ'ne B |

" probably increased CaSOy precipitation in the soil. : . -

Seedlings in the unllmcd treatments emerged 4-5 days bcforc their countcrparts in
the compacted lime treatments. This early growth advantage was negated by the stress of Al
'and soil acidity after 2 weeks of growth. BH 1146 Cmqucntenano, Atlas 66, Pitic 62,
Kenya Kongoni and Alondra s' were the ﬁmt seedlings to emerge in the hmed treatmcms
This growth. advantagc in the limed and compacted soil reﬂcctcd the more v1gorous root
syW these cultivars,

The shoots of the seedhngs in the unhmed treatmcnts were tall with n}rrow leaves
and dlsplaycd a range of acid and Al induced symptoms (N deficiency, tip necrosis and
.chlorosis). The seedlings i in the limed treatment were generally more vigorous with wider
leaves and tended to recover from the spray induced damage at a later growth stage. Roots
of most cultivars. from unlimed trea'tmenAts were finely branched but distinctively thinner
than roots in limed treétmcnts The roots of the most sensitive cultivars in the- unlimed
treatment exhibited undeveloped laterals and stubby root protrusions. The root systcm in
the limed treatments'tended to grown around the compacted soil. _

Slgmﬁéant cultivar differences were detected for. both root and shoot welght (Table
4.2a) howey.cr only shoot weight indicated a signifieant cultivar x Al level interaction.
Average root weight was not a reliable indication o%nal culuva.r response because
the variability in root growth wz‘is-high between limed treitfnents (r=0%69) in comparison’
with the unlimed treatments (r=0.44, 0=0.05). Penney (1973) did not detect,significant
barley cultivar x Al level interactions in field plots at the same soil site. Additional Soil
- factors other than Al have contributed to the erratic plant responses. The coefficient of
variation was high but this was not unexpected in cereal root research (Noordavuk 1985)
and this factor may have further obscured detection of differential cultivar response.
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Table 4.2a Analyses of variance for root weight and ‘shoot weight for 20 wheat

o cultivars grown in soil at 2 Al levels. . o ©
. ‘ Mean Squares
Source of variation - df root weight  shoot weight
- Replications | ‘ 1.584 - 3703 -
Al levels : 1 2,628 ¥+ 53,324 w*
Culdvars 19 0.192 ** 0.965 *
Cultivars x Al levels - 19 +0.072 ns 0.431 **__
Error . 39 0.083 - 0.101
Total 79 '

CV(%) " ' - 29.2 12.6

* Statistical significance at o 5 0.05
** Statistical signiﬁcancc ata = 0.01

‘There was no associafion bctween root and shoot wcxght in the hmcd treatments
(r=-0.221)br in the unluﬂed treatments (r=0. 102) lefercnces- in bxomass for the
treatmentj‘able 4.3) indicated that additional factors other than Al affect crop growth. _

~ Spray damage, soil compaction of the limed treatment (this likely decreased aerobic
conditions), and an indication of N.deficiency due to-the acid and/or Al stress in the

" unlimed tréatment may have contributed to the lack of correlation. It is unlikely that Mn2+
was toxic (Foy 1976). MacKcrizie (1973) found no correlation between soluble soil Mn2+
and barley response at 10 different Alberta field, sites. In the present study, other
micronutrients may have been limiting, although there were not clear-cut deficien y
symptoms. .Acxdlty effects in the unlimed treatment due to excessive H* may have b

" pronounced. In contrast to these results Reid et al. (1969) reported a high correlétion
(r=0.93, a=0.01) for barley roots and shoots grown in the Al toxic Tatum soil for 7 weeks
in the grcenhouse Reid (1969) concluded that for Tatum soil, barley-could be effecuvcly
screened by measuring shoot yield in the unhmed treatment only



A, Table 4.3 Means for root and shoot weight at each Al level, average root and shoot

50

wexght and RWT and SWI (averaged over rcphcatcs) for 20 wheat cult;vars

grown in soil at 2 Al levels.
Root weight Shoot weight
(g/pot) (g/pot) ~  (ghpot)  (g/por)
~ Average Average
Cultivar 'NoLime Lime No Lime Lime root weightshoot weight RWIl SWI1
1. Cinquentenario 0.91 1.86 173 330 1384 2.52bcd 0.48 0.53 cde
2. BH 1146 1.15 '1.31 2.18 434 123ab 326ab 0.87 0.50cde
3. Pitic 62 1.00 1.44 157 315 122ab 236bcd 0.68 0.50cde
4, Atdas66 - 094 149 158 332 122abe 245bcd 0.72 0.48cde
5. Katepwa 099 135 122 3,66 1.17ad 244bcd. 0.69 0.34 cde
6. PF 7748 079 147 159 3.09 1.13a-e 234bcd 0.54 0.52cde
7. Kenya Kongonil.07 1.18 174 2388 1.13a-e- 231bcd 0.89 061 bc
8. Alondra 's' 1.17 1.04 160 3.08 1.1l1a-e 234bcd 1.08 0.53cde
9. Concorde®-  0.93 '1.26 1.20 -248 1.09af 184d 084 048cde
10. Canuck 0.74 137 142 273 1.06af 208cd 0.56 0.52cde
11. Chinook 094 1.09 195 2.66 1.02af 231bcd 095 0.74ab
12. Singon - 0.67 120 120 2382 093af 201d _ 0.55 042cde
13. Norquay 0.82 1.02 170 278 092af 224bcd 0.80 0.61 abc
14. Pioneer 0.86 0.88 226 2.80 087bf 253bcd 099 081ac
15. Opal®- 054 1.09 196 440 082b-f 3.18abc 0.51 0.45.cde
16. Laval 19 0.77 0.78 196 324 0.77bf 260bcd 099 0.60bc
17. Sonora 64 0.52 093 179 358 072cf 2.69bcd 0.63 0.50bed
18. Park3 0.42. 1.02 120 3.01 072d-f 2.10cd 041 040de
_19. Prelude? 0.53 0.80 2.11 3.76- 0.66e¢f 294ad 0.65 0.55cd
20. Garnet 0.40 0.82 2.18 570 061f 394a 048 0.38de
LSDo.05 0.60 0.60 137 137 ---- = cceee e e

1. RWI not significant at a= 0.05 (Table 4. 2b)

2. Means followed by the same letter are not significantly different at the 5% level of .~

significance as determined by -Duncan's Muluple Range Test.
3. The mean of 6 plants per plot.

Analysxs of variance for thc calculated variable RWI (Table 4.2b) did not detect
cultivar differences. One-way ANOVA partitions out less of the total variance attributed to
model specifications in comparison to the two-way ANOVA with interaction. For the
~ calculated variable RWI, the coefficient of variation was high (34.5% Table 2.2) and the
model specification R2 value indicated that only 60% of the total variation observed could
be gmplained By this model. " -
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Table 4.2b - Analyses of variance for RWI and SWI for 20 wheat cultivars grown in soil

at2 Al levels. )
. | Mean Squares
Source of variation  ~ df RWI. - SWIL
Replications 1 0219 0.027 .
Cultivars 19' 0.081 ns  0.477 **
Error - 19 0.061 0.006
" Total 39

CV(%) | 345 15.3

* Statistical significance at o = 0.05.
** Statistical significance at o = 0.01

Analysis of variance for the calculated variable SWI indicated that the shoot weight
index was capable of detecting differential cultivar response. qucycr, the lack of,
correlation for root and shoot wexght in either of the limed and ‘unlimed treatments lends
doubt to the ability to detect Al tolerance per se. In addition, there was a significant positive
relationship between RWI and SWI variables (r=0.675, a=0.01), suggesting that these
index values were more stable than the raw values at each treatment level. The results from

“ Chapter 2 (experiment 1b) indicated that shoot length and the shoot length index did not
reflect differential Al tolerance in nutrient solution after 10 days of growth. Mugwira et al.
(1981) reported no consistent relationship between relative top growth of wheat and triticale
grown on Bladcn soﬂ and Al tolerancc ratings determined from root elongation in nutrient
solution. ' .

For this experiment, root weight in the unlimed Silver Valley soil is the best -

" measure of Al tdlerance‘climinating the confounding effects of spray' damage and soil

compaction. This is illustrated by the regression of root weight. from the unlimed treatment

on to the relative root length index (RLI) (Figure 4.1) values obtained from Chapter 2

(experiment 1b). The Spearman rank correlation coefficient for these two variables was

- significant (r=0.567, a=0.01). In general, the two tolerance indices were comparable for

the most tolerant cultivars (Alondra 's', Kchya Kongoni, BH 1146, Pitic 62, Atlas 66,

Chinook and Norguay) and for the most sensitive cultivars (Park, Garnet and Sinfdn). The

most sensitive cultivars, as measured by root biomass in the soil (Opal, Sonora 64, Park,

Prelude and Garnet) exhibited a lower range of scores than in nutrient solution. This

phenomenoﬁ is likely the result of the extended exposure to Al stress. Sonora 64 did not

perform as well as expected from previous reports (Konzak et al. 1976; Polle et al. 1978)

of Al tolerance determined by nutrient culture methods. Katepwa, Prelude and Opal also -
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deviated from the éxpected results of Chapter 2 (experiment 1b). The scatter of the data * °
points around the regression line reflect differential cultivar responses to soil factors other
~ than Al toxicity anq the high variance associateg‘with index measurements,
Figure 4.1 Regression of root welght from unlimed soil on relative root length (+Al/-

, Al) for 20 wheat cultivars.!

*
4 . .

1.2 1 o
y=0248+1.199x R=0.66 @ -

o)

-

Q

g

2

20

L

Y

8 ®

&

A
0.2 0.3 0.4 0.5 0.6 0.7 -
Root Length Index e »
o . ’

1 Data points represent cultivar values averaged over replicates \ﬂ\

Al d}termingtions for whole root and shopt samples from the limed énd unlimed
treatments are given in Table 4.4. In all cultivars, more Al-accumulated in the root tissue. b
than in the shoot tissue at both Al levels. The tolerant cultivars appeared to accumulate more |
_ Al in root tissue from the unhmed treatments in comparison with the sensitive cultivars.

