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ABSTRACT

Monosomics and telocentrics of hexaploid wheat, Triticum

aestivum ssp. vulgare were used to establish the chromosome association,

chromosome arm locat'ion and crossover d'istance from the centromere of

genes controlling characters introduced into synthetic hexaploid wheat

(2n=42=AABBDD) from Aegilops squarrosa (2n=14=DD). One of the two

synthetic hexap'loids investigated, RL 54040 originated from a cross

between Tetra Canthatch (the RRgg component of the common wheat

cult'ivar canthatch) and Ae. squarrosa var. strangulata RL 527'I. The

second synthetic, RL 5406, was produced from Tetra Canthatch and

Ae. squarrosa var. meyeri RL 5289. The chromosome arm location and

the crossover distance from the centromere of each gene studied are

as follows: RL 5404 = brown gìumes, lDL, 13. s ! s.g%; tenacious g]umes,

2Dê(, 39.q ! q.g%;'inh'ibitor of uraxy foliage, ZDo(, 52.S t S.0%; adult-

plant leaf rust resìstance, zDq,63.6 1 4.8%; purpìe coleoptile, 7DS,

10.3 i 2.8%, RL 5406 - brown glumes, lDL,1.7 ! l.o|i tenacious glumes,

ZDe' 42t,,9 ! +.ay"; inhibitor of waxy foliage, ZW,58.9 t 4.6%; purpie

coleoptiìe, 7DS, 9.g ! z.g"/". The gene for seedl'ing 'leaf rust resistance

found in RL 5406 is located on chromosome lD.

Substitut'ion of chromosome 5A of Rescue with chromsome 5A

of RL 5404 produced a substitution line that was free-threshing and

sem'i-square headed, i ndi cati ng that the syntheti c hexapì o'ids RL 5404

and RL 5406 possess the Q factor on chromosomesAand that their non

free-thresh'ing character is due to the glume tenacity gene on chromosome
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arm 2D4. The synthetic hexapìoids produced from Triticum turgidum

ssp. carthlicum x Ae. squarrosa hybrìds were also non free-threshing.

These results suggest that the first hexaplo'id wheat must have been

non free-threshing. The evolutionary imp'lìcations of this finding are

d'iscussed.



11'l

AC KNOWL E DGEFlENTS

The author u¡ishes to express sincere appreciation to

Dr. E. R. Kerber for the encouragement and helpfu'l criticjsm he has

g'iven throughout thi s study;

to Dr. P. L. Dyck for h'is assistance in the leaf rust

readings and helpful suggest'ions in the preparat'ion of thjs manuscript;

to Mr. R. J. Cheale for the photographic plates;

to Mrs. D. Roman'iuk for the careful typing of the manuscript.

Financial support from the National Research Counc'il jn the

form of a Grant-in-Aid of Research to Dr. E. R. Kerber ìs gratefully

acknowl edged.



'lv

TABLE OF CONTENTS

AC KNOI^ILEDGEMENTS

LIST OF TABLES

LIST OF FIGURES

I. INTRODUCTION

2. LiTERATURE REVIEl¡J

The free-threshing character and the origìn of
hexap'lojd wheat

2.1

2.2

PAGE

iii
vi

ix

I

4

4
Leaf rust resistance

2.3 Glume colour
2.4 Waxy bloom .

2.5 Coleoptile colour.

3. MATERIALS AND METHODS

3.1 Plant material
3.2 Cytol ogi ca'l techniques
3.3 Monosomic analysis ...
3.4 Telocentric method
3.5 Substitution of chromosome 5A of the synthet'ic hexa-

ploids into Rescue
3.6 Product'ion of syntheti c hexapl oi ds
3.7 Check'ing for uni val ent sh'ift

4. RESULTS

4.1 Di somj c 1 i nkage val ues
4.2 Monosomic anaìysis
4.3 Telocentric chromosome mapping
4.4 Substitution of chromosome 5A of the synthetic hexa-

p'loids into Rescue
4.5 Synthetic hexap'lot'ds
4.6 Pentaploid hybrìds

5. DI SCUSS ION

5.1 Origin of the free-threshing hexaploid wheats
5.2 Homoeol ogous 'loci
5.3 Lì nkage val ues

17
l8

l3
14
l4
l5

64
73
76

17

20
23

26
27
28

30

30
33
4B

56
58
6l

64

6. SUMMARY 80



7. LIST OF REFERINCIS

PAGE

B4



V1

TABLE

I

II

VII

VIII

LIST OF TABLES

Classifjcation of Triticum and presence of Q or q

allele ...
Seedlìng reaction to leaf rust race l, adult-p'lant
react'ion to Ieaf rust race 76, waxiness, threshabif ity,
glume colour and coleoptile colour of parentaì stocks
used in cytogenetic studies

PAGE

l9

III Data used for estimating 'lìnkage between
glume tenacity and the inhibitor of wax-v

the gene for
foì iage i n

x RL 5404,the F2 populations of CS x RL 5404, Rsc
CS x RL 5406, and Rsc x RL 5406

Data used for estimating linkage between the gene for
aduìt-plant leaf rust resistance and the gene for glume
tenacity 'in the F2 population of Rsc x RL 5404

Data used for estimat'ing linkage between the gene for
waxiness and the gene for aduit-p'lant leaf rust
resistance in the F2 population of Rsc x RL 5404

VI Data used for estimat'ing 'linkage between the gene for
glume colour and the gene for seedling ìeaf rust
resistance in the F2 popuìation of Rsc x RL 5406 32

3l

3l

32

IV

34

35

36

37

Segregation for wax'iness in the t2 of the Rsc
somics x RL 5404 and Rsc monosomiõs x RL 5406

mon0-

Segregati on
monosomi cs

for waxiness
x RL 5404 and

the F2 of CS D-genome
D-genome monosomics x

1n
CS

RL 5406

Segregation for threshability in the F2 of Rsc
somics x RL 5404 and Rsc monosomics x RL 5406

mono-IX

Segregation fcr
monosom'ics x RL

threshab'ility 'in the F2 of CS D-genome
5404 and CS D-genome monosomics x

RL 5406

Segregation for
natural inoculum

adu'lt-p'lant I eaf rust resistance tojn the F2 of Rescue monosomics x
XI

RL 5404 39



..,i.-::.. :.'.- " - -....-r'.....,-::::

v11

TABLE

XII

XIII

XiV

XV

XVII

XVIII

XIX

XXI

PAGT

Segregation for leaf
natural inoculum and
greenhouse to race I

rust res'istance in the field to
f or s eedl 'i ng res'is tance i n the
of the F2 of Rescue monosomics x

41

42

44

45

47

49

5l

53

54

55

XVI

Segregatìon for seedling
in the greenhouse of the

leaf rust resistance to race l
F2 of Chinese Spring D-genome

mono-

RL 5406

RL 5406

monosom'ics x RL 5406

Segregatì on
monosomi cs

Segregatìon for glume colour in the F2 of Rsc
somics x RL 5404 and Rsc monosomics x-RL 5406

for glume colour in the Fo of CS D-genome
x RL 5404 and CS D-genome ftonosomi cs x

Segregation for coleoptìle colour
D-genome monosomics x RL 5404 and

in the F3 of CS

CS D-genome mono-
somics x RL 5406

Crossover products ìn (cS ditelo-lDL x RL 5404) x CS

and (CS d'itelo-lDl x RL 5406) x CS for the genes
determj nì ng g'l ume col our and seedl 'ing l eaf rust
res'is tance

Apparent crossover products in (CS ditelo-2D{ x
RL 5404) x CS and (CS ¿itelo-2D<x RL 5406) x CS for
the genes determi ni ng threshabi I i ty, waxi ness and
aduì t-pì ant I eaf rust res'istance . . .

Data used to
tenacity, wax
resistance in

determine the order of the genes
inhibitìon, and adult-p'lant ìeaf

for 91 ume
rust

(cs ¿irelo-2D< x RL 5404) x cs

Actual crossover products in (cs aitelo-2D4 x RL 5404)
x CS for the genes determjning threshabiiity, waxiness
and adult-p'lant leaf rust resistance ...
Actual crossover products ìn (CS ditelo-2D{ x RL 5404)
x CS for the genes cieterminìng threshabil'ity and
waxi ness

Crossover prociucts 'in (cs ¿itelo-7DS x RL 5404) x CS

and (CS ditelo-7DS x RL 5406) x CS for the genes
determ'i ni ng coì eopt'il e pi gmentation . . .

XXI T

57



v]'11

TABLE PAGE

XXIII Comparison of recombinat'ion values obtained from
crosses of RL 5404 and RL 5406 wìth each of Cth,
Rsc, CS, and CS ditelos 77



IX

LIST OF FIGURES

F I GURE

I Ori gi n and evol uti on of Tri t'icum (Wheat)

2 l4ethod used for determining which arm carries the gene
and the segregation products expected

PAGE

2

24

3 A. I ) RL 5406 . 2) Rescue. 3) Rescue monosomic 54.
4) monosomic 5A of (Rescue 5A)B x RL 5406. 5) d'isomic
of (Rescue SA)b x RL 5406

B. 1) RL 5404. 2) Rescue. 3) Rescue monosomic 54.
4) monosomic 5A of (Rescue 5A)B x RL 5404.

59

595) Rescue/54 RL 5404

4 1) ssp. carthl'icum RL 54.l5.. 2) ssp. carthlicum RL 5415
x Ae. squamosã-Tf 5271. 3) ssp. carthTìcum Rf 5205.
a) ssp. cartñFcum RL 5205 x Ae. squarrosaTl 5271 .
5) Tetra-TãñTñaEñ'. 6) RL s404 . ...*. 60

5 l) Canthatch. 2) Manitou speltoid. 3) RL 5406.
4) Canthatch x Tetra Canthatch pentap'lo'id.
5 ) Canthatch x Stewart pentapl o'id 62



INTRODUCT I ON

Triticum aestivum (1.) Thell. is an a1ìohexaploid wheat

(2n=6x=42) with the genomic formula AABBDD. It is the ultimate product

of the hybridization of three wjld, dìpìoid members of the Triticum-

Aeg'ilops compìex (Figure ì). They are Triticum monococcum L. ssp.

boeoticum (Boiss. ) MK., n. comb. (2n=14=M), Aeg'ilops speltoides

Tausch or Aegilops mutica Boiss. (2n=14=BB), and Aegilops squamosa L.

(2n=14=DD ) (l'lorri s and Sears , 1967) .

The hexap'lo'id group was, however, the last of the wheats to

be brought under cultivation. Neolithic man first domesticated the

di p'l oi d T. monococcum ssp. monococcum f rom i ts r^/i 1 d form ssp. boeoti cum

and the tetraploid Triticum turgidum (t-.) ffrell. ssp. dicoccum (Schrank)

Thell. from its wild relative ssp. d'icoccoides (Korn.) Theì1. sometime

prior to 7,000 B.C. (Heìbaek, 1966). It was not until the cultivated

tetraplo'ids came into contact with Ae. squarrosa that the hexap'loid

wheats appeared. The earliest dat'ing of T. aestivum by Helbaek is

approxìmately 5,800 B.C.

It is beyond doubt that the first hexaploid arose from the

hybridizat'ion of a tetrapìoid wheat with Ae. squarrosa. Unknown,

however, 'is what tetrap'lo'id was i nvoì ved; the geographì cal I ocat'ion

of the hybrid'izat j on; the characteri sti cs of the f i rst primi t'ive hexa-

p'lo'id, and whether the hexaploids are of a mono- or po'lyphyìetic origin.

These questions are difficu'lt to answer, because generalìy the genetica'l

theories that have been put forward to account for the w'ide varìation

in form found among the hexaploids have not been substantiated by the



,,::,-.iì:ì-::i:., ir ::r _.r:-

ORIGIN AND EVOLUTION OF TRITICUM (WHEAT)

DIPLOID PROGENITOR
2n=14

DI PLOI D

DIVERGEN CE

DIPLOID WHEAT
2n= 14

AA

SPELTOIDE S

2n=14
88

AE SOUARROSA

2n-14
DD

TET RAPLOID

2n=28
AAB 8 POLYPLOID

CONVERGE NCE

HEXAPLOID WHE AT

2n=42
AABBDD

FIGURE I

,/
WHEAT

\



2

meager archeological finds.

To gain a better understanding of the evoiut'ionary processes

which took p'lace in the orig'in of common wheat, numerous workers have

produced and studied synthetic hexaploids obtained by crossìng tetra-

ploid wheat w'ith Ae. squarrosa. These have also been useful in prov'id-

ing a practical method of transferring desirable characters from tetra-

plo'id wheats and Ae. squarrosa to breeding stocks of hexapìoid wheat.

The purpose of this study was to examine two such synthet'ic

hexaploids w'ith three objectjves in mind. First, to shed further light

on the evolut'ion of hexaploid wheat, particularly wìth regard to the

origin of the free-threshìng character; second, to determ'ine gene-

chromosome assoc'iat'ions of characters derived from Ae. squarrosa;

third, to map these genes with the aìd of telocentrics.



2. LITIRATURE REVIEt,lJ

2.1 The free-threshing character and the origin of hexap'loid wheat

One way that a wild plant spec'ies ensures its survival

'is by its ability to spread over a wide area. This'is true of the

prìm'it'ive wild members of Triticum and Aegilops. They have a fragile

spike axis, the rachjs, which breaks up on maturing and seeds wh'ich

remajn invested'in the spìkeìets due to the tenacious g'lumes enclosing

them. The spìkelets then become attached to passing animals by theìr

barbed awns result'ing in wjde seed dispersaì for these specìes.

However, it would have been an advantage for Neol'ithic man to obtain

plants that had a non-brittle rachis and less tenacious gìumes if he

rv'ished to maximi ze h'is yi eì d of chaf f-free seed. Hel baek (l959 )

considers that this vias done by the unconscious selection of free-

threshing wheat plants durìng the harvesting and threshìng process,

sìnce they would contribute most of the chaff-free seed.

In wheat, a spike which upon vìgorous rubbing does not yìe'ld

naked seed is considered non free-threshing. That 'is, the glumes are

so tough that they reta'in the seed within the spìkelet. In free-

threshing wheats a minimal amount of pressure will cause the glumes

to break up and the naked seed fall free from the lemma and palea.

From genetic stud'ies it has become evident that numerous minor and

two major mutations had to be selected for to produce the free-thresh-

i ng hexapl oi ds . F'irst, there i s the po'lygeni c system scattered through

all three genomes which counteracts rachis brittleness and tough glumes



(MacKey,1966); second, the Q factor on chromosome 5A which also

suppresses these primitìve tendancjes (MacKey, 1954); and third, an

allele of the gene for tenacious glumes, apparently introduced w'ith

the D genome from Ae. squarrosa (Kerber and Dyck, 1969), which

ev'idently must be present to ìmpart comp'lete free-threshabi'lity.