This observation needs to be retgstcd and rephcated but the results indicated that tolerant

cultivars have morg Al accumulating power than the sensitive cultivars (Wagatsuma and
Ezoe 1985a).
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Table 4.4 Al content (g g-) of five wheat cultivars grown in Silver Valley soil at 2 Al

levels.!
‘ | Roots - Shoot
Cultivars Lime  NoLime hime NoLime //\
Laval 19 8706 9519 144 398
Garnet 6823 5567 392 - 268
Park 10237 4844 371 . 224 Yo
Kenya Kongoni - 8798 11643 - 391 437 ‘
Alondra 's' 6985 13660 412 391

* Mean 8309.8  9046.6 342.0 343.6

1 Samples were bulked over replicates. ,
& 4
. F. Conclusions ‘ 5
The results from the present study suggest that screening wheat cultivars in Al toxic
Silver Valley.soil in the greenhousé¢ and measuring root biomass gives an indicatioﬁ of the
differential genotypic tolerance as verified by root elongation measurements in controlled
nutrient solution studies, but additional soilfactors are likely involved in crop response to
the Silver Valley soil pot tests. The culfivars tested were from a diverse parentage and
deviations in crop rcsponsé predicted by root elongation studies in which Al was controlled =
can also indicate that regional soil differences can indircc‘tly induce selection pressure for
adaptation to a particular soil, (Foy et al. 1974; Lafever et al. 1977; Mugwira et al. 1981).
Lafever et al. (1977) also concludcd that relative lengths in nutrient solutions with Al were
correlated to cultivar lfcsponéc on acid Wooster soil. Aluminum tolerant cultivars appear to
have more Al accumulating power than sensitive cultivars.



| CHAPTER V
y o Gen'e)ic Studies

A. Introduction -

Thcg: have been, ganous Lisrmsure reports on the gencnc control of Al tolerance i m_
wheat. Kemdge and (1968) wportcd thaj a single dominant gene (as measured by
root length in Al treatments) 'was f%onsxble for the tolerance exhibited in a cross between

 a susceptible and a moderately tolerant cultivar of wheat. The authors speculated that

*oopulations (tolefant x sensitig
. f - e - -
technique. Heterogeneity within

additional genes could be involved in cultivars with greater tolerance. Lafever and
Campbell (1978) found that Al sensitivity in 4 crosses of soft red winter wheat was
conditioned by a single recessive gene, but selection for tolerant plants based upon Fj
family means was not effective indicating tolerance was more complex. Campbell and
Lafever (1978) also derived 6 populations from each of 8 different crosses of wintet wheat
and determined that dominance effects were siigﬁtly larger than additive gene effects. Fy
and backcross data implicated a single gene for the large dominance effect, but additional

- genes were likely involved to account for the abundance of intermediate plant types.

Aniql (1984) found that g t segregation ratios occurred when the same hybrid
s) were tested at 2 Al levels by the root regrowth
ulations was thought to be indicative of complex
genetic control. Camargo (1984 b) demonstrated that a moderately tolerant Brazilian
cultivar "C-3" differed from sensitive "Siete Cerros" by 1 pair of dominant genes when
tested with the root regrowth method at 3 mg 1-1 of Al . There was a gradual decrease in
dorpinancé (increase in susceptibility) of this gene pair when tested at 10 mg 1! AL
Slootmaker (1974) indicated that the D genome in reconstitu ed hexaploid Capthatch
derivatives was responsible for much of the Al tolerance, but that the A \ genome carried
minor genes involved in tolerance. Polle et al. (1978) demonstrated that thc substitution of
chromosome 4D from Thatcher into Chinese Spring reduced Al tolerance in Chinese Spring
close to the level of Thatcher. Aniol and Gustafson (1984) employed the root regrowth
method on ditelosomic wheat lines to determine the chromosomal locations for the Al
tolerance factors and concluded that genes on chromosome arms of 6AL, 7AS, 2DL, 3DL,
4DL and 4BL were responsible for most of the tolerance. Nullisomic-tetrasomic Chinese -
Spring wheat lines implicated chromosome 4B as contributing to tolerance. Rye additions
to Chinese Spring indicated that chromosomes 3R, 4R and 6R were mainly responsible for
tolerance in rye. Wheat chromosomes of homeologous group 6A an\d 6D appeared to
suppress the Al tolerance genes located on chromosome 6R. The root.regrowth thhniquc

54
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aptly demonstrates the polygenic nature of Al tolerance however, polygenic segregation
values do not preclude the existence of major gene(s) controlling tolerance.

Th objccuvcs to the present ¢esearch were to:

.

1. Investigate the inheritance of Al olerance in Canadian whcats
con}bmcd with elite unpprted cultivars in order to facilitate breedmg

k strategies for Al tolerance. )
A 2. Investigate.the gene effects and numbers of genes segregating for Al

tolerance in specific crosses.
3. Compare methodologies currently used to evaluate scgrégants (root
length and root regrowth) and to determine whether the results are
. indicative of the same phenomena.

B. Materials and Methods
#  Six parents used in the study were selected on the basis of the hematoxylin staining

"

results (Chapter 2; experiment 1a). Garnet, PF 7748, and Kenya Kongoni were chosen to
represent tolerant génotypes. Park and Thatcher consistently scored as sensitive; Alondra
's' was"chosen for its intermediate tolerance apparently acquired-from Weique rye (Rajaram
etal. 1981). . - . - ¢

®

-‘w

ng schcmc of paren@l uvam ’

: PI?7748 %K Kongom Alondra s’

z FJ s among.thc 61;&brt:d hn‘es were obtamed by controllcd polhnanons ina
SSm’g de51gm The- .15 lines were allowed to self pollinate to form an F,
popula By ckcrcsses of the Fy: to the matcmal parent (the sensitive cultivar in most
crosscsr*) ' §rg:3also Obtamedé Reciprocal crosses wcre not included in this design. From
u su}ts (Chapter 2) Park (pamnt 1) and’ PF 7748 (parent 2) appeared to possess
; an!ounts of cohtrasnng tolerancc and had dwerse pedxgrces These parents were

previd 1 |
+

substand
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Experiment 1: Park x PF 7748 Generation Mean Annlysis .-
The discriminating senftive x tolerant cross of Park,x PF 7748 was chosen to
employ a generation mean analysis and estimate gene effects using root length as the
independent variable. Previous results (Chapter II; experiment 1b) indicated a significant
correlation (r=0.71, a:=0.01) Between seminal root length in aluminum and thé rclatxvc root
length index. ' * :

The 6 populations (Park(P,), PF 7748 (P,), Fy, Fa, BCP; and BCP; were grown -

in nutrient solution (cells were drilled in the planting trays to accommodate single seeds)
with 300 UM Al to obtain an idea of segregation patterns for the Al tolerance trait.
Reciprocal crosses did not differ, therefore, they were combined for presentation. The

growth conditions were similar to those described (Chapter 2; experiment 1b) cxccpi that,
on the fifth day Al (supplied as AlICl3) was added. The seedlings were grown for a total of -
10 days and preserved in 95% ethanol until the lengths of the seminal roots were

determined.

Experiment 2: Root Regrowth Evalﬁﬂoq for the F, Segregants
| All of the 15 derived F; populations were exgmined by a modified root regrowth
technique (Moore et al. 1976; Aniol 1984) al COnccntranons of Al (supplied as AICl3
in distilled water) were determined for each-c¥fgvar. " A lethal dose of Al was considered to.

cguse the complete inhibition of root growth (10 seedlings per sample; 2 Zeplicates) after 24

hours of Al treatment and’h 48 hour rccbvcry period in full strength nptrient solution (Polle
et al. 1978). Cultivars which reinitiated root growth from the primary seminal root apexes
were considered tolerant (Moorc'_et al. 1976). '

- Regrowth in the 4olerant segregants was normal in appearance with no demarcation

or 1nJury of the tissue. In contrast, root tips of the sensitive cultivars wcre knobby and

discolored. Some sensitive cultivars initiated lateral root profusions approxlmatcly 4 mm
from the root apex, but no reinitiation occurred from the primary meristem. The following
lethal concentrations were determined for each cultivar:

Al (mgl-1)
Park 2.5 * (¢
Thatcher 2.5 Y -
Alondra 's' 5.0, 5
PF 7748 10.0 :
-~ r Kenya Kongoni  10.0 )
| " Garnet 150

* Lethal concentrations determined in 2 replicate sample of 10 plants per sample.
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‘ Pre.gemxina;ed séds were pla’mted in polystyrene planting traiys (3 seeds per cell)

" and §eedlings ‘were grown for 4 days in full strength nutrient solygion . (Polle et al. 1978)."
Plant growih r‘ondmOns (temperature, light cycle, 1rrad1ence, humidity) was-as ‘previously -

descnbed (Chapter 2’ cxpenmem 1b). Alummum concentrqtlons for screemng F; -

: scgregants were determined by usmg the midpoint between 2 lethal parental doses for each'

cross /After the recovery period, the scedlmgs were preserved m 95%: ethanol until

!ﬁzessments for tolerance or sensmwty could be conducted.

Experlment 3 Root Length Dlstnbutlons of Populatlons Derlved
From 12 Crosses - -~ = .

R 'y order to confirm if the results from the root regrowth expenrnent were mdmauvc ‘
of segregation for Al tolerance per se, root length distributions were constructed;' mmg TOO! -
length as the’ mdependcnt variable. Five populatlons (P1, P, Fy, Fy, BC- aterrial parent)-
from 12 different crosses were examined for root length distributions i in 300 UM Al

'(supphed as AlClgsand assessments were the same as prevmusly described (Chapter 5;

- experimént 1). . v
. The followmg crosses were cvaluated
. Cross no. - Parents (female x male)
1 ~ Gametx Thatcher ® :
2 Garnet x PF 7748 L ’
'3 - Garnet x Kenya Kongoni o e
4 Gamet x Alondra 's' ‘
- 5 ’I'hatcherx Park - : A
s 7 Thatcher x PF 7748 g
7 ‘ A : Thatcher x Kenya Kongoni
8 - Thatcher x Alondra s f\{a
9 Park x Kenya Kongoni’ :
10 - Parkx Alondra’s’.
- 11 PF 7748 x Alondra 's'
12 Kcr(ﬁéf(ongoni x Alondra 's'
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C. Statistical’ Desngn and Analyses
Expenment 1: Parl¢x PF 7748 GeneraMean Analys:s
Six generations (P, P,, Fl, F,, BCP, and BCP,) were grown eoncurrently in 300

¥ | M Al in randomized complete blocks with 2 replications. F, sample size in the generatron
©mean. analy51s consisted of 2 bulked F, families (n—40) It should be noted that'in a
- biometrical anhlysis Fp families are bulked and considered on a population basis.

Generation means were caleulated on the mean seminal root length per replication. The
number of plants per generation varied and is rep'orted in Table 5.2. The generation means
per replicate for each cross were used in a two-way analysis of vanance to deterrmne the
least s1gn1ﬁcant difference between generation mean root length. 'Within generanon
variances were calculated for each replicate. In addition, 5 different F; families were grown
concurrently in replicated randomized blocks, and familial data.was examined on root

. distributions. The ABC Scahng Tests of Mather and Jinks (1971) were used to-test for the

additivity of the scale in estimating gene effects.

A =2B'CP1 -P,-F,

B =2BCP,-F,-F; -

C=4F,-2F, -P,-P,
'where: , | |

S ' ) :
P, P'g;"‘etc‘ are the generation means of Py, Py, etc.
Cog®

If gene effects are additive then each parameter should equal 0. The significance
(P<0.05) of the scalmg tests were detemnned by using standard errors calculated from the
wnhm generatlon vanahces ana denvmg sampling variances accordmg to the foﬁ?)wmg
formulae (Mather and Jinks 1971) _ I , )

Va =4Vpcp1 + Vp1 + Vi

VB =4Vpcp2 + Vp2 + VR ‘

Ve =116V1=2+4VF1'*;VP1+VP2 B %
where:

-
LWy

'

“ Vp1, VEI. etc equal the square of the wrthm generanon standard error of

. Py FI, etc. ’
L If gene effects were not additive a loganthmlc transform’atxon was employed tok _
shorten the upper ¢énd of the scale. Gene effects were determined by the 6 parameter

generatlon'mean model outlined by Gamble (1962) ThlS model uses the followmg notauon

M

w

to pararneterize gene effects'

- < (‘ . . ' ’ kY
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g Parameter
mean S m
additive : a
dominance " d

. ‘additive x additive aa
‘ ‘ additive x dominance = ad
. ' - C}ominance x dominance dd

o *

The means of the 6 populatrons were used to obtam esumates of the srx parameters based

ontheformulae i REC o
. ? m = - F .\
a = S T BCP;, - BCP,
d = -IpPy - 12P, + Fp - 4F, +2BCP, + 2BCP,
s = - 4F, +2B‘CE”+;2FC'F2
ad = -1/2P} + 1/2P,-
-dd = '

P, + P, +7F - 45 -
The sa‘rr.i’pling variances of. these estimates are obtaingd by . squaring the
correspondmg standard errors .of the within generation variances. Slgmﬁcance of gene -

; éffects (PSO 05) were obtained from a table of pormal standard deviates. ’
@% R The potence ratio (a net measure of phenotypic -dominance (Mather and Jinks

‘ - 197 1)) vgas calculated according to the method of Petr and Frey ¢ 1;?6‘._6)‘.
o wire: o - o

j a . RF,, XMP and XHP are the means of the Fl, the 2 parents and the hlgh
parent, respectively. o

R
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Broad sense heritability was' calculated'byv_the method of Petr and Frey (1966):

H=VF,- J(vpl-vpz)/vrmoo o

b
where R

oY
".

VF2, VP, and VPz areé the variances of the Fp and the parents. Yool

5
4
Ed

To facrhtate calculanon of narrow sense hentabrlrty it was necessary to pexform the
calculauons on the log transformatron of the original data (to equalize the yariances).
Narrow sense herrtabrlrty was calculated by the method proposed by Warner (1952)

= 172D/ VF, Lo
/2D 2(v1=2) (VB + VBy) o S
where: . - L T ’
¥YB; and VB, are the Sll'm of the wrthrn generatton vanances for the
* backcrosses. . Lo I

’ ;Experrment 2: Root &MEvaluahon of F, Segregants

Approximately 150 randomly selected seeds representatwe of 1-5§ F; famrhes per _
cross (an F famrly is denved from 1 Fy plant) were used to study F, segregatron rauos

- Parents and the F; families were randomized within seedlmgs trays, and the 15 crossps'

were grown concurrently. Familial data of the F segregants was tested for homogeneity by. .
X2 and if the classes were homogeneous they were pooled and tested for the %2 fixed ratio
Cat the appropriate degrees. oforeedom In some crosses only 1 farmly was represented in
which case the x2 ﬁxed rauo test was apphed at 1 degree of freedom. Yates' correction was
employed to correct: for contrnu1ty ‘when 1nd1v1dual classes could not be pooled. ©

-

» Expenment 3: Root Length Drstnbut‘ions of Populatlons Derlved '
FrOm 12 Crosses e C . ,
' Five populauons (parents, Fl, F2 and BC-matemal parent) for each of 112 crosses
- were\grown concurrently inac pletely randormzed desrgn at 300 uM Al (supplred ras
AlCl,g) Parental culuvars were also grown concurrently at O uM Al Only one Fp famrly of »
adequate samme srze could be accommodated in this study, therefore 1F, family was® -
randomly selectéd for exarmnatron from the populanons of Fy farmhes in every cross. Each
tross was analyzed on 2’ separate basrs and root length means, ranges and distributions
o were used to describe the da.ta The dcgree of dormnance in the F; was calculated accordmg',
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to the meth‘od outlined in e_xpen'ment 1 (Chapter 5). %2 for a fixed ratio was performed on
backcross and F; populations for crosses in which parental types were recovered and root
length limits were specified for parental types. The null hypothe51s for a ﬁxed ratio was
acccptcd uriless P <0.05. N

D. Results and Dlscussnon \
Experiment 1: Park x PF 7748 Generatlon Mean Analysxs
There were sxgmﬁcant differences in mean root lengths of the parents (Table 5.2). R
Roots of PF 7748 grew approxnnately S times longer than those of Park. The mean root
Jength of the Fl population mean was 51gniﬁcantly greater than Park but did not statistically
differ from PF 7748. The potence ratio (0.81) indicated pamal dominance of the trait as
mcasurcd by root length The mean of the root length backcross to Park Was not
.significantly differént than the F; mean. Therc were no indications of transgressive
- ‘'segregants in the Fy population exammed in the generation mean analy\sis Parental types

were recovered in both of the backcross and F2 generatlons R

Table 5.2  Generation means, standard errors of the within-generation vanances and
- number of plants tested in Park x PF 7748 cross at 1 level of AL '
(expenment 1. ‘

: - Means , o ' :
. ~ Seminal Rootlength ~ Std. Err. .~ number of
Generation {cm plant-1) of Mean plants
P, ¢ % 6625 - (00396 20
P, - , o+ % 37935 - 2.081 20
F, ., 35031 - 3088 16
F, - 29.575 w2232 T 40
BCP, 30.090 -~ 4.099 20
BCP, | : 39.140 .2.080 : 20 =
© LSDes - 8530 o
Table 5.3  Within generation variances (experiment 1).
R ' ‘ s s* o
~ Generation” ~* (Original Scale) - - * (Log Transformation) -
P, 314 . 0.069 -
P, | ' 86.60 . 0980
F, 14982 . 0143
F, C e 119927 | 0.486
BCP, : . .. 36.04 0.651 .
_BCP, — . 8653 - 007

-
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Within generation variances (Table 5.3) for thgg parents and the Fy populanon
exh1b1ted considerable vanablhty These dlsmbunons should be similar and the vanabxhty ,
within.them should be entirely nonheritable. PF 774‘&( app;ared to be a heterogeneous -
population based upon the thlun generation variance: the'oﬁgmal data. The variance of
the backcross to Park was greater than the F, dlstnbutioﬁ*bccause th:ry\nanons frgm the -
mean were substantially larger and because the samplinig v&nances wer¢Inyersely related to
sample size. The Fy' sample size (n=40) was greater so'that precision was gained in
representing the F, segregants. The F5 distribution (Figuie 5.1) was shown to be w1dcr'
._ than the distribution .of the backcross. to Park. An attempt was madc to stablllze the
wvariances but remprocal values distorted the variances (Table 5. 3).

A

Table 5.4  Significance of the ABC scalmg tests based upon the generanon

means of Park x PF 7748 growmn nutncnt soluuon at 300 uM Al
(experiment 1).

TEST AT "B - C

-18.57 £ 8.76 * 531557 3681103
*Indicates statfétical significance at the 5% level.

‘The A scaling fgst (Table 5.4) was significant at-the 5% level but not at the 1%
level, therefore nonadditivity of the scale and consequent gene effects were implicated. The
original scale’of measprement was cm plant-! and resulted in a distribution with parental .
values at eiihgr extreme. A logarithmic transformation shortened the upper end, but the fit

of the A scaling test was not improved. It was decided that the original scale of
measurement was suitable to estimate gene effects. _ o -7

Table 5.5 Gene effects estimates and standard errors (expcnment 1).

Parameter - ~ Estimate . Std. Err. of Mean
m 2057+ . 223
a -9.05%* . 3,53
d : 32.91%* o £1322
a 1268 ' £12.82
: dd e 6.61 \ +4.72
ad : .

| . " -44.00 - . 12144
**Indicates statistical significance at the 1% level. A
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The gene effect estimates (Table 5.5) indicated that dominance plays a large role in
the genetics of Al tolerance. This result is consistent with those of Campbell and Lafever
(1978) using similar methods of screening and gene effect estimation in' 8 crosses of winter
wheat. Root length distributions of the populations are presented in Figure 5.1, The
backcross to Park indicated a 1:1 \s'e.gregation ratio and there was no phenotypic overlap
between the parents to obscure the segregation values, This segfcgatidn' indicated that a
single’ gene accounts for most of thie tolerance within the studied population. The, Fp
distribution (Figure 5.1) of the bulked families indicated that 1 gene was responsible for the
Al tolerance observed. The significant additive gene effect (Table 5.5) can be accounted for
by the predominance of intermediate root lengths. Significant additive gene effects and high
heritabilities have been reported for various winter wheat crosses (Campbell and Lafever
1981, 1978). In the generation mean analysis, epistasis was not implicated in inheritance.
The root length distributions for the 5 F, families examined md1v1dually" are
’ prcsented in figure 5.2. Family sizes were small ,(n=20) but x2 for a fixed ratio was still
applied to determine scgregauon ratios. Root length limits between parental types were
delineated (Figure 5.2). Homogeneous families were not pdoled because the graphical
depiction of pooled families obscured the discrete segregafion classes presumably due to ™
the sensitivity of the root length variable to environmental influences. The rcsults indicated
that 3 of the families (farmhes 1, 2 and 5) were segregating in a 3:1 (t:s) ratio w1th recovery
of both parental types. Heterozygotes and Al tolerant homozygotcs were dominant.
Families 3 and 4 did. not segregate. in a'3:1 fashion, and there was no significant recovery
of the sensitive parcntal type. Discrete dlstnbuuens-m approximate 1:3 (t:s) ratios were
observed on either side of the 44 ¢m limit. It is possible that these families were segregating |
for genetic factors other than Al tolerance. Another plausiblé cxplanatjbn could be that the
parental stocks used in these families were not homogeneous for the Al tolerance gene. Fy
_hybrids with 2 tolerant alleles would produ‘cé similar offspring in this backcross
genefation. The discrete distributions within families 3 and 4 likely indicate hetcrozygofc (<
- 44, cm) and homozygote (> 44 cm) expression due to. genotypic differences in dose
response. Transgressive segregants witHjoots longer than PF 7748 were apparent, base}i
upon root length distributions (Figure 5.2). The recovery of 1 cxtrcmcly sensitive plantin .
~family 4 (Figure 5. 2) 'was associated with slow germination.
| _ The broad sense heritability (85%) indicatéd high hentabxhty for the Al tolerance
trait. To facilitate narrow sense heritability estimates, log transformations were used on tie
original data to adjust for unequal variances (particularly the F; and the 2 parents). Narrow
- sense hentablhty (50%) indicated that selection for the Al tolerance trait, as measured by
root length would be effective in this F2 populatlon Campbell and Lafever (1978)

—_—
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reported that selection for Al tolerance was effecuve ih tolerant X sensitive cn?es based on
the regression of F3 family root length of the F,. Tolerant x tolerant crosses occasionally
produced F; progcny with short roots (Campbell and Lafever 1978). Th1s phenomenon
- was likely the result of selection of the heterozygotes If 1 gene was segregatmg for Al

tolerance. only 50% of the F, heterozygotes would achleve homozygosm in the Fs,
' however, this percentage would be lower if the parents were not true breedmg

Experiment 2: Root Regrowth Evaluation of Fz Segregants :

The results of the root regrowth evaluation of the F, segregants and parents for the
15 diffe_rent crosses examined separately are summarized in Table 5.6. Although the
amounts of root regrowth varied within and between crosses, no éttempt was made to
: subJecuvely classify the segregants into another phenotypic class. The null hypothesis of a
fixed ratio is accepted unless statistically s1gmficant at P<0.05. Scoring of PF 7748 and K.
Kongoni was not as clear cut as in the preliminary determinations because root tip
reinitiation frequently occurred within 1 mm from the root tip apex.