0f all three systems, the Q factor, which is hemizygous

ineffective, has the greatest visible effect on the hexaploid wheat

p1ant. When T. aest'ivum ssp. vulgare (V'ill. ) MK, js monosom'ic or

nullisomic for chromosome 5A the plant'is taller than normal and the

spike is 'longer and laxer, resembl'ing T. aestivum ssp. spelta (1. )

Thell. in appearance. The g'lumes are also much tougher and the rachis

'is more brittle (MacKey,1954; Sears,1954). The Q factor, with one

exception,'is found on'ly in the hexaploid wheats, while the dipìoid

and tetraploid members of Trit'icum apparently carry the recessive g

allele. A classificat'ion list of the species of Triticum mentioned

'in thjs study along with the allele carried at the 5A speito'id locus

is found in Table I.

Muramatsu (1963) presented evidence that Q is likely a

trip'l'icate of its allele g, as was suggested by Sears (1954). Muramatsu

found that fjve doses of the long arm of chromosome 5A of ssp. spe'lta,

which carries gr produced the normal squareheaded condition in the ssp.

vulgare cultjvar Chjnese Spring. Doses of less than five produced a

spe'ltoid spike. From these results'it appears that MacKey's (.l954) hV-

pothesis that Q is sjmilar to the Bar locus in Drosophì1a, 'in that 'it

was bui1t up by unequal cross'ing-over, is 1ikely correct. By'itself,
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however, Q cannot compìete1y suppress rachis brittleness and gìume

toughness. It appears to be interwoven w'ith an older polygenic system

that has been derived from the free-thresh'ing tetraplo'ids (MacKey, I954;

1966 ) . MacKey bel i eves that many m'inor mutat'ions whi ch 'i ncrease rach j s

toughness and glume frag'ility jn the tetraploids were selected for

under cultivat'ion. That many genes are jnvolved is shown by the

differences in rach'is fragility he has found ìn speltoid mutations in

various varieties of ssp. vulgare. Muramatsu (1963) suggests that all

chromosomes in homoeologous group 5 have an effect in reducing gìume

toughness. Sears (1954) described the nullisomics of group I as havìng

st'iffer g'lumes than normal .

Swamìnathan (1966) and Tsunewaki (1966), on the other hand,

are of the opinion that there may be different strengths of Q in the

free-threshing tetraploids. Tsunewak'i'in particular specu'lates that

the free-threshab'ility of T. turgidum ssp. turgidum conv. durum (Desf.)

l'1K., n. comb. js due to a less effective Q allele. One tetrap'lo'id 'is

known, however, that apparentìy owes its free-thresh'ing character to

the same gene that is found 'in the hexapìoids; this is T. turg'idum

ssp. carthlicum (Nevski) MK. n. comb. McFadden and Sears (1946)

crossed ssp. carthlicum with ssp. spelta and recovered free-threshing

hexaploìd segregates. Also, MacKey (1966) crossed a speltoid mutant

with ssp. carthlicum and obtained some pìants that resembled ssp.

vulgare. 0n the bas'is of these results it would seem that the Q factor

is present in ssp. carthlicum.



Ae. squarrosa apparently carrìes a dominant gene that results
'in non free-threshing plants at the hexap'lojd level . This did not

become evident unt'il Kerber (1964) extracted the AABB component of the

ssp. vulgare variety Canthatch and crossed 'it w'ith two forms of

Ae. squarrosa to produce synthet'ic hexaploids. These two synthetics

have been des'ignated RL 5404 (Tetra Canthatch x Ae. squarrosa var.

strangulata RL 5271) and RL 5406 (Tetra Canthatch x Ae. squaryosa

var. meyeri. RL 5289). Even though both apparently carry the Q factor

they are non free-thresh'ing (Kerber and Dyck,1969; Dyck and Kerber,

1970). As far as is known all strains of Ae. squarrosa carry this

gene for glume tenacity.

Morris and Sears (1967) class'ified five of the hexaploid

sub-spec'ies into four groups ot1 the basis of three genes; ùhe Q factor

on chromosome 54, the compactum gene C on chromosome 2D, and the

recessíve sphaerococcum gene s on chromosome 3D. The groups are

genetically desìgnated as follows:

ssp. spelta, sSp. macha gq cc SS spelto'id spike

ssp. vul gare

ssp. compactum

ssp. sphaerococcum

Thus, ssp. vulgare is only one mutatjon removed from the other

QQ cc SS square-headed

QQ CC SS compact spi ke

QQ cc ss compact spike, spherical seeds

groups. l. aestivum ssp. vavilov'ii (Tum. ) Sears 'is not c'lose'ly

three

rel ated

to these groups (Morris and Sears , 1967 ) and does not seem to be of

majorimportance'in wheat evolution.



McFadden and Sears (1946) crossed the tetraploid ssp.

d'icoccojdes with Ae. squarrosa. The resulting synthetic hexaploíd

resembl ed ssp. spel ta 'in appearance and thi s I ed them to postu'late

that ssp. spelta was the origìna1 hexaploid, resu'lting from a cross

between ssp. dicocco'ides or ssp. djcoccum, wh'ich carry the q alle1e,

and Ae. squarrosa. Schiemann (195.l) took exception to this theory,

pointing out that T. antiquorum, which from archeologica'l remains

appears to be a variety of the hexaploid T. aestivum ssp. compactum

(Host) MK., is found ìn Europe prior to ssp. spelta. Helbaek (1966)

places T. antiquorum in Europe about 3,000 B.C. and ssp. spelta at

2,000 B.C. Sch'iemann claims that ssp. spelta resulted from the

cross'ing of the tetraploid ssp. dicoccum wìth ssp. compactum, a

theory supported by MacKey (1966) v¡ho recovered speìtoid segregates

from this cross.

McFadden and Sears (1946), however, had considered

T. ant'iquorum to be the tetraplo'id forerunner of the modern day ssp.

carthl'icum and that both ssp. vulgare and ssp. compactum resulted from

crosses between this wheat and ssp. spelta. This theory was advanced

to account for the fact that free-thresh'ing hexaplojds were not thought

to have exjsted at an early enough date to account for T. antiquorum

being a variety of ssp. compactum. Kuckuck (1965) also maintains that

T. antiquorum could have been a tetrap'loid as he has found compactoìd

mutants in irradiation experiments on the tetraploid ssp. dicoccum.

Since then Helbaek (1966) fras reported finding evidence that ssp. vulgare

occurred in the m'iddle-east as early as 5,800 B.C. Consequently, Morris
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and Sears (1967) now consider T. antiquorum to have been a hexaploid.

Sch'iemann (1951) na¿ based her argument that ssp. spelta

was of European orig'in on the fact that ssp. spelta had never been

found outs'ide Europe. Subsequently, Kuckuck (1959) reported findìng

ssp. spelta growìng in Iran. Because of these Asian finds he considered

that alì spelt wheats had a common origin'in western Asia (Kuckuck, 1964).

Thís gave strength to the hypothesis of McFadden and Sears (1946) and

later to that of Andrews (1964) tnat ssp. spelta was brought'into

Europe from western Asia as a smalì component of a mixture of emmer and

einkorn wheats. It was not unt'il jt reached southwestern Germany and

northern Switzerland that a favourable climate alloured it to emerge as

a major crop.

A study of the d'istribution of necrosis genes in wheat led

Tsunewaki (lgZl) to the conclusion that European and Iranian spe'lts are

of different orig'ins. 0n the bas'is of these necros'is genes he differ-

ent'iated both spelt and free-threshìng hexapìoid wheats into As'ian and

l^lestern types . Cons i deri ng the mutat'ional probabi I i ti es of the various

necrosìs alleles he postulated that European ssp. vulgare has developed

from the Asian ssp. vulgare and that European ssp. spelta'is the result

of hybrìdization between the European ssp. vulgare and the tetrap'loid

ssp. dicoccum. He stated that ssp. compactum could not be the hexaploìd

involved, as was suggested by Schiemann (lg5l) and MacKey (1966) because

ssp. spelta does not possess the C gene. However, Schiemann has pointed

out that ssp. compactum was found'in Europe prior to ssp. vulgare in a

mixture of einkorn and emmer wheats. MacKey (1954) had consjdered ssp.
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compactutn to be the oldest hexap'loid but Morris and Sears (1967) view

this to be unlike'ly as no form of Ae. squarrosa is knouin that carries

the c gene which is found on chromosome 2D. It'is doubtful that it
coul d be tol erated at the di pl oì d I evel .

Riley et al. (1967 ) crossed the ssp. vulgare cult'ivar Chinese

Spring with ssp. djcoccoides and Ae. squarrosa. They observed no multi-

valents at metaphase I in these hybnids and thus concluded that Chinese

Spring had the primitive chromosome structure of hexaploid wheat. They

then crossed Chinese Spring w'ith a number of subspecies of T. aestivum

and concluded that only ssp. vulgare or ssp. spelta could have been

the first hexaploid as both had members with the primitive chromosome

structure. They found that among the spelts only those of Iranjan

orìgin had the prim'itive arrangement, whereas interchanges were present

in hybrids wíth European spelts.

Transcaucasia and northern Iran are considered the two most

probab'le areas of orig'in of the hexaploids. Tsunewaki (.l966), studying

genes for waxjness and growth habit in the diploid and tetrapìoid

progenitors of the hexaplojds, concluded that the southwestern coastal

area of the caspian sea'in northern Iran is the likely area of origin.

Th'is is the only regíon in which members of Ae. squarrosa are found

that are waxy and possess a strong winter habit. Both of these charac-

ters are found in present day hexapìoids. Zohary et al. (1969) also

concurred that this is the area of origin because it'is a primary

habitat of Ae. squarrosa whereas Transcaucasia is not, although

extensive stands of Ae. squarrosa have been found in this area.
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Kuckuck (1964) and Dorofeev (1966),on the other hand,are of the opinìon

that the hexaploids first appeared jn Transcaucasia. Dorofeev also

states that T.aqsljv!ry ssp. macha (Dek. et Ì{en.) MK. was the progen'itor

of the other hexap'loìdso although Tsunewaki (1971) considered thjs

unlike'ly due to the nearly complete'isolatjon barrier between ssp.

macha and other hexapl oi ds caused by chl orosi s genes. Kuckuck ( I 970 ) ,

however, reported that Dekapre'lovich has found a wìld variety of ssp.

macha growing in Transcaucas'ia, and s'ince no w'ild hexaploid has previous-

ly been known he considered th'is as further ev'idence for Transcaucasia

being the center of origin of the hexaploids.

MacKey (.l954; 1966) specu'lated that ssp. car"thl ìcum, the

only Q bearing tetraploìd, may be the tetraplo'id progenitor of the

hexaploids. Th'is idea js further strengthened by the knowledge that

ssp. spelta has never been found in prehistoric finds in western Asia

(He1baek, .l966). 
A1so, ssp. carthl icum is found growing in the same

area as Ae. squarrosa (Morris and Sears,1967) and triploìd hybrìds

of these two cl osely resembl e ssp. vul gare (Kìhara and Li'l enfel d, I 949 ) .

MacKey ('1966), however, also po'ints out that the alternat'ive view put

forward by tt{cFadden and Sears (1946), that ssp. vulgare arose from

hybridizat'ion of ssp. spelta and ssp. carthlicum, is just as realistic.

Since ssp. carthl'icum 'is found onìy in the Russian state of

Georg'ia (Transcaucasia), Momis and Sears (1967 ) have suggested that

th'is jndicates a much more recent origin for th'is group than for the

hexaplo'ids. It may be a segregate from a hybrid of some tetraploid and

a free-threshing hexaplo'id. MacKey (1966) has obtained segregates from
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a cross between ssp. vulgare and ssp. dicoccum that resemb'le ssp.

carthl icum. Further ev'idence against ssp. carthl icum being the

tetraploid progenitor is the finding by Ri'ley et al. (1967) that it
does not have the prim'itive chromosome structure.

Zohary et al. (1969) reported that hybridization of tetra-
ploìds and hexaploids with Ae. squarrosa can be detected in Iran today.

They speculated that because of this fact the hexaploids are lìkely
the result of more than one hybridization event. A number of races

and forms of tetraplo'ids and Ae. squarrosa probably were involved.

Th'is theory of a polyphyletic origin of the hexapro'ids is arso

supported by Swaminathan (1966) and Kuckuck (1964).

2.?. Leaf rust resistance

Kerber and Dyck (1969) reported the finding of a partially

dominant gene for seedling resistance to leaf rust, Puccinia recondìta

Rob.ex. Desm., ìn the synthetic hexap'loid RL s406. This gene, which

was derived from its Ae. squarrosa parent, gave a type 0;l reaction to

leaf rust races .l,5,9, ll,15,30,58, and 126a. Thìs gene is d'iffer-

ent from seven other known seedlìng leaf rust resistance genes, Lr],
Lr2, Lr3, Lrl0, Lrl6, Lr17, and LrlB.

Subsequentìy, Dyck and Kerber (1970) found a partiaìly

dominant gene for aduìt-plant leaf rust resistance 'in the synthetìc

hexaploid, RL 5404. This gene was derived from a different var.iety of

Ae. squarrosa. It gave a type]+ reaction to leaf rust raceso r,5,
9, 15, and l26a and'is different from two other known adu'lt-plant
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res'istance genes , Lr'l 2 and Lrl 3.

2.3 Glume colour

Glume colour shows up only after the wheat p'lant has matured.

Genes controlling black, brown, or red g'lumes are dominant over those

for white g'lumes and have been found on chromosomeslA (Ausemus et al.,
1967) and lB (Unrau, 1950). Metzger and Silbough (1970) reported a

gene for brown glumes on chromosome lB of cultivar P.I. l7B3B3 that is
+

l'inked by 2.00 - .30 recombjnat'ion units wìth a gene for stripe rust

resistance. Kerber and Dyck (1969), work'ing with the synthetic RL 5406

had prevìously found a gene for brown glumes linked by 3.1 t l.l recom-

b'ination units with a gene control I ìng seedl ing 'leaf rust resistance.