‘The data indicated changmg segregation ratios within and bctween crosses when
‘iested at 1 level of Al These results support Aniol's (1984) data md1caung segreganon for
Al tolerance factors within crosses. Aniol (1984) attributed the differing segregation ratios
as being due to the heterozygosity for Al tolerance in the parent. In the present study, the -
parental data does indicate. substantial heterogeneity particularly in the more tolerant
cultivars (PF 7748, Kenya Kongoni and Alondra 's"). The heterogeneous response could
- be due to variable penetrance depending on the Al concentration used.

The Canadian cultivar "Garnet" exhibits much less heterogeneity and this may be
attributed to the substantial inbreeding used in the Canadian wheat breeding system to
achieve crop uniformity. Afi8f*( 1984 and Aniol and Gustafson (1984) determined that -
each segregation ratio can be explained by a different gene (or genes) and that genes for Al
tolerance are located in different genomes. The predommance of simple segregauon ratios
(3:1 and 9:7 (tolerant sensmve)) may imply that 1 or 2 genes, respectively, are segreganng
within farmhes of ‘any hybrid population. With one gene involved, dominance of the
tolerant ho quygote and the heterozygote is expressed and the homozygous recessive |
frequentlm g y s as sensmve With 2 independently assortmg loci (2 alleles per locus and
 allelic dlﬂgﬂkmes among the parents) the 9:7 ratios arg indicative of epistasis (interloci

intcra%uo )-with dormmnce for the tolerance alleles at the 2 loci. It there are no dominant
tole@nce alleles at either loci the phenotype scores are sensitive. Perhaps some threshold
concentration is exceeded and only the dominant tolerant phenotype is expressed. It is
interesting to consider that the 3:1 ratios could be represe tative of 2 genes segregating in a

@ 7
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12:4 ratio, and the presence of homozygous sensitivity alleles at either locus would produce -

phenotypically indistinguishable progeny. Aniol (1984) obtained different F5 segregation
ratios for the same hybrid population when tested at:2 Al ic’vcls, and polygenes were
assumed to be involved since segregation ratios was not the same at varying levels of Al
However, these different segrcganon ratios can be accounted for if the Al concentrations

used influenced the penetrance and expression of tolerance. Camargo (1984b)

demonstrated that expression of dominance in a\!hctcrozygotc segregating in a 3:1 ratio can
be manipulated by changing Al concentrations. Anjol's interpretation’of polygenes involved
in Al tolerance due to changing F;; segregation ratios at different Al conccntrations,Ais
questionable since the reverse and deviant ratios (Aniol 1984) could also be due to variable
Al concentrations or different allelés. for the same gene. G

The prcdommance of ratios indicating the dominant nature of Al tolerance was
apparent. However, the 1: 3 and 7:9 ratios indicated that dominance was vanablc, and could
be explained by an abundance of sensitive phenotypes (notably in crosses involving Park
and Alondra 's"). Park showed distinct segregation at 1.25 mg1-1 of Al and appeared to be
a heterogeneous populatioxi. The Al sensitivity factor at 1.25 mgl-1 behaved as if it were
dominant at the Al concentration employed. Camafgo (1984b) and MacNair (1981)
reported that variable dominance can be displayed if the dose-responseb curves of the

homozygote and heterozygote are different. That is, the 1:3 ratio can likely be reversed and

the dominant nature of Al tolerance expressed at an Al level below the 1.25 mgl-1
tlméshold. Park was found to be tolerant at 0.5 mg1-1 (data not shown). It is conceivable
 that the 1:3 and 3:1 ratios represent different genes, or allelic variants of the same locus
since both ratios are present together in some crossés' MacNair (1981) reported that
' dlrecnonal selection for both copper tolerant and intolerant populauons of Mimulus guttatus
were important in the evolution and adaption to contaminated and uncontaminated soils,
_ respectively. Park and Alondra 's', therefore, appear to possess genes and/or alleles which
 confer adaptability to soils with nontoxic levels of Al
Famiilies within the Thatcher x Park cross (sensitive x sensitive) indicated 1 and 2
gene segregation ratios w1th the sensitive phenotype fully dominant at 1.25 mgl-! of Al
Park and Thatcher sharc a common parentage, but thc hctcrogcncous response of Park was
apparent at this Al concentration. The cross of PE 7748 x Kenya Kongoni (tolerant x
) tolerant) satisfied the x2 criterion for a 3:1 ratio, but there were no sensitive segregants
_ found in any of the families, and both parents had exhibited considerable heterogeneity in
other cros$ combinations at 6.25 mg1-1. If quantitative inheritance was involved there
~ should have been a few individuals scnsmvc to 5 mgl-1 unless.the genes were only
) operauonal above 5 mgl-1. It may be that the Al tolerance genes in PF 7448 and K.

& -
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Kongoni are the same. The segregation of Garnet x K. Kongom could not be explained by

‘Mendelian ratios. .

The different segregation ratios within famnilies of a cross may sugggst that each
genotype carries 3 loci (2 alleles per l&us) but that only 2 loci are activated at a specific Al
concentration. Al tolerance may be a branched biochemical pathway with 1 gene, per
branch. Activation of the genes and the expression of tolerance would be dependent on the
Al concentration applied and the alleles present.  * ' | v

An alternate explanation for the different segregation ratios within a cross would
implicate the heterogeneity of the parental lines. The root regrowth technihue appeared to be
sensitive enough to detect differences in the dose-response of the heterozygote and the
homozygote as xllustrated by parental segregatlon ratios (Table 5%). In crosses with

- substantial parental heterogenerty (particularly Gamnet x Thatcher and PF 7748 x Alondra
's') the 9:7 and 7:9 ratios’may be deviant 3:1 or 1:3 ratios, respectively, if the parental lines
were heterogeneous in ‘differer¥ proportions. The o'nly,‘way to prove, this would be to
screen parental lines for homogeneity before use in crossing, but the segregation ratios
from the present study (Table 5.6) indicated that the dose response of the heterozygote can
not always.be separated from the homozygote. Heterogeneity in the parents may also
explain the reverse ratios with ambidirectiShal dominance, and may explain why thexe were.
different segregation ratios in different crosses using the same parent'at\l Al level.

‘ Root regrowth results have been compared with a few standard reference culuvars
(Moore et al. 1976; Aniol 1983) and it appears that Al tolerance is in some way related to
regrowth. However, it has not prevrously been demonstrated that the genetic system
controlling root regrowth is the primary determinant in Al tolerance and that the segregation

' ratios observed are prima-facie evidence for genetic control of Al tolerance. Many

physiological mechanisms have been postulate ereby a plant can tolerate Al and it is

conceivable that root regrowth reflects one of more mechanisms operating, The regrowth :
techmque is somewhat analogous to the gehetic versus somatic analysis described by

Mather and Jmks '(1971). When the trait of mterest cannot be measured directly it can be

partitioned and studied in subunits. Root regrowth from root apexes may be more. related to

genotypic differences in the plant’s ability to exclude or accumulate Al in the root tips and
~ still initiate root regrowth and it is questionable whether this mechanism is the sole
determinant in Al tolerance. Garnet scored highly tolerant in the hematoxylin test, but in
subsequent tests (as measured by the relative root length index, plant-mduced pH changes
and soil studies) scored as sensitive. In: the present study, 15 mgl-1 of Al was requrred to

"~ inhibit root regrowth. Gamnet does not accumulate much Al in the root t1p (Chapters 2 and

4). Root regrowth may, therefore, depend on the critical concentr‘atron reqmred to break the

ry
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threshold level at which Al accumulates in the root tip. Aniol and Gustafson (1984)
_determined that genes for Al tolerance in-Chinese Spring ditelosomic and nullisomic-

tetrasomic lines resided on 7 different chromosomes in the D and A genomes. The present

data does not confirm polygenic control of Al tolerance in any one cross, but indicates that

~ at the maximum no more than 3 genes are responsible for tolerance in most crosses. Aniol

~ and Gustafson (1984) reported that the ditelosomic lines did not regrow cpnsistently in the
roqt regrowth method. It is also conceivable that ditelosomy altered the processes involved
in root regrowth and conscquently altered the expression of Al tolerance.

Experiment. 3: Root Length Distributions of Populatlons Denved
From 12 Different Crosses. '

Population root length means, ranges, degrees of dominance, sample sizes, and the
population root length distributions are summarized in Tables 5.7 and Figures 5.3 - 5.14, .
respectively. Root length means of the sensitive parent were low and the kurtosis was high
in cornparison with the tolerant cultivars. The root 1ength distributions of Thatcher x Park
(scngmve{x sensitive (cross 5)) did not show F; or F; root length means sxgmﬁcantly
dlffercnr@'om either parent. The degree of dominance was Judged insignificant.

The tolerant x:tolerant crosses (#2,3,11, and 12) all displayed complete or
overdominance for Al tolerance in the Fy. It should be noted that the potence ratio tends to
overestimate dominance if the pa_rents are similar (Petr and Frey 1966), therefore in these
cases judging root length means may be more appropriate. In crosses 2 and 11 the roots of
the backcross and F; were significantly higher and/or similar to the high parent. The range
of the F, distribution of K. Kongoni x Alondra 's' (cross 12)"Was narrow in compari'son to
the backcross population and the root length distribution of the F7 showed no segregation
of plant types. The F; root length distribution of PF 7748 x Alondra 's' (Cross 11)
suggested a single dominant gene may have been responsible for the Al tolerance in this

family but this could not be determined with certainty because of the oVerIap between

heterogeneous parental types. The F, and backcross population of Garnet x PF 7748 and
Garnet x K. Kongom (crosses 2 and 3, rcspcctxvcly) did not segregate into distinct classes
because root length dlffchecn the parents were negligible. Positive trangrcsswe
~ segregants in the F, and the backcross distributions of Garnet x K. Kongoni were
apparent. Th¢ F; root length of distribution of Garnet x Aloggira ‘s’ (cross 4) appeared to..

- segregate in a 3:1 ratio highlighting the apparent heterogeneous genotypes (particularly -

“Alondra 's"), but the F; and backcross dis?but_ions did not illustrate any segregation of
phenotypes. 5 v
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Some of the sensitive x tplerant crosscs 9 and .&Q 1b1tcd incomplete to

overdominance £or Al tolerahce m ﬁl £, an?i backcrogs dlstnbutxons for crosses 7 and
9 indicated that rﬁuch of thgkof;servcd g : Erance was conditioned by a single gene. The 2.
ratio for Thatcher'x K. Kongoni (cross>7. ' supportcd the 1 gene hypothesis buvthc poor fit
may be due to heterogeneous parcnta] lines. Parental root length distributions i in crossés8
and 10 overlapped, therefore F, and backcross segregation ratios were obscured. The
backcross distribution of Thatcher x PF 7748 (cross 6) also indicated a 1:1 ratio, but there
was no segregation in the F probably: duc to inadequate family size. The F, dlstrkbuuon of
Garnet x Thatcher (cross 1) segregated in a 3:1 ratio which supported the 1 gene
hypothesis.