2.4 lalaxy b1 oom

Waxy bloom is found on most cultivated tetraploids and hexa-

ploids. The wax is usual'ly most evident on the fìag-'leaf sheath, the

peduncle, and the spike. Allan and Vogel (.l960) found a gene for wax'i-

ness on chromosome 28 in a heavily waxy durum selection. Driscoll

(1966), usìng telocentrics, located an ep'istat'ic 'inhìbjtor of wax'iness

betvreen 42.3 to 50 crossover units from the centromere on the non-

standard arm of chromosome 28. Tsunewaki (.l966) reported finding a

dominant gene controlling waxy foliage on chromosome 28 of Chinese

Spring. He also located an epistatjc inhibitor of waxiness on chromo-

some 2D of a non-waxy synthet'ic hexap'loid that was produced by crossing

a waxy tetrapl oì d wi th a non-waxy þ. squarrosa strai n. Furthermore ,
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he concluded that there must be a gene for vlaxiness in the D genome

as there are waxy strajns of Ae. squarrosa. In a later paper

(Tsunewakì, l968) he p'laced thjs dominant waxy gene on chromosome

2D, although no evidence was given.

Following Tsunev¡ak'i's (1963) system of nomenclature, there

are two ep'istatìc inhib'itors of waxiness, IIhJ (28) and IZbl (2D), and

two dom'inant waxy genes, l^ll (28) and WZ QD). Most forms of ssp.

vulgare carry the genes t^l' ['l' irW, and ir'r,l and are waxy. Chinese

Spring which is sl ightlyi* tr tr, *r, ,,r,
conv. durum is W., and i.,lnj and it hãilv n*,
is w., and I.,W and js non-waxy.

and ì r!'1. The tetrapl oì d

Kerber and Dyck (1969) and Dyck and Kerber (1970) reported

that the synthetìcs RL 5404 and RL 5406 are both non-waxy. S'ince this

character is inherited from Ae. squarrosa it'is iikeìy determined by

the same epistatic inh'ibitor, I2W, found by Tsunewaki on chromosome 2D.

In RL 5404 this gene was found to be linked with the genes for adult-

plant leaf rust resjstance and non-free threshability by lS.O 1 Z.S

and 17.4! 2.5 recomb'ination units, respectively. In RL 5406 the non-

waxy gene was linked with the non-free threshing gene by l5.l ! Z,A

recombination units.

2.5 Coleoptile colour

The red or purple colour of coleoptiles in some varieties

of wheat is caused by anthocyanins. Sears (1954) found that the

variety Hope carried a gene for red coleoptile on chromosome 74.

whi le ssp. di coccoi des
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Gale and Favell (1971) also found that chromosome 78 of Hope was

'i nvol ved i n p'i gment producti on. Jha (l 964 ) found a gene for purpl e

coleoptile on chromosome 7D of a synthetic hexaploìd of ssp.

d'icoccoides x Ae. squarrosa. Kerber and Dyck (1969) concluded that

the gene for purp'le coleoptìle'in the synthetics RL 5404 and RL 5406

is probably the same as that found by Jha. Tahir and Tsunewaki (,l969)

located genes for coleoptile pigmentatìon on chromosome 7A and 7D'in

a variety of ssp. spelta.
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3. MATTRIALS AND METHODS

3. I Pl ant material

The class'ification of Trit'icum proposed by MacKey (1966)

will be followed'in this study (Table I). MacKey's system was chosen

over that of Morris and Sears (1967) because they combined Aegilops

with Trjticum. Since most worl<ers still refer to Aegilops, it was

fel t that the cl ass i f i cati on of f{orri s and Sears r,roul d cause some

confusion. Furthermore, Morris and Sears group ssp. spelta and ssp.

macha under T. aestivum var. spelta but Tsunewaki (1971) found that

there was a partiai isolation barrier between ssp. macha and all other

forms of the hexaploids.

The following p'lant material was used ìn this ìnvestigation.

a) Tetra Canthatch (TC). The tetrap'loid (2n=28=AABB)

component extracted from ssp. vulgare cv. Canthatch (Cth) (Kerber, 1964).

b) RL 5404. A synthetic hexaploid produced by combining

Tetra Canthatch with the Ae. squarrosa var. strangulata RL 5271 (Dyck

and Kerber, .l970).

c) RL 5406. The synthetìc hexaploid of Tetra Canthatch x

Ae. squarrosa var. meyeri RL 5289 (Kerber and Dyck, 1969).

d ) Ssp. vul gare cv. Rescue (Rsc ) .

e ) Ssp. vul gare cv . Ch'i nese Sprì ng (CS ) .

f) The comp'lete monosomic series of Rescue.

g) The D genome monosom'ics of Chinese Spring.
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h) Chinese Spring d'itelocentric lDL, ditelo-2D{, diLelo-fi

monotelo-1 2D, ditelo-7DSo and double ditelo-2D, a'11 of which were

suppììed by Dr. E. R. Sears.

i ) Ssp. carthl i cum vari eti es RL 541 5, RL 5205, RL 5320,

and RL 5414.

j) Ae. squarrosa varietjes typica RL 5261, strangulata

RL 527.l, and meyeri RL 5289.

k) The synthetic hexaplo'id ssp. carthlicum RL 5415 x

Ae. squarrosa var. strangulata RL 5271.

l) A spontaneous speltoid mutant of ssp. vulgare cv.

Manitou which was found to be monosomic for chromosome 5A.

m) The F., pentap'lo'ids (2n=35=AABBD) of Canthatch x Tetra

Canthatch and Canthatch x conv. durum cv. Stewart.

Table II shows the 'important characters of the parentaì

stocks used in this study. The aneuploids of Rescue and Ch'inese Spring

are i dent'ical wi th the'ir respecti ve di somi cs for these characters . The

leaf rust infection vvas class'ified usìng the system described by Stakman

et al. (1962).

The follow'ing temporary gene symbols are used. Adult-p1ant

leaf rust resistance, Lra; seedl ìng ìeaf rust resistance, Lrs; brown

gìumes, Gct glume tenacity, T; inh'ib'itor of waxy foliage, Irl,rl; purp'le

coìeoptiìe, P.

3.2 Cytoìog'ica1 technìques

In mi tot'ic i nvesti gat'ions root t'i ps were e'ither col I ected f rom
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seedlings that had been germinated on moist blotting paper or from

p'lants after they had begun to tiller. The exc'ised root tips were

then placed in ice-water for 20-24 hours after which they were fixed

in Farmer's fluid (3 85% ethyì alcohol:l g'lac'ia'l acetic ac'id) for at

least two days. After removal from the fixative the root tìps were

hydrofized in IN HCI for l0 minutes, transferred to v'ials containing

Feulgen solut'ion, and stained for at least l0 minutes. A piece of the

stained meristemat'ic tip was cut away and p'laced on a slide with a drop

of aceto-carmine. A cover slip was placed over the specimen and the

cells were broken up by tapping with an eraser pencil. The cells were

squashed by heating the slide and applying pressure on the coversfip.

The chromosome number was recorded from observations of cells at the

metaphase stage.

For meiotic studies young spikes were fixed in Carnoy's fluid
(6 85% ethyl alcohol:3 chloroform:l gìacia'l acetic acjd) for a minimum

of three days. An anther was then placed on a sl'ide along with a drop

of aceto-carm'ine, broken open, and examined under 1ow power for cells

at metaphase I of meiosis. If cells at metaphase I were found, a cover

slip was placed over the specimen and pressure applied to squash the

cells. The number of chromosomes and their pairing behavjor was then

recorded.

3.3 Monosomic analys'is

The monosom'ic method as outlined by Sears (.l953) vras followed.

The conrplete set of 2l monosomics of Rescue and the seven monosomics
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of the D-genome of Chinese Sprìng were crossed with the synthetic hexa-

pìoids RL 5404 and RL 5406. Monosomic F., pìants of these crosses were

cytologìcalìy selected and harvested. D'isomic Rescue and Chinese Spring

were also crossed with the synthetjcs.

In the sprìng of 'l969 approx'imately 125 FZ seeds of each mono-

somic and disomic cross, plus the parents were space seeded at the Canada

Department of Agriculture Experimental Farm near tnlinnìpeg. The only

exceptions vúere crosses involving Rescue n'ionosomics 58, 20, 7D and the

cross Rescue 5A x RL 5406. They were planted in the spring of 1970.

The F, populatìons involving Chinese Spring were heavily infected by

stem rust in 1969 and had to be d'iscarded. They were again planted in
.l970 

and protected from stem rust by appl'ication of the fungicjde Maneb.

In the fjeld, individual plants 'in each F, popuiation were

classified as waxy or non-waxy just after heading. The F, populations

i'nvolving the dìsomic and monosomics of Rescue were class'ifìed as either

resistant (;1,2) or susceptible (3,4) to natural inoculum of leaf rust

by compari son wi th the parents . At maturi ty aì I monosomi c and d'isom'i c

popul ati ons were harvested by puì I i ng i ndi v'idual pl ants wh'i ch were then

examined in the laboratory for glume colour and threshabjìity. Thresh-

ab'ility of the spikes uras determjned by the use of a rubbing board as

described by Kerber and Dyck (1969).

The F, populations of the Rescue monosomics x RL 5406 and

the Chinese Spring monosomics x RL 5406 were also tested for seedììng

leaf rust reaction'in the greenhouse. Seedlings at the one or two

leaf stage were wetted down with water to which a drop of Tween 20 had
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been added. Spores of leaf rust race I were m'ixed with talcum powder

and puffed onto the seedl'ings. The inoculated pots were placed in an

inoculation chamber for approximateìy 24 hours. High hum'idity jn the

chambers was maintained by period'ic spraying wíth water. The seedìings

were classified as either resistant or susceptible 12-14 days after

i nocu I ati on .

The F, data was tested for goodness of fit to a 3:l ratìo

using the chi-square test corrected for continuity. The disomic F,

populat'ions were also tested for linkage of the various characters

using a Chi-square test for independence. The recombination values

were determined by the product method as outl'ined by Immer (.l930).

Sínce each one of the characters under examination was

known to be controlled by a s'ingle dominant or partìa'l1y dominant gene,

only one crit'ical monosomic F, population per character was expected.

However, ín the 1969 fie'ld pìots more than one monosomic F, population

appeared to be s'ignificant for the segregation of some of the characters.

in 1970 approximately 50 random F, head rovvs were planted of each popu-

lation that deviated sígnjficant'ly from the expected rat'io in the Fr.

unfortunately, just after emergence most of the pìot area was flooded

by a heavy rain storm that destroyed many seedfings. The plot area

remained very wet for the rest of the summer. Due to the smajl number

of pìants in some F3 l'ines, classification of all lines was on the

basis of the F, phenotVpe.

To test for coleoptìle colour approximate'ly 50 random F, l'ines

of each Chjnese Spring monosomic cross were used. A minimum of 20 seeds



23

per F3 line were placed on moist filter paperin petri d'ishes and grown

at a temperature of 60"F. A relatively coo'l temperature seemed to

enhance the coleoptile pigmentation. The l'ines were classified as

homozygous purple, segregating, or homozygous green. The results were

analyzed using the Chi-square test for a l:2:'l ratio.

3.4 Tel ocentric method

After the genes had been associated with their respect.ive

chromosomes, 'it was possìble to use sears' (1966) telocentric method

to determine on what arm these genes were located and their ìinkage

d'istance from the centromere (Fìgure 2). chinese spring ditelo-1D1,

ditelo-ZDd, ditelo-/monotelo-q 2D, and ditelo-7DS were crossed as the

female to the synthetìc hexaplo'ids RL 5404 and RL s406. Because of

their male sterility, the F., piants were used as the female in back-

crosses to chinese Spring. Teiocentrics of IDS and 7DL were not

avai I abl e.

Since both arms of chromosome 2D r¡¡ere used, a pre'liminary

test was carried out to determine on which arm the genes for g]ume

tenacity and inhibition of waxy fo'liage were located. It was assumed

that these genes and their chromosome arm locations were common to

both RL 5404 and RL 5406. Ch'inese Spring dìtelo-ZDß could not be used

directly because d'itelocentrics of this Iine are unstable unless

accompanied by the monotel osome-ZDd. Thì rty-three BC.,F., p'lants of

(Ch'inese Spring ditelo-ZDd x RL 5406) x Chinese Spring and thirty
BCIFI plants of (Chinese Spring ditelo-p monotelo-4 2D x RL 5406) x
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FIGURE 2

Method used for determining which arm carries
the gene and the segregation products expected.
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chinese spring were grown. A]l plants were checked for chromosome

number and classified for waxiness and threshabi'lity.

Approxìmately 200 BCIFI seeds of each of (Chinese Spring

ditelo-lDL x RL 5404) x chinese spring, (chinese sprìng ditelo-lDL x

RL 5406) x chjnese spring, (chinese spring ditero-2D( x RL b404) x

chinese spring, and (ch'inese Spring ditelo-2D{ x RL 5406) x chinese

sprìng were p'lanted jn the greenhouse. The chromosome number of at
jeast a half of the plants from each BC., population lvas determined.

BCI popuìations involving iDL were classifjed for gìume colour while

those derived from 2D were classified for waxiness and threshabilìty.

BclFl seedlìngs of (chinese spring ditelo-lDL x RL 5406) x

chinese spring were 'inoculated with leaf rust race 'l , as previously

described, and classified resistant ( ;,;z) or susceptible (z* ,q).
BCIFI adult plants of (Chìnese Spring ditelo-2D{x RL 5404) x Chinese

spring were tested for adult plant leaf rust resistance usìng leaf

rust race 76. Race 76 was used because it w'ill differentiate between

the adult plant resistance of RL 5404 and that of chjnese Sprìng. The

flag leaf of three stems of each plant were wetted w.ith water and

inoculated with rust spores by fingering. The plants were then placed

'in jnoculatjon chambers for approxímately 24 hours. plants which

scored 2* or less were classified as resistant and those scored 3 or

higher were considered suscept'ible.

Backcross F., p'lants that could not be properly c'lassified for
specific character were progeny tested to determ'ine their phenotype.

m'inimum of l0 pìants from each doubtful BclFl plant were grown and

a

A
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classified as previously described.

For determining the d'istance of the purple coleoptì1e gene

from the centromere, BCIFI seeds of (Chinese Spring d'itelo-7DS x

RL 5404) x Chinese Spring and (Chinese Spring ditelo-7DS x RL 5406) x

Chinese Spring were grown as described for the monosomic method except

that 'indivìdual seedlings were classifjed for colour and their chromo-

some constitut'ion v{as determined from root tips.

The data gathered from each of the BCIFI populations was

organized into 2 x 2 contingency Tables and a X2 test applìed to deter-

mine if the genes in questr'on \^/ere inherited'independentìy of the

centromere.

3.5 Substitutjon of chromosome 5A of the synthetìc hexapìojds into

Res cue

It was possible that the non free-threshing character of the

synthetic hexaploid was due to the absence of the Q factor on chromo-

some 5A of their tetraploid parent Tetra Canthatch. In order to verr'fy

that RL 5404 and RL 5406 do carry the Q factoro chromosome 5A of

Rescue was substituted w'ith the corresponding chromosome of these

synthetics. These subst'itution lines should be as free-threshing as

Rescue if RL 5404 and RL 5406 do in fact possess Q on chromosome 54.

Rescue monosom'ic 5A uras crossed as the female to each of the synthetìcs.

Monosomic F., plants were then used as the male in backcrossing to

Rescue monosomic 54. Approximateìy 96% of the male po'llen will have

21 chromosomes (Sears, 1953), which includes chromosome 5A from the
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synthetics. After each backcross 4l chromosome plants were selected

and backcrossed as the male to Rescue monosomic 54. After seven

backcrosses the monosomic p'lants of Rescue8 x RL 5404 were selfed and

d'isomic plants were selected in the F, progeny. Spìkes from these

plants were then tested for threshabilìty. The RescueS x RL 5406

monosomic p'lants were selfed but the F, progeny had a poorly developed

root system so chromosome numbers v¡ere not determined. However, 42

chromosome pìants had been checked after each backcross for threshabif ity.

In the monosomic method of substjtution'it is possible that a

20 chromosome male gamete wìì'l function and fertil'ize a 2l chromosome

egg. The frequency of this occurrence is approximate'ly l% (Sears, .l953).

If this piant were selected for backcrossing, chromosome 5A of the

synthetic would have been lost. Rescue has a solid stem whereas RL 5404

and RL 5406 have a hollow-stem. Since it is known that chromosome 5A

of Rescue carrjes genes for stem solidness (Larson and MacDonald, 1962),

42 chromosome plants from the selfed monosom'ic BC, plants should have

more hollow stems than Rescue íf chromosome 5A of the synthetics has

indeed been substituted into Rescue. The main culm of both Rescue and

42 chromosome progeny of selfed monosomjc BC, p'lants were sl'iced

lengthwise and their stem solidness compared.

3.6 Product'ion of synthetic hexaploìds

The fol'low'ing synthetìc hexaploids were produced to determ'ine

if ssp. carthlicum x Ae. squarrosa synthetic hexaploids are in fact free-

threshing, as was stated by Tsunewaki (1966).
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ssp. carthlicum RL 5320 x

ssp. carthlicum RL 5320 x

ssp. carthlicum RL 5414 x

ssp. carthlicum RL 5205 x

Ae. squarrosa RL 5289

Ae. squarrosa RL 526.l

Ae. squarrosa RL 5261

Ae. squarrosa RL 5271

as the female. ApproximatelyThe ssp. carthlicum parents were used

20 days after pollination embryos of immature seeds were excjsed and

cultured'in glass vials containing orchid agar. When the first leaf

was approxìmate'ly 5 cm long the seedlings were transplanted to pots

and placed in a growth chamber. These hybrids were cytologica'lly

confirmed to be 2n=21=ABD; the chromosome number was doubled using the

colchicine cotton-wool method outlined by Be'll (.l950). After the

plants had begun tillering cotton-wool was wrapped around the crown

and soaked with a 0.1% aqueous solution of colchicine. A glass jar

was then inverted over the pìant to prevent evaporation. The cotton-

wool lvas soaked with the colchicine solutjon every morning for 4 days.

All heads were bagged to ensure that no outcrossing would occur. Some

of the seed produced by these pìants was planted and their chromosome

number was checked. After rìpening, the heads of Fr 2n=42=AABBDD

plants were collected and tested for threshability. The synthetic

hexapl oi d ssp. carthl 'icum RL 5415 x Ae. squamosa RL 527.l previ ously

produced was also checked for threshability.

3.7 Checking for univalent shift

A particular monosomjc line may become monosomic for another

chromosome as the result of univalent shift (Person, 1956). hlhen
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unjvalent sh'ift was suspected in this study the particular monosomic

line was crossed with the d'itelocentrics or double ditelocentrics

for that chromosome. Depending on the telocentric used, F., pìants

that had 40 + ¡ or 40 + 2t were selected. if unjvalent shift had

occurred the telocentric chromosome would be paìred at metaphase I

of meìosis. If there had been no shift the telocentric would be

unpa i red.
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4. RESULTS

4.1 Di somi c 1 i nkage val ues

The results from 'linkage studjes of the disomic crosses

confirmed the gene assoc'iations found by Kerber and Dyck (1969) and

Dyck and Kerber (1970) 'in the synthetic hexap'loids RL 5404 and RL 5406.

F, recombination values between the gene for glume tenacity and the

inhjbitor of waxy fo'l'iage in RL 5404 and RL 5406 were calculated from

the data in Table III and are as follows: Chinese Spring x RL 5404,

30.9 1 4.3%; Rescue x RL 5404, 27.2! 5.6%; Chinese Spring x RL 5406,

21.7 ! 4.5%; and Rescue x RL 5406, 23.3 I 3.4%. Chì-square tests

for heterogeneity were applied to the data from Table III. Sjnce the

tests were not sign'ificant the data for the crosses involving RL 5404

were pooled on the one hand and the data for RL 5406 crosses were

pooled on the other. These pooled data gave recombination values

between the glume tenacity gene and the inhibitor of waxy fo1ìage of

28.2 ! 2.7% and U.6 ! 2.7% for RL 5404 and RL 5406, respectively.

The data from the F, of Rescue x RL 5404 (Tables IV and V) showed

that the gene for adult p'lant leaf rust resistance is linked with the

gene for glume tenacity and the jnh'ibitor of waxy foi'iage by recombina-

tion values of 33.0 1 4.0% and iB.3 1 2.g%, respectìveìy. The data

from Table VI showed the genes for seedling ìeaf rust resistance and

brown glumes were assoc'iated by a recombination value of 10.1 ! 2.2%

'in RL 5406.
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TABLE III

Data used for estimating 'linkage between
and the 'inhibitor of waxy fo'l'iage ìn the

Rsc x RL 5404, CS x RL 5406,

the gene for g'lume tenacity
F2 populations of CS x RL 5404,
and Rsc x RL 5406.

lnlaxi ness

CS x RL 5404 Rsc x RL 5404 CS x RL 5406 Rsc x RL 5406

Threshabi 1 ity

Non free-
thresh'ing

Free-
th resh i ng

Non-
waxy waxy

Non- Non-
waxy waxy waxy waxy

TABLE IV

Non-
waxy waxy

l56229l354l054

Data used for est'imating 'linkage between the gene
for adult-plant leaf rust res'istance and the gene
for giume tenacìty in the F2 popu'lation of

Rsc x RL 5404.

Threshabi 1 i ty

Leaf rust
reacti on

Res'i s tant

Suscepti bì e

Non-free
thresh'ing
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TABLE V

Data used for estimatìng linkage between the
gene for waxiness and the gene for adult-p'lant
leaf rust res'istance jn the F2 population of

Rsc x RL 5404.

TABLE VI

Data used for est'imating linkage between the
gene for gìume colour and the gene for seed'ling
leaf rust res'istance in the F2 population of

Rsc x RL 5406.

Waxi ness
Leaf rust
reacti on Non-waxy

Res i s tant

Suscepti b1 e

Gl ume col our
Leaf rust
reacti on

Res i s tant

Suscepti b'le
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4.2 ltlonosomi c analysì s

a) Inhibitor of waxy fo'lìage. The results 'in Tables VII

and VIII clear'ly show that the gene for inhibitÍon of waxy foliage

in RL 5404 and RL 5406 is located on chromosome 2D. In both Tables

VII and VIii FZ populations involving chromosome 2D deviated sìgn'i-

ficant'ly from a 3:l ratio. Although the F, populatjon of Rescue

monosom'ic 4A x RL 5404 deviated sign'ificantly from the expected ratio,

F, progeny tests confirmed that this chromosome was not involved in

wax'inhibition in RL 5404. Chinese Sprìng ìs only slightly waxy and

in the fjeld th'is light coat'ing may disappear through weatherìng.

Thjs is 1ikely the reason that Chinese Spring monosomic lD x RL 5406

is significant, as only two mjsclassifjed plants would have been

necessary for this result.

b) Tenac'ious glumes. The data in Tables IX and X 'indicate

that segregation for this character devìated sign'ificantly from the

expected ratio for several of the chromosomes. Popu'lations invo'lv'ing

Rescue monosomic 5A lvere expected to be critical as chromosome 5A

carries the Q factor which is hemizygous ineffective. Approximate'ly

75% of the F, p'lants v,rould be nullisomic or monosomic for chromosome

5A and therefore be non free-threshing. 0f the rema'ining ?5%, all of

which are disomic, three-quarters would be expected to be non free-

threshing as they would carry the dominant gene for tenacìous glumes

transm'itted from Ae. squarrosa. Segregation of Rescue monosom'ic 3A x

RL 5404 devìates sìgnificantìy from a 3:l rat'io due to an excess of
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Segregation for waxiness in the F2 of the Rsc monosomics x RL b404
and Rsc monosõmics x RL 5406.

TABLT VII

Rsc x RL 5404

yZ

l^Jaxy (¡: I )

Rsc x RL 5406

Non-
t'laxy Waxy

Non-
waxy

72
6l
74
84
73
B8
66
70
60
56
58
trE

64
73
72
73
6B
62
38
72
71

69

x2
(¡:i)F2 lines

Di somi c

IA
2A
3A
4A
5A
6A
7A
IB
28
3B
4B
5B
6B
7B
ID
2D
3D

4D
5D
6D
7D

23
29
25
12
21

23
27
29
22
l9
25
17
3l
26
21

6
21

14
IB
25
20
3l

0.00
2.13
0.00
7.35**
0.23
0.87
0.61
0.75
0.06
0.00
0.90
0.02
2.56
0.0s
0. l8

I I .85**
0.03
1.42
1 .17
0.00
0.30
I .61

B8
92
89
79
76
90
BO

B6
66
ó¿
67
59
B3
79
BO

96
8l
65
76
B5
63
75

24
25
29
26
IB
24
3l
20
33
26
2B
21

28
21

27
5

24
14
25
26
24
27

0. 5B
0.64
0.00
0.00
1 .42
0.74
0.s6
1 .81
3.24
0.01
0.79
0.02
0.00
0.65
0.00

20.59**
0. l6
I .86
0.00
0.08
0. 18
0.05

** Significant at the l% level.
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segregation for waxiness'in the F, of cs D-genome monosom'ics x RL 5404
and CS D-genome mônosomics x RL 5406.

TABLE VIII

CS x RL 5404

yZ

l,,laxy (3:l )

CS x RL 5406

yZ

Waxy (¡: I )F2 1ìnes
Non-
waxy

6t
70
48
40
71

56
66
63

ID
2D

3D

4D
5D

6D
7D

l6
3

21

14
14
14
IB
17

the 5% level.
the l% level.

0.52
I 5.89**
0.82
0.00
2.86
0.69
0.40
0.42

Non-
waxy

71

76
36
52
32
54
52
39

ll
3

12
12

9
l6
21

l3

5.27*
I 7.83**
0.03
1.02
0.07
0.08
0.37
0.03

lr

Di somi c

* Signìficant** Sjgnifìcant
at
at



Segregatìon for threshabjlity jn the Fc of Rsc monosomics x RL 5404 and
Rsc monosomics x'RL 5406

Rsc x RL 5404 Rsc x RL 5406

Non free- Free-
threshi ng threshì ng

yZ
(3:1)

0.00
0.99
? 07*
0.02

I 3. 35**
0.17
0.07
8.40**
3. 3l
0.18
I .09
6.50*
I .49
0.10
I .09

22.15x*
4. 05*
2.7 4
5.36*
0.00
3.97x
2.32

Non free-
threshì ng

B5
98
8t
70
90
B5
69
BB

78
8l
66
B6
72
71

70
95
73
5l
87
BO

63
89

Free-
threshi ng

23
20
26
32

6
29
40
21

20
¿o

l9
20
29
23
29

4
23
l0

7
27
24
l9

y2

(s:l)

0.60
3.66
0.00
100t.o(J

I 7.0i **
0.00
7 .34**
1"62
0.87
0. 00
0..l9
1 .81
0.56
0.00
0.76

22.09**
0.01
1 .97

14.52**
0.00
0. l9
2.78

36

TABLE IX

21

26
30
l9

6
22
l8

9
9

l9
l3
l0
l5
20
l5

I
28
11

6
22
l3
32

65
60
56
6l
7B
75
60
75
54
49
56
72
66
67
63
77
5l
59
50
65
73
6B

no- lA
"2A
"3A
"4A
"5A
"6A
" 7A

" lB
"28
"38
"48,, 58
" 68
"78
" lD
"2D
"3D
"4D
"5D
"6Dt' 

7D

F2 1ìnes

Di somi c

* Significant at** Si gn'if i cant at
I evel
I evel

the 5%

the 1%
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Segregat'ion for
RL

F2 1ìnes

CS x RL 5404

Non free- Free-
threshì ng thresh'ing

CS x RL 5406

Free- xz
threshi ng (S: I )

threshabilìty 'in the F2 of CS D-genome monosomics x
5404 and CS D-genome mõnosomics x RL 5406.

TABLE X

(s:l)
Non free-
threshing

Mono- I Dt' 
2D

"3D
"4D
ll rn

3U,, 
6D

"7D
Disomic

6l
65
44
36
57
48
50
65

l5
4

l0
l4
l8
l6
27
21

0. 86
12.57**
0. 89
0.il
0.00
0.02
3.64
0.00

64
66
36
47
32
53
45
32

14
5

1l
l5

7

17
2B
l9

1 .71
11 .?7**
0.01
0.00
0.69
0. 00
6.25*
3.46

* Signifjcant at** S'igni f i cant at
the 5%

the 1%

I evel
'level
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recessive free-threshing plants rather than to a defic'iency and,

therefore, chromosome 3A cannot be critical. The same js true for

Rescue monosomjc 3D x RL 5404, Rescue monosomic 7A x RL 5406 and

Chjnese Spring monosomic 7D x RL 5406. Rescue monosomics lB x RL 5404,

5D x RL 5404 and 5D x RL 5406 were not sìgnifìcant when F3 lines were

tested. F3 lines of Rescue monosomics 58 x RL 5404 and 7D x RL 5404

were not grown as the F, populations of these crosses were grown one

summer later than the majority of the other F, Rescue monosomic crosses

and therefore F, seed was not available. However, it is unì'ikely that

e'ither of these chromosomes carries the gene for tenacious gìumes as

they are only signìficant in one combination each. Chromosome 2D is

the only monosome that 'is critical in all four combinations. Therefore,

chromosome 2D must carry the gene for glume tenacìty'in both RL 5404

and RL 5406.

c) Leaf rust resistance. In the field, segregation for

adult-plant leaf resistance of F, popuìat'ions of Rescue monosomics

4A-, 5A-,7A-, ?B-,2D-, and 4D x RL 5404 deviated significantly from

the expected ratio (Table XI). The ratio obtained from F3 lines of

monosomic 4A was sign'ificant but onìy at the 5% level , whi'le that of

monosomic 7A was not. Ivlonosom'ic 28 cannot be the critical chromosome

due to the large number of recessive susceptible plants. F, progeny

tests of monosomics 5A and 4D were not carried out as their ratios

were onìy significant at the 5% level and a crit'ical monosomic ratio

should deviate more than thjs. However, ìn all likelihood the critical

chromosome in RL 5404 is 2D as the ratio of res'istant to suscept'ible
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Segregation for
i nocul um i n

TABLT XI

adul t-p1 ant leaf
the F2 of Rescue

rust resistance to natural
monosomics x RL 5404.