£

-Examinations of the parental _lines udkd in the various F, hybrid combihatipns
revealed different degrees of dominancefor Al tolerance in the parents. Parental
contributions to dominance appear to be as follows: PF 7748 > Garnet = Alondra 's' = K. Po
~ Kongoni > Thatcher = Park. Varying degrees.of dominance for Al tolerance within culnvars
of diverse origin indicated different magnitudes of tolerance, and the segregation of some N
of the diallel crosses in 3:1 ratios provided evidence for a multiple allelic series at a spcqlﬁc ' 4_,' .
locus. If the independent variable had been more sensitive to _allelic""‘difofere“nces in parents of : ]
comparable root length, additional variants may have been revealed. - "+ f e '

et

E. Conclusions: S

Experiment 1: Park x PF 7748 Generation Mean Analys:s - _ '?' : ‘,,,
The results of this experiment indicated that dominance: was, amportam ,m»ti;c
inheritance of Al tolerarice. F, familial data suggested that 1 gene was responmblé for the . |
Al tolerance observed. Significant additive gene effects were thought to be dub to the u?scxof
heterogeneous parental lines (particularly PF 7748). Narrow sense hentabxhtii was
intermediate (50%) and therefore selection for Al should be cffcctlvc but slower 1f

heterogeneous parental lines were used. ' R ot

L 7“-..“'_.‘

Experiment 2: Root Regrowth Evaluation of F; Segregants ’
Parental lines and the derived hybrids were heterogeneous for Al tolerance genes. -

In many cases, familial segregation ratios were different, but all were characterized by

)

simple Mendelian inheritance with 1 or 2 genes segregatmg for: Al tolcrance It was
proposed that not more than 2 loci may be activated at one time de:pendmg on the Al level
employed. Alternatively, it was proposed that heterogeneous ‘parental sources produced

progeny which segregated in deviant 1 gene ratios. Hcterogcncous‘p‘arcmal lines may also
. o : - : 2 .
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produce the reverse segregation ratios with ambidirectional dominance within crosses.
Ambidirectional tolerance classes within crosses involving Albndra 's' and Park suggest

and abundance of sensitivity alleles selected for on smls with nogtoxxc levels of Al

Expenment 3: Root Length D|str|but|ons of Populatlons Derived
From 12 Crosses :

F root length distributions for crosses (1,7 and 9) 1nd1catcd that Al tolerance was "
conditioned by a single gene. Backcross®data for crosses 7 and 9 supported the 1 gene
hypothesis. Backcross data for cross®6 also supported this hypothesis, but the 13)
distribution of thfs cross did not segregate possibly due to inadequate family size. Root
length distributions did not discern fine differences between parents of comparable
tolerance. Existence of varying degrees of dominance and the segregation of some diallel
crosses into 3:1 ratios suggested that multiple alleles for the same locus were rcsponsxblc
for much of the phenotypic expression of Al tolerance.

. .-
F. Comparisons Among Methddologies

Rigorous comparisons betwcen the 3 genetic c:gacnmgnts are not possible because
of d1fferenccs in protocol, however general comparisons may clucidate whether the
assessments are measuring the same phenomenon (Al tolerance). In the 2 experiments

;utilizing the root?length variable, monogesic inheritance with domiance of the tolerant.
phenotype was postulated for the crosses in yhich segregation ratios could be determined,
however, the root regrowth methodweyaled different segregation ratios within families.
These ratios were monogenic andjga‘uc with ambidirectional tolerance classes=The idea
of different segrcgatxon ratios within a cross is dxfﬁcult to.conceptualizerunless 2 loci are
activated at any one time dependmg on-the Al “level x ailelic 1meract10n (Chapter 5;
experiment 2). Altematxvcly, the rcgrowth tcchmque may be a sensitive measure of
hcterogenexty, but may not accurately reflect mhentancc unless the parents had prcvxously
been screened for homogencxty

- Root length and.root regrowth méy not measure the same pheno;nenon Root lcngth ,
determinations are made after continual growt@ an Al treatment and Al tolerance gcncs "
could be assumed to be active during the stress. Root regrowth is a measure of recovery in
Al free solution and this process may be > regulated by different genes. o

Familial F, segregation ratios foré%?c Park x PF 7748 crosses were wcll
characterized in experiments 1 and 2, but the results were not similar. The 1:3 scgregauon
ratio for the cross dctectcd in regrowth technique may indicate dxffcrennally dctectca '
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’ heterozygotes (in companson to the’ rgot length asséssments), rq,srdual heterogeneity in the
parents, or the Al treatmex'h\m the regrowth technique may have had a severe effect on the
'  direction of dommance Similar dxscrepancms were revealed betwecn the root regrowth and
root. length data for F2 proge’n):L derived ﬁ'om Gamet X Thatcher Thatcher x PF 7748,
: Thatcher x K. Kongoni and Park x K Kongom More ngorous research is requ1red to
Adetcrrmne the snmlanty of these methodologres, and caution is warranted in mterpretmg |

segregatron results unul these drscrepancws are clanﬁed

-
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Table 5.6 chrcgatxon of 15 Fz populauons and 6 parents cvaluatcd by root regrowth -

: (experiment 2).

. - Allevel _ Cross & S o Observcd Expecmd .
. (mgll)  parents ~ #Families Rato us' . &5 CoXE Cp
8.75 . 'Gamnet x Thatcher 3 9:7  90:73  92:71% 0.142%0.95-0.90
o Garnet . Ce 292 A :
”» Thatcher \ | , _ | 10:18 o ‘ C
875 .  GametxPark 1 . 13 1537 .13:39 0228 075-0.50 -
' A . <2 97 6543 61:47 .0.132 0.99-0.95
. Gamet 2357 N |
oL Parl? ¥ o« R~ 2 P
12 50. ?Gaxfgxpg%gs .5 031 712539 12381 - 0.446 0.95-090 '
" » 234 :
PF7748- . .. L1021
12.50 GamethKongom 1 31 106:59 124:41 9.940%* (.00
. - Garnet 228 . A ' _
%«_ s o K Kongom L ‘ 11:21 - ,
10:00 - Gametx Alondra 's" I, 31 110:40 11238 0.079 0.90-0.75
. _Garnet : - 25% ¢ 3 =
" Alpndra's' . 123 L |
125 Thatchérxpa:k 3 .13 1975 2371 0.800 0.75-0.50 .
2 79 2735 27:35 0.000 1.00
o -+ ‘¥hatcher c 290 T Yoo »
o L Pakog 8 5 RS, ¢ |
o ST b
~ 6.25  “Thatcherx PE7748 = 1 9:7 2414  21:17 032?0;50-0;25
s o 2 %l 8826 8529 0.30Z 0.75-0.50
: ‘Thatcher S Co2271 S
" PF7748 | S 284 R
6.25 Thatcher x K. Kongoni 1_ 97  97:63 . 90:70 .1.072 0.50-025
’ ‘Thatcher . | < 0300 - S s
‘K. Kongom . . 265 IR
375 'ThatcherxAlondra "1 79 1221 1419 0.279 0.75-0.50
. 1 -~ 319225 9532 0261 0.75-0.50
;o Thatchcr x ! o "_0'28 BT )
6.25 . ‘ParkxPF774§ 1 -»@7 149:59 -.45:58- 0.276 0.75-0.50
R : 13 1532 12:35° 0700 0.50-025
226 - ..
, 29:5 : R
6.25 6 86 - 68:_87 © 0.006 0.95-090
| 266
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Allevel:- Cross& -

Obscrved Expected , ,
(mgl-l)  parents - #Famlhes Ratio st ots 'y . p '
3.75 - Park x Alondra 's” 2 9:7 44229 39:31 0.002 0.95-090 -
’ A ‘ 1 31 22:9 23:8  0.0421 €90-0.75 .
. 2 1:3 7:22 7:22 . 0.000 1.00
- Park ' - 0:27 T
Alondra 's' : 18:9 -
- 5.00 PF 7748 x K. Kongom 5 31 150:0 '115:35 0.000  1.00
N PF7748 30:0 o
. K Kongom ‘ 30:0
750 © PE7M8xAlbndra’s-1 31 249 258 0041 0.90-0.75
.‘ , 1 1.3 - 823 8:24 - 0.041 0.90-0.75
1 79 1419  14:18 0.0317-:0.90-0.75
. 1 97. 2015  20:15 0.000% ® o1, .00
PF 7748 18:14 |
Alondra 0:33
7.50 - K. Kongoni o _ o '
, X Alondra 's" - % - 1:3 0 20146 .16:50 0.000 1.00
T ' ~97 55141 54:42  0.584 0.75-0.50
K. Kongoni * R - 31:3 ' o
AloQgra 'S o 4:25

**‘lndlcates statistical significance at the 1% levcl
It J~toleramt s = susceptible

B
»
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- Table 5.7 Populauon root length means, ranges, dcgrees of dominance and number of
w# . plants grown in nutrient solution (experiment 3).

Allevel Cross Crossor oot length (cm) » . :
(MM) - no.  population " mean range  dominance no.plants
0 ~*Garmet YA S 41.2-82.9 - 30
’ Thatcher - . 48.22 36.4-72.1 - 30
" Park 43.56  14.7-70.9 . - 30
PF7748 . - 5894 34.3-78.4 - 27 -
K. Kongoni 56.71 32.3-84.1 - 30
Alondra 's' ‘58.'60 - 19.0-89.7 - . 30
" 300- 1 Garnet x Thatcher ¥ <
Garnet .+ 36.59 c"' 19.6-45.3 - - 30
. 'Thawcher - 1077a 47208 - - . 27 -
R ©3497c¢ 77445 (08T 30 L,
"~ BCP, ~ 3858c.  .6.2-493 - - ko
R 26.62b  11.1-47.0 SN 3?” |
2 - GametxPE7748 ‘ ~
' Gamnet - 27.87 a 30 -
PF 7748 ‘ 3461DH 30
F, : 4239 ¢ 30
BCP, 3974 ¢ 27 -
F, 30.00 a 33
_ ) :
3 Garnet x K. Kongom , o - .
Garnet - 29.00a  12.0-44.3 - 30
. Kongoni 28.29 a '1.7-40.2 - 30
¥ - : b .4-54.6 36.22 24 Ve
b 8 - 15
b 8 - 30
4 ' ER
- , 30
, - 27
J 092y - 29
NEaa 30
- 33
5  ThatcherxPartk - ‘ : .
. Thatcher - 11.11 ab 2.8-29.2 - . ’24’
Park . , . 984a 20177 N |
F, o ; 1028 ab '7.8-14.8 ( 0. 32)l T g
. BCP, = .  .1258b  6.9-17.4% - 2 /o
e F, - ©990a"  5.0-17.1 -
| 6 " Thatcher x PF7748 . P
© . Thatcher 107T®  60-169 - 18
. PF7748 ., 41.65d 30
F, . © 3485c ¢ 91CR 056 24
. BCPy .- . .2822b If ¢ o- 21,
SR I . 4028d  26:3555. - 30
—~ R S
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- Allevel :