Res i s tant
y2

(s:l )Sus cepti b'l eF2 lines

Nlono- I Au2A
"3A
"4All tr/\

Jñ

"6At' 7A

" lBu2B
"38
"48
"58
"68
ll ?ñID

" lDu2D
"3D
"4D
"5D
"6Dt' 

7D
Di somi c

* Signìficant** Significant

l9
28
29

5

l3
22
ll
26
29
25
14
21

28
25
?4

9
20

9
14
21

21

20

76
62
70
9l
BI
ôo
oÕ

B2
73
53
50
69
53
67
74
69
71

69
67
42
76
67
80

I .01
I .48
0.76

I 9.0.l **
5.67*
1.21
7.92**
0.03
4.16*
2.35
2.51
0.29
0.79
0.00
0.00
7 2tr**
0.'18
6.33*
0.02
0.4?
0.02
1.12

at the
at the

5% I evel
l% level
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plants was sign'ificant at the l% level. Also, the gene for adult-plant

leaf rust resistance is linked vrith the genes controlling waxiness and

threshab'il'ity, both of which have been found to be on chromosome 2D of

RL 5404. The monosomics of Chinese Sprìng could not be used due to the

good adu'lt-p1ant leaf rust resistance of this cultivar to natural

jnoculum. Greenhouse space was not avaílable for the test'ing of adult-

p1 ants.

The results in Tables XII and XIII clear'ly ind'icate that the

gene for seedl'ing'leaf rust resjstance'in RL 5406 is located on chromo-

some lD. Other than for chromosome 1D, monosom'ic F, populations of

Rescue monosomics x RL 5406 which were critical at the adult-pìant

stage in the field to natural 'inoculum were not found to be critical

at the seedling stage in the greenhouse to leaf rust race l. This

'likely resulted from the greenhouse tests beìng better controlled and

thus more precìse. 0n1y lD of the Chinese Spring monosomics was found

to be crit'ical .

d ) Gl ume col our. The express i on of gl ume col ourin the f i el d

is dependent upon the environment and whether the plant is homozygous

or heterozygous for this character. RL 5404 and RL 5406 lvere found to

express the brown colouration under all condjtions, although the glumes

of RL 5406 vuere somewhat darker. However, plants that are heterozygous

may only show a buff colour and under damp condit'ions at ripening white

glumed plants become a greyish colour, making them difficult to d'ist'in-

guish from the heterozygotes which are also affected by weathering.

This is'likely the reason for the large number of crit'ical F, popu'lations
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Segregation for
and for seedf ing

TABLE XIi

leaf rust res'istance in the field to
resistance in the greenhouse to race

Rescue monosom'ics x RL 5406.

natural 'inocul um
I of the F2 of

Field

F2 lines Resistant Susceptible

Greenhouse

yZ

Res i s tant Sus ceptì bì e ( 3: I )

l'4ono- lA,, 2A
"3A
"4A
"5A
"6A,, 

7A
" lB,, 28
"38
"48r' 58
"68
"78
" lDu2D
"3D
"4D
" 5D

"6D,, 
7D

Di somi c

y2

(3:l)

0.29
0.82
4.52*
0.03
0.01
1 .17
1 .32
0.20
2.10
0.01
1 .27
0.06
0.03
0.01

I g. 47**
0.32
3. Bg*
5.17*
0.08
0.00
0.45
I.BB

0.19
0.49
0.1 5
0.00
1.32
0.00
0.0'l
0. l9
0. 32
0.10
2.29
1 .21
0. 34
0. 54

lB.ll**
0.19
0.00
0.00
0.07
0. 84
0.29
0.17

BI
B3
99
BO

6B
9l
89
77
BI
82
66
69
82
75

100
BI
ôô
oÕ

50
74
B3
70
70

3l
34
l9
25
24
23
22
29
IB
26
29
25
29
25

7
23
17
29
27
28
29
32

BO

90
7B
73
89
9l
9l
B3
75
92
o?

77
B6
86

104
ÕJ
82
85
B6
9l
90
94

30
25
29
25
22
30
29
3l
29
28
21

33
33
34

B

3l
28
29
3l
24
26
28

* S'ign'ificant** Si gn'if icant
at the 5%

at the l%
I evel
I evel
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TABLE XII I

Segregation for seedl'ing leaf rust resistance to
race I 'in the greenhouse of the F2 of Chinese

Spring D-genome monosomics x RL 5406.

F2 lìnes Res i s tant Sus cepti b1 e

yZ

(s:l)

Mono- I D,20
"3D
"4D
"5D
"6Dt' 

7D
Di somi c

ll0
97
82
50
90
BO

96
92

6
23
l9
14
23
30
24
28

23.28**
1 .88
1 .75
0.19
I .06
0.19
I .34
0.10

** Significant at the l% level
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jn the Rescue monosomjc crosses (faOle XIV).

F, populations of Rescue monosomics jA-, 2A-, 3A-, and

lD x RL 5406 and Ch'inese Spring monosomic lD x RL 5406 dev'iated sìgnì-

ficantly from the expected 3:'ì ratio of brown to white g'lumed piants

(Tables XIV and XV). Chromosome 2A cannot be involved as there are

too many recessive white glumed plants'in Rescue monosomic 2A x RL 5406.

Segregatìon of F3 lines of Rescue monosomic lA x RL 5406 did not deviate

signìficant'ly from the expected ratio but segregation of the F, of

monosomi c 3A x RL 5406 remai ned s i gn'i f ì cant. Pres umab'ly, however,

chromosome lD of RL 5406 carries the gene for brown glumes as F,

populations of both Rescue monosom'ic'lD x RL 5406 and Chinese Sprìng

lD x RL 5406 deviated sìgn'ificant'ly from the expected ratio. Further-

more, the seedl'ing leaf rust resistance gene found to be on chromosome

lD is l'inked with the gene for brou¡n g'lumes and ana'lysis of the data

from the disomic crosses involving RL 5406 gave no'indication that

brown glumes is other than monogenically inherited.

F, populations of Rescue monosomics lA- o 2A-, 3A-, 4A-,

5A-,6A-,28-,38-,48-,30-, and 6D x RL 5404 deviated sign'ificantiy

from the expected ratio. F3 progeny tests of Rescue monosom'ics lA-,

4A-,54-,38-, and 6D x RL 5404 confirmed that these chromosomes were

not involved with glume colouration in RL 5404. However, all other

deviating FZ monosomic populations remained s'ignificant when their

F3 l'ines were tested. F3 lines of Rescue monosomic lD x RL 5404 were

not grown as the F, ratio of brown to white g'lumed pìants was not

significant, however, the F, popuìation of Chjnese monosomic lD x RL 5404
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TABLE XIV

Segregation for g'lume colour in the F2
and Rsc monosomics x

of Rsc monosomics x RL 5404
RL 5406.

Rsc x RL 5404

F2 'l i nes Brown tlh'ite

Rsc x RL 5406

Brown Whi te

47
40

5
22
3l
27
24
26
21

27
?4
l5
34
26

5
21

l8
l9
l8
30
22
3l

yZ
(s:l)

x2
(¡:l)

Mono- lAu2A
"3A
"4A
"5A,, 6A

" 7A
" lB
"28
ll âhJÞ

"48
" 58
" 68
"7B
" lD,, 

2D

"3D
"4D
"5D
"6D
"7D

Di somi c

77
73
76
71

75
B5
65
71

56
62
60
50
6B
71

66
46
68
56
46
77
62
83

9

12
l0

9

9
12
l3
l3

6
9

14
l3
l6
12
21

lt
14

o

l0
l3
17

g. g3**
4. B0*
7.50**
7.35**
8.40**
7. 5g**
2.46
3.57
5.76*
9.65**
4.64*
0.19
3.00
I .69
3. 35
1.12
4.59*
0.69
1 .75
7 .7 6**
I .96
3.00

6l
78

102
BO

66
87
B5
B3
77
BO

6t
57
67
6B
94
75
78
42
76
77
59
77

I B. 7B**
4.52*

22.51**
0.47
2.15
0.05
0.37
0.03
0.49
0.00
0.32
0.46
3. 59
0.23

I g. g6**
0.35
I .68
0.92
1.42
0.38
0.10
0.60

* Si gn'if i cant** Significant
the 5% level
the l% level

at
at
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Segregatìon for
monosomics x RL

TABLE XV

colour in the
and CS D-genome

F, of CS D-genome
ftonosom'ics x RL 5406.

g1 ume
5404

F2 lines Brown

CS x RL 5404

y2
l^lhi te (3: I )

CS x RL 5406

y2

Whi te (S: I )Brown

Mono-
II

ll

il

il

I

il

ID
2D
3D

4D
5D

6D
7D

64
44
38
37
47
43
53
56

I
14
l5
ll
17
l6
17
22

I 7. 85**
0. 00
0.16
0.03
0.02
0.05
0.00
0.27

64
47
28
42
24
49
54
29

3
4
l
7

0
8
4
I

I 3. 9B**
0.05
0.08
0.28
0.16
0.04
0.49
0.03D'isomi c

** Significant at the l% level
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deviated s'ignifìcantìy from the expected 3:1 ratio. In view of the

prevìous results from RL 5406 and from the disomic crosses with RL 5404,

which also indicated monogenìc inherìtance for this character, chromo-

some lD of RL 5404 likely carries the gene for brown glumes as well.

No posit'ive conclusions, however, can be drawn from these results.

e) Purp'le coleoptile. The data in Table XVI shows that

the gene for purple coleoptile ís assoc'iated with chromosome 7D'in

RL 5406. Both chromosome lD and 7D were significant in the chinese

Spring monosomics x RL 5404. It was not possible to check whether

un'ivalent shift may have occumed in eìther the F., of ch'inese Spring

lD x RL 5404 or 7D x RL 5404. However, monosomìc F., plants of both

chinese spring lD x RL 5406 and 7D x RL 5406 were crossed to ch'inese

Spring ditelo IDL and ditelo 7DS, respectively. In 2n = 40 + t
Fl plants of both crosses, the telo remaìned unpa'ired and thus no

un'ivalent sh'ift had occurred. This indìcates that the parental

chinese spring monosomics lD and 7D were correct. The disom'ic cross

chinese spríng x RL 5404 indicated that coleoptj1e pigmentation is

monogenica'l1y controlled so that only one chromosome should have been

involved. The F, population of Chjnese Sprìng monosom'ic lD x RL 5404

was also critical for the gene for brown glumes but there is no indj-

cation from the disom'ic crosses or from the monosom'ic results w'ith

RL 5406 that the genes for brown gìunes and coleopt'ile colour are

linked. The on'ly explanation that can be g'iven is that a large

enough population was not used. It is likely, nevertheless, that

chromosome 7D of RL 5404 also carries the gene for purp'le coleopt'i1e
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Segregati on for co'l eopti 1 e
RL 5404 and

TABLT XVI

colour in the F3 of CS

CS D-genome monosomics
D-genome monosomics x
x RL 5406.

F3 lines
yZ

(l:2:l)
yZ

(l:2:'l )

CS x RL 5404

Segre-
Purpl e gati ng Green

CS x RL 5406

Purpl e

l3
10

7

7

6
ôo

20
l3

Segre-
gati ng Green

Di somi c

343
24 16
25 12
299
25 15
24 14
21 2
23 14

I evel
I evel

I 0.48**
2.02
0.04
2.57
1 .00
0.24

26.28**
0. 36

ID
2D

3D

4D
5D

6D

7D

l3
9

l3
9

l0
12
27
l3

27 l0
328
21 9

31 B

l3 ll
29 l3
255
228

0.68
4.08
0. 89
5.6l
2.20
2.28
9.00*
l.l9

* S'ignificant** Significant
at the 5%

at the l%
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since this would appear to be the same gene found in RL 5406.

4.3 Telocentric chromosome mappìng

a) D'itelo-lDL. 0nly l4 recombinants ìn a population of
.l05 

were detected for the regìon between the centromere and the gene

for brown glumes in the test cross of (Chinese Spring ditelo-jDl x

RL 5404) x Chínses Spring (Table XVII); this is equivalent to a

crossover value of l3.S t g.gZ. Since the gene did not assort

'independently of the centromere its location on chromosome lD of

RL 5404 was confjrmed. In the test cross, (Chinese Spring ditelo-lDL x

RL 5406) x Chinese Spring, three questionable recombinants were found

between the gene for brown g'lumes and the centromere. The heads of

these p'lants were not as dark a brown as expected; this variation in

cojour may have been the result of environmental factors. If these

are true recombinants a crossover value of 1.7 ! 1.0% with the centro-

mere'is'indìcated. It would seem, however, that the gene for brown

glumes in RL 5406 must also be on IDL as it is probab'ly located at

the same locus as the gene for brown glumes on IDL of RL 5404.

In the test cross of (Chinese Spring d'itelo-lDL x RL 5406) x

Chjnese Sprìng no recombinants between the gene for seedling ìeaf rust

resistance and the centromere were found. This indicates that lD is

the correct chromosome as all resistant pìants were 2n=42 wh'ile all

susceptible plants were 2n=41+t. If the gene for seedling ìeaf rust

resistance were located on another chromosome half of the 2n=42

plants would have been resistant and the other half suscept'ible.
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The same would have been true for 2n=41+t plants. Because of the

tìght'linkage between the gene for brovrn glumes and the gene for

seedling leaf rust resistance in RL 5406 ít would be expected that

these genes are on the same arm; consequently, the gene for seed'ling

leaf rust resistance probab'ly'is aiso on lDL. However, the possibìlity

that linkage between these two genes could be across the centromere

cannot be excluded.

b ) Di tel o-ZDd. Prel imi nary tests ot (Cfii nese Spring di te]o

/-monoteloo(-2D x RL 5406) x chìnese Spring showed that the genes for

inhibition of waxjness and for tenacious glumes were not located on

ZDP. Th'is was ev'ident from the observat'ion that all 2n=42 plants

displayed the dominant phenotypes, non-waxy and non free-threshing.