Cross Cross or

(uM) no. population - ‘mean . range - dominance no.plants
7 Thatcher x K. Kongoni S ‘
~ Thatcher 10.54 a 44-18.5 - 21 :
. K. Kongom 3623 ¢ 18.3-50.2 - 30 )
'F 37.00c ~ 25.3-459 (1.06) = . 24
- BCP; 2645b - 7.4-39.2 - - 30
- F 129.64b  14.8-48.6 - 33,
8.  Thatcher x Alondra's' :
“ . Thatcher - 1040 a ,%,9—17.1 ‘ - 24
- Alondra 's' 37.69 ¢ 6.7-55.1 -~ 30
T S o 8391 ¢ 18.1-44.7 (0.72)v 15
g BCP, 2146b  75-433 - - 32
" B 22.440 9.2-46.1 . - 30 -
. 9 Park x K. Kongoni ) ; o ’
Park 942a 3.1-18.2 - 24
K Kongom 33.14¢ - 20.2-44.5- - 30
Cﬁ '38.87d 11.6-51.3 1.48 - 30 .
| B 26.13h._ .8.6-44.4 - 24
PN ’, 33. 749 7.8-55.0 - 33
t" 10  Park x Alondra 's' \ . ' m R
.. ‘Park " 8402 - 54-11.9 v 7.9
o %4  .Alondra's' 2727T¢ * 33-46.2 R A
S ey 13497 dfta, 29.8-43.1  1.82 15 |
*  BCP, . IWT0b " ¥3.2-46.7 - 33
N F, 3285cd -11.1-49,2 | - 33 ,
v ¥ . ’
: 11 "PF7748 xiAlondra s%
~ PF7748 .90 b 11.5-51.5". < 130
' Alondra 's' ‘..2 A . 6.7-419 7 - * 33
Fy. : 36.2%0 . 10.8-47.4 1.08" 30
- BCP, 40.07b - 22.2-49.8 - 3 18
F, 3527b  27.5-45.5 - ~ 33 ’
g 12 K. Kongoni x Alondra's' S
W K. Kongoni “+ 31.94ab . 14.6-43.7 - ) 31
- Alondra 's' 29.27 ab 3.9-41.1 24
F, - 33.76¢ 9.6-43.4 237 18 ° -
BCP, 35.61¢ 7.7-48.6 - 27 M
E, 26952 . 20.4-36.3 - 33 -

* Within a cross, means followed by the spme letter are not s1gn1ﬁcantly d1fferent at the 5% -’
‘g level as\detcnmncd by Duncan s Multiple Rangc Tcst. -

. IDegree of dominance is not significant. ~ ,, .
’ e R S
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- " CHAPTER VI SRR
) Summary :

The hematoxylin procedure"vdetccted cultivar différqnccs in Al tolerance after 18
hours of Al prctrcatment..'Sccd‘i’ini age did not affect thc tolerance ratings, but the
assessment was simplified and less ‘subjective for young seedlings-(4 days). Quantitative
root léngth determinations were used to construct a tolerance index and the index was
found to be a better measure of Al to}%pce in compatison with thé visual hcmatoxylin
asses‘sméns in terms of prccision ahd accuracy. The two screening methods were not -
highly correlated (r = 0.595, & = 0.01). | o '

Most. of the economically important Canadian spring wheat cultivars were |
moderately sensitive to sensitive in reaction to Al. On the basis of the root length index, tHe
recently released cultivars, HY 320 and Vernon, ranked as very tolerant, and ‘Norquay and
Fielder ranked as tolerant. Historical Canadian cultivars used in early Cafadian cultivar
development (Kitchener, Renown, Marquis; Prelude and Lake) scored modgrately téleran't“ .
in reaction to Al but this trait was subsequently l})st'in derived lines Suggestihg that it was ‘ :
not an impone}nt adaptive character. The results eq;phésizcd thcnccegsi;y of breeding for Al 4:
tolerant Canadian wheats, particularly hard red spiing cultivars. : *

Regression of root dry weights for 20 cultivars gioWn in Al toxic Silver Valley soil - -
indicated a positive relationship (R = 0.66, o = 0.01) between roo@ weights and-ghe '

_ Toot length index determined by root elongation in nutrient solution. Cultivar testin giithe .
field is réquircd to substantiate this result. Preliminary whole root Al assays for 5 cultivars .
ﬁ suggested that Al tolerant genotypes trap more Al in root tissue than sensitive cultivars. )L
s I

I
.

wina plhySiolé'giczbl study, eight wheat cultivar$ were grown in mixed N solutions

with and without Al to ghafgcteri_zc genotypic differences in plant-induced pH changes.

Alurfinum tolerant genotypes (Atlas 66, PF‘774‘,8: Kenya If{aqgoni and Alondra 's')

- rapidly increased the-pH in Al treatments but sefisitive cultivars maintained lower root

microzone pH values. PF 7’{48 mmaintaiped a low root microzone pHin contro} ‘ ﬁcg;mg\rgts

'in the process of n.rrxfal nutrition. Cultivar tolerancé was notrelated to the rate of the. pH\

~ decline ot the minimurn pH induced, but cultivar tol(:ranc‘gau was cOrre'Iéied with therate of \,~ :

. the pH increase (2 = 0,465, o = 0.01); the final pH = 0353, 0= 0,0k dand the
negative log of t_hé{ mgafi; v Fonc tic:m'( 2=0:1 gLy } 'fevtgé'tjon of 4 A

- . L T
.- cultivar tolerance b

e e s Be o
ﬁ’_S wasa supgror \‘
k. . -

AR

studies utilizing root legs

etected moyogenic inheritance
~ with dominance of the tolerant phenotypes in.the:following crosses:, Garnet x Thatcher,
. L _ Tt T e :

. K B \S82 " L | , . ) y
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Thatcher x PF 7748 Thatcher X mya Kbngom, Park X Kcnya Kongom and Park x PF
7748. Significant additive gene ¢f in Paﬂc x PF 73748 crosses were thought to be due to
an abundance of hetgrozygou$ "";‘, W1 mtcrmcdxate root 1cngths Varymg degrees
of dominance in the Fh‘and ‘
multiple alleles for the’ sam; e

of all of the 15 Fy diallel’}
investigations should co -

Jay cxplam much of the tolcx:ancc obsérved. Evaluation
1 Al level may substantiate this hypothesis. Future
e on chagacterizing allelic variants. The root regrowth
technique appeared to m effective in detecting heterogeneity within the progeny.
Families within some caoSSes exhibited both monogenic and digenic segreganon with
ambidirectional tolerance classes. Discrepancies be;wecn the results of the root regrowth
and root length determinations warrant caution in mterpfetquon of inheritance data utﬂxzmg
the regrowth techmque Rigorous’ comparisons between these two methodologies may
revcal their rclatlonshlp ’ ’
Simple Mendelian mhcrltancc for Al tolerance was 1mp11cated in all of thc genetic
experiments. Chromosomal location of the Al tolerance gene should be verified and gemc'
| mapping could facilitate gcne cloning. Phys1ologlcal stidies may differentiate. bctween

major gene control and minor adaptability gcnes conferring Al tolerance.
1

v . : |
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- Appendix Table 1 List of wheat cultivars ned for Al tolerance together with their
pedigree and origin. (Year/of cultivar release is given for Canadian
cultivars).! . .
Cultivar/Selection  Pedigree & Origin ., YearReleased
Acadia Selection from Canus-x RL.729 | 1952
: E. Canada '
Alondra's’ D6301-Nainari 60 x Weique- NA?
' Red Mace x Ciano2- Chns (CM11683) o
Mexico L
Apex (H.44-24 x ¢ Double Cross) x Marquis 1937
W. Canada ‘ :
Atlas 66 'US winter wheat - | - NA
Bananaquit CIMMYT cultivar - 3 NA
Benito Neepawa/3/RL4255*4//Mamtou/C 1.7090 1979
' W. Canada * '
-BH 1146 - Brazilian cultivar o NA
Bishop Ladoga x Gehun : *3
' g E. Canada . : _
Canthatch Thatcher 6 x Kmya Farmer _ ‘ - 1959
W. Canada
Canuck Canthatch and a sclecuon from Mlda/Cadet/Rescuc 1974
W. Canada y
Canus Manquls x Kanred | ’ 1941
W. Canada .o '
Cascade [(Quality A x Pacific Bluestem) d 1947
x C26-59-2D] x Onas . .
E. Canada (/
Ceres Kota x Marquis T Nioos
. USA . . -
Chester dea/Cadct//(Renown/S 615// Rcscuc)/Kcndec - 1976
- W, Canada - = | .
. J
Chinook Thatcher x S-615-11. - 1952
' .
~93 : ‘



Chuckar’s' _
Cinquentenario

I
Columbus

L] s

. Concorde . 7

x4

‘Cor’on}ation I
Cypress

‘Dundas

» s

Fielder

Gamnet
Glenle_a '
Huron

HY 320

9

Katepwa « -

Kenhi

Kitchener

) ]

Kenya Kongoni-

Ll

Kota

Ladoga

Lake . g?

CIMMYT cultivar

CIMMYT cultivar ‘
ke

Neepawa *6/RL 4137

'W. Canada .
C.J. 13931 (Penjamo- ¥ aqui 54)

E. Canada
Pentad x Marquis

licScuc x Chinook
W. Canada

‘,O'mlxlnia66

E. Canada
Introduction from Idaho, USA -

Preston A x RigaM K .

E. Canada

(Pembina? Bage) x-CB 100
W. Canada -

White Fife x Ladoga

E. Canada

. Tobari 66 x Romany

W. Canada -

Neepawa *6/RL 2938/3/Neepawa *6//
C.I 8154 [2* Frocor
W. Canada -

Kenya 338 AC2E2 x Lemhl2
W. Canada

Head slection from Maxquls
W. Canada

C.I 815472 *Fxszse* Romy/3/
W.5245-11-50-A/C.1. 8154/2
17* Fr
Kenya

Selected from Russian durum
USA

Introduction from Rugsia
Regent x Canus

x »

© 94 N\

NA
NA
1980 - /

1976

- 1937

1962
1979

1976

1925

1972

1984

1981

1958
not released

NA

‘not reie;ised

1954



Leader |
Lee

Lemhi 53
Lemhi.62

Manitou ,

]

Maringa —

Marquis
Milton
Napayb |
Neepawa
NE)rquay-

Opal

Park

" Pembina

'PF 7748

-

W. Canada

(F.W, 606-A x Opal) x Opal
E. Canada »,

Fortuna x Chris »
W. Canada

\Eg&c x Timstein | \

Kcnyé x Lemhi’
USA

"Kenya x Lemhis

USA - ' .
(Thatcher’-Frontana x Thatchers-

Kenya Farmer) x Thatcher®-
P.I. 170925

W. Caflada

: Bléh}@lﬁyar -
Hard Red X élcutta x Red Fife

E._ Canada

Kentville Selectipn *6/Pompe
E. Canada '

" Manitou! x R.L.4124.1

W. Canada

R.L. 4125 x R.L.4008
W. Canada

(Lerma Rojo x Sonora 64) x Justin

W. Canada
Triesdorf Stamm 21/40 x

“Von Rémke Erli

Introduction from Netherlands
Growg-in.E. Canada

(Mida x Cadet) x Thatcher‘ .

"W. Canada

Thatcher x R.L. 2564
W. Canada - '

(North Dakota 81 x IAS59)
x IASS8 -

_Brazlian cultivér’

VAN

A\

-

1979

1981

1950

1956

1968

1965 -

NA

1981

1972

. 1969

1974

1969
]

1963

1959

NA

€

- 95

12
g2



Nt

Pioneer

Pitic 62 s

Prelude

- Preston

‘Redman

-

Qualiey A

Red Bobs 222
Red Fife
Regent

Reliance

)

Renfrew .

Renown

Rescue

Saunders

.

Scout66

‘ECanada

Riga xPrestop 7 *
. ‘ 4

Yaktana 54 x (Norin 10 )ﬁ}rcvor) * 1969 -

- Mexican introduction

Grown in W. Canada

Downy Gehun x Fraser ! *
W. Canada .
Ladoga x Fife - ' *
E. Canada .
Selection b‘fé'lorencc = *
I‘nt.roduction from USA oz '
Reselection of Early Triumph | 1926
W.Canada » - o
Reselection from a Polish introductior *
E. Canada
Regent x Canus - ' 1946
W. Canada .- v
H-44 x Reward , 2 *1939
Ww. Cana_tda ,
Kanred x Marquis 1932
USA s : .

~ Selection from Mﬁrqﬁis ' \ / 1924
W. Canada — - '
H-44 xReward 1937
W. Canada . :

- Apex x $-615 ' 1946

- E. Canada
Marquis x Prelude : Sk
E. Canada
Kenyan cultivar .- . - NA

- Downy Riga x Red Fife I

E. Canada '
C.26-44.7 x Thatcher 1947
E. Canada . )

US cultivar NA

A



(McMurachy x Exchange) x | 1953

Selkirk h
: Redman? ¢ R
\ W. Canada o
~ Sinton Manitou x CT262 ~ 19}“5:
QV. Canada ‘ |
‘W : ?
Sonora 61 Mexican cultivar NA"L‘S!
SpringfRtld Norin10 i 5303/ , 1M
Lemhi gZ/4/ emhi 53*5/3/LecY7// %,
! Chinefe/(Ae. umbellulata) i?
1 - USA : )
j Stanlgy Ladoga x Red Fife* . *
E. Canada ‘ Sy
. ] . ‘\,A-
Thatcher [Marquis x Iumillo] x - 1935
) [Marquis x Kanred] .

/ USA . ;
Vemon Opal "‘4/Pofnpc : 19’7§
E. Canada ,
v , | v
Chinese Spring Collection from Dr. J. Kuspira ‘Nl
Early Red Fife Selection from Red Fife , * { ‘
: E. Canada '}'}
Hard Red Calcutta / Introduction from India ‘ not re

1. Canadian pedigrees obtained from Agriculture Canada - Handbook of Canadid
Varieties, 1976. Recent pedigree information oPtained directly from Agriculture’C

Ottawa.

2. Not applicable.

i
(3
v

3. * Released prior to 1923.

}

b
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' -Appendlx Table 2 Analyses of variance for root length (RL), shoot length (SL) and -
» - longest seminal root (LSR) for 76 young wheat- secdhngs grown in T

o .

A
%S,

- nutrient solution at 5 Al levels (experiment 1a). .
- Mean Squares L
' SourceofVanauon df RL . SL' " -LSR
Replications o2 307 96.9 15‘3»
Allevels g 864.6 **  12.8 ** 1.5 *x TN
Error a 8 7.3 -+ 2.3 0.6 '
Cultivars 75 S 21.6 ¥ 5.7 ** L6 **
Cultivars x Al level © 300 - 1.9 ns 0.7 'ns 0.2 ns-
Error b , 750 1.9 . 1.0 - 0.2
- Toml 1139 . ’
TV (@) : 16.5 2.1 15.0

* S,J:iﬁ'sdcal significance at 0:=0.05 °
-/ Statistical significance at 0=0.01

L]



"N

¢ 6l BAET

1€

LS'T Ly 06'C 192 . £¥'¢ LTS ¢Sy 96 L8V oW S 069 0C'L (0’8 L YATA €801
€€ EST  OTE . €S€  00€ | LIy €LY L OLS. OLS o6F | 019 _t0L €SL €6 LUOL Co¥e] ‘0€
00'¢ 134 £e'e 0g'e 1394 06’y £€9'¢ L6y €9 ¢ee €89 €68 L6 - £L01  LEST eope] 68
S097  L8T - LOE  €6T . 00F | Ly €IS €96 - €9 €0S 099  EI'L L89 tr8 0S50} ey ‘8¢
€5 L9T €€ L9€ Le€ | Lee g€E €Oy tU'v  O8E | LL9 . £I'L 0S8 OL6 e Tuo3uoy eAUdY LT
067 00¢ L8°T 19°¢ o0y (Sv. ovy €06 - €TSS 0Th | 0%L 9L L L 056 £eel RUYIMY "9 -
€07 €T 08T Le6T iS¢ | tze Le€  0SE  00F 00F | OTS 0SS o €0L €08 LL6 Wuoy '§T
9T LT 06T LOE LTV LYy €Sy . LS€ LS . 00°C | €09 169 - OUL €8 LOTD emddey ¥T
LET  00E  L6T TLSE. T 06°€ LES 0Ly €0S- LTS |- LI'L €06 OI'6 -L86 €611 .. uany “gg
EFT 66T C0l'E. €TE 06'¢ LIS LUS  L09  Lvy | Ov9  LYL ' €58 €501 OETE Co L BWD T
£0°e - 00 T L9E 06¢ -EL'v €8¢ £€9°C.. V9 oL 198 oo 6 LE1L, €0Tl - LT9t ey Lo
. . T 0P €87 Lt¢ 08°C 06'C 09t "tL't {.0CS t0:9 £y'o £9°L 0 L6'8 PPRYJ “0¢T
oLl €'+ LE£T 18T 00°€ Ty oLy, €€® L9V ]| £S5 1¥S €69 - €V8 096 | sepun(y 61
00€ €T 097 06T 08¢ [9¢ oy oty - LTv | 096 €65 . 066 - LYY  L9OI ssad4) -8y
ovE  0TE  LES  €9€  €Lv | €IS L0y C-0SE  0€9  L9T | €9L 00L €8L LE6 . OFEl I voneuosoly L1
0Lz  L6T LU'E 0£E OLE | ocvy evy -OFY LUV OU'v | .LL'9 ~OLL 088 L8 . LLOT 2p100B0)) "9
06T 0S¢ 0s¢ €Ce LSv | o1y €y €9y LEY . 0LY | 089 08 - 0C8 €08 £L°Cl o sSnquniey "6
LET L8T LTE €t - Oty | Ovv €€V gy, €9% €€V | 019 L8L  Ev6' 096 L6701 oureuduonbul)y “p1
€67 LOE OYE €8T L€ | €s€ Loy LTy LSE OLE | LLL  LO8  L88 09L. €96 Sepnyd (gl
k. €91 EI'T 0£C - LVT LOE | OLT O8vy L8y 06E . L6E | LOY €6S  £E9 L9 LO8 © joouny) ‘g1
QLT E0E LI'E €5 LTy | 0TS €LY €6S. €66 - 096 | €EL9 - 09°L 006 L86  LI'EI $213D) ‘11
L6 EI'E LUy v | LSy €06 Oy L8v €TSS | LO8 - £06. LE6  OI'TI OLEl apease) ‘01
€81 . /wmm ST €€l LSE €8€E  0EY  0Ev €€V | Lvv LUV LSS OV9 L6 soue) 6
Lee omw/ L8T  LSE L8E £6°¢ L8t _ 0Ly ety 1-0LS 0s°S £TL £0'8 £T6 Yowe) g
08T ELT oz S0 ] sev - €€ €0y T LS T ELE | L8S  LL9 L69  199 LT'6 < yoeyue) - L
€8T LLT E8C WY | €Y L9y, LSY €9y LvS | 089  evL ELL - OL'8 £6°€l - doysig "9
1A ST eL'e Q?,m L9°¢ LTe -LEE. €8¢ LSV 06t 08¢ £ss £9°9 £C'8 . LTOL Coonudyg - ¢
LST 08T 09T UL £ 09€ | Lyy L6y 00y LY L6E | LL9 €08 008 E1IDI 0611 . unbeueueg
09C LE£T -~ 0ST . L8T oqﬂ ovy 06F OU'S Lvy. OLS | €€9 06 L6S OVL - ELTI = oxady g
€I’ ErE LTV - 00v 08P [ L8E  OIS- LTS - tE€y  E9V | LT8 066 - €811 LIMD  EpEl S, eIpuoly ‘g
gLT - 0TT  E0E €I'E  LYE | €% €0y L6y £6S  L6'S | LLS 0TS - 08L 0E'8 0801 2 epedy L
1 - 0ov1 oz 09 081 "0 | 9Op1 QQ/ 081 0 | oort 0L . 09¢ 08I 0 wil, ¢y Jeanind
ccm_m\Eov /Z%H\Euv (ueid/ud)
q¥] qm ) o

mHZ::o 1eIYM wh 10 quv 1001 [RUIUAS Hmow:oﬂ pue va yi3uay 100ys 35:/&:2 1001 JOF SUBAW EoE:.E 1Y€ dqeL x%conaz *

¥

(et EoECo&x&/ﬂw/B +m_<om ® :o::_om juaLNNU Ut umoid

a

¥ .



'100

\

~

5T

Ly'?
LL'e
t9°¢

£€°T
€T
0L'T
09T
L0'€
L
T
Les
0g£'¢
0£'T
(9t
- 86T
LO'E
€5°T
£9°C
00°¢
€67
0T'€
L6'1
19T
L0'E
\rard
€LT
£€:7

T E9T
13 0
£8°C
0LT
0L'e
€'

L LLT

A

0L'T

€97
£TT

0r'e
08'c
08'C
L6t
00t
£$T
e
09'C
05T
0s°¢
or'e
LSt
oLz
£
ote
£5°C
L6'T
ov'e
L0t
L9t
0Le
0Lt
el'e
Lre
£5T
L't
Lo'e
eELT

€87 "
0sc

7
AN

ST

£6°C
134
08C
LS°T
£9°¢C

LT

G
—
=

08¢

T ore

Lyt~
86T

16T

EL'T
0eT
05'C

£0'¢

06C
LE'E
06'C

-0l't

0s°¢
th'e
ov'e
Lre
£6'C
LL'T
LT

EE°E

£r'e
LT€
57
LET
LO€
€LT
18T
£TE
ST
LET
197
00°€"
Lre
067
0T
08T
00°€
00°€

0zE. 0€¢.
0S'E  OI'y
LE'E  LVE
Jm LY
€1 €0'Y
L9ET0S°E
LT oory
AQ0E 0S¢
€€ L6
0£E  €6€
ore 00v
LT LTS
€87  OI't
Lve €y
06 LIV
09T oL
€6°¢ €6°€
€67. 08¢
L6T  09°€
0S¢ €8¢
orE L0V
orE oIy
LEE ~ L6
€SE < €Ty
e OvE
e LI'p
0S'E LY
XA mmm
Qv  €ov
(e Loy -
08'¢C 08¢’
(A A A Y
L0 LUV
orE oLy
0Ce . L6E:
0S°€ " LTH -
£9°¢- _
or'g.
19 S

Lre
Ty
0y
L8y
e
0Le
oLe
Ly

et
oLv
ov'e
158 4
LTY

1504

*€0°¢
06'¢

€Sy

€y

L9y -

ov'y
LE'Y
Loy
LTS
oLy,
135 m
LTS
L6¥

LLeE .