Plants of the chromosome constitution 4l+t exhibited the recessive

phenotypes, waxy and free-thresh'ing. 0n the other hand, in the test

cross of ditelo-2Ddx RL 5406 all four poss'ible phenotypes were found

associated w'ith 2n=41+t and 2n=42 plants. Because crossing-over had

occurred the genes for glume tenacity and wax inhibition must be on

the 2D4arm of RL 5406. 0n the assumption that gìume tenac'ity and

waxlessness are determined by corresponding genes on the same arm of

RL 5404 as in RL 5406, the gene for adult-plant leaf rust res'istance

ìn RL 5404 must also be on 2D"( since it is linked with the genes for

glume tenacity and wax inhibition.

In the (Chinese Spring ditelo-2D( x RL 5404) x Chinese Spr.ing

test cross the data from Table xvlII showed the genes controì'l'ing

threshab'ility, waxiness, and adult-plant leaf rust resistance were
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located 38.7 1 4.0,48.g 1 +.0, and 49.l 1 4.8 apparent crossover units

from the centromere, respect'ively. To be certain of the gene order,

BCIFI plants, in which segregation for all three characters had been

scored, were grouped for 0, l, and 2 crossovers'in Table xIX. The data

so class'ified confirmed that, beginnjng at the centromere, the gene

order was g'lume tenac'ity, wax inhib'ition, and adult-plant leaf rust

resistance. The data in Table XVIII permitted the ident'ification of

oniy the apparent crossover products of the three genes on thìs arnì

as they were only taken one at a time. To determ'ine the actual cross-

over products the data were regrouped in Table XX, taking'into account

all three genes at once. This allows for the detection of double and

triple crossover products. From these data the follow'ing crossover

values with the centromere were obtained: glume tenacity 39.q ! 4.g%,

wax inhibition 52.s t s .0%, and adult-p'lant leaf rust resistance

63.6 1 4.8%. The crossover values for the g'lume tenacity gene calcu-

lated from the data in Tables XVIII and XX should have been the same

but the differences'in popuìation s'izes lead to a small discrepancy.

The (Ch'inese Spring ditelo-ZDdx RL 5406) x Chjnese Spring

test cross confirmed that the gene order for gìume tenacity and wax

inhibit'ion in RL 5406 was the same as in RL 5404. The data from Table

xvIII showed these two genes were 45.0 i +.7 and s3.4 1 4.6 apparent

crossover un'its from the centromere, respectively (raute xvIII); the

actual crossover values, caìculated from Table XXI, are g'lume tenacity

42.g ! 4.6% and wax inhib'ition 58. g ! q.a"/". Agaìn, the two crossover

values calculated from Tables XVIII and XXI for glume tenac'ity shou'ld
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TABLE XIX

Data used to determi ne the order of
glume tenacity, wax inhib'it'ion, and
rust resistance in (CS ¿itelo-2D{ x

the genes for
adu'lt-pl ant I eaf
RL 5404) x CS.

F1 f
gamete

Type of
cros sover

None
None
SÍ ngl e
Si ngì e
S'ing'le
Si ngl e
Doubl e
Doub I e

Number of
BCI pl ants

49
aaJL
ll

7

6
12

4
4

T I Zt¡lt iZllJ
t I2W
T iZt^J

T IZW
t tZW
t I2W
T i Zt^l

Lra
lra
Lra
lra
lra
Lra
lra
Lra
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Actual crossover
genes determìnìng

Lra I2l,'l T

TABLE XX

products in (CS ditelo-2Dq x RL 5404) x CS for the
threshab'i I i ty, wax'iness and adul t-pl ant I eaf rust

resistance.

I ra i 2l,rl t

-TraT2i,l-t--Tra!l,l l-
Fr

Cons ti tuti on
of $ gamete

Lra I2W T

1ra i2lll t

Lra I2l,rl t

'l ra i 2l,rl T

Ch romos ome
number of
BCI p1 ants

Region of
cros sover

None

Centr. -T

Centr. -T

None

Centr.-T, T-I2W

T- I2l^l

T-I2hI

Centr.-T, T-I2hJ

I2l,rl-Lra

Centr. -T , I2l,l-Lra

Centr.-To I2lnl-Lra

I 2l^l- Lra

Total
number of

pl ants

26

12

(9) CS (d)

42

4l+t

42

4l +t
l5
l0

42

4l +t
4

5

ìra I2I^l T

42

4l +t

42

4l +t

3

I

6

0

5

5

Lra i2W t

1ra I2hl t
Centr.-T, T-I2l,l,

I 2W-Lra
T-I2W, I2lrl-Lra

T-I2hl, I2W-Lra

Centr.-T, T-I2hJ,
I2l^l- Lra

42

4l +t

42

4l +t

42

4l+tLra i2W T
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Actual crossover
genes

I2t^l T

TABLE XXI

(cs ditelo-2D4 x RL 5406) x CS

threshabilìty and waxiness.
products 'in

determi n i ng
for the

iztd t

--¡_tt^tJ.-=--------.--..-

Fl

Constitution
of $ gamete

'i2W t

Region of
crossover

None

Centr. -T

Centr. -T

None

Centr.-T, T-I2W

T-rz|ul

T-r2L/

Centr.-T, T-I2W

Total
number of

p I ants

Chromosome
number of
BCi pl ants

42

4l +t

42

4l +t

42

4l +t

42

4l +t

(1) cS (c¡)

i2W t

Izt^l T

I2tll t

i2W T

'16

l5

30

26

I
4

3

9
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have been the same but again the difference was due to popuìation size.

The test crosses with the telocentric stocks also allowed

addìtional lìnkage values to be calculated. For RL 5404 the fo'llowìng

recombination values were obtained from the data in Table XIX: gìume

tenacity and wax inhibitor z0.g 1 s.6%, wax jnhibitor and adult-pìant

leaf rust resistance 20.8 t 3.G%, and glume tenacity and adult-plant

leaf rust resistance 41.6 j 4.4%. For RL 5406 the data in Table xxl

showed that the genes for glume tenacity and wax inhibition were

22.3 ! 3.9 recomb'ination units apart.

c) Ditelo-7DS. The data in Table xXIi cìearly 'indicate

that the gene for purpìe coleoptile is located on chromosome arm 7DS

in both RL 5404 and RL 5406; the locus for coìeoptile pigmentat.ion

and the centromere did not segregate ìndependentìy. The coleoptiìe

pigmentation locus-centromere disiance in RL 5404 and RL 5406 was

10.3 1 2.8 and 9.8 I 2.8 crossover units, respectìvely.

4.4 substitution of chromosome 5A of the synthet'ic hexap'loids jnto

Res cue

When the main culm of Rescue and of the selfed disomic progeny
oof (Rescue 5A)'x RL 5404, which represents the subst'itution of 5A of

RL 5404 into Rescue, were compared for stem solidness, (Rescue 5A)B x

RL 5404 was found to have much less pith than Rescue. Since chromosome

5A of Rescue carries a gene for solid stem and RL 5404'is hol'low stemmed,

it is ev'ident that the substitution of chromosome 5A of RL 5404 into

Rescue was successful . Th'is substitut'ion I'ine will be referred to as
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Crossover products in (CS
RL 5406 ) x CS for the

TABLE XXIi

ditelo-7DS x RL 5404) x CS and (CS ditelo-7DS x
genes determining coleopti'le pigmentation.

Coleopti'le
col our

Purp'le

Green

(CS ditelo-7DS x RL 5404) x cS (CS ditelo-7DS x RL 5406) x CS

2n=41+t 2n=42 2n=41+t 2n=42

5*

41

55 4*

45

47

6*

* Crossover cl ass
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Rescue/54 RL 5404.

Spikes of Rescue/54 RL 5404 were morphologically very similar

to those of Rescue and were free-threshing. As shown in Figure 38

spikes of RL 5404, Rescue, and Rescue/SA RL 5404 are sem'i-squareheaded,

that is the spikes are somewhat lax at the top so the head is not

squared off. Rescue monosomic 5A and monosomic 5A of (Rescue SA)B x

RL 5404 are typically speltoid in appearance having a lax head tapering

sharply toward the apex and broad g'lumes with a blunt secondary tooth.

A'lthough the substitution of chromosome 5A of RL 5406 into Rescue could

not be verified because the chromosome number of the progeny of selfed
o

(Rescue 5A)'x RL 5406 plants was unknown, the morphoìogica'l results

were very similar to those with RL 5404 (Figure 3A). The disomic p'lant

of (Rescue 5A)6 x RL 5406 is squareheaded and free-threshìng. Since

the Q factor in the homozygous condition produces squareheaded or semi-

squareheaded, free-threshing sp'ikes as typ'ified by the two substitution

lines, both RL 5404 and RL 5406 must themselves possess the Q factor.

4. 5 Syntheti c hexapl o'ids

The five synthetìc hexaploids developed from four varieties

of ssp. carthlicum and three varieties of Ae. squarrosa were produced

to determine the effect or interaction of the Q factor of ssp. carthlicum

with the D genome of Ae. squarrosa. All five synthet'ic hexaploids were

non free-threshíng. F'igure 4 shows two of these synthetics along with

the synthetic RL 5404 and their respective tetraplo'id parents. The

three synthetic hexaploids illustrated have the same Ae. squarrosa

parent in common. The spikes of the ssp. carthlicum synthetic hexaploids
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FIGURE 3

A. l) RL 5406. 2) Rescue. 3) Rescue monosomic 5A. 4) mono-
somic 5A of (Rescue 5A)8 x RL 5406. 5) disomic of (Rescue sÁ)6 x RL 5406.

. B. l) BL 5404. 2) Rescue. 3) Rescue monosomìc bA. 4) mono-
somic 5A of (Rescue 5A)8 x RL 5404. 5) Rescue/5A RL 5404.
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FIGURE 4

I ) ssp. carthl i cum RL 541 5. 2 ) ssp. carthl i cum RL 54.l 5 x
Re. ¡g¡aÏrosaT[-527'l . 3) ssp. carthTîõumTf5zOS.
Ð- Irp.-Em-ttt&um RL 5205 x 4.. :S_qu1.o* RL 5271 .
5) TetraGñThatcñ-. 6) RL 540T.
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are laxer than those of RL 5404 but their glumes closely resemble those

of ssp. vul gare and certa'inly are not spel toi d 'in appearance. Morpho-
'logica1ly, the other three synthetics derived from ssp. carthlicum a]so

close'ly resemble ssp. vulgare. From these results'it can be concluded

that ssp. carthlicum either possesses the Q factor or at least an

allele that has a very similar effect and that it'is unable to overcome

the gene for glume tenac'ity derived from Ae. squarrosa.

4.6 Pentap'loi d hybri ds

The pentaRloid F., (2n=35=AABBD) of Canthatch x Tetra

canthatch (QQ) an¿ of canthatch x the durum variety Stewart (!g)

tn¡ere exam'ined for speltoíd characters to see what effect Q in the

homozygous conditìon, and in the hemizygous conditìon, would have

at the pentaploid level. Canthatch x Tetra Canthatch was very similar

to canthatch in head morphology (Figure 5). The spìke is somewhat

denser than that of Canthatch but íts partial steri'lity makes it appear

even more dense, and it is pred'ictab]y free-threshing. canthatch x

stewart has a s'lightly laxer head than canthatch, be'ing c]oser to

RL 5406 in this respect. It does not have the broad g'lumes and blunt

secondary tooth of ssp. spelta sp'ikes which the speìtoid of the common

wheat cultivar Manitou exhibits even though both are hemizygous for

A-. The Manitou speltoid 'is monosomìc for chromosome 5A wh'ile the

canthatch x Stewart pentaploid is supposedly !g. Furthermore, the

Canthatch x Stewart pentaploid is free-threshing whereas the Manitou

speìtoid is non free-threshing. The speltoid of Manitou was used for
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FIGUP,I 5

I ) Canthatch. 2) Manitou speltoid. 3) RL 5406.
4) Canthatch x Tetra Canthalch pentapló.id.
5) Canthatch x Stewart pentaploid.
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comparison because this cultivar is closeìy related to canthatch.

These results ind'icate that the genetic background has an important

effect on the expression of the spelto'id characters.
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5. DISCUSSION

5. I Ori g'in of the f ree-thresh'ing hexapl oi d wheats

The non free-threshìng character of the synthetic hexaploids

RL 5404 and RL 5406 could have been due to either a gene'introduced

from Ae. squarrosa or from the absence of the Q factor. The semi-

hollow stem of Rescue/SA RL 5404 verified the subst'itution of chromo-

some 5A of RL 5404 (Tetra Canthatch x Ae. squarrosa RL 5271) into Rescue.

Since Rescue/5A RL 5404 was semi-squareheaded and free-thresh'ing Tetra

Canthatch, the source of 54, must possess the Q factor. This evidence

along with the results of the monosomic analysis of the synthetic hexa-

ploids RL 5404 and RL 5406 substantiates the suggestion of Kerber and

Dyck (1969) that the non free-threshìng character of these synthetics

is due to a singie, dominant gene on chromosome 2D derived from their

Ae. squarrosa parents.

Kerber (Personal communication) has produced four other

synthetic hexaploids by crossing Tetra Canthatch w'ith strains of the

Ae. squarrosa varìet'ies anatherao typica, and strangulata. All are

non free-threshing. It can be assumed that these strains carry the

same gene for glume tenacity (l) that was found in RL 5404 and RL 5406

whjch had as one of their parents the Ae. squarrosa variet'ies strangulata

and meyeri , respect'ive'ly. Th'is 'indi cates that al I four vari eta j groups

of Ae. squarrosa possess the gene for glume tenac'ity. This evidence,

a'long wi th the non f ree-threshabi ì i ty of the syntheti c hexapl o'ids

produced from ssp. turgidum (Tsunewaki, 1966) and from ssp. carthlicum,

suggests that al1 hexaplojd wheats must originajly have been non free-
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thresh'ing assum'ing that all forms of Ae. squarrosa in the past possessed

the gene for tenacious glumes as apparently they do at the present. The

Q factor present'in Tetra Canthatch and ssp. carthlicum is unable to

counteract the gene for gìume tenacity found in Ae. squarrosa.