06'¢

A4
0Ty

L8'S

L6€
€L's
LTE

L6’¢ -
%4

L9y
or's
1 XA 4
00°S
LOS
09y

LLS
L6't

LSS

€S
oL's

'y

oS-

oL'S
059
1YY
L8S
L6’V
L9°¢
£9'S
0Ty
£8'¢c

05

09y

€Sy
06
S8
€S
L LgS
LSy 0EY
C IS 0Er

06’

oLy

1ANY

vy
LLE
€Iy
L 00°S
o1y
/ LU
0y
oL'€
€9y
€€y
€y
LTy
0Ty
€€y
€Ty
€Ly
€€y
L9’y
ov'y

LS9,

Le'v
-EL°S
Lo’s
00's
Ley

(U4 28
oy

o'y
LS

“E€TS

LTy
£6'¢

€6

L9y
1344

LUy

£T9

L9

€9°
LL9
09'
€9°
£5°S
€€°S
L9
08'9

ov'8

£9°9
£v'9

06'8
Lco

eL9

€T’
LS°L
09
L6'S
iLe

oL

£V’
mo S

L9

VL,
0L
L8L

0€'L
09
L8'S
09
089
£8'9

-01°6
€89 .
1A A

L9'8

£V'6
LS9
Ll

LS9
oLL

£8°9.
089
-09°L
056

Lv'8
LT9
LS9

oL
v \.w L

LSt

096

€08
06'L
£1°8
€69,
LSS

06°¢

gL
YL
LPO1
tvL
or'L
098
£8°01

LTo1

£6°01
0T6
086
€56
€6'8
00'9
LrL
0L'8
056

TLET
L08™
0£'8

096

oret

LT
068
€C'8
€6'L

98
08'8

eLa
LO0T
LOO1
LS8

L LoL

£T’8 .
0L'8

LS'6

£e'8
L6L
08'L
£L°8

LG0T

L0'8
L6°6-

- 0g0t

L8L
t0'8

0501
08¢l

0L6

€811
L9'11
00701
€611
€601
€Ll
LUTI
£5°Z1
0501
0801
€811
09p1
L9°6
£EI1
oLt

" LT6
1901

€21
LS'11
e el
€1Cl
LO6

05°€1
oLt

1ot

LSzt
06°01
066
LS6
LEET
LE YL

OFIr

L8T1
t8Cl

£6°6

t00I

o

i oY Aped 1L
9p1T HE 0L
‘ UOUIA 69
, Sﬁnﬁ...wo
Koque1s -9
proysuuds 99
uolnsS "9
PSS “€9.
spunesg 79
~Aqny 19
“Kuewoy Q9
PreMay. "6¢
AMISAY “8|C
umoudy °LG
MIIJUIY’ ‘9G
20URIPY ‘GG
1080y S
. Uewpdy €6
L Py °ZS
sqog poy IS
v fnend Qs
uoIsoid. "6
opnpud 8f
9 My Ly
.-8:0& .Ov
BUIQUID] “GY
ped b
. Tdo gy
o - KembloN "z
- omedoN 1y
oAedeN 0p
UOHIN “6E
-smbrey "g¢
eduueiy L
NONUBIY 9¢
79 W "¢¢
€6 WYY Cpe
. XTEE
. BpeIT g

v



VA
RS

LEE

CES°e

) P s )
. ﬁ. ) /\ N
097 SLT S6T. we w6 | wy 8¢y v S8y 9% [ W9 1TL WL 968 61! BN
[T LT 067 EUE 09 | ELE €LY LSE LIS €y | €8S €TL. €L v L6 © msy 9L
L€ L0€  €6T OSE - €y | €S €y €y OIS 0Sv | €8L 06L O08L LOOT LLTI| Z2Zsqod Pod 'SL
(97 ° L6T 0SE LEE Oy | ory 06€ _€9¥ LTY OLUY | €9L €8 OL6  LEOL OUEl 8YLL Ad “bL
ore e €€ £0v  L0S | OEv c €9%  0SE L¥v LTv | 0S8 €Y1l €001 €871 OEOI 0€ AH “€L
0 LST  0ST gy L9y €8¢  Ofv | €L9 LE9 O0EL L69  E¥OI

ENnoeD) P PREH "L



N\ s

Appendix Table 4 Means for longcst seminal root index’(LSRI), longest seminal root
. .(LSR), shoot length index (SLI) and shoot length (SL) for 76 wheat
cultivars (expériment la)

Cultivar - LSRI LSR - SLI SL
Chuckar s’ 0.906 a! 312 gv' 1639 ¢m  3.83 pr
Kitchener - 0.860 ab - 3.29 d-n , 1.306 ac 4.69 b-p
Romany | 0.854 abc  3.45 b 1.063 bm " 3.89 n-r
Opal 0851 abc 291 1y 1174 af . 5.00 .b-h
Renfrew " 0.849 abc  3.62 ae 1.345 a-b ~ 5.15 b-e
Early Red Fife \0 839 a-d 3.09 h-v  0.841 i-o 423 fq
‘Renown 0.828 a-e”  3.60 af 1.146 ai 4.61 bp
Red Fife . 0826ae . 285 za, 1.105ak 515 be
Reward .825 ae . 279 za;' 1.009 ¢cn " 4.63 b-p
Concorde o .824 a-e 317 gr 1.093 b-1 4:40 e-p L
Banan&qult : .816 af 3.67 iw 1.185 af. 4.41 ep '~

- Regent” . 0.812 a-f 325 eo - 1181 af 496 by
Acadia- 0.808 a-f -~ 291 ey " 0.813 j-o 5.09 b-g
Prélude ~ . 0.808 af -3.33 cl 0980 dn 635 a
Canmatch - 0.806 a-f 276 zaz " 1.078 bl . 3.96 mr

" Vemon * 0.801 &g 291 ly 1.007 cn . 497 b
Preston 0.793 a-h 333 ¢l  1:254. a-e 4,91 b-l
Springfield - 0.792 a-h 287 mz 0.793 l-o 3.43 g-s
Fielder - f 0.775 a-i 270 zby 0797 ko 3.18 r-s
Alondra 's' . 0774 a1 393 a 1.003 c-n 4.64. b-p
Sonora 64 - 0.774 ai " 2.49 zby -0.887 fr 2.87 s
Laval 19 . 0.771 a-i 281 za; .916 f-n 5.10 b-f
Chester 0.770 a-i 293 ky  0.998 dn 4.33 eq
Milton - - 0.768 a-i 2.65 2by 0920 fn. 6 5.03 b-h
*Dundag 0.767a-i - 2.45 a-b, ‘1.012 cn 4.61 b-p
Norquay ~ 0.766 a-i 3.28 d-n 11 072 bl 443 ep
Huron 0.766 aj . 3.16 g-s 1 0.957 en 5.03 b-h
PF 7748 0.762 b-j 3.32- 906 f-n 4.32 eq
‘KenyaKongoni  '0.761 b-j  "3.31 1.036.ccm. 3.85 o-r

Pitic 62 *10.759 b-j 3.40 913 fin.,  4.62 b-p
Lee . - -0.752 b-k - .3.00 J-X . 0 971 en 4.12 h-q
Lake . 0751 bk’ 3.09 hy-" 1.03L cm - 504 b-h
Glenlea - - 0.748 b-k = 3.11-gv 1.064 bl = 4.68 b-p
Red Bobs 0.747 bk 305 ix - 1.047bm 438 ep

" Selkirk 0.747 bk 277 za; 1.005¢n 4.03 k-r
Thatcher - 0741 bk 329 cm  1.062bm 457 bp-.
Leader 0.740 b-k  3.11 gv 1.063 bom 435 e-p .
Canyck - 0.734 bl 279 za; 0937 f-n 4.16 h-
CoronationI . 0.733 b1 ~ -3.67 "ad ~ 0.888 f-n 5.13 b—?
Stanley - . 0733 b1, 315 gs 1.388a ° 4.67 b-p
Pioneer . 0.730 b1 - 2.65 zb, 1.071 bl 542 bc
Saunders 0.728 b-1  3.11 gv 0.951 en 3.98 m-r
Cascade : 0.728 b-1 370 ac . 0.893 f-n,..,, 476 b-o
Ceres - 0.727 b1 3.34 ck 0.973 548 b
‘BH 1146 ©0.727 b1 322 ep 0.887-ffn  4.17 gq "
Quality A 0.727 b-l 3.17 gr 1.002 c-n = 4.67 b-p /. o
Benito = . "0.726 b-l 285 za3 0.755m-0. 399 Ir ;

Ve
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Kota 2 724 b-l \ 3.09 h-v 5.36

" Columbus 0.722 b1 '351 bh 0948en ' 4.50 .
Manitou B8:722 b-1 3.08 iv 1.047 b-m  4.05 .

Ruby 0.722 b1 - 3.05 'i-x - 1.151 a-h 4.63 .
Ladoga - 0.722 b-l 3.52 b-g 1.025em 541 -
Garnet . 0.721 b-l 367 ad~ 0.852h-n 6.21 ) ~
HY 320 0.718 ¢cs1 =~ 377. ab - 1.003c-n 423 ™~

Red Bobs 222 .0.714 c-1 342 b-i 1.093 b-1 4.80 '
Cinquentenario =~ 0,713 c-1  3.17 g 1.044 b-m  4.43

Hard Red Calcutta  0.712 ¢c-1 ~ 2.57 zb, 1.003cn = 4.13 * v
Kenhi 0.710%c-1 274 z-a; 1.163.ag 395 R
Cypress 0.703d-1. 287 nz~* 0937fn 394

Park 0.702 d-1 337 c4 0982 d-m 493

Redman 0.700 d-1 287 mz 1281ad . 463

" Chinook 0.699 d-1 = 232 bz 1.080 b-1 405

Pembina 0.697 d-1 = 3/13 g 1.018ccm 499

Rescue 0.695d-1 ..3.10. g-v  1.084b-l 4.58

Lemhi 62 0.694 d-1 3.19 f-q - .0.925 f-n 4,64

Marquis 0686 f-1 " 3.09 iv 0.861 g-o 4.66

‘Reliance 0.685 f-1 ™27 z-by- 1.112 a4 4.03

Lemhi 53 0.677 f-1. 321 f-q - 096l ed .4.53 cp {
Katepwa 0.673 f-1 . 3,13 g= 0.895 f-n 459 b-p

Napayq - 0.672 1 279 z-a; - 0855h-o  3:82 pr

Bishop * L 0.660 g-1 3.09 i-v 0.860 g-o = 4.85 b-m

Apex “ 0.654 h-1 2.87- n:z  0.828 j-o 491 bk

Neepawa 0.647 k-1 292 ky .L1l3aj. 459 bp ~
Maringa 0.621 k-I' 3,27 ‘do - 05750 283 s

Canus - 0.611 k-1 2.64 z-b, ~0.935 f-n 407 ixq

Sinton 0.5921 2.73 2z 0710 n-o..~ 3.81 qr

Mean - 0 744 3.10 1 003 4,52

—. 1Means followed by the same letter are n
significance as determined by Duncan's

&

sxgmﬁcanﬂy d'nfe:c‘ht at the 5% level of
nple Range 'f‘cst.
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