Ssp. vulgare (qq- cc !å) ¿iffers from the other two free-

thresh'ing hexaploìds, ssp. compactum (QQ CC SS) and ssp. sphaerococcum

(QQ cc ss), by on'ly one gene. The compactum gene C and the sphaerococcum

gene s are found on chromosomes 2D and 3D, respectìvely. Since no form

of Ae. squarrosa is known that possesses either of these genes, they

must have arisen 'in the hexapìoìds ([4orris and Sears, 1967). Therefore,

ssp. vulgare must be considered the oldest of the free-theshing hexa-

plo'ids as 'it reta'ins the prìmitive genotype of Ae. squarrosa, with

respect to these two characters. Furthermore, Riley et al. (1967)

cons'idered only ssp. vulgare and ssp. spelta to have the primitive

chromosome structure of the hexaploids.

If ssp. spelta was the djrect progenitor of the free-thresh'ing

hexaploids, as suggested by Tsunewaki (1966), then it must be considered

the oldest of the hexaploids as ssp. vulgare is the oldest hexaplo'id

that has so far been found (Heìbaek,.l966). This means ssp. spelta

would have arisen from a q tetrap'loid x Ae. squarrosa hybrid and thus

have had the genotype gg TT. If the free-threshìng ssp. vulgare arose

from ssp. spelta then a triplication of the g locus on chromosome 5A

and a mutation of the gene for tenacious gìumes on chromosome 2D to a

I ess effecti ve al I el e, woul d have been requ'i red. Furthermore , i f the

tetraplo'id parent of this form of ssp. spelta was e'ither ssp. d'icoccum
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oI' ssp. d'icocco'ides, which are both non free-thresh'ing, further muta-

tìons to 'increase rachis toughness and to decrease glume tenac'ity

would have been needed. It is doubtful that a mutation at the 2D locus

i n thi s spel to'id background woul d have been recogni zed by neol 'ithi c

man or selected for by his harvesting and threshing process, as mutants

of ssp. vulgare that lack Q, are non free-threshing and speltoid in

appearance (MacKey,1954) desp'ite the absence of the gene for tenacious

g'lumes on chromosome 2D. Certain'ly, if a non free-threshìng tetrap'lo'id

was involved the small mutations needed in the A and B genomes to

increase rach'is toughness and decrease g'lume tenacity would have had

no vis'ible effect on the p1ant. The appearance of the Q factor in

thìs gqTT form of ssp. spelta would have been recognizable to pre-

historic man in the form of a plant that would have had shorter straw

and squarer heads. Hovrever, the pìant u¡ould have remained non free-

threshing due to the glume tenacity gene on 2D, and unless the Q factor

prov'ided some other useful advantage to man it is doubtful it would

have been selected for.

It seems certa'in that the European ssp. spelta is not the

product of the chromosome doubling of a tetraplo'id wheat x Ae. squarrosa

trìploid as was suggested by McFadden and Sears (1946). They found

free-threshing hexapìoid segregates from a cross between ssp. carthlicum

and an European variety of ssp. spelta. Since the D genome of this

hybrid could only have been derived from the ssp. spelta parent, the

presence of free-threshing hexaploid segregates indicated that the gene

for glume tenac'ity on 2D was not present. As already mentioned ìt would
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have been unlikely that speltoid pìants bearing a mutat'ion at the 2D

locus could have been selected by neoìithic man; therefore, the sugges-

tion that ssp. spelta from Europe arose from either a ssp. d'icoccum x

ssp. compactum hybrid (Schiemann, l95l) or a ssp. dicoccum x ssp. vulgare

hybrid (Tsunewaki, l97l) is more ì'ikely. Ssp. compactum would appear

to be the hexaplojd jnvolved as it was found ìn Europe prior to ssp.

vulgare (Scniemann, l95l ). Tsunewaki's (1971 ) objection to ssp. compac-

tum being involved because of the absence of the C gene in ssp. spelta

is not valid as MacKey (1966) has found ssp. vulgare type segregates

from a ssp. dicoccum x ssp. compactum cross.

Since there are no reports of crosses between the Iranian

ssp. spelta and ssp. carthlicum it is not known'if these spelts also

lack the gene for tenacìous glumes on 2D. If they do not possess

this gene, they too can be removed as a direct progen'itor of the free-

threshing hexapìo'ids. However, Kuckuck (1970) ment'ions that some

forms of ssp. spelta in lran have been found that are free-threshing

but possess a frag'ile rachis. This ìndicates that if enough of the

genes for tenacious g'lumes are removed from the A, B and D genomes of

ssp. spelta the Q factor is not necessary for free-threshability. It
can then be argued that free-thresh'ing hexaploids could have arisen

from ssp. spelta. If this did occur ssp. spelta must have been grown

over many centunies to allow man to select plants, through the har-

vesting and thresh'ing process, that had chaff free seed and thus

'indirectly select for plants that had the QQ tt genotype. There is

no evidence, however, that ssp. spelta was cultivated 'in prehìstoric
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western Asia (Helbaek, 1966). This fact alone tends to remove ssp.

spelta from the ancestry of the free-threshìng hexapìoids. The onìy

explanation that can be g'iven for Kuckuck's finding is that these

plants are segregates from a cross between a free-thresh'ing tetraploid

wheat and ssp. spelta.

Since ssp. ca¡fllicum carries the Q factor (l'4cFadden and

Sears , 1946; MacKey, 1966), 'it vlould seem logìcal to consider it as

the tetraploid progen'itor of ssp. vulgare. A Q bearìng hexaploid could

have been produced directly by the spontaneous chromosome doublìng of

a ssp. carthlicum x Ae. squarrosa triploìd hybrid (MacKey, 1954) or

jndirectly as a segregate from a ssp. spelta x ssp. carthlicum penta-

ploìd hybrid (McFadden and Sears, 1946). The evidence presented ìn

th j s study on the non f ree-threshabi'l'ity of the ssp. carthl i cum x

Ae. squarrosa synthetic hexapìoids refutes Tsunewaki's (lgOO) report

that they are free-threshing. This imp'lies that jf ssp. carthl'icum

were 'i nvol ved , as has been s ugges ted by trlacKey (1 954; .1966 
) , the f i rst

member of ssp. vulgare must have been non free-thresh'ing as'it would

have carried the gene for tenacious g'lumes on chromosome 2D. However,

it would on'ly have been one major mutation removed from free-threshabilìty

and pre-historic man would have easily selected such a mutation in thìs

background. There is the problem, however, that ssp. carthlìcum has

never been found in prehistoric remajns.

If the Q factor did arise as a mutat'ion at the tetrapìoid

level , hov,t would it have been recognized in a free-thresh'ing tetraplo'id?

l4uramatsu (.l963) showed that six doses of g transferred from ssp. spelta
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into Chinese Spring caused subcompacto'id spikes. This fact indjcates

that the compact spìke of Tetra Canthatch (Kerber,1964) and the

compactoìd sp'ikes of the extracted tetrapìoids of Prelude, Rescue,

and Thatcher (Kalts'ikes et al.,1969) is due to the Q factor. However,

the Q factor in ssp. carthlicum does not cause a compact spike. There-

fore, it appears that the Q factor would have been recognizabìe only

if it occurred in a non free-threshing tetraploid such as ssp. dìcoccum,

mak'ing it free-threshing.

There may, however, be a dosage series of g in the tetraploids

as was suggested by Swamìnathan (.l966) and Tsunewaki (1966). Muramatsu

(1963) indicated that four doses of g transferred from ssp. spelta into

a Chinese Spring background has the effect of softening the gìumes,

a'l though otherwi se the pl ant i s sti I I spe'ltoi d 'in appearance. If some

of Èhe free-threshing tetraploids do have a dup'lication at the q'locus
DO(!:g:) and they had taken part in the formation of hybrìds with

Ae. squarrosa, a mutation at the T locus on chromosome 2D in this back-

ground may then have been recogn'izable to the early farmers jn the

form of chaff free seed. Although such p'lants would not lìkely have

been completeìy free-threshing the seed would not have been as t'ightiy

invested in the glumes as plants of ssp. spelta. Further ev'idence for

th'is possibility is the observation that the Canthatch x Stewart durum

pentaploid was free-thresh'ing, suggestìng that conv. durum may have a

dup'lication at the g 1ocus. It can be argued, however, that there is

no duplication of g'in conv. durum as there 'is only a haploid compf i-

ment of D genome chromosomes in this pentapìoid hybrid and therefore,
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the Qq genotype would be enough to produce free-threshing, square

headed p'lants. Muramatsu (1963) found, hotvever, that 5 doses of g

from ssp. spelta jn Chinese Spring produced square headed spìkes

while 6 doses caused semì-compacto'id spikes. The difference betlveen

the Canthatch x Tetra Canthatch pentaploid, which is QQ, and that of

the canthatch x stewart pentaploid r^ras that the former was slightìy

more compact than the latter. This indicates that there is on'ly a

difference of one dose of g between the two pentaploids and that conv.

durum possesses a dupljcation at the g'locus. Conv. durum is not

like'ly the tetraploìd progenitor as the earliest dat'ing for it is

300 B.C. (He1baek, .l959).

rc a ff TT hexapiojd had existed 'in the past it would

heìp to explain why ssp. spelta or ssp. carthlicum have never been

found in preh'istoric remains. As already mentioned, a hexapioid

wheat that origìnally was ggTT would likely have had to been grown

over a long period of time in order for the harvesting and thresh'ing

process to select the free-threshing genotype, QQ tt. Therefore,

remajns of ssp. spelta should have been found by now. However, if
the origìna1 genotype of the hexaplo'id wheats was {g,' ,, a mutation

h g,zt tt would have been selected since these plants would have been

at least part'ial]y free-threshjng and have contributed the bulk of the

chaff free seed. Subsequentìy, a further duplication of g_2 to g_3 (=q)

in this background would have further decreased glume tenacity. The

selection by neolith'ic man of the Qq tt genotype in this manner would

1ìke1y have required a relatively short period of time. Thus, the
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probability of finding rema'ins of these # r, speìtoid pìants would

be greatly reduced as the primitive farmers would have d'iscarded the

tough thresh'ing spe]toi ds for the free-threshì ng QQ tt p'lants. ssp.

carthl'icum could have orig'inated from the natural progression of a

22glql tetraplo'id wheat to QQ or, as suggested by Morris and Sears (1967),

as a segregate from the hybridization of a g tetrap'loid and a Q

hexapì oi d.

The format'ion ìn nature of a hexaplo'id wheat from its parentaì

tetraploid and dip]oìd specìes must be a fairly rare occurrence. It
is known that the frequency of successful hand poìl'inations between

tetraploìd wheat and Ae. squarrosa is fari]y'lolv and that to obtain

plants it'is often necessary to resort to embryo culturing of jmmature

seeds. In nature this event occurs relativeiy often as in lran

Zohary et al. (.1969) claim to have found hybrids from crosses of

Ae. squarrosa with both cultivated tetraploid and hexaploid wheats.

These triploid hybrìds must then undergo spontaneous doubling of the'ir

chromosomes in order to produce the hexaploíd state. Kihara et al.
(1957) and Kerber (persona'ì communication) have found that the seed-set

of triploid hybrìds of tetraplo'id wheat x Ae. squarro.sa is from 0 to

50% depend'ing on the parenta'l genotypes . Despi te these I ìmì ti ng

factors hexaploid r¡rheats appear to have orìginated more than once;

that i s they are po'lyphyì eti c i n ori gì n.

Much of the variation'in the hexaploid wheats can be attri-
buted to introgression of tetraploid wheat genes through tetrap'loid-

hexapìoid hybrids. l4acKey (1966) comments that the Q factor in the
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hexap'loid wheats interacts with the po'lygenic system derived from the

emmers wh'ich results in consjderable variation in the degree of

threshabi'lity among the so-called free-threshjng hexaploid wheats.

This suggests that a number of forms of the tetraploids are in the

background of the present day hexapjoid wheats and that probabìy

the majority of these genes were introduced into the hexaploid level

through introgression. However, a number of Ae. squarrosa varieties

appear to have contributed to the gene pool of the hexaploid wheats

as well. This further suggests that a number of hexaplo'id wheats

must have been formed in nature. Kerber and Típpìes (.l969) speculated

that the Ae. squarrosa var. strangulata has contributed genes for bread-

making qualìty to ssp. vulgare, but evidence suppfied by Kihara and

Tanaka (lgSg) and Tsunewak'i (1966) in¿icates that strangulata 'is non-

waxy. If this js true, some other variety of Ae. squarrosa must have

contributed the waxy character to the hexap'loid wheats. Furthermore,

strangulata is indigenous to humid areas (Kihara and Tanaka, 1958)

but other Ae. squarrosa varieties are found in dry areas suggesting

that they have contributed genes for drought resistance to the hexa-

ploìds. Also, a strong winter habit gene was acquired by the hexap'loid

wheats from Ae. squarrosa. S'ince it is doubtful that one Ae. squarrosa

variety could have contrjbuted all of the important genes found'in the

D genome of the hexaploids, therefore, the hexaploid wheats'likely arose

in nature more than once. This impìjes that there probably was more

than one area of origin for the hexaplo'ids. Since Ae. squarrosa is

found grow'ing ìn both Transcaucasia and northern Iran and since there



73

is no evidence to indicate that the area distribution of Ae. squamosa

has changed in the last 8,000 years the hexapìoid wheats have likely

ori gi nated 'in both regi ons .

A polyphyletic orig'in of hexaplo'id wheat does not mean that

the QQ tt genotype has appeared more than once, as some free'threshìng

plants would segregate from a qg- tt x qq or tg,'r, cross. In fact no

free-threshing forms of Ae. squarrosa have ever been found, suggest'ing

that the mutation rate at the T locus is very low or poss'ibly that the

possess'ion of the t gene wou'ìd be a selective disadvantage'in nature.

In conclusjon, the theory that the free-thresh'ing hexaploid

wheats arose from a tetraploid that had a dup'licat'ion at the g ìocus
o(q') would seem to best fit the facts ava'ilab1e, as the antiquity of

both ssp. spelta and ssp. carthl'icum is quest'ionable. Preciseiy what

tetrap'loid wheat this could have been is unknown since no experiments

have been performed to determjne if such dupìication at the g locus

ex'ists in the tetraploid group. it would seem, however, that some

'intermediate form must have been required to proceed from g to g.3(q).

5.2 Homoeol ogous 'l oc'i

A study of the nullisomjcs and compensating nuìli-tetrasomjcs

of Ch'inese Spring allowed Sears (1954 and 1966b) to class'ify the 2l

pairs of chromosomes in hexaplo'id wheat into seven homoeologous groups

of three, each consisting of a chromosome from the Ao B, and D genomes,

respectìveìy. The compensation in the nulli-tetrasomics of an extra

pair of one chromosome for the absence of another pa'ir jn the same
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homoeologous group shovred that they must have many genes'in common.

Consequentìy, a function controlìed by one paìr of genes jn a diplo'id

organism could be determ'ined by as many as three in hexapìoid wheat.

In this study'it appears that w'ith the exception of the adult p'lant

leaf rust res'istance gene in RL 5404, all the genes located by mono-

somic or telocentric analysis jn RL 5404 and RL 5406 can each be

placed in a homoeologous series, ev'idence of which is as follows.

Jha (1964) found a gene for purpie coleoptile on chromosome

7D of a synthetic hexapìoìd. This must be the same gene found on

chromosome 7D of the synthetic hexaploids RL 5404 and RL 5406. The

complete homoeologous series is known for th'is character as Sears

(1954) and Gale and Flavell (1971) have found genes for coleopt'i1e

pigmentation on chromosome 7A and 7B respective'ly.

The gene for wax'inh'ibition on chromosome 2D of RL 5404

and RL 5406 must be the same gene found by Tsunewak'i (lg0O) on chromo-

some 2D of tr,ro synthetìc hexaplo'ids. The IZI,J gene'in RL 5404 and

RL 5406 was found to be 48.3 1 4.0 and 53.4 1 4.6 crossover un'its

from the centromere, respectively. When this 'is compared to the

crossover value of 42.3 to 50% found by Drìscoll (.1966) tor the ll^J

gene on chromosome lB and the centromere jt would seem that J.,l¡l and

L,l,l are on homoeo'logous loci. There is no knovrn gene for wax inhibi-
-L-
tion in ssp. boeot'icum, ssp. monococcum or the A genome of any of the

tetraploid or hexaploid wheats.

The gene for glume tenacity found on

and RL 5406 has no known equiva'lent w'ith'in the

chromosome 2D of RL 5404

cul ti vated wheats, as
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no known gene for tenacious gìumes has been found on homoeologous group

2 chromosomes. Sears, (1968) however, reported that when chromosome 2R

of rye (Secale cereale) was substituted for chromosomes 28 and ZD of

Chinese Spring it compensated for the missjng wheat chromosome, jndi-

catíng that chromosome 2R of rye is at least part'ially homoeologous to

group 2 chromosomes in hexapìoid wheat. These substitut'ion lines had

much stiffer glumes than chinese spring apparent'ly due to a gene on

rye chromosome 2R as nullisomics of homoeoìogous group 2 have thin
papery gìumes (Sears, lg54). Since rye is related to the d.ipìoìd

members of rriticum and Aegilops this imp'lies that the gene for tough

gìumes on rye chromosome 2R may be at a locus that is homoeologous to

the gene for glume tenacity on zD of Ae. squarrosa. If this is so,

all wild dipìoid members of Trit'icum and Aegilops lìkeìy carry a gene

control'ling glume tenacity at this locus. Forms of cultivated tetra-
ploid and hexaploid wheats having mutatìons at these loci would have

been selected by man because of theirimproved threshabilìty.

lvletzger and Si'lbaugh (1970) reported a gene for stripe rust

resistance l'inked by 2.0 10.3 recombination unjts to a gene for brown

glumes on chromosome lB of the hexap'loid wheat variety p.I. l7B3g3.

This ìs very close to the crossover value of 3.1 t l.l% between the

gene for seedling ìeaf rust resistance and the gene for brown gìumes

found by Kerber and Dyck (1969) in nl- 5406. Monosomic and telocentric
analysis showed that these genes are on chromosome lD of RL b406 and

that they are tight]y linked. This suggests that the gene for stripe
rust resistance and the gene for seedling'leaf rust resistance may be
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located at homoeologous loci. The gene for brown gìumes found on

chromosome lD of RL 5404 and RL 5406 completes the homoeoìogous series

for this character as genes for gìume cojour have also been found on

chromosomes lA (Ausemus et a1.,1967) and lB (Unrau, lg50).

These exampìes show how closery rerated the dip'loìd progenì-

tors of hexap'loid wheat must have been. lnlashington (1971) has proposed

that genes found at homoeologous 'loci be designated homoeoalleles. He

argues that these genes are'located on chromosomes that have had djffer-
ent evolutionary h'istories, so should not be termed alleles. Aìthough

in many instances such genes are located on clifferent chromosomes they

appear to have an identical effect on the phenotype of the pìant. To

'implyo therefore, that they are alleles would seem to be incorrect.

If, on the other hand, the gene for stripe rust resistance in P.l. l7B3B3

and the gene for seedling'leaf rust resistance in RL 5406 are located

at homoeoìogous locì they could be considered true homoeoalleles.

5.3 Linkage values

Most of the recombinat'ion values obtained in this study agree

reasonably well w'ith those found by Kerber and Dyck (1969) and Dyck and

Kerber (1970) for RL 5406 and RL 5404, respective'ly. A comparìson of

these values can be found in Table xXIII. The largest dìscrepanc.ies

in recombination values are for the T-Lra regìon in RL 5404. Dyck and

Kerber (1970) found that the genes for gìume tenacity and adult-p'lant

leaf rust resistance were separated by 6.0 1 1.5 recomb.inatjon units

while the test cross of Chinese Sprìng ditelo 2D{x RL 5404 showed these
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TABLT XXIII

Comparison of recombination values obtained
and RL 5406 with each of Cth, Rsc,

from crosses of RL 5404
CS, and CS ditelos.

Parental
combi nat'ions

Crossover reg'ion and

T-IZW Irtrl-Lra

recombi nat'ion val ue

T-Lra Gc-Lrs

RL 5404 x

"X

"x
"x
5406 x

"x
"x
"x

cth I

Rsc

CS

CS ditel os

cthz

Rsc

CS

CS ditelos

2.5 I 5.6

3.6 tB.3

4.3

3.6 20.8

2.6

3.4

4.5

3.9

2.5 6 .0

2.9 33.0

17 .4

27.2

30.9

20. B

l5.l
23.3

21 .7

22.3

1.5

4.0

1

1

1

1

1

t
1

+

-La: 3.6 41.6 : 4.4

I
+

RL

(tszo¡.
(r e6e ) .

I
2

3.1

l0.l
l.l
2.2

a1.7: 1.0

Recombi nation val ues
Recombi nati on val ues

from Dyck and Kerber
from Kerber and Dyck
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genes to be separated by 4l .A ! +.4 recomb'ination un'its. A'lthough this

was unexpected, it is not without precedent since Mclntosh and Baker

(1968) have found dìfferences of approx'imate'ly 45 recomb'ination unjts

between the genes 516 and Lr2, whìch are located on chromosome 2D,

when they were 'in dìfferent genetic backgrounds. However, since none

of the other linkage values for chromosome 2D of RL s404 show thìs

large variance nei.ther the genetic background nor the environment in

which the F.t plants were grown appear to be a factor in this discrepancy.

The results from the telocentric mapping indicate that the

gene order from the centromere on the 4 arm of chromosome 2D of RL 5404

ìs l-!zw-Lra, while the data of Dyck and Kerber (1970) suggest that the

gene order is T-Lra-Ir[,l. A ìike'ly expìanation for these resu,l.ts is the

presence of an inversion in the c'( arm of Canthatch, vrh'ich was used by

Dyck and Kerber. This would not only explain the difference in gene

order but it also would explain the tight lìnkage between T and Lra

found by Dyck and Kerber. crossing-overis reduced in invers.ion

heterozygotes due both to the suppressjon of crossing-over in the

inversion loop and to non-functional gametes that result when crossing-

over does occur. No definite conclusions can be drawn, however, wìthout

a further cytogenetica'l study of the hybrids and segregating generat'ions

of RL 5404 x Canthatch. In this regard it would be helpful if additional

markers could be added to 2D{ of RL 5404 as this would help to 'locate

the inversion break points'if indeed there is an inversion present on

2D( of Canthatch. This may be posSible as lvlcintosh and Baker (1968) list
six other genes on chromosome 2D, some of which probab'ly are on the "t arm.
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Endrizzi and l(ohel (1966) observed that the crossover frequency

near the centromere in a telocentric chromosome of cotton is reduced

from that found in this region of the whole chromosome. This also

appears to be the case'in hexaploid wheat. There þ/ere no recombinants

recovered betv¡een the centromere and the gene for seedling'leaf rust

resistance in the test cross of chinese Spring ditelo-lDL x RL 5406.

Furthermore, sears (ì966a) found that the gene for Neatby's virescent

on the short arm of chromosome 38 and an awn inhjbitor on the long arm

of chromosome 68 were w'ithin one crossover unìt of the centromere.

sears and Loegerìng (.l968) suggested that this indicates reduced

crûssing-over occurs in the centromere regìon of telocentrics of wheat.

Sears and Loegering also surmise that while chiasmata formation ma¡r be

jnhil¡ited near the centromere in heteromorphic bivalents, the total
ch'iasma frequency remains the same because the chiasmata are dista'lly
shifted. The recomb'ination values in Table xXIiI do not appear to

support this theory as on the whole the values from segregatìng disomic

popuìations are practicaì1y the same as in the telocentrìc test crosses.
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6. SUIVIqARY

l. The synthetic hexaploid wheats RL b404 and RL b406 used

'in this study were produced by combinìng the extracted tetrap'loid of
canthatch w'ith the Ae. squarrosa varieties strangulata RL 5271 and

meyeri RL 5289, respectiveìy. All characters studied in these

synthetics lvere derived from theìr Ag. squarrosa parents.

2. The follow'ing gene-chromosome associations were establjshed

for the synthetìc hexaploid wheats RL 5404 and RL 5406 by monosomic

and telocentric analysìs.

a) RL 5404. Brown g'lumes (Gc) on lD; tenac.ious glumes (T),

wax inhìbitor (!rlnl) and adult-plant leaf rust resistance (!ra) on 2D;

purpie coleoptile (p) on 7D.

b) RL 5406. seedling leaf rust resistance (Lrs) and brown

glumes (Gc) on lD; tenacious grumes (T) and wax inh.ibitor (Iow) on zD;

purple coleoptile (p) on 7D.

3. l^lith the exception of the gene for seedling ìeaf rust
resistance the chromosome arm location of these genes and the.ir actual

crOssover distance from the centromere was determined by telocentr.ic

mapping. They are as folIows.

a) RL 5404. Brown glumes: lDL, 13. g ! s.g"l"; g'rume tenacìty:

2D4, 39.4 1 4.9%; wax inhibitor: ZDq,, SZ.S 1 S.0%; adult-piant leaf
rust res'istance: 2D4, 63.6 1 4.g%; and purpìe coleoptììe: 7DS, 10.3 t
2.8%.

b) RL 5406. Brov,rn glumes: rDL , 1.7 ! l.o"r"; gìume tenacity;

2got, 42.g 1 +.6%; wax inhibitor: zDq, 5g.g 1 +.6%; and purple coleopti'le:
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7DS, 9 .g ! z.g"/". The seedling leaf rust resistance gene showed no

cross ì ng-over wi th the centromere (l 0L ) i ndi cati ng that í t 'is e.i ther

tightly l'inked with centromere or on the short arm of lD.

4. It lvas suggested that wìth the exception of the adult-

p]ant leaf rust res'istance gene in RL 5404, al1 the genes studied

in RL 5404 and RL 5406 could each be pìaced'in a homoeo'logous se¡ies.

5- L'inkage values obtained from the data of segregating

F Z disomi c popu'lat'ions are as fol I ows .

a) RL 5404. The gene for adult-p1ant leaf rust resistance

was linked with the genes for glume tenacity and wax inhibition wjth

a recombination value of 33.0 1 +.0% and lB.3 : z.g%, respect.ively.

The genes for glume tenac'ity and wax inhibit'ion were I jnked by zg.z !
2.7 reconbínation units.

b) RL 5406. The genes for glume tenacity and wax inhibi-
tion were linked by 21.a! 2.7 recombination units whìle the genes

for seedling'leaf rust resistance and brown glumes showed a recombjna-

tion val ue of l0.l t Z.Z%.

6. Addi tional 'li nkage va'lues were ar so obtai ned from the

telocentric backcross data and are as follows.

a) RL 5404. The adult-p'lant leaf rust resistance gene was

linked vrith the genes for g]ume tenacity and wax inhibition by u.6! 4.4

and 20. g 1 g.6 recombi nat'ion un'i ts , respecti ve1y. The genes for gl ume

tenacíty and wax inhibìtion were separated by a recombination value of

20.B j 3.6%.
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b) RL 5406. The genes for glume tenacity and wax inhibition

were associatec.l wi th an estìmated 1 ì nkage val ue of 22.5 ! S.g/". The

genes for seedling leaf rust resjstance and brown glumes were linked

by I .Z t O .l recombi nat'ion uni ts .

7. It was suggested that an inversjon was present on the a

arm of chromosome 2D of canthatch, lvhich was used by Dyck and Kerber

(lgzo). This may account for the difference in gene order found in

this study and that found by Dyck and Kerber.

8. The data from the telocentric test crosses indicated that

there is a reduction in crossjng-over jn the centromere regìon of telo-

centrjcs of wheat, but it does not appear that the chiasmata are

distally shifted as was suggested by Sears and Loegering (.l968).

9. AlI five synthetic hexaploìds produced by cross'ing

various vari et'ies of ssp . carthl 'icum w'ith several Ae. squarrosa

varj et'i es were non free-threshi ng. Thi s di sproved rsunewaki 's (l 966 )

cla'im that synthetics having the AABB genomes derived from ssp.

carthl i cum are free-threshi ng.

10. Chromosome 5A of Rescue was substituted with chromosome

5A of RL 5404. since this substjtution line was semì-square headed

and free-thresh'ing, the synthetìc hexap'lo'ids produced from Tetra

Canthatch x Ae. squarrosa possess the Q factor.

ll. The first hexaploid wheat must have been non free-

threshìng due to the presence of the gene for tenacious glumes on

chromosome 2D derjved from the Ae. squarrosa progenitor.
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12. The tetraploid progenitor of the free-threshíng hexa-

p'lo'ids was l'ike'ly a specìes that had a duplìcatjon at the g locus

(g2) on chromosome 54.

13. European ssp. spe'lta is probably a segregate from a g
tetrapioid x Q hexaploid hybrid and not the product of the chromosome

doubling of a tetraplo'id vlheat x Ae. squarrosa trìploid as was suggested

by McFadden and Sears (1946).
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